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Abstract—Photooxidation of dialkyl and alkyl aryl sulfides to the corresponding sulfoxides with clay-bound methylene blue is studied in
acetonitrile. A significant increase in sulfoxide/sulfone ratio and a marginal increase in cooxidation of a second sulfide molecule are
observed. The results are explained in terms of a suitable mechanism involving persulfoxide and thiadioxirane intermediates. © 2001

Elsevier Science Ltd. All rights reserved.

The reaction between singlet oxygen and sulfides to give the
corresponding  sulfoxides has attracted considerable
interest'~ in view of its synthetic and biological implica-
tions. The course of the reaction depends on the medium.”* In
aprotic solvents, the interaction with singlet oxygen leads
mainly (>95%) to physical quenching and oxygenation is
inefficient, however, the efficiency increases at lower
temperature. Two discrete intermediates are proposed
under these conditions. The first one with electrophilic
character, is quenched by diphenyl sulfoxide and the other
one which has nucleophilic character is quenched by
diphenyl sulfide. In a protic polar solvent such as methanol,
on the contrary, chemical reaction predominates over

R,S + 30,

physical quenching and a single intermediate (quenched
by both Ph,S and Ph,SO) is proposed.®* The identified inter-
mediates are the persulfoxide A, the thiadioxirane B in
aprotic media and an adduct of A with ROH (C, which
may be a hydrogen-bonded persulfoxide or a sulfurane)
for the reaction in methanol (Scheme 1).

A survey of recent literature’ shows instances of
supported sensitizers for the generation of singlet oxygen.
A resin-bound rose bengal is used for aqueous photooxida-
tion by Foote et al.” Photooxidation of organic sulfides using
dicyanoanthracene covalently grafted on silica using visible
light is reported.’ An efficient oxidation of stilbenes by
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Scheme 1. Mechanism of sulfide photooxidation by singlet oxygen.
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Table 1. The percentage conversion and SO,/SO ratio in sulfide oxidation by singlet oxygen mediated by MB—Bentonite composite

Sulfide [Sulfide] (M) Time (min) Conversion (%) SO,/SO ratio
Di(n-butyl) sulfide 0.01 5 11 /100
Di(n-butyl) sulfide 0.01 15 21 -/100
Di(n-butyl) sulfide 0.01 30 45 /100
Di(n-butyl) sulfide 0.01 45 71 6/94
Di(n-butyl) sulfide 0.01 60 96 8/92
Di(n-butyl) sulfide 0.01 120 98 11/89
Di(n-butyl) sulfide 0.10 120 11 10/90
Di(n-butyl) sulfide 0.05 120 19 11/89
Di(n-butyl) sulfide 0.005 120 100 —/100
Di(n-butyl) sulfide 0.001 120 100 /100
Di(n-butyl) sulfide® 0.01 60 42 14/86
Methyl phenyl sulfide 0.01 120 4 —/100
Methyl para-tolyl sulfide 0.01 120 25 -/100

The ratio of sulfide to dye is 20:1; studied in acetonitrile medium.
* Corresponds to solution irradiation.

zeolite-bound dyes involving an electron-transfer pathway
is reported by Ramamurthy et al.” In the photooxidation of
pentamethylene sulfide (CH,)sS and thiolane (CH,),S by
methylene blue doped NaY zeolite, Clennan et al.® have
proposed the persulfoxide intermediate A, stabilized in the
highly electrostatic environment of zeolite cage, as the
single intermediate. The zeolite medium also precludes
the hydrogen abstraction necessary to form B from A.
Their results are consistent with competitive trapping by
both sulfoxide (R,SO) and the sulfide (R,S). In the oxidation
of diphenyl sulfide, it is proposed® that the reaction occurs
by electron-transfer from diphenyl sulfide to singlet oxygen
to give a sulfide radical cation—superoxide ion pair, which
then collapses to the persulfoxide intermediate A (which is
also competitively trapped by sulfoxide, but with reduced
efficiency). These interesting findings coupled with our
interest in using clays and modified clays as media for
organic reactions have prompted us to undertake this
investigation.

1. Results and discussion

In the present study, sulfides such as di(rn-butyl) sulfide,
methyl phenyl sulfide and methyl para-tolyl sulfide are
found to be oxidized by singlet oxygen generated from
bentonite-bound methylene blue as the sensitizer in oxygen
saturated acetonitrile medium, and the corresponding
sulfoxides are formed as major products. Among the
three, di(n-butyl) sulfide is oxidized more efficiently and
the other two are oxidized at slower rates. In other solvents,
like n-hexane, methanol, dichloromethane and chloroform,
no reaction is observed and thus acetonitrile is found to be
the solvent of choice for the oxidation of sulfides. The
percentage conversion of sulfides at regular time intervals
and the corresponding sulfone/sulfoxide ratio are sum-
marized in Table 1. It has also been found that with the
increasing concentration of the sulfide, the percentage
conversion decreases and the optimum level of oxidation
corresponds to a sulfide:dye ratio of 20:1. The oxidation is
also efficient in a surfactant-pillared bentonite clay, contain-
ing bound methylene blue as sensitizer.

Addition of a second less reactive sulfide has resulted in an
increase in its oxidation. For example, methyl phenyl sulfide

which is oxidized to an extent of only 8% is oxidized to 28%
in the presence of the more reactive di(n-butyl) sulfide.
However, the same is not true with sulfoxides, as the addi-
tion of diphenyl sulfoxide to the reaction medium has no
effect on the oxidation of sulfide/sulfoxide.

Control experiments show that there is no oxidation in the
absence of either methylene blue or oxygen, and also that
bleaching of methylene blue bound to clay does not occur.
Addition of anthracene, nitrobenzene, 2-naphthol and N,N-
dimethylaniline has no effect on the overall yield of
sulfoxide and this rules out an electron-transfer pathway.
However a dramatic decrease in the yield of sulfoxide is
observed when iodide ion (from 100 to 12%) and B-carotene
(from 100 to 30%) are added.

When our results of sulfide oxidation are compared with the
oxidation of sulfide in zeolites,® some interesting differences
are observed: (a) competitive trapping of intermediate A by
sulfoxide does not occur (as in low [R,S] in zeolites) and, in
fact, a small increase in yield of sulfone is observed with an
increase in [R,S] (Table 1) and (b) Ph,S does not undergo
any oxidation under the experimental conditions and this
rules out any electron-transfer pathway.

We believe that the decreased mobility within the restricted
environment of the zeolite supercage ensures greater contact
between the sensitizer and the substrate which favours an
electron-transfer route. This is in contrast to the present
study, wherein the substrate moves relatively more freely.

These observations have prompted us to visualize the
following mechanism for R,S oxidation (Scheme 2)
involving a predominant energy-transfer route. It is likely
that the persulfoxide intermediate A, may not be as
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Scheme 2. Mechanism of sulfide photooxidation by singlet oxygen in
bentonite clay.
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Scheme 3. Nature of the methylene blue species in solution and upon
adsorption onto montmorillonite clays.'

efficiently stabilized as in zeolite and is in equilibrium with
the thiadioxirane intermediate B. The presence of sulfide
(R,S) shifts the equilibrium towards B leading to formation
of mainly sulfoxide.

It is relevent to note here that a systematic time-dependent
spectrophotometric study of the interaction of methylene
blue with montmorillonite clay’ provides valuable informa-
tion about the nature of the dye species. The four bands of
methylene blue at 575, 610, 670 and 760 nm are ascribed'”
to dimer and higher aggregates (first two peaks), monomer
and J band of the dimer, respectively (Scheme 3). Upon
addition, dyes are adsorbed on the external surface of the
clays as induced aggregates [(MB*)n(eXQ] Oor as monomers
[MB ™ \y]- A slower desorption followed by deaggregation
tends to carry the methylene blue into the clay interlayer
[MB+(im)] and the sequence of steps in Scheme 3 is
proposed.

Diffuse reflectance spectra of methylene blue—bentonite
aggregate (Fig. 1) shows a peak at 674 nm, indicating that
the deaggregation has indeed occurred in the present study
also, and this suppression of aggregate formation of
methylene blue in clays facilitates efficient oxidation. It is
also proved by another study'' that most methylene blue
molecules can exist as monomers on the clay in suspensions
of low loadings.

The other advantages of using clay-bound sensitizer,
besides suppression of formation of H aggregates are, (a)
the dye can be recycled, (for example, even after reusing
three times the efficiency is still more than 80% for the
oxidation of di(n-butyl) sulfide), (b) the sensitizer can easily

be added and removed from the medium with no loss of
efficiency. It is also more stable towards bleaching in the
bound state and is thus an environmentally friendly
sensitizer, (c) work-up is much easier as removal of the
dye from the reaction mixture is now unwarranted and (d)
the dye can be used as sensitizer in a medium in which it is
not soluble.

The observed results have prompted us to extend the oxida-
tion studies to other systems also. Systematic preliminary
investigations have shown that this novel clay-bound sensi-
tizers also oxidizes electron-rich phenols (cresols, 2,6-di-#-
butylphenol), quinols, a-naphthol and also anthracene (to
9,10-anthraquinone) efficiently. Further studies to extend
the scope of this work to other functional groups are in
progress.

2. Experimental

The bentonite clay and di(n-butyl) sulfide were purchased
from Aldrich. Methyl phenyl sulfide and methyl para-tolyl
sulfide were prepared as per reported procedures.'?
Methylene blue and acetonitrile were supplied by E.
Merck and were of A.R. grade. Acetonitrile was further
puriged by distillation after drying with activated silica
gel.

The Na*-exchanged bentonite clay was prepared by stirring
1 g of the natural clay with 25 mL of 1 M sodium chloride
solution for three days and was filtered, washed well with
water and dried at 95°C overnight. Bentonite bound
methylene blue was prepared by stirring 6 g of the Na*-
exchanged bentonite clay with 150 mL of a 100 ppm dye
solution for three days. It was filtered, washed well with
distilled water and dried at 140°C for six hours. Analysis
of the washings showed that about 90% of the dye was
adsorbed. It was characterized by UV-diffuse reflectance
(Fig. 1) and FT-IR spectra (methylene blue intercalated
bentonite shows absorption at 3113 and 2925 cm ™' (absent
in Na"—bentonite). In addition, OH stretching frequencies
at 3635 and 3445 cm™" are shifted to 3628 and 3450 cm ™',
respectively).
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Figure 1. Diffuse reflectance spectra of bentonite-bound methylene blue.
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In a typical oxidation, 200 mg of the clay-sensitizer compo-
site and 5 mL of 0.01 M sulfide solution in acetonitrile were
purged with high purity oxygen for 15 min. The oxygen
saturated reaction mixture was then sealed and irradiated
as a slurry under a 1000 W tungsten—halogen lamp through
a 12 M sodium nitrite filter solution,® with stirring for the
required time. After filtration of the solvent, the clay sample
was extracted again with acetonitrile. The combined reac-
tion mixture was concentrated under reduced pressure and
was analyzed by a Shimadzu-17A GC (SE-30 10% capillary
column—FID detector—high purity nitrogen as the carrier
gas). The products were identified by coinjection with
authentic samples. In all the experiments, retention time
of the starting material was taken as the internal reference.
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