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ABSTRACT

A study of the reaction of thioanisole with singlet oxygen in different ionic liquid-acetonitrile binary mixtures has shown that ILs are able to
accelerate the thioanisole sulfoxidation when used as additives. With imidazolium ILs, the maximum efficiency is reached at xIL ∼ 0.1-0.2,
whereas for the pyrrolidinium IL a plateau is reached. These results are discussed in terms of the ILs’ tendency to form ionic aggregates and
of differences in sulfoxidation reaction mechanism.

The use of singlet oxygen (1O2) as the terminal oxidant for
sulfide oxidation has attracted a great amount of attention
for its economical and environmental features. One of
the peculiarities of sulfide oxidation by 1O2 is the strong
dependence of its efficiency as well as its kinetic behavior
on substrate, temperature, and solvent.1 In particular, higher
efficiency was observed in protic media (e.g., MeOH) than
in aprotic solvents where the reaction is sluggish1a,2 and, in
particular, aryl alkyl and diaryl sulfides appear practically

unreactive, requiring the presence of (generally protic)
additives to produce sulfoxides. The role of such additives
(A in Scheme 1) is that of stabilizing the persulfoxide 2 (in
most cases by hydrogen bonding on the peroxy appendage
of 2), the key intermediate in the consensus mechanism for
the 1O2-promoted sulfoxidation, thus favoring product forma-
tion with respect to the unproductive intersystem crossing
(path b).1

In this respect, we have recently reported that, in contrast
with the unreactivity exhibited in dipolar aprotic solvents,
thioanisole (1) can be efficiently sulfoxidated by 1O2 in ionic
liquids (ILs), namely, imidazolium- and pyrrolidinium-based
ILs.3 Moreover, on the basis of product isotope effect and
trapping experiments, evidence for a solvent-dependent
mechanistic dichotomy was obtained showing that in pyr-
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rolidinium ILs sulfoxide formation follows path c in Scheme
1 involving the formation of a hydroperoxysulfonium ylide
(4) from the persulfoxide intermediate 2. In imidazolium ILs,
instead path d is followed as it occurs in protic media due
to the hydrogen bond donating ability of the hydrogen atom
in the 2 position of the imidazolium ring. In both cases, the
role of ILs is that of stabilizing the persulfoxide intermediate,
thus favoring product formation.

As a further development of this study, we now wish to
present results showing that ILs can also promote the 1O2-
induced sulfoxidation of thioanisole not only as neat solvents
but also when used as additives in acetonitrile and that, very
interestingly, in imidazolium ILs but not in the pyrrolidinium
IL the sulfoxidation efficiency at relatively low IL concentra-
tions is higher than in the neat IL. Quantitative information
on the ILs’ efficiency is also presented and compared with
that of methanol.

Both imidazolium and pyrrolidinium ILs were used (Figure
1). In all cases, the anion is the bistrifluoromethanesulfo-

nylimide.4 As already mentioned, thioanisole is unreactive
toward 1O2 in acetonitrile, so that any reactivity observed in
this solvent is due to the presence of the additive.

In a typical reaction, a 2 mL oxygen-saturated solution of
thioanisole (5 × 10-2 M) and methylene blue (5 × 10-4 M)
in an IL-acetonitrile mixture was irradiated for 15 min
(400-600 nm) at 25 °C. After the addition of an internal
standard, the mixture was analyzed by GC and GC-MS
(comparison with authentic specimens). For comparison, the
same reaction was carried out, under the same conditions,
in the presence of methanol. Blank experiments, carried out
under the same reaction conditions but in the absence of
methylene blue or oxygen, showed the absence of any
detectable amount of products. In all cases, the mass balance
was >97%. The sulfoxide yields (with respect to the starting
thioanisole) were plotted against the concentration of IL
expressed as molarity or mole fraction (Figure 2).

Figure 2 clearly shows that with imidazolium ILs the
sulfoxide yield rapidly increases by increasing the IL
concentration up to a maximum value which is significantly
higher than that observed in neat ionic liquids. In contrast,
the pyrrolidinium-containing IL [Bmpy][Tf2N] shows a much
more modest increase in sulfoxide yield on increasing IL
concentration up to reach a plateau at ca. 1 M concentration.
The above behaviors contrast with that of MeOH (by far
the least effective additive) which exhibits a regular increase
of the sulfoxide yield by increasing its concentration.

Very interestingly, when we consider the dependence of
the efficiency upon mole fraction (Figure 1b), it can be noted
that the maximum sulfoxide yield is reached for both the
imidazolium ILs at around xIL ∼ 0.1-0.2. This is an
important observation in the light of the finding that binary
mixtures of imidazolium ILs with molecular solvents (among
which are binary mixtures of both [Bmim][Tf2N] and
[Emim][Tf2N] with acetonitrile) show a nonmonotonous
variation of conductivity in terms of IL mole fraction with
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Scheme 1. Mechanistic Scenario for the Reaction of Singlet
Oxygen with Thioanisole in Ionic Liquids

Figure 1. Structures of the ions forming the ionic liquids under
investigation.

Figure 2. Methyl phenyl sulfoxide yield vs additive concentration
(a) and mole fraction (b) after 15 min irradiation. (O) [Bmim][Tf2N],
(b) [Emim][Tf2N], (9) [Bmpy][Tf2N], (∆) MeOH.
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similarity suggests that as for the conductivity variation,5b,c

the sulfoxide yield decrease observed at higher xIL can be
due to a sharp increase in ion association, to form ion pairs
or more complex aggregates, that reduces the ion availability
in solution.6 On the other hand, it is well-known that neat
imidazolium ILs appear as continuous highly ordered three-
dimensional supermolecular polymeric networks of anions and
cations linked by hydrogen bond, electrostatic, and π-π
interactions,7 whereas at very low dilution, the ILs must be
necessarily solvated by molecular solvent as free ions or, if the
anion-cation interactions are enough strong, as discrete ion
pairs. Evidence in favor of a change in imidazolium ILs’ self-
aggregation in binary mixtures also comes from an experimental
and computational study on a [Bmim][PF6]-naphthalene
mixture showing a marked change of IL coordination and
bonding (at xIL ∼ 0.2).5b More recently, a molecular dynamic
simulation of a [Bmim][PF6]-acetonitrile binary mixture,
carried out at different compositions, showed the first formation
of isolated ionic aggregates at xIL ≈ 0.06.8

If the interpretation of the plots for imidazolium ILs in
terms of changes in aggregation state is correct, it would
appear that some kind of aggregation is present also at
relatively low concentrations where it is more important for
[Emim][Tf2N] than for [Bmim][Tf2N], whereas the inverse
should hold at higher concentration, which causes the relative
efficiency of the imidazolium-based ionic liquids to drasti-
cally depend on concentration. For example, at 1 M
concentration, [Bmim][Tf2N] is clearly much more efficient
than [Emim][Tf2N], but at higher concentrations, an opposite
situation holds.9 This peculiar behavior of the two ILs may
be tentatively justified. Accordingly, a number of studies on
neat imidazolium ILs have shown a decrease in ionicity by
increasing the alkyl chain length and attributed such a
decrease to an augmented van der Waals interaction between
the alkyl chains.10 On the other hand, a more important ionic
association with [Emim][Tf2N] than with [Bmim][Tf2N] at
low concentration might be due to the smaller hindrance of
the ethyl group with respect to butyl.11

Coming to the different behavior of [Bmpy][Tf2N], it
might depend on its nonaromaticity since, as suggested by a
quite recent study, in binary mixtures with MeCN nonaro-
matic ILs should not form specific local structures, but only

uniform mixtures, at any molar ratio.12 In this case, as we
will see later on, the observed reaching of a plateau is
expected.

A further deeper and quantitative insight on the role of
ILs as dilute additives in comparison with MeOH can be
obtained by using the same kinetic approach followed by
Albini for the 1O2-promoted sulfoxidation of diethyl sulfide
in the presence of protic additives2b (under the reasonable
assumption that the mechanism reported in Scheme 1 also
holds for 1 sulfoxidation in IL-acetonitrile mixtures).3 On
the basis of the mechanism reported in Scheme 1 and using
Foote’s formalism,1a the concentration of sulfoxide formed
at a given irradiation time is provided by eq 1 where [A] is
the IL or MeOH concentration and K is the formal concen-
tration of all the 1O2 produced during the irradiation time.
Moreover, since neither K nor ks and kd change significantly
with varying [A] up to 1 M,2a,b at lower IL concentrations
eq 1 can be simplified to eq 2 where K′ is constant for the
whole series of experiments and represents the formal
concentration of all 2 formed during the irradiation.13

By rearranging eq 2, eq 3 is obtained from which a linear
doubly reciprocal plot for [sulfoxide] vs the additive
concentration is expected with a slope value of (kq/2K′kA).
Very rewardingly, as shown in Figure 3, very good linear
relationships (r2 g 0.98) were found with all ILs and MeOH
when 1/[PhSOMe] was plotted vs 1/[A] ([A] < 1 M).
However, eq 3 predicts that the linear plots should have the
same intercept (1/2K′), as would seem to be the case for
imidazolium ILs and MeOH but not for [Bmpy][Tf2N] which
exibits a significantly higher value.14

The intercept value represents the reciprocal of the
sulfoxide yield expected at infinite additive concentration
(2K′), i.e., when kA[A] . kq and all 2 is converted to 3 and
then to products. However, this is valid only under the
assumption that, once formed, 3 exclusively undergoes
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sulfoxide formation as is the case of protic additives and
imidazolium ILs. Thus, the higher intercept value obtained
with [Bmpy][Tf2N] may be interpreted by suggesting that
with this IL the complex 3 does not entirely proceed to
products but may undergo some isc to 3O2 in competition
with product formation.15

This hypothesis is in line with another important observa-
tion: eq 2 predicts that by increasing the additive concentra-
tion a plateau in the sulfoxide yield should be reached when
kA[A] . kq where the yield should become practically equal
to twice the concentration of all 2 produced during the
experiment. This plateau is not reached for the imidazolium
ILs, which can be reasonably justified by the aggregation
problems already discussed, and for MeOH due to the
extremely low value of kA. It is instead clearly reached with
[Bmpy][Tf2N], but the maximum sulfoxide yield turns out
to be much lower than the maximum yield reached with
imidazolium ILs. This is a further indication that when A is
[Bmpy][Tf2N] the complex 3 proceeds to products only
partially being in competition with isc, which might also
explain the much lower efficiency of [Bmpy][Tf2N] with
respect to the imidazolium ILs. On the other hand, a different
nature of 3 with [Bmpy][Tf2N] with respect to that with
imidazolium ILs may not be surprising if one takes into
account the already mentioned different reaction mechanisms

operating with the two ILs. Accordingly, with [Bmpy][Tf2N]
3 is not directly converted to the sulfoxide; however, it is
first converted to the ylide 4 and then to the product, whereas
with the imidazolium ILs (and MeOH), 3, is able to react
with another molecule of sulfide to directly form the
sulfoxide.3 As previously suggested, the different mechanism
for the latter ILs is probably due to their capacity to stabilize
the persulfoxide intermediate, like MeOH, by hydrogen
bonding through their acidic 2-C-H bond.

Moreover, for the three additives for which eq 1 is valid
(complete conversion of 3 to sulfoxide), the slope value ratio
for a given couple of additives provides their kA ratio, i.e.,
a quantitative comparison of their catalytic efficiency in
relatively dilute solutions (see Table S2 in SI where the kA/
kMeOH values for the two imidazolium ILs are reported).
Under these reaction conditions ([IL] ) 0.01-1 M),
[Bmim][Tf2N] (kA/kMeOH ) 473) turns out to be almost 1
order of magnitude more efficient than [Emim][Tf2N] (kA/
kMeOH ) 69). Most probably, such a difference is only due
to the fact that, as already discussed, [Emim][Tf2N] exhibits,
at low concentration, a larger aggregation state than
[Bmim][Tf2N]. This observation is very important as it
indicates that the aggregation state can be a fundamental
factor in determining the relative efficiency of ILs as
catalysts. Thus, some caution should be exerted when
interpreting the catalytic efficiency of ILs for a given reaction
in terms of their intrinsic molecular properties: opposite
behaviors might be obtained simply by changing ILs’
concentration.

Finally, the high kA/kMeOH ratio obtained for [Bmim][Tf2N]
and [Emim][Tf2N] confirms the importance of electrostatic
interactions in the persulfoxide stabilization by ILs in addition
to the capability of hydrogen bond formation.16
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(15) From the kinetic equation that takes into account the possibility
of an isc process also on 3 (see SI), it results that also in this case a
[sulfoxide]-1 vs [A]-1 linear plot is expected with an intercept value of
1/2fK′ where f is the fraction of 3 undergoing product formation. Since
for MeOH and imidazolium ILs f ) 1, the highest intercept value is
reached.

(16) In fact, from the Kamlet-Taft R values for MeOH (1.05) and
[Bmim][Tf2N] (0.617), it would appear that, for the persulfoxide 2
stabilization, the electrostatic interactions are more important than the
capability of hydrogen bond formation: Crowhurst, L.; Mawdsley, P. R.;
Perez-Arlandis, J. M.; Salter, P. A.; Welton, T. Phys. Chem. Chem. Phys.
2003, 5, 2790.

Figure 3. Doubly reciprocal plot for the methyl phenyl sulfoxide
concentration (M) vs the concentration of ionic and molecular
additives (M). (O) [Bmim][Tf2N], (b) [Emim][Tf2N], (9)
[Bmpy][Tf2N], (∆) MeOH.
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