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Introduction 1

Introduction

An organosulfur compound may be defined as a molecule containing one or more
carbon-sulfur bonds.

Sulfur itself has been known since antiquity and, because of its associations with
volcanic eruptions, was referred to in the past as ‘brimstone’ (burning stone). In the third
century, Chinese alchemists used a mixture of sulfur with saltpetre (KNO3) as a primitive
gunpowder. Elemental sulfur is widely distributed in nature and also as compounds such as
hydrogen sulfide, sulfur dioxide, sulfates, e.g. those of calcium and magnesium, and
sulfide ores.

Elemental sulfur deposits occur in many parts of the world, e.g. Texas, Alaska (USA),
Sicily, Japan, Mexico and South Africa. Many of these deposits are in areas of high volcanic
activity or are found in association with petroleum. Subterranean deposits only became
readily available in the twentieth century by the Frasch process in which high pressure
steam at 165 °C is forced down to melt the sulfur which is then blown up to the surface.
This process yields a high quality product, ~99% pure sulfur. Over the last 25 years,
increasingly large amounts of sulfur have also been obtained from hydrogen sulfide in
natural gas and by high temperature roasting of pyrites (metal sulfides). The annual
production of sulfur is ~60 x 106 tonnes.

Sulfur was recognised as a common element in proteinaceous material in the early
eighteenth century, and the disulfide cystine (1) was probably the first sulfur amino acid to
be discovered (Morner, 1899); its structure was elucidated by Friedmann(1903).

SCH-CH(NH-)CO,H MeSCH>CH>CH{NH)COsH SI-}I-I
SCH,CH{NH)CO-H {2) :}‘Hz
(1 tIZH{Nng
CO-H
3
Scheme 1

Methionine (2) was isolated by Mueller (1922) and it was then that the nutritional
significance of the relationship of (1), (2) and (3) (Scheme 1) emerged; pure cysteine (3)
is difficult to isolate owing to its facile oxidation to cystine (1). The interrelationship of the
amino acids (1)—(3) is shown in Chapter 4 (p. 49).
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Introduction 2

Sulfur is essential to the life and growth of all organisms from microbes to man. Plants
and microorganisms have the capacity to utilise inorganic sulfur, since they can reduce
oxidised forms of sulfur to the sulfur amino acids (1) and (2). Mammals, on the other hand,
cannot utilise inorganic forms of sulfur and consequently have to obtain the essential sulfur
amino acids from plant sources. The sulfur amino acids (1)-(3) are used by living
organisms as the source of a vast array of biochemically vital organosulfur compounds, e.g.
proteins, glutathione, coenzyme A, the vitamins biotin and thiamine (part of the vitamin B
complex), lipoic acid, and plant and fungal metabolites like penicillin.

The relationship between elemental sulfur and the oxidised and reduced forms in
nature is depicted in the sulfur cycle (Figure 1). This demonstrates that sources of oxidised
sulfur (e.g. inorganic sulfates) and reduced sulfur (e.g. thiols) in the biosphere can be
interconverted in living organisms; the special chemistry of sulfur allows these
oxido-reductive transformations to occur relatively easily. Thiols (RSH) are easily oxidised
under mild conditions to yield disulfides (RSSR), and this process can be reversed by
reduction with, for instance, zinc-dilute acid. The reversible disulfide formation from thiols
is an important biological process, since many proteins and peptides possess free thiol (SH)
groups that form bridging disulfide links. This mechanism is exploited in nature to achieve
the intermolecular and intramolecular joining together of amino acid chains (Scheme 2).
Thiols are of considerable biological significance since many vital enzymes in plants,
animals and fungi contain the SH group.
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Figure 1
The sulfur cycle in nature.
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The formation of ether by the reaction between ethanol and sulfuric acid was
investigated as early as 1540, but the intermediate, ethyl hydrogensulfate, was first
observed by Dabit in 1820. Carbon disulfide was originally prepared by Lampadius (1796);
this was a very significant discovery since carbon disulfide can be used as the starting
material for the synthesis of many organosulfur compounds. The xanthate reaction
(Scheme 3) was discovered by Zeise (1815) and really marks the beginning of organosulfur
chemistry. The xanthate reaction provides an easy preparative route to dithio acids (4)
(Chapter 8) and was of major industrial importance in the manufacture of rayon and
cellophane, which are obtained by treatment of cellulose with carbon disulfide and alkali.

8 S
ROH + KOMH + CS; - Roci‘f — . RG(’J{
5K 'SH
(4)
Scheme 3

Uses of sulfur and organosulfur compounds

The major uses of sulfur are in the heavy chemical industry; some 90% of all sulfur
produced is used in the production of sulfuric acid. Sulfur dioxide is extensively employed
as a preservative and antioxidant in the food industry; wine casks have been sterilised by
fumigation with sulfur dioxide for thousands of years. The vulcanisation of natural rubber,
discovered by Goodyear in 1839, involves heating rubber with sulfur to increase the sulfur
bridges between the hydrocarbon chains to give a product with improved mechanical
properties.1 More recently, several organosulfur compounds, e.g. dithiocarbamates, have
been used instead of sulfur. The vulcanisation process to some extent mirrors the biological
function of sulfur amino acids (see p.2). Elemental sulfur has a long history of application
in medicine as a result of its scabicidal, insecticidal, fungicidal and purgative
properties—sulfur-containing lozenges and ointments are still sold. Sulfur was mentioned
as a fumigant by Homer and has been used as an agricultural fungicide for many years. In
the nineteenth century, sulfur was increasingly used against powdery mildews and a
mixture of sulfur and lime (lime sulfur) (Weighton, 1814) was shown to be effective against
apple scab fungus. In 1882, Millardet discovered that a mixture of copper sulfate and lime
(Bordeaux mixture) controlled potato blight and vine downy mildew, and carbon disulfide
has been used since 1854 as a fumigant for control of insects and nematodes. Sulfur is an
essential nutrient for plants, and over the past 30 years an ever-increasing array of
synthetic organosulfur compounds have been introduced as pesticides and medicines.
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Sulfur sometimes plays a role as propesticide in compounds in which biological activity
is enhanced by enzymic oxidation; thus, for the insecticide malathion (5) (Figure 2),
potency is increased by the in vivo conversion of the thiophosphoryl P=S into the
phosphoryl P=0 group in the insect.

Of the current agrochemicals, some 30% contain sulfur in a wide variety of oxidative
states, e.g. sulfides, thiols, sulfoxides and sulfones. Activity may be related to the special
characteristics of the carbon-sulfur bond and the increasing polarity ofsulfur-oxygen bonds.
Some important examples of biologically active organosulfur compounds include malathion
(5), the selective sulfonylurea herbicide chlorsulfuron (6), the antiulcer drug ranitidine (7)
and the B-lactam antibiotics such as benzylpenicillin or penicillin G (8) (R = PhCH,) (Figure
2).

MeO 5 1 Me

A 0
K i N
MeO (l:'H'CﬁgEl SO;NHCNH—¢ N

N
CH,C0,Et OMe
(5) (6)

J;.r \. /LI—IN{};:
MegNCH,; CHSCH;CH;NHC |

0
NHMe
(7

o
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TeNH, b
x\—lﬁ ., _Me a i
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=/ |
COaH 9]
(%) (9
Figure 2

Some biologically active sulfur compounds.

The early introduction of organosulfur compounds as pharmaceuticals derived from
the sulfonic acid dyes, one of which, prontosil, showed antibacterial activity in mice.
Domagk (1935) demonstrated that the activity was due to the formation of the metabolite
sulfanilamide (9) (see Chapter 11), and this discovery led to the introduction of a large
number of antibacterial sulfonamide drugs which were later modified to give different
types of activity, e.g. diuretics and antimalarials. The broad spectrum antibiotic penicillin (8)
was discovered accidentally by Fleming in 1929. He observed that several cultures of
Staphylococcus on the laboratory bench had become contaminated by atmospheric
microorganisms causing the formation of a green mould, Penicillium notatum, and the
Staphylococcus in its vicinity was being destroyed. The substance causing the antibiotic
action was termed penicillin; the discovery was one of the milestones in medicinal
chemistry. Pure penicillin was not available until some 10 years later—it was first made
commercially in 1945—and since then a large range of penicillins (8) have been
synthesised containing different R groups.
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Several sulfonic acids (RSOsH) as their sodium salts are important synthetic
detergents. For maximum efficiency, R is a highly lipophilic group, e.g. an alkylarene
moiety as shown in the structure (11). The detergents are prepared by sulfonation of the
parent hydrocarbon (10) by reaction with concentrated sulfuric acid (Scheme 4). Such
sulfonate detergents have the advantage compared with ordinary soaps, e.g. sodium
stearate, C17H35CO,Na, that they do not produce scums when used in hard water because
the calcium and magnesium sulfonates are more soluble.

. (i} conc. Hy50y
C.-'qu.u@ %" C,Huu @7305 Na
(10 (A1) n=9-15
Scheme 4

Many commercial dyes contain one or more sulfonic acid groups to confer water
solubility to the dye and assist in binding the dye to the polar fibres in the textile (cotton,
nylon, silk, wool, etc.). An example is Congo Red (12) (Figure 3). This is red in alkaline
solution; thus, the sodium salt will dye cotton red, but it is very sensitive to acids and on
acidification the colour changes from red to blue, and so this compound is also used as a
type of indicator. Vat dyes, known as sulfur dyes, can be prepared by heating various
organic compounds, e.g. amines, aminophenols, and nitrophenols, with sodium
polysulfide.

NH NH
l I NeNn— NN I El
SONa (12) SONa

Figure 3
An organosulfur dye, Congo Red.

In the food industry, sulfur dioxide and sulfites are extensively employed as
preservatives to inhibit microbial spoilage and increase the storage life of foods. In addition,
several sulfamic acid derivatives like saccharin (13) (1878), cyclamate (14) (1937) and
acesulfame potassium (15) (1973) are important artificial sweeteners (Figure 4).

There are several excellent advanced texts 1-8 on organosulfur chemistry to which
the reader is referred for further details of many of the topics mentioned in this book.
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Figure 4
Some synthetic organosulfur sweeteners.
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1- Structure and Bonding in Sulfur and Organosulfur Compounds

Elemental sulfur is a bright yellow crystalline solid, it is the second element of group VI
in the periodic table of the elements, just below oxygen, and has the electronic
configuration 1s%2s?2p®3s?3p*.

Sulfur shows a marked tendency to react with itself (catenation) and consequently can
exist in a large number of acyclic and cyclic S, species. For the cycles n = 2-20, and n can
be >20 for the acyclic chains; this behaviour accounts for the complexity of the physical
and chemical behaviour of sulfur.

All the chain and ring forms of sulfur are thermodynamically less stable than
cyclooctasulfur (Sg) at 25°C. Cyclooctasulfur is the most common form of sulfur and this
occurs in the crown conformation (Figure 1). The sulfur-sulfur bond in elemental sulfur is
probably a resonance hybrid (Figure 1; 1 A = 0.1 nm), so the Sg ring exists in the
energetically favoured crown shape. Such electronic delocalisation would also account for
the colour of sulfur and the special features of Sulfur-Sulfur bonds in the ultraviolet
spectrum.

("‘\2\'?6;' /:S i sty

Figure 1
The S8 ring as found in orthorhombic (Sa) sulfur.

Cyclooctasulfur exists as three main crystalline forms (allotropes); the most stable
allotrope at 25°C is orthorhombic sulfur (S,) (m.p. 112.8°C), found as large yellow crystals
in volcanic deposits. When S, is heated slowly to 95.5°C, it is converted to the high
temperature monoclinic form (Sg) (m.p. 119.5°C), which also contains Sg rings but
differently arranged. Another monoclinic form of sulfur (S,) (m.p. 106.8°C) can be
prepared by the slow crystallisation of sulfur from ammonium polysulfide. When sulfur
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melts, a yellow, mobile fluid is first formed, but on further heating up to 200°C this
becomes increasingly brown and viscous. Above 200°C, the viscosity of the liquid
decreases until at the boiling point of 444.6°C sulfur becomes a mobile red liquid. The Sg
rings persist in the liquid up to ~1%"2. The viscosity changes on heating are as a result of
ring cleavage, chain formation and the presence of various other S, ring species (where n
= 6,7, 12, 18 and >20). The acyclic sulfur species reach their maximum average chain
length (5-8X10° atoms) at 200°C. The red colour of molten sulfur at temperatures
>250°C is associated with the formation of S; and S, species. Sulfur vapour contains a
mixture of S, species (n = 2-10) in a temperature dependent equilibrium; at approximately
600°C Sg predominates, while above 720°C S, is the main species. Sulfur atoms (S;) only
become predominant at very high temperatures (more than 2200°C) and low pressures.?
The large stability range of S, molecules is a reflection of the strength of the S=S bond
(422 kJ mol™) based on the triplet ground state and analogous to molecular oxygen O..

When diatomic sulfur (S;) is dissolved in a polar solvent like methanol or acetonitrile,
an equilibrium is established in which ~19% of the sulfur exists as the Sg and S ring forms.
Since these are much more reactive than the normal Sg rings, they may provide a pathway
for the reactions of sulfur in polar solvents. Cyclic sulfur allotropes also dissolve in carbon
disulfide, benzene and cyclohexane. Sulfur reacts with amines, e.g. piperidine, giving
coloured solutions containing polythiobisamines (1) (Scheme 1).

ERR’NH L Sg

(RRM™)28: + HaS
(1)

Scheme 1

Sulfur reacts with many organic molecules, and in such sulfur-sulfur bond-breaking
reactions free radicals may be involved; the reactions are often catalysed by amines and
Lewis acids. Amines and other bases activate sulfur by formation of nucleophilic sulfur
species, while Lewis acids cleave the sulfur-sulfur bond to give electrophilic sulfur moieties.

Saturated hydrocarbons can be dehydrogenated by heating with sulfur; thus,
cyclohexane (2) is converted to benzene (3) (Scheme 2).

m Sp=200 °C @ + H53

(2) (3)

Scheme 2

In some cases, organic compounds may cyclise on heating with sulfur to give
thiophenes (4) (Scheme 3).
In the presence of bases, mild thiolation of organic compounds by treatment with
sulfur provides an efficient route to organosulfur compounds. The reaction with alkenes is
of great industrial importance in the vulcanisation of rubber. Many common reactions of
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sulfur can be interpreted as a nucleophilic attack on the sulfur-sulfur bonds; for instance,

R L
—CH,; CH,— g

(4)
Scheme 3
the reaction with cyanide anion is shown in Scheme 4.** The initial ring opening (i) is
followed by a series of nucleophilic reactions on the Sulfur-Sulfur bonds (ii) with
displacement of the thiocyanide anion leading to the overall reaction (iii).

(1)

- Tt 55
o e R A
8, ) 5, )
55 5-8
(i) 55 —5—8CN + CN- 85 —SCN + SCN ~ and so on
(iii) S5 + BCN- BSCN
Scheme 4

The special characteristics of organosulfur compounds

Since sulfur lies just below oxygen in group VI of the periodic table, the chemistry of
organosulfur compounds should parallel that of the oxygen analogues; indeed, there are
many similarities, e.g. between alcohols and thiols and ethers and sulfides, because both
elements possess the same outer electronic configuration (s?p*). However, the prediction is
not fully realised since many factors serve to differentiate sulfur from oxygen.*

0] Sulfur (electronegativity 2.44) is appreciably less electronegative than oxygen
(3.5), and this lessens the ionic character of organosulfur compounds in
comparison with the analogous oxygen derivatives and decreases the
importance of hydrogen bonding.

(i) Sulfur, like most elements in the second and higher rows of the periodic table,
is reluctant to form normal n-double bonds; thus, thiocarbonyl (C=S)
compounds are comparatively rare and are usually unstable with a tendency
to polymerise. This is a result of the relatively low effectiveness of pr-dn
bonding involving lateral overlap of the 3p-orbitals and arising from the larger
size of the sulfur atom as compared with carbon. For sulfur, unlike oxygen, the
diatomic S, molecule is relatively unstable; the most stable form of sulfur is
the cyclic Sg molecule known as cyclooctasulfur (see p. 7).

(iii) The sulfur atom (atomic radius 1.02A; 1 A = 0.1 nm) is larger than oxygen
(atomic radius 0.73 A), and its outermost electrons are therefore more
shielded from the attractive force of the positive nucleus. Sulfur is
consequently more polarisable than oxygen; the sulfur lone pairs of electrons
are better nucleophiles but weaker bases in reactions with acids. The outer
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electronic shell in sulfur contains not only s-electrons and p-electrons but also
vacant 3d-orbitals which can be utilised in bonding. The valency of sulfur,
therefore, unlike that of oxygen, is not limited to two. Sulfur can expand its
octet and form many hypervalent compounds of higher oxidation states, e.g.
SO,, SOs, SF4, SFg, organic sulfoxides, sulfones and sulfonic acids. The
bonding in such four-valent and six-valent sulfur compounds may involve
promotion of 3p-electrons and 3s-electrons into the 3d-orbitals by formation of
either four sp®d or six spd® hybrid bonds; however, a three-centre
four-electron bond, termed a hypervalent bond, is now generally favoured
(see Chapter 3, p. 36).

As previously mentioned, although normal pzpz double bonds are not generally found
in sulfur compounds, another type of n-bonding arising from overlap involving the vacant
sulfur d-orbitals is often very important. The possibility of such n-bonding arises in
compounds containing sulfur attached to an element like oxygen, in which, in addition to a
n-bond between the atoms, a n-bond may result by utilising an unshared electron pair on
the oxygen atom and the vacant sulfur d-orbitals. The resultant ‘double bond’ is correctly
described as involving the pr-dn overlap and differs from a m-double bond because it
involves expansion of the valence shell of the sulfur atom to accommodate more than eight
electrons. A typical example is dimethyl sulfoxide (DMSO) (5) which may be regarded as a
resonance hybrid of (5a) and (5b) (Figure 2).*

Me - Me. |
MeSO :,540 ;S—G -
Mfe M
(5) (5a) (5b}
Figure 2

Both structures appear significant; thus, aliphatic sulfoxides possess high dipole
moments (3.9 D; 1 D = 3.336X10° c¢m) indicative of high polarity in the sulfur-oxygen
bond. On the other hand, the bond distances and the infrared stretching frequencies are in
agreement with partial double-bond character; thus, the observed length of the
sulfur-oxygen bond in DMSO is 1.47 A, which is in much better agreement with the
calculated length (1.49 A) of the (S=0) bond than with the calculated length for the —
bond (1.69 A). The structure (5a) depends on the capacity of sulfur to accommodate more

than eight electrons, but this is clearly demonstrated by the existence of stable compounds
Iike SF4 and SF5 In this book, the double-bonded structure, i.e. (5a), will be used for sulfoxides and analogous compounds, but

it must be emphasised that such sulfur-oxygen double bonds do not always correspond to normal carbon-oxygen or nitrogen-oxygen

Double bonds with pr-pn overlap (see Chapter 5, p. 63). For instance, S=0 bonds
involving pr-dn overlap do not require coplanarity of the groups attached to the sulfur
atoms as distinct from normal double bonds, so DMSO (5) differs from acetone in
possessing a non-planar pyramidal configuration. Divalent sulfur compounds, because of
the available lone electron pairs and vacant d-orbitals which permit expansion of the sulfur
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valence shell, are readily oxidised to a wide variety of compounds differing in the oxidation
state of the sulfur atom. In such hypervalent compounds, the oxidation site is sulfur and
not carbon; for example, thiols (6) and sulfides (7) are oxidised to sulfonic acids (8),
sulfoxides (9) or sulfones (10) (Scheme 5).

Q

RSH strong oxidants, e, KMndy REOH

[l
(o) O
(8)
1 i
RSR p;.:ﬂ;l:: :g. RSR Aurther axidation i Rﬁk
el 1Al
) ©) o
(10)
Scheme 5

The sulfur-oxygen bonds are polar, so oxidation results in changes in the chemical
behaviour of the parent compounds. On oxidation, the nucleophilicity is decreased but
acidity, polar character, water solubility and leaving group capacity all increase. These
changes are important in the metabolism of organosulfur compounds; the higher oxidation
state compounds like sulfones can function as electrophiles and are good leaving groups in
nucleophilic displacement reactions.

Nomenclature of organosulfur compounds®*°

The nomenclature is illustrated by Table 1, which gives the names of the major types
of organosulfur compounds. The original name ‘mercaptan’ for thiols is no longer
recommended, except that the term ‘mercapto’ is retained for the unsubstituted SH group.
In the table, an asterisk indicates the International Union of Pure and Applied Chemistry
(IUPAC) recommended name.

Thioalcohols (RSH) are known as thiols; otherwise they are named similarly to

SH
MeCH "{"}H(:_‘H_?tlfl!l-'-.t
o o aquH:ME

alcohols. For example, is 4-ethyloct-6-ene-4-thiol.
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Table 1 The nomenclature of some organosulfur compounds.

Structure Name
(i) Divalent sulfur compounds
RSH thiol (mercaption)
e.g. EtSH ethanethiol (ethyl mercaptan)
RSR’ sulfide
e.g. Et,S diethyl sulfide (ethylthioethane*)

RSSR' disulfide

e.g. PhSSPh diphenyl disulfide (phenyldithiobenzene*)
RSOH sulfenic acid

e.g. MeSOH methanesulfenic acid

(ii) Sulfur compounds of higher valencies

(l-i} It

RSOH sulfinic acid and esters
¥

ESOR’

e EtS(nH ethanesulfinic acid
I

RS0OH sulfonic acid and esters (sulfonates)
|I
O

RSO.0R" |

e.p. PhSO.H benzenesulfonic acid

e.g. PhS0O,0E: ethyl benzenesulfonate
(I} sulfoxide

E:;RM eSOEt ethyl methy] sulfoxide
O .

R ‘E R’ sulfone
|

e.g PhSO,Et ethyl phenyl sulfone

Rlﬁ,‘R' thioketone
5

B Mefl_l Et ethyl methyl thioketone (butane-2-thione*)

5

(table continued on next page)
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Table 1 (continued)

(iii) Thiocarboxylic acids

(a) Monothioic acids

5
I I
RCOH RCEH
(11} {12)
] i
RCOR' RCSRK
(13) (14)
(b) Dithioic acids
5
|
RCSH
(iv) Radicals

[

Normally (11) and (12) are indistinguishable; either
form can be isolated by salt or ester formation.
Compound (11) is termed the O-acid (thiono) and (12)
the S-acid (thiolo). For simple acids, the prefix thio is
used; for example, MeCH,CH,COSH is thiobutyric

acid. For more complex structures, the suffix thioic acid
is used; for example,
M.&x
/{'.:CH(CHE}JCGSH
PhCH, * 4 :
1]
is 5-methyl-6-phenylhex-4-enethioic acid.
The corresponding esters are termed thioates. Thus,
(13) is the O-alkyl thioate and (14) is the S-alkyl thioate;
for example,
|
MeCHCH,COMe
4 3 2 1
is O-methyl butanethiocate
These are named as dithioic acids; for example,
Me(CH,)4CS;H is hexanedithioic acid. The
corresponding salts and esters are termed dithioates;
MeCH,CS;Na
thus, % £t is sodium propanedithioate.
—50,H sulfio
S0.H sulfing
S0OH sulfeno
~
/NSO! sulfamov]
My .
NS sulfenamoyl
#
—80Me mmesyl
S0,CH Me-p tosyl
—5CN thiocyanato
-NCS isothiocyanata
—&CH thioformyl
\
/CZS thiocarbonyl

(continued)
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Table 1 (continued)
—SH Mercapto
—S— Thia
The radical names can be used as prefixes in compounds in which the sulfur moity is

not the prime group; for example, is p-sulfobenzoic acid.

* Denotes the IUPAC name.

Thioethers (RSR") are known as sulfides and are named similarly to ethers; for instance,

Me —‘F)— s —{f—ﬁf}—MC <>— 5 —S—'<>
e d is di-p-tolyl sulfide and is named as

dicyclobutyl disulfide. In the IUPAC system, the compounds are p-(tolylthio)toluene and
cyclobutyldithiocyclobutane, respectively.

The various sulfur acids are named as derivatives of the parent hydrocarbons:

MeCH,CH>CH,SOH is butanesulfenic acid,
MeCH,SO,H is ethanesulfinic acid and
MeSOzH is methanesulfonic acid.

Esters and salts are named by replacing the terminal ‘ic’ by ‘ate’; thus, MeCH,SOMe is
methyl ethanesulfenate.

Unlike alcohols, sulfides can be oxidised to the hypervalent sulfur compounds, namely
sulfoxides

RlE-'iR’

and sulfones
8]

I
RSR
o}

For example, MeSOCH,CH,CH,Me is butyl methyl sulfoxide.

Thioaldehydes are generally very unstable. Thioketones may sometimes be named by
putting the prefix ‘thio’ in front of the name of a simple ketone, e.g. thiobenzophenone, but
generally by replacing the terminal ‘one’ of ketones by ‘thione’ thus,

{ s

is cyclohexanethione and
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4 3

T3S
07 F 'CCH,CHaMe
113 3 )

is termed 1-(2-furyl)butane-1-thione.

Carbothioic acids can exist either as RC(=S)OH or RC(=0)SH, but either form may be
isolated as salts or esters. The former type are O-acids (or thiono) and the latter are
termed S-acids (or thiolo). For instance,

MeCH,C(=8)OH

is O-propanethionic acid. In esters and salts (thioates), the ending ‘ic’ is replaced by ‘ate’,
SO

Eﬁgicg'll:(.?II_.{["{ﬁﬁﬁle{'

is O-chloromethyl butanethioate.

A sulfur atom in a chain or as part of a ring is termed ‘thia’ as a prefix when there is
another group of higher priority present. For example,

MeCH,SCH,CH,CONH,

is 4-thiahexanamide and

is 3-methylthiapyran.
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2- Synthesis of Organosulfur Compounds

Organosulfur compounds can be obtained using elemental sulfur (Sg) and a variety of
simple, readily available sulfur compounds, e.g. hydrogen sulfide, carbon disulfide,
phosphorus pentasulfide, sodium sulfide, sodium sulfite, sulfur dioxide, sulfur trioxide,
sulfuric acid, sulfur dichloride, thionyl chloride and sulfuryl chloride.!?

Sulfur

The direct action of elemental sulfur on organic compounds in the presence of bases
provides a general method of sulfuration that often results in a complex mixture of
products.®** Sulfur has been extensively used in the dehydrogenation of saturated
compounds; thus, alkanes by heating with sulfur above 200°C yield unsaturated products;
for instance, in this way, cyclohexane is converted to benzene. Alkenes are generally much
more reactive than alkanes and often react at 130°C; for instance, methylcyclohexene (1)
yields the dithiathiones (2) and (3) (Scheme 1).

5
Mg
j He QA\S < Lk S ol o
| b 4%
(1) @ 3)
S5, 401 °C

Scheme 1

Activated unsaturated compounds containing highly acidic carbon—hydrogen bonds
react selectively with sulfur under mild conditions; for example, terminal alkynes (4) give
the alkynyl thiols (5) (Scheme 2).

Benzylic halides and diphenyl ether on heating with sulfur afford ether thiophenes (6),
benzothiophenes (7) (the Veronkov reaction) or phenothiazole (8) (Scheme 3).
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RC=CH —“"™"_ pe—rsH

(4) (5)
Scheme 2
Ph Ph
APPHCH,ql D BN
benzyl chloride i L
{6)

Y ] -""-'
IPHCH.Br - /\r“% Ph
R, .

benzyl bromide =R
(i}

= I =l hezint i

A o "0 o
(8

Scheme 3

Sulfur also reacts with Grignard reagents, and this reaction provides a route to thiols
and sulfides (see Chapter 4, pp. 41 and 44) (Scheme 4).

RMgX —3— RSMgX —B& RS

R&H

Scheme 4

Sulfur can be activated by the presence of bases, e.g. amines (R:NH). Such
proton-bearing amines cleave the Sgring and also will react with the thiolation products.

This procedure is used in the synthesis of thioamides (9) from the methylarenes (10)
(Scheme 5).

5
Il
Arhde + 53 + RNH AT—C—MNR:
(10) (9)

Scheme 5

Another important route to thioamides is the Willgerodt-Kindler reaction (1923), in
which an alkyl aryl ketone is heated with sulfur and an amine at 130°C (see Chapter 8, p.
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137) (Scheme 6). In this reaction, the carbonyl group is reduced, while the terminal methyl
group is oxidised.> The primary step in the reaction is probably the formation of an
enamine (11) by reaction of the amine on the ketone; the enamine is subsequently
isomerised and thiolated to yield the stable thioamide (12) (Scheme 7).

84 RoNH

ArCO(CH ) Me — s

AII:CH:}_., p]C.SN 1{1
Scheme 6

RC=CHMe
RCOCH;Me + RSNH —— rlxmg
{115 ‘Qﬁn isormerisatian

thiolation \‘-‘Q}

& RCH.C=CHSH RCH-C=CH
RECHC, 7 — T T

NR;, NR} NR',

(12)

Scheme 7

Enamines are sufficiently basic and nucleophilic to activate elemental sulfur and
undergo thiolation at room temperature to give very high yields of the thioamides (Scheme
8). This step would appear to hold the key to the mechanism of the Willgerodt-Kindler
reaction.

T mowea penc?
NE; NR}
B5%%

Scheme 8

Hydrogen sulfide

Hydrogen sulfide is a better nucleophile than water and will undergo nucleophilic
addition to alkenes and alkynes in the presence of an acidic catalyst, e.g. sulfuric acid or
aluminium chloride (Markownikoff addition). The reaction goes well with suitable alkenes
and provides a preparative route to thiols (Scheme 9).

M e\ Me
C=CH; + H:8 8% | pfe—C—Me
Me
5H

Scheme 9
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Hydrogen sulfide also reacts by nucleophilic substitution with alkyl halides and
alcohols under appropriate conditions to form thiols (Scheme 10) (see Chapter 4, p. 42).
The reaction with an alkyl halide is generally facilitated by using sodium hydrogen sulfide
(NaSH) rather than hydrogen sulfide since NaSH is a much better nucleophile. Hydrogen
sulfide also adds to ketones to give gem-dithiols (13) (Scheme 11).

Ha5, basic H3S, acidic

{X‘E;KBI B catalyat R3H catalyst ROH
Scheme 10
R R, OH| R SH
\C=D + H-% basic \c,/ H;5 \Cf’
g i talyst, PN i
R -1 nﬁ: t;s.:l.'.l & R SH E SH
(13)
Scheme 11

Carbon disulfide

Carbon disulfide (see Chapter 9, p. 149) can be used to prepare dithioacids (14) by
insertion into reactive carbon-hydrogen bonds (Scheme 12).

S
e
RyCCT,
SH
(14}

RiCH + C5;

Scheme 12

Carbon disulfide reacts as an electrophile with amines in the presence of sodium
hydroxide to give dithiocarbamates (15); the reaction involves nucleophilic addition of the
amine to the electrophilic thiocarbonyl bond (Scheme 13). The reaction is industrially
important for the manufacture of some widely used agricultural fungicides (see chapter 9,
p. 148). Carbon disulfide undergoes a similar type of reaction with alcohols to give
xanthates (16) (Scheme 14).

.':--__ ___-h\ Waly /SNH
RNH; + $=C=$ —+ RNHC
\ \S

(15)
Scheme 13
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- ROCSSMa
(L6}

ROH + CS; + NaOH

Scheme 14

Cellulose xanthate (see Chapter 8, p. 135) is used in the manufacture of rayon and
cellophane. Carbon disulfide, like carbon dioxide, reacts smoothly with Grignard reagents
to give the corresponding dithioacids (17) (Scheme 15) (see Chapter 9, p. 148).

- RCSSMgx — .  RCSSH
{17

BMgX + 85,

Scheme 15

Phosphorus pentasulfide

Phosphorus pentasulfide is a valuable reagent for conversion of carbonyl into
thiocarbonyl groups; for instance, amides are converted to thioamides, ketones to
thioketones (see Chapter 8, p. 137), carboxylic acids to thioacids, and alcohols are
converted to the corresponding phosphorodithioic acids (18) (Scheme 16).

P& an hot xylenc

RCONHRS RCSNHE'

Py i ot xvle
R,C=0 -2 IR AT R.(=%

PS4 in hot sylene

ROCO.H RCSOH
10355, B0-100 *C Rax {,«,S

ROH ——— = /P\
RO SH

(18)

Scheme 16

Sodium hydrogen sulfide (NaSH) and sodium sulfide (NaxS)

Sodium hydrogen sulfide can be used for the preparation of thiols (19) by reaction
with alkyl halides. A large excess of sodium hydrogen sulfide must be employed to avoid
formation of the dialkyl sulfide (Scheme 17) (see Chapter 4, p. 41).

RX + NasH —EBOH. pgr 4 Na¥
(19)

Scheme 17
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In the presence of sodium hydroxide, thiols react with alkyl halides to form the
sulfides (20); the reaction occurs via the sodium thiolate and is analogous to the
well-known Williamson synthesis of ethers and can also be applied to obtain
unsymmetrical sulfides (Scheme 18). Symmetrical sulfides may be prepared directly by
condensation of sodium sulfide with alkyl halides (Scheme 18). These reactions are of the
SN, type, and consequently the optimum vyields of sulfides are realised using primary alkyl
halides.

psy -NOH_  pony —BX o pgpt 4 NaX
(200

WX + NapS  —BOH L RS o+ INaX

Scheme 18

Sodium hydrogen sulfite (NaHSO3z) and sodium sulfite (NaxSO3)

Both these reagents will react with alkyl halides in aqueous media to give the
corresponding sulfonic acids (21). This procedure has been used extensively for the
preparation of aliphatic sulfonic acids in good yields (see Chapter 7, p. 100). Sodium
hydrogen sulfite will also form sulfonic acids by addition to alkenes in the presence of
peroxide catalysts (anti-Markownikoff reaction) (Scheme 19).

E10H, H 0

RX + MNallSOs RS0OyH + NaX

{21)

_EBOH.HO | poO.Na + NaX

R.K + Na;SG_:.

RCH=CH, + NaH80; —E=™¢ _ RCH,CH,50:Na

ml:.-*s!_

Scheme 19

Sodium hydrogen sulfite also adds to aldehydes and some ketones to form
hydroxysulfonic acids (22) (Scheme 20). The nucleophilic addition generally goes well with
aldehydes and methyl ketones of the type RCOMe, where R is a primary alkyl group. Since
the water soluble products are readily converted back to the carbonyl compounds by
treatment with dilute acid, the reaction provides a useful method for purification of
carbonyl compounds from non-carbonyl impurities.

R, R._ _OH
.-fl'l i 5 -
“CE0 + NaHSO; >l .
H R._\ _’_.SG:-!.I{ H SD_]NEL
via (21}

it
H OMa

Scheme 20
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Sulfur dioxide and sulfur trioxide

Sulfur dioxide and Sulfur trioxide both react with Grignard reagents to give sulfinic
acids (23) or sulfonic acids (24) (Scheme 21).

RSOH 2 RSOMgX '~ RMgX — 2e RSOMpX 22 ~RSO,H

(24) {23}

Ho ¥

Scheme 21

The chlorosulfonation of organic molecules can be achieved by treatment with a
mixture of sulfur dioxide and chlorine in the presence of ultraviolet light (the Reed
reaction); this is a free radical process (Scheme 22). In this process, the liberated chlorine
radical can then continue the radical chain reaction.

RH + 50, + Cl; —™ - RS0,CL

Cly —M = 2C)- {initiation step)

RH + Cl- R + HCO

R + 805 —— RSOy
RSOy + Cl; — = RSO,Cl + Cl-

Scheme 22

Sulfur dioxide will participate in a concerted Diels-Alder-type reaction with
1,3-butadienes to yield cyclic sulfones (25) (Scheme 23). Sulfur dioxide also adds to
reactive alkenes containing electron-withdrawing groups, e.g. ethyl acrylate (26), in the
presence of formic acid and triethylamine (Scheme 23).

% [ e

%3 + O0=5=0 ——= Kks";’ﬂ

¢63 {Q\“o

he Me
| 4-dimethy]-1.3-
hutadiene @3

HOOH. MM

e O:5(CHaCHACO:Et)»

HC=CHCO,Et + SO»
(26)

Scheme 23
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Sulfur trioxide is the active sulfonating agent in sulfuric acid and it has been used in
the form of complexes, e.g. sulfur trioxide-pyridine, for the sulfonation of molecules that
decompose in strongly acidic media.> The complex thus can be applied to obtain the
sulfonic acids (27) and (28) from the parent furan and pyrrole heterocycles (29) and (30)
(Scheme 24).

Scheme 24

Sulfur trioxide as the dioxan complex will also sulfonate aldehydes and ketones
containing reactive a-methylene hydrogen atoms (Scheme 25).

BOny-dionan coanplex

RCH:COR' S RCHOOR
o - |
SCsH
e.g. PhOOMe M‘;:‘_‘:_“"’“"'“ - PhCOCH,S0:H
o L.
acetophenone
Scheme 25

Sulfuric acid

Concentrated or fuming sulfuric acid (oleum) is widely used for the direct sulfonation
of aromatic compounds (see Chapter 7, p. 97).>° The active sulfonating agent in sulfuric
acid is the electrophile sulfur trioxide, and the sulfonating power of sulfuric acid is
proportional to the concentration of SOs;. Consequently, fuming sulfuric acid, which
contains excess sulfur trioxide, is a more powerful sulfonating agent than concentrated
sulfuric acid. The sulfonation of an aromatic hydrocarbon is depicted in Scheme 26.

ArH + H;80, =— ArSO:H + H0

Scheme 26

To drive the reaction over to the sulfonic acid, an excess of sulfuric acid is generally
employed which also assists the forward reaction by removing the water formed.
Sulfonation is a bimolecular electrophilic substitution (Sg2) reaction and is therefore
facilitated by the presence of electron-donating substituents on the aromatic nucleus and
is made more difficult by the introduction of electronwithdrawing groups (see chapter 7, p.
98).
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Sulfonation, unlike nitration, is a reversible reaction and may need to be driven to
completion, for instance, by the use of a large excess of reagent. As a consequence of the
reversibility of the reaction, the sulfonic acid group can be removed by heating with dilute
acid, which allows it to be used as a protecting group in organic syntheses (see Chapter 7,

p. 97).

Chlorosulfonic acid (CISOzH)

This is a powerful sulfonating agent approximately equivalent in strength to fuming
sulfuric acid. Treatment of an aromatic compound with an equimolar amount of the
reagent yields the corresponding sulfonic acid (31), but when an excess of chlorosulfonic

L1500 CLHOyH

R&(C -n;-,-,xn:::s) BEH (h‘qun’:- R&H + HCI
(32) (31)
Scheme 27
RSOOR" ~FOH  peno BN poo NHR
CoHsM base
(34) (32) (13)
Scheme 28

7N _Ae 3
H‘}Nﬁ'\ > .jf..l_a_.. Ac NH_& ) QISG]?-;:{;DS &0 °C

(36)

i CI00Me
RN CiHN
AcNH—ﬁ- iSl—NI-IC‘DgMe e

warm cone. HCl
(selective deacedylation}

I
HEN@* ﬁ—NHC‘DgMe
O

(35)

Scheme 29

0
A-::NH—{—\:}—%-:—{:I
0

Y
AcNH—¢

axresy
MH.

O
i
S
I
o

NH;
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acid is employed the sulfonyl chloride (32) is obtained (Scheme 27). The latter provides a
very convenient direct synthetic route to sulfonyl chlorides,” which is valuable because
sulfonyl chlorides (32) are important synthetic intermediates for the formation of other
sulfonyl derivatives such as sulfonamides (33) and sulfonic acid esters (sulfonates) (34)
(Scheme 28). The procedure has been extensively applied in the manufacture of a wide
range of sulfonamide (‘sulfa’) drugs (see Chapter 11, p. 223) such as sulfanilamide (see
Introduction, p. 4). The method is illustrated by the synthesis of the herbicide asulam (35)
from aniline (36) (Scheme 29) (see Chapter 11, p. 234).

Sulfur monochloride, sulfur dichloride, thionyl chloride and sulfuryl chloride

All these reagents, (37)—(40) in Scheme 30, will react with aromatic compounds by
Friedel-Crafts-type reactions to give organosulfur compounds, e.g. sulfides (41), sulfoxides
(42) and symmetrical sulfones (43); the use of an alkane- or arenesulfonyl chloride (32)
similarly affords a mixed sulfone (44) (Scheme 30).

Al or

2ATH + 5aCla m" ArSAr + 2ZHCIL + 5
(37 (41}
Clyor
2 ATH + SCh f:,l;—i:* ArSAT + 2HC]
(38) (1)
i
2 ArH + S0CI, F:::-:-Iiwdn;r-'- ArSAr + 2HCI
(3%) (d42)
i
2AMH + 50,01 % ArSAr + 2HCL
@ powder - i
)] O
(43)
RSO.Cl + ArH ijﬂ:; - ATSO.R + HCI
(32) {dd}
Scheme 30

In addition, sulfur monochloride (37) will react with p-chloroarylamines, like (45) in
the presence of sodium hydroxide to give the sodium thiophenolate (46); this is the Herz
reaction (Scheme 31) used in the synthesis of o-aminothiophenols, which are useful in the
manufacture of thioindigo dyes (see Chapter 11, p. 221).
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oo %ala, MalkL 2E
e R e e 5L BTN bl
"\=l" :}—_r
[45] NE.S

{46
Scheme 31

Thionyl chloride (39) in the presence of a few drops of DMF (catalyst) is a valuable
reagent for the conversion of sulfonic acids (31) into the sulfonyl chlorides (32) (Scheme
32). This resembles the well-known reaction of thionyl chloride with carboxylic acids for the
preparation of acyl chlorides, and has the advantage that both the by-products are
gaseous.

RSO;H + SOCI, ZMFsebs _ peo.0l + HC + S0,

(31) (3 {32)
Scheme 32
Sulfuryl chloride (40) will chlorosulfonate organic molecules in the presence of a Lewis
acid, but often ring chlorination also occurs leading to a mixture of products; however,

improved vyields of the sulfonyl chloride (32) often result from the use of the Grignard
reagent derived from an alkyl or benzyl halide (Scheme 33).

AICT

RH + S05Cls RSO,CI + [HCI]
(40) (32)
RX —ME . RMeX —2. RSOLCI + MgXCl
32)
Scheme 33

Sulfuryl chloride (40) under the influence of heat or ultraviolet light chlorinates
alkanes and alkylbenzenes to give a mixture of products; thus, with toluene (47), the free
radical process yields compounds (48), (49) and (50), (Scheme 34). The radical process
involves the formation of the intermediate stabilised benzyl radical leading to chlorination
of the side chain.

FR S0 L s A .
Me—{ ) S ClCIIg@ 2 cnpen— Y 2 ae =>}

(47) (48) (49) (30)

Scheme 34
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This chapter illustrates how elemental sulfur and a number of cheap, readily available
inorganic sulfur reagents can be utilised in the preparation of a range of organosulfur
compounds. The reagents include hydrogen sulfide, carbon disulfide, phosphorus
pentasulfide, sodium sulfide, sodium hydrogen sulfide, sodium sulfite, sodium hydrogen
sulfite, sulfur dioxide, sulfur trioxide, sulfuric acid, chlorosulfonic acid, sulfur monochloride,
sulfur dichloride, thionyl chloride and sulfuryl chloride. The reagents may be employed to
synthesise thiols, sulfides, thioamides, thioketones, dithioacids, carbamates, xanthates,
sulfinic acids, sulfonic acids, sulfonamides, some heterocyclic sulfur compounds, sulfoxides
and sulfones, among others. In later chapters, further preparations and reactions of these
and other classes of organosulfur compounds are described.
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3— Structure-Chemical Relationships in Organosulfur

Compounds

Organosulfur compounds may react either as electrophiles or nucleophiles depending
on the nature of the atoms or groups attached to the sulfur atom. This dual functionality is
possible because sulfur is capable of accommodating a positive or negative charge; this
phenomenon is not shared by oxygen owing to its less expanded atomic structure. With
electron-withdrawing moieties bonded to the sulfur atom like oxygen or halogen, the sulfur
becomes an electrophilic centre and consequently such organosulfur molecules function as
electrophiles. For example, sulfenyl (1), sulfinyl (2) and sulfonyl (3) halides (X = halogen)
all undergo substitution reactions with nucleophiles (Nu-) to yield the products (4)—(6)
(Scheme 1).

Sulfenyl halides (1) will also undergo nucleophilic addition with alkenes (Scheme 1) to
yield the episulfides (7), which can suffer a further nucleophilic addition to give the sulfides
(8). The nucleophilic substitutions of sulfenyl (1) (see Chapter 4, p. 54) and sulfonyl (3)
chlorides (see Chapter 7, p. 106) probably generally proceed by the Sy2 reaction
mechanism, which with the sulfonyl halide (3) involves the trigonal bipyramidal transition

T
My~ + R5—X

s RSNy + X
(1) (-
O
S | B e
+ - +
%] I\_J 115 x
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| I
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(3) ()
Scheme 1

(continued)
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Scheme 1 (continued)

R
wvig | NG}
R G
o O
e
. |'/-’E{_H\\ R Kﬁ,' R 1] R
b 26— v
R 24 = R &r 3
; / R’
[ Nu~ E T\u 7
pMHNu g o i i
§a et 5 { -
R s R A
|
(8 L R’

Scheme 1
state (9) which subsequently collapses to give the sulfonyl derivative (6).}® The process
essentially resembles the nucleophilic substitution reaction of acyl halides, except that
sulfonyl chlorides are less reactive. The relative order of nucleophilicity of some
nucleophiles towards the sulfonyl sulfur atom is reported to be as shown in Scheme 2. This
relative order is similar to that obtained for substitution at the carbonyl carbon atom.?

HO = RNHy; > N >F > 080 > Cl >HO =17

Scheme 2

The reaction of sulfinyl chlorides (2) (X = ClI) with optically active alcohols is an
important route to chiral sulfoxides (Andersen's method) (Scheme 3) (see Chapter 5, p.
63). The limitation in the procedure lies in the difficulty of separating the epimeric
sulfnates (10) and (11). After their separation, the subsequent substitution reaction with
the organolithium reagent generally occurs with complete inversion of configuration at the
sulfur atom, yielding the chiral sulfoxides (12) and (13) (Scheme 3). Chiral sulfoxides are of
considerable significance as intermediates in asymmetric synthesis (see Chapter 5, p. 65).>

An important property of the sulfur atom is its ability to act as an electrophilic centre
when attached to methylene groups; thus, the latter are activated by an attached sulfur
atom. The activation effect is enhanced when the sulfur is in the form of a sulfoxy (S=0) or
sulfone (SO,) group. All these sulfur moieties exert an electron-withdrawing (-I) effect
which stabilises the derived carbanions as shown in Figure 1.
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Such stabilised carbanion intermediates are of considerable importance in synthetic
organic chemistry;? thus, they may be readily alkylated or acylated, e.g. in the conversion
of the sulfone (14) into (15) and of the sulfoxide (16) into (17) (Scheme 4).

In addition 1,3-dithians can be converted into carbonyl compounds; thus,
1,3dithiacyclohexane (18) (obtained by condensation of propane-1,3-dithiol and
formaldehyde) can be alkylated with 3-chloroiodopropane (iodine is the more reactive
halide and is selectively displaced) to yield eventually cyclobutanone (19) by the sequence
shown in Scheme 4. This sequence shows the stabilising influence of the two adjacent
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sulfur atoms on the intermediate carbanion (20) (see Chapter 6, p. 89). In the final step of
these condensations, the sulfur atoms can, if necessary, be removed by reduction
(hydrogenolysis) to give an alkane, by elimination to give an alkene, or by hydrolysis to
yield a carbonyl compound as shown in Scheme 4 and Scheme 12 (see p. 34). In these
reactions, the vacant d-orbitals on the sulfur atom assist in delocalising the electrons and
hence the negative charge on adjacent atoms. For instance, in the reaction of methyl
phenyl sulfide (21) and butyllithium, the resultant carbanion is stabilised by resonance
structures which utilise the 3d-orbitals of sulfur (Scheme 5).

d- i+ f-l - i
PhSMe + BulLi —— | PhS—CH- Ph8={"H, | Lit
{—CaH ) 1
(21)

Scheme 5

The sulfoxy group of sulfoxides and sulfones is even more effective in delocalisation of a
negative charge, e.g. in dimethyl sulfoxide (DMSO) (Scheme 6).
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Dimsylsodium (22) is an important reagent and it can be used for carbon-carbon bond
formation (see Chapter 10, p. 187). DMSO may also be used in the Moffatt oxidation (see
Chapter 5, p. 66) and by alkylation it can be converted into the corresponding
dimethylsulfoxonium ylide which is valuable in organic synthesis (see Chapter 10, p. 187).*

Sulfur compounds may also act as nucleophiles; they are better nucleophiles than
their oxygen analogues and generally react faster.® For example, thiols are better
nucleophiles than alcohols; this is illustrated by the reaction of 2-thioethanol with ethyl
bromide to yield 2-ethylthioethanol (23) (Scheme 7).

Sy, NELy, DMS0
Et—lkﬁr + HSCH2CH-OH W EtSCH»CH.OH
(23)
Scheme 7

The formation of 2-ethylthioethanol (23) involves selective nucleophilic attack by the
mercapto (SH) moiety while the hydroxy group remains intact, showing that the former is a
more powerful nucleophile. Thiols, as their sodio derivatives, will react with alkyl and even
with aryl halides in polar aprotic solvents like DMSO and DMF to give good yields of dialkyl
and diaryl sulfides (24) and (25) (Scheme 8).

RSNa + R'X —9_ psr’ + NaX
(24)
ARSNa + Arx 29, Lshr + NaX
(25)
Scheme 8

In these reactions, the sodium thiolates are much better nucleophiles than the free
thiols, although the latter will readily condense with the more reactive acyl chlorides under
mild conditions, providing a synthetic route to thiolocarboxylic acid esters (26) (Scheme 9).

RSH + RCQCI

R'COSR + HC
(26)
Scheme 9
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Thiolates will also displace nitrogen from diazonium salts (27) (Scheme 10).

Scheme 10

Thiols will also undergo nucleophilic addition reactions with aldehydes and ketones to give
thioacetals (28) and dithioacetals (29); the former are unstable but the latter are stable
(Scheme 11). There is a common method for protecting aldehydes and ketones which
involves reaction with ethanedithiol (30) to give a cyclic dithioketal (31) (Scheme 12). The
latter compound (31) can be disulfurised either by treatment with dilute acid to regenerate
the carbonyl compound or with Raney nickel to form the hydrocarbon (32). This sequence
provides a useful method for the conversion of a carbonyl group into a methylene group
(Scheme 12).

R . R OSR . R SR
=0 + R'SH —— B, %
R B OH H R SR
(28) (29)
Scheme 11
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Scheme 12

"

Many organosulfur compounds can be resolved into optically active forms
(enantiomers) owing to the presence of a chiral (asymmetric) sulfur atom;®> important
examples include sulfoxides and sulfonium salts. Chiral sulfoxides containing amino or
carboxylic acid groups have been resolved by formation of the diastereoisomeric salts with
d-camphor-10-sulfonic acid or d-brucine. The salts can then be separated by fractional
crystallisation and the free optically isomeric sulfoxides liberated by acid hydrolysis.
However, a more convenient synthetic procedure for the preparation of chiral sulfoxides of
high optical purity is Andersen's method (see p. 30).

Sulfoxides possess a non-planar pyramidal configuration; consequently, chiral sulfoxides
can exist as optical enantiomers (see Chapter 5, p. 63). This is illustrated by the structures
(33a) and (33b) showing the optical isomers of ethyl methyl sulfoxide (Figure 2).

With cyclic sulfoxides, geometric isomerism is possible; for instance,
4-t-butylcyclohexanesulfoxide exists as the cis-isomer (34a) and trans-isomer (34b)
(Figure 3).
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The nucleophilic character ofdialkyl sulfides is illustrated by their nucleophilic addition
reaction with alkyl halides to form the corresponding sulfonium salts (35) (Scheme 13).
Asymmetric sulfonium salts (36) have a tetrahedral configuration; therefore, like the
analogous chiral saturated carbon compounds, they can be resolved into optical
enantiomers (see Chapter 6, p. 81). They are, however, generally less optically stable than
sulfoxides, but in sulfonium salts the unshared electron pair can hold its configuration at
ordinary temperatures, unlike nitrogen in quaternary ammonium salts, enabling their
resolution to be achieved.
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Scheme 13
Sulfuranes

Sulfur, unlike oxygen, has the capacity to expand its valence shell beyond the normal
octet of electrons to form hypervalent compounds such as sulfur tetrafluoride (SF,) with 10
electrons in the outermost shell and sulfur hexafluoride (SFg) containing 12 electrons in the
valence shell.®*’ The chemistry of hypervalent sulfur started in 1873 with the discovery of
the unstable compound sulfur tetrachloride (SCl;). The existence of hypervalent sulfur
compounds is an important feature of the chemistry of sulfur and the precise nature of the
bonding in these molecules has remained a puzzling problem.

Pauling® (1939) considered that the bonding in hypervalent sulfur compounds involved
spd hybridisation; however, if the 3d-orbitals are energetically too far above the energy
levels of the 3s-orbital and 3p-orbitals, effective mixing to form dr-type bonds will not occur.
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Coulson (1969) argued that the diffuse 3d-orbitals could be more effectively utilised for
hybridisation when the electron affinity of the sulfur atom was increased by bonding to a
highly electronegative element, e.g. fluorine or oxygen, since this would contract the
orbitals and lower orbital energies.®®’ Polycoordinate bonding in hypervalent sulfur
compounds like sulfur tetrafluoride and sulfur hexafluoride was considered to consist of
either trigonal bipyramidal sp’d or octahedral sp’d” hybrids, respectively (Figure 4).

Figure 4

A large body of evidence has been collected to explain many chemical phenomena of
organosulfur compounds in terms of the participation of the 3d-orbitals in the bonding;
however, in the late 1960s the involvement of the 34-orbitals was questioned on the basis
of molecular orbital (MO) calculations, which suggested that it was relatively insignificant.
More recently, the concept of a three-centre four-electron s-bond, namely a hypervalent
bond, was developed by Musher (1969) and Hoffmann (1972).5%% Currently, this view of
the bonding in hypervalent sulfur molecules is favoured rather than the sp’d-hybridised and
sp’d’-hybridised models shown in Figure 4. The isolation of stable sulfuranes by Kapovits
(1971) and Martin (1973)%° definitely established the structure of hypervalent sulfur
compounds. An example of a stable sulfurane is afforded by the diphenyl diacyl sulfurane
(37) (Figure 5); accordingly, the structure of sulfur tetrafluoride (38) is as depicted in
Figure 5, containing two apical (a) and two equatorial (e) fluorine atoms with the lone
electron pair occupying an equatorial position.
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Figure 5

The formation of the hypervalent bond in (38) may be visualised as the hypothetical
combination of the sp”-hybridised sulfur difluoride with the p-orbitals of two fluorine atoms.
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In hypervalent sulfur compounds like (37) and (38), the apical bonds formed by the
p-orbitals are longer and more polar than the equatorial bonds. The special stability of
many polycoordinated sulfur compounds is still concluded to be associated with the added
orbital interaction with the energetically accessible 34-orbitals. The discovery of sulfuranes
has provided valuable insight into many nucleophilic substitution reactions on
polycoordinate sulfur atoms and into ligand-coupling reactions which occur via s-sulfurane
intermediates.

A c-sulfurane is a compound containing a sulfur atom singly bonded to four substituents
by analogy with the hypothetical sulfurane molecule H4S. In contrast, a sulfur ylide (see
Chapter 10, p. 182) in its fully covalent resonance structure (39) may be termed
a n-sulfurane (Figure 6).

R N
e e
39)
Figure 6

o-Sulfuranes in which the sulfur atom is bonded to fluorine or oxygen atoms in addition
to carbon have been discovered to be reasonably stable, e.g. compound (37). The
mechanisms of nucleophilic substitutions at sulfinyl and sulfonyl sulfur (see p. 29) have
been extensively studied to determine whether the reactions are two-step or one-step
concerted processes (Sy2). If the reaction mechanisms are two-stage processes, they will
involve sulfurane intermediates, and in support of this concept analogous compounds, e.g.
(40), have been prepared (Figure 7).
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Figure 7

The substantial acceleration of radical ion formation observed in the homolysis of
peroxide bonds in ortho-substituted sulfenyl perbenzoates, e.g. (41), is in agreement with
the postulated formation of bridged radicals (42) (Figure 7).

Sulfuranes with hypervalent sulfur atoms possess expanded valence shells, and
consequently the molecules are relatively unstable. The central sulfur atom can, however,
attain the normal stable octet of electrons by extruding a ligand or a pair of ligands in an
elimination process. The former results in ligand coupling (Figure 8 and Schemes 14a and
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14b), while the latter causes self-decomposition (Scheme 14c).
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Many ligand-coupling reactions occurring via s-sulfurane intermediates involve
treatment of aryl or heteroaryl sulfoxides with Grignard reagents (Scheme 14). The
intramolecular nature of the ligand coupling reaction is demonstrated by the absence of
cross-over products; thus, the formation of 2-benzylpyridine (43) (Scheme 14a) may
proceed as shown in Scheme 15.
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Scheme 15
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4 — Thiols, Sulfides and Sulfenic Acids

Thiols, or thioalcohols (RSH),"?* are sulfur analogues of alcohols and phenols in which
the oxygen atom has been replaced by sulfur; they are derivatives of hydrogen sulfide in
the same way that alcohols may be regarded as being derived from water. The volatile
thiols have very unpleasant smells rather like the smell of hydrogen sulfide. In comparison
with oxygen, sulfur has a larger atomic size, more diffuse electronic orbitals and
appreciably lower electronegativity; consequently, sulfur-hydrogen bonds (bond energy
~80 kcalmol™; 1 cal = 4.186 J) are weaker than oxygen-hydrogen bonds (100 kcalmol™).
Thiols are therefore more acidic than the corresponding alcohols and form much weaker
hydrogen bonds; this is shown by their relatively lower boiling points and aqueous solubility.
For instance, methanethiol (MeSH) is a gas (cf. methanol, MeOH, a liquid, b.p. 65°C) and
ethanethiol (EtSH) is a liquid which boils at 37°C (cf. ethanol, EtOH, b.p. 78°C). The lack of
hydrogen bonding in thiols is also indicated by the infrared spectra; the S-H bond is
associated with a weak stretching absorption band (vSH 2600-2550 cm™) compared with
VOH of 3350 cm™ for alcohols. The S-H absorption band does not alter significantly with
changes in the concentration, solvent or physical state of the substrate, indicative of little
hydrogen bonding.

Several thiols occur naturally; for example, skunk secretion contains
3-methyll-butanethiol and cut onions evolve 1-propanethiol, and the thiol group of the
natural amino acid cysteine plays a vital role in the biochemistry of proteins and enzymes
(see Introduction, p. 2). Primary and secondary thiols may be prepared from alkyl halides
(RX) by reaction with excess sodium thiolate (Sy2 nucleophilic substitution by HS") or via
the Grignard reagent and reaction with sulfur. Tertiary thiols can be obtained in good yields
by addition of hydrogen sulfide to a suitable alkene. Thiols can also be prepared by
reduction of sulfonyl chlorides (Scheme 1).'#?2

A problem with the first route is that even with excess of the thiolate, it is difficult to avoid
some further reaction leading to formation of the sulfide (R,S). The secondary reaction can
be avoided by starting with thiourea (1a) and obtaining the thiol via the intermediate
S-alkylisothiuronium salt (2) by subsequent hydrolysis (Scheme 2). The formation of the
isothiuronium salt (2) depends on the relative instability of the thione ( C=S ) bond in
thiourea (1a), which therefore exists mainly as the enethiol form isothiourea (1b) which
then reacts with the halide. S-Benzylisothiuronium salts are used in organic qualitative
analysis for the characterisation of carboxylic acids with which they form nicely crystalline
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Thiols, unlike alcohols, form insoluble salts (mercaptides) (4) and (5) by reaction with
heavy metals like mercury and lead (Scheme 3); this is the origin of the former name
‘mercaptan’ for thiols, which comes from the Latin mercurium captans, meaning mercury
seizing. In modern nomenclature the name ‘thiol’ is preferred to ‘mercaptan’, although the
prefix ‘mercapto’ is still allowed for the unsubstituted SH radical.

2RSH + HpO Hz(SR): + Ha»
()
2REH + PHOCOMe): ——— PbSR): + 2 MeCO:H
(5)
Scheme 3

The reaction accounts for the high toxicity of lead and mercury to living organisms
because they react with vital cellular thiol enzymes, thereby poisoning them.
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Thiols will undergo nucleophilic addition to aldehydes and ketones, whereas alcohols only
react with aldehydes (Scheme 4). Thiols also react with acid chlorides to yield esters.

R |4 SR’ R SR1 R
. S ; S i
Jo-o v - Sel k. Sel s o,
R L R OH R SRS R’
R““--____ dilutescid __—  {6) (~Ni8)
Scheme 4

The thioacetals (R = H) and thioketals (6) can be used for the protection of aldehydes
and ketones since on treatment with dilute acid they are converted back to the original
carbonyl substrates.’® They may also be applied in the conversion ofa carbonyl to a
methylene group by reaction with Raney nickel, an important general procedure of
desulfurisation (Scheme 4).3

The thiol sulfur atom is a powerful nucleophile and can participate in nucleophilic
substitution at a saturated carbon atom when this is attached to a good leaving group L
(Scheme 5). An illustrative example is provided by the condensation of a thiol with an acyl
halide to yield the corresponding thiolocarboxylic acid ester (Scheme 5).

rr-r -H.l
REH + R—L -

e S
ESH + R C.Orj{

RSR’ + HL

RECOR' + HX
thiclocarboxylic acid ester

Scheme 5

The oxidation of thiols follows a completely different course as compared with the
oxidation of alcohols, because the capacity of the sulfur atom to form hypervalent
compounds allows it to become the site of oxidation. Thiols are readily oxidised to
disulfides by mild oxidants such as atmospheric oxygen, halogens or iron(lll) salts
(Scheme 6). This type of reaction is unique to thiols and is not undergone by alcohols, it is
a consequence of the lower bond strength of the S-H as compared with the O-H bond, so
that thiols are oxidised at the weaker S-H bonds, whereas alcohols are preferentially
oxidised at the weaker C-H bonds (Scheme 7). The mechanism of oxidation of thiols may
be either radical or polar or both (Scheme 6). The polar mechanism probably involves
transient sulfenic acid intermediates like (7) and (8). In contrast, thiols react with more
powerful oxidants, like potassium permanganate, concentrated nitric acid or hydrogen
peroxide, to yield the corresponding sulfonic acids (10). This oxidation probably proceeds
via the relatively unstable sulfenic (7) and sulfinic acids (9), which are too susceptible to
further oxidation to be isolated (Scheme 8).
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Sulfides, or thioethers, are sulfur analogues of ethers, and like ethers they can be either
symmetrical (R,S) or unsymmetrical (RSR', where R and R' are different). Sulfides can be
prepared from alkyl halides by a Williamson-type synthesis with sodium hydrogen sulfide,
sodium thiolate or sodium sulfide; from alkyl or aryl halides via the Grignard reagent (11);
from alkenes by radical-catalysed addition of thiols; or by reduction of sulfoxides (Scheme
9)_2b

The addition of thiols to alkenes is a free radical reaction that is catalysed by formation
of phenyl radicals from the dibenzoyl peroxide catalyst (12), and in which the R'S- radical
can continue the radical chain reactions as shown in Scheme 10. In this reaction, the initial
cleavage of dibenzoyl peroxide (12) is facilitated by the relatively weak peroxide ( O-O )
bond; the subsequently formed alkylthio (R'S-) free radical is an electrophilic species which
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preferentially attacks the most electron-rich carbon atom leading to the formation of the
thiol (13).

Cyclic sulfides (episulfides) are known and may be prepared by reaction of an epoxide
(14) with potassium thiocyanate to give the episulfide (15), or by reaction of sodium
sulfide with 1,4-or 1,5-dihalides; for example, (16) yields the episulfide (17) (Scheme 11).
The mechanism of the first reaction in Scheme 11 involves initial nucleophilic addition of
the thiocyanate anion to the epoxide (14) followed by nucleophilic substitution to yield the
episulfide (15) (Scheme 12). The second reaction is an intermolecular followed by an
intramolecular nucleophilic substitution

‘EH KSCN ?+ KOCN
(14} (L5}
1 2 3 4 Mk
RCHCH,CH;CHR' 2. ’—‘} + 2 NaCl
| I Rf‘xs ~R
Cl Cl
(16 (17}

Scheme 11
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by the sulfide anion on the 1,4-dihalide (16) to give the episulfide (17), as shown in
Scheme 12.

Another synthetic route to episulfides is by reaction of a diazoalkane (18) with either sulfur
or a thioketone (19) (Scheme 13).

lR;(.’T'LII + 5 /2 R;_(.\j}_{.i{_-_,
S
(18) .
ANz
" N -
ey [Res i
At Al et .'
Hd Bl ' PR * 5% i\ P B Rl -
i +
h (18) ¢ N2
S a i ~ _~CHz
g A T = |R:CCH—N=N| ——  CT|
1™, | {-M3} R/ HS
(g g N
(19}
Scheme 13

Cyclic sulfides like (15) have similar reactivity to the analogous oxides (14); thus, they
are attacked by nucleophilic reagents, e.g. amines, water and alkoxides, involving scission
of the episulfide ring (Scheme 14).

Episulfides (15) can also be converted to alkenes by treatment with
phosphorus(l)compounds, like triphenylphosphine (Scheme 15), the reaction occurring
via a four-centre transition state similar to that involved in the Wittig reaction.

Sulfides contain a nucleophilic sulfur atom and consequently undergo important reactions
involving the lone electron pairs on sulfur; thus, they react with alkyl halides to form
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{20}
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i
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sulfonium salts (20) and with halogens to yield dihalides (21) (Scheme 16).

Sulfonium salts (20) have a non-planar tetrahedral configuration, and consequently the
structure is chiral when all the attached groups, namely R, R and R", are different. Such
sulfonium salts can generally be resolved into quite stable optical isomers (see Chapter 6, p.
83). Sulfonium salts are analogous to quaternary ammonium salts and the hydroxides are
strong bases which behave similarly on heating (cf. the Hofmann elimination of quaternary
ammonium hydroxides).

Triethylsulfonium hydroxide (22) is obtained by treatment of the corresponding iodide
with moist silver oxide (Scheme 17). The hydroxide (22) by heating

. 2N
ELs T O g len, CHySEn M. CH,—CH,
b a (Eal
I\.__ OH (—Ha0, —Et55)
(22)

Scheme 17
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affords ethene by a bimolecular (E2) elimination reaction involving the B-hydrogen atom,
as depicted in Scheme 17.

Sulfides are easily oxidised at the sulfur atom by sources of electrophilic oxygen; in the
oxidation process, sulfur accepts electrons in its d-orbitals, leading to hypervalent sulfur
compounds. The first oxidation product is the sulfoxide (23), and this is further oxidised to
the stable sulfone (24) (Scheme 18); sulfones have many applications in synthetic organic
chemistry (see Chapter 10, p.195).

{a]} 0 //0
RS — R:S=0 '~ R,$
step | step 2 T,
{fastl {=low) Q
(23) 24)
Scheme 18

Various oxidants have been used in the oxidation of sulfides such as hydrogen peroxide
and a number of different peroxycarboxylic acids (RCOzH), the latter being the more
powerful oxidising agents. In the oxidation (Scheme 18), step 1 is much faster than step 2,
and consequently many sulfoxides can be prepared by this route; for instance, benzyl
methyl sulfoxide (26) can be obtained from benzyl methyl sulfide (25) (Scheme 19). More
powerful oxidants or more vigorous conditions effect the direct conversion of sulfides into
the corresponding sulfones; thus, (27) and (28) are transformed into (29) and (30),
respectively (Scheme 20).

O
O 1
PhCH,SMe  —on MO - o or1 SMe
25 %, one day
(15} (26)
(77%)
Scheme 19

[Me{CHz) 525 §00 MO

[Me{CH;)p5lz 804

G =
7 (29)
>00%
EMnOy. HY . h

o g e PhsSOk
(28) (307
0%
Scheme 20

Sulfides are easily desulfurised by treatment with Raney nickel (Scheme 21).% Other
methods of desulfuration are given in Chapter 10, p. 214. Desulfuration is important in
many synthetic transformations in which a sulfur atom is introduced to provide the
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required reactivity but then has to be removed since it is not required in the final product.
As has been previously noted (see Chapter 3, p.30), the attachment of electronegative
sulfur atoms activates suitably placed methylene hydrogen atoms (reactive a-hydrogens)
towards nucleophilic attack, allowing the formation of stabilised carbanions which can
undergo further reactions. The effect is especially pronounced with 1,3-dithia compounds
like (31), which can be transformed into carbonyl compounds, e.g. (32) (Scheme 22). A
similar example is the conversion of 1,3-dithiacyclohexane into cyclobutanone (see

Chapter 3, p. 32).

Raney Ni
RSR® — 27 RH + R'H + Ni§
Scheme 21
Ay
- A+ (1) Hu Lt
{1y Bu Li Y . % (IR O e
PhSEIIESPh RX - []1S(|d£-|5-3I h  ——— PhS
(31) R -
Rinn::y ____.-""-'
R’ R’ N
l pxidiation with .‘.-""'.
1|:—0 Cros Metnn CHOH
CH- CH-
R 4
(32}

Scheme 22
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é.‘!-l(UH}
é‘.— SPh
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The ability of thiol groups to form disulfide bridges reversibly is essential in the biological
reduction of sulfate and in the biosynthesis of cysteine (33) and methionine (34) from

cystine (35) (Scheme 23).*

NHa NH; NH;
I | rexbiction I
HO.CCHSSCHLCHOO,H  s———= I HSCHCHCOH
oxidation
(35) (33)
NH,

MeSCH-CH,CHCO-H
(34)

Scheme 23
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The oxidative properties of lipoic acid (see p. 51) also depend on the ease of
interconversion of thiol and disulfide bonds. Methionine (34) is one of the eight essential
amino acids for human nutrition and is deficient in the diet of vegans; luckily, this amino
acid can be synthesised for use as a nutritive food additive. One synthetic route uses
2-chloroethyl methyl sulfide (36) and phthalimide (37), as shown in Scheme 24.
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{i) NaCE1
(i1 CICHLCH 5 Mrf,."'{ NaCl)
'
) -
hydrolysis | {-'{Jlrﬂ
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CO-H bie=e (;l N—C—CO,Et
[ i oy 11”‘5 |
HaMN—C—CO-H | @: o CH-CH-5Me
| | I'h ChH s
CH-CH.5Me (39
(40)
heat | (-]
I
H.N—C—CO-H
CHyCHa5Me
(34)

Scheme 24

The synthetic sequence (Scheme 24) utilises the acidity of the N-N bond in phthalimide
(37) to form the sodio derivative which undergoes a nucleophilic substitution reaction with
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diethyl bromomalonate to yield the phthalimido derivative (38). This retains one reactive
agr;-hydrogen atom and consequently forms a sodio derivative with sodium ethoxide, and
this is condensed with the sulfide (36) to give (39). Heating (39) with dilute acid causes
hydrolysis to form the malonic acid derivative (40); the latter by heating suffers loss of one
mole of carbon dioxide to give methionine (34). Such selective monodecarboxylation is
characteristic of the effect of heating a malonic acid derivative.

Disulfide bridges play a vital role in maintaining the essential three-dimensional
structure of proteins, in which the polypeptide chains are held together by disulfide bridges
between two cysteine units (Scheme 25).* The first step in determination of the primary
structure of a polypeptide involves breaking the disulfide bridges by oxidation with
performic acid and separating the resultant sulfonic acids (Scheme 25). Two important
examples of proteins containing disulfide bridges are the hormones insulin and vasopressin.
Insulin is used in the treatment of diabetes owing to its ability to control glucose
metabolism. Vasopressin is an antidiuretic hormone which controls water excretion in the
body by causing a contraction in the blood vessels and hence an increase in blood
pressure.

__'_‘__.--"' W}]nw W-"T\'MM
polypeptide ‘li HCOH SO:H
chains g $0,H
T mm*:l./vv*.-ﬁ» Mruvauw

Scheme 25

Reversible acylation is important in biochemical reactions, and sulfur functions as an
activator in many such processes. Coenzyme A (41) is an acyl group carrier which is
involved in lipid oxidation and the biosynthesis of lipids and steroids. The active form of
coenzyme A is the thiol ester (acyl coenzyme A) (42), which is more stable than coenzyme
A (41) and hence functions as an efficient acyl group donor for a substrate RH (Scheme
26).

i i
MeCSCoA + RH = RCMe + HSCoA
(42) {41)
Scheme 26

Lipoic acid (43) is another naturally occurring disulfide; it is a growth factor and is the
cofactor required for the enzymic oxidation of pyruvic acid in microorganisms. Lipoic acid
(43) is an oxidising agent which is reduced to the thiol (44), and the latter can be
subsequently reoxidised (Scheme 27).

The synthesis of disulfides is discussed later in this chapter (see p. 55).
Coenzyme A, lipoic acid and the tripeptide glutathione (y-glutamylcysteinylglycine)
frequently feature in biological systems as coenzymes. These coenzymes catalyse a wide
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Scheme 27

variety of biological reactions by acting as powerful nucleophiles, good leaving groups and
mediators of oxido-reductive processes. Their activity is often enhanced by solvent effects,
traces of metal ions and conformational factors.*

Sulfenic acids and derivatives®®

Sulfenic acids (45) are generally quite unstable; they easily dimerise and eliminate water
to form thiol sulfinates (46) (Scheme 28). Several sulfenic acids have, however, been
isolated and many of these are stabilised by hydrogen bonding to a carbonyl or amino
group. The first sulfenic acid to be isolated was the anthraquinone derivative (47) in 1912.
Sulfenic acids have been postulated as transient intermediates in many chemical and
biochemical processes, e.g. the oxidation of thiol groups in proteins and the thermolysis of
sulfoxides, including the acid-catalysed rearrangement of penicillin sulfoxides (48) to
cephalosporins (49) (Scheme 29)
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(see Chapter 5, p. 70 and Chapter 11, p. 226). Much of the chemistry of penicillin
sulfoxides (48) is related to the relatively high stability of the intermediate
2-oxazetidine-4-sulfenic acid (50), which has been isolated as a stable crystalline solid.

In contrast to the free acids, sulfenate esters, amides and halides are more stable.
Disulfides (52) can be obtained from thiols by mild oxidation (see p. 57), and sulfenyl
chlorides () can in turn be prepared from disulfides (52) by treatment with chlorine
(Scheme 30). Sulfenyl chlorides (51) react with alcohols to give esters, e.g. the methyl
sulfenate (53) which on alkaline hydrolysis yields the sulfenic acid (45) (Scheme 30).

[iy KOH
0401 la ii Ac
RSH — 2+ 0.5RSSR —p— RSOl MOH. poopge -HHOA . pony
(oxidation)
(52) (51) (53) (45)
Scheme 30

Some sulfenic acids have been generated by flash vacuum pyrolysis of alkyl sulfoxides;
thus, t-butanesulfenic acid (54) was detected as an intermediate in the thermolysis of the
t-butyl sulfoxide (55) in various solvents (Scheme 31). Sulfenic acids (45) may also be
obtained by thermolysis of thiol sulfinates (56) (Scheme 31). The intermediate sulfenic
acids formed in these reactions can be characterised by IR and NMR spectroscopy and may
be trapped by addition to ethyl acrylate (57) (Scheme 32).

0]
[
Me;CSCMe; o Me,CSOH + Me.C=CH,
(55} (54)
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RS RRY -
\S/{‘ {45}
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0. i
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i d+ I . H H II
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{45) {57) H “CO5EL (58}

Scheme 32
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Reactions

Sulfenic acids, esters and halides are reduced to thiols by many reagents, e.g. hydrazine,
lithium aluminium hydride and metallic sodium. These addition reactions are extensively
employed for trapping sulfenic acids, e.g. with ethyl acrylate (57) to give the adduct (58)
(Scheme 32).

Sulfenic acid derivatives (RSX) such as esters, amides and halides are reactive owing to the
relative weakness of the S-X bond, and they consequently react with nucleophilic reagents
(Nu-) (Scheme 33). In such nucleophilic substitutions at the sulfenyl sulfur atom, the
reaction mechanism may be Syl (Scheme 34).

RSX + Nu ———= RSMu + X-

(X = OH, Cl. OR", NRs, SCN)

Scheme 33

pey lorlewisacd_ pob 4 N- gtep |

slow

RS* + Nu- —t . RSNu step?

Scheme 34

The well-known reaction of elemental sulfur with benzene may follow the Syl
mechanistic pathway via the in situ formation of the benzenesulfenyl cation which
immediately reacts with another aromatic nucleus to give thianthrene (59) and diphenyl
sulfide (Scheme 35).

_ 6 &

(5

Scheme 35

However, for the majority of substitution reactions at the sulfenyl sulfur atom, most of the
available data favour the operation of the bimolecular Sy2-type reaction mechanism
involving the s-sulfurane intermediate (60) (see chapter 3, p. 35), as depicted in Scheme
36.

R R
4 ﬂ\! sl | Tast _—
Nu- + §—X —#2%w |Ny—S—X| —>"— NuSR
[ ﬁa‘" \ =~}
(60

Scheme 36
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Alkane-and arenesulfenyl chlorides add to alkenes and alkynes; thus, the addition of
2,4-dinitrobezenesulfenyl chloride (61) may be used to prepare solid derivatives of alkenes,
e.g. the adduct (62) (Scheme 37). The Markownikoff addition of a sulfenyl chloride to an
alkene is stereospecifically trans; the adduct may be sequentially treated with a Lewis acid
and a nucleophilic reagent to achieve the introduction of a new carbon-carbon bond (64)
via the episulfenium ion intermediate (63) (Scheme 38). The procedure can also be applied
to the synthesis of unsaturated sulfides, e.g. (65) (Scheme 39).
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The reaction of sulfenyl chlorides with imides, e.g. maleimide, succinimide or
phthalimide (66), provides a useful route for the preparation of disulfides (67) (Scheme 40)
(see p. 57). The intermediate sulfenylimide (68) is quite stable but reacts with a thiol with
expulsion of the imide moiety, which is a good leaving

O X o [ ™, (o}
3\\ J /l{q—l‘:lf‘_:l - | |III RSH 3\.\‘\
o e , y
NH — N-—SR ~ RSSR’ +
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T Hoy 2 e
[0 8] 0
(66) {68)

Scheme 40
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group, to yield the disulfide (67). The method is also useful to obtain unsymmetrical
disulfides.

Sulfenyl chlorides undergo the Friedel-Crafts reaction with suitable aromatic compounds
to produce the corresponding sulfides; thus, benzenesulfenyl chloride condenses with
anisole to give p-methoxyphenyl phenylsulfide (Scheme 41).

o FeCly i
PhSCl + ¢ }!—DMC ——. ¢
,

Scheme 41

Trichloromethanesulfenyl chloride (69), a useful synthetic intermediate is manufactured
by reaction of carbon disulfide and chlorine in the presence of iodine catalyst (Scheme 42).
The sulfenyl chloride (69) is employed in the preparation of several commercial agricultural
fungicides such as captan (see Chapter 9, p. 151).

Py o S ' IR LS 20LOSC + 5.0
(69

Scheme 42
Disulfides and polysulfides

Organic disulfides in general have considerable biological significance (see Introduction,
p. 2). Important compounds of this type include the amino acid cystine (see p. 49), several
proteins (see p. 51) and the growth factor lipoic acid (see p. 51). The biological
oxidation-reduction catalyst glutathione (70) is the most common cellular thiol; it is the
tripeptide gglutamylcysteinylglycine (Figure 1).

CO4 rl_a -:|:1-|;3H
HyNCI {CHCH,CNHCHENHCH,CO:H
I

O
(70}

(HyC=CHCH,S 55~ H;C=CHCH:SSCH,CH=CH;
I
(71 o
{72
Figure 1

Glutathione functions as a reducing agent because of the ease of its oxidation to the
corresponding disulfide (glutathione disulfide). Organic disulfides are found in plants,
especially in the genus Allium—onion, garlic and leek. Garlic contains diallyl disulfide (71)
and this may be a factor in its antibacterial properties while the antibacterial agent allicin
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(72) has been isolated from onions and the structure contains a disulfide bond (Figure 1).

Symmetrical disulfides (73) may be prepared by reaction of alkyl halides with disodium
disulfide (Scheme 43). The product is contaminated with triand polysulfides owing to the
presence of impurities in the disodium disulfide; however, lower members of the series of
dialkyl disulfides may be purified by fractional distillation. Disulfides can also be obtained
from thiols by mild oxidation, e.g. by treatment with iodine or dimethyl sulfoxide (DMSO)
(Scheme 44). In the reaction with iodine, the hydriodic acid formed must be removed,
otherwise the disulfide is largely reduced back to the thiol by hydriodic acid which is a
powerful reducing agent. Pure unsymmetrical disulfides are more difficult to prepare
owing to their tendency to undergo disproportionation; they can, however, be synthesised
from thiols by treatment with imides (see p. 59) or sulfenyl halides (51) (Scheme 45).

~ RS5R + 2Nax
(73}

2RX + .\53252
Scheme 43

2REH + Iy s=——= RSESR + IHI
(73)

2REH + MeSO ———— RSSR + MeS + HO
Scheme 44
R

RSNa + RS—X RSSR’ + NaX

Scheme 45

Unsymmetrical trisulfides have biological significance; several have been isolated from
plants of the onion family, e.g. allyl propyl trisulfide. Interest in this class of compound was
stimulated by the discovery of a biologically active compound shown to be the trisulfide
(74) (Figure 2) isolated from the tropical plant Petiveria alliacea found in Africa and other
countries.® The trisulfide (74) shows insecticidal and antimicrobial activity.

PhCH,S885CHCHOH
(74)
Figure 2

Tri and tetrasulfides are more unstable than disulfides and the unsymmetrical members
are particularly liable to suffer disproportionation to give mixtures of products. Several
methods are used for the synthesis of symmetrical dialky! trisulfides (75); thus, they may
be obtained by reaction of sulfur dichloride with thiols (Scheme 46). However, this route
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does not afford pure trisulfides and the products are contaminated with both di and
tetrasulfides; the optimum preparative procedure involves the reaction of the appropriate
S-alkyl- or S-arylthioisothiuronium chloride (76) with dimethylamine (Scheme 47).

2 RSSSR + 2HCI
(75)

ZRSH + 5CI»

Scheme 46
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NHCE
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MezMH

RES5R

MH (75)
(76}

Scheme 47

The thioisothiuronium chloride (76) is prepared by reaction ofthiourea (1a) with the
appropriate thiol in the presence of hydrogen peroxide (Scheme 48). The mechanism of
the reaction probably involves initial oxidation of the thiol to the sulfenic acid (45) and the

subsequent reaction with thiourea (1a) (Scheme 49).
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Scheme 49

The synthesis of unsymmetrical trisulfides is more difficult than that of the symmetrical
analogues owing to their facile disproportionation; they are of more interest because of
their occurrence in nature and their biological activity, e.g. the natural product (74). One
route to this compound is by condensation of benzyl thiol (77) with sulfur dichloride and

2-mercaptoethanol (78) (Scheme 50).

Another route involves condensation of phthalimide (79) with sulfur monochloride to

give N,N'-thiobis(phthalimide) (80) which is reacted with benzyl thiol
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— CH;SH + SCly + HSCH:CH.OH i;i—‘fq]* ¢ N CH,SSSCH,CH,0H

(77 (78) (74}

Scheme 50

to give the disulfide (81) by displacement of the phthalimido moiety. In the final stage, the
disulfide (81) is treated with 2-mercaptoethanol (78) to give the required unsymmetrical
trisulfide (74) (Scheme 51). This reaction illustrates the capacity of the phthalimido moiety
to act as a leaving group and demonstrates that the thiol group is a better nucleophile than
the hydroxyl group, because it is the thiol group that reacts preferentially with the disulfide
(81) in the final stage of Scheme 51. Scheme 50 can be modified to provide a useful
synthesis of unsymmetrical tetrasulfides like (82); in this case, sulfur monochloride is
condensed with the appropriate thiol and 2-mercaptoethanol (78) (Scheme 52)
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Scheme 51
RSH + 8.Cl, + HSCH,CH.OH :’;HEJ- RS5SSCH,CH,0H
(7% (82)
Scheme 52

Examination of a series ofsulfides of type ArSnCH,CH,OH (n = 1-4) showed that the
monosulfides (n = 1) and disulfides (n = 2) were stable at room temperature for one year,
but the trisulfides (n = 3) and tetrasulfides (n = 4) were not stable under these conditions
and decomposed to mixtures of products.

In their chemical reactions, disulfides (73) are sensitive to heating, reduction and
oxidation as a consequence of the relative weakness of the disulfide bond; thus, on
warming, dibenzyl disulfide (83) yields stibene (84) (Scheme 53).
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PRCH,SSCH.Ph  —1 e phOH=—CHPh + H,8 + §
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Scheme 53

Disulfides are reduced to thiols by the majority of reducing agents, e.g. Na,S, NaSH,
LiAIH, and Zn/H" (Scheme 54). In this reduction, the diaryl disulfides are more easily
reduced than the dialkyl analogues; thus, sodium borohydride (NaBH,) reduces the former
but not the latter, since ArS” is a better leaving group than AIkS".

4 R55R + 2NaS =+ 6NaOH ——— 8 RSNa + MuaSa0y + 3 HaOr
(73)

Scheme 54

Disulfides (73) are oxidised by hydrogen peroxide to the corresponding sulfenic acids
(45); dialkyl disulfides may also be converted to thiol sulfinates by treatment with
perbenzoic acid; thus, diallyl disulfide (71) yields allicin (72), an essential component of
garlic (Scheme 55). The latter reaction involves a nucleophilic attack of the sulfur atom on
the oxygen of the peroxide group, and therefore the more electron-rich sulfur atom is
preferentially oxidised. For instance, methyl phenyl disulfide (85) yields the sulfoxide (86)
(Scheme 56).

BSSR 4+ HyQy —— 2 RSOH
(T3 (45}
Fhi O
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Scheme 55
PhSSMe et ppoone
Il
(85) o
(86)
Scheme 56

The lability of the disulfide bridge is also shown in the metabolism of disulfides, in which
the disulfide bond is reduced to the corresponding thiol.* For example, disulfiram (87), a
drug used in the treatment of alcoholism, is reduced in vivo to N,N-diethyldithiocarbamic
acid (88), the biologically active metabolite (Scheme57).
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5 Sulfoxides and Sulfones

Sulfoxides (1)*? are generally prepared by controlled oxidation of sulfides (2) (see
Chapter 4, p. 48) (Scheme 1). The choice of oxidant and the reaction conditions are critical
to avoid further oxidation to the sulfone (see Chapter 10, p. 195). On a small scale, the
preferred reagents are(i) sodium metaperiodate in aqueous methanol (0°C), (ii)
m-chloroperbenzoic acid (MCPBA) in dichloromethane or ethyl acetate, the latter being
more useful since it can be used at lower temperatures (-40°C), and (iii) t-butyl
hypochlorite in methanol (Scheme 1).
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Scheme 1

The asymmetric oxidation of an alkyl aryl sulfide (2) (R = alkyl, R" = aryl) with a chiral
oxidant, e.g. a peroxotitanium complex (a Sharpless reagent), can provide a route to chiral
sulfoxides; thus, methyl phenyl sulfide (2) (R = Me, R' = Ph) yields the corresponding
sulfoxide (1) (R = Me, R' = Ph) in 80% yield and with 89% e.e. This asymmetric oxidation
may also be achieved microbiologically with Aspergillus niger, often with high
stereoselectivity. Sulfoxides may also be obtained by hydrolysis of halosulfonium salts (3),
and this route has been applied to prepare *®0-labelled sulfoxides (1). The conversion may
also be achieved by treating a solution of the sulfide (R,S) in acetic acid, excess water and
pyridine (one equivalent) with bromine.
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Scheme 2

Chiral sulfoxides are conveniently synthesised by Andersen's method (1962), in which
a chiral sulfinate (4) is treated with a Grignard reagent. The reaction involves a sulfinyl
group transfer and occurs with complete stereochemical inversion at the sulfur atom
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(see Chapter 3, p. 30) (Scheme 3). In this reaction, the yields are sometimes improved by
replacing the Grignard reagent by other organometallics, e.g. lithium dialkylcuprates
(R2CulLi). Cholesterol may be used instead of (-)-menthol as the chiral alcohol, this
modification being valuable for the synthesis of chiral dialkyl sulfoxides (Scheme 4).
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Scheme 4

Optically active sulfinates (5) may be obtained by reaction of sulfinyl chlorides (6) with a
chiral alcohol in the presence of an optically active tertiary amine (Scheme 5).
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Scheme 5

Certain sulfoxides can be prepared by rearrangement of the sulfenate esters; thus, allyl
arenesulfenate esters (7), obtained by condensation of the sulfenyl chloride with allyl
alcohol (8), spontaneously rearrange to the allyl sulfoxides (9) (Scheme 6). The
rearrangement also occurs with alkynic alcohols; for instance, trichloromethanesulfenyl
chloride (10) reacts with propargyl alcohol (11) to form the allenic sulfoxide (12) (Scheme
7).

AISCl + HOCH)CH=CH, ——  [ArSOCH,CH=CI1;
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Scheme 6
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Scheme 7
Structure of sulfoxides

X-ray studies of dimethyl sulfoxide (DMSO) show that the molecule is a rather distorted
pyramid with the sulfur atom at the apex (Figure 1). If the lone electron pair on the sulfur
atom is taken into account, the structure may be desc