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Abstract The oxidation of thioanisole to its sulfone with hydrogen peroxide
(H,0O,) in the presence of acetic acid and Amberlyst 15 was investigated and found
to be a simple and effective method. Oxidation experiments in the absence of acetic
acid or Amberlyst 15 confirmed the essentiality of these components for the com-
plete oxidation of thioanisole to its sulfone with H,O,. In the two-step oxidation
process of sulfide, in the oxidation of sulfide to sulfoxide, H,O, plays a major role,
whereas in the oxidation of sulfoxide to sulfone, peracetic acid formed with H,O, in
the presence of acetic acid and Amberlyst 15 plays a major role. Sulfone formation
increased with an increase in H,O,, temperature and Amberlyst 15 and decreased
with acetic acid. However, with a very low amount of acetic acid, sulfone formation
decreased due to water in H,O, and released in the reaction. Reutilization of
Amberlyst 15 for six cycles resulted in a 6.8 % decrease in sulfone yield and 3.4 %
decrease in oxygenation. Dialkyl, dibenzyl, diphenyl, alkylaryl, arylbenzyl, al-
kylbenzyl sulfides are completely oxidized with this oxidation system to their
corresponding sulfones. The reactivity of sulfides is in the order dialkyl > dibenzyl
> diphenyl sulfides, which is in line with their order of nucleophilicity.

Keywords Sulfide oxidation - Peracetic acid - Hydrogen peroxide -
Amberlyst 15 - Sulfone - Thioanisole

Introduction

Oxidation of organic sulfides is the most utilized method to produce sulfoxides and
sulfones, which is drawing continuous attention in chemical research and
development due to the importance of these products as synthetic intermediates
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to produce biologically active molecules, including asymmetric oxidation products
used in high value pharmaceuticals [1-7]. This method is also useful to remove
sulfur compounds from petroleum fuels by oxidizing and separating (oxidative
desulfurization) [8, 9], to make large scale solvents for metallurgy [10], to improve
the electronic properties of oligothiophenes [11], to de-odor sulfur compounds from
waste water streams [12] and oils [13], to study the oxygenation properties of
oxidation systems [14, 15], etc.

The importance of the reaction forced the development of many oxidation
methods for sulfides using a variety of reagents, mainly stoichiometric oxidants like
permanganate [16], sodium bromate [17], periodic acid [18], HOF-CH3CN [11],
perbenzoic acid [19] meta-chloroperbenzoic acid [20], sulfonic peracids [21], and
many more reagents [22] have also been used which are not environment friendly.
Increasing environmental concerns raised the interest to develop environmentally
benign, simple, selective, economical methods using environment friendly and
cheap oxidants like molecular oxygen (O,) and hydrogen peroxide (H,O,). O, is
one of the cheap and abundantly available environment friendly oxidants. However,
it needs metal catalysts [23] like osmate [24] and ruthenium complexes [25] or
needs to be used along with sacrificial agents like aldehyde [9, 26].

H,0,, which produces water as a byproduct is a green oxidant with effective
oxygen content, low cost, safe use and storage. Even though H,O, was used as such
without the help of any activators for the oxidation of sulfides [10, 27], it needs
longer reaction time and mostly forms sulfoxides. To overcome this limitation,
H,0, was used in the presence of metal catalysts or acids etc. for the effective
oxidation of sulfides.

H,0, was used along with transition metal catalysts like Ce(IV) triflate [28],
tetra-(tetraalkylammonium)octamolybdate [29], for the selective oxidation of
sulfides to sulfoxides, titania [30], Mo(VI) [31], tungstate complexes [32], for the
oxidation of sulfides to sulfones, and tantalum [33], manganese complexes [34],
zirconium chloride [35], methyltrioxorhenium [36], V, Bi doped heteropolyacids
(H3PMo,,04) [37] for the oxidation of sulfides to sulfoxides or sulfones, depending
on the conditions. However, the problem with the use of transition metal catalysts in
oxidations with H,O, is decomposition, which demands large excess of H,O,.
Difficulty in the preparation and recovery, the high cost and toxic nature of the
metal complexes further prompted metal free oxidation using H,O, in organic
synthesis. Acids like acetic acid [38] and Amberlite IR120 H [39] were used along
with H,O, as metal free catalysts to oxidize sulfides to sulfoxides.

H,O, can be used with lower carboxylic acids for in situ generation of
percarboxylic acids, which are effective oxidants. Formic acid with H,0,
constitutes an effective oxidation system, which generates performic acid very fast
[40]. Since formic acid is more corrosive and poses problems in oxidation as well in
recovery equipment, it is advantageous to use acetic acid instead of formic acid. The
generation of peracetic acid by reacting acetic acid and H,O, is usually done in the
presence of sulfuric acid as a homogeneous catalyst [41], and this methodology was
also used for sulfide oxidation [42, 43]. Disadvantages like corrosion in the use of
sulfuric acid in the processes led to the use of heterogeneous solid acid catalysts [44,
45] for peracetic acid generation. Yazu et al. [43] used Amberlyst 15 with H,O, and
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acetic acid to oxidize sulfides in petroleum fuels. Amberlyst 15 is a commercially
available, macro-porous resin acid catalyst with strong sulfonic acid groups and is
suitable for both aqueous and non-aqueous media and can be removed from the
solvent simply by filtration.

Herein, we describe the complete conversion of sulfides to sulfones with H,O, in
the presence of acetic acid and Amberlyst 15 as an eco-friendly, metal free and
reusable catalytic oxidation system.

Experimental
Materials

Thioanisole (99 %) and benzylphenyl sulfide (99 %) were purchased from Sigma
Aldrich, Amberlyst 15 (acidity, 4.7 meq/g) was purchased from Fluka, H,O,
(50 wt%) was purchased from RFCL Limited, India. Acetic acid (99.8 %) was
purchased from Merck Limited, India.

Typical method for the oxidation of sulfides

The oxidation reaction was carried out in a 25 ml round bottom flask taking 5.7 ml
(98 mmol) acetic acid, 1 mmol thioanisole, and 56 mg Amberlyst 15 and kept on a
magnetic stirrer with water bath at 50 °C. After the desired temperature was
attained, 3.53 mmol (0.24 ml) of H,O, was added while stirring (850 rpm). The
progress of the reaction was monitored by analyzing the sulfide and its reaction
products using gas chromatography (GC, Chemito 1000) connected with flame
ionization detector (FID) using a 15 m long RESTEK MXT-1 capillary column with
0.25 mm inner diameter. The GC oven was operated with 60 °C initial temperature,
2 min of holding time and an increase in temperature of 10 °C/min till 250 °C.
After the completion of the reaction, the reaction mixture was cooled and filtered to
remove the solid Amberlyst 15. The sulfone was extracted twice with chloroform by
adding some water using a separating funnel. The chloroform layer was washed
with water, dried on sodium sulfate and the solvent was evaporated on a rotary
evaporator to obtain the sulfone, which was identified by GC-MS (HP 5972 MS
detector coupled with HP 5890 series II) at 70 eV. Similarly, the oxidation of
different sulfides was carried out under the above mentioned conditions.

Reutilization of Amberlyst 15 catalyst

The oxidation of thioanisole was carried out as mentioned in “Typical method for
the oxidation of sulfides”. After observing the completion of the reaction, liquid
contents were removed from the flask and Amberlyst 15 was washed with acetic
acid, acetone and dried. This dried catalyst was reused in a second cycle for the
oxidation of thioanisole and a similar procedure was continued for six cycles.
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Results and discussion
Oxidation of thioanisole
Oxidation with H,O; in the presence of acetic acid and Amberlyst 15

The oxidation of thioanisole was carried out with H,O, in the presence of acetic
acid and Amberlyst 15 at 50 °C and the concentration of sulfide, and its oxidation
products (sulfoxide, sulfone) with time are shown in Fig. 1. These results show that
the concentration of thioanisole decreased to 17 % within 10 min (83 % conver-
sion) forming 65.8 % sulfoxide and 17.2 % sulfone. Later, sulfide and sulfoxide
slowly disappeared and completely converted to sulfone in 70 min. In the two-step
oxidation process of sulfide, initially it becomes sulfoxide (intermediate) and then in
a consecutive step gets converted to sulfone (Scheme 1). Keeping the above fact in
view, it is understood that the decrease in sulfide concentration is directly
proportional to sulfoxide formation. As seen from Fig. 1, the decrease in thioanisole
is not equal to the increase in its sulfone with time, the difference is due to the build-
up of thioanisole sulfoxide, which is the intermediate compound. It indicates that
thioanisole conversion to its sulfoxide is faster than that of sulfoxide conversion to
sulfone.

It is well known that peracetic acid is prepared using acetic acid and H,O, in the
presence of strong acid catalysts like sulfuric acid to accelerate this equilibrium
reaction [46]. The liquid acid catalyst can be replaced by solid acid catalysts to get
advantages like easy separation, less corrosion and reusability [44, 45]. Here,
Amberlyst 15 acts as a solid acid catalyst to facilitate the in situ generation of
peracetic acid from acetic acid and H,O,. Peracetic acid is a strong oxidant
(oxidation potential 1.81 eV) and transfers one oxygen atom to substrate. In sulfide
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Fig. 1 Oxidation of thioanisole with H,O, in the presence of acetic acid and Amberlyst 15 (sulfide,
1 mmol; H,O,, 3.53 mmol; acetic acid, 98 mmol (5.7 ml); Amberlyst, 56 mg; temperature, 50 °C)
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oxidation, one molecule of peracetic acid oxidizes sulfide to sulfoxide and becomes
acetic acid and similarly another molecule of peracetic acid oxidizes sulfoxide to
sulfone (Scheme 1).

Thioanisole, acetic acid and aqueous H,O, exist as one liquid phase and
Amberlyst 15 as the solid phase in the reaction mixture. The reaction was conducted
by varying the speed of magnetic stirrer from 100 to 850 rpm to check the mass
transfer limitation for the formation of sulfone at 55 min. It is found that the
maximum formation of sulfone reached at 250 rpm. The mass transfer limitation
below this rpm may be due to poor interaction of phases.

Oxidation with H,O,; in the absence of acetic acid or Amberlyst 15

To find out the essential role of acetic acid and Amberlyst 15, which are
participating in catalytic cycle in the oxidation of thioanisole to its sulfone, the
reaction was carried out with H,O, in acetic acid without Amberlyst 15 and also in
methanol in the presence of Amberlyst 15. Data in Table 1 reveal that oxidation of
thioanisole with H,O, in acetic acid (in the absence of Amberlyst 15) lead to the fast
conversion of sulfide (99.7 %) within 10 min with marginal (3.7 %) selectivity to
sulfone. Even after a long reaction time of 50 min, it is increased to only 5 %.
Golchoubian et al. [38] reported the oxidation of sulfides to sulfoxides with excess
H,0, in acetic acid without a catalyst. They also reported that dry H,O, in glacial
acetic acid does not generate peracetic acid on standing. Similarly, here also it is
observed that conversion of sulfide to sulfoxide is higher with H,O, in acetic acid.

The oxidation of thioanisole with H,O, in methanol in the presence of Amberlyst
15 (in the absence of acetic acid) gave 91.5 % sulfide conversion in 50 min and a

Table 1 Thioanisole oxidation with H,O, in the absence of Amberlyst 15 or acetic acid

System Reaction time Sulfide Sulfoxide Sulfone
(min) conversion (%) selectivity (%) selectivity (%)
Acetic acid 10 99.7 96.3 3.7
(no Amberlyst 15) 50 99.8 95 5
Methanol, Amberlyst 15 10 45.5 84.4 15.6
(no acetic acid) 50 91.5 89.8 102

Sulfide, 1 mmol; H,O,, 3.53 mmol; acetic acid, 98 mmol (5.7 ml); Amberlyst, 56 mg; temperature,
50 °C
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major portion remained as sulfoxide (89.8 % selectivity). Maggi et al. [39] reported
the oxidation of thioanisole to its sulfoxide using one equivalent H,O, in the
presence of acid catalyst, Amberlite IR120 H, in methanol. In our studies with
excess H,0,, it is expected to achieve more oxidation to sulfone but the observed
conversion to sulfone is marginal.

In both the above cases, in the absence of peracetic acid, only H,0, is acting as
oxidant and conversion of sulfide to sulfoxide is quite high. As mentioned by
Golchoubian et al. [38], H,O, may not be protonated under these conditions but
polarized and act as an electrophile to react with the electron rich nucleophilic
sulfide and form the sulfoxide. Further oxidation of the sulfoxide to sulfone is not
favored due to the decreased nucleophilicity of sulfoxide compared to that of sulfide
[34] due to which the reaction becomes slow and marginal sulfone formation is
observed. These experiments show that both acetic acid and Amberlyst 15 are
required along with H,O, to oxidize sulfide completely to sulfone within shorter
reaction time (Fig. 1). It indicates that acetic acid is essential to achieve complete
conversion of thioanisole to its sulfone by participating in the formation of peracetic
acid.

The outer peroxidic oxygen of peracetic acid has non-bonding electrons and it
can also react with polarizable softer nucleophiles [47]. Sulfoxides having less
nucleophilicity than sulfides can be attacked to transfer oxygen and leaving acetic
acid. The interaction under acidic conditions with sulfides and sulfoxides may be
through outer peroxidic oxygen in a cyclic transition state and transferring oxygen
to sulfur by braking outer peroxidic oxygen bonds with hydrogen and oxygen [48].

In the oxidation of thioanisole with H,O, in the presence of acetic acid and
Amberlyst 15 (Fig. 1), the initial fast conversion of sulfide to sulfoxide was
observed when the expected availability of H,O, is higher than that of peracetic
acid. However, with time, the formation of peracetic acid increases and its
participation in the oxidation of sulfide and sulfoxide becomes more significant. Due
to this, a rapid decrease in sulfoxide and increase in sulfone is seen after 10 min of
reaction time.

Overall, in the oxidation of thioanisole to its sulfone with H>O, in the presence of
acetic acid and Amberlyst 15, H,O, and peracetic acid are involved as oxidants in
both steps of sulfide oxidation. Under these reaction conditions, in the oxidation of
sulfide to sulfoxide, a major role is played by H>O, and in the oxidation of sulfoxide
to sulfone, a major role is played by peracetic acid.

In order to optimize reaction conditions as well as to understand the effect of the
components in this oxidation system, thioanisole oxidation was done by varying the
quantities of Amberlyst 15, H,O,, acetic acid, and changing the temperature of the
reaction.

Effect of Amberlyst 15
The effect of Amberlyst 15 on the oxidation of thioanisole was studied by varying
its quantity and results are presented in Fig. 2. It shows the sulfide (Fig. 2a) and

sulfone (Fig. 2b) present (in %) in the reaction mixture with time for different
quantities of Amberlyst 15. It is evident from Fig. 2 that the absence of Amberlyst
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Fig. 2 Effect of Amberlyst 15 on the oxidation of thioanisole, a sulfide conversion, b sulfone formation
(sulfide, 1 mmol; H,0,, 3.53 mmol; acetic acid, 98 mmol (5.7 ml); temperature, 50 °C)

15 leads to maximum sulfide conversion but with marginal sulfone formation
whereas its presence in the reaction system leads to quantitative sulfone formation
with increasing reaction time. It is also observed that an increase in the quantity of
Amberlyst 15 from O to 224 mg resulted in increased sulfone formation.

Fig. 3 shows sulfide conversion, sulfone formation and oxygenation (total
oxygen transfer for sulfoxide and sulfone at that time as % of estimated oxygen
transfer for complete sulfone formation) in 10 min reaction time with varying
quantities of Amberlyst 15. The increase in sulfone formation with an increasing
amount of Amberlyst 15 is attributed to an increase in peracetic acid formation.
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Unlike in the oxidative desulfurization of fuel using H,O, and acetic acid, where it
forms two liquid phases [43] (non polar fuel and polar acetic acid), here, in acetic
acid, sulfide and H,O, are miscible and form one liquid phase, and Amberlyst 15
remains as a solid phase. The Amberlyst 15 has a macro reticular pore structure,
which makes the hydrogen ion sites (strongly acidic sulfonic acid groups) located
throughout the bead more accessible for liquid reactants. Increasing its quantity
further increases its interaction with reactants to form more peracetic acid, thus
enhancing its performance.

Sulfide conversion is even decreased with an increase of Amberlyst 15 from 0 to
56 mg and increased with a further increase of Amberlyst 15. Since sulfide
conversion mainly depends on H,O,, the initial decrease in sulfide conversion may
be due to a decrease in its availability as it is also used in peracetic acid formation.
However, higher amounts of Amberlyst 15 cause the rapid formation of peracetic
acid and further promote the rapid oxidation of sulfide as well as sulfoxide. It is also
seen that % oxygenation is not increased while increasing the amount of Amberlyst
15 from 0 to 0.56 mg, but the increase in % oxygenation is observed to be consistent
with a further increase of Amberlyst 15.

Effect of H,O,

To study the effect of HO, on the oxidation of thioanisole, it was varied from
0.88 mmol (0.06 ml) to 5.29 mmol (0.36 ml) (sulfide to H,O, molar ratios 1:0.88,
1:1.76, 1:3.53 and 1:5.29) in the reaction and results are shown in Fig. 4. The results
clearly show that when H,0, is taken in less than equimolar quantity (0.88 mmol),
only sulfoxide was formed and a very high efficiency of H,O, utilization, 95 % at
160 min and 83.9 % at 70 min was observed. An increase in H,O, resulted in an
increase in sulfide conversion (Fig. 4a) as well as sulfone formation (Fig. 4b). For
the complete oxidation of sulfide to sulfone in 70 min, it is observed that a
minimum of 3.53 mmol H,0, is required (56.8 % efficiency of H,O, utilization).

Sulfide conversion, sulfone, oxygenation and efficiency of H,O, utilization are
shown in % at 40 min reaction time in Fig. 5. It also shows that with an increase in
H,0, sulfide conversion, sulfone formation and oxygenation increase continuously.
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Fig. 4 Effect of H,O, on the oxidation of thioanisole, a sulfide conversion, b sulfone formation (sulfide,
1 mmol; acetic acid, 98 mmol (5.7 ml); Amberlyst, 56 mg; temperature, 50 °C)

Unlike Amberlyst 15, H,O, is required in both the steps of sulfide oxidation as
shown in Scheme 2. Hence, it affected sulfide conversion, sulfone formation and
oxygenation similarly. However, using a very high ratio of H,O, did not yield
higher results in the same proportion. It can be seen from the H,O, utilization
efficiency in Fig. 5, which indicates that an increase in H,O, addition decreases its
efficiency.

Effect of acetic acid and water
Since acetic acid is acting as the solvent as well as participating in the catalytic

cycle in the oxidation of thioanisole, the effect of its quantity was studied by using
11.4 ml (196 mmol), 5.7 ml (98 mmol) and 2.85 ml (49 mmol) acetic acid. Results
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Fig. 5 Effect of H,O, on sulfide conversion, sulfone formation and oxygenation in thioanisole oxidation
at 40 min (sulfide, 1 mmol; acetic acid, 98 mmol (5.7 ml); Amberlyst, 56 mg; temperature, 50 °C)
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Scheme 2 Role of H,O, and peracetic acid in oxidation of thioanisole

in Fig. 6 show that upon a decrease of acetic acid quantity from 11.4 to 2.85 ml,
sulfide conversion is increased (Fig. 6a). It is due to decrease in acetic acid quantity
for the same quantity of other contents in the reaction flask, which increases the
concentration of reactants, resulting in an increase in the rate of the reaction. The
same effect is also expected to increase sulfone formation (Fig. 6b). Results show
that a decrease in acetic acid from 11.4 to 5.7 ml increased sulfone formation but a
further decrease to 2.85 ml resulted in a little bit of decrease in sulfone formation.
Since it is known that the dilution of acetic acid by water leads to the hydrolysis of
peracetic acid [46], the observed decrease in sulfone may be attributed to the
dilution effect of water present in H,O, and released from it during the reaction.
Even though the same quantity of water may be present in all three experiments, its
dilution effect is expected to be more in the presence of a small amount of acetic
acid. In this quantity of acetic acid (2.85 ml), the effect of water may be overriding
the effect of increase in the concentrations due to the decrease in acetic acid and
resulting in a decrease in the formation of sulfone. Hence 5.7 ml acetic acid may be
the optimum amount for maximum sulfone formation.

To further confirm whether water decreases sulfone formation, the reaction was
conducted by adding 0.24 ml water to 2.85 ml of acetic acid. It shows that dilution
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Fig. 6 Effect of acetic acid and water on the oxidation of thioanisole, a sulfide conversion, b sulfone
formation (sulfide, 1 mmol; H,O,, 3.53 mmol; Amberlyst, 56 mg; temperature, 50 °C; AcOH = acetic
acid, 2.85 ml acetic acid = 49 mmol)

by water did not decrease the sulfide conversion, whereas it has drastically
decreased the sulfone formation. Dilution by water decreases peracetic acid, which
is playing a major role in the oxidation of sulfoxide to sulfone, hence it decreased
the sulfone formation. It also indicates that, as said before, the oxidation of sulfide to
sulfoxide is occurring with species other than the peracid, i.e. H,O,. So, the addition
of a small amount of water did not decrease the sulfide conversion, moreover, it was
increased a little bit. This small positive effect on sulfide conversion may be due to
the higher polarity of reaction media after addition of water.
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Fig. 7 Effect of acetic acid and 120
water on oxygenation in the
oxidation of thioanisole.
(sulfide, 1 mmol; H,0,, 100 1 o Xo (¢]
3.53 mmol; Amberlyst, 56 mg; Xo
temperature, 50 °C; NS © (@]
AcOH = acetic acid, 2.85 ml - 801 o]
. . =
acetic acid = 49 mmol) o Q
= 601 o
g’o o
> © 2.85ml AcOH
S 401
O 2.85mlAcOH+0.24ml H20
x
20 X 11.4ml AcOH
0} . . .
0 50 100 150

Reaction time, min

Oxygenation with time for experiments using 2.85 ml, 11.4 ml acetic acid and
0.24 ml water in 2.85 ml acetic acid is shown in Fig. 7. A decrease in acetic acid from
11.4 to 2.85 ml increased oxygenation more initially due to the increase of sulfide
conversion to sulfoxide. Then the difference between these plots is decreased where
sulfoxide oxidation to sulfone mostly occurs with peracetic acid. Even though the
increase in the concentrations of contents contributes positively in both the
experiments, the negative effect of water may be the reason for the decrease in
oxygenation at lower volumes of acetic acid. When 0.24 ml of water was added to
2.85 ml acetic acid, the oxygenation plot followed almost same trend as that of acetic
acid without water till 10 min, where sulfide to sulfoxide conversion occurs. It even
increased a bit due to little more sulfide conversion as shown in Fig. 6, which may be
due to the increased polarity of reaction media because of added water. After 10 min of
reaction time, oxygenation decreased with the addition of water, where sulfone
formation is occurring. It is clearly seen that water slows down the oxidation of
sulfoxide to sulfone by slowing down the formation of peracetic acid.

Effect of temperature

To study the effect of temperature, the reaction was carried out at 40, 50 and 60 °C
and results are shown in Fig. 8. The sulfide oxidation (Fig. 8a) as well as sulfone
formation (Fig. 8b) is increased drastically with an increase in temperature from 40
to 50 °C but less of an increase is observed when the temperature is further
increased from 50 to 60 °C. The complete conversion of sulfide to sulfone could be
achieved even at 50 °C in reasonable time (70 min), which may be considered as
the suitable temperature for the reaction. The plot of In(1 — XA) versus reaction
time is shown in Fig. 9 for different temperatures and the rate constant (k) values for
sulfide conversion at temperatures 40, 50 and 60 °C are 0.031, 0.070 and
0.125 min~". The reaction seems to be pseudo-first order and the activation energy
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Fig. 8 Effect of temperature on the oxidation of thioanisole, a sulfide conversion, b sulfone formation
(sulfide, 1 mmol; H,0O,, 3.53 mmol; acetic acid, 98 mmol (5.7 ml); Amberlyst, 56 mg)

from the Arrhenius plot based on the obtained k values is found to be 60.49 kJ/mol
(Fig. 10).

Reutilization of Amberlyst 15 catalyst

The oxidation of thioanisole was carried out with H>O, in the presence of acetic acid and
Amberlyst 15 at 50 °C. After the completion of the reaction, the catalyst was washed,
dried and reused for the oxidation of thioanisole. This procedure was continued till six
cycles, since sulfide is completely converted in all cases, sulfone present and
oxygenation in % at 70 min reaction time are shown in Fig. 11. It shows that there is
100 % sulfone formation till the second cycle, which indicates 100 % oxygenation and
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Reaction time, min

Fig. 9 In(1 — XA) versus reaction time for the oxidation of thioanisole. (sulfide, 1 mmol; H,O,,
3.53 mmol; acetic acid, 98 mmol (5.7 ml); Amberlyst, 56 mg)

-15 T T T T 1
0.00298 0.00303 0.00308 0.00313 0.00318 0.00323

-2.5 4
y=-7276x+19.80

R?=0.993

In(k)

1/T, K
Fig. 10 Arrhenius plot: In(k) versus 1/T (T is in Kelvin)

thereafter it slowly decreased as some sulfoxide remains at 70 min reaction time. At the
end of the sixth cycle, 93.2 % sulfone (6.8 % sulfoxide) was present, which indicates
that 96.6 % oxygenation occurred with a quantitative recovery of catalyst. It shows that
the activity decrease due to leaching is not considerable.
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Fig. 11 Re-utilization of
Amberlyst 15 catalyst for the 100 4 (] (] B
oxidation of thioanisole (sulfide, é A A
1 mmol; H,0,, 3.53 mmol; o a
acetic acid, 98 mmol (5.7 ml); 90 4
Amberlyst, 56 mg; temperature,
50 °C, reaction time, 70 min)
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A Oxygenation
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Oxidation of organic sulfides

Apart from thioanisole (alkylaryl sulfide), other organic sulfides such as dialkyl,
diaryl, dibenzyl, alkylbenzyl, arylbenzyl sulfides were oxidized to their sulfones
using H,O, in the presence of acetic acid and Amberlyst 15 at 50 °C. Results are
presented in Table 2. Results show that all the sulfides were converted to their
sulfones in the mentioned reaction times and established that H,O, in the presence
of acetic acid and Amberlyst 15 is an effective and simple oxidation system for the
oxidation of organic sulfides to their sulfones. After the completion of the reaction,
Amberlyst 15 was filtered out and sulfone was extracted twice with chloroform by
adding some water. The chloroform layer was washed with water and dried on
sodium sulfate. The solvent was evaporated on a rotary evaporator to obtain the
sulfones, which were identified by GC-MS.

Dibutyl sulfide was converted to sulfone quantitatively within 40 min. Similarly,
other symmetrical substrates like dibezyl sulfide were converted in 70 min and
diphenyl sulfide took a long time, i.e. 90 min. This shows that the general reactivity
order of sulfides is dialkyl > dibenzyl > diaryl. This order is in line with the electron
donating nature of the substituents, the sulfide with more electron donating groups
attains more nuclephilicity and is more prone to oxidation. Similarly, the reactivities
of unsymmetrical sulfides with a combination of substituents like benzylalkyl,
benzylaryl, alkylaryl etc. are intermediate of those of symmetrical sulfides.

Conclusions

The oxidation of thioanisole to its sulfone was carried out with H,O, in the presence
of acetic acid and Amberlyst 15 and found to be a simple and effective method. It is
evident that H,O, plays a major role in sulfide conversion to its sulfoxide, and
peracetic acid formed with acetic acid and H,O, in the presence of acid catalyst
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Table 2 Oxidation of organic sulfides

Entry  Sulfide (>99 conversion) Reaction time (min) Sulfone (>99 selectivity)

! NN 40

O e
SapeRBet

4 S\ 70 ﬁ
ﬁ\
(J!
5 75
(0]
©/\ ©/\O
6 90

PN ﬁ)
L oo

Sulfide, 1 mmol; H,O,, 3.53 mmol; acetic acid, 98 mmol (5.7 ml); Amberlyst, 56 mg; temperature,
50 °C

Amberlyst 15 plays a major role in sulfoxide conversion to sulfone. Sulfone
formation increases with H,O,, temperature and Amberlyst 15 and decreases with
acetic acid. However, with very low amounts of acetic acid, sulfone formation
decreased due to the decrease in peracetic acid by water in H,O, and released in the
reaction. Reutilization of the catalyst for six cycles resulted in 6.8 % decrease in
sulfone formation and 3.4 % decrease in oxygenation. Other organic sulfides like
dialkyl, dibenzyl, diphenyl alkylaryl, arylbenzyl, alkylbenzyl sulfides are
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completely oxidized to their sulfones with this system. The reactivity of sulfides is
in the order dialkyl > dibenzyl > diphenyl sulfides, which is in line with their
nucleophilicity order.
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