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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 of this subset was The Chemistry of the Thiol 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 of Sulphones 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 Saul PaTtal
October 1989



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.. 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 at 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.
‘Polyethers’, ‘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.

Adpvice 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 SAUL PATAI
Jerusalem Israel
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List of abbreviations used

Ac acetyl (MeCO)

acac acetylacetone

Ad adamantyl

All allyl

An anisyl

Ar aryl

Bz benzoyl (C¢HCO)

Bu butyl (also t-Bu or Bu')

CD circular dichroism

Cl chemical ionization

CIDNP chemically induced dynamic nuclear polarization
CNDO complete neglect of differential overlap
Cp n°-cyclopentadienyl

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
DME 1,2-dimethoxyethane

DMF N,N-dimethylformamide

DMSO dimethyl sulphoxide

ee enantiomeric excess

EIl electron impact

ESCA electron spectroscopy for chemical analysis
ESR electron spin resonance

Et ethyl

eV electron volt

Fc ferrocene

FD field desorption

F1 field ionization

FT Fourier transform

Fu furyOC,Hy)

Hex hexy(C¢H, )

c-Hex cyclohexyl(CcH,,)

HMPA hexamethylphosphortriamide
HOMO highest occupied molecular orbital
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Xvi List of abbreviations used

Ip ionization potential

IR infrared

ICR ion cyclotron resonance

LCAO linear combination of atomic orbitals
LDA lithium diisopropylamide

LUMO lowest unoccupied molecular orbital
M metal

M parent molecule

MCPBA m-chloroperbenzoic acid

Me methyl

MNDO modified neglect of diatomic overlap
MS mass spectrum

n normal

Naph naphthyl

NBS N-bromosuccinimide

NMR nuclear magnetic resonance

Pen penty(C;H,,)

Pip piperidyl(CsH,(N)

Ph phenyt

ppm parts per million

Pr propyl (also i-Pr or Prf)

PTC phase transfer catalysis

Pyr pyridyl (CsH,N)

R any radical

RT room temperature

s- secondary

SET single electron transfer

SOMO singly occupied monecular orbital
t- tertiary

TCNE tetracyanoethylene

THF tetrahydrofuran

Thi thienyl(SC,H;)

TMEDA tetramethylethylene diamine

Tol tolyl(MeCgH,)

Tos Tosyl (p-toluenesulphonyl)

Trityl Triphenylmethyl(Ph,C)

Xyl xylyl(Me,CoH 3

In addition, entries in the ‘List of Radical Names’ in JUPAC Nomenclature of Organic
Chemistry, 1979 Edition, Pergamon Press, Oxford, 1979, pp. 305-322, will also be used in
their unabbreviated forms, both in the text and in formulae instead of explicitly drawn
structures.

We are sorry for any inconvenience to our readers. However, the rapidly rising costs of
production make it absolutely necessary to use every means to reduce expenses—
otherwise the whole existence of our Series would be in jeopardy.
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Sulphinic acids and carboxylic
acids—a comparison
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I. 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 defusion;
the central atoms of carbon and sulphur respectively and the interaction of the respective
carbonyl C=0 and sulphinyl S=0 groups with groups attached to carbon and sulphur

//o //o
R—S R—C
\OH \OH
e ()



2 C.J. M. Stirling

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.

Il. DISCUSSION

A. Structural Comparisons

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

O
A7
VAR

moiety lie in the same plane, a situation described by molecular orbital theory as sp?-
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—O bond distances and the loss of the ‘normal’
infrared carbonyl stretching frequency.

The situation for sulphinic acids is quite different. First, the *S—O~ vs $=0O
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 filled orbital on S) in contrast to
planar carbony! 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 benzene)3.

B. Dissociation

The pK, values of simple carboxylic acids in water are around + 4; those of the
corresponding sulphinic acids are between + 1 and + 2%. 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 at 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 common?. 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 nucleophiles®; 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 = COj; . It is not silicophilic in the way in which carboxylate is'°.

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 —O 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—O 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 !,
cause deprotonation and subsequent reactions because of their enhanced basicity.
Sulphinate adds extremely readily'2, 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 G+5s™
- S—H
RSO; + N ——» Rso.‘./\_/ R Rsoz/\'/

H

(G=carbanion stabilizing group)

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

E. Nucleofugality

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 sp® 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'3. 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 observed!* and the system, involving a sulphony! stabilized nucleophile:

prsoy” > S — PhSOz/Y +716

permitted quantitative comparison of true nucleofugalities. PhSO; is 10° more nu-
cleofugic in this reaction than PhO ~ and 107 less nucleofugic than TsO ~. It is not possible
to compare carboxylate under these conditions because of the supervening sp? rather than
sp? 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 ( x 13) from values in related
solvents!®. 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 system'® has permitted comparison
of nucleofugalities devoid of other effects on reactivity that have nothing to do 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—O or C—S8 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.

LG 8 = LG _
PhSO -—:’ phsog” N — Phsoz/\ + LG

F. Electrophilicity

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 sulphoxides!” 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 involved'”.
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—O 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—NH,R —» RSO + H,NR

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

RSO,NHPh -+ p-RSO,C(H,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).

i

+
ArS—OH — ArS—OH; —» ArS + H,0

(o}

+

¥ -H
ArS—OH + ArSO — Ar—S—OSR

w— )

ArsO —
ikt ArSOoSAT + ArS020

ArSO,0SR
H20

ArSO,0H + ArSOH
ArSOH + ArSOpH —— ArSSORAr + H0
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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2ArS—SAr’ —— 2ArSO- + 2Ar'S:

\ —— ArSSAr’

ArSO,- + ArS:
2:14ar' 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 acids?2. 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 CO, is
concerted with some other process, e.g. elimination of a -group?3. 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 acids?4.

I. 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, show?> that the
sulphur atom is tetrahedral (if the orbital containing the lone pair on sulphur is included).
The situation is that which obtains for sulphoxides?®. 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 series?®.

IH. 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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I. 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 ab 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 of the sulphinic acids and their derivatives. Ab initio methods, which can
give reliable electronic and molecular structural information, cannot yet be routinely
applied to aromatic compounds at a sufficiently high level.

We have therefore decided to explore the simplest parent (R = H) sulphinyl compounds
using extended basis set ab 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 book®. 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.

il. THEORETICAL MODEL AND RESULTS

Ab 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 GAUSSIANS2 or
GAUSSIANS6? 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 1:1 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 6-311G* basis was used to probe excited state structures
and energies.

Moller—Plesset perturbation theory carried to second order in the energy (MP2)* 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, = bonds are usually less well described
at the Hartree—Fock level than ¢ 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
*) 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 6-311G* 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 basts
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 1. HSOOH, structure 1, drawn in OSO plane,
dihedral angles (deg): O,SH,0,=111.1, H,0,50,
=320
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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 1:1 water and methanol complexes of sulphinic acid and the
water complexes of sulphinamide.

TABLE 1. Energies and dipole moments

Energy (a.u.)

6-31G* 6-31 + G* Dipole

moment
Molecule SCF MP2 SCF MP2 Db
(1) HSOOH — 548.303809  —548.788598  —548.313765  —548.808984 2818
(2) H,80, —548.276711  —548.765030  —548.284668  —548.782472  4.115
(3) S(OH), —548.332607  —548.812164  —548.341007  —548.831155  0.395
(4) SOOH™ —547.763466  —548.272594  3.858
(5) HSO; —547.767457  —548.276727 2966
(6) -SO,H —547.746172  — 548216496  —547.754935  —548.235859  2.127
(7) HSO,- —547.686659  —548.169579  —547.695019  —548.186973  3.301
(8) HSOOH* —547.985329  —548.419978  —547.988983  — 548428924  3.377

(—547.970669  —548.410894  —547.974453  — 548420143  2.839)
(9) HSONH, — 528478845  —528.948124  —528.488264  — 528967119  3.208
(10) HSOHNH — 528442292  —528.917391 — 528451528  —528.936358  2.229
(11) SOHNH, —528.515809  —528.979532  —528.523681 —528.996929  2.522
(12) H,SONH — 528403458  —528.878635  —528.411405  —528.895579  3.031
(13) SONH, —527.934859  —528.424877  3.144
(14) -SONH, —527.923966  —528.368959  —527.930979  —528.386265  2.136
(15) HSONH* —527.852944  — 528.289351 —527.861026  —528.305782  2.186
(16) HSONH; —528.186354  —528.605398  —528.189260  —528.613250  3.42!

(—528.170846  — 528.593631 —528.174254  —528.601775  2.882)°

(17) HSOF — 572300118  —572.781386  —572.312108  —572.805305  3.28

(18) FSOH —572.322345  — 572794238  —572334640  —572.818696  2.163
(19) SOF~ —571.776850  —572.281808  2.286
(20) -SOF —571.743048  —572.209489  —571.754319  —572.232584 2215
(21) HSOF* —571.955613  — 572385797  —571.960416  —572.396872  1.805

(—571.942130  — 572381017  —572.947790  — 572393362  1.943)°
(22) HSOCI —932.343052  —932.781104  —932350718  —932.795646  3.270
(23) CISOH —932.381531  —932.807526, —932387515  —932.820498  2.005
(24) SOC1~ —931.841093  —932.290959  2.120
(25) -SOCI1 —931.791783  —932.208559  —931.797749  —932222398  1.903
(26) HSOC1* —932.011525  —932.395369  —932.015261 —932.403297 2125

(—931.994399  —932.384579  —931.998821 —932.392813  2.079)°
(27) HSOSH —870.952178  —871.377726 3.086
(28) HSSOH — 870966485  —871.384621 3.305

°In the neutral species geometry.

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

Bond lengths ()

Molecule S=0 S—OH) S—H O—H S—N N—H S§-—X* S--S/
S$=S8

(1) HSOOH 1.46 1.62 1.34 0.96
(2) H,S0, 1.43 1.33
{3) S(OH), 1.63 0.95
(4) SOOH"™ 1.54 1.72 0.95
(5) HSO; 1.50 1.37
(6) -SO,H 1.47 1.62 0.95
(7) HSO,- 1.44 1.34
(8) HSOOH™ 1.55 1.56 1.33 0.96
(9) HSONH, 1.47 1.34 1.68 1.00
(10) HSOHNH 1.66 1.34 0.95 1.53 1.00
(11) SOHNH, 1.66 0.95 1.66 1.00
(12) H,SONH 1.44 1.32 1.51 1.00

1.34
(13) SONHJ 1.56 1.74 1.00
(14) -SONH, 1.51 1.67 1.00
(15) HSONH- 1.47 1.34 1.68 1.01
(16) HSONH; 1.58 1.33 1.60 1.00
(17) HSOF 1.44 1.34 1.60
(18) FSOH 1.61 0.95 1.61
(19) SOF~ 1.52 1.72
{20) -SOF 1.45 1.59
(21) HSOF* 1.54 1.33 1.53
(22) HSOCI 1.45 1.34 2.08
(23) CISOH 1.62 0.95 2.03
(24) SOCI1~
(25) -SOCI1 1.47 2.04
(26) HSOC!* 1.57 1.33 1.96
(27) HSOSH 1.47 1.34

1.33 2.09
{28) HSSOH 1.62 1.33 0.96 1.98
“X=ForCL

Hi. SULPHINIC ACID

The 6-31G* calculated geometry for the simplest sulphinic acid, HSOOH (1), 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 coworkers® 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 discrepancies are in the O—H bond length and S~—O—H
angle, which is to be expected considering the difference in basis sets. The geometry of 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 O—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

Mulliken atomic population

Molecule S H(S) H®O) O O(H) N H(N) X4

(1) HSOOH 14.94 0.96 0.47 8.81 8.82
(2) H,S0, 14.76 0.94 8.68
(3) S(OH), 15.50 047 8.78
(4) SOOH"™ 15.78 0.52 8.88 8.82
(5) HSO; 15.12 1.08 8.89
(6) +SO,H 15.20 047 8.55 8.78
(7) HSO,- 14.88 0.92 8.60
(8) HSO,H" 14.86 0.78 0.40 8.21 8.75
(9) HSONH, 15.08 0.94 8.79 8.07 0.56
(10) HSOHNH 15.19 093 047 8.83 797 0.62
(11) SOHNH, 15.59 048 8.77 8.02 0.57
(12) H,SONH 14.95 0.90 8.67 793 0.60
0.95

(13) SONH; 15.84 8.90 8.04 0.61
(14) -SONH, 15.40 8.45 8.03 0.56
(15) HSONH- 15.09 0.92 8.81 7.58 0.60
(16) HSONH; 15.03 0.77 8.20 8.02 0.49
(17) HSOF 14.92 0.94 8.73 9.40
(18) FSOH 15.40 0.46 8.77 9.36
(19) SOF~ 15.71 8.83 947
(20) -SOF 15.15 8.53 9.35
(21) HSOF* 14.78 0.75 8.18 9.29
(22) HSOC! 15.25 0.92 8.66 17.17
(23) CISOH 15.68 0.46 8.74 17.12
(24) SOC1~ 15.80 8.68 17.52
(25) -SOCI 1543 843 17.14
(26) HSOC1* 15.28 0.75 8.14 16.84
(27) HSOSH 15.27 0.94 8.74

16.18 0.86
(28) HSSOH 15.37 0.88 0.50 8.80

16.45
?X=F or CL

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 1.0eV 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
(deg): O,SH, 0, = 1350, H,SH,0, = — 1125

event, the alkyl sulphinic acids do exist as such and therefore the substitution of aikyl
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 of a proton from either the sulphur
atom, SOOH ~ (4), or from the oxygen atom, HSO; (5), 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 14.5eV. in both cases a difference of only ~ 0.1eV. This preferential stabilization is
much smaller than the STO-3G(*) SCF difference calculated previously (0.6 eV)®, 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 (MP2/6-31 + 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,0,S0,=82.0°, H,0,80,
=82.1”

FIGURE 4. -SO,H, structure 6, drawn in OSO plane, dihedral angle (deg): HO,SO, = 58.7
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FIGURE 5. HSO,-, structure 7, drawn in OSO plane, dihedral angle (deg): O,SHO, = 1335

at —0.5a.u. exactly. In contrast, production of the HSO,* radical absorbs 3.3¢V, a
difference of 1.3 eV. On the SCF level (in the same basis set) this difference is 1.6 eV, similar
to the published® 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 RSO, H and the reaction of photochemically excited SO,
with hydrocarbons in the gas phase®. 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 10.3eV (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 ionization
process in Table 1; 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 tonized 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, RSOOR” %,
These esters have a S=O bond length range of 1.46-1.47 A compared to the calculated
1.46 A in HSOOH, a S— O bond length range of 1.62—1.63 A compared to the calculated
1.62 A in HSOOH, and a O=S--O 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.
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FIGURE 6. HSONH,, structure 9, drawn in NSO plane,
dihedral angles (deg): NSH, O =1139, H,NSO =398,
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
hydroxy! 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—O 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.



2. General and theoretical 19

FIGURE 7. HSOHNH, structurc 10, drawn in NSO plane, dihedral angles (deg):
NSH,0 =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 1.6V (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
15.1eV (SCF) and 14.8eV (MP2) energy, respectively. These numbers are close to the
corresponding proton affinity values of SOOH ~. Thus, the substitution of the amine 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 2.2eV. As expected,
the unpaired spin resides here on both the sulphur and oxygen atoms while for HSONH
the unpaired clectron is localized on the nitrogen atom. The MP2/6-31 + G* calculated
dissociation energy to form the -SONH, radical is 2.2 ¢V 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 11. NSONH., structure 15, drawn in NSO plane, dihedral angles
(deg): NSH,0 = 114.7, H,NSO = - 23.7

21
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In comparison with the sulphinic acid the S—H dissociation energy is similar but, as
expected, the O—-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 9.6 eV, 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 =0 bond length increases by 0.09 A
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 MP2/6-31 + G* calculated to be more stable by only 0.4eV
where, again, the sulphinyl tautomer has the larger dipole moment. The proton affinity of
FSO ™~ (19)to FSOH (18)is 14.6 eV and to HSOF (17) is 14.2¢V. 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 :SOF
radical is shown in Figure 14. This can be compared with experimental values®, R(S—O)
= 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 MP2/6-31 + G* ionization potential of
17 to HSOF * (21)is 11.1 eV, again the electron ionized is from the oxygen atom, and only
0.1 eV separates the calculated adiabatic and vertical ionization energies.

1604

®
FIGURE 12. HSOF, structure 17, drawn in FSO plane,
dihedral angle (degk 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

23



24 H. Basch

\."«‘3’1>

Y802

CL

FIGURE 15. HSOC], structure 22, drawn in CISO plane,
dihedral angle (deg): CISHO = 111.7

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 0.7eV, a larger difference than for the fluoride. The proton affinity of
SOCI™ (24) to form HSOCI (22) is 13.7¢eV, 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 2.0 eV, 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 0.3eV.

Vi. THIOSULPHINIC 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)or0.2eV (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 CISO plane, dihedral angle
(deg): CISOH =84.6

FIGURE 17. -SOCI, structure 25, drawn in CISO plane
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FIGURE 18. HSOSH, structure 27, drawn in SSO plane, dihedral angles (deg):
S$,8,H,0=1128, H,S8,5,0 =452

Vil. 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!®~!3, 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==0O stretch is calculated (after adjustment) to
absorb at about 1,080¢cm ™' compared to the approximately 1,000-1,100cm ™! range
observed experimentally for the sulphinyl derivatives!®.

Viil. EXCITED STATES

The geometric structures of sulphinic acid 1, sulphinamide 9 and sulphinyl chloride 22
were examined at the UHF/6-311G* level in their open-shell triplet states. Surprisingly, all
three molecules were found to be dissociative. Sulphinic acid 1 dissociates smoothly in the
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FIGURE 19. HSSOH, structure 28, drawn in OSS
plane, dihedral angles (deg): OS;H,S,=1113,
H,0S,S, =229

geometry optimization by homolytically breaking the S—OH bond. Even at a S—OH
bond length of 2.97 A the spin operator $? 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 that 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) 892 810-870°
$=0 1,232 1,209 1,377 1,278 990-1,090°
S—H 2,743 2,804 2,803 2,803 2,550
O—H 3,993 3,700
N—H 3,718/3,824 3,100-3,2007
S—N 797 -

S—F 877 710-745¢
S—Cl 506 438-489/
“Inecm™ L.

®From Reference 10.
‘From Reference 1. Suggested to be possibly a mistaken assignment.
YFrom Reference 11.
“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
(39,500 cm ™ ') and corresponds to a S — O transition according to the charge shifts in the
population analysis.

For the amide, UHF/6-311G* dissociation in the lowest energy triplet state is in the
H—S bond and even at a H—S bond length of 3.74A, §2=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—Cl dissociation, analogous to
the S—OH dissociation in HSOOH. For both the amide and the chloride the vertical
excitation (energy =4.9eV and 3.1eV, respectively) is in the O — S direction.

iIX. 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 methanol!# 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 ---OS and ---OH or the ---OH and ---HS groups in H-

FIGURE 20. H,O + HSOOH, structure 29, drawn in
00O plane, dihedral angles (deg): O,SH,0, =111.8,
H,0,80, =385, O;H,0,S=-9.6, H,0,H,0, =
— 174, H,O,H,0, =136.5
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FIGURE 21. H,0O + HSOOH, structure 30, drawn in OOO plane, dihedral angles (deg):
0,SH,0, =1100, H,0,S80, =29.6, O,H,S0, = — 622, H,0;H,;§ =593, H,O;H,S =
—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 MP2 SCF MP2
HSOOH + H,0
50A° — 624313150  — 624981708  —624.337606  — 625.027722
29) — 624334727  —625008114  —624.358707 - 625.053183
(30) — 624321020  —624.992493  —624.345433  —625.038247
HSOOH + CH,OH
50Ae —663.338045  — 664.129494
@31 —663.359429  —664.156366
(32) —663.355205  —664.151668
(33 —663.345752  —664.140584
HSONH, + H,0
504 — 604.488187 — 605.141220
(34) — 604.505753 — 605.162942
(35 —604.495170  —605.151525

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

FIGURE 22. CH;OH + HSOOH, structure 33, drawn in OOO plane, dihedral angles (deg):
O,SH,0, =1119, H,0,5,0,=390, O;H,0,8S=-105 H;O,H,0,=-174, CO,;H,0,
=2237, H,CO;H, = 180.8, H,CO;H, =62.1, H,CO;H, = — 599

FIGURE 23. CH;0H + HSOOH, structure 32, drawn in OOO plane, dihedral
angles (deg): O,SH,0, =112.7, H,0,5,0, =442, H,CO,H,; =174.6, H;CO,H,
=555, H,CO;H, = —62.2
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corresponding MP2 level calculations give H-binding energies of 16.6 and
16.0kcal mol ™!, 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 16.6kcalmol™! 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 2.52 A. The MP2/6-31G*
calculated H-bond energy is 13.9kcal mol™ !, 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

FIGURE 24. CH,OH + HSOOH, structure 33, drawn in SOO plane, dihedral
angles (degr: O,S,H,0, =1099, H,0,S,0; =29.2, O;H,S,0, = —61.8, H,O¢H,S,
=589,C4O,H,S, =656, H,CzOH, = 179.9, H,,CzO¢H, = 57.6, H, ,C4OcH, =
—61.3
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methanol structure 33 (see Figure 24) couples SH--- O and S(H)O --- HO bonds with an H-
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 13.6kcal mol ~!. 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 water'. 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

FIGURE 25. H,O + HSONH,, structure 34,
drawn in NOO plane, dihedral angles (deg):
NSH,0, =1143, H,NSO, —408, H,;NSO,
=2769, H,O,SN=-347  O,H,0,S=26,
H,0,H,0, =230.8
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FIGURE 26. H,0 + HSONH,, structure 35, drawn in NOO plane, dihedral angles (deg):
NSH,0, = 1129, H,NSO, =409, H,NSO, =281.0, O,H,SN = —568, H,O,H,S =48.0,
H,O,H,§ = - 500

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=0 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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I. 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
Krauthausen?, Drabowicz and Mikolajezyk and coworkers®®, Kice’, Cinquini and
Colonna®?®, Solladie!'®~'2, Posner!*!'* and Hiroi'>.

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.

Il. 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 RS(O)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
reported'®. The (R)-( + )-enantiomer may be obtained analogously from (R)-menthol.

N00\5¢0 ;
0
1.50Cl, Il
2.(=)-menthol, S -
pyridine % o
p-Tol
(1) (2)

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) diethy! azodicarboxylate/Ph,P, (c) primary and
secondary amines/DCC, (d) y-saccharine chloride or (¢) p-toluenesulfonic acid/DCC,
followed by treatment with menthol!”72° (Scheme 1).

ocl R'S—0 - I
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0
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S0, s0,
i
\_#"MeCgHaSO03H/ DCC p-MeCgh,S0, SR J
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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 group?! (Scheme 2).

Q
Cafs\ |} I
N S CH3 + ROH —» H3C ?(OR
/o i
C2H5 .'. LN ]
(S)-(+)-(9) (8)-(=)-(10)
R R
C3H.,\ /H
a Me h c—c¢C
n/ \CHZ—
b Ef C5H“ /H
{ CcC=—C
¢ Pr H \CHZ—
CGH,,\ /H
d H,C=CH-—CH, ) C=\
H CH,—
e /-Pr o/>
k 0 H
-~
t t-Bu (I:
CHZ—
H4C H °/>
N\ /
9 c—C i 0
H
H CH,— /
c=¢C
H/ CHZ_
SCHEME 2

Diastereomeric mixtures of arene sulfinates 13 and 14 derived from D-glucose
derivatives 11 and 12 were prepared analogously from the corresponding arenesulfinyl
chlorides. Only the (R)-( + )-mesitylene ester 15 was obtained in a crystalline, optically
pure state?2,

It has been established that nucleophilic substitution at chiral sulfinyl sulfur proceeds
commonly with inversion of the 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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<:><O O
on X
0 0 o o

o
(@

(11) (12)

0

|
Ar—S

(14)
Ar=Ph; p-CiCgHg— ;p-An;
1-Naph; 2-Naph

U3
Ar=Ph; p-CICgH—;
p-An;1-Naph; 2-Naph

0
< o~
o 0
- o
0 OR S
R-(18)
RO=

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)%3. A
review of these arguments has been published by Mikolajczyk?*. (See Tables ta-d.)
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‘ ROH |S
CF5COOH
p- ToI‘\ RO’ \\o
NPr2 p-Tol
(+)-(s)-(16) (=)-($)-07)

l
+ S,
TN
p-Tol” ‘\0
OR

(+)-(R)~(17)

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 1a. Reaction of ( + )-(S)-16 with alcohols catalyzed by trifluoroacetic acid

Tol-S(O)NPr, Tol-S(O)OR Stereo Inversion or
[a]p (0.p.%) R [«)p (0.p.%) selectivity retention
94.4°(45.3) Me —350°(17.0) 37.5% 68.75% Inv
94.4°(45.3) Et ~71°3.4) 7.5% 53.75% Inv
94.4°(45.3) Pr" —139°(725) 16.0% 58.00% Inv
95.0°(45.35) Bu' —2.7°(1.4) 3.0% 51.50% Inv
94.4°(45.3) Pr' +15.8°(7.9) 17.4% 58.70% Ret
86.9°(42.3) Prf-D(, +10.1"(4.6) 10.9% 55.45% Ret
86.9°(42.3) Pr-F, +3.4°(1.7) 4.0% 52.00% Ret
95.0°(45.35) Hex‘ +41.0°(22.4) 49.0% 74.50% Ret
95.0° (45.35) Pen’ +3.3°(1.8) 4.0%, 52.00% Ret
95.0° (45.35) Et,CH —4.4°(23) 50% 52.50% Inv

TABLE 1b. Reaction in the
presence of AgClO,

R Inv/Ret ratio
Me 100/0

Et 91/9

Pr 100/0

i-Pr 82/8
c-Hex 65.5/34.5

TABLE 1c. Reaction with i-PrOH
in various solvents

Solvent Inv/Ret ratio
CHCl, 55/45
C¢H 56/44
n-CcH,, 58/42
CH,CN 49/51

TABLE 1d. Reaction with i-PrOH in the presence of various salts

Prevailing Prevailing
Salt stereochemistry stereochemistry
CoCl, 55% Ret Co(NO;), 73% Inv
NiC,0, 71°; Ret Ni(NO,), 66°, Inv
Ag,CO;, 7",, Ret AgClO, 82¢, Inv
Ag,Cr,04 67 Inv AgNO, 53% Inv
Ag,SO, 63% Ret AgClO, 829 Inv
HgBr, 69%; Ret Ce(NO;), 71% Ontv
Cd(OAc), 68%; Ret CrCl 50.5% Inv
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+
HO  NPr, ., OH
\ v -
e—S—Tol-p =——= B—Tol-p
| pr/nY |
OR H OR
s I
+ i + ;
HNPr, HNPra «  OH
RO _, | _.-OH RN
o« —X"--0 —=+—S Per—S-—Tol—p
* Tol-p |\To|-p H |
OR OR
(—=)-(s)-(18) l l
(=)-(5)-(17) (+)-(R)-(17)

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

TfOCH, XCH, /0
OAc OAc X=0—S/=—u$
0 . 0 e
OAc BugN X~ OAc CF3
—_—
’.
'/
AcO AcO x=o—s'\-\-o
OAc OAc CF-_.,
(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

recovered

menthol, diastereo-
1:R’ Time (h) Yield (%) (%) selectivity
p-Tol 8 90 6 1.4:1
2-Naphthyl 5 96 4 1.4:1
p-An 20 89 1.3:1
p-CIC(H, 1.5 92 1.6:1
2,4,6-(i-Pr);C4H, 27 36 52
p-(t-Bu)C4H, 6.5 87 1.5:1
0-MeOQ,CCH, 6.5 48 1.6:1
2,4,5-C1,C4H, 3 75 25 2.1:1
2,4,6-Me;CcH, 15 70 21 1.5:1
8-Quinolyl 4 52 41 1.9:1
2-Thienyl 1.5 92 1.8:1
CCl, 1 76 19 29:1
CH, 4 22 1.7:1
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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 S/R diastereoselectivity2S.

ROH + R'SO,Cl —MOP BN, pi50)0R

200 (@1 (22)

A nonionic transition state 24 has been postulated for the coupling of sulfinyl halides with
alkoxytrimethylsilanes?’.

i
o]
RSCI + R'OSiMey — 1 | —> RSOR’ + CISiMe,
R'Q--eee SiMes
(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
sulfinates?®-2°. 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).

ROSOR + Bu'MgCl ® _ Bu'SOR (@) (- )Qufnfnfa
! | (b) (—)Quinidine
O o)
(26) @7 (25)

R!SOR? + t-BuMgCl —>  R!SOR? + t-BuSR"
[ [ [
o) (28) 0 o)

(£)-(29) (+)or(—)-29 (+) or (—)-(30)
(29) (30)
(a) R!'=p-Tol, RZ=Me (@) R!=Ph
(b) R'=p-Tol, R2 = Et (b) R'=p-Tol
() R!=p-Tol, R?=Pr (© R'=Me
(d) R!=p-Tol, R?=Bu
(e R'=p-Tol, R2=CH,Bu'
® R'=Ph, R2=Pr
(8 R!=Me, R2=Pr
(hy R!'=Me, R%=CH,Bu'
0 0 0 0
! PhLi |s| 8u mgct ! MeMgl Isl
I\ 7\ *\ "OMen NP
OR Bu’ Ph Me
(+)-(R)-(29) (+)-(R)-(31) (=)-(5)-(32) (+)-(R)-(33)

SCHEME 4
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Diastereomeric mixtures of sulfinate esters have been prepared by the reaction of a-
halo-#-keto sulfones 35 with sulfinate anions3°. 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
02

S

ArS00~ + N — ArS0.Cl

(34) (36)
(39)

ArS00~

ROH
ArSO,— 0— SOAr —— ArSOzH + ArSOOR
(37) (38)

Arene sulfinic acids 39 react with alcohols in the presence of chiral carbodiimides to give
optically active sulfinates 40°'.

ArﬁOH R N C N R ROH Ar—*S‘ _OR
|
O o
(39 (40)

Mixtures of menthy! sulfinate diastereomers 42 (R' = Me, Ph), with low asymmetric
induction, were obtatned®? 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
4.

. 0
1. R®OH(xs)/MCPBA ||
q 2
S R 2. K,CO5/NBS S R
1 e » 2 ! A
R s 17-90% R¥" o
(41) (42)
s /\MqBv L!
CHs” 0% Y g
/\
(43) (44)

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 separation*?
(Scheme 5).

Direct partial resolution of various low molecular weight compounds, including
sulfinate 47, by selective formation of inclusion complexes with tri-O-thymotide (TOT) 46
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0
(\N | N
\ s S

Vil e
k/” \\/N

A-R  (48) A-S

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

has been described. The clathrate crystals were stable up to 115°C, but at 125°Cfor 12h
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

racemization3*
H
SCH3  CHy
i I
CH 0
3 CHySOCH,
47)
CH3
0 CH CH

(46)7TO0T

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 49°° (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 crystallography?®

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)-( — )-menthy! 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)-( 4 )-menthy! p-toluenesulfinates.
Sulfoxides prepared analogously from other chiral sulfinates are presented in Table 4.
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Vi Doz,

e C Me BU TO' Me BU Tol
(83) (@) (84) (b)
02N
nc/,SOZToI
T ‘\Bu'
Me H
(58)

C. Other Reactions of Chiral Sulfinates

An unusual double reaction of addition and substitution is instrumental in the synthesis
of sulfoxides 56 when (S)-( —)-menthyl p-toluenesulfinate 2 is treated with acetylenic
lithium compounds!®? (Scheme 7).

O R
o 0 t /
t . ! o S/ i
,-S\ __C_ﬂ, /S\ _C=CR, p=Tol - l
'."l O-menthyl p—Tol’.l SN Sy2 % /—\
p-To! ¢ "SR
(=)-(8)(2) R (R)g (56)(a)(e)
(0) —CHy
(b) —(CH,),CH4

(¢) —CH,0THP
(d) —CIIH(CH2)4CH3

OSiMey

(e) —/C\—(CH2)4CH3
0 0
L

(t) —CH,0H

(9) —CH(OH)(CH,),CH,4

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 stereospecificity'?3. The mechanism
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TABLE 3. Products of reaction of menthyl p-toluenesulfinates with Grignard (R’"MgX) or lithium
(R’Li) reagents

(6]
ﬁ f
p-TolSO +R'M — p-ToISR’
(M = MgX or Li)
O
I
Product p-TolSR’
R’ References
—CH;,R (R =H, Me, Pr, i-Bu, Ph) 37-41
—R (R = Me, Et, i-Pr, Bu, Ph) 42,43
Me
| 44
—CHEt
Me
_c”zé”‘Q— 45
—R (R = Me, MeOCH,, CICH,, C.H,,.
t-Bu) 46,47
—(CH,);Me 48
—(CH,);CHMe, 49
—(CH,),sR 50
R
| (R = H, Me, Ph) 51,52
—CHCN
-—CH,SR (R = Me, p-Tol) 53,54
—(CH,),OR (R =THP, H, TBDMS) 55
—CH=CR'R? (R = Pr, Bu, Pen, Hex, Me,Si—) 56
—C=CR
0. o
>: 16
CHMe
I 57
—CAr
—CH—=CR!R? 58
—CH=CH(CH,),OSi(t-Bu)Me, 59,60

n=12)
—CH=C—C=CCH,0R

o}
| (R =—OCH,0OMe, O) 61
CH,OR

(n) (R = MeO, EtO, Ph, Me,N) 61-65
—CH,PR,
0
I
—CHP(OEY), 66

|
STol-p
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o

I
Product p-TolSR’
R

References

S

I
—CH,CNMe,
O

I
__CH,CNR,
o)

i
—CHCOBu-t
\
R

OR

Il
—CH,CCHCOOMe

NMe

—CH,C—NOMe
J
OEt
NMe

| OMe

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

N
Il
—CH,CCH,CH, OCH,CgHg

R R

(.
— CHC=NNMe,
R R

(I
—C=CNHR
R R

b
—CHC—NR

Me
Flrroclnyl\ /

C
"\\NMaz

H

H 5. 6
Me 5
(R=H, EY)

(R =H, Alk, Ar)

67

68,69

70-72

73

74

75

76

77

78

79,80

81
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TABLE 3. (continued)

(6]
i
Product p-TolSR’
R’ References
4-Pyr; 3-Pyr 83
cl
—CHy (R =H, C) 84
R
SOSLI
{R = H, Me) 85
R
—Q
) R
—CHy & (R =H, Alk, Ar) 86-90

R
Me
4§©7M. 5 i-Pr 9]
Me
@on (R = Me, CH,CH,OMe) 9

OCH,CH,0H

@—ocuzcnz—x — CH,CH0 —
@ocwzcnz)3w

involves a concerted cyclic intramolecular [2, 3] rearrangement. Thus, (S)-57a, ¢ 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 Pd°(PPh,), gave mixtures of 61 and 62. The
direct Sy2 substitution reaction of the sulfinates with sodium diethyl malonate under the
reaction conditions did not proceed at all'®*1%% The absolute configuration of the
sulfones 60 was obtained by chemical correlations. Thus, sulfones 60 were reduced to 65a—

(0]
i
(X =0, S, NMe, OPPh) 93
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¢, which in turn had been prepared stereospecifically from chiral sulfinates 63a-¢ via
sulfides 64a—c that underwent oxidation to 65a—c.

Subsequently it was shown that the sulfinate-sulfone rearrangement is also catalyzed by
Pd catalysts 66 and 67, so that (S)-(—)-59a, ¢, e and (S)-(m)-59b, d gave, in high
stereospecificity, good yields of the (S)-(+)- and (R)-( — )-sulfones 60, respectively!®.
Surprisingly, sulfinate (S)-( — )-59f gave (S)-( + )-60c. The rearrangement took place evenin
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] (6]
I |
R*—~S—O—R!+ R*—M — R*~—Tol-—S—R°®

(M = MgX or Li)

R® R® R¢ References

Ph
p-CIC,H,
p-MeOC¢H,
1-Naph
2-Naph
mesityl

[\ 0
o_ o
p-MeOCH, mesityl ‘6 —& 95
\ (CHZ), (CH,),
0

1-Naph menthyl _é ; Me 96,97
p-Tol Me <cn2@/ (n=1.2.3) 98

p-Tol 94

Me cholesteryl Pr, Bu, i-Bu, p-Tol, PhCH, 99
p-Tol O
Me, Et, i-Pr I 100
Ph R? MeSCH,
| .
Me, Et, i-Pr,
Me R'C=C—C o 101
| Bu, t-Bu, Ph
RZ
[R' = H, Ph;

R? = Me, (CH,), ]
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R!= Me H Pr H Pen H Ph
R?= H Me H Pr H Pen H
H R
[o] 1 0 \ /
R \ /H i /C
]
p-Tol-----G-=-~ NEt, + c=C¢ — p-TolmmS=uBOCH, RZ —»
RZ/ OH A
(87) (58) (39)
0 R o R o *r
L"’) ) Tot g—écw CH Tol s—édw—CH
—» p—Tol— =—CH,—»p-Tol— =
PN ’ i i % e
e R? o R? 0 Rr? Pd
(60) L L
_ R' R!
CH(COpCH3 )z | 5
CE——), ~ — CH==CH,———— (CH,0,C),CHmm-C = CH=—CH
: ; 2 3v2~'2 i 2
R2 /PE{ k2
oL (61)
RCH==CHCH,CH(CO,CH3),
(a)R=CH4
(6
(b)R=(CHy),CHz
R R Q R

CHSCHZ-?‘OSOZCH:S
1
I

(63) (a)—(¢)

p-TolSmmC = CH,CHy P~ TolSmC =aCH,CH
H

0 H
(64)(a)—(¢)

(65) (a)—(¢)
(a) R=CHgy

(b)R=(CH,),CH3z

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

(S —)H59) (S)-( + )-(60) TO
R R* R p-Tol—S—CH,CH=CH—R
(a) Me H (a) Me lO
(b) H Me (b) Pr
© Pr H © [CH,].Me (68)
d H Pr -
(¢ [CH,JsMe H R
® " [CHJMe
(a) Me
(b) Pr
© [CH,],Me
[(Ph,P),Pd)] (66)
[(Ph,PCH,CH,PPh,),Pd]
R R'
R2 o 0\ /Tol-p —_— R2>—T‘\—O\ /Tol-p
S Pd S
* \0 L/\L 'o‘ \)
l (69)
o §02Tol-p " §OzTol—p
>,—\\ _— — \\l
RS | R |,
Pd Pd
/\ /\
L L L L
(70)
o2 {Sozi'ol-p
R' ,
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 Pd°(PPh,), and a chiral Pd catalyst
such as ( —)-DIOP, NMDPP or (S}-MBDPP!'°’.

C,H
2
PPh, 20
>< PPh, CHg B C e CH, —PPh,
PPh, :

H
—) plopP NMODPP (S)-MBDPP
Irradiation of optically active methyl p-toluenesulfinate 71 resulted in a rapid decrease

of optical activity but no photolysis. The photoracemization stems from rapid reversible
formation of sulfinyl and menthyloxy radicals!®®.

R SOR’ [RS: ‘OR']—RSOR’
! ! !
o o o
(71)
optically active racemic

Chiral allenic sufinates 73, obtained from (R)- and (S)-1-butyn-3-ol (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 sulfur'®®.

CHy

0
H CH
:>x<: 3_SClz //L§: How CHy
OH H s>

& XN X
(72) (73)
0
o] (0]
I N
o o
"\ \
R R
X Y
H, (T4) N (78)
X =Br; R =Me R=Me; Y=Br
X =Br; R=1-Bu R=1t-Bu; Y=Br

X =MeS; R =Me
X =MeS; R =¢-Bu

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-allyl 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 a-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-
ity®® (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

0SiM
iMey 0 o] 0
' }
)+ TolmmS=mOMe —» SmTol —»
(CHZ)n oio (CHZ)I! o;.
(83)(a) n=3 (5)-(84) (Ry)-(85)
(b) n=4
(¢) n=5
OH 0 OMs o O
é.‘ Tol —» é‘Tol —» X é<T0| R ——
(CHpY, s CHY, (CHy, |
(Ry)-(86) (R )-(B7) (R)-(88)
o~ mt
0
i (S)-2
(@S_‘Tol «— (C@—MgBr
.i.
(R)-(89) (90) (91)(d) M=Na

(e)M=Li
SCHEME 10

attributed to competitive symmetrical alkoxy—alkoxy exchange in the initially obtained
isopropy! 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''!.

i) 0
+ I
p-TOISOR + i-PrOH —— TolSOPr-i (R = Me, allyl, propargyl)
(92) (93)
o) 0
H NBS ”

R§OPr-i + i-PrOH

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

(94) 95)
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D. Spectral Studies

The chiral nature of - and y-sultines has been determined by X-ray crystailography.
Oxidative cyclization of 2-hydroxyalkyl t-butylsulfoxide 96 gave stable crystalline g-
sultine 97 whose X-ray structure showed a nonplanar oxathietan ring, with sulfinyl oxygen
assuming a psecudo-axial orientation'!?2,

o] I\llle o
I yZ
Me,CSBu” MeC— 57
— [
ArCOH ArC —0
l |
Ar Ar
(96) (97)

X-ray analysis of f-amino-y-sultine 98 indicated that the sultine possessed an envelope
shape 99 and an R-configuration at sulfur'"'?,

/

H\‘s #-Bu0 9y
X" Do /

K=Y LM N

H g C—C 0

PN —0

H H

Rcyﬁs (e}
(98)P=BOC (99)

lll. SULFINAMIDES SYNTHESIS AND REACTIONS

Optically active sulfinamides are frequently prepared by the reaction of metal amine salts
with chiral sulfinates' !4, Thus, treatment of ( — )-(S)-menthyl p-toluenesulfinate 2 with
morpholinomagnesium bromide gave the (+ )«(S)-N-p-toluenesulfinylmorpholine 100.

0 0
1 PhLi 1 g hmger / \_ PhLi
PhSTol-p «—— p-TolSOMenthyl—————— P-Tol—S5—N O— PhSTol-p
|/ |
o 0
(+)-(R)-(101) (—)-(5)-(2) (+)-(5)-(100) (—=)=(S5)-(101)
CF3503M°1N°BP“4
+
p-TolS—N [0}
|
OMe  ~BPh,

(-)-(s)-(102)
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 11).

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''3. In the case of 103e, obtained as a 3:2 mixture of diastereomers, the major
component had a ( —)-(S,R,) 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).

*
RMgHal + ArC=N — Ar(R)C=NMgHal -2 . Ar(R)C=N—S—Tol

I
(103) ©

2
) — (a) R=Me, Ar=Ph
CICHMeICPRI=NMqBY (b) R = Et, Ar = Ph (©) R =Bu, Ar = Ph
() R=Pr, Ar = Ph (f) R = Ph, Ar = Ph
Ph (d) R =Naph, Ar=Ph (g) R=Tol, Ar=Tol
/
TolSN= c\ TotSN=C(RIPh 222" TISNHCH(R)Ph
lo €HEf o) 0
l\lﬂe (1093)
(=)-(S4R:)-(103) (5)-(103)
lH’—M“)H "t/ MeOH loxidarion
Me
w / " * "
PhﬁCH\ ToIﬁOMe + HNEH(RIPh  TolSONHCH(R)Ph
5 et o (107) (106)

(=)-(R)-(104) (5)-(108) (a) R = Me; (¢) R=Pr;
(b) R =Et; (d) R=Naph
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-
gents' 16117 Thus, the reaction of 109a with PhMgBr gave a 92:8 mixture of 110Ia and
110Ib. Conversely, the enantiomer 109b gave the same mixture in the reverse ratio.
Sulfinamides 110b,¢ were analogously prepared with MeMgBr, MeLi or BuLi. The
absolute configurations of 110Ia and 110Ib 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 111 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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reaction proceeded with
understood to involve the
the rate-determining step

40 + 5%, stereospecificity. The mechanism of the reaction is
formation of a [2 + 2] complex between the reactants prior to
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 113'!® (Scheme 14).

Ph
. ”\C /"
H,C=CHCH + TosNS0 ——= Tos =c
: \N % CH/ \Me
= 2
Me ol
0
(5)- (1) (112) 13)
K2COg/
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H Ph (oMg)
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= H Ph
4-To|—§—CH2/ N ve < ToMgBr Tos\ \c=c/
0 N—%—CHZ/ \Me
Me/ ”
0
(1s) e.e.(40%£5)% (114)
SCHEME 14 (continued)
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Mixtures inseparable by TLC of diastereomeric sulfinamides 117 and 118 were prepared
from benzensulfinyl chloride and (1S, 2S)-1-methoxy-1-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)-( — )-menthyl benzenesulfinate 121 and the lithium salt
122119120 (Scheme 15).

Ct
0 0 N 0
| — Il w & I
Ph----S ---NR P himee S ~agNR ——"—s Ph—S=N—R
|
(s8)-(17) (SR)-(118) ct
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o) 0
CH |s|;’/Ph Ph\‘“g CH CHatt Ph—S=—=N—R
3 TP T ether =N
N rv? |
PhO
(88)-(120) (SR)-(119)
HSC t“ H
/ -CH3
R=
] .
CHO—F. o,
0
! Ho|.-CHs
Ph—S-—OMenthyl + LiN—F — 17
CH0—p-.
(121) ~Ph
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 125°%¢,

..\S,O \N\/E\
RN\/ N Tol-p R Ar

R
(123) (124)
0
S\m\‘TOI_p
(i=Pr)N ¢
(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-I1 (96%). Reaction of the latter with PhMgBr gave the
sulfinamides 128, which were converted in situ into sulfoxides 129 in high enantiomeric
excess'?! (Scheme 16).
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| () R'=1-Naph, R*=Bu /° "\ A ~— /R
o oY
c “H “H
H
HO
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Rl
o) H»(’?‘Me 0
i 3 t
127 — e Ph—S—l\ll \ B ph—s—g3
R
Z
“H (a)R
129)
HO ( (b)R3=Bu
(128)

SCHEME 16
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Diastereomeric mixtures of 1,2, 3-thiadiazoline 1-oxides 131a,b obtained upon treat-
ment of 130 with SOCI1, 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 133'22 (Scheme 17).

0o H
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N
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S
I
0
(132)
SCHEME 17

Sulfur dioxide as well as N-sulfinyl derivatives have been shown to undergo [2 + 2] and
[4 + 2] 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—O bond, to
the stable thiazetidinone 135 whose structure was determined by X-ray
crystallography!22.

Me
Me\ NR H O\s
0, y Me iy NR —NR
Me,C—=C=NR ——» Me — OS+ I," ——» Me
§—0 L )
0 0 Me 0
(134) (1338)
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(b)R=p-An

(¢) cyclohexyl
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{n the presence of slightly more than a 1 molar equivalent of SnCl, the chiral N-sulfinyl
carbamate 136 reacted with olefins to give products 137 where asymmetric induction at
both sulfur and carbon was observed. With trans-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 138'2% (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 140 and 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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SCHEME 19

prepared from 146 and 147. In all cases the products obtained were racemic since the
starting materials were achiral’ 26127 (Scheme 20).

Similar methodology has been used in the synthesis of amino sugars from noncarbohy-
drate precursors'2°. A quasi-boat conformation 151 is involved in the transition state
leading to sulfinamide 152, which was converted to desosamine 153'28, An inseparable
mixture (15:1) 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).
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SCHEME 20 (continued)



64 A. Nudelman

0 o}
Y 0>§ o
z 4 N O HN//<
5 —i I —
N 0 \o_ 137727 a
Cy3Hpz CizHaz? OH
(1486)
NH,
. 1 2)\%%/
OH OH
(148)

CyaHar CiaHar
(147)
e
C'3H27\/Y\/°H
OH
(149)
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!3° (Scheme 22).

Analogous stereoselective [4 + 2] cycloaddition of N-sulfinyl dienophiles bearing
electron-withdrawing groups and 1, 3-dienes provided 3, 6-dihydrothiazine 1-oxides 169,
170, 171 and 172'3", 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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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 15:1 mixture of sulfur epimers, can be used for the
stereoselective transfer of functionalized one- and two-carbon units. Treatment with
TMS-CH,MgCl gave sulfoxide 185 which deoxygenated to sulfide 186, methylated
to 187, and reacted with -BuOK to yield the crystalline silyl sulfide 188 as a single
diastereomer'*? (Scheme 24).

Further studies with N-sulfinyl dienophiles have shown that in the presence of TiCl, at
— 50°C, cyclohexadiene reacted with R*—OCON=S=0 (R* = a) to give a 9:1 mixture
of 3,6-dihydrothiazine oxides 189a,b, whereas R*—OCON=S8=0 (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 sulfone!3?

o 577 2ok

(a) (b)

(189 a,b)

When 190 was reacted with the acyclic (E, E)-hexa-2,4-diene in the presence of SnCl,, a
single diastereomer 191b formed. In the absence of the Lewis acid, thermal cyclization gave
amixture of all four possible diastereomers 191a—d. Moreover, the least abundant product
in the thermal reaction was 191b. Single crystal X-ray determination was used to
establish the stereochemistry of I91d. 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 197'3% (Scheme 25).
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SCHEME 25 (continued)
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Sulfinamides RS(O)NR'R? (R =Ph, R!' =H, R?=Me; R=p-Tol, R! =H. R?=
Cyclohexyl; R! = R? = Me, have been resolved via cyclodextrin complexes!3.

Stereoselective oxidation of sulfenamidocobalt(IIT) complexes 198, prepared from (R)-
cysteine and ethylenediamine, with NBS, gave a 4:1 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 sulfinamides which were found to be optically stable at sulfur, except
in 3M 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' >°.

—_ 2+ - ~2+
NH ] NH
2 2 o
2| o A 2| o
/ \c ~ H / \c ~ H
NC TSN = /NN -
" H
2 l H2 2 ' H2
N N
L H J R H .
(198) (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 process'3”.
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Rearrangement of sulfonimidoate 203 in the presence of LDA, by a mechanism
involving an elimination-addition, gave'3® sulfonimidamide 204 (45%) accompanied by
sulfinamide 205 (38%;) and quinonimine 206.
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IV. SULFINIMIDAMIDES AND SULFINIMIDOATES

Sulfur diimide 207a 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 209b. 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 210a with only
minor amounts of 211a was obtained. However, 207b under the same conditions gave a
2.4:1 mixture of 210b and 211b. A single threo-vicinal disulfonamide 212a was obtained
from 209a 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 211b 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, 211a,b gave 215a,b. The Z-threo
product 216 formed from 216b when heated for 9h in toluene, but under analogous
conditions 209b, underwent extensive decomposition. A parallel sequence of reactions
with 1, 3-cyclohexadiene gave 217-220'3° (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 at the tetrahydrothiophene ring'*° (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 TsSNH ™ to give 232 or undergoes alcoholysis to 233. When the
alcohol used is (/)-menthol a separate mixture of diastereomeric sulfinimidoates is
obtained'*!.

NHTs OR’

TaNaCl / v

RSSR R’_OH—-’ R—S\ + R—S\
NTs N NTs

(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 13.8e.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-5-nitrophenyl 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 Rg groups face the small and large regions of the
oxaziridine ring'4? (Scheme 28).

The asymmetric oxidizing reagent Ti(O—i-Pr),/( + )-diethyl tartrate (DET)/H,O and
t-BuOOH has been found useful in oxidation of disulfides 238 (X = S) to thiosulfinates 239,
and could also be used in converting sulfenamides (X =NR”) to sulfinamides and
sulfenates (S—=0) 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'*3 (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 obtained'** (Scheme 30).
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SCHEME 28. Chiral recognition model.

Asymmetric dehydration of z-butanesulfenic acid in the presence of optically active
amines provides chiral thiosulfinates in up to 26% optical purity. Thermal decomposition
of di-z-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 sulfinates!*® (Scheme 31).

The chiral 2-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 a-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 250a. Oxidation of the trans substrates 246b and 246¢ afforded only the
single thiosulfinates 247b and 247¢, which were respectively oxidized to 249b and 249c¢.
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 251¢ but the products were much less stable. The
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thiosulfinates 247a—c and 252a,¢ were chemically and configurationally stable to
thermolysis, whereas 248a, ¢ and 253a, ¢ decomposed to non-f-lactam products. Spectral
data, in particular '3C NMR, provided evidence for the structure of the thiosulfinates,
where downfield shifts for C, of 13.0ppm and 7.7 ppm were observed in going from
246a —»247a and 246a —248a, respectively. The orientation of the SO bond was
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obtained by means of analysis of aromatic solvent shifts (ASIS) in the 'H NMR spectra
determined in DCCl, and CgDg!4°.

Oxidation of ¢is and trans 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 OH and SO groups'*’.

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-1, 2-dithiane mono-S-oxide 263b the predominance of
the axial conformer was absolute!*#14° (Scheme 34).

R CT) R
3 R
RR S/: R

263
(@) R=H; (b) R=Me

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 HCl at
_ 20 Cl i()
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I. 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’, HOCH,SO,Na, variously termed sodium formaldehyde
sulphoxylate, sodium hydroxymethyl sulphite and sodium hydroxymethanesulphinate.

(b) Thiourea dioxide, with a tautomeric form of

NH, ~. =0

NH # ">OH
termed also formamidinesulphuric actd or amino-imino-methanesulphinic acid.
(c) Some amino acids, such as cysteinesulphinic acid (3-sulphinoalanine)

HOOCCHCH,SO,H

I
NH,
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and hypotaurine(2-aminoethanesulphinic acid). NH,CH,CH,SO,H. 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. It 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 of an 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(lV)
which, with some goodwill, can be considered as sufficiently closely related to the sulphinic

acids. These include: R
sulphilimines or sulphidimines TS=NR’' or T"S=NSO,Tos

R~ R’

sulphinylamines RN=S=—0

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/instrumental methods (including polarography) and microbtological methods.

Il. CHEMICAL METHODS

The principal chemical methods are based on oxidation to the corresponding sulphonic
acid or to sulphate, i.e. to sulphur(VI). 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(Vl)

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. Nitrite

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

2RSO,H + HNO, — (RSO,),NOH + H,0
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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
Johnson? titrated the magnesium salt in acetic acid/hydrochloric acid at 0 °C with sodium
nitrite to an external indicator of starch/iodide. They referred to a tendency to formation of
the product (RSO, },NO in the presence of excess 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: Ponzini*, 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 of disproportionation 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!® detected some aromatic sulphinic acids and their derivatives on paper
chromatograms by exposure for I min to the vapours from a mixture of sodium nitrite and
hydrochloric acid, foliowed 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=S8=0, 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. Hypohalite (and chloramine 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)Cl, ‘bleaching powder"] in alkaline or
neutral solution and using an external indicator of starch/iodide. Ackerman'? titrated
sodium benzenesulphinate with standardized sodium hypochlorite, likewise using an
external starch/iodide indicator. He gave the reaction equation

2PhSO;,Na + NaOCl — PhSO;Na + PhSO,Cl]

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

Coulometric titration with hypochlorite and hypobromite was performed by Liberti
and Lazzart'®. 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 + 0.2V.
Hashmi and Ayaz'® 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) Uhlenbroek and
coworkers!” used chloramine T for titrating benzenesulphinic acids containing various
substituents [e.g. o-acetylamino-, p-(2-hydroxyjethoxy-]. 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'® 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 590 nm after treatment with starch.

3. lodine, iodine oxyacids and iodine monochloride

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

HOCH,SO; +1, + H,0 — HOCH,SO0; + 2HI

Examples are the work of: Salkin'®, who titrated with iodine but considered it to be less
satisfactory than titration with copper(Il) because the iodine reacted also with sodium
hydrogen sulphite and sodium thiosulphate; Furness?®, 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,SO5, by adding formaldehyde and
acetate/acetic acid and titrating with iodine. Tsau and Poole?? commented on the difficult
end-point indication in conventional titration of antioxidants including the hydroxymeth-
anesulphinate. They proposed a method involving HPLC 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-Obrzut?* and Shafran and coworkers?3. The compound is oxidized to urea
and sulphate:

NH~__ O
=~ _ ,
NHZ/Cfs ;212 + 6NaHCO, —

NH,

C—0O +4Nal + Na,SO, + 6CO, + 3H,0
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.
Mahadevappa?® used potassium iodate and periodate to titrate sodium hydroxymethane-
sulphinate, finding also that 4 equivalents of oxidizing agent were consumed.

lIodine monochloride was used by Krishnan Nambisan and Ramachandran Nair?’ to
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determine some poorly soluble compounds, including Rongalite. They used excess reagent
in 5M hydrochloric acid. After 10 min they added 109, potassium iodide solution and
titrated the liberated iodine with thiosulphate. Four equivalents took part in the
oxidation:

HOCH,SO; + 4ICl + 2H,0 —» HCHO +SO2~ + 21, +4Cl~ + SH*

4. Bromine and bromide/bromate

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 Tarbell?®. 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=0 + 4Br, + 3H,0 —» 2CH,S0,Br + 6HBr
|
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 collaborators®! 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. Cerium(lV)

The stoichiometry of the cerium(I'V) reaction with sulphinates is controversial. Forrest
and Ryan?? reported titrations with cerium(IV) 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
Sjostedt®3 also titrated aromatic sulphinic acids with cerium(IV) sulphate, using
potentiometric end-point indication with platinum electrodes. They found varying mole
ratios, depending on the concentration (within the range 5 x 1072 to 10! M). One
equation given by them was

4ArSO; + 6Ce** + 2H,0 —> ArSO,SO,Ar + 2A1SO; + 6Ce®* + 4H*

Tsaikov?* reported titrations of benzene- and p-toluenesulphinic acids in sulphuric acid
solution at pH 1-2, using cerium(IV) sulphate (and also potassium dichromate) and
potentiometric end-point determination at a platinum electrode. Grossert and Langler??
used the ‘cerium ammonium nitrate’ reagent (ammonium hexanitratocerium),
(NH,),[Ce(NO;)e], 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. Permanganate

Permanganate has long been known as an oxidizing agent for sulphinates. Reu-
terskiold*® titrated sulphinic acids and sulphinoacetic acid, HOOCCH,SO,H, with this
reagent. As mentioned in Section 11.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 10 min by adding acid and potassium
iodide and finally titrating the liberated iodine with thiosulphate to a dead-stop end-point.
Fleszar and coworkers®” determined the 4,4'-disulphinic acid of diphenyl ether by
precipitation as zinc salt (Section JI.C.5) and titrating this in acid solution with
permanganate. In an extensive study of the paper chromatography of many compounds
Reio3® detected cysteinesulphinic acid (3-sulphinoalanine) with several reagents which
included permanganate.

7. Copper(ll)

Copper(Il) was used as a titrant for hydroxymethanesulphinate in early work. Thus
Helwig?? titrated this sulphinate (sodium salt) in aqueous solution with an ammoniacal
copper(Il) 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 at the boiling temperature. Salkin*® also constdered copper(1l) 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. Spitzer*!' determined the
sodium hydroxymethanesulphinate by adding excess concentrated copper(Il) sulphate
solution, acidified with sulphuric acid. After a short interval he added potassium iodide to
yield iodine with the unused copper(Il); this was titrated with thiosulphate.

8. Mercuric ion

Mercuric chloride has been used in analytical work with sulphinates. Thus Spitzer*?
determined Rongalite by reacting it with mercuric chloride:

HOCH,SO; + 2HgCl, + H,0 — HOCH,SO; + Hg,Cl, + 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) + HgCl, — RHgCl + H(Na)Cl + SO,

This reaction was described as long ago as 1905 by Peters*3. 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 coworkers** 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(Vi)

Tsaikov>* 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.

Langler** 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 15-30min as blue-green spots. This detection was considered
superior to that with cerium(IV) (see Section II.A.5).

10. o- and p-Dinitrobenzene

Feigl and Mainberger*® 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 coworkers** 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

NO» NO2
@( + Arsog —— @i + NOo~

NO2 SOzAr

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

11. Elementary sulphur

Scandurra and Most*” 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(=0)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. Vanadate/ferrocyanide

Sodium hydroxymethanesulphinate (also hydrosulphite and stannous chloride) but
neither sulphite, hydrogen sulphite nor formaldehyde, respond positively to the test of
Gentil and Miranda®®, 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 colleagues*® 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.

CICOOBu-i Photooxidation

H,NCH,CH,S80,H ——2°®" _,; BUOCONHCH,CH,SO,H

SOCl, Bu,NH

i-BuOCONHCH,SO0,Cl
i-BuOCONHCH,CH,SO,NHBu

i-BuOCONHCH,CH,SO,H

B. Acid/Base Reactions of the Acids and their Salts

1. Determination and identification of free acids with 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 Das®®. They used the potassium
iodide/potassium iodate reagent at 0 “C from which the acid liberated iodine according to
the usual reaction:

KIO, + SKI+6H" — 31, + 3H,0

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-
volumetrically.

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, DMF-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 Hilssig*? 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 I1.D.2b below).

2. Determination of sulphinate salts with acids

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®3. 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 Singh®* 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 Ryan3*
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 Kuznetsov3® 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 1:1. 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 coworkers®” 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. Platinum(lV)(hexachloro, hexaiodo-platinate)

These reagents with a metal-containing anion have been used in analytical procedures
depending on colour change. Thus Winegard and collaborators®® 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 Richert® 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-Bergeret®? 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 500 nm.

3. Palladium(ll) (tetrachloropalladate)

Akerfeldt and Loevgren®? reported that various sulphur-containing compound classes
(thiols, sulphides, disulphides and sulphinic acids) yielded coloured complexes with
palladium(II). They treated the sample with ammonium tetrachloropalladate,
(NH,),[PdCl,], 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(lil)

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(III) chloride.
Other sulphinate salts should react similarly.

5. Zinc()

Fleszar and coworkers®” 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 I11.A.6).

D. Miscellaneous Other Reactions

1. Reduction

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

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

RS(=O)SR + 21~ + 2H* — RS—SR +1I, + H,0

They then titrated the iodine. Barnard and Cole®® found low results with this method and
developed their own procedure for alky! (ethyl, butyl) esters of aromatic thiosulphinic
acids (benzene-, p-methoxybenzene-). They dissolved the sample in glacial acetic acid,
added aqueous potassium todide 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 10s to hydrogen
chloride and then spraying with a starch-iodide reagent. A similar method of detection was
used also by Fondarat and Richert*® for cysteinesulphinic acid on paper chromatograms
and by Freytag and Ney®’ 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
collaborators®! visualized hypotaurine and homohypotaurine (and the selenium-
containing acids) by spraying with potassium iodide-hydrochloric acid.

b. Methyl violet. Yakovleva and coworkers®® determined thiourea dioxide and hydro-
gen peroxide through reaction with methyl violet for 10 min at 100 °C and pH 8.5t0 9. The
diminution in absorbance of the dye at 590 nm was proportional to the amount of the
oxidizing agents [hydrogen peroxide alone was estimated through a colour reaction with
titanium(I'V), enabling the thiourea dioxide to be determined by the difference].

c. Reduction with metals. Feigl’® 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(=0)OH + R'N=N — RS(=0)ON=NR’

They extracted the azo compound into toluene-butanol, stabilized this solution with
pyridine and evaluated colorimetrically through the light absorption at 420nm. 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 coworkers’? visualized oxidation products
of cysteamine by reaction for 45 min at 100 °C with 1-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:

NO2 NO,
NH, CHpCHo SO, H  —» OZN@-NHCHZCHZSOZ—@—NOZ

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 Johnson? used chloroacetic acid:

ArSO,Na + CICH,COOH —> ArSO,CH,COOH + NaCl

Douglass and collaborators”?® prepared a derivative of ethanesulphinic acid by reaction
with benzyl chloride:

EtSO; + PhCH,Cl —> EtSO,CH,Ph + Cl~
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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,]*Cl~ — [PhCH,SC=NH,]*[RSO,]"
| |
NH, NH,

¢. Reaction with N-ethylmaleimide. 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 diketone’; it has
an absorption maximum at 515nm. Carson and Wong’*® 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 18 min 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 5-10min, and then dipped into the potassium
hydroxide. Nakata and coworkers’® 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 Komada’’, who worked with the S-propyl
ester of propanethiosulphinic acid and the S-allyl 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 Neta’® to distinguish dithionite and
hydroxymethanesulphinate (Rongalite) depends on heating the sample to 200-300 °C.
The latter decomposes according to

2HOCH,S0,Na —» 2HCHO + Na,SO, + 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:

RSO,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 Limpricht’® 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 Rossignol®® 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(=—0)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 Scholz8' detected
sodium and potassium salts of aliphatic and aromatic sulphinic acids through thetr 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 %, f-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 coworkers®? 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 collaborators®* 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.

Ili. PHYSICAL/INSTRUMENTAL 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 Furness?®, in work on dithionites, hydroxymethane- and hydroxyethane-
sulphinates. Horner and Nickel®® worked on the polarographic reduction of sulphinate
esters in 75%, 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; +20H~ — HOCH,SO; + H,0 + 2¢
HOCH,SO; + OH~ — HCHO + SO%~ + H,0

Sokolov and Leonova®’ 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
Mcllvaine 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 0.935V
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.

Griindler 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 Bogaczek®? polarographed phenylsulphinylamine, PAN=S8==0 and the
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o0-, 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
Purdy®?, 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 5in
a medium of mineral acid plus alkali metal or ammonium salt. Their sweep rate was 2mV
per second.

B. Chromatography

1. Paper chromatography

Barnard and Cole®® separated alkyl and aryl thiosulphinate esters on Whatman No. |
paper, impregnated with phenoxyethanol, and using heptane as developing solvent. They
visualized with hydrochloric acid—iodide (Section I1.D.1a). Gringras and Sjostedt®*
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 Richert*® 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 I1.C.1, I1.C.2 and I1.D.1a). Bayfield and coworkers®® 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 IL.D.1a). De Marco and collaborators®!
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 I1.C.2 and IL.D.1a). 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 ILA.1).

2. Thin-layer chromatography

In addition to separating some aromatic sulphinamides and sulphenamides by paper
chromatography, Bayfield and colleagues®® 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 11.D.1a). Freytag and Ney®’ carried out thin-layer chromatography of S,S-
dialkyl-N-(p-toluenesulphonyl) sulphilimines (alky! 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 I1.D.1a). Czerwicz and Malata'' used thin-layer chromatography on silica gel
layers to separate isomeric sulphinylamines, PAN=S=0, 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 I11.A.1). Westley and Westley*® performed thin-layer chromatography of alipha-
tic and aromatic thiosulphonates, sulphonates and sulphinates, on silica gel with various
mobile phases: isopropanol-0.2M ammonium hydroxide (3+1), ethyl acctate-
methanol-water (4 + 1+ 1) and acetone—butanol-water (2+ 2+ 1). They visualized also
with ferric chloride (Section I1.C.1). The R values were in the sequence: RSO,S™ > RSO3
> RSO,.

3. Gas-liquid chromatography

Block and O’Connor®? 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 Markowski®® 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, PAN=8=0, also with o0-, m- and p-methyl and chloro substitu-
ents. The same authors®” 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 OS 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. Czerwicz®® 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 OS 138 on Chromosorb G at 180 °C,with hydrogen carrier gas and flame
ionization detector.

MacKenzie and Finlayson®® gas chromatographed cysteic and cysteinesulphinic acids
as their N-heptafluorobutyryl isobutyl ester derivatives. Their column was 3%, SE-30 on
100-120 mesh Chromosorb W HP. It was kept for 2 min at 100 “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 HP. Column temperature was programmed, helium was carrier gas
and detection was by flame photometry.

Kataoka and colleagues'®' 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°/min) 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 Székan and colleagues'®? studied diastereoisomeric sulphoxides and
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sulphilimines of the general formula

R'CHS=—=NS0,Tos

CHy

r2

where R! was hexyl or ethyl and R? 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
254nm. In later work, Jalsovszky and coworkers!®? investigated diastereoisomers of
cyclic sulphilimines, e.g.

RZ
e.g.
R' S—™—N-—S02Tos

containing alkyl group substituents in the nucleus. They used Hypersil columns, eluting
with mixtures of diethyl ether, pentane, methanol, 95% ethanol and 2-octanol and
detecting also at 254 nm. Wainer and colleagues'®* used HPLC to separate several classes
of compound, including sulphinamides, R'SONHR? and sulphilimines, R3MeS=NR*
where R! was p-tolyl or phenyl, R? was methyl or 2-pyridyl, R? was phenyl or butyl and R*
was —COPh or —Tos, respectively. [They also worked with sulphoximines, but these
contain S(VI) and do not qualify for inclusion here.] Their chiral stationary phase was a
cellulose triphenyl carbamate coated onto a macroporous silanized silica gel (ca 20-23%,
by weight). The mobile phase was hexane modified with an alcohol, or an alcohol
+ acetonitrile; detection was again at 254 nm.

5. lon exchange chromatography

De Marco and coworkers! 3 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
colleagues'©® 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!®®, who
separated some organic sulphur-containing compounds, including aromatic sulphinates.
His stationary phase was a monolayer of aminated 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 absorptionin
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the ultraviolet. He was able to separate benzene- and p-toluenesulphinic acids. Ida and
Kuriyama'®® determined cysteic and cysteinesulphinic acids in rat brain on the strongly
basic anion exchanger ISA-07/S 504. They detected by reacting with o-phthalaldehyde 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.

Wojtasiewicz-Obrzut?* used UV measurements to determine thiourea dioxide and
thiourea at 269 and 239 nm, where each has its respective absorption maximum. Mori and
Ueda!!® recorded the infrared spectra of 25 aromatic sulphinamides in chloroform
solution and in potassium bromide discs. They found characteristic bands at 1070cm ™!
(solution) and 1056 cm ™! (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
Kucsman®® 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!!? determined cysteinesulphinic acid by
reaction with a-ketoglutarate in the presence of highly purified glutamic—-oxaloacetic acid
transaminase. This gave sulphite, SO3~, which they determined colorimetrically with the
Schiff reaction using fuchsine (rosaniline).

Lombardini and coworkers!%® 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 II1.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''? 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''* 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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I. 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
spectrometry’-? only about 40 papers—including at least some useful results to be
discussed—could be found.

Il. 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 coworkers®. They investigated the electron-impact-induced mass
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spectrum of methanesulfinic acid (1), 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 * (100%),
SO; " (37%), MeSO ™ (33%), CH,OS"* (10%), OS*" and CS™*". Practically the same main
fragment ions were given by Lorenz and coworkers* for silver methanesulfinate.

Filby and coworkers® prepared butanesulfinic acid (2) but their mass spectrometric data
correspond to its methyl ester [m/z(%): M *" 136(4), C,H,SO* 105(16), CH,SO; * 80(60),
SOOH™ 65(24), C,Hg 57(100)] as can also be seen from their later communication on the
mass spectra of methyl alkanesulfinates®.

Phillips and Deacon’ prepared thallium(I) 2, 3,4, 5-tetrafluorobenzenesulfinate (3) the
electron-impact mass spectrum of which showed the following structurally significant
features: m/z 418 (M*"), 354 (C,HF,T1%), 269 (O,STI1*); rearrangement peaks m/z 558
(C24H,F 1), 540 (Co4HFy), 428 (CygH3F ), 410 (CysHF ), 298 (Cy,H,Fg), 280
(C1,H5F7).

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 SbCl; originate from a thermal decomposition rather than
from a direct electron impact reaction:

[MeS(O)OSbCl,], —> 2MeSO,Cl + 2SbCl,
l | (N
) MeSO;  SbCl;

lil. MASS SPECTRA OF SULFINATES AND SULTINES
A. Sulfinate 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 § 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 1).

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 1).
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
ton m/z 94 could also be found both for 11 (179;) 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,SO7: 9-92%), m/z 65 (HSO;: 11-100%) and m/z 50 (H,SO*: 7-59%). 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 coworkers® postulated that the fragment
m/z 80 is formed via a suifoxyl rearrangement process, which can also account for the
presence of alkoxy peaks (up to 26%) and their complements in all spectra:

SOMe RO +

2
ROSOMe*" —— - _RO* MeSO™ (@)

RS(O)OMe**

da f

a, R =Et; b, Pr; ¢, i-Pr; 4, Bu; e, s-Bu; f, t-Bu; g, MeOC(O)CH,
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R _]+ R 14’
—  » —_— O m/z 97 or 111
S
S=—0 S—=0
m/z 125 or 139
OCHy Me _T._
(3) R=H (6) R=Me
m/z 156 or 170
R
-+
L 0
m/z 107
S0, 0S0 m/z7T7 or 91

CHa m/z 141 or 155

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

l

R 9 T+
R=H
—_
o] H
O=l m/z 94
CHy
(7) 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
isopropy! (2-methyl)ethanesulfinate (15) ion m/z 108, C;HgSO;" (8%) in a process
analogous to the five-center McLafferty rearrangement observed in some sulfinamides (see
Section V.A).

The mass spectrum of ethyl (phenyl)methanesulfinate!? [15: M** 184(2%), 92(10%),
91(100%), HSO; 65 (11%)] 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;, mjz 79'2.

Bell'? has tabulated the main peaks in the mass spectra of methyl 2-methoxy- (16),
methyl 4-methoxy- (17) and methyl 4, 8-dimethoxynaphthalene-1-sulfinates (18). Both
ethyl 2-(benzylthio)ethanesulfinate (19) and ethyl 2-(p-toluenesulfonyl)ethanesulfinate (20)
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gave a [M — OEt]" ion in their chemical ionization spectra'®. The mass spectrum of
MeOS(0)C(Me),C(O)NHTol-p (21) showed peaks at 255 (M ), 176 (loss of MeSQO,), 148
(loss of p-Me-aniline) and 107 (p-Me-aniline)'.

S(0)OMe OMe
OMe
(17)R=H
(18) R=MeO
(16) R S(0)OMe

B. Sultines

Also cyclic sulfones can rearrange to sultines-cyclic sulfinate esters'® 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¢]-2, 1-oxathiole 1-oxide (23). The base peak of the

Ph Ph o]
1t I+
Q1o QoD
—_— 0 3)
Ph Ph
(22) (23)

latter is the parent ion at m/z 356 whereas that of thiete sulfone 22 is ion C,3H /5 at m/z
291", The sultine 23 shows an intense [M — SO]*" peak at m/z 308, which is relatively
weak (10°,) in the spectrum of sulfone 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;80,, MeSO,,
CH,SO,, PhSO, and C,H4SO,.

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-oxathietane 2-oxide
25 (equation 4).

Q o}

Y~

N7 @
/() Y s CLH, + "SO,CHRCH
M 92(79)
SO} 64(29) (24)
CH,SO* 62(100)
SO+ 48(44) V4
CH,S* 46(36) s/o
CH,0" 308) Eé
C,H}" 28(19)

(25)

The major peaks in the mass spectra of o, f-unsaturated y-sultines (26-31)'8 correspond
to their parent ions (15-39°,) and to ions [M — SOJ]** (11-50%),[M — SOH] " (12--40%),
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[M —CHO -SO]* (14-100%), [M —SO,]** {10-33%, 28-30 only) and [M - SO
— CH,0]"" (8-51Y%,). Fragmentation data for 3, 3,4, 4-tetraphenyl-1, 2-oxathiolan-5-one
2-oxide (32) have also been given'®.

R! R?

R! Rr? (26) H Et

__ 27) H Ph
(28) H CH,CH=CH,
PZaN (29) Ph H

(30) Ph Et
31 Ph Ph

Durst and coworkers2® prepared several benz-fused d-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

R1 R3 Rl RZ R3
o (33) H H H
| 34 H Ph H (obviously trans)
XN (35) Me H H (cis and trans)
0 (36) Me Ph Me (trans (?); mp 104°C
w2
o]
\ o
0 0
< ? {
o S o
\\o
(37 (38)

(10-14%), SO, (93-100%) and HSO, (42-100%). Furthermore, peaks corresponding to
ion [M —H,S0,]" 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 116 bution [M — H;S0,]" at m/z 115(21%) instead. Both compounds 35 gave also
peaks at m/z 91 (22-25%). The major fragmentations of sultine 36 were due to loss of
MeSO, MeSO, and C,H4SO,.

0 )
H o/ \o Y
s Ns” (40) —C(Me),C(Me),—
Y N 1) — CH,CH,—
(42) —CH,C(Me),CH,—
Me Me (43) —CH, CH,—
CFs CFy CFy CF4

(39)
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The parent peaks (m/z 198) of compounds 37 and 38 were very strong (75 and 1009,
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, 1-benzoxathiole 1-
oxide (39)*' were m/z 304 (M *°, 100%), 288 ([M — O] ", 1.4%), 256 ([M —SO]*", 2.7%],
240 ([M —S0O,]™", 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 do not resemble those for sulfinate esters.

The mass spectrum of 1,2-benzenedisulfinic anhydride 44 has been given?? and its
[M —S0O,]*" fragment specified (equation 5).

I

[\o — s M—s0" (5)
S
|

/
| m/z.124(64%)
0

S,0, (7)
m/z 188 (34%) 202 (7
m/z 96(100)
(44)

3'-Phenylfluorene-9-spiro-4’, ', 5, 2’-oxathiazole 5'-oxide (45) showed no molecular ion
but strong peaks corresponding to ions m/z 267 [M — SO,]**,190[M — Ph — SO,]" and
164 [M — Ph — CN — S,]*" were found?®,

Ph

N —
s \/0 7 S\S
(48) (46)

The electron-impact mass spectrum?* of 2,4,r-6-tri-t-butyl-7, 8-dithia-9-aza-
bicyclo[4.3.0]nona-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,01", 100%) and
250 ([M — C,HoS]*, 25%).

IV. MASS SPECTRA OF THIOSULFINATES

The first paper on the mass spectra of thiosulfinates (47-50) was published by Oae and
coworkers2®, 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 conditions2®, 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-0]" 89 42 66 12
[M—SO01*" 7 3 3 2
[M-5§,0]" 5 5 8 4
XC,H,S0" } 3 14 g 10
YC H,SO* 14 s 6
XC,H,S" Il 100 ) 23
YC.H,S* g 100 34 g 100 100
(®) [ W
1.6 _
©r
X 0.7

© }
Y

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

X Y

47 H H
p—XC,H,S(O)—SCH,Y—p (48) H Me
(49) Me Me
(50) H OMe

Compound 51 showed ions at m/z 240(M ", 152 ([M — C,H,S] 7). 103, 102, 77, 54 and
41(100°,) while 52 had ions at m/= 222 (M **), 166 ([M — C,Hs] "), 134 ([M — C,HgST*).
89, 57 (100%,) and 41%°". In the mass spectrum of i-PrS(O)SMe (53) the basc peak
corresponds to [M — C;H,]* " ion. MeSSOH **. Mass spectra of EtS(O)SMe, EtS(O)SEt,
t-BuS(O)SMe and t-BuS(O)SBu-t also indicated the occurrence of a similar fragmentation

26b
process®®®.
+-
Ph R

AN / (81) R=H
‘=N (82) R=CO,CH3
#-BuSS(0) H

Block and O’Connor?®® determined the S—S bond energy in MeS(O)SMe by
appearance potential methods to be 192kJ mol ', compared to a corresponding value of
ca319kJmol !'in MeSSMe. They also solved completely the mass spectral fragmentation
pathways of EtS(O)SEt (54, equation 6). A unique feature was the formation of the
fragment H,S,0, 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, (ii) 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 (iii) variation of the RSSOH/R'SOH ratio with
thiosulfinate structure. Thus for the thiosulfinates RS(O)R’ (R, R’ =i-Pr, Me; Et, Me; Et,
CD;; Et, Et; Et, CD,Me: Et, CH,CD,) the respective intensity ratios were 25, 1,3,2. 5, and
0.7.
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Etssot EtSSOHY ———» Hp5,0t —» s}
m/z109(4%) m/z 10 (15%) m/z 82(29%) m/264(18%)
Etpst Ets(0)SEtY ——» Etsot
m /2 90(2%) (84), m/ 2 138(15%) miz TT7(5%) )

MeCH=s+'
m/z 60(9%)

CHp==SOH' «—— Etson” —» Ets*

m/z 63(6%) m/z78(8%) m/z 61(61%)

Block and O’Connor?®° also compared the mass spectra of 54 and MeS(O)SEt {55) with
each other. Since the spectra were not identical, the oxygen crossover process proposed by
Oae and coworkers?® to occur during fragmentation of dialkylthiosulfinates was not
operative. Freeman and Angletakis?’ 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
each other. Also the spectra?” of t-BuCH,S(O)SCH ,Bu-¢ (58), PhCH,S(O)SCH, Ph (59),
PhCH,S(O)SPh (60) and PhS(O)SPh (61) can be explained in accordance with the
fragmentations shown in equations 6 and 7.

CeHe PhsoH*” CeHe CeHsSt
m/z 78(41%) m/z126(55%) m/z7T(45%)  m/z 109(9%)
PhSCHpBu-# *—— PhS(0)SCHBu-f — & PhsOt —» Q st
m/2180(62%) (87), m/z 228(2%) m/z125(53%)

m/z 97 (24%)

|

CqHy «———  1-BuCCH=—SH' ————+ C4Hy,
m/ 257 (100%) m/ 2103 (32%) m/z T1(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 100eV [m/z (%)]

fon 56 57 58 59 60 61
[MH]* 229(100)  229(100)  223(100)  263(18)  24%(100)  235(100)
PhCH,S(Ph)C(CH,)} — — — — 257(20) —
PhCH,S(Ph)C(CH;); — — — — 243(8) —
PhCh,S(Ph)C(CH )" — — — — 229(9) —
PhCH,SPh* — - — — 200(6) —
(CH,),S(OH)Ph* — — — - — 183(9)
PhS(H)C(CH,)? — — — — — 167(17)
PhCH,SOH; — — — 141(43)  141(45) —
PhCH,SOH ** — — — 14009)  140(13) —
(CH,),CCH,S(O)OH; — — — — 137(8) —
PhSOH; — 127(13) — — — 127(78)
PhSOH** — 126(9) — — — 126(44)
PhSO* — — — — — 125(19)
PhCH=SH; — — — 124(11) — —
PhCH=SH" — — — 123(100)  123(19) —
PhCHS*" — — — 122(9) — —
(CH,),CCH,SOH; 121(9) — 121(19) — — —
PhSH} — — — 11120)  111(29) —
PhSH*" — — — — 110(9)  110(17)
PhCH,0O* — — — 107(15)  107(51) —
(CH,),CCH=SH"* — 103(11)  103(16) — — —
PhCH;" — — — 92(7) — —
PhCH; — — — 91(36)  91(40) —
C,H;, 71(8) — 71(22) — 71(9) —

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

Ion m/z (%)

[M-0]" 21403)

[M 507" 182(2)

.. [M—SO—CO]* ()  1384)
}2‘;?‘1;?‘%’&?5?“ PhCH,S* 123(19)
g o PhCO* (7)) 105(47)
PhMe™*" 92(50)

PhCH; 91(100)

Ph* 77(63)

V. MASS SPECTRA OF SULFINAMIDES AND RELATED COMPOUNDS

A. Sulfinamides

Ueda and coworkers?® 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+H]*, [M—-SO,]*", RS*, NHR'',
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TABLE 4. Electron-impact mass spectra of sulfinamides 63a, 63b
and 65d [m/z (rel. abund., %)]

Ton 63a 63b 65d
M*: 149(15) 175(92) 237(25)
[M -OH]* 132(13) 158(2) 220(11)
[M-R]* 120(19) 146(97) 146(18)
[M-R+H]* 121(8) 147(10) 147(3)
[RSO1" 77(3) 77(2) 139(100)
[RSO + H]*" 78(3) 78(2) 140(50)
[NHR']* 72(3) 98(11) 98(51)
[NHR' + H]*" — 99(2) 99(5)
R* 29(12) 29(4) 91(7)
[R+H]* 30(16) 30(2) 92(22)
[R]* 57(100) 83(100) 83(9)
[M-SO1*" — — 189(93)
[RS]* — — 123(4)

[NHR'+H1*", RSO*, [RSO+H]*, R* and [M —OH]" and that the thermal
decomposition products gave the following ions: [RSO,SR]*", [RSSR]*", [M - 0O]"",
[M + O] and [RSOC,H,NH,]"".

RS(O)NHR’

(63): R =Et, a R"=Bu; b cyclohexyl; ¢ Ph

(64 R=Ph,a R"=H; b Pr; ¢ Ph; d p-Tol; e p-An;
f p-CIC,H,; g p-MeCOC¢H,

(65): R =p-Tol, a R'=H; b Pr; ¢ Bu; d cyclohexyl; e Ph;
f p-Tol; g p-An; h p-CIC H,: i p-EtCO,C H,;
i1 p-MeCOC(H,

(66): R = p-An, a R"=p-Tol; b p-An; ¢ p-CIC;H,

(67): R=p-CIC,H,, a R"=Ph; b p-Tol; ¢ p-An
d p-CIC,H,; e p-EtCO,CcH,; f p-MeCOCH,

Three sulfinamides?® 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 of compounds 63 -67,
which all underwent the thermal decomposition, are listed in Table S. In this table,
[M + O]*" means the ion [RSO,NHR']** and [M — O]*" the ion [RSNHR’]*". The
1ons of the group B can be considered to be formed from artefacts2®.

It can be concluded that (i) [M — R] " ions are observed, particularly for alkylsulfinyl-
amides, (i) the [M — SO]** and [RS]* ions are observed only for arylsulfinylamides, (1ii)
the [NHR’]* and [NHR' + H]*" 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! R? R?
(68) Me Et Et
2 (69) i-Pr Me Bu
a0 pPh cyclohexyl H
R'S(OIN (71 Me Ph H
N\gg (1) CH,CH, —CH,CH,0CH,CH,-
(713)  Et —(CH,)s;—
(74  Me —CH,CH,N(SOCH ;)CH,CH, - -
er 1" Et H
~Me* +/ —CaHa +
MeS(O)N —» Q=—=S—N — O=—=S—N
* AN * AN
Et Et Et
m/z135 m/z 120 m/z 92
(&8 l—cuz=s=o l—c,u. ()
CH
e R
HN\ O=—=S=—NH3
£t

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 McLaflerty rearrangement (equation 9)leading

P AN
CH>2CH—!—N<Me CHaT=CheR, 15]-—-N<Me Rl
Me Bu Bu
(69)

to ion m/z 135, a mechanism operative in alkylsulfinylphthalimides containing hydrogen
atoms f to the sulfur atom?°.

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 (60%) 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=S8=
N(CH,CH,),0"" 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 11). Like 69 also 73
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» PhSO* m/z 125

» PhSOH'm/z 126
+
. ‘. L
[M-so]* «— NH—S(0)—Ph —» ——* CaH7

m/z55
m/z 223 (70) m/z 83
(10)
NH CH
— 2 +
K_—_NHZ
m/z 98 m/z56
H It +
CH/ S(0)—N B, o=s=n
— —_— == —l
{ / % (1 l)
CH,
73 m/z132 m/269
l-cz“t
*
"
HOS==N ) CaHq
m/z a1
m/z133
underwent a McLafferty-type rearrangement giving an ion at m/z 133 (equation 1 1). The

spectrum of 74 was quite complex'? due to the presence of two sulfinamide functions each
of which may undergo fragmentation. Major fragments resuited 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 coworkers?® and Harpp
and Back!2. The [M — O] " 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 — O]*ion!3, Other typical fragments for 75-82 were most

M) H H
7 H
MM Me H
(78 MeO H
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R' R2 R®* R* R% RS

RS (OIN(R"), (799 H MeO H H H H

RS R2 8) H H MeO H H H
81) H MeO H H MeO H

8 H H MeO MeO H H

. 83 H MeO H H MeO H
R 8 H H MeO H H MeO
R3 85) Et MeO H H H H

(86 Ft H MeO H H H

probably ions corresponding to loss of HS’, SO and NHSO", although Bell!? 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 reactions'?:!3:29732:

Gupta and Pizey’' prepared 2-methyl-3-oxobutane-2-sulfinamide and 2-methyl-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 H,SO** (m/z 139 and 153), m-
XCH; (m/z 77 and 91), MeC(O)CH(Me); (m/z 86), MeC(O)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)C4F s was typical for molecules with the Me,SiO group.
Therefore Rinne and Blaschette®? suggested that this compound—at least in mass
spectrometric conditions—has an imidoester structure, C¢F ;S(SiOMe,)—NSiMe,.

B. Sulfinylphthalimides

[¢]
(87) (a) R = Me; (b) Et; (¢) i-Pr; (d) Buy;
RS(OIN (e) t-Bu; () Ph; (g) p-Tol;
(h) C¢H,CH,; (i) CH,0,CCHy,; (j) i-PrS;
(¢}

Harpp and Back®® 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 f 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-XCcH,SO (X = H or Me). Loss of SO occurred
directly from compounds 871, g and i, as usual for many sulfinamides'?2°. Formation of
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TABLE 6. Mass spectra of sulfinyl phthalimides (87)

Compound
Ion a b c d e f g h i j
M* 29 6 <1 <1 <1 14 14 3 2 10
m/z 147 16 15 10 88 9 100 100 90 80 100
m/z 130 20 100 100 92 33 26 3 <1 38 5
m/z 104 18 29 13 100 15 58 57 55 100 78
m/z 16 27 41 18 88 27 60 52 58 96 68
R* 6 19 23 50 100 42 34 100 — —
m/z 194 36 — — — — 8 <1 8 — 37
m/z 195 — 19 66 42 27 — — — 10 —
Q W+. R j-f--
HN pr—
I+

(0] HO

[M—rsO + H]*

m/z147 m/z 76

| d

oc *oc
\©
NC
m/z130 m/z104
Q o+ —» Rr"
RS(0)—N — 0
+
——» QO=—=S—=N

0
m/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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O, + HO
Q=—=8§=—=xN pme— s__/N./7
+
d &
m/z195
*l—so,H (14)
NC
*oc: :
m/z 130
. o + [0)
A il
/~ N\ |
CH»z —N —CHy ==CHCH; ——» /S-——N (15)
N
CH—S s
: o]
CHy 87)
m/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!533-36,

The mass spectra of 1, 2-thiazetidin-3-one 1-oxides 88a—c¢ exhibited, in additionto M **,
peaks corresponding to ions [M —SO]"" and isocyanates, RNCO** 5. Jiger and

o]
N\
\S——NR
(88) (a) R =p-Tol; (b) p-An;
Me (c) cyclohexyl
Me
CF3 CF3

o=s><c:o (89) (a) R =Me; (b) cyclohexyl; (c) Ph;
AN (d) C¢F; (e} CF,
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coworkers®? 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 do reflect the influence of their thermolytic reactions?>.

Hanson and Stone* prepared compounds 90a—c and 91a,b and gave their electron-
impact fragmentation patterns as m/z (%). Without any high-resolution and metastable

(90) (a) R = Me; (b) MeSCH; (¢) EtOCO

(91) (a) R =H; (b) Me

I
0

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).

It
p-EtOCgH,—N
a mjz 380(28%))
O m/z 367(24%)
\? m/z 201(20%) (16)

m/z 150(16%)

N
O m/z 118(28%)

(92) m/z 396 (100%)

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 1-oxide 93 (both diastereomers) showed the following
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peaks: m/z 322M*°, 287 [M -CI]*, 274 [M—-SO]"", 239 [M-Cl—-SO]"", 203
[M —Cl-SO —-HCI]*, 108 C,H,,N* (100%), 69 CF;, and 36 HCl*" 3¢.

D. Sulfinyl Diamines

Neidlein and Walser®” used 100eV mass spectra to characterize sulfinyl diamines
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.

Rl RZ
94) i-Pr i-Pr
R! Rr! 95) —(CH,),—
AN / (96) Ph Me
AN (97)  C HsCH, Ne
R? R? (98) C,H,CH, C,H,CH,

99) —(CH,);—NMe—(CH,),—

E. 2-Oxo-1, 2, 3-oxathiazolidines
Nishiyama and coworkers*#2~° investigated the electron-impact mass spectra of several
3-aryl-2-oxo0-1, 2, 3-oxathiazolidines (100-103). The major fragment ions from com-

X R

(100) H H

Ve (101) p-Me H
/@—N\S O (102) R = Me: (a) X =H, (b) 0-Me (1),
X
I

(c) m-Me (), (d) p-Me (¢),
(e) o-Cl (¢ and ¢t), (f) m-Cl (1),
g) p-Cl (1)

(103) R = CH,Cl: (a) X = H (), (b) m-Me (1),
(¢) 0-Cl (¢), (d) p-Cl (), (e) 0-Me
(c), () m-Me (c), (g) m-Cl (1),
(h) 2,4,6-Cl, (1)

pounds 100-102 corresponded to loss of SO,, HSO,, RCHSO,, RCH,SO,, RC,H,S0,
and to formation of the aryl ions. The configurational isomers gave very similar spectra.
Comparison of the spectra of compounds 100 and 101 with those of 102 supports one-step

TABLE 7. Fragment peak compositions for compounds 94-99

Compound m/z (composition, %)
94 248(M **, 6); 148(C¢H, NSO, 93); 106(C,HzNSO, 100)
95 188(M*", 10}; 172(C4H, (NS, 30); 118(C HzNSO, 100); 102(C,H,NS, 51)
9% 260(M 7, 6); 154(C,HgNSO, 95); 138(C,H,NS, 2); 106(C,HgN, 100)
97 288(M *°, 4); 272(C, H, N, 0, 95); 188(?, 18); 168(CgH, NSO, 100);
152(C4H (NS, 4);, 120(CxH, oN, 95); 105(C,H,N, 16); 91(C,H,, 99)
98 440(M ™", 3); 424(C,4H 4N, 8, 59); 244(C, ,H, N, S0, 95); 196(C, ,H, N, 100)

%9 246(M **, 21), 231(CoH | ,N,SO, 1); 147(C,H,,N,SO, 100); 131(C H,;N,S, 40)
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formation of the above ions rather than successive losses ofe.g. SO, and C,H,, as stated by
Nishiyama and his group®®*®. As usual 102e with o-chloro substitution gave a much
stronger [M — SO, — CI]* peak than the corresponding m- and p-derivatives (102f and
102g, respectively).

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

H H
Ph. Ph Ph - Ph -H
} \ R""' \ ~R2 R % -r2
0. N o) N 0 N
\ls/ \Me \Xs‘/ \H/
¢}
(104)
R! R? R! R?

(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 53%,, 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, 1-benzoxathiazine 2-Oxides

Some electron-impact-induced fragmentation data can be found for four 2-oxides of
octahydro-3, 2, 1-benzoxathiazines, namely for 108-111*°. In this paper m/z 8! 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 m/z 122 but m/z 132 instead.

TABLE 8. Postulated fragment peak compositions for compounds

108-111
Compound (%)

Ion m/z 108 109 110 111
M 265 6 4 6 5
[M—S0,]* 201 10 16 11 16
C,H,,807 146 1 - IV
C,H,SO; 133 54 67 — 80
C,H;SO; 132 14 — 82 —

9 110 31 2 12 16
C,H} 91 100 100 100 100
CH! 65 17 17 18 13
C,H?}
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/™

Ph }\l o
048\0 N\l/o
»
(108) V-out (109) N-in

=
N > c{/ > s=—o0

Ph

(110} (111

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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I. 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 '3C NMR the
nuclei 23S, 170, >N and '°F 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 11.A and
11.B); the dynamic features and consequences of chiral sulphur are covered in Section I1.C,
and, as a link with ESR spectra, CIDNP is reviewed in Section 11.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 of atoms or groups within a sulphinic acid or one of its derivatives the
termsa, f,7,6 and o', B/, ¥, 8’ 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 o', §’ etc.

(X=0, S, NR)

There do 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 g-values, and coupling constants a(H), a(Cl) 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.

l. THE NMR SPECTRA OF SULPHINIC ACIDS AND DERIVATIVES

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

1. Introduction

Sulphinyl groups —SOX (X = OH, OR, SR, NR,, ClI 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 Om o, Reference a on Reference
SON(CH,;), 0.3 0.03 1
SOCl 0.68 0.14 1
SOOCH; 0.50 0.54 1,3 0.45 0.09 1
0.66 2
SOCH, 0.21 0.17 1,3 0.25 —0.08 1
SO,0CH, 0.71 0.9 4,2,3 0.50 5
COOCH; 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 !'3C
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 o, 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 CDCl; at 25°C
consists of two singlets: one at 4 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'!?

O
MeSOOH =MeSH (n
O

Carbon-13 chemical shifts for a selection of sulphinic acids are available'!3. The
data obtained by Freeman'? are shown in Table 2. Freeman also tabulated the a, .y, J-
carbon additivity parameters!* !5 relative to the corresponding thiols. It is clear that the
sulphinic acid group does substantially deshield the a-carbon nuclei as expected. The
a-effect is, however, not constant, decreasing with increasing methyl substitution at C-a
(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 at the a-substituted carbon
nuclei was not fully understood!3.

It was suggested!? that the shielding or deshielding effects of the sulphinyl group may
be rationalized by partition of the group into an S=0O component and a S—O- - (or
S—X) component. For example, the a-carbon nuclei in sulphinic acids are deshielded by
about 30 ppm relative to the corresponding thiols, which is appropriate for an
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TABLE 2. '3*CNMR chemical shifts* and substituent constants® for some sulphinic acids,
RSOOH!3

C-a C-p C-y C-6
R éc” a? d¢ B d¢ y° 6 O
CH, 4430 464
CH,CH, 5126  45.36 5.41 -0.49
CH,CH,CH, 59.65 4405 1326 —384 1532 -028
CH,CH,CH,CH, 5753 443 2356 —14 218  —31 1371 05
(CH,;),CH 5523 39.t 13.79  —1.81
(CH,),;C 56.59 323 21.35 —38
(CH;),CCH, 72.02 44.1 3095 -0.5 279 1.9
C¢H,CH, 6446 432

“13C chemical shift ppm in CDCl, with TMS standard. Measured at 62.89 MHz except for R =(CH,);CCH, and
CsH,CH, which were measured at 22.63 MHz.
2Chemical shift differences from the same carbon of the corresponding alkane'*.

approximately 20 ppm deshielding on oxidation of R,S to R,SO"'® plus an approximately
+ 10ppm shift for a f-OH group (modelled by the corresponding alcohol shifts!?).
Freeman’s!'® 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
—8.63to —0.68 ppm at C-a** which is the opposite to that expected from electronegativ-
ities and substituent constants. This shielding was attributed to a steric compression shift
resultain% from bond angle widening in the sulphonic acid relative to the sulphinic
acid!3-18,

The B-carbon nuclei in sulphinic acids are slightly shielded relative to those in alkanes'?
(Table 2) but not as strongly as in sulphones or sulphoxides!®-2°. There have been many
attempts to explain such f-carbon shieldings, but none are completely satisfactory for
sulphinic acids and derivatives'?-'?:2°,

3. Sulphinate esters, anhydrides and thioesters

The 'H NMR spectra of sulphinate esters?!”2® and the 'H and '3C NMR
spectra of anhydrides®*?® and particularly thiosulphinate esters®*4-26732 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 o' 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 § 2.59 and
3.99 ppm?! whereas the corresponding protons in ethyl ethanoate have chemical shifts
of 62.35 and 4.15ppm''?. 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.
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TABLE 3. '"H NMR chemical shift of the methylene protons in some
sulphinates?! RCH,SOOCH,R!

é/ppm —CH,SO  é/ppm —OCH,

R® R’ (*J/Hz) (*J/Hz)
H CH, 2.48 3.98 (7.20)
H CH,CH, 2.59 3.93 (7.20)
H (CH,),CH 2.50 3.71 (6.65)
H (CH,),CHCH, 2.51 3.97 (6.60)
CH, H 2.64 (1.5) 3.69

CH, CH, 2.59 (7.20) 3.99 (7.20)
CH, CH,CH, 2.63 (1.50) 3.91 (6.50)

260 MHz spectra, 10°, w/w in CCl,, 35°C.

Conformational effects are important in determining shielding parameters®? as a
consequence of the anisotropy of the SO bond”8. It is well-established that in
six-membered rings containing the S==O moiety the oxygen atom is preferentially
axial3373%; particularly when heteroatoms are adjacent to the SO group®®-3”. Protons
in a syn-axial relationship with an axial S—O group experience significant deshielding
which can be used in conformational and configurational analysis’*~37. 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 $=O bond’->#:3® or a carbonyl-like
anisotropy of the S—=O bond?’. 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-oxide*”. The
multiplets assigned to H,, H, and H; are indicated on the spectrum and were assigned
by double resonance and analysis of coupling constants3”. 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

H3
NH4
HZ O\s
H, Il
4 °
. 1
Hl HZ H3
4.0 30 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 calculation®” using the McConnell point dipole approximation?3®
predicted that H, 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 deshiclding was said to be more
appropriate to a carbonyl-like anisotropy of the S=O bond?*’**°. The marked
preference for axial S=O is analogous to the anomeric effect in carbohydrates*! and
has been rationalized*?2 in terms of the gauche effect*?, although stereoelectronic effects,
as described by Deslongchamps*?, can also be succesfully applied. The stereoelectronic
argument is that preferred conformations have lone pairs in an anti-relationship to polar
bonds.

There do not appear to have been any reports of '*C NMR chemical shifts for
sulphinic esters. Freeman®® reported '3C NMR shifts of 21.41 and 60.18 ppm for one
pair of stereoisomers (tentatively assigned as R,R and §,S) of the anhydride
(CH,);CS(O)OS(O)C(CH ;)4 and 621.59 and 60.70 ppm 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 « and «’ methylene groups the protons are
diastereotopic as the sulphinate sulphur atom is chiral. This is discussed in detail in
Section I1.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 ppm?%)
than those in the thiosulphinates 3. The f-protons in 2 and 3 have very similar chemical
shifts and are both deshielded relative to 1 by 0.4-0.5 ppm?8-*!. Oae and coworkers?®
rationalized the strong o’ deshielding in 2 by proposing a polarization of the ' C—H
bond through interactions of the type shown in 4. A similar effect, but somewhat
attenuated, can be envisaged for the f-proton as shown in 5.

7 B @ a B y
—CH,—-CH,—CH,—S—S—CH,—CH,—CH,—
(1
Y B « O o B Y

I
-~CH,—-CH,—CH,-S—S—CH,—CH,—CH,
2
Y B a ? o B Y
—CH,—CH,CH,—S-—S—CH,—CH,—CH,

I
O

A3)
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Freeman?®' 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 o’-protons of 7 and
those of 9 is about 0.14 ppm whereas the related protons in 6 and 8 have the same
chemical shift.

Complementary phenomena to the anomalous «'- and f-proton chemical shifts are
found in the '3C NMR spectra of thiosulphinates. Table 6 gives *3C 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 a’-carbon nuclet of thiosulphinates are generally
shielded by 6-8 ppm relative to the disulphide (and by about 4 ppm relative to the
thiosulphonates). The f-carbon nuclei are also generally shielded by about 6 ppm.

It is generally agreed®3!-32 that the a-carbon deshielding has a similar origin to the
a-proton deshielding, in inductive effects and the -effect of the sulphinyl oxygen**.

The strong shielding effect on the «’-carbon in the thiosulphinates has been ascribed®-3!
to some or all of the following: hyperconjugation, sulphur lone-pair donation into the C—
S ¢* orbital or hydrogen bonding effects as illustrated by 428, Conformational effects are
also important in determining the magnitude of the «’-carbon shielding32. It has been
observed? that as the steric bulk of R and R’ increases, so the magnitude of the «’ 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-o is increased.
Shielding is thereby reduced.

Similar arguments can be made for the shielding effects on C-f. The syn-axial effect is
also observed in cyclic thiosulphinates®?®. The papers by Evans® and Freeman3!-32
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 thiosulphonates>!

Compound 3'H/ppm &H 2
C H,S(O)CH,CH,CH, (6) 1.66
C,HSOSEH,CH, (1) 3.13, 3.16°
C,H,SO,CH,CH,CH, (8) 1.66
C,H,SO,SCH,CH;,  (9) 30

“Diastereotopic protons.
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The chemical shifts of the methyl groups in CH;SON(CH), are about §2.5 ppm for the
CH;—SO0 protons and about §2.68 ppm for the NCH, protons*®. For CH,CON(CH),
the 'H chemical shifts are §2.10 ppm for the CH;CO protons and the mean value of the
two NCH singlets is at 3.0 ppm!!®. So, as with the sulphinates, the a-protans are more
shielded than in the carbon analogue, but the &’ protons are less shielded. In RSONHR?
compounds coupling between the NH proton and the H-a' protons was observed*?, as is
often the case with amides’'®,

In compounds RSONR'R?, where R’ = R”, the protons in R! and R? are isochronous
at ambient temperature*®~*° owing to rapid exchange of environment between R' and
R2. 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 sulphinamides>®3!,

Moriand Ueda®! examined the 'H NMR spectra of some para-substituted derivatives
of PASONHPh. 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 coworkers®® measured the 'H NMR spectra of compounds of the general
formula shown in 10.

0 H

XCgHgq SN==C

HO
(10)

The Hammett constant, p, was measured by plotting the value of the hydroxyl proton
chemical shift against the g-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 sulphinamides®®. The results are
compatible with those of Mori and Ueda®'

A limited amount of '*C NMR shift data are available for sulphinamides? *¢
(Table 9). In aromatic sulphinamides C;H,SONR, the aromatic C-1 is about 9 ppm

TABLE 9. !3C NMR chemical shifts of some sulphinamides, RSONR'R"

R R’ R” H-x H-w  Ha' Ref.
CH, H H 489° — — 52
CH, CH, H 400° 258 ¢ 52
CH, CH, CH, 39.0° 36.1 53
CH, CH, CH, d 36.7 54

“Acetone solvent.

*Neat liquid.

‘Both methyl carbons isochronous at ambient temperature.

“Neat liquid; aromatic ring resonances, C-1, 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 sulphinamides®?

Aliphatic Aromatic Aliphatic
Compound Solvent S—CH, C-2,6 C-3,5 C4 N—CH,
CH,SONH, Acetone 139.1
CH;SONHCH, Neat 137.3 137.3
Acetone 137.3 1373
CH,;SON(CH,), Neat 1371 1372
Acetone 137.1 137.2
CeH SON(CH,), Neat 1642 1625 161.0

more deshielded than in the equivalent sulphonamide®2-34 and is said to be largely an
inductive deshielding*. 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 sulphonamides®4. 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 sulphonamides®2. The !3C NMR
spectra of sulphinamides differ sufficiently from sulphonamides and sulphenamides to
allow identification, but are not sufficiently well defined for complete structure
determinations$2734,

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*>*° but no systematic study.

In CDCl; the methylene protons in CH,CH,SOCI are isochronous and appear at
43.30 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 §2.6 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 11. '3C NMR chemical shifts and substituent constants for some sulphinyl chlorides!?
(RSOCH)

C-a C-p C-y C-6
R é¢° b O /i d¢ a éc¢ ob
CH, 52.42 54.5
CH,CH, 58.44 52.5 5.72 -0.2
CH,4(CH,),CH, 64.35 51.2¢ 24.26 —0.2 21.68 -33 13.65 04
(CH,),CH 6217 461 1446  —1.1
(CH,),C 6441 401 2247  —27
(CH,),CCH, 79.24 513 32.73 1.2 29.55 1.6
C¢H,CH, 7112 4938

13C chemical shift/ppm in CDCl, with TMS standard. Measured at 62.89 MHz, except for R = (CH,),CCH, and
CH,;CH, which were measured at 22.63 MHz.

*Chemical shift differences from the same carbon of the corresponding alkane'®.

“Reported as 57.9 in Reference 13; recalculated from the original data to be 51.2 ppm.
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Some systematic data are available for the '*C NMR parameters of sulphinyl
chlorides!?. 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. Multinuclear 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 *3S is present in 0.76%, natural abundance and
has spin 3 , and a receptivity of 0.097 relative to '*C. Some hundred or so 33S chemical
shifts have been reported®® but the only compound related to sulphinic acids is SOCI,,
which has a 33S chemical shift®! of 210 ppm relative to SO2 ~. In general, the linewidths
of sulphinic acid derivatives are too broad for measurement, owing to the unsymmetrical
electron distribution around sulphur. The large 23S NMR linewidths of RSOX
compounds compared with the narrow 33S NMR linewidths in RSO, X have been used
diagnostically®? to distinguish between the two possible structures 11 and 12.

o)
p-TolSCOOCH, p-Tolg—O—COOCHS
g)
(1) (12)

The **S NMR spectrum gave a signal of linewidth 283 Hz which could not correspond
to 1282, The chemical shift 6314 ppm, relative to carbon disulphide ( — 20.2 w.r.t. SO2 "),
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 70 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 3 . The usual standard for '?O NMR is H,O, and here all shifts
are referenced to water, usually as an external standard. The available 'O shifts are
given in Table 12. Sulphinyl oxygen atoms are considerably shielded relative to
sulphonyl oxygen atoms (§150-170 ppm)32. The '’O chemical shifts of sulphinamides

TABLE 12. 'O NMR chemical shifts of some sulphinic acid

derivatives
Compound 6'’0O/ppm®  Solvent Ref.
CH;SON(CH,), 79 neat 54
78.5 acetone 52
CH,SONHCH, 922 acetone 52
C¢H,SON(CH), 65 neat 52
CH,SOSCH, 73 63
CH,CH,SOSCH,CH, 64 63
(CH;),CHSOSCH(CH,), 57 63

“Relative to external H,O.
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TABLE 13. '*Nchemical shifts of some sulphinamides

Compound & '*N/ppm” Solvent Ref.
CH,SON(CH}), —3089 neat 54
—309.2 acetone 54
CcHSON(CH,), —305.1 neat 54
CH,SONH, —285.4 acetone 52
CH,SONHCH, —302.7 neat 52
—-3034 -acetone 52
CISON(CH,), —261 neat 65
CISON(CH,CH3), _2354 neat 65
CISON(CH(CH,),), -216.0 neat 65
b
CISON(CHCH (C,H ,)), «}— %:gg neat 65

“Relative to external CH;NO,, negative values to low frequency.
*Two diastereomers present.

(65-79 ppm) are greater than those of the corresponding sulphoxides (2—13 ppm)®*.
There are too few ! 7O shifts available to comment on any other trends or special effects
associated with sulphinic acid derivatives.

The '*N chemical shifts for some sulphinamides have been measured®? 4% 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 CH;SO,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; series®®, but for the S—CI series the order sulphina-
mide > sulphonamide > sulphenamide is observed®®. It may be that pn—d= interactions
are stronger in CISON(CH ), than in the corresponding sulphonamide, with the effect
being enhanced by the a-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 explanation®®. It is difficult to rationalize the differences in **N
chemical shifts for the compounds with different oxidation states of sulphur and between
the two series. More work is required in this area.

The '*N shifts in the CH,;SONH,(CH,),_, series show an increased shielding of
17 ppm on going from n=2to n=1 and a further 6 ppm shielding forn=1to 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 & '3N/ppm Ref. Compound 5 '>N/ppm Ref.
CISO,N(CH,), _m 65 CH,SO,N(CH,), ~300.7 54
CISON(CH,), —261 65 CH,SON(CH,), —308 54
CISN(CH,), ~304 65 CH,SN(CH,), — 3550 54

“Extrapolated; CH,SN(CH,CH ), has § ' *N, — 335 ppm and substitution of each methyl group on the a-carbon is
generally deshielding by about 10 ppm®®.
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TABLE 15. Differences Aé SN between the chemical shifts of some sulphur amides and the
corresponding secondary amines®®

(CHy),NX (C,H4),NX (i-C3H;),NX
X A8 'SN/ppm 1l Ad 'SN/ppm By AS V’N/ppm
SCl 65.3 (14.8) 59.0 (12.5) 56.8
SOCl 108.4 (12.9) 98.3 9.7 90.5
SO,Cl 96.1 (10.1) 80.5 6.7) 66.5

“# and B correspond respectively to the effect on & '*N of the first and second substitution on the a-carbon to
nitrogen.

variations in '*N chemical shift from those of the parent secondary amines%-¢7,
HN(CH,), etc., are shown in Table 15.

The relative values of B and B’ (the effect on 6'°N of increasing substitution at the
a-carbon) are claimed®® to reflect the degree of planarity at the nitrogen atom. Small
values of B and B’ are said to indicate sp> nitrogen. Hence the order of sp? character is
suggested to be sulphonamides > sulphinamides > sulphenamides. So sulphinamides are
not planar at nitrogen according to this analysis®® but are somewhat flattened relative to a
purely sp® hybridized nitrogen atom. Some corroboration of this view may be found in the
observation that the 'J(NH) coupling constant in sulphinamides is about 80 Hz*2. The
tJ(NH) coupling in amides, where N is planar, is about 90-100 Hz and that in alkylamines
is about 65 Hz®®.

The '°F NMR spectra of a few fluorosulphinates FSOOR have been reported® 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 Sulphinic 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

L X=0,%
. /\ Y=0H,0R,CI,NR,SR
Y

(13)

The effect of a chiral centre on the NMR spectra of neighbouring groups within 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 cannot 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.

X B
I |X| A\E A=B=H,CH etc.
R’ ’ R _ : R'#£A,8B
N s\ - s S\ /C\ . ‘ ’
/c\\ ‘ Y R l Y R R,R'=H,CHs,alkyl, oryl
A B
(14) (15)
CHy CHj CHs
X YR X YR
Hb HO Hb Ho Hb HG
YR - X
(16) an) (18)

Regardless of the conformational preference, if any, for 16, 17 or 18, H, 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 H, 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 H, 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
configuration 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-

0

0 0] 0
..h_\.! ”/‘N R- “~g ':'X | I ,/X I | ',W

X QW ----S ;AW Lans K
v \!// 4 \T/ vz \TA R"/S\T,X

Z 4 pA Z
(19) (20) (21 (22)
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change one compound with another. The molar ratio of 19 and 20 to 21 and 22 is not
necessarily, or even usually, 1:1. 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 I1.A.2). .

As early as 1961 Waugh and Cotton’? and Kaplan and Roberts’? 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 2J(HH) is 10.0 Hz. This geminal coupling constant is similar to that in FSO
OCH,CH; which is reported to be 9.8 Hz"® although the chemical shift non-equivalence is
very small, 0.09 ppm. Other studies have also noted such geminal non-equivalence?'%.
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 (61.15 ppm) while having almost no effect on the other methyl group
(6 .33 ppm).

Surprisingly, esters of 2-propanesulphinic acid show little or no intrinsic non-
equivalence in the 'H NMR in most cases’’. The isopropyl methyl groups in
(CH,),CHSOOCH; show no difference in chemical shift in 109, CCl,. In benzene
solution the isopropy! methyl groups in (CH;),CHSOOCH; do show some difference
(0.05 ppm) attributed to a specific interaction with the phenyl ring?'. 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 NMR 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 6CH,/ppm* Ad/ppm SCH/ppm
CH, 1.28, 1.32 0.04 442
CH,CH, 1.25, 1.31 0.06 442
CH,CH,CH, 1.27, 1.33 0.06 4.39
Cl 1.47, 1.52 0.05 5.46
CoHs 1.15, 1.33 0.18 4.50

210% w/w in CCl, 35°C, 60MHz, 'H NMR spectra.
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L

31°C 49°C 76°C 102°C 132°C

(a)

|

31°C 49°C 76°C

(b)
FIGURE 2. The 'H NMR spectra of the diastereotopic methyl
groups in (a) CH;SOOCH(CH,), and (b) (CH,),CHSOOCH, 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, « and &', in CDCl; with Aé 0.05 ppm for the a-protons and A8 0.15 ppm for the o
protons?!. For compound 26 both the # and § methyl carbon nuclei show magnetic non-
equivalence® with the difference being 0.9 ppm for the g carbons but only 0.1 ppm for the §'
carbon nuclei (Table 6). Additionally, the y-methyl groups are non-equivalent in
compound 27 (Ad, 1.0 ppm) while the 7' groups are isochronous® (Table 6).

0 0
(CH3)3CH2§|SCH2(CH3)3 (CH,),CHSSCH(CH3),
o o B '
(25) (26)
0

[
(CH;),CHCH,SSCH,CH(CH,),

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 !3C 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 racemizations”>-7®, 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?' as magnetic
non-equivalence is usually observed.

S—S S$—S
I I
0 0
(28) (29)

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 amides’’, but the available evidence does
suggest that the nitrogen is not planar2-®*. The mechanism for planar nitrogen is shown in
Figure 5, and those for ligand interconversion with sp*-type nitrogen are given in Figure 3
and 4.

Initially® 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.

N R
Ny R
rotation, é—/ inversion,
fost slow
0] Q
N N\
PN A S
. tation, N
R R2 Qi\on, rzly R R
fast
\ o) R
\\\S_N;'ARZ

R

FIGURE 3. Ligand interconversion in sulphinamides with either rotation or inversion rate-
limiting
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FIGURE 4. Concerted rotation-inversion in sulphinamides

Q /R? 0 R
\§§S——N/’ P —— Q%S——N/’
AW o R

FIGURE 5. Slow rotation about planar nitrogen in
sulphinamides

o o
CH3

/
AN

Cl3C—S—N > Clyc—S=N

CHy CHy CHy

FIGURE 6. Resonance canonicals for a sulphinamide

This was based on the observation*® 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(CHj,), giving separate signals in the 'H NMR*%. Jakobsen and Senning’®
subsequently observed non-equivalence in the methyl groups of Cl,CSON(CH,), at
temperatures below — 46 °C (60 MHz) which they attributed to restriction of rotation
about the N—S bond through (p—d)z bonding as shown in Figure 6. A line-shape analysis
of the temperature variation of the ‘H NMR spectrum of Cl;CSON(CH,;), gave the
activation parameters shown in Table 17. Raban’® disputed the interpretation involving
(p—d)n bonds on the grounds that there is little geometric requirement for such bonds. He
proposed’® that the temperature dependence of the NMR spectrum of CI,CSON(CH ),
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 parameters’® for CH, interconversion in Cl,CSON(CH;,),

T,/°C Av,*/Hz E/kImol™'  AGkImol™* AH'kImol™! AS*/JK 'mol™?

—46+2 19.5+0.2 392+4 49.7+42 31844 —-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 sulphinamides

Compound Av/Hz* T,/ C AG!/kJmol ™! Ref.
CISON(CH,), 38 _44 50.6 80

36 -35 53.5 47

3.3¢ —48 47.6 46

3.9 -39 52.2 57
CISON(CH,CHj3), 5.5 —-37¢ 524 82
CISON(CH,C,H,), 100 ~29 53.1 80
CISON(CH,CH(CH.),), 735 ~19 56.0 80
CISONCH(CH,), 18 —14 61.5 80

3.6 -17 54.3 57
FSON(CH,CH,), - 105 ~35 80
FSON(CH,), 7.5¢ —99 ~35 46
FSON(C(CH,),), —102 ~35 80
FSON(CH(CH3),), 70 -8 4138 80
BrSON(CH,), 35 -27 56.5 80

32 =27 55.6 47
FCI,CSON(CH,), 18.8 ~59 45.1 47

°Difference in chemical shift between diastereotopic methyl protons uniess otherwise stated.
*For methylene protons.

‘T.-Coalescence temperature at 60 MHz in CH,Cl,.

“In CFCl, solution.

acceptance and most subsequent papers retain the argument that N—S bond rotation is
slow*374780_ 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 process)*®-8%. The origin of the barriers to
rotation (or inversion) is stilt a matter for debate. For rotation it has been suggested*® that
lone-pair-lone-pair interactions could be important. Subsequent to the published work
on sulphinamide dynamic processes, Cowley, Wolfe and coworkers®! 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 H,—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 group®®-3”. 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®2. Rapid inversion at N would render H, and H,
(H, and H,) enantiotopic rather than diastereotopic while maintaining the diastereotopic
relationship between H, and H, (and so on). For further comment on this see the next
section.
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Ha Ho
. I
‘ C——-CH3
CH
v l\N—c/ ®
Ci /\
Hc Hd
(30)

The question of silatropism has been investigated for monosilylsulphinamides®* and
bissilylsulphinamides. The monosubstituted compounds have the N-silyl form®?, whereas
the bissilyl compounds, by 2°Si 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 form®*

4. Diastereotopism in sulphiny! halides

In contrast to the chlorosulphinamides, the sulphur in sulphinyl chlorides is frequently
configurationally stable, on the NMR time scale, at ambient temperature. King and
Beatson®> 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 data on isopropylsulphinyl chioride
showing that the two methyl groups are diastereotopic in several solvents. The data are
given in Table 19. Taddei and coworkers>® showed that as the temperature of the CS,
solution was decreased, the methyl groups in (CH,),CHSOCI became anisochronous and
Ad 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 dynamlc behaviour. A rough estimate of AG* from Ad/Hz
and T, for the dynamic process in (CH );CHSOCI is 75kJmol ! in C4H, and
72k]J mol !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 dependence?! (see Section I1.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
exchange®® or by a more direct route. Silicon compounds are well known for their facile
ligand exchanges in the presence of nucleophiles®®. As sulphinamides contain the NR,

56-58

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

Solvent SCH,*/ppm  SCH,P/ppm  Ad/ppm Ref.
CDCl, 1.462 1.482 0.02 46
CS, 1.430 1.430 0.00 56
(CD,),CO 1450 1.450 0.00 56
CD, 0951 0983 0.032 56
C.H, 1.01 1.04 0.03 58

C.H, 1.015 1.04 0.025 57
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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 coworkers®8 reported that the methylene protons in CH;CH,SOCI were
anisochronous (solvent not reported), Mikolajczyk 37 could not see separate signals for the
same protons, whereas Rinne and Blaschette®® reported that the methylene protons in
CH,CH,SOCI were anisochronous in benzene but not in CHCI,. As CH,CH,SOCl 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 C1~
available, as well as to anisotropic and other solvent effects.

Pizey and coworkers®® studied the 'H NMR of some isopropyl-B-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 measured® using tris-[3-
(trifluoromethyl-hydroxymethylene-( + )-camphoratoJeuropium (TFMC-Eu)®’. No dif-
ference, however, was observed®® between the enantiotopic methyl groups in racemic
methyl p-toluenesulphinate in the presence of tris-[3-(¢-butylhydroxymethylene)-( + )-
camphoratoJeuropium.

Pirkle and coworkers®®?° 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 used®® to predict the configuration at
sulphur.

H H
C6H5éCF3 a-NaphéCFs
(l)H (l)H
31) (32)

D. CIDNP

N,N-Disubstituted hydroxylamines such as oximes®!, ketoximines®?, N-
alkylhydroxamic acids®*°4, N-alkyl-N-hydroxycarbamates®® and the hydroxylamines
themselves®S react with sulphinyl chiorides at low temperatures (ca —70°C) to form
sulphinate esters of structure 33 (equation 2). Above approximately 0 °C, these sulphinate

(o)
Rl\ 3” 3 -
Rz/NOH+R SCl—R SON\Rz

33)

H

2

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
sulphonamide product 34, ca 85%,°2. The reactions can be monitored using '*C NMR
spectroscopy, and the spectra display significant polarization effects. Therefore, part of the
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0 o
l R! .o°c I _R?
RSON, —— RSN, 3)
I
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

O O
Ph—_ I Ph—_ |
~~C=NOSPh C= NOSMe
Ph— Me™”
(35) (36)
rne = #SAg 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 u is negative)
and (ii) the sign of A; 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 III). Thus, the mechanism of the rearrangement involves
homolysis of the N—O 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 II1.B.2), yields the sulphonamide product®?,

o o
R'_ I R! R! I
g2~ C=N—OSR® — 2>C:N‘ '0,SR* —» Rz)CzN—ﬁR’ (5)
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 + MeSO02D

12%
Ph a Ph /

>::N-~oIs|Me N >=N"023Me
D

(37)

D 0 (6)

77%(38)
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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)°>. This

0 0
i |
Bu’S—ON OMe — Bu’S03 '/"COMe
l\|/le MeN‘
(40) M
Q 050,8u"
— Bu’SOz\ J\ )\
y /N OMe <+ MeN OMe
e
(41) (42)

reflects the ambident nature of the amidy! 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 O-Me remains
unpolarized. A major product observed in this reaction is the carbamate 43 (equation 8),

(0] 0
Q '
' :l escape ,'»’
Bu' SO5* ;COMe ——————» MeN OMe —— MeHN OMe (8)

MeN’ (43)

formed by escape of the amidyl radical followed by hydrogen atom abstraction.
Polarization in the N-Me group of 43 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 '>C NMR spectra: for 45, the aromatic C-1
carbon exhibits emission, and the carbonyl carbon and N-Me carbon atoms enhanced
absorption in the '3C 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 absorption®®. A further product, accounting for 16-32% of
the total products of the rearrangement of 44, is the O-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
0 I 0
/U\ OSMe ‘* *0pSMe
4-XCgH, N< ——+ 4-XCgH, \\N\
Me Me
(44) recombinofion/ \escopo 9)
0 0
SOzMe
M
4-XCgH, S 4-XCgHy NHMe
Me
(45) (46)

mechanism that accounts for the formation of compound 47°? is shown in equation 10.
That both N—O and S—O bond cleavages occur in these reactions is verified by the
observatton of the acylnitroxyl radical in the ESR spectrum.

oo

/OSOZMO
MeSO® RCONMe RCON\
ﬁ 5—0 Me
OSMe cleavaoge (47)
RCON\
Me MeSO5 + RCONHMe

N—O
cleavage
————— escape

RCONMe MeSO,"
(10)

Sulphinyl esters of N-arylhydroxamic acids behave similarly®*, except that delocaliz-
ation of the spin density in the amidy! 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 '*C 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 '3C 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

i
MezN?lMe

0]
(48)
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Section II1.B.1) means that net polarization of the S-Me signal in the 'H NMR spectrum is
not observed®?,

lil. ELECTRON SPIN RESONANCE STUDIES OF SULPHINIC ACIDS AND
DERIVATIVES
A. Introduction

1. Radicals of sulphinic acid derivatives

Sulphinic acid derivatives of structure 49 can, in principle, exhibit tautomeric equilibria
involving structures 49a, 49b and 49¢. For the neutral molecules of sulphinic acid (X = O)
and sulphinamide (X=NR), spectroscopic data clearly identify tautomer 49a as the
predominant structure (of course, for X =0, 49a = 49b)°7~*°, The sulphinate anion RSO,
is best described as a resonance hybrid in a similar way to the analogous carboxylate
anion, RCOj; °®. A strictly parallel situation arises for radical species of sulphinic acid

OH o

(49a) (49b) (49c)

derivatives, where structures 50a, 50b and 50c¢ 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 56a—c. ESR spectroscopy has been used to determine the structural
nature of such radicals (¢ or ), 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?" (sulphinylamidy}) radicals. Radicals
of the type RSOS" remain unreported.

o) o 0
Rng' RS|:X Ré'
)ll(

(50a) (50b) (50c)

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

18]
I __»RISOX" +R”
R!'S—X—R? —» R'SO" + R*X"
T R+ R3XSO’
We shall only consider the formation of RSOX’ in this section, leaving the formation of

R!SO’ and R2XSO' 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
Keind]'°°, 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 11), and this is known for both RSO;'°' and R!SONR?'!192 [Indeed, the
formation of RSO; from the reaction of dialkylsulphoxides, RSOR, with hydroxyl
radicals, OH’', ultimately involves a similar process (equation 12)!°3, However, other

o)
RSXH + Bu'O" —s RSOX" + Bu'OH (11)

7 I
RSR + OH' — RSOH + R* — RSO, + RH (12)

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=Cl, F) by
trialkylsilyl radicals (equation 13)!°!-194.195 " radical addition to SO,!0!:1030.106.107
and N-sulphinylamines (RNSO)!'°® [but not to sulphurdiimides (RNSNR)!?%]
(equation 14), photochemical cleavage of alkyl alkanesulphinates (but not arene-
sulphinates''°) (equation 15), and the oxidation of thiols, RSH'!!, and disulphides,

RSO,X + Et,Si' — RSO}, + Et,SiX (13)
X=F, Cl
R’ + O=8§—X — RSOX’ (14)
hv ” hv
R!SO’ + 'OR? R!SOR? —— R!SO; + R’ 15)
R =aryl R1=alkyl

RSSR!!! by the Ti(Ill)-H,0, couple at pH 1-2, or of thiols'!! and arenesulphinic
acids'!? by Ce(IV) {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)°!-92, X-113-114 and y-irradiation''® of sulphones
and y-irradiation of the sulphonic acid taurine!!® have also been used, but these clearly
are not of general utility.

Ti(HID

RSH or RSSR —_, RSO;, (16)
H,0,
RSH or RSO,H ¥, rs0; (17)

o)
[ I
R'R2C=NOH + R?SCl —2<, RIR2C=NOSR?
(51) (18)

— R'R2C=N" + RS0,
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B. The Sulphonyl Radical, RSO,

1. g-Values and hyperfine coupling constants

Since the first ESR observation of an RSO} radicalin 1959!!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 g-values and hyperfine coupling constants for
alkyl and aryl sulphonyl radicals in solution. (For reasons that will become apparent, the
RSO;j radical is generally referred to as a sulphonyl radical, despite it 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, f-CH, y-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, Cl
etc.). These observations are listed below and we shall refrain from detailed analysis here,
leaving such discussions to Section II1.B.3 where the structure of RSO5 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, ie. Br, does the g-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 Cl, g-values ca 2.0035. g-Values are also solvent and temperature
independent.

(i) Hyperfine coupling a(H) to the a-, 8- and y-CH protons of alkylsulphony! radicals
follows the trend: -CH > «a-CH = y-CH. Indeed, the hyperfine couplings observed for the
«-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,SOj; and
CF,CH,S0:3, follows the more usual trend «-CF > f-CF. However, a small coupling to
B-Cl has been observed, e.g. CICH,CH,SO3, whereas no coupling to an «-Cl, e.g.
CICH,SO3, has been reported.

(iti) For the aromatic sulphonyl radicals, ArSO5, 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'°'-112, This order has been
corrected by the later work of Gilbert and colleagues'®* who showed that meta-H > para-
H = 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 Cl)-C4H,SOj and
3,5-(CF;4),C¢H,S05'%*. 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;S03 and 2,5-Br,C,H;SO3. The 2,4-isomer exhibits only one large doublet
coupling, a(H) 1.80 G, whereas the 2, 5-analogue only exhibits couplings <0.3 G. Thus, the
large coupling in the 2,4-disubstituted radical must be due to the meta-5H 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,CoH;SO; radical mentioned above is an example, where the meta-3H coupling is too
small to be resolved and the meta-SH coupling is 1.8 G. At 193K, the 2,4,6-C1,C,H,SO;
radical displays an analogous effect, where only one ortho-Cl, a(Cl) 1.4 G, and one meta-H,
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(a) —
W
(b) —
'V\AW/V\/:'
poet
2G
(d)
1G
(e) —
16
FIGURE 7. ESR spectra of (a) MeSO5, (b) EtSO3, (c) Bu'SO53,
(d) EtOSO; and (e) C,H,S-2-SO’, (adapted from Referen-
ces 101, 121 and 123). Reproduced by permission of The Royal
Society of Chemistry

a(H)= 1.4 G, are discernible. Also at 193 K, the spectrum of 2,4,5,6-Me,C,HSO; 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 hyperfine 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(Cl) 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-1
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. RSQ; 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 IIL.B.1) enable 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, PhnCH,SQ); has
not been observed in solution) is shown in Figure 8''4. The triplet structure a(H)=5.0G,

(a)

106G
PhCH,SO,CH, Ph

PhCD,S0,CD,Ph 106

(c)

406
PhCD,50,CD,Ph

FIGURE 8. ESR spectrum of (a) PhCH,SO., (b)
PhCD,S0j and (c) PhCD,SO; at high gain in a dibenzyl
sulphone crystal. Reproduced with permission from
Reference 114

D—
@
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due to coupling to the CH, protons, is clearly discernible. The deuterated analogue,
PhCD,S03, exhibits a singlet which at high gain is accompanied bya 1:1:1:1 quartct each
line of which is 1.8 x 10~ 3 times as intense as the central line (Figure 8). These peaks are
due to coupling to 33§ (I =3/2, natural abundance 0.74%). Confirmation of this
assignment comes from the spectrum of PhCH,SO5, for which the 23S lines are also
triplets* 4. 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!2*. For PhCD,SOj, both the g-values of the *2$
spectrum and the 3*S hyperfine coupling are anisotropic!'*. The principal components of
the g-tensor and the a(33S) 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
PhSO3, 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 a(*S) tensors, the smallest principal g-value lies close
to the largest principal *3S coupling tensor. This direction is presumably that of a sulphur
3p orbital containing the unpaired electron.

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

TABLE 21. Principal values of the g tensor and a(33S) tensor and their direction cosines for various
sulphonyl radicals

Principal value of g-Value of *?S isotopomer
Radical a(338)/G (direction cosines) (direction cosines) Ref.
SO; 152.6(—0.778, +0.384, —0.496) 2.0036°
112.7(—0.211, +0.584, 0.784) 124

112.0(0.591, +0.715, —0.373)
135.2(0.516, +0.540, 0.665) 2.0035¢

99.2(0.714, +0.700, 0.014) 116
97.9(0.473, +0.468, —0.747)
H,NCH,CH,S0; 49.6(0.593, +0.454, 0.666) 2.0024(0.527, +0.504, 0.684)
9.1{0.577, +0.815, 0.042) 2.0056{0.586, +0.798, 0.137) 116
1.2(0.562, +0.360, —0.745) 2.0097(0.615, +0.329, 0.716)
PhCD,SO; 96.3(+0.53, 0.26, 0.80) 2.0027(+0.33, —0.37, 0.86)
56.2(10.64, 0.74, 0.17) 2.0056( £0.76, —0.64, —0.06) 114
63.4(%0.55, 0.60, —0.57) 2.0094( £ 0.60, 0.60, 0.50)
PhSO; 107.1(1.0, 0, 0) 2.0023(0.86, 0.46, +0.19)
71.3(0, 1.0, 0) 2.0044(0.44, —0.50, +0.73) 114
71.3(0, 0, 1.0) 2.0069(0.24, —0.72, +0.64)
H,NSO; 118° 20035
80° 125
MeHNSO; 1207 2.0035°
84° 125
Me,NSO;, 118 2.0035¢
76° 125
CH,(CH,),NSO}, 120° 2.0035°
78° 125

“‘ay.
g .
‘Isotropic.
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TABLE 22. Isotropic and anisotropic components of the a(*>S) hyperfine coupling and orbital spin
densities in RSO}

Radical Matrix 2,,/G 8,0/G %s %P Yls+p) pls+Dp)
H,NSO; THF/77K 92.7 127 96 452 548 0.82
MeNHSO; THF/77K 96 12 99 429 528 081
Me,NSO; THF/77K 90 14 9.3 500 593 0.84
CH,(CH,),NSO; THF/77K 92 14 9.5 500 595 0.84
SO; taurine crystal 1108 123 114 433 552 079
K ,CH,(SO;), 1258 135 130 482 612 0.79
. crystal
H;NCH,CH,S0; taurine crystal 20 149 21 532 553 0.96
MeSO; Me, SO, crystal 715 93 74 332 406 0.82
PhSO; PhSO,CH,CO,H 832 119 86 426 512 0.83
crystal
PhCD,SO; (PhCD,),S0O, 720 122 74 436 510 0.85
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 3p orbital.
Since the isotropic coupling of an electron in a pure 3s orbital is 970 G and the anisotropic
coupling in a pure 3p orbital is 28 G!24, 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 (50a—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!!%'25, 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 3p 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 p/s ratio must therefore be used with caution.

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

Ab initio molecular orbital calculations at the STO-3G* level theory have been
performed for various sulphonyl radicals, including MeSO3 '2”. 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—O and S—C bond lengths are 147.9 and 181.8 pm, respectively. Almost identical
configurations of the sulphonyl group in other radicals XSO5 (X=H, N, O, F, Cl) are
found, i.e. OSO ca 123 (£2)°, XSO ca 106 (+1.5)°, and S—O 147 (+ 1) pm. Again, this
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no

U .
C—8:7700

SN
(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 100kJ mol ~! Jess stable than
the pyramidal arrangement'?”. 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.

o

a

H H
S
[s) (0]
H
(33)

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 MeSO3, 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!2!.
Moreover, the size of the hyperfine couplings a(H) increase at lower temperatures; thus
at223 K a(H)is 0.55 G and at 148 K it is 0.76 G!2!. INDO MO calculations for MeSO5 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—O bond lengths are 188 and 143 pm,
and the plane containing the OSO atoms and the normal to the S—C bond subtends
an angle, a, between 130° and 135° (54)'2'. The sulphur 3s spin density in such a
structure is ca 0.06, in line with the values discussed in Section 111.B.2.

« |

/{,é——c%
0 /
0

(54)

The individual couplings for the three protons are conformationally dependent. Thus
for structure 53, the hyperfine couplings for a(®*H, ®"H) are —2.36 G and for a(*H), 7.04 G'2!,
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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(a) (b)

. /\/W :/\/\/\/
FIGURE 9. ESR spectrum of MeSO; in diethyl
ether: (a) 200K, (b) 176K, (c) 163K, (d) 153K (from

Reference 121). Reproduced by permission of The
Royal Society of Chemistry

0'2'. Thus, in part, the low values of a(H) for «-CH protons remarked upon in
Section II1.B.1. 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 o becomes larger the «-CH proton splittings diminish!?!. Both
effects can explain the observed temperature variation in the magnitude of a(a-CH).
Interestingly, the hyperfine splittings for a(*H, °H, “H) above have been used to simulate
the line broadening seen in the spectrum for MeSO5. The rate constant k at 163K is
0.8 x 10°s™! and the activation energy for rotation about the C—S bond is calculated
to be ca 15kI mol ! '2!, Despite the uncertainties involved, this correlates nicely with
the value of 9.6 kJ mol ~ ! calculated by STO-3G* for the rigid rotor barrier in MeSO3'27.

Other alkanesulphonyl radicals behave similarly!®!-!2!, For example, the ethane-
sulphonyl radical EtSO; exhibits temperature-dependent hyperfine coupling to the
a-CH but not the B-CH protons (Table 23)!°!. This has been analyzed by INDO MO
calculations, and the average values of a (x-CH) 1.6 G and a(f-CH) 1.1 G obtained for
a structure in which S—O and C—S bond lengths are 140 and 188 pm, respectively, and
the angles OSO and « (see 54) 105° and 130°, respectively!2!. 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
a(f-CH) > a(z-CH) and the temperature dependence of a(a-CH). The low value of a(x-H)
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TABLE 23. Temperature dependence of
a(H) for EtSO3'°!

T/K a@-CH)G  a(f-CH)/G
263 0.71 1.74
253 0.80 1.73
243 0.84 1.74
233 090 1.74
23 096 173
203 1.10 173
183 1.25 171

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 g H Me ] Me
JoAg S
2 0
Me

0] 0
H
(55) (56)
"D Q
O S
@ o"/b
O’ o)
(57) (58)

for alkanesulphonyl radicals. Thermochemical arguments have been used to calculate a
stabilization energy of 58 + 5kJ mol ™! for PhSO; ! 28, 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 PhCH3!!2. 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 ary! radicals, there are several
examples where the two ortho- or the two meta-couplings are different. Thus, at
temperatures >240K, the 2,3,5,6-tetramethylbenzenesulphonyl and 2,3,4,5,6-
pentamethylbenzenesulphonyl radicals exhibit coupling to both ortho-Me groups, a(6H)
0.6 G, whereas at 193 K coupling to only one ortho-Me group, a(3H) 1 G, is observed %4,
Further, the 2,4,6-trichlorobenzenesulphonyl radical exhibits coupling to two chlorine
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atoms and two protons a(2Cl)=a(2H)=0.7 G at 240K, but at 193 K coupling to only one
chlorine atom and one proton a(Cl)=a(H)= 1.4 G is detectable with line broadening at
intermediate temperatures!®*. Moreover, analysis of the spectra of the 2,4- and 2,5-
dibromobenzenesulphonyl radicals reveals that the meta-3H proton has a coupling <3G,
whereas the meta-5H proton has a coupling of 1.8 G'°4, The inevitable conclusion to be
drawn from these observations is that arenesulphonyl radicals are o 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 obtained'?*!2!, 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 methods'?”. 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 o-type benzenesulphonyl radical 59 identifiy the likely
magnitude of the hyperfine proton couplings. Such calculations nicely reproduce the
experimental data'®®. 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
unfavgl:rable interactions between the sulphonyl oxygen atoms and the ortho bromine
atom'%4.

The structure of the sulphonyl group used to calculate the range of hyperfine couplings
in 89 is similar to that for MeSO3, i.e. S—O 141 pm, C—S 182 pm, OSO 105-120° and «
(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  10%k/s™! E,/kimol~!  Ref
S0%
193 09 222 104
Me Me 238 120
Me Me
Me (or H)
s03
Ci Cl
223 10 104
Cl

MeSO; 163 800 15 121
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QY4 QY

(caOG)H H(0.6G) Br H

IS
J

(0—0.5G)H H(1.5-2G) H H1.8G
H Br
(0-0.5G)
(59) (60)

protons are particularly sensitive to the extent of bending of the sulphonyl group as
expressed by a, and, as for MeSO3, when the angle « increases the hyperfine couplings
diminish!°%, The sulphur 3s spin density calculated for the above structure for PhSOjis ca
0.04-0.06'%%, consistent with the 0.086 calculated from the *3S hyperfine splittings
(Table 22).

In view of the above discussion for PhSO5, it is interesting to note that the thiophene-2-
sulphonyl radical 61 is suggested to prefer a more co-planar arrangement of the z-system
and the orbital containing the unpaired electron'??.

(0.5)0.74 0.53(0.44)
H H

I\ o
H S @

(0.74)0.74

0=}

(61)

The observed hyperfine 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 0G, which according to INDO calculations corresponds to a
dihedral angle of 90° 23, However, it is known that the extent of bending of the SO, group
can exert a significant effect on a(H) values'®*'2!, 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 G)
H Br

T pe

S S

(0G) @

(62)
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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 0'2, Indeed,
this is verified by INDO calculations!?3. 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].

0]
(0.85)1.32 R\ 10.85)0.47 O~._@ 0
H $ H ~go-
AN 4 AN /
/C—-C\ —C
H H H/ \H
(5.2)6.75 0.19(0.5) (5.2)3.46 1.62(0.5)
(63a) (63b)
0
325 |
H *S—0
C—=C
H H
3.77 1.7
(63¢)

The structure of the sulphonyl group in 63a is C—S 182 pm, S—O 141 pm, OSO 120°
and the angle «, 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'2'. This is consistent with the observation that the planar configuration of the
SO, group for MeSQ;, is 100k mol ! less stable than the pyramidal configuration!?”.
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 0
(0.95)0.51 @ (0.15 or 0.25)0.52 i@
H § H $&
c—=C /C—C\
H Me Me H
(5.61)3.84 0.47(0.72) (1.85)1.01 2.09(0.15 or 0.25)
(64) (65)

a-(H) in parentheses]. It is unclear why alkenesulphonyl radicals prefer to adopt such

conformations whereas arenesulphonyl radicals prefer an in-plane o-type structure.
Aminosulphonyl radicals, R,NSQO5, 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!2%. 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
R R
L, S
0 o] O/\Q/\o
R
(66) (67)

a(H) for N-H'?%; 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 Sulphinylaminyl Radical, 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,
complementary!92-108,

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 radicals* (g -values ca 2.005) and similar to
the simple aminyls!?®. The spectrum of MeSONBu' is shown in Figure 10a!°8. The
notable feature of this spectrum is the twelve-line 1:1:1 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—CHj; group. Coupling to the Bu' protons is clearly too small to be observed. The
spectrum of MeSONC H -3, 5-Bu’ (Figure 10b) 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; group is quite
clearly discernible in the wing lines. Interestingly, the spectrum of 4- MeC6H4SONC6H3
3,5-Buf, (Figure 10c) 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).

(i) N-aryl groups result in somewhat lower g-values, 2.0034-2.0035.

(iii) The nitrogen hyperfine 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?
Hyperfine coupling/G
Radical g-Value a(N) a(H) Ref.
MeSONEt 2.0043° 9.3  222(1H), 18.7(1H), 1.3(3H) 108
MeSONPr! 2.0041° 9.0 9.4(1H) 108
MeSONBu* 2.0044° 84 1.1(3H) 108
2.0042° 852  1.0(3H) 102
Bu’
esoh 20034 816  4.89H, ortho), 6.38(1H, para) 102
0.85(3H)
By’
Bu'SOIfIEt_ 2.0042° 9.3  18.5(1H), 17.1(1H), 1.1(9H) 108
Bu'SONPY’ 2.0041° 9.0 9.0(1H) 108
Bu'SONBu' 2.0042° 87 1.0(9H) 108
4-Bu‘C H,SONBu' 2.0041° 8.58 102
Bu’
4-8u CgH,50N 2.0035¢ 8.18  4.87(2H, ortho), 6.44(1H, para) 102
Bu”
Bu’
4-MeCgHySON 2.0035° 8.18  4.86(2H, ortho), 6.44(1H, para) 102
Bu’
Bu’
4-CICgH4SON 2.0034¢ 8.13  4.82(2H, ortho), 6.43(1H, para) 102
Bu
Bu'OSONE! 20041 103 29.2(1H), 25.2(1H) 108
Bu'OSONPr* 2.0041° 9.6 10.0(1H) 108
Bu‘OSONBu’ 2.0042° 87 108
Me,SiOSONEt 200414 100  31.1(1H), 26.0(1H) 108

“In cyclopropane at — 73°C.
*In benzene at 40°C.
‘In benzene at 21 °C.

“In cyclopropane at — 111°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

large, whereas a(H) for N—C—CH is difficult to observe and/or assign.
(vii) a(H) for both the ortho- and para-protons is significant.
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(a)

(b)

56

(c)

5G
FIGURE 10. ESR spectra of some sulphinylaminyl radicals (taken
from References 102 and 108). Figure 10a is reproduced by per-
mission of The Royal Society of Chemistry, and 10 b, ¢ by permission
of The Chemical Society of Japan

2. Structure of R'SONR*

Structures 68a—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)!3° radicals on the one hand, and simple aminyls'2® on the other,
together with the lack of any hyperfine splitting due to the protons of S-aryl substituents
(in contrast to arylsulphonyl radicals)'°*-'°2:'21 all point to the relative unimportance of
structure 68¢. This is a clear difference between R!SONR? and RSO; and presumably

1 1 ]
R!—S—NR? R'—S=NR? R!—$=NR?
(68a) (68b) (68¢)

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 Pr{N"!2°,
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 the sulphmylammyls 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-alkylsulphinylaminyls.

One feature of the ESR spectra of R'SONR? that we have yet to remark upon is the non-
equivalence of the hyperfine coupling constants of the two N—CH, protons. Table 25
shows that, for MeSONEt, Bu'SONEt, Bu'OSONEt and Me381OSONEt a(H) for the
CH, protons is clearly dlfferent 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

Radical T/K a(H)/G A/G
Bu'SONE( 200 18.5 17.1 14
188 18.9 17.3 1.6
173 19.5 17.6 1.9
163 20.0 180 20
Bu*OSONEt 268 26.9 248 21
245 27.6 249 27
223 28.2 252 30
200 29.2 25.2 40
186 30.4 26.2 42
168 320 26.8 52
151 34.2 27.8 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'SONE, etc., are enantiomeric. Thus, H,
and H, are diastereotopomeric and magnetically non-equivalent. One would therefore

Me

1 N——‘S@
gy
Ha/zy Hy \\O

(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 H, and H,
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have not reached their average hyperfine coupling values since A is clearly diminishing at
the highest temperature of experimental observation. Both H, 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-Sulphiny! Radicals, RCHSOX

Carbon-centred a-sulphinyl radicals of the type R'\CHSOR? have been well character-
ized for sulphoxides (R, R2 = alkyl or aryl). Such radicals are generated directly from the
parent sulphoxides by hydrogn atom abstraction from an «-CH group by the phenyl
radical (equation 19)'3!.

Ph’ + R'CH,SOR? — PhH + R!CHSOR? (19)

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 radical!®3,
which only reacts with sulphoxides at sulphur to generate, after the loss of an alkyl radical,
a sulphonyl radical (¢f. 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'!®. An alternative route to the
formation of a-sulphinyl radicals is via halogen atom abstraction using the HPO; 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 21)!31,

HPO;
RSOCH,Br ——— RSOCH; (20)
CH»p CHj o o}
o] s/ S=—O0 + OH*'—» 0O \s/ 's!
e - _ >,
N NIRVANE EHa”" N (CHp)pS02H
{(CHp), (CH),

(21

The ESR parameters of some a-sulphinyl radicals are contained in Table 27. The ratio
a(a-H)/a(f-H) implies that the radical centre is planar, and the magnitude of a(8-H)

TABLE 27. ESR data for some a-sulphinyl radicals

Hyperfine
Radical g-Value couplings/G Ref.
MeSOCH; 2.0025 20.0(2H) 119,131
EtSOCHMe’ 2.0025 20.2(2H),25.3(3H) 119,131
Pr’'SOCMe; 2.0026 22.4(6H) 119
Pr"SOCMe; 2.0026 22.5(6H) 119
EtSOCMe; 2.0026 22.5(6H) 119
HO,S(CH,);SOCH; 2.0025 20.0(2H) 131
HO,S(CH,),SOCH; 2.0025 20.0(2H) 131
HO,S(CH,),SOCHMe’ 2.0025 20.1(1H), 25.2(3H) 131

HO,S(CH,),SOCMe; 2.0025 23.3(6H) 131
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suggests that the sulphinyl group removes only ca 67 of the unpaired spin density from the
carbon-centred radical'®!. This contrasts with an adjacent carbonyl group, CH,COR,
which is able to remove ca 16% and a thioether, CHMeSEt, which removes ca 22%, of the
spin density'3!. Canonical forms such as 70b, ¢ thus contribute little to the structure of
such radicals.

0 T T

. [l

CH,—S—R CH,=S—R CH,=S$—R
(70a) (70b) (70¢)

a-Sulphinyl radicals of sulphinic acid derivatives, i.c. R*"CHSOX (X = O, N etc.), have
yet to be Vregortcd, even under conditions [e.g. Bu‘'O” with MeSO,Me, MeSO,Bu and

(CH 2)ZS'OOCH 2] where analogous radicals from dialkyt sulphoxides are observed'®. The
only radicals detected in these reactions are those from dealkylation and dealkoxylation
processes (equation 22). Both of these involve S2 attack of the alkoxyl radical at the

0]

Me’ + Bu'OSOBu"

7
Bu‘O" + MeSOBu" (22)

o
I ,
Bu'OSMe + Bu"O" — CH,(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
(R'SO,R?)!'%, However, the cyclic sulphit, CH,OSOOCH,, yields a spectrum on
reaction with Bu‘O’ [g 2.0044; a(H) 2.38 G(1H), 0.37 G(2H) at 163 K] which has been
assigned to the sulphuranyloxyl radical 72'32-133, This observation is likely to stem from

OR2 1 Y

| ",.R l .0
S s."
N 1N
OBu oBu’
(71) (72)

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 hyperfine 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 RSO’ radical!®?, but are observable if R2 can
provide stabilization, e.g. R? = —CH=CH,!1%!33,
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0] o

| [
R'SOCH,R? + RO’ — R'SOCHR? + ROH (23)
(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!©8,

may also provide a useful approach. Both methods are, as yet, untried.

O

RCH=S—0 + Bu'O’ —» RCH—S— OBu' (24)

E. Spin Trapping of RSO’

Despite the fact that RSOj radicals have been extensively studied by direct observation,
there have been several reports where such radicals have been trapped by reaction with

Bu'NQ!347137 nitrosodurene!*°, nitrones'3*713¢ and thioketones'2® (equations 25,26
and 27).
o

e -y (25)

RSO}, + Bu'N=0 — RSO,NBu

o
. RN .y (26)
RSO; + PhCH=N(Bu)O~ — Ph(RSO,)CHNBu

RSO} + Ph,C=S — Ph,(SSO,R 27

The sulphonamide-based nitroxyl radicals formed in reaction 25 appear as t:1:1 triplets
due to coupling to the nitrogen atom, with a(N) ca 12.5G (Table 28). Interestingly,
the nitroso spin traps, BuNO and 2,3,5,6-Me,C,HNO, appear to be the most effective;

it has been reported that PhCH:ﬁ(Bu')O‘ fails to trap MeSO3** and various
ArSO; radicals'*® under conditions where Bu'NO does. Moreover, Bu'NO is capable of
trapping PhCH,S05, a radical that has been observed only in the solid state!1%!!4 [t 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'?°.

The nitroxyl radicals formed in reaction 26 also exhibit hyperfine coupling
to nitrogen, but couple further to the f-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(triphenylsilyl) thioketone
are able to spin trap sulphonyl radicals RSO; (R = Me and 4-MeC¢H,), di-tert-butyl
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SO, Qr

By >—<o>

Ph

(74)

thioketone is not!2°. 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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I. 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.

S
S\ _

0

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(VI) in 3 (i.e. sulfones, sulfonyl chlorides, sulfonic acids and esters).

o]
(o) //o (0] Il
—_—S—X FT—* —S P e—_ —s—X
z N T I
o}
(2) (1) (3)

X=H, R, Hal,0H,0R, 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®.

il. THE SYNTHESIS OF SULFINIC 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; (i1) 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 of choice 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 acids®. The most commonly used procedure is the treatment of sulfonyl
chlorides with zinc dust!'® or iron!! in aqueous caustic alkali solution.

2RSO,Cl + 2Zn — (RSO,),Zn + ZnCl, 0
(RSO,),Zn + NaCO, —, 5RSO,Na + ZnCO,4 2)

The mechanism of the above reduction was studied and discussed’?.

This reductive method is illustrated in the following procedure!®.

p-Toluenesulfinic acid (4): To a stirred suspension of zinc dust (40g) in warm water
(300 ml, 70°), p-toluenesulfonyl chloride (50 g) is added over about 10 min. The tempera-
ture is raised to 90 °C. Sodium hydroxide (25ml, 12 N) is then added, followed by 5g
portions of sodium carbonate until the mixture becomes strongly alkaline. The precipitate
is filtered and washed. Evaporation of the filtrates to about 100 ml and thorough cooling
affords 36 g (64%;,) of the sodium salt 5 (p-CH,C¢H,SO,Na-2H,0). 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'?'4:

RSO,X + NaSO, + H,0 — RSO,H + NaX + NaHSO, 3)
R = Ar (mainly) {6)
X=ClorF (a) R =p-CIC,H,

Since the lower aliphatic alkanesulfinic acids are unstable and easily disproportio-
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nate!"!3, this route is mainly applicable for the preparation of either the arenesulfinic
acids®!3 or the aliphatic disulfinic acids'®. Two illustrative procedures follow.

p-Chlorobenzenesulfinic acid (6a)'*: To a stirred solution of sodium sulfite (30 g) in
water at 70 °C is added p-chlorobenzenesulfonyl fluoride (10 g). The mixture fs stirred for
5h 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 809
yield of 6a.

1.4-Butanedisulfinic acid (7)'*: To a warm stirred solution of sodium sulfite and sodium
bicarbonatein 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 time'®. However, even this long-chain sulfinic acid undergoes, on
heatin7g or long standing (two months), the disproportionation typical for aliphatic sulfinic
acids'”’.

3RSO,H — RSO,SR + RSO;H + H,0 4

The preparation of perhaloalkanesulfinic acids can be achieved by reduction of the
corresponding perhalosulfonyl halides with sodium sulfite!®, hydrazine'® or hydrogen
sulfide?®. An illustrative procedure of the use of H,S is given in equation 5.

C1,CS0,Cl + H,S — C1,CSO,H + HCl + S g, ®)

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 999 of the crude product. Distillation in vacuo, 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?':

AlH; AlH,

RSO,Cl1 RSO,H +Cl~

RSO; +H, (6)

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
halides22* and alkanesulfony! halides?2® 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
ratio?3. Although the reported yields are high (see Table in Section ITI 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 iodide?*. 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 2.

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 at 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 °C2¢. 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 one?®-2® (less than 5% hydrolysis of methyl methanesulfinate in 3h in 0.06 N
hydrochloric acid at 25°C; 95% in 45 min at 100 °C)2.

High yields of arenesulfinic acids are obtained when sulfinamides are hydrolyzed in
basic aqueous ethanol?® (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

CHg

o}
” OH™, Ha0 ” -

X X
CH3

(11) (12)

CHy
+ CHj NHz

CHy

(13)
X= p-CH3O,CH3,H,CI,N02 or m-CH3,CI,CF3,N02 (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 acids®!2°,

H,0
RSOCI —— RSO, H + 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
media2®-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 12Q-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, etc.)’

Thus, methanesulfinic acid (14) is obtained ** by addition of water dropwise with stirring
under a dry nitrogen atmosphere at — 30 °C over ca 5 min to methanesulfinyl chloride3*.
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 thiosulfonates®> and in cyclic
thiosulfonates (e.g. 1,2-dithiane 1,1-dioxides®® and 1,2-dithiole 1,1-dioxides®’) 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(IV) of the starting
sulfinic derivative, the reductive cleavage of the S—S bond is accompanied here by an
S(VI) = S(IV) sulfonate — sulfinate transformation.

R!SO,SR? + Nu~ — R2SNu + R2SO; ©)
1
R\ (CHp), R R _(CHp), R
\( )/ o — \(/ )/ (10)
SO—$§ SO0z~ SNu
(15) (16)

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)] 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,SR? + (R*0),PONa — R!SO,Na + R2SP(O)(OR?), (11

As an illustrative example®>, 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, i-Bu, pentyl) or the arenesulfinate salts, 4,4'-
polythiobis(butanesulfinates), NaO,S(CH,),S,(CH,),SO,Na (18; m=3-6), and the
disodium salt of 4-mercaptobutanesulfinic acid, NaQ,S(CH,),SNa (19), respectively3¢-37.

Detailed procedures for the synthesis of the sulfide-sulfinate salts 16 [e.g. sodium 4-
(tert-butyldithio)butanesulfinate®*] and of the 4-mercaptobutanesulfinic acid, disodium
salt3®® (19) have been described.

The alkaline pyrolysis of sulfonyl hydrazones {the Bamford-Stevens reaction) yields
diazoalkanes and arenesulfinates® 8. However, this method has no preparative value as
far as the sulfinates are concerned®. Similarly, the alkaline pyrolysis of N-
acyltosylhydrazides®® as well as the alkaline reduction of sulfonamides*® 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 IL.G).

D. Oxidation of Thiols and Thioureas

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.

rRSH -2, rson 2L,

—»RSO,H (12)

Direct oxidation of aliphatic thiols with 2 equivalents of m-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 paraffinicC,--C,
thiols as well as to thiophenol*'.

Neither disulftdes (disproportionation products of sulfinic acids) nor sulfonic acids have
been observed to accompany the freshly isolated sulfinic acids via this procedure.
Apparently, the m-chloroperbenzoic acid is too mild to further oxidize the sulfinic acid
formed under these conditions. Thus, n-butanesulfinic acid (17)*! could be obtained from
the corresponding thiol by MCPBA ‘interval’ oxidation (at — 30°C)in 81.5%, yield and can
be preserved in vacuo 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 deprotection*? 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 thiclates),
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

N
KMnO
aq. AcOH s

(20) 2n

N
NaBH, /
13
m——’ RSOzNCI + H—< @ ( )
S

(22)
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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¢H;CH,) and
2-pyridinesulfinic acid (22e) in overall yields of 64-81°;*2. 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).

,I——OH N T p==se

CHy CsHs
(R)-(+)-(23) (24) (S)-(=)-(20¢)
H
1. KMnO. C—SONa  (14)

2.NaBH4 CH3"
CgHg

(5)-(-)-(22¢)

A typical procedure*? for the synthesis of the optically active (S)-(—)-a-
methylbenzylsulfinic acid (22f) gives the corresponding sulfone (21f) 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 air as well as with the superoxide anion*®

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 disulfides*3, 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 ether*s
Although thiols were easily oxidized with O, at room temperature to the corresponding
disulfides and further oxidized to the corresponding sulfinic acids at 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.

43,44

RSSR
RSOSR KO,

——— RSO, + RSOj5 1
RSOZSR 18-Crown-6-ether 2 * 803 ( 5)
RS_Na+ Pyridine

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 1-3°C*%, or with 509 H,0,*’, particularly in the
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preparation of the formamidine sulfinic acid (25a; R = H)—an industrial reducing agent
and stabilizer.

RHN

(RNH)pc=s 2, \c—sozH (16)
rv?
(2%)

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-dioxides*®. A modified version of
this procedure*® yields amino-imino-n-butanesulfinic acid (N, N’-di-n-butylthiourea
S.S-dioxide (25b)*° from N,N’-di-n-butylthiourea and H,0, 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 thermolysis*® ° suggests the S,S-dioxide structure, at least
on heating.

E(a). Sulfinations 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,*2.
Similarly, the biradicals formed by y-hydrogen abstraction on photoexcitation of ¢-butyl-
p-benzoquinones add to SO, to give the benzoquinonyl-alkanesulfinic acids (26)°°.

0 OH  CHyp OH
hv SOz SOz
(A2436)
R R R
] 0 0
0
-—— SOzH
R (17)
0.
(26)

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 yields**. Only in the case of ethers as
the starting materials are the yields within the fair range of 43—559%. Thus, this method is a
facile one for producing solutions of a-substituted sulfinic acids.

S0,

RX or R,X R(SO,H)X or HOOSRXR (18)

~75°C, 7 18h
R=alkyl; X=0H,Cl, O, S

For example, a-hydroxyethanesulfinic acid (27)** is obtained from ethanol in liquid SO,
by irradiation with a UV lamp and its sodium salt is stable at room temperature.

Tetrahydrofuran gives a low yield of the tetrahydrofuran-2-sulfinic acid by the same
method?®.

2. The condensation of sulfur dioxide 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’*'®,

Mg SO, ut
RX —— RMgX —— (RSO,),Mg — RSO,H (19)

1-Dodecanesulfinic acid (28)'® was prepared from the Grignard reagent of I-
bromododecane in ether, treated with sulfur dioxide at —40 to — 35°C3°, 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 salts®’. For instance, both
C¢HsCH,SO,MgCl (29a)*” and sec-BuSO,MgCl (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 29¢ 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.

= 1. Mg, ether = Wt ZZ A H
2.50, O o —’Y + S0z
b5

(ol SO,MgCl S

(29¢)
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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. On acid hydrolysis all these
magnesium salts gave instantaneously the corresponding olefins and sulfur dioxide®®. 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
dioxide®”-%? 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.

RLi + SO, —» RSO; Li* - RSO,H 1)

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 avoided®”. 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;H,S;S0,Li, have been
prepared®® by the addition of sulfur dioxide to the corresponding lithtum derivatives of the
parent s-trithiane, tetrathiocane and pentathiecane, respectively. The slightly impure
lithium sulifinates precipitated from THF solutions at room temperature, although on
standing they were converted to the sulfones. Acidification led to decomposition with
liberation of sulfur dioxide®®.

S S H S
/T Buli / 50, / ,
S > THF—’ S >< T—HI” S >—SOZL| (22)
\——S \—S Li \“S

(31)

Aromatic sulfinic acids may be prepared by the same method, i.e. by treatment of the
lithiated aromatic ring with liquid sulfur dioxide. Thus, p-n-dodecylbenzenesulfinic acid
(32)is obtained*® from lithium and p-bromo-n-dodecylbenzene and sulfur dioxide, in 63%
yield.

¢. With organoaluminum 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 temperatures®'. 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 AICl, catalyzed sulfination of
aromatic hydrocarbons with sulfur dioxide®2.

AIC3

ArH + SO,

ArSO,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 reagents®? (in contrast to the case
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 vacuo. However, since they decompose at room
temperature, they have been converted to their corresponding sulfinic esters via their
sodium salts®3

H3C C 2 CHz
\/

SO,H

c / N/ (24)
|
lc : :

\ "

R

0__._

(34) (35)
(R=Me 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 benzenc
anumony pentafluoride and liquid sulfur dioxide according to the suggested mechanism®*
in equation 25. Although the sulfinylations of aromatic and unsaturated systems by sulfur
dioxide are known to be facilitated by antimony pentafluoride®’ and the somewhat similar
reactions of alkyl or aryl halides with alkynes under Friedel-Crafts conditions are also
known®®, 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.

C¢Hg
CoH,C=CX — 2, C,H;C—=CXSO,SbF; —*°,
SbF ( HY)
(36)
@ X=H

(b) X =Br
(CgH4),C=CXSO0,SbF; ——+(CH,),C=CXSO,H (25)
-s

Fs

(37)
(a) X=H

(b) X =Br

The procedure for the preparation of 1-bromo-2, 2-diphenylethenesulfinic acid (37b)%*
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 arenediazonium salts

Arenesulfinic acids can be obtained by the direct reaction of sulfur dioxide with
arenediazonium salts in the presence of cuprous salts®.

1. $0,/Cu

ArNH, — ArN; HSO; ArSO,H + N, + H,S0, (26)

2. H,0
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Although the yields are generally high and the method has been known for many
years®’, 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 prepared®’*< starting from the
corresponding chloroanilines in excellent yields for the ortho and para isomers, but in poor
yield for the meta isomer.

E(b). Sulfination of Olefins with Thionyl Chloride

2,2-Diarylethylene-1-sulfinic acids can be prepared by the reaction of 1,1-
diarylethylenes, with SOCI,, followed by hydrolysis of the initially formed Ar,C=
CHSOCI in 28-33%, yield®®2.

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 procedure®®®,

O

AICI,

| H,0
H,C=CH, + SOCl, CICH,CH,S*AlCl; —— 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 acids®-®, 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 of the 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%)%°.

(i) 2[N(CH3),])" + 2¢™ + nHg — 2[N(CH,),JHg,=TMA
(ii) R'SO,R? +2TMA + H* — R'SO; + R?H 4+ 2TMA*
(39a-d)

u
(i) RSO; —— R'SO,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 1-alkenesulfinic acids on reduction’®. Aliphatic sulfones do not undergo
this reductive cleavage.

The sulfinic acids 40a—d [(a) R' =p-CH,C H,; (b) R' =C¢H; (¢) R'=C;H; d) R' =
C¢HCH,], as illustrative examples, were obtamed"" startmg from 39a-d, respectively
[(a) R' = p-CH,;C¢H,, R? = CH; or CH, = CHCHZ, {b) R' =C¢Hs, R? =C(H,CH, or
CoHs; (¢} R! —C 3H,, R?=CgHCH,; (R = C4H;CH,]. In all cases, the sulfone
and tetramethylammonium chlorxde 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 amalgam 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’":

ArSO,R

ArSO,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 tission of sulfones with alkaline metal amides

It is possible to cleave aryl-S bonds and benzyl-S bonds of alkyl aryl sulfones’? and
alkyl benzyl sulfones’® 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!'SO,R? +2M + RNH, R'SO; M* + R?H (30)
{ MNH,)

M= Lior Na

R=MeorH

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 obtained’? from n-decyl
phenyl sulfone in methylamine with lithium metal, in 959%; yield.

The reduction of phenyl o-tolyl sulfone (42) with sodium in liquid ammonia followed by

S0 sd% )
OO = OO
— > »

CH,
(42)

CH> No

302
_THF
31
(raflux) @ /© ( )

(43)
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reflux in THF affords the Truce—Smiles rearrangement product (43) in good yields™.

This constitutes an interesting entry into some ortho-substituted arenesulfinic acids (see
Section [LF.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
acids’® as in the case of ‘ordinary’ sulfones. Thus, L-cysteine sulfinic acid (44) was
obtained”? from S-benzyl-L cysteine sulfone in liquid ammonia with sodium ([a]3® =
+24.0°% 77%, yield).

3. The base-induced cleavags of f-substituted suifones

The reductive, nucleophilic cleavage of sulfones with bases/nucleopbhiles is best achieved
with sulfones substituted in the S-position with electron-withdrawing groups. No -
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 cyanide’” ions.

|o
SR
I
(¢)

Hz—(—\

ECH==CH, + RSO~
(~BH)

(32)

BH
(R=alkyl or aryl) ECH,CH,B

The sodium salt of n-propanesulfinic acid (40c) was prepared’® from f-propyl-
sulfonylpropionitrile with 1-propanethiol, sodium and ethanol, in 919, 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 f-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 f-position, and the yields are good
whenever the f-substituent is a good electron-withdrawing group’”.

1. CN™ or RS~

(CH,COCH,CH,),SO, - C,HsCOCH,CH,SO,H
2. H;0
i (46) (33)
(45) + C,H,COCH,CH,CN

3-Oxo-3-phenylpropanesulfinic acid (46) was prepared”’ from the sulfone 45 and
sodium cyanide in refluxing ethanol, in a yield of 81%.

In quite an analogous fashion, the basic (K,CO;-CH,CN) B-climination of ;-keto
triflones (i.e. the B-substituted sulfone 47) removes the triflyl group and thus provides the
trifluoromethanesulfinic acid (as its potassium salt 10)*%.

K,CO
C,H,COCH,CH(C4H,)SO,CF, — C¢H,CH=CHC¢H; + CF,SO, K* (34)
CH;CN

47) (10)
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4. The base-induced cleavage of phthalimidomethyl sulfones and sulfonylpyridines

Although the alkaline cleavage of alkyl sulfones to alkali metal alkanesulfinates has
beenimproved by using rather reactive sulfones such as 1,2-dialkyl-sulfonylethane'® and
alkyl, 3-alkylsulfonylacrylates’® (see Section ILF.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%)8.

0] (o]
C2Hs O " Na*
NCH2S02CHaCgHy ——— NCH,0CoHg
o 0
(48a) (49)
+ CSH5 CHZ SOZ Na (35)
(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,,H,SO,H, n-C, ,H,,SO,H,
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] —sRS™ RSOz
o >_< (31 0
NCH2SO02R NCH,SR (36)
0 0
(50) (52)

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 used’® for the cleavage of alkyl phthalimidomethyl sulfones
50 to sodium alkanesulfinates 51 [R = n-C5_,4H,,_;; and R =(C,H,),CH- ori-C;H,—
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-oxides)’®. In
this method the sulfone of the pyridine-N-oxide (i.e. $3b) may work as a mediator ina cycle
for the preparation of various kinds of sulfinic acids by using the thiolate ion as the
cleaving nucleophile, as illustrated below’® (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.

- EtOH
Q + EtO"Nat ———» RSOpNa + O (37)
N (reflux) N

| SO,R l OEt
(©) (0)
(33a,b) (344,b)

(a) pyridine ; (b)pyridine-V-oxide

O\: +-BuS™Na*
MCPBA T SOsMe
0 MeSO; Na*

@ (37a)
N
}
0

(R=alkyl or aryl)

l MCPBA

o]
N

MeS Nat

5. Base-promoted Smiles rearrangement of aryl sulfones and of
benzylically lithiated sulfones

Several 2-substituted diaryl or alkyl aryl sulfones were found to undergo base-induced
rearrangement to give sulfinic acids in high yields®8¢ (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 CO,-
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1@

—(I:—-—YH X
| SO2 /-
base >
e @) —
| _ X Y ad
—C—Y
| X
|
—CSO,H —CS0;
—~Q, =&
—C—Y —C—Y
| X | X
X=2 or 4-NO5;4-S03R ;2-Hal
YH=0H;NH, ;NHR ; CHx (38)

saturated reaction solution with benzene, followed by acidification of the aqueous layer
with hydrochloric acid, affords the rearranged sulfinic acid®°c.

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

CHa
CH3 soz~<@>7cr43
CH3
(55)
CHy
n-Buli
other CHs SO2H (39)
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naphthyl groups. Thus, both mesityl, 1-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 higher®?,

CHy
CHy CHz
CH> CH3
S02
1. -BuOK /DMSO @@ SOzH
CHs >
2.H*
(57) (58) (40)

The products from the rearrangement of the naphthyl sulfones indicate that the
nucleophilic displacement has occurred at the ring carbon « 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®2.

Recently, it was shown that lithiation of the benzylic carbon of 0~ and p-tolyl tert-butyl
sulfones is followed by migration of the alkyl (t-Bu) group from sulfur to the benzylic
carbon®?. 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 429 of the 2-(2'-naphthyl-methyl)-4,6-dimethylbenzenesulfinic acid
(59) while 51%; of the starting sulfone could be recovered. In Method B, the potassium
t-butoxide-dimethy! sulfoxide induced rearrangement yielded the sulfinic acid 59 in 84%
yield, while 129 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 88982

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 studied®*, particularly as far as the three-membered
sulfoxides and suifones are concerned®’. 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, 10-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)®®. The displacement reaction occurs exclusively on the more electrophilic
aromatic ring (equation 41). For instance, methoxybenzophenonesulfinic acid 61e can be
prepared®® from the sulfone®” 60e in 94 yield.
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0]
w
QL IO =
Z SO2

(60) (e1)

@ W=Z=H (@) W=Z=H;X=0CH, Y =SO,H
(bc) W=Cl, NO,; Z=H (b,c) W =Cl, NO,; X=0OCH,; Y =SO,H; Z=H
(d,e) W=CH,, OCH;;Z=H (d.e) W=CH,, OCH,; X =SO,H; Y =0OCH,; Z=H

b. Cleavage of five-membered rings: dihydrothiophene dioxides and 1,3-oxuthiolane S-
dioxides. 1,3-Alkadienesulfinates can be obtained by ring cleavage at the carbon-sulfur
bond of several 2,5-dihydrothiophene 1,1-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 at room temperature. However, the actual
preparation of the corresponding sulfinic acids is not reported.

SO _CH3 + CpHsMgBr — CHzCH==CH-——CH==CHS03MgBr" (42)
o -

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 below®®; in 80% yield.

SO2
|/ ) K+ TOC(CHg)3 ——» CH,==CHSO,K' + CH,0 (43)

(63)

On 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 (64a,65a) with potassium tert-butoxide yielded a
mixture of cis-1,2-diphenylcyclopropanethiol (66) and cis-1,2-diphenylcyclo-
propanesulfinic acid®® (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 (10-20%,), this strategy
has no preparative value.

However, cis- and trans-2,4-diphenylthietane 1,1-dioxides (64b, 65b), when treated with
ethylmagnesium bromide, rearrange apparently through a mechanism resembling that of
the Stevens rearrangement®® 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 1,1-dioxide (65b) the yield is 77%, while cis-1,2-diphenyl-
thietane (64b) yields the same acid (68), in 74%, yield.
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H CegHs
H CeMs A CeHgy,  C6HB A CeHs
50(0)
;\
CeHs & SH SOLH
(64) (a) with #-BuOK < (66) (€7)
or
(b) with EtMgBr
H
CeHs
H | H H CeHs
(44)
S0(0)
CeHs CeHs  SOpH
(65) €8)

(a) sulfoxide ; (b) sulfone

d. Cleavage of the carbon-sulfur bond in thiirane dioxides. The cleavage of the carbon-
sulfur bond of thiirane-1,1-dioxides, with soft bases—thiolate, sulfide and thiourea--or
with organometallic reagents to yield the corresponding sulfinic acids is a facile
process®*°2. 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, mosety
from the three-membered ring®® 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
a. R2s7Lit
— H-\—\,C—-C‘H
ether or MeOH o
RY sozLs
(70)
R'=H,RZ=Me (85°%)
R'=H; R2=t-Bu (69%)

R'=Me;RZ=CgHy (85%)

b. Nap$S - +
—» ( 02SCH2CH2)2S 2Na (76%)

(R'=H)
(71 .
H—-LA—H N

: ' ¢. S==CI(NH,), - Y/
+» 03SCH,CH,SC / (65%)

(72}

d. R3Li or R3MgX

» R3S0,Li  R3=alkyl (48-82%)

(73) (45)
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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 ¢ with thiourea yields
the product 72 in 65% yield®!.

Use of the parent thiirane 1, 1-dioxide affords a useful synthesis of ethanesulfinates
having the following functions in the 2-position: thiol, disulfide, trisulfide, thiosulfate,
thiosulfonate and phosphorothioate®?. 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.

SQ2
i i + NuM — NuCH,CH,SO; M™ (46)

(69 ;R=H) (74) (750—e)

(@) Nu=p-MeC,H,S"; M=Na (73%)

() Nu= C(H;CH,S™; M=Na (93%)

{¢) Nu=HS"; M=Na (>67%)

(d) Nu=NaO,857; M =Na (72%)

(e) Nu=Li,O,(O)PS"; M=Li (100%)

Interestingly, the sulfinic esters corresponding to 75 are rather stable. For instance, the

Bunte salt, disodium S-(2-sulfinoethyl)thiosulfate (75d)°3, could be prepared from thiirane
1,1-dioxide and Na,S,0; in 729 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-substituent®?.

7. Photochemical cleavage of benzylic sulfones

The photolysis of benzylic sulfonyl compounds (RSO,CH,CH;) gives products which
are explained in terms of the chemistry of the benzyl and sulfonyl (RSO5) radicals. The
synthetic application is based on the photocleavage of such benzyl sulfones in methanol or
isopropyl alcohol to yield sulfinic acids®®.

RSO,CH,C¢H;

- RSO,H + C(H,CH,CH,CH;, 47
(or MeOH)

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 acids

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%, yield®.

BuLi

F,C=CF-SO; Li*

C,H,—SO; Li* + F,C=CFLi (48)

(76) (17-Li)
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G. Cleavage of Sultur—Nitrogen and Sulfur—-Oxygen Bonds

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 scale®®,

+2e+2H
ArSO,NHR

ArSO,H + RNH, (49a)
TMA
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 I1.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
purity?-°7.

+2e+2H

ArSO,—OR ArSO,H + ROH (49b)

T™A

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 esters®”. 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, 91-99% yield of p-toluenesulfinic acid (4). The yields of
the alcohols are: 1-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 ethanol®®.

Y
EtO” + H—/(IZ—R\LO—/S.OZAr — . ArSO; + RCOCN + EtOH (50)
CN
(77)

Although the starting material is readily available®®, 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 obtained®®.

CNaHg) (5D

SO2NHNH, SO,H
(78)

This reaction demonstrates the potential of sulfonylhydrazines for the synthesis of
sulfinic acids via the cleavage of the sulfur-nitrogen bonds.

H. Miscellaneous

A few more routes leading to sulfinic acids will be just mentioned briefly for the sake of
completeness.

The following equilibrium should be considered in order to find the best conditions for
obtaining the product:

M* +RSO,H=RSO,M* + H* (52)

Ammonium and alkali metal salts are most frequently used for preparative purposes'°?,
and sulfuric acid is preferred to hydrochloric acid for acidification!®!.

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 yield'®2,

RSSR — 2RSS~

RS~ +0,=RS-+0; (53)
RS- + O0; —> RSO,

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!®? describes the preparation of disulfide sulfinates RSS(CH,),S80,Na
(79) [NaO,S(CH,),S],S (n=3-5) (80). This method has been already described and
discussed in Section I1.LE(a).2.c. Equation 54 shows an extension of the possibilities
available. The disulfide sulfinate with n=3 and R=HO,CCH,, ie. sodium 3-(2-
carboxyethyldithio) propanesulfinate (79a), was obtained'®® in 79% yield from 3-
mercaptopropionic acid and 1,2-dithiolane 1,1-dioxide*®® (81, n=3).

I{é\——’S(/CagozNa:RSNa +S(CH,,50, —2, (80)
(79) H 9 (81)
- RSSR (54)
NaS(CH,),80,Na ﬂ'% [S(CH,),SO,Na],
R = HO,CCH,; p-CH,CH, o 82)

C¢Hg; 2,4,6-(CH,;0);C,H,
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I. 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':? of the central sulfur(IV) atom facilitates the synthesis of stable,
optically active sulfinic esters®. The importance of sulfinic esters in establishing the
absolute configuration of sulfur(IV) compounds is well recognized*. In fact, optically
active sulfinic esters have long been known and active f-octyl and menthyl p-
toluenesulfinates were synthesized about sixty-five years ago®. 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.

Il. THE SYNTHESIS OF SULFINIC ESTERS

Several methods are available to the organic chemist for the synthesis of sulfinic esterson a
preparative scale. These can be divided into the following categories:

. Direct synthesis from sulfinic acids or their salts.

. Esterification of sulfinyl halides (mainly chlorides) with alcohols.

. Esterification of sulfinic acids and sulfinate salts by hard alkylating agents.

. Cleavage of the S—S and S—N bonds in thiosulfinic S-esters and sulfinamides.
. Oxidation of disulfides, thiols and sulfenic esters.

. Reaction of sulfenyl derivatives with oxiranes.

. Reduction of sulfonyl derivatives.

S-—S and S—N bond cleavage.

. Carbon-sulfur bond formation.

. Carbon-sulfur bond cleavage.

. Miscellaneous.

The first two appear to be the methods of choice, the second being the most commonly
used.

A T QMmO = >

A. Synthesis of Sulfinic Esters Directly from Sulfinic Acids (and their salts)

In contrast to carboxylic acids, sulfinic acids do 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 realized®™8. 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)°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-
carbodiimide®®-®, diethyl diazodicarboxylic ester/triphenylphosphine®-®2, 2-chloro-1-
methylpyridinium iodide/triethylamine®®* (equation la), 3-chloro-1,2-benzothiazole-
1,1-dioxide/triethylamine®®, 3-chloro-1,2-benzothiazole-1,1-dioxide/N-hydroxyphthali-
mide®®, phenyl phosphorodichloridate/pyridine’-8* (equation 1b), diphenyl phosphoro-
chloridate/pyridine®® and saccharine chloride®®.

The yields obtained are generally fair to good (52-85%) and since this is a one-pot
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synthesis of sulfinates, it is quite convenient provided, of course, that the starting sulfinic
acids are readily available (see Table in Section III).

As an example, p-tolucnesulfinic acid butyl ester (2a)’ 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 esters®”), but also for the preparation of the
corresponding sulfinamides®®!® as well as S-alkyl and S-aryl thiosulfinates®® 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'?, and some
have attracted interest on account of their biological activities, particularly in the case of
thiosulfinates' 2.

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 solvents'3. This
method was applied successfully for the preparation of the easily rearrangeable vinylic
sulfonic esters'* 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.

o

I
SO;N; S-—OFt @)
EtBr |
CH,=C(CH,)C=CMe, ——— CH,=C(Me)C=CMe,
EtOH

(6) ™

B. Esterification 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 halides'* (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!®. The hydrogen chloride can be removed by applying vacuum!®'!7, heating!®, 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]
I ] 3)
R'SCl + HOR? — R'SOR?

@)

Two procedures of this sulfinic ester synthesis methodology are given below.

Butanesulfinic acid methyl ester (8)* 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% yield®, and
methanesulfinic acid methyl ester!® in 71% yield.

It should be pointed out that sulfinyl chlorides tend to disproportionate into sulfonyl
and sulfenyl chlorides. Sulfony! 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 unchanged'®. 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 method?° and
representative examples?! 2% 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 amounts3°. The synthetic utility of the transesterification of menthyl sulfinates®
and the asymmetric oxidation of sulfenates®! 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 reagents’?:

I i

I Me,N&
R!SCI + R2OH — 2> , RISOR? @)
(10) *

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; at — 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-( + )-cthanesulfinic acid propyl
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ester in 23.9% optical purity32. Several other optically active esters have been synthesized
via this method (see Table).

It was later shown3° 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'8-34,

0
[ I
RSCI + Me,SiOR2 — R'SOR? + Me;SiCl 4

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 data3*.

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 silylated®® 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 sulfoxides®®. For
instance, (— )-methyl( —)-(S)-benzenesulfinate was prepared from benzenesulfinyl
chloride and 1-menthoxytrimethylsilane in 919 yield. The final pure product melted at
37-40°C and had [«]p — 195.3° (c = 2.0, acetone)>*.

Ethyl and benzyl methane-, benzene- and a-toluene-sulfinic esters have been prepared in
good to fair yields by using this procedure3*.

A simple, convenient modification of the above method for the synthesis of sulfinic esters
in good yields (73-87%) in netural conditions has been recently reported®’. Typically, a
few drops of dimethyl sulfoxide are added to an equimolar mixture of sulfinyl chloride,
chlorosulfite and héxaméthylsiloxane, and the reaction is allowed to proceed at room
temperature without any solvent.

(CH,) (6)

| Il : [

R!SCI + R20SCI + (Me;Si),0 — %, RISOR? + 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 reported3®. Thus, according to equation 7,
trichloromethanesulfinic acid methyl ester (12)>3%* was obtained from trichlorometh-
anesulfinyl chloride, methanol and anhydrous potassium carbonate in 73%, yield.

CH,;0K

C1,CSOCl1 Cl;CSOOCH;, (7

(n (12)
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Sulfinyl fluorides react with alcohols to give sulfinic esters*®*°. 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 center*!.

o)
H NaF/CsF “ (8)
CF,SF + R,OH CF,SOR,
25C
(13) (14)

R; =(a) CF;(CH;)CH; (b) CF4(CH,),C; (¢) (CF;),CH; (d) (CF;),C(CH;)

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. NaF 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 919,

C. Esterification of Sulfinic Acids and Sulfinate Salts by Hard Alkylating Agents

The direct esterification of sulfinic acids or their metal (sodium) salts by hard alkylating
agents*?™** 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-

ides*243_ as also did triethyloxonium tetrafluoroborate in dichloromethane**43,
o) R'CN, e}
| or: I
R!SOH(Na)+ | (MeO),SO, — . R!SOCR! )
or: (‘5) (”)
MeOSO,CH,CH,-p (+ R'SCRY)
(16)
(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 Sulfinamides

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 HCl in the
presence of H,O,*®. The sulfenyl group in the thiosulfinates is thus replaced by the OR?
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(O)Y and R2SX with the excess of the
alcohol R3*OH to afford (in the presence of the oxidizing H,0,) the observed
products*®-47,

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=C¢H,)*® in methanol, 30% H,0, and traces of bromine stirred at room
temperature for 1-2h. The pure sulfinic ester was obtained in 919/ yield*®.

I XY/30% H,0,

RISSR? + R*OH (10)

|
R!SOR? + R2SSR? + R'SSR?
20°C, 1-2h

(17)
XY =1, or Br, or HCl

The presence of the bulky t-butyl group in thiosulfinic S-esters (i.e. 17; R? =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-CH,C¢H,;
R? = t-Bu) with MeOH in the presence of N-bromosuccinimide affords ( + )-(R)-methyl
toluene-p-sulfinate (2; R* = p-CH;C¢H,, R? = CHj;), the optical purity of the product
being 5.8% (compared with 11.3% in 17b)*°. 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 at 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 purity®®. So, the limiting factor
of this method is the availability of the appropriate sulfinylphthalimide.

0

nw—O

+ R20z — R'SORZ + 2N (1)

(o} Z=H or No 0

(18) (19)
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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)phthalimide®’ (18, R'=Ph). After 0.5h 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 used®2.

o] o]
Is//:’\'dH, H |
.’."] \Tol-p (inversion) '-"'75\0R3 (12)
/NR‘RZ Tol-p
(20) (21)

The acid catalyzed alcoholysis of sulfinamides (+)-20 (R!, R? = 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-BuOH32. Of the
several acid catalysts used (CF;CO,H, PhSO,H, HSbF¢ and others), the mixture
CF,CO,H-AgClO, 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, R2 = CH,C¢H,),
menthol, and concentrated sulfuric acid in benzene by refluxing for 3 h. After work-up,
21 (R3 = menthyl) is obtained in 23% yield, [«]3’ = — 196.8° (¢ = 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%,
yield*3. 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 Disulfides, Thiols and Suifenic Esters

1. Oxidation of disulfides

Low-temperature oxidation of disulfides with chlorine in the presence of an alcohol
leads directly to the corresponding sulfinic esters in good yields®#3°,
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i
2R!'SOR? + 2R2Cl + 4HCI (13)

-20°C

RI!SSR! + 4R20H + 3Cl,

Quite often this is the method of choice for the preparation of sulfinic esters, since the
starting disulfides are readily available and so are the other reactants, and it is a one-pot
reaction leading directly to the desired target compound®®.

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!SO,Cl and also others®” such as the corresponding thiosulfonic ester R'SO,SR*.

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 distillation4. All these required procedures complicate the
synthesis, turning the work-up of the mixture into a laborious process.

Methanesulfinic acid methyl ester (2, R! = R? = 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 tetraacetate®®,

0]

|
RISSR! + 3Pb(OAc), + R?OH — 2R'SOR? + 3Pb(OAc),( + 4AcOH + 2AcOCH,)
(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 impractical®®. The yields of the arenesulfinic esters are 62-68%. Thus benzenesul-
finic acid methyl ester (2, R! = Ph, R? = Me) is easily obtained > 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 oxygen®°.

hv, Rose Bengal ”
RISSR' + 2RZ0H + 0, — =", 5R'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

Electrolysts of thiophenol in acetic acid with aliphatic alcohols in the presence of sodium
acetate leads to the formation of alkyl benzenesulfinic esters in satisfactory yields®'. The
electrolysis of the corresponding disulfides also affords the sulfinic esters, albeit in lower
yields.
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O

PhSH electrolysis/CH 3CO,Na PthRz ( 16)

CH3CO,H; R?0H; 15 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, R? = 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 Fmol ™! of
electricity at 0.01-0.04 A cm ™~ 2 of current density (30 V), 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 acid® leads to the
corresponding sulfinyl chloride®® which is then esterified by added alcohol®?, thus
merging with the method described in Section I1.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 time®>, 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
sulfinate®*: benzyl and variously p-substituted benzyl trichioromethane 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.

i
p-RC,H,CH,0SCCl, amn

p-RC(H,CH,0SCCl,

CH,C1,/0°C
(22) (23)
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 1.5:1 or a greater ratio of methanesulfenylchl-

oride to lithium pentyloxide or 4-methyl-2-pentyloxide, the corresponding sulfinic esters
are formed in good yields®®.

0]

|
3CH,SCI + 2LiOR — CH,SOR + CH,SSCH, + RCI + 2LiCl (18)

(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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CH,
ROLi CH3SCl I
CH,SC1 —*Y, CH,SOR CH,SS ' ORCI
24) (26)
7 i
OR
. CH,SSCH, —2* , CH,SOR + CH,SSCH, (19)
(27) +RC 25)

converted to other products, most probably through the mechanism indicated®® 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 25°7% 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

The reaction of methanesulfenyl chloride and ethylene oxides results in the formation of
methanesulfinic esters alongside with dimethyl disulfide and ethylene dichloride®®.

o)
|
3CH,SCI + 2CH,—CH, — CH,SOCH;CH,Cl + CH,SSCH, + CICH,CH,C!
N

O (20)
(28)

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 of the 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!SO,SR? leads to the formation of sulfinic esters in high yield
accompanied by 0,0, S-trialkyl phosphorothiolates®’. 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.

S I

+

R‘Soglsﬂtp(oﬂh—v R2sP—O0R3 — R'SOR3 + RZSP(0R3),
0o—~R3 (29) (30)

2 ten—
R€ =alkyl R SOZ\/‘ @1
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These reactions are carried out without a solvent, at 20-30 °C. The products are isolated
by distillation in vacuo in 80-90% yield. In some cases the isomeric sulfone (i.e. R'SO,R?)
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 procedure®’, butanesulfinic acid butyl
ester (29, R! = R® = Bu) was prepared from ethyl butanethiosulfonate®® with tributyl
phosphite in 909 yield.

The reaction of trimethyl phosphite and 1, 2-di-p-toluenesulfonylethene to give methyl
p-toluenesulfinate almost exclusively®® is closely related and probably also involves a
thiosulfonate—sulfinic ester transformation as described above.

0 Tol-
Ne
7 (2N
TSCH==CHTs + (Me0)3P —» TsCH—(I:H 0 —
(MeO)gP"\ra\/CHs

TsCH==CHP(OMe), + p-TolSOMe(+ p-TolSO2Me)
(31) (trace)
(22)

Based on the observation (a) that in situ sulfonylations of epoxy alcohols following
asymmetric epoxidation persistently afforded sulfinate esters as significant by-products’®
and also that the isolation of O0,0-dimethyl S-p-tolyl phosphorothiolate
[p-TolSP(O)OMe,] provides an additional by-product’!, 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 developed’>.

O
(MeO)3P, Et3N + ” +
R!SO,Cl + R20OH [R'SO; CIP(OMe),] — [C1”R'SOP(OMe),]
CH,Cl,
I ll R20OH l
— P(OMe), + R!SCI R'SOR? (23)
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 pathway’>.

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 (—)-menthyl p-toluenesulfinate compared favorably (66%,
yield of the pure diasteromer) with previously reported methods’®, while the chiral
sulfinic ester (+)-[(—) menthyl 2-naphthalenesulfinate’® was obtained from 1-(—)-
menthol and 2-naphthalenesulfonyl chloride in CH,Cl, under nitrogen, with
tricthylamine and trimethyl posphite in 96% crude yield and 289 yield after two
recrystallizations.

The conversion of 1,2-dithiolane-1,1-dioxides to the corresponding 1,2-oxathiolane-2-
oxides has been achieved by using hexaethylphosphoramide as the reducing agent’>.

SO. SO
EAN

S + P(NEtz); — ( \o (24)
(CH),— (CHp)p”
n=34

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 sulfones’®~7® are very reactive towards nucleophiles,
which cleave the sulfur-sulfur bond resulting in the displacement of an
aryl sulfinate ion”":

ArSO_SO,Ar + Nu™ — ArSO_Nu + ArSO; (25)
n=1or2

Thus, the reaction of sulfinyl sulfones 32a,b with a solution of sodium methoxide in
methanol’” 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 substitution””.

O

[ R20 "~ or pyridine l
R!SSO,R! + R2OH id »R!SOR? + R'SO; (26)

CH,Cl,
(32) (2)
(a) R' =B (62-90%)
=Bu

(b) R! = p-Tol

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, R? = adamantyl) is
achieved’8 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.



230 U. Zoller

The oxidation of N-alkyl-N!-tosylhydrazines with SeO,, CrO, and HgO results in the
isolation of p-toluenesulfinic esters and olefins’®, probably via a radical pathway.

o
SeO; or CrQ3 or HgO ”
p-TolSO,NHNHCHCH,R? p-TolSOCHCH,R? (27)
| { Hzj Nj) |

R! R!

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.

I. 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 good®°.

o) o)
| |
R'MgCl + RZOSOR? — R'SOR? (28)
(33) (34) (2)

R! =tC,H,; t-CsH
R2 = CH,; C,Hg; 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, alkylchlorosulfites do 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 formation®?.

The reaction of dialkyl esters of sulfoxylic acid (i.e. 35) with low molecular weight alkyl
iodides to give sulfinic esters®® represents another sulfinic ester synthesis via a carbon—
sulfur bond formation.

o

reflux

|
R'l+R*—0O—S—O0O—R? R!SOR? + R?I (29)

10 15h; 70 100"°C
(35) (44-79%)
R! = CH, or C,H,; R? = C,H, C,H,, C,H,,

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 IL.B, IL.E and
Table), the use of this method is not expected to gain much ground.

J. Carbon-Sulfur Bond Cleavage

Both benzyl and ¢-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%)%4.

7 I
R!SR? + R20H —21 | pisOR2 (30)
CHCl,
(36) (2)

R! =t-alkyl; C¢qH,CH,; C¢H;CH(CH,)
R3=1-Bu; C¢H,CH,
R?=Et

Since t-butyl alkyl sulfoxides can be conveniently prepared by treatment of the lithio-
derivatives of simpler sulfoxides with electrophilic reagents (equation 31), the formation of
sulfinic esters by the cleavage of the carbon—suifur bond of the t-butyl sulfoxides represents

a general synthesis. t-Butyl 3-,4-,5- and 6-hydroxyalkyl sulfoxides can be transformed into
the corresponding cyclic sulfinic esters by the same method8+-8%,

i I
t-BuSCH,R* —~-, {-BuSCHR*R%(= 36 R' = CHR*R?) 31)
2.R°X
0
5 L RISOR?
R20OH
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 R? is replaced by another group.
This can be done by either acid- or base-catalyzed alcoholysis of the sulfinic ester?8-86.

7 i

| .
RlSORz + R3OH Acid or base catal. RISOR3 (32)

(2)

In the base-catalyzed alcoholysis, the stronger the base the higher the rate of the sulfur—
oxygen bond fission?®,

Methyl sulfinates are often used to produce higher molecular weight esters®®. 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(0)O],GeR, and
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[R'S(0)],GeR, have been synthesized from the reaction of anhydrous R'SO,Ag with
R,GeCl, R,GeCl, and RGeCl,, respectively®”.
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I. 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 Chemistry?®. Cyclic
sulphinates (sultines)® and aspects of cyclic sulphinamide chemistry* have been reviewed.
The sultine 1 and its substituted derivatives are useful precursors of o-quinodimethanes
{o-xylylenes), and dihydrothiazine 1-oxides, 2, have been shown to be versatile intermediates
in synthesis**. Ring sizes from four up to eight are known, although the four-membered -
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*—Q ™. The reader should bear in mind that the
tetrahedral sulphur atom is a chiral centre.

Y
séo A
Q r'«
X
(1) V4
(2)

. 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 alcohol®. Although a sultine had been suggested in 1966 as an intermediate
species in the mass spectrum of dibenzothiophene sulfone®, the next isolated sultines were
described in 196778,

1. Cyclizations involving an afcohof and a sulphur function

An alcohol may attack the positive sulphur atom derived from a sulphinic acid3-9-10-142,

a sulphinyl halide!!, a sulphenyl halide or a related species (followed by oxidation under
the reaction conditions!2) or an oxosulphonium ion'!-*3, These syntheses are exemplified
by equations 1-7. Four- to eight-membered sultines can be obtained by the method
lustrated in equation 5. A useful method for preparation of «, f-unsaturated y-sultines is
the reaction of sulphur dioxide with vinyl Grignard reagents substituted with a
hydroxymethy! group (equation 4)'**. 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)!%, but the mixed sulphinic—carboxylic structural analogue reported in
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R i R ]

R'  OH
=
0 OH
LI _S0% | S0
CH,R? e
Rr2 H

- (3
.
R y ]!
NoBH4 OH cone HCI 0
— 507 50 %, 3mm" L
cH02 o o
rR? R2

(mixture of isomers)

OH 28w @\
CH2Ph /Ph S0z
LM T o
@\Aﬁ\o
Ph

(mixture of isomers)

1. 2 Buli
OH 2. SO;

I

R
1.50
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o]
7
I N
,-Bu_s\/\/\/\ -—DNCS ¢—s B ?
OH NSNS
(5)] 1
(HOCH2CH2 CH2S), 1L S=— (6)!%
PH 7 o/
0 0]
CH QB t CH |SIB t "?U
- u-
2 u Nes 2 |+ s&O
+
e cl — cl)
CH» OH CH2OH
0
?¢
—_— 13e
! ™
1969'32 apparently has an acyclic structure! °°, 3-Methyl-1, 2-oxathiolan-5-one-2-oxide is
derived from the acid chloride of the mixed sulphinic-carboxylic diacid!>*.
7 N\ N N7 1
cs Cl + Hp0 —» : ; (8)14b

(4)

2. Cyclizations involving nucleophilic attack by sulphinates

Cyclization via attack of a sulphinate anion on a carbon atom with a leaving group!® or
on a reactive double bond!” provides another route to sultines (equations 9-12). A four-
membered B-sultine was suggested as an intermediate but not isolated in the treatment of
the trichloroaluminate-tetramethylcyclobutenyl cation zwitterion with sulphur
dioxide!®® 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-cyclohexadiene arises from a step-wise process

CHzal'

CH2S02Na 0
@ HOCH; SOz Na (@i @::s/
725727 . — |
DMF (o]
CH,Br CHBr

(9)1 6a
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CH2Ph CH2Ph W
PhCH,CONH
NZ o NZ 2 _.'o\s/o
MCPBA
HS —_— SOH — /‘\
N,
~
N N cH | cH
SeH | CHy o SCHNCH, 0 [ CHy 2
CHy | CHs COR
CO2R L CO2R
(lo'lhh
r o 1 0]

SOz S

S,
[ o | — [ awe
CCH. /

Cl Cb
CH CH CH CH CHz CHy
3 3 3 3 X
R D
_— E—
6xo— ~78 ta 0°C _)
S0z hexane/ THF //S—O //S—O
[o] | [o]
(|2)17

involving a sulphinate-cyclohexenyl (allyl) cation which cyclizes following a hydride
rearrangement ' 8°,

3. Cyclizations involving electrophilic attack 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

R CHa R CHy R +_~CHsx
socl, W
HO pyridine O\ '~
S\ S
It !
0 o]
Cl
R CH3
(o[l
» (13)I93
o\



244 D. C. Dittmer and M. D. Hoey

CHy CHy CHy
CHs CH CH
\\ s0Cl, 3 AN 3 \ 14)1%¢
HO ridine 0 / 0 (14)
N ey >/S\ H \SI
0o LCI
(o]

sultine (equation 13)!°. In one case, the muitiple 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 15)2*. Allene stereochemis-
try determines the product stereochemistry and chiral sultines can be obtained?'c. 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)?2.

GHz _—0 0
N Br, _ |CH +/ N CHy
/C=-‘C=CH S0, —» 3 — LD <
CH ;
3 2 Br HH CHs

> \ (15)2“

Br

CH3

Mg S04 W (16)22
30 °c /O
s

SO,CH,Ph 88% |
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 sultines?32. Several highly reactive dienes,
however, do yield sultines on reaction with sulphur dioxide (equation 17)2*>24, The
sultines apparently are the preferred product with 1,3-dienes?*, 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
rare?, although a number of f-sultines have been suggested as intermediates®®.
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A
—_— »
20 °C
+ | | S0,

(]7)2317

Somewhat more common is the addition of sulphur dioxide to cyclopropanes to give
mainly y-sultines?’. An acid catalyst is apparently required for the reaction with simple
cyclopropanes?”’. The insertion of sulphur dioxide into a silicon?®® or germanium bond?8®
of sila- or germacyclobutanes or a stannocyclopentane?®® 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
B-thiopropiolactone to give a six-membered sultine?®?.

A\
0 5=°
so S/
2 ] + 27a
—60 °C A 0 (18)
Ph Rr2
> aad
¢S——O

Ph 502 > R
CF3CO,H
0

R' R2

e

=
O—wn
o—Wu

20 °C

“9'27r

Various sultines are obtained by addition of sulphur dioxide to a mixture of ketenes and
ketimines?®, to an a-chloroimine®® and to x-alkynyl transition metal derivatives®!
(equations 20-22).

Tr
Ph H N 0P
/Ar \ S0, \3/
C——C=—"N + C—C=—0 —*—+ Ph (20)%°°
Ph/ H/
Ph

T

H
CFs CFy
)\ /CM3 S0z
Cl N N —_—
CFs

CFs CHg

S
>(_\° Qn°
NJ\T/CH,,

CH3
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CHy CHy o

_/ //
S02 /4 S 3ic
n-CsHgFe (CO)p;——CHj —2 » n-CgHgFe(CO), | (22)
o)

Addition of o-chloranil*? or imine or nitrile oxides*? across the carbon-sulphur double
bond of sulphines yields sultines (equation 23).

0
SI/ cl cl
cl 0 cl 0 0
TO)
+ _—
CH,Cly
0 cl o) cl 0
cl Cl @ )
(23)52

Sultines were obtained by cyclization of sulphinyl diradicals, RR'CCH,CBr,SO,.
Somewhat unusual reactions leading to sultines are the cyclization of the diacid chloride of
o-carboxyphenyl sulphinic acid®*#®, and the treatment of 1, 3, 5-triisopropylbenzene with
chlorosulphonic acid33. Details of these reactions are not readily available.

5. Sultines from cyclic derivatives by ring expansion, contraction or rearrangement

Successful thermal”-8-274-3¢ and photochemical®” ring expansions of cyclic sulphones to
sultines (equations 24-26) followed on suggestions of such rearrangements observed in
mass spectra®3®,

Ph Ph

400 °c
. - o (e
S0, dihydroonthracens s/

AN

e}

Ph Ph

— heat e (25)36!)
SO, C /S\

“
L @ . + 0
CH3 OH /
S0 S0 5—0 3

ot 2 | | \\
o]

CH,Cly
c/is and trans

(26)373
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The photolysis of saturated cyclic sulphones has been little investigated. In one case®’®,
thiolane 1, 1-dioxide goes to the six-membered sultine, but ethylene may be lost with
formation of a transient, four-membered sultine3®. The ketosulphone, 5, smoothly
photoisomerizes via a diradical to sultine, 6 (equation 27)*°.

R
0 —r
/ S : LR /s/° 7%
u u
(5) (6)

Treatment of four-membered cyclic sulphones with tert-butoxymagnesium bromide
yields the five-membered sultines (equation 28)!2"4!, The 2,4-diphenyl-substituted
compounds preserve the stereochemical integrity (cis or trans) of the substituents on going

to the sultine.
O
Ph Ph
$02 t -BuOMgBr s\
-—_ o} (28)4“
?-BuOH,Et,0
Ph oh

Thermolysis or chlorination of the benzothiadiazine sulphone 7 yields five-membered
sultines (equation 29)*2.

Q 0 o
N I
S\ S
NH 500 °c \
| _— 0 (29'4271
_~N or Clg
(7 X
X=H,Cl
S
U
R OH HO R PN r. © Q0 g
N7 N S
R R R R
=08 =
2
0

R

\\S-—O R
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Cyclic sulphoxylate esters, formed by reaction of diols with sulphur transfer agents,
rearrange to the sultines (equation 30)*3.

6. Sultines by oxidation or reduction

Oxidation of cyclic sulphenates yields sultines (equation 31)*4, but the method is limited
by the availability of the starting materials. Similar is the oxidation via a sulphurane
(equation 32)**=43 A B-thiolactone affords the cyclic mixed carboxylic—sulphinic anhy-
dride, 8 (equation 33)*¢.

I
s S
( \O MCPBA ( \o (314
0
R40 ORy
J u
\ 1, KOR, \o HR0 \o
2.Br, 97%
CH3 CH5 CHy
CFy  CFs CFy  CFq CFs CF3
(32)444:
s Ph 9
Ph—-—f Ph
MCPBA
e o) (33)4¢
Ph———S Ph s
N\
Ph Ph \o
(8)

Three examples of the reduction of a sultone to a sultine have been reported to proceed
in moderate yields (equation 34)*7. Ring-opened products also are obtained.

o——-S/O LiAlHg //o
N\, (€C2Hs)20,33% 0—s=
CHs ° (IZH3
CH3 CHs
(34)47

B. Reactions of Sultines

1. Ring opening by nucleophiles, bases and electrophiles

The base-catalysed hydrolysis of sultines occurs readily!#-19¢.20.290.360.47.48 3 jt 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)*%. Trigonal bipyrimidal
intermediates that do not permit this oxygen exchange were considered. The sulphinate
ion may be alkylated in situ*’. Ammonia3*, a neighbouring hydroxyl group

[o}
OH 18
0 0 0 0
N won g— 89~ oM™ N
—_— -— (35)%8
(9)

(equation 36)'*¢ and organometallic reagents*” attack sultines. Incomplete reaction of
3H-2, 1-benzoxathiole 1-oxide with (S)-2-methyl-1-butyl- or (S)-2-phenyl-1-butyl-
magnesium chloride yields recovered sultine enriched in the (S) enantiomer (8-
64%,e¢)*®. The simple saturated five- 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)*°2. Treatment of sultines, 10, with

(o]
S—0

0/3/ OH
CFy CFy =— CF3 CFs (35)12:
CF CFa CFs CFa

(\ys R,Culi ﬁ (37)%%2
07 o HO o//\R

Q.
Ho )
3

R R
/——f LU S : (384
043\0 (C3Hg),0 R‘/\\o CHa0H
(10)

hydride ion followed by alkylation with methyl iodide yields «, S-unsaturated
aldehydes**°. A mechanism involving formation of a sulphenate anion was suggested.

R R
1.KH,18-crown-6 / :
M0 ——» / :
2. CHyl CHB/S cHo * CH3/O CHO

Several sultines undergo chlorination with ring opening to give sulphonyl
chlorides''#2**, The hydroxysultine 12 is in equilibrium with the acyclic sulphinate-
aldehyde, 11 (equation 39).
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SO, Ci
Clp
——»
(o]
CHO
SOZNO S//
HCI \
f— 0 —
NoOH
CHO
OH _ S0,CI
1) (12) 1.NaBH4, OH
-
2.HCI
3.Cly CH,Ct
(39)42bx

2. Extrusion of sulphur dioxide or sulphur monoxide

The pf,y-unsaturated six-membered sultines lose sulphur dioxide at much lower
temperatures than do sulfones, making them more suitable for generating dienes
(equation 40)%~¢13¢.16.230.30, i particular, the benzo-fused six-membered sultines are
convenient precursors for o-quinodimethanes (o-xylylenes)®®~¢-13¢-162.30a that are useful
in the synthesis of tetrahydro-1,4-anthracenediones*®® 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)3°°,
CO2CH3
0 80 °C
|S S0 + l
- 2
\o ~ CH3 COZ
Ph Ph
87 % 9¢
(40)°°
CHy CH3 CH3
] CH CH
= 3 3
s7 [Rh(CO)zCI) 2
| EEETE——— SO2 +
0 0-CeHaCla
100 °¢C CHs CH3
CHs CH3 CH3
(13) (41)%0°

The cyclopropane-substituted sultine, 14, undergoes a stereospecific #,, + 75, + 75,
cycloreversion (equation 42)!3f,



9. Cyclic sulphinic acid derivatives 251

CHCI
SRSl ”//t:lij (4213
reflux

B-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)!34-7k The process has been discussed from a theoretical viewpoint which
shows that a o,,+ g,, process is not obligatory®!. In a flash vacuum thermolysis
experiment in which a S-sultine was suggested as an intermediate in the reaction of sulphur
dioxide with ethylene, the products were ethylene oxide and elemental sulphur?®®,
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 monoxide®22, Substituted y-sultines give analogous products formed via dirad-
icals (equation 44)%2®. Other ring sizes behave similarly, diradical intermediates being
formed*®®. Both sulphur dioxide and sulphur monoxide are apparently produced in the
thermolysis of certain sultines®8P-38:43%53 Guiphur monoxide apparently is lost in the
thermolysis of 15 (equation 45)3° and from a tetracyclic sultine?’®. Desulphinylation of a
tungsten-substituted sultine occurs on alumina®2¢, Photochemically, sultines also extrude
sulphur dioxide®2>54, but 1,2-oxathietan-4-one 2-oxide photochemically loses carbon
dioxide2*?, A 4-imino-p-sultine intermediate, believed formed in the reaction of a ketimine
with sulphur dioxide, does not revert to starting materials by extrusion of sulphur dioxide

(14)

/O
o__s/ Ph CH3
30 °C )
— (43)13
-0
Ph CH3 2 Ph CHs
Ph  CHj
CHy
7%
CHy LA

CHa CHy- CHj3 CHjp-
7%0 °C
/p — » — -
S CH2 CHy

S0z : H~
\\O 62% :

CHy
(44)52!3
N(CH3), N(CH3)5
Nz heat N
CFaj\s p A ° (45)°°
CFs N\ CF;  CFa
(]

(15)



252 D. C. Dittmer and M. D. Hoey

but instead rearranges via cleavage of the sulphur-oxygen bond (equation 46)2%f. The
isomerizations of sultines to sulphones probably involves loss of sulphur dioxide followed
by its recombination with a diradical or diene fragment®c 1343t

i
H N CH 0
CHs R CHs
SO
c—n" T:;c_. CH3 — &  CHy
- S—0 S—N
CHs o RN
o ] o) R
(46)2M

3. Rearrangements

The conversion of sultines to cyclic sulphones has been described in the previous
section®®!343% a5 has the rearrangement of a fS-sultine (equation 46)*¢". The diradicals
formed by loss of sulphur dioxide may give a variety of products®®#3®. A naphtho-fused
sultine (equ