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Methods available for the synthesis of diaryl and monoaryl monoalkyl sulfones are 
reviewed. The main methods employed involve alkylation of salts of sulfinic acids, acid- 
catalysed condensation of sulfonic acids with aromatic hydrocarbons, and oxidation 
of diaryl and alkyl aryl sulfides. Oxidation by peracids, N-oxides (catalysed by tetra- 
n-prop lammonium perruthenate), periodate (catalysed by ruthenium trichloride), and 
oxone J (potassium hydrogen persulfate), are highlighted. 
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1. DIRECT SYNTHETIC ROUTES TO SULFONES 

This review is concerned with the strategies used in the preparation of 
symmetrical diaryl, and unsymmetrical diaryl and aryl alkyl, sulfones. 
Direct synthetic routes to sulfones are discussed, together with the 
various methods available for the selective oxidation of the corre- 
sponding sulfides to sulfones. 

Sulfones have the general formula 1 in which the carbon substi- 
tuents can be any combination of alkyl, aryl, alkenyl, or alkynyl groups. 
Generally the sulfone group is both chemically and thermally stable, 
being resistant to oxidation, and only reduced to the corresponding 
suEde with great difficulty [l]. 

1.1. Alkylation of Sulfinic Acids 

SuEnic acids probably exist as the hydroxy tautomer 2 as opposed to 3 
and any equilibrium is expected to lie well to the left (Eq. (1)). Free sul- 
h i c  acids are unstable and can disproportionate to a thiol sulfonate 
and a sulfonic acid. Therefore they are often used as the more stable 
sodium salts [2]. 

0 
ii 

RE-S-RZ 
II 
0 

1 
R1 andor K2 = alkyl or ql 

2 3 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ARYL SULFONES 253 

The alkylation of sulfinic acid salts (Eq. (2)) has been used to 
prepare aryl alkyl sulfones using a variety of alkylating agents [l , 3,4]. 
Improved yields have however been reported in the alkylation of 
p-toluenesulfinate anion when the acid was used as the tetra-n- 
butylammonium salt (Tab. I) [3] as opposed to the sodium salt [4]. 

The tetra-n-butylammonium sulfinate salt is prepared by extraction 
of a concentrated aqueous solution of tetra-n-butylammonium bro- 
mide and sodium-p-toluenesuhate with CH2Cl2 followed by removal 
of the solvent to give the reagent as a crystalline solid [3]. 

Solutions of the tetra-n-butylammonium s u h a t e  in THF were 
found to react smoothly with a series of primary alkyl halides at 20- 
40°C. The sulfone products were obtained in excellent yields in 
reaction times of 2-4 hours (Tab. I) [3]. In contrast, the reaction of 
methyl iodide with the corresponding sodium salt of p-toluenesulfinic 
acid gives a lower yield of the sulfone, even at elevated temperatures 
and with longer reaction times (22 h in DMF, 50%; 23 h in MeOH, 
77%) [4]. A further advantage in using the tetra-n-butylammonium 
salt is reduced competition from 0-alkylation in its reaction with 
chloromethyl methyl ether [3]. When the sodium salt was used the 
corresponding sulfone was obtained in only 15% yield [5]. 

When alkylation occurs on oxygen as opposed to sulfur, the 
products are sulfinate esters. This is due to the ambient nature of the 
sulfinate anion (Eq. (3)). 

TABLE I Alkylation of tetra-n-butylammonium ptoluenesulfinate in 
THF 131 

Alkylatinn anent Product % yield 
Me1 C7H7S02Me 93 
CH2dHCH2Br C ~ H ~ S O ~ C H ~ C H = C H Z  80 
PhCOCHzBr C7H7S02CH2COPh 81 
CH2Br2 C ~ H ~ S O ~ C H ~ B T  89 
CH3OCH2Cl CTHTS02CH20CH3 59 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



254 R. S .  WARD AND R. L. DIAPER 

0-Alkylation tends to occur in addition to S-alkylation when a 
hard electrophile such as an alkoxyphosphonium salt is used as the 
alkylating agent. The result is a mixture of sulfinate ester and sulfone 
products (Eq. (4)) [4]. The use of softer electrophiles such as methyl 
iodide under similar reaction conditions leads almost exclusively to the 
sulfone product [4]. 

OCH3 
I 

C7H7SOzNa + TsCH=CHF’(OMe)3 - CTH~S-CH~ + C7H7S 
ll 
0 

0 + II 
11 
0 

(5%) (95%) 

0 
I 1  

+ TsCH=CHP(OMeh (4) 

Despite the references to alkylation of aromatic sulfinate salts with 
alkyl halides in the preparation of aryl alkyl sulfones, there appear to 
be no references to arylation of aromatic sulfinate salts with activated 
aromatic halides, as a route to diaryl sulfones. Unsymmetrical diaryl 
sulfones have however been synthesised by the reaction of activated 
aromatic halides and a sodium arenesulfinate salt, generated in situ 
from the reaction of an arenesulfonyl chloride with sodium sulfite and 
sodium bicarbonate in 1 ,Zdichloroethane and water, in the presence 
of a phase transfer catalyst (PTC) (Scheme 1) [6]. The polymer 
supported catalyst used for this reaction was tri-n-butylammonium 

Scheme 1 [‘I (RI = CH3, F; R2 = NO2, CHO, COCH3) 

SCHEME 1 
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ARYL SULFONES 255 

chloride bound to a polystyrene matrix. The method proved to be an 
excellent route to unsymmetrical diaryl sulfones, using only mild 
conditions and achieving yields of 82-94%. The presence of electron- 
withdrawing groups did not significantly affect the reaction. No 
reaction was observed in the absence of the PTC. 

The advantage of using a polymer bound catalytic system as 
opposed to soluble tetra-n-butylammonium chloride was in lowering 
the catalyst cost through its subsequent recovery. The catalyst was 
simply recovered by filtration and could be used again after washing 
with ethanol, water and ether. 

A liquid - liquid phase transfer method for the alkylation of sodium 
p-toluenesulfinate with a range of alkyl halides had been reported prior 
to this method [7]. The reactants were refluxed in a mixture of benzene, 
acetone and water in the presence of tetra-n-butylammonium bromide 
or iodide as the PTC. The procedure was restricted to primary 
bromides and iodides, secondary iodides, or activated chlorides and 
bromides such as allylic, benzylic and a-carbonyl compounds (Tab. 11) 
[7]. Once again no reaction was observed in the absence of the PTC. 

The sulfinic acid routes to sulfones outlined above are however 
unsuitable for the preparation of many diaryl sulfones. This is because 
the reported synthesis of diaryl sulfones under PTC conditions [7] is 
not viable on a preparative scale and other strategies should be con- 
sidered before embarking on a study of sulfinic acid arylation with 
activated aromatic halides. 

1.2. Condensation of Sulfonic Acids with Aromatic Hydrocarbons 

A route that has proven successful for the synthesis of a wide range 
of diaryl sulfones is the condensation of an arylsulfonic acid with an 

TABLE I1 Alkylation of sodium p-toluenesulfinate in the presence of 
TBAB as PTC in refluxing benzene acetone water [?‘I 

Alkyl halide time (h) surfone 
Reaction % yield of 

0 
85 
89 
94 
71 
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256 R. S. WARD AND R. L. DIAPER 

aromatic hydrocarbon in the presence of a dehydrating agent [8 - 101 
(Eq. (5)). The use of a dehydrating agent has been shown to be more 
successful than direct condensation of these compounds at high 
temperatures which is reported to result in desulfonation of the molten 
sulfonic acid [ 1 I]. 

dehydrating 
ArlSO3H + Ar2H - ArlSO2Ar2 + H20 

agent 

Polyphosphoric acid (PPA) was successfully used as the dehydrating 
agent in the synthesis of a range of diary1 sulfones, by stirring the 
substituted aromatic hydrocarbons with either benzenesulfonic acid or 
p-toluenesulfonic acid at 80°C in PPA for approx. 8 hours [8]. The 
order of reactivity for the substituted aromatic hydrocarbons was 
found to be mesitylene > xylene > toluene > benzene. Furthermore, 
deactivated aromatic compounds such as chlorobenzene did not react 
with p-toluenesulfonic acid under the same reaction conditions. These 
observations are consistent with an attack on the aromatic ring by a 
weakly electrophilic reagent, and the mechanism for sulfone formation 
probably involves the sulfonium cation ArS0; (Scheme 2). 

Field has reported the reaction of P205 with sulfonic acids under 
similar conditions in the synthesis of sulfonic anhydrides [12]. This has 
led to the assumption that the anhydride is probably an intermediate 
in the formation of the sulfone in the PPA condensation [8]. 

The PPA method for sulfone synthesis was later improved by Sipe 
et al. [9] who observed an enhancement in the yield of phenyl p-tolyl 
sulfone on addition of phosphorous pentoxide to the PPA and p- 
toluenesulfonic acid prior to mixing. Carrying out the reaction in an 
inert atmosphere was also advantageous. The improved yields 
observed using this modification are attributed to the ability of Pz05 
to absorb water during the reaction, which could otherwise interfere 
with the formation of the sulfonium cation intermediate. 

SCHEME 2 
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ARYL SULFONES 251 

Due to the difficulties associated with the handling of PPA, notably 
that it is a very viscous liquid at temperatures below 60-80°C and 
therefore difficult to stir and manipulate, a novel alternative was 
developed by stirring a 1:lO solution (w/w) of P2O5 in methanesulfonic 
acid [13]. 

Organic compounds dissolve readily in this reaction medium and it 
was found to be a good substitute in some reactions classically 
associated with PPA; specifically in the intramolecular alkylation of 
olefinic acids or their lactones to form cyclopentenones and in the 
preparation of amides via the Beckmann rearrangement [ 111. The 
active species in these reactions was not identified, but was postulated 
to be a very active mixed anhydride. Interestingly solutions of methane- 
sulfonic acid and anhydride were less active and methanesulfonic 
acid alone was ineffective [13]. 

Subsequently the methanesulfonic acid/P205 reagent has been 
shown to be a good alternative to PPA in the synthesis of diaryl 
sulfones by the condensation of p-toluenesulfonic acid with a range of 
substituted aromatic hydrocarbons (Tab. 111) [lo]. 

Excellent yields of diaryl sulfones were obtained under mild reaction 
conditions and the reagent was found to be preferable to PPA because 
it was easier to handle and was easily removed in the subsequent work- 
up. The ready availability of starting materials, mild reaction condi- 
tions and high yields make this synthetic route an appealing strategy 
for the synthesis of diaryl sulfones, containing hydrocarbon sub- 
stituents (see below). 

As part of an investigation into the cleavage of diaryl sulfones with 
concentrated sulfuric acid [14], a range of diaryl sulfones 4 contain- 
ing various hydrocarbon substituents have been synthesised via this 
method. 

TABLE 111 Reaction of p-toluenesulfonic acid with arenes in 
MeS03H/P205 [lo] 

Arene 

~ ~~~ 

Time (h)/ % yield of 
temp PC) sulfone 

Benzene 2/80 
24/20 

Toluene 24/20 
Mesitylene 24/20 
Chlorobenzene 2/80 

80 
10 
94 
93 

9 
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258 R. S. WARD AND R. L. DIAPER 

The reagent used for this reaction was a mixture of phosphorous 
pentoxide and methanesulfonic acid in the ratio of 1:lO w/w [lo, 131. In 
a typical reaction the glassware was dried (l0OOC) and assembled hot. 
The condensation reagent was prepared by adding dry PzO5 to freshly 
distilled methanesulfonic acid under an inert atmosphere, then stirring 
the solution mechanically for at least two hours until the PzO5 was 
seen to dissolve. The amount of PzO5 added was approximately the 
maximum amount soluble in the volume of methanesulfonic acid used 
[13], and on occasions the reagent was used with undissolved P205 
remaining in the solution. This did not appear to affect the reaction in 
any way. The reagent was normally used soon after preparation, 
although it could be stored under an inert atmosphere for up to a week 
with no apparent decrease in its efficacy [13]. (The nitrogen atmos- 
phere was maintained throughout the preparation of the reagent and 
also during the condensation reaction). 

The aromatic hydrocarbon was then added to the reagent, which 
also acted as an effective solvent, and stirring continued. When heating 
was required, the flask was fitted with a reflux condenser and the 
nitrogen atmosphere was maintained. The reaction was monitored by 
tlc of removed aliquots, after a mini work-up. The reaction mixture 
was then poured into excess ice-water and most of the sulfone prod- 
ucts were isolated by filtration as crystalline or amorphous solids. The 
condensation reagent was soluble in water and thereby removed during 
the work-up. Recrystallisation from hot EtOH afforded the products, 
which were identified by standard analytical techniques. The synthesis 
was found to be suitable for the preparation of 4,4’-dimethyldiphenyl 
sulfone and a range of unsymmetrical diary1 sulfones up to a multi- 
gram scale (Tab. IV) [14]. 

Reasonable yields of sulfone were obtained when t-butylbenzene, 
phenylcyclohexane and 1-phenyldodecane were used as the hydro- 
carbons in the reaction with p-toluenesulfonic acid. However the 
reaction of chlorobenzene with 4-chlorobenzenesulfonic acid, and 
bromobenzene with 4-bromobenzenesulfonic acid, gave poor yields of 
sulfone (Tab. IV). These observations are in agreement with those 
previously reported in the literature [lo]. The reaction is largely 
unaffected by steric hindrance, but deactivated benzene rings such as 
chlorobenzene and bromobenzene are resistant towards condensation. 
This is probably due to the electron deficient aromatic ring of these 
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ARYL SULFONES 259 

TABLE IV Sulfone synthesis by condensation of an aromatic sulfonic acid with a 
monosubstituted benzene derivative in MeS03H/P205 [14] 

Sulfonic acid compound conditions sulfone M.P. ("C) 
Aromatic Reaction YO yield of 

p-MeC6H4S03H PhCH3 24 h/ambient 
P ~ C ~ H I I  24 h/ambient 

PhBu' 7 days/ambient 
3 h/80°C 

24 h/80°C 

24 h/80"C 
p-CIC6H4SO3H PhCl 24 h/80°C 
p-BrC6H4S03H PhBr 16 h/80"C 

24 h/80"C 

PhCtzHzs 6 h/8OoC 

64 148-156 
28 119-120 
58 
98 
86 

51 
3 64-65 

I 140-150 
3 170- 172 

15 

compounds being less susceptible to attack by the weakly electrophilic 
sulfonium cation. 
This method has proven excellent for the synthesis of some 

unsymmetrical diaryl sulfones and importantly it can be carried out 
on a preparative scale. The method is simple, the cost of the starting 
materials is low, and reasonable sulfone yields are obtained under mild 
reaction conditions. Heating the reaction mixture is effective in 
shortening the reaction time, and often leads to an increased product 
yield. The range of symmetrical diaryl sulfones accessible via this route 
is however constrained by the availability of the sulfonic acid starting 
materials. However the ready availability of various aromatic hydro- 
carbons has meant that a number of unsymmetrical diaryl sulfones can 
be prepared (Tab. IV) [14]. 

1.3. Friedel Crafts Sulfonylation and Related Reactions 

One method frequently employed for the preparation of aryl sulfones 
is Friedel - Crafts type sulfonylation, in which an arene and a sulfonyl 
halide react in the presence of a Lewis acid catalyst [15]. For example, 
methanesulfonyl chloride has been used with equivalent amounts of 
AlC13, FeC13 or SbCls to form methyl sulfones. AlC13 was found to be 
the superior catalyst when the reaction was carried out in an excess of 
the arene, which also acts as the solvent [16]. A variety of diaryl 
sulfones have also been synthesised from substituted arylsulfonyl 
halides and nucleophilic aromatic compounds (Eq. (6)) [16- 191. The 
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260 R. S. WARD AND R. L. DIAPER 

presence of electron withdrawing substituents such as NOz, F, C1 and 
Br in the para position of the benzene ring, increases the orrho content 
of the product mixture from around 28% up to 51% in reactions with 
toluene. In contrast electron donating groups such as CH3 and OCH3 
produce an isomer distribution containing in excess of 80% of the para 
substituted tolyl sulfone [17]. The sulfonylation reaction has been 
shown to involve the formation of a 1:l complex between the arene- 
sulfonyl chloride and AlC13, followed by ionisation to form the 
sulfonium cation. The arene is subsequently attacked to produce the 
sulfone, which complexes with the catalyst [15 - 171. 

(R1 = alkyl or aryl; R 2 = H, akyl, C1, Br, F, OMe) 

Most recently an Fe(II1) exchanged montmorillonite clay has been 
used as the Friedel-Crafts catalyst in the synthesis of several diary1 
sulfones [20]. The reactions gave good yields (78-92%) with much 
increased para selectivity compared to reactions using AlC13. The 
reaction was also advantageous because it did not generate any of the 
solid waste associated with AlC13 and was therefore a cleaner and 
more environmentally friendly process. In addition the catalyst was 
easily recovered and could be re-used with little effect on its efficacy. 

A variation on this approach involves the reaction of an organo- 
metallic reagent (e.g., Grignard, organolithium, or organocopper 
reagent) with a sulfonyl halide or sulfonate ester (Eq. (7)) [21- 241. The 
sulfonyl fluoride or the phenyl ester are the substrates of choice for 
this transformation since competing reactions involving nucleophilic 
attack on the halogen or on the ester moiety are precluded. 

(R1 and R2 = alkyl or aryk X = F or OPh; M = Mg, Li or Cu) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ARYL SULFONES 26 1 

0 

% - Base 

(M = Li or Na) 

SCHEME 3 

Alkyl aryl sulfones can also be prepared by reacting lithium or 
sodium (but not potassium) enolates with arenesulfonyl fluorides 
(Scheme 3) [25], and by palladium catalysed coupling of alkenyl, allyl, 
or p-methoxybenzyl tributylstannanes with arenesulfonyl chlorides 
(Eq. (8)) P I -  

(R = PhCH=CH, Et02CCH=CHyCH3CH=CHCH2, p-MeOC6H4CH2, etc.) 

2. OXIDATION OF SULFIDES 

The condensation route and the Friedel Crafts reaction have 
proven useful in the synthesis of some diaryl sulfones containing 
hydrocarbon substituents. However the suitability of this methodol- 
ogy is restricted by the availability of suitable sulfonic acid start- 
ing materials. Furthermore, the method is unsuitable for the 
synthesis of diaryl sulfones containing electron withdrawing groups 
[ 101. An alternative more general route to synthesise di-p-substitut- 
ed diaryl sulfones is by oxidation of the corresponding diaryl 
sulfides. 

The sulfur heteroatom of sulfides is susceptible to attack from 
electrophilic sources of oxygen. Sulfur accepts electrons into its vacant 
d-orbitals forming hypervalent sulfur compounds. The initial product 
of sulfide oxidation is a sulfoxide 5, which can be further oxidised to a 
sulfone 6, the second oxidation step usually requiring stronger reaction 
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262 R. S. WARD AND R. L. DIAPER 

conditions (Eq. (9)). 

5 6 

The initial oxidation is the faster of the two steps. Consequently 
reagents available for oxidations to sulfoxides are more varied, and 
the reaction conditions required are often less vigorous than those for 
sulfone formation. 

2.1. Reagents for the Chemoselective Oxidation 
of Sulfides to Sulfones 

The most commonly used laboratory reagent for the oxidation of 
sulfides to sulfones are H202, usually in acetic acid [27] and KMn04 
[IS]. The hydrogen peroxide/acetic acid system has been used in the 
oxidation of 2-methyl-4-nitro-4’-acetamidodiphenyl sulfide to the cor- 
responding sulfone in 80% yield [28]. A general procedure involves 
slow addition of an excess of H202 to a cooled solution of the sulfide, 
then allowing the sulfoxide to form over several hours at room 
temperature before heating at 100°C for a further period to yield the 
sulfone . 

Hydrogen peroxide has also been used in conjunction with aqueous 
solutions of transition metal catalysts in non-acidic media to prepare 
2-sulfonylethanols from their sulfides [29]. The use of tungsten, 
vanadium and molybdenum catalysts overcomes the problems of 
secondary oxidation of the sensitive hydroxy groups. The catalysts are 
formed in situ on addition of hydrogen peroxide (31%) to stirred 
aqueous solutions of various transition metal salts (e.g., Na2V04). The 
actual oxidising species is believed to be a peroxy form of tungstic, 
vanadic or molybdic acid. These react with the sulfide and sulfoxide 
more quickly than H202 alone, and the catalysts are subsequently 
regenerated in siru by the hydrogen peroxide [29]. 

Peracids such as m-CPBA (m-chloroperoxybenzoic acid) have also 
found extensive use in the oxidation of sulfides to sulfones. The reac- 
tion may proceed by either of two mechanisms, which is determined 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ARYL. SULFONES 263 

by the pH of the solution and is largely independent of the solvent 
(Eqs. (10) and (11)). The formation of the sulfone proceeds through 
a sulfoxide intermediate [15]. 

Another common laboratory reagent used in the oxidation of 
sulfides is potassium permanganate [20,28,30,31]. In the oxidation of 
a series of oxathiolanes [30] the reaction was carried out in a CH2C12/ 
HzO biphasic system with a five-fold excess of KMn04. The reaction is 
largely heterogeneous with the actual oxidation occurring at the phase 
boundary. This was implicated from the observation that there was an 
insignificant increase in the yield of the reaction on addition of a PTC, 
such as benzyltriethylammonium chloride. 

PTC oxidation with aqueous KMn04, in the presence of benzoic 
acid has been shown to be an effective system for the oxidation of a 
range of sulfides to sulfones [31]. The oxidations required 1 equivalent 
of benzoic acid and 1 - 2 equivalents of KMn04 in addition to benzyl- 
triethylammonium chloride (0.1 equiv.) as a PTC, and were carried 
out in CH*C12/HzO at room temperature (Tab. V). 

The nature of the oxidising species is not known, but was shown to 
be different to the species present in the absence of added benzoic acid 
by the oxidation of some chiral thiazolines 7. The addition of benzoic 

TABLE V Phase transfer catalysed oxidation of sulfides (R’SR’) 
with KMn04 and added benzoic acid [29] 

R‘ R2 % yield of sdfone 
Ph PhCH2 82 
Et PhCH2 66 
4-ClC6H4 PhCH2 63 
4-02NCsH4 Ph 71 
CH2COzMe Ph 66 
H PhCH2 15 
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264 R. S. WARD AND R. L. DIAPER 

acid under PTC resulted in S-oxidation to give S,S-dioxides 8 but gave 
the corresponding thiazoles 9 under the same PTC conditions in the 
absence of the acid (Scheme 4). The possibility of peroxybenzoic acid 
being formed in situ, as the active oxidising agent, was shown to be an 
unlikely explanation as treatment of (7) with PhC03H in CHC& gave 
some 8 and 9 as well as its hydrolysis products 1291. 

In addition to the more common laboratory reagents used to oxidise 
sulfides to sulfones, a number of other more novel oxidants and cata- 
lytic oxidation systems have been developed. 

Any undergraduate textbook makes reference to the use of osmium 
tetroxide for organic oxidations, particularly in the hydroxylation of 
olefins. Organic chemists are also familiar with the extreme toxicity 
and associated handling problems of Os04. It was partly due to these 
problems that Djerassi and Engle investigated the oxidation reactions 
of the corresponding ruthenium compound, which was said to be less 
toxic to the eyes [32]. They found that Ru04 was a more potent oxi- 
dising agent than Os04, reacting violently with even common solvents 
such as benzene, ether and pyridine. Chloroform and carbon tetra- 
chloride were found to be the only solvents suitable for investigating 
the oxidising potential of this compound. Despite its reactivity, Ru04 
was found to be stable in solutions of the latter solvent for up to 
one year. 

Ruthenium tetrachloride was shown to oxidise diphenyl sulftde at 
0°C affording the sulfone and some of the corresponding sulfoxide. 
The sulfoxide was shown to be the intermediate in the reaction by the 
quantitative oxidation of diphenyl sulfoxide under the same condi- 
tions. In addition to this diary1 sulfide, the oxidation was successful 
with methyl p-tolyl sulfide and methyl benzyl sulfide where 31% and 
51% of the corresponding sulfones were isolated respectively. No 

9 7 8 

Scbeme 4 
R = Pri, CHzPh, Et 

SCHEME 4 
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reaction was observed when osmium tetroxide was used under the 
same conditions [32]. 

Although osmium tetroxide was shown to be unreactive towards 
sulfides [32], it was found to have catalytic activity when used in 
conjunction with a tertiary amine N-oxide [33]. A series of sulfides 
were selectively oxidised to their sulfones, under mild conditions, with 
N-methylmorpholine-N-oxide (NMO) 10 or trimethylamine-N-oxide 
11 in the presence of approx. 5mol% of Os04 as catalyst [33]. With a 3 
molar excess of amine N-oxide, the sulfone was formed as the only 
product, with no discernible amount of the sulfoxide. No oxidation 
occurred when either of the reagents was used separately. This 
indicated that the tertiary amine N-oxide was active in the formation 
or oxidative breakdown of the intermediate Os04/sulfur complex. 

Another ruthenium salt, namely tetra-n-propylammonium perruthe- 
nate, n-Pr4NRu04 (TPAP) has also been shown to be a very efficient 
and chemoselective catalyst for the oxidation of sulfides to sulfones in 
the presence of NMO as a co-oxidant (Tab. VI) [34]. The reagent was 
shown to be tolerant of a number of functionalities including olefinic 
double bonds, and gave high yields of the sulfones as the only 
products. For these reasons TPAP was shown to be a superior oxidant 
to rn-CPBA (which caused further oxidation of the double bonds to 
form epoxides) for these substrates. 

The reactions were carried out in acetonitrile at 40°C with 5 mole% 
of TPAP. Less polar solvents such as CHzCIz and THF slowed the rate 

TABLEVI Oxidation of sulfides with TPAP and NMO co-oxidant 
(40°C) P41 

~ ~~~~ 

sulfide Reaction time (h) % yield of surfone 

PhSMe 3 91 
PhSPh 23 61 

SMe 3.5 83 

11.5 99 

0 FSMe 3 

U 

80 
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of the reaction and often led to incomplete conversion. Most of the 
reactions were carried out on a 1 mmol scale but one example of a 
large scale reaction was given. 
In addition to the ruthenium compounds already mentioned [32,34], 

ruthenium trichloride has been shown to be a catalyst in a number of 
oxidations with sodium periodate [35], and the sodium periodate- 
ruthenium trichloride system has been shown to be very useful for 
the selective oxidation of unreactive sulfides, containing the highly 
electron-withdrawing trifluoromet hyl group [36]. The sulfones were 
obtained in excellent yields under ambient conditions in remarkably 
short reaction times (Tab. VII), with no detection of any sulfoxide. 
The power of this oxidation system for sulfides is highlighted by the 
oxidation of diphenyl sulfide which was actually complete in 20 mins. 
This compares very favourably with the (Os04-NMO) [33] or (n- 
Pr4NRu04-NMO) [34] systems that required in excess of 24 hours for 
the same reaction. 

Electron-withdrawing groups slowed the rate of the reaction, but it 
was unaffected by steric hindrance, as is exemplified by di-t-butyl 
sulfide which is oxidised to the sulfone in excellent yield in less than 
1 hour. The reaction was exothermic and the catalytic turnover was 
high, requiring only approx. 0.05 mole% of RuC13 for efficient oxida- 
tion. Aqueous solutions of sodium periodate in the absence of any 
catalyst had previously been shown to oxidise sulfides to sulfoxides 
selectively (Eq. (12)) [37,38]. 

10 11 

The reaction gave excellent yields (65-99%) of sulfoxides with no 
observed over-oxidation to the sulfones. 
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TABLE VII RuC13 catalysed periodate oxidation of sulfides (R'SR') [36] 

R' R2 Reaction time (h) % yield of sulfone 

91 
98 

100 
85 
84 

A novel oxidant that is effective in the selective oxidation of sul- 
fides, and is useful in the synthesis of I80-labelled sulfones is the 
HOF.CH3CN complex [39]. The reaction is essentially one of oxygen 
transfer from water, via HOF.CH3CN, which is generated by bub- 
bling fluorine through aqueous acetonitrile. Aryl alkyl and aryl benzyl 
sulfides are successfully oxidised to sulfones in a matter of minutes 
at 0°C with an excess of this oxidant (Eq. (13)). The presence of 
deactivating groups, such as -NO2 in the benzene ring has little 
effect on the rate of the reaction. 

[HOF.CH 3CNl 

R = 4-CH3C&14, R' = Me 
R = 4-02NC6H4 , R' = Me 
R = R' = PhCH2 , C5H9 , But 

This method of oxidation is advantageous, in that it avoids the use 
of oxidants containing heavy metals, and it facilitates an easy and 
economical route to '80-labelled sulfones when H2 l80 is used in the 
preparation of the H180F -CH3CN labelled complex. 

As previously mentioned, the initial oxidation of a sulfide to a 
sulfoxide is more easily achieved, and therefore the number of reagents 
available for this reaction is greater than that available for the sulfide 
to sulfone oxidation. However, the details of the various routes to 
sulfoxides will not be discussed here, and the reader is referred to the 
review by Madesclaire [40]. 

2.2. Oxidation of Sulfur Compounds with Oxone@ 

Potassium hydrogen persulfate (KHS0-J is commercially sold as 
oxone@. It is an inexpensive, air-stable, and easy to handle quaternary 
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mixture of salts containing 2moles of KHSOs, 1 mole of KzS04 
and lmole of KHS04. Trost and Curran showed oxone@ in 
aqueous methanol to be an excellent reagent for the chemoselective 
oxidation of some phenyl alkyl sulfides to their corresponding 
sulfones [41]. They also demonstrated the reagent's potential useful- 
ness in the selective oxidation of a sulfide to the corresponding 
sulfoxide. 

The typical reaction conditions employed were to add a 49.5% 
KHS05 solution in water, to a solution of the sulfide in methanol at 
0°C. The reaction mixture was allowed to warm to ambient tempera- 
ture, as it stirred for between 20mins and 4 hours. The sulfone was 
recovered by extraction into chloroform, typically in excess of 90% 
isolated yield. Tlc analysis had indicated that the reaction probably 
proceeded via the intermediate sulfoxide which was indicated by a 
transient spot exhibiting a greater polarity than both the starting 
sulfide and sulfone product. 

An excess of oxone@ was necessary for rapid completion of the 
oxidation to the sulfone. Oxidation to the sulfoxide was achieved by 
using an equimolar amount of the oxidant and by maintaining the 
reaction temperature at 0°C throughout. Although the authors report 
that the reaction medium is acidic at pH 2-3, and that a buffer can 
be used to maintain a pH at approx. 5, they do not report if there 
are any advantages or an increased yield when a buffer was used, 
although it would naturally be beneficial in oxidations of acid sensitive 
sulfides. 

Further use of oxone@ in the selective oxidation of phenyl alkyl 
sulfides to either sulfones or sulfoxides was achieved in refluxing 
chloroform or dichloromethane, in the presence of moist alumina as a 
catalyst [42]. The sulfoxides were obtained when equimolar amounts 
of the oxidant were used, and the sulfones were obtained on reaction 
with a three-fold excess of oxone@. No reaction was observed in the 
absence of the wet alumina catalyst under the same reaction 
conditions. 

The oxone@ in 50% aqueous methanol system previously outlined 
was shown to be unsuitable for the sulfide oxidation step in the 
synthesis of a peptido leukotriene receptor antagonist 12, even on the 
addition of a PTC and with gentle heating (55OC). The oxidation was 
however dramatically improved by the use of acetone as a co-solvent 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ARYL SULFONES 269 

DCO” 
oxone, buffer pH 7.5-8 (Na 

aq. acetone (12.%) 
OCH3 OCH3 

12 (96%) 

The improved yield of the sulfone was attributed to the probable 
formation of dimethyldioxirane intermediate and its subsequent role 
as the oxidising species. It was Murray et al. [44] who showed that 
oxidation on sulfur was possible using dimethyldioxirane 13 
(R = R’ = Me) generated in situ from oxone catalysed 
of acetone in the so-called ‘caroate’ system (Eq. (15)). 

decomposition 

13 

They showed that phenyl methyl sulfide was oxidised to phenyl 
methyl sulfoxide in 98% yield with approx. 1 equivalent of an acetone 
solution of dimethyldioxirane, at room temperature. Further work by 
the same group showed that dimethyldioxirane is electrophilic in 
nature. They investigated this by using competition reactions in the 
oxidation of a range of para-substituted phenyl methyl sulfides and 
sulfoxides versus phenyl methyl sulfide [45]. Plots of the relative rate 
data against Hammett u values were used to determine p values of 
-0.77 and -0.76 for the sulfide and sulfoxide oxidations respectively. 
Both these series of oxidations were seen to be instantaneous and the p 
values calculated from the Hammett linear free energy relationship 
indicated that the oxidising reagent, dimethyldioxirane, is electro- 
philic. The small observed difference between the two values indicates 
that sulfides are slightly more easily oxidised by electrophiles than 
sulfoxides. 

Dioxiranes generated in situ from the caroate - ketone system have 
been used by Colonna and Gaggaro [46] in the enantioselective 
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oxidation of a range of aryl alkyl sulfides to the corresponding 
sulfoxides by using bovine serum albumin (BSA) as a chiral auxiliary 
in buffered aqueous solutions of the oxidant. Up to 89% e.e. was 
observed for the formation of phenyl i-propyl sulfoxide and 73% e.e. 
for phenyl t-butyl sulfoxide when acetone or hexafluoroacetone were 
used as the ketone catalysts. Under the reaction conditions of 4°C with 
a two-fold excess of the oxidant, only negligible amounts of sulfone 
( <  5%)  were observed. 

The mechanism of decomposition of caroate, KHS05, catalysed by 
ketones was postulated from the results of labelling experiments 
involving doubly l 8 0  labelled caroate and unlabelled ketone, or l 8 0  

labelled ketone and unlabelled caroate, and from the observation that 
the catalysed rate of decomposition is first order in [HSO;] and in 
[OH-] [47 -491. The labelling experiments confirmed the dioxirane 
intermediate. The resulting postulated mechanism incorporates the 
most important observation that the ketone is not used up in the 
reaction, and is thus catalytic in nature [49]. 

2.3. Oxidation of 4,4’-dinitrodiphenyl Sulfide with Oxone@ 

Prior to our work [14] there were no references to the oxidation of 
diary1 sulfides with oxone@ despite the advantages which it has over 
more traditional reagents, such as potassium permanganate [30,31] or 
hydrogen peroxide [28,29], which have been more frequently used for 
this transformation. Diary1 sulfides are less easily oxidised than either 
dialkyl or aryl alkyl sulfides, and those containing electron-with- 
drawing groups in the aromatic ring would be anticipated to require 
the strongest reaction conditions or most powerful reagents to afford 
the transformation. 

An investigation into the suitability of oxone@’ as an oxidant in the 
oxidation of 4,4’-dini trodiphenyl sulfide was therefore carried out 
using some of the reaction conditions previously described for the 
oxidation of aryl alkyl sulfides [41-431 (Tab. VIII). 

TABLE VIII Oxidation of 4,4‘-dinitrodiphenyl sulfone with oxone@ 

Amount of oxone@ Solvent Reaction conditions Isolated yield of surfone Ref. 

3 equiv. CHzClz 4 h/0-25”C Nil [421 
3 equiv. CHC13 24 h/rdux 45 Yo [421 
3 equiv. Acetone 3 h/reflux 73% 1431 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ARYL SULFONES 27 1 

The general procedure was to add a solution of oxone@ dissolved in 
water, to a solution of the sulfide in a solvent. The reaction mixture 
was stirred vigorously under the conditions shown (Tab. VIII), and the 
reactions monitored by tlc. In the case where moist alumina was used 
as a catalyst, this was previously prepared by shaking water and 
alumina in a flask to obtain a free-flowing homogenous powder. This 
was then added to the sulfide solution, followed by the aqueous 
solution of oxone@ [14]. 

Although the use of moist alumina as a catalyst [42] improved the 
reaction in halogenated solvents, it still gave rise to unsatisfactory 
yields of sulfone and required a much longer reaction time compared 
to that in acetone (Tab. VIII). The precise role of the moist alumina is 
probably as an inorganic support which has also found use as a 
catalyst in the oxidation of various sulfides to the corresponding 
sulfoxides with calcium hypochlorite as oxidant (Eq. (16)) [SO]. Here 
the oxidation was also found to be unsuccessful in the absence of the 
catalyst. 

The best reaction conditions for the oxidation of 4,4'-dinitrodiphe- 
nyl sulfide, was found to be when an excess of oxone@ (3 equiv.), 
dissolved in water, was added to a refluxing solution of the sulfide in 
acetone. The reaction was complete in approximately 3 hours. Further 
analysis led to confirmation of the sulfone product by mass spectro- 
metry, which in addition to 'H and 13C nmr data indicated complete 
oxidation to the sulfone with no detectable amount of the corre- 
sponding sulfoxide or starting material [14]. 

The great improvement on the reaction when it was carried out in 
refluxing aqueous acetone could have been due to the better solubility 
of the 4,4'-dinitrodiphenyl sulfone in acetone than in either chloroform 
or dichloromethane, or because of the far greater miscibility of acetone 
with water than halogenated solvents. This would provide a better 
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reaction interface, in which the water soluble oxone@ and acetone 
soluble sulfide could react. 

Another possibility that must be considered is the potential presence 
of dimethyldioxirane as an active oxidising species when acetone is used 
as solvent. This would be different to the ionic species (HSO;) 
responsible for oxidation in mixtures of water and inert solvents such as 
chloroform. Dimethyldioxirane could be formed in the acetone- 
catalysed decomposition of the oxone@, and could then go on to 
oxidise the sulfide. This intermediate has been shown to be the active 
species in a range of oxidations including the oxidation of sulfides to 
sulfones [44,45] and is probably responsible for the improved yield of 
the peptido leukotriene receptor antagonist (12) reported by Webb (Eq. 
(12)) [43]. However, oxidations with in situ generated dimethyldioxir- 
ane have all been performed in the presence of a buffer to maintain the 
pH around neutral or slightly alkaline. This is because oxone@ is acidic, 
and the rate of the catalytic decomposition of caroate catalysed by 
ketones is dependant on [OH-] and [HSO,] concentrations [47 -491. 

It seems likely on balance, that the first two explanations of 
improved solubility and miscibility may well be the reason for the 
improved yield of 4,4’-dinitrodiphenyl sulfone when acetone was used 
as the co-solvent. This is further supported by the reported success- 
ful oxidations of aryl alkyl sulfides to their corresponding sulfones in 
good yields when MeOH/H20 was the solvent system used [41]. Here 
dimethyldioxirane is not an intermediate and the success of the reaction 
is probably due to the good miscibility of the two solvents. It is however 
interesting to note that for each of the oxidations investigated herein, 
the acetone solution turned pale yellow after about 20 minutes and that 
dimethyldioxirane can be kept in acetone solution for several days and 
is reported to be pale yellow in solution, due to its absorption extending 
from the UV region into the visible at cu. 44Onm [48]. This colour 
sometimes persisted even after work-up and despite the fact that most 
of the starting materials and products were white. 

2.4. Oxidation of Diary1 Sulfides with Oxone@ 
in Aqueous Acetone 

The reaction conditions previously outlined, with 3 equivalents of 
oxone@ in refluxing aqueous acetone were subsequently used in the 
oxidation of several other diary1 sulfides and an aryl benzyl sulfide 
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TABLE IX Oxidation of diary1 sulfides with oxone@ in refluxing 
aqueous acetone [14] 

~ ~~ ~ 

Reaction time Isolated yield 
Substituents (h) ("/.I M.P. ("C) 

H 24 89 123-125 
NO2 3 13 267 - 269 
CN 4 92 229 - 233 
OH 4 69 243 - 244 
OMe 4 95 131-136 

(Tab. IX) [14]. As can clearly be seen, oxone@ proved to be an 
excellent reagent for the oxidation of all the sulfides investigated. The 
isolated yields reported are all after a single recrystallisation and the 
melting points were consistent with the literature values. No partial 
oxidation to the intermediate sulfoxide was observed for any of these 
sulfides under the reaction conditions outlined. 

It seems probable under the reaction conditions outlined, in the 
absence of a buffer, that the oxidising species responsible is ionic 
HSO;. The better yields of sulfone when acetone is used as solvent are 
therefore attributed to the better solubility of the sulfide in acetone 
than halogenated solvents rather than to the formation of dimethyl- 
dioxirane as the active oxidising species. The sulfones often crystallised 
out of solution, and were simply collected by atration. High isolated 
yields of the pure compounds were obtained after a single recrys- 
tallisation from EtOH. 

In summary oxone@ proved to be an excellent reagent for this 
oxidation. It afforded high isolated yields, regardless of the functional 
groups present on the aromatic ring, and the oxidation was even 
tolerant of the phenolic functionality. In addition to this, oxone@ itself 
has advantages over more traditional reagents used for the oxidation 
of diary1 sulfides. It is a safe, easy to handle solid which is readily 
removed in a simple work-up. The advantages in avoiding the use of 
poisonous transition metal based reagents and catalysts are obvious, 
from the perspectives of both safety and ease of handling in the 
laboratory, and with regards to the environmental ramifications of 
waste disposal. 
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