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Abstract: A variety of sulfides were converted into the correspond-
ing sulfoxide derivatives with 70% tert-butyl hydroperoxide in wa-
ter as the oxidant in the presence of catalytic quantity of silver
nitrate. The method described has a wide range of application, does
not involve cumbersome workup, exhibits chemoselectivity, and
proceeds under mild reaction conditions, and the resulting products
are obtained in good yields within a reasonable time.
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Catalytic oxidation processes play a key role in the manu-
facture of bulk and fine chemicals.1 Sulfides may be con-
sidered as important intermediates in organic chemistry
owing to their versatile usage in fundamental research;2

especially chiral sulfoxides serve as important intermedi-
ates in the synthesis of biologically and medicinally im-
portant compounds.3 They are also employed in the large-
scale separation of radioactive and less-common metals.4

They often play an important role as antiulcer,5 anti-
atherosclerotic,6 anthelmintic,7 antihypertensive,8 and
cardiotonic agents,9 as well as psychotonics10 and vasodi-
lators.11 The most popular and widely used method for the
preparation of sulfoxides is the oxidation of the corre-
sponding sulfides. Literature cites several important
methods for this transformation.12 The use of traditional
oxidants such as trifluoroperacetic acid,13 HNO3/H2SO4

solution in nitromethane,14 and iodic acid15 and other hy-
pervalent iodides16 are well established for this transfor-
mation. However, most of these reagents show
unsatisfactory performance on a medium-to-large scale
because of low effective oxygen content and also because
they have to be used in large quantities. Moreover these
methods have high costs and often lead to the generation
of environmentally unfavorable byproducts. Some inter-
esting transition-metal-catalyzed transformations have
been reported recently, which include the use of vanadi-
um,17 rhenium,18 iron,19 manganese,20 and titanium21 for
the selective oxidation of sulfides to sulfoxides in the
presence of a suitable oxidant. A recent efficient method-
ology for the transformation of sulfides to sulfoxides em-
ploys a vanadium-based catalytic process along with
hydrogen peroxide in the presence of ionic liquids as sol-
vent.22 However, the high cost and the viscosity associat-
ed with ionic liquids hampered the commercialization of

this process. Recently, self-catalyzed sulfoxidation reac-
tion at high temperature (i.e., 70 °C) with hydrogen per-
oxide has been reported.23 Although it is a green process,
it does not work well for low volatile sulfides. It is highly
desirable to find simple, less expensive, safe, and high ef-
ficiency sulfoxidation methods that will selectively oxi-
dize sulfides to sulfoxides and not sulfones. The
capability of silver(I) as an oxidant is documented through
the synthesis of vanillic24 and 3-theonic acids25 where sto-
ichiometric amounts of silver oxide and sodium hydrox-
ide are reacted. Another popular example to access the
scope of silver(I) in oxidation reactions is the Tollens re-
agent test for aldehydes. These reports prompted us to em-
ploy silver nitrate catalytically in the presence of
hydrogen peroxide as oxidant to convert aldehydes into
carboxylic acids.26 Our success further inspired us to ex-
amine the capability of silver nitrate in the presence of a
suitable oxidant to convert sulfides into sulfoxides/sul-
fones. The employment of silver nitrate is obvious be-
cause of its stability under ambient conditions,
inexpensive nature, and ease of availability. 

Initial attempts to optimize the reaction conditions for the
oxidation of sulfides were performed with methyl phenyl
sulfide as a suitable substrate in the presence of different
solvents, oxidants, and 5 mol% of different silver salts
(Table 1). The conversion of methyl phenyl sulfide to
(methylsulfinyl)benzene is extremely facile in the pres-
ence of 5 mol% silver nitrate and 5 equivalents 70% tert-
butyl hydroperoxide in water as the oxidant in acetonitrile
under reflux conditions. This conversion is almost negli-
gible (<5%) in the absence of silver nitrate. The reaction
took 17 hours to go to completion with 2 mol% silver ni-
trate and 5 equivalents 70% tert-butyl hydroperoxide in
water with 80% isolated yield of the product under these
conditions. With 30% hydrogen peroxide as the oxidant,
the reaction reached completion in 13.5 hours with 82%
isolated yield of the product. The same reaction went to
completion in 12 hours with 5 equivalents 5 M tert-butyl
hydroperoxide in decane with 90% yield of the product.
Among the different solvents used in this study (entries 1–
7), acetonitrile yielded best results. The other silver(I)
salts (entries 9–11) were not as good with respect to silver
nitrate. It is pertinent to highlight here that the GC-MS of
the crude product did not reveal the presence of sulfone
during this entire optimization, even in the presence of 10
mol% silver nitrate and 20 equivalents tert-butyl hydro-
peroxide in water, making this conversion 100% selec-
tive.
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Having realized the correct conditions for sulfoxidation,
we continued our quest with a variety of substrates as de-
picted in Table 2. A variety of substituted and unsubstitut-
ed alkyl aryl sulfides (entries 1–11), diaryl sulfide (entry
12), aryl benzyl sulfides (entries 4, 7 and 10), and dialkyl
sulfide (entry 18) were successfully and selectively oxi-
dized to the corresponding sulfoxides in high yields and
purity. Sulfides with additional functionalities susceptible
to oxidation or deprotection such as alkenes (entries 13
and 19), alkynes (entry 14), phenol (entry 15), nitrile (en-
try 16), and oxime (entry 17) were found to yield sulfox-
ides without affecting the sensitive functional groups. It is
interesting to note that no epoxidation was observed dur-
ing the oxidation of allyl phenyl sulfide (entry 13). Phenyl
propargyl sulfide was oxidized to the sulfoxide in good
yields (entry 14) without any dimerization. Again, it is
very important to note that not a trace of sulfone was ever
seen in the GC-MS spectra of crude products. Our catalyt-
ic system has the capability of transforming disulfides to
disulfoxides under similar reaction conditions. The results
are depicted in Table 3. This reaction reveals the same
general trends as seen for sulfides (Table 2). It is notewor-
thy that neither monosulfoxide nor monosulfone were ob-
tained in this reaction. 

Table 1 Optimization of Reaction Conditions for the Conversion of 
Methyl Phenyl Sulfide to (Methylsulfinyl)benzene with Different 
Solventsa

Entry Catalyst Solvent Time (h)b Yield (%)c

1 AgNO3 MeCN 10 96d,e,f

2 AgNO3 DMF 12 75

3 AgNO3 DMSO 13 65

4 AgNO3 toluene 12 60

5 AgNO3 EtOAc 11 90

6 AgNO3 EtOH 10.5 88

7 AgNO3 MeNO2 15 86

8 AgI MeCN 16 89

9 AgCl MeCN 24 60

10 AgOTf MeCN 24 80

11 AgOAc MeCN 12 90

a 70% t-BuOOH (5 equiv) (H2O) and Ag(I) (5 mol%) salts.
b Monitored using TLC technique.
c Isolated yield after column chromatography of crude.
d Conversion <5% in the absence of AgNO3.
e With 30% H2O2, the reaction went to completion in 13.5 h with 82% 
isolated yield.
f With 5 M t-BuOOH (decane), the reaction went to completion in 12 
h with 90% isolated yield.
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Table 2 Silver Nitrate Catalyzed Selective Oxidation of Sulfides to 
Sulfoxidesa 

Entry Sulfide Timeb (h) Yieldc (%)

1 10 96

2 20 91

3 14 90

4 18 89
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The kinetic studies of the sulfoxidation with methyl phe-
nyl sulfide, bis(4-hydroxyphenyl) sulfide, and bis(4-
methoxyphenyl) disulfide were explored next. High-
pressure liquid chromatography (HPLC) was used to de-
termine the various starting materials and products
present as a function of time. The concentration of reac-
tant and product for the oxidation of methyl phenyl sulfide
is shown in Figure 1. The concentration of the sulfide de-
creases steadily while that of the sulfoxide increases. We
have calculated the rate of such reactions. As an example
let us consider the conversion of methyl phenyl sulfide to
(methylsulfinyl)benzene. Van’t Hoff differential method
was used to determine the order (n) and rate constant (k)

(Figure 2). From Figure 1, the rate of the reaction at dif-
ferent concentrations can be estimated by evaluating the
slope of the tangent at each point on the curve correspond-
ing to that of methyl phenyl sulfide. With these data,
log10(rate) versus log10(concentration) is plotted. The or-
der (n) and rate constant (k) is given by the slope of the
line and its intercept on the log10(rate) axis. From
Figure 2, it is clear that this reaction proceeds with sec-
ond-order kinetics (n = 2.07) and the rate constant
k = 4.78 × 10–5 L mol–1 s–1. For the other substrates name-
ly bis(4-hydroxyphenyl) sulfide and 4-methoxydilsulfide,
the order of the reaction n ≈ 2 with rate constants (k)
1.14 × 10–3 L mol–1 s–1 and 2.35 × 10–2 L mol–1 s–1, respec-
tively (see Supporting Information for details).

Figure 1 Concentration versus time in the oxidation of methyl phe-
nyl sulfide [AgNO3 (5 mol%), t-BuOOH (5 equiv), MeCN, reflux]

Figure 2 Van’t Hoff differential plot for the oxidation of methyl
phenyl sulfide [AgNO3 (5 mol%), t-BuOOH (5 equiv), MeCN, reflux]

In summary, we have developed a simple, efficient,
chemoselective and inexpensive catalytic method for the
oxidation of sulfides to sulfoxides with a table top reagent

18 6 92

19 2 94

a Reactions performed in MeCN with AgNO3 (5 mol%) and 70% t-
BuOOH (5 equiv) under reflux conditions.
b Monitored using TLC until all the sulfide was found consumed.
c Isolated yield after column chromatography of the crude product.

Table 3 Silver Nitrate Catalyzed Selective Oxidation of Disulfides 
to Disulfoxidesa

Entry Disulfide Timeb (h) Yieldc (%)

1 22 92

2 13 91

3 24 90

4 4 93

a Reactions performed in MeCN with AgNO3 (5 mol%) and 70% t-
BuOOH (5 equiv) under reflux conditions.
b Monitored using TLC until all the disulfide was found consumed.
c Isolated yield after column chromatography of the crude product.

Table 2 Silver Nitrate Catalyzed Selective Oxidation of Sulfides to 
Sulfoxidesa  (continued)
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such as silver nitrate. It is noteworthy to mention that this
method does not use ligands and other additives. 

All the substrates used in this study were purchased from Aldrich
and used as received. The solvents used were purchased from
Ranchem, India and purified using standard methods. 1H and 13C
spectra were recorded with a Bruker Avance 400 instrument. Chem-
ical shifts were referenced to residual solvent resonances and are re-
ported as parts per million relative to SiMe4. CDCl3 was used for
NMR spectral measurements. GC-MS were recorded using Jeol
JMS GC-Mate II instrument. HPLC analysis was done with Waters
HPLC instrument fitted with Waters 515 pump and Waters 2487
dual-wavelength absorbance detector.

Sulfoxides; Typical Procedure
To a stirred soln of AgNO3 (8.05 mg, 0.05 mmol) and sulfide/disul-
fide (1 mmol) in MeCN (2.5 mL) was added 70% aq t-BuOOH
(0.64 mL, 5 mmol). The mixture was heated to reflux and the
progress was monitored by TLC until all sulfide/disulfide was
found consumed. After completion, MeCN was evaporated and the
crude mixture was washed with NaHCO3 and extracted with
EtOAc. The EtOAc was evaporated followed by flash column puri-
fication to obtain the pure sulfoxides. The product was character-
ized using 1H, 13C NMR spectroscopy, ESI-MS and IR
spectroscopy. The data were found to be in accord with the literature
(see Supporting Information).

Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synthesis.
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