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Foreword 

This volume on sulphinic acids and their derivatives belongs to a subset on sulphur- 
containing functional groups within the framework of The Chemistry of Functional 
Groups. The first ofthis subset was The Chemistry ofthe 7hiol Group(two parts, 1974), with 
much additional material on the subject published in Supplement E: The Chemistry of 
Ethers, Crown Ethers, Hydroxyl Groups and their Sulphur Analogues (two parts, 1980). A 
volume on The Chemistry of the  Sulphonium Group appeared in two parts in 1981 and a 
volume on The Chemistry ofSulphones and Sulphoxides in 1988. The present volume deals 
with sulphinic acids and their esters, halides and amides. A volume on sulphenic acids is 
already in the proof stage and is scheduled to appear in the late spring of 1990, and 
manuscripts for a volume on sulphonic acids are reaching the editors now, and will be 
published, we hope, in early 1991. 

Among the chapters originally planned for the present volume, three did not 
materialize. These are on structural chemistry, on electrochemistry and on free radical 
chemistry. We hope to include these subjects in a supplementary volume on the whole 
subset of sulphur-containing functional groups, to  be published in a few years’ time. 

The references in almost all chapters cover the year 1987 and in many cases extend well 
into 1988. 

I would like to  thank my good friends, Professor C. J. M. Stirling FRS and Professor Zvi 
Rappoport, for their generous and unstinting advice and counsel during the preparation of 
the plan of the present volume. 

I will be grateful to  readers who would call my attention to omissions and mistakes in 
this volume. 

Jerusalem 
October 1989 

ix 

SAUI. PATAI 



The Chemistry of Functional Groups 

Preface to the series 

The series ‘The Chemistry of Functional Groups’ was originally 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 on the preparation, properties and reactions of the 
functional group treated and on the effects which it exerts both in the immediate vicinity of 
the group in question and in the whole molecule. 

A voluntary restriction on 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’ series and in textbooks (i.e. in books which are usually found in 
the chemical libraries of most universities and research institutes), should not, as a rule, be 
repeated in detail, unless it is necessary for the balanced treatment of the topic. Therefore 
each of the authors is asked not to give an encyclopaedic coverage of his subject, but 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 the time of writing 
of the chapter, and to address himself to  a reader who is assumed to be at  a fairly advanced 
postgraduate level. 

It is realized that no plan can be devised for a volume that would give a complete 
coverage of the field with no overlap between chapters, while a t  the same time preserving 
the readability of the text. The Editor set himself the goal of attaining reasonable coverage 
with moderate overlap, with a minimum of cross-references between the chapters. In this 
manner, sufficient freedom is given to the authors to produce readable quasi-monographic 
chapters. 

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

(a) An introductory chapter deals with the general and theoretical aspects of the group. 
(b) Chapters discuss the characterization and characteristics of the functional groups, 

i.e. qualitative and quantitative methods of determination including chemical and physical 
methods, MS, UV, IR, NMR, ESR and PES-as well as activating and directive effects 
exerted by the group, and its basicity, acidity or complex-forming ability. 

(c) One or more chapters deal with the formation of the functional group in question, 
either from other groups already present in the molecule or by introducing the new group 
directly or indirectly. This is usually followed by a description of the synthetic uses of the 
group, including its reactions, transformations and rearrangements. 

(d) Additional chapters deal with special topics such as electrochemistry, photochemis- 

xi 



xii Preface to the series 

try, radiation chemistry, thermochemistry, syntheses and uses of isotopically labelled 
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever 
applicable, unique chapters relevant only to single functional groups are also included (e.g. 
‘Pol yethers’, ‘Tetraaminoethylenes’ or ‘Siloxanes’). 

This plan entails that the breadth, depth and thought-provoking nature of each chapter 
will differ with the views and inclinations of the authors and the presentation will 
necessarily be somewhat uneven. Moreover, a serious problem is caused by authors who 
deliver their manuscript late or not at all. In order to overcome this problem at least to 
some extent, some volumes may be published without giving consideration to the 
originally planned logical order of the chapters. 

Since the beginning of the Series in 1964, two main developments occurred. The first of 
these is the publication of supplementary volumes which contain material relating to 
several kindred functional groups (Supplements A, B, C, D, E and F). The second 
ramification is the publication of a series of ‘Updates’, which contain in each volume 
selected and related chapters, reprinted in the original form in which they were published, 
together with an extensive updating of the subjects, if possible, by the authors of the 
original chapters. A complete list of all above mentioned volumes published to date will be 
found on the page opposite the inner title page of this book. 

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 been started, let alone continued, 
without the support of many persons in Israel and overseas, including colleagues, friends 
and family. The efficient and pateint co-operation of staff members of the publisher also 
rendered me invaluable aid. My sincere thanks are due to all of them, especially to 
Professor Zvi Rappoport, who for many years, shares the work and responsibility of the 
editing of this Series. 

The Hebrew University 
Jerusalem Israel 

SAUL PATAI 
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CHAPTER 1 

Sulphinic acids and carboxylic 
acids-a comparison 

CHARLES J. M. STIRLING 

Department of Chemistry, University College of North Wales, Bangor, Gwynedd LL57 
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1. INTRODUCTION 

In looking for a guide to the reactivity and behaviour of the really rather unfamiliar 
sulphinic acids (1) the obvious, but as we shall see, superficial, analogy with carboxylic 
acids (2) may be drawn. The similarity of the structures as written is, of course, a delusion; 
the central atoms of carbon and sulphur respectively and the interaction of the respective 
carbonyl C=O and sulphinyl S=O groups with groups attached to carbon and sulphur 

No 
‘OH ‘OH 

R-S //” R-C 
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in place of the hydroxyl group in each case are crucially different in determining behaviour. 
While it will become apparent that the differences between these two classes of compound 
are greater than the similarities, nevertheless it is hoped that the comparison will serve to 
introduce some of the special features of an interesting class of compounds. 

II. DISCUSSION 

A. Structural Comparisons 

The carboxyl group is planar, i.e. the four atoms of the 

moiety lie in the same plane, a situation described by molecular orbital theory as spz- 
hybridization of the central carbon atom’. 

On ionization to give the carboxylate ion, delocalization of the charge over both oxygen 
atoms is indicated by the identical C-0 bond distances and the loss of the ‘normal’ 
infrared carbonyl stretching frequency. 

The situation for sulphinic acids is quite different. First, the ‘S-0- vs S=O 
description for the sulphinyl group is to be preferred especially when considering 
stereochemistry. Sulphinic esters, amides and other derivatives are chiral; the sulphur 
atom is roughly tetrahedral (pyramidal discounting the tilled orbital on S )  in contrast to 
planar carbonyl carbon. Against the background of modern theory, these observations 
can be understood; orbital matching between oxygen and carbon is good but for oxygen 
and sulphur the latter’s are much more diffuse. The dipole moment of benzenesulphinic 
acid (3.76 in dioxane)’ is much larger than that of benzoic acid (1.0 in b e n ~ e n e ) ~ .  

B. Dissociation 

The pK, values of simple carboxylic acids in water are around +4; those of the 
corresponding sulphinic acids are between + 1 and + 24. Such dissociations are largely 
determined by two factors: (i) delocalization of negative charge in the anion, and 
(ii) solvation of the anion. For sulphinic acids, the first factor is probably unimportant; 
there is considerable negative charge on each oxygen atom in the sulphinate ion, a 
situation contributed to by the high polarizability of sulphur. This high charge density on 
oxygen increases the stabilization of the ion by hydrogen bonding. 

C. Oxidation-Reduction 

The carboxylic acids lie a t  the end of the oxidation chain; the function is commonly 
derived by oxidation of alkyl, alkenyl, carbinol and aldehydic groups. Not so for the 
sulphinic acids; they lie on the oxidation sequence at  oxidation state + 4, being readily 
oxidized to the sulphonic acids ( + 6) by expansion of the valence shell and reduced via 
sulphenic acids ( + 2) to thiols ( - 2) .  The ability of sulphur to expand its valence shell 
confers upon the element its great versatility. The carboxylic acids are difficult to  reduce 
whereas the + 4 oxidation state of sulphur is a rather unstable one. Sulphinyl compounds 
are easily oxidized and reduced and disproportionation to  a mixture of + 6 and + 2 
oxidation states is common5. Free sulphinic acids, for example, decompose on  standing, to 
mixtures of sulphonic acid and thiolsulphinate. 
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D. Nucleophilicity 

Carboxylate ions are notoriously poor nucleophiles6; the charge on the ion is heavily 
delocalized, the ion is usually heavily solvated and it is ‘hard’. In bond formation to an 
electrophile, the resonance stabilization of the ion is substantially diminished, solvent has 
to be discarded and many electrophiles are ‘soft’. The sulphinate ion stands in considerable 
contrast; the ion is not resonance stabilized in the same sense as the carboxylate ion, 
solvation is less and the ion is ambident. This last part is of great significance. Sulphur can 
expand the valence shell to produce a large, highly polarizable nucleophile with a ‘soft’ 
‘centre’. Notwithstanding the fact that the ion is around 3 orders of magnitude less reactive 
to the proton as shown by pK, data, nucleophilicity to carbon is much greater than that of 
the carboxylate ion. S-nucleophilicity is the predominant mode’ particularly when the 
electrophile is also polarizable. Nucleophilic attack on halogens occurs extremely readily’. 
This pathway is seldom observed for carboxylates. Likewise, sulphinate ion is thiophilic in 
a way in which carboxylate is only poorly so. For example, disproportionation’ of 
AcNHCH,CH,SS(CH,),X to symmetrical disulphides is 300 times faster with X = SO; 
than with X = CO;. It is not silicophilic in the way in which carboxylate islo. 

The high thiophilicity of sulphinate can clearly be attributed to a polarizable- 
polarizable (soft-soft) interaction but a probable contributory factor is the weak S -0 vs 
S-S bond strength. Interestingly, the situation is reversed for nucleophilic attack at  
silicon”. Oxy-anions are much more silicophilic than thiolate anions and the Si-0 bond 
strength is very much greater than the Si-S bond strength. 

Likewise, carboxylate ions are very feebly reactive towards electrophilic alkenes and 
can, under those conditions (dipolar aprotic solvent) in which addition can be effected’ I ,  

cause deprotonation and subsequent reactions because of their enhanced basicity. 
Sulphinate adds extremely readily’,, and is eliminated (reverse reaction) slowly by 
comparison with carboxylate (below) such that solutions of electrophilic alkenes and 
sulphinates in protic solvents (S-H) quickly become strongly basic because of generation 
of the lyate ion of the solvent, viz 

(G= carbanion stabilizing group) 

Notice the important point that these reactions are not ‘bond-strength’ driven. <’-S is 
substantially weaker than C-0. Nucleophilicity like nucleofugality (below) is a complex, 
solvent-dependent transition structure-dependent property to which several parameters 
contribute. Only rather seldom d o  bond strength differentials emerge as a controlling 
factor. 

E. Nucieofugality 

Neither carboxylate nor sulphinate are very familiar participants as leaving groups in 
displacement reactions. Carboxyl esters, of course, react with nucleophiles primarily at the 
carbonyl group and so the alternative mode of attack at sp3 carbon and alkyl oxygen 
fission is not generally observed. Displacement reactions can, however, be seen under 
appropriate conditions; for example, carboxylate ion is displaced from esters of carboxylic 
acids by iodide, thiolate and cyanide ions’ ’. Intermolecular displacement of sulphinate 
from saturated carbon in sulphones or sulphinate esters is not a known reaction; 
intramolecular displacement of sulphinate from a sulphone under fairly brutal conditions 
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has been observedI4 and the system, involving a sulphonyl stabilized nucleophile: 

PhS02j;)(\LG + PhS02 7? +-LG 
permitted quantitative comparison of true nucleofugalities. PhSO; is lo5 more nu- 
cleofugic in this reaction than PhO - and lo7 less nucleofugic than TsO - .  It is not possible 
to compare carboxylate under these conditions because of the supervening sp2 rather than 
sp3 carbon electrophilicity. A remarkably close correlation was, however, found between 
leaving-group nucleofugality and the pK, of the conjugate acid of the nucleophile 
determined in the experimental solvent. The value for the pK, of carboxylic acids in the 
solvent used (t-BuOH) is not known but can be guessed ( 2 13) from values in related 
s o l ~ e n t s ' ~ .  This comparison makes sulphinate a somewhat better nucleofuge than 
carboxylate in a reaction which all available evidence suggests has a very large degree of 
fission of the bond to the leaving group in the transition structure. 

A totally different comparison emerges when these groups are compared in 1,2-alkene- 
forming eliminations. Again, an appropriate choice of system16 has permitted comparison 
of nucleofugalities devoid of other effects on reactivity that have nothing to  d o  with 
nucleofugality. The system is much more reactive than that for the displacement reactions. 
This time, acetoxy can be studied but the kinetics show that it is such a good nucleofuge 
that the rate-determining step is deprotonation and not leaving-group departure. For 
benzenesulphinate, ranking of the group derived either by C - 0  or C-S cleavage in the 
isomeric sulphinates and sulphones, respectively, shows it to be inferior to phenyldimethyl- 
ammonium but comparable with phenoxy and thiophenoxy. In this system, all the 
available indicators as to the transition structure show that little fission of the bond to the 
leaving group is involved and that therefore, as would be expected, little correlation 
between nucleofugality and pK, of the conjugate acid of the leaving group is seen. 

F. Electrophllicity 

Here the comparison has to be made between related derivatives because reactions of 
nucleophiles with the free acids are complicated by ionization. Superficially, the two 
classes of substrate behave similarly; alkaline hydrolysis of the esters yields the acid as its 
salt together with the alcohol by carbonyl- and sulphinyl-oxygen fission, respectively. 
Likewise, reaction with organometallics such as Grignard reagents yield ketones (initially) 
and ~ulphoxides '~  by attack at  carbonyl carbon and sulphur, respectively. There the 
resemblance ends; for derivatives of carboxylic acids, the addition-elimination pathway 
via a tetrahedral intermediate is well established. The mechanistic details of substitution at  
sulphinyl sulphur have not been investigated to any extent. It is known that in the 
sulphinate ester-Grignard reactions, substitution occurs strictly with inversion of 
configuration but it is unclear whether or not a tetracoordinate intermediate is i n ~ o l v e d ' ~ .  
An important difference, which illustrates the significant contrast between the carbonyl 
group and the sulphinyl group, is seen in the behaviour of the amides. Carboxamides 
typically have pK, values (conjugate acid) close to 0 and hydrolyse rather slowly in acidic 
conditions. Sulphinamides are more basic. The insensitivity of the sulphinyl stretching 
frequency to substituents" suggests that interaction of the electron pair on nitrogen 
with the S-0 bond is not involved, and the S-N bond is very much weaker. 
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They are, like phosphonamides, very labile in acidic conditions. Cleavage of sul- 
phinamides probably occurs by dissociation of the conjugate acid: 

RSO-~H,R  + R ~ O  + H,NR 

Sulphinamides of aromatic amines have long been known to rearrange” by a pathway 
presumably involving the sulphinium ion: 

H+ 
RSOZNHPh ---+ p-RS02C,jH,NH, 

This type of A,,1 mechanism is only seen for carboxamides in powerfully acidic 
conditions when other pathways are suppressed. 

Reactions of carboxyl and of sulphinyl halides again appear superficially similar- 
attack of nucleophiles at carbon and at sulphur respectively produces the corresponding 
carbonyl and sulphinyl products. The products from sulphinyl halides, as has just been 
seen, are however labile and, for example, formation of sulphinamides from sulphinyl 
chlorides and amines often gives poor yields unless precautions are taken to safeguard the 
product from subsequent reactions. 

G. Disproportionation 

This is a characteristic reaction of sulphinic acids and their derivatives which is not seen 
in the carboxylic acid series. It is a consequence of the greater basicity of sulphinyl 
derivatives rendering them prone to acid-catalysed processes and the much greater acidity 
of sulphinic acids. The combination of these properties with the low sulphinyl-heteroatom 
bond strength allows disproportionation to occur readily” (Scheme 1). 

0 ii i i +  II+ 
ArS-OH ArS-OH2 ArS + H 2 0  

ArS02SAr + ArS02e 

ArS020H + ArSOH 

ArS020SR 

ArSOH + ArS02H - ArSSO2Ar + H 2 0  

SCHEME 1 

Thiol esters of carboxylic acids are stable compounds but their sulphinyl analogues 
disproportionate readily” (Scheme 2). Here the weak heteroatom-sulphinyl bond 
strength is responsible. 
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0 
II 

PArS-SAr'  - 2 A r S O .  + 2 A r ' S , ,  

A r S 0 2 ,  + A r S ,  

2:l A r ' :  Ar  

SCHEME 2 

H. Decarboxylation and Desulphination 

Again these are formally analogous processes and here the resemblance is closer than in 
many other parallels that can be drawn between carboxylic and sulphinic acids. Very 
much more is known about the decarboxylation of carboxylic acidszz. Simple carboxylic 
acids lose CO, only at  high temperatures; in functionalized carboxylic acids, either some 
stable species (a resonance-stabilized carbanion or an enol) is produced, or loss of COz is 
concerted with some other process, e.g. elimination of a fl-groupZ3. The carbon-carbon 
bond is stronger than the carbon-sulphur bond and sulphinic acids lose SO, readily 
notwithstanding the lower heat of formation of SO, ( - 70.96 kcal mol- ') than that of 
CO, ( - 94.05 kcal mol- '). Desulphinated products turn up frequently in reactions of free 
sulphinic acidsz4. 

1. Chirality 

The two substituents at the trigonal carbonyl carbon atom of carbonyl derivatives lie in 
the same plane as the carbonyl group itself and no question as to  chirality of such species 
arises. By contrast, X-ray structures of sulphinic esters, for example, showz5 that the 
sulphur atom is tetrahedral (if the orbital containing the lone pair on sulphur is included). 
The situation is that which obtains for sulphoxidesz6. The chirality of sulphinyl derivatives 
has played an important role in the transfer of chirality from naturally occurring alcohols, 
e.g. menthol, to a wide range of centres. The applications are discussed elsewhere in a 
companion volume in this seriesz6. 

111. OVERVIEW 

The apparent similarities between sulphinic and carboxylic acids are deceptive. The line 
structures belie the significant differences between these classes. These are dictated by the 
electronic differences between the carbonyl group and the sulphinyl group, and the 
enthalpic differences between superficially related species containing carbonyl groups on 
the one hand and sulphinyl groups on the other. 
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1. INTRODUCTION 

This chapter is concerned with a quantum mechanical description of the sulphinic acid 
group and its amide (sulphinamide) and halide (sulphinyl fluoride and chloride) 
derivatives. Within each of these groupings we will discuss the possible anions, radical and 
cation states, isomeric rearrangement compounds (tautomers) and, only in the case of the 
acid, also thio substitution. The 1: 1 hydrogen-(H-) bonded complexes sulphinic acid- 
water, sulphinic acid-methanol and sulphinamide-water are also included in this study. 
In principle, such weakly bound complexes can have an existence of their own and can be 
probed spectroscopically either in the gas phase or in matrix isolation. 

A computer data base search of these subjects, as well as direct perusal of the most recent 
review articles on the subject'-3 reveal that almost all of the experimental literature deals 
with the aromatic sulphinic acids (and their derivatives). The simplest aliphatic sulphinyl 
compounds (RSOX) (X = OH, NH, or halide) tend to be unstable and disproportionate 
on standing. The small amount of experimental data found for these compounds is 
therefore either in matrix isolation or in adduct complexes. 

Theoretically, the sulphinic acids and their derivatives seem to be virgin territory. With 
one exception, there has been no attempt to use conventional semi-empirical or ub initio 
molecular structure methods on this class of compounds, and even isolated studies are not 

9 
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to be found. The reason for this situation probably lies in the problematics of applying 
these theoretical methods to molecules containing second-row atoms in general, and to the 
large size of the aromatic systems for which almost all of the experimental data are known. 
Semi-empirical methods require careful paramaterization usually on a large number of 
well-known compounds for very specific structural properties. This information is clearly 
lacking in the case ofthe sulphinic acids and their derivatives. A h  initio methods, which can 
give reliable electronic and molecular structural information, cannot yet be routinely 
applied to aromatic compounds at a sufliciently high level. 

We have therefore decided to explore the simplest parent (R = H) sulphinyl compounds 
using extended basis set ah initio molecular orbital theory methods with correlation effects 
(post-Hartree-Fock). The purpose of these calculations is to use a uniformly high-level 
theoretical treatment on a set of model compounds in the spirit of the very extensive work 
done by Pople and coworkers and summarized in their book4. We also hope that these 
calculations will stimulate theoretical interest in this very interesting class of chemical 
compounds. This review will just scratch the surface of the subject and poses more 
questions than answers. The properties examined here include geometric structures (bond 
lengths and angles), vibrational frequencies, isomerization energies, proton affinities, bond 
strengths, bond dissociation energies, dipole moments, atomic charges, excited states, and 
hydrogen-bond structures and strengths. Where possible, the calculated results are 
compared to similar experimental studies, although, as mentioned above, these are sparse. 

II. THEORETICAL MODEL AND RESULTS 

Ah initio self-consistent-field (SCF) calculations were carried out on all the molecular 
systems reported here using the restricted Hartree-Fock (RHF) method for closed-shell 
systems and the unrestricted Hartree-Fock method (UHF) for the open-shell molecules. 
For each of the neutral or cation species the molecular (geometric) structure was gradient 
optimized at the SCF level using the standard 6-31G* basis set with the GAUSSIAN82 or 
GAUSSIAN865 set of computer programs. At each final optimized geometry the MP2 
energy was calculated in both the 6-31G* and 6-31 + G* bases. For the anions, all 
calculations were done only in the 6-31 + G* basis while for the I : l  water and methanol 
complexes the geometry optimizations and MP2 energies were obtained in both the 6- 
31G** and 6-31G* bases for sulphinic acid with water, and only in the latter basis for the 
other combination structures. A 6-31 IG* basis was used to probe excited state structures 
and energies. 

Moller-Plesset perturbation theory carried to second order in the energy (M P2)4 is the 
simplest post-Hartree-Fock method for eliminating defects of the SCF method, known as 
correlation effects. These defects are proportional to the degree that the single electronic 
configuration description is not valid. For example, A bonds are usually less well described 
at the Hartree-Fock level than CT bonds. Since the different species compared here can 
typically have different degrees of single and double bond character, the accuracy of the 
single configuration SCF methods (both RHF and UHF) differ accordingly. The MP2 
method should go a long way towards mitigating these differences and make the energy 
comparisons more valid. 

The 6-31G* basis is a standard valence electron double-zeta (or split valence) basis set of 
s- and p-type gaussian atomic orbitals augmented by a set of polarization (denoted by the 
I) d-type functions (5 components) on each of the first- and second-row atoms. This basis 
set is known to usually give accurate static property values such as geometries, charge 
densities and dipole moments. The 6-31 + G* basis adds diffuse s- and p-type basis 
functions (denoted by the +)  for a better long-range description of lone-pair electrons, 
radicals and, especially, anions. The additional diffuse functions hardly affect the 
calculated geometries except for the anions. Recalculating the SCF and MP2 energies in 
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the more extended basis set was done in order to obtain a more uniform description as a 
proper base for comparison of energies and properties. The 6-31G** basis adds a set of p- 
type polarization functions to  each hydrogen atom, in addition to  the d-type set on the 
heavier atoms. In contrast, a 6-3 1 lG* basis was used to  study excited states. This basis set 
is of the ‘triple-zeta’ variety where the sp valence atomic orbitals are split into 3 basis 
functions (comprising 5 gaussians) instead of two functions (from 4 gaussians) in the 6- 
31G* basis, for added flexibility in the valence region. For comparison purposes the 
ground-state energies were also recalculated in this basis set. 

At the 6-31G* SCF gradient optimized geometry, a full force-field calculation was 
carried out using the second derivative normal mode analysis to  obtain the harmonic 
vibrational frequencies. For simplicity, we will present here only the stretch frequencies. At 
the basis set and SCF level model used here the calculated stretch frequencies are known to 
be overestimated by 10-12% and are usually reduced by this amount before comparison 
with experimental numbers. This is due to the known property of single determinant wave 
functions giving too steep a potential energy curve at the equilibrium geometry due to 
incorrect dissociation limits (usually to  high-energy ionic fragments or atoms) for bond 
breaking. 

The calculated results for the 35 structures examined here are presented in Tables 1-5 
and, selectively, in Figures 1-26. Table 1 summarizes the calculated total SCF and MP2 

FIGURE I .  HSOOH, structure 1, drawn in OSO plane. 
dihedral angles (deg): O,SH,O, = I 1 1 . 1 ,  H,O,SO, 
= 32.0 
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energies in the 6-31G* and 6-31 + G* basis sets as well as the dipole moments in the latter 
basis. Table 2 lists the gradient optimum bond lengths for each molecule, allowing a 
comparison of the same bond type in the different bonding situations and, alternatively, 
allowing the assignment of a bond order according to comparative bond length. Table 3 
gives the standard Mulliken population analysis by atom which allows the tracking of 
charge shifts as a function of structural and composition changes in the molecules. Table 4 
gives the calculated harmonic vibrational frequencies for the parent sulphinyl species 
(acid, amide and halide) for comparison with experiment. Table 5 summarizes the SCF 
and MP2 energies for the 1:l water and methanol complexes of sulphinic acid and the 
water complexes of sulphinamide. 

TABLE 1. Energies and dipole moments 

Energy (a.u.) 

6-31G* 

Molecule 

(1) HSOOH 
(2) HZSO, 
(3) S(OH), 
(4) SOOH- 
(5) HSO; 
(6) *SO,H 
(7) HSO,. 
(8) HSOOH’ 

(9) HSONH, 
(10) HSOHNH 
(11) SOHNH, 
(12) H,SONH 
(13) SONH, 
(14) *SONH, 
(15) HSONH. 
(16) HSONH; 

(17) HSOF 
(18) FSOH 
(19) SOF- 
(20) *SOF 
(21) HSOF’ 

(22) HSOCI 
(23) ClSOH 
(24) socr 
(25) *SOCI 
(26) HSOCI’ 

(27) HSOSH 
(28) HSSOH 

SCF MP2 

- 548.303809 - 548.788598 
- 548.27671 1 - 548.765030 
- 548.332607 - 548.812164 

- 547.746172 
- 547.686659 
- 547.985329 

( -  547.970669 
- 528.478845 
- 528.442292 
- 528.515809 
- 528.403458 

- 527.923966 
- 527.852944 
- 528.186354 

( - 528.170846 
- 572.3001 18 
- 572.322345 

- 57 1.743048 
- 571.955613 

( -  571.942130 
- 932.343052 
-932.381531 

- 548.216496 
- 548.169579 
- 548.419978 
- 548.410894 
- 528.948 124 
- 528.917391 
- 528.979532 
- 528.878635 

- 528.368959 
- 528.289351 
- 528.605398 
- 528.593631 
- 572.781386 
- 572.794238 

- 572.209489 
- 572.385797 
- 572.381017 
- 932.781 104 
- 932.807526. 

- 931.791783 - 932.208559 
- 932.01 1525 - 932.395369 

( -  931.994399 - 932.384579 
- 870.952178 - 871.377726 
- 870.966485 - 871.384621 

6-31 + G* 

SCF M P2 

- 548.313765 - 548.808984 
- 548.284668 - 548.782472 
- 548.341007 - 548.831 155 
- 547.763466 - 548.272594 
- 547.767457 - 548.276721 
- 547.754935 - 548.235859 
- 547.695019 - 548.186973 
- 547.988983 - 548.428924 
- 547.974453 - 548.420143 
- 528.488264 - 528.9671 19 
- 528.451528 - 528.936358 
- 528.523681 - 528.996929 
- 528.41 1405 - 528.895579 
- 527.934859 - 528.424877 
- 527.930979 - 528.386265 
- 527.861026 - 528.305782 
- 528.189260 - 528.613250 
- 528.174254 - 528.601775 
- 572.312108 - 572.805305 
- 572.334640 - 572.818696 
- 571.776850 - 572.281808 
- 571.754319 - 572.232584 
- 571.960416 - 572.396872 
- 572.947790 - 572.393362 
- 932.350718 - 932.795646 
- 932.387515 - 932.820498 
- 931.841093 - 932.290959 
- 931.797749 - 932.222398 
- 932.015261 - 932.403297 
- 931.998821 - 932.392813 

Dipole 
moment 

D b  

2.818 
4.115 
0.395 
3.858 
2.966 
2.127 
3.301 
3.377 
2.839)” 
3.208 
2.229 
2.522 
3.031 
3.144 
2.136 
2.186 
3.421 
2.882)” 
3.28 
2.163 
2.286 
2.215 
1.805 
1.943)” 
3.270 
2.005 
2. I20 
1.903 
2.125 
2.079)” 
3.086 
3.305 

“In the neutral species geometry. 
the 6-31 + G* basis at the SCF level 
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TABLE 2. Calculated optimized bond lengths 

Molecule 

Bond lengths (8) 

S=O S-O(H) S-H 0-H S-N 

(I) HSOOH 
(2) H W z  
(3) S(OHh 
(4) SOOH- 
(5) HSO; 
(6) *SO,H 
(7) HSO,. 
(8) HSOOH' 
(9) HSONH, 

(10) HSOHNH 
(11) SOHNH, 
(12) H,SONH 

(13) SONH; 
(14) *SONH, 
(15) HSONH. 
(16) HSONH; 
(17) HSOF 
(18) FSOH 
(19) SOF- 
(20) *SOF 
(21) HSOF' 
(22) HSOCl 
(23) ClSOH 
(24) SOCl- 
(25) *SOCI 
(26) HSOCI' 
(27) HSOSH 

(28) HSSOH 

" X  = F or CI. 

1.46 
1.43 

I .54 
1.50 
1.47 
I .44 
1.55 
1.47 

1 .a 
1.56 
1.51 
1 .47 
1.58 
1.44 

1.52 
1.45 
I .54 
1.45 

1.47 
1.57 
1.47 

1.62 

I .63 
I .72 

1.62 

1.56 

1.66 
1.66 

1.61 

I .62 

1.62 

1.34 
1.33 

I .37 

1.34 
1.33 
1.34 
1.34 

I .32 
1.34 

1.34 
1.33 
1.34 

1.33 
1.34 

1.33 
1.34 
1.33 
1.33 

~ 

0.96 

0.95 
0.95 

0.95 

0.96 

0.95 
0.95 

0.95 

0.95 

0.96 

1.68 
1.53 
1.66 
1.51 

1.74 
1.67 
1.68 
1.60 

N-H S-X" S--S/ 
s=s 

1 .oo 
1 .oo 
I .oo 
1 .oo 
1 .oo 
1 .oo 
1.01 
1 .oo 

1.60 
1.61 
1.72 
1.59 
1.53 
2.08 
2.03 

2.04 
1.96 

2.w 
I .98 

111. SULPHlNlC ACID 

The 6-31G* calculated geometry for the simplest sulphinic acid, HSOOH (l), is presented 
in Figure 1. The numbers in parentheses refer to the list of structures in Tables 1-3. The 
only other known ab initio calculation of 1 is in the work of Boyd and coworkersh who 
used a STO-3G(*) basis set (d-type polarization functions on the sulphur atom only). The 
geometries compare reasonably well, with bond angles within 3-5 deg and bond lengths 
within 0.01-0.04 A. The largest discrepanciesare in the 0 - H  bond length and S-0-H 
angle, which is to be expected considering the difference in basis sets. The geometry o f  1 is, 
of course, non-planar due to the sulphur atom lone pair of electrons (which are absent in 
the HCOOH analogue) and, therefore, both the S-H and 0-H bonds are pushed 
to the same side of the SO, plane. This non-planarity is one of the outstanding features 
of the sulphinic group and gives rise to the chiral properties around the sulphur atom 
in the sulphinyl derivatives, such as the esters. 

One of the objectives of these calculations is to compare the relative stabilities of the 
simplest sulphinic acid 1, the alternative sulphone 2 (see Figure 2) and the tautomeric 
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TABLE 3. Mulliken atomic population analysis 

Molecule 

(1) HSOOH 
(2) HZSO, 
(3) S(OHh 
(4) SOOH- 
(5) HSO; 
(6) *SO,H 
(7) HSO,. 
(8) HS02H+ 
(9) HSONH, 

(10) HSOHNH 
(11) SOHNH, 
(12) H2SONH 

(13) SONH; 
(14) *SONH, 
(15) HSONH. 
(16) HSONH; 
(17) HSOF 
(18) FSOH 
(19) SOF- 
(20) .SOF 
(21) HSOFt 
(22) HSOCI 
(23) ClSOH 
(24) SOCl- 
(25) .SOCI 
(26) HSOCI' 
(27) HSOSH 

(28) HSSOH 

S 

14.94 
14.76 
15.50 
15.78 
15.12 
15.20 
14.88 
14.86 
15.08 
15.19 
15.59 
14.95 

15.84 
15.40 
15.09 
15.03 
14.92 
15.40 
15.71 
15.15 
14.78 
15.25 
15.68 
15.80 
15.43 
15.28 
15.27 
16.18 
15.37 
16.45 

" X  = F or CI. 

0.96 
0.94 

1.08 

0.92 
0.78 
0.94 
0.93 

0.90 
0.95 

0.92 
0.77 
0.94 

0.75 
0.92 

0.75 
0.94 
0.86 
0.88 

Mulliken atomic population 
~~ 

WO) 

0.47 

0.47 
0.52 

0.47 

0.40 

0.47 
0.48 

~ 

0.46 

0.46 

0.50 

~ 

0 

8.8 I 
8.68 
8.78 
8.88 
8.89 
8.55 
8.60 
8.21 
8.79 

~ 

8.67 

8.90 
8.45 
8.8 1 
8.20 
8.73 
8.77 
8.83 
8.53 
8.18 
8.66 
8.74 
8.68 
8.43 
8.14 
8.74 

8.80 

O(H) N H(N) X" 
- 

8.82 

8.82 

8.78 

8.75 
8.07 

8.83 7.97 
8.77 8.02 

7.93 

8.04 
8.03 
7.58 
8.02 

0.56 
0.62 
0.57 
0.60 

0.61 
0.56 
0.60 
0.49 

9.40 
9.36 
9.47 
9.35 
9.29 

17.17 
17.12 
17.52 
17.14 
16.84 

sulphide S(OH), (3) (see Figure 3). From Table 1 it is clear that the accepted isomer 1 is 
more stable than 2 by 0.7eV for the best calculational level here (MP2/6-31 + G*). This 
latter number is to be compared with a 1.0e.J relative stability calculated using the 
RHF/STO-3G(*) level. The dipole moment of the sulphone is larger than that of the acid, 
so that polar solvents (in dilute solution where solute association is not a factor) will favour 
the former and reduce the 'gas phase' calculated energy difference. Experimental evidence 
has been interpreted as favouring the sulphinic over the sulphonic isomer for both 
aliphatic and aromatic compounds. However, R-SOOH with R = H has not been 
reported experimentally. 

A possible explanation for HSOOH (1) not being observed is that, as can be seen in 
Table 1, S(OH), (3) is calculated to be the most stable isomeric form of the sulphinic acid, 
0.6eV more stable than the classical form 1 at  the MP2/6-31 + G* level. On the other 
hand, the large difference in molecular dipole moment between the two tautomeric 
structures favours the sulphinic acid form in dilute solution, although solvation may not 
be enough to overcome the intrinsic free molecule energy difference favouring 3. In any 
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FIGURE 2. H,SO,. structure 2, dihedral angles 
(dcg): 0 2 S H 1 0 ,  = 135.0. H 2 S H , 0 ,  = - 112.5 

event, the alkyl sulphinic acids do exist as such and therefore the substitution of alkyl 
groups for the hydrogen atom bound to sulphur in 1 must preferentially stabilize the acid 
form over the sulfide structure. These questions bear further investigation. 

The two possible anions resulting from the removal ofa  proton from either the sulphur 
atom, SOOH- (4), or from the oxygen atom, HSO, (3, were also examined in order to 
obtain their relative proton affinities. Both on the SCF and MP2 levels (Table 1) the 
hydroxyl protons are slightly more acidic. For SOOH- the calculated proton affinities are 
15.0eV (SCF) and 14.6eV (MP2), while for HSO, the corresponding energies are 14.9eV 
and 14.5 eV. in both cases a difference of only - 0.1 eV. This preferential stabilization is 
much smaller than the STO-3G(*) SCF difference calculated previously (0.6 eV)6, which 
also favoured the hydroxyl proton. Another factor to be taken into account is the 
calculated dipole moment of each anion. Although dipole moments of anions are 
coordinate-origin dependent the central sulphur atom makes the centre-of-mass choice of 
origin a natural one and comparing the dipole moments of 4 and 5 should be valid. In our 
case it is actually SOOH which has the larger dipole moment and, in solution, should be 
preferentially stabilized relative to HSO;, in the opposite sense from the isolated molecule 
energy difference. Thus the higher acidity of the hydroxyl proton in sulphinic acid 1 is not 
clear-cut from these calculations. 

Removal of one of the hydrogen atoms from either the sulphur or  the oxygen atoms can 
lead to the *SO,H (6) (see Figure 4) or HSO,. (7) (see Figure 5 )  radicals, respectively. Here, 
from an energy perspective, the choice is unambiguous. The H-S homolytic dissociation 
energy is calculated at 2.0eV (M P2/6-3 1 + G*), if we take the energy of the hydrogen atom 
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FIGURE 3. S(OH),, structure 3, 
drawn in OSO plane, dihedral angles 
(deg): H,O,SO, = 82.0", H,O,SO, 
= 82.1" 

FIGURE 4. .SO,H, structure 6, drawn in OSO plane, dihedral angle (deg): H 0 2 S 0 ,  = 58.7 
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FIGURE 5. HSO,.. structure 7, drawn in OSO plane. dihedral angle (deg): 0 , S H  133.5 

at - 0.5 a.u. exactly. In contrast, production of the HSO,. radical absorbs 3.3 eV, a 
difference of 1.3 eV. O n  the SCF level (in the same basis set) this difference is 1.6 eV, similar 
to the published6 STO-3G(*) difference of 1.8 eV. These large differences between isomeric 
species are in contrast to the almost equal heteronuclear dissociation energies for the two 
possible deprotonations of HSOOH (1). In radicals 6 and 7 the unpaired spin in both cases 
is distributed over the sulphur and oxygen (not OH) atoms. The radical RSO,.is important 
in the mechanism of oxidation of RS0,H and the reaction of photochemically excited SO, 
with hydrocarbons in the gas phase3. This latter is relevant to environmental chemistry of 
the earth's atmosphere. 

The adiabatic ionization potential from 1 to form HSOOH+ (8) is calculated (Table 1) 
to be 8.8 eV (SCF) and 10.3 eV (MP2) at the 6-31 + G* basis set level. The MP2 value is, of 
course, expected to be the more accurate prediction since it includes a part of the 
correlation energy difference between the neutral and ion states. The electron comes out of 
a non-bonding orbital, as can also be determined by the verticality of the ionitation 
process in Table I ;  only 0.2eV separates the MP2 calculated adiabatic and vertical 
ionization energies. The population analysis (Table 3) comparing HSOOH (1) and 
HSOOH' (8) shows that the ionized electron is actually coming mainly out of an oxygen 
atom (lone pair) and not from the sulphur atom (lone pair) as might be expected. 

This is a good place to compare the calculated optimized bond lengths and angles in 
Table 2 with experiment, to the extent that this is possible. The most relevant sulphinyl 
compounds for which there are experimental structural data are the esters, RSOOR7*8. 
These esters have a S=O bond length range of 1.46-1.47 8, compared to the calculated 
1.468, in HSOOH, a S-0 bond length range of 1.62-1.63 8, compared to the calculated 
1.62A in HSOOH, and a O=S-0 bond angle of - 108 deg compared to 109 deg in 
Figure 1 for sulphinic acid. Thus the calculated structural values seem to be accurate. 

IV. SULPHINAMIDE 

The simplest sulphinyl amide is formed by substituting the amino group for the hydroxyl 
group in sulphinic acid to form sulphinamide 9 whose geometry is displayed in Figure 6. 



H. Basch 

FIGURE 6 .  HSONH,, structure 9, drawn in NSO plane. 
dihedral angles (deg): NSH,O = 113.9, HzNSO = 39.8. 
H,NSO = 272.2 

Here, both the sulphur and nitrogen atoms each have two attached groups and a lone pair 
of electrons. The optimized geometry gives maximum staggering of the bonds and lone 
pair electrons, where the orientation of the NH, hydrogens as bracketing the oxygen atom 
on sulphur seems to determine the specific conformation about the S-N bond. The 
rotation profile, however, was not explored. 

Three possible tautomers of sulphinamide 9 are possible. The first, HSOHNH (10) (see 
Figure 7), transfers a hydrogen atom from the amine to the oxygen atom to form a 
hydroxyl group. In classical bonding structures the sulphur-nitrogen bond thereby takes 
on double-bonding character. The consequent shortening of the S-N bond is evident in 
Table 2. The second tautomer transfers the sulphur-attached hydrogen atom to the 
oxygen atom to form the sulphide, SOHNH, (11) (see Figure 8). In both these cases the 
S-0 bond length increases compared to 9, from 1.47 to 1.66 A, as shown in Table 2. The 
third isomeric alternative to 9 is the amide analogue to the sulphone form of sulphinic acid, 
H,SONH (12) (see Figure 9). Here, both S=O and S-NH have double-bond character, 
as indicated and as can be seen from a comparison of bond lengths in Table 2. 
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FIGURE 7. HSOHNH. structure 10. drawn in NSO plane, dihedral angles(deg): 
N S H , O =  115.1, H,NSO=58.6. H,OSH, = 189.4 

The relative stabilities of the four isomers are seen from Table 1 to be SOHNH, (11) 
> HSONH, (9) > HSOHNH (10) > H,SONH (12). Once again, the low-oxidation-state 
sulphur hydroxy compound (11) is MP2/6-31 + G* calculated to be most stable, by 0.8 eV 
over the classical HSONH, (9). Here, the difference in dipole moments is not large so that 
the effects of solvation are not clear-cut. Again, as with the acid, alkylation at the sulphur 
must preferentially stabilize the sulphinamide 9 form. These questions bear further 
investigation. The optimum S-N bond length for each of the four tautomers clearly 
distinguishes between the single and partial double-bond character structure for this bond. 
The two imide structures are highest in energy at  1.6eV (10) and 2.8 eV (12) relative to the 
sulphide form. 

Removal of a S-H proton to give the SONH; (13) anion is calculated to involve 
15.1 eV (SCF) and 14.8eV (MP2) energy, respectively. These numbers are close to the 
corresponding proton aflinity values of SOOH-.  Thus, the substitution of the aniine for 
the hydroxyl group does not greatly affect the (gas phase) acidity of the S-H proton. 

Hydrogen atom dissociation from the sulphinamide can lead to two radicals, *SONH, 
(14) (see Figure 10) and HSONH. (15) (see Figure 11). Energetically, the *SONH, radical 
is calculated (MP2/6-31 + G*) to be more stable by an unequivocal 2.2 eV. As expected, 
the unpaired spin resides here on both the sulphur and oxygen atoms while for HSONH- 
the unpaired electron is localized on the nitrogen atom. The MP2/6-31 + G* calculated 
dissociation energy to form the SONH, radical is 2.2 eV compared to 4.4 eV for HSONH.. 
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FIGURE 8. SOHNH,, structure 11,  drawn in NSO plane, dihedral angles (deg): H,NSO = 66.0. 
H,NSO = - 69.1, HOSN = 90.9 

FIGURE 9. H,SONH. structure 12,drawn in HSH plane, dihedral angles(deg): H,SOH, - 105.5. 
NSOH, = 238.1, H,NSO = 179.2 
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FIGURE 10. .SONH,. structure 14, dihedral angles (deg): H,NSO = 64.2, H,NSO = 96.1  

FIGURE 1 I .  NSONH.. structure 15. drawn in NSO plane, dihedral angles 
(deg): N S H , O =  114.7, H,NSO= -23.7 
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In comparison with the sulphinic acid the S-H dissociation energy is similar but, as 
expected, the 0--H bond is more labile than N-H. 

HSONH, (9) is SCF/6-31 + G* calculated to have a 8.1 eV adiabatic ionization energy 
which, on the MP2 level, rises to 9.6eV, probably the more accurate value. As in HSOOH 
(1) the electron is removed from the oxygen atom. Here the difference between the 
adiabatic and vertical energies is only 0.3 eV, the S=O bond length increases by 0.09 
and the S-N bond decreases by 0.06 A. These geometry differences are similar to those 
calculated for HSOOH and indicate the expected changes in these bond lengths 
accompanying electron ionization from the oxygen atom in these type systems. 

V. SULPHINYL HALIDES 

The simplest sulphinyl fluoride, HSOF (17), is shown in Figure 12. The sulphide isomer 
FSOH (18) (see Figure 13) is MP2/6-3 1 + G* calculated to be more stable by only 0.4 eV 
where, again, the sulphinyl tautomer has the larger dipole moment. The proton affinity of 
FSO- (19) to FSOH (18) is 14.6eV and to  HSOF (17) is 14.2 eV. At the same calculational 
level the homolytic hydrogen atom dissociation energy for HSOF (17) +.SOF (20) + H is 
2.0eV with the radical electron localized on the sulphur atom. The structure of the - S O F  
radical is shown in Figure 14. This can be compared with experimental values', R(S-0) 
= 1.452 (calc. = 1.45), R(S-F) = 1.602 (calc. = 1.59) and < FSO = 108.3 deg (calc. = 107 
deg), showing excellent agreement. The calculated MP2/6-3 1 + G* ionization potential of 
17 to HSOF' (21) is 1 I .  I eV; again the electron ionized is from the oxygen atom, and only 
0.1 eV separates the calculated adiabatic and vertical ionization energies. 

FIGURE 12. HSOF, structure 17, drawn in FSO plane, 
dihedral angle (deg): FSHO = 110.2 
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FIGURE 13. FSOH, structure 18, 
drawn in FSO plane, dihedral angle 
(deg): FSOH = 83.1 

FIGURE 14. .SOF, structure 20, drawn in FSO plane 
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FIGURE 15. HSOCI, structure 22, drawn in CIS0 plane, 
dihedral angle (deg): CISHO = 1 1  1.7 

The corresponding sulphinyl chloride HSOCI (22) is shown in Figure 15. Here, the 
hydroxyl isomer CISOH (23) (see Figure 16) is MP2/6-31 + G* calculated to be more 
stable than 22 by 0.7 eV, a larger difference than for the fluoride. The proton affinity of 
SOCl- (24) to form HSOCI (22) is 13.7eV, and to CISOH is 14.4eV. Hydrogen atom 
dissociation from HSOCI (22) to form the *SOCI (25) radical (see Figure 17) is MP2/6-31 
+ G* calculated also to take 2.0eV, where the radical electron is distributed over both the 
sulphur and oxygen atoms. The calculated MP2/6-31 + G* ionization energy to HSOCI' 
(26) is 10.7eV (SCF = 9.1 eV), with the ejected electron missing from the oxygen atom on 
the resultant cation. The adiabatic-vertical energy spread here is 0.3 eV. 

VI. THlOSULPHlNlC ACID 

Two isomeric forms of thiosulphinic acid were also examined, HSOSH (27) (see Figure 18) 
and HSSOH (28) (see Figure 19). From Table 1 we find that the HSSOH form is 0.4eV 
(SCF) or 0.2 eV (MP2) more stable than HSOSH (6-31G* basis set level). Here, the relative 
dipole moments are such as to favour the more stable isomer in solution. However, the 
energy differences are too small for a decisive conclusion. 
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FIGURE 16. CISHO, structure 23, 
drawn in CIS0 plane, dihedral angle 
(deg): CISOH = 84.6 

FIGURE 17. .SOCI, structure 25, drawn in CIS0 plane 
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FIGURE 18. HSOSH. structure 27, drawn in SSO plane. dihedral angles (deg): 
S,S ,H,O = 112.8, H,S,S,O =45.2 

VII. HARMONIC STRETCH FREQUENCIES 

The calculated harmonic stretch vibration frequencies presented in Table 4, suitably 
reduced by about 10-12%, can be compared to infra-red spectroscopic frequencies 
measured experimentally' '.These latter values are taken from aliphatic sulphinic acids 
and their derivatives and are also shown in Table 4. The properly scaled calculated 
frequencies are seen to be in good agreement with the general range of such frequencies 
observed experimentally. For example, the S=O stretch is calculated (after adjustment) to 
absorb at about 1,080cm- compared to the approximately 1,000-1,100cm-' range 
observed experimentally for the sulphinyl derivatives". 

VIII. EXCITED STATES 

The geometric structures of sulphinic acid I ,  sulphinamide 9 and sulphinyl chloride 22 
were examined at the UHF/6-31 IG* level in their open-shell triplet states. Surprisingly, all 
three molecules were found to be dissociative. Sulphinic acid I dissociates smoothly in the 
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FIGURE 19. HSSOH, structure 28, drawn in OSS 
plane, dihedral angles (deg): OS,H,S, = 111.3, 
H,OS,S, = 22.9 

geometry optimization by homolytically-breaking the S-OH bond. Even at a S -OH 
bond length of 2.97 A the spin operator S2  value is 2.09 where the exact value of S ( S  + 1)  
with the spin quantum number S = 1 (triplet state) is 2.0. This small deviation from the 
theoretically correct spin-squared expectation value is a good indication tha: correlation 
effects are not playing a large role. ROHF calculations (which force the exact S2  value) give 

TABLE 4. Calculated harmonic vibrational stretch frequencies“ 

Group HSOOH HSONH, HSOF HSOCI Experimental 

S-O(H) 
s=o 
S-H 
0 - H  
N-H 
S-N 
S-F 
s-CI 

892 
1,232 1,209 1.377 1,278 
2,743 2,804 2,803 2,803 
3,993 

3,71813,824 
797 

877 
506 

8 10-870b 
990- I ,090b 

2 ,550  
3, 700h 

3,100-3,700d 

71 0-745‘ 
438-48W’ 

- 

‘In cm-’. 
*From Reference 10. 
‘From Reference I .  Suggested to he possibly a mistaken assignment 
“From Reference I I .  
‘From Reference 12. 
’From Reference 13. 
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the same S-OH dissociation result upon geometry optimization in the excited triplet 
state. The vertical excitation energy (at the equilibrium ground state geometry) is 4.9eV 
(39,500cm- ') and corresponds to a S + 0 transition according to the charge shifts in the 
population analysis. 

For the amide, UHF/6-31 lG* dissociation in the lowest energy triplet state is in the 
H-S bond and even at a H-S bond length of 3.74& Sz = 2.02. Again, ROHF 
calculations show the same results as UHF with regard to which bond is dissociating. For 
the sulphinyl chloride the same level calculations predict S-CI dissociation, analogous to 
the S-OH dissociation in HSOOH. For both the amide and the chloride the vertical 
excitation (energy = 4.9 eV and 3.1 eV, respectively) is in the 0 + S direction. 

IX. HYDROGEN-BONDED COMPLEXES 

The characterization of the hydrogen bonding interaction between sulphinic acid or 
sulphinamide with water or methanol should give some primitive information on the 
solvation of these compounds, although the conformations that are important in the 1: 1 
complex may not be typical of actual solutions. Nonetheless, it is of interest to see the 
relative stabilities of each of the relevant groups in the sulphinic compounds to bind to 
water or methanol. Based on previous work on formamide with water or methanol14 it is 
reasonable to expect that in the 1: 1 complex the cyclic double hydrogen bond complexes 
will be most stable. 

Two such gradient optimized complexes between sulphinic acid and water are shown in 
Figures 20 and 21 (structures 29 and 30, respectively) and in Table 5 .  These structures 
involve simultaneously either the .. '0s and ... OH or the ... OH and ... HS groups in H- 

FIGURE 20. H,O + HSOOH, structure 29, drawn in 
000 plane, dihedral angles (deg): O,SH,O, = 111.8, 
H,OzSO, = 38.5, 0 3 H 2 0 , S  = - 9.6, H,03H,0z = 
- 17.4, H,03H,01 = 136.5 
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FIGURE 21. H,O + HSOOH, structure 30, drawn in 000 plane, dihedral angles (deg): 
OZSHIO, = 110.0. H202SOI =29.6, O,HlSO, = - 62.2, H,O,H,S = 59.3, H,O,HlS = 
- 53.6 

bonding with water. Attempts to find a simultaneous ... HS and ...OS or . . .HS and 
... O(H)S H-bonded structure with water eventually optimized to give one of the two 
structures shown in the Figures. However, their existence as stationary points on the 
multi-dimensional H-bonded surface cannot be ruled out. 

TABLE 5. Hydrogen-bonded complexes 

Energies (a.u.) 

6-31G' 6-31G" 

SCF M P2 SCF M P2 

HSOOH + H,O 
50 An - 624.313150 - 624.981708 - 624.337606 - 625.027722 
(29) - 624.334727 - 625.0081 14 - 624.358707 - 625.053183 
(30) - 624.321020 - 624.992493 - 624.345433 - 625.038247 

HSOOH + CH,OH 
50A4 - 663.338045 - 664.129494 
(31) - 663.359429 - 664.156366 
(32) -663.35520s -664.151668 
(33) - 663.345752 - 664.140584 

HSONH, + H,O 
50A" - 604.488187 -605.141220 
(34) - 604.505753 - 605.162942 
(35) -604.495170 -605,151525 

'Optimization carried out at a fixed S O B ,  distance between H and 0. 
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The calculated H-bond energy (relative to the optimized dimer complex at  a fixed 
H . . . O  distance of 50A) for the stronger of the two complexes is 13.5 kcal mol- '  a t  the 
RHF/6-31G* level and 13.2 kcal mol-'  at the RHF/6-31G** level. Thus, the additional 
polarization functions on the hydrogen atoms are not crucial to the SCF result. The 

' '8 ' :J L 

FIGURE 22. CH,OH + HSOOH. structure 33, drawn in 000 plane, dihedral angles (deg): 
OZSHIOI = I 11.9, H,O,SlOl ~ 3 9 . 0 .  O,H,O,S = - 10.5, H , 0 , H 2 0 ,  = - 17.4, C 0 , H z 0 2  
= 223.7, H,CO,H, = 180.8, H,CO,H, = 62.1, H6C0,H, = - 59.9 

. . 

FIGURE 23. CH,OH + HSOOH, structure 32, drawn in 000 plane, dihedral 
angles (deg): O,SH,O, = 112.7. H,O,S,O, =44.2, H,CO,H, = 174.6, H,CO,H, 
= 55.5, H,CO,H, = - 62.2 
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corresponding MP2 level calculations give H-binding energies of 16.6 and 
16.0 kcal mol- I ,  respectively, for the smaller and larger basis sets. The structure of the 
complex in Figure 20 shows two normal H-bonded distances (1.9-2.0A) where, in 
comparison with Figure 1,  the sulphinic acid monomer geometry is only slightly 
perturbed. The weaker complex, on the other hand, shows unusually long hydrogen 
bonded distances (2.44-2.6A) and its H-bond energy (MP2/6-31G**) is only 
6.6 kcal mol- ', which is nearer a single hydrogen bond rather than a cyclic double bond. 

Three stable 1:1  cyclic structures were also found for the methanol-sulphinic acid 
complex. The first, structure 31 (see Figure 22), corresponds to structure 29 in the water 
complex. The MP2/6-31G* H-bond energy for the methanol complex is 16.9 kcal mol- 
compared to 16.6 kcal mol- for the comparable level water complex. The second 
methanol complex 32 (see Figure 23) has a short single SOH..  . OH, bond length of 1.82 A 
and a long oxygen (SO. . . )  methyl group hydrogen distance of 2.52A. The MP2/6-31G* 
calculated H-bond energy is 13.9kcalmol-', which is stronger than a single H-bond 
energy of the short distance type. The nature of the interaction with the methyl group is not 
clear and the rotational barrier about the strong H-bond was not explored. The third 

I 
/ I 

/ I 
/ I 
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FIGURE 24. CH,OH + HSOOH. structure 33. drawn in S O 0  plane, dihedral 
angles (deg): O,S,H,O, = 109.9, H,O,S,O, = 29.2, O,H,S,O, = -61.8, H706H2S1  
= 58.9, C,0,H2SI  = 65.6, HqCaO,H, = 179.9, H,,CaO,H, = 57.6, H , , C a 0 6 H ,  = 
- 61.3 
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methanolstructure33(seeFigure 24)couplesSH...OandS(H)O...HO bonds withanH- 
bond energy of 7.0 kcal mol- '. The H-bond lengths are longer than usual. The analogous 
complex with water instead of methanol shown in Figure 21 has very similar features. 

Two stable 1: 1 cyclic structures were also found for the sulphinamide-water complex. 
The more stable, structure 34 (see Figure 25), has two normal H-bonding distances with a 
MP2/6-31G* binding energy of 13.6 kcalmol- '. This smaller H-bond energy relative to 
the corresponding acid complex is consistent with the observation' that the hydroxyl 
group generally makes a better hydrogen bond than the amino group. However, this H- 
bond energy for the sulphinamide is larger than for the corresponding formamide complex 
with water14. The second structure 35 (see Figure 26) involves the SH...O interaction 
simultaneously with SN.. . H, having an H-bond energy of 6.5 kcal mol- '. Both H-bonds 
are weaker than in 34 and the result is essentially a single H-bond energy. The SH...O 
distance is very similar to that in structure 30 involving sulphinic acid. 

In all these cyclic structures, constraints imposed by the ring conformation may force 
longer H-bond lengths. Some of the cyclic structures studied here have weak binding 
energies and there could be single H-bonded structures that are more stable. However, it is 
unlikely that any single H-bonded structures exist with binding energies as large as 29,31 

/ I 
/ 

I 
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FIGURE 25. H,O + HSONH,, structure 34, 
drawn in N O 0  plane, dihedral angles (deg): 
NSHIO, = 114.3, HZNSO, - 40.8, H,NSOl 
= 276.9, H40,SN = - 34.7, O,H,O,S = 2.6, 
H50 ,H402  = 230.8 
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0 , 

FIGURE 26. H,O + HSONH,, structure 35, drawn in N O 0  plane, dihedral angles (deg): 
NSH,O, = 112.9, HZNSO, 140.9, H,NSO, = 281.0, O,H,SN = - 56.8, HbOZHIS = 48.0, 
HsOzH1S = - 50.0 

and 34. These relatively stable rigid cyclic structures may be observed experimentally. The 
analogous complexes for the (computed) more stable sulphide forms were not explored. 

X. EPILOGUE 

A number of surprises were uncovered in this study of the simplest prototype sulphinic 
acid, sulphinamide and sulphinyl halides. Some of them are remarked upon in the text and 
clearly require further investigation. The work presented here just scratches the surface of 
this interesting class of compounds and even in what was presented here a great deal more 
analysis can be applied. For example, the different implications of the three-dimensional 
structurality (non-planarity) and conformational orientation of bonds and lone pairs, 
electronic structure (or frontier orbital) analysis of the relative stabilities of the various 
tautomers and the isomerization paths, electrostatic and charge density difference maps 
(for studying incipient nucleophilic or electrophilic attack), a better description of the 
S=O bond (double bond vs. S’O-), etc., are all fertile grounds for a deeper understand- 
ing of the systems studied here and a basis for looking at more complicated (and more 
realistic) sulphinyl systems. Further studies are currently being carried out here on 
the parent aromatic species, phenyl sulphinic acid and phenyl sulphinamide. 
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1. INTRODUCTION 

The chemistry of chiral sulfinic acid derivatives has been reviewed up to 1979'. This 
chapter covers mainly the publications from 1979 to 1988. The reader is referred also to 
other relevant recent reports dealing with various aspects of chiral sulfinic derivatives, by 
Krauthausen2, Drabowicz and Mikolajczyk and  coworker^^-^, Kice', Cinquini and 
Colonna'.', Solladie'0-'2, PosnerI3.l4 and Hiroi I '. 

The present review is restricted to aspects dealing with the chirality of the following 
types of sulfinic acid derivatives: (a) sulfinates, (b) sulfinamides, (c) sulfinimidamides and 
(d) sulfinyl halides. These sulfur derivatives, in addition to their interesting properties and 
chemistry, are frequently found as useful intermediates in stereoselective and stereospecific 
total syntheses of many natural products. 

11. SULFINATES 

A. Syntheses, Separation of Diastereomers, Resolution 

Most frequently chiral sulfinates are isolated by separation of the diastereomeric 
mixtures obtained upon treatment of activated sulfinyl derivatives R S ( 0 ) X  with optically 

35 
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active alcohols. Some of the sulfinates are oils, whereas others are crystalline materials. 
Moreover, acid-catalyzed equilibration of diastereomeric mixtures can sometimes afford a 
single enantiomeric sulfinate. 

The pivotal member of the family of chiral sulfinates is menthyl p-toluenesulfinate. A 
large-scale synthesis and separation of the crystalline (S) - (  - )-diastereomer 2 has been 
reportedL6. The (R)-( + )-enantiomer may be obtained analogously from (R)-menthol. 

NaO\ ,O 
S' 

1 .  SOCl* 

2.(-)-mrnthol, 
pyrldino 

Additional methods for the preparation of menthyl p-toluenesulfinate involve the 
conversion of p-toluene sulfinic acid to  various activated derivatives when reacted with: (a) 
2-chloro-1-methylpyridinium iodide, (b) diethyl azodicarboxylate/Ph,P, (c) primary and 
secondary amines/DCC, (d) y-saccharine chloride or (e) p-toluenesulfonic acid/DCC, 
followed by treatment with m e n t h ~ l ~ ' - ~ ~  (Scheme 1). 

- il - 
RIS-0 

I M e N b  * - (3) 

E tZOC N =N C02E t / P h 3 W  E tZOC - N - NHC02 E t (  4 
I 

Ph3P + 

R'SO- 
0 
11 t 

R'SOH- 0 
It 

HNR'R"/ DCC ___* R'SNR'R" ( 5 )  

0 
II 

CI R'S -0 

II 
p-MeC6H4S03H / DCC p- MeC,H4S02 SR' - 

L 

( 7 )  

SCHEME 1 
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The BF, etherate-catalyzed reaction of alcohols with sulfinamide 9 proceeds with 
inversion of the configuration to give high yields (69-99%) of chiral sulfinates 10 in 
enantiomeric excesses ranging from 53-86%. The mildness of the conditions permit the use 
of alcohols bearing acid-labile acetal group2' (Scheme 2). 

R 

Q Me 

b Et  

c Pr 

i - P r  

f t -Bu  

R 

C6H5\ / H  

1 c=c 
H \CH2- 

I 
CH2- 

SCHEME 2 

Diastereomeric mixtures of  arene sulfinates 13 and 14 derived from D-ghcoSe 
derivatives I 1  and 12 were prepared analogously from the corresponding arenesulfinyl 
chlorides. Only the (R) - (  + )-mesitylene ester 15 was obtained in a crystalline, optically 
pure statez2. 

It has been established that nucleophilic substitution at chiral sulfinyl sulfur proceeds 
commonly with inversion ofthe configuration'. An unexpected high degree of retention of 
the configuration has been observed in the acid-catalyzed alcoholysis of sulfinamide 16. 
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0 

(13) 
A r = P h ;  p-CIC6H4-; 

- A n  1- Naph ,2- Noph 

0 

A r - L e  

(14) 

A r  = P h i  p-CIC6H4- ; p - A n ;  

1-Naph; 2-Naph 

The stereochemical course of the reaction is influenced by the addition of silver 
perchlorate, whose presence favors the inversion product. Moreover, isopropyl alcohol 
and cyclohexanol, which in the absence of the salt gave predominant retention, in its 
presence gave mostly inversion. Addition of other inorganic salts had a dramatic effect on 
the stereochemical outcome of the reaction. Here the nature of the cation and the anion as 
well as the polarity of the solvent are of importance, where polar solvents favor retention. 
The retention of the configuration which is sometimes observed has been attributed to the 
formation of sulfurane intermediates that undergo rapid pseudorotation (Scheme 3)23. A 
review of these arguments has been published by MikolajczykZ4. (See Tables la-d.) 
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'i - 
t .po 'i ROH i' 

p-To1 RO ,,.'po p-Tol' 
,,'i\o CF,COOH 

NPrL p-To1 OR 

( + ) - ( S  -(16) (-1- (S  - (17) ( + ) - ( / ? I -  (17) 
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Other diastereomeric mixtures of sugar sulfinates 19 are formed from 18 upon 
displacement of triflate with the sulfinyl anion CF,SO;. However, the identity of the 
individual diastereomers was not established*'. 

TABLE la. Reaction of ( +)-(S)-16 with alcohols catalyzed by trifluoroacetic acid 

Tol-S(O)OR 
R [@ID (O.P.%) 

Stereo 
selectivity 

Inversion o r  
retention 

94.4" (45.3) 
94.4" (45.3) 
94.4" (45.3) 
95.0" (45.35) 
94 .4  (45.3) 
86.90 (42.3) 
86.90 (42.3) 
95.0" (45.35) 
95.0" (45.35) 
95.0" (45.35) 

Me 
Et 
Pr" 
Bu' 
Pr' 
Pr'-D, 
Pr'-F, 
Hex' 
Pen' 
Et,CH 

- 35.0" (1 7.0) 
- 7.1 'I (3.4) 
- 13.9" (7.25) 
- 2.7" (1.4) 

+ I 5.ny7.9) 
+ 10.1' (4.6) 
+ 3.4" (1.7) 

+41.0"(22.4) 
+ 3.3" (1 .n) 
- 4 . 4  (2.3) 

37.5% 
7.5% 

16.0% 
3.0% 

17.4% 
10.9% 
4.0% 

49.0% 
4.0% 
5.0% 

68.75% Inv 
53.75% Inv 
58.00% Inv 
51.5O0<Inv 
58.70°4 Ret 
55.45% Ret 
52.00% Ret 
74.50% Ret 
52.00% Ret 
52.50"/,, Inv 

TABLE Ib. Reaction in the 
presence of AgCIO, 

R Inv/Ret ratio 

TABLE Ic. Reaction with i-PrOH 
in various solvents 

Solvent Inv/Ret ratio 

Me 1 oo/o 
Et 9119 
Pr 1 00jo 
i-Pr 82jn 
+Hex 65.5134.5 

CHC1, 55/45 
C6H6 56/44 
n-C6H1 2 58/42 
CH3CN 4915 1 

TABLE Id. Reaction with i-PrOH in the presence of various salts 

Prevailing 
stereochemistry Salt 

55O/, Ret 
7l", Ret 
67",, Ret 
67"" Inv  
63% Ret 
69% Ret 
68% Ret 

Prevailing 
stereochemistry 

73% Inv 
66'4 Inv  
82",, I n v  
53"h I n v  
827; Inv 
71%0ntv 
50.5% Inv 
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t .  t .  
HNPrh HNPr; 

I .-OH 3. - 0 - s -  

I 

H I  
OR 

I b T o 1 - p  
OR 

1 
( t ) - (  R ) - ( l 7 )  

1 (-1 - (S)-( l6)  

(-)-(S)-(17) 

SCHEME 3 .  An A-E mechanism for acid-catalyzed alcoholysis of (-)-(S)-16 

0 
TfOCH2 XCH2 ,' 

x = 0- S k  : 
'CF, 

___) 

AcO @Ac B"4"x- A c O  QAc x = 0- s i o  ,:* 

CF3 
\ OAc OAc 

(18) (19) 

The in situ reduction of commonly available sulfonyl chlorides 21 with (MeO),P in the 
presence of an optically active alcohol 20 is a simple method for the preparation of 
optically active sulfinates 22. The reaction is especially useful for sulfinates for which there 

TABLE 2. Preparation of menthyl sulfinate esters 

1:R' 

recovered 
menthol, diastereo- 

Time (h) Yield (%) (%) selectivity 

p-Tol 
2-Naphthyl 
p-An 

2.4, 6-(i-Pr),C6H, 
p-(t-Bu)C,H, 
o-MeO,CC,H, 

2.4, 6-Me3C,H, 
8-Quinolyl 
2-Thien yl 
CCI, 
CH3 

p-CIC,H, 

2,4, S-Cl,C,H, 

8 
5 

20 
1.5 

21 
6.5 
6.5 
3 

15 
4 
1.5 
1 
4 

90 
96 
89 
92 
36 
81 
48 
75 
70 
52 
92 
76 
22 

6 1.4:l 
4 1.4:l 

1.3:1 
1.6:1 

1.5:1 
1.6:1 

25 2.1:1 
21 1.5:l 
41 1.9:l 

1.8:1 
19 2.9:l 

1.7:1 

52 
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are no readily available sulfinyl chloride precursors. A variety of menthyl sulfinates 
(Table 2) were thus prepared in up to 3: 1 SIR diastereoselectivityZ6. 

* R'S(0)OR 
(McO)3P. Et3N 

ROH + R'S0,Cl 

(20) (21) (22) 

A nonionic transition state 24 has been postulated for the coupling of sulfinyl halides with 
alko~ytrimethylsilanes~~. 

(23) (24) 

In the presence of chiral amino alcohols 25, t-butylmagnesium chloride has been found 
to be useful in two procedures for the stereoselective synthesis of optically active 
~ u l f i n a t e s ~ ~ * ~ ~ .  The first method involves the reaction with symmetrical sulfites 26 to give 
chiral sulfinates 27 in up to 75% enantiomeric excess. The second procedure involves a 
kinetic resolution of racemic sulfinates 29 which under the reaction conditions gives chiral 
sulfoxides 30 (in up to 65% ee) leaving behind optically active unreacted sulfinate 29 (in up 
to 33 ee%). The optical purity of the sulfinates 29 was established by correlation with the 
optical rotation of the known chiral sulfoxide 31 (Scheme 4). 

(a) ( -)Quinine 
ROSOR + Bu'MgCI A But $OR 

/ I  1 1  (b) ( - )Quinidine 
0 0 
(26) (27) (25) 

25 
R'SOR' + t-BuMgCI -R'SOR2 + t-BuSR' 

II II II 
0 (28) 0 0 

( f )-(29) ( + ) or ( - 1429) ( + ) or ( - )-(30) 

(a) R' = p-Tol, 
(b) R'  = p-Tol, 
(c) R '  = p-Tol, 
(d) R'  = p-Tol, 
(e) R' = p-Tol, 
(f) R'=Ph,  
(g) R ' =  Me, 
(h) R ' =  Me, 

(29) (30) 
R2 = Me (a) R '  =Ph 
R 2  = Et (b) R'  =p-Tol 
R 2  = Pr' (c) R '  = M e  
R2 = Bur 
R2 = CH2Bu' 
R 2  = Pr 
R 2  = Pr 
R 2  = CH2Bu' 
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Diastereomeric mixtures of sulfinate esters have been prepared by the reaction of r -  
halo-fi-keto sulfones 35 with sulfinate anions30. The initial reaction, where the sulfinate 
anion attacks the halogen, produces sulfonyl halides 36 which react further with ArSOO- 
to give the reactive sulfinic-sulfonic mixed anhydrides 37. Addition of an alcohol, such as 
menthol, provides the desired sulfinate ester 38. 

0 

ROH 
ArSO2-0-SOAr ArS03H + ArSOOR 

(37) (38) 

Arene sulfinic acids 39 react with alcohols in the presence ofchiral carbodiimides to give 
optically active sulfinates 403'. 

R N C N R  ROH * 
ArSOH -Ar-S -OR 

I1 / I  
0 0 

(39) (40) 

Mixtures of menthyl sulfinate diastereomers 42 ( R '  = Me, Ph), with low asymmetric 
induction, were obtained32 when disulfides 41 were oxidized with m-chloroperbenzoic 
acid and underwent subsequent oxidative alcoholysis promoted by NBS. The degree of 
asymmetric induction was determined by conversion of 43 to the corresponding sulfoxide 
44. 

0 
II 

I, 0 

Two diastereomeric Co"' complexes 45, whose stereochemistry is derived from a chiral 
cobalt atom (in the center, not shown) and a sulfinate group, have been isolated. Their rate 
of racemization is rather slow, enabling their successful chromatographic ~ e p a r a t i o n ~ ~  
(Scheme 5) .  

Direct partial resolution of various low molecular weight compounds, including 
sulfinate 47, by selective formation of inclusion complexes with tri-0-thymotide (TOT) 46 
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A-R (45)  A-S 

SCHEME 5. Two diastereomers of A-[Co(aesi-N, O)(en),]* + 

43 

has been described. The clathrate crystals were stable up to 115 "C, but at 125 "C for 12 h 
complete racemization of the sulfinate took place. The enantiomerization was shown to 
proceed within the TOT cage cavity which provided appreciable stability to 47 toward 
r a ~ e m i z a t i o n ~ ~ .  

0 
I1 

C H3SOCH3 

(47) 

Thermolysis of penicillin sulfoxide 48 afforded desacetoxycephem 49 as well as a 
mixture of isomeric sulfinates 50 and 51. Treatment of the sulfinates with methanesulfonic 
acid gave sulfoxide 52, whereas reflux in DMF produced 4935 (Scheme 6). 

An unexpected mixture of sulfinates 54a, b in addition to sulfone 55 were obtained upon 
treatment of chloride 53 with sodium p-toluenesulfinate. The appearance of the sulfinates 
is attributed to the high reactivity of the alkylating reagent resulting in the formation of the 
products of kinetic control, i.e. sulfinates (58%), and lesser amounts of the thermodynamic 
controlled product, i.e. sulfone (28%). The absolute stereochemistry of 54a was established 
by X-ray ~ r y s t a l l o g r a p h y ~ ~ .  

B. Reactions with Grignard or Lithium Reagents 

Optically active sulfoxides, commonly prepared by the reaction of chiral sulfinates with 
Grignard or lithium reagents, are the most important group of chiral sulfur derivatives. 
Many of them have been used as intermediates in synthetic sequences of natural products. 
The vast majority of the reported reactions have been carried out with (S)-( - )-menthy1 p- 
toluensulfinate to give (R)-sulfoxides. A few examples of the use of the enantiomeric (R)- 
(+)-sulfinate to give the corresponding (S)-sulfoxides have been described. In Table 3 are 
listed the sulfoxides prepared from the (S)-( - )- and (R)-( + )-menthy1 p-toluenesulfinates. 
Sulfoxides prepared analogously from other chiral sulfinates are presented in Table 4. 
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C. Other Reactions of Chiral Sulflnates 

An unusual double reaction of addition and substitution is instrumental in the synthesis 
of sulfoxides 56 when (S)-( - )-menthy1 p-toluenesulfinate 2 is treated with acetylenic 
lithium compounds"' (Scheme 7). 

Chiral allylic sulfinates 59 obtained by BF, etherate catalyzed estrification of (S)-(  +)- 
N, N-diethyl-p-tolylsulfinamide (S)-57 undergo thermal rearrangement, preferably in 
DMF, to give sulfones 60 in good yield and with high stereospecificitylo3. Themechanism 
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TABLE 3. Products of reaction of menthyl p-toluenesulfinates with Grignard (R'MgX) or lithium 
(R'Li) reagents 

0 ' 9 + R'M -p-TolSR' /I 
p-TolSO 

(M = MgX or Li) 

0 
I1 

Product p-TolSR' 
R References 

-CH,R 
-R 

Me 
I 

-CHEt 
M. 

-R 

I 
-CHCN 
-CHzSR 
-(CH,),OR 

- C E C R  
-CH=CR1R2 

0-0 

6- 
CHMe 
II 

-CAr' 
-CH=CR'R2 
-CH=CH(CH,),OSi(t-Bu)Me, 

( n  = 1.2) 
-CH=C-C"CCH,OR 

I 
CH,OR 

0 
/I 

-CH,PR, 
0 
/I 

-CH P(OEt), 
I 

STol-p 

(R = H, Me. Pr, i-Bu, Ph) 
(R = Me, El, i-Pr, Bu, Ph) 

37-41 
42.43 

44 

45 

(R = Me, MeOCH,, CICH,, C,H, 
t-Bu) 46,41 

48 
49 
50 

51.52 

53,54 
55 
56 

(R = H, Me, Ph) 

(R = Me, p-Tol) 
(R = THP, H, TBDMS) 
(R = Pr. Bu, Pen, Hex, Me$-) 

a (R = -OCH,OMe, 

(R = MeO, EtO, Ph, Me,N) 

16 

57 

58 
59.60 

61 

61-65 

66 
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TABLE 3. (conrinued) - 
0 
II 

Product p-TolSR' 
R' References 

S 
I t  67 

-CH,CNMe, 
0 
II 

-CH,CNR, 
0 
I/ 

-CHCOBU-I 
I 
R 

0 4 - 5  (CH2)" 

OR 
I1 I 

NMe 
I1 

I/ 
0 

-CH,C=NOMe 
I 

OEt 

-CH,CCHCOOMe 

-CH,SPh 

NMe2 
I OM. 
N 
II 

-CHZCCHZCHZ 

R R  
I 1  

R R  
I 1  

R R  
I 1  

-CHC=NNMe, 

-C= CNHR 

-CHC-NR 

Farrocanyl,C/Me 

\\*NM., 

;r 

[R = Me, (CH,),, i-Pr, t-Bul 

K I1 

H 5, 6 
Me 5 

(R  = H, Et) 

( R  = H. Alk, Ar) 

68.69 

70-72 

7 3  

74 

75 

76 

77 

78 

79,80 

81 

8' 
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TABLE 3. (confinued) 

0 
I1 

Product p-TolSR' 
R' References 

4-Pyr; 3-Pyr 

- C H p  

R 

SO& 
\ 

R 

(R = H, CI) 

( R  = H. Me) 

(R = H, Alk, Ar) 

(R = Me, CH,CH,OMe) 

OCH2CH20H 9- 
0 
II 

(X = 0, S, NMe. OPPh) 

83 

84 

85 

86-90 

91 

92 

93 

involves a concerted cyclic intramolecular [2,3] rearrangement. Thus, (S)-57a, c and (S) -  
57b,d gave (S)-60a, b and (R)-60a, b, respectively. Subsequent reaction of the sulfones with 
sodium diethyl malonate in the presence of Pdo(PPh,), gave mixtures of 61 and 62. The 
direct S,2 substitution reaction of the sulfinates with sodium diethyl malonate under the 
reaction conditions did not proceed at  al1104~'05. The absolute configuration of the 
sulfones 60 was obtained by chemical correlations. Thus, sulfones 60 were reduced to 6%- 
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C, which in turn had been prepared stereospecifically from chiral sulfinates 63s-c via 
sulfides 64a-c that underwent oxidation to 65a-c. 

Subsequently it was shown that the sulfinateesulfone rearrangement is alsocatalyzed by 
Pd catalysts 66 and 67. so that (S)-(-)-59a, c, e and (S)-(m)-59b, d gave, i n  high 
stereospecificity, good yields of the (S) - (  + )- and (R)- (  - )-sulfones 60, respectively'06. 
Surprisingly, sulfinate(S)-( - )-59f gave(S)-( + )-6Oc. The rearrangement took place even in 
THF,  whereas in the absence of Pd catalyst the reaction proceeded only in hot DMF. In 
some cases, small amounts of sulfones 68 were also obtained. The mechanism of the 

TABLE 4. Synthesis of sulfoxides by the reaction of chiral sulfinates with Grignard (RMgX) or 
lithium (RLi) reagents 

0 0 
I/ I/ 

R"-S-O-Rb + R'-M A R"-Tol-S-R' 

(M = MgX or Li) 

R" Rh R' References 

Ph 

p-MeOC,H, 
I-Naph 
2-Naph 

p-CIC,H, 

mesityl 

p-MeOC,H, 

I-Naph 

p-Tol 

Me 

P-ToI 

Ph 

Me 

94 

menthyl 

Me ( n =  1.2 .3)  98 

cholesteryl Pr, Bu, i-Bu, p-Tol, PhCH, 99 

0 
Me, Et, i-Pr 11 

R2 MeSCH, 
I 

I 
R 2  

Me, Et, i-Pr, 

Bu, t-Bu, Ph 
RIC-C-C 

[R' = H, Ph; 
R2 = Me, (CH,),] 

100 

101 
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(a) (b) (4 (dl (4 (f) (9) 
~. 

R'= Me H Pr H Pen H Ph 
R 2 =  H Me H Pr H Pen H 

( 6 0 )  i i  

s 
C H 3 C H Z C C  -0S02C H3 

! 
I 

. .  
R2 pd+ 

/ \  
L L  

A' 
(61 ) 

+ :  
H O H  

( a )  R = C H 3  

( b )  R=(CH2)'CH3 

( c )  R=(CH,),CH3 
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reaction involves initial formation of a palladium chelate 69 followed by an ionic 
intermediate 70 (Scheme 8). 

(W - 1459) (W + )-(60) 0 
T 

P-TOI-S-CH 2CH=CH - R R 
I 

R 

R’ R’ 

0, p 1 - p  - R2 &O, ,Tol-p 

S Pd S 1111 b0 ,*’ 

** L 

- 
SO2T0l-p s02Tol -p 

R‘ R‘ 

- Q 
R2 b -  R2 

7 i  
L L  

(70)  

7\ 
L L  

$ 02To I-p 

R2 

R’ (-J 
Pd 
/ \  
L L  

SCHEME 8 
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The high stereospecificity of the Pd-catalyzed sulfinate-sulfone rearrangement was 
further displayed with the synthesis of optically active sulfones 60a, b,c from racemic 
sulfinates 59a, b, c, e, in the presence of a mixture of Pdo( PPh,), and a chiral Pd catalyst 
such as (-)-DIOP, N M D P P  or (S)-MBDPP'". 

H n 

(-) - DlOP NMDPP (S) -MBDPP 

Irradiation of optically active methyl p-toluenesulfinate 71 resulted in a rapid decrease 
of optical activity but no photolysis. The photordcemization stems from rapid reversible 
formation of sulfinyl and menthyloxy radicals'o8. 

R *SOR' A [RS. .OR'] - RSOR' 
1 1 
0 0 

1 
0 

(71) 
optically active racemic 

Chiral allenic sufinates 73, obtained from ( R ) -  and (S)-l-butyn-3-01 (72) and sulfur 
dichloride, underwent electrophilic cyclization in the presence of bromine and 
methanesulfenyl chloride to give optically active y-sultines 74a-d as diastereomeric 
mixtures, some of which were separated by chromatography. Oxidation of the chiral 
sultines gave optically active sultones 75a--c lacking a chiral s ~ l f u r ' ' ~ .  

( 7 2 )  
0 

X = B r ;  R = M e  
X = Br; R = t-Bu 
X = M e S ; R = M e  
X = MeS; R = t-Bu 

(73) 

R = Me; Y = Br 
R = t-Bu; Y = Br 
R = Me; Y = MeSO, 

Under flash vacuum thermolysis (FVT) conditions at 700 "C the diastereomers 77a, b 
underwent rapid epimerization at sulfur, followed by cleavage to N-ally1 amide 78 and 
enamides 79 and 80. The preferred mechanistic path for the ring cleavage involves initial 
formation of zwitterion 82 followed by loss of sulfur dioxide"' (Scheme 9). 

Chiral sulfinates such as 84, under mild conditions and acid catalysis, reacted with enol 
silyl ethers 83 to give chiral ol-sulfinyl cyclic ketones 85 with high stereospecificity. The 
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latter are valuable intermediates in asymmetric syntheses. The sulfur configuration in 85 
was determined by correlation with 89. Analogously, sodium or lithium enolates 91d, e and 
chiral sulfinates also gave the a-sulfinyl ketones in high yield but with low stereospecific- 
ity9' (Scheme 10). 

The NBS-catalyzed transesterification of optically active sulfinates 92 with isopropyl 
alcohol gave in all cases recemic isopropyl p-toluenesulfinate 93. The recemization was 

(90) 

SCHEME 10 

attributed to competitive symmetrical alkoxy-alkoxy exchange in the initially obtained 
isopropyl p-toluenesulfinate. The rate of the racemization was found to be first order with 
respect to the concentration of the ester and the NBS. Furthermore, it was found that this 
rate decreased when the arenes had electron-withdrawing substituents, whereas electron- 
donating groups caused an increase in the rate of racemization"'. 

0 0 
I1 H +  II 

p-TolSOR + i-PrOH - TolSOPr-i (R = Me, allyl, propargyl) 

0 
(92) (93) 

0 
NBS 'I I1 

RSOPr-i + i-PrOH - RSOPr-i 
(racem ic) 

(R = Ph, p-Tol, p-An, p-CIC,H,, Me, i-Pr) 

(94) (95) 
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D. Spectral Studies 

The chiral nature of p- and y-sultines has been determined by X-ray crystallography. 
Oxidative cyclization of 2-hydroxyalkyl t-butylsulfoxide 96 gave stable crystallinc p- 
sultine 97 whose X-ray structure showed a nonplanar oxathietan ring, with sulfinyl oxygen 
assuming a pseudo-axial orientation' ' *. 

0 Me 

I //" 
MeC - S 

I I  
M ~ ~ C S B ~ '  

I - 1 1  
ArCOH A r c - 0  

I 
Ar 

I 
Ar 

(96) (97) 

X-ray analysis of /?-amino-7-sultine 98 indicated that the sultine possessed an envelope 
shape 99 and an R-configuration at sulfur'I3. 

111. SULFINAMIDES SYNTHESIS AND REACTIONS 

Optically active sulfinarnides are frequently prepared by the reaction of metal amine salts 
with chiral sulfinatesl 14. Thus, treatment of ( - )-(S)-menthyl p-toluenesulfinate 2 with 
morpholinornagnesium bromide gave the ( + )-(S)-N-p-toluenesulfinylmorpholine 100. 

PhLi 
n 

0 0 
0 NMgBr 

p -  To1 -S- N 0- PhSTol-p v t PhLi t 
1 
0 

1 -  
PhSTol -p-p-TolSOMenthyl 

0 

(+)-(@)-(lo1 ( - ) - ( S ) - ( 2 )  ( + ) - ( S ) - ( l O O )  ( - ) - ( S ) - ( l O l )  

CF,SO,Me NoEPh, I 
+ n  

p-To'7-NWo 
OMe -BPh, 

(-)-(S)-(102 1 

SCHEME 11 
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Subsequent reactions of 100 with PhLi gave the ( - )-(S)-sulfoxide 101. With inversion of 
configuration, and with methyl trifluoromethane sulfonate gave the ( + ) - (S)-  
methoxymorpholino-p-toluenesulfonium salt 102 (Scheme 1 I) .  

Chiral N-alkylidene sulfinamides were prepared similarly in optically pure form from 
imino-Grignard reagents, and were shown to undergo rapid E-Z interconversion at  room 
temperature"'. In the case of 103e, obtained as a 3:2 mixture of diastereomers, the major 
component had a ( - )-(SsRc) configuration, which was determined by acid hydrolysis to 
( - )-(R)-104. Metal hydride reduction of the N-alkylidene sulfinamides to saturated 
sulfinamides proceeded readily and stereoselectively giving unequal amounts of dias- 
tereomers 105a-d. The extent of asymmetric induction was established via conversion of 
105 to  the corresponding optically active sulfonamides 106 or amines 107. The highest 
optical purity (60-80%) was observed when lithium aluminium hydride was used as 
reducing agent (Scheme 12). 

RMgHol t A r C e N  + Ar(R)C=NMgHal - Ar(R)C=N-S-Tol 
2 * 

* /  

II \* 
TolSN=C 

CHEt 
I 

0 
I 

Me 
(-)  - (S,R, 1 - (103 1 

H'- MeOH 

Me 
* /  

0 I' 'Et 

1 
PhCCH 

II 
(103) 0 

(a) R = Me, Ar = Ph 
(b) R = Et, Ar = Ph 
(c) R = Pr', Ar = Ph 
(d) R = Naph, Ar = Ph 

reduction 
Tol$N=C(R)Ph - ToltNHtH(R)Ph  

(e) R = Bu', Ar = Ph 
(f) R = Ph, Ar = Ph 
(9) R = Tol, Ar = To1 

II 
0 

(105) 

II 
0 

(S)-(103) 

/Me.,H k # i d o t i o n  

Tol$OMe t H2NEH(R)Ph TolSO2NH;H(R)Ph 

(107) (106) 
II 
0 

(-)-(R)-(104) (S)-(108) (a) R = Me; (c) R = Pr; 
(b) R = E t i ;  (d) R = N a p h  

SCHEME 12 

A high degree of stereospecificity has been observed in the synthesis of optically active 
sulfinamides 100 when chiral amidosulfites 109 were treated with Grignard rea- 

Thus, the reaction of 109s with PhMgBr gave a 92:8 mixture of llOIa and 
11OIb. Conversely, the enantiomer 109b gave the same mixture in the reverse ratio. 
Sulfinamides llOb,c were analogously prepared with MeMgBr, MeLi or BuLi. The 
absolute configurations of llOIa and llOIb were established by conversion to  the cor- 
responding (R)-( + )- and (S)-(  - )-butyl phenyl sulfoxides when reacted with BuLi, a 
reaction which is known to proceed with inversion of configuration (Scheme 13). 

A moderate degree of transfer of chirality from carbon to  sulfur was detected in the facile 
ene-reaction of alkene 11  1 with N-sulfinyl-p-toluenesulfonamide 112 to give sulfinamide 
113, where the configuration of the C=C double bond was always found to be E .  
Subsequent conversion of 113 to sulfinamide 114 and sulfoxide 115 indicated that the ene 
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(a) R = Ph 
(b) R = Me 
(c) R = Bu 

H C $ a C H 3  
0 )  
Z i  
0 /s-N\c/cH3 

M ( b )  ’‘‘‘H 

SCHEME 13 

reaction proceeded with 40 5% stereospecificity. The mechanism of the reaction is 
understood to involve the formation of a [ 2  + 21 complex between the reactants prior to 
the rate-determining step of allylic hydrogen abstraction by the lone electron pair of the 
nitrogen atom. The preferred cyclic endo transition state 116 is assumed, since it accounts 
for the selective formation of the (R)-(E)-sulfinamide 113118 (Scheme 14). 

Ph 

I* H /Ph 
\=C ’ ‘Me 

- H2C=CHCH + TosNSO 

I N-S-CH, 
Me H ’ I I  

0 
( S ) - ( l l l )  (112) (11 3 1 

K,CO,/ 
( MeO),SO 

( O M € )  

H\  /Ph /c=c 
/c=c\Me 

\ /Ph I H 

4-TolMpBr 
‘Me - Tos, (I 

4- T O  I - S - C H2 

I I  N-S-CH2 0 ’ II Me 
0 

(115) 0 . 0  (40?5)% (114) 

SCHEME 14 (continued) 
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ondo 
d 

H\ / P h  

’ \Me 

c=c 

(116) ( I ? ) - ( € )  -(I131 

SCHEME 14 

Mixtures inseparable by TLC of diastereomeric sulfinamides 1 17 and 118 were prepared 
from benzensulfinyl chloride and (lS, 2S)-1 -methoxy- I-phenyl-2-propylamine or (S)- 
phenethylamine in the presence of Et,N. The sulfinamides were converted in several steps 
into the optically active sulfoximines (SR)-119 and (SS)-120, whose absolute configuration 
was determined by their stereospecific, aluminium amalgam reduction to the optically 
active sulfinamides 117 and 118. Independent confirmation of the stereochemistry of 117 
was made via synthesis from (S)-( - )-menthy1 benzenesulfinate 121 and the lithium salt 
122119.120 (Scheme 15). 

PhO 
(SS)- (120) ( S R  ) - (  119) 

0 H 

Ph - II S - OMenthyl + L 1 t 4 * * , ~ ~ ~  4 117 

(121) H30 i..-. 
H 

(122) 

SCHEME 15 
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Deoxygenation of sulfoxide 123 by an acid chloride and ligand exchange on the sulfur 
atom with LDA gave ketone 124 and sulfinamide 12594. 

R 

(123) (124) 

0 

s t  
I 

/ \: 
I > \ To1 -P 

( I - Pr )2N 

(125) 

Chiral aminophenols 126 when treated with thionyl chloride produced benzoxathiazine 
2-oxides 127. Acid-catalyzed isomerization of 127-1 gave an equilibrium mixture 
comprised primarily of 127-11 (96%). Reaction of the latter with PhMgBr gavc the 
sulfinamides 128, which were converted in situ into sulfoxides 129 in high enantiomeric 
excess' " (Scheme 16). 

R' (a) R' = I-Naph, R2 = Me 8' $ 

I 
(b) R' = Ph, 

(e) R'  = I-Naph, R 2  = Et "\ ' 

R2 = H  : 
H C C ~ C H ~  (c) R' = Ph. RZ = Me H C & m C H 3  H - C d C H ,  

(d) R' = I-Naph, R 2  = H 0 1 0 ,  

(f) R' = I-Naph, R2 = Bu 
H-N 

I,R2 

(127-1 ) ( 12 7-11 1 

(126) 
R' 

H t C - M e  0 
I 

127 - Ph-S-N 
R3Li - Ph-S-R 

PhMgBr \ i  

!0R2 
( a  R3=Me 

( b ) R 3 = B u  
(129) 

(128) 

SCHEME 16 
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Diastereomeric mixtures of 1,2,3-thiadiazoline I-oxides 131a, b obtained upon treat- 
ment of 130 with SOCI, in DMF were separated by chromatography. They were shown to 
undergo cleavage to 132 when left in DMSO solution or treated with silica gel for 
prolonged time. Peracid oxidation afforded the dioxide 133Iz2 (Scheme 17). 

CI C I  

I 
CI 

SCHEME 17 

Sulfur dioxide as well as N-sulfinyl derivatives have been shown to undergo [2 + 21 and 
[4 + 21 cycloadditions, respectively, to give a variety of cyclic sulfinamides. Thus, ketene 
imines react with sulfur dioxide to form four-membered ring adducts. The initially formed 
oxathietanimine 134 was unstable and readily rearranged, via fission of the S-0 bond, to  
the stable thiazetidinone 135 whose structure was determined by X-ray 
crystallography' 23.  

0 Me '0 

( 0  R =  p-Tol 

(b  R = p -  An  

( C )  cyclohexyl 
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ROH 

Enontiomeric 

purity (e .e .1  

91 010 

HO 

HO a) 
H 

GOH 

9 6 '10 

100% 

SCHEME 18 

In the presence of slightly more than a 1 molar equivalent of SnCI, the chiral N-sulfinyl 
carbamate 136 reacted with olefins to give products 137 where asymmetric induction at 
both sulfur and carbon was observed. With truns-2-butene a single diastereomer 137a was 
obtained, whereas with cis-2-butene the product was 137b. In both cases the sense of 
optical rotation was controlled by the sulfinyl functional group. The proposed mechanism 
is consistent with a product-like concerted transition state, where formation of the cis 
product from the cis starting material would require serious steric interactions. The chiral 
sulfinamides obtained could be converted into allylic sulfoxides, which subsequently 
underwent sequential sulfoxide-sulfenate rearrangements to give high enantiomeric 
excesses of the optically active allylic alcohols 138Iz4 (Scheme 18). 

The facility by which ene reactions between olefins and N-sulfinyl enophiles take place is 
understood to involve a transition state whereby the nonbonded electron pair of the 
nitrogen is in a position to coordinate the allylic hydrogen in a 'pseudopericyclic' 
transition state leading to the preferred (R)-(E)-sulfinamide' *' (Scheme 19). 

Total control of relative configuration and double-bond geometry could be readily 
achieved in the synthesis a vicinal amino alcohols and amino sugars obtained upon 
elaboration of the chiral sulfinamides obtained when N-sulfinyl carbamates are condensed 
with dienes. Thus, diene 140and carbamate 139 gave sulfinamide 141 whereas the isomeric 
diene 142 gave 143, which were respectively converted to amino alcohols 144 and 145. By 
analogous procedures the threo and erythro sphingosines 148 and 149 were respectively 
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sndo - \ /Ph 
H 

H2C /C=C\Me 

I 

( R ) - ( E )  

preferred product 

SCHEME 19 

prepared from 146 and 147. In all cases the products obtained were racemic sincc the 
starting materials were achiral' 2 6 . 1 2 7  (Scheme 20). 

Similar methodology has been used in the synthesis of amino sugars from noncarbohy- 
drate  precursor^'^^. A quasi-boat conformation 151 is involved in the transition state 
leading to sulfinamide 152, which was converted to desosamine 153128. An inseparable 
mixture (15:l) of sulfinamides 157 epimeric at sulfur, obtained from 154 via N- 
sulfinylcarbamate 155, which underwent cyclization by a preferred conformation 156, 
were used in the synthesis of 158 (Scheme 21). 

PH 
M e V M e  

NCO2CH2Ph H0 t{4 { ; P  NC02CH2Ph I 2.(Me013P 1. PhMgBr . 
H N C O Z C H ~ P ~  

Me Me 

(140) (141) (144) (139) 

Me 

(142) (143) 

SCHEME 20 
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c13H27 

(146) 

0 -0 

--* 1 3 H 2 7 v  OH 

OH 

SCHEME 20 

Cyclic sulfinamides obtained by Diels-Alder addition to N-sulfinyl-p-toluene- 
sulfonamide are useful intermediates in the synthesis of homoallylic amines with pre- 
dictable stereochemistry and double bond geometry. Single diastereomeric homoallylic 
sulfonamides 161, 165 and 168 were respectively obtained upon hydrolysis of the cyclic 
sulfinamides 160, 164 and 167. In all cases the products possessed E-double-bond 
geometry as determined by NOE. The relative configurations of the chiral centers were 
readily established by chemical correlations'30 (Scheme 22). 

Analogous stereoselective [4 + 23 cycloaddition of N-sulfinyl dienophiles bearing 
electron-withdrawing groups and 1,3-dienes provided 3,6-dihydrothiazine 1-oxides 169, 
170, 171 and 172131. The sulfinamide functional groups in 169 and 170 were thermally 
stable and did not interconvert. The stereochemistry of 169a, determined by X-ray 
crystallography, was shown to have an approximate twist-boat conformation. Compound 
172 was obtained as a single diastereomer. Fission of the S-N bond of the adducts 
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(176) (177) c 

I 
C13H27 

I 
C13H27 

(178) (179) 

OH 

(184) 

SCHEME 23 

169-171 with PhMgBr leads to allylic sulfoxides, which were converted stereoselectively 
to allylic alcohols 174 and 175 via allylic sulfoxide/sulfenate ester [2,3]-sigmatropic 
rearrangement. This methodology was then applied to the synthesis of sphingosines 176 
and 177. Thus, carbamate 178 upon treatment with thionyl chloride gave intermediate 
179, which cyclized to 180. Subsequent stereospecific reaction with PhMgBr/MeO,P 
converted 180 into carbamate 181, which was hydrolyzed to the desired 176. Sphyngosine 
177 was obtained analogously from carbamate 184 (Scheme 23). Subsequently it was 
shown that sulfinamide 169, as a 15:l mixture of sulfur epimers, can be used for the 
stereoselective transfer of functionalized one- and two-carbon units. Treatment with 
TMS--CH,MgCI gave sulfoxide 185 which deoxygenated to sulfide 186, methylated 
to  187, and reacted with t-BuOK to yield the crystalline silyl sulfide 188 as a single 
diastereorner',' (Scheme 24). 

Further studies with N-sulfinyl dienophiles have shown that in the presence of TiCI, at 
- 50 "C, cyclohexadiene reacted with R*-OCON=S=O (R* = a) to give a 9: 1 mixture 
of 3,6-dihydrothiazine oxides l89a, b, whereas R*-OCON=S=O (R* = b) gave 
exclusively one cycloadduct. The absolute configuration at sulfur in these compounds was 
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not determined, however 189a was shown to be epimeric at sulfur since oxidation gave a 
single suIfone’33 

(189 a, b) 

When 190 was reacted with the acyclic ( E ,  E)-hexa-2,4-diene in the presence of SnCI,, a 
single diastereomer 191 b formed. In the absence of the Lewis acid, thermal cyclization gave 
a mixture of all four possible diastereomers 19la-d. Moreover, the least abundant product 
in the thermal reaction was 191b. Single crystal X-ray determination was used to 
establish the stereochemistry of 191d. The absolute configurations of the other 
diastereomers were determined by their conversion to phenyl sulfoxides followed by 
desulfurization to alcohols 192a, b. Similarly, diene 193 gave primarily one isomer 194 
whose structure was confirmed by facile conversion to 195. Other reactions of 191d 
showed that, under basic conditions, 196 was formed, whereas treatment with MeMgBr 
gave a single diastereomer 197’34 (Scheme 25). 

(0 ) 

(191) 

(b) 

(192) 

(b) (b) 

SCHEME 25 

(d) 

(continued) 
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SCHEME 25 

Sultinamides RS(0)NR'R2  (R = Ph, R '  = H, R 2  = Me; R = p-Tol, R '  = H. R 2  = 
Cyclohexyl; R '  = R2 = Me, have been resolved via cyclodextrin c o r n p l e x e ~ ' ~ ~ .  

Stereoselective oxidation of sulfenamidocobalt(1II) complexes 198, prepared from ( R ) -  
cysteine and ethylenediamine, with NBS, gave a 4:l ratio of ( R ) -  and (S)-sulfinamides 199 
epimeric at sulfur. The individual isomers were separated by chromatography or 
fractional crystallization and their absolute configuration was established by X-ray 
crystallography. The sultinamides which were found to be optically stable a t  sulfur, except 
in 3 M HCI, did not disproportionate, were stable to S-N hydrolysis, upon further 
oxidation gave a single sulfone 200 and were found to possess bacteriostatic properties' 36. 

. H  

(198) 

+ . -  ,2+ 

(199) (200)  

Anilino sulfinamide 201 underwent acid-catalyzed rearrangement to anilino sulfoxide 
202 with complete loss of optical activity. It was not determined whether the racemization 
took place at the sulfoxide product under the influence of HCI or at  some other step in the 
rearrangement processI3'. 
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(201) (202)  

Rearrangement of sulfonimidoate 203 in the presence of LDA, by a mechanism 
involving an elimination-addition, gave' 38 sulfonimidamide 204 (45%) accompanied by 
sulfinamide 205 (38%) and quinonimine 206. 

IV. SULFINIMIDAMIDES AND SULFINIMIDOATES 

Sulfur diimide 20% when condensed in a Diels-Alder fashion with ( E ,  E)-2,4-hexadiene 
gave a 1.1 : 1 separable mixture of isomeric sulfinimidamides 208a and 209a. The absolute 
configuration of racemic 208a was established by X-ray crystallography. The analogous 
reaction with the bis-carbamate 207b gave a 1: 8 mixture of 208b and 2Wb. The cis adducts 
208 displayed characteristic proton NMR spectra where the olefinic hydrogens appeared 
as distinct multiplets, whereas in 209b they appeared as a broad singlet. In the case of the 
reaction of 207a with (E, Z)-2,4-hexadiene, unexpectedly, a major isomer 2lOa with only 
minor amounts of 21 la was obtained. However, 207b under the same conditions gave a 
2.4:l mixture of 2lOb and 211b. A single threo-vicinal disulfonamide 212a was obtained 
from 2Wa when treated with PhMgBr/THD/ - 60°C, whereas 208a under analogous 
conditions was unreactive. Compound 212a could be obtained from 208a when treated 
with PhLi or MeLi followed by methanolic Me,P. Analogous results to  give 212b were 
displayed by 209b. The erythro diamides 213a, b were respectively prepared from 210a, b. 
The epimeric 21lb did not react with PhMgBr, and only low yields of 213b were isolated 
from the reaction with PhLi or MeLi. Furthermore, it was shown that adducts 208a, b 
when refluxed in benzene underwent a novel [2,3]-sigmatropic rearrangement to give 
high yields of stable thiadiazolines 214a, b. Similarly, Zlla, b gave 215a, b. The Z-threo 
product 216 formed from 210b when heated for 9 h in toluene, but under analogous 
conditions 209b, underwent extensive decomposition. A parallel sequence of reactions 
with 1,3-cyclohexadiene gave 217-2201 39 (Scheme 26). 

This methodology, which enables the convenient preparation of vicinal diamines, was 
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used in an attempted stereospecific synthesis of biotin 221. Condensation of 222 with 
diimide 223 gave a mixture of sulfinimidamides 224 and 225 which were readily converted 
to thiadiazolidines 226 and 227. Subsequent elaboration of 226 + 230 was successful, 
however the procedure unfortunately gave product 230 with the undesired epimeric 
configuration to that of biotin a t  the tetrahydrothiophene ringL4' (Scheme 27). 

Treatment of a disulfide 231 with chloramine T in alcohols gives a mixture of 
sulfinimidamide 232 and sulfinimidoate 233. The reaction proceeds via an intermediate 
which can then react with TsNH- to give 232 or undergoes alcoholysis to 233. When the 
alcohol used is (/)-menthol a separate mixture of diastereomeric sulfinimidoates is 
obtainedL4'. 

TsNaCl  /NHTs + R-S /OR' 
RSSR - R-S 

WOW 

(231) (232) (233) 

V. THIOSULFINATES 

The optical stability of thiosulfinates is rather small, since they frequently undergo rapid 
thermal racemization'. Various novel methods have been recently described for the 
synthesis of optically active sulfinates. Asymmetric oxidation of dibenzyl and di-t-butyl 
disulfides 236 with chiral 2-sulfonyloxaziridine 235 is a convenient procedure for the 
preparation of the corresponding (S)-thiosulfinates 237 in 2.1 and 13.8 e.e.%. Moreover, 
this procedure enabled the assignment of the absolute configuration of the oxidation 
products. It was suggested that the reaction proceeds via a chiral recognition model 
whereby the 2-chloro-Snitrophenyl group behaves as if it were smaller than the 
camphorsulfonyl group. Thus, a preferable diastereomeric transition state should be 
attacked by the enantiotopic electron pair of sulfur on the oxaziridine oxygen in such a 
way that the large R, and small R, groups face the small and large regions of the 
oxaziridine ringL4' (Scheme 28). 

The asymmetric oxidizing reagent Ti(O-i-Pr)4/( + )-diethy1 tartrate (DET)/H,O and 
t-BuOOH has been found useful in oxidation ofdisulfides 238(X = S) to thiosulfinates 239, 
and could also be used in converting sulfenamides (X = NR") to sulfinamides and 
sulfenates (S=O) to sulfinates to give optically active products. The thiosulfinates were 
obtained in up to 40% e.e., whereas a smaller degree of asymmetric induction was detected 
for the sulfinamides and sulfinates. The simplest thiosulfinate MeSO-SMe was thus 
prepared for the first time in optically active form, and its absolute configuration was 
established to be (S), upon conversion to  methyl p-tolyl sulfoxide. The absolute 
configuration of the N-i-propyl p-toluenesulfinamide obtained was also established by 
correlation to (S)-methyl p-tolylsulfinate. Other steric correlations were also made as 
indicated'43 (Scheme 29). 

Acid-catalyzed displacement of sulfinamides 240 by thiols 241 has been found to 
proceed with inversion of configuration. This novel reaction is useful in the preparation of 
chiral thiosulfinates 242 with up to 80% stereospecificity. The thiosulfinates obtained did 
not racemize, and the sulfinamides underwent slow racemization under the reaction 
conditions. The reaction mechanism is understood to involve a sulfurane intermediate A 
which gave the product with inverted configuration, however, if the reaction proceeded via 
three Berry pseudorotations ($) to give sulfurane B, then the product with retained 
configuration was obtained144 (Scheme 30). 
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( S , S )  

(235) 

I 

Large ; Smal l  

0 

I I  
R S S R  R S S R  ( R = p - T o l ;  t - B u )  * 
(236) (237) 

SCHEME 28. Chiral recognition model. 

Asymmetric dehydration of t-butanesulfenic acid in the presence of optically active 
amines provides chiral thiosulfinates in up to 26% optical purity. Thermal decomposition 
of di-t-butyl sulfoxide 243 gave the intermediate sulfenic acid 244, which easily condensed 
to the thiosulfinate 245. The sulfenic acid was effectively achiral, although it exists in two 
tautomeric forms 244a and 244b, where the former is chiral. In the presence of chiral 
amines the amine-sulfenic acid complex underwent condensation in an asymmetric way, 
leading to the optically active ~ u l f i n a t e s ' ~ ~  (Scheme 31). 

The chiral2-thiacephem methyl ester 246a when treated with m-chloroperbenzoic acid 
afforded two of the four possible thiosulfinates 247a and 248a in a 4: 1 ratio. Upon further 
oxidation both isomers gave a single sulfone 249a which formed by rearrangement of an 
intermediate a-disulfoxide 256 (Scheme 32). The formation of two isomeric sulfones (249 
and 250) from a single or-sulfoxide 256 is understood to involve the formation of two 
isomeric sulfinate intermediates. Oxidation of 248a alone gave mostly 249a and only traces 
of the sulfone 25Oa. Oxidation of the trans substrates 246b and 246c afforded only the 
single thiosulfinates 247b and 247c, which were respectively oxidized to  249b and 24%. 
From the oxidation of cis disulfide 251a, the thiosulfinates 252a and 253a were isolated 
and these gave upon further oxidation similar mixtures of sulfones 254a and 250a. 
Analogous results were obtained from 251c but the products were much less stable. The 
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I SR H i o l - p  

SCHEME 30 

thiosulfinates 247a-c and 252a, c were chemically and configurationally stable to 
thermolysis, whereas 248a, c and 253a, c decomposed to non-/j-lactam products. Spectral 
data, in particular I3C NMR, provided evidence for the structure of the thiosulfinates, 
where downfield shifts for C, of 13.0ppm and 7.7ppm were observed in going from 
246a+247a and 246a-+248a, respectively. The orientation of the SO bond was 
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(243)  (2440)  

* + H+ B”’--S-OH - B U ’ S - S B ~ ’  

I I  
0 

(244b) (245) 

SCHEME 31 

I 
C 0 2 R 2  

(246) ( 2  47) 

I 
C 0 2 R 2  

(250) (251) 

Me 
I 
C 0 2 R 2  

(254)  

OSiMezBu-t 
(a) R’= , R 2 = M e  (b) R1= 

Me 

(248)  (249)  

0- 

I 1 
C 0 2 R 2  C 0 2 R 2  

(252) (253) 

I 
C02R2 

(255) 

OC02CH2CC13 

, R2=CH2CC13 
Me x 

(c )  R’= 1-phthalimido ~ R 2 =  p-nitrobenzyl 
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OH OH OH OH OH OH OH OH 

(-)-6+h s-fi s-s 

0 

(257) (258) (259) 

i.> H2°2,H2W04 - 11> + 

M I O H ,  Ha0 
s-s s-s s-s 

II 
0 

(260) (261) (262) 

SCHEME 32 

obtained by means of analysis of aromatic solvent shifts (ASIS) in the 'H NMR spectra 
determined in DCCI, and C,D,I4'. 

Oxidation of cis and tram diols 257 and 260, respectively, gave separable mixtures of 
geometrically isomeric sulfinates 258 + 259 and 261 + 262 (Scheme 33). The stereochemis- 
try of the products was assigned on the basis of broader IR bands at  lower frequency for 
the hydrogen bonded O H  and SO g r o ~ p s ' ~ ' .  

NMR experiments involving variable temperature, double irradiation, solvent effects 
and use of shift reagent Eu(fod), indicate that the axial conformation of the cyclic 
thiosulfinate 263a predominated to  a great extent over the equatorial conformation". In 
the case of the 4,4,5,5-tetramethyl-l, 2-dithiane mono-S-oxide 26313 the predominance of 
the axial conformer was a b ~ o l u t e ' ~ ~ , ' ~ ~  (Scheme 34). 

R 
263 

SCHEME 34 

VI. SULFINYL HALIDES 

The chiral sulfinyl chlorides 265 obtained from sulfoxides 264 upon treatment with N- 
chlorosuccinimide (NCS) or N-chlorophthalimide (NCP) were each smoothly converted 
into a single isomeric chloromethyl sulfoxide 266 when reacted with CH,N,/excess H<'I at 
- 20'C'S". 



82 A. Nudelman 

P 

(264) (263) 

0 

C02R' 

(266) 

(a) R = phthalimido: R'  = p-nitrobenryl, Me  

0 
II 

(b) R = PhOCH,CNH--; R'  = p-nitrobenzyl, Ph,CH 
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1. INTRODUCTION 

Few general analytical procedures have been published for sulphinic acids and their 
derivatives, such as salts, esters, acid amides, acid chlorides and anhydrides. Almost all of 
these few are for the free acids and their alkali metal salts. 

Interest has centred often on some special individual compounds, which may be listed 
here: 

(a) So-called 'Rongalite', HOCH2S02Na,  variously termed sodium formaldehyde 
sulphoxylate, sodium hydroxymethyl sulphite and sodium hydroxymethanesulphinate. 

(b) Thiourea dioxide, with a tautomeric form of 

termed also formamidinesulphuric acid or amino-imino-methanesulphinic acid. 
(c) Some amino acids, such as cysteinesulphinic acid (3-sulphinoalanine) 

HOOCCHCH2S02H 
I 

NH2 
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and hypotaurine(2-aminoethanesulphinic acid). NH,CH2CH2S02H. Considerable ana- 
lytical work (especially chromatography) has been carried out on the amino acids. The 
published examples include occasionally one or other of these sulphinyl-amino acids. I t  is 
unreasonable to quote any publication unless the sulphinyl compounds form a significant 
proportion of the whole, say about one quarter, or where these acids receive special 
mention. 

(d) Neoarsphenamine is a derivative ofan early chemotherapeutic agent, arsphenamine, 
in which a -SO,Na group has been introduced in order to increase solubility in water. 
The methods for assaying neoarsphenamine are usually based on determination of arsenic 
or sulphur, or on biological tests of toxicity. It could be argued that the determination of 
sulphur is indirectly a determination of the sulphinate group, since it is the only source of 
sulphur in the molecule. However, it cannot be regarded as a determination of the 
functional group, -SO,Na, and such examples of determination are therefore not 
included here. 

Methods have been given here for some compound classes containing sulphur(1V) 
which, with some goodwill, can be considered as sufficiently closely related to the sulphinic 
acids. These include: 

sulphilimines or sulphidimines S-NR’ or S=NSO,Tos 
R \  R, 
R” R‘ 

sulphinylamines RN=S=O 

The analytical methods have been divided into so-called chemical methods (i.e. those 
based on chemical reaction of the compound or compounds to be detected or determined), 
physical/instrumentaI methods (including polarography) and microbiological methods. 

ii. CHEMICAL METHODS 

The principal chemical methods are based on oxidation to the corresponding sulphonic 
acid or to  sulphate, i.e. to sulphur(V1). About a dozen oxidizing agents have found use. A 
second group is that of acid/base reactions. These are usually direct titrations, under 
suitable conditions, of the sulphinic acids with standard bases, or of the salts (mostly alkali 
metal) of sulphinic acids with a standard acid. Further types of chemical methods are 
reactions of precipitation or colour change with metal-containing reagents (cations or 
anions), and a category of assorted procedures under the heading ‘miscellaneous’. 

There is no reason to doubt that derivatives of sulphinic acids can be determined by 
standard methods, for example: esters by hydrolysis using excess standard alkali and back 
titration of the unused amount; amides by hydrolysis with alkali and determination of the 
ammonia evolved; acid halides and anhydrides by the differential procedure using an 
alcohol and water, or by reaction with excess primary or secondary amines and 
determination of the unused amine. However, no published example could be found. 

A. Oxidation to Sulphur(V1) 

This oxidation proceeds comparatively easily so that many reagents have been used. In 
fact, sulphinic acids are highly susceptible to atmospheric oxidation, which endangers the 
accuracy of oxidative determinations. Most quantitative determinations have been 
titrimetric. A convenient classification is according to frequency of use. 

1 .  Nitnte 

long ago as 1878. His reaction equation was 
The reaction of sulphinic acids with nitrous acid was used preparatively by Koenigs’ as 

2 RS0,H + HNO, - (RSO,),NOH + H,O 
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This reaction has been the basis of methods of titration. Thus Marvel and coworkers' 
determined the purity of dodecanesulphinic acid by potentiometric titration in acetic acid 
solution with sodium nitrite. In a study of the reactions of this sulphinic acid, Marvel and 
Johnson3 titrated the magnesium salt in acetic acid/hydrochloric acid at 0 "C with sodium 
nitrite to an external indicator ofstarch/iodide. They referred to a tendency to formation of 
the product (RSO,),NO in the presence ofexcess nitrous acid. This should not affect direct 
titration in a significant way. Further examples of titration to  external starch/iodide can be 
found in the work of Ponzini4, who titrated aromatic sulphinic acids in water cooled to 
5 "C and containing hydrochloric acid, taking as end-point a colour persisting for at least 
several minutes; Kice and Bowers' in a study ofdisproportionation of sulphinic acids; and 
Danehy and Elia' for p-chlorobenzenesulphinic acid. 

In his study of various methods for determining aromatic sulphinic acids and their salts, 
Lindberg' titrated with sodium nitrite a solution of the sample in dilute sulphuric acid 
containing potassium bromide and determined the end-point potentiometrically at a 
platinum electrode. Fleszar', likewise in an investigation of various procedures, titrated an 
acidified solution (hydrochloric acid) of sodium benzenesulphinate with sodium nitrite but 
used amperometric end-point indication with two platinum electrodes. Matrka and 
collaborators' also employed amperometric or potentiometric end-point determination 
with platinum and calomel electrodes, or titrated biamperometrically with two platinum 
electrodes; they titrated aromatic sulphinic acids in dilute hydrochloric acid at 20 C. 

Marek I "  detected some aromatic sulphinic acids and their derivatives on paper 
chromatograms by exposure for 1 min to the vapours from a mixture ofsodium nitrite and 
hydrochloric acid, followed by spraying on a solution of R-salt (2-naphthol-3,6- 
disulphonic acid) and exposure to ammonia to yield yellow-green spots. Czerwicz and 
Malata' ' visualized substituted phenylsulphinylamines Ph-N=S=O, on silica gel thin 
layer chromatograms, by exposure for 30-60s to nitrous gases from a sodium 
nitrite/hydrochloric acid mixture. After 24 h the compounds appeared as yellow. orange or 
red-brown spots. 

2 Hypohahte (and chlorarnine T )  

After Allen" had found low results in oxidative titrations (e.g. with permanganate) of 
acidified solutions of sodium and magnesium alkanesulphinates, he proposed direct 
titration with basic calcium hypochlorite [Ca(OCI)CI, 'bleaching powder'] in alkaline or 
neutral solution and using an external indicator of starch/iodide. Ackermani3 titrated 
sodium benzenesulphinate with standardized sodium hypochlorite, likewise using an 
external starch/iodide indicator. He gave the reaction equation 

2 PhSO'Na + NaOCl - PhS0,Na + PhS0,CI 

In order to determine halates, Atkini4 standardized hypochlorite solution by titrating 
with sodium benzenesulphinate solution; he, too, used the starch/iodide external 
indicator. 

Coulometric titration with hypochlorite and hypobromite was performed by Liberti 
and Lazzari' '. Their examples included sodium benzenesulphinate. They generated 
chlorine electrolytically at pH 1.3, bromine likewise at pH 5.8. In each case the halogen was 
led into a 0.6 M solution of hydrogen carbonate of pH 8.3 containing the sample They 
used amperometric end-point indication with rotating platinum electrodes at t 0.2 V. 
Hashmi and Ayazl' also utilized the reaction of benzenesulphinate (and other reducing 
agents) with hypochlorite and chlorite, but their aim was the determination of inorganic 
ions. They titrated the sulphinate with hypochlorite using the starch/iodide external 
indicator. but also with tartrazine and Bordeaux as internal indicators if sodium hydrogen 
carbonate and a little potassium bromide were added to  the solution to improve the end- 
point. 
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In an adaptation of the Ackerman hypochlorite procedure (see above) Uhlenhroek and 
coworkers” used chloramine T for titrating benzenesulphinic acids containing various 
substituents [e.g. o-acetylamino-, p-(2-hydroxy)ethoxy-]. They added sodium hydroxide 
solution to the acid sample until methyl orange indicator just changed colour. Barium 
chloride was then added and any precipitate filtered off. An aliquot of the filtrate was 
treated with hydrochloric acid and a measured amount in excess of the chloramine T 
reagent solution was added. After 2 min reaction time they added solid potassium iodide 
and titrated with thiosulphate the iodine liberated by unused reagent. 

Sumizu’8 determined hypotaurine (2-aminoethanesulphinic acid) by oxidation with 
excess hypoiodite. Unreacted reagent was then decomposed with phosphoric acid to 
iodine which was estimated by absorption at 590nm after treatment with starch. 

3 lodme, iodme oxyacids and [odme monochloride 

Iodine has been used to titrate sodium hydroxymethanesulphinate (‘Rongalite’) 
according to the reaction 

HOCH,SO, + I ,  + H,O - HOCH,SO, + 2HI 

Examples are the work of: Salkin’”, who titrated with iodine but considered it to be less 
satisfactory than titration with copper(l1) because the iodine reacted also with sodium 
hydrogen sulphite and sodium thiosulphate; Furness2’, who titrated the Rongalite 
in connection with a polarographic study; Badinand and Rondelet”, who deter- 
mined the hydroxymethanesulphinate present as an antioxidant in p-aminosalicylate 
by adding phosphoric acid before titrating with iodine: and Maros”, who determined it in 
the presence of formaldehyde bisulphite, HOCH,SOJ, by adding formaldehyde and 
acetate/acetic acid and titrating with iodine. Tsau and P ~ o l e , ~  commented on the difficult 
end-point indication in conventional titration of antioxidants including the hydroxymeth- 
anesulphinate. They proposed a method involving H PLC of reaction mixtures obtained 
by adding consecutive amounts of titrant. They used a column of C 18 HL (Alltech) and 
four mobile phases, monitoring spectrophotometrically. 

Thiourea dioxide has also been determined by titration with iodine, e.g. by 
Wojtasiewicz-Obrzutz4 and Shafran and coworkers25. The compound is oxidized to urea 
and sulphate: 

NH *C-SGo + 21, + 6 N a H C 0 ,  - 
NH,’ ’ O H  

‘C=O + 4 N a l +  Na,S04 + 6C0, + 3H,O NH, 
NH,’ 

The former added excess standard iodine solution to an aqueous solution of the sample 
containing sodium hydrogen carbonate. After 2 min he acidified with sulphuric acid and 
back titrated with thiosulphate to starch indicator. This yielded a value for the thiourea 
dioxide and any oxidizable impurities. These impurities were determined and corrected for 
by an analogous procedure in which the sample in acid solution was treated with the excess 
iodine, back titrating as before after 2 min. Shafran and coworkers also added excess 
iodine reagent to a solution of the sample in water containing sodium hydrogen carbonate; 
they, too, used 2 min reaction time before acidifying with sulphuric acid and back titrating 
with thiosulphate to starch, while impurities were similarly determined in a blank. 
Mahadevappa26 used potassium iodate and periodate to titrate sodium hydroxymethane- 
sulphinate, finding also that 4 equivalents of oxidizing agent were consumed. 

Iodine monochloride was used by Krishnan Nambisan and Ramachandran Nair2’ to 
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determine some poorly soluble compounds, including Rongalite. They used excess reagent 
in 5 M hydrochloric acid. After 10 min they added lW;<, potassium iodide solution and 
titrated the liberated iodine with thiosulphate. Four equivalents took part in the 
oxidation: 

HOCH,SO, + 41C1+ 2H,O - HCHO + SO:- + 21, + 4C1- + 5H' 

4 Bromine and brornidelbromate 

Ramberg,' titrated ethanesulphinic acid in a hydrochloric acid medium with potassium 
bromate, taking decolouration of added methyl orange as end-point. He admitted that 
some atmospheric oxidation took place. Faster titration gave higher values and results 
were better in the presence of potassium bromide. Fleszar' titrated sodium benzenesulphi- 
nate with several reagents, including potassium bromate. He dissolved the sample in 
water, strongly acidified with hydrochloric acid, and added potassium bromide. End-point 
indication was potentiometric. An example of titrimetric determination of thiosulphinate 
using bromide/bromate is the work of Ostermayer and TarbellZ9. They dissolved the 
sample in 80% acetic acid and took the first permanent appearance of bromine colour in 
the solution as their end-point. The reaction equation is 

CH,S=O + 4Br, + 3H,O - 2CH,SO,Br + 6HBr 
I 

SCH, 

(Siggia and Edsberg,' used similar conditions for titrating disulphides, which also yield 
sulphonyl bromides) 

Bromine has found some limited use for detecting organic sulphur compounds on 
chromatograms. Thus Bayfield and collaborators3' studied the visualization of thiosul- 
phinates and sulphinamides (also thiols and sulphides) by drawing the paper chromat- 
ograms through 3% aniline in petrol ether, allowing the petrol ether to evaporate and then 
exposing to bromine vapour. This gave blue or mauve spots within 30-60 s and was more 
sensitive for thiosulphinates than for sulphinamides. 

5. Ceriurn(/V) 

The stoichiometry of the cerium(1V) reaction with sulphinates is controversial. Forrest 
and Ryan32 reported titrations with cerium(1V) sulphate of sodium benzenesulphinate, 
using ferroin as indicator, in which they found a mole ratio of cerium to sulphinate of 1.8 to 
1; they quoted diphenyl disulphone, PhSO,SO,Ph, as a reaction product. Gringras and 
SjOstedt3, also titrated aromatic sulphinic acids with cerium(1V) sulphate, using 
potentiometric end-point indication with platinum electrodes. They found varying mole 
ratios, depending on the concentration (within the range 5 x lo-, to lo- '  M). One 
equation given by them was 

4ArSO; + 6Ce4+ + 2H,O - ArSO,SO,Ar + 2ArSO; + 6Ce3' + 4H' 

T ~ a i k o v ~ ~  reported titrations of benzene- and p-toluenesulphinic acids in sulphuric acid 
solution at pH 1-2, using cerium(1V) sulphate (and also potassium dichromate) and 
potentiometric end-point determination at a platinum electrode. Grossert and Langler35 
used the 'cerium ammonium nitrate' reagent (ammonium hexanitratocerium), 
(NH,),[Ce(NO,),], in nitric acid solution as a spray reagent for visualizing some organic 
sulphur compounds on silica gel thin layers. These compounds included thiols, disulphides 
and two thiosulphinate esters, the methyl esters of benzenesulphinic and chloromethane- 
sulphinic acids. These esters appeared at room temperature as colourless zones on a yellow 
background. 
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6. Perrnanganate 

Permanganate has long been known as an oxidizing agent for sulphinates. Reu- 
t e r ~ k i o l d ~ ~  titrated sulphinic acids and sulphinoacetic acid, HOOCCH,SO,H, with this 
reagent. As mentioned in Section II.A.2, Allen” used potassium permanganate to titrate 
aliphatic sulphinate salts. He found low results in acid solution but gave two procedures 
for the use of permanganate in non-acidic solution: (a) direct potentiometric titration in 
alkaline or neutral solution; (b) the sample together with sodium hydroxide was left in 
contact with a measured amount of permanganate reagent in excess. After 5 min he added 
excess standard arsenite solution, some potassium iodate as catalyst, then concentrated 
hydrochloric acid and finally titrated the unused arsenite with potassium permanganate. 
Lindberg’ investigated comprehensively the determination of aromatic sulphinic acids 
and their sodium salts. His procedures included direct potentiometric titration (platinum 
indicator electrode) with potassium permanganate, and oxidation with excess permanga- 
nate reagent in neutral solution, followed after 10min by adding acid and potassium 
iodide and finally titrating the liberated iodine with thiosulphate to a dead-stop end-point. 
Fleszar and coworkers3’ determined the 4,4’-disulphinic acid of diphenyl ether by 
precipitation as zinc salt (Section II.C.5) and titrating this in acid solution with 
permanganate. In an extensive study of the paper chromatography of many compounds 
R e i ~ ~ ~  detected cysteinesulphinic acid (3-sulphinoalanine) with several reagents which 
included permanganate. 

7. Copper(//) 

Copper(I1) was used as a titrant for hydroxymethanesulphinate in early work. Thus 
Helwig3’ titrated this sulphinate (sodium salt) in aqueous solution with an ammoniacal 
copper(1I) reagent in a stream of carbon dioxide until decolourization ceased. The solution 
was then heated over a free flame and titrated further until a faint blue colour persisted for 
10 s at  the boiling temperature. Salkin4’ also considered copper(I1) sulphate in concen- 
trated ammonium hydroxide to be the best titrant for Rongalite, sodium 
hydroxymethanesulphinate, superior to iodine which reacted with other compounds 
possibly present, such as hydrogen sulphite and thiosulphate. Spitzer4’ determined the 
sodium hydroxymethanesulphinate by adding excess concentrated copper(I1) sulphate 
solution, acidified with sulphuric acid. After a short interval he added potassium iodide to 
yield iodine with the unused copper(I1); this was titrated with thiosulphate. 

8. Mercuric ion 

determined Rongalite by reacting it with mercuric chloride: 
Mercuric chloride has been used in analytical work with sulphinates. Thus Spitzer4’ 

HOCH,SOT + 2HgCI, + H,O - HOCH,SO; + Hg,CI, + 2HCl 

He filtered off the precipitated mercurous chloride, dissolved it in excess standard iodine 
and back titrated the unused part. 

Mercuric chloride has also been used to prepare solid crystalline derivatives of sulphinic 
acids: 

RSO,H(Na) + HgCI, - RHgCl + H(Na)CI + SOz 

This reaction was described as long ago as 1905 by Peters43. Marvel and coworkers’ were 
the first to prepare such a derivative of an aliphatic sulphinic acid (dodecanesulphinic 
acid). 

A spot test for aromatic sulphinic acids depends on this reaction yielding sulphur 
dioxide. Feigl and heated the sample to 80 “C with mercuric chloride and 
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tested for sulphur dioxide evolved through the blue colour given by Congo paper treated 
with hydrogen peroxide and held in the issuing gases. 

9. Chromium(Vl) 

T ~ a i k o v ~ ~  titrated benzene- and p-toluenesulphinic acids in sulphuric acid solution at  
pH 1-2 with potassium dichromate, using potentiometric end-point indication with a 
platinum electrode. 

Langler45 visualized some sulphur-containing compound classes (including sulphinate 
esters) on silica gel HF,,, thin layers with a chromium trioxide/acetic acid reagent. The 
sulphinate esters tested (methyl esters of benzenesulphinic and chloromethanesulphinic 
acids) appeared after 15-30 min as blue-green spots. This detection was considered 
superior to that with cerium(1V) (see Section II.A.5). 

10. 0- and p-Dinitrobenzene 

Feigl and M a i r ~ b e r g e r ~ ~  distinguished hydroxymethanesulphinate (Rongalite) and 
dithionite through their reactions with o- or p-dinitrobenzene in the presence of alkaline 
ethanol. Both reduce the reagent to violet or orange quinonoid compounds on heating but 
only dithionite accomplishes this in the cold. Feigl and coworkers44 detected alkali metal 
or calcium salts of aromatic sulphinic acids by reaction with o-dinitrobenzene to yield 
nitrite, which is itself detected with the help of the Griess reagent of sulphanilic acid/a- 
naphthylamine (the former is diazotized in acid solution by the nitrous acid and the 

diazonium ion couples with the latter component). Feigl and coworkers tested this with 
benzene-, p-toluene- and 3-acetamido-4-methoxybenzene-sulphinic acids. 

1 1 .  Elementary sulphur 

Scandurra and Most4’ reported an unusual method of determining sulphinates. They 
refluxed the sample for 10 min with a solution of elementary sulphur in 95% ethanol. plus 
some drops of concentrated ammonium hydroxide. After evaporating to dryness they 
dissolved the residue in water and removed unused sulphur with chloroform. The aqueous 
phase was then heated with ammonium hydroxide and potassium cyanide on the water 
bath for 30 min. After cooling they added a reagent of ferric nitrate in nitric acid, yielding a 
red colour, evaluated at  470 nm after 10 min. Evidently the sulphinate is first converted by 
the sulphur into thiosulphinate, ArS(=O)SH, which then reacts with the cyanide to give 
thiocyanate. This in turn reacts with the ferric ion to give the characteristic red product. 

12. Vanadatelferrocyanide 

Sodium hydroxymethanesulphinate (also hydrosulphite and stannous chloride) but 
neither sulphite, hydrogen sulphite nor formaldehyde, respond positively to the test of 
Gentil and Miranda48. They used a reagent of potassium ferrocyanide and vanadate 
which together yield a green precipitate. This is reduced by the sulphinate to a red product. 
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13. Photochemical oxidation 

An unusual example of oxidation of sulphinate to sulphonate come from the work of 
Kataoka and colleagues49 on hypotaurine. They treated it first with i-butyl chloroformate, 
then photooxidized this product through irradiation with a 300 W tungsten lamp for 5 min 
at  20cm distance. The product was then converted into the sulphonyl chloride with 
thionyl chloride and the sulphonyl chloride finally reacted with dibutylamine to yield the 
end-product of 2-(isobutoxycarbonylamino)-N, N'-dibutylethanesulphonamide. 

CICOOHu-I Photooxlddtlon 
H,NCH,CH,SO,H + ~-BuOCONHCH,CH,SO,H + 

S0('Iz HulNH 
i-BuOCONHCH,CH,SO,H - i-BuOCONHCH,SO,CI - 

i-BuOCONHCH ,CH ,SO,NH Bu 

B. AcldlBase Reactions of the Acids and their Salts 

7. Determination and identification of free acids w/th bases 

Free sulphinic acids can, of course, be directly titrated with bases. They are several 
powers of ten weaker than the corresponding sulphonic acids so that a differentiating 
titration of the two, e.g. potentiometrically, is possible. An early reference to an acidimetric 
determination is that of Krishna and Bhagwan Das3'. They used the potassium 
iodide/potassium iodate reagent at 0 '  C from which the acid liberated iodine according to 
the usual reaction: 

KIO, + 5KI + 6 H +  - 31, + 3H,O 

They did not determine the iodine by the customary titration with thiosulphate or arsenite. 
Instead, the reaction mixture was allowed to warm up to room temperature and then 
treated with alkaline hydrogen peroxide. This yielded oxygen which they determined gas- 
volumetricall y. 

Wetzel and Meloan' ' titrated several aromatic sulphinic acids (with methyl, ethyl, butyl 
and other nuclear substituents) in non-aqueous solution. They tested many solvents, using 
quaternary ammonium hydroxides in benzene-methanol as titrant. End-point indication 
was potentiometric. They were able to titrate the sulphinic acids in the presence of the 
corresponding sulphonic acids in benzene-methanol, t-butanol, D M F  -DMSO, tetra- 
hydrofuran and pyridine solution. 

The usual organic bases can serve for preparing sulphinate salts for identification of the 
free sulphinic acids. An early example is the work of Halssig5, who prepared salts with 
phenylhydrazine. Solid derivatives for identification through melting point are, however, 
generally prepared from alkali metal salts of the acids (see Section II.D.2b below). 

2 DetermmWon of sulphinate salts with aods  

As salts of strong bases and comparatively weak acids, the alkali metal sulphinates can 
be titrated with strong acids. End-points may not be very sharp in aqueous solution 
because the sulphinic acids have pK values between 2 and 3 (methanesulphinic acid, 
ca. 2.3; benzenesulphinic acid, ca. 2.8). Titration is non-aqueous solution is, however, 
successful. Examples of this are the extensive investigations of Lindberg' and Fleszar'. 
Among other procedures, each titrated with perchloric acid. Lindberg titrated p-methoxy- 
benzenesulphinate in acetone-methanol or methanol-i-butyl acetate. using perchloric 
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acid in dioxan, and some other substituted benzenesulphinic acids (p-methyl, p-chloro) 
in acetic acid using perchloric acid in this solvent also. End-point determination 
was potentiometric with a platinum indicator electrode. Fleszar titrated sodium 
benzenesulphinate potentiometrically in acetic acid-dioxan ( 1  + 1) using glass and silver 
chloride electrodes. 

C. Reactions with Metal-containing Reagents 

Reaction with metal-containing cations or anions has been used for quantitative 
determination of sulphinates via precipitation or colour change, and also for detection and 
identification. 

1 .  Ferric ion 
The earliest reference to  the sensibly quantitative reaction of sulphinates with ferric ion 

appears to be that of Thomas”. He obtained orange-yellow ferric salts of aromatic 
sulphinic acids in practically theoretical yield by adding ferric chloride to the strongly 
acidified sulphinic acid solution. Krishna and Singh54 determined a wide range of 
aromatic sulphinic acids by addition to acidified ferric chloride in excess. After filtration 
they reduced unused ferric ion in the filtrate with stannous chloride in concentrated 
hydrochloric acid or zinc dust and sulphuric acid, and titrated the resulting ferrous ion 
with dichromate to an external indicator of potassium ferrocyanide. Forrest and Rjan” 
undertook a comprehensive study of the reactions between a wide range of metal cations 
and several aromatic sulphinic acids (benzene-, p-toluene-, naphthalene-2-, thiophene-2- 
and benzyl-). The work was aimed more at detection, identification and determination of 
the metals. They stated that ferric ion gave at least two products with benzenesulphinic 
acid. The ferric trisulphinates were soluble in many organic solvents, a property which 
does not appear to have been exploited analytically. Alimarin and Kuznetsovs6 tested a 
new reagent for ferric ion, o-hydroxybenzenesulphinic acid. At pH values between 1.9 and 
7.53 it yielded a violet complex with the ferric ion, evidently in the ratio of 1 : I .  This could 
be used for colorimetric estimation of ferric ion. Presumably the method could be used in 
the reverse sense, to determine the sulphinic acid. However, the colour is probably due to 
the o-hydroxyl group (like salicylic acid). 

Ferric chloride has been used for chromatographic visualization of sulphinic acids and 
related compounds. Thus Mondovi and coworkerss7 used it in the paper electrophoresis 
of some sulphur-containing compounds of biological interest, inclusing cysteinesulphinic 
acids and hypotaurine. Fondarai and Richert’” also used ferric chloride to reveal 
cysteinesulphinic acid on paper chromatograms. An example of its use in thin-layer 
chromatography comes from the work of Westley and Westley’”, who visualized organic 
thiosulphinates (also sulphonates and thiosulphonates) on silica gel layers using ferric 
chloride in acetone. 

2 P/atinurn(/V) fhexachloro, hexa/odo-p/at/nate) 

These reagents with a metal-containing anion have been used in analytical procedures 
depending on colour change. Thus Winegard and collaborators6’ visualized sulphur- 
containing acids, including cysteinesulphinic acid, on paper chromatograms by spraying 
with a hexachloroplatinate-potassium iodide reagent. They then suspended the paper strip 
in hydrogen chloride fumes, which revealed the amino acids as uncoloured zones on a pink 
background. Fondarai and RichertS8 also visualized cysteinesulphinic acid and other 
amino acids with this iodoplatinate reagent, while De Marco and coworkers“ likewise 
applied this method of detection to hypotaurine and homohypotaurine (and correspond- 
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ing selenium compounds) on paper chromatograms. Jolles-Bergeret6' profited from the 
fact that cysteine- and homocysteinesulphinic acids decolourize hexachloroplatinic acid in 
acetic acid solution. Quantitative determination was possible, based on the decrease in 
light absorption at 500nm. 

3. Palladium(//) (tetrachloropalladate) 

Akerfeldt and L ~ e v g r e n ~ ~  reported that various sulphur-containing compound classes 
(thiols, sulphides, disulphides and sulphinic acids) yielded coloured complexes with 
palladium(I1). They treated the sample with ammonium tetrachloropalladate, 
(NH,),[PdCI,], in hydrochloric acid. Colour developed within 5 min with the thiols and 
sulphinic acids and spectrophotometric determination was possible at wavelengths 
between 350 and 415 nm. 

4. Thallium(///) 

Gilman and Abbott" characterized the sodium salt of p-toluenesulphinic acid (and 
many sulphonic acids) by conversion to a derivative of the formula p-TolSOTICI,. This 
was accomplished by mixing aqueous solutions of the salt(s) and thallium(l1I) chloride. 
Other sulphinate salts should react similarly. 

5. Ztnc(l/) 

Fleszar and coworkers3' precipitated the 4,4'-disulphinic acid of diphenyl ether (as 
disodium salt) with excess zinc sulphate, centrifuged the product, acidified it  and titrated 
with permanganate (Section II.A.6). 

D. Mlscellaneous Other Reactions 

1.  Reduction 

normally oxidizing agents. Three examples of reagent are given below: 
Methods of reduction apply only in special cases because the sulphinic acids are not 

a. Iodide. Compounds with oxidizing properties can convert iodide to the easily 
detectable and determinable iodine. Thus Bretschneider and Klotzer6s treated thiosulphi- 
nate esters with iodide in sulphuric acid solution: 

RS(=O)SR + 21- + 2H+ RS-SR + 1, + HZO 

They then titrated the iodine. Barnard and Cole66 found low results with this method and 
developed their own procedure for alkyl (ethyl, butyl) esters of aromatic thiosulphinic 
acids (benzene-, p-methoxybenzene-). They dissolved the sample in glacial acetic acid, 
added aqueous potassium iodide solution in an oxygen-free atmosphere (stream of carbon 
dioxide) and titrated the iodine yielded with thiosulphate. They also visualized thiosulphi- 
nate esters on paper chromatograms as blue-violet spots by exposure for 10 s to hydrogen 
chloride and then spraying with a starch-iodide reagent. A similar method of detection was 
used also by Fondarai and Richert" for cysteinesulphinic acid on paper chromatograms 
and by Freytag and Ney6' for aliphatic sulphilimines on thin-layer chromatograms of 
silica gel by spraying first with potassium iodide-dilute hydrochloric acid, heating the plate 
for 8 min at 120°C and then spraying with starch solution to give violet to brown-violet 
zones. Bayfield and coworkers" visualized aromatic sulphinamides (and sulphenamides) 
as blue-mauve spots on paper and thin-layer chromatograms by exposure to hydrogen 
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chloride or trichloroacetic acid fumes and then spraying with starch-iodide. De Marco and 
collaborators6' visualized hypotaurine and homohypotaurine (and the selenium- 
containing acids) by spraying with potassium iodide-hydrochloric acid. 

b. Methyl violet. Yakovleva and coworkers69 determined thiourea dioxide and hydro- 
gen peroxide through reaction with methyl violet for 10 min at  100 "C and pH 8.5 to 9. The 
diminution in absorbance of the dye at  590nm was proportional to the amount of the 
oxidizing agents [hydrogen peroxide alone was estimated through a colour reaction with 
titanium(IV), enabling the thiourea dioxide to  be determined by the difference]. 

c.  Reduction with metals. Feig17' gave methods for detecting benzenesulphinic acid by 
reduction. Zinc-hydrochloric acid or Devarda's alloy reduced it to thiophenol, detected in 
the vapours through the blackening of paper saturated with lead acetate solution held 
there. Raney alloy (nickel-aluminium) with some drops of hydrochloric or sulphuric acid 
reduces the sulphur to hydrogen sulphide, which can be detected in the same way. This test 
must be applicable to other sulphinic acids but probably also to other sulphur-containing 
organic compounds. 

2. introduction of characterizing organic groups 

a. Diazonium coupling. Babbs and Gale" determined sulphinic acids by reaction with 
the diazonium salt Fast Blue BB to yield a coloured azo compound: 

+ 
RS(=O)OH + R'N-N - RS(=O)ON=NR' 

They extracted the azo compound into toluene-butanol, stabilized this solution with 
pyridine and evaluated colorimetrically through the light absorption at 420 nm. It is 
surprising that no further examples have been found of such coupling procedures. They 
must be reasonably specific, easy to carry out and sensitive, and there is a wide choice of 
diazonium salts. 

b. Reaction with active halides. Jayson and coworkers7' visualized oxidation products 
of cysteamine by reaction for 45 min at 100 "C with l-fluoro-2,4-dinitrobenzene in the 
presence of sodium hydrogen carbonate. The amino group of the amino acid products 
reacted with the fluoro compound, but it is of interest that the sulphinic acid group of 
hypotaurine also reacted, to yield a di-substituted product: 

The sulphonic acid group of taurine does not react. This could enable sulphinic acids to be 
determined in the presence of sulphonic acids, although this idea does not appear to have 
been tested. 

Derivatives for identification of sulphinic acids have been prepared by reaction of their 
alkali metal salts with suitable halides. Thus Marvel and Johnson3 used chloroacetic acid: 

ArS0,Na + CICH,COOH - ArSO,CH,COOH + NaCl 

Douglas  and  collaborator^^^ prepared a derivative of ethanesulphinic acid by reaction 
with benzyl chloride: 

EtSO; + PhCH,CI - EtSO,CH,Ph + CI 
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The well-known reagent benzylthiouronium chloride can be used for characterization, as 
with carboxylic and sulphonic acids: 

RSO;Na+ + [PhCH,SC-NH,It CI- - [PhCH,SC=NH,]+ [RSO,] 
I 

NH, 
I 

NH2 

c.  Reaction with N-ethylmaleirnide. This reaction, which has been used to determine 
thiosulphinic acids, is not considered to be addition of the acid to the double bond of the 
reagent but the formation of an enolic compound of the corresponding d i k e t ~ n e ~ ~ ;  it has 
an absorption maximum at 515nm. Carson and Wong15 mixed the sample and N-ethyl- 
maleimide, both in isopropanol, then added potassium hydroxide; they measured 
the light absorption at 515nm after a reaction time of 10 to 18min from the moment of 
addition of alkali. They tested the procedure with thiosulphinates containing phenyl, 
p-tolyl, ethyl, propyl and 2-propenyl groups. They used the same colour reaction to 
visualize thiosulphinates on paper chromatograms. The paper was dipped first into the 
N-ethylmaleimide solution, dried for 5- 10 min, and then dipped into the potassium 
hydroxide. Nakata and based their determination on the same principle, 
mixing sample and reagent in isopropanol with potassium hydroxide but then adding 
ascorbic acid to stabilize the colour before finally evaluating also at  515 min after 10 min 
reaction time. According to Watanabe and K ~ m a d a ~ ~ ,  who worked with the S-propyl 
ester of propanethiosulphinic acid and the S-ally1 ester of 2-propenethiosulphinic acid 
('allicin'), the light absorption of the product can be measured also in the ultraviolet region 
at 355 nm after 20-30 min reaction time. 

d.  Pyrolysis. A spot test of Feigl and Costa Neta78 to distinguish dithionite and 
hydroxymethanesulphinate (Rongalite) depends on heating the sample to  200-300 "C. 
The latter decomposes according to 

2HOCH,SO,Na - 2HCHO + Na2S04 + H,S 

The hydrogen sulphide is detected by the black stain formed on lead acetate paper held in 
the vapours. 

Only in rare cases can sulphinic acids be decomposed with loss of sulphur dioxide: 

RS0,H -SO, + RH 

There is thus no example parallel to decarboxylation for quantitative determination. 

e. Miscellaneous colour reactions. Most colour reactions for sulphinic acids given in the 
literature are carried out under rather drastic conditions and are therefore probably not 
specific. Thus L i m p r i ~ h t ~ ~  stated that aromatic sulphinic acids dissolve in concentrated 
sulphuric acid without colour formation, but the addition of some phenol then yields a 
blue to deep blue colour. Smiles and Le Rossigno18' reported a characteristic blue colour 
given by aromatic sulphinic acids (e.g. p-ethoxybenzenesulphinic acid) with anisole or  
phenetole in concentrated sulphuric acid. The formation of ArS(=O)SC,H,Et (or Me) 
was postulated. Further phenetole led to the disappearance of the colour, ascribed to 
formation of diphenetyl phenylsulphonium sulphate. Bazlen and Scholz" detected 
sodium and potassium salts of aliphatic and aromatic sulphinic acids through their ability 
to decolourize indigo solutions in glycerol at 180°C. Probably many other sulphur- 
containing compounds are also capable of this. 

f. Addition to double bonds. Sulphinic acids add comparatively readily to double 
bonds, usually in a 1,4-addition, e.g. to r,P-unsaturated carbonyl compounds or quinones. 
Addition to the last named appears to have been of special interest to Russian teams. Thus 
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Obtemperanskaya and Zlobin" studied the reaction of anthraquinone with thiourea 
dioxide, which yielded anthrahydroquinone, the absorbance of which at 417 nm was used 
to determine the anthraquinone in anthracene. Stadnik and coworkersR3 investigated the 
addition of benzenesulphinic acid to benzoquinone, substituted benzoquinones and 
1,4-naphthaquinone; at pH 1-2 this yielded coloured products in a 1: 1 ratio. Stom 
and collaboratorsR4 reported the chromatographic and spectroscopic determination of 
quinones in aqueous solution through reaction with benzenesulphinic acid. In all this 
work the interest has centred on determination of the quinones. The reaction does not 
appear to have been the basis of determination of a sulphinic acid. 

111. PHYSlCALllNSTRUMENTAL METHODS 

Included under this heading are polarographic methods (these concern both reduction 
and anodic oxidation but it was considered to be more convenient to deal with them in the 
same section), chromatographic methods of separation and some spectroscopic proce- 
dures, of which only a few have been published. 

A. Polarography 

Polarographic anodic waves (for oxidized sulphinates) and cathodic waves (for 
thiosulphinates and thiourea dioxide) have been reported permitting, in some cases, 
quantitative determination. 

The earliest reference to  polarographic determination of a sulphinic acid is evidently 
that of Furness2', in work on dithionites, hydroxymethane- and hydroxyethane- 
sulphinates. Horner and Nickels5 worked on the polarographic reduction of sulphinate 
esters in 757{ dioxan, but their work was not expressly analytical. Several authors have 
published results from the polarographic determination of sodium hydroxymethane- 
sulphinate (Rongalite). They include Kolthoff and Tamberg", who obtained anodic 
oxidation waves in alkaline solution (pH 9) showing a linear relation between wave height 
and concentration. Their equations were 

HOCH,SO; + 2 0 H -  - HOCH,SO; + H 2 0  + 2e 
HOCH,SO; + O H -  - HCHO + SO:- + H 2 0  

Sokolov and Leonova8' determined the compound in latex by coagulating with nitric 
acid-hydrochloric acid, bringing it to pH 1.2-1.5, deaerating and then submitting to 
polarography in which wave height was proportional to sulphinate Concentration. 
Fernandez-Martin and coworkers" found single anodic waves at pH values between 6.92 
and 11.6, showing above pH 9 a linear relation between diffusion current and 
concentration. Edgar" studied the polarography of the hydroxymethanesulphinate in a 
McIlvaine citrate-monohydrogen phosphate buffer of pH 4, using a rotating platinum 
electrode and obtaining a linear relation between the height of the anodic wave at  0.935 V 
and concentration in the range from 0.02 to 0.2 mM (the influence of hydrogen sulphite 
could be eliminated by adding formaldehyde). 

Ruff and Kucsman" determined polarographically sulphimides, RR'S=NSO,Ar, in 
deaerated Britton-Robinson buffer of pH 4.5, as part of a study of the reaction of organic 
sulphides with chloramine T. 

Grundler and Choschzick" made an alternating-current polarographic study of 
sodium salts of aromatic sulphinic acids (components of photographic emulsions) in 
borate buffer of pH 6.5 + potassium chloride. They were able to separate the polaro- 
graphic waves from those of aryl thiosulphinates present (their attention was devoted to  
these last named). In the cathodic region wave height was proportional to concentration. 

Czerwicz and Bogaczeky2 polarographed phenylsulphinylamine, PhN=S=O and the 
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0-, m- and p-substituted (methyl group) compounds in dimethylformamide or benzene- 
dimethylformamide, using tetrabutylammonium iodide as supporting electrolyte. They 
obtained two or three reduction waves, the second wave showing a linear relationship 
between diffusion current and concentration. 

Probably classifiable here is the linear sweep voltammetric method of Kirchnerova and 
P ~ r d y ~ ~ ,  using a vitreous carbon working electrode which they applied to thiourea and 
thiourea dioxide. They obtained a rectilinear graph up to 0.35 mV. The pH was below 5 in 
a medium of mineral acid plus alkali metal or ammonium salt. Their sweep rate was 2 mV 
per second. 

B. Chromatography 

1.  Paper Chromatography 

Barnard and Cole66 separated alkyl and aryl thiosulphinate esters on Whatman No. 1 
paper, impregnated with phenoxyethanol, and using heptane as developing solvent. They 
visualized with hydrochloric acid-iodide (Section 1I.D. la). Gringras and S j O ~ t e d t ~ ~  
carried out ascending paper chromatography of some aliphatic and (mostly) aromatic 
sulphinic acids and their salts. They used Whatman No. 1 paper, developing for 16h 
at 20 "C with the solvent mixture butanol-propanol-water ( 1  + 1 + 1) and visualized 
with tetrazotized o-dianisidine (Echtblau B Salt), stabilized with zinc chloride which 
gave canary yellow dye products, insoluble in water. They were able to determine 
p-toluenesulphinic acid quantitatively via spot size. Fondarai and Richert5' conducted 
paper chromatography of sulphur-containing amino acids, using as mobile phase 95% 
ethanol-chloroform-water (6 + 3 + 1); cysteinesulphinic acid was among the compounds 
and was visualized with iodoplatinate, ferric chloride and hydrochloric acid-iodide 
(Sections II.C.1, II.C.2 and 1I.D.la). Bayfield and coworkers6' used conditions similar to  
those of Barnard and Cole for paper chromatographic separation of some aromatic 
sulphinamides (and sulphenamides), i.e. with Whatman No. 1 paper, impregnated with 
phenoxyethanol, and heptane as developing solvent in descending chromatography. They 
also visualized with acid-iodide (Section 1I.D.la). De Marco and collaborators6' 
separated sulphur- and selenium-containing amino acids, including hypotaurine and 
homohypotaurine and their selenium analogues, on Whatman No. 1 paper using three 
solvents: water-saturated phenol in the presence of ammonia vapour, the upper phase of 
butanol-acetic acid-water (4 + 1 + 5) and water-saturated 2,4,6-trimethylpyridine-2,6- 
dimethylpyridine. They visualized with hydrochloric acid-iodide and iodoplatinate 
(Section II.C.2 and 1I.D.la). Marek" separated mixtures of sulphinic acids (benzene-, 
p-toluene-, p-acetamidobenzene- and m-nitrobenzene-) at 24 "C on Whatman No. 1 paper 
using various solvent systems made up of propanol + ammonium hydroxide and/or 
butanol and/or water. He visualized by exposure to  nitrous oxides, then spraying with R 
salt solution and finally exposing to  ammonia to  give yellow-green zones (Section II.A.1). 

2. Thin-layer chromatography 

In addition to separating some aromatic sulphinamides and sulphenamides by paper 
chromatography, Bayfield and colleagues68 also tried thin-layer chromatography on 
kieselguhr G and cellulose layers, using methanol of various concentrations, of which 65% 
proved to be the best; however, they found separation to  be less satisfactory than with 
paper chromatography. Detection was carried out with the help of an acid-iodide reagent 
(Section 1I.D.la). Freytag and Ney6' carried out thin-layer chromatography of S,S-  
dialkyl-N-(p-toluenesulphonyl) sulphilimines (alkyl groups being methyl, ethyl, propyl, 
butyl and pentyl) on silica gel G layers. Their mobile phase was diethyl ether-ethanol 
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(4+ 1 for lower alkyl groups, 20+ 1 for higher). Acid-iodide was used for visualization 
(Section 1I.D. la). Czerwicz and Malata" used thin-layer chromatography on silica gel 
layers to separate isomeric sulphinylamines, PhN=S=O, with methyl substituents in the 
2,3-,2,4-,2,5-.2.6-,3,4- and 3,5-positions. As solvent they used binary and ternary 
mixtures of hexane, benzene, chloroform, carbon tetrachloride, amyl alcohol, diethyl 
ether, acetone and ethyl acetate (also benzene alone). They visualized with nitrous fumes 
(Section III.A.1). Westley and Westleys9 performed thin-layer chromatography of alipha- 
tic and aromatic thiosulphonates, sulphonates and sulphinates, on silica gel with various 
mobile phases: isopropanol-0.2 M ammonium hydroxide (3 + l), ethyl acetate- 
methanol-water (4+ 1 + 1) and acetone-butanol-water (2+ 2 +  1). They visualized also 
with ferric chloride (Section II.C.l). The R values were in the sequence: RS0,S- > RSO; 
> RSO;. 

3. Gas-liquid chromatography 

Block and 0Connor9 '  subjected alkyl thiosulphinates (also deuteriated compounds) to  
gas-liquid chromatography on 10% silicone rubber UCW-98 on 80-100 mesh Chromo- 
sorb W at  70-75°C and using flame ionization detection. The work was primarily to 
obtain mass spectrometric data. Czerwicz and M a r k ~ w s k i ~ ~  carried out gas-liquid 
chromatography of aromatic sulphinylamines on Chromosorb P + 20% Rheoplex at  
170 "C, using hydrogen as carrier gas and a heat conductivity detector. Their samples were 
phenylsulphinylamine, PhN=S=O, also with 0-, m- and p-methyl and chloro substitu- 
ents. The same authors9' later used the same principle to separate the six isomeric 
dimethyl-substituted (2,3-,2,4-,2,5-,2,6-,3,4- and 3,5-)phenylsulphinylamines, injecting 
10% solutions of the samples in benzene and using hydrogen as carrier gas and flame 
ionization detection. Their best results were obtained using Apiezon N on 80-100 mesh 
Chromosorb G AW-DMCS at 200°C. Good results were also obtained with the 
impregnation polyphenyl ether 0s 138, also at 200°C. Other packings were less 
satisfactory. Silar IOC on 80-100 mesh Chromosorb G AW-DMCS yielded a different 
elution sequence of the isomers. Czerwicz9* separated the six dichlorophenyl- 
sulphinylamines (substituents in the same positions as in the dimethyl compounds 
mentioned above) by gas-liquid chromatography, the best column packing being 
polyphenyl ether 0s 138 on Chromosorb G at 180 "C;with hydrogen carrier gas and flame 
ionization detector. 

MacKenzie and F i n l a y ~ o n ~ ~  gas chromatographed cysteic and cysteinesulphinic acids 
as their N-heptafluorobutyryl isobutyl ester derivatives. Their column was 3% SE-30 on 
100-120mesh Chromosorb W HP. It was kept for 2 min at IOO'C, then warmed to 250°C 
at 4"/min. Carrier gases were hydrogen, nitrogen and air with detection by flame 
ionization. 

Gas-liquid chromatography of methyl alkanesulphinates, alkanesulphonates and 
dialkyl disulphides was carried out by Toro'" using a column of 10% Ucon on 80- 100 
mesh Chromosorb H P. Column temperature was programmed, helium was carrier gas 
and detection was by flame photometry. 

Kataoka and colleagues'o' determined cysteinesulphinic acid and hypotaurine in 
animal tissues by extraction and centrifuging followed by gas-liquid chromatography on 
a glass column treated with dichlorosilane and packed with 1% silicone OV-17 + 0.2% 
FFAP at 210-250 "C (programmed at 4'jmin) with flame ionization detection. 

4. High performance liquid chromatography (HPLC) 

Some work has been done recently on separating diastereoisomers with the help of 
HPLC. Thus Szokan and colleagues'02 studied diastereoisomeric sulphoxides and 
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sulphilimines of the general formula 

R’CHS=NSO~TOS 
I \  

R 4 
where R’ was hexyl or ethyl and R 2  was COOH or H. They used a column of either 
Hypersil (Shandon GB) or Chromsfer-Sil (Budapest Labor-MIM), eluting with various 
mixtures of diethyl ether, pentane, methanol and acetic acid. The best eluent for the 
Chromsfer column proved to be diethyl ether- pentane (80 + 20) and, for the Hypersil 
column, diethyl ether plus a few percent methanol. Detection was in the ultraviolet at 
254 nm. In later work, Jalsovszky and coworkerslo3 investigated diastereoisomers of 
cyclic sulphilimines, e.g. 

containing alkyl group substituents in the nucleus. They used Hypersil columns, eluting 
with mixtures of diethyl ether, pentane, methanol, 952, ethanol and 2-octanol and 
detecting also at 254 nm. Wainer and colleagues’04 used HPLC to separate several classes 
of compound, including sulphinamides, R’SONHR’ and sulphilimines, R3MeS=NR4 
where R’ wasp-tolyl or phenyl, RZ was methyl or 2-pyridy1, R3 was phenyl or butyl and R4 
was -COPh or -Tos, respectively. [They also worked with sulphoximines, but these 
contain S(V1) and d o  not qualify for inclusion here.] Their chiral stationary phase was a 
cellulose triphenyl carbamate coated onto a macroporous silanized silica gel (ca 20-237, 
by weight). The mobile phase was hexane modified with an alcohol, or an alcohol 
+ acetonitrile; detection was again at 254 nm. 

5. /on exchange Chromatography 

De Marco and coworkers’o5 separated sulphur-containing amino acids, e.g. cysteic and 
cysteinesulphinic acids, taurine and hypotaurine, on the ion exchange resin 150A, the 
elution agent being citric acid-sodium chloride. Identification was through light 
absorption at 440 or 570nm after colour reaction with ninhydrin. Lombardini and 
colleagueslo6 separated cysteinesulphinic acid from other enzymatic oxidation products 
of L-cysteine on Dowex-50 at pH 2, ultimately forming and assaying the coloured product 
with ninhydrin. Purdie and Hanafi’” separated sulphinic and sulphonic acid derivatives 
of cysteine and glutathione on Dowex 1x8 anion exchange resin, improved by adding 
Sephadex G 10 in the ratio 8:5, with the help of a monochloroacetate gradient. 

Another example of ion exchange chromatography is the work of Williams’08, who 
separated some organic sulphur-containing compounds, including aromatic sulphinates. 
His stationary phase was a monolayer ofaminated latex beads, agglomerated to a styrene- 
divinylbenzene (S/DVB) resin. The eluent system was an ordinary hydrogen 
carbonate/carbonate one, especially satisfactory being 0.001 M sodium hydrogen carbo- 
nate. Detection was by conductivity or, with aromatic compounds, also light absorption in 
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the ultraviolet. He was able to separate benzene- and p-toluenesulphinic acids. Ida and 
KuriyamaLo9 determined cysteic and cysteinesulphinic acids in rat brain on the strongly 
basic anion exchanger ISA-O7/S 504. They detected by reacting with o-phthalaldehqde in 
the presence of 2-mercaptoethanol to give fluorescent products. 

C. Spectroscopy 

Spectroscopic determination or detection of sulphinic acids or their derivatives have not 
generally been the subject of special publications. Mostly they have been a tool in a 
particular study. The best example of this is the monitoring of light absorption in the 
ultraviolet. 

W o j t a s i e ~ i c z - O b r z u t ~ ~  used UV measurements to determine thiourea dioxide and 
thiourea at  269 and 239 nm, where each has its respective absorption maximum. Mori and 
Ueda' l o  recorded the infrared spectra of 25 aromatic sulphinamides in chloroform 
solution and in potassium bromide discs. They found characteristic bands at 1070 cm - ' 
(solution) and 1056cm-' (disc), both of which have undoubtedly found unpublished use 
for identification. Freeman and McBreen" determined thiosulphinate in onions by 
extraction of the juice plus water with hexane and measuring the ultraviolet absorption at 
254nm. In a study of the reaction of organic sulphides with chloramine T, Ruff and 
Kucsmango determined sulphimides (and sulphoxides) through their absorption at 
286 nm. 

IV. MICROBIOLOGICAL METHODS 

Some microbiological assays of amino acids containing the sulphinic acid group may be 
mentioned briefly. Leinweber and Monty' I determined cysteinesulphinic acid by 
reaction with z-ketoglutarate in the presence of highly purified glutamic-oxaloacetic acid 
transaminase. This gave sulphite, SO:-, which they determined colorimetrically with the 
Schiff reaction using fuchsine (rosaniline). 

Lombardini and coworkers106 studied the enzymatic oxygenation of L-cysteine to 
L-cysteinesulphinic acid. They assayed this acid in two ways: (a) separation through ion 
exchange chromatography (Section III.B.5) followed by colour reaction with ninhydrin 
and colorimetric evaluation; (b) by transamination with a-ketoglutarate, followed by 
desulphination using lactate dehydrogenase, yielding pyruvate which they determined 
spectrophotometrically. 

Baba and colleagues' l 3  assayed cysteinesulphinic acid by enzymatic conversion to 
lactate, ultimately transforming NAD into NADH, the light absorption of which was 
found to be proportional to the concentration of the cysteinesulphinic acid. 

Soda and coworkers' l 4  degraded hypotaurine with an aminotransferase, leading to 
sulphino-acetaldehyde which decomposed spontaneously into acetaldehyde and sulphur 
dioxide. The former was assayed via aldehyde dehydrogenase, and the latter, more 
relevant to a sulphinic acid determination, through the Schiff reaction. 
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1. INTRODUCTION 

Fairly limited data are available on the electron-impact-induced mass spectrometric 
behavior of sulfinic acids, esters and their derivatives. Besides reports dealing with the well- 
known sulfinate ester rearrangements in sulfones and their implications in mass 

only about 40 papers-including at least some useful results to be 
discussed-could be found. 

II. MASS SPECTRA OF SULFINIC ACIDS, THEIR SALTS AND COMPLEXES 

One of the difficulties often met when studying the mass spectrometric behavior of sulfinic 
acids and their derivatives is their simultaneous thermal decomposition. This was already 
noted by Wudl and coworkers3. They investigated the electron-impact-induced mass 
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spectrum of methanesulfinic acid (l), which gave CS, and MeSSMe via thermal 
decomposition, when a heated inlet system at 323 and 453 K was applied. Typical mass 
spectrometric fragments in addition to  the molecular ion (50%) for 1 were SOOH + (loo%), 
SO:' (3779, MeSO+ (3373, CHzOSt  (lo%), O S t '  and CS". Practically the same main 
fragment ions were given by Lorenz and coworkers4 for silver methanesulfinate. 

Filby and coworkers5 prepared butanesulfinic acid (2) but their mass spectrometric data 
correspond to its methyl ester [m/z(%): M +' 136(4), C4H,SOt 105( 16), CH4SO:' 80(60), 
SOOH' 65(24), C4H: 57(100)] as can also be seen from their later communication on the 
mass spectra of methyl alkanesulfinates'. 

Phillips and Deacon' prepared thallium(1) 2,3,4,5-tetrafluorobenzenesuIfinate (3) the 
electron-impact mass spectrum of which showed the following structurally significant 
features: m/z 418 (M "), 354 (C,HF,TI+), 269 (0,STl'); rearrangement peaks m/z 558 
(CZ4H4FT4), 540 (Cz4HSFTJ3 428 (CIsH3FTi), 410 (CiBH4FTo), 298 (CizH,Fs+), 280 
(cl 2H3F; 1. 

Binder and Schmidt' prepared tetrachloroantimony(V) methanesulfinate (4) and 
proved its dimeric structure by mass spectrometry. Furthermore they concluded that the 
abundant ions CH,SO, and SbCI, originate from a thermal decomposition rather than 
from a direct electron impact reaction: 

[MeS(O)OSbCI,], - 2MeS0,CI + 2SbC1, 
1 1 ( 1 )  

(4) MeSO; SbCI;' 

111. MASS SPECTRA OF SULFINATES AND SULTINES 

A. Sulflnate Esters 

Baarschers and Krupay' investigated the electron-impact mass spectra of methyl 
arenesulfinates (5 and 6) and aryl methanesulfinates (7 and 8) and compared them with 
those of the corresponding sulfones (9 and 10). They found that the spectra of 5 and 6 were 
distinctly different from the spectra of the isomeric 7 and 8 (Table 1). Compounds 5-8 were 
in turn easy to distinguish from the sulfones with which they are isomeric (Scheme 1 and 
Table I). 

It is interesting to note that both 7 and 9 gave the ion m/z 94, the latter after rearranging 
to 7, whereas 8 and 10 gave similarly the ion m/z 107 instead of m/z 108 (Scheme I). 
Obviously the electron-donating methyl group inhibits the necessary hydrogen transfer in 
the case of 8 and 10. The data for isopropyl benzenesulfinate (11)"  and ethyl 
benzenesulfinate ( 12)".'2 can be explained in agreement with the fragmentations shown in 
Scheme 1 taking into account that, via a McLafferty-type rearrangement, they gave also 
the molecular ion of benzenesulfinic acid (m/z  142) and this in turn benzene (m/z 78). The 
ion m/z 94 could also be found both for 11  (17%) and for 13 (24%). 

The electron-impact mass spectra of methyl alkanesulfinates 14a-f are characterized by 
the presence of molecular ions (1-9% except 31% for 14a) and by the peaks at m/z 80 
(CH,SO:': 9-92%), m/z 65 (HSO:: 1 1 - 1 0 0 ~ , )  and m/z 50 (H,SO+: 7-597,). With the 
exception of 14a (89%) the hydrocarbon fragment R +  arising by the cleavage of the 
C-S bond was always the base peak. Filby and coworkers6 postulated that the fragment 
m/z 80 is formed via a sulfoxyl rearrangement process, which can also account for the 
presence of alkoxy peaks (up to 26%) and their complements in all spectra: 

3 O M r  

(2) RS(0)OMe '' - ROSOMe" ~ -- 
14n I 

a, R = Et; b, Pr; c, i-Pr; d, Bu; e, s-Bu; f, t-Bu; g, MeOC(O)CH, 
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- m / z  97 or 111 

m / z  125 or 139 

(5) R=H (6) R=Me 

m/z156 or 170 

0 

m / z  107 

m /I 77 or 91 

m / z  141 or 155 

(9) R=H (10) R=Me 

I m / r  9 4  o=s 

( I )  R=H (8 )  R=Me 
SCHEME 1 

Harpp and Back", however, stated that 14d forms ion m/z 80, CH,SO:' (45%) as well as 
isopropyl (2-methy1)ethanesulfinate (15) ion m/z 108, C,H,SO:' (879 in a process 
analogous to the five-center McLafferty rearrangement observed in some sulfinamides (see 
Section V.A). 

The mass spectrum of ethyl (phenyl)methanesulfinatel' [15 M + '  184(2%), 92( lo%), 
91(100%), HSO; 65 (11733 is very simple due to overwhelming domination by the 
tropylium ion. Carbon-sulfur cleavage is similarly important in the spectrum of diester 
14g, although the charge was retained almost exclusively by the sulfur-bearing fragment 
MeSO;, mlz 79". 

has tabulated the main peaks in the mass spectra of methyl 2-methoxy- (16), 
methyl 4-methoxy- (17) and methyl 4,8-dimethoxynaphthalene-l-sulfinates (18). Both 
ethyl 2-(benzy1thio)ethanesulfinate (19) and ethyl 2-(p-toluenesulfonyl)ethanesulfinate (20) 
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5 .  Mass spectra of sulfinic acids 1 1 1  

gave a [M - OEt]' ion in their chemical ionization spectral4. The mass spectrum of 
MeOS(0)C(Me)2C(O)NHTol-p (21) showed peaks at 255 (M"), 176 (loss of MeSO,), 148 
(loss of p-Me-aniline) and 107 (p-Me-aniline)". 

S(0)OMe OMe 
I I 

I I 

R S(0)OMe 

B. Sultines 

Also cyclic sulfones can rearrange to sultines- cyclic sulfinate estersls as shown in 
equation 3 for a naphthothiete sulfone (22). Similarities exist also between the mass spectra 
of 22 and 4,9-diphenyl-3H-naphth[2,3~1-2, I-oxathiole 1 -oxide (23). The base peak of the 

- 
Ph 

(22) (23) 

(3) 

latter is the parent ion at m/z 356 whereas that of thiete sulfone 22 is ion C,,H;, 'it m/z 
291 I .  The sultine 23 shows an intense [M - SO]" peak at m/z 308, which is relatively 
weak (lo",,) in the spectrum ofsulfone 22, indicating that the latter does not rearrange at all 
exclusively to the former (equation 3) prior to fragmentation. Other characteristic peaks in 
the mass spectrum of 23 correspond to loss of HSO, SO,, HSO,, H,SO,, MeSO,, 
CH,SO,, PhSO, and C,H,SO,. 

Scala and coworkers'' found that the photolysis of sulfolane 24 in solid phase gave a 
product which, according to its electron-impact mass spectrum, was 1 -0xathietane 2-oxide 
25 (equation 4). 

O\\ H0 
(4) 

h u  
C2H4 + 'SOzCHzCH; 

m I 4 " J  
M + *  92(79) so;. 64( 29) (24) 

CH ,SO+ 62( 100) 
SO" 48(44) 
CH,S" 46(36) 
CH,O+'  30(8)  
C,H,+' 28(19) 

/p 
1 

Csb 
(25) 

The major peaks in the mass spectra of z, /bunsaturated 7-sultines (26- 31)" correspond 
to their parent ions(15-39"Jand toions [M -SO]+*( l  I-5070),[M - SOH]+ (12 40":,), 
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[M - C H O  - SO]’ (14-100%), [M -SO,] + ’  (10-33%, 28-30 only) and [M - SO 
- CH,O]+’ (8-51”/,). Fragmentation data for 3,3,4,4-tetraphenyl-l, 2-oxathiolan-5-one 
2-oxide (32) have also been given”. 

R’ R2 

(26) H Et 
(27) H Ph 
(28) H CH,CH=CH, 
(29) Ph H 
(30) Ph Et 
(31) Ph Ph 

Durst and coworkers” prepared several benz-fused 6-sultines and characterized them 
(33-37) by their electron-impact mass spectra. Compounds 33-35 gave practically no 
molecular ion. For all of them the main fragments seem to correspond to loss of MeSO 

R’ R2 R3 

(33) H H H 
(34) H Ph H (obviously trans) 
(35) Me H H (cis and trans) 
(36) Me Ph Me (trans (?); mp 104°C 

(10-14%), SO, (93-100”/,) and HSO, (42-100”/,). Furthermore, peaks corresponding to 
ion [M - H2S02]+ at m/z 116 could be found for 34 and for one of the isomers of 
compound 35 (46 and 16”/,, respectively). The other isomer of compound 35 gave no peak 
atm/z 116butionCM -H,SO,]+ atm/z 115(2l”/,)instead. Bothcompounds35gavealso 
peaks at m/z 91 (22-25%). The major fragmentations of sultine 36 were due to loss of 
MeSO, MeSO, and C,H,SO,. 

Me 
CF3 CF3 

oi \o 

Me )@ 
CF3 CFI 

Y 
-C(Me),C(Me),- 

-CH,C(Me),CH,-- 
-CHZCH2- 

-CH, CH3- 



5. Mass spectra of sulfinic acids 113 

The parent peaks (m/z 198) of compounds 37 and 38 were very strong (75 and loo%, 
respectively). Only 37 showed loss of HO' (10%). Other major peaks for 37 and 38 seem to 
correspond to loss of SO (100/20%), SO, (24/94%) and CHSO, (21/11%). 

The characteristic ions for 5-methyl-3,3-bis(trifluoromethyl)-3H-2, I-benzoxathiole 1- 
oxide(39)2' werem/z304(M+', 100%),288([M-0]+,  1.4%),256([M -S0]",7.7~,] ,  
240 ([M -SO,]+', 13%), 237 (58%), 235 ([M -CF,]+, 32%) and 166 (74%). In the 
same report, mass spectrometric data for some orthosulfinates (40-43) have also been 
given but they d o  not resemble those for sulfinate esters. 

The mass spectrum of 1,2-benzenedisulfinic anhydride 44 has been given2' and its 
[M - SO2]+' fragment specified (equation 5). 

3'-Phenylfluorene-9-spiro-4', l', 5', 2'-oxathiazole S'-oxide (45) showed no molecular ion 
but strong peaks corresponding to ions m/z 267 [M - SO2]+', 190 [M - Ph - SO,]' and 
164 [M - Ph - CN - S2]+' were foundz3. 

The electron-impact mass spectrum24 of 2,4, r-6-tri-t-butyl-7,8-dithia-9-aza- 
bicyclo[4.3.01nona-2,4,9-triene t-7-oxide (46) showed the following peaks: 339 (M +', 
0.7%), 307 ([M - S]+, 0.4"/,), 291 ([M -SO]", 31%), 266 ([M - C,H;O]+, 100%) and 
250 ([M -C4H9S]+, 25%). 

IV. MASS SPECTRA OF THIOSULFINATES 

The first paper on the mass spectra of thiosulfinates (47-50) was published by Oae and 
coworkersz5. Very weak or no molecular peaks can be seen in Table 2, where the 
characteristic fragments for 47-50 are also shown. Since thiosulfinates can undergo 
thermal disproportionation to the corresponding thiosulfonates and disulfides even in 
mass spectrometric conditions26, it is possible that some features due to the latter 
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TABLE 2. Major fragment ions in the spectra of 47-50 

~ M ”  5 + + 
[M - 01’ 89 42 66 12 
[M -SO]” 7 3 3 2 
[M - SZO] + 5 5 X 4 

10 
6 

XC,H,SO+ l4  ) 8 
YC,H,SO’ 1 l3 14 

6 

compounds can also be found in the spectra of thiosulfinates”. 

X Y 

(47) H H 
p-XC,H,S(O)-SChH,Y -p (48) H Me 

(49) Me Me 
(50) H OMe 

Compound 51 showed ions at ) t i / :  240(M+’. 152 ([M ~ C,H,S]+). 103.102.77.54 and 
41(100”/)while52hadionsatn~,:222(M ‘ O ) ,  166([M -C,H8]‘*), 134([M -C,H,S]’). 
89, 57 (lOOo/;,) and 4Izhh.  In the mass spectrum of i-PrS(0)SMe (53) the base peak 
corresponds to [M - C,H,]’’ ion, MeSSOH”. Mass spectra of EtS(0)SMe. EtS(O)SEt, 
t-BuS(0)SMe and t-BuS(0)SBu-t also indicated the occurrence of a similar fragmentation 
processzhh. 

/R ’+- (51) R = H  

(52) R=COpCH3 
\ 

Ph 

f -8 US S ( 0 )  /c=c\ H 

Block and O’Connor”‘ determined the S-S bond energy in MeS(0)SMe by 
appearance potential methods to be 192 kJ mol I ,  compared to a corresponding value of 
ca 319 kJ mol- I in MeSSMe. They also solved completely the mass spectral fragmentation 
pathways of EtS(0)SEt (54, equation 6) .  A unique feature was the formation of the 
fragment H,S,O, corresponding to the unknown parent acid of thiosulfinate esters. 
Another significant observation was the formation of fragments corresponding to EtSOH 
and EtSSOH. The features of processes included: ( i )  incomplete site specificity for 
hydrogen transfer, ( i i )  persistence of the peaks corresponding to EtSOH, CH,CH=S, 
EtSSOH at low ionizing voltage (8.6eV), suggesting thermal as well as electron impact 
derived origins for these products, and (i i i )  variation of the RSSOH/R‘SOH ratio with 
thiosulfinate structure. Thus for the thiosulfinates RS(0)R’ (R,  R’ = i-Pr, Me; Et, Me; Et, 
CD,; Et, Et; Et, CDzMe; Et, CH2CD,) the respective intensity ratios were 25. I .  3.2.5, and 
0.1. 
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E t sso+ EtSSOH+' - H2S20+' - S+2' 

I I5 

m / z  109(4%) m / z  110(15%) m / z  82 (29%) m /I 64 (18 %) 

EtzS" - EtS(O)SEt+' EtSO+ 

m /I 63 (6%) m / z 78 (8%) m / z  61 (61%) 

Block and O'Connor"' also compared the mass spectra of54 and MeS(0)SEt (55) with 
each other. Since the spectra were not identical, the oxygen crossover process proposed by 
Oae and coworkerszs to occur during fragmentation of dialkylthiosulfinates was not 
operative. Freeman and Angletaki~,~ came to the same conclusion by comparing the 
electron-impact mass spectra of t-BuCH,S(O)SPh (56) and PhS(O)SCH,Bu-t (57) with 
ea;h other. Also the spectraz7 of t-BuCH,S(O)SCH,Bu-t (58), PhCH,S(O)SCH,Ph (59), 
PhCH,S(O)SPh (60) and PhS(0)SPh (61) can be explained in accordance with the 
fragmentations shown in equations 6 and 7. 

C 4 H i  - I-BuCCH-SH' - C5H; 

m / z  57(100%) m / z  103 (32%) m / z  71 (20%) 

The 2-methylpropane chemical ionization spectra" have also been recorded for 
compounds 56-61. They are listed in Table 3. 
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TABLE 3. 2-Methylpropane chemical ionization mass spectra of 56-61 at l00eV [m/z  (%)I 

Ion 56 57 

CMHl+ 
PhCH,S(Ph)C(CH,)i 
PhCH,S(Ph)C(CH,):' 
PhCh2S(Ph)C(CH3)' 
PhCH,SPh + 

(CH,),S(OH)Ph + 

PhCH,SOHi 
PhCH,SOH + *  

(CH3),CCH,S(0)OHi 
PhSOH; 
PhSOH " 
PhSO + 

PhCH=SH; 
PhCH=SH+ 
PhCHS" 
(CH,),CCH,SOH: 
PhSH: 
PhSH+' 
PhCH20' 
(CH,),FCH=SH+ 
PhCH, 
PhCH; 

PhS(H)C(CHJ: 

C,H;, 

60 

249( 100) 
257(20) 
243(8) 
229(9) 
200(6) 

~ 

- 
- 

I4 l(45) 

137(8) 
1 4 ~ 3 )  

- 

- 

- 

- 

I23( 19) 
- 

- 

I I l(29) 
I 10(9) 
107(51) 

~- 

- 

91(40) 
71(9) 

Harpp and GranataZ8 reported the electron-impact mass spectrum of benzylsulfinyl 
methyl thiocarbonate (62): 

Ion mlz (%I 

PhCH,S(O)SCOOMe+ ' 
(621, mlz 230( 1 %) 

[M - 01' 
[M - SO] ' *  

[M - SO - CO] " (?) 
PhCH,S+ 
PhCO' (?) 
PhMe" 
PhCH; 
P h +  

2143) 
182(2) 
138(4) 
1 23( 19) 
105(47) 
92( 50) 
91(100) 
77(63) 

V. MASS SPECTRA OF SULFINAMIDES AND RELATED COMPOUNDS 

A. Sulfinamldes 

Ueda and coworkers29 reported the mass spectra of 30 sulfinamide [RS(O)NHR'] 
derivatives (63-67). Most of the spectra had peaks attributable to thermal decomposition 
products. It was concluded that the above sulfinamides gave the following ions after 
electron impact: M+'. [M - R]', [M - R + HI", [M -SO2]+ ' ,  RS', NHR". 
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TABLE 4. Electron-impact mass spectra of sulfinamides 63a, 63b 
and 6 3  [m/z  (rel. abund., %)I 

Ion 63a 63b 6 3  

117 

M + '  149( 15) 
[M -OH]+  132( 13) 
[M - R]' 120(19) 
[M - R + H I + '  121(8) 
[RSO]' 77(3) 
[RSO + HI" 78(3) 
[NHR'] ' 72(3) 
[NHR' + H I + '  ~ 

R +  29( 12) 
[R + H I + '  30( 16) 
CR'I + 57(100) 

[RSI + 

[M -SO]" ~ 

- 

237(25) 
22q1 I )  
14q18) 
147(3) 
139( 100) 
140(50) 
98(51) 
9 9 0 )  
9U7) 
92(22) 
83(9) 

189(93) 
123(4) 

[NHR' + HI+ ' ,  RSO+, [RSO + HI", R +  and [M -OH]' and that the thermal 
decomposition products gave the following ions: [RSO,SR]+, [RSSR]", [M - O]'., 
[M + O]+' and [RSOC,H,NHJ + ' .  

RS(0)NH R' 

(63): R = Et, a R' = Bu; b cyclohexyl; c Ph 
(64): R = Ph, a R' = H; b Pr; c Ph; d p-Tol; e p-An; 

(65): R = p-Tol, a R' = H; b Pr; c Bu; d cyclohexyl; e Ph; 
f p-CIC,H,; g p-MeCOC,H, 

f p-Tol; g p-An; h p-CIC,H,; i p-EtCOZC,H,; 
j p-MeCOC,H, 

(66): R = p-An, a R' = p-Tol; b p-An; c p-ClC,H, 
(67): R = p-CIC,H,, a R' = Ph; b p-Tol; c p-An 

d p-CIC,H,; e p-EtCO,C,H,; f p-MeCOC,H, 

Three sulfinamidesz9 were shown to be stable on heating at 150 "C for 5 min. Therefore, 
their mass spectra (Table 4) could be considered to be those derived from the original 
molecules. Examples of the characteristic fragment peaks for the rest ofcompounds 63 -67, 
which all underwent the thermal decomposition, are listed in Table 5. In this table, 
[M + 01'' means the ion [RSO,NHR']'' and [M - 01'. the ion [RSNHR']+'. The 
ions of the group B can be considered to be formed from artefactsz9. 

It can be concluded that (i) [M - R] + ions are observed, particularly for alkylsulfinyl- 
amides, (ii) the [M - SO]'* and [RS]' ions are observed only for arylsulfinylamides, (iii) 
the [NHR']+ and [NHR' + HI" ions are generally observed for all kinds of sulfinamides 
but are characteristically very abundant (either one or both) for sulfinyl arylamides, (iv) 
[RSO] + ion is characteristically abundant in the spectra of arylsulfinyl amides. 

Harpp and Back" studied the electron-impact mass spectra of seven sulfinamides. 
None of these compounds has been stated to undergo thermal decomposition in a mass 
spectrometer. However, at least the spectrum of 68 (M+' at  m/z 135) shows a strong 
artefact peak (54%) at m/z 132. Otherwise 68 was supposed to fragment as shown in 
equation 8. 
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R' R2 R3 

(68) Me 
(69) i-Pr 
(70) Ph 
(71) Me 

(73) Et 
(74) Me 

(72) C,H,CHz 

~ ~ 

Et Et 
Me Bu 
cyclohexyl H 
Ph H 
~ CH,CH20CH,CH2 

-CH ,CH ,N(SOCH ?)CH ,CH , -(CH 215- 

~~~~~~ ~ 

.Et .H 

m / z  135 m / z  120 m / z  92 

+HCH2 
\E+ 

HN 
+ 

O=S=NH2 

m / z  64 

The spectrum of 69 again reveals carbon-sulfur bond fission to be a key process, 
although charge retention by the alkyl fragment (m/z 43, m/z 57) is now stronger than in 68. 
Furthermore 69 can exhibit a five-center McLafferty rearrangement (equation 9) leading 

/Y n+' 
CH 

\ 
Bu 

/ 
Me 

(69) 

H 

\o+. 

II /Me 

'Bu 

S-N 

to ion m/z 135, a mechanism operative in alkylsulfinylphthalimides containing hydrogen 
atoms to the sulfur atom3'. 

The complexity of the spectrum of sulfinamide 70 is largely due to the presence of the 
cyclohexyl group (equation 10). 

Sulfinanilide 71 gave a very strong molecular ion (602,) and its fragmentation was 
dominated by formation of aniline and its fragment ions as could be expected'. Compound 
72 gave only a weak parent ion peak and its fragmentation was dominated by formation of 
the tropylium ion at m/z 91 and, via charge retention, that of ion O= S= 
N(CH,CH,),O+' at m/z 134. 

Compound 73, the piperidine derivative, displayed a strong parent peak (29%) and 
fragmented predominantly by the alkyl-sulfur bond scission (equation 1 I ) .  Like69also 73 
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PhSO' m / I  125 

PhSOH%/r 126 

[M-SO]" - (GH-S(O)-Ph - 
m / r  55 

m / r 2 2 3  (70) m / r  83 

m / r  56 m / r  90 

underwent a McLafferty-type rearrangement giving an ion at m/z 133 (equation I I ) .  The 
spectrum of 74 was quite complex' due to the presence of two sulfinamide functions each 
of which may undergo fragmentation. Major fragments resulted from cleavage of both 
S-N bonds are from fission of the piperazine ring. 

Bell * prepared several sulfinamides (75-86) and stated their electron-impact mass 
spectra to be consistent with those reported earlier by Ueda and coworkersz9 and Harpp 
and Back". The [M - 0 3 "  ion formed the base peak in the mass spectra of compounds 
75,77,78 and 80-84 and was very strong also in the spectra of 76 and 79. Compounds 85 
and 86 apparently gave no [M - 01 +. ionI3. Other typical fragments for 75-82 were most 

R' X 

(75) H H 
(76) H CI 
(77) Me H 
(78) M e 0  H 

S (0) N H p 
R* 

Me0 H 

X _ _ _ ~ . ~ ~  
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R' R 2  R 3  

121 

R4 R5 R6 

(79) H M e 0  H 
(80) H H M e 0  
(81) H M e 0  H 
(82) H H M e 0  
(83) H M e 0  H 
(84) H H M e 0  
(85) Et M e 0  H 
(86) Et H M e 0  

H 
H 
H 
M e 0  
H 
H 
H 
H 

~ 

H H  
H H  
M e 0  H 
H H  
M e 0  H 
H M e 0  
H H  
H H  

probably ions corresponding to loss of HS', SO and NHSO', although did not 
report any high resolution data. 4-Methoxy substituted naphthalene sulfinamides 80, 82 
and 84 exhibited also fairly strong [M - MeO]' ions (14,21 and 30%, respectively). The 
spectra of 85 and 86 are difficult to explain and deserve a more careful study. Actually a 
systematic study on the mass spectrometric behavior of various sulfinamides with modern 
techniques is most desirable in order to understand better the role of their mass 
spectrometric as well as the possible simultaneous thermal 

Gupta and Pizey3 ' prepared 2-methyl-3-oxobutane-2-sulfinamide and 2-met hyl-3- 
oxobutane 2-sulfin-m-toluidine and gave also the locations of peaks in their mass spectra. 
The peaks can be postulated to correspond to ions m-XC,H4SOf' (m/z 139 and 153), m- 
XC,H4f (m/z  77 and 91), MeC(O)CH(Me); (m/z 86), MeC(0)CHMe' (mjz  71), 
SONH;' (m/z 64) and MeCO' (m/z 43). 

Mass spectrometric fragmentation of bis(trimethylsilyl)amide of pentafluorobenzene- 
sulfinic acid, (Me,Si),NS(O)C,F, was typical for molecules with the Me3Si0 group. 
Therefore Rinne and Blaschette3' suggested that this compound-at least in mass 
spectrometric conditions-has an imidoester structure, C,F,S(SiOMe,)=NSiMe,. 

3 9 2 9 - 3 2 .  

8. Sulfinylphthaiimldes 

(87) (a) R = Me; (b) Et; (c) LPr; (d) Bu; 
(e)  t-Bu; (f) Ph; (9) p-Tol; 
(h) C,H4CH2; (i) CH302CCH2;  (j) i-PrS; 

Harpp and Back3" studied the electron-impact-induced fragmentations of several 
sulfinyl phthalimides (87a-j). All compounds gave a molecular ion of varying abundance 
(Table 6) and showed intense peaks at m/z 147, 130, 104 and 76 likely arising from the 
fragments shown in equation 12. 

Compounds 87, except 87i and j, exhibited intense peaks for the alkyl or aryl fragments 
(R' in Table 6). For 87e and 87h it was even the base peak. The charge can also resides on 
the sulfur-containing fragments (equation 13; cf. 87a, f, h and i in Table 6). If hydrogen 
atoms ,4 to the sulfinyl group are available, a five-center McLafferty-type rearrangement 
occurs (cf. equation 11)  and the ion m/z 195 (equation 14) is obtained. This ion in turn lost 
SO,H and gave an ion at m/z 130. 

Compounds 87f and 87g produced additional strong ions at m/z 125 and 139, 
respectively, suggesting formation of p-XC,H,SO (X = H or Me). Loss of SO occurred 
directly from compounds 87f,g and i, as usual for many ~ u l f i n a m i d e s ' ~ ~ ~ ' .  Formation of 
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TABLE 6. Mass spectra of sulfinyl phthalimides (87) 

Compound 

Ion a b C d 

M + '  
m/z 147 
m/z 130 
mjz 104 
mjz 76 
R +  
m/z 194 
m/z 195 

29 6 
16 15 
20 loo 
18 29 
27 41 
6 19 

19 
36 - 
- 

< I  
10 

1 0  
13 
18 
23 
- 

66 

< I  
88 
92 

100 
88 
50 

~ 

42 

e 

< I  
9 

33 
15 
27 

100 

27 

-. 

._ 

f 

14 
100 
26 
58 
60 
42 

8 
- 

g h i i 
14 3 

100 90 
3 < I  

57 55 
52 58 
34 loo  

< I  8 
~~ - 

2 10 
80 100 
38 5 

100 78 
96 68 

37 
10 - 

- - 

- 

H;*+* 7 w+. 
0 HO 

[M-RSO + H]" 

m / z  147 

i 
m / z  76 

m / z  130 m / z  104 

R +  

rn /z  194 

the abundant ions m/z 120 and m/z 89 in the spectrum of 87i can be explained by loss of 
phthalimide from the molecular ion followed by loss of MeO'. Thiosulfinylphthalimide 87j 
underwent a rearrangement process which led to an abundant peak at m/z 227 
(equation 15). 
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- .  
I rn/r 195 

*I-'"'" 
+Ncm oc 

rn/z 130 

123 

r n / z  227 

C. Cyclic Sulfinamides 

No systematic investigation has been carried out on the mass spectrometric behavior 
of cyclic sulfinamides, although some mass spectrometric data can be found'5,3"-36. 

The mass spectra of I ,  2-thiazetidin-3-one I-oxides 88a-c exhibited, in addition to M +', 
peaks corresponding to ions [M - SO] + *  and isocyanates, RNCO+' 1 5 .  Jager and 

(88) (a) R = p-Tol; (b) p-An; 
(c) cyclohexyl 

Me 

R 
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coworkers33 listed the electron-impact data for compounds 89a-e. No experimental 
details were given and the spectra were not discussed either. However, it is most likely that 
the spectra of these compounds d o  reflect the influence of their thermolytic reactionsz3. 

Hanson and Stone34 prepared compounds ma-c and 91a, b and gave their electron- 
impact fragmentation patterns as m/z (%). Without any high-resolution and metastable 

data it can only be concluded that all of them loose SO in one way or another. For 91 
[M - SO]'' appears to be the base peak in both cases. Probably some thermal decom- 
position affects also the variety of different ion peaks in the spectra of 90 and 91. 

Borthakur and coworkers3' determined the molecular formula of 92 by high-resolution 
mass spectrometry and gave the m/z (%) values for some fragment ions (equation 16). 

mJz 380( 28%) 
m/z 367(24%) 
m/z 201(20%) 
m/z 150(16%) 
m/z 1 18(28%) 

(92) m/z 396 (1002,) 

The electron-impact mass spectrum of 4-chloro-2-( 1 -chloro-2,2,2-trifluoromethyl)- 1- 
thia-2,3-diazaspiro[4,5]dec-3-ene I-oxide 93 (both diastereomers) showed the following 

(9 3) 
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peaks: m / z  322M+', 287 [M-CI]', 274 [M-SO]+', 239 [M-CI-SO]", 203 
[M - CI -SO - HCl]', 108 C,H,,,N+ (loo%), 69 CF:, and 36 HCI+' 36 .  

D. Sulfinyi Diamines 

Neidlein and Walser3' used IOOeV mass spectra to characterize sulfinyl dilimines 
94-99. Inspection of their data allows us to compile the elemental compositions 
shown in Table 7 for the fragment peaks in the spectra of 94-99. 

R' R2 

(94) i-Pr i- Pr 

Me (96) Ph 
(97) C,H,CH, Ne 

(99) +CH2),-NMe-(CH2),- 

-(cH2)4- (95) R' 

R2 

\ 

'R2 (98) C,H,CH, C 8 5 C H 2  
/N - %O'- 

E. 2-0~0-1,2,3-oxathiazolidines 
Nishiyama and  coworker^^^^-^ investigated the electron-impact mass spectra of several 

3-aryl-2-oxo-l,2,3-oxathiazolidines (100-103). The major fragment ions from com- 

X R 

X 4% 
(100) H H 
(101) p-Me H 

~ _ _ _  

(102) R = Me: (a) X = H, (b) o-Me (I), 
(4 m-Me (0, (dl p-Me (c), 
(e) 0-CI (c and t).  (f) m-CI ( t ) ,  
(9) P-CI (I) 

(103) R = CH,Cl: (a) X = H (c), (b) m-Me (I) ,  
(c) o-CI (c), (d) p-CI (c), (e)  o-Me 
(4. (f) m-Me (4. (g) m-CI ( t ) ,  

.dR N\S/o 

II 
0 

(h) 2,4,6-C13 (2 )  

pounds 100-102 corresponded to loss of SO,, HSO,, RCHSO,, RCH,SO,, RC,H,SO, 
and to formation of the aryl ions. The configurational isomers gave very similar spectra. 
Comparison of thc spectra ofcompounds 100 and 101 with those of 102 supports one-step 

TABLE 7. Fragment peak compositions for compounds 94-99 

Compound m/z (composition, %) 

94 
95 

91 

248(Mf', 6); 148(C,H14NS0, 93); 106(C3H,NSO, 100) 
188(Mt', 10); 172(C,H,,NS, 30); 118(C4H,NS0, 100); 1O2(C,H8NS, 51) 

288(M '*, 4); 272(C,,H,,N,O, 95); 188(?, 18); 168(C,H,,NSO, 100); 
152(C,H,,NS, 4); IZO(C,H,,N, 95); lOS(C,H,N, 16); 91(C,H,, 99) 

% 260(M+', 6); 154(C,H,NSO, 95); 138(C,H,NS, 2); 106(C7H8N3 100) 

98 
99 

44qM + * ,  3); 424(C,,H,,N,S, 59); 244(C,,H,,N,SO, 95); 196(C,4H,4N, 100) 
246(Mf', 21); 231(C,H,,N4SO, 1); 147(C,H,,N,SO, 100); I31(C,H,,N,S, 40) 
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formation of the above ions rather than successive losses 0fe.g. SO, and C,H,, as stated by 
Nishiyama and his g r o ~ p ~ ~ " . ~ .  As usual 102e with o-chloro substitution gave a much 
stronger [M - SO, - Cl]' peak than the corresponding m- and p-derivatives (102f and 
102g, respectively). 

Bartnik and his prepared compounds 104-107. Compounds lO4,105a, 106a, b 

(104) 

R' R 2  R' R2 

(105a) H H (106b) Ph Ph 
(106a) Ph Ph (107b) Ph Et 
(107a) Ph Et -~ 

and 107a, b all lost HSO, (100, 100, 100, 73 and 53j,, respectively) as their major initial 
fragmentation. Compound 104 gave 8% of [M - SO,]" instead. Its base peak was at  m/z 
118 (PhCNMe') and those of 107a and b at m/z 77 (Ph+). 

F. Octahydro-3,2,l-benzoxathiazine 2-Oxides 

Some electron-impact-induced fragmentation data can be found for four 2-oxides of 
octahydro-3,2, I-benzoxathiazines, namely for 108-11140. In this paper m/z 81 has been 
printed as the base peak in all cases, but this author believes that it must be tropylium ion 
m/z 91 and this is the value which appears in Table 8. Similarly we believe that 110 did not 
give ion mJz 122 but m/z 132 instead. 

TABLE 8. Postulated fragment peak compositions for compounds 
108- 1 1 1 

Ion 

265 
20 1 
I46 
133 
132 
110 
91 
65 
55 

Compound (%) 

108 

6 
10 
11 
54 
14 
31 

100 
17 

~ 

- 

109 

4 
16 

61 

26 
100 

17 
10 

~ 

~ 

- 

110 111 

6 5 
I 1  16 
14 - 

80 
82 - 

12 16 
100 100 

18 13 

- 

- - 
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Ph’ 

(108) N-out (109) N-in 

VI. CONCLUDING REMARKS 

Surprisingly little data could be found on the mass spectra of sulfinic acids and their 
derivatives. Although the mass spectrometric reactions appear to be disturbed by thermal 
decomposition, one can hope that new, carefully done mass spectrometric studies on them 
will become available in the near future. At the present, a great deal of the limited results 
were given without experimental details and any discussion. Therefore this author has 
been often obliged to postulate the ion structures illustrated in this chapter by a method 
which in some cases can be called an advanced guess only. 
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1. INTRODUCTION 

The NMR spectra of sulphinic acids and their derivatives provide a rich source of 
information on molecular structure and dynamics. In addition to 'H  and I3C NMR the 
nuclei 33S, "0, 15N and I9F have all been used to study these compounds. In principle, if 
not in practice, all nuclei in most sulphinic acid derivatives are susceptable to NMR 
analysis. In this review, the NMR sections are concerned with the tabulation and 
correlation of chemical shifts and coupling constants, where available (Sections 1I.A and 
11.B); the dynamic features and consequences ofchiral sulphur are covered in Section II.C, 
and, as a link with ESR spectra, CIDNP is reviewed in Section 1I.D. 

The dynamic processes of sulphinic acid derivatives are particularly interesting and a 
variety of mechanisms have been proposed to account for the observed phenomena. 

In the description ofatoms or groups within a sulphinic acid or one of its derivatives the 
terms a, fi, y,6 and a', p, y', 6' have been used consistently throughout in the following way, 
with the carbon attached to the S(IV) centre always labelled a. Protons attached to C, are 
also labelled a. Groups attached to X are always labelled a', etc. 

0 
II 

c-c-c-c-s-x-c-c-c-c 
G Y B a  a' 8' y' 6' 

(X = 0, S, NR) 

There d o  not appear to have been any previous reviews on the NMR spectra of sulphinic 
acids and their derivatives. 

For ESR spectroscopic investigations of sulphinic acid derivatives the RSO, system has 
provided a fruitful area of study. Less well studied are the sulphinamides. Solid state, 
solution and theoretical studies have provided a clear understanding of the nature of 
radicals from sulphinic acid derivatives. There have been no previous extensive reviews of 
the ESR spectra of sulphinic acids and their derivatives, and here we provide both a 
detailed tabulation of 8-values, and coupling constants a(H), a(CI) and a(F), as well as a 
discussion of structural and dynamic features of the radical species involved. We 
follow the terminology described above for identifying C and H atoms attached to the 
sulphinyl moiety. 

II. THE NMR SPECTRA OF SULPHlNlC ACIDS AND DERIVATIVES 

A. Proton and Carbon-13 Chemical Shifts and Coupling Constants 

1.  Introduction 

Sulphinyl groups -SOX (X =OH, OR, SR, NR,, CI etc.) are strongly electron- 
withdrawing, largely by inductive effects, and are therefore expected to deshield strongly 
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TABLE 1. Some substituent constants for -SOX and related groups 

Group 
~ ~~~ 

SON(CH,), 
SOCl 
SOOCH, 

SOCH, 
SO,OCH, 
COOCH, 

ug Refercnce urn up Reference 01 

0.3 0.03 I 
0.68 0.14 1 

0.50 0.54 1.3 0.45 0.09 1 
0.66 2 
0.2 I 0.17 1,3 0.25 - 0.08 1 
0.7 I 0.9 4,2,3 0.50 5 
0.35 0.44 3,6 0.31 0.16 5 

adjacent alkyl groups. Table 1 shows some substituent constants for a few sulphinyl 
groups. The electron-withdrawing ability falls in the order sulphonyl > sulphinyl > 
sulphenyl as would be expected. However, it will be shown later that 'H  and I3C 
chemical shifts in sulphinyl compounds are sensitive to effects other than simple inductive 
effects. Conformational preferences, the magnetic anisotropy of the SO bond'.' and 
resonance effects' can all influence chemical shifts of adjacent protons and carbon-13 
nuclei. The SOX groups are resonance electron-withdrawing with n; for SOOMe 
being estimated' as 0.89, compared with 0.74 for COOMe'". Each effect will be discussed 
as it arises in the interpretation of chemical shifts. 

2. Sulphinic acids 

Proton chemical shift data for sulphinic acids are very limited". The proton NMR 
spectrum of methanesulphinic acid was reported"" in 1967, and in CDCI, a t  25°C 
consists of two singlets: one at  6 2.7 ppm for the methyl group, and one at  6 10.4 ppm for 
the acidic proton. The spectrum was relatively invariant with temperature, and at  
-65 "C the only differences were minor chemical shift changes. This was said to suggest 
that the equilibrium shown in equation 1 lies far to the left"". 

0 
II 

II 
0 

MeSOOH e MeSH 

Carbon- 3 chemical shifts for a selection of subhinic acids are available ' . I 3 .  The 
data obtained by Freeman', are shown in Table 2. Freeman also tabulated the 2, /L y, 6- 
carbon additivity  parameter^'^.' ' relative to  the corresponding thiols. It is clear that the 
sulphinic acid group does substantially deshield the r-carbon nuclei as expected. The 
a-effect is. however, not constant, decreasing with increasing methyl substitution at C-r 
(Table 2). The deshielding decreases by about 6.5 ppm for each methyl group in the series 
R =CH,CH,, (CH,),CH and (CH,)C. This decrease was suggested to be a consequence 
of increasing polarization of the C-S bond with increasing methyl substitution. Why 
this should lead to  the postulated decrease in electron density a t  the a-substituted carbon 
nuclei was not fully ~ n d e r s t o o d ' ~ .  

I t  was s u g g e ~ t e d ' ~  that the shielding or deshielding effects of the sulphinyl group may 
be rationalized by partition of the group into an S=O component and a S-0- - (or 
S-X) component. For  example, the a-carbon nuclei in sulphinic acids are deshielded by 
about 30ppm relative to the corresponding thiols, which is appropriate for an 
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TABLE 2. 13C NMR chemical shifts” and substituent constantsh for some sulphinic acids, 
RSOOH I 

R 

44.30 
5 1.26 
59.65 
57.53 
55.23 
56.59 
72.02 
64.46 

46.4 
45.36 5.41 -0.49 
44.05 13.26 -3.84 15.32 -0.28 
44.3 23.56 -1.4 21.8 -3.1 1 3 . 7 1 0 . 5  
39.1 13.79 -1.81 
32.3 21.35 -3.8 
44.1 30.95 -0.5 27.9 1.9 
43.2 

“l’Cchemical shift ppm in CDCI, with TMS standard. Measured at 62.89 MHzexcept for R =(CH,),CCH, and 
C,H,CH, which were measured at 22.63 MHz. 
bChemical shift differences from the same carbon of the corresponding alkane”. 

approximately 20 ppm deshielding on oxidation of R,S to R 2 S 0 I 6  plus an approximately 
+ lOppm shift for a P-OH group (modelled by the corresponding alcohol shifts”). 
Freeman’sI3 analysis of substituent effects of sulphinyl groups, relative to thiols, is 
empirical, but does have predictive value when the corresponding thiol shifts are known. 
We shall confine most of our discussion to shifts relative to alkanes as this is more useful in 
the general case. 

Interestingly, oxidation of sulphinic acids to  sulphonic acids causes a shielding effect of 
-8.63 to  -0.68 ppm at C-zI3 which is the opposite to  that expected from electronegativ- 
ities and substituent constants. This shielding was attributed to a steric compression shift 
resulting from bond angle widening in the sulphonic acid relative to the sulphinic 

The b-carbon nuclei in sulphinic acids are slightly shielded relative to those in alkanesI3 
(Table 2) but not as strongly as in sulphones or s u l p h o ~ i d e s ’ ~ ~ ~ ~ .  There have been many 
attempts to explain such b-carbon shieldings, but none are completely satisfactory for 
sulphinic acids and derivatives13,’9.20. 

3.18 

3. Sulphinate esters, anhydrides and thioesters 

The ‘H N M R  spectra of sulphinate and the ‘H and I3C N M R  
spectra of  anhydride^^^.'^ and particularly thiosulphinate esters9.24.26-32 have been 
reasonably well reported. The interest in these classes falls into two parts: the effect of 
the RSOXR’ group on the chemical shifts of R and R’ and the consequences of the 
magnetic anisotropy of the chiral sulphinate group. In this section we discuss the chemical 
shift data. 

The deshielding effect of the sulphinate group on both a and a’ protons is shown in 
Table 3, where the ‘H methylene shifts for some sulphinate esters are recorded. For  
comparison, the methylene proton shifts in ethyl ethanesulphinate are 6 2.59 and 
3.99 ppm” whereas the corresponding protons in ethyl ethanoate have chemical shifts 
of 62.35 and 4.15ppm’lh. From the limited data available it  appears the -SOO- 
group is more deshielding for a-CH,SO protons than the a-COO- group, whereas 
the --SOOCH,- protons are generally less deshielded than -COOCH,- protons. 



6. The NMR and ESR spectra of sulphinic acids and their derivatives 133 

TABLE 3. IH NMR chemical shift of the methylene protons in some 
sulphinates" RCH,SOOCH,R' 

b/ppm -CH,SO b/ppm -OCH, 
R" R'  (,J/HZ) ( ' J I H Z )  

H CH, 2.48 
H CH,CH2 2.59 
H (CH3)2CH 2.50 
H (CH3)ZCHCH2 2.5 1 

CH, CH, 2.59 (7.20) 
CH, CH,CH2 2.63 (7.50) 

'60 MHz spectra, lo",, w/w in CCI,, 35°C 

CH, H 2.64 (7.5) 

3.98 (7.20) 
3.93 (7.20) 
3.71 (6.65) 
3.97 (6.60) 
3.69 
3.99 (7.20) 
3.91 (6.50) 

Conformational effects are important in determining shielding parametersz3 as a 
consequence of the anisotropy of the SO It is well-established that in 
six-membered rings containing the S=O moiety the oxygen atom is preferentially 

in a syn-axial relationship with an axial S-0 group experience significant deshielding 
which can be used in conformational and configurational a n a l y ~ i s ~ ~ - ~ ~ .  The origin of 
this so-called syn-axial effect is not fully understood but has been attributed to a proximity 
effect" and/or an acetylene-like anisotropy of the S=O bond7.34.38 or a carbonyl-like 
anisotropy of the S=O bond37. The operation of the syn-axial effect is illustrated in 
Figure 1, which shows the 100 MHz 'H NMR spectrum of 1,2-oxathiane-2-oxideJ7. The 
multiplets assigned to H,, H, and H, are indicated on the spectrum and were assigned 
by double resonance and analysis of coupling constants37. Thus the spectrum can be 
interpreted as that of a single conformer with an axial SO group. The syn-axial proton 
H ,  is 0.70 ppm to high frequency of the syn-equatorial proton H,. The deshielding of 

axia133-35. , particularly when heteroatoms are adjacent to the SO Protons 

H, H2 H3 
4.0 3.0 2.0 8/ppm 

FIGURE 1. 100-MHz 'H NMR spectrum of 1.2-oxathiane-2-oxide 
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the anti-axial proton H ,  relative to H, is not consistent with an acetylenic anisotropy 
of the S=O bond. A c a l ~ u l a t i o n ~ ~  using the McConnell point dipole a p p r o x i m a ~ i o n ~ ~  
predicted that H 3  should be 0.66 ppm to low frequency of H, whereas it is actually 
found as  0.4 ppm to high frequency of H,. This deshielding was said to  be more 
appropriate to  a carbonyl-like anisotropy of the S=O bond3’v4’. The marked 
preference for axial S=O is analogous to  the anomeric effect in carbohydrates4* and 
has been rationalized3’ in terms of the gauche effect4’, although stereoelectronic effects, 
as described by D e s l o n g ~ h a m p s ~ ~ ,  can also be succesfully applied. The stereoelect ronic 
argument is that preferred conformations have lone pairs in an anti-relationship to  polar 
bonds. 

There d o  not appear to  have been any reports of I3C NMR chemical shifts for 
sulphinic esters. Freeman3’ reported I3C NMR shifts of 621.41 and 60.18 ppm for one 
pair of stereoisomers (tentatively assigned as R , R  and S , S )  of the anhydride 
(CH,),CS(O)OS(O)C(CH,), and 621.59 and 60.70ppm for the other (possibly R, S) 
stereoisomer. 

The oxidation of disulphides has received much attention and consequently the NMR 
spectra of thiosulphinates have been well reported. Proton chemical shifts for a series of 
thiosulphinates are shown in Table 4. For many x and x’ methylene groups the protons are 
diastereotopic as the sulphinate sulphur atom is chiral. This is discussed in detail in 
Section II.C.2. There are several interesting aspects to the proton chemical shifts of 
thiosulphinates. Simple inductive effects would suggest that, in the series illustrated by 1,2 
and 3, the protons (and carbon nuclei) should be progressively deshielded in the order 
3 > 2 > 1. This general trend is followed adequately except in the case of the a’-protons 
of the thiosulphinates 2 which are significantly more deshielded (by about 0.15 ppmZ8) 
than those in the thiosulphinates 3. The 8-protons in 2 and 3 have very similar chemical 
shifts and are both deshielded relative to 1 by 0.4-0.5 ppm’8.31. Oae and coworkersz8 
rationalized the strong a’ deshielding in 2 by proposing a polarization of the a’ C-H 
bond through interactions of the type shown in 4. A similar effect, but somewhat 
attenuated, can be envisaged for the 8-proton as shown in 5. 

Y B R  a 8 Y  

-CHz-CH2-CHz-S-S-CH2-CH2-CHz 

(1) 

Y B a 0  a’ p’ y’ 
II 

(2) 
r B a  0 a’ B’ 7’ 

II 

-CH, -CHz-CH, -S--S--CH~-CH2--CH~ 

-CH 2 -CHz -CH, - S- S -CH, -CH, -CH, 
I1 
0 
(3) 

/ 
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Freeman31 proposed that structures such as 4 may be partially responsible for the 
observed effects, but suggested that the data shown in Table 5 is not consistent with this 
being the only explanation. The chemical shift difference between the a‘-protons of 7 and 
those of 9 is about 0.14ppm whereas the related protons in 6 and 8 have the same 
chemical shift. 

Complementary phenomena to  the anomalous a’- and /?-proton chemical shifts are 
found in the I3C NMR spectra of thiosulphinates. Table 6 gives I3C NMR shifts for 
some thiosulphinates and Table 7 gives substituent effects for thiosulphinates and 
thiosulphonates relative to the parent disulphides. In these cases the substituent effect is 
most appropriately referred to  the disulphides as they are frequently precursors or found 
in the same reaction mixtures. 

The a-carbons are deshielded in the order RSO, > RSO > RS, according to the 
electron-withdrawing properties. The @’-carbon nuclei of thiosulphinates are generally 
shielded by 6-8 ppm relative to the disulphide (and by about 4 ppm relative to the 
thiosulphonates). The /?-carbon nuclei are also generally shielded by about 6 ppm. 

It is generally agreed9*31.32 that the a-carbon deshielding has a similar origin to the 
a-proton deshielding, in inductive effects and the b-effect of the sulphinyl oxygen44. 

The strong shielding effect on the a’-carbon in the thiosulphinates has been 
to some or all of the following: hyperconjugation, sulphur lone-pair donation into the C- 
S c* orbital or hydrogen bonding effects as illustrated by 428. Conformational effects are 
also important in determining the magnitude of the r’-carbon shielding32. It has been 
observed’ that as the steric bulk of R and R‘ increases, so the magnitude of the o’ shielding 
decreases. It was suggested’ that for larger groups, contributions from hyperconjugation 
and/or back donation increase, with the effect that the inductive effect at C-a’ is increased. 
Shielding is thereby reduced. 

Similar arguments can be made for the shielding effects on C-b. The syn-axial effect is 
also observed in cyclic t h i o s ~ l p h i n a t e s ~ . ~ ~ .  The papers by Evans’ and Freeman3 
contain more detailed analyses of thiosulphinate chemical shifts. 

4. Sulphinamides 

The NMR spectroscopy of sulphinamides RSONR’R” is particularly interesting in view 
of the chirality at sulphur and the configuration at nitrogen being potentially planar or 
pyramidal. In terms of chemical shifts, shieldings and coupling constants there are, 
however, few surprises. Table 8 lists the ‘H chemical shifts of many sulphinamides. 

TABLE 5. Comparative ’H NMR chemical shift data for 
thiosulphinates and thio~ulphonates~~ 

Compound GIH/ppm 6 H z  

C6H,S(0)CHzEHzCH~ (6) 1.66 

C6H5S(0)SEHzCH3 (7) 3.13, 3.16“ 

C,H5SOzCHzEH,CH3 (8) 1.66 

C6H$OzS&IZCH3 (9) 3.0 

“Diastereotopic protons 
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The chemical shifts of the methyl groups in CH3SON(CH,), are about 62.5 ppm for the 
CH,-SO protons and about 62.68ppm for the NCH, protons48. For CH,CON(CH,), 
the 'H chemical shifts are 62.10ppm for the CH,CO protons and the mean value of the 
two NCH, singlets is at 63.0ppm' lb.  So, as with the sulphinates, the a-protons are more 
shielded than in the carbon analogue, but the So protons are less shielded. In RSONHR2 
compounds coupling between the NH proton and the H-a' protons was observed45, as is 
often the case with amides' lb. 

In compounds RSONR'R', where R' = R", the protons in R'  and R 2  are isochronous 
at ambient t e m p e r a t ~ r e ~ ~ - ~ ~  owing to rapid exchange of environment between R '  and 
RZ. This is discussed in detail later. 

There have been two studies using proton NMR spectroscopy to probe the 
transmission of substituent effects across the N-S bond in s ~ l p h i n a m i d e s ~ ~ * ~  '. 

Mori and Ueda" examined the 'H NMR spectra of some para-substituted derivatives 
of PhSONHPh. There was no variation in the aromatic proton chemical shifts of the 
phenyl ring adjacent to sulphur when the N-phenyl ring bears the substituents, but the 
N-proton shift was affected. This was taken to suggest that there is little double-bond 
character in the N-S bond, but there is significant double-bond character in the bond 
between sulphur and its phenyl substituent. 

Davis and coworkers50 measured the 'H NMR spectra of compounds of the general 
formula shown in 10. 

0 

XC,H,q SN=C " 79 
(10) 

The Hammett constant, p, was measured by plotting the value of the hydroxyl proton 
chemical shift against the U-values for the various substituents X. The value of p thus 
obtained was suggested to be a measure of the transmission of electronic effects through 
the N-S bond. The effect of the substituents, X, on the imidoyl proton chemical shift 
was also measured. The related sulphenamides did show transmission of electronic 
effects across the N-S bond, possibly through d orbital involvement. There was no 
effective transmission of substituent effects in the s~ lph inamides~~ .  The results are 
compatible with those of Mori and Ueda". 

A limited amount of 13C NMR shift data are available for s ~ l p h i n a m i d e s ~ ~ ~ ~ ~  
(Table 9). In aromatic sulphinamides C6HsSONR2 the aromatic C-1 is about 9 ppm 

TABLE 9. 13C NMR chemical shifts of some sulphinamides, RSONR'R" 

R R' R" H-a H-a' H-a" Ref. 

52 CH, H H 48.9" - - 

CH, CH, H 40.0" 25.8 c 52 
CH, CH, CH, 39.p 36.1 53 
C,H, CH, CH, d 36.1 54 

"Acetone solvent. 
bNeat liquid. 
'Both methyl carbons isochronous at ambient temperature. 
'Neat liquid; aromatic ring resonances, C-I, 144.3; C-2, 6, 125.9 C-3. 5. 128.9; C-4, 
130.8 ppm. 
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TABLE 10. One-bond carbon-proton coupling constants ['J(CH)/Hz] for some sulphinamidesSz 

Aliphatic 
Compound Solvent S-CH, 

CH,SONH, Acetone 139.1 
CH,SONHCH, Neat 137.3 

Acetone 137.3 
CH ,SON(CH 3)2 Neat 137.1 

Acetone 137.1 
C6H,SON(CHdz Neat 

Aromatic Aliphatic 
C-2,6 C-3,5 C-4 N-CH3 

137.3 
137.3 
137.2 
137.2 

164.2 162.5 161.0 

more deshielded than in the equivalent ~ u l p h o n a m i d e ' ~ . ' ~  and is said to  be largely an 
inductive de~hielding '~.  Mesomeric effects may be more important in sulphonamides. 
On the other hand, the N-methyl carbon nuclei in sulphinamides are less deshielded than 
those of the corresponding s~lphonamides '~.  The one- bond C-H coupling constants 
in sulphinamides are given in Table 10. The S-CH coupling constants are nearly the 
same in sulphinamides and sulphonamides, but those for the N-methyl groups are 
slightly smaller (1-2 Hz) in sulphinamides than in s~ lphonamides '~ .  The I3C NMR 
spectra of sulphinamides differ sufficiently from sulphonamides and sulphenamides to 
allow identification, but are not sufficiently well defined for complete structure 
 determination^'^-'^. 

5. Sulphinyl chlorides 

The main interest in the NMR spectra of sulphinyl chlorides is again the effect of the 
chiral sulphur atom on neighbouring groups. There are some scattered ' H  NMR 
chemical shifts"-59 but no systematic study. 

In CDCI, the methylene protons in CH,CH,SOCI are isochronous and appear a t  
63.30 ppm with the methyl resonance at  6 1.39 ppm. The additional deshielding effect of 
the chlorine atom is clearly observed, when compared with the 62.6 ppm typical for 
RCH,SOOR' in sulphinates (see Table 3). Other 'H NMR shifts will be shown later in 
the discussion of dynamic effects in sulphinyl chlorides. 

TABLE 1 1 .  I3C NMR chemical shifts and substituent constants for some sulphinyl chlorides13 
(RSOCI) 

CH, 52.42 54.5 
CH,CH, 58.44 52.5 5.72 -0.2 
CHdCHz)zCHz 64.35 51.2' 24.26 -0.2 21.68 -3.3 13.65 0 4  
(CH3)ZCH 62.17 46.1 14.46 -1.1 
(CH,),C 64.41 40.1 22.47 -2.7 
(CHACCHz 79.24 51.3 32.73 1.2 29.55 1.6 
C6H5CHZ 71.12 49.8 

~~ ~ 

""C chemical shift/ppm in CDCI, with TMS standard. Measured at 62.89 MHz, except for R = (CH,),CCH, and 

'Chemical shift differences from the same carbon of the corresponding alkane14. 
'Reported as 57.9 in Reference 13: recalculated from the original data to be 51.2ppm. 

CH,CH, which were measured at 22.63 MHz. 
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Some systematic data are available for the 13C NMR parameters of sulphinyl 
chlorides13. The data are given in Table 11. The pattern in shielding effects is very similar 
to that for the parent sulphinic acids. The a-carbon nuclei are more deshielded than 
those in the equivalent sulphinic acid by about 6-8 ppm, and this can be understood in 
terms of the greater electron-withdrawing ability of the -SOCI group. As with the 
sulphinic acids, increased alkyl substitution on the a-carbon diminishes the deshielding 
effect, by about 8.1 ppm for each additional methyl group. 

B. Yultinuclear Studies of Sulphinic Acids and their Derivatives 

In addition to carbon and hydrogen, the element in common to all sulphinic acids and 
their derivatives is sulphur. The isotope 33S is present in 0.76% natural abundance and 
has spin , and a receptivity of 0.097 relative to I3C. Some hundred or so 33S chemical 
shifts have been reported60 but the only compound related to sulphinic acids is SOCI,, 
which has a 33S chemical shift6' of 2lOppm relative to SO:-. In general, the linewidths 
of sulphinic acid derivatives are too broad for measurement, owing to the unsymmetrical 
electron distribution around sulphur. The large 33S NMR linewidths of RSOX 
compounds compared with the narrow 33S NMR linewidths in RSO,X have been used 
diagnostically6' to distinguish between the two possible structures 11 and 12. 

0 0 
I1 II 

II 
0 

(11) (12) 

p-ToISCOOCH3 p-TolS - 0 - COOCH 3 

The 33S NMR spectrum gave a signal oflinewidth 283 Hz which could not correspond 
to It6'. The chemical shift 6314 ppm, relative to carbon disulphide ( - 20.2 w.r.t. SO:-), 
is also in the same region as other sulphonyl derivatives, confirming 11 as the correct 
structure. 

After sulphur the most common 'other nucleus' in sulphinic acid derivatives is oxygen. 
The nucleus "0 is now relatively commonly used in NMR studies, despite having a 
natural abundance of 0.037%, a receptivity of 0.61 compared to  carbon and being 
quadrupolar with spin 4 . The usual standard for "0 NMR is H,O, and here all shifts 
are referenced to water, usually as  an external standard. The available I7O shifts are 
given in Table 12. Sulphinyl oxygen atoms are considerably shielded relative to  
sulphonyl oxygen atoms (6 150-170 ~ p m ) ' ~ .  The I7O chemical shifts of sulphinamides 

TABLE 12. 1 7 0  NMR chemical shifts of some sulphinic acid 
derivatives 

Compound 6 70/ppma Solvent Ref. 

CH,SON(CH,), 79 neat 54 
78.5 acetone 52 

CH,SONHCH, 92.2 acetone 52 
C6H 5.S0N(CH3)2 65 neat 52 
CH,SOSCH, 73 63 
CH,CH,SOSCH,CH, 64 63 
(CH3),CHSOSCH(CH,)2 57 63 

"Relative to external H,O 
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TABLE 13. "N chemical shifts of some sulphinamides 

Compound 6 15N/ppm" Solvent Ref. 

CHWN(CHJz 

C,H,SON(CHJz 
CH,SONH, 
CH,SONHCH, 

CISON(CH 3)2 

CISON(CH,CH,), 
CISON(CH(CH,),), 
CISON(CHCH 3(Cz H 5 ) ) 2  

- 308.9 
- 309.2 
- 305. I 
- 285.4 
- 302.1 
- 303.4 
- 261 
-235.4 

I- 218.Sb 
-216.0 

1-219.9 

neat 
acetone 
neat 
acetone 
neat 
acetone 
neat 
neat 
neat 
neat 

54 
54 
54 
52 
52 
52 
65 
65 
65 

65 

'Relative to external CH,NO,, negative values to low frequency. 
T w o  diastereomers present. 

(65-79 ppm) are greater than those of the corresponding sulphoxides (2- 13 ~ p r n ) ~ ~ .  
There are too few "0 shifts available to comment on any other trends or special effects 
associated with sulphinic acid derivatives. 

The 15N chemical shifts for some sulphinamides have been m e a s ~ r e d ~ ~ - ~ ~ * ~ ~  and are 
reported in Table 13. It is interesting to note in Table 14 the relative orders of ''N 
chemical shifts for the two series CISO,N(CH,), and CH3S0,N(CH,),. The a-chloro 
atom is significantly deshielding as expected on electronegativity arguments. However, 
the more interesting observation is that the order of shifts is different for each series. 
From electronegativity values alone the order of chemical shifts (from low to high 
frequency) is expected to be sulphonamide > sulphinamide > sulphenamide. That is the 
order observed for the S-CH, series54, but for the S-CI series the order sulphina- 
mide > sulphonamide > sulphenamide is observed65. It may be that pn-dn interactions 
are stronger in CISON(CH,), than in the corresponding sulphonamide, with the effect 
being enhanced by the z-chloro atom. The geometry around the sulphonamide nitrogen is 
said to have more sp' character than that in the sulphinamides (see later) but this cannot 
provide a complete explanationb5. It is difficult to  rationalize the differences in I5N 
chemical shifts for the compounds with different oxidation states of sulphur and between 
the two series. More work is required in this area. 

The 15N shifts in the CH,SONH,(CH,),-, series show an increased shielding of 
17 ppm on going from n = 2 to  n = I and a further 6 ppm shielding for n = 1 to  n = 0. 
In the series CISO,N(CH,),, CISO,N(CH,CH,), and CISO,N[CH(CH,),], the 

TABLE 14. The "N chemical shifts for two series of sulphinamides, sulphonamides and 
sulphenamides 

Compound 6 "N/ppm Ref. Compound 6 I5N/ppm Ref. 

CISO, N(CH ,), - 273 65 CH,SO,N(CH,), - 300.7 54 
CISON(CH,), -261 65 CH,SON(CH,), - 308 54 
CISN(CH,), - 304 65 CH,SN(CH,), -355" 54 

__ 
"Extrapolated; CH,SN(CH,CH,), has 6 "N. - 335 ppm and substitution ofeach methyl group on the or-carbon is 
generally deshielding by about 10 ppmb5. 
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TABLE 15. D i k e n c e s  Ad "N between the chemical shifts of some sulphur amides and the 
corresponding secondary a m i n e ~ ~ ~  

SCI 65.3 (14.8) 59.0 (12.5) 56.8 
SOCl 108.4 ( 12.9) 98.3 (9.7) 90.5 
S0,CI 96.1 (10.1) 80.5 (6.7) 66.5 

"/j and 8' correspond respectively to the efTect on S "N of the first and second substitution on the m-carbon to 
nitrogen. 

variations in 15N chemical shift from those of the parent secondary a m i n e ~ ~ ~ . ~ ~ ,  
HN(CH,), etc., are shown in Table 15. 

The relative values of f i  and B' (the effect on 6"N of increasing substitution at the 
r-carbon) are claimed6' to reflect the degree of planarity at the nitrogen atom. Small 
values of B and j3' are said to indicate sp3 nitrogen. Hence the order of sp3 character is 
suggested to be sulphonamides > sulphinamides > sulphenamides. So sulphinamides are 
not planar at nitrogen according to this analysis65 but are somewhat flattened relative to a 
purely sp3 hybridized nitrogen atom. Some corroboration of this view may be found in the 
observation that the 'J(NH) coupling constant in sulphinamides is about 80Hz5'. The 
'J(NH) coupling in amides, where N is planar, is about 90-100 Hz and that in alkylamines 
is about 65 H z ~ ~ .  

The I9F NMR spectra of a few fluorosulphinates FSOOR have been reported7' and 
have quite different chemical shifts from fluorosulphenates FSOR. 

Given the variety of NMR active nuclei that can be present in sulphinic acids and their 
derivatives, the multinuclear NMR data are rather limited; however, the reported data 
show that there is scope for further interesting work. 

C. Dynamic NMR of Suiphinic Acids and their Derivatives, and the Effect 
of Chiral Sulphur on NMR Spectra 

1 .  introduction 

The sulphur atom in sulphinic acids is effectively tetrahedral as shown in 13. 

X 

Y 

(13) 

The effect of a chiral centre on the NMR spectra of neighbouring groups wit..in a 
molecule has long been recognized and the principles elucidated". There are however 
certain misconceptions that occasionally impede the interpretation of NMR spectra of 
sulphinyl compounds, and in particular the interpretation of temperature-dependent 
NMR spectra. The general principles of the effect of chiral groups on NMR spectra as they 
apply to sulphinic acids and their derivatives are outlined briefly below. 

In molecules such as 14 and 15 the groups A and B are diastereotopic and therefore 
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magnetically anisochronous, so the nuclei comprising A and B are expected to have 
different chemical shifts. A and B cunnot be made isochronous simply by rotation 
about chemical bonds. If we take the simple example of an ethyl group attached to S in 14 
(A= B = H, R=CH,), the methylene protons are diastereotopic and the three 
staggered conformations are shown in 16-18. 

A=B=H,CH3 e tc .  

R,R'=H,CH3,01kyl, o ry l  

R' R ' # A , 0  2 ' :,;i\ .. Y HR 

A 0  

(16) (17) (18) 

Regardless of the conformational preference, if any, for 16,17 or 18, Ha and H, can never 
be in the same magnetic environment, nor can rapid rotation make the average 
environment identical, except through accidental equivalence. The integration ratio of 
H,:H, must always be 1 : 1 if they have different shifts. There can only be two possible 
explanations if Ha and H, (or other diastereotopic groups) have the same chemical shifts: 
either their chemical shifts are fortuituously or accidentally equivalent, or the sulphur 
atom is undergoing inversion of configuration rapidly on the NMR time scale. It is 
possible that in one or more conformations the protons Ha and H, could be accidentally 
equivalent, but anisochronous in other conformations, in which case if the conformational 
population changes with temperature so will the NMR spectrum. This is perhaps a rather 
unlikely combination of circumstances to account for apparent inversion of sulphur. 

When there are two chiral centres within a molecule there are four stereoisomers 
possible, if each chiral centre is different. 

The compounds 19 and 20 are enantiomers and will have identical NMR spectra in 
achiral solvents. The compounds 21 and 22 are also enantiomers, with identical NMR 
spectra, but they differ from 19 and 20 as they are diastereoisomers. It is therefore expected 
for a mixture of 19-22 that two sets of resonances will be observed in the NMR spectra. If 
the two sets of resonances coalesce to one set as the temperature is increased, then the 
configurntion at either S or Y is being inverted fast on the time scale. As 19-22 are all 
different compounds, conformational changes by rotations about bonds cannot inter- 



146 A. R. Bassindale and J. N. Iley 

change one compound with another. The molar ratio of 19 and 20 to 21 and 22 is not 
necessarily, or even usually, 1 : l .  The ratio depends on the internal energies of the 
diastereoisomers, their method of preparation and whether their populations are 
equilibrating under measurement conditions. 

The only set of compounds where these principles need any modification is the 
sulphinamides and these are discussed later in the section. 

2. Diastereotopism in sulphinates and thiosulphinates 

We have been unable to find examples of magnetic inequivalence of diastereotopic 
groups in sulphinic acids, although there does not appear to  be any fundamental reason 
why this should be so. There are however very limited NMR data for sulphinic acids (see 
Section II.A.2). 

As early as 1961 Waugh and Cotton72 and Kaplan and Roberts7, showed that the two 
methylene protons in C,H,SOOCH,CH, were anisochronous and have different 
chemical shifts. The chemical shift difference is 0.434 ppm and the geminal coupling 
constant 'J(HH) is 10.0Hz. This geminal coupling constant is similar to that in FSO 
OCH2CH, which is reported to be 9.8 Hz7' although the chemical shift non-equivalence is 
very small, 0.09 ppm. Other studies have also noted such geminal non-equivalence2 
Norton and Douglass" examined the chemical shift non-equivalence for sulphinates, and 
compared the effect on the 'H NMR spectra of diastereotopic groups adjacent to oxygen 
with those adjacent to sulphur. The isopropyl esters of a variety of sulphinic acids all 
showed chemical shift non-equivalence of the diastereotopic methyl groups as shown in 
Table 16. The non-equivalence is particularly pronounced for the ester of phenylsulphinic 
acid the phenyl group appears specifically to enhance shielding of the more shielded 
methyl group (61.15ppm) while having almost no effect on the other methyl group 
(6 1.33 ppm). 

Surprisingly, esters of 2-propanesulphinic acid show little or no intrinsic non- 
equivalence in the 'H NMR in most cases2'. The isopropyl methyl groups in 
(CH?),CHSOOCH, show no difference in chemical shift in lo:;:, CCI,. In benzene 
solution the isopropyl methyl groups in (CH,),CHSOOCH, d o  show some difference 
(0.05 ppm) attributed to a specific interaction with the phenyl ring2'. Figure 2 shows the 
effect of temperature on the non-equivalent methyl groups in neat CH,SOOCH(CH,), 
(23) and (CH,),CHSOOCH, (24) in benzene solution. The ' H  NMK spectrum of 23 is 
essentially invariant to 102 "C, after which some coalescing is observed. By contrast the 
spectrum of 24 is much more temperature dependent, and this is accounted for by 
progressive decomplexation of the benzene and 242'. There does not appear to be any 
further systematic study on the anisotropic effects of the sulphur atom on diastereotopic 
groups. It is possible that the equivalence of the diastereotopic protons bonded to S in 

TABLE 16. Chemical shift non-equivalence in some sulphinates 
RSOOCH(CH,),* 

~ 

R SCH,/ppm" AS/ppm SCH/ppm 

CH, 1.28, 1.32 0.04 4.42 
CH,CH, 1.25, 1.31 0.06 4.42 

CI 1.47, 1.52 0.05 5.46 
C6H5 1.15, 1.33 0.18 4.50 

CH,CH,CH, 1.27, 1.33 0.06 4.39 

'10% wjw in CCI, 35°C. 60MH& 'H NMR spectra 
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31OC 49OC 76OC 102OC 132OC 

( a )  

( b )  
FIGURE 2.  The ‘ H  NMR spectra of the diastereotopic methyl 
groups in (a) CH,SOOCH(CH,), and (b) (CH,)2CHSOOCH, in 
C,H, at a variety of temperatures 

sulphinates is a very limited effect with no general significance. In the thioester series 
compound 25 shows magnetic non-equivalence for both sets of diastereotopic methylene 
protons. a and a’, in CDCI, with A6 0.05 ppm for the a-protons and Ah 0.15 ppm for the u’ 
protons3’. For compound 26 both the B and 8’ methyl carbon nuclei show magnetic non- 
equivalence’ with the difference being 0.9 ppm for the /I carbons but only 0.1 ppm for the p‘ 
carbon nuclei (Table 6). Additionally, the y-methyl groups are non-equivalent in 
compound 27 (Ah, 1.0ppm) while the y’ groups are isochronous9 (Table 6). 

0 0 
I1 II 

(CH3)3CH,SSCH,(CH,)3 (CH,),CHSSCH(CH,), 

0 
II 

(CH,),CHCH,SSCH,CH(CH,), 

Y Y’ 
(27) 
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Oae and coworkers” observed only one ”C NMR methyl resonance for 28 and 29. 
Each of these compounds has two chiral centres and can therefore exist as two pairs of 
diastereoisomers, so that two methyl I3C NMR resonances would be expected for each of 
28 and 29. It was suggested that the diastereoisomers are in rapid equilibrium through a 
rapid cleavage and recombination of the S-S bond, as had already been suggested for 
ArSOSR racemi~ations’~.~~. These are no other reports of dynamic phenomena for 
sulphinates or thiosulphinates, but the indication is that in these compounds the sulphur is 
generally maintaining its configuration at ambient temperature or above* I as magnetic 
non-equivalence is usually observed. 

3. Diastereotopism in sulphinamides and the mechanism of exchange of magnetic 
environment of the nitrogen ligands 

The dynamic behaviour of sulphinamides, although superficially simple, is actually 
quite complex and has been the subject of some controversy. There are three related but 
different types of mechanism possible for ligand interconversion in the sulphinamides, 
shown in Figure 3-5. If the nitrogen atom has a planar configuration, then the ligand 
interconversion is directly analogous to that in a m i d e ~ ~ ~ ,  but the available evidence does 
suggest that the nitrogen is not ~ l a n a r ~ ’ . ~ ~ .  The mechanism for planar nitrogen is shown in 
Figure 5, and those for ligand interconversion with sp3-type nitrogen are given in Figure 3 
and 4. 

Initially4* it seemed that there was fast exchange between the groups on nitrogen 
through fast rotations about the N-S bond coupled with fast inversion of configuration ” 
at nitrogen, or possibly fast rotation about N-S with a planar nitrogen configuration. 

0 
\ 
vS- R 

I n v e r  s ion,  low 

FIGURE 3. Ligand interconversion in sulphinamides with either rotation 
limiting 

or inversion rate- 
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trons i t ion  s t a t e  

with planar  

n i t r o g e n  

FIGURE 4. Concerted rotation-inversion in sulphinamides 

FIGURE 5. Slow rotation about planar nitrogen in 
sulphinarnides 

0- 

I +/CH3 C13C-s=N i +/CH3 - C13C-S=N 
lo /CH3 

CH3 
\ 

CH3 
\ 

CH3 
\ 

C13C-S-N 

FIGURE 6. Resonance canonicals for a sulphinamide 

This was based on the observation4' that in CH,SON(CH,), only one N-methyl 
resonance was observed, even at low temperature ( - 60 "C). The configuration at  sulphur 
in sulphinamides is stable, as shown by the diastereotopic methyl groups in 
(CH,),CHSON(CH,), giving separate signals in the 'H NMR4*. Jakobsen and Senning7* 
subsequently observed non-equivalence in the methyl groups of CI,CSON(CH,), at 
temperatures below - 46 "C (60 MHz) which they attributed to restriction of rotation 
about the N-S bond through (p-d)x bonding as shown in Figure 6. A line-shape analysis 
of the temperature variation of the 'H NMR spectrum of CI3CSON(CH,), gave the 
activation parameters shown in Table 17. Raban79 disputed the interpretation involving 
(p-d)n bonds on the grounds that there is little geometric requirement for such bonds. He 
proposed79 that the temperature dependence of the NMR spectrum of CI,CSON(CH3), 
could be explained if nitrogen were undergoing slow inversion (see Figure 3), presumably 
with fast rotation about the N-S bond. This suggestion has not met with great 

TABLE 17. Activation  parameter^'^ for CH, interconversion in CI,CSON(CH,), 

- 4 6 f 2  19.5 & 0.2 39.2 4 49.7 f 4.2 31.8 & 4 - 79 & 20 

'The separation in Hz between the N--CH, resonances in the absence of exchange at - 82°C. 
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TABLE 18. Activation parameters for nitrogen ligand interconversion in some solphinamides 

A. R. Bassindale and J. N. Iley 

Compound Av/Hz" T,/ c' AG:/kJ mol Ref. 

CISON(CH,), 

CISON(CH,CH,), 
CISON(CH,C,H,), 
CISON(CH,CH(CH,),), 
CISONCH(CH,), 

FSON(CH ,CH 3)2 
FSON(CH,), 
FSON(C(CH,),), 
FSON(CH(CH,)z)z 
BrSON(CH ,), 

FCI,CSON(CH,), 

3.8 
3.6 
3.3* 
3.9 
5.5 
lob 
7.3Sb 
1.8 
3.6 

7.Sd 

7.0 
3.5 
3.2 

18.8 

-44 
- 35 
- 48 
- 39 
- 37A 
- 29 
- 19 
- 14 
- 17 
- 105 
- 99 
- 102 
- 82 
- 27 
- 27 
- 59 

50.6 
53.5 
47.6 
52.2 
52.4 
53.1 
56.0 
61.5 
54.3 
4 35 
z 35 
z 35 
41.8 
56.5 
55.6 
45.1 

80 
47 
46 
57 
82 
80 
80 
80 
57 
80 
46 
80 
80 
80 
47 
47 

"Difference in chemical shift between diastereotopic methyl protons unless otherwise stated 
bFor methylene protons. 
'T,-Coalescence temperature at 60 MHz in CH,CI,. 

CFCI, solution. 

acceptance and most subsequent papers retain the argument that N--S bond rotation is 
slow45-47.80 . Activation parameters for other sulphinamide interconversions are given in 
Table 18. It is clear that electron-withdrawing groups on sulphur increase the barrier to 
ligand interconversion, and the barrier increases with increasing bulk of the ligand on N 
(as would be appropriate for a rotational p r o ~ e s s ) ~ ~ . ~ ' .  The origin of the barriers to  
rotation (or inversion) is still a matter for debate. For rotation it has been suggested46 that 
lone-pair-lone-pair interactions could be important. Subsequent to the published work 
on sulphinarnide dynamic processes, Cowley, Wolfe and coworkers8' published a 
theoretical interpretation of the N-P torsional process in aminophosphines, which is 
analogous in some ways to the sulphinamide torsional process. They suggested that in the 
N-P torsion the geometry of the nitrogen atom changed as a function of the dihedral angle 
so that a 'rotation' in fact incorporates both inversion and rotation. An extension of this 
mechanism to sulphinamides is shown in Figure 4. This concerted rotation/inversion does 
seem quite well suited to  the sulphinamide dynamic processes, but no computational 
studies have been carried out on this system. The mechanism of ligand interconversion in 
sulphinamides has not been completely elucidated and could be fruitfully restudied using 
modern NMR techniques. 

One further complication arises in the NMR spectra of halosulphinamides. In 
compounds such as 30, at  the low-temperature limit it would be expected from symmetry 
arguments that each proton Ha-H, would give rise to  a separate resonance. However, in 
30 and other derivatives such as the N-benzyl derivative only one signal was observed for 
each methylene g r o ~ p ~ ' . ~ ' .  It was suggested that this may result from fast inversion of 
configuration at  sulphur through halide exchange". Halide exchange was demon- 
strated*' (but not shown to be fast on the NMR time scale) and has precedent in other 
studies of sulphinyl halide racemization". Rapid inversion at N would render Ha  and H, 
(H, and Hd) enantiotopic rather than diastereotopic while maintaining the diastereotopic 
relationship between Ha and H, (and so on). For further comment on this see the next 
section. 
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(30) 

The question of silatropism has been investigated for monosilylsulphinarnidess3 and 
bissilylsulphinamides. The monosubstituted compounds have the N-silyl forms3, whereas 
the bissilyl compounds, by 29Si NMR analysis, appear to  have the NO bisimido form, with 
the possible exception of C,H,SON(SiMe,), which may have the N ,  N bissilyl forms4. 

4. Diastereotopism in sulphinyl halides 

In contrast to  the chlorosulphinamides, the sulphur in sulphinyl chlorides is frequently 
configurationally stable, on the NMR time scale, a t  ambient temperature. King and 
B e a t ~ o n , ~  observed separate 'H NMR signals for the two diastereoisomers of 
CH,CHCISOCI. The diastereoisomers were present in unequal amounts showing some 
asymmetric induction at S. 

Three groups independently published data56-58 on isopropylsulphinyl chloride 
showing that the two methyl groups are diastereotopic in several solvents. The data are 
given in Table 19. Taddei and coworkers56 showed that as the temperature of the CS, 
solution was decreased, the methyl groups in (CH,),CHSOCI became anisochronous and 
A6 increased to 0.03 ppm at - 80 "C. This behaviour was attributed to a conformational 
effect, but inversion at  sulphur appears to be a more likely explanation. Rinne and 
Blaschette,' found that, on heating, the diastereotopic methyl resonances in 
(CH,),CHSOCI in benzene solution coalesced at 54 "C. They suggested that inversion at 
sulphur was responsible for this dynamic behaviour. A rough estimate of AG* from M/Hz 
and T, for the dynamic process in (CH,),CHSOCI is 75kJmol-I in C6H,, and 
72k Jmol- '  in CS,. The AG* values are in good agreement and suggest that the same 
process, inversion at  sulphur is occurring in each case. Thus it may be that for 
(CH,),CHSOOCH, the temperature dependence2' (see Section II.C.2) is not a result of 
benzene-sulphinate complexation, but is an inversion at  sulphur. 

A plausible explanation for the optical stability order of sulphinic acid derivatives is that 
sulphur is susceptible to nucleophile-induced racemization, either by halogen-halogen 
exchanges0 or by a more direct route. Silicon compounds are well known for their facile 
ligand exchanges in the presence of nucleophiless5. As sulphinamides contain the NR, 

TABLE 19. The 60MHz 'H NMR spectra of the diastereotopic methyl 
groups of (CH,),CHSOCI in various solvents at ambient temperature 

Solvent 6CH,'/ppm 6CH,h/ppm Ah/ppm Ref. 

CDCI, 1.462 1.482 0.02 46 
cs, 1.430 1.430 0.00 56 
(CD,)zcO 1.450 1.450 0.00 56 
'bD6 0.95 1 0.983 0.032 56 
C6H6 1.01 I .04 0.03 58 
'bHb 1.015 1.04 0.025 51 
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group which is nucleophilic, these molecules could be expected to be more labile than 
sulphinyl chlorides, for which no nucleophile is present. In such cases adventitious 
moisture could provide trace amounts of chloride ions to catalyze the ligand exchange 
process. 

Taddei and coworkerss6 reported that the methylene protons in CH,CH,SOCI were 
anisochronous (solvent not reported), Mikolajczyk5’ could not see separate signals for the 
same protons, whereas Rinne and B l a ~ c h e t t e ~ ~  reported that the methylene protons in 
CH,CH,SOCI were anisochronous in benzene but not in CHCI,. As CH,CH,SOCI is the 
least hindered compound in which protons can be diastereotopic, it may be that inversion 
at sulphur is most facile. Differences in spectra may be due to differences in amounts of CI ~ 

available, as well as to anisotropic and other solvent effects. 
Pizey and coworkers59 studied the ‘H NMR of some isopropyl-p-ketosulphinyl 

chlorides, and conformational effects were said to be important in determining spectral 
features. 

5. The use of NMR spectroscopy in the measurement of enantiomeric excess and in 
determining the absolute configuration of sulphinic acid derivatives 

The enantiomeric excess of a number of sulphinates has been measurede6 using tris-[3- 
(trifluoromethyl-hydroxymethylene-( + )-camphorato]europium (TFMC-ELI)”. No dif- 
ference, however, was observeds8 between the enantiotopic methyl groups in racemic 
methyl p-toluenesulphinate in the presence of tris-[3-(t-butylhydroxymethylene)-( + )- 
camphorato]europium. 

Pirkle and c o w ~ r k e r s ~ ~ * ~ ~  have developed the use of the chiral alcohols 31 and 32 as 
solvents for use in both optical purity and configurational assignments in sulphinates and 
thiosulphinates. Specific solvation models are usedg0 to predict the configuration at 
sulphur. 

H H 

C6H5CCF3 r-NaphCCF, 
I I 

I I 
OH OH 

(31) (32) 

D. ClDNP 

N,N-Disubstituted hydroxylamines such as oximes”, ketoxirninesg2, N- 
alkylhydroxamic  acid^^'.^^, N-alkyl-N-hydroxycarbamate~~~ and the hydroxylamines 
themselvesg6 react with sulphinyl chlorides at low temperatures (ca -70°C) to form 
sulphinate esters of structure 33 (equation 2). Above approximately 0 “C, these sulphinate 

0 0 
I1 11 ,R’ 

‘R2 
‘NOH + R3SCI - R3SON 

R’ 
R2’ 

esters undergo a facile rearrangement to form, amongst other products, the isomeric 
sulphonamides 34 (equation 3). Ketoximines appear to give the highest yields of the 
sulphonarnide product 34, ca 85Xg2. The reactions can be monitored using 13C NMR 
spectroscopy, and the spectra display significant polarization effects. Therefore, part of the 
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0 0 

0 
(34) 

reaction at least proceeds via a radical process. For compounds 35 and 36, the imine 
carbon atoms are observed in emission, as are the carbon atoms attached to sulphur. In 
both compounds, the carbon atoms attached to the imine group exhibit enhanced 
absorbtion signals. Analysis of the spectra using a radical pair model and Kaptein's 
equation for the net effect (equation 4) predicts precisely this pattern of polarization if the 

0 0 
I /  Ph . II 

,C=NOSMe Ph. ,C=NOSPh 
Ph Me 

(35) (36) 

Tne = p A g  Ai (4) 

reaction proceeds via an in-cage recombination of radicals. Such an analysis requires (i) 
the assumption that the reaction involves a singlet state precursor (therefore p is negative) 
and (ii) the sign of Ai to be correctly calculated by INDO MO calculations. Both 
requirements are reasonable. The sign of Ag can be determined from the ESR spectra of the 
radicals involved (see Section 111). Thus, the mechanism of the rearrangement involves 
homolysis of the N-0 bond to form iminyl and sulphonyl radicals (equation 5). 
Recombination of these two radicals at the sulphur atom of the sulphonyl radical, at which 
there is significant spin density (see Section III.B.2), yields the sulphonamide product". 

0 0 
R'. I1 R', R '  II 
R2/C=N-OSR3 + ,,C=N"0,SR3 + ,>C=N-SR3 (5) 

R R II 
0 

For aldoximes the position is less clear cut". The deuterio compound 37 behaves in an 
analogous fashion to ketoximes, forming the sulphonamide 38 (and also benzonitrile) by 
an in-cage process (equation 6). Interestingly, the E- and Z-isomers of compound 37 give 

PhCN + MeS02D 

D/  
(37) 

0 

NSMe 

0 
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identical results, thus ruling out a six-electron cyclic pathway for the E-isomer”. The 
corresponding protio substituted compound (39), however, displays polarizations for the 
imine carbon atom, and the C-1 carbon of the phenyl group in the opposite sense. These 
observations lead to the conclusion that the rearrangement of compound 39 must involve 
an out-of-cage process from escaped radicals”. No explanation for this switch from an 
incage to an out-of-cage process on isotopic substitution has been forwarded. 

N-Hydroxycarbamates 40 rearrange via an in-cage recombination of the radical pair to 
form both the sulphonamide and sulphonate products 41 and 42 (equation 7)95. This 

,. 

(40) (7) 

reflects the ambident nature of the amidyl radical. Polarization effects can be observed in 
the ‘H NMR for both products; thus, 41 and 42 display emission for the protons of the Bu‘ 
group and enhanced absorption for the N-Me group, whereas the 0-Me remains 
unpolarized. A major product observed in this reaction is the carbamate 43 (equation 8), 

B “‘SO 2’ ‘,:COMe - M e N  OMc - M e H N  AOMe (8) 

0 

‘:I e s c a p e  

(43) 
,;/ MeN 

formed by escape of the amidyl radical followed by hydrogen atom abstraction. 
Polarization in the N-Me group of43 is observed as emission, i.e. the opposite sense to that 
observed for 41 and 42, as expected for an out-of-cage process. 

The related sulphinyl esters of N-alkylhydroxamic acids 44 generate the N- 
sulphonylamide 45 via an in-cage recombination of radicals, and the parent amide 46 via 
radical escape (equation 9). In this case, no recombination of the caged pair was observed 
to take place at the oxygen atom of the amidyl radical. For compounds 45 and 46 
polarization was observed in both ‘H and I3C NMR spectra: for 45, the aromatic C-1 
carbon exhibits emission, and the carbonyl carbon and N-Me carbon atoms enhanced 
absorption in the I3C spectrum, while the N-Me group exhibits emission in the ‘H 
spectrum; for 46, the carbonyl and N-Me carbon atoms appear in emission, and the 
N-Me protons in enhanced a b ~ o r p t i o n ~ ~ .  A further product, accounting for 16-32% of 
the total products of the rearrangement of 44, is the 0-sulphonylhydroxamic acid 47. 
This, too, exhibits polarization; the aromatic C-1 carbon appears in enhanced absorption, 
and the carbonyl and N-Me carbon atoms appear in emission while the N-Me signal 
in the ‘ H  NMR spectrum displays enhanced absorption. These polarizations are in the 
opposite sense to those observed for 45 and indicate recombination of escaped radicals. A 
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), ‘.- ‘ 0 2 S M e  
,,)( 0 /OSMe i 

4 - X C 6 H 4  N 4-XC6H4 N 
‘Me ‘Me 

(44) recombination /’ k s c a p e  (9)  

‘Me 
(45) (46) 

mechanism that accounts for the formation of compound 4793 is shown in equation 10. 
That both N-0 and S - 0  bond cleavages occur in these reactions is verified by the 
observation of the acylnitroxyl radical in the ESR spectrum. 

0. 

RCON 
I 

‘Me 

(47) 

MeSO. RCONMe 

0 
II c l e a v a g e  

HCON /OSMe 

‘Me MeSO; + RCONWMe 

RCO&Me MeSO; 

(10) 

Sulphinyl esters of N-arylhydroxamic acids behave similarly94, except that delocaliz- 
ation of the spin density in the amidyl radical onto the N-aryl ring enable further products, 
resulting from recombination of the RSO; with the ortho- and para-positions of the aryl 
ring, to  be isolated. Strong I3C polarization is observed, with the carbonyl carbon atom of 
the products formed by in-cage recombination appearing in emission while the carbonyl 
carbon atom of products formed by out-of-cage processes appear in absorption. 

Alkyl- and arylsulphinate esters of N,N-dialkylhydroxylamines also undergo in-cage 
radical recombination to form the corresponding sulphonamides. For N,  N- 
dimethylmethanesulphonamide 48, the N-Me and S-Me carbon atoms appear in emission 
in the 13C spectrum, while in the ‘H spectrum of the N-Me signal appears as enhanced 
absorption. The small coupling of the unpaired electron to the S-Me protons (see 

0 
II 

II 
0 

(48) 

Me N S M e 
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Section III.B.l) means that net polarization ofthe S-Me signal in the 'H NMR spectrum is 
not observed9'. 

111. ELECTRON SPIN RESONANCE STUDIES OF SULPHlNlC ACIDS AND 

A. Introduction 
DERIVATIVES 

1 .  Radicals of sulphinic acid derivatives 

Sulphinic acid derivatives of structure 49 can, in principle, exhibit tautomeric equilibria 
involving structures 49a, 49b and 49c. For the neutral molecules of sulphinic acid (X = 0) 
and sulphinamide (X = NR), spectroscopic data clearly identify tautomer 49a as the 
predominant structure (of course, for X = 0,49a = 49b)97-99. The sulphinate anion RSO; 
is best described as a resonance hybrid in a similar way to the analogous carboxylate 
anion, RCO; 98. A strictly parallel situation arises for radical species of sulphinic acid 

0 OH 0 
II I 11 

I/ 
X 

RS-XH RS=X RS-H 

(494 (49b) (494 

derivatives, where structures Ma,  50b and 5Oc are all plausible candidates. Indeed, as we 
shall see later, the experimental evidence points to a structure which can be thought of as a 
resonance hybrid of 9s-c .  ESR spectroscopy has been used to determine the structural 
nature of such radicals (u or n), the atomic spin densities, and the conformation of the 
SOX' group with respect to the R group. We shall describe each of these studies here, in 
particular for the RSO; (sulphonyl) and R'SONR*' (sulphinylamidyl) radicals. Radicals 
of the type RSOS' remain unreported. 

0 0' 0 
/I I I1 

RS-X' RS=X RS' 
II 
X 

(Ma) ( 5 W  (504 

Depending on the conditions, sulphinic acid derivatives can undergo a range of 
homolytic bond cleavage reactions to generate a variety of radical species: 

0 
II , R'SOX' + RZ' 

---+ R'' + R2XSO' 
R'S-X-R' - R'SO' + R'X' 

We shall only consider the formation of RSOX' in this section, leaving the formation of 
R 'SO and R'XSO' to be properly discussed in a future companion volume on the 
chemistry of sulfenic acid derivatives. 

2. Formation of radicals of sulphinic acid derivatives 

A useful, recent review detailing the formation of RSO; radicals is that of Freeman and 
Keindl"'. We shall therefore only provide an outline of the methods involved. The most 
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obvious route to RSOX' radicals is direct H-atom abstraction from RSOXH 
(equation l l) ,  and this is known for both RS0,'O' and R'SONR"'02. Indeed, the 
formation of RSO; from the reaction of dialkylsulphoxides, RSOR, with hydroxyl 
radicals, OH', ultimately involves a similar process (equation 12)'". However, other 

0 
II 

RSXH + Bu'O' - RSOX' + Bu'OH (11)  

0 0 
II II 

RSR + OH' - RSOH + R' - RSO; + RH 

simple, though equally direct, routes to RSOX' from a range of compounds that 
contain sulphur in various oxidation states are more commonly employed for ESR 
studies. These include halogen abstraction from sulphonyl halides (X = CI, F) by 
trialkylsilyl radicals (equation 1 3 ) ' O ' * '  04+lo5, radical addition to SO,'o 1.103bs' 06*'07 

and N-sulphinylamines (RNSO)"" [but not to sulphurdiimides (RNSNR)'09] 
(equation 14), photochemical cleavage of alkyl alkanesulphinates (but not ;Irene- 
sulphinates' '') (equation 15), and the oxidation of thiols, RSH" ', and disulphides, 

RS0,X + Et,Si' - RSO; + Et,SiX 
X=F, CI 

R' + O=S=X - RSOX' (14) 

0 

R'SO' + 'OR' - R'SOR' - R'SO; + R' 

RSSR"', by the Ti(III)-HzOz couple at pH 1-2, or of thiols"' and arenesulphinic 
acids'12 by Ce(1V) (equations 16 and 17). A somewhat less direct method involves 
the thermal rearrangement of the sulphinate ester 51 formed by the reaction of an oxime 
with a sulphinyl chloride (equation 18)9'.92. X-'13*' l 4  and y-irradiation' I s  of sulphones 
and y-irradiation of the sulphonic acid taurine' l 6  have also been used, but these clearly 
are not of general utility. 

(15) 
hv 

R 1  =alkyl 

hv II 
R ' = aryl 

(16) 
Ti(lI1) 

RSH or RSSR - RSO; 
HZOZ 

(17) 
C d W  RSH or RSO,H - RSO; 

0 0 
I' -HCI II 

R'RZC=NOH + R'SCI - R'R2C=NOSR3 

(51) 

-+ R ~ R ~ C = N -  + R~SO;  
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B. The Sulphonyl Radlcal, RSO; 

A. R. Bassindale and J. N. Iley 

1.  g-Values and hyperfine coupling constants 

Since the first ESR observation of an RSO; radical in 1959' 1 7 ,  there have been a series of 
quite detailed studies, both experimental and theoretical, which enable the nature of such 
radicals to be described. Table 20 contains 8-values and hypertine coupling constants for 
alkyl and aryl sulphonyl radicals in solution. (For reasons that will become apparent, the 
RSO; radical is generally referred to as a sulphonyl radical, despite i t  being formally 
related to sulphinic acid.) Some typical spectra of various RSO; radicals are shown in 
Figure 7, and these clearly demonstrate the coupling between the unpaired electron to 
a-CH, P-CH, 7'-CH and aromatic protons. The analysis of these spectra is contained 
in Table 20. 

Careful inspection of Table 20 enables some general observations to be made 
regarding g-values and the hyperfine coupling constants a(H) and a(X) (where X = F, CI 
etc.). These observations are listed below and we shall refrain from detailed analysis here, 
leaving such discussions to Section III.B.3 where the structure of RSO; is described. 

(i) g-Values are largely structure independent, ranging from 2.0041 -2.0055 for both 
alkyl and aryl sulphonyl radicals. Only for those arylsulphonyl radicals which contain 
more than one heavy element substituent, i.e. Br, does the 8-value exceed 2.0055, 
presumably due to spin-orbit coupling. At the lower end of the range, sulphonyl radicals 
in which the sulphur atom is directly bonded to a heteroatom appear to have, with the 
exception of C1, g-values ca 2.0035. g-Values are also solvent and temperature 
independent. 

(ii) Hypertine coupling a(H) to the a-, P- and y-CH protons of alkylsulphonyl radicals 
follows the trend: P-CH > a-CH z y-CH. Indeed, the hyperfine couplings observed for the 
a-CH protons are remarkably low (see later). A similar trend is noted for the alkenyl 
analogues. In contrast, the hyperfine coupling to fluorine a(F), cf. CF,SO; and 
CF,CH,SO;, follows the more usual trend a-CF > 8-CF. However, a small coupling to 
P-Cl has been observed, e.g. CICH,CH,SO;, whereas no coupling to an a-CI, e.g. 
CICH,SO;, has been reported. 

(iii) For the aromatic sulphonyl radicals, ArSO;, coupling to the protons of the aryl 
ring is observed. Thus, unpaired spin density is being transferred to the aryl ring. Originally, 
the size of a(H) was ordered ortho-H > para-H > meta-H'0'.112. This order has been 
corrected by the later work ofGilbert and c011eagues'"~ who showed that meta-H > para- 
H 2 ortho-H. This has important structural consequences which will be discussed later. 
This correction is based on an analysis of the spectra of 3-Me-4-Br(or CI)-C,H,SO; and 
3,5-(CF,),C,H,SO;'04. For the first two compounds, the spectra obtained exhibit a 
doublet of triplets. The larger splitting, a(H) 1 G, arises from coupling to only one proton 
which must be the meta -CH. For the third compound, the spectrum revealed a small 
quartet splitting, a(H) 0.55 G, from which it follows that ortho and para couplings are small 
and of comparable size. Further confirmation of this effect can be found by analysis of the 
data for other substituted arylsulphonyl radicals, in particular the isomeric 2,4- 
Br,C,H,SO; and 2,5-Br2C,H,SO;. The 2,4-isomer exhibits only one large doublet 
coupling,a(H) 1.80G, whereas the 2,s-analogue only exhibits couplings <0.3 G. Thus, the 
large coupling in the 2,4-disubstituted radical must be due to the mefa-SH hydrogen atom, 
since the 3-H and 6-H hydrogen atoms are common to both radicals. 

(iv) In certain circumstances, equivalent atoms or groups, i.e. those in ortho- or meta- 
positions, can display different hyperfine coupling constants (see later). The 2,4- 
Br,C,H,SO; radical mentioned above is an example, where the meta-3H coupling is too 
small to be resolved and the meta-5H coupling is 1.8 G. At 193 K, the 2,4,6-C1,C6H,SO; 
radical displays an analogous effect, where only one ortho-Cl, a(CI) 1.4 G, and one meta-H, 
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( a )  

A. R. Bassindale and J. N. lley 

( e )  

2 G  

IG 

FIGURE 7. ESR spectra of (a) MeSO;, (b) EtSO;, (c) Bu'SO;, 
(d) EtOSO; and (e) C4H,S-2-SO; (adapted from Referen- 
ces 101, 121 and 123). Reproduced by permission ofThe Royal 
Society of Chemistry 

a(H)= 1.4G. are discernible. Also at 193 K, the spectrum of 2,4,5,6-Me,C6HSO; shows 
only one ortho-CH, coupling. These observations point to an asymmetric distribution of 
spin density. 

(v) Coupling to F substituents attached to the S-aryl ring is also observable, but the 
relative size of the hyperline couplings a(F) for ortho-, meta- and para-F are not known 
with certainty. In some circumstances, coupling to ring substituted chlorine atoms is 
observed, but the value of a(C1) is very small. 
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(vi) For alkenesulphonyl radicals, a large coupling of ca 5G is attributable to the 
hydrogen atom E- to the sulphonyl centre and couplings < 1 G to both the Z- and C-l 
hydrogen atoms. 

(vii) Not apparent from Table 20 is the temperature dependence of a(H) hyperfine 
couplings for both alkyl and aryl sulphonyl radicals. This results from conformational 
effects and will be discussed in detail later. 

2. RSO; radicals in solid matrices 

Most studies have employed observation of RSO; radicals in solution. In conjunction 
with MO calculations, the data obtained by such studies (Section III.B.1) enahle the 
structure of the RSO; radical to be described. However, before embarking upon such a 
description, we shall outline the few solid state studies that have been performed because, 
uniquely, the results of these studies enable the atomic spin density at the sulphur atom to 
be defined. 

The spectrum of PhCH,SO; trapped in (PhCH,),SO, (interestingly, PhCH,SO; has 
not been observed in solution) is shown in Figure 8114. The triplet structure a(H)= 5.OG, 

FlGURE8. ESR spectrum of (a) PhCH,SO:, (b) 
PhCD,SO; and (c) PhCD,SO; at high gain in a dihenzyl 
sulphone crystal. Reproduced with permission from 
Reference 114 
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due to coupling to the CH, protons, is clearly discernible. The deuterated analogue, 
PhCD,SO;, exhibits a singlet which at high gain is accompanied by a 1 : 1 : 1 : 1 quartet each 
line of which is 1.8 x times as intense as the central line (Figure 8). These peaks are 
due to coupling to 33S (Z=3/2, natural abundance 0.74%). Confirmation of this 
assignment comes from the spectrum of PhCH,SO;, for which the 33S lines are also 
triplets'I4. Accurate measurements for SO3- show that the 33S spectrum is shifted to 
lower field than that of the 32S spectrum, though to a first approximation the 32S spectrum 
lies in the centre of the 33S spectrum'24. For PhCD,SO;, both the y-values of the "'S 
spectrum and the 33S hyperfine coupling are anisotropic' 14. The principal components of 
the g-tensor and the u ( ~ ~ S )  tensor are given in Table 21 together with those from other 
sulphonyl radicals. It would appear that whereas for some radicals the g-value is 
essentially isotropic, for others there is significant anisotropy with g reaching values (ca 
2.01) seen for sulphinyl radicals RSO'. Interestingly, the average g-value observed for 
PhSO;, 2.0045, is identical to the solution value; however, that for H,NCH,CH,SO; is 
significantly different, 2.0059 as compared with 2.0049. It appears to be the case that, for 
those radicals with anisotropic g and u ( ~ ~ S )  tensors, the smallest principal g-value lies close 
to the largest principal 33S coupling tensor. This direction is presumably that of a sulphur 
3 p  orbital containing the unpaired electron. 

The principal values of the u ( ~ ~ S )  tensor given in Table 21 can be analyzed to give the 

TABLE 21. Principal values of the g tensor and u ( ~ ~ S )  tensor and their direction cosines for various 
sulphonyl radicals 

Radical 
Principal value of g-Value of 3zS isotopomer 

u(~'S)/G (direction cosines) (direction cosines) Ref. 

so; 

H,NCH,CH,SO; 

PhCD,SO, 

PhSO; 

H,NS02 

MeHNSO; 

Me,NSO, 

CH,(CH2),NSOz 

152.q-0.778, k0.384, -0.496) 2.0036' 
112.7( -0.21 1, k0.584, 0.784) 
112.q0.591, 50.715, -0.373) 
135.2(0.516, k0.540, 0.665) 2.0035' 
99.2(0.714, 50.700, 0.014) 

49.q0.593, +0.454,0.666) 2.0024(0.527, f0.504, 0.684) 
9.1(0.577, 0.8 15, 0.042) 2.0056(0.586, k0.798, 0.137) 

96.3( k0.53, 0.26, 0.80) 

63.qf.0.55, 0.60, -0.57) 
107.1(1.0, 0, 0) 

97.9(0.473, k0.468. -0.747) 

1.2(0.562, k0.360, -0.745) 2.0097(0.615, k0.329, 0.716) 
2.0027( k0.33, -0.37, 0.86) 

2.0094( k 0.60, 0.60, 0.50) 
2.0023(0.86, 0.46, k0.19) 

56.2( k 0.64, 0.74, 0.17) 2.0056(k0.76, -0.64. -0.06) 

71.3(0, 1.0, 0) 
71.3(0, 0, 1.0) 

2.0044(0.44, -0.50, k0.73) 
2.0069(0.24, -0.72, k 0.64) 

118" 2.0035' 

120" 2.0035' 

118" 2.0035' 

120" 2.0035' 

8ob 

84b 

76b 

78b 

124 

I I6 

116 

114 

114 

125 

125 

125 

125 

% 
baL. 
'Isotropic. 
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TABLE 22. Isotropic and anisotropic components of the a(33S) hyperfine coupling and orbital spin 
densities in RSO, 

Radical Matrix a i J G  a m d G  %S %P %(s+P)  P(3 + P)  

H,NSO; THF/77K 92.7 12.7 9.6 45.2 54.8 082 
MeNHSO; THF/77K 96 12 9.9 42.9 52.8 081 
M5NSOF THF/77K 90 14 9.3 50.0 59.3 084  
cH,(CH2),Tk3O; THF177K 92 14 9.5 50.0 59.5 084  
so; taurine crystal 110.8 12.3 11.4 43.3 55.2 0 79 

K,CH,(SO,), 125.8 13.5 13.0 48.2 61.2 079  

H,&CH,CH~SO; taurine crystal 20 14.9 2.1 53.2 55.3 096 
MeS02 Me,SO, crystal 71.5 9.3 7.4 33.2 40.6 082  
PhSO; PhSO,CH,CO,H 83.2 11.9 8.6 42.6 51.2 083 

PhCD,SO; (PhCD,)zSOz 72.0 12.2 7.4 43.6 51.0 085 

crystal 

crystal 

crystal 

isotropic and anisotropic components in Table 22. The isotropic coupling results from 
spin density in the sulphur 3s orbital and the anisotropic coupling from the 3 p  orbital. 
Since the isotropic coupling of an electron in a pure 3s orbital is 970 G and the anisotropic 
coupling in a pure 3 p  orbital is 28 GLZ6,  it follows that the ratios of the observed isotropic 
and anisotropic components to these theoretical values yield the unpaired electron spin 
density in the sulphur atomic orbitals of the RSO; radicals. These values are also 
contained in Table 22, together with the ratio p/(s  + p )  which can vary from 0 for a pure s 
orbital to 1 for a pure p orbital. An sp' hybrid orbital has a value of 0.75. Several 
observations are worthy of note, the most important being that the total unpaired spin 
density at sulphur is ca 50-60%. This implies that ca 40-50% of the unpaired spin density 
must reside on the two oxygen atoms. Thus structures (Ma-c) all contribute significantly 
to the overall structure of the radical. Further, it appears that alkyl and aryl sulphonyl 
radicals tend to have less unpaired spin density at sulphur than sulphonyl radicals bonded 
to electronegative elements. Moreover, it has been suggested on the basis of the p / s  ratio 
that the more electronegative the atom bonded to the sulphonyl group the more pyramidal 
the radical centre' ''*125. However, close scrutiny of Table 22 does not provide definitive 
substantiation for this trend. Certainly, the SO;- radical is essentially pyramidal and the 
unpaired spin density in H,NCH,CH,SO; resides in an almost pure sulphur 3 p  orbital. 
However, this would appear to be an exception since the other radicals involving a C-S 
bond have a p / ( p  + s) ratio of ca 0.83. This ratio appears to be identical to that for sulphonyl 
radicals involving a S-N bond, which implies that both types are nearly pyramidal but 
have somewhat more p character and are therefore flatter than SO;-. The generally 
quoted pis ratio must therefore be used with caution. 

3. The structure and conformation of RSO' radicals in solution: empirical 
observations and molecular orbital calculations 

A h  initio molecular orbital calculations at the STO-3G* level theory have been 
performed for various sulphonyl radicals, including MeSO; 2 7 .  The optimized geometry 
for MeSO; is 52; the OSO and OSC angles are 122.8" and 106.5", respectively, from which 
It follows that, consistent with solid state studies, the sulphur atom is pyramidal. The 
S-0 and S-C bond lengths are 147.9 and 181.8pm, respectively. Almost identical 
configurations of the sulphonyl group in other radicals XSO; (X = H, N, 0, F, CI) are 
found, i.e. OSO ca 123 (f 2)", XSO ca 106 ( f  1.5)", and S-0  147 (k 1) pm. Again, this 
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(52) 

appears consistent with the s and p spin densities calculated for the sulphur atom from the 
solid state spectra. Significantly, for the HSO; radical a planar arrangement (OSO 133.2" 
and HSO 113.4") of the sulphonyl radical is found to be ca 100 kJ mol- less stable than 
the pyramidal arrangement12'. In spite of this, atomic spin densities for pyramidal HSO; 
are reported to be 0.23 for sulphur and 0.42 for oxygen. These are considerably different 
from those calculated from solid state observations, viz. 0.5-0.06 for sulphur and 0.4-0.5 
for oxygen. However, spin densities for planar HSO; are 0.62 and 0.39, which appear 
consistent with the experimentally determined values. This anomaly remains unresolved, 
but the commonly accepted structure for the sulphonyl radical is pyramidal. 

The Newman projection 53 of structure 52 reveals that one proton of the methyl 
group is magnetically distinct from the other two. 

The doublet of triplets expected from such a radical, if rotation about the C-S bond 
is frozen out, has never been observed. However, the quartet seen for MeSO; at 200 K, due 
to averaging of the proton environments by rapid C-S bond rotation, is temperature 
dependent (Figure 9), the central lines showing significant broadening at 153 K L Z L .  
Moreover, the size of the hyperfine couplings a(H) increase at lower temperatures; thus 
at 223 K a(H) is 0.55 G and at 148 K it is 0.76 G121. INDO MO calculations for MeSO; are 
able to reproduce these averaged couplings, 0.52-0.77 G, for a pyramidal structure in 
which the OSO angle is 105", the C-S and S-0 bond lengths are 188 and 143pm, 
and the plane containing the OSO atoms and the normal to the S-C bond subtends 
an angle, a, between 130" and 135" (54)121. The sulphur 3s spin density in such a 
structure is ca 0.06, in line with the values discussed in Section III.B.2. 

$-W3 

0 ,q 
0 

(54) 

The individual couplings for the three protons are conformationally dependent. Thus 
for structure 53, the hyperfine couplings for a(BH, bH) are - 2.36 G and for a('H), 7.04 GI2 I .  

Further, while a(H) is ca 7G for a proton trans, i.e. 'H, to the orbital containing the 
unpaired spin density (e.g. 53) for a proton cis to this orbital, a(H) is approximately 
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7 I G  

FlGURE9. ESR spectrum of MeSO; in diethyl 
ether: (a) 200K, (b) 176K. (c) 163K,  (d) 1 5 3 K  (from 
Reference 121). Reproduced by permission of The 
Royal Society of Chemistry 

0'". Thus, in part, the low values of a(H) for a-CH protons remarked upon in 
Section III.B.l. are due to  averaging of the conformationally dependent hyperfine 
couplings. However, the degree of bending at sulphur may also contribute, since it is 
found that as the angle a becomes larger the a-CH proton splittings diminish121. Both 
effects can explain the observed temperature variation in the magnitude of a(@-CH). 
Interestingly, the hyperfine splittings for a(PH, 'H, 'H) above have been used to simulate 
the line broadening seen in the spectrum for MeSO;. The rate constant k a t  163 K is 
0.8 x 109s-' and the activation energy for rotation about the C-S bond is calculated 
to be ca 15 kJmol- '  ' ' I .  Despite the uncertainties involved, this correlates nicely with 
the value of 9.6 kJ mol- I calculated by STO-3G* for the rigid rotor barrier in MeSO; ' 27. 

Other alkanesulphonyl radicals behave similarly10'*121. For example, the ethane- 
sulphonyl radical EtSO; exhibits temperature-dependent hyperfine coupling to the 
a-CH but not the /I-CH protons (Table 23)'". This has been analyzed by I N D O  MO 
calculations, and the average values of a (a-CH) 1.6G and a(@-CH) 1 . 1  G obtained for 
a structure in which S-0 and C-S bond lengths are 140 and 188 pm, respectively, and 
the angles OSO and a (see 54) 105" and 130", respectively121. These are reasonably close to 
the observed values. Indeed, the 8-CH hyperfine couplings depend on the conformation 
about the C-C bond and can achieve values as high as 2.5 G"'. It is clear, therefore, that 
a pyramidal structure for the sulphur atom, and restricted rotation about the C'-S 
bond, can satisfactorily account for the low values of a(a-CH), the relative order 
u ( / K H )  > a(a-CH) and the temperature dependence of a(a-CH). The low value of u(r-H) 
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TABLE 23. Temperature dependence of 
a(H) for EtSO2'" 

TIK u(a-CH)/G a(j-CH)/G 

263 0.71 1.74 
253 0.80 1.73 
243 0.84 1.74 
233 0.90 1.74 
223 0.96 1.73 
203 1.10 1.73 
183 1.25 1.71 

for Me,CHSO;, for example, suggests that the preferred conformation of this radical is 55 
rather than 56. 

Arenesulphonyl radicals can, in principle, adopt structures in which the orbital at 
sulphur containing the unpaired electron is either in the plane of the aryl ring 57 or, as in 
58, co-planar with the n-system. These are, of course, rotamers of the type discussed above 

Me H 

d 

( 5 7 )  ( 5 8 )  

for alkanesulphonyl radicals. Thermochemical arguments have been used to calculate a 
stabilization energy of 58 f 5 kJ mol- ' for PhSO; '", thus implying a structure such as 58. 
However, for reasons we shall now discuss, the preferred structure is 57. First, it has 
already been noted that the meta-protons display the largest coupling. This points to a 
structure in which the unpaired electron resides in an orbital co-planar with the aryl ring. 
Indeed, for the alternative n-type structure, the magnitude of the hyperfine splittings 
would be expected to follow the order a(para-H) > a(ortho-H) > a(meta-H) as has been 
observed for PhO' and PhCH;"'. Second, the n-type structure 58 implies that the spin 
density is symmetrical. Thus, the two ortho- and meta-couplings should always be 
identical. While this is experimentally observed for many aryl radicals, there are several 
examples where the two ortho- or the two meta-couplings are different. Thus, at 
temperatures > 240 K, the 2,3,5,6-tetramethylbenzenesulphonyl and 2,3,4,5,6- 
pentamethylbenzenesulphonyl radicals exhibit coupling to both ortho-Me groups, a(6H) 
0.6G, whereas at 193 K coupling to only one ortho-Me group, a(3H) 1 G, is ~bserved"~. 
Further, the 2,4,6-trichlorobenzenesulphonyl radical exhibits coupling to two chlorine 
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atoms and two protons a(2CI) =a(2H)=0.7 G at 240 K, but at 193 K coupling to only one 
chlorine atom and one proton a(Cl)=a(H)= 1.4G is detectable with line broadening at 
intermediate temperatureslo4. Moreover, analysis of the spectra of the 2,4- and 2,5- 
dibromobenzenesulphonyl radicals reveals that the meta-3H proton has a coupling <: 3 G, 
whereas the meta-5H proton has a coupling of 1.8 G'04. The inevitable conclusion to be 
drawn from these observations is that arenesulphonyl radicals are u radicals of structure 
57. The averaged coupling of ortho- and meta-substituents observed for most arenesulph- 
onyl radicals must therefore be due to rapid rotation around the C-S bond. Spectrum 
simulation enables the kinetic data for C-S bond rotation that are presented in Table 24 
to be ~ b t a i n e d ' ~ ~ . ' ~ ~ .  Clearly, rotation about an aryl C-S bond is less facile than about 
an alkyl C-S bond, though the activation energies for both are of similar magnitude to 
the 9.6 kJ mol-' calculated by ab initio  method^'^'. It should be noted that the restricted 
rotation process has been observed only when the aryl ring contains two ortho- 
substituents. 

INDO MO calculations for the u-type benzenesulphonyl radical 59 identifiy the likely 
magnitude of the hypertine proton couplings. Such calculations nicely reproduce the 
experimental datalo4. Interestingly, it is the meta-proton anti to the sulphur orbital 
containing the unpaired spin density that exhibits the largest proton coupling. This 
appears to be observed in practise for the 2,4-dibromobenzenesulphonyl radical 60 where 
the only resolvable coupling of 1.8 G is attributed to the meta-proton anti to the orbital of 
the unpaired electron. Such a conformation, which is fixed for this radical, is ascribed to 
unfavourable interactions between the sulphonyl oxygen atoms and the ortho bromine 
atomIo4. 

The structure of the sulphonyl group used to calculate the range of hyperfine couplings 
in 59 is similar to that for MeSO;, i.e. S-0 141 pm, C-S 182 pm, OSO 105-120" and CL 
(the angle between the OSO plane and the normal to the C-S bond) 100-110'. All 

TABLE 24. Kinetic data for rotation about the C-S bond in sulphonyl 
radicals 

Radicals T / K  lo6 k / s - '  E,/kJ mol-' Ref. 

I 
Me (or H) 

so; 
I 

I 
CI 

MeSO; 

223 10 104 

163 800 15 121 
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n 0 

H 

(0-0.5G) 

(59) 

I 
Br 

(60) 

protons are particularly sensitive to  the extent of bending of the sulphonyl group as 
expressed by a, and, as for MeSO;, when the angle a increases the hyperfine couplings 
diminish'04. The sulphur 3s spin density calculated for the above structure for PhS0;is ca 
0.04-0.06104, consistent with the 0.086 calculated from the 33S hyperfine splittings 
(Table 22). 

In view of the above discussion for PhSO;, it is interesting to  note that the thiophene-2- 
sulphonyl radical 61 is suggested to  prefer a more co-planar arrangement of the n-system 
and the orbital containing the unpaired e l e c t r ~ n ' ~ ~ .  

(0.510.74 0.53(0.44)  

The observed hypefine couplings a(H) (see 61) are reasonably matched (values in 
parentheses) when the orbital containing the unpaired electron and the plane of the ring 
subtend a dihedral angle of 45". Moreover, for the 3-bromothiophene-2-sulphonyl radical 
the 5-H coupling is ca OG, which according to  INDO calculations corresponds to a 
dihedral angle of90"Iz3. However, it is known that the extent of bending of the SO, group 
can exert a significant effect on a(H) v a l ~ e s ' ~ ~ * ' ~ ' .  Since this was not examined for the 
thiophene radicals, it may be that SO, bending could account for such an anomaly. 
Alternatively, the conformation 62 (disregarded because of oxygen-bromine interactions) 

(0 .65  GI 
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could account for the relative magnitude of the a(H) couplings. The H-4 atom is anti to the 
orbital containing the unpaired spin density and is therefore expected to exhibit a large 
coupling, whereas H-5 is syn and expected to have hyperfine coupling close to O1 Indeed, 
this is verified by INDO  calculation^'^^. Thus, it remains unclear whether or not the 
sulphur orbital containing the unpaired spin density thiophenesulphonyl radicals is 
coplanar with the n-system. 

A similar uncertainty exists for alkenesulphonyl radicals. For the ethenesulphonyl 
radical, INDO calculations suggest that the in-plane structure 63a probably reflects the 
most likely structure, though 63b is also in reasonable accord'" [observed values of a(H) 
in G are shown in parentheses]. 

h 

(0.85)0.47 

(5 .2)6 .75  0.19(0.5) ( 5 . 2 )  3.46 1.62 (0.5) 

(630) (63b) 

0 

3 2 5  I 
H. 3-0 
\ /  

H /c=c\ H 
3.77 1.7 

( 6 3 ~ )  

The structure of the sulphonyl group in 63a is C-S 182pm, S-0 141 pm, 0%) 120" 
and the angle a, 130". It is noteworthy that the allyl-type structure 63, in which the 
sulphonyl group is planar and the electron therefore in a sulphur 3p orbital, is unable both 
to distinguish between the cis- and trans-2-H protons and reproduce the hyperfine 
splittings"'. This is consistent with the observation that the planar configuration of the 
SO, group for MeSO; is 100kJmol-' less stable than the pyramidal c~nfiguration'~'. 
For the 1-Me and 2E-2-Me substituted ethenesulphonyl radicals, the structures 64 and 
65 appear to be the most likely on the basis of INDO calculations'2' [observed values of 

0 9 
(0.9510 51 

(5.61) 3 .84  0 47C0.72) (1.85)l.Ol 2 .09  (0.1 5 

(64) (63 )  

or 0 . 2 5 )  

a-(H) in parentheses]. It is unclear why alkenesulphonyl radicals prefer to adopt such 
conformations whereas arenesulphonyl radicals prefer an in-plane a-type structure. 

Aminosulphonyl radicals, R,NSOz, in which a heteroatom is directly bonded to the 
sulphonyl sulphur, are thought to adopt a conformation, e.g. 66, in which the orbital 
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containing the nitrogen lone pair of electrons is co-planar with the sulphur orbital 
containing the unpaired spin density'25. Conformation 66, but not the twisted conform- 
ation 67, can explain the observation that a(H) for a N-Me group is of similar magnitude to 

R 

I 

R 

a(H) for N-HLZ5; for 67, a(Me) would be expected to be much smaller than the 
corresponding a(H). Structure 66 is that predicted by ab initio calculations, from which a 
barrier to S-N bond rotation of 19.2kJmol-' is found'". 

C. The Sulphlnylamlnyl Radlcal, R'SONR'' 

In contrast to the extensive investigations of the sulphonyl radical, the sulphinylaminyl 
system remains little studied. The two reports that have been made are, however, 
compIementary'02*108. 

1 .  g- Values and hyperfine coupling constants 

Sulphinylaminyl radicals have g-values in the range 2.0035-2.0044 (Table 25). This is 
somewhat lower than the corresponding RSO; ra$cals'(g-values ca 2.005) and similar to 
the simple a m i n y l ~ ' ~ ~ .  The spectrum of MeSONBu' is shown in Figure 10a1O8. The 
notable feature of this spectrum is the twelve-line 1:l:l triplet of quartets. This is easily 
interpreted in terms of a larger coupling to the nitrogen nucleus and a smaller coupling due 
to the S-CH, group. Coupling to the Bu' protons is clearly too small to be observed. The 
spectrum of MeSONC,H,-3, 5-Bu' (Figure lob) is much more complicated but can be 
interpreted as coupling to nitrogen, the CH, protons and the two ortho and one para 
protons in the N-aryl ring (Table 25). The quartet arising from the SCH, groupis quite 
clearly discernible in the wing lines. Interestingly, the spectrum of 4-MeC6H,SONC,H,- 
3,5-Bu: (Figure 1Oc) is a much simpler eighteen-line spectrum arising from coupling to 
nitrogen, and the two ortho and one para N-aryl protons. The most striking feature of the 
spectrum is the lack of any coupling to the protons in the S-aryl ring. Table 25 indicates 
that this appears to be a general phenomenon. 

Even though the data set is rather limited, further inspection of Table 25 enables us to 
discern some general trends with regard to both g-values and hyperfine coupling 
constants: 

(i) N-alkyl groups result in g-values 2.0041-2.0046 regardless of the substituent at 
sulphur (alkyl, aryl, alkoxy). 

(ii) N-aryl groups result in somewhat lower g-values, 2.0034-2.0035. 
(iii) The nitrogen hypertine coupling constant a(N) is larger for N-alkyl substituents, 

8.5-10.3 G, than for N-aryl substituents, 8.13-8.18 G. 
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TABLE 25. ESR parameters for various sulphinylaminyl radicals, R'SONR' 

Radical 

Hyperfine coupling/G 

g-Value a(N) Ref. 

MeSONEt 
MeSONPr' 
MeSONBu' 

'B"' 

Bu'SONEt 
Bu'SONPr' 
Bu'SONBu' 
4-Bu1C,H,SONBu1 

'0"' 

,But 

7 0 " '  

,B"' 

'Bu' 

Bu'OSONEt 
Bu'OSONPr' 

Me,SiOSONEt 
BU'OSONB$ 

2.0043" 
2.0041" 
2.0044" 
2.0042' 

2.0034' 

2.00424 
2.0041" 
2.0042" 
2.0041b 

2.0035' 

2.0035' 

2.0034' 

2.0041" 
2.0041" 
2.0042" 
2.0041* 

9.3 22.2(1H), 18.7(1H), 1.3(3H) 
9.0 9.4(1H) 
8.4 1.1(3H) 
8.52 1.q3H) 

8.16 4.89(2H3, ortho), 6.38(1H, para) 
0.8 5( 3 H) 

9.3 18.5(1H), 17.1(1H), 1.1(9H) 
9.0 9 .q lH)  
8.7 1.q9H) 
8.58 

8.18 4.87(2H, ortho), 6.44(1H, para) 

8.18 4.86(2H, ortho), 6.44(1H, para) 

8.13 4.82(2H3, ortho), 6.43(1H, para) 

10.3 
9.6 10.qIH) 
8.7 

29.2( 1 H), 25.2( 1 H) 

10.0 31.1(1H), 26.qlH) 

i08 
i08 
108 
102 

102 

108 
108 
108 
102 

102 

102 

102 

108 
108 
108 
108 

'In cyclopropane at - 73 "C. 
'In benzene at 40°C. 
'In benzene at 21 "C. 
'In cyclopropane at - 11 1 "C. 

(iv) a(N) decreases across the series N-Et > N-Pr' > N-Bu'. 
(v) a(N) appears to be larger for S-alkoxy substituents than for S-alkyl substituents. 
(vi) The proton hyperfine splitting, a(H), of the N-CH protons of an N-alkyl group is 

(vii) a(H) for both the ortho- and para-protons is significant. 
large, whereas a(H) for N-C-CH is difficult to observe and/or assign. 
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FIGURE 10. ESR spectra of some sulphinylaminyl radicals (taken 
from References 102 and 108). Figure 10a is reproduced by per- 
mission ofThe Royal Society ofChemistry, and 10 b,c by permission 
of The Chemical Society of Japan 

2. Structure of R'SONR2' 

Structures 6&-c may all make a contribution to the structure of sulphinylaminyl radicals. 
However, the g-value of sulphinylaminyls as compared to  sulphonyl (g ca 2.005) and 
sulphinyl (g ca 2.009)'30 radicals on the one hand, and simple a m i n y l ~ ' ~ '  on the other, 
together with the lack of any hypertine splitting due to the protons of S-aryl substituents 
(in contrast to arylsulphonyl radicals)'0'~'02~'2', all point to the relative unimportance of 
structure 68c. This is a clear difference between R'SONR2 and RSO; and presumably 

0 0' 0 
II I II 

RI-S-NR~ R'-S=NR2 R'-S=NR2 

(684 (68b) (W 
results from the greater electronegativity of oxygen compared with that of nitrogen. 
Moreover, for the N-Et and N-Pr' derivatives, the high values of the hyperfine coupling 
constants for the a-CH protons are of similar magnitude to those for Et,N' and PriN'L29, 
from which it appears that ca 70% of the unpaired electron density is localized on the 
nitrogen atom. Again, this is consistent with the greater electronegativity of oxygen. Thus 
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68a makes the major contribution to the overall structure of the sulphinylaminyl radical. 
Simple dialkylaminyls are n-radicals. The similar ESR parameters (g-values, a(N) and 

a(H) for the N-CH protons)of R'SONR' to R,N'imply thesulphinylaminyls are also n- 
radicals. This is further supported by the significant coupling observed to the ring protons 
of the N-aryl group. Such coupling implies a transfer spin density from the nitrogen atom 
to the N-aryl ring, which can only occur via overlap of the nitrogen p-orbital containing 
the unpaired electron with the aromatic n-system. This would accord with both the lower 
g-values and the smaller a(N) constants observed for the N-arylsulphinylaminyls 
compared with the corresponding N-alk$sulphinylaminyls. 

One feature ofthe ESR spectra of R'SONR' that we have yet to  remark upon is the non- 
equivalence of the hyFrtine coupliqg constants 0.f the two N-CH, protons. Table 25 
shows that, for MeSONEt, Bu'SONEt, Bu'OSONEt and Me,SiOSONEt, a(H) for the 
CH, protons is clearly different. Significantly, the magnitude of the hyperfine coupling is 
temperature dependent (Table 26)'" and, more importantly, the difference, A, between 

TABLE 26. Temperature dependence of a(H) for the NCH, protons in 
RSONCH ,CH radicals 

BU~SONEI 200 
188 
173 
163 

BU'OSONEI 268 
245 
223 
200 
I86 
168 
151 

18.5 17.1 
18.9 17.3 
19.5 17.6 
20.0 18.0 

26.9 24.8 
27.6 24.9 
28.2 25.2 
29.2 25.2 
30.4 26.2 
32.0 26.8 
34.2 27.8 

1.4 
1.6 
1.9 
2.0 

2.1 
2.7 
3.0 
4.0 
4.2 
5.2 
6.4 

the two a(H) values decreases at higher temperatures. The most likely explanation for this 
phenomenon is restricted rotation about the C-N bond. The non-equivalence of the two 
C-H protons arises not from a higher energy barrier to S-N rotation as the authors 
suggest'", but from the chiral sulphur atom. 

Structure 69 reveals that radicals such as Bu'SONEt, etc., are enantiomeric. Thus, Ha 
and H, are diastereotopomeric and magnetically non-equivalent. One would therefore 

(69) 

expect their hyperfine couplings to  be of a different magnitude. The size of such coupling is 
presumably determined by the dihedral angle between the C-H bond and the singly 
occupied p-orbital on nitrogen. It would appear from Table 26, however, that Ha and H, 



176 A. R. Bassindale and J. N. Iley 

have not reached their average hypertine coupling values since A is clearly diminishing at 
the highest temperature of experimental observation. Both Ha and H, must reach their 
average values when rotation about the C-N bond is rapid on the ESR time scale, and 
this will result in A reaching a limiting value. It would, however, appear that such rotation 
has a remarkably high barrier, since a limiting value of A has not been reached even at 
- 5 "C. 

D. a-Sulphinyl Radicals, RCHSOX 

Carbon-centred a-sulphinyl radicals of the type R @HSOR2 have been well character- 
ized for sulphoxides (R', RZ = alkyl or aryl). Such radicals are generated directly from the 
parent sulphoxides by hydrogn atom abstraction from an a-CH group by the phenyl 
radical (equation 19)'j'. 

(19) Ph' + R'CHzSORZ - PhH + R'CHSOR' 

The phenyl radical was chosen because it has a greater tendency to abstract an a-CH 
hydrogen atom than to react at sulphur. This contrasts with the hydroxyl radicallo3, 
which only reacts with sulphoxides at sulphur to generate, after the loss of an alkyl radical, 
a sulphonyl radical (cf equation 12) and also with simple alkyl radicals which do not react 
with sulphoxides. The tert-butoxyl radical does, however, abstract an a-hydrogen atom 
from dialkyl sulphoxides to generate a-sulphinyl radicals' 19. An alternative route to the 
formation of a-sulphinyl radicals is via halogen atom abstraction using the HP0,'radical 
anion (equation 20). However, clever use of the propensity of OH' to react at sulphur has 
been made to generate a-sulphinyl radicals from cyclic 1,3-bis-sulphoxides 
(equation 2 1)' j'. 

HPO; 
RSOCH,Br - RSOCH; 

0 
I 1  

(21) 

The ESR parameters of some a-sulphinyl radicals are contained in Table 27. The ratio 
a(or-H)/a(B-H) implies that the radical centre is planar, and the magnitude of a(P-H) 

TABLE 27. ESR data for some a-sulphinyl radicals 

Hyperfine 
Radical g-Value couplings/G Ref. 

MeSOCH; 
EtSOCHMe' 
Pr'SOCMe; 
Pr"S0CMe; 
EtSOCMe; 

HO,S(CH,),SOCH; 
HO,S(CH,),SOCHMe' 
HO,S(CH,),SOCMe; 

HO,S(CH,),SOCH; 

2.0025 
2.0025 
2.0026 
2.0026 
2.0026 
2.0025 
2.0025 
2.0025 
2.0025 

20.q2H) 
20.2(2H), 25.3(3H) 
22.4(6H) 
22.5(6H) 
22.5(6H) 
20.q2H) 
20.q2H) 
20.1(1H), 25.2(3H) 
23.3(6H) 

119,131 
119. I31 

1 I9 
119 
119 
131 
131 
131 
131 
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suggests that the sulphinyl group removes only ca 6% of the unpaired spin density from the 
carboncentred radicalI3'. This contrasts with an adjacent carbonyl group, CH,COR, 
which is able to remove ca 16% and a thioether, eHMeSEt, which removes ca 22% o f  the 
spin density13'. Canonical forms such as 70b,c thus contribute little to the structure of 
such radicals. 

0 0' 0 
II I II 

~H,-s -R CH,=S-R CH,=$-R 

(704 (70b) (704 
a-Sulphinyl radicals of sulphinic acid derivatives, i.e. R'eHSOX (X = 0, N etc.), have 

yet to be reported, even under conditions [e.g. Bu'O' with MeSO,Me, MeS0,Bu and 
(CH,),SOOCH,] where analogous radicals from dialkyl sulphoxides are observed". The 
only radicals detected in these reactions are those from dealkylation and dealkoxylation 
processes (equation 22). Both of these involve S,2 attack of the alkoxyl radical at the 

- ~ - - -  

0 
I1 

Me' + Bu'OSOBu" 

I 0 
II 

-I Bu'O' + MeSOBu" 

L 7  
Bu'OSMe + Bu"0' - eH,(CH,),OH 

sulphur centre, and it appears that the replacement of Me (in DMSO) by RO (in the 
sulphinate esters) preferentially increases the rate of the S,2 reaction as compared to a- 
hydrogen atom abstraction. The sulphuranyloxyl radical 71, which is presumably an 
intermediate in these processes, has not been detected for alkyl alkanesulphinates 
(R1S0,R2)' 19. However, the cyclic sulphite, C-H, yields a spectrum on 
reaction with Bu'O' [ g  2.0044; a(H) 2.38 G(lH), 0.37 G(2H) at 163 K] which has heen 
assigned to the sulphuranyloxyl radical 72132.'33. This observation is likely to stem from 

O R 2  

(71) ( 7 2 )  

the known propensity for dealkylation versus dealkoxylation seen in cyclic sulphinic acid 
esters' ' '. Similar sulphuranyloxyl radicals derived from acyclic sulphites have not been 
confirmed, but a signal at g ca 2.0053 could possibly be due to such a species. However, the 
lack of hypertine coupling makes such an assignment tentative' 33. 

A further complication in the attempt to observe a-sulphinyl radicals results from 
abstraction of hydrogen atom in the alkoxy group (equation 23) to form radicals of 
structure 73. These can fragment to form the R'SO' radical133, but are observable if R Z  can 
provide stabilization, e.g. R2 = -CH=CH,110*133. 
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0 0 
II II 

R'SOCH,R2 + RO' - R'SOCHR' + ROH 

(73) 

Thus, it would appear that the most likely route to successfully observing a-sulphinyl 
radicals may lie with the hydrogen abstraction of an a-H from a methanesulphinate with 
the phenyl radical. Alternatively, the reaction between an alkoxy radical and a sulphine 
(equation 24), which is analogous to that of an alkoxy radical with a sulphinylamine'08, 
may also provide a useful approach. Both methods are, as yet, untried. 

0 

(24) l l  
RCH=S=O + BU'O' - R~H-S-OBU' 

E. Spin Trapping of RSO; 

Despite the fact that RSO; radicals have been extensively studied by direct observation, 
there have been several reports where such radicals have been trapped by reaction with 
BuINO 134- 13 7 , n i t r o s ~ d u r e n e ' ~ ~ ,  nitronesl 34-1 36 and thioketones ' 20 (equations 25,26 
and 27). 

0' 

(25) I 
RSO; + Bu'N=O - RS0,NBu' 

0' 
I 

RSO; + PhCH=&(Bu')O- - Ph(RS0,)CHNBu' 

RSO; + Ph,C=S - Ph,tSSO,R (27) 

The sulphonamide-based nitroxyl radicals formed in reaction 25 appear as I : 1 : I triplets 
due to coupling to the nitrogen atom, with a(N) ca 12.5G (Table 28). Interestingly, 
the nitroso spin traps, Bu'NO and 2,3,5,6-Me4C6HN0, appear to be the most effective; 
it has been reported that PhCH=k(Bu')O- fails to trap MeS0;44 and various 
ArSO; radicalsI3' under conditions where Bu'NO does. Moreover, Bu'NO is capable of 
trapping PhCH,SO;, a radical that has been observed only in the solid state"0."4. It has 
been proposed, on the basis of smaller g-values and larger a(N) values for the 
sulphonylnitroxyl radicals as compared with acylnitroxyl radicals, that the nitrogen atom 
is pyramidal and that the orbital containing the spin density has greater s character than 
dialkylnitroxides' 39. 

The nitroxyl radicals formed in reaction 26 also exhibit hyperfine coupling 
to nitrogen, but couple further to the /I-CH protons. The low value of the hyperfine 
coupling to these protons is interpreted in terms of an eclipsing of the C-H bond and the 
n-orbital containing the unpaired electron, 74. 

The radicals formed in reaction 27 have g-values ca 2.0025-2.0028, typical of the 
unpaired electron residing on a carbon atom. The spin density is, however, delocalized 
over the C-aryl group, as demonstrated by hyperfine coupling to the ortho-, meta- 
and para-protons. 

Interestingly, whereas both diphenyl thioketone and phenyl(triphenylsily1) thioketone 
are able to spin trap sulphonyl radicals RSO; (R = Me and 4-MeC,H4), di-tert-butyl 
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thioketone is not”’. The authors forward no explanation for this observation, but it 
must relate to the stabilization afforded to the radical by the aryl group(s) attached to the 
thiocarbonyl carbon. This is reflected in the observed hyperfine coupling to the aryl 
protons. 
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1. INTRODUCTION 

The structure, physical and chemical properties as well as the unique features of the sulfinyl 
functional group form the subject matter of this volume. 

..RO 
'0- 

-S 

The following three features are of particular significance from the point of view of the 
methods and strategies for the syntheses of sulfinic acids and esters: 

(a) The intermediate position of the sulfinyl group (1) on the oxidation coordinate of the 
divalent sulfur in 2 (i.e. thiols, sulfides, sulfenyl halides, sulfenic acids and esters) to the 
hexavalent sulfur(V1) in 3 (i.e. sulfones, sulfonyl chlorides, sulfonic acids and esters). 

x =H, R, H ~ I  , OH, OR, 0-M+ 

(b) The presence of a lone electron pair on the sulfur atom of the sulfinyl group not only 
makes the latter prone to  easy oxidation to the corresponding sulfonyl group, but also 
facilitates its function as a nucleophile. 

(c) The facile hydrolysis, disproportionation and reduction which the sulfinic esters and 
acids undergo under various reaction conditions is reminiscent, in some respects, of the 
behaviour of carboxylic compounds. 

These factors determine the feasibility of all synthetic methods for the preparation of 
sulfinic acids and esters. No single general method is available for their synthesis in high 
yields and purity, due to the instability of the desired product(s) under the reaction 
conditions employed, and the formation of undesirable byproducts. Furthermore, some of 
the most obvious starting materials, the sulfinyl chlorides (the alkanesulfinyl chlorides in 
particular), are not readily available and are rather unstable, giving various side-reactions 
and therefore low yields. 

In spite of the interesting chemistry associated with them, the syntheses of sulfinic acids 
and their esters are relatively unexplored. Their preparations were previously reviewed by 
several authors'-', but the method of choice is still an open question. Recently modified 
strategies of convenient and general syntheses of sulfinic acids' and their chiral esters' 
appeared in the literature. If this renewal of interest will gain momentum, hopefully the full 
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scope of the chemical behaviour of the sulfinyl functionality will be uncovered, like that of 
the corresponding sulfones and sulfoxides'. 

II. THE SYNTHESIS OF SULFlNlC ACIDS 

Sulfinic acids are formed readily via the following methodologies: 
(a) Reduction of sulfonyl halides. 
(b) Alkaline hydrolysis of sulfinic acid derivatives. 
(c) Nucleophilic cleavage of the sulfur-sulfur bond in thiosulfonates. 
(d) Oxidation of thiols and thioureas. 
(e) Formation of the C-S bond by (i) the reaction of sulfur dioxide with alkanes, 

organometallics, allenes, alkynes and arenediazonium salts; (ii) the reaction of thionyl 
chloride with olefins; and (iii) the transfer of a sulfinyl group from other sulfinic acids. 

(f) Cleavage of the C-S bond of sulphones and sulfoxides, and other sulfinic acid 
derivatives by bases or electrochemically. 

(g) Cleavage of the sulfur-oxygen and sulfur-nitrogen bonds of sulfonic acids and 
esters, sulfonamides and sulfonyl hydrazines. 

(h) Miscellaneous. 
The first three appear to be the methods ofchoice from the point of view of availability of 

starting materials, generality, conveniency, efficiency and the ease of work-up procedures. 
The descriptions of the above methods are accompanied by some very abbreviated 

illustrative experimental procedures. 

A. Reduction of Sulfonyl Halides 

The reduction of sulfonyl chlorides was for many years the most important route to 
obtain sulfinic acids6. The most commonly used procedure is the treatment of sulfonyl 
chlorides with zinc dust" or iron" in aqueous caustic alkali solution. 

2RS0,CI + 2Zn -(RSO,),Zn + ZnCl, (1) 

(2) 
NaOH 

(RSO,),Zn + NaCO, - 2RS0,Na + ZnCO, 

The mechanism of the above reduction was studied and discussed12. 
This reductive method is illustrated in the following procedurelo'. 
p-ToluenesulJinic acid (4): To a stirred suspension of zinc dust (40g) in warm water 

(300m1, 70°), p-toluenesulfonyl chloride (50g) is added over about 10min. The tempera- 
ture is raised to 90°C. Sodium hydroxide (25m1, 12 N) is then added, followed by 5 g  
portions of sodium carbonate until the mixture becomes strongly alkaline. The precipitate 
is filtered and washed. Evaporation of the filtrates to about lOOml and thorough cooling 
affords 36 g (64%) of the sodium salt 5 (p-CH,C,H4SO,Na~2H,O). The free sulfinic acid 4 
may be prepared by careful acidification of a cold aqueous solution of 5 with hydrochloric 
acid. The drying of the acid without its partial conversion to sulfonic acid and thiosulfonic 
ester is difficult. 

A comparably convenient method of preparing sulfinic acids is the reduction of sulfonyl 
halides with sodium sulfite'3.'4: 

RSO,X + NaSO, + H,O - RS0,H + NaX + NaHSO, 

R = Ar (mainly) (6) 

(3) 

X=CI  or F (a) R = p-CIC6H, 

Since the lower aliphatic alkanesulfinic acids are unstable and easily disproportio- 
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nate'.' 5 ,  this route is mainly applicable for the preparation of either the arenesulfinic 
or the aliphatic disulfinic acidsI5. Two illustrative procedures follow. 

p-Chlorobenzenesulfinic acid (6a)I3: To a stirred solution of sodium sulfite (30g) in 
water at 70 "C is added p-chlorobenzenesulfonyl fluoride (log). The mixture is stirred for 
5 h at 70-80 "C and then heated for a few minutes at 100 "C, followed by acidification with 
concentrated hydrochloric acid, cooling and filtration. The yield of 6a is 7.28 g (81%). 

The reduction of p-chlorobenzenesulfonyl chloride with sodium sulfite afforded 80% 
yield of 6a. 

1,4-Butanedisulfinic acid (7)' ': To a warm stirred solution of sodium sulfite and sodium 
bicarbonate in water the 1,4-disulfonyl chloride (prepared by oxidative chlorination of the 
corresponding diisothiuronium salt) is added over a period of 1 h. The mixture is stirred at 
70-80 "C for an additional 2 h, cooled and filtered. The filtrate is acidified by hydrochloric 
acid. The resulting precipitate is recrystallized from water and gives the acid 7 (60.3%). 

Only in the late forties was the rather stable and crystalline 1-dodecanesulfinic acid 
prepared for the first timeL6. However, even this long-chain sulfinic acid undergoes, on 
heating or long standing (two months), the disproportionation typical for aliphatic sulfinic 
acids". 

3RS0,H-RSO,SR+RSO,H+H,O (4) 

The preparation of perhaloalkanesulfinic acids can be achieved by reduction of the 
corresponding perhalosulfonyl halides with sodium sulfite' ', hydrazineIg or hydrogen 
sulfidez0. An illustrative procedure of the use of H,S is given in equation 5. 

CI,CSO,CI + H,S - CI,CSO,H + HCI + S,,, ( 5 )  

Trichloromethanesulfinic acid (8)": Hydrogen sulfide is bubbled into a solution of 
trichloromethanesulfenyl chloride in methanol. Loss of the color of the solution and 
formation of coagulated sulfur show the end of the reaction. Filtration under reduced 
pressure affords 99% of the crude product. Distillation in uacuo, accompanied by partial 
decomposition, gives a colorless oil which turns after a while into hygroscopic crystals. 

The reduction of sulfonyl chlorides to the corresponding sulfinic acids can be 
accomplished in good yields by the use of lithium aluminum hydride,'. The reduction was 
suggested to proceed through the nucleophilic displacement of chloride ion from the sulfur 
atom by a complex hydride ion, followed by attack of another complex hydride ion on the 
hydrogen of the resulting sulfinic acid with the formation of a sulfinate salt and 
hydrogen' 

AIH; AIH; 
RS0,CI - RS0,H + CI- - RSO; + H, 

By this experimental procedure, benzenesulfinic acid (9), could be obtained in 89% 
yield, while p-toluenesulfonyl chloride affords 93% of p-toluenesulfinic acid (4). Slow 
addition of the hydride to the sulfonyl halide at low temperatures avoids partial reduction 
beyond the sulfinic acid stage and gives high yields of the desired product. 

Although the reaction of selected diarylcadmium compounds with both arenesulfonyl 
halides"" and alkanesulfonyl halides22b gave the corresponding sulfinic acids in fair yields 
(30-45% in most cases), the produced acids were not isolated, but rather were immediately 
converted to the corresponding benzyl sulfones. Also, the reaction mixture contained both 
reduced and oxidized products. Thus, the practicality of this method for the synthesis of 
sulfinic acids on a preparative scale is questionable and further experimentation and 
process optimization are still needed. 

Both aliphatic and aromatic sulfonyl chlorides were reported to be easily reduced to 
sulfinic acids by either triethylaluminum or ethylaluminum-sesquichloride in 1 : 1 mole 
ratio2,. Although the reported yields are high (see Table in Section 111 at the end), 
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handling of these reducing agents and work-up procedures of the mixtures obtained do not 
suggest any particular advantage. 

An interesting convenient method of preparing the potassium salt of trifluorometh- 
anesulfinic acid (potassium triflinate; CF,SO,K, 10) is the reduction of the corresponding 
sulfonyl chloride with potassium iodidez4. This method appears to be limited in scope and 
applicable only to low molecular weight perhalosulfonyl halides. 

The preparation of sulfinic acids by electrolytic reduction of sulfonyl chlorides was also 
reported”. 

B. Alkaline Hydrolysis of Suifinic Acid Derivatives 

Although the hydrolysis of sulfinic acid derivatives such as sulfinic esters, sulfinamides 
and sulfinyl halides is, supposedly, an effective, straightforward and easy process, it 
constitues in fact a rather indirect strategy. The functional group is already attached to  the 
starting material a t  a certain site to begin with and, consequently, the versatility with 
respect to the final product is rather limited. 

The alkaline hydrolysis of sulfinic esters to afford the corresponding sodium sulfinate is 
a straightforward, fast process which is completed within minutes in dilute sodium 
hydroxide solution even at  0 “CZ6. Methyl methane sulfinate is miscible with water, but the 
other alkanesulfinates show a greater tendency to dissolve water than to dissolve in water 
themselves. Furthermore, the base catalyzed solvolysis of several arenesulfinates was 
shown to involve sulfur-oxygen bond fission giving rise-in aqueous ethanol-to ester 
interchange rather than to sulfinic acids. With certain arenesulfinic esters, however, one 
can control the reaction to give carbon-oxygen bond fission by choice of an appropriate 
base”. The acidic hydrolysis of sulfinic esters is a much slower process than that of the 
alkaline one26.z8 (less than 5% hydrolysis of methyl methanesulfinate in 3 h  in 0.06N 
hydrochloric acid at  25 “C; 95% in 45 min at  100 oC)z6. 

High yields of arenesulfinic acids are obtained when sulfinamides are hydrolyzed in 
basic aqueous ethanol29 (equation 7). The reaction was shown to be first order in base and 
first order in sulfinamide, with the expected substitution effect on the relative rate of the 

(11) (12) 

(13) 

X =  p-CHsO,CH3,H,CI,NO2 or m-CH3,CI,CF3 ,NO2 (7) 
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hydrolysis. From a practical point of view, the overall reflux time required is rather long, 
e.g. 3 days in the preparation of 6a from N-mesityl-p-chlorobenzenesulfinamide with 
sodium hydroxide in refluxing ethanol. 

Hydrolysis of sulfinyl chlorides is a very effective way of synthesizing the corresponding 
sulfinic  acid^^.'*^. 

(8) 
H20 

RSOCl - RS0,H t HCl 

The major advantage of this method is the easy accessibility of the sulfinyl chlorides via 
direct chlorination of the readily available thiols or disulfides with chlorine in aqueous 
media26*31.32. The chlorination is probably the entry of choice to  sulfinic acids and esters 
series starting with simple sulfur-containing materials. Also, the hydrolysis of sulfinyl 
chlorides is useful for the preparation of '80-labeled sulfinic acids which, in turn, are used 
as starting materials for ' *-O-labeled trivalent and tetravalent oxygen-containing 
organosulfur derivatives (e.g. sulfoxides, sulfinic esters, sulfoximines, e t ~ . ) ~  

Thus, methanesulfinic acid (14) is obtained33 by addition ofwater dropwise with stirring 
under a dry nitrogen atmosphere at - 30°C over ca 5 min to  methanesulfinyl chloride34. 
The oily reaction mixture, when mixed with anhydrous ether and stored at - 15 "C for 
24 h, affords long transparent, colorless hygroscopic needles. 

C. Nucleophilic Cleavage of the Sulfur-Sulfur Bond in Thiosulfonates 

The nucleophilic cleavage of the sulfur-sulfur bond in t h i o s ~ l f o n a t e s ~ ~  and in cyclic 
thiosulfonates (e.g. 1,2-dithiane 1, l - d i ~ x i d e s ~ ~  and 1,2-dithiole 1, l-dioxides3') is closely 
related to the alkaline hydrolysis route described above. However, in contrast to the 
hydrolysis process in which there is no change in the trivalent sulfur(1V) of the starting 
sulfinic derivative, the reductive cleavage of the S-S bond is accompanied here by an 
S(V1) + S(IV) sulfonate -+ sulfinate transformation. 

R'SO,SRZ t Nu-  - RZSNu + R'SO; (9) 

In both acyclic and cyclic systems, the particular sulfinic acid obtained is contingent on 
the structure of R' attached to the sulfinic sulfur atom. In the cyclic thiosulfonates [for the 
preparation of 15a (R' = H; n = 4) see Reference 36a)l the final product is necessarily 
bifunctional (i.e. 16) due to the second sulfur atom contained in the cyclic array of the 
starting material. 

Thus, the reaction of sodium dialkyl phosphites, (RO),PONa, with thiosulfonates gives 
phosphorothiolates and sodium sulfinates in high yields. 

R'SO,SRZ t (R30),PONa - R'S0,Na + R2SP(0)(OR3), ( 1  1) 

As an illustrative example35, butanesulfinic acid (17) is obtained from ethyl butanethi- 
osulfonate with sodium dibutyl phosphite in 86% yield. 

The treatment of the aliphatic or aromatic cyclic thiosulfonates with thiolate salts, 
sodium polysulfide or sodium amide provides the corresponding alkyldithioalkane 
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sulfinates R' = H, Nu = Et, Pr, Bu, t-Bu, pentyl) or the arenesulfinate salts, 4,4'- 
polythiobis(butanesulfinates), Na02S(CH2),S,(CH2),S0," (18; rn = 3-6), and the 
disodium salt of 4-mercaptobutanesulfinic acid, NaO,S(CH,),SNa (19), r e ~ p e c t i v e l y ~ ~ . ~ ' .  

Detailed procedures for the synthesis of the sulfide-sulfinate salts 16 [e.g. sodium 4- 
(tert-butyldithi~)butanesulfinate~~"] and of the 4-rnercaptobutanesul~nic acid, disodiurn 

The alkaline pyrolysis of sulfonyl hydrazones (the Bamford-Stevens reaction) yields 
diazoalkanes and arene~ulfinates~-~'. However, this method has no preparative value as 
far as the sulfinates are concerned6. Similarly, the alkaline pyrolysis of N -  
acyl t~sylhydraz ides~~ as well as the alkaline reduction of s u l f ~ n a m i d e s ~ ~  also yield 
sulfinates, but have no preparative value with respect to  sulfinic acids. 

Treatment of alkanesulfonyl-hydrazides with alkali also provides sulfinic acid salts and 
free acids in moderate to good yields (see Section 1I.G). 

(19) have been described. 

D. Oxidation of Thiols and Thiourea8 

All previously described methods for the preparation of sulfinic acids are indirect routes, 
suffering often from complications and competing side-reactions, in addition to the 
instability of the free alkanesulfinic acids themselves. Consequently, the direct oxidation of 
thiols, under relatively mild conditions, appears to  be the method of choice for the one-step 
synthesis of alkanesulfinic acids. 

(12) 
lo1 lo1 RSH - RSOH - RS0,H 

Direct oxidation of aliphatic thiols with 2 equivalents of rn-chloroperbenzoic acid 
(MCPBA) in methylene chloride yields sulfinic acids in a high state of purity and good 
yield. The experimental procedure is rather simple and applicable to all parafinic C2- -C, 
thiols as well as to thiopheno14'. 

Neither disulfides (disproportionation products of sulfinic acids) nor sulfonic acids have 
been observed to  accompany the freshly isolated sulfinic acids via this procedure. 
Apparently, the rn-chloroperbenzoic acid is too mild to further oxidize the sulfinic acid 
formed under these conditions. Thus, n-butanesulfinic acid (17)41 could be obtained from 
the corresponding thiol by MCPBA 'interval' oxidation (at - 30 "C) in 81.5% yield and can 
be preserved in uacuo at - 30°C for months without noticeable decomposition. 

In an attempt to avoid completely the further oxidation of the sulfinic acid to the 
sulfonic acid in the oxidation of thiols, a new synthetic method is based upon protection of 
thiols and subsequent d e p r ~ t e c t i o n ~ ~  using the 2-benzothiazolyl protecting group. The 
protected thiols (i.e. 20), easily prepared by alkylation of 2-mercaptobenzothiazole with 
alkyl halides (or by substitution of 2-chlorobenzothiazole with sodium alkane thiolates), 
are oxidized to  the corresponding sulfone 21 which is cleanly cleaved to the targeted 
sodium sulfinate and benzothiazole with sodium borohydride (equation 13). This method 
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was shown to be applicable for the synthesis of alkanesulfinic acids (e.g methane-, hexane- 
and cyclohexanesulfinic acids 22a-c), a-toluenesulfinic acid (22d, R = C,H5CH2) and 
2-pyridinesulfinic acid (22e) in overall yields of 64-81°642. Significantly, the method is 
applicable for the preparation of optically pure chiral sulfinic acids through a slight 
modification in the preparation of the protected starting thiols (equation 14). 

H H 

A typical procedure4* for the synthesis of the optically active (S)-(  - ) - E -  

methylbenzylsulfinic acid (22f) gives the corresponding sulfone (2lf)  in 77% yield, and 
the final product 22f in an overall yield of < 66':,, based on the optically active alcohol 
23. 

It is possible to oxidize thiols with air43.44 as well as with the superoxide anion45. 
The air autoxidations of octanethiol and of thiophenol in nonaqueous alkaline media 

(t-BuO-K+ in t-BuOH) at atmospheric pressure were shown to yield mixtures of the 
sodium sulfinate, sodium sulfonate and the corresponding d i ~ u l f i d e s ~ ~ ,  the formation of 
which is catalyzed by unavoidable traces of metal ions. This oxidation route is thus, 
probably, more important mechanistically than preparatively. 

Organic sulfur compounds such as disulfides, thiosulfinates, thiosulfonates, sodium 
thiolates, sodium sulfinates and thiols were readily oxidized under mild conditions with 
superoxide anion generated from potassium superoxide and 18-crown-6 ether45. 
Although thiols were easily oxidized with 0; at room temperature to the corresponding 
disulfides and further oxidized to  the corresponding sulfinic acids a t  60 "C, this oxidation 
was accompanied by oxidation to the sulfonic acids so that mixtures have been obtained. 
In most of the above oxidations the sulfonic acids predominate in the mixtures and the 
yields of the sulfinic acids are rather low. Consequently, this method (equation 15) appears 
to have no preparative potential as far as the sulfinic acids are concerned. 

* RSO, + RSO; (15) 
RSOSR 

RS-Na' RSSR 1 RSO2SR IX-Crown-6-ether 
Pvridine 

The oxidation of thioureas to  the amino-iminomethanesulfinic acids is a well-known 
process which has been executed for many years on an industrial scale with air/ozone 
mixtures in water or acetone at 1L3°C46, or with 5077 H 2 0 2 4 7 ,  particularly in the 
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preparation of the formamidine sulfinic acid (25a; R = H)-an industrial reducing agent 
and stabilizer. 

\ 
RHN 

103 

//C-so2H (RNH)zC=S - 
RN 

(251) 

The experimental procedure for the preparation of amino-iminoalkane sulfinic acids is 
based on the treatment of the starting thiourea with an aqueous solution of hydrogen 
peroxide as applied for the preparation of thiourea S,S-dioxide~~~. A modified version of 
this procedure49 yields amino-imino-n-butanesulfinic acid (N, N’-di-n-butylthiourea 
S,S-dioxide (25b)” from N,N’-di-n-butylthiourea and H,O, in 38% yield. 

Although both IR and NMR (two separated triplets for the two NCH, protons 
0.45 ppm apart) are in accord with the amino-iminosulfinic acid representation of 25b, the 
chemical behaviour of 25b on t h e r m o l y ~ i s ~ ~ . ~ ~  suggests the S,S-dioxide structure, at least 
on heating. 

E(a). Suifinations with Sulfur Dioxide (formation of a C-S bond) 

1 .  The condensation of sulfur dioxide with alkanes 

Irradiation of sulfur dioxide in the gas phase with UV light in the presence of gaseous 
alkanes leads to the formation of alkanesulfinic acids”, apparently via excited SO, 5 2 .  

Similarly, the biradicals formed by y-hydrogen abstraction on photoexcitation of t-butyl- 
p-benzoquinones add to SO, to give the benzoquinonyl-alkanesulfinic acids (26)53, 

These methods have no practical value since the yields of the sulfinic acids obtained are 
relatively low and they are accompanied by other photoproducts and, in most cases, they 
undergo further reactions under the reaction conditions and cannot therefore be isolated 
as such. 
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Alcohols, ethers, sulfides, chloroalkanes, dimethylformamide and even isobutane were 
shown to give a-substituted alkanesulfinic acids on reaction in the liquid phase and at low 
temperatures with photoexcited SO,, albeit in small yields54. Only in the case of ethers as 
the starting materials are the yields within the fair range of43-550/,. Thus, this method is a 
facile one for producing solutions of a-substituted sulfinic acids. 

(18) 
so2 

RX or R,X - R(S0,H)X or HOOSRXR 

R = alkyl; X = OH, CI, 0, S 
75'C. 7 18h 

For example, a-hydroxyethanesulfinic acid (27)54 is obtained from ethanol in liquid SO, 

Tetrahydrofuran gives a low yield of the tetrahydrofuran-2-sulfinic acid by the same 
by irradiation with a UV lamp and its sodium salt is stable at room temperature. 

methods5. 

2. The condensation of sulfur d/oxide with organometallics 

a. With Grignard reagents. The classical reaction of Grignard reagents with sulfur 
dioxide is probably one of the most known and commonly used reactions for the 
formation of the carbon-sulfur bond in organic synthesis. The synthesis of sulfinic acids 
for their own sake or as intermediates in the preparation of sulfones, sulfinic esters and 
other oxidized sulfur-containing compounds is quite useful. It suffers, however, from 
competing side-reactions'" '. 

RX -% RMgX - (RSO,),Mg - RS0,H (19) 

1-Dodecanesulfinic acid (28)'' was prepared from the Grignard reagent of 1- 
bromododecane in ether, treated with sulfur dioxide at - 40 to - 35 0C56. The overall 
yield of the free sulfinic acid (28) was 64%. 

The condensation of sulfur dioxide with organometallic reagents is a very promising 
method of sulfinic acid synthesis, albeit with various shortcomings: The formation of the 
corresponding sulfoxides (presumably by reaction of the sulfinate salt with the un- 
consumed organometallic reagents) appears to be the main undesired side-reaction. The 
'reverse' addition, i.e. addition of the organometallic reagent to excess sulfur dioxide, 
should eliminate this problem, and indeed, the addition of either Grignard reagents or 
organolithium reagents to  roughly 10 equivalents of SO, in ether gives a nearly 
quantitative yield of the corresponding sulfinate salts5'. For instance, both 
C6H5CH,S0,MgC1 (29a)57 and sec-BuS0,MgCI (29b) could be prepared in 97% yield 
by using the reverse addition procedure. 

Interestingly, the treatment of the Grignard reagent prepared from 3-chloro-2- 
methylpropene with liquid sulfur dioxide in ether (equation 20) produces the isolable 
magnesium salt 29c of the corresponding allylic sulfinic acid. Acidification of an ether 
suspension of this magnesium salt in a reaction flask protected with a dry ice condenser led 
to the instantaneous liberation of the sulfur dioxide. 

so 2 H+ 
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Magnesium salts of other allylic sulfinic acids have been prepared by this method, which 
is applicable also for synthesis on a preparative scale. O n  acid hydrolysis all these 
magnesium salts gave instantaneously the corresponding olefins and sulfur dioxide5'. The 
instability of the allylic sulfinic acids may be rationalized in terms of the retro-ene reaction 
available to them. 

b. With lithium reagents. In principle, the condensation of lithium reagents with sulfur 
d i ~ x i d e ' ~ . ~ ~  is analogous in all respects to the condensation of the latter with Grignard 
reagents. The method is applicable to both aliphatic and aromatic sulfinic acids. 

(21) 
H +  

RLi + SO, - RSO; Li' - RSO,H 

High yields of lithium sulfinates can be obtained on adding the organolithium reagents 
into a large excess of sulfur dioxide, since by using this procedure undesired side-reactions 
are avoided57. For instance, lithium butanesulfinate (30) is obtained in quantitative yield 
by dropwise addition of an hexane solution of n-butyllithium to liquid SO, at - 78 'C. 

The lithium salts of the sulfinic acids derived from trithiane, tetrathiocane and 
pentathiecane, namely C,H,S,SO,Li (31), C,H,S,SO,Li and C,H9S5S0,Li, have been 
prepared6' by the addition of sulfur dioxide to the corresponding lithium derivatives of the 
parent s-trithiane, tetrathiocane and pentathiecane, respectively. The slightly impure 
lithium sulfinates precipitated from T H F  solutions at room temperature, although on 
standing they were converted to the sulfones. Acidification led to decomposition with 
liberation of sulfur dioxide6'. 

Aromatic sulfinic acids may be prepared by the same method, i.e. by treatment 0 1  the 
lithiated aromatic ring with liquid sulfur dioxide. Thus, p-n-dodecylbenzenesulfinic acid 
(32) is obtained5' from lithium and p-bromo-n-dodecylbenzene and sulfur dioxide, in 63% 
yield. 

c. With oryanoaluminum compounds. The patent literature describes several procedures 
for the synthesis of alkanesulfinic acids by treating trialkyl-or triaryl-aluminum 
compounds with sulfur dioxide at low temperatures6'. For instance, n-octanesulfinic acid 
(33) is obtained from tri-n-octylaluminum and SO, in THF,  in 94% yield"". 

It is also possible to obtain arenesulfinic acids by the AICI, catalyzed sulfination of 
aromatic hydrocarbons with sulfur dioxide6,. 

AICI, 
ArH + SO, - ArS0,H (23) 

3. The reaction of sulfur dioxide with allenes and alkynes 

Methyl-substituted allenes undergo ene addition to sulfur dioxide to give vinylic/allylic 
sulfinic acids which possess stability with respect to the reagents6, (in contrast to thecase 
with allylic sulfinic acids")). The sulfinic acids 35 (equation 24) can be isolated by 
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distillation of the excess SO, at - 78 "C in uacuo. However, since they decompose at room 
temperature, they have been converted to their corresponding sulfinic esters via their 
sodium salts63. 

r2 
/C\,/so*H 

R AR 
II H3C 

(R=Mo or H)  

An interesting entry into the diaryl-substituted ethenesulfinic acid series, the synthetic 
potential of which has not as yet been explored, is the reaction of alkynes with benzene, 
antimony pentafluoride and liquid sulfur dioxide according to the suggested mechanism64 
in equation 25. Although the sulfinylations of aromatic and unsaturated systems by sulfur 
dioxide are known to be facilitated by antimony pentafl~oride,~ and the somewhat similar 
reactions of alkyl or aryl halides with alkynes under Friedel-Crafts conditions are also 
known66, it is not yet known how to control the selectivity of the above reaction (e.g. 
equation 25). On the other hand, the sulfinic acids 37 are not easily available by other 
routes. Some more work in this direction is clearly needed. 

so 2 + C6Hb 

ShF, I H'I 
C6H5CGCX - C,H,C=CXSO,SbF; - 

(36) 
(a) X = H 

(b) X = Br 

(25) 
H+ 

(C6H5),C=CXS0,SbF; - (C,H,),C=CXSO,H 
~ ShF, 

(37) 
(a) X = H 

(b) X = Br 

The procedure for the preparation of l-bromo-2,2-diphenylethenesulfinic acid (37b)64 
according to equation 25 gave a yield of 67%, which could be easily separated from the 
accompanying 2-bromo-3-phenylbenzothiophene sulfoxide (16%) by-product. 

4. The reaction of sulfur dioxide with arenediazoniurn salts 

Arenesultinic acids can be obtained by the direct reaction of sulfur dioxide with 
arenediazonium salts in the presence of cuprous salts5. 

I .  SO2ICU 
ArNH, - ArN:HSO; - ArS0,H + N, + H , S 0 4  (26) 

1. H20 
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Although the yields are generally high and the method has been known for many 
years6', its scope is somewhat limited since the presence of the amino group in the 
aromatic ring of the starting material is essential and, in turn, determines the possible 
substitution pattern of the aromatic portion of the target molecule. 

All three isomers of chlorobenzenesulfinic acid (6a) were prepared67a*c starting from the 
corresponding chloroanilines in excellent yields for the ortho and para isomers, but in poor 
yield for the meta isomer. 

E(b). Sulflnation of Olefins with Thionyl Chloride 

2,2-Diarylethylene-l -sulfinic acids can be prepared by the reaction of 1,l- 
diarylethylenes, with SOCI,, followed by hydrolysis of the initially formed Ar,C= 
CHSOCI in 28-33% yieldb*". 

The reaction of olefins with thionyl chloride in the presence of aluminum chloride 
followed by hydrolysis leads to the formation of the corresponding 2-chloroalkanesulfinic 
acids by a very simple procedure68b. 

0 
AIC13 I1 H20 

H,C=CH, + SOCI, -ClCH2CH,SfA1C1; - CICH,CH,SO,H (27) 

The simplest such derivative, 2-chloroethanesulfinic acid (38), is obtained from thionyl 
chloride, aluminum chloride and ethylene, in 98% yield. 

F. Cleavage of the Carbon-Sulfur Bond 

1.  Reductive cleavage of sulfones 

The base-induced reductive cleavage of sulfones appears to be by far the most 
extensively explored method for the synthesis of sulfinic acids. 

This strategy was applied in various modifications in the preparation of all types of both 
aromatic and aliphatic sulfinic acids5s6, the common feature being the cleavage of one of 
the carbon-sulfur bonds of the sulfone group with the concomitant reduction of the sulfur 
atom. Thus, in principle, this method capitalizes on the ready availability ofthe sulfones as 
starting materials. Since the key step in the synthesis is the sulfonyl-sulfinyl reduction, the 
reducing agents and methods which are also responsible for the carbon-sulfur bond 
cleavage can vary widely. 

a. Electrochemical reduction of sulfones to sulfinic acids. Sulfones containing all 
combinations of alkyl, aryl and benzyl groups undergo electrochemical reduction on the 
mercury cathode with the aid of tetramethyl ammonium ions, leading to sulfinic acids in 
high yields (50-90%)69. 

(i) 2[N(CH,),]' + 2e- + nHg - 2[N(CH3),]Hg,TMA 

(ii) R'S0,R2 + 2TMA + H +  --+ R'SO; + R2H + 2TMA' 

(39a --d) 
n+ 

(iii) RSO; - R'S0,H 

(40a-d) 
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The alkyl-sulfur bonds are cleaved in the alkyl aryl sulfones, while the alkyl vinyl 
sulfones gave the I-alkenesulfinicacids on reduction7'. Aliphatic sulfones d o  not undergo 
this reductive cleavage. 

The sulfinic acids 40a-d [(a) R '  =p-CH,C,H,; (b) R '  =C,H,; (c) R '  =C,H,; (a) R '  = 
C,H.$H,], as illustrative examples, were obtained69 starting from 3%4, respectively 
[(a) R '  = p-CH,C,H,, R2 = CH, or CH, = CHCH,; (b) R '  = C,H,. R Z  = C,H,CH, or 
C6H,; (c) R '  = C,H,, R 2  = C,H,CH,; (d) R'  = R Z  = C,H,CH,]. In all cases, the sulfone 
and tetramethylammonium chloride in methanol on electrochemical reduction at  a 
mercury cathode gave the acids R'SOOH in 75-90'%, yield (as the corresponding sodium 
salts). 

b. Sodium umulyum reduction. The use of sodium amalgam for the reduction of sulfones 
is closely related to  the electrochemical synthesis of sulfinic acids. Thus, diaryl and alkyl 
aryl sulfones were found to undergo reductive fission upon treatment with sodium 
amalgam to the corresponding arenesulfinic acid": 

Nd Hg 
ArSOzR - ArS0,H + RH (29) 

In view of the several alternative available methods for the preparation of arenesulfinic 
acids, there appears to be no particular advantage in using this method. 

2. Reductive fission of sulfones with alkaline metal amides 

It is possible to  cleave aryl-S bonds and benzyl-S bonds of alkyl aryl s u l f o n e ~ ~ ~  and 
alkyl benzyl s u l f ~ n e s ' ~  by using metallic lithium in methylamine or metallic sodium in 
liquid ammonia as the reducing agents. The carbon-sulfur bond in dialkyl sulfones can 
only be cleaved with the lithium amide, whereas in diaryl sulfones the lithium amide may 
further reduce the sulfinic acids formed to the corresponding thiols. 

R ' S 0 , R 2  + 2M + RNH, - R I S O , M f  + R2H (30) 
I MNH,I 

M = Li or Na 

R = M e  or H 
Whether by simultaneous addition of two electrons, or stepwise addition of two single 

electrons, the cleavage of the carbon-sulfur bond in the sulfones occurs by release of 
electrons from the dissolving metal eventually to the compound being cleaved. 

According to the above method, n-decanesulfinic acid (41) was ~ b t a i n e d ' ~  from n-decyl 
phenyl sulfone in methylamine with lithium metal, in 9.5% yield. 

The reduction of phenyl o-tolyl sulfone (42) with sodium in liquid ammonia followed by 
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reflux in T H F  affords the Truce-Smiles rearrangement product (43) in good yields74. 
This constitutes an interesting entry into some orcho-substituted arenesulfinic acids (see 

Section II.F.5 below). 
Reduction of the toluenesulfonyl derivatives of cysteamine, L-cysteine, and L-homo- 

cysteine with metallic sodium in liquid ammonia gives the corresponding sulfinic 
acids7’ as in the case of ‘ordinary’ sulfones. Thus, L-cysteine sulfinic acid (44) was 
obtained7’ from S-benzyl-L cysteine sulfone in liquid ammonia with sodium ( Cali3 = 
+ 24.0”; 77% yield). 

199 

3. The base-induced cleavage of B-substituted suifones 

The reductive, nucleophilic cleavage of sulfones with bases/nucleophiles is best achieved 
with sulfones substituted in the 8-position with electron-withdrawing groups. No p- 
nucleophilic substitution accompanies the predominant elimination-addition sequence 
which leads to the formation of the sulfinic acid”. The method is applicable for the 
synthesis of both aliphatic and aromatic sulfinic acids, and is based on cleavage of the 
sulfones by thiolate’, or ions. 

8 

( R r a l k y l  or a ry l )  

The sodium salt of n-propanesulfinic acid (40c) was ~ r e p a r e d ’ ~  from fi-propyl- 
sulfonylpropionitrile with 1-propanethiol, sodium and ethanol, in 91:< yield. The free 
sulfinic acid was obtained by acidification in ca 60% yield. 

Similar high yields of n-butane- as well as p-toluene- and o-toluene-sulfinic acids 
were also obtained through this procedure. 

The same principle is applied to symmetrical 8-substituted sulfones, the cleaving base in 
the elimination-addition sequence being again either the cyanide or the thiophenolate ion. 
The resulting sulfinic acids are substituted at  the 8-position, and the yields are good 
whenever the [I-substituent is a good electron-withdrawing group7’. 

I. C N -  or RS- 

2. H 3 0 +  
(C,H,COCH,CH,)2S0, * C,H5COCHzCH,S0,H 

(46) (33) 
(45) + C,H,COCH,CH,CN 

3-0x0-3-phenylpropanesulfinic acid (46) was prepared77 from the sulfone 45 and 
sodium cyanide in refluxing ethanol, in a yield of 81%. 

In quite an analogous fashion, the basic (K,CO,-CH3CN) b-elimination of ;t-keto 
triflones (i.e. the /%substituted sulfone 47) removes the triflyl group and thus provides the 
trifluoromethanesulfinic acid (as its potassium salt 

K2C03 
C2H,COCH2CH(C,H,)S0,CF3 - C,H,CH=CHC,H, +CF3S0,K+ (34) 

CH3CN 

(47) (10) 
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4. The base-Induced cleavage of phthalirnidomethyl sulfones and sulfonylpyridines 

Although the alkaline cleavage of alkyl sulfones to alkali metal alkanesulfinates has 
been improved by using rather reactive sulfones such as 1,2-dialkyl-sulfonylethane’ and 
alkyl, 3-alkyls~lfonylacrylates~~ (see Section II.F.3 above), the yields and purity of the 
products are not always sufficiently high. An attractive alternative route for the 
preparation of sulfinic acids is the cleavage of phthalimidomethyl sulfones with sodium 
ethoxide in ethanol. The procedure is simple and the yields are high (92-100%)78. 

(49) 

+ C6H5 CH2 SO2 No ( 3 5 )  

(40d-Na)  

The use of a slight excess of ethoxide facilitates the clear separation between the two 
products so that both 49 and 40d-Na are obtained in nearly quantitative yields. Whereas 
sulfones 50 are ordinarily cleaved with sodium ethoxide followed by work-up of the 
resulting mixture, in the case of higher alkanesulfinates (n-C, 2H2,S02H, n-Cl,H29S02H, 
etc.), the crystalline products precipitate from the reaction solution and could thus be 
isolated in pure state by simple filtration. If the cleavage of 50 is carried out with the 
appropriate alkanethiolates in ethanol, then the released sulfide 52 may be recycled upon 
oxidation with potassium permanganate” (equation 36). 

[RSH] -RS- RSO; 

The cleavage reaction with thiolates is much faster than the cleavage reaction by the 
ethoxide due, primarily, to the difference in nucleophilicity between these two 
nucleophiles. 

Two general procedures are used7’ for the cleavage of alkyl phthalimidomethyl sulfones 
50 to  sodium alkanesulfinates 51 [R = n-C,+,,H, and R = (C2H,)2CH- or i-C3H7- 
CH(CH,)-1. In method A, sodium ethoxide is used to cleave the phthalimido sulfone 
and the alkanesulfinate is obtained as a powder in 92-100% yield. In method B, 
sodium alkanethiolates are the reagents and the alkanesulfinates are obtained as a powder 
in essentially quantitative yields. 
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In a similar manner, ipso-substitution reaction of 2-sulfonylpyridines and their 
N-oxides with alkoxide or thiolate anions affords the sodium salts of sulfinic acids in high 
yields (38-92% with the pyridines, and 70%-quantitative with the pyridine-N-~xides)’~. In 
this method the sulfone of the pyridine-N-oxide (i.e. 53b) may work as a mediator in a cycle 
for the preparation of various kinds of sulfinic acids by using the thiolate ion as the 
cleaving nucleophile, as illustrated below79 (Scheme 37a). Thus, in comparison with other 
methods for the synthesis of sulfinic acids, this procedure has the advantages of (a) not 
requiring tedious processes, and (b) the mediated sulfone can be easily prepared from the 
commercially available 2-mercaptopyridine N-oxide. 

( 0 )  pyridinr j (b)pyridinr-N-oxidr  

(R=alkyl or a r y l )  

t -  , BU SO 2- 

5. Base-promoted Smiles rearrangement of aryl sulfones and of 
benzylically lithiated sulfones 

Several 2-substituted diary1 or alkyl aryl sulfones were found to undergo base-induced 
rearrangement to give sulfinic acids in high yields6-80 (equation 38). Thus, various 
substituted arenesulfinic acids can be prepared by dissolving ortho-substituted aryl 
sulfones in aqueous sodium hydroxide and letting the two react. Extracting the C0,-  
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bosr  - -H+ 

-c-Y 
I X 

I 

I 

-c s02- 
I 

I 

-CS02H -Ly* H+ -c-y-Q I 

X X 

X = 2  or 4 - N 0 2 j 4 - S 0 2 R ; 2 - H o l  

YH=OH jNH2 jNHR jCH3 

saturated reaction solution with benzene, followed by acidification of the aqueous layer 
with hydrochloric acid, affords the rearranged sulfinic acid"'. 

Aromatic sulfones containing an o-methyl group were found by Truce and coworkers" 
to rearrange to the o-arylmethylated arenesulfinic acids upon treatment with n-butyl- 
lithium as illustrated in equation 39. This route enabled the synthesis of some 
interesting o-substituted arenesulfinic acids on a preparative scale. Not only phenyl and 
substituted phenyl groups are capable of migrating (see equations 38 and 39), but also 

'CH3 

n-BuLi  

rthrr  
- 
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naphthyl groups. Thus, both mesityl, I-naphthyl and mesityl 2-naphthyl sulfones 
rearrange in the presence of butyllithium in ether or potassium t-butoxide in dimethyl 
sulfoxide to yield the ortho-naphthylmethylsulfinic acids. The yields with potassium 
t-butoxide are substantially higher8’. 

CH3 I 

( 5 7 )  

The products from the rearrangement of the naphthyl sulfones indicate that the 
nucleophilic displacement has occurred at the ring carbon a to the point of attachment of 
the sulfone, rather than directly at the ring carbon bearing the sulfone group as in the case 
of the phenyl sulfone series”. 

Recently, it was shown that lithiation of the benzylic carbon of 0- and p-tolyl tert-hutyl 
sulfones is followed by migration of the alkyl (t-Bu) group from sulfur to  the benzylic 
carbon83. This further extended the scope of this rearrangement and its potential in the 
synthesis of sulfinic acids. 

The rearrangement of mesityl 1 -naphthyl sulfone” in the presence of butyllithium 
(Method A) yielded 42x, of the 2-(2’-naphthyl-methyI)-4,6-dimethylbenzenesul~nic acid 
(59) while 510,/, of the starting sulfone could be recovered. In Method B, the potassium 
t-butoxide-dimethyl sulfoxide induced rearrangement yielded the sulfinic acid 59 in 84% 
yield, while 12% of the sulfone was recovered. By using procedure B the mesityl p-tolyl 
sulfone 55 yields the sulfinic acid 56 in 74% yield and in Method A the yield of the sulfinic 
acid 56 is 88%82. 

6. Base-induced cleavage of SO- and SO,-containing heterocycles 

The base-induced cleavage of the carbon-sulfur bonds in cyclic sulfoxides and sulfones 
is well known and thoroughly studieda4, particularly as far as the three-membered 
sulfoxides and sulfones are concerned85. However, the practicality of the use of SO- and 
SO,-containing 3-6 membered ring heterocycles for the synthesis of acyclic sulfinic acids 
has to be carefully assessed in each case. Only if the starting heterocycle is readily available 
or if the alternative strategies are very difficult, should this methodology be applied. 

a. Cleavage of six-membered ring sulfones. Thioxanthen-9-one, 10,lO-dioxide deriva- 
tives readily react with methoxide ion, resulting in the displacement of the sulfone linkage 
to give the corresponding methoxybenzophenonesulfinic acids (61) in high yields ( > 90% 
in most cases)Mb. The displacement reaction occurs exclusively on the more electrophilic 
aromatic ring (equation 41). For instance, methoxybenzophenonesulfinic acid 61e can be 
prepareds6 from the sulfones7 60e in 94% yield. 
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(60) (61) 

(a) W = Z = H  (a) W = Z  = H; X = OCH,; Y = SO,H 

(d,e) W =CH,, OCH,; Z =  H (d,e) W = C H , ,  OCH,; X = S0,H; Y =OCH,; Z = H 
(b,c) W = CI, NO,; Z = H (b,c) W = CI, NO,; X = OCH,; Y = S0,H; Z = H 

b. Cleavage of jive-membered rings: dihydrothiophene dioxides and I ,3-osuthiolane S-  
dioxides. 1,3-Alkadienesulfinates can be obtained by ring cleavage at the carbon-sulfur 
bond of several 2,Sdihydrothiophene 1,l-dioxides with Grignard reagents", as shown in 
equation 42. The claimed yields of the bromomagnesium salts obtained are high (98%) and 
they appear to be quite stable to light a t  room temperature. However, the actual 
preparation of the corresponding sulfinic acids is not reported. 

(42) 
+ CH3 + C2HsMgBr + CH3CH=CH-CH=CHS02MgBr 

(62) 

The 1,3-oxathiolane S-dioxide (obtained by oxidation of the parent oxathiolane) 
undergoes cyclofragmentation when treated with strong bases. Thus unstable ethenesulfi- 
nates (as well as formaldehyde) are formed as shown belows8; in SO":, yield. 

--. C H ~ = C H S O ~ K +  + C H ~ O  (43) 

(63) 

O n  acidification, the free vinyl sulfinic acid (30%) is obtained as a viscous colorless oil 
which polymerizes after a short time in the presence of aqueous acids. 

c.  Cleavage of (four-membered) thietane oxides and dioxides. Reaction of either cis- or 
trans-2,4-diphenylthietane 1-oxide (Ma, 65a) with potassium tert-butoxide yielded a 
mixture of cis- 1,2-diphenylcyclopropanethiol (66) and cis- 1,2-diphenylcyclo- 
propanesulfinic acids9 (67). Since (a) the starting thietane oxides are not readily 
available; (b) the reaction provided a mixture of products; and (c) the yield of the 
ultimately isolated three-membered ring sulfinic acids is rather low (10-2073, this strategy 
has no preparative value. 

However, cis- and trans-2,4-diphenylthietane 1,l-dioxides (64b, 65b), when treated with 
ethylmagnesium bromide, rearrange apparently through a mechanism resembling that of 
the Stevens rearrangements9 to trans- 1,2-diphenylcyclopropanesulfinic acid (68) in a 
highly stereoselective manner and in good yields" as shown in equation 44. Starting from 
trans-2,4-diphenylthietane 1,l-dioxide (65b) the yield is 77%, while cis- 1,2-diphenyl- 
thietane (64b) yields the same acid (a), in 742, yield. 
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so (0) 
C6H5 

( 6 5 )  

( a )  with t -BuOK 

(b) with E t M g B r  

(a) su l fox ide ; (b) sulfone 

SH 
(66) 

H 

S 0 2 H  
( 8 7 )  

(44) 

d .  Cleavage ofthe carbon-sulfur bond in thiirane dioxides. The cleavage of the carbon- 
sulfur bond of thiirane-l,l-dioxides, with soft bases-thiolate, sulfide and thiourea- -or 
with organometallic reagents to  yield the corresponding sulfinic acids is a facile 
p r o c e s ~ ~ ~ . ~ ~ .  The yields are good and the bifunctional products obtained may serve as 
versatile intermediates for further transformations (equation 45). It should be pointed out 
that in the case of the alkyl-organometallic reagents (route d), the sulfur and not carbon is 
the site of initial attack. Consequently, the thiirane dioxide serves as an SO, transfer agent 
to the metal of the organometallic reagent, the result being the extrusion of the SO, moiety 
from the three-membered ringE5 with concomitant formation of the sulfinate of the alkyl 
group. This may constitute an easy route to alkanesulfinic acids, but since several other 
easy methods are available, its preparative usefulness is questionable. 

R2S R’ 

H-,c-c’-H 
a .  R’S-Li* \ /‘ 

‘SOIL: 
(70)  

R’=H ; R2=Me (85%) 

R’=Me ; R2=C6H5 (85°/0) 

R1=H ; R 2 =  t - B U  (69’/0) 

SO., 

d.  R’Li or R’MOX 
w R3SOqLi R 3  = a l k y l  (48-82’10) 
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According to method b in equation 45, the parent sulfone 69 with Na,S yields of the 
disulfinate 71 in 76% yield". The same sulfone according to method c with thiourea yields 
the product 72 in 65% yield''. 

Use of the parent thiirane 1,l-dioxide affords a useful synthesis of ethanesulfinates 
having the following functions in the 2-position: thiol, disulfide, trisulfide, thiosulfate, 
thiosulfonate and p h o s p h ~ r o t h i o a t e ~ ~ .  Although all these transformations are based on the 
nucleophilic cleavage of the three-membered thiirane ring, the particular function in the 2- 
position of the final product can be predetermined by using the appropriate nucleophile. 
Thus, equation 46 is an extension of the method already described in equation 45. 

(69 j R=H) (74) ( 75 0-0) 

(a) Nu = p-MeC,H,S-; M = Na (73%) 

(b) Nu = C6H,CH2S-; M = Na (93:/,) 

(c) N u  = HS-; M = Na ( 67%) 
(d) Nu = NaO,SS-; M = Na 

(e) Nu = Li,O,(O)PS-; M = Li 

(72%) 

(100%) 

Interestingly, the sulfinic esters corresponding to 75 are rather stable. For instance, the 
Bunte salt, disodium S-(2-~ulfinoethyl)thiosulfate (75d)93, could be prepared from thiirane 
1,l-dioxide and Na,S,03 in 727;; yield. In several instances, however, the salts gave 
unexpected results due to the involvement of the sulfinate function with the sulfur atom of 
the 2 - s ~ b s t i t u e n t ~ ~ .  

7. Photochemical cleavage of benzylic sulfones 

The photolysis of benzylic sulfonyl compounds (RSO,CH,C,H,) gives products which 
are explained in terms of the chemistry of the benzyl and sulfonyl (RSO;) radicals. The 
synthetic application is based on the photocleavage of such benzyl sulfones in methanol or 
isopropyl alcohol to yield sulfinic acids9,. 

The yields of the sulfinic acids thus obtained are not particularly high (26-63%) and no 
special types of sulfinic acids can be thus synthesized. Hence, the use of this method is 
rather limited. 

8. Cleavage of the carbon-sulfur bond of sulfinic aods  

In certain cases, it is possible to obtain new sulfinic acids by cleaving the carbon-sulfur 
bonds of already available sulfinic acids. A case in point is the treatment of lithium 
trifluoroethensulfinate (76) with butyllithium. The lithium butanesulfinate is obtained in 
90% yield9'. 

BuLi 

F2C=CF--SO;Li+ -C,H,-SO;Li+ + F,C=CFLi (48) 

(76) (17-Li) 
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G. Cleavage of Sulfur-Nitrogen and Sulfur-Oxygen Bonds 
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1.  Sulfonamides 

Aromatic sulfonamides can be cleaved electrochemically at the mercury cathode with 
trimethylammonium (TMA) ions to produce the corresponding sulfinic acids on a 
preparative scalegh. 

+ Z r + Z H  

TMA 
ArS0,NHR - ArS0,H + RNH, (494  

Only the aromatic sulfonamides (e.g. benzene- and toluene-sulfonamides) undergo readily 
this reductive cleavage to provide the arylsulfinic acids in excellent yields (86-97%). 
Although the scope of this method is limited to the aromatic series and is contingent on the 
availability of the corresponding sulfonamides, the actual procedure is simple and 
straightforward (see Section II.G.2 below). 

An additional fringe benefit of this method is that, if the amine portion of the starting 
sulfonamide is optically active, this configuration is preserved in the liberated amine 
during and after the cleavage process of the sulfur-nitrogen bond. 

2. Sulfonic esters 

Aromatic sulfonic esters readily undergo electrochemical, reductive fission of the sulfur- 
alkoxy oxygen bond leading to aromatic sulfinic acids and alcohols in high yields and 
p ~ r i t y ~ ~ , ~ ’ .  

+ 2 r + 2 H  

TMA 
ArS0,-OR - ArS0,H + ROH 

This process is completely analogous to the electrochemical, reductive cleavage of the 
sulfur-nitrogen bond described in the previous subsection. In this case too, both the 
original configuration and optical activity of the alcohol portion in the molecule (if chiral) 
are maintained. 

The following is an illustrative example of the actual procedure which can be applied 
equally to both aromatic sulfonamides and sulfonic esters9’. The tosyl esters containing 
1-menthyl, 1 -bornyl, or methylbenzylcarbinyl group, on electrolysis (15-18 V and 0.5- 
0.75 A) in the presence of tetramethylammonium chloride in ethanol, yield, after the usual 
work-ups and final acidification, 91-990/, yield of p-toluenesulfinic acid (4). The yields of 
the alcohols are: l-menthol-73%; 1 -borneol-95%; and menthylbenzylcarbinol-85%. 

Arenesulfonates of mandelonitrile (i.e. 77) eliminate the arenesulfinate ion in high yields 
when treated with sodium ethoxide in ethanol98. 

(50) -n  P EtO- + H-CR-0-S0,Ar - ArSO; + RCOCN + EtOH 
I 

CN 

(77) 
Although the starting material is readily available9*, this method is not attractive for the 

synthesis of arenesulfinic acids, since easier and simpler methods are available, Thus, the 
sulfonyl chloride itself, which is required for the synthesis of the ester, can be transformed 
directly to the corresponding sulfinic acid. 

3. Sulfonyl hydrazines 

On heating, the cross-linked polystyrene-divinylbenzene matrix which is functionalized 
with sulfonylhydrazine groups (i.e. 78) evolves diimide and a sulfinic acid-functionalized 
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resin is obtained99. 

U. Zoller 

I I 
S02NHNH2 S02H 

(78 )  

This reaction demonstrates the potential of sulfonylhydrazines for the synthesis of 
sulfinic acids via the cleavage of the sulfur-nitrogen bonds. 

H. Mlscellaneous 

completeness. 

obtaining the product: 

A few more routes leading to sulfinic acids will be just mentioned briefly for the sake of 

The following equilibrium should be considered in order to find the best conditions for 

M + + R S O , H = R S O ; M +  + H +  ( 5 2 )  

Ammonium and alkali metal salts are most frequently used for preparative purposes"', 
and sulfuric acid is preferred to  hydrochloric acid for acidification ' I .  

Thiolates generated electrochemically from disulfides in dry N, N-dimethylformamide 
(DMF) react with oxygen to  give a mixture of disulfide and sulfinate. If oxygen is present 
during the electrochemical reduction, sulfinate derivatives are obtained in good yieldlo2. 

RSSR - 2RS- 

R S - + O , = R S - + O ;  

RS. + 0; - RSO, 

(53) 

2RS. - RSSR 

Since the sulfinic acids have not been isolated as such from the reaction mixture, more 
work is still needed before the preparative value of this method can be assessed. 

A recent paper'03 describes the preparation of disulfide sulfinates RSS(CH,),,SO,Na 
(79) [NaO,S(CH,),,S],S (n = 3-5) (80). This method has been already described and 
discussed in Section II.E(a).2.c. Equation 54 shows an extension of the possibilities 
available. The disulfide sulfinate with n = 3 and R = HO,CCH,, 1.e. sodium 3-(2- 
carboxyethyldithio) propanesulfinate (79a), was ~ b t a i n e d ' ' ~  in 79% yield from 3- 
mercaptopropionic acid and 1,2-dithiolane 1, l - d i o ~ i d e ~ ~ ~  (81, n = 3). 

0 7.. ,-, OSNa2S 
RS-S(CH,),SO,NaeRSNa + S(CH,),SO, - (80) 

+79 (81) 
~ RSSR 

(79) 
(54) 
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1. INTRODUCTION 

The sulfinic esters and sulfinic acids constitute an interesting case study in organic 
chemistry in that the chemistry and synthetical methodologies of the offspring derivatives 
(i.e. the sulfinic esters) appear to have been much more explored and developed compared 
with that of the 'parent' compounds (i.e. the sulfinic acids). The reason for that is probably 
twofold: 

First, the sulfinic acids, the low molecular weight aliphatic ones in particular, are not 
stable at room temperature, and readily undergo disproportionation and oxidation 
reactions (under mild reaction conditions and even spontaneously under certain 
circumstances). In addition, most of the acids are very hygroscopic and thus resist 
isolation, purification and handling. 
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Second, the sulfinic esters are configurationally stable which makes them easier and 
more convenient to work with (compared with their acid counterparts). The stability of the 
pyramidal structure'.2 of the central sulfur(1V) atom facilitates the synthesis of stable, 
optically active sulfinic esters3. The importance of sulfinic esters in establishing the 
absolute configuration of sulfur(1V) compounds is well recognized4. In fact, optically 
active sulfinic esters have long been known and active fl-octyl and menthyl p -  
toluenesulfinates were synthesized about sixty-five years ago5. However, in spite of 
such a long history and 'recognition', many papers, including recent ones, complain 
about the limited applicability, low yields, hard-to-obtain precursors, the occurrence of 
side-reactions and by-products, laborious and expensive experimental procedures encoun- 
tered in these syntheses. 

Apparently, in spite of all the effort in the development of new methodologies for 
convenient, straightforward and general syntheses of sulfinic esters, there still remains 
much scope for further exploration and innovation. A review of all main synthetic routes 
reported for obtaining sulfinic esters will follow. 

II. THE SYNTHESIS OF SULFlNlC ESTERS 

Several methods are available to the organic chemist for the synthesis of sulfinic esters on a 
preparative scale. These can be divided into the following categories: 

A. Direct synthesis from sulfinic acids or their salts. 
B. Esterification of sulfinyl halides (mainly chlorides) with alcohols. 
C. Esterification of sulfinic acids and sulfinate salts by hard alkylating agents. 
D. Cleavage of the S-S and S-N bonds in thiosulfinic S-esters and sulfinamides. 
E. Oxidation of disulfides, thiols and sulfenic esters. 
F. Reaction of sulfenyl derivatives with oxiranes. 
G. Reduction of sulfonyl derivatives. 
H. S--S and S-N bond cleavage. 

I. Carbon-sulfur bond formation. 
J.  Carbon -sulfur bond cleavage. 

K. Miscellaneous. 
The first two appear to be the methods of choice, the second being the most commonly 
used. 

A. Synthesis of Sulfinic Esters Directly from Sulfinic Acids (and their salts) 

In contrast to carboxylic acids, sulfinic acids d o  not undergo acid catalyzed 
esterification with alcohols but rather disproportionate into sulfonates and thiosulfonates. 
However, through appropriate activation of the sulfinyl group with various activating 
reagents (or a combination of reagents), the direct esterification of sulfinic acids with 
alcohols can be This is illustrated in equation 1 by two different combinations 
of reagents in which the nucleophilic cleavage of the sulfur-oxygen bond by the alcohol 
is facilitated by the enhanced electrophilicity of the sulfinyl sulfur atom in the intermediate 
salts (i.e. 4 and 5)6-7. Using this sulfur-oxygen bond activation principle, sulfinic acids 
have been directly transformed into their corresponding esters (e.g. 1 + 2) by using the 
following activating coupling reagents (or combination of reagents): Dicyclohexyl- 
c a r b ~ d i i m i d e ~ . ~ , ~ " ,  diethyl diazodicarboxylic ester/triphenylphosphine6.8", 2-chloro-l- 
methylpyridinium iodide/triethylamine6*8a (equation la), 3-chloro-l,2-benzothiazole- 
l,l-dioxide/triethylamine'', 3-chloro-1,2-benzothiazole-l,1-dioxide~N-hydroxyphthali- 
mide", phenyl phosphorodi~hloridate/pyridine~~~~ (equation 1 b), diphenyl phosphoro- 
chloridate/pyridine'' and saccharine chloride'". 

The yields obtained are generally fair to good (52-8594,) and since this is a one-pot 
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n 

(3) 

0 0  

II II 
I 

PhO PO S R' 

0 
( 5 )  

synthesis of sulfinates, it is quite convenient provided, of course, that the starting sulfinic 
acids are readily available (see Table in Section 111). 

As an example, p-tolucnesulfinic acid butyl ester @a)' was obtained from p- 
toluenesulfinic acid in a dichloromethane pyridine solvent with phenyl phosphorodichl- 
oridate (3) and n-butanol at - 15 "C under a nitrogen atmosphere. The yield was 85%. 

The above procedure is not only applicable for the preparation of other sulfinic esters 
(including t-butyl,cyclohexyl, vinyl and benzyl esters6,'), but also for the preparation of the 
corresponding sulfinamides*b.'O as well as S-alkyl and S-aryl thiosulfinatessb by using 
amines and thiols (rather than alcohols), respectively'. Several sulfinic acid derivatives are 
known to be useful as starting materials and versatile synthetic intermediates' I ,  and some 
have attracted interest on account of their biological activities, particularly in the case of 
thiosulfinatesl '. 

An alternative direct preparation of sulfinic esters from sulfinic acids can be realized by 
the reaction of sulfinate salts with alkyl halides in sufficiently polar  solvent^'^. This 
method was applied successfully for the preparation of the easily rearrangeable vinylic 
sulfonic estersL4 as shown in equation 2. However, there are only a few reports in the 
literature about the use of this method. Probably, the use of phase transfer agents might 
prove useful in soving the problem of mixing the reagents in the above synthetic strategy. 

0 
II 

SOYN: S-OEt 
I EtBr I 

CH,=C(CH,)C=CMe, - CH,=C(Me)C=CMe, 
ElOH 

(6) (7) 

B. Esterificatlon of Sulfinyl Halides with Alcohols 

This is by far the most popular and commonly used method for the preparation of both 
aliphatic and aromatic sulfinic esters, mainly because of the availability of the starting 
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materials, including the necessary sulfinyl halidesL5 (albeit the latter are accompanied by 
impurities resulting from side-reactions). The sulfinyl halides (usually chlorides) are 
obtained through the oxidation of thiols, thiophenols or disulfides with chlorine to the 
corresponding sulfinyl chlorides which, in turn, are reacted with the appropriate 
alcohol'6. The hydrogen chloride can be removed by applying v a c ~ u r n ' ~ ~ ~ ~ ,  heatingI8, a 
stream of nitrogen or, alternatively, by adding equivalent or excess amounts of either 
tertiary amines or alkali metal carbonates to the reaction mixture. 

0 0 

R'SC1+ HOR2 - R'SOR2 
II II (3) 

(2) 
Two procedures of this sulfinic ester synthesis methodology are given below. 

Butanesulfinic acid methyl ester (8)4 was obtained from ( - )  menthol in pyridine and 
butanesulfinyl chloride" in anhydrous ether at - 78 "C under a nitrogen atmosphere as a 
pale yellow oil in essentially quantitative yield (based on the menthol used). Similarly, 
crude methanesulfinic acid ( - )  menthyl ester (9) was obtained in 93% yield3, and 
methanesulfinic acid methyl esterI6 in 71% yield. 

It should be pointed out that sulfinyl chlorides tend to disproportionate into sulfonyl 
and sulfenyl chlorides. Sulfonyl chlorides may also be formed as by-products during the 
chlorination of disulfides. On the other hand, the reaction of the alcohol with the sulfinyl 
chloride to form the sulfinic ester rapidly consumes the sulfinyl chloride, but leaves any 
sulfonyl chloride present essentially unchangedI6. It is not surprising, therefore, that even 
the most careful syntheses of sulfinic esters via this route are accompanied by traces of by- 
products or impurities, mainly the sulfonyl chloride. However, the latter can be removed 
by adding an aromatic amine to the reaction mixture following the esterification 
procedure to form the sulfonamide from which the liquid sulfinic esters can be separated 
by distillation. 

Various types of sulfinic esters may be conveniently prepared by this method20 and 
representative examples2' 29 are presented in the Table at the end. 

Most optically active sulfinates have been obtained by the reaction of racemic sulfinyl 
chlorides with optically active alcohols, affording a mixture of diasteromeric sulfinic esters 
in unequal amounts30. The synthetic utility of the transesterification ofmenthyl sulfinates' 
and the asymmetric oxidation of sulfenates3' to give optically active sulfinic esters is 
limited by the low stereoselectivity (1-2%). It is possible, however, to achieve an 
asymmetric synthesis of optically active sulfinic esters by the reaction o sulfinyl chlorides 
with achiral alcohols in the presence of optically active tertiary amines (i.e. 10) as 
asymmetric reagents3+ 

0 0 
II M ~ ~ N R ,  II 

R'SCI + R 2 0 H  - R'SOR2 
1101 * 

(4) 

The optical purity of the sulfinic esters thus obtained strongly depends on the reaction 
temperature and, to  some extent, on the structure of all reaction components. Typically, 
the optical purity is within the range of 10-29%. For instance, the reaction of 
methanesulfinyl chloride with propanol in the presence of ( + ) - N ,  N-dimethyl-a- 
phenylethylamine ( + 10) at - 60 "C gave (S)-( - )-methanesulfinic acid propyl ester in 
19.3% optical purity; a t  - 12 "C, the same reaction gave an ester having only 6.2% optical 
purity. Ethanesulfinyl chloride with propyl alcohol at ca - 70 "C and in the presence of the 
( - ) - N ,  N-dimethyl-a-phenylamine ( - 10) afforded the S-( + )-ethanesulfinic acid propyl 
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ester in 23.9% optical purity3'. Several other optically active esters have been synthesized 
via this method (see Table). 

It was later shown30 that in the methanolysis of primary and secondary alkanesulfinyl 
chlorides, the methyl sulfinates are formed by nucleophilic reaction at the electrophilic 
sulfur atom of the sulfinyl chloride. Preliminary dehydrochlorination followed by addition 
of methanol to the sulfines thus formed was excluded. This implies a nucleophilic attack of 
the oxygen atom of alkoxytrimethylsilanes on the electrophilic sulfinyl sulfur which 
should facilitate the synthesis of sulfinyl esters by reaction of the former with sulfinyl 
halides's*34. 

0 0 

( 5 )  II II 
RSCl + Me3SiOR2 - R'SOR' + Me,SiCI 

Indeed, alkoxytrimethylsilanes and sulfinyl chlorides have been shown of couple 
efficiently to afford sulfinic esters apparently via a nonionic four-center transition state as 
suggested by kinetic data34. 

This method is equivalent, in principle, to the 'classical' direct esterification of sulfinyl 
chloride with alcohols already described above, but it has some advantages in certain 
cases. First, the reaction proceeds smoothly at room temperature and its progress can be 
conveniently followed by 'H NMR spectroscopy (the singlet for chlorotrimethylsilane 
increasing at the expense of the peak of the trimethylsilyl group of the alkoxytrimeth- 
ylsilane). Second, the chlorosilane may be easily removed at the end of the reaction by 
evaporation, saving the need for distillation of the ester product. The precursor alcohols 
may be conveniently silylated3' with hexamethyldisilazane using imidazole as catalyst. 

Although the silylation adds one extra step in the synthesis, a useful application of this 
method is the synthesis of methyl sulfinates, precursors of chiral s ~ l f o x i d e s ~ ~ .  For 
instance, ( - )-methyl( - )-(S)-benzenesulfinate was prepared from benzenesulfinyl 
chloride and 1-menthoxytrimethylsilane in 91% yield. The final pure product melted at 
37-40°C and had [aID - 195.3" (c = 2.0, acetone)34. 

Ethyl and benzyl methane-, benzene- and a-toluene-sulfinic esters have been prepared in 
good to fair yields by using this procedure34. 

A simple, convenient modification of the above method for the synthesis ofsulfinic esters 
in good yields (73-87%) in netural conditions has been recently reported3'. Typically, a 
few drops of dimethyl sulfoxide are added to an equimolar mixture of sulfinyl chloride, 
chlorosulfite and hexamtthylsiloxane, and the reaction is allowed to proceed at room 
temperature without any solvent. 

0 0 0 
II II (CH,):SO 1 1  (6) 

R'SCI + R20SCl+ (Me,Si),O - R'SOR' + 2MeSiCl + SO, 

Since the mechanism of this reaction is not yet clear and the availability of the 
chlorosulfites may cause a problem, the scope and preparative potential of this method are 
still open questions. 

The use of metal alkoxides rather than the free alcohols in the reaction with sulfinyl 
chlorides to yield the esters has been reported38. Thus, according to equation 7, 
trichloromethanesulfinic acid methyl ester ( 12)38" was obtained from trichlorometh- 
anesulfinyl chloride, methanol and anhydrous potassium carbonate in 73% yield. 

CHJOK 

CI,CSOCI - CI,CSOOCH, (7) 
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Sulfinyl fluorides react with alcohols to give sulfinic  ester^,^.^'. Thus, reactions of 
trifluoromethane sulfinyl fluoride with fluoro alcohols in the presence of sodium and 
cesium fluorides were used to prepare fluorosulfinic esters containing diastereoisomers 
due to  the chiral sulfur center4'. 

0 0 
I /  NaF'CaF / I  

CF,SF + R,OH- CF,SOR, 
25 C 

The reactions of trifluoromethanesulfinyl fluoride (12) with secondary and tertiary 
alcohols are slow compared to its reactions with hydrogenated and partially fluorinated 
primary alcohols (several days versus several hours). For example, trifluorometh- 
anesulfinyl fluoride (12) and the alcohol [ R ,  = (a)] in the presence of anhydrous. N a F  were 
shaken in a closed vessel at 25 "C for 5-7 days, occasionally adding more CF,SOF in order 
to  maintain high pressure which enhances the rate of the reaction. The yield of the product 
14a was 91%. 

C. Esterification of Sulfinic Acids and Sulfinate Salts by Hard Alkyiating Agents 

The direct esterification of sulfinic acids or their metal (sodium) salts by hard alkylating 
appears-at first glance-to be quite attractive. However, in view of the 

relative instability of the starting sulfinic acids (the aliphatic ones in particular) and the 
hygroscopicity of the sulfinate salts, the problems associated with the generation and/or 
handling of the necessary alkylating agents (not to mention their toxicity and/or sensitivity 
to moisture and/or light) the application of this method is rather limited. Moreover, with 
the exception of the diazomethane alkylating agents in highly polar media (e.g. 
ether/MeOH; DMSO) which provide the sulfinic esters exclusively and in high yields, all 
other alkylating agents employed (e.g. dimethyl sulfate, alkyl halides and methyl 
sulfonates) afforded mixtures of sulfinic esters together with the corresponding sulfox- 

as also did triethyloxonium tetrafluoroborate in d i ~ h l o r o m e t h a n e ~ ~ . ~ ~ .  

0 ( R'CN, 0 
/ I  

R'SOCR' (9) 
0 
II 

(16) 

(15) 

r r 'MeOS02C,,H4CH3-p ( + R'SCR:) 

(a) R '  = H 

(b) R' = C,H, 

In conclusion, these esterifications of sulfinic acids are preparatively useful only in some 
special cases, when the starting sulfinic acid is readily available, when the methyl (or ethyl) 
sulfinic ester is the target compound and when the alternative available synthetic routes 
are laborious or provide low yields of the desired products. 
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D. Cleavage of the Sulfur-Sulfur and Sulfur-Nitrogen Bonds in Thiosulfinic 
S-Esters and Sulfinamldes 

Thiosulfinic S-esters are readily converted to the corresponding sulfinic esters in fair to 
good yields by treating them with alcohols using a catalytic amount of I,, Br, or HCI in the 
presence of H20246.  The sulfenyl group in the thiosulfinates is thus replaced by the O R 2  
group of the employed alcohol (equation 10). Apparently, the reaction involves formation 
of a sulfinyl halide [R'S(O)Y] which is derived by the reaction with the catalyst XY, 
followed by the reaction of the resulting mixture R ' S ( 0 ) Y  and R'SX with the excess of the 
alcohol R 3 0 H  to afford (in the presence of the oxidizing H,O,) the observed 
p r o d u ~ t s ~ ~ . ~ ' .  

The difficult availability of thiosulfinic S-esters on the one hand, and the need to supress 
the formation of the disulfide by-products to  a minimum on the other hand, constitute 
limiting factors in using this method. 

Benzenesulfinic acid methyl ester could be prepared from the thiosulfinic S-ester 17a (R'  
= R2 = C6H5)48 in methanol, 30% H,O, and traces of bromine stirred at room 
temperature for 1-2h. The pure sulfinic ester was obtained in 91% yield4'. 

0 0 

(10) XY/30", H202 11 
R'SOR3 + R2SSRZ + R'SSR' 

II 
R I S S R ~  + ~ 3 0 ~  

20 C .  I - Z h  

(17) 
XY = I, or Br, or HCI 

The presence of the bulky t-butyl group in thiosulfinic S-esters (i.e. 17; R2 = t-Bu) 
prevents nucleophilic substitution on sulfur and thus increases the chemical and optical 
stability of chiral thiosulfinates. However, the reaction of ( -)-(S)-17b (R' = p-CH3C6H4; 
R2 = t-Bu) with MeOH in the presence of N-bromosuccinimide affords (+)-(R)-methyl 
toluene-p-sulfinate (2; R' = p-CH3C6H4, R2 = CH3), the optical purity of the product 
being 5.8% (compared with 11.3% in 17b)49. The reaction most likely proceeds with 
inversion at the sulfinyl center providing a useful synthetic entry to relatively stable, 
optically active sulfinic esters. 

Similarly to the above method, the nucleophilic cleavage of the sulfur-nitrogen bond 
in sulfinamides by alcohols or alkoxides also leads to  the formation of sulfinic esters. 

Sulfinylphthalimides are excellent precursors of sulfinate esters: they react with 
solutions of alkoxides in alcohol a t  room temperature (method A) to  provide the esters 
in high yield. Alternatively, the alcoholysis may be accomplished by simply refluxing 
the sulfinylphthalimides in the appropriate alcohol (method B) to  yield the sulfinate 
esters in nearly quantitative yields and in a high state of purity5'. So, the limiting factor 
of this method is the availability of the appropriate sulfinylphthalimide. 
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As an illustrative example, the benzenesulfinic acid methyl ester (2b) was 
prepared according to method A with sodium methoxide in methanol and 
N-(phenylsulfinyl)phthalimide5' (18, R' = Ph). After 0.5 h of stirring at room 
temperature and the usual purification procedure, 90% of the product was obtained. 
According to method B, 18 (R' = Ph) was refluxed for 2 h in methanol and the yield of 
the product was 95%. 

Several aliphatic and aromatic sulfinic esters can be synthesized by this route in good 
to high yields (see Table). 

Treatment of sulfinamides with alcohols in the presence of strong acids results in the 
formation of sulfinic esters in good yields. This reaction was shown to proceed with 
inversion of configuration at the sulfinyl center and with high stereospecificity which is 
dependent on the structure of the alcohol used52. 

The acid catalyzed alcoholysis of sulfinamides (+)-20 (R', RZ = Et) with primary 
alcohols (e.g. MeOH and EtOH) proceeds with complete or almost complete inversion. 
The stereospecificity is lowered with i-PrOH and is further lowered with t-BuOHS2. Of the 
several acid catalysts used (CF3CO2H, PhS02H, HSbF, and others), the mixture 
CF3C0,H-AgCIO, was proved to be the best as far as the stereospecificity is concerned. 
The yields in the transformation 20-21 are within the range of 53-95%; the 
enantiomeric excess is 50-88%, the percent of inversion is 64-100 and the stereospecificity 
is 58-98%, except in the case of t-BuOH where the values are significantly lower. 

The alcoholysis of sulfinamides is carried out successfully by heating a solution of 
equivalent amounts of N-benzylsulfinamides and alcohols in benzene containing one 
equivalent of sulfuric acid'". Although the yields of the resulting sulfinic esters are rather 
low (23-58%) this modified version of the acid catalyzed alcoholysis can provide sulfinic 
esters having sterically bulky groups, such as tert-butyl or menthyl p-toluenesulfinate. 
The latter is obtained from the corresponding sulfinamide (20 R' = H, RZ = CHzC,H5), 
menthol, and concentrated sulfuric acid in benzene by refluxing for 3 h. After work-up, 
21 (R3 = menthyl) is obtained in 23% yield, [a];' = - 196.8" (c = 1.0, acetone). 

Other p-toluenesulfinic esters are obtained in the same manner by using different 
alcohols for the alcoholysis'". 

The photolysis of p-toluenesulfinamides with a low-pressure mercury lamp in methanol 
also resulted in sulfur-nitrogen bond cleavage yielding methyl sulfinates in 30-40% 
yield5'. Since more efficient methods are available for the sulfur-nitrogen bond cleavage 
of sulfinamides to form sulfinic esters, the photolytic method has no preparative value at 
present . 

E. Oxidation of Disuifides, Thiois and Suifenic Esters 

1.  Oxidation of disulfides 

leads directly to the corresponding sulfinic esters in good yields54s55. 
Low-temperature oxidation of disulfides with chlorine in the presence of an alcohol 
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0 

(13) 
- 20 "C II 

R'SSR' + 4R20H + 3C1, -2R'SOR' + 2RZC1 + 4HCl 

Quite often this is the method of choice for the preparation of sulfinic esters, since the 
starting disullides are readily available and so are the other reactants, and it is a one-pot 
reaction leading directly to the desired target compound56. 

The problem is that, although the crude sulfinic esters are produced in 60-85% yield by 
this route, they are contaminated with chlorine-containing by-products, mainly R'SOCI, 
R'S02CI and also others5' such as the corresponding thiosulfonic ester R'S02SR'. 

The thiosulfonic esters boil higher than the sulfinic esters and can be removed by 
distillation, whereas the sulfinyl and sulfonyl chloride impurities may be removed by 
treatment with additional alcohol or with a high boiling primary amine (such as 
p-toluidine), and subsequent d i~ t i l l a t ion~~ .  All these required procedures complicate the 
synthesis, turning the work-up of the mixture into a laborious process. 

Methanesulfinic acid methyl ester (2, R'  = R2 = Me) is prepared from a mixture of 
methyl disulfide, methanol and chlorine at - 20 to - 25 "C. A transient reddish-orange 
color caused by the formation of the methanesulfenyl chloride is observed. The work-up 
involves distillation, vacuum distillation, removal of various acylchlorides by p-toluidine 
and redistillation in vacuo. The final yield of the ester is 54%. 

The oxidation of disulfides to the corresponding sulfinic esters can also be accomplished 
by lead t e t r a a ~ e t a t e ~ ~ .  

0 
It 

R'SSR' + 3Pb(OAc), + R'OH - 2R'SOR' + 3Pb(OAc),( + 4AcOH + ~AcOCH,) 
(14) 

This method affords a successful one-step synthesis of a variety of aromatic sulfinic 
esters from the readily available disulfides but is rather unattractive when starting from 
aliphatic disulfides, due to the by-products formed which make purification of the sulfinic 
esters i m p r a ~ t i c a l ~ ~ .  The yields of the arenesulfinic esters are 62-68%. Thus benzenesul- 
finic acid methyl ester (2, R' = Ph, R2 = Me) is easily obtained5* in the form of a pure oil 
in 62-68% yield. 

Methyl and ethyl alkanesulfinic esters have been prepared in 68-79% yields via the 
oxidation of disulfides with singlet oxygen6'. 

0 
hv, Row &ngal II 

R'SSR' + 2RZOH + 0, r2R'SOR' (15) 

This reaction was performed on a low scale and the presence of the sulfinic ester 
products was determined without actually isolating them from the mixtures obtained; the 
preparative value of this method is doubtful. 

2. Oxidation of thiols 

Electrolysis of thiophenol in acetic acid with aliphatic alcohols in the presence of sodium 
acetate leads to the formation of alkyl benzenesulfinic esters in satisfactory yields6'. The 
electrolysis of the corresponding disulfides also affords the sulfinic esters, albeit in lower 
yields. 
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electrolys~s,CH & 0 2 N a  It 
PhSH PhSOR' 

cn3c02n. R ~ O H .  I S  45 c 

(83-95%) 

The procedure is rather simple and the scale of the reported syntheses is satisfactory 
from a preparative point of view. However, the generality of this method has not yet been 
established. 

Thus, to obtain benzenesulfinic acid methyl ester (2, R' = Ph, RZ = Me) a mixture of 
thiophenol and sodium acetate in acetic acid and methanol is electrolyzed in an undivided 
cell by using two platinium electrodes at 15-45 "C. After passing about 6 F mol- ' of 
electricity at 0.01-0.04A cm-' of current density (30V), the solvent is removed and the 
residue worked-up as usual, to give 95% yield. 

The 'classical' oxidation of thiols with chlorine in the presence of acetic acid5 leads to  the 
corresponding sulfinyl chloride56 which is then esterified by added alcohol6', thus 
merging with the method described in Section 1I.B. 

3. Oxidation of sulfenic esters (and sulfenyl chlorides) 

The synthesis of sulfinic esters by oxidation of sulfenic esters has been known for quite 
some time6,. Both sulfenic esters and sulfenyl chlorides are obtained from the correspond- 
ing sulfides and disulfides, and the chlorides have been most commonly used for the 
preparation of sulfinic esters. However, in certain cases the use of sulfenic esters as starting 
materials is advantageous. Such a case is the preparation of methyl trichloromethane 
~ u l f i n a t e ~ ~ :  benzyl and variously p-substituted benzyl trichloromethane sulfinates have 
been synthesized in almost quantitative yields by oxidation of the appropriate sulfenates 
with m-chloroperbenzoic acid in methylene chloride. All the products were crystalline 
solids. No further oxidation to the sulfonates took place. 

(22) 
R = H; CH,; CI; NO, 

Methanesulfenyl chloride reacts with an equimolar or greater ratio of lithium 
pentyloxide, 4-methyl-2-pentyloxide or t-butoxide in 1,2-dimethoxyethane at - 40 to 
- 60 "C to give the corresponding methanesulfenate esters R'SOR' in moderate yields. 
However, when the reaction is run using 1.5:l or a greater ratio of methanesulfenylchl- 
oride to  lithium pentyloxide or 4-methyl-2-pentyloxide, the corresponding sulfinic esters 
are formed in good yields65. 

0 
II 

3CH,SCI + 2LiOR - CH,SOR + CH,SSCH, + RCI + 2LiCl 

(24) (25) 

This procedure could have been a convenient method for preparing primary and 
secondary sulfinic esters. However, as one can see from the stoichiometry of the reaction 
(equation 18), one half of the alkoxide and two thirds of the methanesulfenyl chloride are 
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ROLi CH,SCI 
CH,SCI - CH,SOR - 

(24) (26) 

221 

0 0 
II CH3SOR II 

--* CH,SSCH, CH,SOR + CH,SSCH, 

(27) + RCI (25) 

converted to other products, most probably through the mechanism indicated6’ in 
equation 19. The process involves the reaction of sulfenyl chlorides with sulfenyl esters to 
give sulfinate esters (25) and disulfides as shown, although the thiosulfinate 27 could also 
react with the sulfenyl chloride 24 to form methanesulfinyl chloride, which inturn could 
then react with alcohol or alkoxide to give the sulfinic ester 2557b. Regardless of which 
alternative is actually operating, the ultimate result is the same. 

If the starting sulfenyl chloride is easily available and the alcohol to be used is not very 
expensive, this method might be considered, its drawbacks notwithstanding. 

F. Reaction of Sulfenyl Derivatives with Oxiranes 

methanesulfinic esters alongside with dimethyl disulfide and ethylene dichloride66. 
The reaction of methanesulfenyl chloride and ethylene oxides results in the formation of 

0 
II 

3CH,SCI + 2CH2-CH, - CH,SOCH,CH,CI + CH,SSCH, + CICH2CH,CI 
‘0’ (20) 

Here, again, the methanesulfenate initially formed by cleavage of the epoxide ring reacts 
with the excess of sulfenyl chloride to give a thiosulphinate which, in turn, reacts further to 
give the sulfinic ester 28. 

In view of the other convenient alternatives available for the synthesis of sulfinic esters, 
this route does not appear to be attractive. Even if the starting sulfenyl chloride and 
oxirane are easily available, only one-third ofthe first and one-half of the second is actually 
used for the formation of the sulfinic ester. 

G. Reduction of Sulfonyl Derivatives 

Reaction of trialkyl phosphites (R30),P with alkyl esters of aliphatic and aromatic 
thiosulfonic acids R’S02SR2 leads to the formation of sulfinic esters in high yield 
accompanied by 0, 0, S-trialkyl phosphoroth io la te~~~.  However, with aryl esters of 
aromatic thiosulfonic acids, sulfinic acids are not formed, and reduction of the 
thiosulfonates to disulfides occurs. Similarly, reaction of sodium dialkyl phosphites 
(R30),PONa with thiosulfonates gives sodium sulfinates. 

0 0 
II II 

4 R’SOR3 + R2SP(OR3)2 

(30 )  [ ”I”.,] (29) (21) 

R1S02-SR2 q. + .P(OR3)3 - R2SP-OR3 

R2=alkyl R’ S O i d  
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These reactions are carried out without a solvent, at 20-30 "C. The products are isolated 
by distillation in uacuo in 80-90% yield. In some cases the isomeric sulfone (i.e. R 'S02R3) 
is also formed. 

In this facile and convenient one-step synthesis of sulfinic esters, the availability of 
the starting alkyl thiosulfonic esters is the main limiting factor for wide application. 
Also, the separation between the sulfinic ester and the phosphorothiolate 30 by distillation 
is not complete in some cases. An example of this procedure67, butanesulfinic acid butyl 
ester (29, R' = R3 = Bu) was prepared from ethyl butanethiosulfonate6' with tributyl 
phosphite in 90% yield. 

The reaction of trimethyl phosphite and 1,2-di-p-toluenesulfonylethene to  give methyl 
p-toluenesulfinate almost e x c l u ~ i v e l y ~ ~  is closely related and probably also involves a 
thiosulfonate-sulfinic ester transformation as described above. 

r 1 

A 0 
II 

TsCH=CHP(OMe)2 t p-TolSOMe(+ p-TolSOzMe) 

Based on the observation (a) that in situ sulfonylations of epoxy alcohols following 
asymmetric epoxidation persistently afforded sulfinate esters as significant by-products7' 
and also that the isolation of 0,O-dimethyl S-p-tolyl phosphorothiolate 
[p-TolSP(O)OMe,] provides an additional by-product7', and (b) that the sequential 
deoxygenation of sulfonyl chlorides in the reaction between triethyl phosphite and 
sulfonyl chlorides afforded the corresponding phosphorothiolates and triethyl 
phosphate", an extremely convenient, one-step synthesis of sulfinic esters from readily 
available sulfonyl chlorides proceeding by in situ reduction has been developed73. 

0 
(MeO)3P, Et3N II 

R'S0,CI + R 2 0 H  [R'SO;C16(OMe),] - [CI-R'SOfi(OMe),] 
CH2C12 

0 0 0 
II II R ~ O H  II 

+ P(OMe), + R'SCI - R'SOR' 

(2) 

Apparently, the intermediate sulfinyl chloride is intercepted by the alcohol present to  
produce the sulfinate ester 2. It is possible, however, that the sulfinic ester is formed by the 
concurrent operation of more than one p a t h ~ a y ' ~ .  

This reduction method has been thus far applied primarily for the successful synthesis 
of menthyl sulfinates. The method is not suitable for sulfonyl chlorides possessing 
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a-hydrogens, which give rise to the formation of sulfonate esters via sulfene intermediates. 
Phosphorothiolate RSP(O)(OMe), is a consistent by-product resulting in reduction in 
the sulfinic ester yield. Given the experimental simplicity and the low cost of the reagents, 
the method promises to find widespread application in the preparation of sulfinate esters, 
especially when the corresponding sulfinic acid is not commercially available. Thus, a 
0.2-mol-scale preparation of ( - )-menthy1 p-toluenesulfinate compared favorably (66% 
yield of the pure diasteromer) with previously reported methods7‘, while the chiral 
sulfinic ester (+)-[( - )  menthyl 2-naphthalene~ulfinate’~ was obtained from 1-( -)- 
menthol and 2-naphthalenesulfonyl chloride in CH,CI, under nitrogen, with 
triethylamine and trimethyl posphite in 96% crude yield and 28% yield after two 
recrystallizations. 

The conversion of 1,2-dithiolane- 1,l-dioxides to the corresponding 1,2-oxathiolane-2- 
oxides has been achieved by using hexaethylphosphoramide as the reducing agent 75. 

(’Op\S 4- P(NEt3)3 __* 0 (24) 
( C H p ) ” J  

n = 3,4 
For more details, the interested reader is referred to the chapter on cyclic sulfinic esters 
in this book. 

H. Sulfur-Sulfur and Sulfur-Nitrogen Bond Cleavage 

Both aryl a-disulfones and sulfinyl ~ u l f o n e s ~ ~ - ~ ’  are very reactive towards nucleophiles, 
which cleave the sulfur-sulfur bond resulting in the displacement of an 
aryl sulfinate ion7’: 

ArSO,SO,Ar + N u -  - ArSOnNu + ArSO; (25) 
n =  1 or 2 

Thus, the reaction of sulfinyl sulfones 32a, b with a solution of sodium methoxide in 
methanol77 or with various alcohols (methanol, borneol, adamantanol, t-butanol) in the 
presence of pyridine” provides the corresponding sulfinic esters, most probably as a result 
of direct s u b s t i t ~ t i o n ~ ~ .  

(26) R 2 0 -  or pyridine II 
* R’SOR’ + R’SO; 

II 
R1SS02R1 + R20H 

(a) R’ =Bu 
(b) R ’  = p-Tol 

(62-9070 

The procedure is simple and convenient and the yields are good. The required sulfinyl 
sulfones 32 should be prepared just before their use since they are relatively unstable. 

The preparation of 1-adamantyl p-toluenesulfinate (2, R’ = p-Tol, R2 = adamantyl) is 
achieved7’ from freshly prepared sulfinyl sulfone 32b with 1-adamantanol and pyridine in 
dichloromethane at room temperature. After about one hour the mixture is worked-up to 
afford, after chromatography on silicagel, the product in 79% yield. 
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The oxidation of N-alkyl-N'-tosylhydrazines with SeO,, CrO, and HgO results in the 
isolation of p-toluenesulfinic esters and oletins", probably via a radical pathway. 

0 
Se02 or CrO, or HgO 

p-TolSO,NHNHCHCH,R' bp-TolSOCHCH,R2 (27)  
I "2, NzI  I 

R l  R '  

II 

Although the yields of the sulfinic esters produced are within the respectable range of 
60-80% for long-chain alkyl sulfinic esters and 40-70% for cycloalkyl sulfinic esters, the 
synthetic potential of this route cannot be assessed at  this state in view of the limited 
relevant data available. 

1. Carbon-Sulfur Bond Formation 

Early attempts to synthesize simple sulfinic esters by the reaction of dialkyl sulphites 
and Grignard reagents were unsuccessful, and symmetrical sulfoxides were always 
obtained probably from the sulfinates first formed and the Grignard reagents present in 
the reaction mixture. Later it was found that this undesired reaction can be blocked at the 
stage of the sulfinate formation if tertiary Grignard reagents are employed. Thus, a one- 
step synthesis of alkyl t-alkanesulfinates from dialkyl sulfites and tertiary alkyl magnesium 
chlorides is feasible, the yields being fair to goods0. 

0 0 
II I1 

R'MgCl+ R'OSOR' - R'SOR' (28) 

(33) (34) (2) 
R' = t-C4Hy; t-C,H 
R2 = CH,; C,H,; n-C,H,; i-C,H,; n-C,H, 

Although two molar equivalents of the tertiary alkyl magnesium chloride (33) are used 
in boiling tetrahydrofuran for 4-8 h, only one of the sulfur-oxygen bonds of the sulfite is 
being cleaved and only one new carbon-sulfur bond is being formed in the process. 

Interestingly, unlike the dialkyl derivatives, alkylchlorosultites d o  give sulfinic esters, 
though in moderate yields, even in their reactions with nonbulkyl alkyl magnesium 
chlorides". 

The reaction of 4-hydroxy 1-butene (or 1-pentene) with thionyl chloride in the presence 
of pyridine provides an entry into cyclic sulfinic esters (1,2-oxathiane-2-oxides) through a 
carbon-1-sulfur bond formationE2. 

The reaction of dialkyl esters of sulfoxylic acid (i.e. 35) with low molecular weight alkyl 
iodides to  give sulfinic estersE3 represents another sulfinic ester synthesis via a carbon- 
sulfur bond formation. 

0 
II 

b R'SOR' + R21 (29) 
reflux 

10 1Sh.70 100 C 
R'I + R2-0-S-O-R2 

(35) (44479%)) 

R' = CH, or C2H5; R2 = C,H,, C,Hy, C5H,  

Since comparable or higher yields of the same sulfinic esters can be achieved by using 
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more readily available starting materials than the diesters 35 (see Section ILB, 1I.E and 
Table), the use of this method is not expected to gain much ground. 

J. Carbon-Sulfur Bond Cleavage 

Both benzyl and t-butyl alkyl or aryl sulfoxides react with N-bromo- and N-chloro- 
succinimide to provide the relatively stable benzylic and t-butyl carbocations via the 
cleavage of the carbon-sulfur bond. In the presence of alcohol sulfinic esters are obtained 
in good yields (60-95%)84. 

0 0 

R'SR3 + R 2 0 H  - R'SOR2 
II NBS(NCS) I t  

CHCI, 

(36) (2) 

R' = t-alkyl; C,HsCHz; C,HsCH(CH3) 
R3 = t-Bu; C6HSCHz 
ItZ = Et 

Since t-butyl alkyl sulfoxides can be conveniently prepared by treatment of the lithio- 
derivatives of simpler sulfoxides with electrophilic reagents (equation 3 l), the formation of 
sulfinic esters by the cleavage of the carbon-sulfur bond of the t-butyl sulfoxides represents 
a general synthesis. t-Butyl3-,4-, 5- and 6-hydroxyalkyl sulfoxides can be transformed into 
the corresponding cyclic sulfinic esters by the same m e t h ~ d ~ ~ . ~ ' .  

0 0 
II 1. MeLi It 

t-BuSCHzR4 - t-BuSCHR4R5( = 36; R1 = CHR4RS) 
2. RSX 1 NCS , 

R'SOR2 
R ~ O H  

(2) 

K. Miscellaneous 

In certain cases one may be interested in using a readily available sulfinic ester for the 
preparation of another sulfinic ester in which the group R2 is replaced by another group. 
This can be done by either acid- or base-catalyzed alcoholysis of the sulfinic esterz8-86. 

0 0 

(32) 
II 

R1SOR3 
It Acid or base caral. 

R I S O R ~  + ~ 3 0 ~  
A 

(2) 

In the base-catalyzed alcoholysis, the stronger the base the higher the rate of the sulfur- 
oxygen bond fissionza. 

Methyl sulfinates are often used to produce higher molecular weight estersa6. Thus, 
methanesulfinic acid butyl ester (37) is prepared from methanesulfinic acid methyl ester 
and excess 1-butanol and concentrated sulfuric acid catalyst by refluxing for 45 min. 
Distillation of the remaining liquid under reduced pressure resulted in 79% yield. 

Germanium mono-, di- and trisulfinic esters, R'S(O)OGeR, [R'S(O)O],GeR, and 
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[R'S(O)],GeR, have been synthesized from the reaction of anhydrous R'S0,Ag with 
R,GeCI, R,GeCI, and  RGeCI,, respectively8'. 
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CHAPTER 9 

Cyclic sulphinic acid derivatives 
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1. INTRODUCTION 

Both cyclic and acyclic sulphinate esters and amides are covered to some extent in the 
Houben-Weyl series' and in Comprehensive Organic Chemistry'". Discussion of these 
compounds is scattered throughout Comprehensive Heterocyclic Chemistryzb. Cyclic 
sulphinates ( s~ l t ines)~  and aspects of cyclic sulphinamide chemistry4 have been reviewed. 
The sultine 1 and its substituted derivatives are useful precursors of o-quinodimethanes 
(0-xylylenes), and dihydrothiazine 1-oxides, 2, have been shown to be versatile intermediates 
in ~ y n t h e s i s ~ ~ .  Ring sizes from four up to eight are known, although the four-membered fl- 
sultines lose sulphur dioxide readily. In this review, structures are drawn with sulphur- 
oxygen double bonds for the sake of convenience in representing these polar bonds that 
are more correctly written as > S'-O-. The reader should bear in mind that the 
tetrahedral sulphur atom is a chiral centre. 

Y 

It. CYCLIC SULPHINATES (SULTINES) 

A. Synthesis of Sultines 

The first sultine, reported in 1893, was obtained by a dehydration reaction of a sulphinic 
acid and an alcohol5. Although a sultine had been suggested in 1966 as an intermediate 
species in the mass spectrum of dibenzothiophene sulfone6, the next isolated sultines were 
described in 1967'*'. 

I .  Cyclizations involving an alcohol and a sulphur function 

An alcohol may attack the positive sulphur atom derived from a sulphinic a ~ i d ~ * ~ * ' ~ . ' ~ ' ,  
a sulphinyl halide", a sulphenyl halide or a related species (followed by oxidation under 
the reaction conditions") or an oxosulphonium These syntheses are exemplified 
by equations 1-7. Four- to eight-membered sultines can be obtained by the method 
illustrated in equation 5. A useful method for preparation of a, /3-unsaturated y-sultines is 
the reaction of sulphur dioxide with vinyl Grignard reagents substituted with a 
hydroxymethyl group (equation 4)14". Substituents a to the sultine oxygen can be 
introduced by treatment of 3 (equation 1) with alkyllithium reagents. Grignard reagents 
are unsatisfactory for this purpose. 

Hydrolysis of 1,2-ethanedisulphinyl chloride is said to give the anhydride 4 
(equation 8)14, but the mixed sulphinic-carboxylic structural analogue reported in 
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NOBH. conc HCI - - 
R2 

(mixture of  isomers) 

6 h  

(mixture of isomers) 

1. 2 BuLi 

2 .  so2 
3. H* 

. (319" 
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CHpSBu-t 
NCS 

CH 2 OH 

- mR0 0 ( 7 ) 1 3 e  

196915" apparently has an acyclic structure' 5b. 3-Methyl-l,2-oxathiolan-5-one-2-oxide is 
derived from the acid chloride of the mixed sulphinic-carboxylic diacid' 5c.  

(8)'4b 

2. Cyclizations involving nucleophilic attack by sulphinates 

Cyclization via attack of a sulphinate anion on a carbon atom with a leaving group16 or 
on a reactive double bond" provides another route to sultines (equations 9-12). A four- 
membered fl-sultine was suggested as an intermediate but not isolated in the treatment of 
the trichloroaluminate-tetramethylcyclobutenyl cation zwitterion with sulphur 
dioxidelea. Presumably an intermediate a-chlorosulphinate underwent cyclization to the 
sultine. Similarly the stable, bicyclic sultine formed by reaction of the sulphur dioxide- 
antimony pentafluoride complex with 1,3-~yclohexadiene arises from a step-wise process 

CH2Br 
HOCHZSOZNa a -  CH2Br DM F 



CH2Ph 
I 
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ii [sy 

C02R 

involving a sulphinate-cyclohexenyl (allyl) cation which cyclizes following a hydride 
rearrangement lab .  

3 Cyclizations involving electrophdic attach on multiple bonds 

Conversion of an hydroxyl function to a chlorosulphite intermediate, ROS(O)CI, can 
dispose a neighbouring multiple bond to effect a displacement of chloride ion to form a 
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____) (14)"' 
HO pyridino 

II 
H 

0 

sultine (equation 13)19. In one case, the multiple bond is apparently an enolate carbon- 
carbon bond'". 

4. Miscellaneous cyclizations 

If a sulphinate precursor group (sulphinate ester, sulphone) is situated where an oxygen 
atom can attack an electrophilic site, cyclization can occur. Allene sulphones and 
sulphinates yield sultines on treatment with bromine (equation 1 5)21. Allene stereochemis- 
try determines the product stereochemistry and chiral sultines can be obtained2". A 
neighbouring cyclopropyl group in (2-cyclopropylphenyl) benzyl sulphone provides the 
electrophilic site when the compound is treated with sulphuric acid. Loss of the benzyl 
cation (as benzyl alcohol) provides the driving force for sultine formation in good yields 
(equation 16)22. 

0 

Cyclization by addition of sulphur dioxide via both an oxygen and a sulphur atom to an 
unsaturated system can, in principle, yield sultines. In practice, this method is not much 
used, since sulphones are usually the major product, although selenium dioxide reacts with 
1,3-dienes to give selenium analogues of s ~ l t i n e s ' ~ ~ .  Several highly reactive dienes, 
however, d o  yield sultines on reaction with sulphur dioxide (equation 17)23b*24. The 
sultines apparently are the preferred product with 1 , 3 - d i e n e ~ ~ ~ ,  but on heating they 
rapidly rearrange to the cyclic dihydrothiophene sulphones via a cycloreversion process. 

Formation of four-membered sultines via the addition of sulphur dioxide to alkenes is 
rare2', although a number of fi-sultines have been suggested as intermediatesz6. 
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Somewhat more common is the addition of sulphur dioxide to cyclopropanes to give 
mainly y-sultines2'. An acid catalyst is apparently required for the reaction with simple 
c y ~ l o p r o p a n e s ~ ~ ' .  The insertion of sulphur dioxide into a silicon"" or germanium bondZBb 
of sila- or germacyclobutanes or a stannocyclopentanezB' is analogous to the insertions 
into carbon-carbon bonds shown in equations 18 and 19. In the sultines that are formed, 
the oxygen atom is attached to silicon, germanium or tin. Sulphur dioxide is said to add to 
/I-thiopropiolactone to give a six-membered 

- so2 &IHo + r& (18)27a 
-60 O C  

Various sultines are obtained by addition of sulphur dioxide to a mixture of ketenes and 
ketiminesZ9, to  an r - ~ h l o r o i m i n e ~ ~  and to r-alkynyl transition metal derivatives3' 
(equations 20-22). 
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Addition of o - ~ h l o r a n i l ~ ~  or imine or nitrile oxides33 across the carbon-sulphur double 
bond of sulphines yields sultines (equation 23). 

CI cl* CI 

Et,O * 
CH,CI, 

CI 
I 

CI CI *@ 
0 

(23)32 

Sultines were obtained by cyclization of sulphinyl diradicals, RR'CCH,CBr2S02. 
Somewhat unusual reactions leading to sultines are the cyclization of the diacid chloride of 
o-carboxyphenyl sulphinic and the treatment of 1,3,5-triisopropylbenzene with 
chlorosulphonic acid3'. Details of these reactions are not readily available. 

5. Sultines from cyclic derivatives by ring expansion, contraction or rearrangement 

Successful therma17.8.27d.36 and pho t~chemica l~~  ring expansions of cyclic sulphones to 
sultines (equations 24-26) followed on suggestions of such rearrangements observed in 
mass ~ p e c t r a ~ - ~ * .  

Ph 

I 
Ph 

I 

9 s  o2 d i h y d 
(24)* 

Ph Ph 

haat  

C O 2  - 
CHI OH 

or' 

(25)36b 

cis ond trans 
(26)37a 
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thiolane 1,l-dioxide goes to the six-membered sultine, but ethylene may be lost with 
formation of a transient, four-membered ~ u l t i n e ~ ~ .  The ketosulphone, 5, smoothly 
photoisomerizes via a diradical to sultine, 6 (equation 27)40. 

The photolysis of saturated cyclic sulphones has been little investigated. In one 

Treatment of four-membered cyclic sulphones with tert-butoxymagnesium bromide 
yields the five-membered sultines (equation 28)' Zh*41 .  The 2,4-diphenyl-substituted 
compounds preserve the stereochemical integrity (cis or trans) of the substituents on going 
to the sultine. 

Thermolysis or chlorination of the benzothiadiazine sulphone 7 yields five-membered 
sultines (equation 29)42. 

( 7 )  X 
X=H,CI 
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Cyclic sulphoxylate esters, formed by reaction of diols with sulphur transfer agents, 
rearrange to the sultines (equation 30)43. 

6. Sultines by oxidation or reduction 

Oxidation of cyclic sulphenates yields sultines (equation 31)44, but the method is limited 
by the availability of the starting materials. Similar is the oxidation via a sulphurane 
(equation 32)44c*45. A /3-thiolactone affords the cyclic mixed carboxylic-sulphinic anhy- 
dride, 8 (equation 33)46. 

(31)44d 

(32)44' 

phff Ph - MCPBA ;:$$: (33)46 

Ph Ph ?j 

Three examples of the reduction of a sultone to a sultine have been reported to proceed 
in moderate yields (equation 34)47. Ring-opened products also are obtained. 

B. Reactions of Suitines 

1. Ring opening by nucleophiles, bases and electrophiles 

The base-catalysed hydrolysis of sultines occurs readily14b~19d~20.29b~36b.47.48 and it has 
been shown that oxygen-18 exchange between the sultine and "OH - does not occur in 
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the hydrolysis of the five-membered sultine, 9 (equation 35)48. Trigonal bipyrimidal 
intermediates that do not permit this oxygen exchange were considered. The sulphinate 
ion may be alkylated in situ4’. Ammonia34b, a neighbouring hydroxyl group 

(equation 36)’” and organometallic reagents” attack sultines. Incomplete reaction of 
3 H - 2 .  I-benzoxathiole I-oxide with (S)-X-methyl-l-butyl- o r  (S)-2-phenyl-l-butyl- 
magnesium chloride yields recovered sultine enriched in the (S) enantiomer (8- 
64”/, ee)4’b. The simple saturated live- and six-membered sultines react with Grignard 
reagents to give complex mixtures of sulphides and sulphoxides, but dialkyl cuprate 
reagents cleanly give the sulphoxides (equation 37)49a. Treatment of sultines, 10, with 

(37)49a 

(10) 

hydride ion followed by alkylation with methyl iodide yields a, b-unsaturated 
 aldehyde^^^'. A mechanism involving formation of a sulphenate anion was suggested. 

lo 2.CH,I  CHO -k CH,” CHO 

l .KH, lB-crown-6  

Several sultines undergo chlorination with ring opening to give sulphonyl 
chloridesl 1.42h.c . The hydroxysultine 12 is in equilibrium with the acyclic sulphin.ite- 
aldehyde, 11 (equation 39). 
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S02Na 

O(,,, 
(11) 

0 

' 0  H 
(1 2) 

S02CI 

@(CHO 

I 

2. Extrusion of sulphur dioxide or sulphur monoxide 

The fl ,  y-unsaturated six-membered sultines lose sulphur dioxide at much lower 
temperatures than do sulfones, making them more suitable for generating dienes 
(equation 40)9s-c~13e~'6a~23b~50; in particular, the benzo-fused six-membered sultines are 
convenient precursors for o-quinodimethanes (o-~ylylenes)~"-'*' 3e.16a.50a that are useful 
in the synthesis of tetrahydro-1, 4-anthracenedionesso" and other compounds. The 
o-quinodimethanes also can be trapped by the evolved sulphur dioxide to give five- 
membered sulphones. A rhodium carbonyl complex is involved in the formation of the 
sulphone and a benzo-fused cyclopentenone from sultine, 13 (equation 41)50h. 

Ph 

q I +cH3c02Jc02cH3 
Ph ' 1  

(40)9' 

c H 3 ~ ~ 0  [ R h ( C O ) a C I ]  0-C,H.Cl* 2. cH3w o2 +cH3w ( 

CH3 100 oc CH3 CH3 

CH3 CH3 CH3 

(13) (4 1 )'Oh 

The cyclopropane-substituted sultine, 14, undergoes a stereospecific n Z s  + nzp + n2s 
cycloreversion (equation 42)' 3f. 
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CHCI,  

r r f l u x  
* (42)13‘ 

(14) 

/3-Sultines are analogues of the intermediate in the Wittig olefin synthesis and lose 
sulphur dioxide via a cis elimination process even at room temperature to give alkenes 
(equation 43)’ 3d,j-k. The process has been discussed from a theoretical viewpoint which 
shows that a crZs+crza process is not obligatory5’. In a flash vacuum thermolysis 
experiment in which a 8-sultine was suggested as an intermediate in the reaction ofsulphur 
dioxide with ethylene, the products were ethylene oxide and elemental sulphurz6*. 
Thermolysis of the y-sultine, 1,2-oxathiolane 2-oxide, gave a mixture of products 
including cyclopropane, ethylene, 1,2-oxathiolane, formaldehyde, sulphur dioxide and 
sulphur monoxide5z”. Substituted y-sultines give analogous products formed via dirad- 
icals (equation 44)52b. Other ring sizes behave similarly, diradical intermediates being 
formed43b. Both sulphur dioxide and sulphur monoxide are apparently produced in the 
thermolysis of certain ~ u l t i n e s ~ ~ ” - ’ ~ ~ ~ ~ ~  - - .  ’’ Sulphur monoxide apparently is lost in the 
thermolysis of 15 (equation 45)30 and from a tetracyclic s ~ l t i n e ” ~ .  Desulphinylation of a 
tungsten-substituted sultine occurs on alumina32d. Photochemically, sultines also extrude 
sulphur d i o ~ i d e ~ ~ ~ - ~ ~ ,  but 1,2-oxathietan-4-one 2-oxide photochemically loses carbon 
dioxidez5”. A 4-imino-/l-sultine intermediate, believed formed in the reaction of a ketimine 
with sulphur dioxide, does not revert to starting materials by extrusion of sulphur dioxide 

Ph 

(43)’3’ 

Ph CH3 

APo 
CF, CF3 

(45)30 



252 D. C. Dittmer and M. D. Hoey 

but instead rearranges via cleavage of the sulphur-oxygen bond (equation 46)26f. The 
isomerizations of sultines to sulphones probably involves loss of sulphur dioxide followed 
by its recombination with a diradical or diene fragmentyc*13e-43b. 

so2 - 
- 7 0  OC 

cHwo C H 3  

0 //S-N\, 
( 46)2 6f 

3. Rearrangements 

The conversion of sultines to cyclic sulphones has been described in the previous 
sectionYc.l 3e.43b as has the rearrangement of a /l-sultine (equation 46)26'. The diradicals 
formed by loss of sulphur dioxide may give a variety of p r o d ~ c t s ~ ~ . ~ ~ ~ .  A naphtho-fused 
sultine (equation 24) undergoes extensive rearrangement at 380-400 "C to give low yields 
of a fluorenone and a fluorene, the former presumably being formed by loss of sulphur 
monoxide". This reaction may be related to the fragmentations seen in the mass spectra of 
sulphones6.8 b. 3 8.43 b 

4. Oxidation and reduction 

Sultines are oxidized to  sultones in good yields. Oxidants include m-chloroperbenzoic 
acid"~'4"~2'c~278.4'", hydrogen peroxide'6f-L9a*36b, potassium hydrogen per~ulphate'~',  
potassium permanganate'6d*f*32a and positive halogen (NCS, NBS, CI,, I,) followed by 
hydro~ysis~ 2b-d. 13a.41a 

(47)14a 

Reductions of sultines with lithium aluminium hydride involve ring opening to a 
mercapto-alcohol (equation 48)8b*'2f*8*i*47. Symmetrical disulphides are obtained by 
reduction with trichlorosilane-tripropylamine (equation 49)". Reduction of a six- 
membered sultine with hydrogen is said to give the oxathiane without ring ~ p e n i n g ~ ~ ' * ~ ,  
and reduction of a cyclic five-membered thiolsulphinate gave the cyclic disulphideS6. 
Sultines were not reduced by treatment with P,SIo5'. 
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HSiCI,-PrSN 

HO 

5. Reactions involving ring substituents 

Hydrolysis of the 5-chloro-3,4-benzosubstituted y-sultine, 16, results in replacement of 
the chlorine atom by hydroxyl, the new sultine in basic medium being in equilibrium with 
the acyclic sulphinate-aldehyde (equation 50)42b*c. The unsaturated chlorosultine, 17, 
undergoes addition-elimination reactions (equation 51)'9d. A 8-chloro-6-sultine under- 
goes elimination of chlorine to give mainly the unconjugated 8, y-sultine when treated with 
diethylamine19". 

CI  PhNH 

(5 
PhNH, 

C. Physical Propertles of Sultlnes 

19"*, 2OS8, 2lS9, 2260 have been established by X-ray 
analysis. The four-membered ring in 18 is puckered with a dihedral angle of 20.3" between 
the 0-S-C and C-C-0 planes of the ring. The exocyclic sulphinyl oxygen in the 
five-membered rings is axial, unlike the situation in thietane oxides where the oxygen is 
equatorial6'. An anomeric effect was ~ u g g e s t e d ' ~ ~ * ' ~ ' .  The four ring atoms exclusive of 
sulphur in 20 are in essentially one plane; the sulphur atom is displaced toward the 
cyclopentadienyl ring which lies above the plane and is syn to the sulphur-oxygen bond. 
In 21, the oxygen atom is exo. 

The structures of sultines 

n 
0 

I I  
CH3\ 2,- 
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(22)  t w o  isomers 

Other investigations involving N M R L ' " 6 f ~ L 9 b ~ 2 7 8 ~ 6 2 ,  IR'9b and dipole moments63 
indicate that the exocyclic sulphinyl oxygen is axial in six-membered sultines as well. In the 
proton NMR, the well-known syn axial deshielding effect is observed. The carbon-13 
NMR chemical shifts for I ,  2-oxathiane-2-oxide are given in structure 2362. This sultine 
undergoes fast chair-chair interconversions even at - 90 "C, and the axial-equatorial 
barrier is estimated to be in excess of 2 kcal mol- ' 6f. 

49.5 

(23) 

Theoretical treatments of a- and /7-sultines have been r e p ~ r t e d ~ ' . ~ ~ .  The m-sultine is a 
suggested valence isomer of sulphene, CH,S02. 

D. Uses of Sultines 

The usefulness of sultines in olefin and o-quinodimethane syntheses have been described 
in Section 1I.B. Compound 22 and its analogues are competitive with steroids for binding 
to receptor proteins13' - i . 6 5 .  . one is an inhibitor of aldosterone acetate in rats13h and 
another is a d i ~ r e t i c ' ~ ' .  The sultine 24 and its six-membered analogue are chiral NMR 
resolving agents49b. 

111. CYCLIC SULPHINAMIDES 

A. Synthesis 

The most useful intermediates in the synthesis of cyclic sulphinamides are the N -  
sulphinylamines, RNSO, which are imines of sulphur dioxide. These undergo a variety of 
cycloaddition reactions to give the compounds under discussion. Numerous reviews attest 
to the importance and interest in these reactions4a-d.66-68 . I n particular, the addition of 
1,3-dienes to N-sulphinylamines has considerable potential in organic synthesis6'. 



9. Cyclic sulphinic acid derivatives 255 

1.  2 + 2 Cycloadditions with N-sulphinylamines 

Treatment of ketenes with N-sulphinylamines gives the four-membered mixed 
sulphinylkarboxylic imides, 25 (equation 52)29b.69-72a . The adduct with keteneitselfis not 
very stable, but diphenylketene gives good yields of isolable products. Additions to vinyl 

(R =Ar,Ph,TolS02,C6H,,) R1 = R 2  =H,Phj 

R1 =Ar, R z  =PhCO, PhSO2 

R' 

(25) 

ethers give good yields of cyclic products when a sulphinyl sulphonamide is used 
(equation 53)73, and an adduct is reported from 9-ethylidene f l ~ o r e n e ~ ~ .  The cationic 
sulphinylamine derivative shown in equation 54 reacted smoothly with ketenimine~~'; the 
initially formed adduct or adducts undergo rearrangement75. Dipolar intermediates have 
been suggested in some of these reactions. Adducts with the carbon-oxygen double bond 

R' 

(53)7 3a 

\O 

J 

CH3 B F C  

ofcarbonyl compounds76 or the sulphur-oxygen dipolar bond in sulphoxides7' have been 
proposed as intermediates. 

2. 3 + 2 Cycloaddition with N-sulphinylamines 

1,3-Dipolar species add across the sulphur-nitrogen double bond (equation 55)7".  The 
behaviour of sulphinylamines with diphenylcycl~propenone~~ and with transition metal 
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2-alkyny1, cyclopropylmethyl, or ql-allyl complexes" appear to tit this pattern 
(equation 56). 

(56)'O 

A reaction in which the sulphinylamine functions as the 1,3-dipolar species and an 
N-substituted maleimide as the dipolarophile has been observed". 

3. 4 + 2 Cycloadditions with N-sulphmylamines as dienophiles 

The addition of a variety of 1,3-dienes to the S=N bond of N-sulphinylamines to give 
3,6-dihydro-l, 2-thiazine- 1-oxides has been widely investigated since i t  was first reported 
in 195382. The addition is syn and is reversible in some cases. Early reports did not 
recognize the possibility that the sulphinylamines could function as dienes also, and the 
cyclopentadiene adduct structure has been correcteda3'. The substituents of the N -  
sulphinylamines, RNSO, are as follows: ary182~xJ. h e t e r ~ a r y l ' " ~ ~ ~ .  RC07"'s85, ROCO-86, 
RS0,7-3'.87, R2POX"'.RR, (CH,),S ' '' and CNX5b."". An ammonium salt. (CH,),N+SO, 
also has been used". Those compounds with electron-withdrawing groups, such as N -  
sulphinylamides and N-sulphinylsulphonamides, are the most reactive. Instead of the 
usual 1,3-dienes, a 1,2,4,5-tetraene also has been employeda3'. 1,4-Substitution in the 
dienes hinders the additionasi. The regioselectivity for TolCONSO is such that, when 
possible, a 1-substituted diem yields the thiazine oxide with the substituent ortho to  
nitrogen and such that a 2-substituted dime gives the adduct with the substituent para to 
the nitrogen8"~86m . The same pattern is followed with disubstituted 1,3-dienes, except 
that the orienting power of a phenyl group is greater than that of a methyl groupssa3'. The 
geometry of adducts of N-sulphinyl-p-toluenesulphonamide with ( Z ,  Z ) - ,  ( E ,  Z ) -  and 
( E ,  E)-2,4-hexadienes has been elucidated and interpreted on the basis of a dipolar 
mechanism of addition8", although a concerted process is in agreement with frontier 
molecular orbital theoryx"". The stereochemistry at the sulphur atom is variable. The 
regiochemistry reported in earlier work has been corrected8"". 
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(57)85h 

(73%) (2%) 

cH3YH3 
R T , 7  h 

N 
\Ph 64% 5 

CH3 A CH3 

SOCl 

C5H5N 
P $ OCONHz 

CH3 

v$o 0 

CH3 
(60)86h 

4. 4 + 2 Cycloadditions with N-sulphinylamines as the diene components 

Aromatic N-sulphinylamines react as dienes with alkynes or with alkenes possessing 
somewhat strained double bonds9’. Analogous reactions occur with N-sulphinylamides 
and related corn pound^^^"^"^^^. These reactions are exemplified by equations 61 -65. 

PhNSO + & % (61)928 
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(62)'4h 

(64)' 

5. Cyclizations involving sulphinic acid derivatives and amines 

The elimination of water or hydrogen chloride between a sulphinic a ~ i d ~ ~ ~ . ~ ~  or 
sulphinyl ~ h l o r i d e ~ ~ ~ * ~ ~ ~ ~ ~ ~  and an amine function has found limited use in the synthesis of 
cyclic sulphinamides (equations 66-68). 

J 
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t-BU 

SOCI, CH,NHNH, t -BuCZC-NMe2 - 
I 0 O C  t o  R T  

t H 3  

(67)9sc 

P 
NSO2Ph (68)9se 

\\ 
0 

6 Oxidabon of cyclic sulphenamides 

Mild oxidation of cyclic sulphenamides with p e r a ~ i d s ~ ' . ~ ' ,  hydrogen peroxideq7. 
dilute nitric a ~ i d " ~ . ~ ' ' . ~ ~ ,  dinitrogen t e t r ~ x i d e ~ ' ~ ,  chromium t r i ~ x i d e ~ ~ ~ ,  bromineq6', 
iodine99 or chlorine97' yields the desired sulphinamides (equations 69 and 70). Overoxi- 
dation to  the dioxide is the principal ~ide-reaction~~'. '*'  or even the major reaction96'. 
Nitrogen functionality if present elsewhere in the sulphenamide may be converted to an 
N-oxide function96**j. 

d? gq -5% (70)97c 

NHR NHR 

7. Miscellaneous methods 

Addition of water across sulphur-nitrogen double bonds provides the sulphinyl 
functionality in the preparation of several cyclic sulphenamides (equations 71 and 
7 2 ) 9 5 c . 1 0 0 ,  

mN+JPh -5% @YPh S/NH (71)'Oob 

II 
0 

1 
NS02Tol 
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Several conversions of sultines to cyclic sulphinamides have been r e p ~ r t e d ~ ~ ' * ~ ~ ~ . l ~ ' ,  
and an S-oxide of a penicillin derivative is rearranged by base to the ~ u l p h i n a m i d e ~ ~ ~ .  An 
isothiazole S,S-dioxide may have been reduced in an unspecified manner to the S- 
oxidelo*. Photolysis of sultam 26 yields the N-hydroxy- or alkoxysulphinamide, 27 
(equation 73)'03. N-Substituted sulphinyl chlorides may undergo aromatic electrophilic 
substitution to give cyclic p r o d u ~ t s ~ ~ ' . ' ~ ~ ,  and an attack of a sulphenic acid on an 
activated double bond gives a cyclic ~ u l p h i n a m i d e ' ~ ~ .  Other reactions that give the 
desired products are the cyclization of an acetylenic acyclic sulphinamide through the 
nitrogen atom (equation 74)Io6, addition of sulphinylaniline to a cyclic nitroneLo7, the 
cyclization of an ylide derived from a sulphoximineLo8, rearrangement of the initial adduct 
of thiofluorenone with a n i t r ~ n e ~ ~ " '  and cyclization of an o-amino-substituted benzenesul- 
phinamide with an ortho ester or dimethylformamide dimethyl acetalIo9. 

R2\  

O//S'\NH 

1 
Ph 

8. Reactions 

R * \  

N a O E t  

1.  Ring-opening reactions-hydrolysis and nucleophilic attack 

Hydrolysis of cyclic sulphinamides under either acidic or basic conditions ordinarily 
proceeds with loss of sulphur dioxide to  give amine derivatives, the process with diene 
adducts of sulphinylamines apparently involving a retro-ene reaction' as shown in 

. Under acidic con- 
ditions further reactions involving carbocation intermediates may occur 
(equation 77)"Ob. The formation of pyrroles by ring contraction with loss of sulphur from 
six-membered sulphinamides has been o b s e r ~ e d ~ ~ ~ ~ ~ ~ ~ .  

nucleophiles may attack the sulphur 
atom of cyclic sulphinamides with ring opening. Grignard reagents react similarly to  give 

equation ~~4a.4c.Z9b.67.68.75.83a,c.85a.b.d.c.h.86b,87e,~.i.89.9la.b,97c,l 10 

A1Coho189.91b.l 10d amine71.110d and sulphur96f3L 
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L H 

NaOH 1 ___, ,C=N 
(CH312CH 'Ph CH,CI, 

CH 

-I 

(75)6'.1 I O c  

(76)75 

(77)"Ob 

s ~ l p h o x i d e s ~ ~ ~ * " ~ - ' ~ ~  which, in unsaturated systems, can be utilized in sigmatropic 
 rearrangement^^',^.^ 7*86g-k50. 

A r  
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R’qT4:5 N’ - E t O H  (79)Y’b 

R2 ‘R4 
R3 

( 80)6 ’ 

2. Oxidation and reduction 

Peracids and hydrogen peroxide oxidize cyclic sulphinamides to S-dioxides (sultones) in 
. In one instance, a 

tertiary amine function is oxidized, thus precipitating the elimination of the benzoyl 
derivative of I-hydroxypyrrolidine (equation 82)968, and in another case (equation 83) 
oxidation of the sulphinyl sulphur atom is accompanied by ring openinge6”. Ozone is 
reported to oxidize dihydro-I, 2-thiazine 1-oxides to formaldehydee7*. The epoxidation of 
the double bond in this latter class of sulphinamides is directed by the SO groupe6’. 

many (equation 8 ~)67 .68 .861 ,871 ,92a. f .93b-d.95i .Y6c~j .m.LOOa-c . lO4 
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?- 

C02CH2Ph 

S02NH2 

(83)"" 

I 

C02CH2Ph 

0- 
I 

COpCH2Ph 

Reduction of 28 with zinc-acetic acid gave a benzothiazole (equation 85)100a*L04, and 
treatment of several other cyclic sulphinamides (e.g. 29) with Raney nickel eliminates 
sulphur (equation 86)92".b*d. Deoxygenation of benzothiadiazine 1 -oxides has been 
observed with thionyl chloride100b-109 and with tributylpho~phine'~~; with excess 
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phosphine, benzothiazoles were obtained. A trichloroethyl carbamate derivative of a 3,6- 
dihydro-l,2-thiazine 1-oxide has its N-protecting group removed on treatment with zinc 
and tert-butyl alcohol86d, and an N-hydroxyl group is reduced with acidified potassium 
iodidelo3. Compound 29 was inert to lithium aluminium hydride and also to 
hydrolysis"", and an analogous compound gave a green to blue colour in concentrated 
sulphuric acidyzc. 

RoNi 

C,H,OH 
- (86)'28 

3. Miscellaneous reactions 

Few thermolyses of cyclic sulphinamides have been reported. At 600 "C under reduced 
pressure, compound 27 (equation 73) is converted to 26'03. The thermal extrusion of 
sulphur dioxide from four-membered intermediates in the reaction of N-tosylamines with 
aldehydes or sulphoxides has been p r o p o ~ e d ' ~ ~ . ~ ~ ,  and an extrusion of sulphur monoxide 
has been observed95d. 

Acylation or sulfenylation of nitrogen' ' '.' " and alkylation of nitrogenyzh or carbonyl 
oxygen'" atoms have been reported. An N-chloroimino substituent is reduced to the 
imino derivative by hydrogen chloridey7". A possible aldol condensation with p-  
nitrobenzaldehyde may occur with a four-membered mixed sulphinic-carboxylic imide". 
An electrophilic attack on the sulphur atom by elemental chlorine has been reported' 13, 

and dehydration involving oxygen loss from sulphur occurs with an unstable uracil 
derivative of a five-membered ~ulphinamide '~~.  Diels-Alder reactions are successful with 
the mixed imide 30 (equation 87)'14. The Diels-Alder adducts may undergo cyclorever- 
sion as noted in Section III.A.387'. Removal of the dimethylsulphide group from 31 is 
accomplished by treatment with sodium methoxide (equation 88)89. and the intermediate, 

(88)"' 
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32, reacts with N-sulphinyl carbamates with loss of carbon dioxide (equation 89)86". 
Sulphur dioxide is evolved on similar treatment of analogues of 284h. A selenium analogue 
of a cyclic sulphinamide transfers its oxygen atom to phosphines and oxidizes hydroquin- 
one115, a reaction that has also been reported for the sulphur  compound^'^^. 

(32) 602 R 

(89)86" 

C. Physical Properties of Cyclic Sulphinamides 

Structures 33-37 have been established by X-ray analysis. The five-membered rings are 
non-planar with intermolecular hydrogen bonding being observed in 35. The stereo- 
chemistry of 36 is exo, and enantiomeric molecules in the crystal are paired by 

(36I1l7 

H 
I 

/C02Et 
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NH ... O=S hydrogen bonds'". From considerations of structure 37 and theorya6"', 
the transition state for cycloaddition of the diene to the ethyl N-sulphinylcarbamate to 
give 37 has the geometry shown in 38, involving the Z configuration of the sulphinylamine. 

Molecular orbital calculations on the tautomers of 39 show that the 4H tautomer is 
preferred' 19. Nuclear magnetic resonance has been used to differentiate between possible 
structural isomers of adducts of sulphinylamines with dienes'", and europium shift 
reagents have proved useful with the cyclic sulphinamidesS6'. 

D. Uses of Cyclic Sulphlnamides 

The uses in organic synthesis of the derivatives obtained by [4 + 2) cycloaddition 
reactions of dienes with N-sulphinylamines have already been menti~ned~'."'."~.'''~. 
I ,  2,4-Benzothiadiazine I-oxides have apparently shown little antihypertensive activity 
compared to the I ,  I -dioxides'OOi.'Oy. Five-membered mixed sulphinic-carboxylic imides, 
e.g. 40, show antifungal a ~ t i v i t y ' ~ ~ ~ ' ' ~ . ' ~ ' " ,  and one 3,6-dihydro-l, 2-thiazine I-oxide 
demonstrated fungicidal and antibacterial properties"". Compound 40 is said to be an 
anti-inflammatory agent and a central nervous system depressant95h, and a benziso- 
thiazole S-oxide is claimed to have antipsychotic activity98. The dihydrobenzothiadiazine 
S-oxides, 41, are claimed to be pesticidesybd, and 42 is related to compounds that inhibit 
3', 5'-nucleotide-phosphodie~terases~~~. A related compoud, 43, stabilizes photographic 
emulsions'22. A diamino-isothiazole S-oxide inhibits the secretion of stomach acid'". 

H 

(41) 

CH 3 

(42)  
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I. INTRODUCTION 

Sulphinic acids (A) particularly the alkanesulphinic acids, are unstable and disproportio- 
nate on standing to the thiolsulphonates and sulphonic acids. They are usually handled as 
their stable sodium salts. The free acids are liberated from aqueous solutions of these salts 
upon careful acidification by hydrochloric acid. Few suiphinic acids are formed in nature, 
doubtless due to their instability, but they exist as intermediates in the oxidation of 
thiols'.'. 

RS0,H RS0,M 
(A) (B) M =metal 

Both sulphinic acids and sulphinatometal complexes (B) are often used in industrial 
processes. Copolymerization of butadiene and styrene is promoted by adding sulphinic 
acids and transition metal salts3. Silver benzenesulphinate is bactericidal and prevents the 
growth of skin fungi. Even during the short duration of normal washing, soaps containing 
arenesulphinato complexes of silver have a bactericidal effect4. The study of sulphinato 
complexes with regard to their structural diversity and their wide range of industrial 
applications are important. 
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TABLE 1. pK, Values of several sulphinic acids in water 
~ 

Sulphinic acid PK, Reference 

Ph(CH,),<O,H 
Ph(CH,),SO,H 
Ph(CH2),SO,H 
p-AnS0,H 

PhS0,H 
P-ToISO~H 

P-CIC~H~SO~H 
m-NO2C6H,SO2H 

2.28 
2.1 1 
1.45 
1.89 

2.23 
1.70 
1.55 
1.29 
1.45 
1.15 
0.55 

2.03-2.05 

5 
6 
6 
6 
6 
6 
7 
7 
6 
7 
7 
7 

In this chapter we describe the acidity, the hydrogen bonding of sulphinic acids and the 
property and structure of sulphinato metal complexes. 

II. ACIDITY OF SULPHlNlC ACIDS 

The pK, values of several sulphinic acids are listed in Table 15-'. Sulphinic acids are 
stronger acids than the structually similar carboxylic acids, i.e. benzenesulphinic acid is 
stronger than benzoic acid and as acidic as dichloroacetic acid. 

111. THE HYDROGEN BONDS OF SULPHlNlC ACIDS 

Since sulphinic acids are labile and readily undergo disproportionation or decomposition, 
their isolation and characterization are generally performed after converting the acids to  
the corresponding salts. Only a few studies on the physical properties, particularly the 
hydrogen bonds, of sulphinic acids have been reported. 

Reinhoudt and  coworker^^^^ reported the isolation of 2-sulphino- I13-xylyl crown ethers 
1 by the reaction of the 2-lithio-1,3-xylyl crown ethers of 2 with SO, at -78°C. The 
2-sulphino-1,3-xylyl crown ethers 1 were obtained in good yields (Scheme 1). The 
macrocyclic ring has some stabilizing effect on the sulphino group. However, long-term 
storage of 1, even in the dark and under argon, results in decomposition. The structure of 1 
was determined by X-ray diffraction. The crystal structures of la and l b  are given in 
Figures 1 and 2. The macrocyclic cavity of l b  is filled by the sulphino OH group, which is 
engaged in a bifurcated hydrogen bond with two ether oxygens. The 0 .. .O distances and 

1. BuLi,THF,-78 OC 

2 .  so2 

SCHEME 1 
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FIGURE 1. Crystal structure of lb. From Reference 9 

the O H  ... 0 angles are 2.79 and 2.88 A and 155" and 126", respectively. Compound la 
adopts the structure with the aromatic ring perpendicular to the mean macrocyclic plane 
(Figure 2). The hydrogen atom in the SO,H group is not located on O(21) [S(19-O(21): 
1.54 8, vs. S(19t0(20) :  1.44 A]. However, short distances between this sulphinyl oxygen 
atom and two oxygen atoms in thecrown ether [0(21)...0(10): 2.898, and 0(21)...0(13): 
2.8 1 8,] indicate the presence of an intramolecular interaction between the proton in the 
sulphinic acid and the oxygen atoms of the macrocyclic ring. 

Cram and coworkers reported the existence of monomer-dimer equilibrium of 
methanesulphinic acid in chloroform by osmometric molecular-weight determination 
(equation 

Engberts and Zuidema" studied the intramolecular hydrogen bonding between phenol 
and several sulphinic esters using IR spectroscopy. The stretching frequency shift (Av) 
towards lower values for the O H  stretching frequency ofphenol observed upon addition of 
sulphinic esters indicates that these sulphinyl compounds are proton acceptors in 
hydrogen bonding. The results are shown in Table2. Variations in either the con- 
centration of phenol (0.005-0.02 mol liter- ') or  the concentration of the acceptor 
molecule (0.007-0.1 mol liter- ') resulted in no significant changes of Av. This suggests the 
formation of a 1 : 1 hydrogen bonding complex at  infinite dilution. From the magnitude of 
the Av values of sulphinic esters it is concluded that in all cases the sulphinyl oxygen atom 
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n 

TABLE 2. Intermolecular hydrogen bonding of phenol" with sulphinic esters in CCI, at 40°C 

Sulphinic esters vsL-o (cm- I )  Avb (cm- I )  

p-AnS(0)OCH , 
p-TolS(O)OCH, 

p-TolS(O)OCH ,C(CH 3)3 

p-CIC6H,S(O)OCHj 
p-NO,C,H,S(O)OCH, 

PhS(0)OCH , 

CH,S(O)OCH, 
CH3S(0)OCzH5 
CH , S( O)OC, H 
CH,S(O)OCH,C(CH,), 

CH,S(0)OC6H5 
CZH5S(0)0CH3 

1134 
1137 

1138 
1136 
1139 
1142 
1141 
1140 
I141 
1142 
1136 
I146 

230(0.007) 
225 (0.007)c, 220(0.004)' 
222 (0.100) 
25 1 (0.007) 
218(0.007) 
206 (0.007) 
187 (0.007), 185 (0.100) 
243 (0.007) 
268 (0.007). 265 (0.070) 
264 (0.007) 
260 (0.007) 
250(0.007) 
220(0.007), 220(0.100) 

~~ ~~ 

"0.005 M phenol in CCI,. 
bMolarity of proton acceptor in parentheses. 
'0.02 M phenol: Av = 220 cm '. 
'0.01 M phenol: Av = 220cm-'. 
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is the proton acceptor site and not the oxygen atom of the alkoxy group attached to the 
sulphur. The I R  data show that the structures ofthe groups R and R’ in the sulphinic esters 
R S ( 0 ) O R ’  influence the Av values markedly, although the position of the S=O stretching 
band at about 1140cm-’ is only slightly affected. For five methyl p-substituted 
benzenesulphinates the Av values correlate linearly with Hammett’s up constants. 

IV. SULPHINATO METAL COMPLEXES 

A. General 

Generally sulphinato complexes, R S O , M  (R = organic residue, M =central ion), may 
be classified into the five possible structures depending on the bonding mode of the RSO; 
ligand to the coordination centres’ ’ - I 3 ,  namely as S-sulphinate (I), an 0-sulphinate (II), 
an 0,O’-sulphinate (111), an 0, S-sulphinate (IV) and an 0-alkyl-S-sulphoxylate (V). 
Although complexes involving dinuclear and polynuclear structures with bridged R S O ,  
groups as ligands are possible, those are little known and will not be described here. 

( 1 )  (11) (111) ( IV) (V) 

The structure of the SO, insertion products is generally determined on the basis of 
infrared and proton N M R  spectroscopic analysis, and X-ray crystallography. Structures 
(I)  usually exhibit the sulfur-oxygen stretching frequencies in the ranges 1250-1 100cm-’ 
as v,,(SO,) and 1100-1000cm- as v,(SO,), which are shifted to higher wave numbers as 
compared with the absorptions at 1085-1050cm-’ and 1000-800cm-’ of the structures 
(11)-(V). The four structures (11)-(V) are normally difficult to distinguish from each other 
by IR.  

The sulphinate ion may act as an electron donor via one of two ways, namely either as a 
‘soft’ donor via the S-atom or as a ‘hard’ donor by one or both 0-atoms. For preparation 
of S-sulphinato complexes, the central ion must have a soft character, such as the lowest 
possible oxidation number, a low positive charge, a large ionic radius, occupied outer 
orbitals and a high polarizability. On the other hand, for obtaining 0-sulphinato 
complexes the central ion should have a hard character, i.e. a higher oxidation number, a 
higher effective charge, a small ionic radius, a low polarizability and a low oxidizability. 

B. Preparation of Sulphinato Metal Complexes 

The general preparative methods for sulphinato complexes are as follows: 
(1) Insertion of SO, into the metal-carbon bond of organometallic compounds. 

Insertion of sulphur dioxide is shown by equation 2, where M stands for a metal together 
with its ancillary ligands and R is an alkyl or a related a-bonded carbon group. In this 
reaction two processes are conceivable, since SO, may attack the central ion either by the 
sulphur or by the oxygen atom, resulting, in the first case, in formation of an S-sulphinato 
(equation 3) and, in the second case, of an 0-sulphinato complex (equation 4). Detailed 
studies on the mechanisms of SO, insertions into metal-carbon bonds have been 
reported 1 3 - 2 0.84- 8 8 

R-M + SO, + RSOZ-M (2) 
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M 

I 
I I  

- O=S-R 

0 

(3) 

(2) Reaction of sulphonyl chlorides and sulphonic anhydrides with organometallic 
Lewis bases or neutral carbonyl-metal compounds. Treatment of a nucleophilic agent 
[Lewis basel- with sulphonyl halides or anhydrides in polar solvents gave the corres- 
ponding metal sulphinates2'-28 (equation 5). For example, the bis(trifluoromethane- 
su1phinato)metal complexes of molybdenum, iron and nickel are obtained by treating the 
corresponding bis(n-cyclopentadienylmetalcarbonyls) with CF,SO,CI in tetrahydro- 
furanZ6 (equation 6). Monosulphinato, bis(sulphinato), tris(sulphinat0) and 
tetrakis(sulphinat0) complexes are obtained by reactions of soluble metal halides or 
acetates with sodium sulphinates in water, ethanol or THF at 25-80°C (equation 7)32. 
Sodium sulphinates are easily obtained by ips0 substitutions of 2-sulphonylpyridines and 
their N-oxides with alkoxides" (equation 8). 

( 5 )  
- 8 O ' C  

THF 
RSO,X + [Lewis basel- -RSO,[Lewis base] + X -  

(R = CF,, p-Tol; X = CI) 
[Lewis base]- = [Mn(CO),]-, [Re(CO),]-, 

[n-C,H,Fe(CO)J - 3  [Co(CO),P(CciHs)3] 

2CF3S0,CI+ [n-C,H,M(CO)n], - MC12+(CF,S02)zM +2nCO+2C5H, (6) 
(M = Mo, Fe, Ni; n = 1,2,3) 

MX, + nRS0,Na - nNaX + M(O,SR), 
(M = Ag, Hg, Co, Ni; R = p-Tol, Ph, CH,) 

(7) 

S02R + EtONa - R S 0 2 N a  + (8) 

(R = Me, Octyl, i-Pr, t-Bu, PhCH,, Ph) 

(3) Reaction of metal halides with alkyl metal sulphides 

RbMX, + mRSO; - RbM(SO,R), + mX- 

(M = Cr, W; R = C,H,)29 
[Bu,N][M(CO,)I] + RSO; [M(CO),-SO,R]- + B u ~ N I  

(9) 

C. Characterization and Properties of Sulphinatometai Complexes 

1.  S-Sulphinato complexes 

The infrared spectroscopic data of various S-sulphinato complexes are listed in Table 3. 
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TABLE 3. IR spectra (cm ') of S-sulphinato complexes" 

PhS0,HgPh 
(TS)zHg 

(CH3S02)2Hg 

(BS)ZPd(OH,)Z 

Na[(BS),PdCI(OH,)] 

Li,[ (BS), PdCI,] 

1175 vs, b 
1229 m, 
1203 vs 
1177vs 
1195s 
1103 s 
1189s 
1099 s 
1200s 
1103 s 
I240 
1220 
1205 
1148 s 
I145 s 
1219 vs 
I199 vs 
1219vs 
1204 vs 
I164 
1184 
1220 

1049 s 
1040 vs 

1061 vs 
1057s 

1051 s 

1060s 

1065 
1055 
1043 
1044s 
1035 s 
1034m 
1012m 
1035 s 
1013s 
1040 
1032 
1070 

Reference 

30,3 1 
32.33 

32 
34 

34 

34 

35 

36 
37 
31 
38 

38 

39 
39 
35 

"TS = p-CH3C,H,SO;. BS = C,H,SO;, bipy = bipyridine, py = pyridine. 

The preparation, characterization, physical properties and structure of several 
S-sulphinato complexes are described below. 

A mixture of the two isomers of phenylmercuric benzenesulphinate is obtained from the 
reaction of liquid sulphur dioxide with diphenylmercury in acetone (equation 10). The 
S-sulphinato complex is obtained from cold acetone, methyl ethyl ketone or methanol. 
Isomerization is readily effected by evaporating a solution of the S-sulphinato isomer in 
chloroform or acetone to dryness at room temperature, when the 0-sulphinato isomer is 
~ b t a i n e d ~ ' . ~  

( C 6 H 5 ) 2 H g  + - C6H5HgS02C6H5 (10) 

Bis(su1phinato) complexes are formed in the reaction of sodium sulphinates with soluble 
mercuric halides in water or alcohol (equation 1 l)32.33. The bonding mode of the ligands 
to the Hg ion is particularly dependent on the water content of the compounds. The IR 
spectra indicate that the anhydrous mercuric complexes Hg(SO,R), probably have the 
S-bonded form. 

(1  1) 

Various sulphinato complexes of iridium(II1) have been prepared by the oxidative 
addition of sulphonyl chlorides to  square-planar iridium corn pound^^^.^^. In these 
compounds, the sulphinato group is connected to the metal by the sulphur atom. For 
example, alkyl- and arylsulphonyl chlorides were found to  combine readily with 3 to afford 
a new type of complex formulated as iridium(II1) sulphinate derivatives 4 (equation 12)35. 
The alkyl iridium sulphinates are thermally stable and remain unchanged after boiling for 

2RS0,Na + HgC1, - Hg(SO,R), + 2NaCI 
R = p-Tol, CH3 
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24 h in solvents such as chloroform or toluene. However, some arylsulphinates undergo 
extrusion of SO, upon heating for 3 h in boiling toluene. For instance, the p-tolyl- 
sulphinate 4 is smoothly and quantitatively transformed into the p-tolyl derivative 5 
(equation 13), in which the infrared absorptions corresponding to the SO, group are 
completely absent. Oxygen-bonded sulphinates or alkoxysulphinato complexes of 
iridium(Il1) are also k n ~ w n ~ ' . ~ , .  

110 oc 
4- 

-sop 

( 5)  

Tetrakis(triphenylphosphine)platinum(O) reacts smoothly with p-toluenesulphonyl 
chloride to give the complex 6 (equation 14)36. When the S-sulphinate (6) was heated, the 
aryl platinum complex was formed by losing SO,. 

(14) (6 )  

Formation of the complexes between Fe(O,SR),(OH), and 2,2'-bipyridine ( = bipy) 
depends markedly on the solvent used, for example, in pyridine Fe(O,SR),(bipy), (7) is 
obtained. O n  heating to  115 "C in pyridine or at its melting point (175 "C), 7 is converted 
irreversibly into the thermodynamically more stable 8 as the S-sulphinato complex 
(equation 15)38. The splitting frequency in IR of v,, and v,(SO,) observed in 8 indicates cis 
bonding of the sulphinato ligand. 
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Wojcicki and coworkers43 studied the mechanism of sulphur dioxide insertion between 
the transition metal and alkyls and/or aryls of the type hs-C,H,Fe(CO),R, hs-  
C,H,Mo(CO),R, Mn(CO),R and Re(CO),R in liquid SO,, and in organic solvents 
containing SO,, using 'H NMR spectroscopy. 'H NMR spectroscopic data (see Table 4) 
indicate that the reactions of these compounds with SO, proceed via the intermediacy of 
the oxygen-bonded sulphinates, which subsequently rearrange to the thermodynamically 
stable and isolable sulphur-bonded sulphinates (equation 16). These 0-sulphinato 
complexes are stable in the presence of SO,, with stability being highest when R =CH,. 
However, upon complete removal of SO, during their isolation, the 0-sulphinato 
complexes immediately isomerize to the corresponding S-sulphinates. For example, in the 
'H NMR spectrum of h-C,H,Fe(CO),CH,Ph in liquid SO, recorded at - 18 "C. an AB 
quartet ofthe CH, resonance in the parent alkyl at T 7.31 diminishes in intensity and an AB 
quartet and two new signals appear a t  T 6.49 and 5.79 and grow, respectively. The signal a t  
7 5.79 is assigned to  the CH, protons of the isolable hs-C,H,Fe(CO),S0,CH,Ph. After 
storage of the solution for cn 24 h at  - 20 "C, the CH, resonance at T 7.31 disappeared and 
the quartet at T 6.49 was barely discernible, while the intensity of the peak at T 5.79 
increased considerably. Furthermore, changes of the 1R spectra are also consistent with 
these observations. IR spectra show lines a t  11 18 s, 828 m v(S0) for the 0-sulphinate and at  
1174s, 1054 s, 1034 s \?(SO) for the S-sulphinate complex. 

R-M + SO, + [MI-OS(0)R + [MI-S(O),R (16) 

[MI = hs-C,H,Fe(CO),, etc. 

Although it is well known that SO, inserts into the metal-alkyl or metal-aryl (M-R) 
bond to form an S-sulphinate, the reaction of SO, with u-allyls is rather complicated. After 
observing that (OC),MnCH,CH=CH, inserts SO, much faster than the analogous 
methyl or benzyl derivatives4,, Wojcicki and coworkers studied SO, insertion into a 
number of manganese carbonyl complexes containing unsymmetrically substituted ally1 

TABLE 4. 'H NMR spectra of metal alkyls and their SO,-insertion products in liquid SO," 

Chemical shift, T 

Compound 

hS-C,H,Fe(CO),OS(O)CH,Ph 

h5-C5H,Fe(CO),S0,CH,Ph 
h5-C5H5Mo(C0)30S(0)CH,Ph 

h5-C5H5Mo(CO),S0,CH,Ph 
Mn( CO),OS( 0)CH , P h 

Mn(CO),SO,CH,Ph 
h5-C,H 5Fe( CO),OS( 0)CH 
h 5-CS H Fe( CO),SO,CH , 
Mn(CO),OS(O)CH, 
Mn(CO),SO,CH, 
Re(CO),OS(O)CH, 
Re(CO),SO,CH, 

6.57, 6.41 AB 4.91 s 

5.79 s 4.91 s 
6.49, 6.31 AB 4.29 s 

5.78 s 4.32 s 
6.41, 6.23AB 

5.70 s 
7.85 s 4.75 s 
6.95 s 
7.72 s 
6.91 s 
7.73 s 
6.79 s 

( J  = 12.6Hz) 

( J  = 12.5 Hz) 

( J  = 12.5 Hz) 

C6H5 
___ 
2.65 m 

2.53 s 
2.75 m 

2.57 m 
2.65 m 

2.55 s 

"The intermediates are designated as the 0-sulfinates. 
Key: S. singlet; m, multiplet; AB. AB quartet. 
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CI 

FIGURE 3. Crystal structure of [n-C,(CH,),]Fe(CO),S02CH2CH=CH(C6Hs) 
(9). From Reference 44 

,. Thus, (OC)5MnCH,CH=CHCH3 and (OC),MnCH,CH=C(CH,), were 
found to undergo rearrangement upon insertion of SO,, yielding the products 
(OC),MnSO,CH(CH,)CH=CH, and (OC),MnSO,C(CH,),CH=CH,, respectively. 
Churchill and W ~ r m a l d ~ ~  reported the results of an X-ray diffraction study 
on [n-C,(CH,),]Fe(CO),S02CH2CH=CH(C6H5) (9) prepared from [n- 
C,(CH,),]Fe(CO),CH,CH=CH(C,H,) and SO2. The crystallographic analysis has 
confirmed that this molecule is formed by insertion of an SO, molecule into the iron-(8- 
allyl) bond without rearrangement of the ally1 fragment (Figure 3). The X-ray structure 
indicates that the formally1 d6 Fe(I1) ion achieves the expected noble gas configuration by 
the donation of six electrons from the n-pentamethylcyclopentadienyl ion, two electrons 
from each of the carbonyl ligands and two electrons from the S-bonded sulphinate moiety. 
The iron atom is regarded as a pseudo-octahedrally coordinated form, since it is linked to 
three monodentate ligands and to a formally tridentate n-C,(CH,), ligand. 

On the other hand, Churchill and W ~ r m a l d ~ ~  reported an X-ray crystal structure of the 
product from SO, and 2-alkynyl complex of a transition metal, n-C,H,Fe(C0)2C,H,S0, 
(10) [prepared from n-CsH,Fe(C0)2CH,C=CCH, and SO,]. The results demons- 
trate that the incoming SO, molecule does not insert into the iron-(o-alkynyl) linkage, 
but rather is involved in a sultine ring which is bonded to the iron atom via an iron- 
(a-vinyl) linkage to  form the system Fe-~=C(CH,)-S(=O)-O-CH, (Figure 4). 

Bruce and Redhouse,’ reported that the reaction of C,F,SO,CI with the anion [(n- 
C,H,)Fe(CO),)]- gave the S-bonded sulphinato complex C,F,SO,Fe(CO),(n-C,Hs), 
which was characterized by X-ray diffraction (Figure 5). 
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FIGURE 4. Crystal structure of n-C,H,Fe(CO),- 
C,H,S02 (10). From Reference 46 

It is well established that in cobalt(II1) chemistry S-bonded sulphite produces a specific 
and dramatic labilization of the ligand situated trans to it4’. The chemistry of octahedral 
complexes containing S-sulphinato ligands is little known”, but an S-bonded benzene- 
sulphinate has been shown to exhibit a trans effect in a Pd(I1) complex34. 

Elder and coworkerss2 reported the synthesis and detailed X-ray structural characteriz- 
ation of an S-bonded sulphinic acid complex of cobalt(II1). A bis(ethy1enediamine)- 

FIGURE 5. Molecular structure of C,H,SO,Fe(CO),(n-C,H,). From Reference 59 
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cobalt(II1) complex of cystein shows that of the three potential donor groups N,  0, S, 
both the amino and thiolate functional groups coordinate to the C O ( I I I ) ~ ~ - ~  I .  

Treatment of (2-mercaptoethylamine-N,S)bis(ethylenediamine)cobalt(III) with 
excess hydrogen peroxide provides (2-sulphinatoethylamine-N,S)bis(ethylenediamine)- 
cobalt(III), [Co(en),(S(O),CH,CH,NH,)] (NO,)(CIO,) (1 1) in good yield. 

The visible-UV absorption spectrum of [Co(en),(S(O),CH,CH,NH,)IZ+ ion ob- 
served at  Amax(&) 432 (220), 288 (14.200) exhibits d-d bands characteristic of cobalt(II1) 
complexes as well as an intense ligand-to-metal charge transfer (LTMCT) band 
characteristically arising from coordination of the sulphur atom to the potentially 
oxidizing Co(II1) centre. The nearly identical positions of the UV-LTMCT bands indicate 
that in this system RSO; works as an as effective reductant as RS-, which in turn implies 
that for both complexes the electron being transferred is the one involved in the Co-S 6- 

bond (i.e. a oL-u$(eg) LTMCT process53. The relative positions of the visible d-d 
absorption bands indicate that the coordinated RSO; provides a stronger ligand field 
than the coordinated RS-. The infrared spectrum of [(en),Co(S(O),(CH,CH~NH,)]I, 
exhibits bands at  1220 as v,,(SO,) and 1080cm- as v,(SO,), respectively. The shift ofthese 
bands to higher frequencies, relative to their positions in the unbound sulphinato anion, 
confirms that sulphur-oxygen band positions may be used to indicate whether a 
coordinated sulphinic acid is in the S-bound or the 0-bound form. A single-crystal X-ray 
structure analysis of 11 shows the following features (Figure 6): (1) The sulphur atom of 11 
has an oxidation number by four units higher than in the starting thiolate complex. (2) The 
primary coordination sphere (octahedral, one sulphur and five nitrogen atoms) of the 
cobalt atom remains intact throughout the oxidation process. (3) The RSO; group 
induces a ground-state trans effect of O.O49(5)A [average cis Co-N bond length 

c2 0 2  

c1 

FIGURE 6 .  Molecular structure of [(en),Co(S(O),- 
CH,NH,)]” (11). From Reference 52  
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1.978(3) A; trans Co-N bond length 2.027(4) A]. (4) The hydrogen bonds are formed 
between the coordinated amino hydrogen atoms and the oxygen atoms of the nitrate 
anions. One of the sulphinato oxygens [0(2)] forms a hydrogen bond with an amino 
hydrogen atom on an adjacent cation, which may be reflected in the fact that the S--0(2) 
distance [1.476(4) A] is longer than the S-0(1) distance [1.456(4) A]. 

Two recent investigations indicate that in cobalt(II1) complex the extent of the sulphur- 
induced kinetic trans effect (KTE) is correlated with the extent of the concomitant ground- 
state structural trans effect (STE). Thus, S-bonded sulphinic acids (RSO;) exert a kinetic 
trans effect (KTE) in bis(dimethylglyoximato)cobalt(III) complexes which is smaller than 
that exerted by SO:- in the same ~ o m p l e x e s ~ ’ * ~ ~ ,  while the S-bonded sulphinic acid in 
[(~~),CO(S(O),CH,CH,NH,)]~+ exerts a ground-state structural trans effect (STE) 
which is smaller than that exerted by SO:- in [(NH3)5-CoS03]+52. 

Deutsch and coworkers reported the single-crystal X-ray structure analysis of ( p -  
toluenesulphinato-S)pentaamminecobalt(III) perchlorate monohydrate (12), 
[(NH,),COS(O)~C,H,CH~](C~O,)~~H,~~~. An X-ray structure (Figure 7) shows that the 
central cobalt(II1) is ligated by one sulphur five nitrogen atoms in a closely octahedral 
arrangement. The salient structural feature of the complex is that the Co-N bond trans to 
the sulphur is significantly longer than the average of the cis Co-N bonds in the same 
complex. In [(NH3),CoS(0)2C6H4CH3]z+, the structural transeffect (STE) is 0.054(12) A. 
Two other sulphinato complexes have STEs of 0.049(5) and 0.0600 A, suggesting that 
0.054(6) A is the best estimation of the sulphinato STE. 

C 

012 

FIGURE 7. Structure of [(NH,),Co- 
S(0)2C6H4CH3]z+ (12). From Reference 
56 
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Furthermore, a kinetic trans effect (KTE) and a structural truns effect (STE) of 
sulphinato-cobalt(II1) complexes are discussed in detai157.58. 

2. 0-Sulphinato complexes 

Infrared spectroscopic data of several 0-sulphinato complexes are listed in Table 5. 
The characterization and structure of 0-sulphinato complexes are described below. 
Langs and Hare reported the crystal structure of bis(p-toluenesulphinato)copper(II) 

tetrahydrate, 1365. An X-ray structure of CU(CH,C,H,SO,)~.~H,O, 13, indicates that the 
ligand field of the copper ion is nearly a tetragonally elongated octahedron. A water 
molecule and the sulphinate oxygen form the approximate tetragonal plane of the 
centrosymmetric complex with bond distances of 2.020(4) and 1.973(4) A, respectively, and 
the apical position is occupied by a water molecule at 2.347(4)A. The toluenesulphinate 
group is non-planar and the bonds about the S atom are disposed in a trigonal pyramidal 
array. The S-0  bond length directed to the copper ion is 1.541(4) A. The X-ray structure 
is illustrated in Figure 8. 

Edmondson and Newlands reported the SO, insertion reaction into a tin-carbon 
bond6'. The compound [C5H,Fe(CO),Sn(SO,Ph),1 was obtained as orange-yellow 
crystals by passing SO, into bis(n-cyclopentadienyldicarbony1-iron)diphenyltin in ben- 
zene at room temperature. The structure of the insertion product was confirmed by an 
independent synthesis from bis(n-cyclopentadienyldicarbony1iron)dichlorotin and 
sodium benzenesulphinate in methanol (equation 17). From the X-ray study6,, it is clear 
that insertion of SO, into the parent compound takes place in the Sn-C bonds to give an 
Sn-0-(SO)-C unit. The geometry at the S atom is approximately tetrahedral in each case 
with a lone pair of electrons presumably occupying the fourth arm of the tetrahedron. 

[C,H,Fe(CO),],SnCI, + 2PhS0,Na - 
[ C , H ,Fe( CO),] ,Sn( SO, Ph), + 2NaCI (17) 

The insertion of SO2 into the W-R bond of q5-C5H,W(CO),R (R = CH,, 14) in liquid 
SO, is markedly promoted by the Lewis acids BF, and SbF,. The promoted reaction 
proceeds to give the corresponding Lewis acid stabilized 0-sulphinato complexes, q5-  
C,H,W(CO),[OS(OBF, or OSbF,)R] (BF,: R = CH,, 16, SbF,: R=CH,, 17), which 

TABLE 5. IR spectra (cm- ') of 0-sulphinato-metal complexes" 

Compound v,,(SO,) or v ( S 0 )  v,(SOz) or vJSOM) Reference 

1050s 
1035m 
998 

1031 s 
1015s 
1103 
1088 
I054 vs 
I055 vs 

ll8Osh 

1145 vs 
1164 S-vs 

878 s 
828 vs 
938 
924 m 
904 m 
869 
853 
918vs 
958 m 
943 m-s 
985 m-s 

16,60 
31 
65 
32 

62.63 

38 
1 1  

1 1  

'TS = p-CH,C,H,SO;. bipy = bipyridine 
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FIGURE 8. Structure of Cu(CH,C6H,S0,),~4H,0 (13). From Reference 65 

were characterized by elemental analysis and infrared and 'H NMR spectroscopy; by 
contrast, the insertion of SO, alone continues to yield the S-sulphinato complex, 
q5-C5H5W(CO),S(O),R (R = CH3, 15)83. 

(15) '15-C,H5W(CO),S(0),CH3 
(16) q5-C 5H 5 W(CO),[OS( OBF3)CH 33 

(17) q5-C5H5W(CO)3[OS(OSbF5)CH3] 

son 
I 7 

SbFs 

OC/j\\O-SCH3 oc co I 
0-SCFS 

117) 

Q 
I 

O C q w v C H  3 
oc co 

114) 
I 

1 188,1054 
870 
990,870 m 
845 sh 

w 
OC? \\O-SCHs 

oc co I 
O-BF3 

116) 

oc co 
(1 5 )  
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FIGURE 9. Molecular structure of C4H,Fe(CO),S0,BF3 (18). From 
Reference 75 

Two examples of Lewis acid enhancement of electrophilic reactivity of SO, 
have been reported. Sulphur dioxide adds to  cyclooctatetraene in the presence 
of SbF, at -70"C61'64; in contrast, SO, alone appears unreactive6'. In the 
presence of BF,, SO, undergoes addition with q4-C4H4Fe(CO), to  afford (q3-  
CH,CHCHCH,)Fe(CO),COS(OBF,)] (18)69, which was characterized by X-ray crystal- 
l ~ g r a p h y ~ ~ . ' ~ .  An X-ray crystal structure of C,H6Fe(C0),~S02.BF, (18) is illustrated in 
Figure 9. The central iron atom is linked to  three carbonyl ligands, a n-ally1 system and an 

FIGURE 10. Isometric projection of 
SbF,SO,. From Relerence 78 
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FIGURE 11. Structure of C,H,,SnSO, polymer. From Reference 66 

oxygen atom of the inserted sulphur dioxide molecule [Fe-O( 1) = 2.00 0.01 A]. Sulphur 
dioxide reacted with antimony(\') fluoride to  produce the 1 : 1 adduct, SbF,SO,, which 
was characterized by X-ray diffraction (Figure Numerous studies were performed 
on the chemistry of sulphur dioxide complexes, SO,M*', which are not described here. 

Ginderow and Huber66 reported that the crystal structure of C,H, ,SnSO, consists of 
infinite chains. These chains are formed by oxygen bridges linking the tin and the sulphur 
atoms. The tin atoms are five-coordinated as shown in Figure 11. 
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TABLE 6. Spectral data for CO(~~),[S(O),CH,CH,NH~]~ + and C~en),[OS(0)CH,CH,NHz]z+ 

B. Vibrational Data (IR; KBr pellet; Raman, H,O, 647.1 nm) 
Complex ~ ~ ‘ ( c m - l )  Ramanb (cm- ’) 

Co(en),(S(O),CH,CH,NH,)2+ 1190s 1204w 
Co(en),(OS(O)CH,CHZNH2)2 + 950 m 950 w 

1030-1037 s 1038 w 

“Halide salts. 
b c l 0 ;  salts. 

TABLE 7. IR spectra (cm- ’) of metal-sulphinato complexes” 

Compound v,,(SO,) or $SO) v,(SOz) or v,,(SOM) Reference 

1005 s 
1027 vs 
1020 vs 
970vs,b 
994 s 
994 vs 
983 s 

984 s 

990 vs 
101 1 

1037 vs 
1192vs 
1166vs 
991 s 
993 vs 

1001 vs 
987 vs 
970 vs 
994 vs 

1001 vs 
958 s 
945 sh 
958 
974 s 

1020s 
1013 s 
1032 s 
1019 s 
1012vs 
1025 sh 
1015vs 

955 m 
956 s 
970 s 
940 vs,b 
952 s 
963 s 
963 m-s 
938 vs 
945 vs 
953 
965 sh 
947 vs 
980 s 

1053 s 
1040 s 
932 vs 
945 m-s 
935 s 
916s 

957 vs 
936 vs 
936 vs 

937 
941 m 
958 s 

957 m 

977 m 
972 S-vs 

68 
12 
12 
26 
26 
26 
26 

26 
70 

32.71 

32 
26 

72 
73.74 

54 

76 
12 
72 

17 
72 
31 

79 

80 
11 



10. Acidity, hydrogen bonding and complexation 293 

The ability of sulphinic acids, RSO,H, to coordinate to main-group elements and to 
transition-metal ions is well known, and their structures and bonding modes have been 
studied in some detail''. 

The bonding is performed by one or both oxygen atoms, by sulphur or by a sulphur- 
oxygen n-system. However, all the reported Co(II1) complexes containing sulphito, 
sulphinato or sulphenato ligands show only Co-S bonding48. 

Recently, Adamson and coworkers6' obtained by a photochemical method a robust 
Co(II1) complex containing an 0-bonded sulphinato ligand and characterized it (Table 6). 
The visible-UV absorption spectra and infrared and Raman spectra indicate the following 
characteristic properties: (1) The photoproduct is confirmed to be the 0-bonded isomer by 
analyzing the absorption spectrum. The position of the first ligand field absorption band of 
CoOSON is characteristic of a Co(II1) complex having one oxygen and five nitrogens 
coordinated. The lack of a characteristic intense charge-transfer (CT) band at -285 nm 
confirms that the sulphur is not coordinated, but a new CT band at 326 nm indicates that 
the sulphinate moiety can still interact with the Co(II1) centre. This would be true for the 
0-bonded isomer. (2) The vibrational data obtained from the infrared and Raman spectra 
of the two complexes are too complicated to be analyzed due to the presence of a large 
number of ligand vibrations. It can be seen that the strong vibrational band at 1190cm-', 
likely due to the asymmetric O=S==O stretching, is not present in the product. However, 
two new vibrational bands appear in the product at - 1035 and 950cm-', attributable to 
the p--c\ stretching mode and to the asymmetric Co-0-S stretching mode of an 0- 
sulphinato ligand, respectively. 

3. 0. 0'-Sulphinato complexes 

The structures of 0,O'-sulphinato complexes are not discussed in detail, because it is 
difficult to distinguish between the structures C and D. Only IR spectral data are listed in 
Table 7. 
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I 
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1. INTRODUCTION 

Rearrangements involving sulfinic acids and their derivatives, especially esters, have 
played a significant role in the development of the chemistry of these functional groups. It 
is therefore not surprising that all major literature surveys on sulfinic or 
s~lfones’-’~ also include a discussion of this subject. However, while excellent and 
detailed coverage exists for certain rearrangements of general mechanistic and synthetic 
interest, such as, for example, the  smile^'^*'^ or Truce-Smiles’6 rearrangement, the 
treatment of all other rearrangements is usually brief and partial. An attempt has therefore 
been made to provide the reader with a comprehensive and systematic survey of the 
literature dealing with rearrangements involving sulfinic acids and their derivatives, some 
of which have never been reviewed before. An exception to this statement are the 
rearrangements of sulfinate esters to sulfones and the reverse rearrangements which have 
been extensively reviewed by the present author, as part of a chapter on rearrangements 
involving sulfones in a recent volume of this series’ ’. An effort has also been made to scan 
the literature through 1988, as far as possible, and to cover the most significant aspects and 
most important advances, particularly work of the last two decades. 

Rearrangements have been included in which sulfinic acids and their derivatives 
participate not only as reactants but also as products. Reactions have been classified 
according to mechanism, but although the main emphasis has been on mechanism and 
stereochemistry, special attention to synthetic applications has also been given, wherever 
appropriate. Obviously, due to space limitations, only selected and representative results 
ofgeneral importance, as judged by the concern of the reviewer, are presented below. Thus, 
the exclusion of a particular piece of work in no way passes judgement on its scientific 
value. 

11. REARRANGEMENTS INVOLVING SULFlNlC ACIDS 

A. Perlcycllc Rearrangements 

Pericyclic reactions involving sulfur dioxide constitute a fascinating chapter in 
organosulfur chemistry18. One of the best studied pericyclic reactions of sulfur dioxide is 
its facile cheletropic 1P-cycloaddition reaction with a variety of conjugated dienes to give 
the corresponding 2,Sdihydrothiophene 1,l-dioxide”, which dates back to the discovery 
ofsulfolene in 191420. Contrary to previous reports that cycloaddition does not occur with 
1,4-dienes1’, Rogic and Vitrone2’ observed that sulfur dioxide reacts with a mixture of 
isomeric 4-alkoxy-1,3- and 1,4-dienes to give an essentially quantitative yield of the 
corresponding 1,4-adduct (equation 1). The authors concluded that the cycloaddition was 
clearly preceded by a facile isomerization of the 1,4- to 1,3-diene, and decided to investigate 
the scope and mechanism of this isomerization in more detai122-24. 

These studies revealed that sulfur dioxide indeed catalyzed a facile and regiospecilic 
isomerization ofa variety of olefins to the thermodynamically more stable isomers at room 
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temperature. Based on kinetic and deuterium labeling studies the authors suggested that 
the isomerization proceeds by a sequence of reversible reactions (Scheme 1) that involves 
formation of a dipolar olefin-sulfur dioxide adduct, which in an ene reaction provides the 
corresponding allylic sulfinic acid as a reactive intermediate. The 1,3-rearrangements of 
the allylic sulfinic acid followed by retro-ene reaction and elimination of sulfur dioxide 
provides the isomerized olefinZ3. 

0, t sop z==2 Q / 3 0 2  

SO2 H OvSO2" - a 

SCHEME 1 

Evidence that allylic sulfinic acids are indeed very unstable and undergo smooth 
decomposition to sulfur dioxide and olefin has also been provided by the same authorsz3. 
Thus, magnesium salts of the allylic sulfinic acids prepared by reaction of sulfur dioxide 
with the Grignard reagents derived from 1 -chloro-3-methyl-2-butene and 2-chloromethy- 
lenecyclohexane on acid hydrolysis gave the olefin and sulfur dioxide (equations 2 and 3, 
respectively). The deuterolyses of the magnesium salt of a,a-dimethylallylsulfinic acid in 
the presence of deuteriosulfinic acid gave 4-deuterio-2-methyl-2-butene (equation 2), as 
expected from the retro-ene mechanism. Hydrolysis of the chloromagnesium salt of the 
sulfinic acid derived from 2-chloromethylenecyclohexane afforded an approximately 1 : 1 
mixture of 1-methylcyclohexene and methylenecyclohexane and sulfur dioxide. This result 
suggests that in this case the generated allylic sulfinic acid had a sufficiently long lifetime to 
undergo the 1,3-rearrangement before the retro-ene reaction occurred. 
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- 0, + sop - s\o 

- + so2 
H 

A 

(3) 

The authors23 also pointed out that the 1,3-allylic sulfur migration is not well 
understood, but may involve a four-membered cyclic dipolar intermediate with the 
negative charge localized on the sulfinyl oxygen and the positive charge on the tertiary 
carbon atom. The effectiveness with which various allylic sulfur compounds such as 
sulfides2s.26, s u l f ~ x i d e s ~ ’ ~ ~ ~  and sulfones” undergo the 1,3-rearrangement may depend 
on the ability of the corresponding sulfur centers to  open up new coordination sites. Thus 
Kwart and coworkers2’~26 have discussed the thiaallylic rearrangement as a well- 
characterized process involving a dipolar trigonal bipyramid intermediate. 

had been known long before 
the studies by Rogic described above, but the stereochemical course of this reaction was 
reported subsequently by Mock and N ~ g e n t ~ ~ ’ .  These authors reported evidence of a 
stereochemical nature which tends to support a cyclic mechanism for this transformation. 
Thus, treatment of cyclic sulfinamides 1 and 2, prepared by cycloaddition of N-sulfinyl p-  
toluenesulfonamide to (E, E) and (E, Z)-2,Chexadiene, respectively3’, with aqueous 
sodium hydroxide (scission of the S-N bond), followed by acidification of the sulfinate 

Interestingly, the fragmentation of allylsulfinic 
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salts with hydrochloric acid yielded S-(p-tolylsulfonamide)-(E)-2-hexene (3a) as the only 
isolable product (equation 4). Hydrolysis of 1 and 2 in a deuterated medium proceeded 
stereospecifically and afforded diastereomers 3b and 3c, respectively. The authorsJ4 
suggested that formation of diastereomeric products 3b, c implies diastereomeric tran- 
sition states. Configurational control was rationalized by a cyclic retro-ene mechanism 
(equation 5). Strong preference for a chair configuration in the transition state could 
explain both predominant (E)-alkene formation as well as diastereomeric induction at the 
4-position as a result of 1,3-transfer of chirality. This reaction has been applied in the 
synthesis of homoallylic amine derivatives having predictable stereochemistry and double 
bond geometry34b. 

3 

NHTS 

Following the proposal of the mechanism of sulfur dioxide isomerization of olelins 
involving allylic sulfinic acids as intermediates (Scheme l)22.23, and the various reports on 
the spontaneous fragmentation of the latter, direct evidence for their involvement was 
provided by Raasch and Smart36. These workers reported the isolation of a stable sulfinic 
acid in an ene reaction of an olefin with sulfur dioxide. Thus, on passing sulfur dioxide into 
a solution of the cyclic olefin 4 in methylene chloride, an ene reaction occurs and the 
sulfinic acid 5 precipitates in 76% yield. 

CI 

Cl 

(4) 

CI 

S02H 

( 5 )  

In this case, the benzylic sulfinic acid 5 is isolable because the benzene ring does not 
participate in the rearrangement and retro-ene reactions characteristic of allylic sulfinic 
acids. Subsequently, several other examples of relatively stable and isolable sulfinic acids 
generated by ene reactions with sulfur dioxide have been p ~ b l i s h e d ~ ~ - ~ ~ .  Thus, Lucchini 
and coworkersJ7 have found that cycloheptatriene (6) is converted to a-toluenesulfinic 
acid (7) in quantitative yield on standing for three days in liquid sulfur dioxide at room 
temperature. Interestingly, while 1,2- and 3,4-benzocycloheptatriene are unreactive in 
liquid SO,, except for a slow isomerization of the latter to the former, more stable isomer, 
another valence isomer, benzonorcaradiene (ti), is converted to a mixture of a- and p- 
naphthylmethanesulfinic acids (9 and 10) in a 45:55 ratio after only 2hours, under the 
same conditions. 

O R  + SO2 G C H R S O z H  

( 6 )  ( 7 )  

( o ) R = H j ( b ) R = M e ; ( c ) R = P h  
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S02H 
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The following two mechanisms were suggested by the authors. One mechanism (a) 
involves an electrophilic attack on the cyclopropane ring of norcaradiene (1 I), similar to 
the mechanism proposed for the thermally induced reaction between homocyclo- 
heptatriene ( I t )  and sulfur dioxide, which leads to the formation of the bicyclic sulfone 13, 
as shown in equation 738. The other mechanism (b) is an ene reaction, implying attack of 
SO, on the 1,7 or 6,7 bond in 11, as indicated by the arrow in equation 6. 

'la c- 

so z ao2 (13) 

t 
0 

I I  
(7) 

The formation of stable sulfinic acids from the ene reaction of methyl substituted allenes 
with sulfur dioxide has also been reported39. For example, instantaneous formation of the 
allylic-vinylic sulfinic acid 15 from the reaction of tetramethylallene (14) and SO, at  
- 60°C was observed by NMR. Although 15 decomposes at room temperature as d o  
sulfinic acids in general, it may be isolated as the corresponding sulfone by reaction of its 
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sodium salt with ethyl bromide4'. More recently, the utility of the SO, isomerization for 
the stereospecific synthesis of cis or trans hydrindan~nes~'", and some more examples of 
stable allylic sulfinic acids40b have been described. 

B. Anionic and Nucleophilic Rearrangements 

In a re-examination of the base catalyzed rearrangement of 2-nitrobenzenesulfenani- 
lides, Cava and Blake4' showed that the product from the reaction of 16a with base was 
not the sodium salt of an aminothiol, as previously reported4*, but the azosulfinate 17a. 
This assignment was confirmed by methylation using methyl iodide to  the corresponding 
sulfone 18a. The same workers4' proposed a mechanism for the transformation which 
involved attack of hydroxide anion on sulfur, ultimately to form S=O bonds, and loss of 
hydroxide ions from the acid form of the nitro group. However, the X-ray structural 
determination of the related sulfenate ester 19 indicated a strong interaction between one 
of the oxygen atoms of the NO, group and the sulfur atom43. This observation has led 
Brown44 to  assume that such an interaction might well be involved in the conversion of 16 
to 17. Accordingly, experiments were performed by the author to  check on the origin of the 
sulfinate oxygen in 'SO-labeled material, together with some kinetic and product studies, 
pertinent to the mechanism. The rearrangement of 2-nitrobenzenesulfenanilide (16a) and 

SNHAr 
I 

&"" 
so, 

I 

&N=NAr 

( 1 6 0 )  Ar=C6H5- (170) Ar=C6H5- 

(16b) Ar=4-MeOC6H4- (17b) Ar=4-MeOC6H4- 

( 1 6 ~ )  Ar =4-N02C6H4- 

S02Me 
I 

bN=""' 
SOMe 
I 

( l e a )  Ar=C6H5- 

(18b)  Ar=4-MeOC6H4- 

(19) 
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its 4-methoxy derivative 16b to the azobenzenesulfinates 17a and 17b, respectively, in 
aqueous alcoholic sodium hydroxide have thus been examined. The reactions were first 
order in sulfenanilide and in hydroxide ion, and 16b rearranged at a slightly faster rate 
than 16a. When the rearrangement of 16a was conducted using '*O-labeled sodium 
hydroxide solution, essentially zero incorporation of label into the sulfinate was observed. 
These results rule out any mechanism involving oxygenation of sulfur by attack of 
hydroxide, and clearly show that both oxygens of the NO, group are transferred to sulfur. 
The has also shown that hydroxide ions as such are not essential since the 
rearrangement of 16a to 17a can be promoted by any comparable strong base, such as for 
example dry ethanolic NaOEt. Based on these results and the failure of 4-nitro- 
benzenesulfenanilide (16c) to rearrange, an alternative mechanism for the rearrangement 
of 16a to 17a has been suggested as shown in Scheme 2. 

R 
17 

SCHEME 2 

A variety of anionic or nucleophilic rearrangements of sulfones to sulfinate salts, 
including the well-known Smiles rearrangement described in the following section, have 
been reported. For example, nucleophiles such as cyanide and benzenesulfinate ions in 
DMF add across the carbon-carbon double bond in 2,3-diphenylthiirene 1,l-dioxide (20) 
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to give an intermediate which undergoes electrocyclic ring-opening to vinylsulfinates 21 
and 22, respectively. These sulfinate anions were trapped with methyl iodide and isolated 
as their respective methyl sulfones 23 and 2445. 

Meso2XcN Me1 'x:Js* Ph (21) Ph Ph (23) Ph 

- 
Ph 

SO2.Ph 

Ph 

MeS02 
Ma1 

(20 )  

DMF 

Ph Ph Ph 

(22) (241 

Under certain basic conditions 2,5-dihydrothiophene 1,l-dioxide also undergoes ring- 
opening  reaction^^^.^' and the resulting 1,3-butadienyl sulfinate anions may be alkylated 
to the corresponding esters or sulfones (equation 8)48. 

1. NaH,DMS0,25 O C  

2 .M11  -i-OMe + -S-tVb 
// No 0 

07% 
0 2  0 

5 v o  

Q 
(8) 

Dodson and coworkers4y have observed ring contraction in the rearrangement of cis- or 
trans-2,4-diphenylthietane 1,l-dioxide to  trans-1,2-diphenylcyclopropanesulfinic acid 
upon treatment with ethylmagnesium bromide (equation 9). 

J,I& or A EtMgBr - Pih (9) 
s=o 

Ph S=O 
'Ph ,=' "Ph I (  

0 0 I 
OH 

Directed lithiation of aromatic compounds is a reaction of broad scope and 
considerable synthetic utility". The metalation of arenesulfonyl systems was first 
observed by Gilman and Webb5' and by Truce and Amos5* who reported that diphenyl 
sulfone is easily metalated at  an ortho position by butyllithium. 

Following earlier observations by Stoyanovich and  coworker^^^.^^ that the action of 
three or  more moles of alkyllithium with one mole of t-butyl phenyl sulfone (25) proceeds 
with elimination of lithium t-butylsulfinate and formation of 2,6-dilithium-l- 
alkylbenzene, the same authorss5 attempted to  clarify the mechanism of this reaction, and 
to detect the intermediacy of a 2,6-dilithium derivative of t-butyl phenyl sulfone (27, 
Scheme 3), by lowering the reaction temperature. Thus, treatment of t-butyl phenyl 
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sulfone (25) with butyllithium at - 20 to - 30 "C in THF-ether unexpectedly leads to  
lithium (2'-t-butyl-6-lithium-biphenyl) sulfinate (30). Hydrolysis of the latter gave 2'4- 
butylbiphenyl-2 sulfinic acid (31), whereas carboxylation led to 6-carboxyl-T-t- 
butylbiphenyl-2 sulfinic acid (32). A mechanism was suggested for the formation of 
observed reaction products, involving the addition of the ortho-lithio derivative of t-butyl 
phenyl sulfone 26 to  3-lithium 1,2-dehydrobenzene (28), followed by rearrangement of the 
generated intermediate 29. This rearrangement, which bears some similarities to  the 
Truce-Smiles rearrangement described below, includes t-butyl migration from a sulfonyl 
group to  the ortho position of the adjacent aromatic ring. 

Rw SO2Li 

' p S 0 2 H  

VMe3 
R 

(31) 

S02CMe3 

I 
R 

( 2 7 )  

I 
R 

(28) 

LiYcMe3 
R 

( 3 0 )  

co*,u+ \ 
(29) 

' R S 0 2 H  H00cwMe3 
R 

(32) R=H 

SCHEME 3 
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C. The Smiles Rearrangement 

The Smiles rearrangement is one of the oldest and best studied rearrangements of 
sulfones. Although first reported by H e n r i q ~ e ~ ~  and by Hinsberg”, the rearrangement is 
named after  smile^^'-^^, who has not only established the correct structure of the 
products, but also recognized the occurrence of a novel rearrangement and developed its 
chemistry. The rearrangement involves the isomerization of a sulfone to a sulfinic acid. and 
can be described as an intramolecular aromatic substitution of a sulfonyl group initiated 
by a nucleophilic group attached to the sulfonyl group through two atoms, which may also 
be part of an aromatic system. Several typical examples of this rearrangement, which is 
usually catalyzed by base, are given in equations 10-13. 

\ 
0 2 N  

HOCH2 CH2S02 -6 

c H 3 ~ s 0 2  

OH 

\ 
0 2  N 

\ 
I L 

Although diary1 and alkyl aryl sulfones are the most common types of compound to 
undergo the Smiles rearrangement, several other substrates, such as sulfoxides, sulfides, 
ethers and sulfonamides, have also been found to undergo analogous rearrangements. The 
nucleophilic center in the Smiles rearrangement is usually a heteroatom such as oxygen, 
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nitrogen or sulfur, while in the Truce-Smiles modification it may also be a carbanion.-If 
one or both aromatic rings are pyridine, the rearrangement may also be catalyzed by 

Because of the considerable interest in the Smiles rearrangement several excellent 
and comprehensive reviews have also been published in the past’5.64-66, as well as a very 
recent brief survey by the present author”. The reader is therefore directed to  these 
sources for further details. 

D. The Truce-Smiles Rearrangement 

1 .  Diary/ sulfones 

In 1958, Truce and coworkers6’ discovered that metalation of mesityl phenyl sulfone 
(33) occurred entirely at an ortho-methyl group and not a t  a ring carbon, as e x p e ~ t e d ~ ~ * ~ ~ .  
Furthermore, refluxing an ether solution of the lithiated species resulted in a novel and 
unusual variation of the Smiles rearrangement and formation of 2-benzyl-4,6-dimethyl- 
benzenesulfinic acid (34) in almost quantitative yield (equation 14). Several other o- 
methyldiaryl sulfones have also been shown to rearrange to o-benzylbenzenesulfinic acids 
when heated in ether solution with BuLi6’-’’. 

S02H CH3 
\ /  

1.2 h,35 OC 

2. H’ 

U 

This rearrangement, commonly referred to as the Truce-Smiles rearrangement, is 
analogous to the Smiles rearrangement with two important differences: (a) while the 
nucleophilic center in the classical Smiles rearrangement is a heteroatom such as oxygen, 
nitrogen or sulfur, in the Truce-Smiles modification it is a carbanionoid unit; (b) in 
contrast with the Smiles rearrangement, no activating substituent such as 0-or p-nitro in 
the migrating aryl group is needed in a metalated diary1 sulfone. This rearrangement has 
received considerable attention, not only because of its mechanistic interest but also 
because of its synthetic utility for the preparation of various substituted diarylmethanes. 
However, two excellent and comprehensive reviews have been published by Truce.I6 and 
Drozd”, and therefore the reader is referred to  these sources as well as to  a more recent 
survey by the present author”. 

2. A k y l  aryl sulfones 

One of the most recent and interesting extensions of the Truce-Smiles rearrangement is 
the analogous rearrangement of aryl t-alkyl sulfones. For example, Snyder and Truce” 
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reported facile metalation of o-tolyl t-butyl sulfone (35) with butyllithium in T H F  to yield 
the benzyllithium species 3 5 ,  which was stable at room temperature or below. However, 
refluxing the solution for several hours resulted in the formation of the salt of o- 
neopentylbenzenesulfinic acid (36) in good yield (equation 15). This reaction, which 
constitutes a Truce-Smiles rearrangement with an alkyl group as the migrating unit, has 
also been observed with other o-methylaryl t-alkyl sulfones. Subsequently, and unex- 
pectedly, Truce and coworkers7’ observed that this rearrangement can also be extended to  
p-tolyl t-alkyl sulfones. Thus, an attempt to metalate p-tolyl t-butyl sulfone (37) with 
butyllithium resulted in metalation at  an ortho position, but metalation with lithium 
diisopropylamide in T H F  resulted in benzylic metalation. Furthermore, the resulting 
metalated sulfone 37a was found to  rearrange readily to lithium p-neopentylbenzene- 
sulfinate (38) even at room temperature (equation 16). 

x 4 
CH3 

L D A  

THF 
- 

S02LI 

t! 
The facile rearrangement of37 to  the sulfinate salt 38 is a strong argument against both a 

concerted pericyclic process as well as an intramolecular S,Z-like displacement mechan- 
ism, as suggested for the classical Truce-Smiles rearrangement of o-methyl diary1 
s ~ l f o n e s ~ ~ ~ ~ ’ .  Furthermore, rearrangement of o-tolyl t-butyl sulfone (35) via an intra- 
molecular S,Z-like attack at a tertiary carbon with displacement of sulfinate is also 
unlikely considering that sulfinates are relatively poor leaving groups in nucleophilic 
displacements and few documented examples exist of S,Ztype reactions at  tertiary 
carbons, even with good leaving g r o ~ p s ~ ~ . ~ ~ .  On the other hand, considerable evidence for 
a free radical mechanism was obtained71. For example, the rearrangement ofo-tolyl cumyl 
sulfone yielded radical coupling products such as bicumyl, in addition to the normal 
rearrangement product. Consequently, an electron-transfer radical-anion chain mechan- 
ism has been s ~ g g e s t e d ~ ~ * ’ ~ . ~ ~ .  

111. REARRANGEMENTS INVOLVING SULFlNlC ANHYDRIDES 

Although acid chlorides acylate sulfinate ions at ~ x y g e n ~ ’ . ~ ~  rather than at sulfur 
(equation 17), with sulfinyl chlorides, the isolated product of their reaction with sulfinate 
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ions is not the corresponding sulfinic anhydride (39), as originally assumed7’, but rather 
the sulfinyl sulfone 40, as demonstrated by Bredereck and coworkers7* many years later 
(equation 18). 

0 0 0  
I1 I1 I1 

RSO; + RCCl - Cl- + RSOCR 

0 0  0 00 
I1 I1 I1 I1 I1 

RSOSR - RSO; + RSCl - RS SR 
II 
0 

(39) (40) 

This behavior is reminiscent of sulfenic acids whose anhydrides have the analogous 
thiosulfinate structure5. However, although structure 40 is thermodynamically favored, 
two cases where the sulfinic anhydride (39) is preferred have been subsequently reported. 
Thus Kice and I k ~ r a ’ ~  have shown that while the anhydride of butanesulfinic acid has the 
normal sulfinyl sulfone structure (40, R = Bu), the anhydride of 2-methylpropane-2- 
sulfinic acid has the sulfinic anhydride structure (39, R = t-Bu). These findings were 
explained by the reliefin steric interference between the bulky t-butyl groups by the oxygen 
bridge of the anhydride isomer. The authors also estimated that the decrease in free energy 
associated with releasing the interference between two t-butyl groups on going from 40 to 
39 should be of the order of only a few kilocalories, and concluded that the difference in free 
energy between the sulfinic anhydride and sulfinyl sulfone functionalities should also be of 
the same order of magnitude. This is reminiscent of the thermodynamics for sulfenate 
sulfoxide isomerizations5~**. 

The second successful preparation of a sulfinic anhydride was reported by Mueller and 
Dines”, who obtained the anhydride of ethane-l,2-disulfinic acid (41) by carefully 
controlled hydrolysis of the corresponding dichloride in tetrahydrofuran at room 
temperature. Similar to the previous case, absence of sulfone-like bands in the IR spectrum 
of the product provided compelling evidence against the isomeric sulfinyl sulfone (42). The 
diminished stability of the latter is easily explained by the strain associated with the four- 
membered ring in 42. 

(41) 

Support of this explanation may be found in the unusual stability of five- and six- 
membered sulfinyl sulfones not only with regard to rearrangement to the corresponding 
anhydrides, but even with respect to their generally facile hydrolysis. Thus, while the 
equilibrium constant for a sulfinic acid-sulfinyl sulfone equilibrium (equation 19) in a 
medium containing much water is too small to be detected, it can be measured 
spectroscopically in a low-water-content solvent, such as 1 %  H,O in AcOH, though the 
concentration of the sulfinyl sulfone is still very small. In contrast, in a disulfinic acid such 
as 43 where sulfinyl sulfone formation can be an intramolecular reaction, this percent 
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increases dramatically. In the same solvent, the sulfinyl sulfone 44 is present at equilibrium 
to the extent of 88%8'. Even more remarkable is the behavior of naphthalene-1,8- 
disulfinic acid 45, with which even in 60% aqueous dioxane almost 75% of the disulfinic 
acid is present at equilibrium as the cyclic sulfinyl sulfone 46*,. 

00 
II II 

I1 
0 

2ArS0,HeArS SAr + H,O (19) 

SO2 H 

(43) (44) 

(45) (46) 

Kites has noted that the question, whether the formation of sulfinyl sulfones under 
normal conditions (equation 18) is because S-sulfinylation is kinetically preferred, or 
rather results because the sulfinic anhydride generated by initial 0-sulfinylation is readily 
converted by some of the remaining sulfinate ions to the thermodynamically more stable 
sulfinyl sulfone (equation 20), has not been definitely established. Alternatively, one could 
also suggest a free radical mechanism for the isomerization of the two species, especially in 
view of the facile homolytic dissociation of the S-S bond (equation 21). For example, 
Kice and P a w l o ~ s k i ~ ~ . ~ ~  have found that, when heated in anhydrous dioxan, aryl sulfinyl 
sulfones ArS(O)SO,Ar undergo thermal decomposition very readily ( t , , ,  = 30 mrn at 
50 "C for Ar = p-tolyl) with clean first-order kinetics. Evidence for the intermediacy of free 
radicals by trapping experiments was obtained. The rate-determining step (equation 2 1) of 
the decomposition is+the dissociation of the sulfinyl sulfone into a pair of free radicals. 
Interesthgly, the AH+ for this reaction is only 28 kcalmol-', which is 13 kcal mol-' less 
than AH+ for homolysis of the S-S bond in the corresponding a-disulfones. This result 
shows that ArSO- radicals enjoy particular stability and are easier to form compared to 
ArS- and ArSO,. free radicals. 

0 0  0 0  a I1 II II 
RSO; + RSOSR + R-S-S-R + RSO; 

II 
0 
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00 
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II 
ArS SAr - ArSO. + ArSO,. 
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0 
II 

II 
3ArS0,H - ArSSAr + ArS0,H 

0 

(47) 

Following a p r o p o ~ a l ~ ~ ~ ' ~  that direct reaction of sulfinic acid with sulfinyl sulfone may 
be the key step in the well-known disproportionation of sulfinic acids to thiosulfonates (47) 
and sulfonic acids (equation 22). the same a ~ t h o r s ' ~ . ~ ~  performed a kinetic study to  test 
this hypothesis. This study indicated that there was no direct reaction between 40 and 
sulfinic acid in anhydrous dioxan. Rather, consumption of the sulfinic acid under such 
conditions occurs as a result of its reaction with an intermediate sulfenyl sulfonate (48) 
formed in the rate-determining unimolecular decomposition of 40, as illustrated in 
Scheme 4. 
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ArS SAr - ArSO,. + ArSO. 
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II 

ArSO,. + ArSO- - ArSOSAr 
II 
0 

0 0 
II fast 1 1  

II II 
ArSOSAr + ArS0,H -ArSSAr + ArS0,H 

0 0 
(48) 

SCHEME 4 

IV. REARRANGEMENTS INVOLVING SULFINYL HALIDES 

Following the observationE6 of a facile isomerization of 1 -(aziridine) carbonyl and 
thiocarbonyl chlorides to  2-chloroethyl isocyanate and isothiocyanate, respectively, under 
extremely mild conditions, Tomalia" reported the analogous rearrangement of 1- 
(aziridine)sulfinyl chloride to 2-chloro-N-sulfinylethylamine, which readily occurred at 
room temperature (equation 23). 

An interesting and useful rearrangement of penicillin sulfoxides (49) to 3-methy- 
lenecephams (51) via a sulfinyl chloride intermediate (50) has been reported by Kukolja 
and  coworker^'^^^^. Thus, treatment of49 with N-chlorosuccinimide in refluxing CCI, for 
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SOCI, 
N H  + Et3N - C -15 t o  0 O C  

CCI. 

[b N-SCI f l ]  - 25 OC CICHZCHZN=S=O 

70min gave in almost quantitative yield a mixture of the sulfinyl chlorides 50 which are 
epimeric a t  sulfur. Ring closure of 50 with various Lewis acids occurred readily at room 
temperature and gave a mixture of R and S sulfoxides 51 in the ratio 2:1, separable by 
chromatography. The latter was considered to be a very versatile intermediate for the 
synthesis of a wide variety of commercially significant cephalosporins. The highly 
desirable exomethylene moiety located at the 3-position offers the opportunity to 
functionalize that group and to prepare various 3-substituted cephalosporins. 

R=phtholimido ( F t ) ,  phenoxyocetamido 

R1=CH3, p-ni trobenzyl  (pNB) 

NCS= N-chlorosuccinimide 

? 

C O O C H ~  

(52) 

YSCH3 
COOCH, 

I 
COOCHS 

(53) 

SnCI.  I 

COOCH3 
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In order to establish which carbon of the intermediate sulfinyl halide participates in the 
formation of the S-C bond during the cyclization process, the rearrangement was 
repeated with deuteriated substrate 52. Treatment of the latter with NCS afforded sulfinyl 
chluride 53, with the methylene group being more than 95% deuteriated. Ring closure of 53 
with SnCI,, as usual, gave a mixture of R and S sulfoxides 54, which was immediately 
reduced with PBr, to methyl 2-dideuterio-3-methylene-7-phthalimidocepham-4- 
carboxylate (55). 

A sulfinium cation, 56, was suggested as a probable intermediate in the ring closure of 
sulfinyl chloride 50, with Lewis acids, and the mechanism visualized as an intramolecular 
ene reaction. In support of this suggestion it was found that other sulfinic acid derivatives 
capable of forming a sulfinium cation, including sulfinic acids themselvesg0, have also been 
found to cyclize under the same conditions. 

R 

Formation of a-fluorosulfinylacyl fluorides by rearrangement of a postulated p-sultine 
intermediate, generated by photoreaction of sulfur dioxide with perfluoroolefins in the 

has also been reported (equation 24)9'. condensed phase under UV-irradiation, 

C F X e C F 2  + SO2 

V. REARRANGEMENTS INVOLVING SULFINATE ESTERS 

Rearrangements of esters of sulfinic acids to  sulfones, and the reverse process, are among 
the best studied and most useful rearrangements of organosulfur compounds in general, 
and sulfinic acid derivatives in particular. The extent of interest in these rearrangements is 
reflected by more than one hundred papers published on this subject. However, since this 
literature was recently reviewed by the present author in considerable detail '', the 
following discussion will only present a summary of the main features of these reactions. 

A. Rearrangements of Sulfinates to Sulfones 

1. Rearrangements of alkyl and benzyl sulfinates to sulfones 

The rearrangement ofesters ofsulfinic acids to sulfones (equation 25) is one of the oldest 
and best studied rearrangements involving sulfones, dating back to 1930, when Kenyon 
and Phillipsg2 first reported that a-phenylethyl p-toluenesulfinate rearranged on standing 
to  a-phenylethyl p-tolyl sulfone. Subsequently, Kenyon and coworkers93 observed that 
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this rearrangement was favored by an increase in solvent polarity and that in formic acid 
the optically active ester was converted to completely racemic sulfone. These results were 
considered as consistent with an ionic mechanism. Similarly, Stevens and coworkers94 
investigated the rearrangement of a number of sulfinates to  sulfones and suggested an ionic 
mechanism. It should be pointed out that the driving force for the sulfinate to sulfone 
isomerization is the formation of the strong sulfur oxygen bond in the sulfonyl group 
(1 12 kcal mol-1)95, a result of back donation of a pair of nonbonding electrons from the 
oxygen atom into empty d orbitals of the sulfur atom, with consequent pn-d, overlap96. 

0 0 
II II 

ArSOR - ArSR 
II 
0 

Neither of these reports provides any information with regard to the type of ionization, 
i.e. ionization to free ions or ion pairs. The more recent, and mechanistically detailed 
investigations by Darwish and c ~ w o r k e r s ~ ~ - ~ ~ ~  prove quite useful in this respect, and may 
be regarded as the most important contribution in this field. These authors have examined 
the rearrangement of t - b ~ t y l ~ ~ ,  a-phenylethy197*98, a-(p-metho~yphenyI)ethyl~~*~~, benz- 
h ~ d r y l ~ ' . ~ ~ ,  cumyllOO and trity110'.102 2,6-dimethylbenzenesulfinates under a variety of 
conditions. The main findings revealed by these investigations are as follows. The rate of 
rearrangement and solvolysis of these esters showed a high sensitivity to  the ionizing 
power of the solvent and to the introduction of a para-methoxy group into the aromatic 
group indicative of an ionization mechanism. 

However, several pieces of evidene indicate that sulfone is not formed by recombination 
of dissociated ions. For example, when the reactant was optically active, diastereomeri- 
cally pure a-phenylethyl 2,6-dimethylbenzenesulfinate, the sulfone which was produced 
was also optically active and of over 95% retained configuration, but the ester recovered 
after partial reaction was a mixture of d i a s t e r e ~ m e r s ' ~ ~ .  Furthermore, addition of 2,6- 
dimethylbenzenesulfinate anion to any of the systems did not increase the fraction of 
sulfone formed, as would have been expected if the ions were competing with solvent for 
the cation. Even with the highly stable trityl cation produced during the rearrangement of 
trityl2-methylbenzenesulfinate in acetonitrile, only 45% at most could be diverted to  form 
trityl azide by the addition of tetrabutylammonium azide. On the basis of these 
observations and other pertinent data, the mechanism which was proposed included the 
intermediacy of ion pairs, as shown in equation 26, where ArSO; R + is a noncapturable 
intimate ion pair, and ArSO; 1) R +  is a capturable solvent-separated ion pair. This 
mechanism has received further support from related studies conducted by several other 
 investigator^^^^-'^^. 

0 0 0 0 
II II I1 II 

A r S O R e A r S O - R +  e A r S O -  1 1  R +  - ArSR 
II 
0 

R = t-Bu, PhZCH, PhCHCH,, Ph3C 

The rearrangement of furfuryl benzenesulfinate (57) appears of special interest. In 
contrast with the corresponding benzyl ester, this sulfinate was found to  undergo a facile 
rearrangement to sulfone. Furthermore, in nonhydroxylic solvents a mixture of furfuryl 
phenyl sulfone (58) and 2-methyl-3-fury1 phenyl sulfone (59) is obtained (equation 27)Io6. 
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0 
II 

( 5 7 )  ( 5 8 )  (59) 

Of special interest are also the rearrangements of benzylic trichloro- and trifluorometh- 
anesulfinates, which are easily prepared by MCPBA oxidation of the corresponding 
sulfenate esters, and which rearrange to sulfones orders of magnitude faster than the 
corresponding arenesulfinates, a consequence of the high leaving-group ability of the 
X,CSO; a n i ~ n ' ~ ' . ' ~ ~ .  Similar observations have been made by Hendri~kson"~,  who has 
also demonstrated the synthetic utility of the rearranged trifluoromethyl sulfones, so- 
called triflones, in the variety of ways they facilitate carbon-carbon bond construction' lo. 

The rearrangement of several cyclic benzylic sulfinates have also been described in the 
literature by the groups of Durst"" and of Hogeveen''lb and seem to proceed by a 
special two-step mechanism: retro Diels-Alder extrusion of SO,, followed by its 
cheletropic addition to the unstable quinodimethane intermediate (equation 28). 

Finally, Kornblum and coworkers' ' reported a particularly interesting and efficient 
isomerization of p-nitrocumyl arenesulfinates to  the corresponding sulfones which occurs 
at room temperature in quantitative yield. This rearrangement is believed to  occur by the 
general and well-known electron-transfer chain-substitution mechanism of ambident 
anions introduced by Kornblum (Scheme 5)' 

2. The [2,3]sigmatropic rearrangement of allylic sulfinates to sulfones 

In 1950, Cope and c o ~ o r k e r s ' ' ~  have examined the thermal stability of allylic 
arenesulfinates. They found that allyl, crotyl and a-methylallyl benzenesulfinates on 
heating underwent rearrangement to sulfones in low yields, but were unable to reach a 
decision with regard to the reaction mechanism, mainly because the last two esters gave 
the same product: crotyl phenyl sulfone. 

Some ten years later, Darwish and Braverman''4.115 undertook a more extensive study 
of this rearrangement, which has revealed some unique features. These investigators 
examined the behavior of six different esters, namely allyl, crotyl, a-methylallyl, racemic 
and optically active a, y-dimethylallyl, cinnamyl and a-phenylallyl 2,6-dimethylbenzenes- 
ulfinates under various reaction conditions. 

All these esters have been found to  undergo rearrangement to sulfones in high yields 
even under solvolytic conditions (equation 29). This result seems of interest in view of the 
fact that under such conditions sulfinates in general undergo solvolysis, with relatively 
little sulfone formation9'* ' 04-' O' . The second point of interest is that the rearrangement of 
unsymmetrically substituted allylic esters involves simultaneous isomerization of the 
allylic group. Similarly, optically active a, y-dimethyl 2,6-dimethylbenzenesulfinate rear- 
ranged to the corresponding optically active sulfone with practically complete inversion of 
configuration (equation 30)' 14*' ". 
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A r = 2 , 6 - M e ~ C e H 3  (29) 
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(Sod) [a]i5 + 3.86O (S ld) [a ]~ '  + 7.02O 
It may be ofinterest to  note that the stereospecific transformation shown in equation 30 

has been cited as the first reported observation of a 1 + 3 chirality transfer'I6. As pointed 
out by Hoffmann1l6, quantitative 1 + 3  chirality transfer will follow from the supra- 
facial' ' ' course of rearrangement, provided the reactant has a uniform configuration at 
the /j,y-double bond. This stereochemical prediction has also been confirmed by the results 
obtained in several other [2,3]sigmatropic rearrangements, subsequently reported' 18-'20. 

The evidence presented so far excludes the formation of dissociated ions as the principal 
route to sulfones, since such a mechanism would yield a mixture of two isomeric sulfones. 
Similarly, in the case of an optically active ester a racemic product would be formed. The 
observed data are consistent with either an ion-pair mechanism or a more concerted cyclic 
intramolecular mechanism involving little change between the polarity of the ground state 
and transition state. Support for the second alternative was found from measurements of 
the substituent and solvent effects on the rate of reaction". 

O n  the basis of the evidence presented above as well as some other pertinent data (e.g. 
negative entropies of activation), Darwish and Braverman1I4 have suggested that the 
rearrangement of allylic arenesulfinates (ma-f) to corresponding sulfones (61a-f) 
proceeds by a cyclic intramolecular mechanism involving a five-membered transition state 
which may be represented by a resonance hybrid 62 of the following resonance structures. 

q- p4-V + 
Ar-S-0 Ar-S=O Ar-S-0- 

0 
II 
0 

II I 1  
0 

(62) 

One would expect a graded sequence of transition states between the covalent and ionic 
structures. It is conceivable that with allyl 2,6-dimethylbenzenesulfinate in nonpolar 
solvents the covalent resonance structure of the transition state is the major contributor. It 
is also probable that replacement of a hydrogen of the allyl group by a carbenium ion- 
stabilizing substituent such as alkyl and phenyl groups and the use of solvents of high 
ionizing power will enhance the contribution of the ionic resonance structure. It should be 
added that this is not only one of the first and best studied [2,3]sigmatropic rearrange- 
ments"', but it has also been used as a model for the prediction of the closely related 
[2,3]sigmatropic rearrangements of allylic sulfinates to  sulfoxides, propargylic sulfenats 
and sulfinates to  allenic sulfoxides and sulfones, respectively2*.' ', as well as their 
corresponding selenium analogues' ". 

Further support of the proposed mechanism can be found in several subsequent 
s t ~ d i e s ' ~ ~ - ' ~ ~ ,  including the most elegant investigation of oxygen-18 scrambling in the 
rearrangement of allylic arenesulfinates performed by Darwish and ArmourLZ3, the flash 
pyrolysis of deuterated allylic ~ u l f i n a t e s ' ~ ~  and the transfer of chirality from sulfur to 
carbon in the rearrangement of optically active cis and trans y-substituted allylic p- 
toluenesulfinates to optically active chiral s u l f o n e ~ ' ~ ~ ~ ' ~ ~  (equation 31). 
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Some useful synthetic applications of the allylic sulfinate-sulfone rearrangement have 
also been reported128.129 (equation 32). 

0 
O-SCH2COOR ii B C H 2 C O O R  II 

A .  

R2 

3. The [2,3]sigmatropic rearrangement of propargylic arenesulfinates to allenyl aryl 
sulfones 

Following studies on the rearrangement of allylic arenesulfinates, Braverman and 
coworkers have investigated a number of natural extensions of this unique transformation 
including the predictable [2,3]sigmatropic rearrangement of propargylic sulfinates to  
allenic sulfones, described in equation 33. 

(a)  R1=R2=Me (d)  R'=H,R2=Ph 

(b )  R1=R2=H ( 0 )  R1=Me,R2=Ph 

(c )  R1=H,R2=Me 

Rearrangements of propargylic systems to  allenes in general have been widely studied 
and are well documented'30-' 33. In 1966. Braverman and M e ~ h o u l a r n ' ~ ~ "  first reported 
the facile thermal rearrangement (equation 33) of a,a-dimethylpropargyl benzenesulfinate 
(63s) to y,y-dimethylallenyl phenyl sulfone (64a) thus indicating the occurrence of an 
'allylic shift' for this system as well, in spite of certain geometrical differences. The analogy 
between the rearrangement of allylic arenesulfinates, as described in the previous section, 
and the corresponding propargylic esters was further demonstrated by the almost 
exclusive rearrangement to  sulfone even under solvolytic conditions, as well as by a low 
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sensitivity of the rate of the rearrangement to the change in ionizing power of the 
solvent134b, and substituent e+ffect134'. In the light ofthis evidence and the negative value of 
the entropy of activation (AS+ = - 12.8 eu) obtained for the reaction of 63a in acetonitrile, 
the suggested that the rearrangement of propargylic sulfinates to allenyl 
sulfones proceeds by a concerted [2,3]sigmatropic shift mechanism. 

These observations on the rearrangement of propargylic arenesulfinates are confirmed 
by the work of Stirling and Smith135 performed contemporaneously with that by 
Braverman and Mechoulam134. These authors reported that y-deuteriopropargyl p -  
toluenesulfinate rearranged to y-deuterioallenyl p-tolyl sulfone on heating at 130 "C, and 
that under similar conditions R-( + )-z-methylpropargyl p-toluenesulfinate rearranged to 
( - )-g-methylallenyl p-tolyl sulfone whose absolute configuration, predicted on the basis 
of a cyclic intramolecular mechanism, agrees with that calculated from the polarizability 
sequence of substituents attached to the allene system. 

4. The double [2,3]sigmatropic rearrangement of allylic and propargylic sulfoxylates 

An interesting extension of the [2,3]sigmatropic rearrangements of allylic and 
propargylic sulfinates, discussed in the preceding two subsections, as well as the analogous 
rearrangements of allylic136 and p r o p a r g y l i ~ ~ * * ' ~ '  sulfenates, is the double [2,3]sig- 
matropic rearrangement of the corresponding sulfoxylate esters. 

Braverman and S e g e ~ l ~ ~  first reported a convenient method for the preparation of 
conjugated diallenyl sulfones, involving a double [2,3]sigmatropic shift of propargylic 
sulfoxylates, as illustrated in equation 34. While the rearrangement of sulfinate 65 requires 
moderate heating for several hours, the rearrangement of its sulfoxylate precursor 
proceeds spontaneously at low temperature. Diallenyl sulfone 66 was found to undergo 
some interesting thermal and ionic rearrangements to  cyclic products' 38. Subsequently, 
Biichi and Freidinger 39 have reported the analogous rearrangement of allylic sulfoxy- 
lates to diallylic sulfones, as illustrated in equation 35. In this case too, the rearrangement 
of sulfinate 67 to the bisallyl sulfone 68 is best accomplished by brief reflux in toluene, while 
the formation of 67 itself takes place below room temperature. The analogous 
rearrangement of allyl thiosulfoxylate to allyl thiosulfinate (equation 36), believed to 
represent the antibacterial principle of Allium sativum (garlic), has also been reported14'. 
In this case, however, the rearrangement can be reversed by a-substitution in the product. 
A useful conversion of diallylic sulfones to the corresponding trienes, by way of the 
Ramberg-Backlund reaction, has also been described and applied for the synthesis of 
various natural products. 

CHCI, 

Reflux 
-+ (34) KK 

CH3 CH3CH3 CH3 
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9. Rearrangements of Sulfones to Sulflnates 

1. Thermal rearrangements 

In contrast with the relatively facile thermal rearrangement of sulfinates to sulfones 
discussed in the preceding section, the reverse process is, relatively, rarely encountered and 
is usually observed only at elevated temperatures. One of the first thermal sulfone to 
sulfinate isomerizations has been invoked by Fields and Meyer~on '~ '  to occur during the 
pyrolysis of dibenzothiophene S,S-dioxide (69) to dibenzofuran, through elimination of 
sulfur monoxide from the sultine intermediate 70 (equation 37). 

690 O C  - 
(69) (70) 

-so - 
(37) 

Several reports involving the rearrangement of cyclic four-membered a,/?-unsaturated 
sulfones to the corresponding five-membered cyclic sulfinates (y-sultines) were observed. 
For example, Dittmer and coworkers'42 have observed the rearrangement of benzothiete 
1,l-dioxide (71) to benzosultine (72) in 90% yield at 210°C, while Hoffman and S i e b e ~ ~ ' ~ ~  
reported the gas-phase rearrangement of 73 to 74 at 300 "C. Contemporaneously, King 
and  coworker^'^^-^^^ ha ve studied the thermal rearrangement of the parent molecule 
thiete 1,l-dioxide (75) to y-sultine 76, and rationalized their results in terms of a mechanism 
involving vinyl sulfene as a reactive intermediate, which is formed and reacts in a concerted 
manner (equation 38). This intermediate could be trapped by reaction with phenol, and 
the release of ring strain during its formation provides the driving force for the reaction. A 
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number of other thermal sulfone to sulfinate rearrangements, some of them occurring even 
at room temperature, due to  ring strain, have also been reported and reviewed". 

L J 

( 7 5 )  (76)  

2. lonic rearrangements 

Similarly to the thermal rearrangements discussed in the previous subsection, the base- 
catalyzed rearrangements of cyclic four-membered sulfones to  five-membered sulfinates 
have also been reported. For example, Dodson and  coworker^'^' have observed the 
rearrangement of cis- and trans-2,4-diphenylthietane 1,l-dioxides to  cis- and trans-3,5- 
diphenyl-1,2-oxathiolane (2,3)-cis-oxides, respectively (equation 39). on treatment with t -  
butoxymagnesium bromide, which is stereospecific with respect to  the phenyl group but 
stereoselective with respect to the oxygen atoms on sulfur. 

H H 

t-BuOMgBr 

Ethor 
- H  

0 
bh \\ 

0 

(39) 

More recently, Braverman and Reisman'4' have found that addition of a carbon 
tetrachloride solution of bromine to bis-y,y-dimethylallenyl sulfone (66) at  room 
temperature unexpectedly resulted in spontaneous and quantitative fragmentation of the 
sulfone, with formation of the a,b-unsaturated y-sultine 77a and the tribromo products 78 
and 79 (equation 40). Analogously, treatment of the same sulfone with trifluoroacetic acid 
gives rise to  y-sultine 77b. It is interesting to note that from a synthetic point of view it is not 
even necessary to  prepare the diallenyl sulfone 66, since one can use its sulfinate precursor 
(equation 34) to  obtain exactly the same results, under the same c o n d i t i o n ~ ' ~ ~ .  The 
authors suggested that the fragmentation cyclization of sulfone 66 may take place by the 
mechanism depicted in equation 41. 

The conversion of sulfones to  sulfinates under electrophilic conditions such as those 
described above appears to be unique. In continuation, a stereochemical study of the 
reaction has also been performed'49-' 51. Racemic y-methyl and y-t-butyl allenyl t-butyl 
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B r 2  
66 

sulfones (80,81) were prepared by [2,3]sigmatropic rearrangements of the corresponding 
r-alkylpropargyl 1-butylsulfinate. Optically active sulfones ( - )-80 ( [a]A5-47.5‘) and 
(-)-81 ( [aA5,-58.5-) were obtained by the elegant method of kinetic resolutions’’’, 
and were assigned the R absolute configuration. Treatment of these sulfones with bromine 
and methanesulfenyl chloride gave optically active y-sultines 82-85. A stereoselective 
synthesis of optically active chiral a,S-unsaturated y-sultines of known absolute configura- 
tion has thus been achieved”. 

K 
H R  

X+ 

- f - B U  +- 

0 
I t  

R 

Hr 

( R ) - ( - ) - ( 8 0 )  (81) (82) X=Br ,R=Me + 16.9 

(80)  R =Me (83) X = B r , R =  t -Bu  + 15.6 

(81) R =  t -Bu ( 8 4 ) X = M e S ,  R = M e  + 23.7 

+ 15.9 (86)  X =MeS, R= t -Bu 

C. Rearrangements of Sulfoxides to Sulfinates 

Jung and Durst153 reported that certain sulfoxides such as t-butyl alkyl or aryl 
sulfoxides undergo carbon-sulfur bond cleavage upon treatment with positive halogen 
species such as N-bromo or N-chlorosuccinimide. When the cleavage reaction was 
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performed in the presence of alcohol, the products were alkyl sulfinates and t-butyl halides 
(equation 42). Incorporation of the hydroxy group into the y or 6 position of the alkyl 
group resulted in the formation of y- or 8-sultines in high yields (equation 43). 

0 0 
II NCS II 

Me3CSCHR'R2 - Me3CCI + R'R2CHSOR 
CH2CI2, ROH 

0 

With b-hydroxy sulfoxides, the reaction with NBS, NCS or SO,CI, proceeded as usual 
at room temperature to give initially ~ - ~ u l t i n e s ' ~ ~ .  However, these compounds in most 
cases have only limited stability, due to loss of SO, and formation of olefins in good to 
excellent yields. The latter occurs by a stereospecific cis elimination (equation 44). 

0 OH 0-CR2 R3 

C H Z C I z  

CI  CI 0 CI- 

R = t e r t - b u t y l ,  R',R2,R3=olkyl or aryl  

Subsequently, the same group' ss reported the isolation and characterization of a stable 
crystalline P-sultine, 3,3-dimethyl-2,2-diphenyl- 1,Zoxathiethan 2-oxide, from the reaction 
ofthe j3-hydroxy sulfoxide 8% with NCS at room temperature. This compound is stable at 
room temperature for several days but decomposes quantitatively into 1,l-diphenyl-2,2- 
dimethylethene and SO,, when warmed to 30°C in CH,C, ( t l , ,  =z 24 h). 

VI. REARRANGEMENTS INVOLVING SULFINAMIDES 

A. Pericyclic Reactions 

1 .  Cycloaddition and electrocyclization reactions 

Maricich and Hoffman' 5 6  observed that, unlike other azides, the reaction of benzenes- 
ulfinyl azide (86) with sulfoxides gave N-benzenesulfonyl sulfimides (88), instead of the 
expected sulfoximide, adduct 87. The results were interpreted by a two-step 1,2-dipolar 
cycloaddition of a delocalized sulfinyl nitrene intermediate 89 with sulfoxide, followed by 
an electrocyclic ring opening of the cyclic sulfurane 90. 
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In a related study, the same authors”’ reported that certain N-alkoxybenzene- 
sulfinamides (91) reacted with alcohols in a way that implicated a sulfinyl nitrenium ion 
intermediate (92). The latter is generated by an unprecedented dissociative rearrangement 
from 91 to 93 (equation 45) involving migration of an alkoxy group from nitrogen to 
adjacent sulfur, which can also exchange with the alcohol solvent. The sulfonimidate 
intermediates 93 also alkylate the solvent. 

0 

PhCH2OH 

+ 0 
l l 4. 

PhS-NH 

ROH / I  ROH 
8CH2Ph A P h S E N H  - PhS02NH2 

I + 
OCH2Ph (R) 

ROCH2Ph 

I PhSNHOCH2Ph d 

0 

(93) t 
II 

(91) 

PhS-NH 

(92) 

+ 
ROR 

(45) 

Subsequently, evidence supporting the convergence of mechanisms between the sulfinyl 
azide and N-alkoxysulfinamide reactions with both sulfoxides and alcohols has also been 
presented * 58.  The major products previously obtained from the reaction of sulfoxides with 
sulfinyl azides were also obtained with N-alkoxysulfinamides. Likewise, major products 
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previously obtained from the reaction of alcohols with N-alkoxysulfinamides could also 
be obtained with sulfinyl azides. Thus, the reaction of 86 and 91 with DMSO must 
converge at 90, leading to sulfinimide 88, whereas reaction with alcohols must converge at 
sulfonimidate 93, leading to sulfonamides and ethers. 

More recently, Dondoni and coworkers' 59 have found that reaction between keteni- 
mines and sulfur dioxide leads to stable cyclic sulfinimides 95, via an initial 277 + 2n 
cycloaddition, to give the unstable b-sultines 94, which rearrange to the observed product. 

Me 

S-NR 
4 

2. Sigmatropic rearrangements 

Several sigmatropic rearrangements involving the formation or transformation 
of sulfinamides have been reported. For example, Scherer and Schmitt' 6o reported that 
N,N-bis-trimethylsilylmethanesulfinamide (W), undergoes tautomerization from an 
amido to imido ester (97, equation 46) by a [ 1,3]sigmatropic rearrangement of a 
trimethylsilyl group. 

\ 
Me,Si 0 Me,Si-0 

I II 
Me,Si-N-SCH, Me,Si-N=SCH, (46) 

OH 

n P3 
-78 O C  to  R f  - - 

r t h r r ,  N(C,H,), 

-78 oc 



R
5 

I R
3 

(9
8

) 

R
5 

I R
3 

(9
9

) 

T
 



328 S. Braverman 

An interesting application of the well-known [2,3]sigmatropic rearrangement of allylic 
sulfenates to sulfoxidesZ8 to the preparation of allylic sulfinamides was recently reported 
by Baudin and Julia'61. Thus, reaction of the easily available 4-morpholinesulfenyl 
chloride'62 with various allylic alcohols in the presence of triethylamine at low 
temperature readily affords allylic sulfinamides via the intermediacy of the unstable 4- 
morpholinesulfenate esters (equation 47). 

The same authors'63 have also reported a novel synthesis of indoles (99) through a 
[3,3]sigmatropic rearrangement of N-aryl- 1-alkenylsulfinamides 9%, which are smoothly 
obtained by reaction of vinylic Grignard reagents with N-sulfinylanilines (Ar-N= 
S=O), and suggested the mechanism shown in equation 48. 

3. Ene and retro-ene reactions 

In view of the facile ene reaction of sulfur dioxide with olefins discussed in 
Section II.A, it is not surprising that some of its nitrogen analogs, in particular sulfur 
d i i m i d e ~ ' ~ ~  and N-s~lfinylamilines'~~, would also react analogously. These reactions 
have been studied by three different groups led by Kresze, Sharpless and Deleris. 

Schonberger and Kresze'66 first reported that propene derivatives react with N,N'-  
ditosyl sulfur diimide (100) with formation of allylsulfinamidines (101), which are rather 
unstable and undergo a [2,3]sigmatropic rearrangement to N-allyl-disulfenamides (102). 

R2 R 2  

I I 
TosN=S=NTos + R1CH2-C=CH2 4 R1CH=C-CH2 

I 
(100) 

TosN 

4 R1CH-CR2=CH2 
I 
I 

TosN\S/NHTos 

(102) 

The last reaction was studied independently also by Sharpless and HoriI6', who applied 
the use of both the sulfur diimide 100 as well as its selenium analog168 to effect allylic 
amination of olefins and thus mimic the well-known allylic oxygenation of olefins by 
selenium dioxide. 

An illustration of the mono- and double-allylic amination of methylenecyclohexane 
using the sulfur diimide 100 as the enophile is shown in equation 49. The synthetic utility of 
this reaction has also been demonstratd by these authors'69 in the synthesis of dl- 
gabuculine, an inhibitor of y-aminobutyrate amino-transferase, using direct allylic 
amination as the key step. 

reported that the ene reaction of the related 
monooxo compounds, the N-sulfinylsulfonamides, is reversible under mild conditions, 
and that this reversibility can be exploited to specifically introduce deuterium or tritium 
into the allylic position of the substrate. Thus, when N-sulfinyl-p-toluenesulfonamide (103) 
was stirred with p-pinene in benzene for 3 h at 25 "C, a 1 : 1 adduct, the N-tosylsulfinamide 

Subsequently, Sharpless and 
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(100) HNTs 
I 

(63%) 

104, was isolated in 89% yield (equation 50). However, upon standing in moist air at room 
temperature for a few days or upon heating above 150 "C, 104 was found to decompose 
with the liberation of fl-pinene. The same result was also observed when 104 was refluxed 
in benzene with an excess of H,O. The observed behavior is consistent with a reversible ene 
reaction, although initial hydrolysis of the allylic sulfinamide adduct 104 to the 
corresponding sulfinic acid which then undergoes retroene reaction is another likely 
possibility. 

(104) R = T s  

When H,O was replaced by D,O, exchange of the acidic N-H proton followed by 
retroene reaction led to the incorporation of a deuterium in the allylic position. With j3- 
pinene (equation Sl) ,  the recovered material was 86% d, and 14% do with the deuterium 
being introduced trans (>97%) to the dimethyl bridge as shown by 'H NMR and 
confirmed by the loss of the deuterium upon oxidation with SeO, to trans-pinocarveol 
(105). 

104 - DZO 
4 $.' ___, S.02 b.,.*'" (51) 

(106) 
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Contemporaneously and independently, Deleris and coworkers' I - '  74 reported the 
facile ene reaction of the readily available N-sulfinylbenzenesulfonamide, and applied this 
reaction to a number of useful preparations. For example, lithium aluminum hydride 
reduction of the sulfinamide ene-adduct provides a general synthesis of allylic thiols, 
versatile synthons, of which only a few examples are k n ~ w n ' ~ ' . ' ~ * .  Similarly, the ene 
reaction and subsequent desulfurative silylation and desilylation process opened the route 
to allylic terpenylsilanes and allowed the synthesis of terpenoid functional derivatives 
(equation 52)'71.'73. A two-step preparation of aristolene (107) from calorene (106, 
equation 53) performed by the same authors174 provides an improved synthesis of this 
natural product. 

SONH S02P h SSiMe3 

1 . L i A I H .  

2.(Me,Si),NH 
- 6 PhSOpNSO , 6 

ene reaction 

f SiMe3 

d3 Me,SiCI/Li/THF 

(106) 50% yield 

80-85% yield (107) 

More recently, Kresze and Bussas175-'77 have carried out a systematic investigation 
of the structure-reactivity relationship of various alkenes (108) and enophiles (109), and 
discovered that the enophilicity of 109 can be further markedly enhanced by incorporation 
of strongly electron-attracting groups R6 (equation 54). Thus, N-sulfinyl 
nonafluorobutanesulfonamide (109, R6 = n-C,F, ), easily obtained from mona 
fluorobutanesulfonyl fluoride, is about lo3- lo4 times more reactive than the corres- 
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ponding p-tolyl derivative (103)’ 75. This so-called ‘superenophile’ reacts almost 
instantaneously at room temperature even with electron-deficient and slow-reacting 
alkenes. 

R 4  Rs 

R3 ‘C’ 
‘C’ \H 

II 
R2/‘\R1 + 

, N S O ~ R ~  
S’ 
I I  
0 

(54) 

6. Ionic Rearrangements 

7 .  Electrophilic 

The rearrangement of various N-methyl-N-aryl-p-toluenesulfinanilides to anilino 
sulfoxides upon treatment with gaseous HCI in chloroform at room temperature was 
observed by Andersen and M a l ~ e r ” ~ .  For example, the rearrangement of sulfinamide 
110 gave a mixture of the two anilino sulfoxides 111 and 112 in 70 and 26% yield, 
respectively. This reaction is believed to proceed by electrophilic aromatic substitution, 
with the HCI aiding in formation of the electrophile. Preequilibrium protonation on 
nitrogen, followed by nucleophilic attack by chloride anion on sulfur, would give the 
corresponding N-methylaniline and p-toluenesulfinyl chloride. The latter could act as 
an electrophilic sulfinylating agent on the highly reactive aniline ring. 

I 
OMe 

(110) (111) (112) 

Apparently, the first example of a Pummerer-type reaction of a sulfinamide was 
observed during a synthesis of 7a-methoxycephalosporins. Thus, compound 114 was 
obtained from sulfinamide 113 by treatment with thionyl chloride and quinoline at 0 “C 
in 54% yield179. 

0 “““~(4 II - A r s N - F l +  

0 CH2R 0 CHZR 

COOR COOR 

(113) (114) 
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Subsequently, a variety of secondary sulfinamides bearing one hydrogen atom at the 
a-carbon to nitrogen have been found to undergo reaction with electrophilic reagents 
such is acetic anhydride, leading to the formation of N-sulfenylimines via a Pummerer- 
type rearrangement (equation 55)’80-’81. 

A c 2 0  

2s “C 
ArSONHCHRR’ - ArSN=CRR‘ + AcNHCHRR’ (55) 

2. Anionic 

Corey and Durst 182,183 have shown that /?-hydroxysulfinamides 115 decompose 
cleanly when heated alone at melting point or on refluxing in dry benzene for 5 h to 
form 1,l-diphenylethene, p-toluidine and SO2, in quantitative yield. The reaction has 
been tentatively suggested to proceed via intermediates of typpe 116 and 117, the former 
being easily accessible because of the enhancement of basicity of the sulfinyl group by 
nitrogen (equation 56). A similar intermediate has also been suggested for the rearrange- 
ment of /?-ketosulfinamides to azomethines on treatment with a secondary base such as 
diethylamine’ 84. 

OH 0 0- OH 
I II I I +  

R’R2CCH2SNHToI-p --* R’CCH,S=NHToI-p 
A I  

(115) R 2  (116) 

R1 

\ 

HN 1 c2 or K,CO, 

0 
II 

R 2 -  
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The rearrangement of several N-halo or 1-haloalkyl sulfoximides on treatment with 1,5- 
diazobicyclo[5.4.0]undec-5-ene (DBU), or simply potassium carbonate, to alkylidene 
arenesulfinamides (equation 57) has been recently reportedlE5. 

C. Free-radical Rearrangements and Racemizations 

Kobayashi and coworkers1E6 have observed a photoisomerization of aromatic 
sulfinamides to p-anilino sulfoxides upon irradiation in aprotic solvents such as benzene 
or acetonitrile with a low-pressure mercury lamp at room temperature. This rearrange- 
ment, which is similar to the rearrangement of 110 to 111 under electrophilic conditions, 
has been suggested to take place by a free radical mechanism as shown in equation 58, and 
is accompanied by the formation of some other products arising by different radical 
recombinations. 

0 
hv II 

p-TolS(O)NHPh __* [p-TolS. .NHPh] + p-ToIS(O)C,H,NH,-p (58) 

A free-radical mechanism has also been suggested by Booms and Crarnl8' for the 
racemization of optically active sulfinamides. Following a previous observation on the 
optical lability of sulfinamides in the solid state in the presence of sunlightlE8, these 
authors found that optically active arenesulfinanilides 118 (R = H or CH,) racemize very 
readily even in the absence of light at room temperature, and that this thermal 
racemization is the result of a free-radical chain reaction !hat is initiated by the 
dissociation of some of the sulfinamide into an ArSO. and a PhNR radical (equation 59). 

ArSNRPh 4 ArSO* + PhNR 

(110) 

Ph 

Racemization of optically active sulfinamides is not limited to homolytic S-N fission, 
but may also occur by ionic processes as well. For example, Nudelman and Cram189 
reported that when (-)-(S)-methyl p-toluenesulfinate (119) was treated with one mole of 
lithium anilide in ether at 0 "C (inverse addition), ( +)-(S)-N-phenyl-p-toluenesulfinamide 
(1 18) was produced in 41% yield. However, when reaction is carried out with excess lithium 
anilide by addition of ester to anilide salt, totally racemic 118 was obtained. The results 
provide strong evidence that the substitution reaction occurred essentially stereospecifi- 
cally with inversion, and that in the presence of excess anilide ion the optically active 
sulfinanilide was converted to racemic material by multiple substitutions of anilide ions by 
anilide ion with inversion. This conclusion is confirmed by the contemporaneous 
observations on the reaction of optically active sulfinamides with rnethylli thi~m'~~ and 
the well-known synthesis of optically active sulfoxides by reaction of 119 with organomet- 
allic reagentsl'l. 
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(-)-(S)-(llS) (+)-(s,-(lle) 

More recently, a new asymmetric synthesis of chiral sulfoxides, based on the conversion 
of a 1,2,3-oxathiazolidine 2-oxide (120) derived from !-ephedrine, to methyl aryl sulfoxides 
via sulfinamides (121) has been reported by Wudl and Lee'92*'93. 

.. 

NH 

Me Me 
I Me Me 

(120) (1200) (121) (122) 

The same authorslY3 also investigated the stereochemistry of sulfinyl transfer in the 0- 
sulfinylated ethanolamine 122. As shown in equations 60 and 61, this rearrangement 
proceeds via two competitive paths: intramolecular and intermolecular 0-N sulfinyl 
migrations. The intramolecular path yields a sulfinamide (121) with retention of 
configuration at sulfur, whereas the intermolecular path results in inversion of configur- 
ation, as expected. 

(R)-121 (60) Lo O-N migration 

( inversion) 

H 3 C - i T H  

'BH5 
M+ 

M+ 4 (S)-121 

( re  t e n t  ion) 

Similar to  the previously reported'94 epimerization of the sulfinyl sulfur of 119, 
epimerization of 120 to  120a by a trace of HCl has also been observed'92. Thus, although 
the asymmetric synthesis step between I-ephedrine and thionyl chloride in the presence of 



11. Rearrangements 335 

triethylamine occurs with high efficiency (80%), the overall stereochemical efficiency of this 
reaction may be boosted to 100% of one diastereomer, due to solubility differences of the 
two diastereomers. 

VII. REARRANGEMENTS OF O-SULFINYL OXIMES AND HYDROXYLAMINES 

The reaction of a variety of N-hydroxy compounds with alkyl or arylsulfinyl chlorides 
has been studied in recent years. This reaction is usually performed at low temperatures 
and leads to the expected 0-sultinylated products, which can be isolated and characterized 
only in certain cases, and which are thermally unstable and rearrange to the corresponding 
N-sulfonyl products when warmed to room temperature. 

For example, Hudson and c o ~ o r k e r s ~ ~ ~ - ' ~ ~  ha ve found that oximes are easily 
sultinylated with sulfinyl chlorides in the presence of a molar equivalent of triethylamine in 
ether at - 30 "C. Although the sulfinyl derivatives of ketoximes (123) can be isolated in the 
solid state at ca O T ,  they have limited stability at room temperature. When the 
sulfinylation reaction is performed at room temperature, the thermally stable N-sulfonyl 
imines 124 are produced directly in high yield. 

0 
R' 

-30 O C  &N0!!R3 

ii R' 
\ 

,C=NOH + R3SCI 

R2' 

1 2 5 O C  . 
I (123) 

R*' 

(124) 

The sulfinylated ketoximes 123 readily rearrange on warming either in the solid state or 
in solution to give the corresponding N-sulfonylimines 124 also in high yields. Although 
an intramolecular cyclic 1,2-shift was also considered by the authors197, a dissociative 
mechanism involving homolytic N-0  bond cleavage to give iminyl and sulfonyl radicals, 
followed by radical recombination with N-S bond formation, was proposed 
(equation 62). Evidence for this mechanism by spectroscopic and kinetic studies has been 
obtained. Thus, when a solution of 123, prepared below room temperature, was warmed at 
ca 35 "C in the probe of an ESR spectrometer, strong signals due to both iminyll'' and 
~ u l f o n y l ' ~ ~  radicals were detected. More direct evidence for the participation of these 
radicals in the formation of the product was obtained from 13C CIDNP effects"' detected 
in the NMR spectra of the reaction products when the above experiments were 
repeated in the probe of an NMR spectrometer. 

0 
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Interestingly, the rearrangement of N-sulfinyl aldoximes (125) also gives the corre- 
sponding sulfonyl imines (126) under similar conditions. However, in this case the reaction 
is accompanied by the formation of aryl nitriles and aldehydes, which can also be 
explained by the free-radical mechanism (equation 63). 

Arc"  

0 r II 
ArC=NOSR 

(c) Ar = Ph, R = Mc 
(a) Ar = C,H4N0,-p R = C,H,Mc-p 
(e) Ar = C,H4N02-p, R = C,H,Mc-p 

1 
i A r C E N S R  

i, Escape; ii, In-cage recombination. 
I II 
H O  

H 1 0 

ArCHO + ArC=N* + A r C e N H  

I 
H 

I 
H 

i - 
OH \OS(O)Ar ] 

L ii 
R' 
\ 

R' 
\ /O\ i' iii - f="\ 

R2 /"-"\ S 0 2 A r  R2 S02Ar  

Ar = C,H4Me 

(a) R' = R2 = [CH,], 
(b) R' = R 2 =  Me 
(c) R' = R2 = PhCH, 

(d) R' = Et, R2 =Me 
(e) R' = PhCH,, R2 = Me 
(f) R '  = Ph, R2 = Me 

Reagents and conditions: i. 4-MeC6H,SOCI, Et,N, Et,O, -15"C, 1Omin; ii. stir at 
ambient temperature for 1 h iii. N-sulphonyl imine (lOmmol), 3-C1C6H,CO,H 
(22 mmol), NaHCO, (25 mmol), CH,CI,/H,O, 0 ° C  4 h. 
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Furthermore, compounds 125 decompose explosively at room temperature but are 
quite stable in solution or as solids at -30°C. Recently, the rearrangement of 0-sulfinyl 
ketoximes to n-sulfonylimines has been applied for the preparation of 3,3-disubstituted 2- 
sulfonyloxaziridines (equation 64)”‘; some of these compounds provide the first reported 
examples of cis-trans isomerism in N-sulfonyloxaziridines. Similar to the reaction of 
sulfinyl chlorides with oximes, the reaction of thiocarbonyl chlorideszo2”, chlorophosph- 
ines and chlorophosphitesZozb also produce reactive esters with oximes which undergo 
facile rearrangement of the acidic group, involving homolytic N-0 bond fission. Besides 
the reactions of oximes with sulfinyl chlorides discussed above, the reactions of 
hydroxylamines, N-hydroxyureas, N-hydroxycarbamates and N-phenylhydroxamic 
acids with sulfinyl chlorides have also attracted considerable attention. The reactions of 
hydroxylamine and its N-substituted derivatives with sulfinyl chlorides to give sul- 
fonamides directly were first reported in 1925 by Whalen and Joneszo3. Subsequently, 
Hovius and EngbertsZo4 have found that these reactions are rapid at room temperature 
and can be carried out under similar conditions irrespective of the extent of substitution in 
the amino group and the nature of the sulfinyl chlorides. No intermediates were detected 
by these authors, but since 0-methyl-N-alkylhydroxylamines gave N-sulfinylated deriva- 
tives under the same conditionszo4, the reaction was assumed to proceed by attack of 
nitrogen on the sulfinyl chloride, followed by rapid rearrangement (equation 65). No 
polarization of the ‘H NMR spectrum was observed during the reaction of 1,l- 
dimethylethanesulfinyl chloride with N-substituted hydroxylaminesZo5 carried out under 
CIDNP conditions, and there was no evidence for a radical mechanism. 

0 OOH 0 
II II I It 

II 
RNHOH + R’SCI - R’S NR - R‘SNHR 

0 OOH 0 
II II I It 

II 
RNHOH + R’SCI - R’S NR - R‘SNHR 

0 

More recently, however, it has been shown by Banks and H ~ d s o n ~ ~ ~ . ~ ~ ~  that the 
reactions of several N, N-dialkylhydroxylamines with methane- and benzenenesulfinyl 
chlorides below 0 “C give 0-sulfinylated intermediates, which have been isolated and 
characterized by NMR spectroscopy. These compounds rearrange at ambient tempera- 
tures to give the corresponding sulfonamides (equation 66), and in some cases the imines 
and products derived from decomposition of the accompanying sulfinic acids. In addition, 
‘H and I3C NMR spectra show strong polarization in the sulfonamides, indicating a 
radical-cage mechanism. Apparently, this is the first recorded example of a homolytic 
process involving an aminyl radical. Since no CIDNP signals were observed in the imines, 
a six-electron symmetry-allowed cyclic elimination has been suggested to be responsible 
for their formation. 

0 0 0 
1 1  -70°C 1 1  25°C II 

E~:N II 
R2NOH + R‘SCI 7 R,NOSR’ - R2NSR’ 

0 

R = Me, Et or PhCH, 
R’ = Me or Ph 

Although not isolated, the formation of several 0-sulfinylated N-hydroxycarbamates 
has been observed by NMR, before their room-temperature rearrangement to the 
corresponding sulfonyl carbamates (equation 67)”’. This rearrangement is also believed 



338 S. Braverman 

t-BuS(0)Cl + HONR'COOR' - [t-BuS(O)ONR'COOR'] 
CHCI, 

PYr. 

0 
II 

II 
0 

- t-BuSNR'COOR' + other products (67) 

to proceed by homolytic nitrogen-oxygen bond cleavage followed by 
recombination of the radical pair, as evidenced by the observation of pronounced 
proton CIDNP effects during conversion of the 0-sulfinyl esters and the formation 
of some escape-type products. Subsequently, the same authors reported the related 
rearrangement of 0-sulfinylated N-hydroxyureas (equation 68)'09 and N-hydroxy- 
sulfonamides (equation 69)'", which occur readily at room temperature. 

0 0 0 0  
II II II II 

t-BuS(O)CI + HONHCNR, + [t-BuS(O)ONHCNR,] + t-BuSNHCNRZ (68) 
II 
0 

0 0 0 0  
I1 I1 I1 I1 

I/  I II II II 
0 OH 0 0 0  

t-BuS(0)Cl + R'S-NR2 - [t-BuS(0)O-NR'S-R'] - t-BuSNR'SR' (69) 

Observation of pronounced 'H and I3C CIDNP effects and the formation of both 
free-radical recombination and escape products provide clear evidence for a homolytic 
cleavage mechanism of the N-0 bond in this case as well. Heesing and coworkers2" 

(128) (129) S02R 

(1 30) 
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have reported that N-phenylbenzohydroxamic acid reacts with various alkanesulfinyl 
chlorides to give the corresponding 0-sulfinyl esters 127 which rearrange at - 70 "C 
to yield the corresponding sulfonamide 128 together with the 0- and p-alkylsulfonyl 
derivatives 129 and 130. The reaction has been suggested to proceed by an intramolecular 
radical-pair mechanism, as evidenced by experiments with l 8 0  labeling and 3C-CIDNP 
effects. A similar mechanism has been proposed for the rearrangement of the corres- 
ponding thionocarbamatesZ z. 

VIII. REARRANGEMENTS INVOLVING THIOLSULFINATES 

One of the characteristic features of thiolsulfinates is their relatively low thermal stability. 
Backer and Kloosterzie12 first reported the occasional spontaneous disproportionation 
of thiolsulfinates into thiolsulfonates and disulfides. Subsequently, Barnard2 l4 has noticed 
that aryl thiolsulfinates are stable for months under normal atmospheric conditions but 
undergo rapid decomposition in vacuum, and suggested a free-radical mechanism 
(equation 70). Homolytic fission of the S(0)-S bond to give sulfinyl and thiyl radicals is 
followed by dimerization to the observed products. The dimerization of sulfinyl radicals, 
perhaps through the intermediacy of mixed sulfenic sulfinic anhydrides (equation 70a), is 
well established" and the dimerization of thiyl radicals to disulfides is self-evident. More 
recently, a mechanistic study of the thermal disproportionation of arylarenethiosulfi- 
nates was performed by Fava and who concluded that their data may be 
interpreted in terms of a radical process: a unimolecular decomposition along with an 
induced decomposition. These processes may be facilitated by the unusually weak S-S 
bond of about 35 kcal mol- 1216. 

0 0 0 
II II II 

II 
0 

0 0 
II II 

II 
0 

2ArSSAr' - [2ArS. + 2Ar'S.I - ArSSAr + Ar'SSAr' (70) 

2ArSO. - ArSOSAr - ArSSAr (704 

Of particular interest are the detailed and systematic studies by Blcok and 
coworkers' 17-220 on the pyrolysis of alkyl thiosulfinates. Thus, the pyrolysis of dialkyl 
thiosulfinates has been shown to afford alkanesulfenic or alkanethiosulfoxylic acids by the 
two thermal cycloelimination pathways shown in equation 71. Path a should be favored in 
view of the weakness of the S-S bond and the enhanced acidity of the a-sulfenyl protons. 
The sulfenic and thiosulfoxylic acids arising from pyrolysis could be trapped in good yields 
with acetylenes giving a, fi-unsaturated sulfoxides or thiosulfinates, respectively. In the 
absence of trapping agents, the sulfenic acids can undergo a variety of reactions, including 
dehydration to thiosulfinates and exchange with thiolsulfinate via nucleophilic displace- 
ment leading to a scrambling process, if two different thiosulfinates are involved 
(Scheme 6).  
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MeS(0)SMe - MeSOH + CH,=S 
k l  

Initiation 

k; 
EtS(0)SEt - EtSOH + CH,CH=S 

k 2  
MeSOH + Et(0)SEt a EtSOH + MeS(0)SEt Propagation 

k' 

EtSOH + MeS(0)SMe 2 MeSOH + EtS(0)SMe 

k 3  
RSOH + RS(0)SR - RSOzH + RSSR Termination 

SCHEME 6 Proposed mechanism for thiolsulfinate scrambling 

The thermal stability of optically active aryl arenethiolsulfinates, prepared by 
asymmetric oxidation of the corresponding diary1 disulfides with percamphoric 

has also received considerable attention. Fava and C O W O ~ ~ ~ ~ S ~ ~ ~ - ~ ~ ~  have 
reported the unusually facile thermal racemization of optically active aryl 
arenethiolsulfinates, obtaining rate constants ranging from ca 2 x s - '  (in benzene 
saturated with water) to 46 x s - '  (in dry benzene) at 50°C (Ar = p-CIC,H,), with 
AH' = 2 3 k ~ a l m o l - ~ ~ ~ ~ .  

After excluding an intramolecular oxygen transfer between the two sulfur atoms, 
a slow homolytic fission of the S-S bond and a normal pyramidal inversion ofthe sulfinyl 
group, the authors223 suggested the unusual cyclic intramolecular mechanism shown in 
equation 72. 

Ar = p-CH3CGH4, p-CICgH4 

The same authors2" also reported that the rearrangement of ArS(0)SAr in pyridine 
takes place spontaneously at 25 "C. In this case, the reaction is initiated by nucleophilic 
attack on the sulfenyl sulfur to give an ion pair, which could lead to racemization by its 
collapse (equation 73). A detailed kinetic and mechanistic study by Kice and Large225 on 
the combined nucleophile- and acid-catalyzed racemization of optically active phenyl 
benzenethiolsulfinate also supports a rate-determining attack of the nucleophilic catalyst 
on the sulfenyl sulfur of the sulfinyl-protonated thiolsulfinate. In acidic aqueous dioxane in 

I 
SAr  
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the absence of added nucleophile, optically active ArS(0)SAr racemizes only very slowly, 
but the addition of small amounts of alkyl sulfides, halide ions or thiocyanate ion leads to 
quite rapid racemization of the substrate. 

In contrast to the relatively facile racemization of aryl arenethiolsulfinates described 
above, the cyclic thiolsulfinate 131 was found by Padwa and coworkerszz6 to be 
configurationally stable up to 166 “C. 

(131) 

An explanation which removes the puzzling inconsistency between the mechanism 
offered by Fava223 for the rapid racemization of diary1 thiolsulfinates and the lack of 
isomerization of 131 has been provided by Block2”, based on the observation of 
scrambling of thiolsulfinates (Scheme 6). According to Block, the facile reaction of 
arenesulfenic acid (generated perhaps from the thiolsulfinate by reaction with traces of 

W O O R  + (CH3C0)20 CH3CO (74) 
II 
0 s-s 

I 

MeOH 
CH30CH2CH2SSCH2CH20CH3 ____* CH30CHzCHSSCHz CHZ OCH, (76) 

I A 

OMe 
1 
0 

R1CH2SSCH2R2 + AcpO - R‘CH2SCH(SAc)R2 + RtsYRz 
1 A C O H  

0 
1 
0 

(a)  R’=R2=Ph 

(b)  R1=R2= p-To1 

( c )  R1=Ph,R2= p-To1 

( d )  R1=R2=H 

( f )  R1,R2= [ C H Z ] ~  

( 0 1  R ’ = R ~ = M ~  

(77) 
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water) with optically active thiolsulfinate may be responsible for the low optical stability of 
these esters. Similarly, the decreased rate of racemization in protic solvents compared to 
aprotic solvents may possibly be due to hydrogen-bonding effects by the protic solvent, 
which interferes with the transition state of the reaction of sulfenic acid with thiolsultinate. 
On the other hand, a coplanar Cope elimination of the type indicated in equation 71a is 
impossible for 131, as is the chain-type scrambling of Scheme 6. 

Although the Pummerer rearrangement of sulfoxides has been investigated extens- 
i ~ e l y ~ ~ ' ,  the analogous reaction of thiolsulfinates has received relatively little attention. 
Thus, Saito and Fukui228 reported that the reaction of a-lipoic acid monoxide with acetic 
anhydride in acetonitrile gives the normal Pummerer-type product, but only in 67,, yield 
(equation 74)! Although could not observe the same type of reaction on 
treatment of t-butyl methanethiolsulfinate with acetic anhydride, he found, however, a 
Pummerer-type rearrangement when a few thiolsulfinates were pyrolyzed in benzene 
saturated with water (equation 75)219b. Similarly, Kondo and Negishiz3' reported that CL- 
methoxydisultides can be obtained in excellent yields when heated in methanol at 90 "C 
(equation 76). 

More recently, Oae and  coworker^^^'-^^^ reported a new type of rearrangement of 
thiolsulfinates under Pummerer reaction conditions. Thus, thiolsulfinates with at least one 
proton on the carbon adjacent to the sulfenyl sulfur react with acetic anhydride containing 
acetic acid to afford the corresponding a-acetylthiosulfoxides (equation 77). Although the 
authorsz3' first considered a Pummerer-type mechanism, they preferred the mechanism 
shown in equation 78. This mechanism, which is inspired by the Block mechanism of 
thiosulfinate disproportionation, involves an initial thermal cycloelimination to form the 
corresponding sulfenic acid and thioaldehyde, followed by attack of the former on the 
latter, and formation of the observed product after acetylation of the thiolate intermediate. 
The suggested mechanism is supported by 'H, ''C and "0 labeling experiments and by 
trapping of the sulfenic acid intermediate with methyl acrylate. 

+ t + + 
(132) (134) (133) (135) 

(79) 
Is T 
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An interesting reaction of thiolsulfinates is their oxidation with peracids to thiolsulfin- 
ates. Although the oxidation of symmetrical thiolsulfinates RS(0)SR affords only one 
product as expected, the oxidation of unsymmetrical thiolsulfinates may lead to the 
formation of four different thiolsulfonates (RSO,SR, RSO,SR‘, R’S0,SR and 
R’SOzSR’)z34, and the oxidation of cyclic thiolsulfinates leads to the formation of two 
different t h i~ l su l fona te s~~~ .  A priori, these reactions may be explained by an oxygen 
migration RS(OSR‘8 RSS(0)R’. However, since such a process is believed not to 
occurzzo, and in view of some other data, the reaction has been suggested to occur by 
initial oxidation of the thiolsulfinate ester to an a-disulfoxide RS(O)S(O)R’, followed by 
homolytic fission of the sulfur-sulfur bond to generate two different sulfinyl radicals, and 
reaction of the latter as shown in equation 70a. 

However, the occurrence of oxygen migration has been detected during the thermolysis 
of the unusual thiolsulfinate 132 in refluxing benzene, which affords the isomeric 
compound 133 together with two other The mechanism suggested for this 
reaction is shown in equation 79. 
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1. INTRODUCTION 

Sulphinic acids, as a result of their high reactivity and ambident character ofthe sulphinate 
anion, are very convenient starting materials for the synthesis of a variety of organosul- 
phur compounds with the same, lower or higher oxidation state. Although the tetrahedral- 
like configuration around the sulphur atom in sulphinic acids is stable and one can 
formally write two enantiomeric structures (A and B) of the acid, sulphinic acids are 
effectively achiral. This is due to a fast proton exchange between the A and B forms via the 
achiral sulphinic acid anion. 

On the contrary, sulphinic acid esters, which may be formally derived from sulphinic 
acids by replacement of the hydroxy by the alkoxy group, are chiral and were obtained in 
optically active forms. For this reason, all the reactions of sulphinic acids usually result in 
the formation of achiral or racemic products while the transformations of chiral, optically 
active sulphinates are in the majority of cases highly or fully stereoselective and give 
optically active products. 

Cursory discussions on reactivity and properties of sulphinic acids and sulphinates may 
be found in many review articles and books devoted to  sulphur chemistry. This review 
represents an attempt, perhaps the first one, to summarize in a systematic and 
comprehensive way various synthetic applications of both classes of compounds with 
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emphasis on the most recent findings. Therefore, an effort has been made to cover the 
results published up to the end of 1988. 

II. SULPHiNlC ACIDS 

Sulphinic acids and sulphinate anions exhibit a typical ambident reactivity and react with 
a variety of electrophilic reagents to form a new bond either by means of the sulphur or 
oxygen atoms (equation 1). In the former case sulphonyl derivatives are produced and this 
can be considered as a formal oxidation of S(IV) in the substrate to S(V1) in the product. 
The electrophilic attack at the oxygen atom affords sulphinyl derivatives which often 
undergo subsequent reactions o r  rearrangements. The direction of the attack depends on 
the nature of the electrophile and reaction conditions. Sometimes competition between 0 
and S attack is observed which results in the formation of a mixture of both types of 
product. 

attack a t  S 
7 RS-E 

4’ (RS’fP ~ E 1 
. b! RS-0-E 

RS 
\o 

attack a t  0 
‘OH 

II 
0 

A large majority of the reactions of sulphinic acids or their salts, and hence their 
applications to the synthesis of other organic sulphur compounds, may be classified 
according to this scheme. For this reason the discussion on the application of sulphinic 
acids and sulphinate anions in organic synthesis will be divided into three parts: (A) S 
reactivity of sulphinic acids-synthesis of sulphonyl derivatives; (B) 0 reactivity of 
sulphinic acids-synthesis of sulphinyl derivatives; ( C )  other applications of sulphinic 
acids. 

A. S Reactivity of Sulphinic Acids-Synthesis of Suiphonyi Derivatives 

1.  Synthesis of sulphones 

The reaction of sulphinic acids or  their salts with C electrophiles, resulting in the 
formation ofa  new C-S bond,constitutes the most important method for the synthesis of 
sulphones. Although it has been investigated and used for over 100 years, new reports 
concerning modification and optimization of this reaction are still appearing in the 
chemical literature. Since two comprehensive reviews by Schank devoted to  the synthesis 
of sulphones have recently been published l.z, only selected examples of general 
importance or interesting from the synthetic and mechanistic points of view will be 
presented here. In this section alkylation, condensation, ring-opening reactions, alkenyl- 
ation and arylation, addition to non-activated alkenes, Michael addition, addition to 
acetylenes and allenes, addition to carbonyl compounds and S acylation of sulphinic acids 
will be discussed. 

a. Alkylation ofsulphinic acids and their anions. S alkylation of sulphinic acids belongs 
to the classical methods of the synthesis of sulphones. The reaction has a very wide 
scope. Only tertiary alkyl halides d o  not alkylate sulphinate anions, instead olefins are 
produced3. All the examples of alkylation by means of alkyl halides or sulphates published 
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until 1942 have been listed by Suter4 (equation 2). This method has been used for the 
synthesis of some special types of sulphones. Thus, long-chain (C6-C14) dialkyl 
sulphones were obtained in 27 to 42% yield5. Cycloalkyl sulphones were also synthesized 
in this way in yields from 11% (for dicyclohexyl sulphone) to 82.5% (for cyclohexyl methyl 
sulphone)'. Schank investigated the reaction of sodium arenesulphinates with 
z-halogenoethers 1 and found that a mixture of S- and 0-alkylation products (2 and 
3, respectively) was always formed'. S alkylation was found to prevail when X=CI, 
while 0 alkylation predominated when X = Br (equation 3). Better yields of sulphones 
were obtained in apolar solvents, such as benzene and petroleum ether (40-66% when 
X=Cl ;  for X = B r  the yields were much lower)'. r,r-Dihalogenoethers d o  not give 
sulphones at  all, instead arenesulphonyl halides are formed among other products'. 
r-Methoxy-r-halogenoketones 4 behave similarly and form upon treatment with metal 
arenesulphinates r-methoxy-r-ketomethyl sulphones 5 and r-methoxy-r-ketomethyl 
sulphinates 6. The latter undergo decomposition to form S-aryl arenethiosulfonates 7 
(equation 4). Detailed investigations on the influence of external (solvent, concentration) 
and internal (substituents, cation, alkylating reagent) factors showed that the optimal 
yield of 5 (Ar=p-Tol, R = M e )  of 81% could be obtained when M =Na,  X=Br and in 
the presence of catalytic amounts of sodium iodide". 

0 
/ I  

II 
0 

RSOZH + Alk-X - RS-AIk 

ArS0,Na + XCH,OR -+ ArSO,CH,OR + ArSOCH,OR 
II 
0 

(1) (2) (3) 

I 

II 
0 0 0  

OMe 
I 

ArS0,M + XCHCR - 
I1 
0 

(4) 

(4) (5 )  (6) 

1 
ArS0,-SAr 

(7) 

r-Haloalkyl carboxylic esters 8 react with sulphinates to give acyloxyalkyl sulphones 9 
in low yields. The presence of water was found to be crucial" (equation 5). However, 
3-arylsulphonyl iso-chromane- 1,Cdiones 11 could be obtained from the bromolactone 
10 in the yields of 40 to 54% (equation 6)". 

( 5 )  
IS", 

p-TolS0,Na.2H20 + CICH,OCPh - p-TolSO,CH,OCPh 
II 1 1  
0 0 

(8) (9) 
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a-Halogenoketones 12 react very easily with metal sulphinates to afford ,%ox0 
sulphones 13 in high  yield^'^.'^ (equation 7). Other examples are spread over many 
references; see also Tables 1-4 below. On the other hand, a-chloro-1,3-dicarbonyl 
compounds 14 do not give the expected /l,jY-dioxo sulphones 15 but sulphones 16 which 
are the products of elimination (equation S)15. Moreover, in the case of a-halogeno-[], 
B,/3-tricarbonyl compounds the halogen atom becomes so electropositive that it is first 
attacked by a sulphinate anion to form a sulphonyl halideI6. 

R2 R2 
I I 

R'CCX + R4S02M - R'CCS02R4 
II I II I 
 OR^  OR^ 

(12) (13) 

C(0)NHAr' 1 C(0)Me C(0)Me 

C( 0 ) N H  Ar 
Ar'S0,Na + ClCH < 

EtOH - Ar'S02CH2CNHAr2 
McCOZF1 II 

(7) 

0 

(16) 
An interesting example of alkylation is the reaction of 2-chloro-l,2-dithiolium 

perchlorates 17 with sodium benzenesulphinate which leads to the formation of 
2-benzenesulphonyl-l,2-dithiolium perchlorates 18" (equation 9). 

ClO, 

(17) 
c 10, 

(16) 

Silver salts of sulphinic acids were reported long ago to undergo alkylation on the 
oxygen atom and to  produce sulphinic esters3.'*. More recently, Meek and Fowler 
demonstrated that when the reaction of silver p-toluenesulphinate with methyl iodide is 
performed in methanol, the sulphone to sulphinate ratio is 98:2, the overall yield being 
77%19. Later on, Russian workers investigated in detail the bidirectional course of the 
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TABLE 1. Alkylation of silver sulphinates 

J. Drabowin, P. Kie/’basitiski and M. MikoJajczyk 

Yield (%) 

Silver salt Alkylating agent ester sulphone Reference 

MeS0,Ag 
MeS0,Ag 
PhS0,Ag 
PhS0,Ag 
CF,SO,Ag 
CF,SO,Ag 
CF3SOZAg 
CFSSOZAg 
p-TolSO, Ag 
p-TolSO, Ag 

PhCH,I 

PhCH,I 

PhCH,I 

PhC(O)CH,Br 

MeI/DMF 
MeI/MeOH 

p-NO,C,H,CH21 

p-NO,C,H4CH,I 

p-NOzC6H,CH2I 

p-ClC,H,SCHZCl 

24 

36 
14 
56.5 
50 
26 
0 
6.6 
1.5 

16 
80 
63 
80 
41.3 
40 
26 
51  
66.5 
15.5 

20 
20 
20 
20 
20 
20 
20 
20 
19 
19 

alkylation of silver sulphinates in anhydrous acetonitrile and found that the product ratio 
depends on both the kind of acid and alkylating agents (Table 1)”. No reaction was 
observed when a-chlorosulphones were used as alkylating agents. 

An attempt to prepare 4-sulphonyl derivatives of isophorone by treatment of 
4-bromoisophorone 19 with sodium arenesulphinates led to the isomeric 2-sulphonyl 
derivatives 20, most probably via an S,2’ mechanism2’ (equation 10). 

Me Me Me Me 

f ArS0,No - 
(19) 

I 

( 2 0 )  

S02Ar 

Several general improvements of the experimental methodology of alkylation of 
sulphinic acids with alkyl halides have been published recently. The first one is based on 
the application of tetraalkylammonium (mainly tetrabutylammonium) sulphinates 
obtained by the ion-pair extraction method22. The reaction is performed in a T H F  
solution at  10-40°C using equimolar amounts of alkyl halides and gives sulphones in 
yields usually higher than those obtained by other methods (equation 11, Table 2)22. In a 
similar way tetrabutylammonium trifluoromethanesulphinate 21 is alkylated to  give 
trifluoromethyl sulphones 22 and 23 (equation 12)23. An interesting variation of this 

(1 1) p-TolSO;&Bu, + RX - p-TolS02R 

PhCH2CH2Br wb 
F3CS02- NBu4 + - I  

(21) 1 H,C=CH-CH,Br ~ 

neat, 50 OC,IO h 
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TABLE 2. Alkylation of tetrabutylammonium p-toluenesulphinate 

Alkyl halide 

Reaction Reaction Yield of 
temperature time sulphone 

(“C) (h) (%I 

Me1 
p-CIC,H,CH , Br 
H,C=CHCH,Br 
i-PrBr 
MeOCH,CI 
N=CCH,CI 
EtOC(O)CH,Br 
PhC(O)CH,Br 
CICH,C(O)CH,CI 
PhCH=CHC(O)CH,CI 
BrCH,Br 

20 
20 
20 
40 
40 
30 
20 
20 
20 
20 
20 

3 
2 
2.5 
4 
4 
3 
2 

93 
93 
80 
63 
59 
85 
80 
81 
15” 
85 
89’ 

Monosulphone. 

method has been described which consists in the alkylation of benzenesulphinate anion 
supported on Amberlyst A-26, a macroreticular anion exchange resin containing 
quaternary ammonium groups (equation 13, Table 3)24. 

F CH2NMe3 CI- + PhS02Na at 
- 

CH2NMe3 OH- + PhS02H 1 

TABLE 3. Alkylation of benzenesulphinic acid using Amberlyst A-26 

Alkyl halide Reaction time (h) Yield (%) 

Me1 
PrI 
Hexyl-Br 
Octyl-Br 
C,H,,CH(Me)Br 
PhCH,CI 
Me,C=CHCH,Br 
(E)-EtO,CCH=C(Me)CH,Br 
(E)-MeO,CC(Me)=CHCH,Br 
EtO,CCH,CI 
NECCH,CI 

2 
1.5 
1.5 
1.5 
2 
2 

95 
94 
92 
92 
60 
93 
95 
92 
93 
91 
95 
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Another improvement is based on the application of phase-transfer catalysis (PTC) 
conditions. Three different approaches have been described: (A) a solid-liquid PTC 
method, using DME as the solvent and tetrabutylammonium bromide as the catalystz5; 
(B) a solid-liquid PTC method with neat alkylating agents playing the role of the organic 
phase and "Aliquot 336" as the catalystz6; (C) a liquid-liquid PTC method using water, 
benzene and acetone (4: 3: 3) as the solvent system and tetrabutylammonium bromide or 
iodide as catalysts2'. These methods were applied for the synthesis of a very broad variety 
of differently substituted sulphones (equation 14), and the results are collected in Table 4. 

p-R'C,H,SO,Na + R2X - p-R'C6H,S02R2 (14) 

TABLE 4. Synthesis of sulphones by PTC methods 

R' 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
H 
Me 
H 
H 
Me 
Me 
Me 
Me 
H 
H 
Me 
H 
H 
Me 
Me 
Me 
H 
H 
Me 
H 
Me 
H 

- 

Me 

Me 

React ion 
R'-X Method conditions Yield (%) Reference 

Etl 
i-Prl 
i-PrBr 
BuBr 
HexBr 
PhCH,CI 
PhCH,Br 
PhCH,Br 
p-NO,C,H,CH,Br 
o-MeC,H,CH,Br 
3-Me-Naph-2-CH2Br 
o-NECC,H,CH,Br 
CH =C( Me)CH ,CI 
Me,C=CHCH,Br 
ICH,I 
CICH,Br 
CICH( Me)Br 
CI(CH,),Br 
N z C C H , B r  
NECCH,CI  
N ECCH , Br 
MeC(0)CH ,CI 
PhC(0)CH ,CI 
MeO,CCH,Br 
MeO,CCH,CI 
EtO,CCH,CI 
MeO,CCH( Me)Br 
EtO,CCH( Me)Br 
H,NC(O)CH,CI 

C 
C 
A 
A 
C 
A 
A 
B 
B 
A 
A 
A 
C 
C 
C 
B 
B 
C 
B 
B 
B 
C 
A 
B 
B 
A 
B 
C 
B 

C 

C 

6 h, reflux 
12 h, reflux 
48 h, 85 "C 

4 h, 85 "C 
8 h, reflux 

30 min, 85 "C 
15 min, 85 "C 
24h. 60°C 

2 h, 85 "C 
24 h, 20 "C 

5 h, 20°C 
24 h, 20 "C 
12 h, reflux 
12 h, reflux 
24 h, reflux 
24 h, 85 "C 
24 h. 85 "C 
8 h, reflux 
2h, 60°C 
2 h, 85 "C 
2 h, 60°C 
6 h, reflux 

30min. 85 "C 
4h. 60°C 
4h ,  60°C 

30min, 85 "C 
4.5 h, 60 "C 
8 h, reflux 
3 h, 120°C 

I2 h, reflux 

12 h. reflux 

89 
65 
68 
94 
85 
98 
96 
95 
93 
97 
97 
96 
71 
87 
55 (monosulphone) 
47 (monosulphone) 
35 (monosulphone) 
93 (monosulphone) 
91 
93 
85 
94 
96 
95 
53 
90 
88 
79 
73 

81" 

95b 

27 
27 
25 
25 
27 
25 
25 
26 
26 
25 
25 
25 
27 
27 
27 
26 
26 
27 
26 
26 
26 
27 
25 
26 
26 
25 
26 
27 
26 

27 

27 

'Sulphone of the structure (0-HOCH,CH ~ CH SO,-Tol-p is produced. 
bMixture of ( E )  and ( Z )  HOCH,CH C(Me) SO,-Tol-p, ( E / Z  = 65:35) is obtained. 
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Reactions of sulphinic acids with alkyl halides bearing electron-withdrawing groups 
sometimes require special conditions, since in some cases they proceed according to  a 
radical mechanism. Thus, the synthesis of trifluoromethyl sulphones 24 with iodo- 
trifluoromethane was achieved in liquid ammonia under UV irradiation2' (equation 15). 
Alkylation with the very hindered p-nitro-1, 1-dimethylbenzyl chloride 25 proceeds 
according to the electron-transfer mechanism to give the sulphone 26 in high yield2' 
(equation 16). 1-lodo-1-nitroalkanes 27 react with sodium sulphinates via a radical 
intermediate 28 to  give r-nitroalkyl sulphones 29 (equation 17)30. The latter were also 
obtained in an analogous reaction from brom~ni t romethane~ '  and l-methyl-l-nitro- 
ethylthi~cyanate~'. Another approach to 29 involves the coupling of nitroparafin salts 
with knzenesulphinate anions by the agency of an oxidizing agent, e.g. potassium 
ferricyanide. The reaction proceeds according to the anion-radical mechanism 
(equation 1 8)3 3*34. 

hr 

Iiq. N H J  
ArS0,H + ICF, - ArS02CF3 (15) 

(24) 

Me Me 

SO2 P h 

Me$c' + PhS02Na __* Me$ 

NO, 

(25)  

R' 
I 
I 
R2 

(27) (28) (29) 

(17) 0 , N C l  + R3SOzNa - 

R' 
I 

K,FdCN), I 
6046% RZ 

P OzNCS02R3 
- 2e 

R'>No2 - + R3s0,  - 
R2 

There are several other alkylating agents which give sulphones with sulphinic acids 
(those which alkylate the oxygen atom of the sulphinate anion leading to sulphinates will 
be presented in Section II.B.l). For example, allylic acetates proved to be very useful in the 
synthesis of allylic sulphones. Fischli and Mayer took advantage of this reaction in their 
synthesis of apocarothenoids 31 from vitamin A acetate 30 (equation 19)35. Later on, this 
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reaction was performed in the presence of palladium complexes [e.g. Pd( PPh,),36.38.39, 
Pd on graphite, carbon or AI,0,37], which made it possible to direct the relative ratio 
of the isomeric sulphones 32a and 32b (equation ZO)36. In a similar way, 4-sulphonyl 
azetidinones 33 were obtained from the corresponding 4-acyloxy derivatives in 6 1-95% 
yields (equation 21)38. An efficient, one-pot procedure for the preparation of methyl- 
thiomethyl p-tolyl sulphone 34 was accomplished by the Pummerer reaction of 
dimethyl sulphoxide with acetic anhydride, followed by treatment of the resulting 
acetoxymethyl methyl sulphide with sodium p-toluenesulphinate (equation 22)39. 

Y 

(320) (32b) 

Conditions Ratio 

O ' C ,  3 . 5  h 78% 9% 

r .  t. ,  1 min 62% 23% 
r. t., overnight - 8 4 "/a 

0 

RCOCHCR R ' S O ~ C H C R  
I 1  + R'S02Na - I I  

HN-C=O HN-C =O 
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A c 2 0  p-TolS02 Na 
MeSMe - MeSCH,OAc - MeSCH,SO,Ph 

AcOH. AcONa II 
0 (34) 

Acetals react with sulphinic acids (or their sodium salts) in the presence of BF,.Et,O to 
give, depending on the reaction conditions, either sulphinic esters 35 or alkoxysulphones 
36 (equation 23)40. It is interesting to note that only these two products (of four possible) 
are produced. To achieve a selective sulphone synthesis the following procedure must be 
applied: first the acetal and BF,.Et,O are mixed in a 6:2 ratio, then 1 equivalent of a 
sulphinic acid is added. The yields of 36 are 82-91X4O. 

H 

0 
II - R3SOR2 + R’CHO 

(35) 

OR2 

R’LHS02R3 

(36) 

High yields of aryl methyl sulphones ( -  95%) may also be obtained when dimethyl 
methanephosphonate 37 is used as an alkylating agent4’ (equation 24). 

B OMe 
ArS0,Na + MeP(OMe), - ArS0,Me + MeP < 

/I 170 C II ONa 
0 0 

(37) 

There are two different reports concerning alkylation of sulphinic acids by sulpho- 
nium salts. Julia and coworkers obtained 3-methyl-2-butenyl phenyl sulphone 39 in 78% 
yield using a long-chain sulphonium salt 38 under PTC conditions (equation 25)42. 
On the other hand, Kobayashi and Toriyabe investigated the alkylating properties 
of diphenylmethylsulphonium perchlorate 40 and found that a mixture of 0- and 
S-alkylation products was always formed (equation 26, Table 5)43. 

PhS0,H + Me,C=CHCH,S(C,,H,,),CIO; - 
(38) (25) 

KZCO3 - PhSO,CH,CH=CMe, 
CH2CII. r I 
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TABLE 5. Alkylation of p-TolS0,K with sulphonium and oxosulphonium salts 40 and 41 

J. Drabowicz, P. KieJbasinski and M. MikoJajczyk 

Product ratio 
Alkylating Crown 
agent Solvent ether Time (h)  sulphinate sulphone 

40 CH,CI, none 24 44 56 
40 CH,CI, 18-crown-6 2 40 60 
41 CH,CI, none 24 56 44 
41 CH,CI, 18-crown-6 2 25 75 
41 DMF none 26 24 16 

1 Ph,$Me ClO; 

P h 2 i M e  ClO; 
II 
0 

(41) 

I 

Similar differences were observed when diazoalkanes were used for alkylation of 
sulphinic acids. Thus, whereas diazomethane reacts with p-toluenesulphinic acid in 
ether/methanol to give 100% of methyl p-tol~enesulphinate'~, diphenyldiazomethane 
gives upon treatment with the same acid a mixture of the sulphinate and sulphone, the 
ratio of which depends on the solvent used (equation 27, Table 6)".". 

p-TolSO2H + PhzC=N, ---+ p-TOIS-OCHPh, + p-TolSOzCHPh, (27) 
II 
0 

Application of dimethyl sulphate (or other sulphates') usually leads to the predominant 
formation of s ~ l p h i n a t e s ' ~ ' ~ .  However, magnesium trimethylsilylmethanesulphinate 42 
reacts with dimethyl sulphate to afford trimethylsilylmethyl methyl sulphone 43 in 78.9% 

TABLE 6. Reaction of p-TolS0,H with diphenyldia~omethane~~ 

Product ratio 

Solvent sulphinate sulphone Total yield 

CH,CI, 0 100 80 
benzene 20 80 96 
MeCN 81 19 100 
dioxane 83 17 100 
DMSO I 0 0  0 82 
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yield (equation 28)46. The sulphone 43 is also produced in 50.1% yield, together with 15.4% 
of methyl trimethylsilylmethanesulphinate 45, when dimethyl sulphate is replaced by 
trimethyloxonium tetrafluoroborate in nitromethane and the sodium sulphinate 44 IS used 
instead of 42 (equation 29)46. 

(Me,SiCH,SO,) Mg,,, + (MeO),SO, - Me,SiCH,SO,Me 

(42) (43) 
(28) 

0 
II 

Me,SiCH,SO,Na + Me,6BF4 - Me,SiCH,SO,Me + Me,SiCH,SOMe (29) 

(44) (43) (45) 

The usefulness of carbenes as alkylating agents in the synthesis of sulphones from 
sulphinic acids is strongly dependent on their structure. Thus, phenyl~arbene~’  and 
methoxy-carbomethoxycarbene48 are not suitable for these purposes since they produce 
the corresponding sulphones in the yield of only 11 and 20%, respectively. O n  the other 
hand, methoxy-p-toluenesulphonylcarbene 47, formed by an r-elimination of HCI from 
the chlorosulphone 46, reacts with sodium p-toluenesulphinate to give the disulphone 
48 in 63% yield (equation 30)49. Similarly, chloroform and bromoform react with sodium 
sulphinates in the presence of aqueous base (in the conditions enabling dichloro- and 
dibromocarbene formation) to give the dichloromethyl sulphones 49 and dibromomethyl 
sulphones SO, respectively (equation 31, Table 7)50*51. It should be added that in the 
case of sodium phenylmethanesulphinate (R = PhCH, in Table 7) the major product was 
(E)-PhCH=CHSO,H, produced as a result of the Ramberg-Backlund reaction of the 
initially formed sulphone. Therefore, this reaction may be used for preparation of 
r,j-unsaturated sulphonic acidss0. 

[ p-TolS02Na 

OMe 
I r-BuOK 

p-TolSO2CHCl ___* p-TolSO,C: ~ - T O I S O ~ C H S O , T O I - ~  (30) 
I DMF. IOOS~ 

(47) 

OMe 

(48) 

TABLE 7. Reaction of sodium sulphinates with 
halo forms 

Yield 

R 49 (%) 50 (%) Reference 

Ph 87 I7 50 
P-ToI 81 75 50 
p-CIC,H, 63 51 
2-Naph 70 48 50 
Me,C 55 7 50 
PhCH, 5 50 
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I CHBr3 , 
NaOH 

RSO,CHBr, 

(9) 

Very recently, certain nitroalkanes have been found to be also good alkylating 
 agent^^'.^^. For example, cyclic allylic nitro compounds 51, which are readily prepared by 
the amine-catalysed reaction of nitroalkanes with cycloalkanones, react with sodium 
benzenesulphinate in the presence of 5% mol. of Pd(PPh3), to  give allylic sulphones 52 
with predominance of the endo form 52a (equation 32, Table 8)52.  In the case of acylic 
nitro compounds 53 the ratio of regioisomeric sulphones 54a and 54b depends on R and 
reaction conditions (equation 33, Table 9)53. 

(51) (520) (52 b )  

(32) 

TABLE 8. Synthesis of cyclic allylic sulphones by denitrosulphonylation 

Temp. Time Yield 
R n ("C) (h) Product (%) 

H 1 20 10 528 70" 
H 2 70 1 528 8 5" 
H 2 20 10 528 70 
Me 2 20 15 528 75 
H 3 70 I 528 92 
H 4 70 I 528 76 

"2 3", of 52b was also formed. 

TABLE 9. Synthesis of acyclic allylic sulphones by denitrosulphonylation 

R 
Time Yield 

(h) Product 0; ) 54a/54b 

Me 

MeO,CCH,CH, 
MeC(O)CH,CH, 
Ph 
AcOCH, 
Et0,C 
H 

C,H,3 
10 
15 
10 
15 
15 
15 
15 
15 

548 
548 
548 
548 

548 + 54b 
548 + 54b 

54b 
548 + 54b 

75 
96 
79 
80 
76 
95 
87 
60 

I oo/o 
9515 
9515 
9515 
53/57 
51/49 
O/Ioo 

25/75 
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Me Me Me 

I 

I Pd(PPh,), I I 

I I 
NO2 SOzPh R 

RCCH=CH, + PhS0,Na RCCH=CH, + C=CHCH,SO,Ph (33) 
20 c 

(53) (W (W 

h. Condensation of sulphinic acids (or  anions) with alcohols, Mannich bases and related 
compounds. Aryl alkyl and diary1 carbinols react with sodium p-toluenesulphinate in 
aqueous methanol or ethanol5, or with p-toluenesulphinic acid in a formic acid/sulphuric 
acid solution5 to afford the corresponding sulphones in very high yields (examples are 
shown in equations 34 and 35). Benzyl alcohol does not react with arenesulphinic acids in 
100% formic acid, but p-methoxybenzyl alcohol gives good yields of methoxybenzyl 
s ~ l p h o n e s ~ ~ . ~ ' ,  as do flavanols 55 (equation 36)56. Introduction of the methoxy group at 
the 7- and at the 5- and 7-positions in 55 allows the reaction to  occur even in 8% acetic acid, 
as expected for an S,1 mechanism. Allylic alcohols are also suitable substrates for this 
reaction, though rearranged products are sometimes formed (equation 37)s8. 

EtOH. H 2 0  

~ NaOH 
p-Me,NC,H,CHPh + p-TolS0,Na - p-Me,NC,H,CHPh 

I 134) I 
\ ,  

O H  SO2Tol-p 

H C 0 2 H / H 2 S 0 4  
PhZCHOH + p-TolSO2H Ph,CHSO,Tol-p (35) 

R' 1 

HCO,H 
- 7 8 - 8 8 %  

0 
2 R2 OH R 2  S02-Ar  

(55 )  ( 5 6 )  

Condensation of sulphinic acids or their salts with Mannich  base^^^.^', their hydro- 
chlorides6' or quaternary ammonium salts6, gives sulphones. In this way indolemethyl 
sulphones6', aroylethyl sulphones6'.62, e.g. 57 (equation 38)61 and quinonylmethyl 
sulphones 58 (equation 39)59, have been obtained in reasonable to  good yields. The 
mechanism is assumed to be either a direct S, substitution of the amine by the sulphinate 
anion or an E-A mechanism, shown in equation 4059. 
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0 0 

0 0 

ZCH,CH,NR, + R’S0,H - (ZCH2CH2NHR,)+R’SO; 
+ - ZCH=CH, + R,NHR’SO; - ZCH,CH,SO,R’ + R,NH (40) 

Reaction of sodium hydroxymethanesulphinate 59 with Mannich bases 60 does not lead 
to the expected hydroxymethyl sulphones 61 but to the symmetrical sulphones 62. One of 
the possible waysofthis reaction isshowninequation 4163. In thesame way thealkylation 
of 59 proceeds with aralkyl halides; yields of symmetrical sulphones of the type 62, R = Ar, 
are 25-47%64. 

HOCH,SO,Na + RCH,NMe,.HCI - RCH,SO,CH,OH 

(59) (60) (61) (41) 
60 - RCH,SO,H - RCH,SO,CH,R yields 14-66% 

~ cnlo 

(62) 
r-Aminosulphones 63 and 64 and r-amidosulphones 65 are formed in the reaction 

of sulphinic acids with aminals (equation 42). triazines (equation 43) and amidals 
(equation 44)65. 

51% 
H,C(NMePh), + p-TolS0,H - p-TolSO,CH,NMePh (42) 

(63) 

Ph 
I 

4 0 ‘/o CN) + 3 p-TolSOzH - 3p-TolS02CH2NHPh (43) 

p h / N Q \ P h  
(64) 
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0 
I1 

0 /NHCPh II 9 2 '10 
MeCH(NHCPh)2 t p-TolS02H - MeCH 

\S02Tol-p 

( 6 5 )  
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c. Ring-opening reactions. Oxiranes undergo ring-opening on treatment with sulphi- 
nate salts to give 2-hydroxyalkyl sulphones, e.g. 66 (equation 45)27.66.67. w-Carboxyalkyl 
sulphones (e.g. 67) are obtained in the reaction of sulphinate salts with lactones 
(equation 46)" and 4-arenesulphonylsulphonic acids from sultones3. 

OH 
I 

MeCHCH2S02Ph 
lo\ PhS0,H. 

Me 8 3 '10 

( 66 )  

CH2-CH2 
H+ I I t ArS02No ---+ ArS02CH&H2C02H 

( 6 7 )  
yields up to 5 8 %  

O-C==G 

(45) 

d. Alkenylation and arylation oJ sulphinic acids. A direct attachment of an alkenyl 
moiety to sulphinic acids to form 2, /I-unsaturated sulphones 69 was achieved either by a 
photostimulated coupling of 1-alkenylmercury halides 68 with sodium sulphinates 
(method A, equation 47)69 or  by the reaction of a l k e n e ~ ~ ' . ~ '  or conjugated dienes7' with 
mercury(I1) chloride and sodium sulphinates followed by base-catalysed eliminative 
demercuration (methods B and C, equation 48). It is interesting to note that treatment of 
alkenes with sodium sulphinates and iodine ('iodosulphonylation') followed by basic 
hydroiodide elimination produces sulphones which are regioisomers of those obtained by 
the previous method (an example is shown in equation 49)71. The detailed results of the 
above approaches are collected in Table 10. 

R 2  R2, ,R3 

(47) 
h0 R' S02No t \ / R 3  - 

R4/'='\ HgBr(CI) R4/'='\ S02R' 

(68) (69) 

R2 S02R' 

H -C- CHR3 
R2 \ / R3 R'SOeNa I I  

I /'='\, HgC12 
H 

50% aqNaOH 
I dioxanr,r.t. 1 

1 .  Br, 

C 
HgCl 
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TABLE 10. Alkenylation of sulphinic acids 

J. Drabowicz, P. Kierbasinski and M. Mikorajczyk 

~~ 

Isolated 
R '  R2 R3 R4 Method yield (%) Reference 

p-Tol t-Bu H H  A 68 69 
p-Tol Pr H H  A 63 69 
p-Tol H Me Me A 61 69 
P-ToI Ph H H  A 77 69 
P-ToI Ph H Ph A 61 69 
c - C ~ H , ,  t - B U  H H  A 66 69 
c - C ~ H , ,  Ph H H  A 65 69 
t-Bu Ph H H  A 55 69 
Pr t-Bu H H  A 69 69 
Ph t-Bu H H  A 85 69 
Ph H H H  C 77.5 70 
Ph -(CHzj3- H B 19 70 
Ph -(CH2)4- H B 19 10 
p-Tol -(CHZ)4- H B 84 70 
Ph C0,Me Ph H C 75 10 
Ph COMe Ph H C 59.5 10 
Ph -(CHZ),-CH=CH- H 97 72 
Ph -(CH,j,-CMe=CH H 82 72 

p-TolSOzNa 1 DBU ' 
PhCHCHzHgCI P h C e C H 2  

PhCH=CH2+ 

p-TolSOzNa /H 
PhCHCH2S02Tol-p + PhCH=C 

12 I \S02Tol-p 
I 

(49) 

A direct arylation of sodium sulphinates was accomplished by their reaction with 
diaryliodonium salts. The yields of sulphones were up to 56%, based on the consumed 
iodonium salt, while 40% of the starting sulphinates was left unreacted (equation 50)73. 
Anhydrous arenesulphinic acids or their salts react with aromatic nitro compounds to give 
sulphones as a result of substitution of the nitro group (equation 51)74. Organometallic 
compounds have recently also been used for arylation of sulphinic acids. Thus, 
pentaphenylbismuth 70 or the trifluoroacetate 71 derived from it react with 
p-toluenesulphinic acid at 80°C to give phenyl p-tolyl sulphone in 87 and 76% yield, 

Ar,IfX- i- Ar'S0,Na -ArSO,Ar' (50) 

0 0 

(51) II DMSO II 
p-CIC,H,CC,H4N02-p + PhS0,Na - p-CIC,H,CC,H,(SO,Ph)-p 

150 "C. 24 h 
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respectively (equation 52)75 .  Another example of arylation is the oxidative sulphonqlation 
of azulene with copper(I1) arenesulphinates. The reaction takes place only in the five- 
membered ring giving equimolar amounts of both regioisomeric sulphones 
(equation 53)7h. For earlier examples of arylation see References 1 and 3. 

L I 

Ph,BiOCOCF, 

(71 1 

e. Addition of sulphinic acids to non-activated alkenes. Sulphinic acids react with non- 
activated alkenes only in the presence of catalysts, the exception being the reaction of very 
strong, perfluoroalkylsulphinic acids with conjugated dienes (equation 54)77. Russian 
workers investigated in detail the reaction of sulphinic acids with butadiene in the presence 
of palladium complexes as catalysts [e.g. Pd(acac),-PPh,-AIEt,, 1 : 3:4] and found that 
the products 72,73 and 74 were formed usually in the ratio 51 : 34: 15, which is independent 
of the substituents in the acid used (equation 55)". The cyclopentadiene dimer reacts 
similarly in the presence of palladium(I1) chloride79. Telomerization of p-toluenesulphinic 
acid and butadiene in the presence of nickel catalysts gives a mixture of telomers, the yield 
and composition of which depend on the ligands in the catalyst molecule and the 
catalyst/substrates ratios0. 

Me 
I 

C.F,,+ ,SO,H + H,C=CCH=CH, -CnFZn+ ,SO,CH,CH=CMe, (54) 

( 7 2 )  (73) 

( 5 5 )  
/ + ArS02 - 

(74) 
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Sulphinic acids catalyze the Z - E  equilibration of disubstituted olefins, the equilibrium 
being obtained in less than 15min in refluxing dioxane. The yields are high and no 
migration of the double bond is observed. The highest yields ( - 957,,) and E : Z  ratio 
(81: 19) was obtained by using IOmol% of p-chlorobenzenesulphinic acid as a catalyst”. 

5 Michael addition ofsulphinic acids. Sulphinic acids add very easily to olefins bearing 
electron-withdrawing groups. The reaction may be carried out under various 
conditions-from slightly acidic to basic, in protic (also aqueous) and aprotic media. The 
number of p-substituted sulphones obtained in this way is so huge that it is quite 
impossible to list them here. Therefore only general groups of Michael acceptors will be 
mentioned in this section and several representative examples will be given. 

Addition of sulphinic acids to 2, ,!&unsaturated carbonyl compounds gives b-0x0 
sulphones. Among the acceptors are chalcones ( 1  7-94% yield, slightly acidic conditionsa2; 
special activated sulphinic acids”), other a, /?-unsaturated aldehydes and 
esters, a m i d e ~ ’ ~ - ~ ~ ,  imides” and acidsM6. An interesting example is the addition of 
arenesulphinic acids to  3-aryl-3-cyclobutene-1,2-dione 75 leading to 4-arenesulphonyl- 
2-hydroxy-3-aryl-2-cyclobuten- I-ones 76 in 52-80?; yield (equation 57)*’. Of some 

S02Ar Akk 
1 

+ ArZS02H - 
0 .o 

\H ..*’ 

(57) 

( 7 5 )  ( 7 6 )  

synthetic importance are 2-sulphonylethyl-l, 3-dioxolanes 77 obtained as a result of 
a Michael addition of sulphinic acids to x ,  ,&unsaturated aldehydes, followed by acetal- 
ization with ethanediol (equation 58)89.90. These compounds were successfully used for 
the synthesis of 4-hydroxycyclopentenones 78 (equation 59)9’ and 2-methyl-4-hydroxy- 
but-2-enolide 79 (equation 60)90. 

Addition of sulphinic acids to nitroolefins affords []-nitro sulphones 8084.92. The 
adducts can be easily split into substrates by treatment with NaOH, which means that 
this reaction is reversible. The nitro group was reduced with SnCl,/HCI or Zn/AcOH 
to give fl-amino sulphones 81 (equation 61)92. Addition of arenesulphinic acids to 
2-nitrodienes affords sulphones 82 in 13-70% yield, depending on the substituents R 
(equation 62)93. 

RCH=CHCHO + 2 p-TolS02H t HOCHzCHZOH + RCHCH2CH 

p-To lS02 I 3 ( 5 8 )  

( 7 7 )  
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R R 1 .  EtMgBr 
2.MoCHO I 50% HCIO, I 

Ts C CHzC(] w TsCCH2CH0 + 
I 

MeC=O 
I \  77 3.[0] . 

sooh MeC=O 

0 

25% Ts=p-TolS02 (59) 

K2C0a . iii. 
Me 1 .  HCIO, 

I 
1 .  BuLi Me 

I 2 .  CIC02Et 

99% . 
EtOC=O 

Me 
OH 

I 

R R 
I red. I 

RCH=CHN02 + R’S0,H R’S0,CHCHZNOZ - R’SO,CHCH,NH, (61) 
IS 95“. 

(81) 

CH,=C(NO,)CMe=CHR + ArS0,H - ArSO,CH,C(NO,)CMe=CHR (62) 

(82) 
Addition of sulphinic acids to r ,  p-unsaturated nitriles produces /j-cyano sul- 

However, the reaction of acrylonitrile with sodium hydroxymethanesulphi- 
nate 59 affords /3, /l’-dicyano sulphone 84 (equation 63)94. It is formed via the intermediate 
83 which has been isolated (compare equation 41, Reference 63). 

HOCH,SO,Na + H,C=CHCN - NaOCH,SO,CH,CH,CN (63) 

(59) 
H,C-CHCN - NaO,SCH,CH,CN - N-CCH,CH,SO,CH,CH,C- N 

~ cn,o 
(83) (84) 



312 J. Drabowicz, P. Kiefiasinski and M. Mikorajczyk 

Sulphinic acids undergo addition to 2-vinylpyridine to give 2-@1lphonyl- 
ethylpyridines 85 in yields exceeding 90% (equation 64)95. 

A special group of Michael acceptors are those compounds which, in addition to the 
electron-withdrawing group, possess a good leaving group attached to an r and [j carbon 
atom. The primary addition is usually followed by an elimination process resulting in the 
formation of fi-substituted alkenyl sulphones (equations 65 and 66)96-98. It should be 

Pr 
I 

-Her 
Pr 

ArS02H + Ar'CH=C - Ar'CH-CH Ar'C=CHN02 

Ar2S02 
\NO2 Ar2S02  I 'NO2 

PhCH=CHSO,Na + CICH=CHY - PhCH=CHSO,CH=CHY (66) 

Y = C(O)Me, CN, NO, Yield 50-65% 

mentioned that, under appropriate conditions and in the presence of palladium catalysts, 
the nitro group in a nitroalkene may be substituted by a sulphinate anion, thus giving alkyl 
sulphones, e.g. 86 instead of the Michael addition product, /3-nitro sulphoneg9 
(equation 67) (for substitution of the nitro group see equations 32, 33, References 52, 53, 
and equation 51, Reference 74). 

/ NO2 
MeCH2CH =C 

'Me 

DMF, EtJN 

P d o  
t PhS02No. 2 H 2 0  . MeCH=CHCHS02Ph 

I (67) 
Me 

Addition of sulphinic acids to quinones and the closely related 1.4-benzo- 
quinonedibenzenesulphonimides has been known for a long time. The addition step is 
usually followed by enolization and the overall process results in the formation of 
2,5-dihydroxyaryl sulphones 87 and 2,5-disulphonamidoaryl sulphones 88, respectively 
(equations 68 and 69). Nevertheless, some newer reports concerning this subject 
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~ QI' R 

+ PhS02H d 

PhS02 

NS02Ph N ti SO2 P h 

(88 )  

373 

69) 

appeared'00-103. Reaction of N-phenyl-l,4-benzoquinonimine 89 with sulphinic acid 
gave (2-hydroxy-5-pheny1amino)phenyl sulphones 90. Their oxidation with lead tetraace- 
tate leads to  the corresponding sulphonylquinonimines 91 (equation 70). When hydroxy- 
methanesulphinic acid was used in this reaction, bis-quinonimine 92 was formed 
(equation 7 1 ) I o 4 .  

2(89) + HO'H2SOZH 720h= soo/o. 

NPh NPh 

(92) 

y. Addition ofsulphinic acids ro acetylenes and allenes. Addition of free sulphinic acids or 
metal sulphinates to  r-acetylenic ketones was investigated as early as in 1924 by Kohler 
and Barrett. These authors found that p-toluenesulphinic acid combines with phenyl 
benzoyl acetylene to give a mixture of both diastereomeric alkenyl sulphones 93. 
Moreover, they found that the process is stopped at the mono-addition stage 
(equation 72)Io5. The adducts were later investigated to  prove their configurationIo6. 

0 
I I  

\ /CPh t Ph\ 
Ph 

/'='\H p-Tol dC='\CPh o2 
P h C s C C P h  t P-TolS02H 

II 
p-TolSOp I I  

0 

0 
(93) 
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Recently, it has been found that sodium arenesulphinates add to propiolamide 94 in an 
aqueous ethanol containing boric acid to give ,9-sulphonyl acrylamides 95 in 55 to 58% 
yield (equation 73)"'. Benzenesulphinate salts undergo a trans-specific addition to 
sulphonyl acetylene % to give the Z ethylene disulphone 97 (equation 74). The addition to 
sulphonyl allene 98 proceeds across the r-double bond and affords 2,3-diphenyl- 
sulphonyl-1-propene 99 (equation 75)'08. 

HC=CCONH, + ArS0,Na - ArSO,CH=CHCONH, 

(94) (95) 

(73) 

PhSOz , ,S02Ph 

/C=C\Me 
P h S 0 2 C E C M e  t PhSOF A 

H 

(96) (97) 

PhSO,CH=C=CH, + PhSO; - PhSO,CH,C=CH, 
I 

S 0 2 P h  

(98) (99) 

(74) 

(75) 

h. Addition of sulphinic acids to carhonyl compounds. The first report on the formation of 
adducts between sulphinic acids and aldehydes appeared in 1901 L09.110. The reaction 
resembles the bisulphite addition to aldehydes. The structure of those adducts has been 
established fifty years later as r-hydroxyalkyl sulphones 100 (equation 76)' ' I .  Since that 

RS0,H + R'CHO - RS0,CHR'OH 

(100) 

time a large number of such compounds have been s y n t h e s i ~ e d " ~ ~ ~ " - " ~ .  Among the 
papers published in this area a work of Schank deserves mentioning. He found that the 
addition of sulphinic acids to glyoxals 101 results in the formation of a-hydroxy-p-oxo 
sulphones 102, which may be considered as sulphonyl analogues of aci-reductones 
(equation 77)'13. a-Hydroxy sulphones 100 were used as substrates in reactions with 
amines to  give r-amino sulphones 103L'z. Later on, it was found that these compounds 

H 
I 

R'CCH + HSO,R = R'CCSO,R 
II II II I 

(101) (102) 

00 O O H  

yields 56.7-82.7% 

(77) 

RISO,H + R'CHO + R3NH, - R'S0,CHNHR' 
I 

R2 
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can be synthesized by reacting in one pot all three compounds, i.e. a sulphinic acid, an 
aldehydes and an amine (equation 78). Most probably the condensation does not proceed 
via the intermediary formation of 100''5, but it resembles the Mannich reaction with 
sulphinic acid as an acidic component. However, the dialkylamino derivatives could not 
be obtained in this way unless the amine possessed an electron-withdrawing group. For 
example, the reaction proceeds only with piperazine derivatives which bear a substituent 
like C0,Et  or p-02NC,H, on the nitrogen atom"6. 

The Mannich-type condensation has been performed with a broad variety of amino 
compounds. Thus, the following substrates were used as the amino compounds in these 
reactions: hydroxylamine 104 (equation 79)'17, benzohydroxamic acid 105"', 
N-hydroxybenzenesulphonamide 106' '', carboxylic amides 107118*' 1 9 ,  sulphonamides 
108' I 9  and lactams 109' l 9  (equation 80). The Mannich condensation of sulphinic acids, 
formaldehyde and ethyl carbamate is of special synthetic value, since it gives 
N-sulphonylmethyl urethanes 110 which are convenient intermediates in the synthesis 
of 2-sulphonyl diazomethanes 111 (equation 81)'20-L22. 

(79) 2RS0,H + 2 C H 2 0  + NH,OH -(RS0,CH2),N-OH 
38 75"" 

(104) 

RS0,H + R'CHO 

PhCONHOH 
(105) 

RS02CH( R ')N(OH)COPh 

PhS02NHOH 

(Io6) * RSO,CH(R')N(OH)SO,Ph 
46 80% 

RT(0)NHR3 

(lo' P RSO,CH(R')-NR3C(0)R2 
lS-85% 

PhS02NHR2 
(108) 

57 85% 

HN - C - 0  
~ C H Z ) , !  

RS02CH(R')N(RZ)S0,Ph 

('09) + RSO,CH(R1)N - c=o 

I .  NOCl 
2. Base 

RSO,H +CH,O + H,NCO,Et - RSO,CH,NHCO,Et - RSO,C'HN, 
50 750, 

(81) 

z-Amino sulphones and derivatives have also been obtained by addition of sulphinic 
acids to compounds containing the C=N bond such as azomethines 112, arylsulphonyl 
imines 113 and azodicarboxylates 114 (equation 82)lz3 and 3-p-toluenesulphonyl-3H- 
azirine 115, formed in situ by the irradiation of trans-g-azidovinyl p-tolyl sulphone 
(equation 83)' 24. Another interesting condensation has been described by Hellmann and 

who found that aromatic sulphinic acids react in a one-pot procedure with 
formaldehyde and C-H acids, such as indole 116, 1-naphthol or dimedone, to give 
unsymmetrical sulphones, e.g. 3-benzenesulphonylmethyl-indole 117 (equation 84). 

(1 10) (111) 
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S 0 2 R 2  
RCH N A r  I 

"'*) RCHNHAr 

RSO,NHCH( R')S02R2 

EtOZCN NCOZEl 

Et02CNHNC02Et 
I 

S02R2 
66". 

R2S02H 

H N3 

(11 5 )  

H 

I 
H 

(116) 

I 
H 

(117) 

i. S Acylation of sulphinic acids. Acylation of sulphinic acids proceeds either on the 
sulphur or on the oxygen atom, the direction being dependent on the acylating agent used. 
This section is limited to the discussion of the acylations and related reactions which lead 
to the formation of sulphonyl derivatives. The reactions taking place at the oxygen atom 
will be presented in Section II.B.2. 

Dithiochloroformates 118 react with metal arenesulphinates to give trithiocarbo- 
nate S, S-dioxides 119 as strongly coloured (deep-red, violet) compounds. Chemical 
yields of this reaction vary from 7 to 70%, and depend on the nature of the substituents 
R '  and R 2  (equation 85)126,127. In the same way thiocarbamoyl chlorides 120 react 
with sulphinate anions affording dithiocarbamate S,S-dioxides 121 in 10 to 70% 

( 8 5 )  R'S0,- + CICSR' - R1S02CSR2 + CI- 
/ I  II 
S S 
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yield (equation 86)12R.129. However, in the case of thiophosgene the reaction does not 
give the expected thiocarbonyl bis(methy1 sulphone) 122 but affords 
bis(methylsulphonyl)methyl methanethiosulphonate 123. The latter is formed by the 
subsequent thiophilic addition of the sulphinic acid anion to the thiocarbonyl group in 122 
as shown in equation 87'". The reaction of chlorosulphines 124 with p-toluenesulphlnate 
anion leads to the products in which the C=S=O function is replaced by a CH, group 
via the transiently formed p-tolylsulphonyl sulphine 125 (equation 88)13'. 

H IO/benzene 

reflux 
RSO; + R'R'NCCl * RS02CNR1R2 (86) 

II 1 1  
S S 

(120) (121) 

ZMeSOi MeSO; 
ClCCl - MeSO,CSO,Me - 

II II 
S S 

( 122) 

H +  - (MeSO,),CSSO,Me - (MeSO,),CHSSO,Me 

HS=O p-TolSO,Na.ZHzO RS=O p-TolS0,Na 

\Cl 'S0,Tol-p 

(124) (125) 

b R-C R C  

R = p - T o l S - ,  Cl,p-CIC6H4 

0 
II 

H20 b RCH2S02Tol-p 
/ OZT Ol-p 

RCH 

\S02Tol-p 

lmino analogues of acyl halides belong also to these compounds which react with 
sulphinic acids at sulphur to yield a-iminosulphones. For example, the p-chloro- 
phenylhydrazone of p-chlorobenzoyl chloride (126) gives on treatment with methane- 
sulphinate anion the sulphone 127 in 33% yield (equation 89)13'. Nitro analogues of 
imidoyl chlorides, e.g. 128, behave similarly (equation 90)L33. Another interesting example 
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/NO2 2 O Z P h  

NN-NHRz \NNHR2 
(90) R’ C + PhSOg R‘C 

(128) 

of S acylation involves the chemoselective reaction of the aldehyde-imidoyl bromides 129 
with sodium arenesulphinates leading to  the sulphones 130 arising from replacement of 
bromide anion (equation 91, Table 1 l)’34. 

Sulphinic acid anhydrides, obtained in the reaction of sodium sulphinates with 
sulphinyl chlorides, exist in the form of sulphinyl sulphone 131 and not bis-sulphinyl oxide 
(equation 92)135 (for examples illustrating 0 acylation and 0 sulphinylation see 
Section II.B.2). 

RS0,Na + RS(0)CI - RSO,S(O)R (92) 

(131) 

R Yield 

p-Tol 81% 
p-CICGH, 51% 
,8-naphthy l 60% 

2. Synthesis of sulphonyl halides, cyanides and thiocyanates 

Relatively little is known about the reaction of sulphinic acids with halogens leading to 
sulphonyl halides. Thus, aqueous chlorination or bromination of arenesulphinate anions 

TABLE 1 I .  Reaction of aldehyde-imidoyl 
bromides 129 with sulphinates 

Yield of 130 
R R’ (%I 

H H 
H Me 
H Br 
H NO2 
Me Me 
Me CI 
Me Br 

CI Br 
Me NO2 

60 
70 
60 
50 
52 
65 
65 
60 
56 
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affords sulphonyl chlorides in yields up to  817" and sulphonyl bromides in yields about 
47%'36. w-Hydroxy-1-alkanesulphonyl chlorides have recently been obtained by chlorin- 
ation of a dichloromethane suspension of sodium o-hydroxy- 1 -alkanesulphinatcs. The 
yields were practically quantitative, though the propane and butane derivatives (n = 3 and 
4) were accompanied by about 17% of sultones 132 as products of cyclization 
(equation 93)13'. 

Sulphonyl iodides have been prepared by treatment of alkali sulphinates with iodine in 
alcohol solution'36. In aqueous solution there is an equilibrium, the position of which 
depends on the substituent in the sulphinic acid (equation 94)13'. 

RS0,-  + 1,- RS0,I + 21- (94) 

Treatment of dirhodane with sodium or silver arenesulphinates produces the corres- 
ponding sulphonyl thiocyanates 133 in 48 to 84"/, yield (equation 95)13'. 

CHZCIz 
ArS0,M + (SCN), - ArS0,SCN + MSCN 

M = Na, Ag (133) 

(95) 

When sodium sulphinates react with cyanogen bromide 134 only sulphonyl bromides 
are formed due to the highly electropositive character of bromine (equation 96)I4O 
(compare Section II.A.l.a, References 9 and 16). However, cyanogen chloride 135 gives in 
an analogous reaction sulphonyl cyanides 136I4O (equation 97). The latter have been 
reacted with a variety of nucleophiles to give cyanates, thiocyanates and cyanamides 
(equation 98)' I .  

RS0,Na + BrCN - RS0,Br 
( 134) 

RS0,Na + ClCN - RS0,CN 

( 135) (136) 

(97) 

NU = -OR, -SR, NR, 

3 Reactlon of sulphm/c aods  w/th sulphur electrophlles 

a. Synrhesis ofthiosulphonic acids. Nucleophilic attack of a sulphinate ion on elemental 
sulphur resembles the reaction with sulphites and yields salts of thiosulphonic acids'42. 
The formation of thiosulphonic acid salts may be accelerated by addition of sodium 
sulphide or p ~ l y s u l p h i d e ' ~ ~ .  Recently, sodium arenethiosulphonates 137 have been 
obtained in quantitative yields by reacting sodium arenesulphinates with elemental 
sulphur in the presence of amines (BuNH,, i-PrNH,, Et,NH, Et3N, morpholine, 
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piperidine, ammonia) (equation 99)144a (and sodium methanethiosulphonate by simple 
heating of sodium methanesulphinate with sulphur in methanol'44b). 

S,. aminc 

20'C lor 60°C) 
p-RC,H,SO,Na b p-RC,H,SO,SNa (99) 

( 137) 
Sodium p-toluenethiosulphonate, prepared in this way, was treated with Amberlyst 

A-26 to give the resin-supported p-toluenethiosulphonate. The same product was also 
obtained from the resin-supported p-toluenesulphinate on treatment with an excess of 
elemental sulphur in boiling toluene. It was then used as a source of thiosulphonate moiety 
for the simple conversion of alkyl halides into S-alkyl p-toluenethios~lphonates'~~. 

h. Synthesis ofthiosulphonic S esters. In the first instance, the title compounds may be 
prepared by simple disproportionation of sulphinic acids. However, they are con- 
taminated with the corresponding sulphonic acids as a second disproportionation product 
(equation loo)3. 

3RSO,H-RSO2SR+RSO,H+H,O (1W 
Sulphenyl halides react with sulphinic acids' " or their silver'46 or sodium saltsL4' to 

give thiosulphonates 138 in moderate yields (equation 101). Aminosulphenyl chlorides 
139 can also be used for this reaction which results in the formation of S-sulphonyl 
sulphenamides 140 (equation 102)'48. Dialkyl disulphides may serve as a source of 
sulphenyl moiety to give 138149. However, the use of diamino disulphides 141 produces 
amino sulphonyl disulphides 142 (equation 1O3)l5O. On the other hand, diamino sulphides 
143 react smoothly with sulphinic acids to give 140 (equation 104)'50-'52. 

R'S0,M + XSR' - R'S0,SR2 (101) 

(138) 

M = H, Ag, Na X = CI, Br 

50 95% 
RSO,K + CISNR; - RS0,SNR: 

(139) ( 140) 

NR: = morpholyl 

p-TolSO2H + R2NSSNR2 - p-TolSO,SSNR, + (p-TolSO,S), 

NR, = morpholyl yield 62% 
NR, = piperidyl yield 32% 

(103) 

(141) (142) 

RSO,H + RlNSNR; - RS0,SNR: + (RSO,),S 

(143) (140) 

NR: = morpholyl, yield 60%'50 
NR: = piperidyl, yield 25%I5O 
NR: = phtalimidyl, yields 40-60%'5'.'52 

Another simple method of preparation of thiosulphonates from sulphinic acids consists 
in the reaction of the latter with thionitrites 144, obtained from thiols and dinitrogen 
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tetroxide (equation 105)'531'54, or with thiols in the presence of alkyl nitrites 145 
(equation 106)'55. 

R~SO,H 
RSH + N,O, - RSNO - R'S0,SR 

( 144) 

R'S0,H + RSH + 2EtONO - R'S0,SR + 2 N 0  + 2EtOH 

Yields up to 95% 

(106) 

(145) 
Yields 48-80% 

4. Reaction of sulphinic acids with nitrogen electrophiles 

Sulphinic acids react with nitrous acid to give N,N-disulphonyl hydroxylamine 146 or 
trisulphonylamine oxide 147, depending on the substrates ratio (equation 107)'56. In the 
reaction of sulphinic acids with alkyl nitrites 145 bis-sulphonyl-hydroxylamines 146 are 
also produced. It is assumed that sulphonyl nitrites 148 are formed as intermediates, which 
react quickly with the next sulphinic acid molecule to yield 146155. Sulphonyl nitrites 148 
have been obtained independently in the reaction of sulphinic acids with dinitrogen 
tetroxide (equation 108)'57. 

RS0,H + H O N O  - (RSO,),NOH + (RSO,),N + 0 (107) 

(146) (147) 
ether. - 20 to 0°C 

38 55% 
RS0,H + N,O, RS0,NO + RSO,H 

( 148) 

Arenesulphinic acids have been used in acidic media as protecting reagents for the C- 
nitroso group against reduction and condensation. The method is based on the forniation 
of stable non-reducible N-substituted hydroxylamines 149 and it can be applied to 
nitrosoarenes. However, this method is not applicable to the N-nitroso group. Deprotec- 
tion is effected by basic hydrolysis (equation 109)'58.'59. 

pH 0-3 no - 
Ar'NO + Ar2S0,H - Ar'N(OH)S0,Ar2 - Ar'NO + ArS0,- + H,O (109) 

( 149) 

Hydroxylamine-0-sulphonic acid 150 converts sulphinic acids directly to sulphona- 
mides 151. The reaction is performed in acetate-buffered water as a solvent 
(equation 110)'". 

acetate buffer 

RS0,Na + H,NOSO,H * RSC,NH, ( 1  10) 

( 150) (151) 
R = Ph, p-Tol, PhCH,, p-An, Bu, 2-Thieny1, 5-Me-fur-2-yl; yield 50-94% 

B. 0 Reactivity of Sulphinic Acids-Synthesis of Sulphinyl Derivatives 

7 .  Synthesis of sulphinic esters by 0 alkylation of sulphinic acids 

For many years it has been thought that the alkylation of sulphinic acids or sulphinate 
anions proceeds only on the sulphur atom, the only exception being the reaction of silver 
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sulphinates with alkyl  halide^^,'^. In fact, even silver sulphinates proved to undergo S 
alkylation (see Section II.B.l.a, Table 1, References 19 and 20). Later on, however, after 
some early findings that both 0- and S-alkylation products may be formedI6', i t  turned 
out that the use of proper alkylating agents, namely those bearing a greater positive charge 
on carbon ('hard' in the HSAB sense), may lead to the prevailing or exclusive formation of 
0-alkylation products, i.e. sulphinates. Kobayashi was the first to obtain exclusively ethyl 
sulphinates by using triethyloxonium tetrafluoroborate as an alkylating agent 
(equation I 1  Later on, Meek and Fowler found that the use of 'hard' alkylating 
agents and highly polar solvent leads almost exclusively to the formation of sulphinate 
esters". Recently, Kobayashi and Toriyabe have reported that the contribution of 0 
alkylation may be increased by addition of crown ethers or cryptands, but only in the case 
when 'hard' alkylating agents are Selected examples of the reactions (equation 1 12) 
leading to the predominant formation of sulphinic esters are collected in Table 12. 

0 
pyridine 1 1  

RS0,H + E t 3 0 + B F 4  - RSOEt 

R = Ph yield 95% 
R = p-O,NC,H, yield 33'6 

0 
Alkyl. agent 1 1  

RSO,M * RSOAlk + RS0,Alk 

(152) (153) 

Methoxymethyl sulphinates 154 have been obtained by alkylation of sulphinic acids 
with bromomethyl methyl ether (chloromethyl methyl ethers yield predominantly 
methoxymethyl sulphones; compare equation 3, Reference 8). Blowing dry nitrogen 
through the reaction mixture is necessary to remove the hydrogen bromide formed, since it 
has been found that the undesired methoxymethyl sulphones 155 are formed mainly as a 
result of a proton-catalysed rearrangement of 154 and not via the direct S a l k y l a t i ~ n ' ~ ~  
(equation 113). 

The predominant formation of sulphinic esters has also been found when 0 
alkylisoureas 156 were used as alkylating agents (equation 1 14)16'. The sulphinate to 

RSO,H + BrCH,OMe - RSOCH,OMe + RSO,CH,OMe 
/ I  

( 1  13) 

0 

(154) (155) 

Ratio 86: 14 

0 
II 

R'N=CNHR' + PhS0,H * PhSOR + PhS0,R (1  14) 
- ( R ' N H I ~ C O  I 

OR 

(152a) (153a) 
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TABLE 12. Predominant 0 alkylation of sulphinic acids 

Products 
~ 

Substrate Ratio 

R M agent conditions (%) 152 153 Ref. 
Alkylating Solvent, Ov. yield 

p-Tol 
p-Tol 
p-Tol 
p-Tol 
p-Tol 
p-Tol 
p-Tol 
P-TOI 

p-Tol 
p-Tol 

p-Tol 
p-Tol 

p-Tol 
p-Tol 

I -Adamantyl 
p-Tol 

p-Tol 

I-Adamantyl 
Me,SiCH, 
CF3 
n-C,F, 
CF, 

H 
H 
H 
H 
Na 
Na 
K 
K 

Na 
K 

K 
K 

K 
K 

Na 
K 

K 

Na 
Na 
H 
H 
H 

CHZN, MeOH/et her 
Ph,CN, MeCN 
Ph,CN, dioxane 
Ph,CN, DMSO 
TsCH=P(OMe), none 
(MeO),SO, DMF 
(MeO),SO, CH,CI, 
(MeO),SO, CH,CI,, 18-cr.-6 

MeOS0,Tol-p DMF 
MeOS0,F CH,CI,, 18-cr.-6 

MeOS0,F DMF 
MeOS0,F DMF, 18-cr.-6 

MeOS0,F HMPA 
MeOS0,F HMPA, 18-cr.-6 

MeOS0,F CH,CI,, 18-cr.-6 
MeOS0,F CH,CI,, 15-cr.-6 

MeOS0,F CH,CI,, kryptilix(2,2,2) 

MeYS0,F CH,CI,, kryptifix(2,2,2) 
Et,OBF- CH,CI, 
Me3SiCI 
Me,SiCI 
Me,SnCI 

(80 mol%) 

(87 mol%) 

(87 mol?;) 

(87 mol%) 

(200 mol%) 

(100 mol%) 

100 
100 
100 
82 

100 
80 

> 90 
> 90 

66 
> 90 

> 90 
> 90 

> 90 
> 90 

> 90 
> 90 

> 90 

> 90 
82.1 
92 
83 
66 

100 
81 
83 

100 
95 
88 
50 
58 

77 
70 

77 
82 

100 
94 

62 
81 

83 

64 
100 
100 
100 
100 

0 19 
19 44 
17 44 
0 4 4  
5 19 

12 19 
50 43 
42 43 

23 19 
30 43 

23 43 
18 43 

0 43 
6 43 

38 43 
19 43 

17 43 

36 43 
0 46 
0 163 
0 163 
0 163 

sulphone ratio appeared to be strongly dependent on the nature of the alkyl groups in 0 
alkylisoureas and to some extent on the solvent used. Thus, among the primary alkyl 
groups, ethyl was found to give the highest 152a: 153a ratio of 90: 1C in THF. In the case of 
secondary alkyl groups (i-Pr, sec-Bu, 2-hexyl) only sulphinates 152a were formed. An 
attempt to synthesize optically active sulphinates by using 0 alkylisoureas bearing 
optically active substituents at the nitrogen atom (R '  = r-phenylethyl, myrtanyl) gave 
products with very low e.e. values (up to 8.1%). Two facts may be responsible for the 
predominant formation of sulphinates in this reaction-the relatively 'hard' character of 
the alkylating agent (though the S,1 mechanism has been excluded) and the steric effect 
exerted by the large electrophile which makes the alkyl group more susceptible to 
nucleophilic attack by the oxygen atoms'65. 

For similar reasons the alkylation of sulphinic acid salts with chlorides 157 gives an 
unusually high proportion of sulphinic esters 158 in addition to  the expected sulphones. It 
should be added, however, that this reaction, performed in DMF, proceeds according to 
the S,I mechanism (equation 1 15) '66 .  

Finally, two papers of Kobayashi and coworkers should be mentioned which describe 
alkylation of sulphinic acid salts with alkyl chlorosulphites 159' 6 7  and alkyl chlorocarbo- 
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p -  TolSOzNa 

DMF 
CHCMe3 

I-P 
( I  IS) I I  

(157) (158) 

nates 161168. In the former case alkyl sulphinates are formed in yields up to 590:, and the 
reaction is assumed to proceed via the intermediary mixed anhydride 160 
(equation 1 16)L67. The reaction of sodium arenesulphinates with alkyl chlorocarbonates 
161 in various alcohols as solvents gives alkyl sulphinates in which the alkoxy group 
originates from the solvent alcohol and not from 161. On the basis of experiments with 
'80-labelled sodium sulphinates, the mixed anhydride 162 is postulated as an intermedi- 
ate whose alcoholysis gives the product (equation 1 1 7 ) I h 8 .  When the reaction is performed 
in pyridine without addition of an alcohol, sulphinates containing the alkoxy group that 
originated from 161 are obtained in 30-42"/:, yields"'. 

. -- -. -, 
RS0,Na + CISOR' - RS /OS !OR' - RSOR' + SO, 

I1 l l i  I I /  II 
0 oi .-----: 0: 0 

(159) (160) 

I1 II 
1 8 0  0 

R * O H  
RS"0,Na + CICO,RL - R S-- "OCOR' - 

(161) (162) 

- R SOR' + COI8O + R'OH 
3669", ,  1 1  

I '0 

2. 0 Acylation and 0 sulphmylation of su/ph/n/c acids 

The carbonyl group of acid chlorides is a hard electropositive centre and acylation of a 
sulphinate ion may be expected to occur at the oxygen rather than at the sulphur atom (for 
a different reactivity of the thiocarbonyl and imidoyl groups see Section 1I.A.l.i. 
equations 85-91). Indeed, mixed carboxylic-sulphinic anhydrides are produced in this 

The acyclic analogues are very unstable (they survive for some time at  
-68 C)lhY and break down in various ways. However, the cyclic mixed sulphinyl- 
carboxylic anhydride, namely 3-methyl-l,2-oxathiolan-5-one-2-oxide 163, has been 
prepared in SO0," yield and proved to be stable (equation 118)170. The analogous 

n MeL 
' A  (COCI), 

b MeCHCH2C02Na -2NaCI 
/" NoHC03 

MeCHCH2 - C 

I 'Cl I -co,-co, 
Y S02Na 
II 
0 
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compounds 164 have been obtained by the oxidation of benzoxathioles (equation 119)'". 
In contrast to earlier findings that sulphinylation of sulphinic acids leads to the 

formation of sulphinyl sulphones 131 1 3 5  (equation 92), Kice and Ikura succeeded in the 
preparation of the sulphinyl anhydride 165. They reacted silver tert-butanesulphinate with 
tert-butanesulphinyl chloride and obtained in 50% yield the product whose structure was 
univocally proven by spectroscopic methods and by kinetic investigations of its hydrolysis 
(equation 120)'72. Later on, the first cyclic sulphinic anhydride 166 was obtained in good 
yield (equation 121 )' 7 3  by carefully controlled hydrolysis of ethanebissulphinyl chloride. 

(164) 

0 
(166) 

In this instance the strain associated with the four-membered ring in the eventual isomeric 
sulphinyl sulphone is apparently suflicient to cause formation of the five-membered 
sulphinic anhydride to  be favoured'73. The first aromatic sulphinic anhydride 168 has 
been prepared by spontaneous dehydration of o-benzenedisulphinic acid formed by 
careful acidification of its diammonium salt 167 (equation 122)'74. Perfluoroalkane- 
sulphinic anhydrides were also reported to be obtained in 80% yield but no discussion 
concerning their structure was p r e ~ e n t e d ' ~ ~ .  

0 

(167) 
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3 Synthesis of sulphinic esters, sulphinarnides, thiosulphinates and sulphoxides by 
using coupling reagents 

Field and Srivastava have developed several methods for simple esterification of 
sulphinic Thus, a sodium sulphinate may be reacted with one equivalent of 
MeOH.HCI in the presence of two equivalents of BF,.Et,O or with methanol itself in the 
presence of three equivalents of BF,.Et,O. The free sulphinic acids with BF,.Et,O in 
MeOH gave still better results and this would be a method of choice in those cases when 
free sulphinic acids are readily available and relatively stable. The former methods have 
been used for esterification of sensitive trisulphide sulphinate salts 169 which were tested 
for antiradiation properties (equation 123)17'. 

ROH HCI 

BF,-Et20  
NaO,S( CH ,),SSS(CH,),SO, Na - 

(169) 

RO , S(CH ,),SSS( C H  J,SO , R 

R = Me yield 75-85% 
R = Et yield 60-65% 

Kobayashi and coworkers have reported that arenesulphinic acids can be easily 
converted into the corresponding sulphinates 170 by treatment with an equimolar amount 
of dicyclohexylcarbodiimide (DCC) as a dehydrating agent and an excess of an 
appropriate Recently, this procedure has been extended to the synthesis of 
sulphinamides 171 and thiolsulphinates 172177.178 (equation 124). The reaction involves 

DCC 
R ' S O ~ H  - N 

C-OSR' 
II 
I II 
I 

-IN 0 

C6H 11 

(173) 

0 
II 

R ' S O R ~  
R ~ O H  

3 0 - 7 6  % 
(170) 

R1 SNR3R4 ( 124) 
R3R4NH 

36  - 6 5  % II 
0 

the primary formation of the intermediary 0-sulphinyl N, N'-dicyclohexylisourea 173 and 
the subsequent attack of a nucleophile on the sulphinyl sulphur atom (an alternative 
mechanism assumes the attack of a second acid molecule on sulphur in 173 to  form a 
sulphinic anhydride which is the real sulphinylating agent). Recently Drabowicz and 
Pacholczyk treated arylsulphinic acids with alcohols, thiols and secondary amines in the 
presence of optically active carbodiimides and obtained the corresponding optically active 
sulphinates, thiolsulphinates and sulphinamides with e.e. up to 

Instead of carbodiimides, several other coupling (dehydrating) agents have been used 
which also made it possible to prepare the sulphinyl derivatives mentioned above. In all 
cases the crucial step consists in the formation of a bond between the sulphinyl oxygen 
atom and the coupling reagent. The following reagents have been described: 2-chloro-l- 
methylpyridinium iodide 174179.'80 (170 obtained in 30-76% yield; 171, 39-522,), y- 
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saccharine chloride 175IS0 (170,24-69%; 171,26-75%), diethyl azodicarboxylate 176 and 
triphenylphosphine (the Mitsunobu reaction cannot be used for the preparation of 
171)IE0, phenyl phosphorodichloridate 177 and pyridine(l70,50-85% yield; 171,15-752,; 
172,41-82%)18', diphenyl phosphorochloridate 178(170,87-97% yield; 171,0-36%; 172, 
30-89%)182, N-chlorosuccinimide and triphenylphosphine (170, 40-88% yield; 171, 5-  
32%: 172, 22-77%)IE2 and 3-(phthalimidoxy)-l,2-benzoisothiazole 1,l-dioxide 179 (170, 
27-81":, yield: 171, 0-20%; 172, 22-7O%)lE2. Some of these coupling reagents have also 

Me 

(174) 

0 

PhOPCI2 

(177) 

II 

(175) 

0 
II 

(179) 

been used for the synthesis of sulphoxides from sulphinic acids. The adducts of sulphinic 
acids with 177, 178 or 179 were treated with Grignard reagents or enamines to give 
sulphoxides in 11-53% yieldIE3 (e.g. equation 125). 

0 
P-ToISO~H 17% pyridine + [p-Tol r i (OPh)]  RMeer p-TolSR II ( 1  25) 

or ensmine 

4 Synthesis of sulphinyl chlorides from sulphinic acids 

Reaction of sulphinic acids or their salts with an excess of thionyl chloride gives 
sulphinyl chlorides in good yieldsIs4. Perfluoromethanesulphinyl chloride and perfluoro- 
hutanesulphinyl chloride have been obtained from the corresponding perfluoro- 
alkanesulphinic acids when reacted with thionyl chloride, phosphorus trichloride and 
phosphorus pentachloride (equation 126)16,. This method of synthesis of sulphinyl 
chlorides is of limited value and is used only in special instances, the most useful method 
being the oxidative chlorination of thiols, disulphides and t h i o l o e ~ t e r s ' ~ ~ .  

SOCI, 
or PCI, 

R f S 0 2 H  - R,SCI + R,SOSRf 
I1 II II 
0 0 0  

or PCI, 
xn 95% 

(up to 12% when 
PCI, or PCI, 
are used) 
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C. Other Applications of Suiphinic Acids 

1 Forrnarnidinesulphinic acid as a reducing agent 

Formamidinesulphinic acid 180, called sometimes thiourea dioxide, is a commercially 
available and easy to handle reagent, which is used for the reduction of a variety of organic 
compounds. 

Among organic nitrogen compounds, aromatic nitro-, azoxy-, azo- and hydrazo- 
derivatives are reduced by 180 to give the corresponding amines in high yieldslS5. 

Nakagawa and Minami reported in 1972 that aliphatic, aromatic and heteroaromatic 
ketones can be easily reduced by 180 in the presence of caustic alkali in ethanolic solution 
to give the corresponding alcohols in 744100% yieldlE6. 

J. Drabowicz, P. Kiefiasinski and M. MikoJajczyk 

One year later, Herz and de Marquez described a successful reduction of steroidal 
ketones with 180. They had to use a stronger alkaline reagent, namely sodium propoxide 
in propanol, and under such conditions they were able to reduce a 3-keto group and a 
6-keto group, while the reduction of a 20-0x0 group could not be achieved18'. 
Shanker"' succeeded in the preparation of r-~-fluoren-9-ol containing at least 90% of 
deuterium at C-9 from fluorenone using the deuterated 180 in the presence of sodium 
deuteroxide in deuteroethanol. 

The above results, however, have been disputed by Italian workersLs9 who have found 
that ketones are reduced under the alkaline conditions applied even without addition of 
180 and that the yields of alcohols are only slightly lower in this case. Thus, their 
conclusion is that formamidinesulphinic acid 180 does not play a major role in this 
reaction and therefore it cannot be considered as a useful reducing agent for ketones189. 

There is no doubt, however, that 180 has been successfully applied to the reduction of a 
variety of organic sulphur, selenium and tellurium compounds. Thus, 180 reduces 
disulphides to thiols (equation 128) and N-tosylsulphimines 181 to  sulphides 
(equation 129) when the reaction is carried out under phase-transfer catalytic conditions 
in the presence of a catalyst, such as (hexadecy1)tributylphosphonium bromide, in an 
aqueous-organic two-phase system190. 

180. NaOH,, catalyst 
RSSR F 2RSH 

R = alkyl, aryl yields 62-90% 

NTos 
II 180, NaOH.,/!-Pr20, catalyst 

R1SR2 R I S R *  
(181) 

R' = aryl, R2 = alkyl, aryl; yields 26-100% 

To achieve reduction of sulphoxides to sulphides, different conditions were applied, 
namely the reaction was performed in boiling acetonitrile in the presence of iodine as a 
catalyst (equation 130)19'. Finally, aryltellurium trihalides 182, arylselenium trihalides 
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12,MeCN 
R'SR' + 180 - R'SRZ 

II 80". 

0 

R 1 , R Z  = alkyl, aryl; yields 89-95% 

187, organyltellurium dichlorides 184 and organylselenium dichlorides 189 and organyl 
selenoxides 190 and telluroxides 185 are reduced in high yields to the corresponding 
ditellurides 183, tellurides 186, diselenides 188 and selenides 191 with 180 in a two-phase 
systemL9'. Some representative examples are shown in equations 131-134 and in 
Table 13. 

NaOH H,O 180 
ArTeX, - ArTeO; - ArTeTeAr 

r t  pctr ether 

0 
Rl-, NaOH,H20 1 1  180 

TeCI, - RTeR' - RTeR' 
R -- r t  pctr ether 

NaOH/H20 
(133) RSeX, - RSeO; - RSeSeR 

R'  NaOH/H20 1 SeCI, - RSeRL 
R II 

- RSeR' (134) 

TABLE 13. Reduction of organoselenium and organotellurium compounds with formamidine- 
sulphinic acid 180 

Starting materials Product 

Reaction 
time Yield 
(min) ( % I  

~~ 

PhTeBr, 
p-AnTeCI, 
PhSeBr, 
PhCH=CHTe(CI,)Bu 
(p-An),TeO 
PhSe(C1 ,)Bu 
Ph,SeO 

~~ 

Ph,Te, 
(p-An),Te, 
Ph,Se, 
PhCH=CHTeBu 
(p-An),Te 
PhSeBu 
Ph,Se 

30 92 
30 94 
30 93 
30 90 
30 95 
45 89 
30 90 
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2 Reductive transformat/ons of sulphinic acids 

Sulphinic acids when reduced electrolytically or with lithium aluminium hydride3-lY3 
give disulphides. Unsymmetrical disulphides 192 are formed in high yierds by the 
reduction of sulphinic acids with a thiol-chlorotrimethylsilane system (equation 135)Ig4. 

(135) 

J. Drabowicz, P. KieYbasinski and M. MikoYajczyk 

r I  
RS0,H + 3R'SH + 4Me3SiCI - RSSR' + R'SSR' + 2(Me3Si),0 

(192) 
R = alkyl, aryl, R '  = alkyl, aryl; yields 80-1000, 

Two different methods of reductive cyanation of sulphinic acids leading to the 
formation of aryl or alkylthiocyanates 194 have recently been reported. The first consists 
of a reaction of sodium sulphinates with diethyl phosphorocyanidate 193 in boiling 
tetrahydrofuran (equation 136)"'. Although the mechanism of this transformation has 
not been elucidated, the intermediacy of sulphinyl cyanide has been proven. The second 
approach is based on the similar reaction of sodium arenesulphinates with trimethylsilyl 
cyanide 195 and affords arenethiocyanates in 18-80% yield (equation 1 37)'96. 

0 

" THF 
RS0,Na + (EtO),PCN - RSCN 

(193) (194) 

R = aryl, benzyl, adamantyl; yields 15-79% 

ArS0,Na + 3Me,SiCN - ArSCN 
H M P A  

(195) 

(137) 

3 Condensat/ons of sulphinic acids leading to sulphoxides and sulph/namides 

p-Aminobenzenesulphinic acid 196 undergoes condensation on heating to give 
4,4'-diaminophenyl sulphoxide 197 (equation 1 38)19'. In the same way p-acetamido- 
benzenesulphinic acid 198 reacts with aryl amines to give unsymmetrical p-aminophenyl 
sulphoxides 199 (equation 139)"*. 

(196) (197) 

(199) 
(139) 
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Reaction of isocyanates with sulphinic acids in the presence of 4-dimethylamino- 
pyridine or 1 -methylimidazole results in the formation of sulphinamides in high yields 
(equation 140)'99. Reaction of p-toluenesulphinic acid with dimorpholino sulphoxide 200 
proceeds with evolution of SO, and produces p-toluenesulphinylmorpholine 201. Most 
probably the process involves an attack of the sulphinate oxygen atom on the sulphoxide 
sulphur atom (equation 141)150. 

0 

p-TolS02H + ( OnN% SO 4 

W 
( 2 0 0 )  

II 
R'SO,H + R'NCO - R'SNHR' + CO, 

- 

0 \N-s\o 

/ 
p-TolS 

0 
II 

0 
49 % II /-7 - p-TolS-N wo + 

(201) 

4. Miscellaneous 

Sulphinic acids can serve as substrates for the synthesis of organometallic compounds, 
including organomercuric and organothallium derivatives200-202. 

Sodium sulphinates are used to generate arylpalladium complexes serving as reagents 
for arylation of d i ~ l e f i n s ~ ~ ~  and take the role of co-catalysts in PdCI,-catalysed 
dimerization of butadiene in alcoholic solvents204. 

Fragmentation of the homoconjugated sulphinic acids 202 gives r-methylene carbonyl 
compounds (equation 142),05. 

(202) 
X = M e , O M e j  yields 50-60% 

111. SULPHINATE ESTERS 

A. Synthetic Applications of Sulphinate Esters Based on Nucleophilic 
Exchange at the Sulphinyl Sulphur Atom 

Although the reactions of sulphinic acid esters with nucleophilic reagents may occur in 
different ways depending on the site attacked, the most important, from both synthetic and 
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mechanistic points of view, is the nucleophilic substitution that occurs at the electron- 
deficient sulphinyl sulphur atom, with the alkoxy group being the leaving group. 

NuX + RSOR' - NuSR + R'OX 
/ I  II 
0 0 

In this section a summary of such reactions will be given. 

(143) 

1 Transesterification 

Transesterification of sulphinates (equation 144) has only limited applicability as a 
synthetic method. However, this reaction plays an important role in stereochemical 
studies as a simple model of the nucleophilic substitution at the sulphinyl sulphur atom206 
(equation 144). Historically, the thermal transesterification of racemic 0-alkyl 
p-toluenesulphinate 203 with optically active alcohols (equation 145) described by 
Phillips207 in 1925 may be considered as the first example of the application of sulphinic 
acid esters in organic synthesis. Later it was reported208 that diastereoisomerically pure 
( - )menthy1 ( -)arenesulphinates 204 are converted into the corresponding racemic 
0-ethyl arenesulphinates 205 in ethanol solution in the presence of sodium ethoxide 
(equation 146). More recently, it was found that transesterification of sulphinates 203 
and 204 proceeds at room temperature in the presence of strong acids209 or 
N-bromosuccinimide (NBS)210 giving products which were isolated by distillation in 
50-800/, yield (see Table 14). It was also found that transesterification of optically 
active sulphinates catalysed by NBS is not stereospecific and takes place with predo- 
minant inversion of configuration or with racemization when acid catalysts were used. 

RSOR' + R'OH - RSOR'+ R'OH 
II II 
0 0 

CH3 
i -k2-C8H, ,OH * I  

( i-)2 p-TolSOR ( + )p-T0l80R + p-TolSOCHC,H + ROH 
II 

(203) 0 
II 

(203) 0 
II 
0 

ElOH 

EtONa 
( - )  ArSOMenthyl - ( + )  ArSOEt + ( - )  Menthol 

II 

(144) 

2 Reacbons with organometalhc reagents 

The reaction of organometallic reagents with sulphinate esters consists in the 
replacement of the sulphur-oxygen bond by a sulphur-carbon or sulphur-nitrogen bond. 
In the first case, when the organometallic reagent is a carbon nucleophile, sulphoxides are 
formed (path A) and this reaction is the most important method of their preparation. 
When the organometallic reagent is a nitrogen nucleophile, the starting sulphinates are 
converted into sulphinamides (path B); see equation 147. 
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TABLE 14. Transesterification of sulphinate esters, RS(O)OR', with alcohols, R'OH 

Sulphinate 
Starting Sulphinate Time formed 
R R' R 2 0 H  Conditions (h) Yield (7J Reference 

p-Tol Et 2-C8H I 7  54 90 207 
p-Tol Bu 2-C8H I 7  54 9 207 
p-Tol Et Bu 18 10 207 
p-Tol Me i-Pr CF,SO,H 15 209 
p-To1 CH,CH=CH, i-Pr CF,SO,H 98 209 
p-To1 CH,C-CH i-Pr CF,SO,H 18 209 
p-Tol Me i-Pr NBS 10 82 210 
p-Tol Me Pr NBS 10 80 210 
p-Tol Me Bu NBS 15 79 210 
p-To1 CH,CH=CH, i-Pr NBS 20 51 210 
p-Tot CH,CECH i-Pr NBS 20 52 210 
Ph Me Et NBS 30 83 210 
Ph Et i-Pr NBS 15 72 210 
p-To1 Menthyl Et EtONa 208 
p-To1 Menthyl Et EtONa 208 

R , N - M +  R,C-M+ 
R'SNR, - R'SOR' - R'SCR, 

I1 II A B I1 
(147) 

0 0 0 

a. Reactions with carbon nucleophiles. Gilman and coworkers2' ' were the first to report 
that the reaction of sulphinate esters 203 with Grignard reagents (equation 148) affords 
racemic sulphoxides in moderate yields (see Table 15). Much later, a detailed study of the 
reaction between acyclic and cyclic sulphinate esters 206-210 and various Grignard 
reagents was carried out by Harpp and coworkers2I2. They found that it is possible to 
isolate sulphoxides from the reaction mixture but the yield (see Table 15) varied greatly 
with the structure of both sulphinate and Grignard reagent. Moreover, these authors 
recommended the use of organocopper reagents in place of the Grignard compounds since 
sulphoxides were obtained in higher yields. 

p-TolSOR + R'  MgX - p-TolSR' + ROMgX (148) 
II II 
0 0 

R = Et, BU 
R '  = Ph, CH2Ph 

PhSOMe BuSOMe P hSOTol- p 

I I  
0 

I I  
0 

I I  
0 
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TABLE 15. Formation of racemic sulphoxides, R'S(0)RZ, from the reac- 
tion of organometallic reagents, R'M, with sulphinates. R'S(0)OR3 

R '  

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
p-To1 

Bu 
Bu 
PhCH, 
PhCH, 
PhCH, 

-. 

p-Tol 

R' 

Me 
Me 
Me 
Me 
Me 
Me 

Et 
Bu 
Me 
Me 
Et 
i-Pr 
Bu 

Tol-p 

RZM 

MeMgBr 
EtMgBr 
PhMgBr 
Me,CuLi 
Et,CuLi 
PH,CuLi 
Me,CuLi 
PhCH,MgBr 
PhMgBr 
Me,CuLi 
Bu,CuLi 
BuLi 
BuLi 
BuLi 

Yield oo) Reference 

21 21 1 
32.0 211 
55.0 21 1 
59.0 212 
36.0 212 
50.0 212 
22.0 212 
51.2 21 1 
46.0 21 1 
50.0 212 
52.0" 212 

213 
213 
213 

"Reaction was carried out at - 78 "C: at 0 "C no sulphoxide was isolated 

The reaction of alkyl phenylmethanesulphinates 21 1 with butyllithium in tetrahydro- 
furan at  - 80 "C afforded benzyl butyl sulphoxide213 (equation 149). 

PhCH,SOR + BuLi - PhCH,SBu 
II II ( 1  49) 
0 0 

(211) R = Et, i-Pr, Bu 

The hydrolytically and thermally unstable a-silylmethyl sulphoxides 212 were prepared 
in high yield by the treatment of methyl arenesulphinates with the Grignard reagent 
obtained from hal~methyltrialkylsilanes~~~ (equation 1 50). It is interesting to note that 
trimethylgermylmethyl phenyl sulphoxide 213, prepared in a similar way in 782, yield 
(equation I5 I), was found to be thermally stable2I4. The Claisen-type condensation 
between ketone enolate anions 214 and arenesulphinates provides an interesting synthetic 
approach to 8-ketosulphoxides 215 (equation 1 52),' '."'. An extension of this proce- 
dure'" was found to be very useful in the synthesis of 16-phenylsulphinyl 17-ketones 
216a-c (yields around 90%), pyrolysis of which provides a short and inexpensive route to 
r.8-unsaturated ketones 217a-c starting from saturated ketones 218a-c (equation 153). 

ArSOMe + R,SiCH,MgX - ArSCH,SiR, 
I1 I /  
0 0 

(212) 

(a) Ar = Ph 
(b) Ar =p-To1 

PhSOMe + Me,GeCH,MgCI - PhSCH,GeMe, (151)  
II II 
0 0 

(213) 
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RC,,CHR’ + ArSOR - RCCHR’SAr 
I:- II 

0 
I I  

PhSOMe - 
NaOH 

(210) 

(a) R = CH,, 52-H 

(b) R = H Sene  
(c) R = H 5[1-H 

395 

0 

A few racemic sulphinylsulphones 219 were prepared analogously by reacting 
arenesulphinates with the carbanions generated from dimethy1216 or methyl p-tolyl 
sulphones2” (equation 154). 

0 0 
II II 

ArSOEt + -CH2SR - ArSCH,SR + EtO ~ ( 154) 
II II II II 
0 0 0 0  

(219) 

R = Me or p-To1 

Ar = Ph or p-To1 

The highly stereoselective synthesis of optically active sulphoxides, developed by 
Andersen2I9 in 1962, is based on the reaction of the diastereoisomerically pure(or strongly 
enriched in one diastereoisomer) 0-menthyl arene(a1kane)sulphinates with Grignard 
reagents. ( +)-(R)-Ethyl p-tolyl sulphoxide 220 prepared from ( - )  (S)-0-menthyl p- 
toluenesulphinate 221 and ethylmagnesium iodide (equation 155) was the first optically 
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0 
II 

0 
II 

active sulphoxide obtained by this, still most important and widely used, method of 
synthesis of optically active sulphoxides of very high optical purity. 

The Andersen approach to the synthesis of optically active sulphoxides is general in 
scope and a large number of optically active alkyl aryl and diary1 sulphoxides were 
prepared starting from diastereoisomerically pure 0-menthyl sulphinates 221-224 (see 
Table 16). 

0 
(221) Ar = p-TolZo7 I I  

,> 
(222) Ar = PhZo8 ‘.”’i ‘OMenthyl 

(223) Ar = p-AnzZo A r  -. 
(224) Ar = 1-NaphZz0 

( - ) - (S)- (221)- (224)  

A few optically active benzyl alkyl(ary1) sulphoxides 225 of high optical purity were 
prepared from 0-menthyl phenylmethanesulphinate 226 strongly enriched in one 
diastereoisomer and the corresponding Grignard reagents” ’ (equation 156, Table 16). 
Very recently, diastereoisomerically pure ( + )-(R)-mesitylenesulphinic ester 227 was used 
for the synthesis of optically active mesityl alkyl sulphoxides 228’” (equation 157). The 
Andersen approach to the synthesis of chiral dialkyl sulphoxides of high optical purity 
starting from diastereoisomeric alkanesulphinates has a serious limitation, because they 
are not diastereoisomerically pure at  sulphur. For example, all known diastereoisomeric 
0-menthyl alkanesulphinates are oils which cannot be separated into pure dias- 
tereoisomers. I t  was found, however, that 0-cholesteryl methanesulphinate 229 is a 
crystalline compound which, after separation by crystallization into pure dias- 
tereoisomers and upon treatment with alkyl Grignard reagents, affords alkyl methyl 
sulphoxides 230 of high optical purity223 (euqation 158, Table 16). 

0 
II 

0 
II 

Usually, the reaction of arenesulphinates with Grignard reagents is carried out in ethyl 
ether solution. However, in this solvent (see Table 16) chiral sulphoxides are formed in 
moderate to  low yields, depending on the structure of both reaction components. Harpp 
and coworkers found’” that the use of lithium-copper reagents (R,CuLi) instead of 
Grignard reagents gives a cleaner conversion of optically active sulphinates to chiral 
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TABLE 16. Synthesis of optically active sulphoxides, R S ( 0 ) R 1 ,  from diastereoisomerically pure 
aryl(alky1) sulphinates. RS(O)OR*. and organometallic reagents, RIM 

R 

Ph 

p-To1 

4-An 

I-Naph 
Mesityl 

Me 

PhCH, 

Sulphinate 

R' 

Men 

Men 

Men 

Men 
Dcgh 

Cholesteryl 

Men 

1115n9 RIM 
~~ 

-206.1 MeMgI 
- 205.5 Me,CuLi 

u EtMgI 
206.1 i-PrMgCI 

~ 206.1 r-BuMgCI 
C5H I I MgBr 
C,Hi,MgBr 

- 198.0 MeMgI/Et,O 
- 195.0 MeMgI/PhH 
- 210.0 Me,CuLi 
- 198.0 EtMgBr/Et,O 
- 195.0 EtMgBr/PhH 

u n-PrMgBr 
- 198.0 i-PrMgBr/Et,O 
- 195.0 i-PrMgBr/PhH 
- 195.0 n-BuMgBriPhH 
- 198.0 r-BuMgCI 
- 198.0 t-BuCH,MgBr 

- 198.0 CH, CHCH,MgBr 
- 198.0 PhMgBr 
- 198.0 o-TolMgBr 
- 198.0 rn-TolMgBr 
- 198.0 2,4.6-Me,C6H,MgBr 
- 198.0 9-AnthrylMgBr 
- 198.0 4-CF,C6H,MgBr 
- 198.0 3-CF,C4H,MgBr 
- 198.0 4-CICbH,MgBr 
- 198.0 2-CIC6H,MgBr 
- 198.0 2-AnMgBr 
- 192.2 4-AnMgBr 
- 199.2 4-Me,NC6H,MgBr 
- 199.2 I-NaphMgBr 
- 210.0 4-Me-c-C,HI,CH,MgBr 
- 2 10.0 
- 2 10.0 4-CICH,-c-C6H ,,CH,MgBr 
- -  210.0 4-CsH,,-c-C,H,,CH,MgBr 
- 210.0 4-f-Bu-c-C6H,,CH,MgBr 
~ 189.1 2-MeO-C6H,MgBr 
-- 189.1 p-TolMgBr 
- 433.2 p-TolMgBr 
+ 28.8 MeMgI 

i-PrMgl 
+ 77.35 n-PrMgBr 
+ 77.35 p-TolMgBr 
- 113.0 n-BuMgBr 
- 113.0 i-BuMgBr 
- I 1  1.85 PhCH,MgBr 
+ 105.0 MeMgI 
+ 105.0 EtMgI 
+ 123.3 n-PrMgI 
+ 105.0 i-PrMgI 
+ 105.0 n-BuMgI 
+ 123.3 i-BuMgI 
+ 105.0 r-RuMgCI 

- 198.0 C6H,,MgI 

4-MeOCH,-c-C6H I ,CH,MgBr 

yield ("J 

60 
16 
72 
60 
60 

U 

82 
55 

92 

22 
40 
73 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

U 

ll 

U 

U 

61 
70 
17 
72 
41 
U 

U 

U 

93 
71 
32 
35 
52 
50 
36 
U 

U 

U 

U 

U 

U 

U 

Sulphoxide 

[zlsny 

+ 178.3 
+ 133.9 
t 176.2 
+ 170.0 
+ 180.0 

199.6 
184.0 

+ 145.5 
+ 150.0 
+ 143.2 
+ 187.5 
+ 198.0 
+ 201.0 

+ 173.2 
+ 186.0 
+ 190.0 
+ 220.0 
+ 176.0 
+ 212.0 
+ 27.0 
+ 75.6 
+ 24.4 
- 259.0 
- 309.0 
+ 57.0 
+ 58.0 
+ 25.0 
- 120.0 
- 221.0 
- 25.1 
+ 85.2 
-414.2 
+ 204.0 
+ 182.0 
+ 173.0 
+ 169.0 
+ 155.0 
- 217.2 
+ 24.2 
+ 416.2 
- 200.1 
- 176.9 
- 139.0 
+ 148.0 
+ 110.3 
+ 138.0 
+ 106.0 
+ 96.0 
+ 47.0 
+ 55.0 
+ 119.0 
+ 16.0 
- 110.0 
+ 281.0 

- 

Reference 

211 
212 
2 12 
213 
231 
2.14 
234 
235 
224 
212 
235 
224 
236 
235 
224 
214 
235 
237 
238 
236 
235 
235 
235 
235 
235 
231 
237 
231 
231 
237 
220 
220 
220 
239 
239 
239 
239 
239 
220 
220 
220 
222 
222 
22 1 
22 3 
22 1 
22 1 
22 1 
22 I 
22 I 
2411 
22 I 
22 I 
240 
22 I 

"Not given 
'See equation 157 
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0 

Me 

dcg = 

I I  

+ RMgX 

* 
MeSOCholesteryl + RMgX - RSMe 

I1 II 
0 0 

sulphoxides. However, in this case also the yields of sulphoxides were in the range between 
16 and 59%. Chiral sulphoxides of greater chemical and optical purity and in higher 
chemical yields are obtained when the reactions of 0-menthyl sulphinates with Grignard 
reagents are carried out in a benzene solution224. 

In his original papers on the synthesis of optically active sulphoxides A n d e r ~ e n ~ ' ~ . ~ ~ '  
assumed that the reactions of Grignard reagents with arene(a1kane)sulphinates proceed 
with a full inversion of configuration at the sulphinyl sulphur atom. This steric course 
was firmly established by M i s l o ~ ~ ~ ~  and other  investigator^^^^.^^'. However, it was 
recently found that the reactions of 0-alkyl t-butanesulphinates with methylmagnesium 
iodide and 0-alkyl methanesulphinates with t-butylmagnesium chloride are not fully 
stereoselective and the reactions of 0-alkyl t-butanesulphinates with ethylmagnesium 
halides and 0-alkyl ethanesulphinate with t-butylmagnesium chloride proceed with 
predominant retention of configuration at  the sulphinyl sulphur atom22R. 

In a few cases the highly stereoselective conversion of 0-menthyl arenesulphinates 
into chiral aryl methyl sulphoxides was also achieved by means of m e t h y l l i t h i ~ m ~ ~ ~ . ~ ~ ~ .  

Utility of the Andersen sulphoxide synthesis is demonstrated by the preparation of 
optically active sulphoxides 231 and 232 where chirality is due to isotopic substitution 
( H - D  and 12C-+13C, respectively). The synthesis of 231 involves the reaction of 
non-labelled 0-menthyl methanesulphinate 233 with fully deuteriated methylmagnesium 
iodide24' (equation 159). In the second case, non-labelled 0-menthyl phenylmethane- 
sulphinate 234 was allowed to react with benzylmagnesium chloride prepared from 
benzyl chloride labelled with carbon I3C (equation 160)242. Starting from sulphinate 
( -)-(S)-221 a series of podands 235 possessing the chiral sulphur atom was prepared243. 
Thus, the compound 235a was obtained in 34% yield when sulphinate 221 was treated 
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with the Grignard reagent prepared from a,w-biaryl ether 236 in benzene solution. When 
this reaction was carried out in THF,  none of the desired products was isolated. l h e  
only product isolated was 1,7-diphenyl- 1,4,7-trioxaheptane. This indicates that the 
expected Grignard reagent was formed, but it was unreactive towards sulphinate 221 
in refluxing THF.  

(159) 
CH,SOMenthyl + CD,Mgl - CH,SCD, 

/I /I 
0 0 

(233) (231) 

* 

( - ) ( R )  

0 
II 

Ph12CH2SOMenthyl + PhI3CHZMgC1 - Ph'zCHzS'3CH2Ph (160) 
I1 

p O ( C  H2 )2X ( C H 2 ) 2 0 9  9 O(CH2I2X (CHZ lZO 9 
(235) (236) 

p-Tol- S =O O=S-Tol-p Br Br 

( a )  x = O  

( b ) X = N C H ,  

( c ) X = S  

This approach was also applied successfully for the preparation of optically active 
unsaturated sulphoxides. The first example reported by Stirling and coworkers244 
involved the reaction of sulphinate 221 with the appropriate vinylic Grignard reagents. 
Later on, Posner and Tangz4' reported a similar preparation of a series of (E)-1-alkenyl 
p-tolyl sulphoxides. Posner's group performed also the synthesis of ( +)-(S)-2-(p- 
tolylsulphinyl)-2-~yclopentanone 237, which is a key compound in the asymmetric 
synthesis of various natural productsz46 (equation 161). 

A A 

(+)-(S)-(237) 

Reaction of ( - )-(S)-221 with ally1 Grignard reagents gives optically active allylic 
sulphoxides 238 in which the allylic group is rearranged247. Mislow and his collabo- 
r a t o r ~ ~ ~ ~  evidenced that this conversion involves an allylic rearrangement via transition 
state 239 (equation 162). 
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CH 
J '  I 

R 

(239)  

p-TolSCHCH=CH2 

II I 
O R  

(238) 

The formation of a mixture of acetylenic sulphoxides 240 and allenic sulphoxides 241 
was found to occur by treatment of (-)-(S)-221 with the Grignard reagents obtained 
from a-acetylenic halides (equation 163). The allenic sulphoxides 241 are most probabry 
formed via the transition state 242 which is analogous to 239. On the other hand, 
hex-I-ynyl p-tolyl sulphoxide 243 is the only product isolated from the reaction of 
hex-1 -ynylmagnesium bromide with ( -)-(S)-221 (equation 164). 

(-)-(S)- 221 t B r M g C E C - B u  p-TolSC=CBu (164) 
I I  
0 

(243) 
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The Andersen method allows one to  synthesize a variety of z-heteroatom substi- 
tuted sulphoxides using a-heteroatom stabilized carbanions as nucleophiles in the 
reaction with (-)-(S)-221. The selected examples shown in Scheme 1 are the best 
illustration of the generality of this approach. 

(Ma0)2P(0)CH2Li 
p-TolSCH2P(OMe 12 

0 0  
II II 

(+ ) - (S ) - (244 )  Ref. 248 . 
0 

(-)-(S) - 221 

P h S C H 2 L i  

Ar  - S02CH,Li : p -  TolSCH2S02Ar 

I I  
0 

(+)-(S)-(246) Ref. 

249 

250 

( S , S ) -  or (S ,R) - (247 )  Ref. 251 1 iM* . NMe 
P h S ( 0 ) C H 2 L i  II 

II II 
p-TolSCH2SPh 

0 0  

( + ) - ( S , S ) -  or (S ,R) - (248 )  Ref. 252 

SCHEME 1 

The reaction of a-cyano carbanions with (-)-(S)-221 gave the corresponding 
r-cyanoalkyl p-tolyl sulphoxides ( +)-(R)-249 in high chemical yield and optical 
purity253 (equation 165). 

0 
11 

. , \ - ,  -- 1-)-f.$1-221 + LiCHCN :s, ( I  65) 
I ,/' ~ ' C H C N  
R 

Optically active B-enamino sulphoxides 250 and/or B-iminosulphoxides 251 
were found to be formed by treatment of (-)-(S)-221 with r-lithiated imines. In an 
analogous way, optically active z-sulphinylhydrazones 252 were prepared from 
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p-TolS C=C(RZ)NHR3 p-TolS CHCR' 

OR'  O R '  NR3 
II I I l l  / I  

(250) (251) 

"Me, 
II 

D-ToIS CHC-R' 
/ I  I 
OR2 

(252) R',RZ = H, Alkyl, Aryl 

The reaction of enolates or enolate-like species with (-)-(S)-221 has been applied 
for the preparation of optically active r-carboalkoxy sulphoxides. Thus, treatment of 
this sulphinate with the halomagnesium enolates derived from 1-butyl acetate, t-butyl 
propionate or t-butyl butyrate resulted in the formation of the corresponding ( + ) - (R)-  
t-butyl p-toluenesulphinylcarboxylates 253 (equation 166)255. Decarboxylation of 
optically active sulphinyl ketoesters 254 prepared from (-)-(S)-221 and the dianion 
derived from methyl acetoacetate 255 gave two chiral p-tolylsulphinylmethyl ketones 
256 (Scheme 2)256.  

C02Me 

0 
II n-BuLi /NoH/THF 

(-)-(S)- 221 +Me-C-CH-C02Me 
- 4 0  oc 

I 
R 

p-To{  

(255)  ( a )  R = H  

( b )  R = E t  

R 

(+ ) - (S) - (254)  
1 .  KOH/CH,OH 

2. HCI/CH,CI, I 
0 0  

CH2R 
p-Tol"" )I 

SCHEME 2 
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The acid-catalysed reaction ofenol silyl ethers of cyclic ketones 257 with optically active 
0-methyl p-toluenesulphinate ( -)-(S)-258 was reportedz5' as a very general entry to  
chiral x-sulphinylketones 259 (equation 167). It was found that the highest chemical and 
optical yields were obtained with boron trifluoride etherate as acidic catalyst. It should be 
noted that the reproducibility of this procedure has recently been questioned by a Spanish 
groupzs8. These authors simultaneously reported258 a new and efficient one-pot synthesis 
of chiral sulphinyl cyclohexanones 259b. They found that the reaction of cyclohexanone 
with (-)-(S)-221 in benzene, at 0 "C for 16 h, in the presence of i-Pr,NMgBr, yielded a 
75: 25 mixture of both 2-p-tolylsulphinylcyclohexanone diastereoisomers 259b (epimers at 
C-2) in 70% yield (equation 168). 

OSiMe3 0 0  

(167) 
II Lewis acid .:.j\oMe - 

p-Tol' h + p-To1 

( 7 5 : 2 5  mixture)  

( 2 5 9 b )  

h. Reactions with nitrogen nucleophiles. Direct sulphinylation of 1 -trimethylsilyl- 
2-pyrrolidone 260 with methyl benzenesulphinate 206 was found to give the sulphoxide 
261 in 67% yieldz59 (equation 169). The reaction of sulphinate esters with organometallics 
containing the nitrogen-metal bond has no synthetic value as a method of the synthesis of 
racemic sulphinamides. However, this reaction has been applied successfully for the 
preparation of optically active compounds. Montanari and coworkersz30 showed that the 
reaction of (-)-(S)-22l with dialkylaminomagnesium halides carried out at 0°C in ethyl 
ether solution gives the corresponding optically active sulphinamides ( + )-(S)-262 in yields 
around 60% (equation 170, Table 17). This reaction is highly stereoselective and proceeds 
with inversion of configuration at the sulphinyl sulphur atom. Similarly, treatment of ( -)- 
(S)-221 with lithium anilide (equation 171) results in the stereospecific formation of the 
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TABLE 17. Synthesis of optically active aryl sulphinamides, ArS(0)NRiR2, from diastereoisomeri- 
cally pure 0-menthyl arenesulphinate 221 or 224 and nitrogen containing organometallic reagent, 
R1R2NX 

Sulphinate X Sulphinamide 

Ar 1 1 1 5 8 9  No R i  R2 (%) [ a h  (%I Ref. 
Yield e.e 

p-To1 - 196.0 MgBr 
- 196.0 MgBr 
- 196.0 MgBr 
-202.0 Li 
-202.0 Li 
-202.0 Li 
-202.0 Li 
-202.0 Li 
-200.6 MgBr 
-202.0 Li 

-202.0 Li 
-202.0 Li 

MgBr 
Li 

1-Naph -426.5 Li 

- 197.3 Li 

a Me Me 
b Et Et 
c i-Pr i-Pr 
d Ph Me 
e i-Pr Me 
f Ally1 Me 
g Ally1 Ph 
h Allyl Ally1 
d Ph Me 
i Ph H 
i Ph H 
j i-Pr H 
k Allyl H 

(CHZ), 
I c - C ~ H ~ ,  H 
rn I-Naph H 

- 60 - 60 - 60 
27 
26 
62 
91 
89 
70 
60 
41 
66 
55 

34 

+ 157.0 
+ 110.0 
+ 205.0 
- 5.64 
+85.9 
+ 57.3 
- 164.0 
+ 49.2 
- 109.3 
+ 199.0 
+216.9 
+ 167.4 
+ 145.5 

+561.0 

- 100 - 100 - 100 
4 

31 
45 
a 

93 
98 
89 

100 
100 
100 

a 

230 
230 
230 
26 I 
26 I 
26 I 
26 1 
26 1 
260 
26 1 
260 
260 
26 1 
264 
263 
262 

“Not given 

corresponding anilide 262i provided that an equivalent amount of lithium anilide was 
slowly added to the ethereal solution of sulphinate 221. When an excess of lithium anilide 
was used and sulphinate ester was added to anilide salt, racemic sulphinamide 262i was 
obtainedz6’. 

II 
(-)-(S)-221 + PhNHLi - ..p To,-p (171) 

NHPh 

(+)-(S)- 2621 

The results presented above provide strong evidence that racemization, of the optically 
active sulphinanilide 2621 is due to the anilide ion-anilide ion exchange taking place 
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with inversion of configuration at sulphur. In this context, it is interesting to note that the 
reaction of two molar equivalents of the more hindered lithium salt of (-)-(S)-z- 
phenylethylamine with sulphinate 221 at 25 "C in ether solution (equation 172) affords the 
corresponding diastereoisomerically pure sulphinamide ( + ) (S,S)-263 in 70% yield260. 
Apparently, the more hindered anion derived from n-phenylethylamine does not displace 
the amide ion from the sulphinamide 263 formed to  give its diastereoisomer. Very recently, 
lithium amides were applied successfully by Colonna and Stirling26' for the preparation of 
a series of optically active primary and secondary sulphinamides 262 (equation 173, 
Table 17). They found that stereoselectivity of this conversion is strongly influenced by the 
nature of substituents connected with the nitrogen atom. For example, whereas the 
reaction of N-methyllithium anilide with ( -)-(S)-221 gave the corresponding sul- 
phinamide 262 with 5% e.e. only, N,N-diallylaminolithium afforded the corresponding 
sulphinamide 262h having optical purity as high as 93%. The reaction of the imino- 
Grignard reagents, prepared in situ from an alkyl or aryl Grignard reagent and 
benzonitrile, with sulphinate ( -)-(S)-221 was applied for the synthesis of optically active 
N-alkylidenesulphinamides 264 (equation 1 74)265. They are formed in moderate to 
excellent yields and in very high stereoselectivity (Table 18). The absolute configuration at 
sulphur in 264 was assigned on the basis of the reasonable assumption that the reaction 
shown above proceeds with inversion of configuration at sulphur as had been established 

0 

( 172) 
I I  

( - ) - ( S ) -  221 t LiNHCHPh - I .:f\To,-p 

HNCHPh CH3 

C=NMgX t (-)-(S)-221 (1  74) 
R \  

RMgX t PhCN 

Ph/  
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TABLE 18. Synthesis of optically active N -  
alkylidenesulphinamides, p-TolS(O)N=CRPh, from 0- 
menthyl p-toluenesulphinate ( - ) - ( S ) - Z t l  and imino- 
Grignard reagents Ph(R)C=NMgX 

No. R 

a Me 
b Et 
c i-Pr 
d Ph 
e z-Naph 

Absilute 
configuration 

+98.0 S 
+ 26.0 S 
-288.0 S 
- 56.2 S 

S 

Reference 

265 
265 
265 
265 
266 

for the reaction of Grignard reagent with sulphinate  ester^^^^^^'^. From the synthetic 
point of view it is interesting to note that substantial asymmetric induction is observed 
when optically active N-alkylidenesulphinamides 264 are reduced by LiAIH, 
(equation 175)z66. The reduction products 265 obtained were easily cleaved to optically 
active amines 266 by treatment with methanol in the presence of trifluoroacetic acidz6’. 

* , R LIAIH, * *  

II I 
p-TolSN=C - p-TolSNHCHR 

‘Ph 
II 
0 0 Ph 

( - )-(S)-(264) (265) 

MeOH H + 

R 

I (a) R = Me 

(c) R = r-Naph 
(b) R = Et 

* I 

II I 
0 Ph 

p-TolSOMe + H,NC*H 

(266) 

B. Synthetic Applications of Sulphinate Esters Based on Reactions with 
Electrophilic Reagents 

Reactions of sulphinates with electrophilic reagents may be categorized in two groups 
depending on the site attacked by the electrophile. 

Pathway A shows the reaction that occurs at the electron-rich sulphinyl oxygen atom 
leading to the corresponding dialkoxy sulphonium salts as final products. In pathway B 
the electrophilic attack is directed on the lone electron pair on sulphur, resulting in the 
formation of products with higher coordination number (Scheme 3). 

1 Synthesis of dialkoxysulphonium salts 

The first conversion of sulphinic esters into dialkoxysulphonium salts was described 
by Kobayashi and coworkers268. They were able to synthesize stable dialkoxyethane- 
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I 

T RsoR 

E 
SCHEME 3 

sulphonium salts 267 in quantitative yields ('H-NMR assay) by alkylation of alkyl 
ethanesulphinates 268 with alkyl triflate 269 in nitromethane-D, (equation 176). They 
also found that, among the dialkoxyarylsulphonium ions 270a-c prepared, 
methoxyneopentyloxy-p-tolylsulphonium triflate 270a and methoxybenzyloxy-p- 
tolylsulphonium triflate 270b decompose in solution whereas dimethoxy-p-tolyl- 
sulphonium triflate 27Oc is stable. This method was recently employed269 
to convert a series of optically active 0-alkyl isopropanesulphinates 271 into the 
corresponding optically active dialkoxy isopropyl sulphonium triflates 272 
(equation 177). Interestingly, their hydrolysis gave a mixture of two optically active 
sulphinic esters 271 and 273, both of which were formed with inversion of configuration 
with respect to that of the starting sulphonium salts 272 (equation 178), the first by 
substitution of the OR group, the second, of the OMe group. 

C F 3 S 0 , 0 R '  

EtSOR (2691 E t i O R '  CF,SO; ( 1  76) 
I1 I 
0 OR 

(268) (267) 

(a) R=CH,Bu-t R ' = E t  
(b) R =CH,Bu-t 
(c) R = Et 

R '  = Me 
R L  = Me 

(a) R = Me 
(b) R = Me 
(c) R = M e  R * = M e  

R '  = CH,Bu-t 
R '  = CH,Ph 

2. Oxidation 

The arenesulphonate (e.g. tosylate) and alkanesulphonate (e.g. mesylate) groups are 
generally considered as particularly useful leaving groups in the initiation of carbonium 
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i-PrSOR - i-PrSOR’ CF,SO; 
CF3S03R’ + 

I/  I 

(271) (272) 

(a) R = CD, R ’  = M e  
(b) R = Et R’ = Me 
(c) R = Pr R’ = Me 
(d) R = i-Pr R’ = M e  
(e) R = Bu R’ = Me 
(f) R=CH,Bu-t R ’ = M e  

0 OR 

ion reactions. Their reactivity is comparable to the corresponding halide, and in addition 
the sulphonate derivative has the advantage of generally being prepared from an alcohol 
without affecting the C-0 bond, thus preserving the stereochemistry at  the carbinyl 
position. Unfortunately, the synthetic method most frequently employed for the 
preparation of sulphonates, namely the reaction of alcohols with sulphonyl chloride in 
pyridine, is generally not suitable for either reactive or hindered structures. For this 
reason, the oxidation of sulphinic acid esters, which in many cases are more easily made 
and handled, may be considered as a useful synthetic procedure for the preparation of the 
corresponding sulphoiiate esters starting from the alcohol (equation 179). For the first 
time sulphinate esters were oxidized to the corresponding sulphonic derivatives by Phillips 
and coworkers’70 as early as 1933. These authors found that diastereoisomeric 0 - u -  
phenylethyl p-toluenesulphinate 274, although relatively unstable, underwent oxidation 
with ease, when treated with urea hydroperoxide (equation 180). However, the resulting 
sulphonate 275 was so reactive that its isolation in the pure state was not possible. They 
also found that oxidation of sulphinate 274 to sulphonate 275 by air in benzene solution 
was accompanied by its isomerization into the corresponding p-tolyl z-phenylethyl 
sulphone. Later they also reported’” oxidation of ethyl ( + )-r-p-toluenesulphinoxy- 
propionate 276 to the corresponding sulphonate 277 with anhydrous potassium 
permangatiate (equation 181). For stereochemical studies, of great importance was the 
oxidation of diastereoisomerically pure 0-menthyl phenylmethanesulphinate 226 with R 
chirality at sulphur by potassium permanganate containing 90.2% of oxygen “0. This 
reaction was found to be stereospecific and gave the corresponding ( -)-@menthy1 
phenylmethanesulphonate 278 in which the sulphonyl group is chiral due to the presence 
of two different isotopes of oxygen’” (equation 182). 

0 
oxidation II 

RSCl + R’OH - RSOR’ - RSOR’ 
II 
0 

II 
0 

II 
0 
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0 
II 

II I 
0 Me 

II I 
0 Me 

(274) (275) 

urea 
p-TolSOCHPh p-TolSOCHPh 

hydroperoxide 

0 

p-TolSOCHCOOEt ___* p-To:SOCHCOOEt (181) 
KMnO,  I1 

II I II I 
0 Me 0 Me 

(276) (277) 

Olb 0 l 6  

II K M ~ ' ~ o ,  II 
PhCH,SOMenthyl - PhCH,-S-OMenthyl ( 1  82) 

I1 

Coates and Chen273 have found that m-chloroperbenzoic acid in methylene chloride 
converts p-toluenesulphinates into tosylates and that this oxidation procedure allows one 
to prepare a variety of unstable and hindered tosylates (see Table 19). A good example is 
the preparation of p-toluenesulphonate ester 279 derived from longicamphenylol 280, a 
case in which tosyl chloride in pyridine (and several other modifications) gavc only 
hydrocarbon products (equation 183). This oxidation method also has limitations and 
failed in the case of reactive sulphinate derivatives such as t-butyl, p-methoxybenzyl and 
benzhydryl. In the latter case the corresponding sulphone was obtained in 93% yield, thus 
the internal rearrangement apparently exceeded the rate of oxidation. 

( 2 8 0 )  (279) 

A few mesylates 281 containing the diethyl phosphonate substituents, for which the 
direct mesylation procedure using mesyl chloride and triethylamine was not successful, 
could be prepared by this two-step procedure*'' (equation 184). Treatment of alcohols 
282 with methanesulphinyl chloride and triethylamine led to  the sulphinate esters 283, 
which were oxidized in situ to  the corresponding mesylates 281 by m-chloroperbenzoic 
acid. The yields of sulphonates 281a-c were 91, 73 and 94%, respectively. 

Oxidation of sulphinic acid esters 284 and 285 containing a bulky alkyl group with 
perfluoroacetic acid in methylene chloride was found (equations 185 and 186) to be the 
effective way (see Table 20) for the preparation of the corresponding sulphonic esters 286 
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TABLE 19. Oxidation of p-toluenesulphinates, p-TolS(O)OR, into the corresponding p -  
toluenesulphonates, p-TolSO,OR, with m-chloroperbenzoic acid 

R 
Temperature Yield 

Time (h) (“C) ( % I  Reference 

c - C ~ H  I 1 1.5 0 84 273 
CF,(Me)CH 2.4 0 I5 273 
PhCH, 1.5 0 87 213 
PhCHMe 1.5 0 72 213 
2-Bicyclo[3.1. llheptyl 1.5 0 82 213 
Adaman tyl I .5 0 a 274 

“Not given. 

and 287, which could not be prepared by direct esterification of sulphonyl ~ h l o r i d e ” ~  due 
to steric hindrance. 

R ‘ O  R‘ 0 
I II El N I II 

RC-P(OEt), + MeSCI-ARC-P(OEt) ,  
I II I 

OH 0 OSMe 

(a) R = Ph, R’ = Me 
(a) R = R ’ = M e  
(c) R + R ’  = (CH,), 

II 
0 

(283) 
MCPBA I 

R’O 
I II 

RC P(OEt), 
I 

OS( 0 ) M e  
II 
0 

(281) 

0 
CF3C03H/Na2HP04 1 1  

t-BUSOR + t-BUSOR 
CH2C12 II 

Ph 0 Ph 0 
I II 
I I 

CF3COJH/Na2HP04 I 1 1  
* PhC-S(0)OR PhC--S- OR 
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TABLE 20. Oxidation of sulphinates 284 and 285 to the 
corresponding sulphonates 286 and 287 with perlluoro- 
acetic acid” 

41 1 

No. R 
Yield of 286 
or 287 (%) 

284a 1-BuCH, 
W b  PhCH,0CH2CH, 

65 
84 

284e A 

89 

90 

85 

19 

98 
100 

284f OZN 

28% r-BuCH, 
285b PhCH,OCH,CH, 

28% 6 94 

“Taken from Reference 216 

Oxidation of the unsaturated cyclic sulphinate ester 288 formed by the thermal 
rearrangement of thiet-1,l-dioxide 289 using hydrogen peroxide in glacial acetic acid gave 
the corresponding sulphonate ester 290 in high yieldz7’ (equation 187). 

(289) ( 2 8 8 )  (290) 

C. Synthetic Applications of Sulphinate Esters Based on Rearrangements 

1.  Rearrangements of alkyl and benzyl sulphinates to sulphones 

Kenyon and Phillips278 in 1930 first reported that 0-a-phenylethyl p-toluenesulphinate 
274 rearranged on standing to the corresponding a-phenylethyl p-tolyl sulphonate 291 
(equation 188). 
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0 
II 

I1 I II I 

(274) (291) 

room temp. 
p-TolSOCHPh -p-TolS CHPh 

0 Me OMe 

Soon after, Kenyon and and later on Stevens and coworkers'" 
investigated the rearrangement of a number of sulphinates to sulphones (see Table 21) 
and suggested an intermolecular ionic mechanism for this reaction. More recently, 
Darwish and coworkersz8' carried out more detailed studies on the rearrangement of 
t-butyl, a-phenylethyl, ol-(p-methoxyphenyl)ethyl, benzhydryl, 2-aryl-2-propyl and trityl 
2,4-dimethylbenzenesulphinates under a variety of conditions (see Table 2 1) and have 
shown that the important route to the sulphone formation involves ion-pair recombina- 
tion of free ions as shown in equation 189, where R'S0;R' is a non-capturable intimate 
ion pair and R'SO; IIR+ is a capturable solvent separated ion pair. This mechanistic 
proposal was supported later by related studies carried out by Fava and coworkerszH3 on 
isomerization of optically active benzhydryl p-toluenesulphinates and by Braverman and 

0 
/I 

I/ II 
0 0 

TABLE 21. Rearrangement of sulphinic esters, RSOCR1R2R3, to Sulphones, RSCR1R2R3 

Sulphinate 

R R1  R 2  R' Conditions sulphone (%) Reference 
Yield of 

P-ToI 
P-ToI 
P-ToI 
P-ToI 
P-ToI 
P-ToI 
P-ToI 
P-ToI 
P-ToI 
P-CIC~H, 
0-To1 
2.4-Me,C6H, 
2,4-Me,C6H, 
2,4-Me,C6H, 
2,4-Me,C6H, 
CF, 
CF, 
CF, 
CF, 
cci, 
CCI, 
CCI , 
CClJ 

H H H  
H Ph Ph 

H Me Ph 
Me Me Ph 
H Ph Ph 

H H o-N02C6H4 

Ph Ph p-CIC6H4 
Ph H o-ToI 
Ph H P-TOI 
H Ph Ph 
Ph Ph Ph 
Me Me Me 
H Ph Ph 
H Ph Me 
H Me p-An 

H H CH,Ph 
H H CH,CH,Ph 
H H CH,CH,CH=CH, 
H H Ph 

C6H13 

H H P-TOI 
H H p-CIC6H4 
H H P - N O ~ C ~ H ,  

neat/l60"C 
neat/l60 "C 
neat/l60 "C 
neat/l60"C 
neat/l60 "C 
neat/l60"C 
neat/] 60 "C 
neat/l60 "C 
neat/l60"C 
neat/l60"C 
CHCl,/reflux 
60% EtOH/70 "C 
90% Dioxane/7OC 
60% EtOH/70"C 
60% EtOH/7O0C 
HMPA/145 "C 
DMFjl55 "C 
HMPA/145 "C 
HMPA/145 "C 
CH,CN/100"C 
CH,CN/100"C 
CH,CN/100 "C 
CH,CN/100 "C 

0 
0 
0 

20 
87 

100 
95 
95 

100 
-100 

1 
68 
12 
2 1  
87 
56 
71 
78 
HE 
H" 
H" 
H" 

no 

280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
282 
28 1 
28 1 
28 1 
28 I 
286 
286 
286 
286 
285 
285 
285 
285 

"Exact value not given; H denotes high yield. 
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coworkers284, who studied the solvolysis and rearrangement of several benzyl and furfuryl 
sulphinates. An inspection of the results summarized in Table 21 clearly indicates that no 
sulphone was obtained from either methyl or benzyl p-toluene sulphinates. On the other 
hand, 0-benzyl trichloromethanesulphinates 292 undergo a facile and efficient rearrange- 
ment to sulphones 293 on heating in strongly polar solvents such as acetonitrile or 
nitromethane (equation 190)285. 

0 0 0 0 
II II II II 

II 
0 

R'SOR R'SO- R +  R'SO- 1 1  R +  - R'SR (189) 

0 

II II 
0 0 

CH,Cn II 
ArCH,OSCCI, - ArCH,SCCI, 

Hendrickson and Skipper286 reported independently that simple primary trifluoro- 
methanesulphinates 294 rearrange cleanly to the corresponding sulphones 295 
(equation 191) on heating at 145 "C for 4 h in hexamethylphosphoramide or in dimethyl- 
formamide at 155 "C. However, in a less polar solvent like diglyme or sulpholane these 
sulphinates do not undergo conversion to sulphones. 

0 
DMF II 

II 
CF,SOR - CF,SR 

1 1  or HMPT 

0 0 

(294) (295) 
It is interesting to note that benzyl ester 2% rearranges to sulphone 297 during its 

Preparation at 0 oC284b*c bv the oxidation of the corresponding sulphenyl derivative 298 
ieqiation 192). 

MCPBA 
CF,SOCH,Ph - 

(298) 

CF,SOCH,Ph - CF,SCH,Ph (192) I I1 
J 0 

In this context, the rearrangement of furfuryl benzenesulphinate 299 is of special 
interest. In contrast to the corresponding benzyl ester, sulphinate 299 undergoes thermal 
rearrangement under buffered non-solvolytic conditions to a mixture of furfuryl phenyl 
sulphone 300 and 2-methyl-3-fury1 phenyl sulphone 301 (equation 1 93)284a. 

Other types of rearrangements of cyclic benzylic sulphinates have also been described in 
the literature. Durst and coworkers287 have found that sultines 302, when heated in 
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.SO,Ph 

(299) (300) (301) 

refluxing benzene, undergo isomerization to 1,3-dihydrobenzo[c]thiophene-2,2-dioxide 
303. In this case a two-step mechanism was proposed which involves retro Diels-Alder 
extrusion of SO, from 302 followed by a typical cycloaddition of SO, to the 1,3-diene 305 
(Scheme 4). When a very reactive dienophile such as maleic anhydride was present in the 
reaction mixture, the tetrahydronaphthalene derivative 304a was obtained in ca 957, yield. 

KCO benzene q R 2  + s o 2  

1 2 +/ 0 \ 
R' 

R' R 2  
0 

(302) (305) 
( 0 )  R' = R ~ = H  

( b ) R ' = H , R 2 = M a  

( c ) R  = H , R  = P h  

( d )  R'=R2=Me 

m2 

R2 0 R' R 2  

(3040) (303) 

SCHEME 4 

Another interesting benzylic-type rearrangement of sulphinates was reported by 
Heldeweg and HogeveenZE8, who found that cyclic sulphinate 306 [formed in situ by the 
kinetically-controlled [ ( 2  + 4)(n + nn)] cycloaddition of sulphur dioxide to tricyclic diene 
3071 rearranges thermally in two different ways. The first preferred direction leads to 
aromatic cyclic sulphinate ester 308 while the second leads to sulphone 309 as shown in 
Scheme 5. 

2. 12.31 Sigmatropic rearrangements of allylic and propargylic sulphinates to sulphones 

This topic has been discussed exhaustively by BravermanZE9 in his excellent review on 
rearrangements involving sulphones. Therefore, only selected examples of general 
importance illustrating the synthetic utility of the title reactions will be presented here. 

The first attempts to convert thermally allylic sulphinates into sulphones were described 
by Cope and c011aborators~~~ in 1950. However, the group of BravermanZ9' demonstrated 
that the rearrangement of allylic arenesulphinates 312 to sulphones 313 is a general 
reaction (equation 194) and clarified the mechanistic and stereochemical features of this 
reaction. First, Darwish and BravermanZ9' found that the above rearrangement may 
occur thermally or under solvolytic conditions. Secondly, they found that the rearrange- 
ment of unsymmetrically substituted allylic esters involves simultaneous isomerization of 
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(306) 

(307) 

2% * + so, 

(310) 

(311) 

SCHEME 5 

the allylic group. Moreover, these authors showed that the conversion of optically active 
a, y-dimethylallyl2,4-dimethylbenzenesulphinate 314 to the corresponding sulphone 315 
is accompanied by a full inversion of configuration (equation 195). Interestingly, this 
reaction represents also the first example of a 1,3-chirality transfer from carbon to carbon. 

(312) (313) 

(3141, [ U  ID= t 3.86 O ( 3 1 5 ) , [ ~ 1 ~ = + 7 . 0 2 ~  

Hiroi and coworkers”’ were the first to report the chirality transfer from sulphur to 
carbon in the allylic sulphinate to sulphone rearrangement. They prepared a series of 
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optically active trans- and cis-ally1 p-toluenesulphinates 316 and investigated their 
conversion to the corresponding sulphones 317 (equation 196). It was found that all the 
trans-ally1 sulphinates gave, on heating at 90-1OO "C in N,N-dimethylformamide, the 
corresponding sulphones with the S-absolute configuration at the z-carbon atom while, 
from cis-isomers, the sulphones with the R-absolute configuration were formed. The 
stereoselectivity of the rearrangement was observed to  be higher than 80%. 

Later, Hiroi's found that sulphinates 316 undergo very easy conversion to 
sulphones in the presence of catalytic amounts of palladium complexes. Thus, heating 
trans-( -)-(S)-316a at 50°C for 10h in T H F  in the presence of tetrakis(tripheny1- 
phosphine)palladium 318 (0.1 5 molar equivalent) gave ( +)-(S)-sulphone 317a in 742, 
yield and with stereoselectivity higher than 90%. The rearrangement of 316b under the 
same conditions resulted in the formation of the sulphone (-)-(R)-317s in 69% yield 
and with stereoselectivity equal to 86.4%. In both cases the a-rearranged sulphones were 
also formed. Much lower regioselectivity and stereoselectivity of the palladium-catalysed 
rearrangement was observed with other sulphinates 316, which have bulky substituents 
connected with the a-carbon atom of the allyl moiety. These differences were rationalized 
in terms of the transition state having more ionic character than that for the typical 
[2,3]-sigmatropic rearrangement. 

Taking into account the well-known fact that the stereospecific replacement of the 
carbon-sulphur bond in allyl sulphones by the carbon-carbon bond is catalysed by 
palladium complexes294, Hiroi and coworkers295 extended their studies on palladium- 
catalysed isomerization of chiral allylic sulphinates to the corresponding sulphones and 
found proper conditions for the direct conversion of optically active allyl sulphinates to 
optically active dimethyl 1 -buten-3-yl-malonates (equation 197). Thus, the reaction of 
the sulphinate (-)-(S)-316a with sodium dimethyl malonate carried out in the presence 
of 318 in refluxing tetrahydrofuran for 10h gave a 1 : l  mixture of (+)-(S)-dimethyl 
2-buten-3-ylmalonate 319s and dimethyl 2-butenylmalonate 320 in 75% yield. The 
stereoselectivity of the 316a-319a conversion was estimated as 83"/. When the cis- 
sulphinate 316b was reacted with sodium dimethyl malonate under the same conditions, 
the enantiomeric ( - )-(R)-319a was formed with 75% stereoselectivity. With other 
sulphinates 316 the palladium-catalysed allylation occurred with much lower stereoselect- 
ivity. It is obvious that the first step of the reaction under discussion involves 
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rearrangement of allyl sulphinate to allyl sulphone which undergoes, in turn, alk ylation. 

R 

(+)- (S) - (319) 

f 

RCH =C HC HZCH ( C02Me )2 

( O ) R = M e  

( b )  R =  Pr 

(320) 

Grieco and Boxlerz96 utilized the allylic sulphinate-sulphone rearrangement in their 
synthesis of conjugated dienoic acids shown in Scheme 6. 

I", 
silica gel 

R' 

(325)  (324) 

SCHEME 6 

The starting allyl sulphinate 323 was prepared from methyl t-butylsulphinylacetnte 321 
according to the procedure elaborated by Jung and DurstZ9'. Grieco and Boxler found 
that the isomerization of 323 to  sulphone 324 may be effected by heating at 1 0 0 ° C '  or  by 
stirring methylene chloride or benzene-ethyl acetate solution over silica gel at room 
temperature. The Ramberg-Backlund reaction of 324 afforded dienoic acids 325. The 
experimental data are summarized in Table 22. 

The [2,3]-sigmatropic rearrangement of allylic sulphinates to  sulphones is a key step in 
the synthesis of the dihydroxyacetone derivatives developed by Baldwin and collabo- 
r a t o r ~ ~ ~ * .  Scheme 7 illustrates the most important features of this approach. 

Braverman and M e c h o ~ l a m ~ ~ ~  continued studies on the sulphinate rearrangements 
and found that propargylic arenesulphinates 326 undergo isomerization to allenyl aryl 
sulphones 327 (equation 198, Table 23). Independently, this type of rearrangement has 
also been reported by Stirling and Smith3''. The mechanism and stereochemistry of this 
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TABLE 22. Synthesis of dienoic acid 325 via the allylic sulphinate 323 to allylic sulphone 324 
rearrangement" 

Alcohol 322 Sulphinate 323 Sulphone 324 Dienoic acid 325 
No. R' R' Yield (%I yield (%I yield (27) 
a Me Me 43 
b H Me 97 
C H C J I I  92 

50 
93 
83 

80 
63 
82 

"Taken from Reference 296. 

OMe 

M V L  = methoxyvinyllithium 

OMe 

I A 

SCHEME 7 

rearrangement is completely analogous to  that of allylic sulphinates. A more detailed 
discussion on this subject may be found in the review by BravermanzE9. 

R' 0 
I / I  R' 

II R2 
ArSOCC-CH - ArSCH=C=C 

I1 I 
0 RZ 0 

(326) (327) 

D. Miscellaneous Synthetic Applications of Sulphinate Esters 

Pyrolysis of sulphinates, like that of carboxylic acid esters3", xanthates3OZ, amine- 
oxides303 and s u l p h o ~ i d e s ~ ~ ~ ,  results in the formation of products of cis-elimination 
(equation 199). Jones and Higgins305 found that diastereomeric (at sulphur) methyl 
5a-cholestane-6 /3-sulphinates 328 undergo pyrolytic syn-elimination, the rate of which 
depends upon the chirality a t  sulphur. Thus, the sulphinate 328 with the R-chirality at 
sulphur gave 5a-cholest-6-ene 329 in 70% yield on boiling in decalin for 16 h, whereas 
its diastereomer (S)-328 under the same experimental conditions gave only 5% of the 
olefin, the remainder being starting material (equation 200). 
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TABLE 23. Rearrangement of propargyl arenesulphinates 326, RC=CCR'R20S(0)Ar, to allenyl 

aryl sulphones 327, C=C=CSO,Ar 

K 
R'., 1 

R2' 

Yield 
Time Temp. of327 

(%) Reference 
_ _ _ _ _ _ _ _ ~ _ _ _ _ _  

No. Ar R R '  R Z  Solvent (h) ("C) 

a Ph H Me Me CH3COzH 21 I 0  91 299b 
a Ph H Me Me EtOH 19 78 ns 299b 
a Ph H Me Me MeCN 12 80 88 299b 
a Ph H Me Me CHCI, 23 I 5  100 299b 
a Ph H Me Et EtOH 14 75 100 299b 
c Ph H H Ph CH3CN 4.1 I 5  no 29% 
d Ph H H Me CH,CN 8.5 90 100 299b 

_____ ~~~ ~~ 

e p-To1 H H H C,H,CI 6 130 80 300 
f p-Tol D H H C,H5CI 6 130 (I 300 
g p-To1 H Me H C,H,Cl 6 130 (1 300 

"Not given. 

2. ,e ".s / 

t RO-SOH (199) 
\ / R 3  

R2/C=C\R4 

MeO/CI r/" R' 
C- C _ _ _ _ _  R3 .-* 

' 'OMe 

(328) (329) 

Another interesting application of thermal decomposition of sulphinates was reported 
by Miiller and Schank3". Desyl sulphinates 330 prepared as shown in Scheme 8 were 
found to decompose thermally or at room temperature under basic conditions to yield 
a-diketones 331 in yields above 90% together with a mixture of disulphide 333 and 
thiosulphonate 332. The latter two sulphur-containing products arise undoubtedly from 
the sulphenic acid 334, which is formed as the primary pyrolysis product of sulphinates 
330. 

Recently, Verrneer and coworkers307 devised a new synthesis of allenic hydrocarbons 
starting from 2-propynyl sulphinates 335. Their reaction with organoheterocuprates of the 
type (RCuBr)MgX in T H F  was found to give the desired hydrocarbons 336 in yields over 
90°, (equation 201). However, when diethyl ether was used as the solvent, substitution 
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0 
II 

OSAr' 
C S H 5 N  I 

Ar'C-CHAr' + Ar'SCl -Ar'CCHAr' 
II I II II 
0 OH 0 0 

(330) 

00 

(33 1) (334) 

" I  II 
Ar2SSAr2 + Ar2SSAr2 

II 
0 

(332) (333) 

SCHEME 8 

reaction at sulphur was observed, the sulphoxide 337 and the corresponding alcoholate 
anion 338 being isolated (equation 202). 

R2 

T H F  R '  'R' 
c=c=c " (201) (RCuBr)MgX R', I 

I II 
R 'C=CCOSMe 

R' 0 

(335) (336) 

R2 

(RCuBr)MgX 1 
bRSMe + R'CGCCOMgX 

II 1 
0 R' 

(337) (338) 

E t 2 0  
335 

R2 R2 

(R'CuBr)MgX.LiBr 1 
rR'C=CC=CHCHR'R4 (203) 

I 
R 'C-CCCH=CHR3 

OSMe 
THF 

I (340) ( E + Z )  
I1 and/or 
II 
0 

(339) 

R2 

1 

(E)-(341) 

R ' R4C=C=CCH=CHR3 



12. Sulphinic acids and esters in synthesis 42 1 

The reaction of organocuprates with a number of methanesulphinates 339 derived 
from 3-hydroxy-1-penten-4-ynes was found to give the products of allylic 1,3-substitution 
and/or propargylic 1,3-substi t~tion~~* (equation 203). This method was applied for the 
synthesis of pure u- or B-allenic alcohols 342309, which can be prepared in yields above 
902, as shown in equation 204 (Table 24). Treatment of the epimeric methanesulphinates 
345, derived from epimestranol, with equimolar amounts of the heterocuprate for 1 h 
at 0 "C afforded the corresponding allenes 346 in nearly quantitative yields3" 
(equation 205). 

R'  

R2 
> CC=C(CH 2).0R 

I 
OSMe 

II 
0 

(343) 

R 

'C=C=C(CH,),0R3 
I 

(RCuBr)MgX.LiBr 
(344) R'  

THF. 15 min. 'R2/ 
50 ' C. 20 "C I 

( 204) 

I R 
R' I 
R2' 

'C=C=C(CH,),OH 

Vermeer and his group3' reported also the highly stereoselective synthesis of optically 
active non-steroidal allenes 347, which is based on the preferred anti-1,3-substitution by 
an attack of organocuprates on the methanesulphinates 348 derived from ( - ) - ( R ) -  
3-hydroxy-3-phenyl-propyne (equation 206). 

Finally, it should be mentioned that optically active ( + )-a-p-toluenesulphinyl- 
oxypropionate 276 may be converted into a mixture of ethyl ( - )-a-chloropropionate 
349 and ethyl ( -)-lactate 350 when treated with hypochloric acid or with a water/chlorine 
system2" (equation 207). Bromination of this sulphinate leads to optically active 
bromopropionate and p-toluenesulphonyl bromide. 

TABLE 24. Synthesis of a- and p-allenic alcohols 342 from the hydroxy protected methanesulphi- 
nate 343 and organocuprates 344 

Sulphinate 343 Cuprate 344 

R' R2 R 3  n R X 0") 
Yield of 342 

H H EtOCHMe I Et Br 60 
H H EtOCHMe I t-Bu CI 73 
Pr H EtOCHMe 2 Me CI 77 
Pr H EtOCHMe 2 Et Br 75 
-(CH1)4- Me$ 1 Me c1 70 
-(cH2)4- Me$ I Ph Br 90 
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H 

C 
I 

(RCuBr )MgBr. LiBr 

THF 

(346) (205) R = M e ,  t -Bu,Ph (345) 

OSMe 

0 
II 

(348) R= Me, Ph (347) 

Me 
I HClO 

p-TolSOCHC0,Et - MeCHC0,Et + MeCHC0,Et (207) 
/ I  I I 
0 CI OH 

(276) [a]s46 + 31.5" (349) - 9.1 (350) - 4.8 
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1. INTRODUCTION 

In this chapter we have separated the photochemical synthesis and the photochemical 
properties of sulphinic acids and sulphinic acid derivatives for the sake of clarity. However, 
these two aspects are strongly connected since they involve the formation of sulphinyl 
and/or sulphonyl radicals at a certain stage of the reaction under study. The fate of these 
radicals then depends on the particular substrate and on the reaction conditions. 

The structure of the sulphinyl' and sulphony12 radicals has been recently reviewed in 
two chapters of a book of this series and therefore this subject will be not discussed again 
here. 

Although the number of papers dealing with the photochemistry of sulphinic acids and 
their derivatives is limited, the use of these substances for industrial applications is quite 
extensive. This includes mainly the use of sulphinic acids or salts as photopolymerization 
initiators for the synthesis of polymers which can be used in odontology, photography, 
radar technology and other important technological fields. 
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II. PHOTOCHEMICAL SYNTHESIS OF SULPHINIC ACIDS 
AND SULPHlNlC ACID DERIVATIVES 

Three general methods for the photochemical synthesis of sulphinic acid derivatives can be 
envisaged: the photolysis of sulphonyl  compound^^.^, the insertion of sulphur dioxide into 
a carbon-hydrogen or carbon-carbon b ~ n d ~ - ~ ,  and the photooxidation of suitable 
 compound^'-'^, mainly di~ulphides'-'~. The second method has been applied by using 
excited sulphur dioxide or by trapping photo-generated radicals by ground-state sulphur 
dioxide. 

A. Photolysls of Sulphonyl Compounds 

Photolysis in methanol of r-ketosulphones la-c gave complex mixtures of products 
containing the sulphinic acids 2a-c in variable yields (22-4404)3. The yields of the products 
obtained in the photolysis of la-c are listed in Table 1. 

TABLE 1. Product composition (% yields) for the photolysis of ketosulphones la-c in methanol 

RS0,CH ,COR ' RSO,H R-R RCH,COR' MeCOR' RSO,O(R')C=CH, 
(1) (2) (3) (4) (5 )  (6) 

(la) R = PhCH,. R '  = Me 44 22 13 59 6 
(lb) R = PhCH,, R' = Ph 22 24 
(lc) R = t-Bu, R'  = Me 28 - 56 16 

- 78 - 

~ 

All the reaction products may derive from the radicals formed by the fission of the 
SO,-CH2 bond. Hydrogen abstraction from the solvent by the sulphonyl radical forms 
the sulphinic acid. 

The formation of the other products has been explained by simple transformations of 
the initially formed radicals. Loss of sulphur dioxide from the sulphonyl radicals and 
coupling gives 3; the ketones 4 and 5 are formed from the R'COCH, radicals by hydrogen 
abstraction (5) or coupling with the R radicals (4). The vinyl sulphonates 6 are formed by a 
different recombination of the two primarily formed radicals. 

The photolysis of benzyl sulphones 7 in methanol or 2-propano14 represents a general 
and easy synthesis of sulphinic acids. When sulphones 7a-f were photolyzed the main 
reaction products were the sulphinic acids 8a-f (equation 1). 

(1 )  
h P 

PhCH,SO,R - R S 0 2 H  

(7) (8) 
(7a,8a) R = Me (7d,8d) R =  -(CH,),CI 

(7e, 8e) R = -(CH,),Ph 
(7f,8f) R = Ph 

(7b,8b) R = Et 
(7c,&) R = n-Pr 

The yields of sulphinic acids are higher in 2-propanol than in methanol. Indeed, in this 
case also the homolysis of the sulphur-benzylic carbon bond is the primary reaction path. 
This process generates benzyl radicals and sulphonyl radicals; for the latter there is 
competition between hydrogen abstraction from the solvent and loss of sulphur dioxide. 
The easier the hydrogen abstraction, the higher the yield of the sulphinic acid. The two 
reaction paths have been disclosed in the photolysis of the sulphone 7e which gives the 
sulphinic acid 8e (54%) and phenylethane (36%). It is noteworthy that these two products 



13. Photochemistry of sulphinic acid derivatives 433 

account for about 90% of the original sulphone; this indicates a very high selectivity of the 
photolytic fission of sulphur-carbon bonds of 7e (Scheme 1). 

hr 

2-propanol 
PhCH2S02CH2CH,Ph - PhCH,. + PhCH,CH2S02, 

(74  (9) 

2-Pmpdnol SO, 2-propanol 
PhCHZCH, PhCHzCHz. -c- (9) PhZCH2CHZSO2H 

(84 

SCHEME 1 

B. Photoinitiated insertion of Sulphur Dioxide 

The insertion of photoexcited sulphur dioxide into a carbon-hydrogen bond was first 
discovered in the gas phase many years ago’. Simple alkanes like methane, ethane and 
propane gave the corresponding sulphinic acids which, in some cases, were characterized 
as 2,4-dinitrophenyl sulphones. Unidentified mixtures of isomeric sulphinic acids were 
obtained in the case of propane and butane. 

More recently, a similar study on the photoreaction of sulphur dioxide with 
hydrocarbons has been carried out and the product analysis (GC-MS) performed after 
treatment of the reaction mixture with diazomethane’. In the case of the reaction of 
butane, besides butanesulphinic acids (detected as methyl esters), several other sulphur- 
containing products were identified. 

Photoexcited sulphur dioxide reacts in the gas phase also with alkenes’ to give low 
boiling products, which are believed to be sulphinic acids. 

It is also possible to obtain a variety of functionalized sulphinic acids by low- 
temperature ( -  75 T) irradiation of alcohols, ethers, sulphides, alkyl halides and N , N -  
dimethylformamide‘. The substances irradiated and the yields of the sulphinic acids 
obtained are listed in Table 2. Under the same reaction conditions, 2-methylpropane gives 
a mixture of the two isomeric sulphinic acids derived from sulphur dioxide insertion into 
the two different carbon-hydrogen bonds. 

TABLE 2. Reaction of photoexcited SO, with various 
substrates 

Substrate Product Yields (7;) 

MeOH 
PhCH,OH 
i-PrOPr-i 
MeOPr-i 
EtSEt 

MeJH 

EtCl 
Me,NCHO 

CH,(OH)SO,H 
PhCH(OH)SO,H 
i-PrOCMe,SO,H 
MeOCMe,SO,H 
EtSCHMeS0,H 
Me,CSO,H 

Me,CHCH,SO,H 
MeCH(CI)SO,H 
HO,SCH,MeNCHO 

S 
14 
43 
5s 
20 
23 

17 
S 

3s 
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Although the yields are not high, this reaction represents an easy entry into the class of 
a-substituted sulphinic acids. 

The second way to  obtain the photoinduced insertion of sulphur dioxide into an organic 
molecule is the reaction of ground-state sulphur dioxide with photoexcited substrates. 

When diradicals of type 10, formed by irradiation of 11, were trapped with sulphur 
dioxide', many compounds containing a sulphonyl functionality were obtained. The 
formation of most of them can be explained by the intermediacy of the sulphinic acid 12 
deriving from 13, the primarily formed adduct of sulphur dioxide with the diradical 10 
(Scheme 2). 

0 2 .  v .-p""" 

R $ OH R+2 OH 0 OH R 

R 

0. 0 

(13) (12) 

SCHEME 2 

Compounds like 14, 15 and 16 are formed in the photolysis of 11 in sulphur dioxide. 
Their formation can be explained by intramolecular cyclization of 12 (14 and 15) or by 
intermolecular addition of 12 to the unchanged starting material 11 to yield 16. 

(14) (15) (16) 

It should be pointed out that the insertion of sulphur dioxide into a carbon-hydrogen 
bond in this reaction is quite different, on a mechanistic point of view, from the insertions 
of photoexcited sulphur dioxide described above"'. In fact, in the case of photoexcited 
organic substrates, there is no absorption of light by sulphur dioxide and, moreover, 
energy transfer from the excited starting material to the sulphur dioxide seems an 
energetically unfavoured process'. 



13. Photochemistry of sulphinic acid derivatives 435 

Sultines of type 17 have been synthesized by sulphur dioxide insertion into a carbon- 
carbon bond of the cyclopropane ring of 18 (equation 2)". 

+. R&@o 

R 

(18) (17) cis + truns 

( 1 7 a , l 8 a )  R = p - C N  

(17b,  1 8  b) R = p-MeCO 

The reaction produces a mixture of diastereomeric sultines. In fact the oxidation of the 
mixture of cis and trans 17a gave the sultone 19 as a single product. In addition, the 
insertion of sulphur dioxide is regiospecific; the orientation of the insertion has been 
demonstrated by further oxidation of the sultone 19 to the ketosulphonic acid 20. 

(19) ( 2 0 )  (21)  

The formation of sultines from the cyclopropanes 18a-b seems controlled by rather 
peculiar factors linked to  substituent effects and intrinsic stability of the products. Thus p -  
nitro- and o-nitro-phenylcyclopropane under the same reaction conditions gave the 
sulphone 21; the phenylcyclopropane itself and other derivatives, bearing in the phenyl 
ring a variety of substituents like p-phenyl, p-chloro, p-bromo and p-iodo, d o  not give 
photochemical insertion of sulphur dioxide, probably due to the photolability of the 
corresponding sultines'6.17. 

C. Photooxidation of Disulphides 

The photooxidation of dialkyl disulphides 22s-d by molecular oxygen in methanol 
using methylene blue as sensitizer gave the corresponding thiosulphinates 23a-d in fairly 
good yields (60-75%) (equation 3)9. Diphenyl disulphide, under the same reaction 
conditions, was found to be ~ n r e a c t i v e ~ . ' ~ .  

0 
h\,'OZ methylene blue II 

RSSR 

(22) (23) 

RS-SR 
MeOH 

(3)  

(22a, 23a) R = Me 
(22b, 23b) R = Et 
(22c, 23c) R = i-Pr 

(22d, 23d) R = t-Bu 
(22e, 23e) R = Ph 

In the photooxidation of 22a and 22b, traces of the corresponding thiosulphonates were 
also found; the presence of thiosulphonates has been explained by a non-photochemical 
disproportionation of the thiosulphinates eventually catalysed by acidic 
present in the reaction mixtures. 

The photooxidation of the disulphides 22a-d can be strongly retarded by the presence of 
equimolar amounts of 1,4-diazabicyclo[2,2,2]octane (DABCO). This observation is good 
evidence for the intervention of singlet oxygen in the oxidation reaction. 
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Other information on the mechanism of this reaction has been obtained from 
cooxidation reactions. Firstly, it was found that when a mixture of di-t-butyl disulphide 
and di-iso-propyl disulphide was photooxidized, no mixed thiosulphinates were detected; 
this demonstrates that the photooxidation does not involve the cleavage of the sulphur- 
sulphur bond. Secondly, the oxidation of the diethyl disulphide in the presence of diphenyl 
disulphide gave the two thiosulphinates 23b and 23e. Since diphenyl disulphide alone 
was not oxidized in the same reaction conditions, it was suggested that the zwitterion 24a 
(R = Et), formed from the diethyl disulphide and singlet oxygen, was the oxidizing agent of 
the diphenyl disulphide. Intermediates 25 and 26, similar to  24, have been proposed in the 
photosensitized oxidation of ~ u l p h i d e s ' ~ . ~ ~ .  

00 - 00. 00 
I I I 

(24) (25) (26) 

R-S-SR R-S-R R-S-R 
+ + 

The proposed mechanism (Scheme 3) suggests the formation of 24 which then reacts 
with other disulphides present in solution to  give two molecules of thiosulphinates. 

00- 
'0.  I 

RSSR - R-S-SR + 
(24) 

0 

0 0 R-S-SR + 
II II 

R-S-SR + R'-S-SR' 
\ R'SSR' . 

(24) 

SCHEME 3 

The photooxidation ofdialkyl disulphides in methanol or ethanol, using Rose Bengal as 
sensitizer, follows a different course' I . '  '. Under these reaction conditions, the dialkyl 
disulphides 22a and 22b gave the alkyl sulphinates 27a-d (equation 4) while the di-t-butyl 
disulphide 22d did not give the corresponding sulphinate. It has been suggested that the 
sulphinates 27ad  could be obtained from the initially formed thiosulphinates by reaction 
with the solvent. 

0 
ht O 2  Rose Rengal II 

R-S-OR' 
R'OH 

RSSR 

(22a) or (22b) (27) 

(4) 

(27a) R = Me, R' = Me 

(27b) R = Et,R' = Me 

(27c) R = Me, R' = Et 

(27d) R = Et, R '  = Et 

Photosensitized oxidation has been also attempted with cyclic disulphides; however, the 
extension of the reaction to this class of disulphides has some limitations depending on the 
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structure of the disulphide. In fact the 1,2-dithiolane 28 gave" the corresponding cyclic 
thiosulphinate 29 (equation 5), whereas other disulphides like 30 and 31 were found to be 
inert to photooxidation'*. 

111. PHOTOCHEMICAL REACTIVITY 

A. Sulphinic Acids 

The autooxidation of benzenesulphinic acids to sulphonic acids is quite a slow process 
which can be made much faster by UV irradiationz6 (Figure 1). The proposed mechanism 
for this reaction implies the formation of benzenesulphonyl radicals 32, which react with 
oxygen to give peroxybenzenesulphonic radicals 33 and the peroxybenzenesulphonic acid 
34 (equations 6 and 7). 

c 
I 

53" 
600 

'A 
0 
E 

2 400 
E 
Y 

I 

200 400 600 800 
rnin 

FIGURE 1. Autooxidation of benzenesulphinic acid: (a) with UV light, 
at 60°C; (b) without UV light, at 60°C. Reproduced by permission of 
VCH Verlagsgesellschalt from Ref. 26 

PhSO,. + 0, - PhS0,OO. 

(32) (33) 
PhS0,OO. + PhS0,H - PhS0,OOH + PhSO,, 

(33) (34) (32) 
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The formation of the sulphonic acid arises from the oxidation of the sulphinic acid by 34 
(equation 8) and/or from the disproportionation of 34 which gives benzenesulphonic 
radicals and 33 (equation 9). 

PhS0,OOH + PhS0,H - 2PhS0,H 

(34) 
2PhS0,OOH - PhSO,. + PhS0,OO. + H,O 

(34) (33) 
(9) 

The photolysis of 2,4,6-tri-isopropylbenzenesulphinic acid 35 has been carefully studied 
in the presence or with complete exclusion of oxygen” using 2,2’-azobis-(2-methylpropio- 
nitrile) as initiator. 

In the absence of oxygen the main reaction product of the photolysis was the 
thiosulphonate 36; however, small quantities of the disulphide 37 were also formed 
(equation 10). 

R 

R 

(35) 

R = -CHMc2 

R -@SOz-S*R + R*S-S*R 

R R R R 

(36) 58% (37) 6% 

The initiated photolysis of 35 in the presence of oxygen gave different results. Under 
these reaction conditions, the sultone 38 was formed in 34% yield (equation 11). The 
sultone 38 was also obtained from 35 under oxygen in the dark or without initiation. 

R 

R+so2H 

R 

(38) 

The yield of38 in this reaction is similar to that ofthe photochemical reaction; however, 
the photochemical transformation is much faster than the dark reaction. 
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It has been suggested that the thiosulphonate 36 might be an intermediate in the 
reaction leading to 38; indeed, when 36 was photolysed in the presence of oxygen and the 
initiator, good yields of 38 were obtained (equation 12). 

Me Me 

R *SOz-S*R 5 initiator 'W,O so2 (12) 

R R R 

(36) (38) 51% 

The formation of 38 during the photolysis of 35 under oxygen has been explained by a 
radical mechanism as indicated in Scheme 4. According to this reaction scheme, the 
sulphonyl radical 39 is the key intermediate; the reaction of 39 with oxygen gives the 
peroxysulphonic radical 40, which generates the new radical 41 by hydrogen abstraction 
from an ortho isopropyl group. The sultone 38 is then formed by cyclization and hydroxy 
radical elimination. 

k 

(39) 

I 
R 

(40) 

HOOS02 Me 
I I Me Me 

SCHEME 4 

The photochemical behaviour of sulphinic acid salts of type 42 and 43 containing a 
remote disulphide or trisulphide functionality has been recently reported2' and the results 
compared with those of the thermal reaction. 

RSS(CH2),S02 ~ ~ 02S(CH2),SSS(CH2),S02 

(42d) n = 3, R = -(CH,),COOH 
(42e) n =4, R =-(CH,),COOH 
(420 n = 5, R = -(CH,),COOH 

(42) (43) 
(42a) n = 3, R = p-To1 
(42b) n = 4, R = p-To1 
(42c) n = 5, R = p-To1 

(43a) n = 3 
(43b) n =4 
(43c) n = 5 
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The disulphides 42d-f were found to be quite stable to heating: only 596 decomposition 
was observed after 80min at 68 "C. The nature of the decomposition products was not 
investigated; however, since it was reported that under less vigorous conditions 42e gave 
the cyclic thiosulphonate 44", it is possible that also the products of the decomposition of 
42d-f have similar structures. 

(44 )  

Indeed, the general scheme for the reaction of compounds of type 42 implies the 
cyclization to the thiosulphonate 45 and the formation of the two disulphides 46 and 47 via 
48 as intermediate (Scheme 5) .  

RSS(CH,),SO,- F? S (Ctiz),z SO, + RS 

RS- + 42 ii RSSR + -S(CH,),SO,- 

-O,S(CH,),SS(CH,),SO,- + RS- 

(42) (45) 

(46) (48) 

4?/* (47) 

48 45 
47 

SCHEME 5 

Compounds 42d-f under UV irradiation decompose at a much faster rate (10% after 
l0min). It should be pointed out that apparently the different chain length does not effect 
the thermal or the photochemical decomposition of42d-f. On the other hand, compounds 
42a-c show an evident effect of the chain length on the thermal decomposition. Figure 2 
shows this effect for the decomposition of 42a-c at 25°C. 

From these data it is evident that among the three disulphides 42a-c, 42c is by far the 
most stable compound; this is in line with a heterolytic mechanism involving intra- 
molecular cyclization which is expected to be easier for 42a (n = 3) and 42b (n = 4) than for 
42c (n = 5). 

The rates of the photochemical decomposition of 42a-c are very close to each other and 
the chain-length effect is suppressed. This feature supports a homolytic mechanism 
involving cleavage and intermolecular reactions, which are not expected to be strongly 
dependent on the chain length. 

The photochemical or the thermal reaction of the trisulphides 43a-c gave as unique 
product the disulphides 49a-c, respectively. 

OzS(CH,),SS(CHz)"SO,S 
(49) 

(49a) n = 3 
(49b) n = 4  
(49c) n = 5  

The formation of 49 is not easy to rationalize on the basis of a simple mechanism. The 
reaction sequence reported in Scheme 6 has been tentatively suggested to account for this 
unusual rearrangement. 
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Time (rnin) 

FIGURE 2. Plot of percent diproportionation at 25 "C vs time for the disulphides 42a, 
42b, and 42c. Reprinted with permission from Macke and Field, J .  Orq. Chem.. 53. 396. 
Copyright (1988) American Chemical Society (Ref. 28) 

(CH,)" 

(43) (50) (51) 
-02S(CHz),SSS(CHz),SOz p -O,S(CH,),SS- + L S 0 , -  S l  

50 + 51 8 -02S(CH2),SSS02(CH2),S- 

(52)  

52 F? -S(CHI),SOIS- + 51 F! -O,S(CH,),SS(CH2),SO,S- 

(53) (49) 
SCHEME 6 

The rate of the thermal rearrangement of 43a ( n  = 3) and 43b(n = 4) are similar and faster 
than that of 4%. Under UV conditions the three compounds react at a comparable rate, 
thus suggesting in this case the intervention of radical mechanisms. 

B. Sulphinate Esters 

7 .  Open-chain sulphinates 

The photochemical behaviour of alkyl p-toluenesulphinates 54 has been studied in 
hexane as solvent using a high-pressure mercury lamp3'. The reaction conditions used and 
the products of the photolysis of 54a-e are summarized in Table 3. 

The data of Table 3, although not completely homogeneous, show that the chain length 
of the alkyl residue of 54 has the effect of decreasing the reactivity of the sulphinates. The 
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octyl derivative 54d does not react under conditions that cause extensive photolysis of 
54a-c. 

As far as the product composition is concerned, alkyl p-toluenethiosulphonates and p -  
tolyl disulphide are always the main reaction products. However, their ratio varies with 
the individual reaction, the sulphonate being always present in much greater amount. 

A closer inspection of the nature of the products detected in the photolysis of 54a-e gives 
some insight into the mechanism of this reaction. 

The formation of acetaldehyde, as well as that of the p-tolyl p-toluenethiosulphonate 55 
and di-p-tolyl disulphide 56 in the photolysis of 54b might be explained by the non-radical 
mechanism depicted in Scheme 7. However, this reaction scheme requires the formation of 
55 and 56 in equal amounts since they would be generated by the disproportionation of the 
thiosulphinate 57. 

All the data fit better a radical mechanism with the initial homolytic fission of the 
SO-0 bond; this is shown in Scheme 8 for the ethyl derivative 54b3'. 

0 
11 

p-TolSOEt - p-TolSOH + MeCHO 

0 
II 

2 p-TolSOH + p-TolSSTol-p + H,O 
0 

I1 

(57) (55) (56) 

2p-TolSSTol-p - p-TolS0,STol-p + p-TolSSTol-p 

SCHEME 7 

The alkoxy radical generates the aldehyde through hydrogen abstraction by the 
sulphinyl radical; the acetaldehyde then photolyses giving rise to the gaseous 
The formation of the sulphur-containing products can be explained by the intermediacy of 
sulphonyl radicals which have been shown to generate sulphonic acids, thiosulphonates 
and d is~lphides~ ' .  The radical mechanism with cleavage of the SO-0 bond is also 
supported by the photolysis ofethyl p-toluenesulphinate selectively labelled with "0 (0.37 
atom%) at the sulphinyl oxygen which gives enriched p-tolyl p-toluenethiosulphonate 
(0.54 atom%). This result indicates that, although not exclusively, the homolytic cleavage 
of the SO-0 bond predominates over other modes of bond breaking3'. 

The presence of p-tolyl allyl sulphone in the photolysis of the allyl sulphinate 54e is 
noteworthy. The proposed mechanism for its formation is shown in Scheme 9. 

The cyclic mechanism has been preferred to the simpler mechanism which implies 
formation of allyl and sulphonyl radicals and recombination to give p-tolyl allyl sulphone, 
on the basis of the observation that, in the photolysis of benzyl p-toluenesulphinate 54f 
(54E R =CH,Ph), the corresponding sulphone is not formed. In fact, the great stability of 
the benzyl radical would favour the dissociative mechanism. Therefore the behaviour of 
the allyl sulphinate 54e must be considered as a special case due to the structure ofthe allyl 
residue. 

Optically active I-menthyl I-p-toluenesulphinate partially loses optical activity upon 
irradiation. This process is much faster than photolysis; in fact irradiation for short 
times leads to toluenesulphinates with about 60% of retention of optical activity while no 
appreciable photolysis is observed. This result has been explained assuming the formation 
of sulphinyl and alkoxy radicals followed by recombination in the solvent cage. This 
hypothesis also provides an explanation for the slower photolysis of the octyl sulphinate 
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0 

II 
p - T o l S O E t  

p-TolSO, t E t O .  

p - T o I S O . 1  I p-TolSO. 

~ - T O I ~ O S T ~ I - ~  ~ - T O ~ S O H  + M ~ C H O  

Me. + CHO. 

1 

A I 
p - T o l S 0 2 .  + p-TolS.  

p-TolSO,, h p- TolSOzSTol-p 

p-To lS-  

CH4 + CO 
1 

p-TolSSTol- p 

(56 )  

CO + H p-  TOIS ,  

(55 )  

il 
p-TolSOS02Tol -p 

I 
p - T o l S 0 3 .  + p-TOlSO’ 

SCHEME 8 

( W e )  
SCHEME 9 

54d compared with other alkyl sulphinates possessing a shorter alkyl chain. In fact 
diffusion phenomena, which reduce internal return, are much easier with alkoxy radicals 
having a short alkyl chain than with large alkoxy radicals30. 

2. Cyclic sulphinate esters (sultines) 

dioxide extrusion or a sultine-to-sulphone rearrangement. 
Cyclic sulphinate esters (sultines) basically undergo two types of photoreaction: sulphur 
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5-Phenyl-l,2-dioxolan-2-oxides derivatives 58a and 58b give, upon irradiation at 
253 nm in benzene-acetone solvent, very high yields (> 90%) of the phenylcyclopropenes 
59a and 59b, respectively (equation 13)'6.'7. 

The presence of the phenyl substituent at the 5-position of the y-sultines seems to have a 
very important role in determining the photoreactivity of y-sultines; in fact the sultines 60 
and 61 d o  not react under reaction conditions similar to those in which the cyclopropanes 
59 are formedI7. Moreover also the reverse reaction, namely the photochemical insertion 
of sulphur dioxide into a carbon-carbon 
Section ILB), shows a strong dependence on 

(60) 

bond of cyclopropane derivativesI5 (see 
the substituent a t  the ring. 

The photolysis of benzo-fused y-sultines 62b and 62c in methanol gave fluorene 63a and 
9-phenylfluorene 63b, respectively' (equation 14). 

0 
II 

Y S ,  hu q(-Q.p 
R' R R 

(62) (63) 

(62a) R = R ' = H  (63a) R = H 
(62b) R = H, R' = Ph 
( 6 2 ~ )  R = R' = Ph 

(63b) R = P h  

(62d) R = R' = Me 

In the case of the photolysis of 62b, the methyl ether 64 was also obtained as secondary 
product. 

Ph 

'C H - OC H 
/ 

Ph 
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Quite interesting is also the observation that, when a single isomer of62b was irradiated 
for a short time, almost equal amounts of cis and trans 62b were d e t e ~ t e d ' ~ .  This indicates 
that a photochemical epimerization process is operative and that this process is faster than 
the process leading to the fluorene. The whole experimental evidence led to rationalization 
of the photolysis of 62b described in Scheme 10. 

@ 
Ph H 

hu 

0 
! 

Ph H 

(62b) CIS (65) (62 b) trons 

H 

ai:- qH - 
Ph Ph 

(64) 

H 

( 6 7 )  

I 

SCHEME 10 

Reversible bond breaking of the carbon-oxygen bond causes isomerization of 62b. The 
isolated products arise from the diradical 65 that loses sulphur dioxide to give 66; ring 
closure to 67 and hydrogen migration give the fluorene 63a. The ether 64 is also formed 
from 66 by hydrogen migration to  give the carbene 68, which is then trapped by the 
solvent. 

The sultines 62a and 62d, which d o  not have phenyl substituents on the heterocycle, are 
less reactive than the phenyl-substituted derivatives 62b and 62c and react photolytically 
only after prolonged irradiation; however, the reaction products have not been identified. 

The six-membered ring sultine 69 and the benzo-fused S-sultine 70 behave differently 
than the corresponding five-membered ring  derivative^'^. The 6-sultine 69 gives the 
sulphinic acid 71 as a single isomer of undetermined stereochemistry. It has been suggested 
that this reaction occurs via the intermediate diradical 72 (equation 15). 

Photolysis of 70 gave the sulphone 73 in quantitative yield (equation 16). 
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Seven- and eight-membered ring sultines 74 and 75 have also been photolyzed17~33. The 
sultine 74 gave the hydrocarbon 76, the product of sulphur dioxide extrusion and carbon- 
carbon bond formation33 (equation 17). A similar behaviour is also shown by the sultine 
75 that gave the 9,lO-dihydrophenantrene 77 together with some phenantrene in ratios 
depending on the reaction conditions' 7.33 (equation 18). 

OL&+& 0 0  
(75)  ( 7 7 )  

The photolysis of sultines of various ring sizes has been explained assuming the 
homolytic cleavage of the carbon-oxygen bond of the h e t e r ~ c y c l e ' ~ . ' ~ . ~ ~ .  On the other 
hand, compelling evidence for the preferred sulphur-oxygen bond homolysis has been 
inferred for the photolysis of open-chain s ~ l p h i n a t e s ~ ~ .  This might be only an apparent 
discrepancy if one considers that both mechanisms have been shown to be reversible. 
Therefore a general scheme for the photolysis of both open-chain and cyclic sulphinates 
can be drawn (Scheme 11). 

0 0 0 
/ I  II / I  

R -  + - 0 S R '  @ ROSR' RO. + *S-R' 

SCHEME 11 

This simple scheme might explain why the sultines d o  not give reactions similar to those 



448 G. Capozzi and P. Sarti-Fantoni 

of the open-chain sulphinates. In fact the species which is formed in the photolysis of a 
sultine is a diradical and 'diffusion' of the two reactive centres out of the solvent cage is 
unlikely while recombination becomes highly favoured. Under these circumstances the 
carbon-oxygen bond cleavage with sulphur dioxide elimination or sultine-sulphone 
rearrangement may take place. 

C. Sulphltes, Chlorosulphites and Sulphinamides 

Limited information only is available on the photochemical behaviour of sulphites, 
chlorosulphites and sulphinamides. 

Dibutyl sulphite 78 has been photolysed at room temperature using a high-pressure 
mercury lamp3'. Many products were formed and identified in the photolysis of78; among 
them butanol, butyraldehyde, I-butene, butane, propane, propene, ethylene, ethane, 
methane, sulphur dioxide and carbon monoxide were found. This result points to a 
homolytic cleavage of the sulphur-oxygen bond with formation of the two radicals 79 and 
80; the formation of the observed products has been explained as shown in Scheme 12. 

(78)  (79) 

1 
hydrocarbons 

1 
C3H7. + CO 

1 
hydrocarbons 

SCHEME 12 

When butyl chlorosulphite 81 was irradiated under the same conditions as 78, butyl 
chloride, sulphur dioxide, hydrochloric acid and some dibutyl sulphite 78 were formed3'. 
The presence of butyl chloride suggests that the fission ofthe chlorine-sulphur bond is the 
preferred initial cleavage (Scheme 13); however, the presence of 78 might indicate that 
sulphur-oxygen bond fission also occurs. 

0 0 
I1 I1 hv 

CISOC,H, -Cl. + .SOC,H, - C,H,CI + SO, 

(81 1 
SCHEME 13 

Photolysis of methanol solutions of p-toluenesulphinamides gave substitution of the 
amino group with the alkoxy group producing the methyl p-toluenesulphinate ester 
54a34. 
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D. Sulphinic Acid Derivatives in Photopolymerization 

The importance of arylsulphinic acids and arylsulphinate ions in photopolymeriLation 
is well established on the basis of a large number of patents and papers reported in the 
literature. 

In some cases the mechanism involving sulphinate ions in the photopolymerization 
reactions was e l ~ c i d a t e d ~ ' - ~ ' .  In particular, the use of para-substituted benzenesulphinate 
ions 82a-f in the presence of methylene blue as sensitizer for the photopolymerization of 
acrylamide monomer in aqueous solution (pH = 7,1= 666 nm) received much attention, 
since the rapid polymer formation under irradiation conditions is an interesting entry in 
the field of the imaging process  formation^^^. 

(82) 

(82a) X = H (82e) X = 4-Br (82h) X = 2-NH2 
(82b) X = 4-Me (82C) X = 4-NO, (82i) X = 2-Me 
( 8 2 ~ )  X = 4-MeCONH 
(82d) X = 4-CI 

(82g) X = 4-NH2 (82j) X = 2-NO2 
(82k) X = 2,4,6-Me 

The results obtained from flash photolysis, fluorescence measurements and quantum 
yields of monomer polymerization were used to  clarify the role of the para-substituted 
benzenesulphinate ions 82 and that of methylene blue (D+)  which acted as sensitizer. 

The reactions involved during the photopolymerization of acrylamide under the above 
conditions are summarized in equations 19-28. 

IDf + RSO; - D+ + RSO, 

'D+ + RSO; - D -  + RS02.  

D -  + RSO,. --+ D+ + RSO; 

2D.+ H,O -D+ + D H  + O H -  

RSO,. + M - RS0,M- 

RSO,(M); + D- - RSO,(M),D 

(24) 

(25) 

(26) 

(27) 

2RSO2(M); - RSO,(M),(M),SO,R (28) 

R S 0 2 M *  + xM - RSO,(M)',+, 

The dye quenching was observed when the concentration of benzenesulphinate ions was 
1OW3-1O- molar or higher, whereas at lower concentrations no quenching was found. In 
the first case the ion reacted with the excited single state of the methylene blue ( 'D+) 
according to equation 21. 

The effect of the para substituents of the sulphinate salts on the quenching constants of 
the dye was also studied and found to be in the order NO, > MeCONH > Br > CI > Me 
> H. 

When the concentration of benzenesulphinate ions was low, the triplet state (3D+) 
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D+ 
l i  

Di 

D+ + RSO; 

RSO, 

POLYMER 

FIGURE 3. Schematic diagram for reaction mechanisms in dye-sensitized photopolymeriz- 
ation with sulphinate ions. Reprinted with permission from Margerum et a/ . .  J .  Phys.  Chem., 
75, 3066. Copyright (1971) American Chemical Society (Ref. 35) 

obtained from ID+ (equation 20) reacted with the sulphinate ion to give D. and sulphinate 
radicals (equation 22). The initiators of the polymerization reaction of acrylamide are the 
sulphinate radicals rather than D* (equation 25). In fact sulphonyl residues were found 
bonded to the polymers. 

The electron-withdrawing effect of the para substituents on the benzenesulphinate ions 
reduces the reaction rates of equation 22. The reaction of ArSO,. and D- to give D+ and 
RSO; (equation 23) was slower in the presence of acrylamide. 

The reaction of the sulphonylated monomer radicals (RS0,M.) with acrylamide 
monomers (M) to  give the new radicals RSO,(M)-, is the propagation step (equation 26). 

The dye radical (D.) may react with polymer radicals (RSO,(M)-,) according to  
equation 27 or give rise to a disproportionation reaction (equation 24) leading to 
leucomethylene blue (DH) and methylene blue (D '). The alternative final stage of 
polymerization is shown in equation 28. 

The schematic diagram of the mechanism of the dye-sensitized photopolymerization is 
shown in Figure 3. 

The dye-sensitized polymerization of acrylamide was also studied with ortho- 
substituted benzenesulphinate ions 82h-k and the results compared with those obtained 
from the same substituents in the para position36. In particular, the methyl and the amino 
substituents at the para or at the ortho position of the benzenesulphinate ion d o  not affect 
the rate of photopolymerization, whereas in the case of the nitro substituent, the rate for 
the ortho derivative 82j was found to be three time slower than that of the p-nitro derivative 
82f. 

The thermal stability and the effect of pH on photopolymerization reactions of barium 
acrylate in the presence of p-toluenesulphinate ions and methylene blue was also 
investigated3'. Heating of photopolymerizable solutions at pH 6 resulted in an initial 
increase of the photosensitivity whereas, after longer time, a desensitization process 
occurred. The latter effect, which is more evident at low pH values, is due to the 
concomitant addition reaction of the sulphinic acid, or the sulphinate salt, to  the acrylic 
species which leads to photostable sulphones (equation 29). 

RSO; + CH?=CHCOO- + H 2 0  - RS02CH2CH,CO0 ~ + O H -  (29) 
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Finally, it should be mentioned that sulphinate derivatives have been largely employed 
in several technological fields like imaging38-65, o d ~ n t o l o g y ~ ~ * ~ '  and photopolymeriz- 
ation processes, mainly for photographic  application^^^-'^. 
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1 . INTRODUCTION 

Sulphinic acids (1) possess a single tri-coordinate sulphur atom that is bonded to two 
oxygen atoms and a carbon atom . The sulphur atom in this moiety is at the sulphur(1V) 
oxidation state . 

453 
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0 
II 

R- S -OH 

Oxidation of sulphinic acids, and their derivatives, results in the formation of a 
sulphur(V1)-containing moiety as is present in a sulphonic acid, and exemplified in. 
equation 1. Such oxidations are the subject of Section I1 in this chapter. It should be 
carefully noted that sulphones, which are also sulphur(V1)-containing compounds, are 
formed from sulphinic acids by a nucleophilic displacement reaction and these reactions 
are the subject of another chapter in this volume. 

RSO,H - RSO,H (1 )  

Reduction of sulphinic acids, and their derivatives, results in the formation of a 
sulphur(I1)-containing species such as a thiol or disulphide, as exemplified in equation 2. 
These reactions are covered in Section 111 of this chapter. 

( 2 )  

Disproportionation, the concomitant oxidation and reduction, of sulphinic acids and 
sulphinic acid derivatives, to a sulphur(V1)-containing moiety and a sulphur(I1)- 
containing moiety, is covered in Section IV. Such processes are extremely important for 
many sulphur compounds at the sulphur(1V) oxidation level. 

This chapter covers the oxidation, reduction and disproportionation of sulphinic acids 
and their derivatives up to the middle of 1988. The derivatives, other than sulphinic acids 
and their salts, discussed here are sulphinic acid esters (2), sulphinyl halides (3), 
sulphinamides (4) and thiosulphinates (5). Whenever the terms sulphinate ester or 
sulphinic acid ester are used in this work they refer to 0-esters only. The S-esters are 
referred to as thiosulphinates in all cases. 

RS0,H - RSH I RSSR 

Neither oxidative nor reductive desulphurization are covered in this review. 

0 0 

(2) (3) 

0 0 
I1 I1 

(4) (5)  

R- S -NH, R- S ---SR' 

II. OXIDATION 

The oxidation of sulphinic acids and their derivatives have been studied by many workers 
for at least the last hundred years. Much of the very early work concentrated on the 
formation of sulphonic acids from the corresponding sulphinic acids. Work in the early 
part of this century also began to consider the oxidation of thiosulphinates, as part of the 
study of the oxidation of disulphides and their derivatives. These latter studies have 
generated some controversy concerning the structure of the initial oxidation product. 
Early work tended to favour the thiosulphonate structure (6) whilst later workers have 
been increasingly in favour of the r-disulphoxide (7). There is now very strong evidence to 
show that the r-disulphoxide is initially formed and this will be discussed in more detail 
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0 0 0  
I1 II II 

R-S-SR' R-S- S-R' 
II 
0 

(6) (7) 

where appropriate. An excellent ah initio study' has been published which details the 
energetics involved in the conversion of a-disulphoxides to thiosulphonates. 

A. General Oxidation Methods 

7 .  Nitric acid and nitrogen oxides 

Nitric acid is one of the most common, and cheaper, oxidants used in organic chemistry, 
which produces few by-products. It is thus not surprising that nitric acid was one of the 
earliest oxidizing agents used for the conversion of sulphinic acids into their sulphonic acid 
analogues. Thus benzenesulphinic acid is converted into benzenesulphonic acid in good 
yield2. Other aromatic sulphinic acids undergo a similar conversion although ring 
nitration occurs in the presence of excess oxidant,, as exemplified in equation 3. Both 

aliphatic sulphinic acids and thiosulphinates are unstable in the presence of nitric acid and 
so no synthetically useful reactions have been reported. 

The only oxide of nitrogen that has been reported to oxidize sulphinic acids and their 
derivatives in dinitrogen tetraoxide. In the presence of dinitrogen tetraoxide aromatic 
sulphinic acids are converted to novel sulphonyl nitrites and sulphonic acids4 (equation 4). 

0 0 
I /  N2°4 II 

ArS-OH - ArS-NO +ArSO,H (4) 

Dinitrogen tetraoxide may also be used to oxidize alkyl aryl thiosulphinate~~ into either a 
mixture of sulphonic acids (equation 5), or the corresponding thiosulphonate and the alkyl 
sulphonic acid (equation 6). In both cases a small quantity of sulphonic anhydrides 
(RSO,OSO,R) are formed. 

N204 
PhSOSCH, - PhS0,H + CH,S03H 

N2°4 
PhSSOCH, - PhS0,SPh + CH,SO,H 
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2. Oxygen and ozone 

Oxygen, in the air, is probably the cheapest, most readily available oxidizing agent and 
may be used to convert sulphinic acids into sulphonic acids by an autocatalytic, radical 
chain mechanism. Such a reaction has been reported6,', and a mechanism, based on 
careful kinetic studies in many solvents, has been proposed, as detailed in equation 7. 

PhS0,H + In' - PhSO,' 
PhSO,' + 0, - PhS0,OO' 

PhS0,OO' + PhS0,H - PhS0,OOH + PhSO,' 
PhS0,OOH + PhS0,H - 2PhS0,H (7) 

Phenylpersulphonic acid (PhSO,OOH), implicated as the key intermediate in the 
mechanism, has precedence in other reactions. This autocatalytic oxidation of sulphinic 
acids can be easily prevented by the addition of an antioxidant, such as benzaldehyde, 
which is a better radical scavenger than sulphinic acids. 

Oxygen has also been used for the synthetic formation of a sultone (a cyclic sulphonate 
ester) from a sulphinic acid', as shown in equation 8. In addition, oxygen has been used to 
oxidize sulphinate ligands in iron(lI1) and indium(II1) sulphinato porphryns to the 
sulphonate oxidation level'.lo. 

0 

A A 

Reports of the oxidation of sulphinic acids, and their derivatives, employing ozone as 
oxidant are surprisingly scarce. One notable exception is the preparation of sulphonic 
anhydrides from thiosulphinates in 85-100% yields", as indicated in equation 9. 

ArSOSAr + 0, - ArSO,OSO,Ar (9) 

Superoxide ion, generated in situ by the reaction of potassium superoxide with a crown 
ether, has been successfully' employed for the oxidation of sulphinic acids, sulphinyl 
chlorides and thiosulphinates to the sulphur(V1) oxidation level under mild, inert 

It is rather surprising that these reactions all proceed so readily when it is 
usually considered that superoxide ion is a rather weak oxidizing agent. In fact, superoxide 
ion may act as a reductant or an oxidant depending on the reaction conditions15 and in 
some cases reduction products are evident. 

Using this reagent, sodium arylsulphinates are converted, in good yields, to sulphonic 
acids using one equivalent of potassium superoxide at 25 "C in 2.5 h. The first step of the 
reaction is a one-electron process of the type initially proposed by BergerI6. This is then 
followed by superoxide uptake giving the peroxysulphonate which decomposes to give the 
sulphonic acid and oxygen, as shown in equation 10. 
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0 

II 
0 

.c 
R S 0 3 -  +to, 

Aromatic sulphinyl chlorides are oxidized to sulphonic acids in 90 min at 20 "C using 
excess potassium superoxide. In this case the reaction is initiated by the nucleophilic 
attack of superoxide on the sulphinyl chloride. A subsequent one-electron transfer from 
superoxide followed by rearrangement gives the sulphonic acid in good yield, as indicated 
in equation 11. 

RSOCl + 0, + R S - 0 - 0 '  
II 
0 

0 
1 1  

R S - 0 -  t- RS-0-0 
II II 
0 0 

Thiosulphinates are even more easily oxidized by superoxide. The reaction occurs even 
at  -40 "C in about 30 min using excess superoxide. The products formed are a disulphide, 
derived from the sulphenyl side of the thiosulphinate, and a sulphonic acid from the 
sulphinyl side of the thiosulphinate. In this case there are two postulated routes to the 
sulphonic acid, one involving a sulphonyl radical which presumably proceeds to the acid 
as shown in equation 10 above. The second route is via a peroxysulphinate which would 
form the sulphonic acid by rearrangement. The postulated pathway for the oxidation of 
thiosulphinate by superoxide is shown in equation 12. 

0 0 

II 
02' * RSOO. + R'S-  

I1 
R S  - SR' 

R SO; \ i i o 0 -  
02' R'S' 

Ix2 
R'SSR' 

RSO; 
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3. Hydrogen peroxide 

Hydrogen peroxide is used as an oxidant either alone or  in the presence of acetic acid. In 
the latter case, the oxidant is peracetic acid and these reactions will be dealt with in the next 
part of this section. 

Hydrogen peroxide has been used to convert sulphinic acids and thiosulphinates into 
products containing a sulphur(V1) moiety under a variety of conditions. On the other 
hand, sulphinamides are apparently unaffected by this reagent". In 1935, Hann 
synthesized a series of chemotherapeutic agents, one of which was p-fluoro- 
phenylsulphonic acid which was prepared from the sulphinic acid using excess hydrogen 
peroxide at room temperature". Other workers have also oxidized barium salts of 
aromatic sulphinic acids to the corresponding sulphonic acids in 3 1-60% yields using the 
same procedure". 

Two careful kinetic studies20.2' have shown that the oxidation of alkali metal salts of 
arylsulphinic acids proceeds via a second-order reaction, over a wide pH range. It was 
concluded in one of these studies2' that the rate-determining step involves the nucleophilic 
attack of the sulphinate ion on the neutral hydrogen peroxide molecule with a rate 
constant of 0 . 0 2 M - ' s - '  at 40°C. The overall mechanism proposed is shown in 
equation 13. 

n slow fas t  
ArS02- t HO-OH - A r S 0 3 H  + OH- - ArS03- 4- H20 u 

(13) 

One hydrogen peroxide oxidation of a sulphinic acid (equation 14) has been used in a 
commercial pilot plant22 and this procedure was apparently the best method available. 

Sulphinic acid esters have also been oxidized, to the sulphonic acid ester, with hydrogen 
peroxide although the reaction proceeds in poor yield23. 

4. Other peroxy species 

Peroxy species, other than hydrogen peroxide, have been widely used for the study of the 
oxidation of disulphides, and related compounds. These studies have been performed 
because of the importance of the oxidation of disulphides in uiuo where peroxy species have 
been implicated in some oxidative processes. Due to this interest, the present section will 
deal mainly with the oxidation of thiosulphinates (disulphide monoxides). although the 
literature concerning sulphinic acids will also be covered. 

In all of these studies the most common peroxy species used are peracetic acid and 
rn-chloroperbenzoic acid. It should be noted that peracetic acid is usually generated in situ 
from hydrogen peroxide and acetic acid, rather than being purchased from commercial 
sources, since fewer side-reactions generally occur. 

An early study reported the use of barium peroxide for the conversion of 
3,4-dimethylphenylsulphinic acid to  the corresponding sulphonic acid24. However, the 
synthetic utility of this reaction has not been reported to date. 
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An innovative procedure for the preparation of unstable tosylates which relies on 
preparing the much more stable sulphinate has been reported25. The tosylate is formed, 
when required, by oxidation of the sulphinate with m-chloroperbenzoic acid, as shown in 
equation 15. The synthetic utility of this method lies in the fact that the reaction producing 

(15) 

the tosylate (p-toluenesulphonic acid ester) occurs under extremely mild conditions (0 "C 
in methylene chloride). Other more normal methods of preparing tosylates were found to 
produce little or none of the required product. 

Both cyclicz6 and acyclic" sulphinamides may also be oxidized to the sulphur(V1) level 
with m-chloroperbenzoic acid. However this reagent will also oxidize alkenic double 
bonds, present in the substrate, to the epoxide, as shown in equation 16. The best yields for 

this oxidation occur when a large excess of the peracid is used under carefully buffered 
conditions. 

4 1  as 
shown in equation 17. The a-disulphoxide 7 and the sulphinyl sulphone 8 are not stable 
species although both have been identified, at low temperatures, by the use of NMR 
spectroscopy (for example, Reference 42). The final product formed depended upon the 
initial ratio ofsubstrate to  oxidizing agent. The reaction has been shown to be catalysed by 
vanadium p e n t ~ x i d e ~ ~  and by tungsten t r i ~ x i d e ~ ~ .  

Thiosulphinates are oxidized by peracid to various multi-oxygenated 

RSOSR - RSOSOR - RS0,SR - RS0,SOR 

(7) (8) (17) 

I 
R S 0 2 S 0 2 R  

When the thiosulphonate is produced from an unsymmetrical thiosulphinate, there are 
four different products that may be formed as shown in equation 18. Which of these 
products is formed seems to depend upon the structure of the thiosulphinate. For example, 
Barnard and Percy45 have shown that peracid oxidation of alkyl arylthiosulphinates 
produces all four possible thiosulphonate products. They have suggested that this is due to 
the initial formation of the a-disulphoxide which subsequently undergoes S-S bond 
scission. This process would then be followed by radical-radical combinations and 
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rearrangement of the resulting sulphinyl radicals, as discussed in a review published in a 
previous volume of the present series46. 

RSOSR’ 3 RS0,SR’ + RS0,SR + R’S0,SR + R’S0,SR’ (18) 

The above described behaviour is in contrast with that seen for the oxidation of 
thiosulphinates as reported by other  worker^^^.^', where only one thiosulphonate is 
formed. The product is that expected by oxidation of the sulphinyl sulphur atom in the 
starting material. 

K i ~ e , ~  has suggested that this contrasting behaviour is due to the electron-withdrawing 
nature of the group, R’, attached to the sulphenyl sulphur atom in the thiosulphinate. 
RSOSR’. When R’ is more electron-withdrawing than R, then oxidation at the sulphinyl 
sulphur atom is highly favoured and thus a single product is formed (equation 19). 

P I  
RSOSR‘ - RS0,SR’ (19) 

Contrarywise, when R’ is more electron-donating than R ,  then the sulphenyl sulphur 
atom is the preferential site for initial oxidation. In this case, the r-disulphoxide is formed 
in the first instance. Subsequently S-S bond scission and radical recombination allow the 
four thiosulphonates to be formed (equation 20). 

1 0 1  
RSOSR’ - RSOSOR’ -+ RSO’ + R’SO’ - Products of equation 18 (20) 

It is perhaps useful to note that studies concerning the oxidation of proteins, and other 
disulphide-containing natural products, with peracids have also reported the formation of 
a dioxide species when starting from a thiosulphinate. This dioxide has been shown to 
contain a thiosulphonate group in some cases47-49. r-Disulphoxides have also been 
implicated in these oxidation reactions both in oitro and in oiuo50.51. 

There are also a few examples where an unexpected product, containing three sulphur 
atoms, is formed on oxidation of a thiosulphinate at -40 ‘C with peracetic as 
indicated in equation 21. 

(21) t-BuSOSBu-r -----* r-BuSO2SBu-t + t-BuSO2SSBu-r 

5. Chlorine-containing reagents 

There is a wide range of chlorine-containing oxidants available to organic chemists. 
However, only a few of these have been utilized for the oxidation of sulphinic acids, the 
main exceptions being chlorine and hypochlorite ions. 

Arylsulphinic acids, and their alkali metal salts, have long been used as precursors for 
the preparation of sulphonyl chlorides. This interconversion has most often been 
performed with chlorine as the oxidizing agent in either water or acetic acid solvent, as 
shown in equation 2 2 2 . 5 3 - h ‘  . In some cases chlorination of the aromatic ring also 
occurs6 2 .  

( 2 2 )  

Arylsulphinyl chlorides may also be converted to the sulphonyl chloride by a similar 
process in 80% yieldb3 (equation 23) .  This reaction also occurs for sulphinate esters. For 
example, methyl methanesulphinate is converted to methanesulphonyl chloride in 
excellent yield at 0 Ch4, as shown in equation 24. 

ArS0,H + CI, - ArS0,CI 
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(23) RSOCI + CI, - RS0,CI 

0 
I1 

0 
I1 
I1 n c  

CI2 

II 
CH3SOCH3 -CH,S--Cl+CH,CI 

II 
0 

The only generally useful method for the preparation of tertiary alkyl sulphonyl 
chlorides is by the oxidation of the sulphinate formed on reaction of a Grignard reagent, 
from a tertiary alkyl bromide, with sulphur dioxide as shown in equation 25. The method 
provides a rapid, clean and simple route for the preparation of sulphonyl chlorides in good 
yields and high purity. This method has also been used for the preparation of 
arylsulphonyl chlorides and the sulphinate salt may be isolated prior to oxidation, or used 
in  sit^^^-^^. A similar method has been patented, using trialkyl organo-aluminium 
compounds in place of the Grignard reagent (equation 26)68. 

(25) 
CI2 

RMgBr + SO, - R S O i M g  Br' - RS0,CI 

+ 
MgBrCl 

(26) 
C'2 

R,AI + 3S0,  - (RSO,),AI - 3RS0,CI + AICI, 

An interesting variation of this oxidation procedure leads to an arylsulphonamide by 
the reaction of chlorine with an ammonium arylsulphinate in aqueous solution 
(equation 27)69.7n. 

CI 2 
ArSO,-NH,+ - ArSO,NH, + 2HCl (27) 

This reaction also takes place with hypochlorite ion, as OxidanP. Hypochlorite has 
also been used for the oxidation of a pyrazolophenanthridine sulphinate salt, under basic 
conditions7'. In aqueous solutions, arylsulphinates react with hypochlorite to give 
sulphonate salts7'. The mechanism for this reaction involves nucleophilic attack by 
hypochlorite ion on the sulphinate salt to give a sulphurane-like intermediate, which then 
decomposes to give the products as shown in equation 28. 

r o-ci -I 2 

Secondary sulphinamides undergo a rather novel oxidation reaction with chlorine, 
either in benzene at room temperature or in ether at - 78 "C, as indicated in equation 29. 
In this reaction, the oxosulphonium salt is assumed to be the intermediate73. The product, 
a sulphonimidoyl chloride, may also be prepared if the chlorine is replaced by 
N-chlorobenzotriazole or by tertiary butyl h y p ~ c h l o r i t e ~ ~ .  These latter oxidants are 
chosen when other groups, that are sensitive to chlorine oxidation, are present in the 
sulphinamide. The use of N-chlorobenzotriazole has been shown to undergo reaction. but 
not oxidation of the sulphur(1V) moiety, under other  condition^^^. 

Thiosulphinates are also oxidized, by chlorine, to the sulphur(V1) level. The thiosulpho- 
nate products formed are produced by chlorination which involves a S-S bond scission, 
as shown in equation 3076. It seems rather surprising that only a single product has heen 
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reported. Under anhydrous conditions the reaction is stopped at the sulphinyl chloride 
stage7 ’. 

0 
II 

0 
/ I  

RSNHR’ +Cl, - -CI + HCI (29) 

N H R ‘  N R’ 

0 0 
I1 II 

RSSR’ + CI, - RSCl + R’SCI - RS0,SR’ + 2CI ~ (30) 

6. Bromine- and iodine-containing reagents 

A wide range of bromine- and iodine-containing reagents have been used as oxidants in 
many areas of organic chemistry for decades. The oxidation of sulphinic acids and their 
derivatives has been performed using these species, but their use has been surprisingly 
infrequent. 

As early as 1893, L i m p r i ~ h t ~ ~  showed that sulphinic acids may be oxidized to the 
corresponding sulphonyl bromides using bromine. Other authors have also reported this 
reaction 5 3.5 7 . 5 8 . 7 9 . 8 0  which is shown in equation 31. The product from this reaction is 
either a sulphonyl bromide or a sulphonic acid, depending upon the reaction conditions. 
Methyl methanesulphinate has also been oxidized with bromine. In this reaction, at 0 “C, 
the products are methyl bromide and methanesulphonyl bromide (equation 32)h4. 

0 0 
BrZ I1 I1 

RS0,H-RSBr or R S O H  (31) 
I1 I1 
0 0 

0 
It 

CH,SOCH, + Br, - CH3Br + CH3S0,Br (32) 
Alkyl magnesium bromides have been used to prepare alkyl sulphinate salts, which have 

then been oxidized to their sulphonyl bromides in high yields8’. As with the similar 
reaction involving chlorine, described in the last section, this is an excellent route to 
sulphur(V1)-containing compounds that are not easily obtainable by other routes. 

Iodine has also been used to oxidize sulphuric acids, and their salts, to sulphonyl iodides 
or sulphonic acids, equation 338,57.58.82-84 . Indeed, this was the first method by which 
sulphonyl iodides were prepared and isolated. 

0 
I I1 

RSO,H RSO,- 2 R S I  or RSO,H 
It 
0 

(33) 

Periodate has also been used successfully for the oxidation of thiosulphinates to  
t h i o ~ u l p h o n a t e s ~ ~ ~ ~ ~ ,  although the use of this oxidant with sulphinamides produced a 
complex mixture of productsI7. 

Sodium periodate oxidation of (2,2-dimethylpropyl)benzenethiosulphinate produces 
the thiosulphonate in quantitative yield (equation 34) whilst attempted oxidation of 
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phenyl 2,2-dimethylpropanethiosulphinate with the same reagent was unsuccessful after 
48 h (equation 35)33. It has been found that for most unsymmetrical thiosulphinates the 
thiosulphonate is produced in good yield by this method and is catalysed by iodine or 
acids5. This result should be contrasted with the oxidation of the two above-mentioned 
thiosulphinates with m-CPBA, which yielded a complex m i ~ t u r e ~ ~ . ~ ~ .  

(34) 

(35) 

10.3 
PhSOSCH,Bu' - PhSO,SCH,Bu' 

' 0 4  
'BuCH,SOSPh - no reaction 

7 Metal ion oxidants 

There are many transition-metal-ion oxidants currently available to organic chemists. 
However, there have been very few metal ion oxidants used for the conversion of sulphinic 
acid derivatives into sulphur(V1)-containing compounds, that have been reported in the 
literature, the main exception being the use of permanganate ion, under a variety of 
conditions. In the early 1900s, Borsche and Lange". 8 8  converted cyclic alkylsulphinate 
salts into sulphonic acids using aqueous potassium permanganate. These reactions have 
been pursued by some workers to apparent synthetic ad~antage".~'. Other workers, 
however, have reported that a-disulphones are produced as unfortunate by- 
 product^^'-'^, or as the only p r o d u ~ t ~ ' . ~ ~ . ~ '  . In addition, permanganate oxidation of the 
sulphinate salts, prepared by reaction of Grignard reagents with sulphur dioxide, proceeds 
to the sulphonic acid in low yield". 

A review of these reports suggests that either the r-disulphone, or the sulphonic acid, 
may be produced free of the other if the conditions are carefully controlled. For example, 
Allen and  coworker^^^.^^ have shown that the a-disulphone is the only product if aqueous, 
acidic potassium permanganate is employed as oxidant, as shown in equation 36. On the 
other hand, when cold, glacial acetic acid, or a buffered system (pH 7.2-7.5), is used as 
solvent, then the sulphonic acid is the major product (equation 37). 

K M n 0 4  
2RS0,H - RSO,SO,R + H z O  

H + I H ~ O  

K M n 0 4  

.icetic acid 
RSO,H RS03H (37) 

Cobalt(ll1) sulphate has also been used to oxidize both alkyl and arylsulphinic acids. In 
this case, only the a-disulphone was produced, with yields ranging from 35-56x9', and it 
has been suggested that the reaction occurs via a one-electron oxidation process. The 
sulphonyl radical, thus formed, then undergoes further reaction to give the a-disulphone. 

Aromatic sulphinate esters undergo oxidation to the sulphonate ester with permanga- 
nate in aqueous s o l ~ t i o n ~ ~ . ~ ~ ,  in good yields, as shown in equation 38. 

(38) 

Thiosulphinates are oxidized to thiosulphonates in poor yields using permanganate3'. 
Other products are also formed in this reaction. If selenium dioxide is used as the oxidant, 
then synthetically useful yields of the thiosulphonate result, as shown in equation 39. 

ArS0,R + [O] - ArS0,R 

S e 0 2  
RSOSR' -RSO,SR' (39) 

The oxidation of sulphinamides to sulphonamides, with permanganate, has met with 
or multiple varying degrees ofsuccess. In some cases the reaction is totally 
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products are formed". On the other hand, other reports have indicated that excellent 
yields of the sulphonamide are produced'O1.lO'. Excess manganese dioxide, suspended in 
dry benzene, has also been used for this oxidation reactionIo3. In this case, the 
sulphonamide was produced in quantitative yield, at 70' C (equation 40). 

Mn02 

C,FsSONH2 - C,FSSOzNH, (40) 

8 Other oxidations 

There have been few reports of other oxidations of sulphinic acid derivatives. However, 
reactions such as enzymatic oxidation and the use of oxygen-transfer reagents (like 
N-oxides) have been carried out and these are discussed here. 

An enzymatic preparation, extracted from rabbit liver microsomes, has been shown5 to 
oxidize a thiosulphinate to  the thiosulphonate, as shown in equation 41. I t  was shown that 
in order for the reaction to occur, to any significant extent, the correct co-factors and 
minerals must be present. 

Electrochemical oxidation of thiosulphinates leads cleanly to the corresponding 
thiosulphonate in reasonable yields with no observed s i d e - p r o d u ~ t s ' ~ ~ .  It is rather 
surprising that this method has apparently not been used to synthetic advantage. 

Tertiary amine N-oxides have been shown to oxidize arylsulphinyl chlorides to 
sulphonic acids, albeit in low yields'0s.1"6. In this reaction other products, such as 
thiosulphonates, are also produced. 

Methanesulphinyl chloride and p-nitrobenzenesulphinyl chloride have been used to  
reduce sulphoxides to ~ u l p h i d e s ' ~ ~ .  During this process, the sulphonyl chloride is 
produced by direct oxygen transfer. It is difficult to see how this reaction could be 
synthetically useful for the preparation of sulphonyl chlorides. 

Finally, aromatic sulphinic acids have been shown to react rapidly with benzene- 
seleninic acid (the selenium equivalent of a sulphinic acid) in a range of solvents, at 0 "C, 
producing a sulphonate salt and a selenosulphonate108, as shown in equation 42. 
Benzeneseleninic anhydride (PhSe(O)OSe(O)Ph) may be used in this reaction in place of 
the seleninic acid. 

(42) ArS0,H + 2PhSe0,H - ArSO, -(PhSeO,H,)+ + PhSeS0,Ar 

B. Oxidative Analytical Methods 

Sulphinic acids are usually determined analytically using either the iron(II1) salt method 
or oxidative methods. The latter methods are relevant to the present work and one of these 
has been discussed in an excellent review of the methods available for the determination of 
organic sulphur-containing functional groups' 09. 

Probably the best oxidative method of analysis involves the oxidation of a sulphinate 
salt with hypochlorite to the sulphonate as depicted in equation 43. This method has been 
recommended, by several g r o ~ p s ~ ~ ~ '  lo. '  ' I ,  for the determination of either hypochlorite or 
sulphinate. 

(43) R S 0 , -  + OCI- - R S 0 , -  + CI- 
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LindberglLZ,l l 3  has indicated that oxidative determination by potassium permanga- 
nate in neutral solution can be used. In addition, Allen95 has reported that either calcium 
hypochlorite or potassium permanganate can be used, but the solution must be alkaline if 
quantitative results are to be expected. 

It has also been reported113 that oxidations with bromine, iodine and cerium(1V) salts 
have been attempted, but these oxidants have proved to be unreliable for quantitative 
an a 1 y s i s . 

ill. REDUCTION 

In comparison with oxidation reactions, the reduction of sulphinic acids, and their 
derivatives, has been little studied. Indeed, there has been no report o fa  systematic study of 
the reduction of these compounds with the usual range of reducing agents available to 
organic chemists. There are, however, some reduction reactions that have been studied in 
some detail and these are reviewed in this section. 

A. Hydride-transfer Reagents 

Hydride-containing reagents, such as sodium borohydride and lithium aluminium 
hydride, are the reagents of choice in many reductions in organic chemistry. These 
reagents have been used rarely for the reduction of sulphinic acid derivatives. 

Reduction of sulphinic acids and sulphinyl chlorides, with lithium aluminium hydride, 
leads to disulphides'l4. The reaction is thought to occur by initial reduction of the 
sulphur(1V) moiety to the sulphur(l1) level, as shown in equations 44 and 45. These initially 
formed products then undergo further reaction to form disulphides as the final product 
(equation 46). If excess lithium aluminium hydride is used, then a thiol is the final product. 

LiAIH4 
RS0,H - RSOH 

LiAIH, 
RSOCl - RSCl (45) 

RSOH or RSCl-RSSR (46) 

Cyclic sulphinate esters (sultines) may also be reduced by lithium aluminium 
hydrideIl5. In this case, the product is a thioalcohol, as shown in equation47. 
Sulphinamides are not reduced by lithium aluminium hydride1I6. 

Ph Ph 

8. Siiicontontaining Reagents 

Since silicon forms strong bonds with oxygen, organosilicon-containing reagents are 
ideal candidates for reducing agents. Halogenated methylsilanes and trichlorosilane have 
been reported as successful reducing reagents for sulphinic acid derivatives. 

Oae and coworkers"' have found that both alkyl and arylsulphinic acids are reduced 
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by chlorotrimethylsilane, in the presence of thiols, to produce disulphides, as shown in 
equation 48. When the reaction is carried out a t  room temperature, in chloroform with 
excess silane present, then the yields are nearly quantitative. However, when the reaction is 
performed under refluxing conditions, then only aromatic sulphinic acids give good yields 
of disulphides (70%). On the other hand, yields for this reaction with alkyl sulphinic acids 
are less than 40%. In the latter case, the major product is the thiosulphonate which is 
formed by nucleophilic attack by the thiol on the sulphinic acid. 

(48) 

have shown that iodotrimethylsilane may be used to reduce 
sulphinic acids, their salts and esters and sulphinyl chlorides, to disulphides in yields 
varying from 75-96% (equation 49). These reactions are performed in methylene chloride, 
a t  room temperature, for 16 h. The silicon-containing reagent can either be purchased 
ready-for-use, or generated in situ from chlorotrimethylsilane/sodium iodide or from 
hexamethyldisilane/iodine. This reaction probably occurs by a mechanism involving the 
formation of a sulphenyl iodide, as shown in equation 50. 

RSO,H + 3R'SH + 4Me,SiCI - RSSR' + R'SSR' + 2(Me,Si),O 

Olah and coworkers' 

0 
II Me3SiI 

RS-X RSSR 

X = OH, O-Na' ,  OR', CI 

0 OSiMe, 
II I 

RS -X - RS-X - RSOSiMe, 
+ 
1- - RSI - RSSR 

(49) 

Trichlorosilane and tripropylamine have also been used to reduce sulphinyl chlorides 
and sulphinate esters to disulphides, in benzene solution"' (equation 51). In this reaction, 
the amine acts as a proton sponge, removing the HCI produced in the reaction. With cyclic 
sulphinate esters, the a,w-diol of the disulphide is the product, as shown in equation 52; 
such compounds are fairly difficult to prepare by other simple routes. 

0 
/ I  + 

RS -X + HSiCI, + Pr,N - RSSR + (SiCI,O), + Pr,NHCI- 
X = CI, OR' 

C. Phosphorustontaining Reagents 

As reducing agents, phosphorus-containing compounds usually act by an oxygen- 
transfer mechanism whereby a phosphorus(V) species (POX,) is formed from the 
phosphorus(II1)-containing reducing agent. However, phosphorus(V)-containing rea- 
gents are also able to reduce organic compounds. Both types of reagent are exemplified 
below. 
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Triphenylphosphine reacts rapidly with either aryl or alkylthiosulphinates to produce 
disulphides, even at  - 25 "C' 20. Triphenylphosphine oxide is formed as a by-product, as 
indicated by equation 53, and is easily removed from the product by its differential 
solubility in organic solvents. It should be noted that triphenylarsine and triphenylstibine 
may also be used to reduce thiosulphinates to dysulphides but, in these cases, more forcing 
conditions are required. In addition, alkylthiosulphinates are unaffected by both of these 
reagents. 

(53) 

Ethyl hypophosphite has been used to reduce the salts of aromatic sulphinic acids to 
disulphides'21.'22, as shown in equation 54. This reaction produces good yields of the 
disulphide and the best solvent is dimethylsulphoxide. 

RSOSR + Ph,P - RSSR + Ph,PO 

0 
I/ 

E10PH2 
ArS0,- - ArSSAr (54) 

A rather novel reduction reaction involves the conversion of sulphinic acid salts into 
thiocyanates'23. The reaction is performed in refluxing tetrahydrofuran, using diethyl 
phosphorocyanidate as the reducing agent (equation 55). The reduction of sulphinic acids 
using this reagent produces poor yields. 

0 
II 

( E t0)2PCN 
R S 02- N at RSCN (55) 

Sulphinic acid groups are also reduced, to acetylthio groups, on reaction with thionyl 
chloride, thioacetic acid and triphenylphosphine, in succession (equation 56). Such a 
sequence has been used in the synthesis of novel  antibiotic^'^^. 

0 

II 
RSOZH RSCCH, 

t . SOCI2 2. CH&OSH 3 .  Ph,P 

D. Sulphur-containing Reagents 

Thiols may be used as reducing agents for sulphinyl chlorides'25 and thiosulphi- 
nates'26-'29. In both cases the yields of disulphides are good. Methanesulphinyl chloride 
is reduced by excess ethanethiol, producing dimethyl disulphide, as shown in equation 57. 
However, diethyl disulphide is also formed and thus this reaction is unlikely to be of 
synthetic utility. Cyclic thiosulphinates are reduced to produce his disulphides, as shown 
in equation 58. 

(57) 2CH,SOCI + 6EtSH - CH,SSCH, + 3EtSSEt + 2HCI + 2 H 2 0  

It should be noted that aromatic seleninic acids are reduced to aromatic selenenic acids 
by thiols under similar conditions, as shown in equation 5 9 I 3 O .  Perhaps sulphinic acids 
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react initially by a similar route, but then further reaction of the sulphenic acid produces 
the disulphide. 

(59) ArSe0,H + 2RSH - RSSR + ArSeOH + H,O 

E. Electrochemical Methods 

Electrochemical methods of reduction usually yield clean products. I t  is thus surprising 
that, to date, these methods have been used very infrequently in the field of organo-sulphur 
chemistry. Perhaps this is, in part, due to the fact that sulphur has a 'poisoning effect' on 
mercury, which is often used as an electrode. 

Electrochemical reduction of sulphinic acids, in acidic ethanol, yields thiols' I .  This 
reaction occurs through the intermediacy of thiosulphonates which are presumably 
formed by disproportionation of the sulphinic acid (see Section IV). The thiosulphonate is 
then reduced to  sulphinic acid and thiol. The overall reaction is thus a reduction, as shown 
in equation 60. The latter step of this process involves a two-electron transfer, as detailed 
in equation 61. 

RSQ,H - RS0,SR - RSOzH + RSH (60) 

ArS0,SAr + 2H+ + 2e - ArS0,H + ArSH (61) 

/3-Lipoic acid (a thiosulphinate) has been reduced polarographically, in a four-electron 
process, yielding dihydrolipoic acidt3'. Sulphinate esters may also be reduced in a similar 
f a ~ h i o n ' ~ ~ . ' ~ ~ .  In this case, polarographic reduction is also a four-electron process which 
yields a thiol and an alcohol, in buffered aqueous solution, as shown in equation 62. 

0 
II 

RS OR' + 4e + 4 H C  - RSH + R'OH + H,O (62) 

In a similar process, diseleninic acids are reduced to d i ~ e l e n o l s ' ~ ~ ,  as shown in 
equation 63. 

R<seo2H Se02H 4 RC-1 - R C s e H  SeH (63) 

F. Other Reductions 

There are several other reagents that have been used for the reduction of sulphinic acid 
derivatives. These include hydrogen halides, metal-acid mixtures and hydrazine, as 
detailed below. 

Hydrogen halides may be used for the reduction of sulphinic acids to sulphenyl halides 
and di~ulphides'~'- '  37 , as shown in equation 64. Hydrogen iodide has thus been used to 
reduce glutathione sulphinic acid to glutathione d i ~ u l p h i d e l ~ ~ .  Hydrogen bromide has 
been used to prepare a range of disulphides or sulphenyl bromides from sulphinic 

RSO,H + 3HX - RSX + X, + 2H,O 

X = Br, I 

acids 136.137 

2RSX - RSSR + X, (64) 
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Zinc with sulphuric acid' "-I4' and tin(I1) chloride with hydrochloric acid14' have also 
been used to reduce sulphinic acids. In the former case thiols are formed (equation 65). In 
the latter case, the thiolate ion, that is initially formed, reacts further with sulphinic acid to 
produce the thiosulphonate. In this case the overall reaction appears to be a dispropor- 
tionation reaction, as shown in equation 66. However, the tin(1V) chloride, isolated at  the 
completion of the reaction, is evidence for the reduction process. 

Zn 
ArS0,H - ArSH 

SnCI2 A r S 0 2 H  
ArS0,H - ArS- - ArS0,SAr (66) 

HCI 

Anhydrous hydrazine has been shown to be a useful reagent for the reduction of 
sulphinate esters, sulphinyl chlorides and thiosulphinates giving disulphides as products, 
under mild  condition^'^^. Under more forcing conditions thiols are formed. If carbon- 
carbon multiple bonds are present in the substrate molecule, these too are reduced. 
Sulphinic acids, on the other hand, are seemingly unaffected by this reduction process. 

Finally, an interesting reduction of sulphinyl chlorides to disulphides has been reported 
by Harpp and MacDonald'43. These workers found that benzenesulphinyl chloride reacts 
with a molybdenum-persulphide complex to  produce a 68% yield of diphenyl disulphide, 
as shown in equation 67. 

0 

II M'JZSIZ 
RS -CI RSSR 

IV. DISPROPORTIONATION 

Sulphinic acids, and their derivatives, have a propensity to disproportionate and this 
process has been found to be catalysed by various species, such as acids and iodide ions. 
Disproportionation results in an overall oxidation and a concomitant reduction of the 
sulphur(1V) moiety [i.e. sulphur(V1)- and sulphur(I1)-containing species are formed] and 
so is discussed in the present chapter. 

It has been known since as early as 186854-'44 that sulphinic acids disproportionate, 
although in the nineteenth century there was some dispute concerning this matter'45. 
Perhaps this discrepancy was due, at least in part, to the widely different rates of 
disproportionation. There have been reports of essentially instantaneous reactions'46 
whilst others have reported that the reaction takes about twenty months to complete'44. 
The former example was for the intramolecular disproportionation of the 2,2'-disulphinic 
acid derivative of biphenyl. 

There have been three different overall stoichiometries described for this reaction, as 
shown in equations 68-70. The first two of these equations have been used to describe 
disproportionation in earlier times and the second was even used relatively recently to 
describe the disproportionation of phenylsulphinic acidI4'. During the past few decades it 
is the last of these stoichiometries (equation 70) that has become accepted as the norm for 
the disproportionation of sulphinic acids. 

5 R S O z H - 3 R S 0 , H + R S S R + H z 0  (68) 
3RS0,H - RSH + 2RS03H (69) 

3 R S 0 , H - R S 0 3 H + R S 0 , S R + H , 0  (70) 
Kinetic and mechanistic studies have resulted in two conflicting views of the reaction 
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mechanism, one involving radicals and the other not. Horner and Basedow'" have 
suggested that the mechanism for disproportionation of sulphinic acids does not involve 
radicals, but is as shown in equation 71. A similar mechanism was also supported by the 
work of Allen and ReichI4'. 

2RS0,H - RS0,H + RSOH 
RSOH + R S 0 2 H  - RS0,SR + H,O 

This rather simple mechanism has now been replaced, by a process involving radicals, 
mainly due to the extensive kinetic studies of Kice and coworkersL5'-' s4 and others'55. In 
this mechanism, the key intermediate is the sulphinyl sulphone. This species undergoes 
rate-limiting S-S bond homolysis to form both sulphinyl and sulphonyl radicals. 
Recombination and further reaction with sulphinic acid then occurs to produce the 
thiosulphonate and the sulphonic acid, as shown in equation 72. This mechanism gives a 
much better account of the experimental evidence, compared with the non-radical process 
discussed above, and it is thus the currently accepted mechanism. 

2ArS0,H ArS0,SOAr + H,O 

ArSO2-0-SAr - ArSO,' + ArSO' 

ArS0,SAr + ArS0,H 

1 
1 A r S 0 * H  (72) 

Aromatic thiosulphinates also disproportionate and in this case the products are a 
disulphide and a thiosulphonate, as indicated in equation 73. This process seems to be 
more rapid under anhydrous conditions' 56. The disproportionation of thiosulphinates 
has not received as much attention as the similar reaction of sulphinic acids. Notwith- 
standing this, Koch and coworkers' 5 7  have proposed a mechanism involving radicals for 
the reaction, as shown in equation 74. The careful work of Koch's group'" and of 

56,158,159 has indicated that the reaction is not as simple as described by 
equations 73 and 74, since both sulphonic acid and sulphonyl anhydride (RSO,OSO,R) 
are also isolated, albeit in low yields. Kice and coworkers'58~'s9 ha ve also shown the 
reaction to be catalyzed by both acids and nucleophiles, and these workers have described 
more complex reaction schemes for the catalyzed reactions. 

2RSOSR - RS0,SR + RSSR (73) 

ArSOSAr - ArSO' + ArS' 
2ArSO' - ArSOSAr - ArS0,SAr 

/ I  (74) 
0 

2ArS' - ArSSAr 

Other derivatives of sulphinic acids are also known to disproportionate. Trifluorometh- 
anesulphonyl chloride and bromide disproportionate, especially in the presence of a 
catalytic amount of water, to give the sulphonyl and the sulphenyl halides 
(equation 75)' 54. Methanesulphinyl chloride also undergoes a similar disproportionation 
rather readily160. In the case of sulphinyl fluorides, it seems that disproportionation yields 
the disulphide rather than the sulphenyl fluoride. Alkyl thiosulphinates also undergo a 
similar disproportionation process'61. 

2CF,SOX - CF,SO,X + CF,SX (X = CI, Br) (75) 

Sulphinate esters have also been reported to disproportionate'62. In this case a 
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thiosulphonate and a sulphonate ester are formed, as shown in equation 76. There has also 
been a report that arylsulphinyl nitrates (RSONO,) disproportionate quantitatively in the 
presence of water or alcohols'63. 

0 0 
I1 I /  

ArS -OCH, - Ar S -OCH, + ArSSCH, 
II 
0 

V. ACKNOWLEDGEMENTS 

I would like to  thank the library staffs a t  the Nova Scotia Agricultural College, the Atlantic 
Regional Laboratory of the National Research Council of Canada, Halifax and Dalhousie 
University for all their kind assistance. In addition, I thank my students for leaving me to 
get at the task of writing this chapter when I asked. Finally, and most important of all, I 
wish to thank my wife, Niki, for her patience and understinding when I needed it most. 

I .  
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 

1 1 .  
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24 
25 
26. 
27. 
28. 
29 
30 
31. 
32. 
33 
34 

VI. REFERENCES 

F. Freeman, C. N. Angeletakis, W. J. Pietro and W. J. Hehre, J .  Am. Chem. Soc., 104,1161 (1982). 
R. Otto and H. Ostrop, Ann. Chem., 141, 370 (1867). 
R. Otto and von Gruber, Ann. Chem., 145, 19 (1868). 
S. Oae, K. Shinhama and Y. H. Kim, Tetrahedron Lett., 3307 (1979). 
S. Oae, Y. H. Kim, D. Fukushima and T. Takata, Pure Appl. Chem., 49, 153 (1977). 
L. Horner and 0. H. Basedow, Ann. Chem., 612, 108 (1958). 
B. Houel. C. R .  Acad. Sci. Paris, 250, 3839 (1960). 
R. M .  Adlington and A. G .  M. Barrett. J .  Chem. Soc., Perkin Trans. I ,  1076 (1980). 
P. Cocolios, P. Fournari, R. Guilard, C. Lecomte, J. Protas and J. C. Bouble, J .  Chem SOC.. 
Dalton Trans., 208 I ( 1980). 
P. Cocolios, G. Lagrange, R. Guilard, H. Oumous and C. Lecomte, J .  Chem. Soc., Dalton 'I'rans., 
567 ( 1984). 
D. Batnard. J .  Chem. Soc., 4547 (1957). 
S. Oae, T. Takata and Y. H. Kim, Tetrahedron, 37, 37 (1981). 
T. Takata, Y. H. Kim and S. Oae, Tetrahedron Lett., 821 (1979). 
S. Oae, T. Takata and Y. H. Kim, Bull. Chem. Soc. Jpn., 54, 2712 (1981). 
A. A. Frimer, 1. Rosenthal and S. Hoz, Tetrahedron Lett., 4631 (1977). 
H. Berger, R e d .  Traa.  Chim. Pays-Bas, 82, 773 (1963). 
J. E. Semple and M. M. Joullie, J .  Orq. Chem.. 43, 3066 (1978). 
R. M. Hann, J .  Am. Chem. Soc., 57, 2166 (1935). 
W. E. Truce and J. F. Lyons, J .  Am. Chem. Soc., 73, 126 (1951). 
B. J. Lindberg, Acta Chem. Scand., 20, 1843 (1966). 
R. N. Gonzalez. Ph.D. thesis, University of Delaware, 1957. 
W. Lisowski, Przem. Chem., 12, 697 (1956); Chem. Ahstr., 52, 12815e (1958). 
J. Kenyon. H. Phillips and V. P. Pittman, J .  Chem. SOC., 1077 (1935). 
0. Jacobsen, Chem. Ber., 10, 101 I (1877). 
R. M. Coates and J. P. Chen, Tetrahedron Lett., 2705 (1969). 
U. Jager and W. Sundermeyer, Chem. Ber., 119, 3405 (1986). 
J. L. Kice. Adc. Phys. Ory. Chem.. 65 (1980). 
S. Oae and T. Takata, Chem. ktt., 845 (1981). 
F. Freeman and C.  N. Angeletakis. J .  Am. Chem. Soc., 105, 4039 (1983). 
F. Freeman and C. N. Angeletakis, J .  Am. Chem. Soc., 103, 6232 (1981). 
F. Freeman, C. N. Angeletakis and T. J. Maricich, Tetrahedron Lett., 1867 (1981). 
F. Freeman and C. N. Angeletakis, J .  Org. Chem., 50, 793 (1985). 
F. Freeman, C. N. Angeletakis and T. J.  Maricich, J .  Org. Chem., 47, 3403 (1982). 
S. Oae, Y. H. Kim. T. Takata and D. Fukushima, Tetrahedron Lett., 1195 (1977). 



472 Jeffrey Hoyle 

35. S. Oae and T. Takata, Tetrahedron Lett.. 21, 3213 (1980). 
36. F. Freeman and C. N. Angeletakis. J. Org. Chem., 46, 3991 (1981). 
37. S. Oae, T. Takata and Y. H. Kim. Bull. Chem. Soc. Jpn.. 55,2484 (1982). 
38. M. M. Chau and J. L. Kice. J .  Am. Chem. Soc.. 98, 7711 (1976). 
39. F. Freeman and C. N. Angeletakis, J .  Am. Chem. Soc., 104, 5766 (1982). 
40. L. Hough and M. 1. Taha, J .  Chrm. Soc., 3546 (1957). 
41. A. K. Bhattacharya and A. G.  Hortmann, J .  Ory. Chem., 43,2728 (1978). 
42. C. N. Angeletakis, Ph.D. thesis, University of California at Irvine, 1982. 
43. F. E. Hardy, P. R. H. Speakman and P. Robson, J .  Chem. Soc. (C) .  2334 (1969). 
44. L. Field and T. F. Parsons, J .  Org. Chem., 30, 657 (1965). 
45. D. Barnard and E. J. Percy. Chem. Ind. (London), 1332 (1960). 
46. C. Chatgilialoglu, in The Chemistry of’sulphones and Sulphoxides (Eds. S. Patai, Z. Rappoport 

and C. J. M. Stirling), Chap. 24. Wiley, Chichester, 1988. 
47. S. Blackburn and A. G.  Lowther, Biochem. J., 49, 554 (1951). 
48. G. Toennies and T. F. Lavine, J .  Biol. Chem., 100, 463 (1933). 
49. W. E. Savige, J. Eager, J. A. Maclaren and C. M. Roxburgh, Tetrahedron Lett., 3289 (1964). 
50. G. Medes and N. F. Floyd, Biochem. J., 31, 1330 (1939). 
51. G. Medes and N. F. Floyd, Biochem. J.. 36, 259 (1942). 
52. H. Asakawa, K. Kamuya and S. Takai, Tukedu Kenkyusho Nempo, 29,610( 1970); Chem. Abstr., 

74, 125603 (1971). 
53. R. Otto and von Gruber, Ann. Chem.. 142.96 (1867). 
54. R. Otto, Ann. Chem., 145, 317 (1868). 
55. F. Ullmann and A. Lehner, Chrm. Ber, 38. 732 (1905). 
56. E. Pfcil and 0. Velten. Ann. Chrm.. 565. 183 (1949). 
57. D. T. Gibson, C. J. Miller and S. Smiles, J. Chrm. Soc., 1823 (1925). 
58. R. Otto and J. Troger. Chrm. Ber., 24. 479 (1891). 
59. K. Fries and P. Vogt, Ann. Chem.. 381. 337 (1911). 
60. J. Troger and M. Meine, J .  Prukt. Chem., [2], 68, 317 (1903). 
61. F. E. Jenkins and A. N. Hambly. Aust. J. Chem., 6. 318 (1953). 
62. I. B. Douglass and T. B. Johnson, J .  Am. Chem. Soc., 60, 1486 (1938). 
63. I. B. Douglass, B. S. Farah and M. G.  Thomas, J .  Ory. Chem., 26, 1996 (1961). 
64. 1. 9.  Douglass, J .  Org. Chem., 30, 633 (1965). 
65. R. B. Scott, J. 9 .  Gayle, M. S. Heller and R. E. Lutz, J .  Ory. Chem., 20, 1165 (1955). 
66. F. Asinger, B. Fell and S. Pottkaemper. Chem. Em., 97, 3092 (1964). 
67. F. Asinger, P. Laue, B. Fell and C. Gubelt. Chem. Ber., 100. 1696 (1967). 
68. C. M. Starks, U.S. Patent 3134809; Chem. Abstr.. 61, 4220 (1964). 
69. P. R. Carter and D. H. Hey, J. Chem. Soc., 147 (1948). 
70. A. Matsumoto, Jap. Patent. 177918; Chem. Abstr., 45. 7592 (1951). 
71. W. J. Berry, I. L. Finar and A. B. Simonds, J. Chem. Soc., 4974 (1956). 
72. J. L. Kice and A. R. Puls, J. Am. Chem. Soc.. 99, 3455 (1977). 
73. E. U. Jonsson, C. C. Bacon and C. R. Johnson, J. Am. Chem. Soc., 93, 5306 (1971). 
74. C. R. Johnson and A. Wambsgdns, J. Org. Chem., 44, 2278 (1979). 
75. F. Wudl, C. K. Brush and T. B. K. Lee, J .  Chem. Soc.. Chem. Commun., 151 (1972). 
76. R. R. Crenshaw and L. Field, J .  Org. Chem., 30, 175 (1965). 
77. E. Vinkler and F. Klivenyi, Magy. Kem. Foly., 60. 95 (1954). 
78. H. Limpricht, Ann. Chem., 278, 239 (1893). 
79. J. Boeseken and H. W. Oeckenburg, Reel. Trac.. Chim. Pays-Bas, 33, 319 (1914). 
80. A. D. Bliss, W. K. Cline, C. E. Hamilton and 0. J. Sweeting, J. Org. Chem., 28, 3537 (1963). 
81. G. Geiseler and R. Kuschmiers. Chem. Ber., 93, 2041 (1960). 
82. M. Bazlen. Chem. Ber., 60, 1479 (1927). 
83. R. Childs and S. Smiles, J .  Chem. Soc., 2696 (1926). 
84. L. Field, T. F. Parsons and R. R. Crenshaw. J .  Ory. Chem., 29, 918 (1964). 
85. Y. H. Kim. T. Takata and S. Oae, Tetrahedron Lett., 2305 (1978). 
86. W. Borsche and W. Lange, Chem. Ber., 38,2766 (1905). 
87. W. Borsche and W. Lange, Chem. Ber., 39, 392 (1906). 
88. W. Borsche and W. Lange, Chem. Ber., 40, 2220 (1907). 
X9. P. W. Clutterbuck and J. B. Cohen, J. Chrm. Soc., 2507 (1923). 



14. The oxidation and reduction of sulphinic acids and their derivatives 473 

90. W. Dirscherl and K. Otto, Chem. Ber., 89. 393 (1956). 
91. S. Smiles and T. P. Hilditch, J. Chem. SOC., 519 (1907). 
92. T.P. Hilditch, J. Chem. Soc., 1524 (1908). 
93. R. Childs and S. Smiles, J .  Chem. Soc., 2699 (1924). 
94. P. Allen, L. Karger. J. D. Haygood and J. Shrensel, J. Org. Chem., 16. 767 (1951). 
95. P. Allen, J. Org. Chem.. 7 ,  23 (1942). 
96. W. Von E. Doering and F. M. Beringer, J .  Am. Chem. Soc., 71, 2221 (1949). 
97. G.  C .  Denzer, P. Allen, P. Conway and J. M. Van der Veen, J .  Org. Chem., 31, 3418 (1966). 
98. J. Kenyon, H. Phillips and V. P. Pittman, J .  Chem. Soc., 1077 (1935). 
99. W. Gerrard, J. Kenyon and H. Phillips, J .  Chem. Soc., 153 (1937). 

100. Y. H. Chiang, J. S. Luloff and E. Schipper, J. Org. Chem., 34, 2397 (1969). 
101. F. Kurzer, J .  Chem. Soc., 549 (1953). 
102. H. Seiler and H. Erlenmeyer, Helu. Chim. Acta, 40, 88 (1957). 
103. 1. Glander and A. Golloch, J. Fluorine Chem., 5, 83 (1975). 
104. H. Viertler, P. D. Nachion, J. F. Ganzerli. V. L. Pardini and P. R. Schumacher, An. Simp. Bras. 

105. S. Oae and K. Ikura, Bull. Chem. Soc. Jpn.. 40, 1420 (1967). 
106. S. Oae and K. Ikura, Bull. Chem. Soc. Jpn, 39, 1306 (1966). 
107. T. Numata, K. Ikura, Y. Shimano and S. Oae, Org. Prep. Proced. I n f . .  8, I19 (1976). 
108. R. A. Gancarz and J. L. Kice, Tetrahedron Lett., 21, 1697 (1980). 
109. S. D. Nogare, in Organic Analysis. Part I (Eds. J. Mitchell, I. M. Kolthoff, E. S. Proskauer and A. 

110. N. 1. Goldstone and M. B. Jacobs, Ind. Eng. Chem., Anal. Ed., 16, 206 (1944). 
I 1  I .  S. Atkin, Anal. Chem., 19. 816 (1947). 
112. B. Lindberg, Acta Chem. Scand., 17, 377 (1963). 
113. B. Lindberg, Acta Chem. Scand., 17, 383 (1963). 
114. J. Strating and H. J. Backer, R e d .  Trau. Chim. Pays-Bas, 69, 638 (1950). 
115. D. C. Dittmer. R. S. Henion and N. Takashina, J. Org. Chem., 34, 1310 (1969). 
116. M. Cinquini and F. Cozzi, J. Chem. SOC.. Chem. Cornmun., 723 (1977). 
117. S. Oae, H. Togo, T. Numata and K. Fujimori, Chem. Lett., 1193 (1980). 
118. G.  A. Olah, S. C .  Narang, L. D. Field and G.  F. Salem, J. Org. Chem., 45, 4792 (1980). 
119. T. H. Chan, J. P. Montillier, W. F. Van Horn and D. N. Harpp, J .  Am. Chem. SOC., 92, 7224 

120. J. F. Carson and F. F. Wong, J. Org. Chem., 26, 1467 (1961). 
121. H. W. Pinnick. M. A. Reynolds. R. T. McDonald and W. D. Brewster, J .  Org. Chem., 45,930 

122. M. A. Reynolds. Ph.D. thesis, University of Georgia, 1979. 
123. S. Harusawa and T. Shioiri. Tefruhedron Letf..  23, 447 (1982). 
124. J. R. Irving, E. Perrone and R. J. Stoodley, Tetrahedron Lett., 24, 1429 (1983). 
125. I. B. Douglas  and B. S. Farah, J .  Org. Chem.. 23, 805 (1958). 
126. P. K. Singh, L. Field and B. J. Sweetman, J .  Org. Chem., 53, 2608 (1988). 
127. A. Schoberl and H. Grafie. Ann. Chem.. 617. 71 (1958). 
128. B. Boduszek and J. L. Kice. J. Org. Chem.. 47, 3199 (1982). 
129. H. Zahn and H. G.  Otten, Ann. Chem., 653. 139 (1962). 
130. H. Rheinboldt and E. Giesbrecht, Chem. Ber.. 88, 1037 (1955). 
131. B. Fleszar and P. Senecki, Electrochim. Actu, 25, 551 (1980). 
132. Y. Asahi, Yakugaku Zasshi, 80, 679 (1960); Chem. Abstr., 54, 188868 (1960). 
133. B. Persson, J .  Electrounul. Chem., 78, 371 (1977). 
134. R. Danielsson. B-L. Johansson, B. Nygard and B. Persson, Chem. Scr., 20, 19 (1982). 
135. D. H. Calam and S. G.  Waley, Biochem. J., 85, 417 (1962). 
136. K. Fries and G.  Schurmann, Chem. Ber., 47, 1195 (1914). 
137. K. Fries, Chem. Ber., 45, 2965 (1912). 
138. R. Otto, Chem. Ber., 15, 122 (1882). 
139. L. Gattermann, Chem. Ber., 32, 11 36 ( 1  899). 
140. W. P. Winter. Am. Chem. J., 31, 572 (1904). 
141. B. G.  Boldyrev and L. M. Grivnak, Zh. Orq. Khim., 4, 1251 (1968). 
142. M. Kobayashi and A. Yamamoto. Bull. Chem. Soc. Jpn., 39, 2736 (1966). 

Electroquim. Electroanal. 3rd., I ,  173 (1982); Chem. Absrr., 98, 4279r (1983). 

Weissberger), Interscience, New York, 1953, p. 379. 

(1970). 

( 1980). 



414 Jeffrey Hoyle 

143. D. N. Harpp and J. G. MacDonald, Tetrahedron Lett., 25, 703 (1984). 
144. C. Pauly and R. Otto, Chem. Ber., 10, 2181 (1877). 
145. W. Autenrieth, Ann. Chem., 259, 362 (1890). 
146. H. J. Barber and S. Smiles, J. Chem. SOC., 1141 (1928). 
147. Z. Yoshida, H. Miyoshi and K. Kawamoto, Chem. Abstr., 71, 101463 (1969). 
148. L. Horner and 0. H. Basedow, Ann. Chem., 612, 108 (1958). 
149. P. Allen and L. Reich, J .  Phys. Chem., 64, 1928 (1960). 
150. J. L. Kice and K. W. Bowers, J. Am. Chem. Soc., 84, 605 (1962). 
151. J. L. Kice, G. Guaraldi and C. G. Venier, J .  Org. Chem., 31, 3561 (1966). 
152. J. L. Kice, D. C. Hampton and A. Fitzgerald, J. Org. Chem., 30, 882 (1965). 
153. J. L. Kice, B. R. Toth, D. C. Hampton and J. F. Barbour, J. Org. Chem., 31, 848 (1966). 
154. C. T. Ratclime and J. Shreeve, J. Am. Chem. SOC., 90, 5403 (1968). 
155. M. Kobayashi, H. Minato and Y. Ogi, Bull. Chem. SOC. Jpn., 45, 1224 (1972). 
156. D. Barnard, J .  Chem. SOC., 4675 (1957). 
157. P. Koch, E. Ciumar and A. Fava, J. Am. Chem. SOC., 92, 5971 (1970). 
158. J. L. Kice and J. P. Cleveland, J. Am. Chem. Soc., 95, 109 (1973). 
159. J. L. Kice, C. G. Venier, G. B. Large and L. Heasley, J .  Am. Chem. Soc.. 91, 2028 (1969). 
160. I. B. Douglass and D. A. Koop, J. Org. Chem., 29, 951 (1964). 
161. H. J. Backer and H. Kloosterziel, Recl. Trav. Chim. Pays-Bas, 73, 129 (1954). 
162. C. R. H. I. deJonge, F. P. B. van der Maeden, M. E. F. Biemond, W. J. B. Huysmans and W. J. 

163. R. M. Topping and N. Kharasch, J .  Org. Chem., 27, 4353 (1962). 
Mijs, Polyrn. Sci.. Polym. Symp., 57, I97 (1976). 



The Chemistry of Sulphinic Acids, Esters and their Derivatives 
Edited by S. Patai 
c> 1990 John Wiley & Sons Ltd 

CHAPTER 15 

Synthesis and uses of isotopically 
labelled sulfinic acid derivatives 

SHIGERU OAE 
Department of Chemistry, Okayama University of Science, Ridai-cho 7-7, Okayama, 
700 Japan 

and 

HIDE0 TOGO 
Department of Chemistry, Faculty of Science, Chiba University, Yayoi-cho, Chiba City, 
260 Japan 

I. I N T R O D U C T I O N . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  475 

DERIVATIVES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  476 
A. Sulfinic Acids and Sulfinate Salts. . . . . . . . . . . . . . . . . . . . . . . .  476 
B. Sulfinyl Halides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  477 
C. Sulfinate Esters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  478 

Ill. USES OF ISOTOPICALLY LABELLED SULFINIC ACID 
DERIVATIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  480 
A. Sulfinic Acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  480 
B. Sulfinyl Halides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  482 
C. Sulfinate Esters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  487 

IV. C O N C L U S I O N . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  489 
V.REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  489 

11. PREPARATION OF ISOTOPICALLY LABELLED SULFINIC ACID 

1. INTRODUCTION 

Sulfinic acids and their derivatives are usually intermediates in the oxidation of sulfur 
compounds, for example that of thiols to sulfonic acids or in the reduction of sulfonic acids 
to thiols. Alkali sulfinates are also obtained by treatment of organometallic compounds 
with SO,', and various sulphinic acid derivatives can be often isolated as intermediates in 
similar reactions. However, in general, sulfinic acids and their derivatives are less stable 
than the corresponding sulfonic acids and sulfonates except for sulfinate salts. Therefore, 
the chemistry of sulfinic acid derivatives in general has been studied less than that of the 
sulfonates, and the chemistry of isotopically labelled sulfinic acids and their derivatives 
received even less attention. In this chapter, we will summarize the limited amount of 
information available about isotopically labelled sulfinic acids and their derivatives. 
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11. PREPARATION OF ISOTOPICALLY LABELLED SULFlNlC ACID DERIVATIVES 

A. Sulfinlc Acids and Sulfinate Salts 

One of the simple methods of preparing "0-labelled sulfinic acids is to treat the 
corresponding sulfinyl chloride with a small amount of HzL'O under cooling in an ice 
bath. The reaction starts immediately, and colorless crystals of the sulfinic acid deposiP3. 
The sodium salt is obtained by addition of an equivalent amount of aqueous sodium 
hydroxide solution to  the solution containing the sulfinic acid with vigorous stirring and 
cooling. After recrystallization of the precipitated crystals, the sodium sulfinate-"O 
dihydrate is obtained. 

p-CH3C,H4SOCI + H21'O('80: 1.5 atom %) - p-CH3C6H4SL8O2H 

NaOH - p-CH,C6H4S1'0,Na 

It was confirmed in a separate experiment that no exchange of oxygen atoms occurs 
between the sulfinic acid and water either in neutral or in basic media. The "0 content of 
the anhydrous salt was 0.70atom %. In a second method to obtain "0-enriched sulfinic 
acid, p-bromobenzenesulfinic acid was heated in I80-enriched water ("0: 1.52 atom %) at  
90 "C for two hours. The product thus obtained contained 1.232 atom % excess oxygen- 
I8O4. Probably, this reaction serves as evidence for the acid-catalyzed formation of 
sulfinylsulfone as an intermediate. 

0 
II H2I80 

2RS-OH - R-S-S-R -RS"02H + RSO,H 
1 1  1 

0 0 0  
- H 2 0  

If the reaction proceeds as shown above, the sulfinic acid would be enriched to that of 
the whole amount of "0 in the reaction medium. The best method to obtaine "0- 
enriched sulfinic acid was reported by us5, as in the following equations: 

2ArS180,C1 + 2Zn - (ArSL80,),Zn + ZnCI, 

HCI 
(ArS'80,),Zn + Na,CO, - ArS"0,Na - ArS"0,H 

The L80-labelled arenesulfonyl chloride was obtained by treating the corresponding 
arenethiol with chlorine gas in "0-enriched water ("0: 1.60atom %) under cooling. The 
arenesulfonyl chloride thus obtained in a good yield can be reduced by treatment with 
zinc6 to give the sodium sulfinate dihydrate, which is in turn dehydrated for five hours at 

The "0-labelled arenesulfinic acids can be prepared by careful neutralization of the 
'80-labelled sodium arenesulfinate with hydrochloric acid. The results of "0 analysis are 
shown in Table 1. In these experiments, the "0 analysis has been carried out by a 
modification of Rittenberg's method'. Namely, the '80-labelled sulfinates are pyrolyzed 
in the presence of mercuric chloride and mercuric cyanide at  400 "C for four hours and the 
evolved the CO, gas, after being passed through Pb(OAc),-coated glass wool, is subjected 
to the mass-spectrometric analysis. From the mass peak heights of 44 and 46, the content 
of "0 can be calculated5. 

The oxidation of the thiol or the disulfide by alkaline autoxidation in H Z l 8 0  gives the 
corresponding sulfinate-'80 which is one of the oxidized products'. 

120-130°C. 
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TABLE I .  "0 analyses 

("0 atom %) 

Ar ArS0,CI ArS0,Na ArS0,H 

1.59 
1.43 

1.50 
1.39 

1.52 
1.40 

TABLE 2. Oxidation products (Itmole) 

Experimental 
conditions 0, uptake Hypotaurine Thiotaurine Cysteamine Cystamine 

Complete system 48.0 38.0 8.5 0.0 3.5 
Enzyme boiled 12.9 0.0 0.0 0.0 50.0 
Enzyme omitted 14.0 0.0 0.0 8.8 41.0 
Sulfide omitted 10.7 0.0 0.0 0.0 50.0 

C y s ~ e a m i n e - ~ ~ S  Sopmole 

' 80-labelled sulfoxides can be readily obtained by treating the corresponding sulfides 
with some amine-bromine complexes in "0-enriched H, 1 8 0 9 .  Pyrolysis of aliphatic 
sulfoxides bearing a /3-hydrogen leads to the formation of a sulfenic acid, which can be 
further converted to either the thiolsulfinate or the sulfinate. This process can be utilized 
for preparing 180-labelled sulfinate derivatives". 

The enzymatic oxidation (using an enzyme isolated from horse kidney) of cysteamine 
H,NCH,CH,SH to hypotaurine H,NCH,CH,SO,H and to thiotaurine 
H,NCH,CH,SO,SH" was reported. This reaction occurs only in the presence of 
elemental sulfur or the sulfide (Na,S), which plays the role ofcatalyst, and the reaction also 
requires oxygen. The results in the oxidation of ~ys teamine-~~S are summarized in Table 2. 

RSH + 0, - RS0,H 

nH,S + (n - 1 ) 0  - H,S, + (n - 1)H,O 

RSOzH + H,S, - RS0,SH + H,S,- 

B. Sulfinyl Halides 

' 80-labelled sulfinyl chlorides have been obtained by the reaction of the corresponding 
sodium 180-sulfinate with thionyl chloride". Another method involves treatment of the 
disulfide or the thiol with chlorine gas in acetic anhydride enriched with 18013. 

I 8 n  

The second method to prepare 180-labelled sulfinyl chlorides is the reaction of non- 
labelled sulfinyl chloride and 180-labelled water ("0: I S a t ~ r n % ) ' ~ .  To a dry ether 
solution of benzenesulfinyl chloride was added dropwise 180-labelled water under 
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cooling. The reaction was considerably exothermic, with evolution of HCI gas. To the 
benzenesulfinic acid obtained after evaporation ofether and of excess water under reduced 
pressure, dissolved again in ether, excess thionyl chloride was added. A vigorous reaction 
took place evolving gaseous SO2 and HCI. The residual oil after evaporation of ether and 
of excess thionyl chloride wa5 purified by distillation. 

Phenynl[ZH,]methanesulfinyl chloride was obtained as follows. Methyl benzoate was 
reduced by lithium aluminum deuteride in ether to give [ r ,  a-'H,]benzyl alcohol, which 
was then treated with thiourea in hydrobromic acid (47%) solution under reflux, affording 
[cx, a-2H2]toluene-r-thiol. After oxidation of the thiol to the disulfide by iodine in an 
alkaline solution, the disulfide was treated further with acetic anhydride and an equivalent 
amount of chlorine to give phenyl[2H,]methanesulfinyl chloride'3. 

LiAlD4 I INH412C S 
PhCOzCH, -PhCD,OH PhCD2SH 

ether HBr 
2 NaOH 

E l " ,  154; 

'2 Ac,O. C12 20 - (PhCD,S)? - PhCD,S 
NaOH ' CI 

93",, XS",, 

Phenyl[ '3C]methanesulfinyl chloride can also be obtained by a similar procedure 
starting from [r- '  3C]benzyl alcohol, which is obtained by the reaction of phenylmag- 
nesium bromide with I3CO, and the subsequent reduction of the benzoic[~- '~C]  acid so 
formed, by lithium aluminum hydride',. 

C. Sulfinate Esters 

Ethyl p-toluenes~lfinate[sulfinyl-'~O] was obtained by treating sodium p- 
toluenesulfinate-'80 with ethyl chlorosulfite in acetonitrile under heating2. The sulfinate 
obtained was found to contain about two-thirds of the heavy oxygen atoms originally 
incorporated in the starting sodium sulfinate. 

1 
r - - - - - - - T  

1 i 1 :  
0 :  

p-CH,C,H4S1X02Na + CIS-OC2H, S-: 0 S : O ( . > H 5  
('H3CN 1 

0 

( ' ' 0 :0.70 at om (,) 

t ' No - p-CH,C,H4S- OC,H, + S" 

41",, (I8O: 0.46atom"J 

['H,]Methyl p-toluenesulfinate was prepared in the exchange reaction of methyl p- 
toluenesulfinate with [2H,]methanol by monitoring the decrease in the intensity of the 
singlet at 6 =  3.46ppm in the 'H NMR at various time intervalsL5. The rates are 
summarized in Table 3. 
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TABLE 3. Rates of exchange of methanol-d, and -d, with methyl 
p-toluenesulfinate at 62 "C 

419 

AcO-/AcOH [AcO-] 
Solvent buffer ratio (MI x 106(s - ' )  

CD,OH 2: 1 0.210 
0.158 
0.140 
0.105 
0.070 

0.158 
0.140 
0.105 
0.070 

CD,OD 2: 1 0.210 

2.82 
2.38 
2.26 
1.95 
I .74 
1.99 
1.70 
1.55 
1.32 
1.18 

K l  
AcOH + ArSOCH ArS + 0----HOAc 

1 I 
0 OCH, 

k'ow 
CD,O- + ArS + 0----HOAc - 

I 
OCH, 

- 
O-.---.--.HOAc 

6- t 
CD,O----S----OCH, 

I 6- 
Ar 

transition state 
- 

-ArS-+O----HOAc + CH,O- 
I 
OCD, 

ArS -0----HOAc - ArS-OCD, + AcOH 
I 1 

OCD, 0 

A r  = p-CH,C6H4- 

The rate-determining step of the acetate-catalyzed process is simply the attack of 
CD,O-, not on the sulfinate ester itself but rather on the presumably more reactive 
hydrogen-bonded complex of the ester with a molecule of acetic acid as shown in the 
above scheme. Since the process shown in Table 3 involves a general base-catalyzed 
mechanism, proton transfer of methanol is part of the rate determining step, 1.e.: 

AcO- + CD,OH(D) z A c O H ( D )  + CD,O 

and hence the rates in CD,OH are consistently higher than those in CD,OD. 
Optically active I80-labelled ( - )  menthyl (-)p-toluenesulfinate can be prepared by 

the reaction of the 180-labelled p-toluenesulfinyl chloride with ( - )  menthol in the 
presence of pyridine. The I '0-labelled p-toluenesulfinyl chloride was obtained from "0- 
labelled p-toluenesulfinic acid as mentioned above12. 
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''0 I I menthol 1 8 0  
p-TolSf * p-TolS," - (recrystallization) Diastereomers 

CI Py 0-menthyl - "0 ( - ) menthyl ( - )p-toluenesulfinate 

mp 101-103"C, [?ID- 201.5' ('80:0.463atom"/,) 

111. USES OF ISOTOPICALLY LABELLED SULFlNlC ACID DERIVATIVES 

A. Sulflnic Acids 

It is well known that sulfinic acids easily disproportionate to give the corresponding 
sulfonic acid, thiolsulfonate and H,O. The mechanism and the solvent effect of this 
reaction have been studied with H 2 I 8 0  in the following way. An ampoule containing p-  
bromobenzenesulfinic acid in water (I8O: 1.52atomyJ was heated at  90°C for 12 hours4. 
Then the crystals precipitated were collected to obtain the corresponding thiolsulfonate, 
and the mother liquor gave the "0-enriched sulfinic acid as a precipitate after 
evaporation, while the sulfonic acid was obtained as the crystalline S-benzyl iso- 
thiuronium salt. 

p-XC,H,SO,H - p-XC6H4SL802H + p-XC,H4S'802SC,H4X-p + 
H 2 I n 0  

p-XC,H4S'803H + H 2 I 8 0  

X = H, Br, N O z  

The results are summarized in Table 4. 
The fact that both the sulfinic acids and their reaction products (the thiolsulfonate and 

the sulfonic acid) contain approximately the same amount of I 8 0  indicates that the rate of 
oxygen exchange is considerably faster than that of disproportionation. 

- Hz0 HI"O 

RSO,H + RS0,H ~ R S O , S O R  ,= RS"0,H + RS0,H 
Hz0 ~ H z 0  1 slow 

disproportionation products 

Thus, the above reaction scheme which was proposed by Kice and coworkers" seems to  
be quite plausible for the mechanism of the incorporation of oxygen-18 into the products. 
The rates of exchange are faster in solutions with greater sulfinic acid concentrations. 

TABLE 4. Incorporation of "0 into sulfinic acids and their products formed on heating in H,"O 

Excess oxygen-18 (atom:;) 

p-BrC,H,SO,H p-CH,C,H,SO,H p-O,NC,H,SO,H 

ArS0,H 
ArS0,H 
ArS0,SAr 

1.38 
1.29 
1.31 

1.02 
0.95 
I .04 

1.04 
1.15 
1.14 
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TABLE 5. Rates of "0 increase in arenesulfinic acids in 30% aqueous dioxene 

Sulfinic acid p-CH,C,H,SO,H p-BrC,H,SO,H C,H,SO,H 

[ArSO,H] (mol liter-') 
H2"0 (atom%) 

at 20.0"C 

at 4O.O"C 
10' x k ( ~ - 1 s - 1 )  

1.32 1.13 1.30 
1.52 1.52 1.52 

1.37 

12.9 

2.49 

17.4 

1.42 

8.2X 

E,(kcal mol- I )  21.5 17.4 15.6 
AS: (em) - 21.9 - 31.3 - 29.4 

The rates ( k )  of increase of oxygen-1 8 in the sulfinic acids recovered have been measured, 
as shown in Table 5. 

The reaction of sulfinic acids with diazomethane is well known and gives a mixture of 
the sulfinate ester and the sulfone. The reaction was found to  be of first order in both the 
sulfinic acid and diphenyldiazomethane in the following reaction' ': 

0 
t 

II 
0 

RSO2H + Ph2CN2 --+ R-S 20 + R-S-CHPh, 
" OCHPh, 

The rates of the reactions and the ratios of the sulfinate ester vs. sulfone were found to vary 
considerably in different solvents (Table 6). The rates of the reaction are quite large in 
benzene or dichloromethane and much smaller in dioxane, alcohol and DMSO, as shown 
in Table 7. 

The rates of reaction in non-polar solvents are much greater than those in polar 
solvents. Infrared spectroscopy shows that the sulfinic acid exists as a dimer in non-polar 
solvents; it seems (Table 8) that such dimeric sulfinic acids react with Ph2CN,, and 
protonate the latter easily as in the following equation: 

TABLE 6. Molar ratios of the products in various solvents 

0 

t 
Solvent p-TolS P-TolSCHPh, Ether Total 

20 

'OCHPh, I1 yield (?,,I 
0 

CH,CI, 
Benzene 
CH,CN 
Ethanol 
Dioxane 
DMSO 

0 
20 
81 
60 
83 

100 

80 100 - 

96 80 - 
100 19 - 

14 26 100 
100 17 
98 0 

- 

- 
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't 
S-R t Ph2CN2 4 

P -H- --O 

d 
R-S 

I 0- --H- 

Apparently, protonation of Ph,CN, is accelerated in non-polar solvents. Table 9 
reveals that the average kinetic isotope effect, i.e. kJk,, was about 3.0. These data indicate 
that the protonation of Ph,CN, is the rate-determining step in the reaction between the 
sulfinic acid and the diazomethane. 

B. Sulfinyl Halides 

Benzyl phenylmethanethio['*O]sulfinate can be prepared by treating toluene-a-thiol 
with phenylmethaneC '80]sulfinyl chloride' '. Other '*O-labelled unsymmetrical thiolsul- 
finates can be prepared by the same procedure. For  example, L*O-labelled methyl 
benzenethiolsulfinate was prepared by treating methanethiol with '80-labelled benzene- 
sulfinyl chloride, which was prepared by treating diphenyl disulfide with CI, gas in "0- 
labelled acetic anhydride3. 

TABLE 7. Rate constants of the reaction between p-toluenesulfinic acid and 
diphenyldiazomethane in various solvents 

Solvent 
Temperature 

("C) 
k 

( l i t e r m o l ~ l s ~ ' )  

CH,CI, 
Benzene 
CH,CN 
Ethanol 
Dioxane 

DMSO 

20.0 
20.0 
20.0 
20.0 

19.5 
1-35.0 

30.0 
[,9.0 27.0 

300 
22 
4.9 
1.6 
0.4 I9 
0.321 
0. I90 
0.314 
0.103 

0.0570 
0 .070~ 

0 .032~ 

AH: 
(kcal mol- 

~~ 

13.0 

13.0 

AS: 
(e.u.) 

~ 

- 18.1 

- '3.6 

TABLE 8. Rates of reaction between Ph,CN, and p-TolS0,D (or p-TolS0,H) in dioxane 
containing 2 vol",, D,O ( o r  H,O) 

Temperature k AH: AS: 
Acid ("C) ( l i t e rmol- ' s - ' )  (kcalmol- ' )  (e.u.) 

29.5 0.148 

15.0 0.0478 

29.5 0.435 

15.0 0.142 

p-TolSO2D 19.8 0.0666 12.8 - 18.5 

p-Tol SOZH 19.5 0.207 14.0 - 16.8 
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TABLE 9. Kinetic isotope effects in the reaction between 
Ph,CN, and p-TolS0,H 

Reaction temperature ("C)  29.5 19.8 15.0 
k H l k , ,  2.9 3.1 3.3 
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1 8 0  t 
PhCH,S A + PhCH,SH - PhCH,SSCH,Ph ' CI 

0.0854 atom "J (I8O: 0.843 atom :;) 

Oxidation of disulfides is considered to proceed via various stable intermediates as 
shown in the accompanying equation. When the disulfides are unsymmetrical, oxid- 
ation with nucleophilic oxidants, such as superoxideanion, 0; peroxide ion" or CIO- 

0 0 00 
1 1  lo1 II I1 I1 lo1 RSSR, R S S R ,  - R SSR,  -- R s SR'  - R s S R '  

11 
00 

11 
00 

ionz0. attacks the sulfinyl sulfur atom following path a, while oxidation with electrophilic 
oxidants, such as peroxyacids or hydrogen peroxides, proceeds via path b, usually 
affording two regioisomeric oxidation products as illustrated by the equations below. The 
ratio of one isomer over the other depends on the electron availability of the sulfenyl sulfur 
atom in the electrophilic oxidation. Many examples of this nature have been known". 

(Electrophilic) 

CH3 + m-CPBA - 
s-s s-so2 02s-s 

1 1 

0- 
1 
0 

(Nucleophilic ) 

CH3 + KIO, - 0- s-s 

1 
0 
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In the electrophilic reaction, only the divalent sulfenyl sulfur atom is attacked by m- 
CPBA to form incipiently the a,a'-disulfoxide, which eventually rearranges to afford the 
two isomeric products of the cyclic thiolsulfonate. Both mechanisms on oxidation and 
oxygenation have been investigated rather extensively by us22.23. 

O C H 3  

s-s 
0 0  

- O C H 3  + O C H 3  

s-so, 0,s-s 

One interesting problem is whether or not it is possible to isolate or at least to detect the 
a,a'-disulfoxides in the process of oxidation of the thiosullinate to the thiolsulfonate. Up 
to date, all attempts to observe the a, a'-disulfoxide have failedz4. 

However, it was found that in the oxidation of a non-cyclic thiolsulfinate (I), one of 
the products formed predominantly was a thiolsulfonate, (2), usually more than 30% yield, 
in which the phenylsulfinyl oxygen is completely transferred into the methylsulfonyl group 
in the thiolsulfonate, as shown This could happen only when the initial 

0 0 0 0 

electrophilic oxidation takes place on the sulfenyl sulfur atom to form incipiently the 
a,a'-disulfoxide. In order to confirm this postulate, many "0 tracer experiments have 
been carried out. Among those, only the crucial one is described in the following equation 
(where 0 symbolizes 100% l 8 0  and 0 a mixture of I6O and "0): 

0 0 0 0 

oxidant II II II II 
1 1 

PhSSMe - PhSSMe + PhSSMe + PhSSPh + MeSSMe 

0 
1 
0 0 

1 
0 

1 
0 

( 6 )  ( 7 )  ( 8 )  (9)  (10) 

I80-Introduction* 

Oxidant 7 8 9 10 

H,O,/AcOH 102% 58-70% 108-124% 68% 
m-CPBA/CH,CI, - 102-109% 110-137% - 

*Results for 7 and 10 were the same in many runs, while 8 and 9 varied as shown. 

Indeed, when the oxidation was carried out in aprotic non-aqueous media, e.g. 
CH,CI,, the resulting thiolsulfonate (8) was found to retain the "0 of the original 
thiolsulfinate completely, clearly revealing the initial formation of the a,a-disulfoxide, as 
shown below. However, when the oxidation was carried out in aqueous protic media, 
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0 
II 

1 
0 

(8) 

Ph S SMe a [Ph S SMe]+[PhSO. .OSMe] - PhS S Me 
11 
00 

1 
0 
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the extent of '*O incorporation into the resulting thiolsulfonate was roughly two-thirds; 
this is obviously due to the partial or nearly complete hydrolysis of the intermediary CL,CL'- 

disulfoxide to form the two sulfenic acids, which would regenerate the thiolsulfinate upon 
self-condensation, thus losing a portion of I8O in the resulting thiolsulfinate. 

0 
II 

1 
0 

P I  H 2 0  AcOH 
[Ph S S Me] - PhS"0H + MeSOH - PhSSMe- PhS- S Me 

1 1  1 
00 0 

After all these experiments, our accumulated NMR data were used cleverly by Freeman 
and coworkers to  lead to the NMR observation of what seems likely to  be the CL,C('- 
disulfoxide at low temperaturez6. 

The alkaline hydrolysis of thiolsulfinate has been studied rather extensively2'. However, 
as to  the initial attacking site for OH- ion, there have been some controversies'". 

Using unsymmetrical thiolsulfinates, we have found that the initial attack of the 
hydroxide ion takes place only on the sulfinyl sulfur atoms. Thus the overall reaction is 
shown in the following equation": 

0 
t on- 

R S SR' - R'SSR' + RSSR' + RSO; 

The lack of detection of R'SO; supports strongly the exclusive attack of hydroxide ion 
on the sulfinyl sulfur, and this important result was confirmed further by a tracer study 
using '80-labelled thiolsulfinates. The result revealed clearly that the "0 label of the 
starting thiosulfinate was retained almost completely in the sulfinate (RS0,Na) formed. 
These observations suggest the following mechanistic scheme to be the most plausible one: 

R S SR' + OH- - R S 0 , H  + R'S- 
1 
0 

rapid 
R S S-R' + R'S- - RS- + R'SSR' 

1 I 
0 0 

1 

1 1 1 1  0 
0 0 0. II 

rapid 
R S SR' + R'S- -R S SR' + R'S- 

1 
0 0 

R S S R ' S R S -  - + [ R S  S R ] + R ' S -  

IRSSR 
1 
0 
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R S S R ' S R S -  - R S S R ' + R S -  
1 
0 

1 
0 

1 
0 

1 
0 

0 

II rapid 
RS S R + R'S- - RSO, + RSSR' 

1 
0 

A I3C-tracer experiment using the I3C-labelled compound 11 which was prepared from 
BaL3C03 enriched with 90% I3C via the reaction of PhCH,SOCI and PhI3CH,SH, has 
been carried out by us. 

0 0 
T AcZO AcOH t 

PhCH,S SL3CH2Ph - PhCH,S CHSCOPh 
I 

This thiosulfinate 11 was treated with Ac,O-AcOH for 1-2h. After the reaction, the 
rearranged sulfoxide 12 and recovered 11 were separated, and then the position and 
amount of I3Cdetermined by I3C and ' H  NMR. These results revealed that the amount of 
I3C in the sulfoxide 12 and in the recovered 11 decreased to 76% and 62"/,, respectively, at 
60% conversion of the reaction. However, when the reaction was stopped after one hour, 
which corresponds to 40% conversion, the amount of I3C found in sulfoxide 12 was 96% 
while that in the recovered 11 was 82zz9. 

Furthermore, 13C was found solely in the sulfenyl side (i.e. at the methine position) of 
sulfoxide 12 and in the original position of the recovered 11. While, based on deuterium 
tracer experiments, the 'H contents of both compounds I1 and 12 were found to have 
decreased in the decrease in the I3C content, however, the trend of the decrease for the two 
isotopes is different. Also, lsO-labelled 11 was prepared and treated under similar reaction 
conditions as used for the other two isotopically labelled compounds. According to the 
results, the contents of "0 of both the sulfoxide 12 and the recovered 11 did not change 
within experimental error. These tracer experiments and the product analysis suggest that 
the initial step is an Ei process, probably a pyrolysis of 11, affording a-toluenesulfenic acid 
and thiobenzaldehyde, probably in the cage of acetic anhydride. 

The sulfenic acid and thiobenzaldehyde once formed then react mainly to afford the 
rearranged sulfoxide 12 (path a in Scheme 1 below) or may return to the original 
thiolsulfinate (path b). Meanwhile, some of the sulfenic acid and thiobenzaldehyde may 
escape from the cage and disproportionate or trimerize to give the starting material 11 or 
the trithiane (13). The initial step is undoubtedly an equilibrium, because the recovered 11 
was found to have taken up 20% D in its sulfenyl side at 26% conversion of the reaction 
when the reaction was carried out in the presence of D,O. 

Finally, when the reaction was carried out under similar conditions but in the presence 
of excess methyl acrylate, methyl-3-(l-phenylmethanesulfinyl)propionate, which was 
formed by the reaction of the sulfenic acid and methyl acrylate, was obtained in 83% yield. 
These observations indicate Scheme 1. 

In order to prove the reaction mechanism, a,a-dideuterium-labelled thiolsulfinate (A') 
was prepared and treated with Ac,O to give (D), which has a deuterium in the methine 
position3'. 

The ratio of D:H at the methine position was 60:40. Thus, the presence of the proton in 
the methine group is very likely influenced by the equilibrium between B and C. 
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PhCHZSS 

1 
0 

(11) 

1 

PhCHZSCHPh 

11 
0 S A C  

(12) 

PhCH2S -"CHPh 

1 1  
0 S A C  

(12) 

SCHEME 1 

,OAc 
Ac,O t t /  

/ 

P hC Hz S SC Hz P h b [PhCHSSCHPh] PhCHZ-S 

'S I 1  
OAc H 

1 
0 

(c)  -CHPh ( A )  ( 6 )  
0 

1 
P hCHzSSCD2Ph 

( A ' )  

1 
PhCH2SCHPh 

11 
0 S A C  

(D)  

35S-labelled symmetrical thiolsulfinates were prepared by Barnard3 and the oxidation 
of Ph35SO-SPh and PhSO-%Ph with hydrogen peroxide in acetic acid was studied to 
give in good yields ( > 80%) the thiolsulfonates with only 66% of the activity retained in the 
original positions. This experiment also suggests the incipient formation of the a,d-  
disulfoxide. 

C. Sulfinate Esters 

exchange of 18( -)menthy1 (-)arenesulfinate with tri- 
chloroacetic anhydride was studied by the kinetic observations of both the exchange 
and the racemization12. When the sulfinate was treated with (CCI,CO),O in benzene 
solution at  room temperature, the sulfinate ester was recovered quantitatively, but was 
found to have lost its optical activity. The kinetic data in Table 10 indicate that the rate of 
racemization (krac) of ( -)menthy1 (-)p-toluenesulfinate was about twice that of oxygen 
exchange (kex) .  This means that the reaction involves a Walden inversion. The energy and 
the entropy of activation for the racemization at 25.5 "C were found to be 14.5 kcal mol- 
and -26.8 e.u., respectively. 

The mechanism of the 

The negative p value ( -  1.53)  indicates that the acylation is the rate-determining step, 
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TABLE 10. Kinetic data on racernization of (-)menthy1 (-)arenesulfinate with trichloroacetic 
anhydride 

X in k, x lo4 

Solvent Temperature ( M -  Is- I) 

~ 

H 
Me 
Me 
Me 
Me 
CI 

Benzene 25.5 2.98 
Benzene 25.5 5.25 
Benzene 35.7 12.1 
Benzene 45.1 24.0 
T H F  25.5 2.27 
Benzene 25.5 1.32 

while the k,,/k,,, value of roughly 0.5 indicates that the energy barrier for the S,Z-like 
oxygen exchange process must be quite similar to that of the initial acylation. The overall 
process of the reaction can be illustrated as shown in Scheme 2. The rate of racemization 
was found to be of first order with respect to both ester and (CCI,CO),O. 

0 
ii 

' 8 0  '8occ c l3 

t dower  I 
( + I  RSOR' + (CCl,CO),O RSOR' t CCl3C0O- * 

0 
II 

'80CCCI8 

I 
I 
II 

RSOR' 

OCCCI, 

0 

'~-ococc13 

I 
d - R*S+OR' (-) RIS-OR' + (CCI,CO),~~O 

1 
0 0-c -CCI3 

II 
0 

SCHEME 2 

TABLE 1 1 .  Hydrolysis of diphenylrnethyl p-toluenesulfinate in diox- 
ane: H Z i 8 0 ;  60:40v/v; 0.2 M acid or base catalyst" 
~~ 

Isotopic abundance HCIO, 

Isotopic abundance HCIO, HBr NaOH 

0.92 0.905 0.70 0.936 0.705 
Ph,CHOH 0.797 0.73 0.222 0.15 0.00 0.00 
alkyl-oxygen 

fission (%) 85 80 25 21 0 0 

"Isotopic abundances of oxygen are given in atom excess above normal 
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TABLE 12. Hydrolysis of methyl p-toluenesulfinate in dioxane: 
H 2 ' s 0  40:60v/v" 
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HCIO, NaOH 

Isotopic abundance H,O 0.72 0.98 0.72 0.98 
MeOH 0.00 0.00 0.00 0.00 

"Isotopic abundances are given in atom excess above normal. 

The mechanism of the ester hydrolysis was also studied with "0 tracer experiments. 
The hydrolysis of diphenylmethyl p-toluenesulfinate under various conditions is sum- 
marized in Table 1 I .  The data indicate that the s-0 bond is broken during the alkaline 
hydrolysis, while the hydrolysis catalyzed by perchloric acid leads to the predominant 
alkyl-0 fission, whereas that catalyzed by hydrogen bromide results largely in S - 0  
bond fission3'. 

The hydrolysis of methyl p-toluenesulfinate is very slow in neutral aqueous dioxane, but 
is acid-catalyzed and is also very rapid in alkaline solution33. 

The data in Table 12 clearly reveal that the rapid second-order reaction between the 
ester and hydroxide ion takes place on the sulfur atom on the sulfinate ester, while in acidic 
conditions the reaction proceeds via the A-2 mechanism, as follows. 

0 H,"O 0 + H + + p - ~ ~ ~ ~ / 2  - p-ToIS? +MeOH p-TolS, ,o 
OMe 'OMe I 

' H  

0 
H,"O I 0 

+ HO- .= p-TolSOMe - p-TolS' + MeOH 
p-TolS, 20 

I I OMe 

OH I 8 0 H ,  

In both reaction conditions, the reactions proceed via S-OMe bond cleavage. 

IV. CONCLUSION 

As mentioned in the introduction, up to date rather few studies have been performed on 
isotopically labelled sulfinic acid derivatives. However, with the present more facile 
availability of 13C and "0 NMR spectroscopies, together with the rapid growth of the 
organic chemistry of sulfur, research involving isotopically labelled sulfinic acids and 
sulfinates will without doubt develop more expensively in the future. 
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1. INTRODUCTION 

Sulphur and its inorganic and organic compounds are widely distributed in Nature. They 
are found in deep interstellar space and, very importantly for today's civilization, in the 
atmosphere, particularly under conditions of pollution. Organic sulphur compounds 
occur in living systems, in plants and in petroleum deposits and coal. 

The problem of pollution stimulated recently much research directed towards removal 
of sulphur-containing compounds from oil and coal as well as from their combustion 
products. Thermochemistry of organic sulphur compounds plays an important role in 
these studies because there is a close relationship between the thermochemical parameters 
such as A@, ASo and C i  and between mechanisms and kinetics of elementary reactions. 
The latter subject has been thoroughly treated by Benson in his monograph'. 

and monographs6 -' where thermochemical 
properties of various types of organic and inorganic sulphur compounds are discussed and 
collected, we were surprised to find that there is practically no information on the 

49 1 

Although there are many reviews' 
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thermochemical data of sulphinic acid derivatives. This may be due to the fact that these 
compounds are not typical sulphur-containing air contaminants and are less important in 
modern technology. In this context, it should be noted that our literature search was 
mainly based on Chemical Abstracts, Journal of Chemical Thermodynamics and Thermo- 
chimica Acta. Unfortunately, some specialist periodicals such as Bulletin of Thermody- 
namics and Thermochemistry were inaccessible to us. 

This chapter consists of two parts. For the reasons mentioned above, the first part 
devoted to thermochemistry of sulphinic acid derivatives is very short and contains a 
discussion on the estimation of thermochemical properties of sulphinyl derivatives. In the 
second part, the thermal reactions of sulphinic acid derivatives are presented. 

II. ESTIMATION OF THERMOCHEMICAL DATA BY GROUP ADDITIVITY 

Group additivity is used to  estimate thermochemical data of organic and inorganic 
compounds. This simple method originally developed by Benson and  coworker^^*^^ 
assumes that thermochemical properties of molecules can be expressed as a sum of 
contributions of the individual groups that comprise the molecule. According to  Benson, a 
group is defined as a polyvalent atom with ligancy 2 2  in a molecule together with all its 
ligands. For example, the methyl group in dimethyl sulphoxide is a group where the 
carbon atom is connected to  three hydrogens and the sulphinyl sulphur atom and is 
described as follows: C-(H,) (SO). The simple molecules such as H,O, CH,CI and CH, 
that contain only one such atom are irreducible entities and cannot be treated by group 
additivity. 

Recently, the research team at the University of Sussex6 modified the group additivity 
method and adapted it to computer systems. This new model allows one not only to 
calculate and store thermochemical data by computer, but also takes into account many 
steric and conjugative effects operating in a molecule. The model devised assumes that the 
standard enthalpy of formation of the ideal gaseous state is equal to the sum of 
contributions from substructural components within the molecule. The substructures are 
denoted as ‘components’ and their contributions to the standard enthalpy of formation as 
‘component enthalpies’. A component is defined as a group plus the groups to which it is 
formally bonded. The notation of a component consists of the code for the central group 
(denoted the‘principal group’) followed in parentheses by the groups to which it is bonded 
(denoted as the ‘attached groups’). The groups and their codes are given in Table 1 .  In 
Table 2 some examples of groups and components in a few molecular structures of 
sulphinic acid derivatives are presented. 

According to the model under discussion, the standard enthalpy of formation, AH:, is 
given by the equation: 

where h { i( j . .  .)} is the enthalpy of a component, i ( j  ...) in the structure; i and j are groups 
from Table 1 and dots . . . represent groups which may or may not be present depending on 
the valency of group i. 

The enthalpy values of components containing the sulphinyl moiety are listed in 
Table 3. 

However, the data so far available (see Table 3) d o  not allow one to calculate heats 
of formation of sulphinic acid derivatives owing to the lack of the basic 
data on enthalpy of components such as h SO(02 l)}, [SO-(O)(CH,)]; h{SO(  = 2 2 )  , 

and so on. In this situation it is desirable to measure 
experimentally heats of formation of sulphinate esters, amides or chlorides as representa- 
tives of these classes of compounds. 

[SO-(O) (CH2)l; h 
h { 0 2 ( S O  l ) } ,  [0-( 

N3)}, [SO-( A H3) (NRJI; h(SO(1 CI)}, [SO-(Cl)CHJ{; 
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TABLE 1. Groups and group codes 
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Group Code Group Code 

-CH3 
-CHZ- 

I 
-CH- 

I 
-C- 

I 
CH2 

=CH- 
-C 
-C-H 
=C- 
- -c= 
-CN 
-CHO 

co 
-NH2 

- 

- - 
- 

1 
2 

3 

4 

5 
6 
7 
8 
9 

C 
CN 
K1 
K2 
NI 

-NH- 
-N- 

-NC 

-NO 

NO, 
OH 

-0- 
-SH 
-S- 
-so 

-F 
-CI 
--I 

-so2 

N2 
N3 

NC 

NO 

Nt  
0 1  
02 
SI 
s2 
so 
SP 
F 
CI 
I 

TABLE 2. Examples of groups and components in some molecular structures of sulphinic acid 
derivatives 

Structure 
Group codes 
Components 

Structure 

Group codes 

Components 

Structure 
Group codes 
Components 

Structure 

Group codes 

Components 

C2H 8(0)0C2H5 
1-2-s0-02-2-1 
1(SO)SO(O2 1)02(SO 2)2(02 1)1(2) 

(CH3)2CHS(0)N(C2H5)2 

1 -3-SO-N3-2- 1 
I I 
1 2- 1 

2 x l(3) SO(3 N3) N3(SO 2 2) 2 x 2(N3 1) 2 x l(2) 

n-C3 H ,S(O)CI 
1-2-2-so-c1 
1(2)2(1 2)2(SO 2)S0(2 Cl)Cl(SO) 

(CH3)3C~(0)~C(CH3)3 

1 1 

I I 
1-4-SO-S2-4-1 

I I 
1 I 

3 x 1(4)4(SO 1 1 I)SO(4S2)S2(SO4)4(S2 I I 1)3 x l(4) 
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TABLE 3. Component enthalpy values (group values) for AH:, of sulphinyl derivatives 
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Enthalpy of component 
AH: (kJ mol I )  

Component Group' Reference 5 Reference 6 

I (S0)  
2(SO 1) 
2(SO 2) 
3(SO 1 1) 
qso 1 1 1) 
2(SO 6) 

SO(1 I )  
SO(2 1) 
SO(2 2) 

SO(02 0 2 )  
Ol(S0) 
02(SO 1) 

-4l.9( 0.2) 
- 2 4 4  k0.2) 
- 28.q k0.2) 

[ - 21.33" 
-9.25 
- 27.56 

15.48 
- 67.q f 0.5) 
-7O.qkO.5) 
-73.8( k0.5) 

[ - 72.01 
- 66.95 

[ - 2 1 3.01 
- 158.6 
- 92.6 

~ ~ 

"[ ] contain estimated values taken from Reference 5 

111. ESTIMATION OF THERMOCHEMICAL DATA FROM BOND 
DISSOCIATION ENERGY 

Bond dissociation energy (or bond strength) also belongs to the thermochemical 
properties of organic compounds. Since the simple radicals undergo recombination 
practically without activation energy, the bond dissociation energy of the molecule A - B 
is equal to  the activation energy and may be determined from kinetic data3. 

O n  the other hand, the bond dissociation energy (or bond strength) of A - B is usually 
defined as the enthalpy change of the reaction shown below and is expressed by the 
following equation: 

A - B -A* + B' (2) 

(3) D ( A + B )  = AH:,, = AHP(A) + AHP(B) - AH:(A - B) 

This equation allows one to calculate the bond dissociation energy if the heats of 
formation of both radicals and the compound AB are known3. Alternatively, one can 
calculate the heat of formation, AH:(A - B), if one knows the value Do-,,. The latter 
approach for determining the heat of formation of organic compounds gives good results 
in many cases5. 

The present authors applied this method to predict the heat of formation of some simple 
thiosulphinic acid esters using the known AH: values for disulphides6, atomic oxygen* 
and the calculated bond dissociation energy for PhS(0)SPh taken as the standard'. We 
made the reasonable assumption that alkyl or aryl substituents d o  not affect the bond 
dissociation energy of sulphinyl compounds5 (Table 4). 

IV. THERMOLYSIS OF SULPHlNlC ACID DERIVATIVES 

Thermal rearrangements and reactions of sulphinic acid derivatives are well known and 
have found many interesting synthetic applications. However, it should be noted that 
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TABLE 4. Calculated heats of formation of thiosulphinates 
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AHo( RSSR) AHo '(RS(0)SR) Uncertaintyb 
Compound (kJ mol- ')" (kJmol-I) (kJmol-') 

MeSS(0)Me 
EtSS(0)Et 
n-PrSS(0)Pr-n 
n-BuSS(0)Bu-n 
i-BuSS(0)Bu-i 

PhSS(0)Ph 
t-BuSS(0)Bu-t 

- 24.2( 1 .O) - 125.5 ( + 9.4) 
- 74.2( 1 .O) - 176.0 ( + 9.5) 
- 117.3(1.1) - 218.6 ( k 9.5) 
- 158.y2.6) - 259.7 ( * 11.0) 
- 170.9(2.2) - 272.2 ( + 10.6) 
-202.0(2.3) - 303.3 (+ 10.9) 

243.5(4.1) 142.2' ( k 8.4) 

'AH;(RSSR) from Reference 6. 
'Estimated as sum of the uncertainties of the components. 
'Value from Reference 2. 

major attention was paid to the thermal rearrangements of sulphinates to sulphones. This 
topic has been discussed exhaustively by Braverman" and also by Drabowicz, 
Kierbasinski and Mikorajczyk12 in a chapter in this volume, in which emphasis was 
devoted to synthetic applications of the sulphinate-to-sulphone rearrangement. Therefore, 
in this part of our review, thermal reactions of sulphinates, especially acyclic ones, will be 
discussed only in a cursory manner to avoid repetition. O n  the other hand, more detailed 
descriptions of the thermal reactions of sulphinamides, thiosulphinates and sulphinyl 
sulphones will be given. 

A. Sulphinates 

The rearrangement of sulphinic acid esters to sulphones (equation 4), first observed by 
Hinsberg13 in 1917, represents one of the most widely studied reactions in sulphur 
chemistryL '*". This reaction occurs with a broad variety of sulphinates (aliphatic, 
aromatic) at temperatures which are strongly dependent on the sulphinate structure and 
on the solvent used. Allylic sulphinates undergo thermal rearrangement to allylic 
sulphones (equation 5), while propargylic sulphinates rearrange to allenic sulphones 
(equation 6). 

The extensive mechanistic studies of these reactions revealed that simple sulphinates are 
isomerized to sulphones in general by the ion pair mechanism, while allylic and allenic 
sulphones are formed from their sulphinate precursors mainly via a concerted intra- 
molecular mechanism. 

0 

- R2YR' RS=O 

II A RS-0 

0 
II 
0 

(5) 
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R2 

HC =C - CR' 
/ R1 

HC=C=C 
I 
I 'R2 

(6) 
I 

I I  
~ RS=O RS-0 

0 
I I  
0 

Sometimes the sulphone formation does not occur or is accompanied by other products. 
For example, 0-(4-methoxy-2,6-diphenyl)phenyl 2-phenylethanesulphinate (1) gives, on 
heating in 1,2-dichlorobenzene at 150 "C, a mixture of S-2-phenylethyl 2-phenylethane- 
thiosulphonate (2), 0-(4-methoxy-2,6-diphenyl)phenyl 2-phenylethanesulphonate (3) and 
4-methoxy-2,6-diphenylphenol (4)14.' 5; see equation 7. The outcome of such a reaction is 

0 

M e O ~ O - ~ C H 2 C H 2 P h  7 PhCH CH SSCH2CH2Ph I I  + 

* 2 1 1  
0 0 

( 1 )  ( 2 )  

best explained by assuming homolytic dissociation of the sulphur-oxygen bond in 1 
leading to the phenoxy radical 5 and sulphinyl radical 6. Dimerization of the latter results 
in the formation of vic-disulphoxide 7 and/or 0-sulphenyl sulphinate 8, which rearrange to 
thiosulphonate 2. Sulphonate 3 arises from the interaction of thiosulphonate 2 and the 
phenoxy radical 5. 

PhCH2CH2S-SCHfiH2Ph PhCH SCH2CH2Ph 

0 
I I  I I  
0 0  

( 7 )  ( 8 )  
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Cyclic sulphinic acid esters (sultines), although less available than acyclic analogues, 
have also become the subject of extensive studies. Durst and coworkers investigated the 
photochemical'6 and reactions of monofunctionalized y-sultines 9. It was 
observed that photolytic reaction occurs only with sultines bearing a y-phenyl substituent, 
affording phenylcyclopropanes 10 and sulphur dioxide as major products. Thermolysis of 
9 gives rise to alkenes 11 and 12 in addition to  cyclopropanes 10 (equation 8). The latter 
process was assumed by Durst's group to proceed via a diradical intermediate formed by 
consecutive cleavage of the C-0 and C-S bonds. It is interesting to note that the 
photochemical and thermolytic breakdown of y-lactones, which are carbon counterparts 
of y-sultines, affords also 10,11 and 12 as the reaction products20. 

(a) R' = Ph, R2 = R 3  = H 

(b) R' = Ph, R2 = R3 = Me 

(c) R2 =Me,  R' = R3 = H 

(a) R 2 = P h ,  R ' = R 3 = H  

(e) R ' = M e ,  R 2 = R 3 = H  

Benzofused sultines 13b when heated at 750 "C gave fluorene 14 as the only product, via 
a diradical intermedk1tel5~' (equation 9). However, thermolysis of 13a at  700 "C gave only 
the starting sultine, while at higher temperatures a multitude of unidentified products was 
observed. 

A Dutch group22 investigated the flash vacuum thermolyses (FVT) of the dias- 
tereoisomeric N-protected p-amino y-sultines 16a and 16b. The reaction (equation 10) 
carried out at 700 "C gave a mixture of the N-ally1 amide 17, isomeric enamides 18a and 
18b and amide 19. In this case no cyclopropane derivatives have been found to be formed. 
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Ph lN,,,G\: t Ph w' .rJ<o 

I 
I 
H 

(16b)  

I 
H 

(160)  

-SO2 FVT 

A N A  + P h ~ N H ~  Ph A,/\// + Ph AN- + Ph 

0 

I 
H I 

H 
I 
H 

(17)  (180)  

The experiments using the deuterium-labelled sultine 16a-d, (see Scheme 1) led the 
authors to postulate heterolytic fission of the C-S (path b) and C - 0  (path c) bonds in 
the substrate facilitated by participation of the neighbouring amide nitrogen and amide 
oxygen, respectively. The formation of 17 via an intermediate biradical20 has been ruled 
out. 

I 
H 

/ (*O) \ 
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In contrast to  y-sultines, 6-sultines lose sulphur dioxide under much milder conditions. 
For example, sultine 21 when refluxed in benzene undergoes concerted loss of sulphur 
dioxide affording diene 22 as a main productz3 (equation 11). 

Thermal rearrangement of sultines 23 to sulphones 24 has been shown by D ~ r s t ~ ~  to 
proceed via a retro-Diels-Alder reaction. Thus, when the parent ester 23a was heated in 
refluxing benzene, a clean isomerization to  1,3-dihydrobenzo[c]thiopene-2,2-dioxide 24a 
was observed. This reaction represents a cycloreversion of 23a to  the o-quinodimethane 
2% and SO, followed by a typical SO, + I ,  3-diene cycloaddition (see Scheme 2). 

Ph 

H 

(23) 

(a) R'  = R 2  = H 
(b) R1 = H, RZ = Me 

(d) R1 = RZ = Me (26) (24) 

(c) R' = H, R2 = Ph 

SCHEME 2 

The transiently formed o-quinodimethanes 25 may be trapped by a very reactive 
dienophile, such as maleic anhydride, to give tetrahydronaphthalene derivatives 26. The 
results discussed above illustrate the ease with which sulphur dioxide is lost from 23 in the 
retro-Diels-Alder reaction compared to the chelotropic extrusion of SO2 from the 
isomeric sulphone 24. The latter process requires heating in refluxing diethyl phthalate at 
ca 300°C. 

In contrast toy- and 6-sultines, p-sultines generated according to the method of Durst l 9  

eliminate sulphur dioxide very readily, in the majority of cases within a few minutes a t  
room temperature (equation 12). 

This fact was utilized by Nokami and coworkersz4 who developed a highly efficient 
synthesis of olefins exemplified by the synthesis of 27; see Scheme 3. 
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SOCI, 
0 t 'BuSCH(MgX)CO2Et 4 

0 OH SBu' 

II 
0 

C02Et w L (TH-C02Et - -so* 

0-s 

0 ( 2 7 )  
I I  

SCHEME 3 

8. Sulphinyl Oxlmes 

Sulphinyl oximes 28 are a very unstable class of sulphinic acid derivatives that are 
formed by condensation of sulphinyl chlorides with oximes in the presence of tertiary 
amines (equation 13). 

R3N 
]C=NOH + ClSR -)C=NOSR 

I1 11 ( 1 3 )  
0 0 

(28) 

Hessing and coworkers25 have reported that 0-alkylsulphinyl-N-benzoyl-N- 
phenylhydroxylamine 29 rearranges during its preparation at - 70 'C to the correspond- 
ing sulphonamide 30 together with 0- and p-alkylsulphonyl derivatives 31 and 32 
(equation 14). 

Very recently, Hudson and his coworkersz6 have shown that methylsulphinyl oximes 33 
give, on warming from 0 "C to room temperature, the corresponding sulphonylimines 34 
contaminated with nitriles 35 (10-20%) and products derived from the decomposition of 
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0 0 
II II 

PhC \N/OSR 

(29) 

- 
- 7 0 %  

0 
II 

PhC, /S02R 
N 

( 3 0 )  

+ 

0 

PhC 
II 

'NH 

(31) 

+ 

0 

PhC 
II 

methanesulphinic acid (equation 15). Kinetic measurements revealed that the enthalpy of 
activation for 33c is 21.6 kcal mol- ' and for 33d, 21.3 kcal mol- '. These values are close to 
that (22.4 kcal mol- ') found for the sulphinyl oxime derived from benzophen~ne~' .  
Positive entropies of activation (5.7 cal mol- I K -  ' for 3% and 4.0cal mol- ' K -  ' for 33d) 
strongly support the conclusion that homolytic dissociation of the N-0 bond is the 
major pathway in this rearrangement. 

0 

[G 1 II 

II 
R1R2C=NOSMe -R'R2C=NSMe + RZC=N + MeSOR' (15) 1 1  0 - 2 s " ~  

0 0 

(33) (34) (35) 

(a) R ' = H ,  R 2 = P h  

(b) R ' = D ,  R 2 = P h  

(c) R' = H, 

(a) R' = D, 

R2 = p-Tol 

R2 = P-ToI 

(e) R' = H, R2 = p-N02C6H4 

C. Thiosulphinates 

Aryl arenethiosulphinates 36 undergo an easy disproportionation on gentle heating to 
give the corresponding thiosulphonates 37 and disulphides 38. It is now generally 
a~cepted~'-~'' that the primary stage of this reaction involves the homolytic cleavage of the 
sulphur-sulphur bond in 36 leading t o  the formation of the sulphinyl and sulphenyl 
radicals as shown in equation 16. 

On the basis of kinetic data Fava and coworkers3' determined the energy of the S-S 
bond in aryl arenethiosulphinates 36 as 34.5 kcal mol - I .  In methyl methanethiosulphinate 
39 the S-S bond energy was found3* to be 46kcalmol-' and is about 29kcalmol-' 
smaller than that of the disulphide S-S linkage. A possible explanation of the weakness of 
the thiosulphinate S-S bond as compared, for example, with the thiosulphonate S-S 
bond may lie in the notable stability of sulphinyl radicals33. 

Thermal decomposition of alkyl alkanethiosulphinates is, in general, more complex. 
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0 

I1 
ArSSAr  ArSSAr t ArSSAr 

I 1  

Whereas the thiosulphinate 39 affords on heating without solvents the expected 
disproportionation products, i.e. methyl methanethiosulphonate 40 and disulphide 41, its 
thermolysis in benzene solution results in the formation of a number of additional 
products shown in equation 1734. 

on the thermal behaviour of 
alkyl thiosulphinates revealed two possible pathways for cycloelimination as a primary 
process (equation 18). The first route (a) results in the formation of an alkanesulphenic acid 

A careful mechanistic study of Block and his 

0 

96 O C  II 
II 

MeSSMe -- MeSSMe t MeSSMe 

0 
I1 
0 

(39) (40) (50%) (41)(50%) 

9 6 ' ~  benzene 

40 t 41 t MeSCH2SSMe t MeSCH2SSMe t 

I I  
0 

( 14% 

I 
( 2 5 '10 ) (3 5 '10) ( 8  '10) 

0 

II 
I1 

MeSCH2SSMe t MeS3Me t MeS02H 

0 
(3%) (1  4 '10 ) (1%) 

/ 

(b);' 

#' 

\ /  
RSOH t S=C 

/"="\ \ 
RSSOH + 
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TABLE 5. Thermal stability of alkyl alkanethiosulphinates 

Structure t , , ,  at 96°C (min) 
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MeS(0)SMe 
MeS(0)SEt 
MeS(0)SPr' 
EtS(0)SMe 
n-C ,H,,S(O)SC 
'PrS(0)SPr' 
'BuS(0)SBu' 
MeS(0)SBu' 
AdS(0)SAd" 

7 
1 1  
32 
40 

IZH2J 52 
66 

I48 - 103 
105 

"Ad denotes adarnantyl. 

and a thione. The second m e  (b) gives an alkanethiosulphoxylic acid and an olefin. 
Subsequent reactions of both acids are responsible for a multitude of products formed. 

Relative thermal stabilities of neat alkyl alkanethiosulphinates determined by Block 
and 0 C o n n 0 r ~ ~  are collected in Table 5, which shows that the steric hindrance at the 
sulphinyl or sulphenyl sulphur retards decomposition. 

Finally, it should be noted that the thermolysis of thiosulphinates was utilized in 
synthetic studies. For instance, Chou and coworkers35 have succeeded in the preparation 
of a novel thioxo 8-lactam 42 by pyrolysis of the thiosulphinate 43 (equation 19). 

0 
y y II ';1 

R R 

0 * 0 p+& 
H "C02Me 

(43) (42)  

R = Me, p-NO,C,H,CH, 

D. Sulphlnyl Sulphones 

Sulphinyl sulphones 44, which are structural isomers of sulphinic acid anhydrides 45, 
decompose rapidly at 50 "C. Kice and P a w l o ~ s k i ~ ~ * ~ '  showed on the basis of kinetic data 
that the unimolecular decomposition of 44 involves a facile homolysis of the S-S bond to 
give the ArSO; and ArSO' radicals (equation 20). The enthalpy of activation of the radical 
scission was calculated to be 27.6 kcal mol- '. The consecutive reactions of these radicals 
depend on the reaction conditions. However, sulphenyl sulphone 46 is postulated as being 
a reactive recombination product, especially in the absence of good radical traps. Some 
other processes that may occur are given in equations 21-23. 

E. Sulphlnamides 

Thermolysis of sulphinamides is interesting not only from the mechanistic but also from 
the synthetic point of view. T r o d 8  has described a good method for the preparation of 
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0 
II 

ArS-SAr ArS-0-SAr 
II II 
0 0  

/ I  
0 

II 
0 

I A 
4 

0 
II 

II 
[ArSO; + ArS0.1 - ArS-OSAr (20) 

0 

(46) 

46 + ArS0,H - ArS0,H + ArS0,SAr 

2ArSO' - [ArS(O)OSAr] - ArS0,SAr 

ArSO; + R-H - ArS0,H 

imines 48 via regioselective thermal dehydrosulphenylation of the easily available 
sulphinamides 47 (equation 24). 

The reaction shown in equation 24 required the use of xylene as a solvent and proceeded 
efficiently a t  temperatures between 80 and 140°C during 8 to 48 h. The yields were in the 
range from 66% (for 49d) to 89% (for 49a). 

/?-Hydroxy sulphinamides 50 undergo smooth thermolysis at 80 to  110°C to  form 
olefins 51 along with sulphur dioxide and the appropriate amine 5239 (equation 25). 

(47) 

A r = P h , p- NO,- C6 H 

Br 
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R' R' ., 
'CCH2SNHAr - , C=CH2 + SO, + ArNH, 

A R 2  
R2' I II 

OH 0 

(W (51) (52) 
R' and R Z  = H, Ph 
A r  = Ph, p-To1 

Thermolysis of N-alkylidene sulphinamides 53 was examined by Davis and 
coworkers4'. They found that heating 53 in benzene for 15 to 36 h affords disulphide 54, 
thiosulphonate 55 and nitriles 56 as decomposition products (equation 26). The latter were 
isolated in 71435% yield. 

505 

( 2 5 )  

XC H SN=CHR' - [XC,H,SOH] + R'C=N 
4~~ A I -"2O 

q 
0 

(53) (56) 

XC,H,SSC,H,X 
(a) X = H, R '  = Ph 
(b) X =p-CI, R' = Ph 
(c) X = o-NO,, R'  = Me 
(d) X =+NO,, R'  = Ph 
(e) X = H ,  R ' = M e  

(XC6H4S)2 + XC6H4S02SC6H4X 

(54) (55) (26) 
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1. INTRODUCTION 

Previous articles by the present contributor in The Chemistry of Functional Groups series 
have dealt with the electronic effects of the sulphonio group' and of the sulphinyl and 
sulphonyl groups2. In those cases there was copious information in the literature on which 
to draw. The present case in quite different: only a very few papers provide information 
relevant to the topic. For SOOH itself there appears to be nothing; there is a small amount 
of information for the related groups SOF, SOCI, SOOMe, SONMe, and SO; as 
substituents on a benzene ring. 

The reason for the paucity of information probably lies in the reactive nature of these 
moieties. Many of the usual methods for studying substituent effects, whether on chemical 
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reactivity or on spectroscopic properties, either cannot be applied at all or would be liable 
to  encounter experimental difficulties. For instance, studies of directive effects in 
electrophilic aromatic substitution are clearly excluded; the electrophilic reagent would 
oxidize the substituent. A ring-substituted derivative of phenylsulphinic acid, 
XC,H,SOOH, is always made from the already ring-substituted XC,H,, never from 
C,H,SOOH. The highly acidic nature of the SOOH group would pose its own problems, 
which is presumably why information is only available about the effect of SO; as a 
substituent. Thus SOOH and related groups have usually been unattractive to workers 
studying substituent effects, linear free-energy relationships, etc., except in connection with 
a systematic investigation of the behaviour ofsulphur substituents in the various oxidation 
states of sulphur. 

The previous articles have discussed in detail such topics as the nature of sulphur 
bonding (in particular the questionable role of d orbitals), the Hammett equation and its 
extensions, substituent effects in aromatic systems (sigma values from studies of chemical 
reactivity in the ionization of benzoic acids, phenols, etc., and in electrophilic and 
nucleophilic substitution; sigma values from spectroscopic studies, notably I9F NMR and 
infrared), substituent effects in aliphatic systems, the stabilization of carbanionic centres 
and the ortho effect"'. The approach used in the present chapter will be quite different. We 
shall draw salient information from the previous articles where relevant and refer the 
reader to those articles for greater detail. In particular, the previous discussions of the 
behaviour of methylsulphinyl, phenylsulphinyl and trifluoromethylsulphinyl groups (with 
some reference to  the corresponding sulphonyl groups) will be taken as the basis for 
approaching the behaviour of the groups SOY, where Y = F, CI, OMe, NMe, or 0- .  The 
most important part of the information about the electronic effects of these substituents is 
derived from I9F NMR measurements, rather than studies of chemical reactivity, so the 
logical and usual order of discussion will be inverted. We shall first present and discuss the 
inductive and resonance parameters for these substituents. Then we shall deal with the 
small amount of information available from other physical and chemical studies, and with 
the possibility of estimating ordinary Hammett-type D values by an appropriate 
summation of inductive and resonance components.* 

II. SULPHINYL AND SULPHONYL GROUPS 

A. Sulphur Bonding 

The previous discussion of sulphur bonding in these groups approached the electronic 
structure of the methylsulphinyl group by considering the generation of dimethyl 
sulphoxide from dimethyl sulphide3. The formation of the two single bonds by sulphur in 
the latter was envisaged as involving the overlap of singly occupied 3sp3 hybridized 
orbitals on sulphur with singly occupied 2sp3 hybridized orbitals on carbon. Two doubly 
occupied, localized molecular orbitals of the a-type are thereby formed. Two unshared 
pairs of electrons in the valence shell of sulphur are left in the remaining 3sp3 orbitals. In 
accord with this picture, the bond angle LCSC in dimethyl sulphide is interpreted as 
essentially tetrahedral (109'28'; see l), with the contraction to the observed value of 105" 
being explained by postulating that the repulsion between the unshared pairs of electrons 
is greater than between the shared pairs. Thus the angle between the former is opened out 
and the angle between the latter is contracted. 

Viewed from the standpoint of molecular orbital theory, as it has developed during the 
last decade or so, such a simple picture of the sulphur bonding in dimethyl sulphide is 
somewhat na'ive. (As Kutzelnigg has written4, 'The chemical bond is a highly complex 

*Throughout this chapter substituent constants for benzene derivatives as originally defined by 
Hammett are set as 'u', while substituent constants in general are represented by 'sigma'. 
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phenomenon which eludes all attempts a t  a simple description’.) However, this simple 
picture serves to introduce the subject and will act as a basis for discussing the bonding in 
dimethyl sulphoxide. 

The formation of dimethyl sulphoxide can be pictured initially as involving a 3sp3 
unshared pair orbital on sulphur and an empty 2sp3 orbital on oxygen. The bond between 
sulphur and oxygen is then a coordinate bond and the structure is appropriately written as 
2 or 3, with formal unit charges on sulphur and oxygen. At this point, however, the possible 

contribution of a 3d orbital on sulphur must be considered. One of the two electrons in an 
unshared pair 3sp3 orbital of dimethyl sulphide may be pictured as transferred to an 
appropriate 3d orbital e.g. 3d,,. The oxygen atom is considered to be in a 2spz hybridized 
state, with two unpaired electrons, one in one of the 2spz orbitals and the other in the 
unhybridized 2p, orbital. A o bond is now formed by the end-on overlap of the singly 
occupied 3sp3 orbital of sulphur with the singly occupied 2spz orbital of oxygen, while a 
n(pd) bond is formed by the sideways overlap of the 3d,, orbital of sulphur with the 
unhybridized 2p, orbital ofoxygen (see 4). Considered in this way the structure ofdimethyl 
sulphoxide involves a double bond and a valence shell of ten electrons for sulphur (see 5 
and 6). 

(4) 

In the previous article’ the formation of a further bond to  oxygen, as in dimethyl 
sulphone, was then pictured in an analogous way to give tetrahedral structures involving 
various combinations of coordinate and double sulphur-oxygen bonds, with one 
structure involving a valence shell ofeight electrons, two of ten electrons, and one of twelve 
electrons for sulphur. The nature of the sulphur-oxygen bond in sulphoxides and 
sulphones was then discussed in detail. It was concluded that all the evidence from bond 
lengths, dipole moments, bond energies, infrared spectra, molecular refraction, parachor 
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and ultraviolet spectra may be satisfactorily interpreted in terms of a sulphur-oxygen 
bond which is largely, if not entirely, a coordinate bond. Some of the evidence for a 
coordinate bond is compelling; there is no compelling evidence for a sulphur-oxygen bond 
that is essentially a double bond. The dipole moment evidence, however, requires that the 
formal unit charges associated with the coordinate bond are partially neutralized by a shift 
of the bonding electrons away from oxygen towards the sulphur. The recent highly 
sophisticated discussion of chemical bonding in higher main group elements (to which 
reference has already been made4) agrees that the sulphur-oxygen bonds in sulphoxides 
and sulphones should be regarded as essentially coordinate rather than double bonds. The 
necessity of supposing that the valence shell of sulphur can be expanded to  ten or twelve 
electrons by the participation of 3d orbitals in the bonding may thus be avoided for dialkyl 
sulphoxides and sulphones. However, this is only a temporary respite in relation both to 
the behaviour of a wide range of sulphoxides and sulphones and to a broader 
consideration of the chemistry of sulphur. 

Many so-called hypervalent molecules formed by sulphur and its neighbours in the 
second row of the Periodic Table have traditionally been supposed to  ‘require’ a bonding 
role of d orbitals, with ‘octet expansion’. The best known example is, of course, sulphur 
hexafluoride SF,. More immediately relevant to a consideration of electronic effects of 
substituents is the possible bonding role of 3d orbitals and octet expansion for molecules in 
which sulphinyl or sulphonyl groups are attached to unsaturated systems or carbanionic 
centres. For example, in the case of PhSOMe or PhSO,Me, and more particularly for 
some of their ring-substituted derivatives, there is much experimental evidence of various 
kinds that the benzene ring is conjugated with the bond linking it to the sulphur atom. 
Thus canonical structures of the types shown in 7a and h are usually regarded as 

SOnMe 

contributing to the resonance hybrids and the groups SOMe and S0,Me may be classified 
as + R  substituents in their electronic effects on the benzene ring5. (For the sulphoxide 
there is a further complication connected with the lone pair of electrons on the sulphur, 
which will be dealt with later, i.e. potential behaviour of sulphinyl groups as - R  
substituents, but we will not consider that at this stage.) 

However, for many years there has been a school of thought among quantum 
chemists which maintains that it is not necessary to invoke a bonding role for the 3d 
orbitals of sulphur in some situations where this has been the traditional approach or, to 
put this more strongly, that it is not a t  all correct to do so6,’. (The same comment applies to 
the supposed bonding role of d orbitals in analogous situations for various other 
elements*.) Such views did not seem to make much impact on organosulphur chemistry in 
general for a long time, but within the last dozen years or so there has been a move towards 
taking them more seriously6-’. This may be due partly to the accumulation of 
experimental evidence that d-orbital bonding does not occur in certain examples for which 
it would be conventionally invoked and partly to considerations of molecular orbital 
theory, in particular to the results of ah initio calculations. The previous article on the 
electronic effects of the sulphinyl and sulphonyl groups discussed these matters in 
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considerable detail’, because it was necessary to  have a policy for dealing, in the rest of the 
chapter, with the effects of the groups in question which were traditionally ascribed to  
?r(pd) bonding between carbon and sulphur. It does not seem possible to  decide between 
the various alternative explanations that have been offered. The only sensible policy 
appears to be to use some fairly neutral descriptive term to cover the phenomena for which 
n(pd) bonding for long provided the conventional explanation. All parties seem to agree 
that these phenomena are connected with a special build-up of electron density in the 
vicinity of sulphur, whatever may be the precise mechanism by which this occurs. 
(Polarization and polarizability effects, often linked in some way with the d orbitals, are 
frequently invoked by those who have been led to  reject a bonding role of sulphur d 
orbitals.) To that extent it seems not unsuitable to  refer to  these phenomena as involving 
‘octet expansion’ of sulphur, under the caveat that this is done as a convenient shorthand, 
without prejudice to the question of the precise mechanism whereby the ‘octet expansion’ 
occurs. In appropriate historical context ‘d-orbital conjugation’ and ‘n(pd) bonding’ 
remain suitable terms to  use. Also SOMe, SO,Me, etc. are still conveniently referred to  as 
+ R substituents in their electronic effects. 

B. Electronic Effects of Sulphinyl and Sulphonyl Groups 

7 .  Reactivity studies 

The considerable dipole moment of the sulphur-oxygen bond in the sense Sd+-  0’- 
(about 3.00) would be expected to result in sulphinyl and sulphonyl groups acting as 
strongly electron-attracting substituents, with a similarity to CH,CO, CN, NO2, etc. 
Chemical evidence for such behaviour has been known for many years”. The evidence 
concerns in particular the acidifying influence of such groups, i.e. the incipient formation of 
a hydrogen ion under the electron-attracting influence of the substituent. This effect is 
particularly marked for sulphonyl groups’ O .  The acidifying influence of sulphinyl groups, 
although weaker than that of sulphonyl groups, has also long been recognized. Thus 
dibutyl sulphoxide in alkaline D,O slowly exchanges hydrogen for deuterium’ ’. The 
promotion of nucleophilic aromatic substitution by sulphinyl groups, analogous to  the 
well-known effect exercised by nitro groups, has been known for half a century: Hammick 
and Williams showed in 1938 that p-iodophenyl phenyl sulphoxide was hydrolyzed by 
alkali under conditions in which the meta isomer was not affected”. 

The quantitative study of the electronic effects of sulphinyl and sulphonyl groups, as for 
all substituents, is much concerned with the Hammett equation and its extensions. The 
previous article contained a summary of the salient features of the Hammett equation and 
cognate linear free-energy relationships, as well as an extensive bibliography as a guide to  
further readingI3. For the present chapter it will be assumed that the reader has some 
acquaintance with these matters, although from time to time some background material 
will be introduced and a brief general bibliography is providedI4- 18. 

Most of the information relating to sulphinyl groups is, in fact, for the methylsulphinyl 
group. Studies of the behaviour of SOMe with respect to the Hammett equation began in 
the nineteen-fifties, with the work of Price and Hydock (1952)19 and of Bordwell and 
Boutan (1957)”. This work is discussed in detail in the former articlez1. At an early stage 
various problems in the assessment of the electronic effects of the meta- and para- 
methylsulphinyl group arose and certain aspects of these have not been altogether 
resolved to this day. These may be due partly to the difficulty of preparing sulphoxides 
completely free from traces of sulphones20*21. The most reliable early work seems to  be 
that of Bordwell and Boutan”, who measured the pK, values of substituted benzoic acids 
in 50% aqueous ethanol and thereby determined om and up of SOMe t o  be 0.51 and 0.48, 
respectively. (The sigma values discussed in the present section are summarized in 
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Table 1.) Thus the order is a,,, > ap (just), which is reminiscent of +I, - R substituents such 
as the halogens, i.e. there is thus slight evidence for n(pp) conjugation (see 8 and 9), the kind 
of electronic effect which is very prominent with the SMe group, for which the values of a, 
and up are 0.15 and 0.00, respectively. Clearly, however, there is no very great effect of n(pp) 
conjugation for SOMe; presumably the appearance of a notional double positive charge 
on S would operate against it. Further, it needs to be said that various other 
determinations of am and ap for SOMe have found ap > a,. This was the case for the values 
obtained by Price and Hydock’’ via studies of the rate of saponification of substituted 
ethyl benzoates in 56% aqueous acetone, a,,, and a,, being 0.52 and 0.54, respectively. In 
much more recent years a high value of ap at 0.564 for SOMe was also obtained in studies 
of the saponification of substituted ethyl benzoates by Yukawa, Tsuno and Sawada”. 
There were parallel studies on the saponification of substituted benzyl benzoates, for the 
determining of a; values, i.e. ‘normal’ substituent constants free from any effect of - R 
cross-conjugation. For SOMe a: was found to be 0.573, very close to these authors’(‘high’) 
value for ap Thus it seems somewhat doubtful whether there is any clear evidence for the 
operation of a - R effect of SOMe in the reactions most often used for the determination of 
ordinary Hammett a values. 

Bordwell and Boutan”, however, observed a marked exaltation of a value in the effect 
of p-SOMe on the ionization of phenol: a; is 0.73, whereas a; at 0.53 differs little from a,. 
The authors naturally attributed the exaltation for p-SOMe to valence shell expansion of 
sulphur to ten electrons, a + R effect, involving n(pd) conjugation. 

For comparison with SOMe we mention that Bordwell and Cooperz3 determined a,,, 
and up for SOzMe (from the ionization of substituted benzoic acids) as 0.65 and 0.72, 
respectively, and that Price and Hydock’’ determined closely similar values (from the 
saponification of substituted ethyl benzoates). The enhanced electron-attracting effect of 
SOzMe compared with SOMe is attributed in the first place to the inductive effect of two 
S-0  dipoles compared with one, and secondly to enhanced + R character [conventionally 
n(pd) conjugation]. The latter is manifested even more clearly in a; and a; values 
determined as 0.70 and 0.98, respectively, from phenol ionization and 0.69 and 1.13, 
respectively, from anilinium ion dissociation. 

The behaviour of SOPh is fairly similar to that of SOMe, although there have been fewer 
studies thereof. Thus the ap value of SOPh, determined from ionization of substituted 
benzoic acidsz4, is 0.465. No exactly corresponding value for a, appears to have been 
determined, but from the ionization of substituted phenols values of a, and a, were 
found to be 0.52 and 0.71, respectivelyz5. As expected, SOzPh is more strongly electron- 
attracting than SOPh, with values of ap, a; and a; equal to 0.70, 0.62 and 0.90, 
r e s p e c t i ~ e I y ~ ~ * ~  ’. 

The SOCF, group, as might be expected, is considerably more strongly electron- 
attracting than SOMe, with a, and ap values (benzoic acid ionization) of 0.63 and 0.69, 
respectively26, i.e. a, < up, a sign of much more definite + R character, especially shown in 
the effect on anilinium ion dissociation with a a; value of 1.05. S02CF, is even more 
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strongly electron-attracting, with a,, ap, a; and a; values of 0.79, 0.93, 1.00 and 1.65, 
respective1 y * 7 2  '. 

The study of electrophilic aromatic substitution clearly offers the possibility of more 
definite evidence for - R behaviour of sulphinyl groups in ~ ( p p )  conjugationz9. In fact, 
many years ago it was found that the sulphinyl group was para-directing in the nitration or 
bromination of aromatic sulphoxides. In recent years the effect of sulphinyl groups on 
electrophilic substitution had been much studied by Marziano and c ~ l l e a g u e s ~ ~ ~ ~ ' .  The 
kinetics of nitration of diphenyl sulphoxide in strong sulphuric acid are domplex and are 
explained in terms of competitive nitration of two species Ph,SO and [Ph,SOH]+, the 
former favouring para substitution and the latter meta substitution. The results for the 
nitration of methyl phenyl sulphoxide are broadly similar, but PhSOMe is less reactive 
than PhzSO by a factor of about ten. Molecular halogenations of methyl phenyl 
sulphoxide and of diphenyl sulphoxide show a great preponderance of para isomer in the 
product3'. For chlorination in nitromethane at 25 "C there is a strong activating effect of 
SOPh and an effective a+ value of -0.19 is indicated. 

Thus it seems clear that, in the absence of interactions with the reaction medium, 
sulphinyl groups tend to  behave as - R substituents and activate electrophilic 
substitution. 

2. Separation of inductive and resonance effects; substituent constants from 
spectroscopic studies 

The development of aI and a,-type scales of substituent constants has not, of course, 
been a consequence solely of spectroscopic studies of organic compounds. Its origins lie in 
the analysis of chemically-based Hammett constants and in studies of the reactivity of 
aliphatic and alicyclic systems, but at an early stage the relationship of inductive and 
resonance parameters to spectroscopic quantities of various types acquired considerable 
impotance. We will begin with chemical aspects. (For a full account ofall these matters, the 
reader is referred to  the earlier article33; for background see also the general 
bibliography' 5-18.  

a. Inductive and resonance constants from reactivity studies. Taft's earliest values of aI 
for substituents X were calculated from a* values of CH,X through the relation crl(X) 
= O . ~ S U * ( C H , X ) ~ ~ . ' ~ .  They included values for SOMe and S0,Me of 0.52 and 0.59, 
respectively; cf. 0.58 for CN and 0.63 for NO,. [The principal sigma values for the sulphur- 
containing groups mentioned in this section (l l .B.2) are summarized in Table 2.1 These 
values for SOMe and S0,Me received satisfactory but rather limited testing in Taft and 
Lewis's examination of the general applicability of a fixed scale of inductive effects in the 
reactivities of meta- and para-substituted derivatives of benzene34. The corresponding 
paper on resonance effects36 showed that no fixed scale of these was applicable, and ranges 
of o r  and atero were tabulated. It was, of course, the variability of resonance effects which 
ultimately led Taft and his associates to define four scales for resonance effects: a', a,(BA), 
a; and a,, each of 'limited generality' for a particular class of processes3. In this 
development the relationship of a, and a,-type constants to spectroscopic quantities was 
of considerable importance but the crystallization of these ideas in the 1973 article37 was 
still very largely chemically based. As far as the SOMe group is concerned, Ehrenson and 
coworkers3' gave values of 0.50 and 0.00 for aI and a: [also o,(BA)], respectively. The a1 
value for SOMe is thus slightly different from that given by Taft and Lewis34. The zero 
value for the resonance parameter presumably means that any tendency to octet 
expansion [conventionally n(pd) conjugation] is essentially cancelled by the n(pp) 
conjugation of the sulphur lone pair. Further, a zero value was also given for a;, i.e. no 
enhancement of ~ ( p p )  conjugation of SOMe was considered to occur in connection with 
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electrophilic reactivities. A a; values of 0.17 was, however, based on phenol ionization. 
It should be mentioned that Exner's procedure for separating inductive and resonance 

effects3* leads to a a, value [essentially equivalent to a,(BA) of Ehrenson and 
coworkers37] of -0.17 for SOMe, indicating n(pp) conjugation, cf. SMe -0.24. His value 
of 0.17 for a i  agrees with that of Ehrenson and coworkers37. 

The separation of inductive and resonance effects as carried out by C h a r t ~ n ~ ~  is 
essentially chemically based: aI values are derived from pK, values of aliphatic and 
alicyclic carboxylic acids and a, values are obtained by subtracting aI values from the 
corresponding up values (from the ionization of 4-substituted benzoic acids). Charton does 
not give a a1 value for SOMe, although its aR value is given as 0.00, but for SOPh the al and 
a, values are 0.51 and -0.07, respectively, thus giving support to appreciable - R  
character. Further, Charton tabulated a distinctive a: value of -0.10 for SOMe, in accord 
with the para-directing character of this group, cf. Ehrenson and coworkers37. 

b. Sigma values from "F N M R .  This subject has been associated with the development 
of a, and a,-type scales almost from the start, but the first paper in which sulphinyl and 
sulphonyl groups played a part appears to have been one by Taft and coworkers in 196340. 
The main object of this paper was to study the effect of solvent on the inductive order by 
I9F NMR measurements on a large number of meta-substituted fluorobenzenes in a great 
variety of solvents. The relationship between the NMR shielding parameter and aI was 
established by means of selected systems such as equation 1: 

= - 7.1001 + 0.60 s."" 
(The left-hand side is the 19F NMR shielding parameter for m - X  relative to H as 
substituent.) 

For SOMe amd S0,Me the values of aI as determined through chemical reactivities are 
quoted as 0.52 and 0.60, respectively. These provide a point of reference for consideration 
of the values determined through 19F NMR studies. The values for these substituents as 
determined in 'normal' solvents are given as 0.49 and 0.55, respectively. The term 'normal' 
appears to embrace a wide variety of solvents of the non-hydrogen-bonding, or not 
markedly hydrogen-bonding, type. For hydrogen-bonding solvents the aI values are 
increased, the values of 0.62 & 0.03 for SOMe and of 0.62 f 0.04 for S0,Me being quoted 
as relating to 'weakly protonic' solvents. Not too much quantitative significance should be 
attached to these values, but they indicate that hydrogen bonding of the solvent to the 
substituent enhances inductive electron withdrawal. This is confirmed by a value of 1.00 
obtained for SOMe when trifluoroacetic acid was used as solvent. 

In the related paper on 19F NMR screening parameters of para-substituted fluoroben- 
zenes4I in relation to  resonance effects, a few measurements for SOMe and S0,Me were 
recorded but no use was made of them for calculation of aR-type parameters. However, 
some years later Sheppard and Tart4' used these data (carbon tetrachloride solution) to 
calculate a, values through equation 2. 

P-x  

= - 29.55, (2) s,, 
(The left-hand side is the 19F shielding parameter for p-X relative to m-X, and 5, is the 
effective a,-type parameter. For - R  substituents the a, values thereby obtained are 
considered to be a: values, but a, values for + R substituents are slightly enhanced by the 
cross conjugation of the - R F substituent with the + R X group.) Sheppard and Tart4' 
were undertaking a systematic study of the behaviour of sulphur substituents involving the 
various oxidation states of sulphur, and considerable use of this paper will be made later in 
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this chapter. The 6, values for SOMe and S0,Me are 0.00 and 0.16, respectively; cf. 0.00 
and 0.12 suggested by Ehrenson, Brownlee and for a:. IgF-based values of a1 and 3,  
were also given for SOCF, as 0.68 and 0.13, respectively (cf. 0.64 for aI and 0.08 for a:”) 
and for SO,CF, as 0.78 and 0.31 (cf. 0.84 for 6, and 0.24 for The solvent for SOCF, 
was CCI,F (infinite dilution) and for SO,CF, was carbon tetrachloride. 

Kaplan and Martin43 determined a1 and ‘TR for SOPh and S0 ,Ph  by ”F NMR 
measurements. The aI values showed almost no difference at  0.51 and 0.52, respectively, 
while the CR values were -0.01 and 0.14, respectively. 

In passing we mention that there have been studies of the effects of SOMe as a 
substituent on ‘H and I3C NMR (see earlier article33). 

c. The contribution of infrared spectroscopy. The correlation of infrared frequencies or 
intensities with substituent constants has been practised for many years. In its more refined 
forms it is usual to employ al or a,-type constants either together in the so-called dual 
substituent-parameter (DSP) equation37 or individually in special linear-regression 
equations which hold for particular infrared magnitudes. In this connection the work of 
Katritzky, Topsom and their colleagues is of particular importance. Early work by these 
authors established a relationship between the square root of the integrated 
absorbance of the v I 6  ring bands in monosubstituted benzenes and a: for the substituents. 
The equation was usually written as follows44: 

A,,,, = 17,600(~;)~ + 100 (3) 
Once the equation was well founded it became a tool for establishing a scale of resonance 
parameters based uniformly on infrared intensities, and particularly for measuring a: 
values of substituents which had not been obtained in other ways. The above equation 3 
could not give the sign of a: for any given substituent, since m c a n  be given a positive 
or a negative sign. The sign has to  be decided on other grounds. For instance, it was later 
found45 that the integrated intensities of the v , ~  vibration for para-disubstituted benzenes 
are correlated by equation 4 

Apara = 11,800 (~:1-0:2)~ + 170 (4) 

provided the two substituents are not in donor-acceptor interaction. Suitable application 
of this equation enables the sign of a new a: value to be determined. 

As far as sulphinyl and sulphonyl groups are concerned, one of the papers44 recorded 
+a: values for SOPh, S0 ,Ph  and S0,Me as 0.065, 0.064 and 0.069, respectively, 
indicating little dependence on state of oxidation or  nature of hydrocarbon moiety 
attached to sulphur. The finding of a significant resonance effect for SOPh contrasts with 
other evidence regarding sulphinyl groups and the question of n(pp) versus n(pd) 
conjugation remained unanswered in the uncertainty as to  the sign of a:. Later work 
resolved the question of signs46. It was shown that whereas S0,Me is a + R group with a 
value of a: equal to + 0.06, SOMe is a - R group, a net resonance donor, with a value of 
a: equal to  -0.07. However, studies of SOMe when placed para to a strong donor group 
found that it became a marked resonance acceptor, like S0,Me in the same situation. The 
evidence from infrared intensities seems to stand largely alone in indicating - R behaviour 
for SOMe, but we may recall that Exner’s procedure for calculating aR values finds -- 0.17 
for this s u b ~ t i t u e n t ~ ~  (see Section II.B.2.a). 

d. Recent experimental and theoretical studies. These matters were dealt with in some 
detail in the earlier article,, and will only be summarized here in so far as they illuminate 
the behaviour of SOMe. The ion-cyclotron-resonance (ICR) equilibrium constant method 
applied to  meta- and para-substituted phenols4’ has found gas-phase sigma values a,(g) 
and a;(g) for SOMe of 0.39 and 0.57, respectively, to  compare with 0.52 and 0.73 for 
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corresponding sigma values in aqueous solution. The enhancements in aqueous solution 
relative to  the gas phase are discussed in terms of ‘solvation-assisted resonance effects’. In 
an attempt at a separation of field/inductive and resonance effects for the gas-phase 
acidities of the phenols, there is reference to a 0: value of +0.07 for SOMe as an 
unpublished result of Adcock, Bromilow and Taft (cf. 0.00 from Ehrenson and 
coworkers3’ and - 0.07 from Katritzky, Topsom and colleagues4”). 

Marriott and T ~ p s o m ~ ’ . ~ ~  have recently developed theoretical scales of substituent 
field and resonance parameters. The former correspond to the traditional ‘inductive’ 
parameters, but these authors are firm believers in the field model of the so-called inductive 
effect and use the symbol oF. The theoretical substituent field effect scale4’ is based on ab 
initio molecular orbital calculations. Various regression equations are established which 
become the basis for theoretical oF values for about 50 substituents. These include SOMe 
and S0,Me at  0.37 and 0.60, respectively, which are said to agree well with ‘inherent best 
values in the literature’ of 0.36 and 0.58. However, it should be noted that 0, for SOMe is 
given as 0.50 by Ehrenson and co-workers”. 

The theoretical substituent resonance effect scale49 is also based on ah initio 
calculations. A suitable regression equation is again established, which becomes the basis 
for theoretical 0: values of more than 40 substituents, including SOMe and S0,Me at  
-0.03 and 0.05, respectively. The latter agrees well with the infrared-based value of 0.06 
and the former supports the occurrence of a - R effect, as in the infrared value of -0.0746; 
cf. the 0: value of 0.00 given by Ehrenson, Brownlee, and Taft”. 

111. ELECTRONIC EFFECTS OF GROUPS RELATED TO SOOH 

A. lntroductlon 

In the discussion of the electronic effects of groups SOY, where Y = F, CI, OMe or 
NMe,, it will be assumed that the sulphur-oxygen bond is essentially a coordinate bond, 
as in SOMe (see Section ILA), with a formal unit positive charge on sulphur and negative 
charge on oxygen, as in 10. In practice, some transfer of negative charge from oxygen to 

Y: 

sulphur will no doubt occur through unequal sharing of the bonding electrons. S2p 
electron binding energies measured by the ESCA technique for nitrobenzenes substituted 
by sulphur groups in various oxidation states indicate that the positive charge carried by 
sulphur is rather similar in SOMe and SOOMe5’. 

When such an SOY group is attached to a benzene ring, there is thus the possibility of 
n(pp) conjugation as with SOMe, i.e. - R behaviour; see 11. There is also the possibility of 
+ R behaviour, conventionally regarded as involving n(pd) conjugation; see 12. There is, 
however, also the possibility that ‘octet expansion’ of sulphur in SOY may involve the use 
of unshared pair electrons on Y, in what would conventionally be regarded as n(pd) back- 
bonding, thus giving another canonical structure, 13. Whether or not this is really ? 
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satisfactory formulation, a tendency for negative charge to be transferred from Y to S by 
polarization of the unshared pair electrons would certainly be expected. (Similarly, 
polarization of the unshared pair electrons on 0 could also contribute to the partial 
neutralization of the formal charges on 0 and S associated with the coordinate bond.) 

For SOY with Y = 0- (the sulphinate moiety) we must suppose that the negative 
charge is distributed equally over the two oxygen atoms, so that the structure of SO; may 
be written as 14. 

0- 

8. Substltuent Constants from '*F NMR 

The paper of Sheppard and Taft, to which reference has already been made, involved 
the use of 19F NMR for substituted fluorobenzenes to study the electronic effects of 
substituents containing sulphur in its various oxidation states4'. Table 3 shows the I9F 

TABLE 3,* Inductive and resonance constants for SOY groups from "F NMR of substituted 
fluorobenzenes4* 

Substituent X J;? - x4 
p - X .  

Jm-x 

SOF 
SOCl 
SOOMe 
SONMe, 
SOMe 
SOCF, 

- 4.06 - 5.00 0.66 0.17 
-4.24 -4.22 0.68 0.14 
- 2.56 - 2.66 0.45 0.09 
- I .53 -0.87 0.30 0.03 
- 2.90 -0.10 0.49 0.00 
- 4.22 - 3.16 0.68 0.13 

"Fordelinition see main text. Measurements in CCI,F solution. except for X = SOMe. which was in CCI, (a 'normal' 
solvent4"). 
'Calculated from equation I .  
'Calculated from equation 2. 

Note: *In connection with Table 3 it  must be emphasized that the NMR magnitudes recorded are Fhivldiny 
parameters. Under the influence of the (overall) electron-attracting substituents with which we are concerned, their 
values are thus all negative. The negative signs in equations 1 and 2 are also a consequence of this. Nowadays it  
would be more usual lo express the NMR magnitudes as deshielding parameters. i.e. the values corresponding to 
those in Table 3 would have positive signs and the coellicients in the equations corresponding to 1 and 2 would be 
positive. (See Section I I1.R and Table 4.) 
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shielding parameters obtained for SOY, with Y = F, CI, OMe, or NMe,, the groups of 
immediate concern to this chapter, along with the values for SOMe and SOCF, for 
comparison and to provide a basis for discussion. Table 3 also contains the corresponding 
values of a1 and 6,, calculated by means of the equations already given as 1 and 2 in 
Section II.B.2.b. The values of the resonance parameter obtained from "F NMR studies 
are often represented as Q: values, but for + R substituents (and all of the above must be 
regarded as potentially of this nature) some slight enhancement by cross conjugation of F 
with the substituent is liable to occur. 

Replacing the Me of SOMe by a more electronegative substituent would be expected to 
make both o1 and 5, more positive, just as the formation of a further bond to 0 in S0,Me 
does. The of and 8, values for SOY with Y = F ,  CI or CF, are in accord with this 
expectation. However, replacing Me of SOMe by OMe or NMe, actually decreases af and 
the increase in cfR is much less marked than for Y = F, C1 or CF,. This suggests that the 
polarization of the unshared pairs ofelectrons on OMe or NMe,, whether involving back- 
bonding or not, is having some influence in reducing the electron-attracting inductive 
effect and the + R resonance effect of the sulphur group. 

Sheppard and Tart4, looked for aquantitative relationship between the oI and a, values 
of the SOY groups on the one hand and the corresponding inductive and resonance 
parameters of Y on the other. Such a relationship was best examined through the 
attempted correlations of the "F shielding parameters, as the experimental data, with Q, 

and oR-type values of Y in the dual substituent-parameter equation3'. Correlations of this 
general nature have been repeated for this chapter in a slightly different way, by using the 
extended Hammett equation, which differs from the DSP equation in permitting an 
intercept term (see e.g. Charton5'). For the present purpose we will write the extended 
Hammett equation as equation 5: 

S, or S,=ra, +Ba,+ h ( 5 )  

where 

lX s, = - j;-x and S , =  - 

i.e. S ,  and S ,  are the negatives of the 19F NMR shielding parameters for X = SOY relative 
to X = H (cf. equations 1 and 2 and Table 3. The change of sign brings the NMR 
magnitudes into accord with modern practice; see the note in Table 3). The regression 
coefficients GL and ,8 give the sensitivity of S, or S, to inductive and resonance effects, 
respectively, while the intercept term h corresponds to the value of S, or S, for the 
unavailable substituent SOH. The data used for the multiple regressions by a least-squares 
procedure are in Table 4, the values for af and 0,-type constants of Y being from 
Reference 37. The details of the resulting regression equations are in Table 5, including 
appropriate criteria of goodness of lit. The best tits (most simply indicated by values of the 
multiple correlation coefficient) were obtained with the use of a; as the resonance 
parameter for both the meta and the para series. For convenience of discussion the 
regression equations are set out as equations 6 and 7: 

S, = 2.652 uI + 1.052 Q; + 3.179 

n = 6 R = 0.983 s = 0.262 $ = 0.259 

S, = 1 1.346 a, + 0.924 a; + 3.432 

n = 6 R = 0.989 s = 0.554 $ = 0.207 

(f0.565) (f0.198) 

( f 1.193) ( & 0.4 1 7) 
(7) 
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TABLE 4. Data for correlations of I9F NMR parameters of substituted f l u o r o b e n ~ e n e s ~ ~  with 
inductive and resonance parameters of Y in substituent SOY 

Substituent Y 
aib U,(BA)~ OR+b a, b.c in SOY S,” s,” 0; 

F 4.06 9.06 0.50 -0.34 -0.45 -0.57 -0.45 
CI 4.24 8.64 0.46 -0.23 -0.23 -0.36 -0.23 
OMe 2.56 5.22 0.27 -0.45 -0.61 - 1.02 -0.45 
NMe, 1.53 2.40 0.06 -0.52 -0.83 -1.75 -0.34 
Me 2.90 3.00 -0.11 -0.11 -0.11 -0.25 -0.11 
CF, 4.22 7.98 0.45 0.08 0.08 0.08 0.17 

“For definition see main text. 
’From Ehrenson. Brownlee, and Taft” 
‘From dissociation of anilinium ions. 

TABLE 5. Multiple regressions of I9F NMR parameters S ,  or S ,  on a, and a,-type constants of Y 
in substituent SOY 

NMR un-type 
parameter constant cia 

3.359 
3.168 
2.652 
3.860 

12.050 
11.856 
1 1.346 
12.426 

Bb 

2.529 
1.852 
1.052 
1.692 
1.84 1 
1.487 
0.924 
0.820 

h’ 

2.962 
3.018 
3.179 
2.556 
3.118 
3.224 
3.432 
2.722 

SZd 

0.927 
0.703 
0.565 
1.31 1 
1.475 
1.321 
1.193 
1.689 

SPY 

0.948 
0.478 
0.198 
1.257 
1.509 
0.898 
0.4 17 
1.62 1 

Rf 

0.947 
0.970 
0.983 
0.884 
0.981 
0.985 
0.989 
0.974 

0.461 0.456 
0.346 0.342 
0.262 0.259 
0.669 0.661 
0.734 0.275 
0.649 0.343 
0.553 0.207 
0.862 0.323 

‘Coefficient of u, in equation 5. 
’Coefficient of uR in equation 5.  
‘Intercept term in equation 5. 
%tandard error of a. 
‘Standard error of ,5. 
’Multiple correlation coefficient. 
@Standard error of the estimate. 
‘Exner’s @ statistic of goodness of fit 

Because there are only six experimental points and thus three degrees of freedom in each 
regression, the high values of the multiple correlation coefficient R give a misleading 
impression that the correlations are good. In fact the values of Exner’s stat is ti^^^*^^, 
which corrects for the degrees offreedom, show that the correlations are only fair to poor, 
but they are acceptable as having some physical meaning. The F statistics for equations 6 
and 7 are 43.16 and 68.4, respectively, indicating overall significance at just over the 99% 
level. The t statistics for the regression coefficients (essentially the ratio of each regression 
coefficient to its standard error) indicate significance at  the 98% level or above, except for 
the coefficient of Q; in equation 7, which is significant a t  about the 90% level. The 
correlation coefficient giving the collinearity of Q, with Q; is 0.418. (See Reference 14, 
Chapter 1 for an elementary discussion of the statistics of multiple regression.) 

The equations apparently indicate a t  first sight that the main role of Y in moderating the 
electron-attracting influence of SOY is exerted through its inductive effect, whether that 
influence is felt by I9F at the meta or the para position. The resonance effect of Y, reducing 
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the overall electron-attracting effect of SOY when a: is negative, as it is for five of the six 
substituents, is apparently of secondary importance. However, the proper interpretation 
of the regression coefficients requires a preliminary weighting thereof by the standard 
deviation of the corresponding explanatory variable, i.e. a, or a; ”. When this is done 
the relative contributions of the inductive and resonance effects of Y to  the total 
substituent effect are 46.9 and 53.1 percent, respectively, for the meta series and 81.1 and 
18.9 percent, respectively, for the para series. Therefore the resonance effect of Y is actually 
slightly more important than its inductive effect in governing the behaviour of SOY in the 
meta series, while the inductive effect is not quite so overwhelmingly important in the para 
series as it appears a t  first sight. Thus the influence of the resonance effect of Y is relatively 
more important when the + R effect of SOY is less important (meta series), and vice versa 
(para series). This seems quite reasonable if the Y and SOY resonance effects are regarded 
as in competition in producing octet expansion of sulphur, whatever the mechanism [n(pd) 
conjugation or otherwise] may be. 

The occurrence of the best fits with a: of Y rather than a,(BA), a: or a; is presumably a 
consequence of the influence of Y involving the polarization of electron density by a 
considerably positive sulphur atom, for which the polarization of a benzene ring by an 
electrophile (the type of process on which the a’ scale is based) may provide an 
approximate model. [It should be noted that the fit with a,(BA) is not much inferior, 
particularly for the para series; see Table 5.1 

C. Other Substituent Constants 

1.  €stimated sigma values 

For SOY with Y = F, CI, OMe or NMe,, Exner based a: and at values on the 19F 
measured values of a, and (We have already commented that the ~7~ values for + R 
substituents can only be regarded as approximating to a:, since there will be slight 
enhancement from cross-conjugation of F with the substituent.) The general equations on 
which such estimates are based are given by Exner as 8 and 9: 

up = aa, + ba, 
a,,, = caI + do, 

where a, b, c and d are appropriate coeficients. The values of a: and a: are given in Table 6.  
The values of a, b, c and d used by Exner are not stated explicitly, but it appears that for Y 
= F, CI, or OMe, a, c and d were taken as unity and b was taken as 0.5. Such values have 
long been taken to apply to the analysis of a’ values into inductive and resonance 
 component^^^.^^. The basis for the estimated a’ values of SONMe,, with a: < a, and a: 
< aI,  is unclear. The situation implies that the value of a: as determined by 19F NMR is 
negative, i.e. SONMe, is a - R  group. However, Sheppard and Taft’s work4’ gives no 
support to this view and Exner elsewhere in his compilation of substituent constants54 
quotes a: for SONMe, as +0.03. 

TABLE 6. Estimated uo values for SOY54 

F 
CI 
OMe 
NMe, 

0.74 0.83 
0.75 0.82 
0.50 0.54 
0.29 0.27 
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2. Substituent constants from polarography 

A systematic study of the electronic effects of groups containing sulphur in its various 
oxidation states was undertaken by Lindberg”. Various physical measurements were 
involved, but the most important was the determination of the polarographic half-wave 
potentials of sulphur substituted nitro benzene^'^. The application of the Hammett 
equation was examined by employing a series of substituents such that the polarographic 
behaviour of the substrates could be established as comparable, i.e. the process under 
study was the reduction of the nitro group. At pH values of 5.0, 7.2 and 9.3 the p values 
were found to  be 143, 150 and 173, respectively, for 15, 15 and 18 substituents and with 
correlation coefficients of the Hammett plots of 0.985, 0.984 and 0.989, respectively. It 
appeared that for + R substituents in the para position to the nitro group, a; values were 
required for good conformity to  the Hammett equation. New a,,, or a; values were based 
on the Hammett plots. 

Of interest for the present chapter are values of 0.68,O.M and 0.65 for m-SOOMe at the 
three pH values referred to above, with a mean value of 0.66 kO.02, while a; was given as 
0.84,0.90 and 0.93, with a mean value of 0.89&0.05. The experimental value of a,,, is thus 
considerably greater than the estimated value of 0.50 for a: (Table 6). There is, of course, 
supposed to be almost no difference in the scales of a,,, (i.e. benzoic acid-based) and u:. 
While it might be argued that the value of0.66 from m-SOOMe should be regarded as a a, 
value, an enhancement of0.16 as between a,,, and a, for this substituent is not reasonable. 
Thus there is a definite anomaly, which might be connected with the difference in solvent: 
the 19F NMR measurements on which the estimated value of a: was based were made with 
solutions in CCI,F, while the polarographic value for a,,, (or a,) involved experiments in 
aqueous ethanol. The enhanced value in the latter case could perhaps be due to hydrogen- 
bonding of water/ethanol to  the oxygen atoms of SOOMe, thereby increasing the electron- 
attracting influence of the substituent. As far as the o; value of 0.89 is concerned, an 
enhancement of 0.23 compared with a, is not unreasonable; cf. a, and a; values of 0.53 
and 0.73, respectively, for SOMe (Table 1). Note, however, that a, and a,,, values for 
SOMe are almost the same (Table 1). However, in tabulating a; equal to  0.89 for SOOMe, 
Exner’‘ places it in parentheses to indicate that he regards the value as in some way 
unreliable. The basis for thisopinion probably lies in Lindberg’s own discussion, in so far 
as p-SOMe shows appreciable deviation from the Hammett plots, and it may therefore be 
rather naive to take values of a; for the closely related group SOOMe off the Hammett 
plots, thereby assuming strict conformity to the Hammett equation on the part of this 
group. 

It should be mentioned in passing that Lindberg” tabulates an apparent sigma value 
for o-SOOMe as0.97 k0.05. The paper contains but little information on the effect of ortho 
substituents on the polarographic magnitude in question and therefore it is difficult to 
assess the significance of the above value. The ortho effect usually involves both electronic 
influences of substituents and various kinds of steric effects6. It sometimes happens, 
however, that steric effects are not particularly important and that the electronic effects of 
the substituents are fairly similar as between para and ortho positions. Such may be the 
case here, the value of a; being 0.89 and the apparent ortho sigma value being not too 
different at 0.97. Lindberg also gives an estimate of ap for SOOMe as 0.75, on the basis of 
Exner’s relation for + R s u b s t i t ~ e n t s ~ ~ ,  up = 1 . 1 4 ~ ~ ~ .  As might be expected from the 
discussion above, this value is very much higher than the 0: value of 0.54 based on 19F 
NMR. 

Lindberg has also includedSo ortho-, meta- and para-SOOMe in a study of the effect of 
substituents on the asymmetric and symmetric N O  stretching vibrations of nitrobenzenes 
and in a study of S2p electron binding energies determined by ESCA for sulphur- 
substituted nitrobenzenes. Various correlations were presented, including Hammett 
treatments for the effect of substituents on the N O  stretching vibrations. Unfortunately 
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none of the correlations is sufficiently precise to permit the determination of new sigma 
values with any claim to reasonable precision. Thus all that can be said is that the SOOMe 
group appears as undoubtedly electron-attracting, not too different from SOMe in this 
respect and rather more weakly electron-attracting than S0,Me.  

Lindberg also included the unipole SO; in his studies, as discussed below in 
Section III.C.3. 

3. The behaviour of SO, 

While sigma values of various types have often been measured and tabulated54 for 
unipolar substituents (particularly for NMe: and CO;), the whole question of the 
behaviour of these substituents with respect to the Hammett equation and cognate linear 
free-energy relationships is a complicated matter. This was discussed in detail in the earlier 
article on the electronic effects of the sulphonio group’. The substituent constants of 
unipolar substituents are particularly sensitive to variation of solvent and to changes in the 
ionic strength of the medium. The mixing of unipolar with dipolar substituents in 
Hammett and similar correlations is highly unwise. The formal sigma constants of 
unipolar substituents are mainly of interest as a general indication of their behaviour and 
as a more specific indication of behaviour under specified conditions. 

The unipolar substituent SO; has attracted some attention. Thus it was included by 
Lindberg5’ in his polarographic studies of sulphur containing substituted nitrobenzenes. 
At pH values of 5.0, 7.2 and 9.3, values of up for SO; were found as 0.09,0.05 and 0.10, 
respectively, giving a mean value of 0.08 k 0.03. In related work Lindberg” determined u,,, 
and up for SO; by potentiometric titration of the carboxyl-substituted phenylsulphinic 
acids in water. The apparent u values at an ionic strength of 0.1 were 0.31 and 0.37, 
respectively, but on correction to zero ionic strength the values were -0.02 and -0.05, 
respectively. Negatively charged substituents always tend to be more electron-releasing 
than closely related neutral substituents, e.g. comparable urn values for CO; and for 
COOMe are -0.01 and 0.37, respectively. The natural tendency of the unit negative 
charge to be shared between the substituent and the benzene ring renders such behaviour 
understandable. The relative values ofu, and up quoted above might perhaps be taken as a 
slight indication of a - R  effect for p-SO;. However, neither the effect of the negative 
charge nor any - R effect are sufficient to  outweigh the + R aspect ofthe behaviour ofSO; 
in processes which call for enhanced electron attraction by the substituent, the value of up 
as mentioned above being appreciably positive. Further, in earlier kinetic and infrared 
spectroscopic work by Lindberg58, which involved SO; as an invariant substituent in the 
presence of a variable substituent, no enhancement of substituent constant for p-NO, or 
other + R group was observed. Thus in that work no indication of a - R effect of SO; was 
obtained (see further, below). 

Lindbergss determined a mean sigma value for o-SOT of - 0.36 f 0.1 over the three pH 
values studied. The considerably negative value presumably indicates the dominance of 
the field effect of the negative charge on the polarographic reduction of the NO, in the 
ortho position. However, the study of the effect of substituents on the N O  stretching 
vibrations referred to  above5’ indicated that the electronic effects of SO; in any of the 
three positions relative to NO, are little different from the electronic effect of H. 

The SO; group also featured in the infrared studies of Katritzky and  colleague^^^, in 
which the intensities of the v 1 6  bands for mono-substituted benzenes were related to the 
substituent ui  values (see Section II.B.2.c). For SOY (with Na’ as counter-ion) k u; is 
tabulated as 0.00. This presumably means that the negative charge on SO; suppresses + R 
character without significantly encouraging - K interaction with the benzene ring. The 
finding seems odd in view of the - R character of SOMe as indicated by infrared 
C T ~  being -0.07. 
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4.  A recent study involving SONMe, 

Hakkinen and R u o ~ t e s u o ~ ~  have recently studied the effect of several sulphur- 
containing substituents on the I3C NMR shifts of the carbon atoms in the various 
positions of benzene relative to the substituent. The measurements were made with 
chloroform as solvent and included a study of SONMe,. The results may be interpreted by 
reference to the extensive studies oftheeffect ofsubstituents on the 13C shifts in substituted 
benzenes dissolved in chloroform, which have been made by Bromilow and collabo- 
rators60*61, who made use of the DSP equation in treating their results. For the shifts at the 
3- or  5- and the 4-carbon atoms of a monosubstituted benzene, expressed relative to the 
shift for a carbon atom in benzene itself, and denoted S, and S, respectively, equations 10 
and 1 1  were found to hold (see References 60 and 61, respectively): 

(10) 

(1 1) 

By solving equations 10 and 1 1  as a pair of simultaneous equations, values of 0, and O: 

may be calculated for any substituent for which the values of S ,  and S, have been 
determined but have not been used in establishing the equations. Hakkinen and 
RuostesuoSg found S, and S, for SONMe, to  be 0.4 and 2.4, respectively. The 
corresponding values of 0, and O; calculated from equations 10 and 11 are 0.30 and 0.05, in 
good agreement with the values of O ,  and 6, based on "F NMR of 0.30 and 0.03, 
respectively (Table 3). 

S, = 1.60, - 1.40: 

S, = 4.60, + 21.50; 
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1. INTRODUCTION 

Thiosulphinic acid (1) is a hypothetical organosulphur compound with a thiol structure 
which could be obtained by replacing an oxygen atom of a sulphinic acid by sulphur. 
Although recently the first synthesis and characterization of salts of some thiosulphinic 
acids have been accomplished’, there has been no publication as yet on the isolation of free 
thiosulphinic 

RSSH RSSR RS-0-SR RS-S-OR 

(1) (2) (3) (4) 

The chemistry of thiosulphinates (sometimes called ‘thiolsulphinates’), i.e. thiosulphinic 
S-esters (2), has only a short history starting from the isolation of allicin (5) and successive 
preparation of several alkyl thiosulphinates, by Cavallito and  coworker^^-^. 

H ,C=CHCH ,SSCH,CH =CH , allicin (5) 
II 
0 

The real structure of thiosulphinates was determined to be 2 but not 3,4, or a mixture of 
disulphide and thiosulphonate. The interests of early papers were concerned with 
biological activities of Z’.’, antiviral5.I3 and a n t i f ~ g a l ~ . ’ ~  activities’ as 
well as antioxidant activityI6-”. Since 2 is unstable and reactive enough to lead to 
complex product mixtures, the study of its chemistry was always associated with some 
difficulties. More recent detailed investigations have been carried out with the progress of 
new analytical methods and instruments, making the chemistry of thiosulphinates more 
clear. 

In this chapter mainly more recent advances on the chemistry of thiosulphinates are 
described. 

II. THlOSULPHlNlC ACIDS 

Thiosulphinic acid may have some isomeric forms (6,7,8) among which 6 is believed to be 
the most stable and likely structure. 

0 S 
II II 

RSSH RSH RSOH 
It It 
0 S 
(6) (7) (8) 
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Thiosulphinic acid can be regarded as a chiral organosulphur compound2'.22, unlike 
sulphinic acid. No free acid is known so far2v3 although some salts have been described 
quite recently'. 

A. Synthesis and Structure 

Mikofajczyk and his coworkers have synthesized and characterized some relatively 
stable salts of thiosulphinic acids (9)'. The stability of these salts may be attributed to steric 
protection by bulky tert-butyl (9a, t-Bu), adamantyl (9b, Ad) and triptycenyl (9c, Tr) 
groups bound to the central sulphinyl sulphur atom. 

H,SIR;N Na CO 
RSCl ,RSS-HkR; L R S S - N a '  

II II 
70 "C 0 0 

E f 2 0  or CH2Cl2 / I  
0 

(10) (11) 
X'CI .  

X = H 3 N  - C  NH 
I 

SCH2Ph * 
RSS-X' (a) R = t - B u  

II (b) R =Ad (mp 135 - 140°C) 

(9) (c) R = 223 - 225 "C (IOc)] 

Starting from the corresponding sulphinyl chloride, the corresponding ammonium salts 
(10) were prepared and isolated in 75-85% yields (equation 1). These salts were converted 
to the corresponding S-benzylisothiuronium salts (9) for better characterization, and 'H 
and I3C NMR analyses supported the proposed structures. The strongest evidence of this 
salt structure was given by the X-ray structure determination of9b (Figure 1). The authors 
attribute the rather longer S - 0  bond (1.536 A) and shorter S-S bond (2.025 A) to 
delocalization of the negative charge in the anion by resonance (equation 2). 

0 
I1 

II 
RSS-X+ - RS=SX+ R-S-X+ (2) 

S 
II I 
0 0-  

Another synthetic method has also been developed by Mikofajczyk and coworkers'. 
The reaction of the stable triptycene sulphenic acid ( 1 2 ~ ) ~ ~  with elemental sulphur in the 

Ss/MeONa S&jN + 
TrSS-Na' - TrSOH -TrSS-HNEt, 

78",, BE", I /  II 
0 0 

(3) 
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A c 1 2  

FIGURE 1. X-Ray crystal structure of 9b 

presence of bases afforded the corresponding salts of triptycenethiosulphinic acid (lk, 
14c) (equation 3). 

B. Reactions' 

Several reactions of the triethylammonium salts 10 were investigated. Treatment with 
hydrogen chloride yielded the corresponding symmetrical thiosulphinate (13) 
(equation 4). The proposed unstable intermediates are the free thiosulphinic acid (1) and 
sulphenic acid (12) presumably via desulphurization. In the case of R = Tr, no self- 
condensation of 12 occurred and 12c was isolated. Reaction of 1Oa-b with triphenylphos- 
phine as a desulphurization agent similarly gave 13a-b, but the reaction mechanism was 
not described (equation 4). lOa-c reacted with thionyl chloride to give the sulphinyl 
derivatives 14a-b, which showed a strong S=O absorption band at 1059cm-' 
attributable to their thiolo structure. The reactivity of the salts is characteristic of an 
exclusive nucleophilic attack involving the thiolate sulphur among the three possible 
nucleophilic sites (two sulphur and one oxygen atoms) in the reaction with electrophiles. 
This is unlike sulphinic acid in which the central sulphur atom is more nucleophilic than 
the two oxygen atoms (see the chapter by Okuyama in this volume). 
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P hap/€ t,N / H20 

-PIIaP=S 

' + HCI 4 
(4) RSS-  HNEt, - RSSH 7 RSOH - RSSR [ ' ] II 

0 
II 
0 

SOCI, 
7 RSCl 60-70% 

l o  i ( 5 )  

RSSnMe3 ( a )  mp 184-5 oc 

II ( b )  mp 200 OC 
0 

(14) 

Thus, by the pioneering work of Mikojajczyk and his coworkers the chemistry of the 
salts of thiosulphinic acids has been clarified. The chemistry of free thiosulphinic acids will 
also be investigated. 

111. THlOSULPHlNlC S-ESTERS (THIOSULPHINATES) 

A. Structure and Spectroscopic Characteristics 

Thiosulphinic S-ester can be regarded as one of the thio derivatives of sulphinic ester 
whereas it may also be considered as disulphide monooxide. As described later, direct 
oxidation of an organic disulphide usually yields the corresponding thiosulphinic S-ester, 
or thiosulphinate. Since no report had appeared on free thiosulphinic acids and their salts 

2 o  @ 0 T n o t  qo&p 
0 +--- 
0 0 
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until Mikojajczyk's study', thiosulphinates had actually been treated as monooxides of 
organic disulphides rather than esters of thiosulphinic acids. There have been several 
fragmentary essay a r t i ~ l e s ~ ~ - ~ '  but only a few detailed  review^^'^^^ on the thiosulphinates. 

Over fifty years ago, before Cavallito4 isolated allicin (5), it  had been reported that 
hydrolysis of arenesulphenyl chloride (ArSCI) gave sulphenic acid anhydride (3)34-36. 
Others assumed this product to be the isomeric thiosulphinate (2) or an equimolar mixture 
of a disulphide (ArSSAr) and a thiosulphonate (ArS0,SAr)37, which are the dispropor- 
tionation products of 2 (equation 6)46. The structure of 2 was later by IR4'v4' 
and NMR42*43 studies. 

Several naturally occurring thiosulphinates are known. Besides a k i n  (5), a few cyclic 
derivatives such as fl-lipoic acid were rep~rted' .~.~' .  

(CH2),COOH (s) A AR 
s-s s-s 

II 
0 

II 
0 rs 0 rs 0 

R e f s .  470 47d R e f .  47e ( R = H , A c )  ( R = H )Me ) 

R e f .  8 Refs .  7,471 

7 .  IR spectra 

In the IR spectra of thiosulphinates there appears a strong absorption band by vsp0 
around 1100cm- I .  This band is located between those of sulphoxides (1055 cm- ') and 
sulphinic esters (1 130cm '). This IR absorption may be accounted for by inductive effects 
rather than by a simple resonance effect. In fact, Ghersethi and Modena4' reported that 
substitution of either or both methyl groups by a phenyl group in dimethyl thiosulphinate 
causes a blue shift of vs=o (Table l), and this is the case also for p-substituted phenyl 

TABLE 1. IR absorption of vS=o of selected thiosulphinates 

"s--o 

Thiosulphinate in CCI, in CHCI, 

MeS-SOMe 
PhS-SOMe 
MeS-SOPh 

x*s-so 

X = H  Y = H  
H Me 

Me H 
H OMe 
H Br 

NO2 H 
H NO2 

1196.5 
1100.5 
1 104.0 

1107.5 
1104.0 
1106.0 
1098.5 
1111.0 
11 10.0 
1 1  14.0 

1075 
1075 
1088 

Y 

1091 
1092 
1090 
1090 
1093 
1 I04 
1098 
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vs=o 
- 

1112 - 

1108 - 

1104 - 

1100 - 

I , I 1 
O M e  M e  H Br 

I 

vs=o -0.5 

1112 - Y G S  S Q  
0 

1108 - 

1100 

A u+:* 
-0.5 0 0.5 

I I I I I 

H Br NO2 

l1O4; /* 

O M e  M e  

-0.5 0 0.5 
I I I I I 

O M e  M e  H Br NO2 

FIGURE 2. Substituent effect in IR absorption of vs=o of S-phenyl p-substituted 
benzenethiosulphinate 

benzenethiosulphinates. As shown in Figure 2, vs=o correlates with Brown’s CT’ values 
much better than with Hammett’s CT values (Figure 2). vs--o values CHCI, are always 
smaller by 5-21 cm-’ than those in CC1446b. 

2. uv s p e ~ t r a ~ ~ * ~ ~  

According to a detailed study by Backer and K l o ~ s t e r z i e l ~ ~ ,  aliphatic thiosulphinates 
have two maximum absorptions around 210nm ( E  2500) and 260nm ( E  2050) while 
aromatic ones show them around 226nm ( E  16500) and 294nm ( E  6400) in hexane solution 
(Table 2). Since the absorption which appeared in the longer-wavelength region is not 
found in sulphoxides, it is probably based on the -SO-S- group. A small red shift 
(10-14nm) is observed in alcohol solution. The resonance structures 15-18 were 
considered for the explanation of the UV spectra. When IR data are considered, the 
contributions of the forms 17 and 18 may be the dominant ones among the possible 
forms 15-1S3’. 

TABLE 2. UV absorption of selected thiosulphinates 

Maximum absorption I(nm) (E) 

Thiosulphinate in hexane in ethanol 

MeS-SOMe 

i-PrS-SOPr-i 
EtS-SOEt 

PhS-SOPh 
p-TOIS-SOTol-p 

215 (2400) 260 (2045) 215 (1610) 248 (2090) 
215 (2700) 262 (2055) 215 (1750) 248 (2055) 
215 (2900) 261 (2080) 215 (2075) 248 (2090) 
226 (16500) 294 (6400) 224 (16100) 284 (7400) 
225 (19800) 294 (8170) 232 (17300) 290 (loo00) 
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RLSR - R S = ~ R  - RS-SR ++ RS=SR 
I 
0- 

I 
0- 

I /  
0 

I 
0, 

3. MS spectra 

In the presence of various substituents in thiosulphinates (i.e. alkyl and aryl groups) 
the mass spectral pattern of fragmentation clearly differs. 

Since the MS spectral pattern of substituted diphenyl thiosulphinates is quite similar 
to those of the corresponding substituted diphenyl disulphides and since no parent peak 
appears, Oae and coworkers concluded that the main path of fragmentation consisted of 
the decomposition of the diary1 disulphide formed in situ and which involved cleavage of 
the S-S bond and elimination of the oxygen atom5'. A minor path via thiabenzonium ion 
was also conceivable. 

On the other hand, Block and O'Connor'' claimed in their detailed MS study using 
various dialkyl and deuterium-labelled dialkyl thiosulphinates that disulphide formation 
certainly took place by a thermal process but not as an electron-impact-induced process. 
Furthermore, in the mass spectrum of ethyl ethanethiosulphinate (19), a parent peak (m/z  
138) was clearly observed and the fragmentation consisted of C-S and S-S bond 
cleavage via E,-and homolytic processes (Scheme 1). 

EtSSO' + E t *  

m l z  109 

f 
0 
II 

EtSOH* + CH3CH=Su EtSSEt - EtSO* t 

m/z 7 8  m / z 6 0  (19) m / z  138 (M+) m / z  77 

EtS* 

m / z  61 

EtSSOH" + CH2=CH2 

m / z  110 

(*i radical or radical cation) 

SCHEME 1 

B. formation of Thiosuiphinates 

7 .  From sulphinyl chlorides and thiols 

The most general and versatile method of preparing thiosulphinate esters consists of 
the reaction of sulphinyl chlorides and thiols in the presence of base such as a 
tertiaryamine4* (equation 7). Usinga metal thiolate instead of the thiol (e.g. RS-Na') or 
without the amine no thiosulphinate was ~b ta ined '~ . '~ .  This is the only method of 
providing unsymmetrical thiosulphinates, and there is no limitation on R and R groups in 
this method. This method is also useful for symmetrical thiosulphinates, since formation of 
by-products is strongly suppressed unlike in all other procedures described subsequently. 
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RSSR' 
II 
0 - 95% 

base 

CCI4, < 0 "C 
RSCl + R'SH 

II 
0 

R, R' = alkyl, aryl, aralkyl 

(7) 

It should be noted that the addition of thiol into a mixture of sulphinyl chloride and a 
tertiaryamine leads to successful formation of RS(O)SR', but not the inverted sequence 
of addition, since thiosulphinate is sensitive toward nucleophiles like thiolate anion or 
even thiol, both of which can easily react to give a disulfide (RSSR')6*52 (see 
Section III.D.6.a below). 

An analogous reaction with sulphinic acid and triphenylphosphine in the presence of 
N-chlorosuccinimide was reported (equation 8)53*54. 

Recently, it has been shown that the reaction of benzenesulphinyl azide with thiols 
yields benzenethiosulphinates (equation 9)55. 

PhSN, + RSH - PhSSR + HN, 
II I1 

0 0 
- 20°C 

(R = Ph, PhCH2, Pr, i-Pr, t-Bu, CH,Bu-t, CH2CH,0H) 

(9) 

2. By oxidation of disulphides 

a. Peroxy acid oxidation. The oxidation of d i s ~ l p h i d e s ~ ~ * ~ ~  is generally used for the 
preparation of symmetrical thiosulphinates, since it is not selective in the oxidation of 
one of the two different sulphur atoms of unsymmetrical disulphides. In general it is 
difficult to obtain aryl arenethiosulphinates in high yields by direct oxidation of the 
corresponding diary1 disulphides, and therefore, synthesis by reaction of sulphinyl 
chlorides with thiols is the recommended procedure. On the other hand, alkyl alkane- 
thiosulphinates are easily obtainable from dialkyl disulphides (equation lo), and can be 
purified by distillation ( -  63% yield)6, since they are thermally relatively stable. 

+ RSSR 
II 

perbcnzoic acid 

CHCIJ. r.1. 
RSSR 

0 

20 - 63% 

(R = Me, Et, Pr, i-Pr, Bu, Amyl) 
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Peracid oxidation of ethyl t-butyl disulphide had been reported to give selectively S-t- 
butyl ethanethi~sulphinate~.'~, but the product was later shown to be a mixture of two 
possible thiosulphinates". However, selective oxidation of an unsymmetrical disulfide 
is possible when the difference between the two substituents is sufficiently large 
(equation 1 1)4'.5h.57, and thus methyl phenyl disulphide (20) gave phenyl methanethio- 
sulphinate in more than 60'%, yield. The difference is probably due to electronic effects, 
because the selectivity is known to be influenced by the electron density on the sulphur 
atom, and Table 3 shows that the electron-donating ability rather than the steric effect of 
s u b s t i t ~ e n t ~ ~ ~ ~ ~  is the dominant factor. While usually the more electron-rich sulphur 
atom is preferentially oxidized, a very bulky substituent at sulphur is sometimes able to 
change the direction of the oxidation. The results are well consistent with a kinetic study 
on the oxidation which follows overall third-order kinetics, first order in disulphide and 
second order in peroxy acid". Thus, the oxidation involves an initial nucleophilic attack 
of a lone pair of electrons of the disulphide at the peroxy acid oxygen. A veriety of alkyl, 
aryl, alicyclic and heterocyclic thiosulphinates were synthesized by this oxidation 
method9.57.60-64 

( 2 0 )  

Since excessive oxidation and acid-catalyzed side-reactions (yielding thiosulphonates, 
sulphinic and sulphonic a ~ i d s ) ~ ' . " ~ * " '  often occur during the course of the oxidation of 
disulphide (equation 12)"' and are unavoidable, the isolation and purification process is 
accompanied by special difficulties. 

0 0 
II 11 

I1 
0 

H 2 0 2  PrSSPr - PrSSPr + PrSSPr + PrS0,H + PrS0,H 
AcO H 

However, this oxidation procedure is an excellent method to  obtain cyclic thiosulphi- 
n a t e ~ ~ ~ . " ~ . " '  which, with one exception14, can only be prepared by the oxidation of the 
corresponding cyclic disulphides (equation 13)66*67. The reason may be the unusual 
stability or  low reactivity of the cyclic thiosulphinates. In the oxidation of 3-methyl-], 2- 
dithian (22b) Isenberg and Herbrandson could determine neither the product ratio nor 
the nature of isomers (diastereomers or  regioisomers) by NMR"". Oae and Takata later 
estimated the product ratio (23b: 24b) to  be 50: 50 from I3C NMR and finally the isomers 
were isolated by chromatography, and were shown to be regioisomers and not 

.-(t R '  AcOH,O H 2 O l  O C  . R O R *  + (13) 
s-s s-s s-s 

0 

(22 )  (23) (24)  

I I  I I  
0 

( a )  R = R ' = H ,  ( b ) R = H , R ' = M a , ( c ) R = R ' = M e  
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d ia s t e re~mers~~ .  Oxidation of a diastereomeric mixture of 3,6-dimethyI-l, 2-dithian 
(22c) yielded products consisting of a mixture of at least three stereoisomers66. 

b. Photooxidation. Disulphides are oxidized with singlet oxygen ( 'Ago2) to their 
monooxides sometimes along with corresponding S, S-dio~ides~'- '~.  '0, is generated 
also by photosensitization of molecular oxygen, or by triphenylphosphite ozonide, and 
converts disulphides to thiosulphinates accompanied by small amounts of thiosulpho- 
nates (equations 14 and I 5)71. Tetraphenylporphinato zinc-sensitized photooxidation of 
dithiolane resulted in the formation of its monoxide along with its p ~ l y m e r ~ ' . ~ ~ .  It is 
very interesting that not only dimethyl and diethyl disulphides but also di-t-butyl 
disulphide (25) undergoes smoothly photooxidation to give 75% yield of the correspond- 
ing thiosulphinate (26)73, although the process requires considerably drastic conditions 
in order to obtain the monooxide 26 (equation 16)9. 

0 
I1 

I /  
0 

(14) 
lo2 

RSSR - RSSR + RSSR 

(R = Me, Et, i -Pr,  t-Bu) 
/ I  
0 

hv/MB/O,/MeOH/r.t - 75% - 13% 

(PhO),PO,/CH,CI,/-30- - 50°C 48-100% 5 5% 

MB = Methylene blue 

t polymeric products 
hv/ T PPZ n /02 0 s-s s-s 

I I  
0 

TPPZn = Tetraphenylporphinato zinc(I1) 

IOcq. H 2 0 2  
t-BuSSBu-t t-BuSSBu-t 

AcOH. 60°C II 
0 

(25) (26) 

Cystine and its derivatives were also photooxidized but the oxidation was consider- 
ably suppressed, possibly by the free amino groups quenching singlet oxygen76. 

The mechanism of the photooxidation of disulphides resembles that of sulphides as 
reported by Foote and and by Ando and Takata'*. In the first stage, about 
0.5 mol of molecular oxygen was absorbed per mol of disulphide present. As indicated in 
Scheme 2, the peroxy intermediate 28 formed initially with '0, would react with 
another molecule of 27 to give two molecules of the thiosulphinate 19. Additional 
evidence supporting this mechanism is that diphenyl disulphide, which is inactive 
toward photooxidation, could be oxidized to the thiosulphinate 30 along with 19, when 
an equimolar mixture of 27 and 29 was photooxidized. This result also supports the 
absence of any S-S bond cleavage during the oxidation. 

Photooxidations of lipoic acid7' and its  derivative^^'-^^*'^ were studied. Lipoic acid 
was converted to p-lipoic acid, i.e. the corresponding th io~ulphina te~~.  The products of 
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19 + PhSSPh 
(28) ( 2 7 )  

SCHEME 2 

the methylene blue sensitized photooxidation consisted of four isomeric monooxides 
(32) and two regioisomeric dioxides (33) (Scheme 3)74. The product ratios were 
compared with those obtained by the oxidation with various oxidation systems 
(Table 4). In the photooxidation, more thiosulphonates were produced in aprotic 
solvents such as CH,CI,. This is explained by the initially formed peroxy intermediate 
34, which is controlled profoundly by solvent polarity in accordance with the results 
obtained in sulphide pho too~ ida t ion ’~ .~~ .  Since the thiosulphinates fromed by photo- 
oxidation are no longer active toward lo2, the formation of 33 may be attributed to 
intramolecular rearrangement of the intermediate 3477378. 

Block and O’Connor compared the regioselectivity of peroxy acid oxidation with that of 
photooxidation of methyl and ethyl t-butyl disulphides (35) and examined the ratio of 
regioisomeric thiosulphinates (37, 38)51. In the peroxy acid oxidation the more electron- 
rich sulphur attached to t-butyl group is predominantly oxidized (Table 3) while the ratios 
in photooxidation appeared to be mainly influenced by steric hindrance. Probably, initial 
reaction of the disulphide with the small singlet oxygen molecule takes place with little 
regioselectivity, but in the subsequent intermolecular reaction of the peroxy intermediates 

0 $4 + c) ,R O , . . R  + (y 
CS 0 0 0 

S-S s-s S-S 

b I A , , 
b I A 

0 0 
A 
0 

(32) 

SCHEME 3 
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TABLE 4. Photooxidation of lipoic acid derivative 31 

Yield of product (%) 

Run Oxidation system Solvent Monooxides 32 Dioxides 33 
~~ 

1" hv/O,/sens CHCI, 64 26 
2" hv/O,/sens MeOH 75 15 
3 (NH4)2S208 90% EtOH 21 trace 
4 t-BuOOH MeOH 69 trace 
5" AcOOH Et,O 42 
6 AcOOH MeOH 54 trace 
7 (PhO)3PO3 CH,CI, 26 trace 

- 

"All four monooxides and two dioxides were obtained 

36 and 36' with a second disulphide molecule 35 the less-hindered sulphur atom should be 
attacked preferentially, so that more 37 was produced than 38 (equation 17). 

2 MsSSBu-t 

0 
(37) 

I 1  
MeSSBu-t MoSSBu-f (SO') 

(35) 
MeSSBu-t + MeSSBu-t  

I I  
0 

II 
0 

(38) (37) 

c.  Miscellaneous oxidations. Inorganic oxidants such as sodium metaperiodate convert 
disulphides to thiosulphinates. However, usually these reactions are limited to cyclic 
disulphides, otherwise cleavage of the S-S bond takes place. For example, the disulphide 
20 oxidized with two equivalents of NaIO, gave a mixture of thiosulphonates 39,40 and 41 
(equation 18)24*67. 

0 0 0 
I1 / I  11 

PhSSPh + MeSSMe + PhSSMe 
II I1 I /  

r.1 0 0 0 

2cq.  NalO, 

dioxanc H 2 0  
PhSSMe 

Periodate and permanganate oxidations afforded monooxides of 1,8- 
dithiaacenaphthene (42)82 and of 4,4-bis(hydroxymethyI)- 1,2-dithiolane (44)", respect- 
ively (equations 19 and 20). In the latter case, the corresponding I ,  I-dioxide could be 
obtained in neutral conditions. 42 was also oxidized to 43 with Fenton's system (TiCI,- 
H,O,) which generates hydroxyl radicalss3. 
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s-s s-s=o 

54 1 

(19) 

(20) HoxI=o HO 

KMnO, 

AcOH 
HO 

(44) (45) 

Periodate oxidation of 112-dithian derivatives were reported by Field and Khim. and 
the reaction was strongly affected by the solvent system (equation 21)84. 

K 1 0 4  - 
c a t .  I ,  

"HAC s-s 
KIO, - 

acrtona-HHzO AcHoAc s-s 

II 
0 0 

(21) 

The oxidation of 1,2-ditiolane and its derivatives with ammonium p e r ~ u l p h a t e ~ ~ . ' ~ - ~ '  
in ethanol-water proceeds via initial one-electron transfer from the disulphide to the 
oxidant (equation 22), and follows second-order kinetics. 

..H + 

- 

p - 0 

I - 2 nso; 
H' \so,- 

H/o.... 

R 1 R 

(069)  R =  R'=H R 

(be') R=COOH, R '=H 

( C79s80)  R = H, R'=(CH2),COOH ( n =  3,4)  

( d e o ) R =  , R'= H 

Although persulphate oxidation can be performed in an aqueous solvent, Lindberg and 
Bergson concluded that for the easy isolation of the thiosulphinate, hydrogen peroxide is 
the most suitable oxidant, and other oxidants often form undesirable by-products which 
make the separation difficult8'. Dithiolanes were more easily oxidized than any other class 
of saturated d i ~ u l p h i d e s ~ ~ . ~ ' .  



542 T. Takata and T. Endo 

Dinitrogen tetroxide (N204) oxidizes 1,2-dithian 22a to  its monooxide in carbon 
tetrachloride though the yield was low ( 17%y5, while nitrosation of aromatic ring took 
place in the reaction of 1,2-dithiaacenaphthene (42)83. Enzymatic oxygenation of 22a with 
cytochrom P-450 enzyme (or microsomal cytochrom P-450) suggested that formation of 
the thiosulphinate 23 is involved in the metabolic pathways of disulphidesE6. 

A mild oxidation procedure with 2-arenesulphonyl-3-arylazyridines has been applied to 
the oxidation of disulphides to thios~lphinates~'. 

As a possible preparative method for thiosulphinates, reactions of salts of thiosulfinic 
acids' (see equation 1) with electrophiles such as alkyl halides may be an effective synthetic 
procedure (equation 23), although no report has appeared at the present time. 

RSS-X' + R'Y -RSSR' 
/ I  
0 

- XY 

3. By  reaction of sulphenic acids and derivatives 

Hydrolysis of aromatic sulphenyl chlorides (46) gives diary1 thiosulphinates (47) 
(equation 24)38*88*89 . B enzenesulphenyl chloride was hydrolyzed to the corresponding 
thiosulphinate (Ar = Ph) quantitatively. However, the labile thiosulphinate may decom- 
pose, e.g. owing to the presence of hydrogen chloride formed during the hydrolysis. The 
reaction is believed to proceed via the unstable sulphenic acid. (see also Section III.B.4). 
From the hydrolysis of aryl sulphenamide (48), the thiosulphinate (47) is also produced 
possibly by the intermediate sulphenic a ~ i d ~ ' . ~ '  (equation 25). 

ArSCl + H,O - [ArSOH] -iArSSAR 
II 
0 

HCI ~ H,O 

(47) 

go",, (Ar = p-Tol) 

2ArSNC,H,, -ArSSAr + 2HNC,H,, 
II 
0 

(48) (47) 

Dehydrative condensation of two molecules of sulphenic acids, or reaction of a 
sulphenic acid with a sulphenyl chloride, are conveivable pathways for the formation of 
t h i o ~ u l p h i n a t e ~ ~ . ~ ~  (equations 26 and 27). 

ArS-sAr - ArSSAr + H,O 
II / I  
0 0 - 

ArS-CI + H- S A r  - ArSSAr + HCI 
II I1 (27) 

U 

0 0 

Thus, sulphenic  acid^^'.^^ play an important role in the chemistry of thiosulphinates, 
and have been suggested to be formed in various reactions by K h a r a ~ c h ~ ~  and B r ~ i c e ~ ~ .  
Although most sulphenic acids are too unstable to be isolated, several stable ones have 
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been reported, such as anthraquinone 1-sulphenic acid95, 1,4- and 1,5-disulphenic 
a ~ i d s ~ ~ . ~ '  and  other^^*-'^^, some of which are reported to give thiosulphinates. 

4. By miscellaneous methods 

Thiosulphinates can be formed by decomposition of sulphoxides having B- 
p r o t o n ~ l ~ ' - ' ~ ~ .  Shelton and Davis reported that di-t-butyl sulphoxide afforded the 
thiosulphinate 52 with elimination of isobutene and water at 75 "C (equations 28 and 
29)' 07. They obtained spectroscopic evidence for the intermediate t-butanesulphenic acid 
by NMR and for its tautomeric structures by IR. From the first-order rate constant, the Ei 
process involving cyclic transition state was postulated for this decomposition 
(equation 30). t-Butanesulphenic acid could be isolated as adducts with a, B-unsaturated 
ketones and acetylenes. 

0 

A(15 "C) II 
t-BuSBu-t - [t-BUSOH] + CH,=C(CH,)Z 

0 
II 

(52) 

2 50 t-BuSSBu-t 
~ n20  

,Bu-t 

Stall 1 1 0 - 1  12 studied the formation of allicin (5) by enzymatic decomposition of alline 
[ ( + )S-allyl-L-cysteine sulfoxide, 53) by allinase leading to 3-propenesulphenic acid (54) 
as intermediate through a similar cyclic transition state (Scheme 4). 

Dodson and coworkers14 obtained cyclic thiosulphinates (56) by the reaction of 
butadienes with disulphur monooxide (equation 3 l), presumably by a Diels-Alder-type 
cycloaddition, but the yield was only 4%. 

Kondo, Negishi and Ojima found that sulphuric acid-catalyzed ring-opening of 
ethylene episulphoxide (57) in methanol agorded a thiosulphinate, 58 (equation 32)' ''. In 
the acetic-acid-catalyzed reaction, in turn, a mixture of disulphide and thiosulphonate was 
formed owing to the disproportionation of 58 formed initially. They studied the 
stereochemistry of this reaction using 2-butene episulphoxide and stilbene episulphoxide, 
and concluded that the nucleophile was introduced stereospecifically with inversion of 
configuration as formulated in equation 33. 

Perfluoromethyl thiosulphinate (59) has been prepared from trifluoromethanesulph- 
enyl chloride and mercury difluoride according to equation 34l 14. It is unusually stable 
and shows no decomposition even under conditions where common thiosulphinates 
undergo rapid disproportionation. 
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COOH 

alline (53) - 2 [CH2=CHCH2SOH] t 2 allinas* 

(54)  1 

I -H20 

i 
0 

CH2=CHCH2SSCH2CH=CH2 
II 
( 5 )  

SCHEME 4 

+ s20 - 
II 
0 

( 5 6 )  
( R =  Ph,2-Naph)  

( 5 5 )  

knz0 
C H3COCOOH 

+ 
NH3 

0 

H* 
II 

/”\ MeOCH 

0 
( 5 7 )  ( 5 8 )  97% 

(R=Me,Ph) 

(33) 
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H O  ZCF,SCI + HgF, - CF,SF,SCF, A C F , S S C F ,  

II 
0 

- HgCI2 ~ 50 C 
- 2HF 

545 

(34) 

(59) 

5. Synthesis of optically active and oxygen-78 labelled thiosulphinates 

a. Opt i d l y  uct i r r  thiosulphinures. Optically active oxygen-containing organosulphur 
compounds are very convenient for study2'.22. Thiosulphinates have a tricoordinated 
sulphur atom and may be optically active. Thus, Savige and collaborators separated the 
first optically active thiosulphinate, i.e. diastereomeric cystine S-monooxides, which had a 
chiral pyramidal configuration6'. 

0 Cy = (L)-CH2CHCOOH 
II I 

cy-s-s-cy NH, 
[a];' + 62", [a]? + 14" 

A few optically active thiosulphinates have been synthesized. Although the optical 
stability of thiosulphinates is generally low' 15, 3-phenyl-4-benzoyl-[(il-1,2-dithiolane-l- 
oxide is reported by Wudl and Gruber to be configurationally stable up to 116 "C without 
pyramidal inversion leading to racemization' 16. 

Oxidation of diphenyl disulphide with ( + )-peroxycamphoric acid afforded optically 
active phenyl benzenethiosulphinate (61) ( [a]436 + 8.5" to + 14.0 ) (equation 35)' "-"". 
However, no asymmetric induction took place with didodecyl and dibenzyl 
disulphides' 19. 

pcroxycamphoric acid 
PhS-SPh Phg-SPh 

/ I  
(60) 0 O.P. - 5"" (35) 

(61) 

Thiosulphinates containing t-butyl groups have enhanced chemical and optical 
stabilities, and were obtained in optically active forms, by partial optical resolution of 
racemic mixtures via cyclodextrin inclusion complexes'20*'2'. 

p-Tolg-SBu-t t-Bug-SMe t-Bug-SBu-r 
ll II II 
0 0 0 

They were also prepared by the method described in equation 9, but carried out in the 
presence of a chiral amine. The method provides a small preponderance of one 
enantiomer'22. The highest optical purity (ca 10%) was attained in the case of r-butyl 
toluenethiosulphinate (62) (equation 36), but the product underwent rapid racemization. 

p-TolSCI + t-BUSH -p-Tolg-SBu-t 
N k 3  

II / I  (36) 
0 0 

(62) 
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A steroidal thiosulphinate has been obtained and separated into diasrereomers by 
Kishi and coworkersIz3. 

An optically active amidothiosulphinate, 64, was synthesized by asymmetric induction 
in the reaction of thionyl dimethylamide and t-butanethiol in the presence of a chiral 
isothiocyanate (63) (equation 37)Iz4. 

( + ) -  PhCH(Me)NCS. 63 
O=S(NMe,), + t-BUSH * Me,N-!!-SBu-t 

/ I  (37) 
0 

b. I8O labelled thiosulphinates. Oae and his c o w ~ r k e r s ~ ~ ~ ~ ~ ~ ~ ~  and Kice and Cleave- 
land'39 synthesized a few "0 labelled thiosulphinates. In most preparative methods 
(equations 9 and 39), the key compound is an I8O labelled sulphinyl chloride. Oae and 

obtained the latter from a non-labelled sulphinyl chloride with labelled 
water, followed by reaction with thionyl chloride (equation 38). "0-enriched sulphinyl 
chloride is also obtained by the reaction of a disulphide with chlorine in the presence of 
labelled acetic anhydride (equation 40), and Kice also converted sulphenyltrichloride to 
labelled sulphinyl chloride by the reaction with labelled acetic acid (equation 41). No I8O 
exchange of the labelled thiosulphinates under acidic conditions (e.g. in acetic acid) was 
reported to take place128.'78. 

SOCI' 
RSCl + H,O - RSOH - RSCl 

0 Y u 
II I1 II (38) 

base 
RSCl + R'SH RS-SR' 

II / I  
U Y 

3C1' 
PhCH,S-SCH,Ph + Z(CH,CO),O - 2PhCH2SCI 

/ I  
0 

(39) 

PhSCI, + CH,CO,H - PhSCl 
II (41) 
0 

0 = 1 8 0  

C. NMR Characteristics of Thiosulphinates 

Thiosulphinates having the structure like 65 often have magnetically non-equivalent 
protons (HA and BE) since they have an asymmetric centre at the sulphinyl sulphur, like 
sulfinates, sulfoxides and some other tricoordinated sulphur compounds' " I " . Murray 
and his coworkers gave a detailed NMR analysis of the diastereotopic protons of diethyl 
(65,R = Et. R ' =  Me) and diisopropyl thiosulphinates using an NMR shift 

Takata, Kim and Oae obtained similar results with alkyl arenethios~lphinates'~~. In 
addition to  the magnetic non-equivalence, the NMR chemical shift of protons and carbons 
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TABLE 5. 'H NMR chemical shifts (a-methyl and methylene protons) of 
disulphides. thiosulphinates and thiosulphonates in CDCI, at 27 "C, 6 (ppm)" 

541 

(R)  C,-C,-C,-S-S~C,,~C,.-C,,-Ca, (R') 

(u=0.1,2)  
II 
0, 

Substituent Disulphide Thiosulphinate Thiosulphonate 
R R' a. a' a, a' 2, a' 

Ph Me 2.39 2.90 2.53 3.12 2.48 
Ph Et 2.71 3.10 3.13'' 3.16 3.00 

Ph Pr 2.8 1 3.09 3.12* 3.14 2.97 

Ph Bu (2.65) 3.1 I 3.14 3.18 2.99 
p-To1 Me - 2.37 2.53 2.40 

{ 3.16 

{ 3.09 

(2.30) (2.21) 

"Values in parentheses were obtained in CCI,. 
"Magnetically non-equivalent protons. 

HA 

I 
II I 

R S  -SCR' 

0 HB 

0 

adjacent to sulphur atoms was studied in comparison with those of disulphides and 
thiosulphonates, using a variety of cyclic and acyclic disulphides, thiosulphinates and 
t h i o s ~ l p h o n a t e s ' ~ ~ ~ ' ~ ~  (Table 5). The chemical shift of a-protons reasonably shifted to 
low field according to  the electron-withdrawing nature of neighbouring sulphur groups 
( - S - ,  -SO--, -SO,-) (Table 5 ) I z 7 .  A similar shift is seen in the series sulphide, 
sulphoxide and sulphone. However, the chemical shift of the r'-proton of the thiosul- 
phinate always appeared at  lower field than that of thiosulphonate. The relation between 
/?- and p-protons is approximately the same. 

In the I3C NMR spectra of these three types of  compound^'^^^^^^^ , the results were 
different. The a'-carbon chemical shift was in the order: thiosulphonate, disulfide, 
thiosulphinate, although the a-carbon chemical shift showed reasonable dependence on 
the oxidation state of the neighbouring sulphur functions. This is also the case for the p- 
and /?'-carbons of these compounds (Figures 3 and 4). This relation holds independently of 
the structure of the compounds, i.e. whether they are cyclic or acyclic; examples of cyclic 
derivatives are shown in Figures 3 and 4. 

The phenomenon is explained by induced polarization of the C-H bond by the S=O 
group, via a five-membered interaction between the oxygen atom of S=O and the proton 
of CH, attached to the sulphenyl sulphur of the thiosulphinate. However, this type of 
chemical shift change was not observed in the series of oxygen analogs, i.e. sulphinates and 
s~lphonates '~ ' .  Therefore, a special effect of the -SO-S- moiety, namely the contri- 
bution of resonance structures (e.g. 16 or 18), may be taken in account. 
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0 
x !  /I' 2' /Y 

PhS -S-CH,-CH, PhS -S-CH,-CH, 
I1 

0 

27.6 14.1 

0 

30.5 14.1 

a / J  
PhS-S-CH,-CH, 

32.6 14.1 
0 

U P  1 I a  p 
PhS- S -CH,-CH, PhS- S -CH,-CH, 

0 0 

49.8 7.6 53.9 8.3 

0 
a' /Y y' I1 a' B' 

PhS -S-CH2-CH,-CH, PhS -S-CHZ-CHz- 
I1 I1 
0 0 

35.1 13.1 38.0 13.0 
23.9 22.0 

Y' 
-CH, 

a B r  
PhS-S-CH,-CH,-CH, 

40.9 13.0 
22.1 

0 

/ I  / I  

r B r  / l a  /I 1' 
PhS- S -CH,-CH,-CH, PhS- S -CH,--CH,-CH, 

0 

57.8 13.1 
17.1 

0 

61.2 12.6 
17.3 

FIGURE 3. I3C N M R  chemical shifts of linear thiosulphinates (CDCI,, ri. TMS) at 27 C 

Furthermore, Takata and collaborators' 2 8  measured coupling constants ( J c  -H values) 
of the series of ring compounds shown in Figure 5 in order to examine the acidity of the a- 
protons. The unusually large coupling constants of carbon-4 of the thiosulphinates and 
thiosulphonates suggested the contribution of the resonance structures 16 and 66. 

Through these NMR studies, Takata and coworkers concluded that cyclic unsym- 
metrical thiosulphinates do not show any stereoisomerism around the sulphur atom and 
that the oxygen of the -~~ SO-S group is always axially orientedlZ8. 
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34.5 

s-s 

's-s' 
ii 
0 

0 

(26.3) (26.0) 

(33.2 31.2 ) R 4 ; 3 :  .2)  

s-s 

0 

28.8 - 58.0 

I1 

( 2 5 . m 6 . 2  ) 

59.7 a a' 

$KSf 
0 0  

64.4 39.7 

FIGURE 4. ',C NMR chemical shifts of cyclic thiosulphinates (CDCI,, 6, TMS) at 27°C 

Freeman and his coworkers obtained NMR spectra of several series of organosulphur 
compounds including thiosulphinates mainly having neopentyl, phenyl and benzyl 
s u b s t i t u e n t ~ ' ~ ~ ~ .  They have also pointed out the similar magnetic non-equivalent protons 
of neopentyl and benzyl derivatives. Furthermore, special deshielding electron- 
withdrawing and shielding effects of the thiosulphinate bond rather than the thiosulpho- 
nate bond at  the r'-position were observed in ' H  and I3C NMR, as discussed above. 

D. Reactions of Thiosulphinates 

7 .  Stability and disproportionation 

As stated already, thiosulphinates are rather unstable compounds. Their S-S bond 
energy is unusually weak (36 kcal mol- ' for diphenyl derivative and 46 kcal mol- for 
dimethyl derivative) which is comparable to dialkyl peroxides and ca 20 kcal mol- I 

smaller than corresponding thiosulphonate, as shown in Table 6 3 1 * 5 1 * 1 3 ' ~ 1 3 3 .  Therefore, 
the introduction of an oxygen atom into the disulphide bond leads to a bond energy 
decrease by 20-30 kcal mol- I .  Block and OConnor  investigated thermal stability of 
several alkyl thiosulphinates by measuring their half-life time (Table 7 ) I 3 O .  Inspection of 
the data in Table 7 clearly reveals that the stability of thiosulphinates having bulky groups 
is enhanced as the bulk of the groups increases. This seems to  indicate steric protection in 
terms of bulkiness against attack at  the S-S bond. The same authors also studied the 
pyrolytic behaviour of dialkyl thiosulphinates and found the formation of intermediate 
alkanesulphenic and the up to then unknown alkanethiosulphoxylic acids which could be 
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131.7 130.0 

135.7 139.2 0 141.3 124.0 

s-s s-s 
I I  

0 
0 

157.2 160.7F? s-s 139.7 

128.0 ""8 s-s 1 3 7.3 1 3 9 . 7 8  s-s 140.6 

I I  
0 

(129.4) (132.3) 

140.2 0 141.6 
0 0  AS 

140.4 144.0 

i T S  
0 0  

139.9 8 142.8 
0 0  AS 

FIGURE 5. Coupling constants ( J c .  H) (CDCI,. Hz) 

TABLE 6. Bond energy of some orgdnosulphur compounds 
having S-S linkage 

Bond energy 
Compound (kcal mol- ') References 

HSSH 72 131 
MeSSMe 74.75 51 
EtSSEt 72 131 
PhSSPh 55 132 
MeSOSMe 46 51 
PhSOSPh 36 133 
MeS0,SMe 68 I32 
HOOH 48 131 
EtOOEt 32 131 
p-TolSOSTol-p" 34 31 

"Activation energy (AH' kcal m o l ~  I ) ,  AS' = 12.0 e.u 
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TABLE 7. Relative thermal stability of alkyl alkane thiosulphi- 
nates (neat, at 96 "C) 

55 1 

Thiosulphinate 
~ ~~~ 

Half-life time (min) 

MeSO-SMe 
MeSO-SEt 
MeSO-SPr-i 
EtSO-SMe 

i-PrSO-SPr-i 
c, 2% --so--sc, 2H25 

t-BuSO-SBu-t 

I 
11 
32 
40 
52 
66 

148 

(68) 91% 

Ph 
A PhC=CH \ 

/C=CH2 
t -BuSSBu-t  - - 

II 
0 

0 

(44) 

(69) 30% 

trapped with acetylenes, giving tl, b-unsaturated sulphoxides (67,68 and 69) (equations 
42-44)I3O. 

Sulphenic acids formed by 8-elimination are known to add to olefins as reported with a 
stable penicillin sulphenic acidlo6. The mechanism of the addition is viewed as a reversible 
sigmatropic rearrangement. In the absence of a trapping agent, symmetrical thiosulphi- 
nates were formed in the pyrolysis of unsymmetrical ones, especially in the case of t-butyl 
substituted thiosulphinate (equation 45). When t-butanesulphenic acid reacts with the 
thioformaldehyde which is formed as a by-product of the decomposition of 70, t-BuSOH 
as strong nucleophile gives mercaptosulfoxide 71 which further reacts with 70 to 
eventually afford sulphinyl disulfides (e.g. 72,73) (equations 46 and 47). The products seem 
to be obtained via a Pummerer-type rearrangement' 30. Photochemical decomposition of 
alkyl thiosulphinates by a radical process induced by UV irradiation was also investigated 
by Block and O C ~ n n o r ' ~ ~ .  
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(70) 

70 
t-BuSOH + CH,=S - t-BuSCH,SH - t-BuSCH,SSMe 

II II 
0 0 

(71) (72) 

(52) 

(45) 

(47) 
renux 

2MeSSMe - 2MeSCH,SSMe 
II / I  

0 0 
(73) 847; 

' 2 ' 6  '2O 

Disproportionation of thiosulphinates to  mixtures of disulphides and thiosulpho- 
often occurs both in solution and in the solid state as well4*. Sometimes 

further oxidation products such as sulphinic and sulphonic acids'30.'34 are also formed 
(equation 48). Kice and coworkers'37 carried out an ESR study of the disproportionation 
of thiosulphinates. A homolytic chain mechanism including initial S-S bond cleavage is 
postulated, as illustrated in equations 49 and 50'30.'35.136. 

nates48.1 34-137 

U + MeSOSMe (5%) 

ArSSAr - ArS. + ArS- 
I1 
0 

ArS0,SAr ArSSAr 

ArSSAr + ArS- - ArS- + ArSSAr 
I 1  II 
0 0 

(49 ) 

Regarding the optical instability of thiosulphinates, racemization of optically active and 
oxygen-18 labelled phenyl benzenethiosulphinate was studied' 18.119.138.1 39. Acid and 
nucleophile-catalysed "0 exchange rates were considerably slower than that of 
racemization. A small amount of nucleophile, such as halide ion or sulphide, 
dramatically accelerated the racemization' ' * I '  39. 

2. Hydrolysis 

S a ~ i g e ~ ~ . ~ '  reported the hydrolysis of cystine monooxide at  pH 5-7 to give cystine and 
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cysteinesulphinic acid (equation 51). Hydroxide ion mainly attacks at  sulphinyl sulphur, 
but attack at sulphenyl sulphur may also be operative. Similar results were reported by 
Tsukamoto and his coworkers'40 for thiamine disulphide monooxide. 

3CySSCy + H 2 0  - 2CySSCy + 2CyS0,H 
II 
0 

Thiosulphinates are readily hydrolysed under alkaline conditions. In this case, 
hydroxide ion was suggested to attack initially at sulphinyl s ~ l p h u r ' ~ ' * ~ ~ * .  Oae, 
Yoshikawa and Tagaki studied by NMR the alkaline hydrolysis of some aromatic 
thiosulphinates and concluded from kinetic results and product analysis that the sulphinyl 
sulphur is the only one a t t a ~ k e d " ~ . ' ~ ~  (equation 52). However, Kice and Rogers claimed 
in a kinetic study that the initial attack of hydroxide ion occurs with almost the same rates 
a t  both suphenyl and sulphinyl sulphur'44. To resolve this controversy, Oae, Takata and 
Kim carried out a reinvestigation of the alkaline hydrolysis of t h i o ~ u l p h i n a t e s ' ~ ' . ~ ~ ~ ,  
including a detailed product analysis and "0 tracer  experiment^'^^. They found that the 
products contained a sulphinate derived exclusively from the sulphinyl moiety and found 
also both symmetrical and unsymmetrical disulphides. "0 incorporation into the 
sulphinate, which was isolated as corresponding methyl sulphone by the reaction with 
methyl iodide, was always over 50%. These results were best explained by the following 
total scheme of the hydrolysis (equations 53-56). These results point to  selective attack of 
the 'hard' - O H  on the 'hard' sulphinyl sulphur atom but not on the 'soft' sulphenyl 
sulphur. 

pY =1.6 

(52) 
-OH 

E o = l 3  kcal/mol 
0 60% EtOH 

RSSR'+ -OH - R S 0 , H  + R'S- 
II 
0 

(53) 

fast 
RSSR' + -SR' - RS- + R'SSR' 

II II (54) 
0 0 

RSSR' + RS- - RSSR + R'S- 
I1 II I 1  II 
0 0 0 0  

I 

(55) 

0 1 fast , 11 
RSSR 

0 

I /  fast 
RSSR + R'S- -RSO,- + RSSR' 

II 
0 
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Somewhat different results were reported by Oae and collaborators in the hydrolysis of 
the cyclic thiosulphinate 43 which gave an equimolar mixture of the corresponding 
disulfide 42 and thiosulphonate 74 (equation 57) apparently without S-S bond cleavage. 
The reaction followed second-order kinetics, first order each in thiosulphinate and 
hydroxide ions2. 

3. Alcoholysis 

Convenient transformation of unstable thiosulphinates to stable sulphinates (75) was 
performed by Takata and Oae’46 (equation 58). This is a useful method for determining 
the structure of thiosulphinates. The replacement of the sulphenyl group by an alkoxy 
group is catalysed by iodine, bromine or hydrogen chloride but not by sulfuric or 
perchloric acid. The yields of 75 and R’SSR’ were enhanced by addition of hydrogen 
peroxide. In the absence of H,O,, the yield of 75 was 60-80%, accompanied by 
unsymmetrical disulphide ( -  25%) and disproportionation product R S 0 , S R  ( -  8%). 
Only the disproportionation products were observed when using acetonitrile as the 
solvent instead of alcohol. The mechanism was therefore assumed to involve initial 
reaction with the catalyst to give sulphinyl and sulphenyl moieties by S-S bond fission, 
which are in turn trapped by the solvent alcohol to yield sulphinate 75 and thiol. Thiol 
R‘SH is immediately oxidized by H 2 0 2  to R’SSR‘ or, in the absence of H 2 0 2 ,  reacts with 
thiosulphinate to lead to disproportionation products (Scheme 5). 

I - 2”. e 
RSSR‘ cat (xy)/HZoZ RSOR” + R’SSR’ 

II R’OH, 20 C 1 1  
0 0 

(75) > 90% 
(R,R’ = p-Tol, Ph, Et; R” = Me, Et, i-Pr; XY = I,, HCI etc.) 

4. Reaction with nucleophiles 

a. With Grignard reagents. Vinkler and coworkers studied the reactions of a few diary1 
thiosulphinates with Grignard reagents such as benzyl and propyl magnesium halides14’. 
Benzylmagnesium chloride attacks nucleophilically at the sulphinyl sulphur to give the 
corresponding benzyl aryl sulphoxides 76, while propylmagnesium bromide attacks at the 
sulphenyl sulphur to form aryl propyl sulfide 77 and arenesulphinylmagnesium bromide 
78 (Scheme 6). 78 was converted to aryl benzyl sulphoxide 76 and aryl arenethiosulphinate 
by treatment with benzyl chloride and water, respectively (Scheme 7). The cause of these 
reactions is not clear at present time. 

In order to determine enantiomeric excess of optically active aryl thiosulphinates (79) 
synthesized by optically active peroxy acid oxidation, reaction of 79 with benzylmag- 
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0 

R’SSR’ 

SCHEME 5 

P h C H 2 M g C I  A r i C H z P h  + ArSMgCI 

0 

( 7 7 )  (78)  

SCHEME 6 

P h C H Z C I  . ArrH2ph 
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SCHEME 7 

nesium chloride was carried out’ I 19. The reaction proceeded stereoselectively and with 
complete inversion of configuration to give the optically active sulphoxide 80, which was 
identical to that derived from the similar reaction of the optically active sulphinate 81 
(equation 59). 

Mikolajczyk and Drabowicz used also diethylaminomagnesium bromide and N- 
bromosuccinimide in the reaction with the optically active unsymmetrical thiosulphinate 
82 (Scheme 8)’”. Stereochemistry of the reaction was inversion as expected. 
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KSRo P h C H z M g C l  P h C H p M g C l  \ - - 
,*' \ 

A r  S A r  PhCH2 A r  

0 

0 

E t z N M g B r  I I  

N B S / M o O H  II 

(+ ) -S  p-TolSNMe2 

0 i (-) - R  p-TolSOMe 

* 
p-TolSSBu-t  

0 
II 

(-) -s (82) 

SCHEME 8 

b. With superoxide anion radical. A detailed investigation has been undertaken by 
Takata and  collaborator^^^^-'^^ on the reactions of a variety of organosulphur 
compounds including thiosulphinates, with superoxide ion (Oi).  Aryl arenethiosulphi- 
nates reacted very rapidly at  -40 to  0°C with KO, in the presence of 18-crown-6 in 
pyridine or in acetonitrile alone to afford the corresponding potassium arenesulphinate 
and sulphonate along with the symmetrical disulphide (Scheme 9). 

KOn 
RSSR'  RSO;K+ + RSO;K+ + R ' S S R '  1 1  1 8 - c r o w n - 6 / p y  * 

o r  CH,CN 

- 4 0  4 0  O C  
l M o I /  ~ b o n z y l t h i u r o n i u m  

MoOH--H,O c h l o r i d a / H p O  

fl 
R -S-Ma RSO; H3+NCSCH2Ph 

II 
0 

SCHEME 9 

At higher (room) temperature, disulphides also react with 0; to give the same 
products' ". Product analysis and mechanistic investigation suggested initial nucleophilic 
attack by 0; at  the sulphinyl sulphur. This is also understood by the HSAB concept as 
described in the hydrolysis in the preceding section. The authors proposed the 
intervention of a new oxidizing species, peroxysulphinate 83, which was proved to exist by 
trapping reactions with sulfoxides (equation 60), as in the cases of disulphides and other 
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* d e n o t e s  radica l  or a n i o n  (8 3) 

organosulphur compounds' 5 0 - 1  I .  The peroxy species was assumed to be a nucleophilic 
oxidant because it did not oxidize sulphide. Thianthrene monooxide was converted with it 
to 9,9-dioxide but not 9,lO-dioxide' 50 .  The following peroxy species were also proposed in 
the reactions of thiol, sodium thiolate, disulphide, thiosulphonate, sulphinyl chloride, 
sulphonyl chloride and sodium sulphinate with 0; 1 5 0 , 1 5 1  and sometimes with molecular 
oxygen24. In some cases, the oxidation of phosphines and a,S-unsaturated olefins to 
phosphine oxide ( - 37%) and epoxide ( - 85%), respectively, with these peroxysulphur 
compounds was observed. 

0 
I /  

II II 
0 0 

RSOO* RSOO* RSO* 

c.  Wi th  miscellaneous reagents. Secondary amines react with benzyl phenylmethane- 
thiosulphonate ('dibenzyl thiosulphinate') to give a mixture of dibenzyl di- and trisul- 
phides, thiobenzimides and benzaldehyde (equation 61)' 52.  Enamines are sulphenylated 
by aryl benzenethiosulphinates' 53. 

S 
HNR2 II 

PhCH,SSCH2Ph -PhCH,S,CH2Ph + PhCNR, + PhCHO 
II 
0 

x = 2.3 

Anstad studied the formation of thiocyanates by treatment of thiosulphinates with 
cyanide ion154. 

5. Oxidafion 

a. Formation of a-disulphoxides-oxidation with electrophilic reagents. As described in 
Section III.B.2a, electrophilic oxidants such as peroxy acids oxidize the more electron-rich 
sulphenyl sulphur atom but not the sulphinyl sulphur atom of thiosulphinate. Hence the 
oxidation product may be the hypothetical a-disulphoxide MIs5, but the actually isolated 
product was the thiosulphonate (equation 62). No a-disulphoxide has ever been isolated 
or trapped, although it has long been postulated as intermediate in the oxidation of 
disulphides and especially thiosulphinates and in some reactions of compounds with 
sulphinyl moieties30.5h.57~L55-1"1. Recently it has been proved to exist by spectroscopic 

Many attempts to  prepare this elusive intermediate from cystine' 5b-1 ", alkyl or aryl 
thiosulphinates 164.169.17 I - I 8  1 and sulphinyl chlorides161"67.168 have been unsuccessful. 

detection 176.180. I 8  I 
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0 

a-disulphoxidc 

Barnardl6I tried to isolate an a-disulphoxide by the reaction of benzenesulphinyl 
chloride with zinc, but the product was phenyl benzenethiosulphonate. A few 

also noted that the final products in the peroxy acid oxidation of 
thiosulphinates were thiosulphonates. Modena and  coworker^'^^^'^^ concluded from 
kinetic studies and substituent effects in the oxidation that a-disulphoxide once formed 
underwent rapid isomerization to thiosulphonate. Barnard and Percy169 suggested that 
fast homolytic cleavage of the S-S bond of a-disulphoxides gives a sulphinyl radical, 
which in turn yields with thiosulphinate the thiosulphonate. Thus, it is generally believed 
that a-disulphoxides are formed, but are quite unstable and collapse immediately to 
thiosulphonates. 

In order to study the formation of a-disulphoxides Chau and Kice'" utilized a low- 
temperature (- 20 "C) I9F NMR technique. During the oxidation of p-fluorophenyl p- 
fluorobenzenethiosulphinate 85 and p-fluorophenyl benzenethiosulphinate 87 at - 20 "C, 
they could find no signal to be assigned to the a-disulphoxide (equations 63 and 64). 
However, the product analysis suggested that at least 73% of the oxidation proceeded via a 
pathway involving a-disulphoxide as an intermediate. From the results, the AH* of the 
decomposition of a-disuiphoxide was estimated to be less than 20 kcal mol- ' with a half- 
life time of less than 60s at this temperature. They proposed as the mechanism 
decomposition of the a-disulphoxide yielding two sulphinyl radicals, followed by 
recombination to sulphenyl sulphinate which, in turn, rearranged to the thiosulphonate. 

groups 16 1.163.164 

0 
AcOOH II 
CHCI, 

ArS-SAr - ArS-SAr 
II 

-20°C 0 
I1 
0 

Ar = p-FC6H4 

0 0 0 0 
II I1 II / I  AcOOH 

PhSSAr - ArSSAr + PhSSAr + PhSSAr ( + PhSSPh) 
/I 
0 

I I  
0 

I1 
0 

II 
0 

II 
0 

Ar = p-FC6H4 

Oae and coworkers' 72,1 7 8  reported more concrete evidence by detailed product 
analysis, 'H NMR study and I8O tracer experiments, for the oxidation of unsymmetrical 
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disulphides and thiosulphinates. They also detected no peak corresponding to any a- 
disulphoxide in 'H NMR studies. In the oxidation of the thiosulphinates 91 or 92 with 
peroxy acids, all four possible symmetrical and unsymmetrical thiosulphonates were 
obtained along with some further oxidation products' 7 7  such as sulphinic and sulphonic 
acids (equation 65). The results of ' 8O tracer experiments using both "0 labelled 91 and 
92 (equation 65) suggested the mechanism shown in Scheme 10 involving the a- 
disulphoxide 93 and sulphenyl sulphinates 94 and 95 as intermediates in accordance with 
the mechanism proposed by Chau and Kice17'. The initial oxidation of the sulphenyl 
sulphur of 91 or 92 gives an unstable a-disulphoxide 93 which probably collapses by 
homolytic S-S bond cleavage to two sulphinyl radicals. Head-to-tail recombination of 
the radicals generates both 94 and 95, which are transformed by radical or other processes 
to the four stable thiosulphonates. Besides the path via a-disulphoxide (path a), direct 
conversion of thiosulphinate to sulphenyl sulphinate by oxidation (path b) is also 
conceivable (Scheme 11). Preference of either path might depend on the nature of the 
thiosulphinate, e.g. 91 bearing a more nucleophilic sulphenyl sulphur probably favors the 
intermediate a-disulphoxide (93), while 92 with a less nucleophilic sulphur undergoes 
preferentially the direct conversion to 94. 

PhSSMa 

ii 
(91) 0 0 

[ol II II 
II II 

II 
o r  - PhSSMe + PhSSMa + PhSSPh + MaSSMe 

II 
0 

I I  
0 0 0 

(65) 
PhsflMe 0 (92) 

RS-SR' 

II 
0 

R" ' J  

,, 

SCHEME 1 1  

Freeman and collaborators attempted the detection of a-disulphoxide and sulphenyl 
sulphinate using 'H and 13C NMR at low temperature, and succeeded in confirming the 
formation of these two transient in the oxidations of dialkyl 76.179-1 
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thiosulphinates with m-chloroperbenzoic acid (MCPBA) in chloroform. Although the 
initial attempt to detect it in the peroxy acid oxidation of phenyl phenylmethanethio- 
sulphinate (%) was unsuccessful, the diastereomeric a-disulphoxides could be observed at 
- 40' C with several alkyl thiosulphinates (97-103; Figure 6). Sulphinic anhydride 
( - 40 "C)Ia2 and sulphines (on warming to - 20°C) are also observed in most cases. The 
initial oxidation at the sulphinyl sulphur leading directly to thiosulphonate was ruled out 
from the fact that no thiosulphonate was detected at  -40°C. Figure 7 lists 13C NMR 
chemical shifts of a few a-disulphoxides which should be compared with those of 
thiosulphinates (Figure 6). Table 8 shows the results of the MCPBA oxidation of methyl 
methanethiosulphinate (97) at -40 "C to - 20 "C as an example (equation 66 in Table 8). 
'H and 13C NMR data shown in Table 9 were obtained for each compound related to the 
oxidation of 97. After 15min reaction at -40°C the NMR spectrum was very simple, 
indicating the formation of only two diastereomeric a-disulphoxides, while by warming to 
0 "C these signals disappeared and instead those of thiosulphonate and sulphinic acid 

PhS-SCH,Ph H3CS-SCH3 EtCH,S-SCH,Et 
II II II 
0 0 0 

(96) (97) (98) 
36.99 42.02 57.02 

Me,CHS-SCH Me, 
/ I  
0 

55.12 

(99) 

II II 
0 0 

PrCH,S -SCH,Pr Me,CS -SCMe, t-BuCH,S-SCH,Bu-t 
II 
0 

5 5.09 59.44 70.44 

(1W (101) ( 102) 
PhCH,S-SCH,Ph 

I1 
0 

60.71 

(103) 

FIGURE 6. "C NMR chemical shifts of thiosulphinates (6, TMS) 

EtCH,S-SCH,Et Me,CHS-SCHMe, PrCH,S-SCH,Pr t-BuCH,S-SCH,Bu-t 
II II II II 
0 0  0 0  

II II / I  I1 
0 0  0 0  

RS 51.13 49.56 49.00 

RRISS 51.45 50.00 49.53 

64.00 

64.35 

MeS-SMe t-Bus-SBu-t PhCH,S-SCH,Ph 
I1 II 
0 0  

II I1 
0 0  

II II 
0 0  
36.07 57.20 55.38 

FIGURE 7. NMR chemical shifts of a-disulphoxides (6, TMS) 
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TABLE 8. Oxidation of 97 with MCPBA studied by NMR 

T. Takata and T. Endo 

COl 
MeS-SMe - MeS-SMe -(MeSO),O etc 

I1 II -*OT 
-40°C /I 

0 0 0  

Product and yield (%) 

Temp ("C) Time (min) MeSSMe (97) MeSSMe MeSSbde (MeS),O MeSOH 
II I1 II /I II /I 
0 00 0, 0 0 

RS R R j S S  

- - - -40 15 56 25 19 
- 40 19 59 20 21 
- 20 101 76 10 7 2 4 

- - - 

- 

TABLE 9. 'H and I3C NMR chemical shifts of products of the 
oxidation of 97 with MCPBA, d (ppm) 
~ 

at -40°C at -20°C 
Compounds 

'H 3c I 3c 

MeS-SMe 2.75 15.22 15.00 

II 
0 3.08 42.02 42.18 

I1 II 
0 0 RRjSS 3.04 36.17 36.23 

MeS-SMe RS 2.86 36.07 

0 
II 

II 
0 

MeS-0-SMe 
II /I 
0 0  

MeS-SMe 

MeS0,H 

18.57 

48.63 

46.47 

44.90 

appeared. During this period a small peak attributable to sulphinic anhydride was also 
observed. Therefore, the main reaction scheme would be as in equation 67. In each 
substrate (!I-103) similar NMR characteristics were observed. 

Freeman and Angeletakis'*' proposed various reaction pathways which are initiated 
by the oxidation of sulphenyl sulphur to a-disulphoxide. Formation of sulphine, sulphenic 
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CH3S-SCH3 CH3S-SCH, - CH3S-O-SCH, 
I1 
0 

I1 II -*OT 
--4O"C I1 

0 0 0  

0 
I 1  

+ CH3S-SCH3 + CH3S02H + (CH3SO)ZO 
I /  
0 

acid and sulphinic acid are explained by cyclo-elimination of a-disulphoxide, sulphenyl 
sulphinate or sulphinic anhydride (equation 68), and hydrolysis of a-disulphoxide or 
sulphinic anhydride. Increase of thiosulphinate on warming from -40 "C to - 20 "C is 
undoubtedly due to the condensation of the sulphenic acid formed. Thiosulphonate can be 
also produced by the reaction of thiosulphinate with a transient sulphinic acid 
(equation 69). 

0 

s-0 

RCHz' 'S' RCH=S=O \HnO 

II 
\ / L\ 

RCH2SOH R 0-H 

S T  I I  f C H R  I - + CH rcHZR 
(68) 

II 
0 

From the theoretical aspect, Freeman and his coworkers examined the structures of 
hydrogen persulphide (HSSH) and its monooxide (HS(O)SH), dioxide (HS(O),SH) and 
(HS(O)S(O)H), and tetroxide (HS(O),S(O),H) derivatives by ab initio molecular orbital 
calculations at HF/3-21G* and 6-31G*  level^"^. These theoretical calculations 
supported the mechanism proposed for the rearrangement of a-disulphoxides via 
sulphinyl radicals to thiosulphonates. The calculations also suggested that a-disulphoxide 
is sufficiently stable to be observed and/or isolated at low temperatures, in good agreement 
with the above results. S-S Bond lengths and angles of these species are also discussed. 

In view of the above-mentioned studies a-disulphoxide has been recognized as a reactive 
intermediate which can be observed. It is hoped that its reactivity with some nucleophiles 
and electrophiles will be further studied. 

b. Selective oxidations of thiosulphinates. In contrast to the very complex peroxy acid 
oxidations Takata, Kim and Oae183.'84 found that sodium (or potassium) metaperiodate 
in aqueous solvent oxidizes thiosulphinates to the corresponding thiosulphonates without 
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any S-S bond fission, under mild conditions and in quantitative yields (equation 70). 
This is the first selective oxidation which is synthetically very useful (Table 10). The 
oxidation was accelerated by addition of catalytic amounts of inorganic and organic 
acids or halogens. In the absence of a catalyst, the oxidation suddenly started after an 
unspecified induction period, but again giving the thiosulphonate quantitatively. In the 
presence of e.g. hydrochloric acid, the reaction was about ten times faster than in the 
absence of the catalyst. Acetic acid could be employed as catalyst and solvent as well. 

0 
NalO, I /  

RSSR' * RSSR' 
II 
0 

11 aqueous solvent 
r.t 

0 

TABLE 10. Selective oxidation of unsymmetrical thiosulphinates with NaIO, at room temperature 

Entry 

Thiosulphinate 

R R' 
(RSO-SR') 

1 
2 
3 
4 
5 
6 
I 
8 
9 

10 
11 
12 
13 
14 
15 

Ph Ph 
Ph P-TOI 
P-ToI Ph 
P-ToI Ph 
P-ToI Ph 
p-To1 Ph 
Ph Me 
Ph Me 
Ph Me 
Me Ph 
Et Ph 
Ph i-Pr 
Me c - C d  I 1  

p-To1 Me 
p-CIC,H, Me 

Solvent 

dioxane-H,O 

CH,CN-H,O 

CH,CN-H,O 

dioxane-H,O 

CH,CN-H,O 

CH,CN-HzO 

CH,CN-H,O 

CH,CN-HzO 
CH,COOH-H,O 
dioxane-H,O 
dioxane-H,O 
dioxane-H,O 
dioxane-H,O 
CD,COOD-D,O 
CD,COOD-D,O 

Time 
Catalyst (h) 

none 26.0 
conc. HCI 1.0 
1, 0.5 
Br, 0.5 
H2S04 1 .o 
HCIO, 1 .o 
CF,COOH 2.0 
HCOOH 6.0 
none 0.5 
none 8.0 
conc. HCI 1.0 
conc. HCI 1.0 
conc. HCI 0.5 
none 0.5 
none 0.5 

100 
100 
100 
95 

100 
100 
100 
90 
95 
98' 
90b 
85' 
90 
1W 
loo' 

'NMR yield. 
'Isolated yield. 
'Reaction in NMR sample tube 

When the reaction was carried out in aqueous alcohol, sulphinates were produced 
together with the thiosulphonates (equation 71). The yield of the sulphinates depended on 
the alcohol used as solvent, and when the bulkiness ofthe alcohol increased, the sulphinate 
yield decreased as shown in equation 71. NaIO,, SeO,, KMnO, and NaCIO, were also 
tested as selective oxidants in these reactionslE5, and usually showed the same selectivity, 
but the activity was rather low except for NaIO,. 

On the other hand, oxidation of an unsymmetrical disulphide or a mixture of two 
symmetrical disulphides with two equivalents of NaIO, for each equivalent of disulphide 
under the same conditions gave a mixture of symmetrical and unsymmetrical thiosulpho- 
nates without selectivity (equations 18 and 72). If an unsymmetrical thiosulphinate is 
directly formed from an unsymmetrical disulphide and then further oxidized selectively to 
the corresponding thiosulphonate with NaIO,, symmetrical thiosulphonates should not 
be ~bta ined ' "~ .  Therefore, the oxidation without selectivity should either involve S-S 
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0 
NalO, II 

PhSSMe - PhSSMe + PhSOR (+ MeSSMe) 
II II 1 1  ROH H 2 0  

r t  . .  
0 0 0 

R = Et 42% (44) 39% (47) 
R=i-Pr  67 27 
i-Bu 82 7 

( ): in the presence of HCI 

PhSSPh 0 0 0 
4eq. NalO, I1 I /  II 

MeSSMe w;;; 0 0 0 

+ - PhSSMe + MeSSMe( + PhSSPh) 
/ I  1 1  II CD3CO2D D 2 0  

(41) (40) (39) 

565 

(71) 

bond fission in the first oxidation step of the disulphide or reaction of the disulphide with 
the thiosulphinate produced. This may be consistent with the unique nature of periodate, 
although it is also used as useful selective oxidant for sulphide to sulphoxide. 

This selectivity was confirmed more clearly in the oxidation of the cyclic unsymmetrical 
thiosulphinates 3-methyl-l,2-dithian 1- or 2-monooxide, which were separated by 
chromatography by Oae and Takata’ 85, and converted to the corresponding thiosulpho- 
nates by NaIO, (equation 73). In contrast hydrogen peroxide or MCPBA oxidized 105 to 
a 1 : 1 mixture of thiosulphonates 106 and 107 (equation 74). 

Oae and Takata therefore suggested that NaIO, oxidation is a typical ‘nucleophilic 
oxidation’ which is clearly distinguished from ‘electrophilic oxidation’ performed by 
peroxy acids185. The former process was speculated to involve a sulfurane intermediate 
(108) as in equation 75. 

N a  10, /AcOH -H,O 

or NaIO, /CHICN-H20 

/ H 2 S 0 , ( c a t . )  KS 
0 0  

(73) 

(105) (106) 100% 

(105) (106) 100% (107) 
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c.  Miscellaneous oxidations. Inorganic (by N20,)'8" and biological (in situ by cyto- 
chrome P-450)86 oxidations were reported. 

6. Reduction 

a .  Wi th  thiols. Thiols react easily with thiosulphinates to give disulphides. This reaction 
is used for synthesis of unsymmetrical disulphides (equation 76)6*52*187. The mechanism is 
considered as shown in equation 77. Schoberl and Graefje pointed out the requirement of 
excess thiol since disproportionation of the produced sulphenic acid to sulphinic acid and 
thiol occurs188. It is possible if this disproportionation is competitively fast with k,. 

RSSR + 2 R'SH - 2 RSSR' + H 2 0  
I1 
0 

(77) 
R'SH 

RSSR - RSOH + RSSR' 

' I  I KSH 1 
0 

k 2  

The reaction with thiol takes place under either acidic or basic conditions. Kice studied 
the reaction in detail and concluded that the reaction follows second-order kinetics, first 
order in each of thiol and thiosulphinate in acidic media, via attack of thiol on the 
protonated t h i o s ~ l p h i n a t e ' ~ ~  (Scheme 12). In the sulphide-catalysed reaction with 
t h i ~ l " ~ ,  the kinetics are second order, first order in each sulphide and thiosulphinate, but 
independent of the concentration of thiol. The rate-determining step is therefore the attack 
of sulphide (instead of thiol) on the protonated thiosulphinate. 

RSH + 
+ RSH 

PhSSPh + H +  PhSSPh - RSSPh + PhSOH - PhSSR 
I 
H - H +  

I1 I 
0 OH T 

SCHEME 12 

The reaction of thiamine disulphide S-oxide (BS(0)SB) with thiols (RSH) in 80% alcohol 
was investigated in detail l 9  '. The products included the unsymmetrical disulphide (BSSR) 
and also two symmetrical disulphides (equation 78) and the reaction is believed to  proceed 
via a complex mechanism. The unsymmetrical disulphide is probably formed according to  
equation 76, while formation of symmetrical disulphides is explained by attack of thiolate 
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ion at the oxygen atom of the protonated thiosulphinate (to give BSSB) followed by 
reaction of the thiol with sulphenic acid formed (to give RSSR) (equation 79). 

BS-SB + 2RSH ---+ BSSR + BSSB + RSSR 
/ I  
0 

RS-'+ BS-SB - RSOH + BSSB 

L R s s R  
+ (79) 

Thiosulphinate (109) has three reactive positions attacked by n~cleophi les~~,  i.e. 
sulphenyl sulphur, sulphinyl sulphur and sulphinyl oxygen. The mechanism is supported 
by the general concept that the 'soft' nucleophile thiolate ion attacks at the 'soft' sulphenyl 
sulphur, as Kice and Large reported13', but attack of thiolate ion at the sulphinyl sulphur 
is not likely to occur. The amount of symmetrical disulphides (BSSB, RSSR) increases with 
decrease of acidity of thiols in good accordance with the order obtained in the oxidation of 
thiols with s ~ l p h o x i d e s ' ~ ~ * ' ~ ~ .  

> f  
R-S-S-R 

II 
0 

f 
(109) 

b. Wi th  miscellaneous reagents. Thiosulphinate was directly reduced with hydrogen 
Na2S03'94 and triphenylphosphine (equation 80)'95*'96 to afford disul- 

phide quantitatively. More drastic conditions are needed with Ph3As or Ph3Sb. 

+ Ph3P 0- 
RS-SR 8 RS=SR - RS=SR - RS=SR RS-SR 

-Ph3P-0  

'3 + I I  
0- PPh, oiPPh3 

II I 
0 0- + 

(80) 

7. Reaction with electfopbiles 

a. Wi th  acetic anhydride. Pummerer-type rearrangements like those with sulphox- 
ides19' have been reported with thiosulphinates'29~'98-203 . Fukui and Saito found that 
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the reaction of a-lipoic acid monooxide (1 10) with acetic anhydride in acetonitrile gives the 
normal Pummerer-type product (111) but only in 6% yield (equation 81). t-Butyl 
methanethiosulphinate, however, did not react with acetic anhydride202. Kondo and 
Negishi reported that methoxyethyl methoxyethanethiosulphinate (1 12, X = OMe) 
yielded a Pummerer-like product (113) by heating in methanol (equation 82)203, but the 
reported mechanism was quite different from the Pummerer rearrangement 19'. 

c H 3 c 0 ~ c 0 0 R  (81) 

M O O R  + (CH3CO)zO - rs 0 

(110) (111) 

A 
XCH2CH2SSCH,CH2X XCH2CHSSCHzCH2X 

0 OMe 
/ I  I 

(112) (113) 
(X = H, OMe, OCOCH,) 90-97% 

Similar types of reactions were presented by Oae and coworkers129-199-201. Treatment 
of several thiosulphinates with acetic anhydride under the Pummerer rearrangement 
conditions gave new rearrangement products, a-acetylthiosulphoxides (1 15), along with a 
small amount of a trithian derivative (116) (equation 83). The reaction mechanism was 
determined by their detailed tracer experiments using 'H, 13C and "0 labelled benzyl 
phenylmethanethiosulphinate (117) (equation 84). The 'H and I3C contents of the main 
product (118) and recovered 117 decreased considerably, while their "0 content remained 
unchanged. This meant absence of acetylation at  the oxygen atom of the S=O group of 
117. The 'H content of PhCD,S(O)SCH,Ph (117-d2) recovered during the reaction was 
not lost. These results suggested a mechanism'29 which consisted of an initial E, 
reaction5'" 30 leading to  both phenylmethanesulphenic acid (1 19) and thiobenzaldehyde 
(120) followed by their recombination to r-mercaptosulphoxide (121). 120 was trimerized 
to  122 whereas 121 was trapped with acetic anhydride to give the main product (118) 
(Scheme 13). 

I 
R 2  
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SAC 

A 
S 

PhCHZS' 1 1 )  ' ( f H P h  

0-H 

A c 1 0  I 
PhCH,SS*CH,Ph - PhCH,S*CHPh + 117 (recovered) 

1 1  (D) 
AcOH 1 1  (D,) hn 'c .2h  

0 0 

r e c o m b i n a t i o n  
PhCH2SOH + PhCH=S . 1 2 1  

(1 18) 

Isotopic content (%) 118 117 

di rner izo l ion  

2H (D) 75 88 
13c (*C) 76-78 60-62 
' 8 0  ( 0 )  100 100 

569 

(84) 

r 1 

SH SAC 

I 
II 

Ph CH2 SCHPh 

0 

SCHEME 13 

b. With trihaloacetic anhydrides. When stronger electrophiles such as trifluoroacetic 
anhydride were used, an acylation-initiated reaction was confirmed by Oae and 
 collaborator^^^^^^^^^^^^. Thiosulphinates reacted with trichloro- and trifluoroacetic 
anhydrides at - 10 "C in carbon tetrachloride to  give an equimolar mixture of the 
corresponding disulphide and sulphinyl trihaloacetate (125), which were in equilibrium 
with 124. In this system 125 was stable in solution and clearly detected by NMR 
(equation 85)20'*204. The intermediate 124 could be trapped with olefins or with anisole to 
afford the corresponding adducts, i.e. trihaloacetyl sulphide (126) and p-methylthioanisole 
(127), respectively (equation 86). This means that 124 acts as a good methylthio cation 
source. The structure of 125 was suggested by IR and NMR, and also by comparison with 
authentic samples prepared by the reaction of silver carboxylates and sulphinyl chlorides. 
Since the addition of sulphenyl trihalocarboxylates 124 to olefins proceeded regio- and 
stereospecifically (trans addition), many adducts were synthesized and the synthetic utility 
was also discussed (equation 87)'05. 
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0 

- 2 0  oc 

ll 
RSSR + ( C X 3 C 0 ) 2 0  - 

il 
R S S R  - R S S R  + 2 

o / c c x 3  

17 
+ / "  

II 

RS-SR 

-0cc x 3 

0 

(123) 

0 
II - RSSR 

II 

t -Bu 
t-BUCH=CHz 

'CHCH OCCF 
-20 oc,  CCI. 

B 7 v. 
124 1-1 (126) 

( X = F )  

r . t . ,  a n i r o l  CCI.  M eO*SMe 

74% 

(127) 

(124) 

8. Miscellaneous reactions 
Some other reactions of thiosulphinates with 2,4-dinitrofl~oro'"" and chloro- 

benzenes'", N-ethylmaleimide3', sulphinic  acid^'^^^^^, hydrogen sulfide3', trichloro- 
methanesulphenyl chloridezo9, maleinimide in the presence of water3' and a sigmatropic 
rearrangement of diisobutenyl t h i ~ s u l p h i n a t e ~ ~  were also reported. 
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1. SULPHINYL CHLORIDES 

A. Synthesis 

The syntheses of a large number of sulphinyl chlorides have been r ep~r t ed l -~ .  The lower 
molecular weight aliphatic analogues and benzenesulphinyl chloride are liquids; sub- 
stituted arenesulphinyl chlorides are generally solids. Although various sulphinyl 
chlorides have been distilled as part of the purification procedures, this should only be 
carried out with care at low pressure, particularly for arenesulphinyl chlorides for which 
explosions have been reported4. 

Sulphinyl chlorides are particularly sensitive to moisture. Thus, in the presence of a 
limited amount of water (mole ratio 3: 1) methanesulphinyl chloride decomposes to form 
methanesulphonyl chloride 1 and methylmethanesulphonate 2 according to the stoich- 
iometry shown in equation Is. In the presence of larger amounts of water, initially 
considerable quantities of methanesulphinic acid, CH,SO,H (3), are formed although the 
final products are mainly 1 and 2 with only a small quantity of 3. 

3CH,SOCI + H,O - CH,SO,CI + CH,SO,SCH, + 2HC1 (1) 

(1) (2) 
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Alkanesulphinyl chlorides cannot be safely stored at roam temperature in sealed 

(2) 
Subsequent decomposition of the sulphenyl halide can form a variety of decomposition 

products including hydrogen chloride, so that high pressure many develop7. 
The earliest reported methods for the preparation of sulphinyl chlorides involved the 

reaction of thionyl chloride with the free sulphinic acid8-” or its sodium salt”. These 
methods suffered from a number of disadvantages. They were often difficult to  reproduce; 
in many cases the sulphinic acids required were not commercially available and the 
product was often diflicult to  extract from the reactant~’~.’‘. 

A greatly improved set of synthetic methods for sulphinyl chlorides was developed by 
Douglas  and his coworkers. The first of these evolved from a study of the solvolysis of 
organosulphur trichlorides. These readily undergo reaction with any hydroxylic solvent 
such as water, an alcohol or a carboxylic acid to give sulphinyl chlorides in good yield (ca 
90% for R = Me, Et) (equation 3)15. Handling ofthe very reactive trichloride and the use of 
the large volumes of solvent necessary in this method are avoided by the formation of the 
trichloride in situ by chlorination of exactly one mole of a disulphide in two moles of a 
carboxylic acid as solvent (equation 4)”. On addition of chlorine, the disulphide is initially 
converted to the characteristically reddish orange sulphenyl chloride, RSCI, which is 
subsequently transformed as shown in equation 5. Yields for simple alkanesulphinyl 
halides and for benzenesulphinyl chlorides were ca 90%. Water or alcohols cannot be used 
as solvents for this method because a variety of different side-products are formed”. 

containers’. Disproportionation occurs according to equation 2. 

2CH,SOCI - CH,SO,CI + CH,SCI 

0 

‘CI RSCI, + R’OH - RSs’ + HCI + R’CI (3) 

(4) 
/ O  
‘CI 

RSSR + 2CH,CO,H + 3C1, - 2RS + 2CH,COCI + 2HCl 

CI2 c’ 2 cn 3c02 n 0 

CI 
RSSR - RSCI - RSCI, - RS< + CH,COCI 

Both the previous methods involve the production of large volumes of hydrogen 
chloride. To minimize handling problem, Douglas  and Norton changed the solvent to 
acetic anhydride so that no gaseous products are formed (equation 6)4. With the 
chlorination reactions, whatever the solvent, it was found to be important to  use strictly 
stoichiometric quantities of reagents, otherwise contamination of the product by side- 
reactions readily occurs. A further modification has been suggested in which sulphinyl 
chlorides can be prepared in > 80% yield by chlorination of thiolesters in acetic anhydride 
(equation 7)17. This method proved to be particularly effective for the synthesis of 
benzenesulphinyl chloride ( > 98% yield). 

40 
‘CI 

RSSR + 2(CH,CO),O + 3CI, - 2RS + 4CH,COCI 

0 

/ o  
‘CI 

I 1  C12. A c 2 0  
CH,CSCH, - CH S (7) 

None of the chlorination methods described above, however, proved successful for the 
synthesis of t-butylsulphinyl chloride. Chlorination of both t-butyl disulphide and t-butyl 
thiolacetate gives t-butyl chloride as the major product. t-Butylsulphinyl chloride can, 
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however, be prepared either by the reaction of thionyl chloride with 2-methylpropane-2- 
sulphinic acid’’ or by chlorination of the corresponding thiolsulphinate via the route 
shown in equation tiL9. 

0 
30°, H 2 0 2  1 1  CI2/CHCI3 

Bu‘S-SBu‘ - Bu‘S-SBu‘ - Bu‘Sy0 
0 “C 10 “C ‘CI 

More recently, Hermann and his group have shown that chlorination of disulphides can 
be effected at low temperatures with the more conveniently handled sulphuryl chloride 
and leads to the formation of sulphinyl chlorides in almost quantitative yields 
(equation 9)”. It is interesting to note that this method does work for the synthesis 
of t-butylsulphinyl chloride which is formed in 86% yield. The method provides a 
cleaner general route to sulphinyl chlorides, providing that no acid sensitive groups are 
present in the disulphide. In a modification of this method, Hermann has shown that 
sulphinyl chlorides can also be prepared in essentially quantitative yield by low 
temperature ( - 40 “C) chlorination of thiols by sulphinyl chloride (equation 10)”. 
Netscher and Prinzbach showed that the sterically hindered 2,2,2-trifluoro-l, 1- 
diphenylethanesulphinyl chloride, 4, can also be prepared in high yield from the 
corresponding thiol (equation 1 

RSSR + 3S0,C12 + 2CH,CO,H - 2RS’ + 2CH3COCI (9) “CI 

R = Me, Pr’, Bu‘, Ph, PhCH, 

-4O‘C 0 ‘ c1 RSH + 2SO2CI2 + C H 3 C 0 2 H  - RS+ + CH3COCI + SO2 + HCI (10) 

R = Et, Pr’, Ph, PhCH,, 4-Tol 

CF3 CF, CF, 
I SO2CI2 I CF3C02H I , 0 

Ph2CSH - Ph,CSCI - Ph2CS 

(4) 

30 “C o c-rt ‘CI 

B. Chiral Properties 

Like other sulphinyl systems, sulphinyl chlorides 5 have a chiral sulphur centre arising 
from the tetrahedral orientation of groups around sulphur. Such chirality was first 
demonstrated by King and Beatson who showed that the NMR spectrum of the sulphinyl 
chloride 6, obtained from I-chloroethanesulphinic acid, indicated the presence of two 
diastereomers arising from chiral centres a t  both carbon and sulphur23. Magnetic non- 
equivalence of protons or methyl groups in ethyl and isopropyl sulphinyl chlorides 
containing only a sulphur chiral centre has also been observed (7, 8)24. 

0 0 
II ..A 1 1  

‘CI I 
R-S’ CH,CHSCI 
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0 0 

In a detailed study Pizey and his coworkers showed that the NMR spectra of a series of 
b-ketosulphinyl chlorides are both solvent and temperature dependent2'. Magnetic non- 
equivalence of a gem-dimethyl groups was, in general, observed. The chiral effect of the 
chlorosulphinyl group in 9 on the protons HA and H, could be detected in benzene 
(AH, - 4 Hz) but not in carbon tetrachloride. The temperature-dependent 'H and 
13C NMR spectra of the sulphinyl chlorides 7 and 8 were also found to be consistent with 
a chiral sulphur centre26. Treatment of the penicillin 10 (RI-phthalimido, R2 = Me) 
with N-chlorosuccinimide gave an almost quantitative mixture of the two diastereomers 
of the sulphinyl chloride l127.28. 

(10) (11) 

C. Reaction with Alcohols and Thiols 

The reaction of sulphinyl chlorides with alcohols or phenols in the presence of bases 
such as pyridine or potassium carbonate provides the general method for the synthesis of 
sulphinate  ester^'-^*^^*^^. It has been clearly demonstrated by deuterium labelling 
experiments that methanolysis of sulphinyl chlorides in the presence of a base (pyridine or 
triethylamine) follows an S,2(S) reaction and does not proceed via a sulphine intermediate 
(equation 12),l. 

The preparation of chiral sulphinates has assumed increasing importance because of 
their use in the synthesis of other chiral sulphur compounds, e.g. sulphoxides, used in 
asymmetric reactions and stereochemical correlations. 

Phillips was the first to prepare a mixture of the diastereomeric menthyl 
p-toluenesulphinates 12 and was able to isolate what is now known to be (-)-menthyl( -)- 
(S)-p-toluenesulphinate in a pure state (equation 13)32. This is a solid and can be separated 
from the liquid lower melting diastereomer ( - )-menthy1 ( + )-(R)-p-toluenesulphinate. 
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0 

58 1 

RRCHSOCI 

RR'C=S=O 4 RR'CDSOMe 

(R=R'=H i R=H,R'=Et) 

0 
II 

(13) 
/I PY 

p-To1 S CI + ( - )MenOH - p-To1 S OMen 

(Men = Menthyl) (12) [a];' - 210°C 

Mislow and his group have used asymmetric synthesis of menthyl sulphinates to 
establish the absolute configuration of sulphinate esters and s u l f ~ x i d e s ~ ~ . ~ ~ .  Reaction of p- 
toluenesulphinyl chloride with a variety of optically active secondary alcohols gives a 
mixture of diastereomers which can be converted by a Grignard reaction to optically 
active methyl p-tolyl sulphoxide in high yield (equation 14)35. 

0 0 0 
II R'OH II R * M ~ B ~  I1 

P-ToISCI *p-TolSOR' R'STol-p (14) 
78 c. py 

Because of the importance of ( - )-(S)-12, considerable effort has been expended to  
improve its synthesis. Mislow and his group showed that the ( - )-(S)-l2 diastereomer 
formed from p-toluenesulphinyl chloride is the minor product and the composition of the 
products is kinetically ~ o n t r o l l e d ~ ~ * ~ ~ .  Addition of hydrogen chloride gas has been used to  
epimerize the liquid ( + )-(R)-diastereomer to ( - )-(S)-1236. 

Whilst chiral diary1 and alkyl aryl sulphoxides can be synthesized relatively easily as 
shown in equation 14, it has not been possible until quite recently to utilize this method for 
the synthesis of dialkyl sulphoxides because the required sulphinates (e.g. menthyl 
methanesulphinate) are oils and not easily purified to  produce a single epimer3'. Solladie 
and his group recently devised experimental conditions under which diastereomeric 
sulphinate esters in acidic media readily undergo epimerization in favour of the less soluble 
isomer38. By this method ( - )-menthy1 ( - )-(S)-p-toluenesulphinate was obtained from p- 
toluenesulphinic acid in 90% yield (equation 15). Andersen and his group have overcome 
the difficulties associated with the formation of menthyl sulphinates by using instead the 

OMen 
a:., 1 1  H C I  .:, r' H O  *:. I 

0 

'S - "S-OMen & "S L 

p-Tol  ' 'OMen p-Tol(l p-Tol' \o (15) 
CI 

( - ) - S  (+ ) -R  
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crystalline cholesteryl methanesulphinate to produce dialkyl sulphoxides of high enant- 
iomeric purity (equation 16)39. 

0 0 
MeSOCI, 0 5°C I1 RMgX 1 1  

CholOH b CH,SOChol- RSCH, 
E13N. ether 

(Chol = cholesteryl) 

The reaction of sulphinyl chlorides with achiral alcohols in the presence of optically 
active amines has been used for the asymmetric synthesis of chiral sulphinates with the 
sulphur atom as the sole chiral centre (equation 17)40. The chiral-inducing amine is easily 
removed as the hydrochloride. The extent of asymmetric induction is comparable to 
that observed in the reaction of sulphinyl chlorides with achiral alcohols. Thus the 
reaction of p-toluenesulphinyl chloride with methanol in the presence of ( - ) -  
N ,  N-dimethylmenthylamine gave the methyl ester with optical purity 20.67,. 

Harpp and his group have described the use of the trimethylsilyl group in the synthesis 
of sulphinate esters (equation 18)41. Thus benzenesulphinyl chloride reacts with neat 
menthoxytrimethylsilane to give the crude diastereomeric mixture of 13 in 91% yield 
(equation 19). Two different mechanistic pathways were considered for this reaction 
involving either nucleophilic attack of the ether oxygen at sulphinyl sulphur42 or a four- 
centre transition state (equation 20)43. 

0 0 
I1 Me2*NR3 II 

R'SCI + R'OH b R ' S O R ~  
~ 70 'C, ether 

0 
I1 

0 
I1 

RSCl + R'OSiMe, - RSOR' + Me,SiCI 

0 0 
II / I  

PhSCl + Me,SiOMen - PhSOMen + Me,SiCI 

(13) 

0 

II+ 
RSOSiMe3 

I 

\ / 
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The relatively small solvent effects observed on reaction rates were thought to be 
consistent with a four-centre non-ionic transition state. More recently, however, a more 
extensive kinetic study of the reaction of methanesulphinyl chloride with p-substituted 
aryloxytrimethylsilanes has been r e p ~ r t e d ~ ~ . ~ ~ .  The negative p value observed ( p  = 
- 1.44), the Arrhenius parameters and the solvent effects (covering a wider range of 
dielectric constant than the earlier study) were considered to be more consistent with an 
ionic mechanism, although the exact details of this mechanism remain to be established. 

Early attempts to synthesize thiolsulphinates from the reaction of alkanesulphinyl 
halides and thiols were u n s u c c e s s f ~ l ~ ~ ~ ~ ~ .  t-Butyl 2-methylpropane-2-thiolsulphinate 14 
and a variety of unsymmetrical dialkyl thiolsulphinates have been subsequently prepared 
by modification of the conditions (equation 21)18947. Alkyl or arylthioesters of aromatic 
sulphinic acids may be readily synthesized from arylsulphinyl chlorides and the 
corresponding t h i o l ~ ~ ~ .  

0 0 
II II 

t-BuSCI + Bu'SH ---P t-BuSSBu-t 

Mikolajczyk and Drabowicz have shown that optically active thiolsulphinate S-esters 
can be prepared by the asymmetric condensation of sulphinyl chlorides with thiols in the 
presence of optically active tertiary amines (equation 22)49. 

0 0 
II Me2NR I1 

R'SCI + R'SH R ' S S R ~  
~ 70 C, ether 

(R = amphetamine or a-fenchylamine; R' = Bu' or Ar) 

Thiolsulphinates containing the t-BUS group were found to  be optically stable a t  room 
temperature for several weeks, whilst those with other alkyl substituents (e.g. R2 = Et, Pr') 
racemized within hours. 

D. Reactlon wlth Nitrogen NucleophIleslBases 

The reaction of sulphinyl chlorides with amines forms the principal method for the 
synthesis of both aliphatic and aromatic s~lphinami d e s ' ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ .  This method has also 
been used for the synthesis of N, N-dialkylalkanesulphinamides (equation 23)5'.52. N- 
aryl-N'-arylsulphinylureas have been prepared by the analogous reaction (equation 24)53. 
The diastereomeric sulphinamides 15 and 16 have been prepared by the reaction of the 
appropriate racemic sulphinyl chloride and chiral amines as shown in equations 25 and 
2 6 5 4 . 5 5 .  

0 0 
I /  II 

RSCl+ R'R'NH - RSNR'R' 

0 
I1 

p-TolSCI + PhNHCONH2 + p-TolSONHCONHPh 

0 0 
II II 

PhSCl + CH,NHCH,EHPh - PhSNCH,EHPh 
I * I  I 
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0 
II 

p-TolSCI + H2N6HPh - p-TolgNHEHPh (26) 
I d l l  I 

(16) 

CH3 0 CH, 

Whalen and Jones were the first to show that the reaction of hydroxylamine with a 
sulphinyl chloride does not form the expected N-sulphinyl derivative but the correspond- 
ing sulphonamide (equation 27)13. This reaction in fact provides a convenient synthesis of 
sulphonamides. Thus primary, secondary and tertiary tert-alkanesulphonamides can be 
obtained from t-butylsulphinyl chloride and the corresponding hydroxylamine 
(equation 28)56. 

(27) PhSOCl + NH20H + PhSONHOH + HCI 

PhS02NH2 

0 
II r.1. 

Bu'SCI + 2R'R2NOH Bu'S02NR1R2 + R'R2NOH.HCI (28) 

Several groups of workers have now established that the reaction of hydroxylamine and 
related compounds with sulphinyl chloride occurs via an 0-sulphinylated intermediate 
which subsequently undergoes decomposition via a radical mechanism. Engberts and his 
group showed that the intermediate 17 formed in the reaction of t-butylsulphinyl chloride 
with ethyl N-hydroxycarbonate and leading to the formation of N-t- 
butylsulphonylcarbonate could be detected by NMR spectroscopy (equation 29)57. The 
reaction of t-butylsulphinyl chloride with N-hydroxyureas is considered to involve a 
similar intermediate 18 (equation 30)58. The large 'H-CIDNP effects observed during the 

ether-CH2C12 

CH('I [ 7 7 ] 0 
II 

Bu'SCI + HONHCOEt 3 Ru' SONHCOEt - Bu'S02NHC02Et (29) 
PY II 

0 (17) 

0 0 
II ,/ R' acet. 1 1  

Bu'SCI + HONHCN - Bu'SONHCONR1R2 
II 'RZ PY 

0 

(18) (e.g. R' = H; R2 = Me) 

reaction are consistent with homolytic breakdown of 18 into carbamoylamino and t- 
butylsulphonyl radicals. Typically, products corresponding to both in-cage recombin- 
ation (N-t-butylsulphonylureas) and escape products (alkyl ureas and sulphonic acids) 
were observed (equation 31). Hudson and his group proposed a similar mechanism for the 
reaction of sulphinyl chlorides with aldoximes and ketoximes (equation 32)59-6'. The 
sulphinyl oximes 19 could be prepared in the presence of triethylamine in ether at - 20 "C 
and characterized by 'H and I3C NMR spectroscopy. They are reported to decompose 
explosively at room temperature but are quite stable in solution or as solids below 
- 30 "C. Above 0 "C they rearrange to the N-sulphonyliniines. 
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H 2 NCON R' R 

.NHCON 

'R2 

\ 
t-BuS02NHCONR1R2 

0 

585 

(31) 

The 0-sulphinylated intermediates 20 in the reaction of N, N-dialkylhydroxylamines 
with methyl and phenyl sulphinyl chloride have also been isolated and characterized 
spectroscopically (equation 33)62-63. 

0 0 
R II - 70 "C II 

\NOH + R'SCI +R,N-o- SR'  -+ R,NSO,R' (33) 
(20) R' E13N. CH,CI, 

(R = Me, Et or PhCH,; R' = Me or Ph) 

N-Phenylhydroxamic acids have also been shown to react with sulphinyl chlorides to 
give N-acylsulphonamides via a radical pair r n e ~ h a n i s m ~ ~ .  More recently 0-sulphinylated 
hydroxamic acids 21 were obtained as solids from N-methylbenzohydroxamic acids and 
sulphinyl chlorides (equation 34)65. 

0 0 
11 E13N3. - 70°C I1 

RCONOH + R * S CI + RCONOSR' - RCONSO,R' 
I I I 

CH 
(21) 

(34) 
CH 

+ RCONOS0,R' + RCONHCH, 
I 

CH 3 

The intermediate decomposes at room temperature to form the isomeric N-acyl-N- 
methylsulphonamide and N-methyl-0-sulphonylhydroxamic acid. The reaction products 
are explained by the simultaneous low-temperature homolysis of two bonds in a molecule 
(Scheme l)65. Initial nucleophilic attack at sulphinyl sulphur to form the 0-sulphinylated 
intermediate 22 has also been proposed for the reaction of t-butylsulphinyl chloride and 
N-hydroxymethane and N-hydroxybenzenesulphonamides and their N-methyl sub- 
stituted derivatives (equation 35)66. 
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i 
RCONOSR' 

+ SOR' 1 RCON-O* S ~ R '  

I 
RCON' *OSOR' 

CH3 
I 

R'S02SR' 

RCONS02R' RCONH + R 5 0 2  4 

I 
RCONOS02 R' I 

CH3 
I 
CH3 

CH3 

SCHEME 1 

0 0 R 2  
I1 PY. 20°C I1 I 

t-BuSCI + R'S02NR2- t-BuSONS0,R' 
(22) acetone I 

OH - t-BuSO,NR'SO,R' + other products 

(35) 

The reaction of sulphinyl chloride with positive N-halogen compounds (or their salts) 
has been used for the synthesis of arene and alkanesulphonimidoyl chlorides 
(equation 36)67*68. N-Arenesulphonylareneiminosulphonyi chlorides were prepared in a 
similar way by reaction of arenesulphinyl chloride with dry N-arenesulphonyl chlora- 
mideP9. On the basis of a 36C1-tracer study of the reaction ofp-toluenesulphinyl chloride- 
% with chloramine T, Oae and his group proposed a mechanism involving initial 
nucleophilic attack at sulphinyl sulphur by the chloramine T anion followed by chlorine 
migration (equation 37)'O. 

0 0 
II II 

II 
RSCl + R'NCI, - RSCl + C1, (36) 

NR' 

0 0 0 
I1 I1 I1 

ArSCl + -N(CI)SO,Ar' - ArSN(CI)SO,Ar' + NaCl - ArSCl 
II 
NS0,Ar' 

(37) 
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The related N-arylsulphinyldimethylsulphoximides have been prepared from lithium or 
sodium dimethylsulphoximide (equation 38)7 '. 

The formation of diphenyldiazomethane from the reaction of benzophenone hydrazone 
with methanesulphinyl chloride in the presence of two equivalents of base is considered to 
arise from base-catalyzed a-elimination from the methylsulphinylhydrazone intermediate 
23(Scheme 2)72.  When the reaction was carried out at - 60 "C, the sulphinyl hydrazone 23 
could be isolated. NMR data on such compounds possessing a hydrogen atom tl to the 
sulphinyl group show that 23 exists predominantly as the iminosulphinic acid tautomer 
2473. Elimination of the methylsulphenate ion from the anion of 24 leads to the formation 
of diphenyldiazomethane. The reaction pathway proposed is further supported by the 
independent generation of the butyl analogue of 25 (equation 39) from which the same 
product is rapidly formed7'. 

U 

I1 
\s/o 

Ar SN - 
/\  

H3C CH3 
/ \  

H3C CH3 

Ph, E I ~ N  Ph 

Ph Ph/ 
,C=NNH, + MeSOCl - 'C=NNHSOMe 

(23) - Ph\ YO-H 
/C=NN=S\ 

-Ph Me 

SCHEME 2 

The formation of phenyl diazomethyl sulphoxide from benzenesulphinyl chloride and 
diazomethane has also been reported (equation 40)74 and developed into a general 
method for the synthesis of a-chlorosulph~xides~~. Maricich and his group were the first to 
isolate arylsulphinyl azides from the reaction of azide ions and arylsulphinyl chlorides 
(equation 41)71. 

0 0 0 
II II II 

PhSCl + CH,N, - PhSCH2CI + PhSCHN, (40) 
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0 0 
II -20°C II 

ArSCl + NaN, - ArSN, + NaCl (41) 

(Ar = Ph, p-CIC,H,, p-NO,C,H,) 

Benzenesulphinyl chloride when heated sequentially with triphenylphosphine and 
sodium azide gives the same products produced from the reaction of the phosphine with 
benzenesulphinyl azide (equation 42)7 1372. A mechanism involving a sulphenyl chloride 
intermediate has been suggested (equation 43)7 '. The second step could involve formation 
of a sulphenyl a i d e  intermediate as suggested by equation 42. 

0 
1 1  I . P h 3 P  

2. NaN3 
PhSCl - PhSSPh + Ph,PO 

/" 
0 / 

1 1  , Ph3P / 
PhSN 

0 
/I 

PhSCl + Ph,P - PhSCl + Ph,PO 

PhSCl + NaN, - PhSSPh + NaCl 

Sheppard and Diekmann were the first to report the synthesis of a sulphine (27) from the 

Almost simultaneously a Dutch group reported the isolation of the thioaldehyde S- 
reaction of triethylamine with 9-fluorenesulphinyl chloride (equation 44)76. 

oxide 28 (equation 45)77. 

+ EtSN 
r .  t.  

r t h r r  
- 5 4" 

CH2SOCI CH=S Yo m""' Et,N m""' 
(28) 

(45) 
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Whilst aliphatic sulphines are generally too unstable to be isolated at room tempera- 
ture, Sheppard and Diekmann76 reported the formation in solution of the dimethylsul- 
phine 29 (equation 46) which was detected by its NMR spectrum and by trapping with 
chlorine to form 2-chloro-2-propanesulphinylchloride. The parent sulphine CHI =S=O 
was eventually generated as a short-lived species (tl,z - 30-60min) by Block and his 
coworkers using flash vacuum pyrolysis of methanesulphinyl chloride (equation 47)". 
Interestingly, pyrolyses of ethanesulphinyl chloride and 2-propanesulphinyl chloride form 
the corresponding alkenes possibly via a Cope elimination (equation 48)". 

0 CH3O 

CH, 
(29) 

0 
I' FVP 

CH,SCI - CH,=SHo 
600 "C 

(47) 

HCI + SO 

Whilst the reaction of equimolar quantities of sulphinyl chlorides and base leads to the 
formation of sulphines, reaction of two equivalents of sulphinyl chloride with one of base 
leads cleanly and in good yield to a-chloroalkyl alkanethiolsulphonates (equation 49)79. 

2MeCH,SOCI + Et,N - MeCHCISSO,CH,Me + Et,kHCI- (49) 

Block and B a ~ z i ~ ~  suggested that initial nucleophilic attack of the rapidly formed sulphine 
occurred on unreacted sulphinyl chloride to produce an intermediate adduct which 
could rearrange to the product in two different ways (equation 50). Similarly, Freeman 
and Keindl observed that sulphinyl chlorides possessing an a-hydrogen react with 
dimethylformamide (DMF) under nitrogen to give both the a-chlorothiolsulphonate as 
the major product (observed by Block and Bazzi) and the corresponding thiolsulphonate 
as the minor product (equation 51)". Thiolsulphonate formation was considered to occur 
via radical decomposition of one of the intermediates 30 involved in a- 
chlorothiolsulphonate formation. In the case of methanesulphinyl chloride the corre- 
sponding intermediate 32 decomposes according to Scheme 3. Support for a free radical 
mechanism comes from the observation that methanesulphinyl chloride with DMF in the 
presence of a radical inhibitor gives only the corresponding a-chlorothiolsulphonate. 

An example of B-chloroalkanethiolsulphonate formation is to be found in the reaction 
of ethanesulphinyl chloride with thiirane S-oxide (equation 52)". 

Earlier Senning had demonstrated that dimethyl sulphoxide reacts exothermically with 
2,2,2-trichloroethanesulphinyl chloride to form the corresponding sulphonyl chloride 
(equation 53)82. 
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0 0 
II + I1 

MeCH=S=O + EtSCl- MeCH=SOSEt 

0 
II 

MeCHClSOSEt 

0 ,CY \ 
MeCH= kOSEt 

\ 
MeCH= SS0,Et 

(31) 

0 
I1 

RCH, SCI + DMF - RCH2SS02CH,R + RCHSS02CH2R 
I 

CI 

(R = H, Me, Pr) 

0 iiK II 
MIS-SMO MoSOSMO + MoSSO~MO 

11 I 
SCHEME 3 

S s+ c r  

OS(0)Et 

ii 
EtSCl + v- \I % CICH2CH2SOSEt 4 C I C H ~ C H ~ S S O Z E ~  

I II 
0 

(52) 
(33) 
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0 0 
II 1 1  -HCI 

CI,CCH,SCI + MeSMe - CI,CCH,SO,CI (53) 

More recently, Oae and his group have shown that simple dialkyl and diary1 
sulphoxides react smoothly at room temperature with methanesulphinyl chloride to form 
the sulphide and methanesulphonyl chloride (equation 54)83. Reduction of the sulphinyl 
chloride was assumed to occur via either a covalent intermediate or the sulphonium ion 34 
formed by nucleophilic displacement of chloride ion from the sulphinyl chloride. 
Rearrangements of 34 to 35 could lead to the observed products. Sulphinic esters can be 
obtained in high yields by the reaction of sulphinyl chlorides with chlorosulphites in the 
presence of hexamethyldisiloxane and assisted by the addition of small quantities of 
dimethyl sulphoxide (equation 55)84. Whilst the mechanism of this reaction has not been 
clearly established, both 36 and 37 may be involved as intermediates. 

0 0 
II II 

RSR' + MeSCl - RSR' + MeS0,CI (54) 

RSR' CI- RSR' MeS0,- 
I 

CI  
I 

OS(0)Me 

(34) (35) 

0 
I /  DMSO 

RSCl+ R'OSCI + (Me,Si),O - RSOR' + ZMe,SiCI + SO, (55) 

0 0 
I /  II 

R 'OSCO(Si Me,),CI RSO$R,~CI - 

(36) (37) 

The reaction of two moles of a sulphinyl chloride with one mole of the active methylene 
compound 38 (e.g. R'  = R2 = COCH,) in the presence of base yields the unsymmetric 
dithioacetal dioxides as the major products (equation 56)". The authors suggest that the 
initially formed sulphoxide reacts with excess sulphinyl chloride to form an adduct which 
can disproportionate to 39 (equation 57). 

0 
RSOCl 1 1  RSOCl SR 

0°C. EIJN 'SO,R 
R'RTH, - R'RZCHSR - R'RZC' (56) 
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R 

0-s 

‘0 - ‘0 
/ 
\ 

R 

R’R 2 E - S d  R ’ R ~ C = S  
\ 

R 

- 39 (57) 

E. Reaction with Metals 

Both aromatic and aliphatic sulphinyl chlorides react with activated zinc powder to 
form thiolsulphonates (equation 58)86-”. Barnard assumed that reaction occurred via a 
oic-disulphoxide which subsequently rearranges”. More recently, Freeman and his group 
have used ‘H and 13C NMR to confirm the existence of these elusive  specie^'^*^'. A 
detailed study of the reaction of methanesulphinyl chloride with zinc in anhydrous ether 
identified a large number of products (equation 59)92. The reaction probably involves 
both sulphinyl radicals and sulphenate anions (equation 60). Either of these species could 
lead to the formation of oic-disulphoxides and sulphenyl sulphinates both of which are 
thought to be intermediates (equation 61). Either the uic-disulphoxide or the sulphenyl 
sulphinate could react with traces of water to form the sulphinic acid (equation 62). This in 
turn could react with sulphinyl chloride to form the sulphinyl sulphone (equation 63); the 
other products could be accounted for by similar reactions. 

0 
II 

RSCl + Zn - RSS02R 

0 0 0 
1 1  Zn II I /  

CH,SCI -CH,SSCH, + CH,SOH or (CH,S02),Zn 
II 
0 

0 

0 0 
II II 

CH,SCI + Zn - CH,S. + [ZnCI] 

0 0 
II II 

CH, SCI + Zn - CH, S - + ZnClt 
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jii 
CH3 SCH3 

0 Y 
II 

CH,SOSCH, 

0 0 

0 
II 

CH,SOH 

00 
II II II II 

CH,SCI + CH,SOH - CH,S SCH, 
II 
0 

Sulphinyl chlorides also react with other metals such as 

(63) 

and ~ i l v e r ~ ' . ~ ~  in 
organic solvents to form thiolsulphonates. Harpp has recently reported that 
butanesulphinyl chloride reacts with tributyltin lithium to form the thiolsulphonate in 
good yield (equation 64)97. The I3C NMR spectrum of the reaction solution showed the 
presence of the uic-disulphoxide 41 and the sulphenyl sulphinate 42. The likelihood that 
uic-disulphoxides undergo rearrangement via formation of sulphinyl radicals is supported 
by ab initio  calculation^^^. 

0 
I1 -60" 

2-BuSCI + Bu,SnLi - BuSS0,Bu + Bu,SnCI + LiCl (64) 

00 0 
II II II 

(41) (42) 

BUS SBu BuSOSBu 

Reaction of benzenesulphinyl chloride with the persulphide complex 43 gives diphenyl 
disulphide in 68% yield97. It seems likely that, as in the case of other metals, the 
thiolsulphonate is initially formed and that this itself is reduced to the disulphide 
(equation 65). 
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0 
I1 43 

PhSCl + (NH,),[Mo,S,,] - PhSS0,Ph - PhSSPh 

F. Frlodel-Crafts and Addition Reactions 

Courtot and Frenkiel were the first to report that sulphinyl halides react with 
hydrocarbons in the presence of Lewis acids to form sulphoxides (equation 66)99. More 
recently, the reaction of p-toluenesulphinyl chloride with anisole was examined in more 
detail (equation 67)'0°. Reaction at - 15 "C in carbon disulphide in the presence of 
aluminium trichloride, antimony pentachloride or stannic chloride produced the sulphox- 
ide in good yield after hydrolytic decomposition of the complex formed. On the other 
hand, when zinc chloride, iron powder or boron trifluoride etherate were used, the 
products were the corresponding sulphide and thiolsulphonate. Sulphide formation is 
considered to occur by reduction of the sulphoxide by excess sulphinyl chloride 
(equation 68). 

0 
II 

O-TolSOCI + p-TolH - O-TolSTol-p 

0 
II 

/-- p-TolSAn-p 

0 II / 
1 p-TolSC1 + AnH 

-'-+ p-TolSAn-p + p-TolS0,CI 

0 0 
II II 

p-TolSAn-p + p-TolSC1- p-TolSAn-p + p-TolS0,CI (68) 

Competition experiments on the aluminium chloride catalysed arylsulphinylation of 
benzene and polymethylbenzenes in nitromethane indicated high positional selectivity, 
although the exact meaning of a positive p value ( + 0.25) for this aromatic substitution 
reaction is unclear"'. 

A related reaction is the zinc chloride catalysed addition of sulphinyl chlorides to 
styrene to form the corresponding b-chloroalkyl sulphoxides (equation 69)"'. A facile ene 
reaction of alkenes with sulphinyl chlorides to form a six-membered cyclic allylic 
sulphoxide has also been reported (equation 70)28. 

0 
I1 ZnC12 

ether 
p-TolSCI + PhCH=CH, p-TolCHCH2SOPh (69) 

I 
Cl 

The more general reaction of arenesulphinyl chlorides with alkenes catalysed by 
ethylaluminium dichloride also gives allylic sulphoxides (equation 7 1)'03. The choice of 
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0 
R R II 

SnCI. 

0 y$ CH3 - 0 I H2 

C02R’ C02R’ 

(R=phthol imidoj R‘=Me) 

Ph 

I 
EtAIClz  

2 5  OC 
+ PhSCl - 

(44) 

Ph Ph 

595 

(70) 

conditions for this reaction is critical. Ethylaluminium dichloride behaves both as a Lewis 
acid and an acid scavenger, removing the hydrogen chloride produced. 

Moiseenkov and his group have shown that the addition of phenylsulphinyl chloride to 
1,3-dienes in the presence of zinc chloride produces 45 as the major product 
(equation 72)’04. When zinc chloride is replaced by silver borofluoride, 45 is formed as the 
sole product in 75% yield probably via ene addition through the six-membered transition 
state 47. High pressure forces [4 + 23 cycloaddition, which is considered to proceed via the 
cyclic sulphurane 48 (equation 73). 

(45) 
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F‘ 

y+- 
G. Miscellaneous Reactions 

Sulphinyl chlorides react with carbanions such as Grignard reagents (equation 74)’05 
and cyanide ion (equation 75)’06. It is interesting that the corresponding sulphinyl cyanide 
cannot be isolated from n-butane- or t-butane-sulphinyl chloride. In the presence of thiols, 
sulphinyl chlorides are reduced by lithium aluminium hydride to the corresponding 
disulphide (equation 76)”’. 

0 0 
II II 

p-TolSCI+ PhMgBr - p-TolSPh + p-TolSPh (74) 

0 
II 

& o q .  CH,CN - 
CN-,O O C  

0 
II 

@ 
0 

11 LAH + RSH 
RSCI - [RSCI] - RSSR 

(75) 

The reaction of triphenylphosphine with sulphinyl chlorides has been referred to 
p r e v i ~ u s l y ” ~ ~ ~ .  Trialkyl phosphites react with p-chlorophenylsulphinyl chloride to form a 
sulphinyl phosphite ester probably via the phosphonium ion 49 (equation 77)lo8. It has 
been suggested that sulphinyl chlorides are formed as intermediates in the reaction of 
triethyl phosphite and sulphonyl chlorides in the presence of an alcohol to form a 
sulphinate ester (equation 78)’09. 

0 
/ I  

(77) 

0 0 
1 1  P(OMc)3 

p-CIC6H4 S C1 C 1 ~  - p-CIC,H,SPO(OMe), 

(49) 

0 
(MeO)3P. Et3N ROH 11 

R’S02CI + [R’SOCI] - R’SOR 
CH2Cl2 
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p-Nitrobenzenesulphinyl chloride has been reported to react with pyridine N-oxide at 
room temperature to form colourless crystals thought to be the salt !%'lo. This in turn 
appears to cleave homolytically to form the relatively stable p-nitrobenzesulphonyl 
radical from which a variety of products are generated (equation 79). The reaction with 
pyridine (and a-picoline) N-oxide closely resembles the corresponding reaction with p- 
nitrobenzenesulphenyl chloride" but is in distinct contrast to the reaction of amine 
oxides with tosyl chloride which appears to react via heterolytic N-0 cleavage of the 
initially formed salt11z. 

0 

(50 )  
(79) 

Bleeker and Engberts showed that 1-butylsulphinyl chloride reacts smoothly with t -  
butyl hydroperoxide at 0°C in ether in the presence of pyridine to form a variety of 
products (Scheme 4)' 3. A general mechanism involving initial nucleophilic attack by the 
hydroperoxide at sulphinyl sulphur to form a peroxysulphinate (51), which subsequently 
undergoes homolysis via a radical cage process, is supported by the CIDNP effects 
observed during the reaction. This mechanism closely resembles that proposed for the 
reaction of sulphinyl chlorides with substituted hydroxylamines (see Section 1.D). Under 
similar conditions, reaction of t-butylsulphinyl chloride with t-butyl hydrosulphide 
produces t-butylsulphinyl t-butyl disulphide 52 in 90% yield (equation 80). Clearly 52 is 
much more stable than 51. At high temperature a thiolsulphonate and tetrasulphide are 
formed from homolvtic decomDosition of 52 for which the driving force is the generation of 
the stable t-BuSS.iadica1 (eqiation 81). 

0 
I1 

t-BuSCl+ t-BuOOH - 
0 0 

1 1  II 

- r :  1 
t-BuSOOBu-t 

J 
(51) 

0 0 
II II 

51 - ?-BUS. + .Bu-f - t-BuSOSOBu-t + t-BuSSBu-t 
II 
0 

/I II 
0 0  

II 
0 

+ t-BuS02CI + t-BuOH + Me,CO 

SCHEME 4 
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0 0 
II CHCI,. 0 5°C / I  

t-BuSCI+ t-BuSSH b t-BuSSSBu-t 
PY 

(52) 

0 0 
II /I 

t-BuSSSBu-t + [-BUS. + t-BuSS. 

11. SULPHINIC ANHYDRIDES 

Early reports of the synthesis of sulphinic anhydrides 53, either by dehydration of aromatic 
sulphinic acids114 or from the reaction of their sodium salts with phosgene115, were shown 
to be incorrect by Bredereck and his coworkers"6~1'7. The products obtained were the 
thermodynamically more stable isomeric sulphinyl sulphones 54. In only a few cases have 
sulphinic anhydrides been detected as intermediates and in only three instances have they 
been isolated. 

RS-0-SR RSOzSR 
/ I  II II 
0 0  0 

(53) (W 
Kice and Ikura were able to isolate 2-methyl-2-propanesulphinic anhydride 55, m.p. 45- 

46°C in 50% yield (equation 82)"*. In contrast to the hydrolysis of sulphinyl sulphones 
(equation 83) which is not sensitive to acid catalysis, the hydrolysis of 55 exhibits both 
spontaneous and acid-catalysed hydrolysis. The kinetic solvent isotope effect for the latter 
reaction is consistent with attack of water on the conjugate acid of 55 in the slow step 
(equation 84). 

0 0 0 
II ~ 5 to - 10°C II II 

Bu'S0,Ag + Bu'SCI b Bu'S-0-SBU' + AgCl (82) 
clhcr 

(55) 

0 
I1 

II /I 
0 0  

RS-SR + HZO + 2RSOzH 

. .- + slow 

HZO RS-0-SR - RSOzH2' + RSOZH (84) 
II I 
0 OH 

The cyclic 1,2-ethanedisulphinic anhydride 56 has been synthesized by controlled 
hydrolysis of ethanebisdisulphinyl chloride (equation 85)' 19. 
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0 0 0  
II /I I1 

(59) 

RS-SR 4 RS-SR --* RSOZSR 
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Kice and Liao"" showed that the compound originally thought'" to be benzene-l,2- 
disulphinic acid 57 was in fact the corresponding anhydride 58 and as such is the first 
example of an aromatic sulphinic anhydride (equation 86). The large value of the solvent 
isotope effect (kH20/kD20 = 2.3) and the large negative value of ASs ( - 49.7eu) suggests 
that several molecules of water are involved in the slow step in the hydrolysis of 58 to 57. 
Either a classic 'proton-bridge' mechanism (equation 87) or one involving a cyclic 
transition state with several molecules of water is suggested as a possible mechanism'20. 

The peroxidation of S-aryl and S-alkyl arenethiolsulphinates to the corresponding 
thiolsulphonates is thought to occur by a variety of mechanisms via a uic disulphoxide 
(equation 88)'22.'23. Freeman and his g r o ~ p ' ~ ~ ~ ' * ~  showed that sulphinic anhydride 
intermediates could be detected in the low temperature oxidation ( - 40 "C) of59 (R = Me, 
Pr', Bun and Bur). These could arise by oxidation of sulphenyl sulphinate intermediates or 
by reaction of any sulphinic acids formed with disulphoxides (equation 89). 

111. REFERENCES 

I .  A. M. Quaedlieg, in Methoden der Organischen Chemie (Houhen-WeyL), Vol. IX, Georg 
Thieme Verlag. Stuttgart, 1955, p. 295. 

2. B. F. Muth, in Methoden der Organischen Chemie (Houhen-Weyl), Vol. IX, Georg Thieme 
Verlag, Stuttgart, 1955, p. 295. 

3. C. J. M. Stirling, In t .  J. Su/jiur Chem. (B) ,  6, 277 (1971). 
4. Cf. I .  B. Douglass and R. V. Norton, J .  Org. Chem., 33, 2104 (1968). 
5. R. V. Norton, G. M. Beverley and 1.  B. Douglass, J .  Ory. Chem., 32, 3645 (1967). 
6. I. B. Douglass and D. A. Koop, J. Org. Chem., 29, 951 (1964). 
7. E. Schneider, Chem. Ber., 84, 911 (1951). 
8. T. P. Hilditch and S. Smiles, Chem. Ber., 41, 4115 (1908); J .  Chem. Soc., 2585 (1910). 
9. J. von Braun and W. Kaiser, Chem. Eer., 56, 553 (1923). 

10. J. von Braun and K. Weissbach, Chem. Ber., 63, 2856 (1930). 
1 1 .  A. Meuwsan and H. Gebhardt, Chem. Ber., 69, 937 (1936). 
12. F. Kuner, J. Chem. Soc., 549 (1953). 
13. H. F. Whalen and L. W. Jones, J. Chem. SOC., 1353 (1925). 
14. L. C. Raiford and S. E. Haslet, J. Am. Chem. Soc., 57, 2172 (1935). 
15. 1. B. Douglass and D. R. Poole, J. Org. Chem., 22, 536 (1957). 
16. I. B. Douglass, B. S .  Farrah and E. G. Thomas, J. Org. Chem., 26, 1996 (1961). 
17. M. L. Kee and 1. B. Douglass, Org. Prep. Proced. Int., 2, 235 (1970). 
18. D. Barnard, L. Bateman, M. E. Cain, T. Colclough, and J. I. Cunneen,J. Chem. SOC., 5339(1961). 
19. E. Block and J. OConnor, J .  Am. Chem. Soc., %, 3922 (1974). 
20. J.-H. Youn and R. Herrmann, Tetrahedron Lett., 27, 1493 (1986). 
21. J.-H. Youn and R. Herrmann, Synthesis, 72 (1987). 
22. T. Netscher and H. Prinzbach, Synthesis, 683 (1987). 
23. J. F. and R. P. Beatson, J. Chem. SOC., Chem. Commun., 663 (1970). 
24. G. Canalini, G. Maccagnani, and F. Taddei, Tetrahedron Lett., 3035 (1971). 
25. R. P. Gupta, J. S. Pizey, and K. Symeonides, Tetrahedron, 32, 1971 (1976). 
26. Von D. Rinne and A. Blaschette, 2. Anorg. AUg. Chem., 638, 237 (1977). 
27. S. Kukolja and S. R. Lammert, Angew. Chem., I n t .  Ed. Engl., 12, 67 (1973). 
28. S. Kukolja, S. R. Lammert, M. R. B. Gilesner, and A. 1. Ellis, J. Am. Chem. Soc., 98,5041 (1976). 
29. J. von Braun and K. Weissbach, Chem. Ber., 63, 2840 (1930). 
30. I. B. Douglass, J. Org. Chem., 30, 633 (1965). 
31. A. Heering, M. Jaspers, and 1. Schwermann, Chem. Ber., 112, 2903 (1979). 
32. H. Phillips, J. Chem. SOC., 2552 (1925). 
33. K. Mislow, M. M. Green, P. Laur, J. T. Melillo, T. Simmonsand A. L. Ternay,J. Am. Chem. SOC., 

34. M. Axelrod, P. Bickert, J. Jacobus, M. Green, and K. Mislow, J. Am. Chem. SOC., 90,4835 (1968). 
35. M. M. Green, M. Axelrod, and K. Mislow, J. Am. Chem. SOC., 88, 861 (1986). 
36. H. F. Herbrandson and R. T. Dickerson, J .  Am. Chem. SOC., 81,4102 (1959). 

87, 1958 (1965). 



19. Sulphinyl chlorides and sulphinic anhydrides 60 1 

37. Cf. R. E. Estep and D. F. Tavares, Int. J. Sulfur Chem., 8, 279 (1973). 
38. C. Mioskowski and G. Solladie, Tetrahedron, 36, 227 (1980). 
39. K. K. Anderson, B. Bujnicki, J. Drabowicz, M. Mikolajczyk, and J. B. 0Br ien .J .  Org. Chem.,49, 

40. M. Mikolajczyk and J. Drabowicz, J. Chem. Soc., Chem. Commun., 547 (1974). 
41. D. N. Harpp. B. T. Frielander, C. Larsen, K. Stelion, and A. Stockton, J .  Org. Chem., 43, 3481 

42. Cf. J. G. Tillett, Chem. Rev., 76, 747 (1976). 
48. S. Kozaka and T. Higashino, Tetrahedron Letr., 21, 2067 (1980). 
44. S. Kozuka and T. Higashino, Bull. Chem. Soc. Jpn., 54, 1183 (1981). 
45. La V. D. Small, J. H. Bailey, and C. J. Cavallito, J .  Am. Chem. Soc., 69, 1710 (1947). 
46. I. B. Douglass and B. S. Fareh, J. Org. Chem., 23, 805 (1958). 
47. E. Block and J. OConnor,  J. Am. Chem. Soc., %, 3921 (1974). 
48. H. J. Backer and H. Kloosterziel, Red .  Trau. Chim. Pays-Bas, 73, 129 (1954). 
49. M. Mikolajczyk and J. Drabowicz, J. Chem. Soc.. Chem. Commun., 220 (1976). 
50. H. Gilman and H. L. Morris, J. Am. Chem. Soc., 48, 2399 (1926). 
51. Y. H. Chiang, J. S. LulofT, and E. Schipper, J. Org. Chem., 34, 2397 (1969). 
52. R. M. Moriarty, J .  Org. Chem., 30. 600 (1965). 
53. F. Kurzer, J. Chem. Soc., 549 (1953). 
54. J. Jacobus and K. Mislow, J. Chem. Soc., Chem. Commun., 253 (1968). 
55 .  D. J. Cram and A. Nudelman, J. Am. Chem. Soc., 90, 3869 (1968). 
56. K. Hovius and J. B. F. N. Engberts, Tetrahedron Lett., 181 (1972). 
57. W. J. Bourma and J. B. F. N. Engberts, J. Org. Chem., 41, 143 (1976). 
58. I .  P. Bleeker and J. B. F. N. Engberts, Recl. Trau. Chim. Pays-Bas, 98, 120 (1979). 
59. R. F. Hudson and K. A. F. Record, J. Chem. Soc.. Chem. Commun., 831 (1976). 
60. C. Brown, R. F. Hudson, and K. A. F. Record, J. Chem. Soc., Chem. Commun., 540 (1977). 
61. C. Brown, R. F. Hudson, and K. A. F. Record, J. Chem. Soc.. Perkin Trans. 2, 822 (1978). 
62. M. R. Banks and R. F. Hudson, J. Chem. Soc.. Chem. Commun., 799 (1985). 
63. M. R. Banks and R. F. Hudson, J. Chem. Soc., Perkin Trans. 2, 151 (1986). 
64. A. Heesing, W. K. Homann. and W. Miillers, Chem. Ber., 113, 152 (1980). 
65. M. R. Banks and R. F. Hudson, J .  Chem. Soc., Perkin Trans. 2, 1211 (1986). 
66. 1. P. Bleeker and J. B. F. N. Engberts, J. Org. Chem., 46, 1012 (1981). 
67. E. Z. Levchenko and A. V. Kirsanov, Zh. Obshch. Khim., 30, 1553 (1960); J. Gen. Chem. USSR, 

68. C. R. Johnson and E. U. Jonsson, J. Am. Chem. Soc., 92, 3815 (1970). 
69. E. S. Levchenko, N. Ya Derkash and A. V. Kirsanov, Zh. Obshch, Khim., 30, 1971 (1960). 
70. S. Oae, M. Nakai, N. Furukawa, and R. Kiritani, Bull. Chem. Soc. Jpn., 45, 1268 (1972). 
71. T. J. Maricich and V. L. Hoffman, J. Am. Chem. Soc., 96, 7770 (1974). 
72. J. G. Shelnut, S. Mataka, and J.-P. Anselme, J .  Chem. Soc., Chem. Cornmun.. 114 (1975). 
73. S. Mataka and J.-P. Anselme, J. Chem. Soc.. Chem. Commun., 554 (1974). 
74. C. G.  Venier, H. J. Barager 111, and M. A. Ward, J .  Am. Chem. Soc., 97, 3238 (1975). 
75. C. G.  Venier, H.-H. Hsieh, and H. J. Barager 111, J .  Org. Chem., 38, 17 (1973). 
76. W. A. Sheppard and J. Diekmann, J .  Am. Chem. Soc.. 86, 1893 (1964). 
77. J. Strating, L. Thijs, and B. Zwanenburg, Recl. Trau. Chim. Pays-Bas, 83, 631 (1964). 
78. E. Block, R. E. Penn. R. J. Olsen, and P. F. Sherwin, J .  Am. Chem. Soc., 98, 1264 (1976). 
79. E. Block and A. A. Bazzi, Tetrahedron Lett., 23,4569 (1982). 
80. F. Freeman and M. C. Keindl, J .  Chem. Soc., Chem. Commun., 138 (1984). 
81. K. Kando, A. Negishi, and G.  Tsuchihashi, Tetrahedron Lett., 2743 (1969). 
82. A. Senning, J. Chem. Soc.. Chem. Commun., 64 (1967). 
83. T. Numata, K. Ikura, Y. Shimano, and S. Oae, Org. Prep. Proced. Int., 8, 119 (1976). 
84. J. Drabowicz, Chem. Lett., 1753 (1981). 
85. K. Schank and S. Bueglar, Sulphur Letters, I .  63 (1982). 
86. R. Schiller and P. Otto, Chem. Ber., 9, 1584 (1876). 
87. D. Barnard, J .  Chem. Soc.. 4673 (1957). 
88. F. Freeman and C. N. Angeletakis, Tetrahedron Lett., 23, 491 (1982). 
89. F. Freeman and M. C. Keindl, Synthesis, 913 (1983). 
90. F. Freeman and C. N. Angeletakis, J. Am. Chem. Soc., 104, 5766 (1982). 
91. F. Freeman and C. N. Angeletakis, J. Am. Chem. Soc., 103, 6232 (1981). 
92. F. Freeman, C. N. Angeletakis, and M. C. Keindl, J .  Org. Chem., 49, 454 (1984). 
93. C. M. C. da Silva Correa. and W. A. Waters, J .  Chem. Soc. (C), 1874 (1968). 

4070 ( I  984). 

(1978). 

30, 1562 (1960). 



602 J. G. Tillett 

94. G. Leandri, Ann. Chim. (Rome), 44, 330 (1954). 
95. B. N. Trivedi, J .  Indian Chem. Soc., 33, 359 (1956). 
96. G. Leandri and A. Tunelo, Ann. Chim. (Rome), 47, 575 (1957). 
97. D. N. Harpp, in Perspectiues in the Organic Chemistry ofsulphur (Eds. B. Zwanberg and A. J. H. 

Klunder), Invited Lectures of the Twelfth International Symposium in the Organic Chemistry of 
Sulphur, Nijmegen, 1986. 

98. F. Freeman, C. N. Angeletakis, W. J. Pietro, and W. J. Hehre, J .  Am. Chem. Soc., 104, 1164 
(1982). 

99. C. Courtot and J. Frenkiel, C.R.  Acad. Sci., 109, 557 (1934). 
100. T. Fujisarva, M. Kakutani, and N. Kobayashi, Bull. Chem. Soc. Jpn., 46, 3615 (1973). 
101. G. A. Olah and J. Nishimura, J .  Org. Chem., 39, 1203 (1974). 
102. G. Glaros and S. Sullivan, Synth. Commun., 6, 495 (1976). 
103. B. Snider, J .  Org. Chem., 46, 3155 (1981). 
104. A. M. Moiseenkov, V. V. Veselovsky, Z. G. Makarova, V. M. Zhulin, and W. A. Smit, 

Tetrahedron Lett., 25, 5929 (1984). 
105. H. Burton and W. A. Davy, J .  Chem. Soc., 528 (1948). 
106. A. Boerma-Markerink, J. C. Jagt, H. Meyer, J. Wildeman, and A. M. van Leusan, Synth. 

107. J. Strating and H. J. Backer, Red .  Trau. Chim. Pays-Bas, 69, 638 (1950). 
108. G. Schrader and W. Lorenz, U. S. Patent, 2,910,500 (1959); Chem. Abstr., 54, 3318 (1960). 
109. J. M. Klunder and K. B. Sharpless, J. Org. Chem., 52, 2598 (1987). 
110. S. Oae and K. Ikura, Bull. Chem. SOC. Jpn. ,  39, 1306 (1968). 
111. S. Oae and K. Ikura, Bull. Chem. Soc. Jpn.. 38, 58 (1965). 
112. S. Oae, T. Kitao and Y. Kitaoka, Tetrahedron, 19, 827 (1963). 
113. 1. P. Bleeker and J. B. F. N. Engberts, R e d .  Trau. Chim. Pays-Bas, 100, 459 (1981). 
114. E. Knoevenagel and L. Polack, Chem. Ber., 41, 3323 (1908). 
115. R. Otto, Chem. Ber., 20, 3337 (1987). 
116. H. Bredereck, A. Wagner, E. H. Beck, and R. J. Klein, Chem. Ber., 93, 2736 (1960). 
117. H. Bredereck, A. Wagner, E. H. Beck, H. Berlinger, and K.-G. Kottenhaln, Angew. Chem., 70, 

118. J. L. Kice and K. Ikura, J. Am. Chem. Soc., 90, 7378 (1968). 
119. W. H. Mueller and M. B. Dines, J. Chem. Soc.. Chem. Commun., 1205 (1969). 
120. J. L. Kice and S.-T. Liao, J .  Org. Chem., 46, 2691 (1981). 
121. J. B. Hendrickson, S. Okano, and R. K. Bloom, J. Org. Chem., 34, 3434 (1969). 
122. F. Freeman, C. N. Angeletakis, and T. J. Maricich, J .  Org. Chem., 47, 3403 (1982). 
123. F. Freeman and C. N. Angeletakis, J .  Am. Chem. SOC., 105,4039 (1983). 

Commun., 5, 147 (1975). 

268 (1958). 



The Chemistry of Sulphinic Acids, Esters and their Derivatives 
Edited by S. Patai 

I990 John Wiley & Sons Ltd 

CHAPTER 20 

Sulphinamides 

J. G. TILLETT 
Department of Chemistry and Biological Chemistry, University of Essex, Colchester, C 0 4  
3SQ. UK 

I. SYNTHESIS. . . . . . . . . . . . 
A. Formation from Sulphinyl Chlorides . 
B. Formation from N-Sulphinylamines. . 
C. Formation from Sulphinylphthalimides 
D. Formation from Sulphinic Acids . . . 
E. Formation from Sulphinates. . . . . 
F. Oxidation of Sulphenamides. . . . . 
G. Miscellaneous Methods . . . . . . 

11. STEREOCHEMISTRY . . . . . . . . 
Ill. REACTIONS. . . . . . . . . . . . 
IV. REFERENCES . . . . . . . . . . . 

. . . . . . . . . . . . . 603 

. . . . . . . . . . . . . 603 

. . . . . . . . . . . . . 605 

. . . . . . . . . . . . . 606 

. . . . . . . . . . . . . 607 

. . . . . . . . . . . . . 608 

. . . . . . . . . . . . . 609 

. . . . . . . . . . . . . 610 

. . . . . . . . . . . . . 611 

. . . . . . . . . . . . . 614 

. . . . . . . . . . . . . 621 

1. SYNTHESIS 

A. Formation from Sulphinyl Chlorides 

Von Braun and his coworkers’*2 showed that sulphinamides could be readily prepared 
from the reaction of sulphinyl chlorides with amines and this reaction provides the most 
direct method for the synthesis of both alkane- and arenesulphinamides (equation l)3-5. 

0 0 

(1) 
Some typical examples are shown in Table 1. 

Sulphinyl chlorides have been used in the synthesis of a variety of chiral sulphinamides. 
Thus Jacobus and Mislow showed that racemic benzenesulphinyl chloride reacts with 
( + )-(S)-deoxyephedrine (N-Methyl-l-phenyl-2-propylamine), 2, to form a mixture of the 
diastereomeric sulphinamides 3, the ratio of diastereomers depending significantly on the 
temperature used (equation 2)’. Cram and Nudelman prepared the diastereomeric 
sulphinamide 4 from the lithium salt of a-methylbenzyl amine (equation 3)*. Chiral 
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TABLE 1. Preparation of sulphinamides 1 from sulphinyl chlorides 

R R'  R* m.p. ("C) Yield (%) Reference 

Ph 
Ph 
Ph 
Ph 

me 
Me 
Me 
Pr 

P-ToI 

H 
H 
H 
H 
H 
me 
H 
Me 
Me 

p-CIC6H4 
P-ToI 
PhCH, 
p-An 
m-An 
m-An 
Ph 
Me 
Me 

155.5 
100-101 
100-104 

131 
87-88 

oil 
87 

38/12' 
55 /  I .  1" 

78 
56 
26 
89 
84 

100 
71 
16 
20 

"b.p./m.m. 

hydroxysulphinamides have been synthesized from L-ephedrine via formation of the chiral 
oxathiazolidene 2-oxides 5, 6. The diastereomers can be interconverted to one form 5 
which can be hydrolysed to 7 (equation 4)9.'0. 

0 0 
I1 * II * 

PhSCl + CH,NHCH,CHPh - PhS NCH,CHPh 
I * I  I 

(2) (3) 

(2) 

CH, CH, CH, 

0 0 
II * II * 

( + I  I I 
p-TolSCI + PhCHNHLi - p-TolSNHCHPh 

CH, (4) CH, 

1. RMgBr ' 2.nao+* 
Me N-S" 

(3) 
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Arenesulphinyl chlorides react with arylureas in pyridine at moderate temperatures to 
form N-aryl-N'-arylsulphinyl- and sulphenyl-ureas (equation 5)". 

0 0 
II II 

ArSCl + Ar'NHCONH, --* ArSNHCONHAr' + ArSNHCONHAr' ( 5 )  

The synthesis of a number of N-alkoxyarenesulphinamides from the appropriate 
sulphinyl chlorides and the corresponding alkoxyamines has been reported 
(equation 6)"*13. 

0 0 
I/ 1 1  /R '  

RSCI + R~NHOR' - RSN 
'OR' 

R = Ph, R'  = H, R 2  = PhCH,; 45% 
R = p-N02C6H,, R' = H, R 2  = Me; 28% 

This method has also been used to synthesize several N-alkoxy-alkanesulphi- 
namides' 3 . 1 4  including N-methyl-N-methoxy-t-butanesulphinamide 8 in 68% yield 
(equation 7)14. A variety of ,U-ketosulphinamides, 9, has also been prepared from the 
corresponding sulphinyl chlorides' *. 

0 0 
(I 11 ,CH3 

Bu'SCI + CH3NHOCH3 - Bu'SN 

(8) 

(7) 'OCH, 

0 Me 0 
R=Me,  R ' = H ,  R 2 = P h  
R = Me, R' = H, R2 = Et 

I/ 1 11 R' 
RC-C-SN ~. 

I R' R =Me, R'  = Et, R 2  = Et 
Me 
(9) 

6. Formatlon from HSulphinylamines 

Sonn and Schmidt were the first to report that sulphinamides can be prepared from the 
reaction of a Grignard reagent with N-sulphinylamines16. This method has been extended 
to a variety of alkane- and arenesulphinamides' '.I8. 

0 
i . R l M g X  11 

RN=S=O - R'SNHR 
1. H20 

R = R' = Ph 

R = C 6 H I l , R ' = P h  
R = R' = BU 

R=Ph ,  R '=C6Hl l  

Gilman and Morris proposed a mechanism involving initial addition of the Grignard 
reagent across the S=O bond and rearrangement of the sulphenic acid formed by 
hydrolytic decomposition of this adduct (equation 8)". Support for this mechanism 
(rather than for addition across the N=S bond) comes from the observation that 
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phenylmagnesium bromide reacts readily with sterically-hindered sulphinylamines such 
as N-sulphinylmesidine and N-sulphinyl-t-b~tylamine’~. 

0 
II 

PhN=S=O + PhMgBr - PhN=SOMgBr - PhN=SOH - PhSNHPh (8) 

(10) Ph I I A h 1  
N-Sulphinylamines have also been used for the synthesis of N-haloalkylsulphinamides 

(equation 9)20 and of N-aryl-1-alkenylsulphinamides (equation lo),’. Allenylcopper(1) 
species add to N-sulphinylamines to form 2-alkynylsulphinamides (equation 1 1)22. 
Acetylenic sulphinamides have also been prepared via the corresponding acetylenic 
Grignard reagent (equation 

0 
I .  PhMgBr II 

CI(CH,),N=S=O - PhSNH(CH,),CI 
2. NHzCl 

(n = 2,3) 

0 
1. CH2--CHMgBr II 

PhN=S=O + CH,=CHSNHPh 
2. H 2 0 ,  KHSO, 

PhN=S=O 
RR‘C=C=CR~CU --60 +, 3h RR’C-C=CR* 

I 
0”‘NCu 

I 
Ph 

(9) 

R’ = CH,, R = Bu; 28% 

R’  = CH,, R = Phi 20% 

R’ = OMe, R = 4-ClC,H4; 21% 

C. Formation from Sulphinyiphthaiimides 

Harpp and his coworkers have developed the use of N-alkyl- and N-arene- 
sulphinylphthalimides as sulphinyl transfer These compounds are 
conveniently made by m-chloroperbenzoic acid (MCPBA) oxidation of the corresponding 
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thiophthalimides (equation 13). Sulphinylphthalimides are formed in high yield by this 
reaction (e.g. R = Me, 90%; R = t-Bu, 100%; R = Ph, 89%). Subsequent reaction of the 
sulphinylphthalimides with primary or secondary amines in an inert solvent gives high 
yields of the corresponding sulphinarnide (equation 14). The generally high yields 
obtained make this a superior synthetic method to those previously described. 

R =Me, R' = R2 = Et; 80% 
R = Pr', R' = Me, R2 = Bu; 80% 
R = Me, R '  = H, R 2  = Ph; 88% 
R = Ph, R '  = H, R * = C , H , , ;  89% 

D. Formation from Suiphinic Acids 

Furukawa and his group have developed several synthetic methods which use the free 
sulphinic acid. The first of these involves reaction with an amine in the presence of 
dicyclohexylcarbodiimide (DCC) as a dehydrating agent (equation 1 5)26.  

0 0 
11 R'\ DCC It 11 ,R' 

dioxane 'R2 
R S O H  + R2,NH - R S N  

R = p-Tol, R'  = H, RZ = Ph; 56% 
R = C12H2,, R'  = H, R2 = Ph; 65% 

Drabowicz and Pacholczyk have suggested that the first step in this reaction involves the 
formation of an unstable 0-sulphinyIiso~rea~~. If a chiral diimide such as N,N'-di-a- 
phen ylethylcarbodiimide is used, the 0-sulphinylurea formed should consist of a 
diastereomeric mixture. This intermediate 11 can then react either directly with the amine 
or with another molecule of sulphinic acid to form a chiral sulphinic anhydride, which can 
also react with the amine; in either case a chiral sulphinamide results (equation 16)". 

This reaction therefore provides a method for the direct conversion of prochiral 
sulphinic acids into chiral sulphinamides, albeit in modest enantiomeric excess. 

The second method introduced by Furukawa and his group involves the reaction of a 
sulphinic acid with the appropriate arnine in the presence of 2-chloro-1-methylpyridinium 
iodide as a coupling reagentL6. The 0-sulphinylated intermediate I2  is considered to react 
with any amine present (equation 17). 
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PhO,i PCI . PY 

PhO 
/ -10 OC,CH2CI2 

J. G. Tillett 

0 

0 
II 

ArSOH + RN=C=NR 4 

0 It II 
0 0  

(11 1 

0 0  
Pho\ll II 

PoSTol-p 
- p h o ~ - ~ ~ ]  P-ToISO,H. 

PhO PhO 

Ar = Ph, R' = Et; 66%; e.e. 3.0% 
Ar = p-Tol, R' = Pr; 40%; e.e. 2.8% 

I 
Me 

I 
Me 

1 
Me 

(12) (17) 

R = p-TOl, R' = H, R2 = C,H,CH*; 49% 
R = CL2HZ5, R' = H, RZ = C,H,CH,; 39% 

Furukawa and his group have also investigated the 'one-pot' synthesis of sulphinamides 
from the reaction of p-toluenesulphinic acid and amines in the presence of a variety of 
activating agents such as phenyl phosphorodichloride, diphenylphosphorochloridate, 
triphenylphosphine-N-chlorosuccinimide and 3-(phthalimidoxy) 1,2-benzoisothiazole 
1, l-dioxide2*. Thus when p-toluenesulphinic acid was treated with an equivalent quantity 
of an amine and diphenylphosphorochloridate in the presence of excess pyridine, yields of 
sulphinamides in the range 0-36% were obtained. The reaction is assumed to proceed via 
formation of a pyridinium phosphate intermediate 13 (equation 18). 

E. Formation from Sulphlnates 

Cram and Nudelman were the first to show that ( - )-(S)-menthyl p-toluenesulphinate 14 
is converted by phenyl lithium with high stereospecificity to give the sulphinamide of 
opposite configuration (equation 19)'. ( + )-N-r-naphthalenesulphinamide was prepared 
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in a similar way in 342, yield from (-)-menthy1 a-naphthalenesulphinate and E- 

naphthylamine in the presence of butyllithiumZ9. 

Montanari and his coworkers showed that ( - )-(S)-menthyl p-toluenesulphinate reacts 
with dialkylaminobromomagnesium to form the corresponding sulphinamides with 
predominant inversion (equation 20)30. Chiral N-p-toluenesulphinylmorpholine has also 
been synthesized from (-)-(S)-l4 and morpholinemagnesium bromide (equation 21)31. A 
series of optically active N-alkylidenesulphinamides of high optical purity were obtained 
from the reaction of imino-Grignard reagents with chiral menthyl p-toluenesulphinate 
(equation 22)32. Subsequent reduction by lithium aluminium hydride produces a dias- 
tereomeric mixture of sulphinamides in which substantial asymmetric induction occurs at 
the amine carbon atom (equation 23)33. 

0 n 
-**.. II R,NMgBr 1 *.:. 

"S-0-mmenthyl - R,NS'- 

R-ToI 4 'To1 -p 

R = M e , E t ,  P r i  

0 
.:.. II O D M g B r  /7jl ;, 

'S-0-menthyl - 0 NS*'* 
p-To1 4 w \  Tot-p 

R 

p h > ~ = ~ ~ g ~ a ~  . /R  
0 

-*-. II 
I. 

p-TotS-N=C 
p-To1 ," - O II \Ph 

0 
R = Me ,Et , P r  ', P h.  

R 
* /R LiAIH, * X I  

p-TolS--N=C, _, - p-TolSNH-CH 
II I - r n  I1 

0 0 Ph 
R = Me, Et, a-Naph 

F. Oxidatlon of Suiphenamides 

Fava and his coworkers were the first to synthesize an optically active sulphinamide. 
Oxidation of p-toluenesulphenylpiperidine with ( +)-monopercamphoric acid produced 
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the corresponding sulphinamide with low stereoselectivity (equation 24)34. The oxidation 
of the corresponding sulphenamides has also been used as a synthetic route to N- 
alkylidenesulphinamides (equation 25)35. Haake and his group have described a 'one-pot' 
synthesis of N ,  N-dialkylsulphinamides which utilizes oxidation with N- 
chlorosuccinimide of the corresponding ~ulphenamide~~.  The intermediate sulphonium 
salts 15 are formed in situ and hydrolyzed to sulphinamides by the addition of aqueous 
potassium hydrogen carbonate (equation 26). 

0 
,R MCPBA 1 1  / R  

'R' 
XC,H,SN=C,, -XC,H,SN=C 

R '  
X = H ,  R = R ' = C H 3  

X = H ,  R = H ,  R ' = P h  

X = 4-CI, R = H, R '  = Ph 

/ R' NCS 
RSN 

\ R 2  C H Z C ' Z  

R = Ph , R' = R2= Me j 66% (16) 
oq KHCOl I 

G. Miscellaneous Methods 

Johnson and his coworkers have shown that sulphinamides are readily formed from 
sulphoxonium salts (equation 27)37. Optically active N, N-dimethylsulphinamides can be 
generated from chiral oxosulphonium salts via the ylide (equation 28)3e. In a similar way, 
reduction of ( + ) - (S ) -N ,  S-dimethyl-S-phenylsulphoximine with aluminium analgam 
results in cleavage of the sulphur-alkyl bond to give ( + )-(S)-N- 
methylbenzenesulphinamide (equation 29)39. Demethylation of sulphoximides with tosyl 
chloride produces a low yield of the corresponding chiral N-tosylsulphinamide 
(equation 30),'. Oxidation of an alkaline solution of benzyl mercaptan with chloramine 
produces benzylsulphinamide in 70% yield (equation 311,'. A 'one-pot' synthesis of 
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arenesulphinamides from 4-nitrophenyl-substituted phenyl sulphoxides with elemental 
sulphur has also been described in which yields varied from 38-65% (equation 32)42. 

0 0 

I 

II CH30Na I1 
PhS +CH3BF; - PhS02CH, + PhSN(CH,), + PhS02CH, (27) 

N ( C H 3 )  2 

me thylene 

( rat )  

0 0 
11, - C H F S 4 A r  I I  transfer Ar$NMe2 (28) 

C H 3 b S - A r  5 
I I  
0 

I DMSO 
( r a t )  

NMe2 
I 
N(CH3)2 

0 

(29) 
II R 

0 
I I  AI(Hg) 

P h t S 4 C H 3  H20,THF ‘ N W 2 m P h  / 
II H 

‘R 
N 

R = Me,H, 

NCH 

0 0 

0 
II 

PhCH,SNa + CINH, - PhCH, SNH,  (31) 

X = Me,CI, H, NO2 

II. STEREOCHEMISTRY 

The chirality of the sulphur atom in sulphinamides has been confirmed by ‘H NMR data. 
Geminal protons adjacent to the sulphinamido group are magnetically non-equivalent. 
Thus the methylene protons of N, N-diethylmethanesulphinamide 16 give rise to a 16-line 
spectrum and the methyl protons of the isopropyl groups in 17 appear as a quartet43. 
Comparison of the relative shielding effect of nuclei in sulphinamides with those in 
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sulphonamides has been made from studies of 13C, "N and "0 NMR chemical shifts44. 

0 0 

1 1  / CH,CH3 CH3\ 1 1  / M e  

CH,CH, CH3 ' Me 
MeSN, ,CHSN 

(16) (17) 
The barrier to  internal rotational rotation about the N-S bond in sulphinamides has 

also been investigated by 'H-NMR s t ~ d i e s ~ ' . ~ ~ .  Such a barrier is assumed to  arise from 
the double-bond character of the N-S bond originating from p,-d, delocalization 
implying the existence of resonance structures 18-20 for N, N-dimethylmethane- 
sulphinamide. Both the N-methyl and S-methyl groups of 18 and the N-methyl 
group of N, N-dimethyl-p-toluenesulphinamide appeared as singlets a t  - 60 "C. 
This suggests that because of the multiple degeneracy of sulphur 3d orbitals, p,-d, overlap 
does not have the strict conformational requirements of pn-pn overlap and that essentially 
free rotation may exist with almost continuous overlap. 

0 0- 0 
11 ,Me 1 1  +,Me 1 1  + , - M e  

'Me Me 1 Me 
MeS-N Me S=N, Me-S=N 

(18) (19) (20) 

Mikolajczyk and Drabowicz and their coworkers have investigated the stereochemical 
course of the reaction of chiral sulphinamides with both alcohols and thiols. The acid- 
catalysed alcoholysis of N, N-diethyl p-toluenesulphinamide 21 was found to occur with 
full or predominant inversion of configuration (equation 33)47. The reduced stereospecif- 
icity observed for secondary and tertiary alcohols, for which nucleophilic attack at  sulphur 
was slowed down by steric hindrance, was attributed to partial racemization of 21 under 
the acidic reaction conditions. These experiments were repeated with the optically stable 
N, N-diisopropyl system 22 (equation 34)48. Whilst reaction with primary alcohols was 
again observed to  proceed mainly with inversion (R = Me, 69% inv.; R = Et, 54%; R = Pr", 
58%), with secondary alcohols predominant retention was observed (e.g. R = Pr', 59% ret.). 
The stereochemical and kinetic features of these reactions were rationalized by an 
addition-elimination mechanism in which the sulphurane intermediate 23a is formed by 
attack of the alcohol on  the N-protonated sulphinamide (Scheme l)48-s0. Direct 
decomposition of 23a will produce the sulphinate ester (-)-(S)-24 with inversion of 
configuration. Three consecutive Berry pseudorotations of 23, however, lead to  formation 
of the sulphurane 23d, which decomposes to the sulphinate with overall retention of 
configuration. This is the first example of retention at sulphur which does not involve 
formation of a four-membered ring sulphurane. An alternative reaction sequence which 
would explain the formation of both enantiomers of 24 is shown in equation 35 and 
involves parallel formation of the two sulphurane intermediates 23a and 23CS0. Another 
intriguing feature of the trifluoroacetic acid-catalysed alcoholysis of sulphinamides is the 
effect of inorganic salts on the inversion-to-retention ratio. The addition of silver 
perchlorate greatly increases the percentage of inversion product (R = Me, 100%inv.; R 
= Et, 91%) and in the presence of secondary alcohols the reaction switches from 
predominantly retention to  inversion (R = Pr', 82%  in^.)^^. The effect of the added silver 
salt on the stereochemistry of the reaction was attributed to  complex formation between 
the silver ion and the sulphurane 23a in which silver coordinates with sulphur (25). This is 
expected to both assist direct S-N bond-fission and to  increase the energy of pseudorot- 
ation of 25 compared to  that the 23a. Both cations and anions have an important influence 
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on the stereochemical course of this reaction. Thus whilst the addition of COCl,, NiC,O, 
and Ag,SO, causes predominant retention, the addition of CO(NO,),, Ni(NO,), and 
AgNO, favours inversion at s u l p h ~ r ~ ~ . ~ ~ .  The exact cause of these specific effects remains 
to be explained. 

/ t  
(21 1 

R=Me,Et,Pr ,Bu 

.. .. 
P-Tol .... I RO,. I p - ~ o ~  .., 'i 

+ RO ;\ 
p-To1 

(22) 

HO,. . l i H P r i  

:--S-TOI-R 

I 
OR 

(23b) 

OH 

.* OH 
.+ '.-, / 

PrLNH - S - Tot-p 
I 

1 .. 

SCHEME 1 

RO 2 = O  

23a - (-)-(S)-24 
ROH . 

+ 
*2 

( + )-(S)-22 

23ce23d + ( + )-(R)-24 

(34) 

(35) 



614 J. G. Tillett 

PriNH ....... _OC1O3 
. t  

I ,,.:---- Agt 
p-To1 -S' 

I \OH 
OR 

(25) 

The stereoselective synthesis of optically active thiosulphinates was achieved by the 
acid-catalysed reaction of chiral sulphinamides with thiols (equation 36)". The chiral 
sulphinates were obtained in high chemical yield with predominant inversion (typically 
30-80%), the stereospecificity depending on the nature of both the thiol and sulphinamide 
used. The thiosulphinates formed were optically stable under the conditions used and, by 
analogy with the corresponding reaction of alcohols with sulphinamides, the variation in 
stereospecificity was attributed to an addition-elimination mechanism in which the 
initially formed sulphurane intermediate either decomposes directly to the product of 
inversion or via three pseudorotations to  the product with retention of configuration. 

111. REACTIONS 

The rates of alkaline hydrolysis of rnrta- and pura-substituted N-menthyl- 
benzenesulphinamides correlate well with Hammett u values ( p  = 1.3) 
(equation 37)52. Alkaline hydrolysis could, in principle, proceed via either an S,Z-type 
displacement mechanism or via an addition-elimination mechanism. Andersen and 
Biasottis2 were unable to detect any significant "0 incorporation into the sulphinamide 
recovered from partial hydrolysis of N-mesityl-p-toluenesulphinamide (28) in 20 atom% 
H2'*0.  As originally pointed out by Bender, however, this does not rule out the existence 
of a covalent intermediates3. The absence of any exalted substituent effect for the 
hydrolysis of 28 was also adduced as evidence against an addition-elimination mechanism 
for the alkaline hydrolysis of sulphinamides. 

0 Me Me 

Tillett and Asefi showed that the acid-catalysed hydrolyses of some N- 
arylarenesulphinamides in hydrochloric or hydrobromic acids proceed concurrently via an 
acid-catalysed (A-2) mechanism and a hydrogen ion-dependent nucleophile-catalysed 
reaction (Scheme 2)s4. 
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R O  SO2H; R ( 0 ) S 0 2 H  t Ht 

SCHEME 2 

The overall effect of substituents on the rate of hydrolysis in perchloric acid is small (p = 
- 0.44), as expected for an A-2 process. The role of halide ions is to provide an additional 
acid-catalysed reaction pathway by converting the sulphinamide into the more reactive 
sulphinyl halide. The rate-determining steps could proceed as shown by a synchronous 
mechanism or alternatively via a trigonal bipyramidal intermediate. 

As the temperature is increased at  which the hydrolysis of p-tolyltoluene-p- 
sulphinamide is carried out, a nucleophile-catalysed spontaneous reaction is also 
observed. Similar behaviour has been reported for the halide-catalysed hydrolysis of 
arylsulphinyl sulphonesS5. 

Several groups have demonstrated that the reactions of chiral sulphinamides with 
organolithium compounds proceed stereospecifically with inversion, e.g. the reaction of 
methyl lithium with p-toluenesulphinamide (equation 38)30 and N-phenyl-p- 
toluenesulphinamide (equation 39). The latter reaction has a key role in one of Cram's 
triligostatic stereochemical cycles56. Jacobus and Mislow also used this method to obtain 
chiral methyl phenyl sulphoxides from the diastereomers 3 (see Section I)'. 

-. 
p-Tol, '1' MeLi Me... I 

j S = O  
- '. 

H2N / = O  p-Tol 
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An attempt to  induce endocyclic initiated rearrangement in N-methyl-N-aryl-p- 
toluene- or methanesulphinamides was unsuccessful; the aniline and corresponding 
sulphoxide were obtained (equation 40)3. In the presence of dry HCI in chloroform, certain 
sulphinamides were, however, found to  undergo rearrangement (equation 41). A necessary 
condition for this to occur was the presence of an additional ortho-para directing group 
(for electrophilic aromatic substitution) in the aniline ring and this group must be meta to 
the MeNS(0)Tol group. Crossover experiments confirmed that no intramolecular 
reaction occurs. A mechanism involving initial attack of chloride ion on the N-protonated 
sulphinamide to  form p-toluenesulphinyl chloride (and an N-methylaniline) was sug- 
gested, since sulphinyl chlorides can act as electrophilic sulphinylating agents in the 
presence of aluminium trichloride (see the previous chapter). 

OMe 

The reaction of a-lithio sulphinamide derivatives with aldehydes or ketones forms p- 
hydroxys~lphinamides~~~~~. Thermal decomposition of these adducts forms a convenient 
synthetic route to  alkenes (equation 42). A stereospecific cis-elimination pathway has been 
proposed for the elimination mechanism (equation 43). 

0 0 
II 2BuLi II 

MeSNHTol-p - CH,SNTol-p 
I I  
L i  L i  

o - L i 6  O H  
RR'CO I / I  H2O I - RR'CCH,SNTol-p - RR'CCH,SONHTol-p 

I 

29 - RR'C=CH, + SO, + p-TolNH, 

Cram and Booms showed that the racemization of sulphinamides 30 and 31 was unlike 
that of other sulphinyl compounds and proceeded via a radical chain mechanism 
characterized by varying induction periods and inhibited by di-t-butyl nitroxideZ9. That 
S-N bond-fission occurs in racemization was demonstrated by cross-breeding experi- 
ments in which racemization of a mixture of equal concentrations of 30 and 31 produced 
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the cross products 32 and 33. The chain carrier was found to be ArN. rather than ArSO. 
and racemization involves radical substitution on sulphur probably via the symmetric 
transition state &I (equation 44)29. 

0-H. .  .... 0 0- H O  

1 1  .. I I +. 
I 

I I 
-C-CH,-S-N, +-C-CHz-S=N. 

OH 
I 

I I  

I 

1 

,C=CH,+SO, - 0-S-N< 

+ H N L  -C-CHz 

0 0 
II II 

p-Tol S NHPh a-CIoH7 S NHC,oH,-a 

(30) (31) 

0 0 
II II 

p-Tol SNHCloH7-a a-CIOH, SNHPh 

0 
II 

p-TolSNHPh p-TolS. + PhNH * 

0 0 
p-Tol.., 1 1  II 

PhNH t b N H P h  PhHN ....... ...... NHPh 
..0 

(43) 

Sulphinamides are much more sensitive to light than the corresponding sulphinate 
esters. In aprotic solvents, p-toluenesulphinamides readily undergo homolysis of the S-N 
bond and a variety of products are formed resulting mainly from recombination and 
disproportionation of sulphinyl radicals formed (equation 45)59. It is interesting to note 
that photolysis of N-phenyl-p-toluenesulphinamide in methanol leads to formation of 
methyl p-toluenesulphinate in 30-40% yields9. 

The products of aprotic diazotization of p-toluenesulphinamide by isopentyl nitrite in 
different aromatic hydrocarbons (Arl H) have been rationalized by an ionic mechanism 
(equation 46)60. 
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0 0 

p-TolSNHPh II p-TOIS’ ‘NHPh - p-TolS ‘0 NH2 I !  1 

[ p-TolgO2 iTol-p]  

/ \ 
p-TolS02 (o> NH2 / \ p-TolS (o> NH2 

p-TolS03H p-TolSSTol-p 

0 0 0 
II 1 1  + 0- II 

p-TolSNH, + AmNO, -p-TolSNH,N’ --+ p-Tol S N=NOH 
(36) 

“.OAm (35) 

0 
I t  + p-TolSN=NOAm 

(37) 

0 p-TolSO,H 

0 
~ N2 II / 

36 -p-TolS +OH- 

/ I  - N2 
37 - p-To1 S + - OAm 

II 
\p-Tol S + + Am0 - 

0 0 
1 1  Ar’H [ ]+ AmO- II 

p-To1 S + - p-To1 S ArlH - p-To1 S Ar + AmH 

(Am = Me,CH(CH,),-) 

N-unsubstituted alkoxysulphinamides are a novel type of alkylating agent which 
involve the migration of an alkoxy group from nitrogen to sulphur and initial formation of 
an 0-alkylsulphonimidate intermediate (equation 47)12. Maricich and his group12 
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proposed that formation of 39 occurs by a dissociative rearrangement process to allow the 
migrating alkoxy group to exchange with the alcohol solvent (equation 48). In contrast, N- 
alkoxy-N-alkylbenzenesulphinamides decompose on heating in toluene via homolytic 
cleavage of the S-N bond (equation 49)". 

0 0 

(47) 
1 1  ,H 1 1  PhS0,NHMe 

-PhS=NH 

PhSO,NH, + ROCH, 
I \  

PhSN 
(38) 

"OMe 
OM e 
(39) 

0 0 
11 H 1 1  + 

PhSN(OR - PhSNH 0 
internal II 

I 
- Ph S=NH 

H O R L  return 

J 

0 
I 1  

PhS-NH 

exchange / 
0 

O R  

R ' O H  I 
II 

I 
OR ' 

PHS=NH + HOR - PhS02NH, + ROR' 

R'OH ' PhSO,NH, + R'R' 

0 0 M e  
II I ~ H' 

(49) 
11, Me 

phs, -PhS'+'NOMe-CH,=NOMe 
OMe \ ' PhS0,SPh 

The chlorination of sulphinamides has been developed as a synthetic route to 
sulphinimidoyl chlorides (equation 50)61-63. Other chlorinating agents which have been 
used for this purpose include N - c h I o r o t r i a ~ o l e ~ ~ . ~ ~  and t-butyl hypochloriteb5. 

0 0 
I1 C12, -78°C 1 1  

RSNHR' + C1, RSCl + HCI 
II 
NR 

ether 

R = Me, R'  = p-TolSO,, 89% 

R = Ph, R'  =H,  69% 

R = PhCH,, R'  = p-CIC,H4--, 52%. 
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The decomposition of methanesulphinamides at high temperatures was attributed to 
oxidation, although the products were not isolated (equation 51)5. Chiang and his 
coworkers also found that a variety of sulphinamides were readily oxidized by KMnO, 
but the expected sulphonamides could not be isolated6. Kurzer, however, was able to 
isolate sulphonyl ureas in good yield from the oxidation ofsulphinyl ureas (equation 52)". 
Although generally rather unstable, certain acetylenic sulphinamides have been success- 
fully oxidized with m-chloroperbenzoic acid (equation 53)23. 

0 
II 

(51) MeSNHR - MeS0,NHR + MeSNHR 

R = PhNH, p-TolNH 

0 
/ I  K M n 0 4  

r.1.. 93% 
RSNHCONHR' - RS0,NHCONHR 

R = p-Tol, R '  = Ph 

0 
II CPA 

72% 
BuC-CSN HTol-p - BuC=CSO,NHTOI-~ (53) 

Decomposition of /?-ketosulphinamides with water 0.' ethanol leads to cleavage of the 
carbon-sulfur bond (unlike the normal acid-catalysed decomposition of sulphinamides) 
(equation 54)15. 

0 
II 

MeC-C-SNHPh (54) 

II 

0 Me 0 
II I II 

I 

y MeCCHMe, + PhNH, 

L o  Me 

MeCCHMe, + PhNH, + (EtO),SO 

The 2-alkenylsulphinamides 40 undergo a retro-ene cleavage in aprotic solvents to give 
allenes and N-sulphinylaniline (equation 55) ,  I .  Base-catalysed cyclization of 40 leads to 
formation of the 2,s-dihydroisothiazole S-oxides, 41 (equation 56)". An alternative route 
to 41 is shown in equation 57,'. 

RR'C-C=C-R c.- 2 

40 OC 
RR'C=C=CHR2 + PhN=S=O ( 5 5 )  

/\/ 4 d 
0 

I 
Ph 

(40) 
R = R ' = M e ,  R 2 = H  

R = R2, R '  = Bu 

R = R ' = M e , R 2 = P h  
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R2 

R R'C I c = C R ~  ___) >95% NoOEt ' I d N F ' h  R 

O@s\NH II I 0 
Ph 

I 1 .BULI;THF 

0 @\NAg 
40 2.AOBr 

1 I Ph 

I 

62 1 

(56) 

(57) 

0 

Thermal decomposition of N-aryl- 1-alkenylsulphinamides in benzene or toluene leads 
to formation of the corresponding indoles possibly via a [3.3] sigmatropic rearrangement 
(equation 58)". 
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1. INTRODUCTION 

Transformations of various sulfinic acid derivatives take place through nucleophilic 
substitution. The present chapter deals with those mechanistic aspects of the reaction 
which are common to the whole class of compounds. The nucleophilic displacement 
reaction of sulfinic acid derivatives (equation 1) formally resembles that of carboxylic acid 
derivatives (equation 2), where Y/Nu = OR', SR', NR;, halogens and S0,R'. The 
addition-elimination (A-E) mechanism involving a tetrahedral intermediate is well 
established as a general pathway of the latter reaction. However, the intermediacy of a 
hypervalent tetracoordinate sulfur species (sulfurane) formed by the addition of a 
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nucleophile to the sulfinyl sulfur atom has not been demonstrated conclusively for the 
former reaction. 

0 O H  0 
II I I /  

RSY + NuH+RSYeRSNu + YH 
I 
Nu 

0 O H  0 
I1 I I /  

RCY + N u H e R C Y G R C N u  + YH 
I 
Nu 

A contrasting difference between sulfinic and carboxylic acid derivatives is in the 
stereochemistry at the central atom. The sulfinyl sulfur has a stable pyramidal 
arrangement of the ligands while the carbonyl carbon is planar. As a consequence the 
sulfinyl derivatives are chiral and the stereochemical course of the reaction is closely 
associated with its mechanism. This is in turn closely related to the stereochemical nature 
of the sulfurane intermediate, if it does intervene. 

Most of the nucleophilic substitutions of sulfinicacid derivatives occur by predominant 
inversion. This stereochemical course can be accounted for by a sulfurane intermediate in 
which an incoming nucleophile and an outgoing leaving group occupy the apical 
positions. An alternative pathway involving the inversion of configuration may be a one- 
step displacement similar to the S,2 reaction at  saturated carbon, i.e. bond formation and 
bond breaking are occurring synchronously in the rate-determining step, and the structure 
of the transition state is similar to that of the sulfurane (equation 3). 

0- 

I 
NU-S-Y 

transit ion state  

The important problems to be solved are: whether the reaction is concerted (SN2-like) 
without any intermediate or whether it is stepwise (A-E mechanism) with sulfurane as a 
discrete intermediate, and how the nature of the intermediate (transition state) affects the 
stereochemical course of the reaction. Discussion will be focused on these problems in this 
chapter. Recent reviews are concerned with general features of the nucleophilic 
substitution at sulfur’. * and with the stereochemical aspects of the reaction3-’. 
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II. STEREOCHEMISTRY OF SULFURANE INTERMEDIATES 
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A. Hypervalent Bonding 

Let us first examine the stereochemical nature of a potential sulfurane intermediate in 
order to understand the relationship between the stereochemistry of the reaction and its 
mechanism. The tetracoordinate sulfur intermediate, sulfurane (l), has an electronic 
structure involving a formal expansion of the valence shell octet of the central sulfur atom 
and is called a hypervalent species. Although this class of compounds is not usually stable, 
a number of stable derivatives have recently been isolated6. The stable form of the 
structure is established to be a pseudotrigonal bipyramid (Y-TBP) with a pair of unshared 
electrons in an equatorial position. 

(1) 

Two linear apical bonds A-S-A are modelled by a three-center four-electron bond, 
which is termed hypervalent bonding’. This approximate molecular orbital model shows 
that the electron-rich delocalized sigma bonds are analogous to the delocalized II bonds in 
the ally1 anion as shown in Figure 1. That is, the first two of the four electrons of the 
hypervalent bonds occupy the bonding molecular orbital while the second two occupy the 
nonbonding orbital which has no contribution from the central atom. Although the 
symmetry of this nonbonding molecular orbital is compatible with a contribution from a 
3d (dz2) orbital of the sulfur, this contribution must be very small because of a large energy 
gap between the 3d orbitals and the p orbitals of the apical ligands. Theoretical studies in --- (ANTIBONDING) 

A S A 

(NONBONDING) 

(BONDING) 

FIGURE I .  Molecular orbital model of hypervalent bonding in sulfurane 
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fact show that a qualitative picture of the hypervalent bonding is well described by a 
delocalized three-center four-electron 0 bond without considering the contribution from 
sulfur 3d  function^^*^. The electron distribution in the nonbonding orbital predicts 
relatively negative charge on the apical ligands and positive charge on the central sulfur 
atom. This situation may also be visualized by a qualitative valence bond description 
involving no-bond resonance structures. 

A- A 

:S - :s' 

A- 

+,#' .E I +,.J 
'E P E  

A 

These models rationalize that more electronegative ligands prefer apical positions 
(apicophilicity)". Both nucleophiles and leaving groups involved in nucleophilic substi- 
tutions are generally electronegative and tend to occupy an apical position. Furthermore, 
the apical bonds are long and weak since these two delocalized bonds contain only two 
electrons in the bonding molecular orbital and the bond order is expected to be low. This 
consideration predicts that the nucleophile generally enters from one apical position and 
the leaving group departs from the other apical position, resulting in inversion of 
configuration. 

B. Pseudorotatlon 

However, the apical and equatorial ligands can interchange with each other to result in 
isomerization. The nondissociative permutational isomerization is considered to take 
place through pseudorotation". The pseudorotation occurs by pairwise exchange of two 
equatorial and two apical ligands via a square pyramidal transition state (Figure 2). A 
closely related mechanism called the 'turnstile' rotation has been proposed by Ugi and 
coworkers' 2, but this was shown to be a higher-energy processI3. Far infrared spectral 
data of SF, in fact showed that the permutational isomerization occurs via a C,, transition 
state', in accord with the pseudorotation mechanism. Such an isomerization occurs often 
quite readily. The I9F NMR studies show that the barrier to the interchange of apical and 
equatorial fluorines in SF, is 11-12 kcal mol- ' "-" in accord with the result obtained by 
IR spectra (10.2 kcal mol- ')I4. The tetraoxyspirosulfuranes 2" and 319 were found to 
undergo pseudorotation with barriers of about 7.5 and 9 kcal mol- ', respectively. 
However, the barrier to pseudorotation of this class of Y-TBP sulfur species is usually 
higher than that of pentacoordinate TBP phosphorus species (e.g. the barrier for PF, is 
less than 5 kcal mol- ' 2 0 )  and is not always low enough to ensure the rapid interchange of 
apical and equatorial ligands of sulfurane intermediates of nucleophilic substitutions, if 
any. 

FIGURE 2. Pseudorotation of a trigonal bipyramidal compound 
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C. Stereochemical Courses 

Nucleophilic displacement reactions involving a trigonal bipyramidal intermediate in 
principle take place in three ways. When both an incoming and an outgoing group react in 
the apical positions, inversion of configuration of the central atom results. From the above 
considerations, this would be the most probable stereochemical course of the reaction. 
Since this steric arrangement is also followed by SN2-like reactions where the bond- 
making and bond-breaking are synchronous, it is important to distinguish the stepwise 
reactions from synchronous ones. 

The inversion of configuration may also occur when both nucleophilic attack and 
leaving-group departure take place at the equatorial sites. Such a special case is noted by 
Cram and Day’ I ,  where the equatorial-equatorial arrangement of entering and leaving 
groups may be preferred by formation of a six-membered ring system. On the other hand, 
the reactions at the apical and equatorial positions result in retention of configuration. 
Such an example was first presented by Oae and coworkers”, in which a four-membered 
ring system involving entering and outgoing atoms was thought to favor the apical- 
equatorial arrangement. For some other reactions proceeding with retention of configur- 
ation, four-membered cyclic structures with apical-equatorial arrangement were also 
p~stulated’~*’~. These situations, however, become complicated when intramolecular 
ligand exchange (pseudorotation) occurs rapidly before the decomposition of the V-TBP 
intermediate. 

111. STEREOCHEMISTRY OF NUCLEOPHILIC SUBSTITUTION 

A. Transesteriflcatlon of Sulfinate Esters 

Nucleophilic substitutions at chiral sulfinyl derivatives generally proceed with inversion 
of configuration. The first reported example is the thermal transesterification of ( - )ethyl 
p-toluenesulfinate with butanol to give ( + ) butyl p-tol~enesulfinate~~ (equation 4). The 
reaction involves inversion but the stereospecificity was quite low. The same reaction was 
reexamined later by Mikolajczyk and coworkersz6 and the product they obtained under 
the same conditions was always completely racemic. However, they established more 
rigorously that the methanol exchange reaction of methyl p-toluenesulfinate occurs 
stereospecifically with inversion of configuration under kinetic conditions. Using an 
optically active sulfinate labelled with carbon-14, the rates of both racemization and 
isotopic methoxy-methoxy exchange in methanol were measured in the presence of 
trifluoroacetic acid as an acid catalyst (equation 5). It was found within experimental error 
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that the rate of racemization is twice as large as that of loss of radioactivity of the 
sulfinateZ6. This means that every methoxy exchange must occur with inversion of 
configuration at the sulfinyl group. 

0 0 
I1 II 

( - ) TolSOEt + BuOH + ( + ) ToISOBU + EtOH 
(4) 

0 0 
11 H *  I1 ( 5 )  

( + ) ToISO'~CH, + C H 3 0 H  -( & )  TolSOCH, + ' 4 C H 3 0 t i  

However, the base-catalyzed transesterification was found to be nonstereospecif i~~~.  
Diastereoisomerically pure ( - ) menthyl ( - ) arenesulfinates were converted into racemic 
ethyl sulfinates in ethanol in the presence of sodium ethoxide (equation 6). 

0 0 
~l EtONa II (6 )  

( - ) ArSOMenthyl + EtOH - ( f ) ArSOEt + MenthylOH 

Ar = Ph or To1 

The N-bromosuccinimide-catalyzed alcoholysis of a thiolsulfinate was noted to occur 
with predominant inversion3, but the similar NBS-catalyzed alcohol exchange of 
sulfinates was found to proceed with complete racemization'*. 

The reactions of chiral sulfinate esters with organometallic compounds to  form 
sulfoxides also belong to  those nucleophilic displacement reactions which occur with 
inversion of configuration. The Andersen synthesis of optically active s u l f ~ x i d e s ~ ~  and the 
closely related reactions of th io lsu l f ina te~~~ and s~l f inamides~ '  with Grignard and 
organolithium reagents are known all to  proceed with inversion of configuration and high 
stereospecifici ty. 

B. Hydrolysis of Alkoxysulfonlum Salts 

A closely related reaction which proceeds with complete inversion of configuration is 
the alkaline hydrolysis of the alkoxysulfonium salt 5, obtained by 0-alkylation of the 

OEt 

0 

II 

CH2Ph 
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sulfoxide 432 (Scheme I ) .  The 0-alkylated derivative of sulfinamide 6 was also found to 
undergo alkaline hydrolysis (equation 7) mostly with inversion ( > 910(,)33. 

0 OMe 0 

S 
CF,SO,Me I H 0- II - s! - II 

:/ t \ T o l  :/ $*To1 

( + ) - ( S ) - ( 6 )  ( - ) - ( W - ( S )  

Alkaline hydrolysis of dialkoxysulfonium salts may proceed via sulfurane intermediates 
which have the same structure as that in transesterification of sulfinate esters. Hence 
knowledge of the former reaction will be very informative as to the latter. The 
stereochemistry of hydrolysis of some sulfonium salts was examined by Mikolajczyk and 
coworkers34. A series of chiral alkoxymethoxyisopropylsulfonium triflates 7, obtained in 
situ by methylation of the alkyl sulfinates 8 with methyl triflate, were used as substrates, 
and it was found that the hydrolysis of the sulfonium salts 7 gives two possible sulfinates 8 
and 9, which have respectively a configuration opposite to the starting sulfinates 8 
(equation 8). The displacement of both alkoxy groups at sulfur of 7 with predominant 
inversion can be accommodated by the simultaneous formation of two different sulfurane 
intermediates 10 and 11 (or transition states of these arrangements) which undergo 
decomposition before pseudorotation. Rapid pseudorotation of the intermediate may 
result in lesser stereoselectivity. 

R-CDs, Et, Pr, i - P r ,  Bu or Me3CCH2 

(10) 

OR 
I .=,pr-i 

I \OMe 

OH 

:-S 

(10 

C. Alcohoiysis of Sulfinamides 

Acid-catalyzed alcoholysis of N, N-diethyl p-toluenesulfinamide (124 was found to take 
place with complete or predominant inversion of configurationJ5. The decreased 
stereoselectivity observed for secondary and tertiary alcohols was considered to be due to 
a partial racemization of the substrate 12a under acidic reaction conditions (equation 9). 
However, examination of the alcoholysis of the N, N-diisopropyl sulfinamide 12b 
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(equation lo), which is optically stable under the reaction conditions, showed that the 
stereoselectivity of the reaction is not so good and is largely dependent on the structure of 
the alcohols (from 69% inversion with methanol to  74% retention with cyclohexanol)36. 

0 0 
II CF CO H II (9) 

TolSNEt, + ROH A T o l S O R  + Et,NH 

(1 2a) 

( C )  -(.9)-(12 b)  

R= i-Pr 

The steric course of this reaction was also greatly influenced by added inorganic salts. 
Among various salts examined, silver perchlorate very much enhanced the formation of 
the inversion product (e.g. 100% inversion with methanol and 65.5% inversion with 
cyclohexanol). These diverse stereochemical results may best be rationalized by assuming 
intermediate formation of a sulfurane which undergoes pseudorotation during the 
reaction (Scheme 2). Various configurations of the sulfurane intermediate in Scheme 2 can 

Ji 
+ 

HNR2 
1 

bR bR 

(140)  (14b) 

-RINH I -R2NH I 
inversion retention 

SCHEME 2 
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be interchanged by the Berry pseudorotation' ' and the structure with more electronega- 
tive ligands in the apical positions would be more stable. The sulfuranes of structures 14a 
and 14b could be formed in parallel rather than by permutational isomerization via 
pseudorotations. Although the results may best be accommodated by Scheme 2 with the 
sulfurane intermediate which undergoes rapid pseudorotation during the reaction, one- 
step reactions involving parallel reaction pathways for the inversion (1%) and retention 
(15b) mechanisms cannot be completely ruled out. 

HOR 
I+ 

(150) (lbb) 

Reactions of sulfinamides with thiols to give thiolsulfinates (equation 11) also proceed 
with predominant inversion, the stereoselectivity decreasing in the order R' = Pr > i-Pr 
> t-Bu, from more than 80% to about 30x3'. Both the starting sultinamides 12 and 
products 16 were ascertained to be optically stable under the reaction conditions. The 
stereochemical results may be again accommodated by the addition-elimination 
mechanism involving a sulfurane intermediate similar to  that outlined in Scheme 2. 
Variable stereoselectivities observed may be accounted for by variable ease of pseudorota- 
tion of the intermediate. 

IV. INTERMEDIACY OF SULFURANES 

A. Introduction 

Many stable sulfuranes are now known6 and intermediate existence of this type of 
species can be expected for nucleophilic substitution reactions at sulfur. One of the most 
pertinent models for the sulfurane intermediate in nucleophilic substitution of sulfinic acid 
derivatives may be a sulfuranide oxide. The sulfuranide oxide 17 was recently isolated as 
an ammonium salt and the Y-TBP structure was demonstrated by X-ray analysis3'. 
Dynamic 19F NMR spectroscopic observations show that this hypervalent species is in 
equilibrium with the ring-opened sultinate 18 (equation 12) in solution. The pK, of the 
conjugate acid of 18 was also determined titrimetrically (pK, = 5.0). The equilibrium 
(equation 12) is a degenerate intramolecular nucleophilic substitution (transesterification) 
of a sulfinate ester 18, and the intermediate bicyclic hypervalent species 17 was found to be 
more stable than the open-chain sulfinate 18. The sulfinate alcohol 19, an analogue of 18 
with CF, groups replaced by CH, groups, was also described39. The NMR spectrum o f a  
solution of 19 showed a singlet for the aromatic protons, suggesting the formation of the 
sulfuranide oxide 20 (equation 13). 
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CF3 CF3 CF3 C F 3  

0 
CF3 k0- C F 3  

(1s) (201 

Usual intermolecular nucleophilic displacement reactions of sulfinic acid derivatives 
proceeding with inversion of configuration may reasonably be considered to take place in 
a similar way to these intramolecular reactions, but there is no direct evidence for existence 
of such an intermediate in the intermolecular reactions. Stereochemical pathways 
involving retention of configuration have been interpreted by a sulfurane intermediate. 
Nevertheless, none of these results can be taken as conclusive proof for the intermediate: 
alternative possibilities are not completely excluded. In this section, we will elaborate how 
far we can go to demonstrate the real presence or absence of a discrete intermediate on the 
reaction coordinate in the nucleophilic substitution of sulfinic acid derivatives, and try to 
answer the question: Is the reaction stepwise or concerted? 

6. Oxygen-18 Exchange 

The classic example for demonstrating the existence of a tetrahedral intermediate in the 
hydrolysis of carboxylate esters was presented by Bender4'. He showed that in alkaline 

180- leOH 0 

II 
'80 

RCOR' + OH- RCOR' -* RCOR' - RCOR' + I I  k1 I k* I Ll 

k - r l  I 
I 
OH 6- 

products 
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hydrolysis of a labelled ester RC( '"0)OR' the substrate ester recovered after partial 
hydrolysis underwent substantial loss of oxygen-18 label (equation 14). That is, exchange 
of oxygen-1 8 occurs during hydrolysis. 

Similar experiments with sullinate esters have been carried out to see if such evidence 
can be obtained for the presence of a sulfurane intermediate41s42. Two such attempts 
reported are concerned with alkaline hydrolysis of a live-membered cyclic sulfite4' and a 
similar s ~ l f i n a t e ~ ~  in "0-enriched water. 

0 0 [)=. pCl 
0 

However, in neither case was there detected any significant incorporation of oxygen-18 
into the sulfinyl group of the substrate ester recovered after partial hydrolysis. These 
results could not demonstrate the existence of any intermediate, but d o  not necessarily 
imply that there is no intermediate and the reaction is concerted. 

In order to be able to detect the "0 exchange, it is required not only that the 
intermediate be actually formed but also that the equilibration of oxygen in the 
intermediate ( k , )  be fast as compared to the pathway for return of the intermediate ( k -  
which in turn must be no slower than the breakdown to products ( k 2 ) .  In the sulfinate 
hydrolysis there is reason to believe that the equilibration of oxygen in the sulfurane 
intermediate might be slower than the return to  the substrate43. In the preferred 
conformation of the '4'-TBP intermediate the two more electronegative groups occupy the 
apical positions and a stable structure should be 21. Proton transfer from the apical -OH 
to the equatorial -0- results in an energetically unfavorable form 22 of the intermediate 
with the apical -0-, and the equilibration of oxygen could well be slower than the 
breakdown of the intermediate by loss ofeither "OH- or R'O-. Hence the exchange 
would not be observed even though the intermediate was being formed. Thus the failure to 
detect oxygen-18 incorporation into the unreacted ester does not rule out the mechanism 
involving the intermediate. Neither was any "0  incorporation detected in the alkaline 
hydrolysis of N-mesityl-p-toluenesullinamide in "0-enriched 

OR' I /OH 

I'R 

: -S' 
p"..0- 

:-S- 

"OH '80- 
I'R 

(21) (22) 

Several kinetic criteria have been used as evidence for the existence of tetrahedral 
intermediates in nucleophilic displacement reactions of carboxylic acid  derivative^^^. 
These are concerned with a change m the rate-determining step with changing reaction 
conditions. If there is an intermediate on a reaction pathway, the overall reaction 
necessarily consists of a sequence of at  least two steps, one of which is rate determining 
(with the highest transition state of the individual steps). The transition-state energy for 
each step may be affected differently by a change in reaction conditions like pH and 
concentrations of catalysts (general acid and base). A systematic structural change of the 
substrate can also be a probe to detect a change in the rate-determining step. Therefore, we 
may observe a break in a pH-rate profile, dependence on buffer concentrations, and/or the 
substituent effect correlation owing to a change in rate-determining step. Various such 
observations were reported for carboxylic acid  derivative^^^. However, such investig- 
ations have never been undertaken successfully for nucleophilic substitutions at  sulfur 
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atom. We have recently found a break in a pH-rate profile for the acid-catalyzed 
hydrolysis of ethyl benzenesulfenate (23) to suggest the existence of a hypervalent 
intermediate involving tricoordinate sulfur atom (equation 1 5)46. Kinetic investigations 
along this line are still awaited for sulfinic acid derivatives. 

+ 
HOEt 

H+ I 
PhSOEt + H 2 0  Ph-S,? - PhSOH + EtOH 

I 
I 

(23) OH 

C. Substituent Effects 

Substituent effects observed for alkaline hydrolyses of sulfinate esters4’ and sul- 
f i n a m i d e ~ ~ ~  are not definitive in differentiating the two possible mechanisms with and 
without a sulfurane intermediate. Alkaline hydrolysis of ethyl arenesulfinates (24) in 40% 
aqueous ethanol gave the Hammett p value of + 1.60 at 20°C (equation 16). while the p 
value for alkaline hydrolysis of N-mesitylarenesulfinamides (25) in 95% ethanol was + 1.3 
at 50°C (equation 17). The p-nitro group did not show any exalted rate enhancement in 
the latter reaction, which should be expected if a significant resonance stabilization was 
exerted by this group in the transition state. The absence of the expected p-nitro 
substituent effect was taken to argue against the existence of the sulfurane intermediate 
together with the observed absence of oxygen- 18 exchange during the h y d r ~ l y s i s ~ ~ .  The 
magnitude of the p value (+ 1.3) was smaller than that for a similar hydrolysis of 
substituted benzoate esters ( p  = + 2.51)48, and this was also considered to suggest a 
concerted mechanism. 

Me’ 
(25) 

However, the small but positive p values observed ( +  1.3 to + 1.6) may not be 
unreasonable for a mechanism involving the sulfurane intermediate. The central sulfur 
atom of the intermediate constitutes delocalized hypervalent bonds and electrons tend to 
reside on the apical ligands, while the central carbon of a tetrahedral intermediate of 
carboxylate hydrolysis is an sp3 carbon simply bound to a negative oxygen. The p value for 
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sulfinate hydrolysis may well be smaller than that for carboxylate hydrolysis. Substituent 
effects for a concerted reaction similar to the S,2 reaction would be still smaller. The S,2 
reactions of substituted benzyl halides where bond-making and bond-breaking are 
synchronous show either no correlation with the Hammett equation or very small positive 
values of p ( + 0.5 to + 0.8)49.50. 

Acid-catalyzed hydrolyses of both sulfinates (ArSOOEt)47 and sulfinamides 
(A~SONHTOI)~'  showed very small negative p values ( - 0.54 to - 0.44). These reactions 
are composites of pre-equilibrium protonation and nucleophilic reaction, and the negative 
p values reflect the protonation step. 

Hydrolysis of sulfinate esters usually proceeds by S-0 bond cleavage as expected for a 
nucleophilic reaction at the sulfur atom5'. However, when the alkyl group can produce a 
stable carbocation, then C-0 cleavage becomes the main course of the reaction. This is 
an S, 1 reaction at saturated carbon with sulfinate anion as a leaving group. Such examples 
include b e n ~ h y d r y l ~ ~  and ~ u m y 1 ~ ~  sulfinates. 

D. Reactions with Halide and Hypochlorite ions 

Acid-catalyzed hydrolysis of sulfinic acid derivatives was found to be accelerated by 
added halide ions5'.55-58 . Th e nucleophilic catalysis by halide ions can be formulated by 
intermediate formation of sulfinyl halides formed either directly or via a sulfurane 
intermediate. Interesting to note here is that acid-independent halide catalysis was also 
observed in some cases5 ' v 5 ' .  Hydrolysis of sulfinamides undergo such acid-independent 
halide catalysis5 l .  If such a catalysis occurred by a one-step concerted reaction, the 
departure of an amide anion should have to occur simultaneously with the attack of halide 
ion at the sulfur in the rate-determining step. Formation of a highly basic amide anion is 
unlikely and an alternative and more plausible pathway would be that involving rate- 
determining formation of a sulfurane intermediate followed by a rapid departure of amine 
by assistance of an acid catalyst (equation 18). 

In the reaction of hypochlorite ion with phenyl benzenesulfinyl sulfone (26), the major 
products were found to be formed from S-S bond cleavage while 10% of phenyl a- 
disulfone (28) was formed by 0-CI cleavage (equation 19)59. This was explained by the 
competitive breakdown of a common intermediate formed by the initial attack of OCI- on 

0 

PhS-SPh + OCI- A 

I 1  
0 

PhS-SPh + CI- 

II II (26) ( 2 7 )  

0 0  

(28)  
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the sulfinyl sulfur. The two sets of products must be formed via two transition states of 
similar energy, but these two transition states are not necessarily preceded by a common 
intermediate. The direct reaction of the sulfinyl sulfone 26 and hypochlorite ion by 
nucleophilic attack on the hypochlorite oxygen, via the transition state like 29, which 
would lead to the a-disulfone 28, was suggested to be less plausible59, but is not completely 
ruled 

tl 

(29) 

o=s 

: -S' 
1 -9- 
1 \Ph 

:o 
''\a 

(27 )  

V. CONCLUSION 

Stereochemical investigations on nucleophilic substitutions of sulfinate esters and 
sulfinamides have provided a variety of results which strongly suggest the existence of the 
sulfurane intermediate. However, in a strict sense, they can only be taken as support, but 
not as conclusive proof, for the intermediacy of a sulfurane. 

There is no question that the hypervalent sulfurane intermediate can exist in 
nucleophilic displacement reactions of sulfinic acid derivatives since various stable 
compounds of this structure have been isolated'. The isolated sulfuranide oxide 17 was 
characterized by X-ray analysis and was spectroscopically demonstrated to be the 
intermediate of intramolecular transesterification of a sulfinate ester in solution 
(equation 12)38. However, a question still remains as to whether acyclic sulfurane 
intermediates generally have a long enough lifetime to  make them kinetically significant 
and deserving of the name 'intermediate' in usual intermolecular reactions. Kinetic 
methods may offer the best means of resolving this question, and should be used in 
investigations on nucleophilic displacement reactions of sulfinic acid derivatives. 
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CHAPTER 22 

Sulfinate ions as nucleophiles 
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1. INTRODUCTION 

Sulfinic acid shows duality in its reactivity; that is, it can react either as a nucleophile or as 
an electrophile. Rapid equilibrium formation of sulfinyl sulfone from two molecules of 
sulfinic acid' provides an example of the dual reactivity, one molecule reacting as a 
nucleophile and the other as an electrophile (equation 1). Nonetheless, sulfinic acids act 
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more generally as nucleophiles. 

T. Okuyama 

Sulfinate ions are good, ambident nucleophiles. They can react with various electro- 
philes either at the sulfur atom, to give sulfonyl derivatives, or at the oxygen end, to lead to 
sulfinate esters. Although the negative charge seems to be mostly on the oxygen atom, the 
sulfur has been considered as the main nucleophilic center (equation 2) .  However, the 
oxygen atom can also be the nucleophilic center toward a certain class of electrophiles. 
Most of the latter examples have been found in the last two decades. This duality of 
nucleophilicity is accommodated by the hard-soft acid-base (HSAB) concept proposed 
by Pearson*. The oxygen and sulfur atoms of sulfinate are respectively considered to be 
hard and soft nucleophilic centers. Hard electrophiles may react at the oxygen end while 
soft ones may attack at the central sulfur. 

0 0 -  0 -  0 0 0  
I1 I I I1 E ‘  1 1  I1 

RSO- u R S = O t . R S - O - t . R S = O  -RSE + RSOE ( 2 )  
+ II 

0 
Reactions of sulfinate ions as nucleophiles are described in  several review  article^'.^-^ as 

well as in other chapters of this volume. In the present chapter, we will summarize various 
nucleophilic reactions of sulfinate ions according to types of electrophiles, and special 
attention will be focused on the ambident nature of these ions. Quantitative evaluation of 
the nucleophilicity of the sulfinate ion will be considered in the final section. 

II. DISPLACEMENT AT SATURATED CARBON 

A. Alkylating Agents-Effects of Leaving Groups 

Reactions of primary and secondary alkyl halides with sulfinate salts have long been 
used as general methods for the synthesis of sulfones; these reactions proceed predomi- 
nantly, if not exclusively, through S-alkylation of sulfinates‘ (equation 3). 

0 
I1 

I1 
0 

RSO, + R’X - R S R ’ +  X -  (3) 

However, ethyl chloroformate was found in 1885 to give ethyl sulfinate by 0-alkylation 
with concomitant decarboxylation’ (equation 4). In spite of this early work’, the 
possibility of 0-alkylation had been neglected for a long time, and S-alkylation was 
considered to be usually the sole reaction of sulfinate ions until the mid- 1960s, when the 
0-alkylation was clearly demonstrated in several other examples and the ambident 
nucleophilicity was rationalized by the hard-soft acid-base (HSAB) theory2. 

0 0 
I 1  II 

R S 0 2  + ClCOEt - R SOEt + CO, + CI- (4) 
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Kobayashi’ first showed a definitive example when he found that alkylation of 
arenesulfinate ions with triethyloxonium fluoroborate resulted exclusively in formation of 
ethyl sulfinates (equation 5). This work was initiated because the author deduced from the 
results of the reaction of sulfinates with acyl chlorides’ that a highly reactive alkylating 
agent might attack the sulfinate ion at the oxygen rather than at the sulfur atom. 

0 
I1 

ArS0,-  + Et,O+ - ArSOEt + Et,O ( 5 )  
A similar 0-alkylation has also been noted to  occur during the reaction of a 

thiolsulfinate with triethyl phosphiteLo. Intermediate formation ofan ion pair ofa  sulfinate 
anion and an alkoxyphosphonium ion, leading to a sulfinate ester product, was suggested 
for this reaction (equation 6). 

RSO’SR’ + (EtO),P - RS0,-  + (EtO),P+SR’ 

0 0 0 
II I1 I1 

II 
0 

-RSOEt +(EtO),PSR’+RSEt 

Meek and Fowler’ ’ found also formation of a sulfinate ester in the reaction between 1,2- 
bis-(p-toluenesulfony1)ethene and trimethyl phosphite. The reaction can be formulated as 
in equation 7, involving intermediate formation of a sulfinate-alkoxyphosphonium pair. 
It occurred to these authors that the ambident reactivity of the sulfinate ions should be 
accommodated by the HSAB concept’. Although a soft alkylating agent may alkylate 
sulfinate ions at the softer sulfur electrophilic center, a hard reagent may react at the harder 
oxygen atom. 

S0,Tol 

k O M e ) ,  
TolSO,CH=CHSO,Tol + (MeO),P - TolSO,CH-CH’ - TolS02CH=CHP+(OMe),  + TolSO, 

0 0 
II I 1  - To1 SOMe + TolSO,CH=CHP(OMe), + To1 S Me (7) 

II 
0 

(trace) 

They examined alkylations of p-toluenesulfinate ion with various alkylating agents of 
varying soft-hard character’ I .  The products were generally mixtures of a sulfinate ester 
and a sulfone. The observed product ratios (or OjS selectivities) are summarized in Table 1 
together with those obtained by Kobayashi and Toriyabe”. Alkyl halides, such as methyl 
iodide and benzyl bromide, mostly or exclusively alkylate the sulfinate at the sulfur atom 
to give sulfones. Ally1 chloride and bromide were also found to  give solely the sulfone”. 
These results are in accord with earlier observations. However, other harder alkylating 
agents in fact give increasing fractions of the esters by 0-alkylation. The fraction of the 
ester product (0 selectivity) increases in the order: 

RX < MeS’Ph, < MeS+(O)Ph, < MeOS0,Y < (MeO),P+R < Et,O+, 

CH,N,(MeN,+) 
(X = halogen) (Y = Tol, OMe, F)  
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TABLE 1 .  Alkylation of p-toluenesulfinate ion by various alkylating agents 

Substrate 

TolS0,K 
TolS0,Na 
TolS0,Na 
TolS0,K 
TolS0,Na 
TolS0,Na 
TolSO ,Na 
TolS0,Na 
TolS0,K 
TolS0,K 
TolS0,K 
TolS0,K 
TolS0,K 
TolS0,K 
TolSO, - 
TolS0,Na 
TolS0,H 

~ ~ 

Alkylating 
agent 

PhCH,Br 
Me1 
Me1 
Me1 
MeOS0,Tol 
MeOS0,Tol 
(MeO),S02 
(MeO),SO, 
(MeO),SO, 
MeOS0,F 
MeOS0,F 
MeS + Ph,CIO, 
MeS +(O)Ph,CIO, 
MeS +(O)Ph,CIO, 
(MeO),P+CH=CHTs 
Et ,O + BF, 
C H P ,  

~ 

Temp. 
Solvent ("C) 

MeCN r.1. 
DMF 25 
MeOH 63 
MeCN r.1. 
DMF 25 
MeOH 63 
DMF 25 
MeOH 63 
CH,CI, r.1. 
DMF r.t. 
CH,CI, r.t. 
CH,CI, r.t. 
CH,CI, r.t. 
DMF r.1. 
none 25 
CH,CI, r.1. 
Et,O-MeOH(10:l) 25 

Ester 
00) 

0 
7 
2 
0 

77 
54 
88 
69 
50 
77 
40 
44 
56 
24 
95 

100 
100 

~ 

Sulfone 
(70) 

100 
93 
98 

100 
23 
46 
12 
31 
50 
23 
60 
56 
44 
76 
5 
0 
0 

Ref. 

12 
I I  
1 1  
12 
1 1  
I 1  
1 1  
1 1  
12 
12 
12 
12 
I2 
12 
1 1  
8 

1 1  

This order of reactivity seems to conform to the order of increasing hardness according to 
the HSAB concept2. It was previously reported that the reaction ofdiazomethane with the 
sulfinic acid gives only the methyl ~ul f ina te '~ .  This reaction may be assumed to occur 
between the methyldiazonium ion and the sulfinate (equation 8). Methyl sulfonate 
derivatives MeOS0,Y seem to show similar reactivity irrespective of Y groups as 
considerably hard reagents. However, the results are strongly dependent on the solvent 
used. The counter cation, sodium or potassium, apparently does not have much influence. 

0 
1 1  

RSO,H + CH, N 2  - RS0,-  + CH3-N2+ - RSOCH,  + N, (8) 

Mikolajczyk and  coworker^'^ have recently investigated the alkylation of benzenesul- 
finic acid with various 0-alkyl-N, N'-dicyclohexylisoureas. The reactions give predomi- 
nantly 0-alkylation products as summarized in Table 2. The reactions were examined in 
T H F  as well as in some other solvents, but solvent effects on the product ratio are not 
straightforward (equation 9). The reaction is believed to proceed through a preequilibrium 
protonation, and the alkylation of the sulfinate ion with the protonated 0-alkylisourea, 
which is considered to be a hard electrophile, may account for the predominant formation 
of sulfinate esters (equation 10). Another factor which is considered to be responsible for 
the preferential 0-alkylation is the steric effect exerted by the large electrophile. The 
terminal oxygen atom may be less susceptible to such steric effects than the sulfur center of 
the sulfinate ion. 

O R  0 0 0 
I I1 II II 

PhSO2H + H ~ , C , N = C - N H C ~ H I ~  + PhSOR + P h S R +  H1,C6NHCNHC6H1I 
I1 
0 

(9) 
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TABLE 2. Product ratio in the alkylation of ben- 
zenesulfinic acid with 0-alkylisourea (equation 9) 
in THFI4 

R Ester (%) Sulfone (%) 

643 

Me 15 25 
Et 90 10 
PhCH, 61 39 
i-Pr 100 (trace) 
sec-Bu 100 0 
2-Hexyl 100 0 

O R  OR 
I I 

PhS0,H + R’N=CNHR’+PhSO,- + R’NHCNHR’ -products (10) + 

The second step of this reaction is taken as a nucleophilic substitution at the carbon 
which can in principle proceed via the S N 2  or SN1 mechanism. They examined the reaction 
with an optically active 0-2-hexylisourea and found that the reaction takes place 
essentially through inversion (99%). Reactions with 0-alkylisoureas bearing optically 
active substituents at the nitrogen atoms were also carried out. The obtained sulfinate 
esters were optically active (with a chiral sulfur) although the enantiomeric excess was less 
than 1006. 

In addition to the above-mentioned alkylating agents, epoxides’ ’, /Y-propiolactone” 
and Mannich bases (Me,NCH,CH,COR)” were reported to  give sulfones. Various 
addition reactions of sulfinates to unsaturated bonds were found also to lead to sulfones, as 
will be discussed in the following section. Some of these results must, however, be taken 
carefully in terms of the ambident nucleophilicity of sulfinate ions. In addition to  the 
possible rearrangement of some sulfinate esters’ *-”, alkyl sulfinates in general undergo 
hydrolysis quite rapidly in acidic and alkaline aqueous The sulfinate ester 
product could thus easily be lost during the usual workup procedure. Some of the reported 
results, especially early ones, might be affected by this possibility unless care was taken. 

The ‘organic syntheses’ method for preparation of methyl p-tolyl sulfone by the reaction 
of sodium p-toluenesulfinate with dimethyl sulfatez3 must involve this problem. The 
reaction medium used is aqueous bicarbonate solution in which the methyl sulfinate 
formed should hydrolyze very rapidly and the sulfinate ion be regenerated for further 
alkylation, while the sulfone product is stable in this medium. Field and ClarkzJb in fact 
mention that the reactions of sodium arenesulfinates with methyl sulfate in organic 
solvents gave lower yields of the desired sulfone. 

B. Medium Effects 

Data given in Table 1 show that reaction media influence considerably the O/S 
selectivity in alkylation of the sulfinate. The effects of solvents on the alkylation of 
potassium p-toluenesulfinate as well as those of added crown ether were examined in more 
detail by Kobayashi and Toriyabe”. The results are given in Table 3. The data with 
methyl fluorosulfonate (in parentheses) clearly show that a polar aprotic solvent increases 
the fraction of 0-alkylation. The reaction in dichloromethane gives 40% of the ester (very 
probably less in benzene or carbon tetrachloride), while the reaction in HMPA leads 
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TABLE 3. EITects of solvents and crown ether on alkylation of potassium p-toluenesulfinate at room 
temperature" 

Alkylating agent Solvent Ester ( O 0 )  Sulfone (yo) 

PhCH,Br 

(MeOhSO, 
MeOS0,F 

MeS+Ph2CI0,- 
MeS +(O)Ph,CIO, 

'hHh 

MeCN 
CH,CI, 
C,H, 
CCI, 
CH,CI, 
diglyme 
DMF 
HMPA 
CH,CI, 
CH,CI, 

"Product distributions in the presence of80-200", of the substrateconcentration of 18-crown-6 are given and values 
in its abbence are in parentheses. Data are taken from Reference 12. 

essentially to the ester alone. The added crown ether (18-crown-6) in general tends to 
increase the ester fraction, but the effects are small. The reactions using methylsulfonium 
and oxosulfonium salts suffer opposite effects of solvent polarity (DMF/CH,CI, in 
Table 1)and of added crown ether. Alkylation of the adarnantane-1-sulfinate ion was also 
examined and the results are similar to those obtained with p-toluenesulfinate12. 

The solvent effects may be accommodated by the nature of ion pairs of sulfinate anions 
and alkali metal cations. In nonpolar solvents, an alkali metal cation which is a hard acid 
in the sense of HSAB may bind mostly to the oxygen atoms, and therefore the electrophile 
would attack the anion preferentially at the sulfur atom. In polar aprotic solvents, the 
sulfinate anion may be present more in a free form and able to accept the attack at the 
oxygen end. The crown ether may have the same effect by separating the alkali metal 
cation from the sulfinate anion by complexation. Cryptands, which bind the cation more 
effectively, have somewhat greater effectsL2. The effects of polar aprotic solvents and added 
crown ethers which decrease the fraction of 0-alkylation by sulfonium salts cannot clearly 
be explained. The alkylating properties of these positively charged reagents may be 
influenced greatly by the medium effects. 

Data in Table 1 show that methanol has a distinct tendency to decrease the O-alkyl- 
ation as compared with N, N-dimethylforrnamide (although the dielectric constants 
are similar; MeOH, 32.6 and DMF, 36.7D). This may be attributed to the hydrogen 
bonding of methanol with the oxygen atoms of the sulfinate anion, thus making them less 
available for alkylation. Possible hydrolysis of the ester product, by water present as 
impurity in the solvent methanol, was also suggested to be responsible for the lower yield 
of the ester". However, the yield and the fractional distribution of the products given in 
the paper" indicate obviously that this is not the sole reason. Certain sulfinate esters are 
known to rearrange easily to the sulfones18-20, but methyl p-toluenesulfinate was 
confirmed to be stable under the reaction conditions". In 50%;; aqueous dioxane, 2-nitro- 
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4-trifluoromethylbenzenesulfinate was found to undergo S-alkylation with methyl iodide 
but preferentially 0-alkylation with methyl f luoro~ul fona te~~.  

/O- ----Iio 
ArS 'Me 

Effects of phase-transfer agents on alkylation of sulfinate ions have been extensively 
studied in recent years in order to improve the method for the synthesis of s ~ l f o n e s ~ ~ - " .  

C. Effects of Counter Ions 

Effects ofcounter cations ofsulfinate salts were not observed with Na' and K '  . Silver p- 
toluenesulfinate was found to behave similarly to alkali metal salts in the reaction with 
methyl iodide in DMF(7"/, ofester formation compared with 9% ofester formation by the 
sodium salt)". Kondratenko and coworkers31 examined in more detail the reactions of 
some silver sulfinates with benzyl iodides in acetonitrile in comparison with those of the 
potassium salts. All the reactions with potassium salts gave sulfones as sole products in 
acetonitrile (equation 1 1 ) .  However, the same reactions with silver salts (equation 12) 

0 
M K N  II 

RSO,K + XC,H,CH,I - XC,H4CH2 S R 
I1 
0 

0 0 
/I /I 

(R = Me, Ph, CF,; X = H, p-NO,) 

RS0,Ag + ArCH,I - ArCH, S R + ArCH, SOR 
11 
0 

resulted in formation of a considerable amount of the sulfinate ester as summarized in 
Table 4. Silver ion clearly enhances the 0-alkylation. This may be accommodated by 
greater interaction of the solft cation Ag' with the softer sulfur center of the sulfinate to 
inhibit the S-alkylation. The four-membered cyclic transition state shown below involving 

TABLE 4. Reactions of benzyl iodides with silver salts of sullinic acids in acetonitrile" 

PhCH,I p-NOzC6H,CHzI 
-~ 

Ester Sulfone Ester Sulfone 
Sullinates ("J (""1 O<J ("d 

"Data are taken from Reference 31. Values given are percent yields and those in parentheses show calculated percent 
fractions. 
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coodination of Ag' on the oxygen atom was proposed by Kondratenko and coworkers3', 
but the above mentioned S-coordination mechanism seems to be more reasonable. 

0 

II - 
RS-0 ----Ag+ 

D. Structural Effects 

The structures of both the silver sulfinates and the benzyl iodides influence the product 
ratio in the above reaction. An electron-withdrawing group in the sulfinate seems to 
increase the fraction of the ester, while the p-nitro substituent in benzyl iodide tends to  
decrease the 0-alkylation. The reasons for these structural effects are not obvious, but one 
possible explanation may be that the SN1 character of the reaction will enhance the 
tendency of 0-alkylation. The positive charge on the potential carbocation may enhance 
its hardness to facilitate the 0-attack. Electron withdrawal in the nucleophile which may 
diminish its nucleophilicity and electron donation in the alkyl halide which may stabilize 
the potential carbocation would both make the reaction more SN1-like and thus favor the 
0-alkylation. A similar tendency was found in the alkylation with 0-alkylisoureas, where 
secondary alkyl groups lead more easily to 0-alkylation than primary alkyl groups 
(Table 2)14. However, the reaction involving optically active secondary alkyl derivative 
was found to undergo inversion (SN2). 

Structural effects ofalkyl halides on the O/S selectivity in the reaction with sulfinate ions 
have been discussed in terms of SN1-SN2 character of the displacement reaction by 
S ~ h a n k ~ ' - ~ ~ .  He examined reactions of arenesulfinate salts with a-haloethers. The 
product ester/sulfone ratios for reactions of sodium arenesulfinates with some halometh- 
oxymethanes in CFCI, at 0 ° C  were determined by NMR ~ p e c t r o s c o p y ~ ~ .  The ratios 
obtained under the same conditions were variable between 55/45 and 65/35 because of 
instability of the ester. In the presence of a small amount of sodium hydride, the results 
became reproducible and the maximum fraction of the ester obtained in the reaction of p -  
chlorobenzenesulfinate with bromomethoxymethane was 86% (equation 13). Owing to 
the instability of the ester, only the sulfone was initially obtained" and only later was 

CFC13, O'C 
p-CIC,H,SO,Na + BrCH,OMe - 
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formation of the ester detected by the IR spectra of the product mixtures33. Such 
instability of the sulfinate ester was also noted by Mulder and coworkers36. Methoxy- 
methyl arenesulfinates can readily rearrange to the sulfone in the presence of acids and 
undergo easily hydrolysis by the moisture present”. 

Substituents on the sulfinate (p-Me, H and p-CI) have little influence on the O/S 
selectivity, but a change of the halogen atom in the haloether affects the selectivity, 
increasing the 0-alkylation in the order: CI < Br < I. When a class of alkyl halides can 
produce a stable methoxy carbocation, the reaction may have a high SN1 character to 
favor the 0-alkylation. A better leaving group further enhances the S N 1  character of the 
reaction3 ’. 

Substitution at the a-position of the haloether by the electron-withdrawing acetyl group 
increases the S-alkylation in accord with the decreasing SN1 character35. The sulfinate 
ester products 2 are again unstable and lead to thiolsulfonates 3 under the reaction 
conditions (equation 14). Final yields of the sulfone and the thiolsulfonate were 
determined under various conditions3’. The sulfinate structure (from p-Me0 to  p-NO,) 
and metal ions (Li+, N a +  and K’) had some effect on the product ratio. The nature of the 
solvents used and the reactant concentrations affected considerably the product yields. 
However, all these effects are not straightforward. Some concentration effects seem to have 
arisen from solubility problems, and the reactions are partly heterogeneous. Effects of 
leaving halogen atoms on the ethers are opposite to those observed with the simple a- 
haloethers. In the case of the a-acetyl haloethers, yields of the sulfone increase always in the 
order: CI < Br < I as shown in Table 9’. 

O M e  OOM e 0 O M e  
I II I II I 

ArS0,M + XCHCOMe -ArSCHCOMe + [ArSOCHCOMe] 
II 
0 

(14) 

This tendency was accommodated by assuming participation of the carbonyl oxygen 
atom as observed in the related displacement reactions3’. The a-acetyl chloroether may 
undergo substitution as shown in equation 15.  However, the nucleophile cannot attack the 
carbonyl carbon of the acetyl bromo- and iodoethers because of the much greater atomic 

I (1) 

ArSO, SA r 

(3) 

TABLE 5. Product yields (%) in the reactions of sodium salts of 
p-substituted benzenesulfinic acids with z-acetyl haloethers in 
acetone (equation 14)” 

X=CI X = Br X = I  

p-substitucnt 1 3 1 3 1 3  

No2 9 23.5 29.3 22.5 47 6.9 
CI 1.3 29.3 9 43.5 53 1.4 
Me - 33 22 I 1  49 10 
OMe 1.3 34.4 9 36.5 34 15 

‘Data are taken from Reference 37. 
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CI Nu 
- N u -  + + 

\ / I  
0 0 0 

Nu 

I *_ MeC-CHOMee MeCCH=OMe 

0 
ArS02Na 

-2-3 (15) 

volumes of Br and I, and the halogen atom may partially interact with thecarbonyl carbon. 
These factors inhibit participation of the carbonyl oxygen and favor S,Z-type displace- 
ment of the bromo- and iodoethers. 

Br 

;\ 
MeC-CHOMe 

bl \Nu- 

As a whole, alkyl derivatives which undergo favorable s N 1  displacement seem to react 
with sulfinate ions preferentially at the oxygen atom. However, the potential alkyl 
sulfinates, which can provide a stable carbocation by ionization, may very readily 
rearrange to  the more stable sulfone. Even in cases when the kinetic product, the sulfinate 
ester, is formed, this is difficult to isolate and the thermodynamic product, the sulfone, may 
result. Reactions of isolated carbocation salts with sodium p-toluenesulfinate gave only 
the corresponding s ~ l f o n e s ~ ~  (equation 16). Fava and coworkers4' could determine the 
rate ratio of 0- and S-alkylation in ion-pair return in their investigation on the 
racemization and rearrangement of benzhydryl p-toluenesulfinate in acetic acid (ko/ks  
= 0.8; equation 17). 

Rxs] TolSO2Na t R 33 C l O S  - M b C N  

T o l S O z  S 

R = H  or Ph 

R=Ph2CH 

19 
TolSR 

II 
0 

Acid-catalyzed reaction of an alcohol with a nucleophile proceeds typically by an SN1 
mechanism. However. the reaction of an alcohol with a sulfinic acid under acidic 
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conditions cannot afford the sulfinate ester, since sulfinic acid readily undergoes 
disproportionation to yield thiolsulfonate and sulfonic acid under the reaction conditions. 

Tertiary alkyl halides d o  not alkylate alkali metal sulfinates but undergo a n  elimination 
reaction leading to alkenes". This result must be due to the basic reaction conditions 
employed. By contrast, nucleophilic attack by the sulfinate on tertiary carbocations has 
been observed in S,1 reactions, and formation of sulfones in the presence of p- 
toluenesulfinate has been exploited as diagnostic for carbocation formation from 
peroxides42, alcohols42 and esters4,. The isolation of sulfones in these reactions may be 
ascribed to the instability of tert-alkyl sulfinates. 

Reactions of sulfinate ion with haloforms yield exclusively dihalo sulfones in the 
presence of aqueous alkali44. Dihalocarbenes must be initially formed in this reaction and 
react as true electrophiles with the sulfinate (equation 18). The exclusive formation of 
sulfones by this route conforms to the HSAB principle. 

0 
on ~ II 

RSO, + CHX, - RS0,- + :CX2 - RSCHX, 
/ I  

(X = CI, Br) 0 

Schank and S ~ h m i t t ~ ~  examined reactions of various acetals and sulfinic acids in the 
presence of boron trifluoride etherate. In the presence of acid, acetal provides an alkoxy 
carbocation and reaction of this ambident cation with sulfinic acid (or sulfinate ion) 
resulted in formation of the methyl sultinate ester (with generation of the aldehyde) and the 
a-alkoxysulfone (equation 19). The expected a-methoxyalkyl sulfinate was not obtained 
probably because of its instability. Although the total yield of products was poor and 
methyl sulfinate was the main product in the absence of BF,, addition of BF, etherate 
increased markedly the yield of the sulfone. In some examples, the a-alkoxy sulfone was 
exclusively obtained in 91:{ yield. 

0 
11 

ArSOMe + RCHO H + or BF, 
RCH(OMe), * R C H = b M e  

A r S C H R  
II 
0 

111. REACTIONS AT UNSATURATED CARBON 

A. Addition to Carbon-Carbon Unsaturated Bonds 

Michael-type additions of sulfinate ions to olefins having a variety of electron- 
withdrawing groups are reported to give 8-substituted sulfones as isolated pro- 
dUCts3.4.46-48 (equation 20). The reactions were usually carried out in aqueous or 
alcoholic solutions. Failure in observing the formation of sulfinate ester products may be 
due in part to the hydrogen-bonding solvation of the sulfinate ions and/or the instability 
of the potential ester products2'. 

(20) R S 0 2 H  + CH2=CHX - RSOzCHzCH2X 
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Addition of benzenesulfinic acid to N-phenylmaleimide gives a sulfone (equation 21). 
Substituent effects on the rate constant for this reaction were e~amined~ ' .~ ' .  Substitution 
in the N-phenyl group of maleimide resulted in a U-shaped Hammett correlation4', while 
that in benzenesulfinic acid gave a negative p value as expected for a nucleophilic 
reaction5'. 

Reaction of sulfinate ion with p-benzoquinone can also be formulated as a Michael-type 
reaction which is followed by enolization to  give 2,5-dihydroxyphenyl s u l f o n e ~ ~ ~ . ~ ~  
(equation 22). The mechanism of this reaction was established by Ogata and coworkers52. 
The rate-determining step changes from the nucleophilic addition of sulfinate ion (pH 
< 3.1) to the deprotonation of the intermediate adduct (4.0 < pH < 5.7) with increasing 
pH of the reaction medium. 

Analogous reactions with quinone diimines have also been (equation 23). 
In the addition of arenesulfinates to N, N-dialkylquinone d i i m i n e ~ ~ ~ ,  products are formed 
from additions to both carbon and nitrogen of the diimine (equation 24). Both reactions 
occur at the sulfinate sulfur. The product ratio changes markedly with pH. The reason for 
this change is that the initial addition to  carbon is reversible but not the one to  nitrogen. At 
lower pH, the ring-substituted product (attack at carbon) is obtained in significant yield, 
since the initial adduct is protonated to facilitate a loss of a ring proton leading to the 
stable ring-substituted product. 

NHS02Ph 
I 9 S02Ph 

(23) 

NHS02Ph 

Addition of sulfinic acids or sulfinate ions to acetylenes with an electron-withdrawing 
group also occurs readily to yield unsaturated ~ u l f o n e s ~ ~ .  In all these addition reactions 
one notes that only the sulfone products are obtained. None of the studies shows any 
indication of the reaction occurring at the sulfinate oxygen atom, although careful 
examinations appear to be lacking. 
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NRZ 

NR* 

8. Vinyl Substitution 

Nucleophilic vinyl substitution takes place in the reaction of sulfinate ions with 
haloalkenes carrying electron-withdrawing  group(^)^'. p-Halovinyl ketones5' and 8- 
chlor~acry loni t r i le~~ are typical substrates. The reaction proceeds through the addition- 
elimination mechanism5' and the initial step closely resembles that of the Michael 
addition (equation 25). 

CI 
1 -,H -CI-  

H 

CICH=CHCN + ArS0,- - ArS0,C-C, - ArSO,CH=CHCN (25) 
I CN 

Although reaction of fi-chloroacrylonitrile with sodium p-toluenesulfinate was found to 
give B-(p-toluenesu1fonyl)acrylonitrile in high yield5', similar reactions of a, /I- and fi ,  /I- 
dichloroacrylonitriles resulted in C-C bond cleavage to  give acetonitrile derivatives 
owing to instability of the disulfonylacrylonitriles under the reaction conditions6'. Similar 
results were also obtained in the reaction of dichlorovinyl ketones58. However, 
introduction of an alkyl or aryl group in the a position of P,j-dichloroacrylonitrile 
considerably reduced the reactivity and resulted in isolation of only the normal 
monosubstitution product6'. 

C. Aromatic Substitution 

Sulfinate ion is a fairly weak nucleophile in aromatic substitutions6' and only a few 
examples of such reactions are known. The reverse Smiles rearrangement is facilitated 
because of the intramolecular nature of the reaction63 (equation 26). 
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Me NO2 M e  

Diayliodonium salts, which are very reactive electrophiles, give diary1 sulfones in high 
yield in the reaction with a r e n e s u l f i n a t e ~ ~ ~ . ~ ~ .  Grushin and coworkersh5 found that the 
yield of diphenyl sulfone decreases in the order: PhzI+  > Ph,Br+ > Ph2CI+, in the 
reactions of diphenylhalonium fluoroborates with sodium benzenesulfinate in a two- 
phase CHCI,-H,O system. Phenyl benzenesulfinate as well as phenol was also obtained 
in the cases of the bromonium and chloronium salts (equation 27). Phenol must originate 
from hydrolysis of the sulfinate ester. That is, the 0-phenylation increases in the order: 
PhzI+  < Ph,Br+ < Ph,CI+, in accord with the hardness of the phenyl carbon linked to  
the onium center. 

0 0 
I /  II 

II 
0 

PhS0,-  + PhzX+ - P h S P h  + PhSOPh(  + PhOH) + PhX (27) 

In a method for the preparation of alkyl sulfinates, sulfinic acids were treated with 
alcohols in the presence of 1-methyl-2-chloropyridinium iodide and triethylamine66. The 
initial step of this synthesis is postulated to  be the displacement of chloride by the sulfinate 
to  give an intermediate ester (equation 28). The pyridinium ion reacts at the oxygen atom . .  
of the sulfinate ion. 

Me he 

0 
R ' O H  II - RSOR' 

(28) 

D. Displacement at Carbonyl Carbon 

Although it had been alleged in the early literature6' that the reaction of p -  
toluenesulfinate ion with acyl chlorides gave r-keto sulfones, subsequent investig- 
a t i o n ~ ~ . ~ * . ~ ~  showed that the reaction products are more complicated and are derived 
from a mixed anhydride 4 of the sulfinic and carboxylic acids formed as an unstable 
intermediate. Kobayashi' detected the mixed anhydride in the same reaction at lower 
temperatures (equation 29), determined carefully the quantitative product distributions at 
higher temperatures, and formulated a reaction sequence which rationalizes the stoichio- 
metry of the overall reaction. The initial reaction is acylation of the sulfinate ion at  the 
oxygen atom (0-acylation). A similar mixed anhydride could be isolated from the reaction 
in dioxane solution in the presence of pyridine". These results (equations 30 and 31) are 
concordant with the HSAB concept since the carbonyl carbon may be considered to  be a 
hard acid. 

0 0  
II II 

(4) 

ArS0,Na + RCOCl - Ar SOCR + NaCl 
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0 0  0 0 
II I1 I1 ArSOINa 1 1  

5 - ArS - SAr - ArSOSAr -Ar SSAr + ArS0,Na (31) 
II I 1  II 
0 0 0 

(equation 32). 
Although acyl chlorides react at the oxygen atom of sulfinate ions, thioacyl chlorides 

S 0 s  
seem to lead to S-acylation7 

II II II 
RSOZ- + YCCl ---* R S  -CY + CI- 

II 
0 

(Y = Me,N, MeS or PhS) 

The reaction of chlorosulfines 6 with p-toluenesulfinate ion leads to products in which 
the C=S=O function is replaced by a CH, (equation 33). The first step of this 
reductive substitution is a nucleophilic displacement ofchloride by the sulfinate (as a sulfur 
nucleophile). The intermediate sulfonylsulfines subsequently undergo attack by the 
sulfinate at the sulfur atom to yield sulfinylsulfones, which upon hydrolysis provide the 
apparent reduction products. 

R R 
\ \ - -  TolSO; 

/c-s-o - /c=s=o - TolS02 CI 

(6) R=TolS,CI, p-CIC,H, 

folSO2- + 

(33) 
\ 

R 
R\ H20 

/CHSS02Tol - T0lS02 7"' 
TolS02 

Reactions of ethyl chloroformate with sulfinate ions were found in early work' to give 
mostly the 0-ethylation products. This reaction was reinvestigated by Kobayashi and 
T e r a ~ ' ~ .  Reactions were carried out in various alcohols (primary and secondary), and the 
alkoxyl group in the product alkyl sulfinates was found to  originate from the alcohol used 
as solvent but not from the chloroformate. The intermediate formation of a mixed 
anhydride 7 of sulfinic acid and monoethyl carbonate is postulated (equation 34). The 
alcoholysis of the anhydride 7 would give the alkyl sulfinates (equation 35). The initial 
reaction is again 0-acylation. 

0 0 0  
II / I  II 

(7) 
ArS0,Na + ClCOEt - ArSOCOEt + NaCl (34) 
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0 
I1 

7 + ROH - Ar SOR + CO, + EtOH (35) 
In summary, acylation occurs primarily at the oxygen but thioacylation at the sulfur 

atom of sulfinates. 

E. Addition to Carbonyl Groups 

a-Hydroxy sulfones have been obtained by the addition of sulfinic acid to aldeh- 
y d e ~ ~ ~ - ~ ~ .  The reactions were carried out either in aqueous solution (formaldehyde) or in 
ether solution. Although the mechanism of this addition is not clear, a possible reaction 
sequence may involve a protonated aldehyde and sulfinate ion (equation 36). In this 
reaction, 0-hydroxyalkylation may also occur due to the hardness of the carbon atom of 
the protonated carbonyl group. However, this possible reaction must be reversible 
(equation 37), and the hemiacetal-type adduct cannot be isolated owing to its instability. 

0 ‘OH OOH 
I 1  / I  II I 

RS0,H + R’CHSRS0,-  + R’CH - RSCHR’ (36) 
I1 
0 

+OH 0 OH 
II II I 

I 
RS0,- + R’CH e R S O C H  (37) 

R 

In the presence of amines, aldehydes give a-amino sulfones by a Mannich-type 
condensation reaction with sulfinic a ~ i d s ~ ~ . ~ ~ .  This reaction is similar to the hydroxyalkyl- 
ation and may involve an iminium ion as an intermediate (equation 38). The potential, and 
presumably preferred, reaction at the oxygen atom of sulfinates must be again reversible, 
and the product could not be isolated. Amines examined in this reaction include primary 
and secondary amines, ureas, carboxamides, sulfonamides and carbamates7*. 

XNY ONXY 
II II I 

RS02H + R’CHO + HNXY +RSO,- + R’CH + H 2 0  - R S CHR’ + H 2 0  (38) 
II 
0 

Kobayashi and coworkers79 found that the reaction of arenesulfinic acids and alcohols 
leading to alkyl arenesulfinates can be accomplished in the presence of dicyclohex- 
ylcarbodiimide (DCC). Formation of an adduct between the sulfinic acid and DCC or the 
sulfinic anhydride as an intermediate was considered to  be the first step of this reaction 
(equation 39). This reaction closely resembles that with 0-alkylisourea (equation 9)14. 
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However, the possibility of the initial formation of the 0-alkylisourea from the reaction of 
alcohol with DCC may be excluded for this reaction, since the authors found that I8O of 
the labelled sulfinic acid was transferred to the urea product79 (equation 40). 

' 8 0  ' 8 0  

/I I1 
ArS"0,H + EtOH + DCC - ArSOEt + C,H, ,NHCNHC6H, (40) 

IV. REACTIONS AT HETEROATOMS 

A. Reactions at Sulfur 

1.  Substitution at sulfenyl sulfur 

Sulfinic acids react rapidly with sulfenyl halides to give thiolsulfonates in high yields 8o 

(equation 41). One of a few stable sulfenic acids, anthraquinone-2-sulfenic acid, reacts 
directly with sulfinic acids to yield thiosulfonates". Selenenyl halides similarly give 
selenosulfonates on reaction with alkali sulfinates". 

0 

0 

Thiosulfonates are also subject to nucleophilic attack and undergo exchange of the 
sulfonyl group with sulfinate ions83 (equation 42). Thiolsultinates undergo a similar 
nucleophilic reaction. Phenyl benzenethiolsulfinate reacts rapidly with arenesulfinic acids 
in acid solution in the presence of alkyl sulfides to yield phenyl arenethiolsulfonates 884 
(equation 43). The kinetics of the reaction show that the rate-determining step of the 
reaction is a nucleophilic attack by the alkyl sulfide on the protonated thiolsulfinate to give 
benzenesulfenic acid and an intermediate dialkylphenylthiosulfonium ion 9, which then 
reacts rapidly with the sulfinic acid to yield the thiolsulfonate 8. The reactions involved are 
summarized in equations 44-48. 

ArS0,- + Ar'SS0,Ar' - ArS0,SAr' + Ar'S0,- (42) 

0 0 
II I1 

II 
2ArS0,H + PhSSPh - 2PhSSAr + H,O 

R2S 

0 
(8) 

I1 I 
0 O H  

PhSSPh + H + + P h S S P h  
I 

O H  
I 

PhSSPh + R,S - PhSOH + PhSSR, 
+ + 

(43) 
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9 + ArS0,H - 8 + R,S 
rapid 

PhSOH + R,S + H f e 9  + H,O 

PhSOH + ArS0,H - 8 + H,O 

2 Subst/tution at sulfmyl sulfur 

Like sulfenyl halides, sulfinyl chlorides react with alkali sulfinates to yield the 
corresponding sulfinyl sulfones 10 instead of the mixed anhydride l lM5 (equation 49). The 
products isolated are solely the sulfinyl sulfones 10 with a sulfur-sulfur bond. However, 
whether this results because the reaction at the sulfinate sulfur is kinetically preferred, or 
rather comes about because the anhydride 11  resulting from the initial attack on oxygen is 
readily converted to the thermodynamically more stable isomer 10, is another problem to 
be solved. Although the bivalent sulfur involved in sulfenyl derivatives is a reasonably soft 
electrophile able to react at the sulfinate sulfur, a sulfur atom of higher valency would be 
harder and the reaction at the oxygen end might be possible. A possible reaction leading to 
10 from 11  may be described by equation 50, but this possibility does not seem to have 
been definitely established. In this case, the exchanged product 10 should also be 
formed if R' f R. 

II II 

II 
0 

(10) (11)  

RS0,- + R'SOCI - RS 0 ° [  SR' + RSOSR' 0:) + CI- (49) 

(10' ) 

Sulfinic acids easily dimerize to form sulfinyl sulfones". This reaction must involve a 
nucleophilic attack by a sulfinic acid (or sulfinate) on the sulfur atom of another molecule 
of sulfinic acid, but the reaction mechanism has not been investigated. However, the 
kinetics of the reverse reaction, namely the hydrolysis of sulfinyl sulfone, was examined in 
detail*'. Considering microscopic reversibility, the transition state for the reaction may be 
something like the structure given in equation 51 or 52. 
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d ArS-SAr - ArS-SAr + H20 

I I  
0 

1 I I  
H20+ 0 

(52)  
H H  

3. Addition to sulfines 

sulfinyl s ~ l f o n e s ~ ~  (equation 53). 
The addition of sulfinate ions to sulfines occurs at the sulfur atom of the sulfine to form 

0 0  
I I /  II 

II 
ArS0,- + >C=S=O+H+ --CHS-SAr (53) 

0 

4. Substitution at sulfonyl sulfur 

The reaction of sulfinate salts with sulfonyl chlorides has been reported to give ct 

disulfones in aqueous solution67, but the yield of the product was quite lowss 
(equation 54). In a more recent reportE9, the reaction of p-toluenesulfonyl chloride with 
sodium p-toluenesulfinate in acetonitrile was found to proceed according to the 
stoichiometry given in equation 55. This process was formulated as involving a sequence 
in which the initial reaction of sulfonyl chloride with sulfinate mostly occurs at the 
sulfinate oxygen (equation 56). The ratio of the reactions occurring at the oxygen end and 
at the sulfur atom of the sulfinate was estimated to be about 95j5. Formation of the 
isolated product may result from the reaction of the intermediate anhydride 12 with the 
sulfinate (equation 57). 

0 0  
I1 I1 

/I  II 
0 0  

RS0,-  + R’S0,CI - RS-SR’ (54) 

0 
I1 

II 
0 

( 5 5 )  
MeCN 

3TolS0,Na + TolS0,CI - TolSSTol + 2TolS0,Na + NaCl 

0 0  0 0  
II II II / I  

I 1  II II 
0 0 0  

(12) 9504 5% 

TolS0,Na + TolS0,CI - TolSOSTol + TolS-STol 
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0 0  0 
I1 I1 
STol 5 TolSOSTol 

II I1 
0 0 

0 
II 

TolSSTol 
I1 

(57) 

0 

In summary, the sulfinate ion attacks at sulfenyl sulfur exclusively as an S nucleophile 
while it reacts at sulfonyl sulfur mostly as an 0 nucleophile. This tendency is in accord with 
the hardness of higher-valent sulfur. 

B. Displacement at Oxygen 

Oxidations of sulfinic acids with hydrogen peroxide” and hypochlorite” to sulfonic 
acids involve the rate-determining nucleophilic attack of sulfinate ion (as an S-nucleophile) 
on the oxygen atom. In the oxidation with hydrogen peroxide, the reactive oxidizing agent 
is neutral H,O,, rather than HO,-, in the pH region 2-9. Displacement of hydroxide by 
sulfinate takes place as shown in equation 58. The effects of ring substituents in 
arenesulfinic acids show a modest negative p value ( - O S ) ,  consistent with reaction 58. 

ArS0,- + HO-OH - ArS0,H + O H -  - ArS0,- + H,O (58) 
rapid 

In the hypochlorite oxidation, both the neutral (HOCI) and anionic species (-OCI) can 
serve as reactive oxidizing agents, with the anion being about 300 times more reactive than 
HOCI9’. The slower oxidation by HOCl involves the rate-determining nucleophilic attack 
of the sulfinate on HOCl in a similar manner to the oxidation by H,O, (equation 59). The 
rate is several orders of magnitude larger than that with H,O,, reflecting the greater 
leaving ability of CI- (than OH-) .  By contrast, the fast oxidation by the anion -0C1 
involves a nucleophilic attack by - 0 C 1  on the sulfur atom of the sulfinate to form a 
sulfurane intermediate 13, which decomposes rapidly to arenesulfonate and chloride ions 
(equation 60). 

- r  ArS0,- + HO-CI - ArS0,H + CI- - ArS0,-  + H +  + CI- (59) 

A r S 0 2  + -0CI + 

C. Reactions at Nitrogen 

Additions of sulfinate ions to nitroso and azo compounds occur at the nitrogen atom. 
Treatment of a sulfinic acid with nitrous acid yields bis(alkanesulfonyl)hydro~ylamine~~ 
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(equation 61a). Arenesulfinate ions add to aromatic nitroso compounds at pHO-3 
to give N-hydroxysulf~namides~~. The reaction can be reversed at higher pH( > 8) 
probably through the anion ArSO,N(O-)Ar' (equation 61 b). 

(614  

(61b) 

2RS0,H + H O N O  -(RSO,),NOH + H,O 

ArS0,- + H f  + Ar'N=O - ArSO,N(OH)Ar' 

Addition of arene sulfinic acids to 1 -nitroso-2-naphthol was found to give the sulfone 15 
probably from the initial addition product 14 (equation 62). 2-Nitroso-I-naphthol also 
gave a similar product. 

S 0 2 A r  
I 
I 

N=O N-OH 

(14) 

y 2  

Arenesulfinic acids add to azobenzene to give hydrazo derivatives at room temperature, 
while in refluxing ethanol the products isolated were 4-arenesulfonyl derivatives of 
a z o b e n ~ e n e ~ ~ . ~ ' .  The migration from the initial addition product was postulated to lead to 
the final product. However, the reaction involved seem to be more complicated4 
(equation 63). 

ArS0,H + PhN=NPh - PhNHN(S0,Ar)Ph - PhN=N-@SO,A 

A similar reaction is also reported with phenazine''. The authors suggest that the initial 
addition product rearranges to the ring-substituted product, with accompanying loss of 
hydrogen atoms (equation 64). 

- 2H 

(63) 

S 0 2 A r  
I 

I 
H 

D. Reactions at Halogens 

A sulfur equivalent of the Perkow reaction has been reported (equation 65)". An 
a-bromo keteone gives as the end-product the enol sulfonate. It is considered that 
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the reaction is initiated by attack of the sulfinate ion on the bromine atom, followed by 
0-sulfonation by the resultant sulfonyl bromide. 

0 Br O H  
II I I 

PhS0,-  + Arc-C(COOR), --+ PhS0,Br + ArC=C(COOR), 

OS0,Ph 
I - ArC=C(COOR), (65) 

Reactions of sulfinate ions with halogens to  give sulfonyl halides are known-'~". In these 
reactions, sulfinate ions react as sulfur nucleophiles. Soft halogen electrophiles react at the 
softer nucleophilic center of sulfinate (equation 66). 

RS0,-  + X, - ArS0,X + X -  (66) 

V. NUCLEOPHILICITY OF SULFINATE IONS 

Quantitative nucleophilic reactivities of sulfinate ions in displacement or addition 
reactions can only be evaluate from limited results of kinetic investigations. 

Lindberg9' measured rate constants for the reaction of a series of arenesulfinate ions 
with sodium bromoacetate and bromoacetamide in aqueous solution at 60°C. The 
Hammett p values are negative and small (p  = -0.712 and -0.914 for bromoacetate and 
bromoacetamide, respectively). The second-order rate constant obtained for bromoace- 
t a t e ( 2 . 4 ~  1 0 - 3 M - ' s - '  ) is close to that estimated for the reaction with hydroxide ion 
(k0,-2x 1 0 - 3 ~ - ~ ~ - 1  ). The basis for this estimation is the k,, value determined for 
chloroacetate at 56 "C (3.44 x l o m 5  M -  ' s -  and the relative leaving ability of Br/CI in 
S,2 reactions which is considered to  be about 50'Oo. This estimation shows that the 
nucleophilicity of the benzenesulfinate ion is similar to that of hydroxide ion in S,2 
reactions in aqueous solution (equation 67). 

H 2 0  
BrCH,COO- + N u -  - NuCH,COO- + Br- (67) 

Ogata and coworkers'"' measured rates for the addition of arenesulfinate ions t o  
acrylonitrile in aqueous solution at 50 "C (equation 68), the Hammett p value being - 1.15. 
The rate constant for benzenesulfinate is compared with those for other related 
nucleophiles in Table 6. Data in this Table show that the nucleophilic reactivity of the 
sulfinate is of the same order of magnitude as those of hydroxide and an amine but much 
smaller than those of thiolate and sulfite ions. It was also noted that logarithms of the rate 
coefficients are linearly correlated with the pK, of the conjugate acids of sulfur 
nucleophiles with a slope of 0.59. ThiolsLo4 and amines"' with secondary and tertiary 
alkyl groups exhibited considerable steric effects in this reaction. 

(68) 

The nucleophilic reaction of benzenesulfinate with arenediazonium ions (equation 69) 
was examined in methanol s o l ~ t i o n ' ~ ' .  The results are summarized in terms of N + 

[ = log(k,,/kH~O)]'"8''"y, some typical examples of which are listed in Table 7. We have 
recently measured rates of nucleophilic reactions of 2-phenyl-I, 3-dithiolanylium ion in 
50y0 aqueous ethanol a t  25 C by means of the flash-photolytic method' l o .  Typical results 
are also included in Table 7. The sulfinate is much less reactive than methoxide ion in 
methanol solution while it is 10 times as reactive as hydroxide ion in aqueous ethanol. 

H2O 
CH,=CHCN + N U -  - NuCH,CH,CN 



22. Sulfinate ions as nucleophiles 66 1 

T A B L E  6. Second-ordcr rate constants for addition of nucleophiles to acrylonitrile in aqueous 
solution 

Nucleophile PK." 

103k, ( ~ - 1 s - i )  
Rel. 

30 "C 50 "C rate Ref. 
~ 

PhS0, -  1.84.2.16 0.0741 0.585 I .o 101 
s20,z- 1.72 0. I60 0.21 102 

-O,CCH,S- 10.68 4260 5.7 104 IW 
so,,- 7.2 1 220 3.0 x lo3 103 

-O,CCH,NH, 9.6 0.534 7.2 105 
OH ~ 15.1 I .93 3.3 106 

"pK. for the conppate acid. taken from Handhook rfBiochemisfr j  (Ed. H. A. Sober), CRC Press, Cleveland, OH. 
196X. 

T A B L E  7. Nucleophilicity of some nucleophiles in reactions with cationic 
species 

Nucleophile N+(H,OY N+(MeOHY ~og(kN, lk , , , )b  

PhSO, ~ 

C N -  
M e 0  ~ 

N, - 
PhS ~ 

HOCH,CH,S 
HO- 

3.67 6.2' 
4.12 5.94 5.9 
7.28 7.5 I 
7.54 8.78 
9.10 10.4 1 7.76 
8.87 
4.15 5. I 

"Data are taken from Reference 109. 
'Obtained in SO", (v,v) aqueous ethanol at 25'C"' (see equation 70) 
'Value for p-toluenesultinate. 
dValue for p-chlorotenrenethiolate 

Similarly, the reactivity of the sulfinate is comparable to that of cyanide ion in aqueous 
ethanol solution although the former is 10' times smaller than the latter in methanol. 
Effects of solvent may be relatively small upon the nucleophilicity of a complex large ion 
like sulfinate as compared with those on that of anionic small nucleophiles like RO- and 
CN . .  In conclusion, the nucleophilicity of sulfinate is comparable to that of OH- in 
aqueous solution but smaller than that of alkoxide in alcohol. fhiolate ion is much more 
reactive than sulfinate. 

McOH 
A r N l +  Nu-  - ArN=NNu 
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GABA y-aminobutyric acid TA taurine 
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Asher Kalir and Henry H. Kalir 

1. INTRODUCTION 

Sulfinic acid derivatives are found in all living systems. The most important compounds in 
this series are aminoalkylsulfinic acids and particularly 3-sulfino-~-alanine (2), better 
known as cysteinesulfinic acid (CSA), and 2-aminoethylsulfinic acid or hypotaurine (HT) 
(3). These derivatives are closely linked with taurine (TA) (12) and cysteine (Cys) (l), and 
both possess diverse physiological activities that were and are intensively investigated. 
Much relevant material can be found in the excellent review ofJacobsen and Smith' and in 
several books dealing with these and related subjects2-'. The first part of this review 
describes the properties of the above compounds and of their congeners. 

Many synthetic derivatives were tested for their activities as plant growth regulators6.', 
injection  stabilizer^'-^, radioprotectors" and cytotoxic drugs' '. These agents are 
described in the second part of this chapter. 

II. L-CYSTEINESULFINIC ACID (~-SULFINO-L-ALANINE, CSA) 

The acid was first reported by Lavin in 193612. As the main metabolite of CYS' - ' . '~  it is 
widespread in bacteria, plants and mammalian tissues. CSA attracted considerable 
attention because of its neuroexcitatory action" similar to that of aspartic acid (Asp) (7). 
The preparations of sulfinic acidsI6 and of L-(-"S)CSA' ' have been described. 

A. Blosynthesls and Metabolism 

CSA is formed from Cys by the action of Cys dioxygenase1"3,'8. In rats the prefrontal 
cortex contains the highest concentration of CSAI9. It is decarboxylated to H T  by CSA 
decarboxylase20-22. The activity of this enzyme is considerably lower in plasma in the 
female than in the male rat'. Its distribution in liver and brain of rat, dog, cat, rhesus 
monkey and man has been summarized by R a s h 2 - ' .  Two different forms of this 
decarboxylase have been isolated from rat brain by Legay and colleagues, and it is 
suggested that only one form plays a role in the biosynthesis of taurine (TA) 1224. Recently 
Weinstein and Griflith reported the resolution of this decarboxylase from male rat liver, 
brain and kidney into five distinct species. Their activities have not been determined. 
D-CSA is not decarboxylated by this enzyme but acts as inhibitor25. Antibodies to  CSA 
decarboxylase were prepared, and served to locate this enzyme in nerve endings by 
radioimmunoassay26. CSA is transaminated to the unstable P-sulfinyl pyruvate 5 in uitro 
and in 0 i u 0 z 0 ~ 2 7 ,  and desultinated to  alanine 6 by bacterial aspartate fi-decarbo~ylases'~. 
Oxidation of CSA to cysteic acid 4 followed by its decarboxylation yields TA1.14.28. It 
occurs, for instance, in chicken embryo and in the mollusc Ruiigitr cuiieiitir' (Scheme I ) .  

The metabolic rates are different for various species. About 85";) of CSA is converted 
to HT in mice", less in humans"' and very little in cats, that develop blindness when 
deprived of TA in Isolation and determination of CSA and of its metabolites in 
biological samples has been 

B. Biochemistry and Physiology 

CSA is a structural analog of the neuroexcitatory L - A s ~  and is a substrate for thesame 
enzymes. It is also a substrate for tryptophanase"', and glutamic acid (Glu) 8 
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decarboxylase from E .  C ~ l i ~ ~ .  The pK, of the -SOOH group is 1.50 and of --COOH, 
2.3P7.  For Asp the values are 2.10 and 3.8640. 

HOOCCH,CH(NH,)COOH 
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CSA, Asp and Glu act similarly in the central nervous system (CNS)4'. This effect was 
reported in a number of papers. CSA accelerates GABA liberation from brain 
hippocampus. Zn2 ' (0. I mM) or  insulin ( IOpM) depresses this effect4,. Agonist efficacy is 
greater than that of L-GIu when determined by chick retinal excitotoxicity and Na + emux 
from rat brain slices and it has been characterized as a broad spectrum agonist at 
excitatory amino acid receptors with a potency in the functional assay greater than that of 
L - G I u ~ ~ .  The neuroexcitatory effect of amino acids and aminoalkylsulfinic acids on 
mammalian neurons was studied by Curtis and Watkins who found them very activeI5. 

CSA inhibits the uptake of labeled  asp by P, rat s y n a p t o s ~ m e s ~ ~ ,  of Glu by rat 
striatal h ~ m o g e n a t e s ~ ~ ,  and of labeled L - A s ~  and L-GIu binding to  membranes prepared 
from frozen human cerebellar cortex4'. It activates N-methyl-D-aspartic acid (NMDA) 9 
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channels in mouse central neurons in culture47. Study of responses evoked by L-CSA and 
L - A s ~  on the membrane potential of cat caudate neurons provide evidence that the 
compounds interact with both NMDA and non-NMDA excitatory amino acid re- 
c e p t o r ~ ~ ~ .  L-CSA increases Ca2 + permeability of plasma membrane of synaptosomes from 
rat brain. The effect seems to be mediated by highly specific receptors49. 

L-CSA given subcutaneously to 250 Webster Swiss albino mice (12 mmol kg- I )  

produces retinal and hypothalamus lesions equal to those of L-GIu and L - A S ~ ~ O .  Wu and 
Dowling suggested that L - A s ~  is likely to  act as a cone photoreceptor transmitter in the 
carp (Cyprinus carpio) retina and that CSA matches all of the action of L - A s ~  on the 
horizontal cells5 I .  

CSA causes EEG seizures and convulsions after intracerebroventricular injection 
(1OOpg) into mice. The convulsions are inhibited by TAsZ. Stimulation of the formation of 
cyclic AMP in brain slices was also r e p ~ r t e d ~ ~ - ~ ~ .  A possibility that CSA acts as an 
excitatory neurotransmitter has been s ~ g g e s t e d ~ ' . ~ ~ . ~ ~ .  

C. Additional Effects of CSA 

CSA supplemented to diet produced a weight gain in mices8. It has been mentioned as a 
component of lotions and ointments for prevention and treatment of disturbed 
keratinization of skin59. 

111. 2-AMINOETHYLSULFINIC ACID (HYPOTAURINE, HT) 

The compound was reported for the first time by Chatagner and Bergeret in 195120*60. 
Cavallini and coworkers prepared it in pure state and defined its mp as 175-177"C6'. 

A. Blosynthesls and Metabolism 

The formation of HT from its precursors was discussed by Eldjarn and collaborators62 
and Jacobsen and Smith'. As mentioned above, CSA is decarboxylated to HT by CSA 
decarboxylase20-2z. A second pathway involves conversion of Cys to  pantetheine, 
hydrolysis to cysteamine and its oxidation to HT64 by the action of cysteamine 
d i ~ x y g e n a s e ~ ~ .  It has been found that in most animal tissues TA (and of course HT) is 
produced preferentially from Cys bound to  phosphopantothenate rather than from the 
free amino acid (through CSA) when both forms are present a t  equal concentrations66. 
Liver homogenate converted 50% of 10 to H T  and TA during 4 h i n c ~ b a t i o n ~ ~ .  

An additional biosynthetic possibility is the oxidation of cystine 11 to cystine 
disulfoxide 13 (or the isomeric thiosulfonate")), decarboxylation to the corresponding 
cystamine derivative 14 and conversion to HT'.61. This transformation has been observed 
after intravenous injection of cystamine into mice and rats69. 

H T  is oxidized to TA, probably with the help of H T  oxidaseI3. Recently Fellman 
presented evidence that HT is first oxidized by a hydroxyl radical to bis-aminoethyl-a- 
disulfone (15). The hydroxyl radical is generated by a liver microsomal NADPH oxidase. 
15 has heenprepared from H T  in the presence of chemically or enzymatically generated 
radicals. It has been found in male sexual tissue which contains H T  and TA both in high 
concentrations2*. A minor part of HT is converted to thiotaurine 16 or hypo- 
taurocyanamine 17. HT has been found to  undergo transamination to the unstable 
a-sulfinylacetaldehyde 1829.70. Fellman and Roth determined the H T  aminotransferase 
activity in particulate fraction of rat tissues. The highest value of the enzyme has been 
found in brain followed by liver and testes. Pyridoxal-5'-phosphate acts as a coenzyme for 
this aminotran~ferase~'. 

The transport and metabolism of TA and H T  in brain was reviewed by Kontro7'. 
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B. Physiological Activity 

HT is present in various organs of the body. Many studies were devoted to elucidate the 
role of HT in the central nervous system (CNS), particularly of its interaction with 
y-aminobutyric acid 19 (GABA) and TA receptors, and of comparison with these 
compounds. 

Asher Kalir and Henry H. Kalir 

Oja and Kontro investigated the HT uptake by mouse brain slices and found it to 
proceed fast. The uptake was reduced by sodium cyanide and ouabain and influenced by 
the concentration of cations. In the absence of N a +  it was abolished and in the absence of 
K +  or Ca2' it was inhibited by 63% and 40.0%, respectively. The uptake is highly 
concentrative and consists of two low- and high-affinity transport systems. GABA is an 
effective inhibitor of HT uptake73. Malminen and Kontro reported that TA and HT 
displace the low- and high-affinity GABA binding in rat brain membranes through 
possible interaction with GABA recognition site74. These compounds facilitate eflux of 
GABA and TA from mouse cerebral cortex slices75. In neuroblastoma C 1300 cells GABA 
uptake is almost abolished by HT7'. It is argued that H T  resembles GABA more than 
TA77. H T  inhibits competitively labeled TA uptake in developing primary cultured 
neurons, prepared from mouse cerebral cortex78. Maximum concentration of HT in 
mouse brain has been found at the age of three weeks, and in serum at one week. The 
uptakes of HT, TA and GABA were high during the first three weeks of life7'. The HT 
value in astroglial primary cultures from different brain regions was highest after two 
weeks". In whole rat brain HT concentration has been found to be much lower (0.07) 
than that of TA (6.61 pmol g- '  wet weight)". Na ' is required when HT is attached to its 
possible carrier sites in plasma membranes. These observations prompted the authors to 
suggest that HT transport in brain slices exhibits features characteristic of neurotrans- 
mitter amino acids, and H T  itself may act as a false inhibitory neurotransmitter or 
m o d ~ l a t o r ' ~ . ~ ~ - ~ ~ .  

Rat retina is able to accumulate labeled HT, apparently by an active, Na' and 
temperature-dependent transport systeni". The authors suppose that i t  may act as 
an antioxidant. 

Among other compounds H T  is found at a relatively high level in theepididymal plasma 
of various mammals- dog, rabbit, hamster, stallion, rhesus monkey and others". It has 
been found associated mainly with the spermatozoa and less in the seminal plasma". The 
presence of H T  and TA improves the quality of fertilization of bovine follicular oocytes in 
uitro" and this may be related to their ability to sustain sperm mobility and fertility8'. It 
has been found that HT is threefold more effective than TA in maintaining hamster sperm 
mobility in uitro". HT concentration (also of TA and GABA) decreases after castration 
and is restored to normal by testosterone propionate". H T  and TA are present in 
mammalian oviductal fluids, and their high concentration (0.5-2 mM) might protect 
sperm against the harmful effect of high K f  concentrations". The activity of H T  in the 
reproductive tract has been reviewed by Van der H ~ r s t ~ ~ .  

TA and H T  could induce nonspecifically antibody production in cultured DOA/2 
mouse spleen cells94. H T  tested for cross-reactivity with TA antiserum interacts about 15 
times weaker than TA95. 

H T  is a hypoglycemic agent in Wistar-Kyoto rats and prevents the rise in serum 
immunoactive insulin levels. TA is more active96. 

H T  and TA induce hyperthermia when injected to ratsy7. 
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C. Additional Effects of HT and Derivatives 

HT is a component of cosmetics with skin-whitening effect'*. 
HT and PtCI, yield a Pt complex, dichloro(2-aminoethyIsulfonyl)Pt (20), which has a 

specific cytostatic-cytotoxic activity against adriamycin-resistant cancer cells' I .  

H 

( 2 0 )  

IV. HYPOTAUROCYAMINE, HTC 

Hypotaurocyamine or 2-guanidoethylsulfinic acid 17 is found in some of the invertebrate 
phyla, e.g. Phascolosoma'" and in cridaria'". It is synthesized in invertebrates by 
transamidination between arginine and HT and appears to be formed in the viscera"'. 
Syntheses of HTC have been r e p ~ r t e d " ~ ' ~ ~ ~ ' ~ ~ ,  mp 183-184°C. HTC can be oxidized 
chemically to taurocyamine (2-guanidoethylsulfonic acid) 21. 

HN=C(NH,)NHCH,CH,SO,H 

(21) 

V. HOMOLOGS OF CSA AND HT 

A. Homocysteinesulfinlc Acid 

Homocysteinesulfinic acid or 2-amino-4-sulfinobutanoic acid 22 (HCSA) is similar in 
many aspects to its lower homolog CSA and is a close analog of Asp 7. The value of pK, of 
the -SOOH group is 1.66 and of -COOH, 2.617.37. 

HO,S(CH,),CH(NH,)COOH NH,(CH,),SO,H 

(22) (23) 

HCSA is decarboxylated to homohypotaurine 23 (HHT) by rat brain homogenate 
(kinetic studies indicate that the reaction is carried out by L-GIu d e c a r b o ~ y l a s e ) ' ~ ~ .  The 
L-isomer is decarboxylated by preparation of Clostridiurn welchii or E. c d i '  "'. and 
transaminated to 2-0x0-4-sulfinobutanoic acid 24 during incubation with a keto acid (e.g. 
pyruvic acid) and rat liver homogenate or L-aspartate 2-oxoglutarate aminotrans- 
ferase1O6. HCSA is an endogenous substance and is released from various rat brain regions 
(together with other sulfur-containing amino acids) in a Ca'+-dependent manner. The 
highest concentration of HCSA is found in striaturnlo'. 

The neuroexcitatory action in CNS has been tested on isolated spinal cord of frog. The 
activity of D-HCSA is almost equal to that of NMDA and estimated as very strong, while 
DL-HCSA is less active'5.4'. A possible role in CNS transmission has been suggestedlo7. 

HCSA was detected in the urine of patients suffering from homocystinuria' 7.108, 

probably as a result of deficiency of cystathionine b-synthase activity"'. 
The preparation of L- and DL-HCSA has been described in several  paper^'^-'^^-^'^. 
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B. Homohypotaurine 

Homohypotaurine or 3-aminopropropanesulfinic acid 23 (HHT) is mentioned as a 
product of HCSA decarboxylation by rat-brain homogenate. It is suggested that the 
reaction is carried out by L-Glu d e c a r b o ~ y l a s e ' ~ ~ .  HT and homotaurine 25, but not HT 
and TA, are transaminated by cell-free extracts of Pseudomonas~luorescens in the presence 
of a-ketoglutarate' 1 3 .  HHT was investigated (together with other related compounds) for 
its cross-reactivity with GABA receptor binding and found to be fairly active. The 
measurements were carried out by GABA radioreceptor assay with receptors isolated 
from the brain of male rats1I4. 

Synthesis of HHT from homocystamine (3-aminopropyl disulfide) 26 and H 2 0 2  has 
been published' '. 
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HOZSCH 2CH 2COC02 H H 2N( CH 2)3S03H [ H 2 N( CH 2)3S -3 2 

(24) ( 2 3  (26) 

VI. SYNTHETIC SULFINATES OF PHARMACOLOGICAL INTEREST 

A. Methanesulfinlc Acid 

Only one unsubstituted derivative of methanesulfinic acid 27 ( R  = H) of biological 
origin is mentioned in the literature. Ethyl methanesulfinate(27, R = Et) has been found in 
volatile compounds obtained from Japanese radish, processed by fermentation with rice. 
brain' 1 6 .  

Aromatic esters of 27 possess insecticidal properties. 3,CDichlorophenyl methylsulfin- 
ate 27 (R = 3,4-CIC6H,- -) controls the corn rootworm (Diahrotica rirgifirtr) larvae in 
soil' ' '. 

CH3S02R H O C H 2 S 0 2 H  C1CH2S02H C12CHS02H 

(27) (28) (29) (30) 

Hydroxymethanesulfinic acid 28 and its sodium salt (rongalite) are used as stabilizers of 
aqueous solutions of various drugs such as o~ytetracycl ine~."~,  adrenaline* and sodium 
salicylate"'. The Zn salt is a component of an antidandruff hair preparationI2'. The acid 
(1Omg kg- ', intraperitoneally) has been found to reduce the severity of symptoms of 
experimental allergic encephalomyelitis, induced by brainjspinal cord antigen" '. 

Esters and Zn salts of chloromethyl- 29 and dichloromethanesulfinic acid 30 possess 
acaricidal activity' 22.  

Sodium 2-isonicotinoylhydrazinomethanesulfinate 31 has been patented as a low- 
toxicity agent against leprosy and tuberculosis' 23.  6-Chrysenylaminomethanesulfinic acid 
32 reduced tumor growth when given orally or intraperitoneally to rats with transplanted 
rhabdomyosarcoma BA 1 12'24. 

Formamidinosulfinic acid 33 (FAS) has been mentioned by Kennedy and colleagues as 

CONH NHC H2S02No Q NHCH2S02H H2NC(=NH) S02H 

(32) (33) (31) 
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an activator of aconitase from beef heart mitochondria to 55-75?" of its maximum activity 
duringO.5 h. It proceeds on reduction of its Fe-S cluster12'. Cyanohacteriurn syriechococ- 
cus 6301 is able to use FAS as a source of sulfur for its growth demandsIz6. The Ca salt has 
been patented as a neoplasm inhibitor, effective intraperitoneally and orally for inhibition 
of adenocarcinoma CA-755 and sarcomas 180 and HS-1 in mice'". 

B. Butanesulfinic Acid 

Derivatives of butanesulfinic acid 34. such as sodium salt of 4,4'-dithiobisbutanesulfinic 
acid 35 and of the corresponding trisulfide 36 are potent antiradiation agents. Compound 
36 conferred 87% protection on white mice (30 days survival after irradiation) after 
75mg kg- '  intraperitoneally and 100% after 300mg kg-I orally'28. 

CH,(CH,),SO,H [-S(CH2),S0,Na], S[S(CH,),SO,Na], 
(34) (35) (36) 

C. Aromatic Sulfinic Acids 

Sodium salts of benzene 37 (R,R',R" = H) and 4-toluenesulfinic (R=Me,  R',R"=H) 
acids are mentioned as components of dentin adhesives for dental repair'"- I , ' .  Esters 
of substituted benzenesulfinic acid, such as 2-nitro-5-aryloxy 37 (R'= ArO--, R = H, 
R" = 2-N02) '32,  and derivatives of 4-bromobenzenesulfinamide 38' 33  were tested as 

R '  

(37) (38) 

herbicides. Esters of 2-amino-4-methylbenzenesulfinic acid 37 (R = M, R ' =  H, R" = NH,) 
were found active against gram-positive bacteria' 34, and 4-chloro ( R  = CI, R', R" = H) and 
3-nitro ( R ' =  NO,, R,R" = H) derivatives are patented as bactericidesi3'. 

2,3,4,5-Tetrachloro- 39 and 2,3,5,6-tetrachlorobenzenesuIfinic acids 40 were detected 
in faeces of squirrel monkey as metabolites of 1,2,3,4- and 1,2,3,5-tetrachlorobenzene, 
respectively' 3 6 .  

2.3,4.5-C14C,HS02H 2,3,5,6-C14CbHSOzH 
(39) (40) 

Sodium 2,2'-[trithiobis(methylene)]bis(benzenemethanesulfinate) 41 and 2',2'- 
trithiobis(2-biphenylsulfinate) 42 are antiradiation agents. 100mg kg- ' of 41 or 
20 mg kg- ' of 42 intraperitoneally gave about 80% protection against irradiation of white 
mice128.L37 . The activity of these and related compounds has been summarized'". 

S 

2 

S 

2 

(41) 
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Thermochemical data, estimation of, 

by group additivity 492-494 
from bond dissociation energies 494, 495 

Thiacephem methyl esters, reactions of 76 
Thiadiazolidines 75 
Thiadiazoline I-oxides, synthesis of 60 
Thiadiazolines, synthesis of 72 
Thiazetidinone I-oxides, mass spectra of 123 
Thiazetidinones, synthesis of 60 
Thietane dioxides, 

rearrangement of 322 
ring contraction of 305 

Thietane oxides, reactions of 204, 205 
Thiete dioxides, rearrangement of 321 
Thiirane dioxides, reactions of 205, 206 
Thiocyanates, synthesis of 467 
Thiol esters, reactions of 578 
Thiols, 

oxidation of 191-193. 225, 226 
reactions of, 

with sulphinamides 614, 631 
with sulphinyl halides 579, 583 
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