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Abstract: This review summarizes the oxidation meth-
ods of organic compounds carried out in the presence
of a catalyst using ionic liquids or molten ammonium
salts as solvents. From an ecological point of view,
these procedures are particularly interesting when
the catalyst is efficiently immobilized in the solvent,
thus leading to a reusable system.
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1 Introduction

Over the last decade, growing attention has been devot-
ed to the use of ionic liquids (ILs) as solvents for organic
synthesis, a fact manifested by the increasing rate at
which papers on this topic are being published, and
also, the number of reviews.[1– 17] The strong interest in
ILs for catalyzed reactions is due to the expected immo-
bilization of the catalyst in the IL that would allow the
recycling of the tandem catalyst/solvent. Furthermore,
ILs have a rate acceleration effect on some catalytic re-
actions, and they are often considered as green alterna-
tives to volatile organic solvents although their toxicity
and biodegradability are yet to be fully determined.[18]

Oxidation reactions are an important topic in organic
synthesis. A range of procedures uses stoichiometric and
ever overstoichiometric amounts of toxic metal oxides;
catalytic methods have also been disclosed, but stoichio-
metric as well as catalytic procedures are mainly carried
out in organic solvents. Consequently, the potential of
ILs for oxidation reactions has not escaped from the at-
tention of the chemists. Therefore, stoichiometric and
catalytic oxidations in ILs have been reported, mainly
by adapting the traditional organic solvent methods to

ILs. Since the compatibility with economic and environ-
mental viewpoints is more respected with catalytic proc-
esses, the present review focuses on catalyzed oxidations
of organic compounds in ILs and includes reactions in
molten ammonium salts. For convenience, the structures
and abbreviations of the ILs documented in this review
are gathered in Scheme 1.

2 Alcohol Oxidation

In 2001, Ley et al. have reported the efficient tetra-N-
propylammonium perruthenate (TPAP)-catalyzed oxi-
dation, at room temperature, of a variety of primary
and secondary alcohols, aliphatic, allylic or benzylic,
with N-methylmorpholine N-oxide (NMO) in a mixture
of either [C2mim][PF6] and CH2Cl2 or Et4NBr and
CH2Cl2 [Eqs.(1) –(4)].[21] Oxygen pressure instead of
NMO has also been used for the oxidation of sec-
phenethyl alcohol [Eq. (4)]. Under LeyHs experimental
conditions, the oxidation products are easily recovered
by decanting, and the catalyst/IL system is reusable,
the recycling ability depending on the nature of both
the starting alcohol and the IL [Eqs. (1) –(4)].
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ð1Þ

ð2Þ

ð3Þ

ð4Þ

The room temperature TPAP-catalyzed oxidation of a
variety of alcohols with NMO has been almost simul-
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Scheme 1. Ionic liquids and ammonium salts used as solvents for oxidation reactions
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taneously reported by Welton et al. but using
[C4mim][BF4] as IL, and without an organic co-sol-
vent.[19,20] The over-oxidation of primary alcohols to
acids was not observed even with the addition of one
equiv. of water. For aliphatic alcohols that are immisci-
ble in the IL, sonication of the reaction mixture im-
proved the conversion. WeltonHs team has also used O2

instead of NMO. Testing the reactivity of 4-trifluorome-
thylbenzyl alcohol in [C4mim][N(SO2CF3)2] under 1 at-
mosphere of molecular oxygen, a strong increase of
the oxidation efficiency has been observed with the ad-
dition of CuCl as a co-catalyst. Reactions have been, fur-
thermore, carried out in the presence of 2-aminopyri-
dine and in [C4mmim][N(SO2CF3)2] [Eq. (5)]. Reactivi-
ty lower for aliphatic than for allylic and benzylic alco-
hols has been demonstrated under the conditions using
oxygen as the oxidant.

ð5Þ

Instead of a Ru(VII) catalyst, Jacobs et al. have used
Ru(II) and Ru(III) catalysts under oxygen in various
ILs [Eq. (6)], the conversion of aliphatic alcohols being
much more pronounced in AliquatO 336 than in
Me4NOH [Eq. (7)].[22] A decrease of reactivity was not-
ed under atmospheric air and in recycling experiments.

ð6Þ

ð7Þ

A report written in Chinese relates the efficient RuCl3-
catalyzed oxidation, with t-BuOOH in [C4mim][PF6], of

cyclohexanol and 1-tetralol into cyclohexanone and 1-
tetralone respectively [Eq. (8)], and the recycling of
the IL/catalyst system. Low conversions of cyclohexanol
were obtained using H2O2 instead of t-BuOOH.[23]

ð8Þ

Seddon et al. have studied the Pd(OAc)2-catalyzed oxida-
tion at 808C of benzyl alcohol with oxygen in [Cnmim][X]
(n¼4, 6; X¼Cl, Br, BF4) and [C4mmim][BF4], the best
resultsbeing obtained in [C4mim][BF4] and [C4mmim][BF4]
[Eq. (9)] while no reaction was observed in
[C4mim][Br]. The catalyst/IL system was recyclable

but, to preclude the over-oxidation of benzal-
dehyde to benzoic acid, the recovered cata-
lyst/IL system has to be dried from time to
time to remove water that accumulates either
as reaction by-product, or by absorption of
moisture from the atmosphere during the
work-up. According to SeddonHs team, their
methodology affords quantitatively aceto-
phenone from sec-phenethyl alcohol.[24]

ð9Þ

In n-Bu4NBr as solvent at 120 8C, we have observed the
oxidation of indan-1-ol to indan-1-one in the presence of
catalytic amounts of PdCl2, but with a low selectivity be-
cause of the concurrent hydrogenolysis reaction leading
to indane. The use of cyclohexene as hydrogen trap al-
lowed a strong increase in the selectivity, but was detri-
mental to the conversion probably because of the com-
petitive coordination of the hydrogen acceptor to palla-
dium [Eq. (10)].[25]

ð10Þ

The selectivity towards the ketone was strongly im-
proved by performing the reaction under a gentle flow
of argon, and the system PdCl2/n-Bu4NBr was recyclable
but, gradually, loses its oxidative properties
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[Eq. (11)].[25] The high selectivity also obtained using
palladium black instead of PdCl2

[26,27] indicates a cataly-
sis by Pd(0) and the probable formation of nanoparti-
cles[28] from PdX4[N(n-Bu)4]2 species (X¼Cl or Br).[29]

The selectivity obtained using this protocol is due to
the removal of hydrogen gas as soon as it is produced;
this implies a low stability under these reaction condi-
tions of the dihydridopalladium formed by dehydrogen-
ation of the alcohol.

ð11Þ

Changing (n-Bu)4NBr for (n-Bu)4NCl, (n-Bu)4NOAc or
Adogen 464O was unsatisfactory. High selectivities have
been observed with PdCl2/(n-Bu)4NBr from a range of
secondary, linear or cyclic benzylic alcohols. In contrast,
oxidation of primary benzylic alcohols was less satisfac-
tory, naphthalenemethanols suffering from some hydro-
genolysis, while benzyl alcohol led to a mixture of ben-
zaldehyde, toluene and n-butyl benzoate. The latter
compound was the main product and was formed by
the reaction of benzoic acid with the ammonium salt
(Scheme 2). We have proposed that PhCO2H was pro-
duced by a dismutation-type of reaction from PhCH2OH
mediated by palladium.[25] Saturated alcohols were un-
reactive under these conditions while allylic alcohols
yielded mainly saturated ketones via the migration of

the C¼C bond.[30] We have subsequently discovered
that Pd(OAc)2 as a catalyst improved the efficiency of
the oxidation of 1-indanol and also the recycling ability
[Eq. (11)].[26]

At 80 8C, Hardacre et al. oxidized selectively cinnam-
yl alcohol into cinnamaldehyde over Pd/Al2O3 in
[C4mim][N(SO2CF3)2] using two types of reactors (a ro-
tating disc reactor and a stirred tank reactor) and various
concentrations of alcohol and pressures of oxygen.[31]

Two IL procedures using H2O2 associated to catalytic
amounts of tungstate complexes have been disclosed by
Chhikara et al.

Firstly, a new catalyst, [C4mim]4[W10O23], which was
obtained from the reaction of sodium tungstate with
[C4mim][Br] in aqueous HCl [Eq. (12)], has been used
at 90 8C in [C4mim][BF4] for the catalytic oxidation of
a range of aliphatic and benzylic alcohols with 30%
aqueous H2O2 [Eq. (13)].[32] Primary aliphatic alcohols
are not oxidized under these conditions; this has allowed
the selective oxidation of 1-phenyl-1,2-diethanol into a-
hydroxyacetophenone [Eq. (14)]. Changing [C4mim]4

[W10O23] for Na2WO4 or Na2MoO4 was detrimental to
the conversion of diphenyl carbinol [Eq. (15)]. Five con-
secutive cycles, using the system [C4mim]4[W10O23]/
[C4mim][BF4] for the oxidation of diphenyl carbinol,
have successfully been carried out.

ð12Þ

Scheme 2. Proposed mechanism of the Pd-catalyzed reaction of benzyl alcohol in molten (n-Bu)4NBr.
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ð13Þ

ð14Þ

ð15Þ

The second procedure involves a catalyst, [C4mim]3

[PO4(W(O)(O2)2)4], also based on imidazolium and
tungstate ions, that was obtained from tungstic acid,
phosphoric acid and [C4mim][Br] in an oxidizing me-
dium [Eq. (16)]. High yields of ketones were usually at-
tained at 90 8C from secondary aliphatic and benzylic al-
cohols with this catalyst and hydrogen peroxide in
[C4mim][BF4] [Eq. (17)], while some over-oxidation oc-
curred with primary alcohols. Each recycling of the cat-
alyst/IL for the oxidation of diphenylmethanol led to a
slight decrease in the yield of benzophenone.[33]

ð16Þ

ð17Þ

Hydrogen peroxide has also been used by Saladino et al.
but with homogeneous and heterogeneous (Scheme 3)
rhenium catalysts to carry out the oxidation of benzhy-
drol and 1-phenylethanol in [C4mim][PF6].

[34] The best
recycling results have been achieved using the microen-
capsulated catalyst 2PS-Re [Eq. (18)].

ð18Þ

Scheme 3. SaladinoHs heterogeneous rhenium catalysts.
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Gree et al. have disclosed a catalytic system, copper(I)
chlorideþ2,2,6,6-tetramethyl-1-piperidinyloxyl (CuClþ
TEMPO), for the oxidation of aliphatic, allylic and ben-
zylic alcohols, with oxygen at 65 8C in [C4mim][PF6]
[Eq. (19)]. Instead of molecular oxygen, an air atmos-
phere can be used but longer reaction times are re-
quired. Unfortunately, the catalytic system is either de-
composed or not immobilized in [C4mim][PF6], the IL
only being recyclable.[35] Under GreeHs conditions, the
reaction of some aliphatic alcohols is slow, no reaction
being obtained from menthol; that contrasts with the
above Ru(VII)/NMO system [Eq. (3)].

ð19Þ

Since the Gree catalytic system is not recoverable, Gao
et al. have synthesized the ionic ligand A, which con-
tains two 1-methylimidazolium hexafluorophosphate
moieties (Scheme 4).

Using exactly GreeHs procedure, except for the addition
of A, the authors observed similar reactivities with the
advantage that the catalytic system was recyclable, with-
out notable decrease of yields, especially when the car-
bonyl compounds were removed by distillation
[Eq. (20)].[36]

ð20Þ

Xia et al. have used PhI(OAc)2 in association with an
Mn(salen) complex (Scheme 5) for the room tempera-
ture oxidation of alcohols in a mixture of [C4mim][PF6]
and CH2Cl2. Benzylic and aliphatic secondary alcohols
led to the corresponding ketones, yields being usually
better from the benzylic substrates [Eq. (21)]. Some
over-oxidation to acids was observed from primary alco-
hols. Although the IL was used as additive rather than as
a real solvent, the effective immobilization of the cata-
lyst in the IL led to a recyclable system.[37]

ð21Þ

In fact, Y. Zhang et al. have recently reported the effi-
cient oxidation at 30 8C, in the absence of any metal cat-
alyst, of primary and secondary aliphatic or benzylic al-
cohols in [C2mim][BF4] with an aryliodine diacetate
bound to an imidazolium ion (Scheme 6). Under these
conditions, PhI(OAc)2 as oxidant led to lower yields.
ZhangHs team has shown that the reaction is promoted
by bromide ion. Consequently, catalysis of the process
by the small amount of bromide ion remaining in
[C2mim][BF4] as impurity has been suspected.[38]

Two catalytic oxidations in ILs, without any metal cata-
lyst, but in the presence of a catalytic amount of a nitrox-
yl radical, have been recently disclosed.

Firstly, catalytic amounts of both TEMPO and HBr in
[C4mim][PF6] have been used with H2O2 for the efficient
oxidation of electron-neutral and electron-deficient
benzylic alcohols to the corresponding aldehydes. How-

Scheme 4. GaoHs ionic ligand of copper.

Scheme 5. The Mn(salen) catalyst used by XiaHs team.

Scheme 6. A new oxidant proposed by ZhangHs team.
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ever, work-up with diethyl ether led to the extraction of
the expensive TEMPO. Fortunately, 4-acetamido-
2,2,6,6-tetramethyl-1-piperidinyloxyl (acetamido-
TEMPO) is soluble in [C4mim][PF6] but not in Et2O.
Consequently, the acetamido-TEMPO/[C4mim][PF6] is
recoverable and reusable; only HBr and H2O2 being
consumed in each cycle [Eq. (22)].[39

ð22Þ

Secondly, Gao et al. have synthesized the nitroxyl radi-
cal B, which contains an ionic liquid-type appendage
(Scheme 7).

In cold buffered [C4mim][PF6] containing slight
amounts of KBr, B catalyzes the rapid and efficient ox-
idation with NaOCl of aliphatic, allylic and benzylic al-
cohols [Eq. (23)]. The reactivity and selectivity with
TEMPO and B are similar but the advantage of B is
the recyclability of the B/[C4mim][PF6] association.[40]

ð23Þ

According to S. Zhang et al., benzyl alcohol in
[C4mim][PF6] is, in fact, oxidized to benzaldehyde with
NaOCl, at room temperature, even in the absence of
any trace of a nitroxyl radical (in 1 h: 68% conversion,

65% yield).[41] The efficiency of this transformation has
been greatly improved using a new IL, i.e., the hexaal-
kylguanidinium salt [1guan][PF6] (Scheme 1). Thus, pri-
mary and secondary benzylic alcohols are oxidized to
the corresponding carbonyl compounds with high yields
and the recovered IL has been recycled with no appreci-
able decrease in efficiency [Eq. (24)].

ð24Þ

Very recently, Ragauskas et al. have created a three-
component catalytic system consisting of acetamido-
TEMPO, a copper(II) salt and 4-(dimethylamino)pyri-
dine (DMAP) in ILs to effect the oxidation of primary
alcohols to aldehydes with oxygen.[42] The best results
were obtained using Cu(ClO4)2 as the Cu salt, and
[C4C’1Py][PF6] as the ionic liquid [Eq. (25)]. After ex-
traction with pentane, the reuse of the catalytic system
and the IL was performed with a slight drop of activity.
According to the authors, DMAP may have dual roles,
namely as a base to deprotonate the alcohol, and as an
N-donor ligand to coordinate to Cu(II).

ð25Þ

3 Phenol Oxidation

Sun et al. have obtained trimethyl-1,4-benzoquinone
from the CuCl2-catalyzed oxidation of 2,3,6-trimethyl-
phenol with oxygen, in n-butanol containing
[C4mim][Cl] and n-butanol [Eq. (26)]. The in situ forma-
tion of 1-n-butyl-3-methylimidazolum oxotetracuprate,
that is an active catalyst, has been demonstrated.[43] Oth-
er Cu salts and ILs were less efficient.[44] The process has
also been used for the oxidation of 2-methyl-1-naphthol
to 2-methyl-1,4-naphthoquinone (yield up to 47%).

Scheme 7. GaoHs nitroxyl radical.
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ð26Þ

As for some other studies carried out in mixtures of an
IL and an organic solvent, in particular in the above ex-
ample for which a good result was obtained with an equi-
molecular amount of CuCl2 and [C4mim][Cl], we suspect
a phase-transfer catalysis role of the IL rather than a re-
action occurring really in the IL.

4 Oxidation of Thio Compounds

Chauhan et al. have oxidized thiols to disulfides with
oxygen, at room temperature, in [C4mim][BF4] contain-
ing catalytic amounts of cobalt(II) phthalocyanines
[Scheme 8, Eq. (27)]. Recycling experiments led to a
slight decrease in the yields.[45]

ð27Þ

Hardacre et al. have studied the heterogeneous oxida-
tion of pyrimidine and alkyl thioethers, with hydrogen
peroxide or the urea-hydrogen peroxide adduct, in a
range of ionic liquids ([Cnmim][X], n¼2, 4, 8; [CnPy][X],
n¼4, 6, 8; [C4mpyr][N(SO2CF3)2]; [(n-octyl)3MeN]-
[N(SO2CF3)2] over mesoporous Ti or Ti/Ge catalysts.
The corresponding sulfoxides can be selectively ob-

tained, even at high conversions. Both the anion and
the cation of the IL have an effect on the rate the reac-
tions [Eq. (28)]. Some leaching of the catalyst in the IL
occurs from interactions of the catalyst with peroxy spe-
cies, but leached titanium is also an active catalyst.[46]

Consequently, recycling experiments can be carried
out effectively.[47,48]

ð28Þ

5 Oxidation of Carbonyl Compounds

Howarth has oxidized aromatic aldehydes to the corre-
sponding acids, with oxygen at 60 8C, using Ni(acac)2 as
the catalyst in [C4mim][PF6] [Eq. (29)].[49] The reactions
have been repeated a further three times using the re-
covered Ni/IL system without decrease of yields.

ð29Þ

Aromatic aldehydes have also been oxidized in
[C4mim][X] (X¼BF4, PF6) using hydrogen peroxide
and catalysis with methyltrioxorhenium, but phenols,
i.e., the Dakin products, rather than acids were the
main isolated compounds from activated benzalde-
hydes, as reported by Bernini et al. [Eq. (30)]. Some hy-
droquinone or catechol was obtained from p- or o-meth-
oxybenzaldehyde, respectively [Eq. (31)], and the
amount of the acid increased with the recycling of the
MeReO3/[C4mim][X] system. Under these conditions,
benzaldehyde and the benzaldehydes meta-substituted
with an electron-donating group led selectively to the
acids [Eq. (32)]. The same oxidation system afforded
phenols and esters from acetophenones ortho- or para-
substituted with either a hydroxy or a methoxy group
[Eq. (33)].[50]

Scheme 8. Cobalt(II) phthalocyanines used as catalysts.
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ð30Þ

ð31Þ

ð32Þ

ð33Þ

Bernini et al. have also used the MeReO3/[C4mim][BF4]
system for the Baeyer–Villiger oxidation of the cyclic
ketones with H2O2 [Eq. (34)].[51]

ð34Þ

According to Bernini et al., the R-catalyst/IL system can
be repeatedly recycled after extraction of the organic
compounds with diethyl ether.[50,51] Saladino et al. have
disagreed about this assertion,[34] but the reuse of the
Re catalyst/IL solution for at least five times with no
loss of activity has been the subject of a recent adden-
dum by Bernini et al.[52,53]

Instead of a rhenium catalyst, Kalkote et al. used an
Sn-b-molecular sieve for the oxidation of 1-phenylpro-
pan-2-one and acetophenone or benzophenone deriva-
tives [Eqs. (35) – (37)]. With this recyclable system, the
reaction occurred at room temperature and the forma-
tion of phenols was not observed.[56]

ð35Þ

ð36Þ

ð37Þ

Recently, Conte et al. have investigated the Baeyer–Vil-
liger oxidation of cyclohexanone with aqueous H2O2 in a
range of ILs under catalysis with [Pt(dppb)(m-OH)]2

[BF4]2 [dppb¼1,4-bis(diphenylphosphino)butane]. At
room temperature, the very low yields obtained using
hydrophilic ILs such as [C4mim][X] (X¼BF4, OSO2CF3)
were increased up to 25% in hydrophobic ILs such as
[C4mim][PF6], [Cnmim][N(SO3CF3)2] (n¼2, 4, 6) and
[C4mmim][N(SO3CF3)2]. The best yield was finally ob-
tained at 40 8C in [C4mim][N(SO3CF3)2], but decreased

Ionic Liquids as Solvents for Catalyzed Oxidations of Organic Compounds REVIEW

Adv. Synth. Catal. 2006, 348, 275 – 295 I 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 283



with the recycling of the catalyst/IL sample [Eq. (38)].
The oxidation of 2-methylcyclohexanone was more effi-
cient since a 50% yield was attained at room tempera-
ture.[57]

ð38Þ

6 Oxidation of Oximes

The formation of carbonyl compounds from oximes has
been carried out by Chauhan et al. using aqueous H2O2

in [C4mim][BF4] and catalysis with either a water-solu-
ble iron(III) porphyrin, namely Cl8TPPS4FeCl
(Scheme 9), or phosphotungstic acid (Eq. 39). The
H3PW12O40/[C4mim][BF4] system is more efficient than
the Cl8TPPS4FeCl/[C4mim][BF4] one and, furthermore,
reusable.[58]

ð39Þ

7 Oxidation of Imides

The team of Liu and Guo has studied the oxidation ofN-
benzylacetamide with oxygen in [C4mim][PF6] using a
mixture of N-hydroxyphthalimide (NHPI) and a metal
salt as the catalytic system, the best result occurring
with Co(PF6)2 [Eq. (40)].[59]

ð40Þ

Surprisingly, no oxidation occurred in [C4mim][BF4].
The process was extended to a range of N-substituted
acetamides using an ionic version of NHPI [Scheme 10
and Eq. (41)]. Under these conditions, the ionic liquid
can be reused after washing with water.

ð41ÞScheme 9. A water-soluble iron(III) porphyrin used as cata-
lyst.

Scheme 10. The ionic derivative of N-hydroxyphthalimide
used by the team of Liu and Guo.
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8 Olefin Oxidation

8.1 Epoxidation

In 2000, Song et al. disclosed a procedure to recycle the
Jacobsen chiral (salen)Mn(III) epoxidation catalyst,
namely [N,N’-bis(3,5-di-t-butylsalicylidene)-1,2-cyclo-
hexanediamine]manganese chloride (Scheme 11). The
asymmetric epoxidations were carried out at 0 8C in
[C4mim][PF6], with NaOCl as the oxidant, and a co-sol-
vent since the IL solidifies at the reaction temperature
[Eq. (42)].[60] Subsequently, Bedioui et al. reported the
room temperature electro-assisted activation of mo-
lecular oxygen by the same Mn(III) catalyst in
[C4mim][PF6], but no epoxidation of a prochiral sub-
strate has been included in their paper.[61]

ð42Þ

Smith et al. used a chiral Katsuki-type (salen)Mn(III)
catalyst (Scheme 11) for the epoxidation at 0 8C of 1,2-
dihydronaphthalene with NaOCl, in a mixture of
[C4mim][X] (X¼PF6 or BF4) and an organic solvent
(CH2Cl2 or EtOAc), and in the presence of 4-phenylpyr-
idine-N-oxide (4-PPNO) [Eq. (43)]. Under identical ex-
perimental conditions, (Ksalen*)Mn(III) provided a
higher yield and a higher enantioselectivity than (Jsa-
len*)Mn(III) but required a longer reaction time. Up
to 100% ee was attained under some conditions.[62]

ð43Þ

Manganese porphyrins (Scheme 12) in a mixture of
[C4mim][PF6] and CH2Cl2 have been used, at ambient
temperature, by Xia et al. for the efficient catalytic ep-
oxidation of various alkenes with iodobenzene diace-
tate, this latter being more efficient than PhIO.[63,64] Ef-
fective recycling of the catalytic system, particularly
with MnTFPPCl and MnTPPS4, has been obtained
[Eqs. (44) and (45)].[64,65] According to a Chinese patent,
XiaHs team has also tested Co, Mo, Fe and Cu complexes
of various porphyrins as epoxidation catalyts in ILs.[58]

ð44Þ

ð45Þ

Effective epoxidation of various alkenes was accom-
plished at room temperature in [C4mim][BF4] with
aqueous hydrogen peroxide, in the presence of catalytic

Scheme 11. The Jacobsen and Katsuki chiral catalyts used in
ILs.
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amounts of manganese sulfate and a stoichiometric
quantity of tetramethylammonium hydrogen carbonate
[Eq. (46)]. Good reactivities and high selectivities were
generally obtained, except from an unactivated terminal
alkene such as 1-decene which was unmodified, and 1-
phenylcyclohexene [Eq. (47)]. For recycling experi-
ments, some MnSO4 and Me4NHCO3 have to be added
from time to time to restore the activity of the system.[67]

ð46Þ

ð47Þ

Chauhan et al. have used the water soluble Cl8TPPS4

FeCl (Scheme 9) in [C4mim][Br] as a recyclable system
to epoxide C¼C bonds with aqueous H2O2. The reac-
tions were performed at room temperature with
CH2Cl2 as a co-solvent, but selective epoxidation oc-
curred only from cyclooctene, by-products being ob-
tained from cyclohexene and styrenes [Eqs. (48) and
(49)].[68]

ð48Þ

ð49Þ

Three dioxomolybdenum(VI) complexes (Scheme 13)
in [Cnmim][PF6] (n¼4, 8), [C4mim][N(SO2CF3)2],
[C4mmim][N(SO2CF3)2], [C5O2mim][PF6] or [2guan]
[PF6] have been tested by Valente et al. for the epoxida-
tion of cyclooctene with anhydrous t-BuOOH
[Eq. (50)]. The best result was achieved at 55 8C with
MoO2N2Me2 in [C4mim][N(SO2CF3)2], but the decrease
of reactivity with the recycling was less pronounced with
[MoO2N3Cl][BF4] as the catalyst. Nevertheless,
[MoO2N3Cl][BF4] led to a less selective reaction due to
the production of 1,2-cyclooctanediol as a by-product.[69]

Scheme 12. Manganese porphyrins used as catalyts.

Scheme 13. Dioxomolybdenum catalysts.
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ð50Þ

Subsequently, the teams of KUhn and Romão studied
also the epoxidation of cyclooctene with decane solu-
tions of t-BuOOH in [Cnmim][X] [n¼4, 8; X¼BF4,
PF6, N(SO2CF3)2] but with cyclopentadienyl-molybde-
num complexes as the catalysts (Scheme 14).[70] This

study brought out the non-innocent role of some ILs,
as already pointed out by Dupont at al.[71] Indeed, hy-
drofluoric acid, generated by the degradation of
[Cnmim][PF6] (n¼4, 8) promoted the epoxide ring
opening by traces of water included in the ILs, leading
to the corresponding 1,2-diol. A quantitative yield of cy-
clooctene oxide was achieved in 24 h at 55 8C in
[C4mim][N(SO2CF3)2] with 1 mol % of CpMoMe,
CpMoCl or CpHMoCl as the catalyst. Lower yields
were obtained from catalysis with Cp’MoMe and in
[C4mim][BF4] or [C4mim][PF6]. To obtain interesting re-
cycling results, the authors used a 4 :1 mixture of
[C4mim][N(SO2CF3)2] and [C4mim][BF4].

[70]

The urea-hydrogen peroxide adduct (UHP) associat-
ed to MeReO3 as the catalyst led, at room temperature
in [C2mim][BF4], to the efficient epoxidation of cycloal-
kenes, styrene and 1-(E-prop-1-enyl)benzene [Eqs. (51)
and (52)]. Under these conditions which have been dis-
closed by Abu-Omar et al., the reaction of 1-decene was
sluggish but, nevertheless, afforded selectively the cor-
responding epoxide [Eq. (52)], while cyclohex-2-enol
was converted to 2,3-epoxycyclohexanol (62%) and
2,3-epoxycyclohexanone (32%).[54] The reaction be-
tween MeReO3 and H2O2 led to the mono- and diperoxo-
rhenium complexes MeReO(h2-O2) and MeReO-
(h2-O2).[72] Abu-Omar et al. have explored the kinetics
and thermodynamics of these reactions in a range of

ILs[73] and the kinetics of the oxygen-atom transfer
from the peroxo complexes to alkenes.[74]

ð51Þ

ð52Þ

When 30% aqueous H2O2 was used instead of UHP, the
MeReO3-catalyzed oxidation in [C2mim][BF4] afforded
mainly the corresponding diol,[54] because of the ring-
opening of sensitive epoxides in the presence of large
amounts of water.[75] The use of MeReO3/H2O2 in ILs
for the oxidation of alkenes has also been studied by
Eckert et al.[76]

Although two epoxidation methods recently reported
do not use an IL as solvent, it seems that they have to be
mentioned here. Mizuno et al. have treated an IL anch-
ored to an SiO2 surface with an anionic dinuclear perox-
otungstate. This led to a reusable heterogeneous W cat-
alyst for the efficient epoxidation of a variety of C¼C
bonds with aqueous H2O2 in MeCN at 60 8C.[77] Song
et al. have synthesized an ionic liquid-grafted Mn(III)-
Schiff base complex (Scheme 15) which was employed
as a recyclable complex for the epoxidation of chalcones
with a 1 :1 mixture of m-chloroperbenzoic acid and
NMO in MeCN at �25 8C.[78]

8.2 Dihydroxylation

As mentioned in Section 8.1, 1,2-diols can be a by-prod-
uct of the epoxidation of olefins but they are rather pro-
duced from a subsequent reaction of the epoxides. Di-

Scheme 14. Cyclopentadienyl-molybdenum catalysts.

Scheme 15. SongHs ionic liquid-grafted Mn(III)-Schiff base
catalyst.
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rect dihydroxylation of olefins in ILs are osmium-cata-
lyzed oxidations with mainly N-methylmorpholine N-
oxide (NMO), i.e., methods based on the Upjohn[79]

and Sharpless[80] procedures.
Studying the OsO4-catalyzed dihydroxylation of 1-oc-

tene with NMO in a [C4mim][PF6]/H2O/t-BuOH mix-
ture, Yao observed that the catalyst/IL recycling was
much more effective with 4-(dimethylamino)pyridine
(DMAP) as additive. According to Yao, this increase
of the reuse efficiency is due to the formation of a polar

complex (Scheme 16) between OsO4 and DMAP, that is
better immobilized in the polar IL layer. YaoHs protocol
is efficient at room temperature to 50 8C for mono-, di-
and trisubstituted aliphatic, as well as aromatic, olefins
[Eq. (53)].[81]

ð53Þ

Almost simultaneously to Yao, Yanada et al. studied the
OsO4-catalyzed dihydroxylation in [C2mim][BF4] of 1,1-
diphenylethylene with various co-oxidants, in the ab-

sence of a co-solvent and at room temperature
[Eq. (54)].[82] They observed that NMO monohydrate
as the co-oxidant led to the best results and that these
conditions led to four recoveries and reuses of the
OsO4/[C2mim][BF4] association without decrease of
the yields. With [C4mim][PF6] as the solvent, the reac-
tion carried out at 70 8C, because the melting point of
[C4mim][PF6] is 61 8C, afforded a complex mixture.
Then, the OsO4/[C2mim][BF4]/NMO system was suc-
cessfully used for other olefins.[82,83]

ð54Þ

A few months later, the teams of Afonso and Song re-
ported independently the asymmetric dihydroxylation
of olefins in ILs.[84,85] The asymmetric dihydroxylations
reported by Afonso et al. were carried out at room tem-
perature with K2OsO2(OH)4-L* [L*¼ (DHQD)2PHAL
or (DHQD)2PYR)] (Scheme 17) as the catalytic system
and K3Fe(CN)6 as the oxidant, in [C4mim][PF6]/H2O or
[C4mim][PF6]/H2O/t-BuOH mixtures containing K2CO3.
The most suitable procedure depended on the nature of
the substrate [Eqs. (55) and (56)]. Enantiomeric excess-
es up to 99% have been obtained from mono-, di-, and
trisubstituted olefins, and furthermore, more than 10
successive runs can be performed with the same IL/os-
mium/ligand without important decrease of the yield
and ee. A few examples mentioned in a footnote of
AfonsoHs original communication led us to suspect that
the use of OsO4 as the catalyst and NMO as the oxidant
could be less effective.[84] Subsequently, the same team
has also studied their K2OsO2(OH)4-L* catalytic sys-

Scheme 16. Complex formed from OsO4 and DMAP.
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tem, with K3Fe(CN)6 and NMO as the oxidants, in a va-
riety of ILs as co-solvents, namely [Cnmim][PF6] [n¼4,
8, 10, X¼BF4, PF6, OCOCF3, N(SO2CF3)2],
[C5O2mim][X] (X¼BF4, PF6) and [3guan][X] [X¼PF6,
N(SO2CF3)2]; impressive results were obtained in
[Cnmim][PF6] (n¼4 or 8) with both oxidants.[86] Recent-
ly, with the team of Nunes da Ponte who has studied dif-
ferent mixtures of ILs under high pressures of CO2,

[87]

Afonso et al. have shown the efficiency of the use of
scCO2 in the separation process, allowing a better recycl-
ability of the catalyst/IL system.[88]

As for SongHs team, it observed that the use of
OsO4 with (DHQ)2PHAL (Scheme 18) and NMO in

[C4mim][X]/Me2CO/H2O (X¼PF6, SbF6) mixtures was
efficient, but that the re-use of the recovered IL resulted
in a dramatic decrease in the yields. Better results were
obtained with a new bis-Cinchona alkaloid, (QNOH2)2

PHAL, generated in situ from (QN)2PHAL
(Scheme 18) during the reaction. Nevertheless, some
leaching of osmium led to a decrease of the catalytic ac-
tivity over successive reactions [Eq. (57)].[85] These
asymmetric dihydroxylation processes, in particular
the effect of the ligand structure on recyclability, have
subsequently been studied by Sheldon et al.[89]

ð57Þ

S. Zhang et al. have mono-quaternized SongHs ligand to
obtain (QNþ)(QN)PHAL (Scheme 18). The use of this
chiral ligand under SongHs experimental conditions, ex-
cept for the reaction temperature (0 8C instead of
20 8C), allowed a better reusability of the immobilized
catalytic system.[90]

As shown above [Eq. (54)], NMO is a much more ef-
fective oxidant than H2O2 for the Os-catalyzed dihy-
droxylation of olefins in ILs. However, NMO is much
more expensive than H2O2. Interestingly, BXckvallHs
team has been able, in a [C4mim][PF6]/Me2CO/H2O/
Et4NOAc mixture, to use H2O2 as the stoichiometric ox-
idant via a triple catalytic system, namely K2OsO4/NM/
flavin (NM¼N-methylmorpholine).[91] Flavin hydro-
peroxide generated from flavin and H2O2 transfers one
of its oxygen atoms to NM giving NMO, and the reduced
flavin derivative is recycled to the active hydroperoxide
via a reaction with H2O2.

[92] Avariety of olefins has been
oxidized, and five successive runs performed without
decrease of yields [Eq. (58)].

ð58ÞScheme 18. Quinine-derived ligands.

Scheme 17. Quinidine derived ligands.
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As H2O2-activating catalyst, BXckvallHs team has also
used VO(acac)2

[55,91] and MeReO3
[55] instead of flavin.

Although the preliminary results with VO(acac)2 were
disappointing from aliphatic olefins,[91] recent reported
experimental conditions were effective for the dihy-
droxylation of several different alkenes [Eq. (59)], and
also mediated the asymmetric oxidation of styrene in
the presence of a chiral ligand [Eq. (60)].[55] With
MeReO3, the dihydroxylation was, in some cases, more
efficient using citric acid as additive rather than tetra-
ethylammonium acetate [Eq. (61)]. With this latter addi-
tive, some substrates led, however, to the best yields in the
absence of NM. Compared to VO(acac)2, recycling ex-
periments were usually less productive with MeReO3.

[55]

ð59Þ

ð60Þ

ð61Þ

The mechanism of the dihydroxylation with the bimetal-
lic catalytic systems has been described as shown in

Scheme 19. The re-oxidation of the osmium catalyst
can be improved by catalytic amounts of NM. In this lat-
ter case, NM is oxidized to the corresponding N-oxide
(NMO), which would transfer an oxygen atom to osmi-
um.[55]

8.3 Wacker-Type Reaction

Varma et al. have studied the PdCl2-cat-
alyzed oxidation of styrene with aque-
ous H2O2 in [C4mim][X] (X¼BF4 or
PF6). The optimum reaction tempera-
ture was 60 8C and acetophenone was
the main product [Eq. (62)]. Benzalde-
hyde and benzoic acid can be formed
as by-products, and their amount in-
creased with the quantity of H2O2.

[93]

ð62Þ

The PdCl2-catalyzed oxidation of 1-hexene by mo-
lecular oxygen (60 to 180 bar) was conducted by Han

et al. at 60 8C in [C4mim][ PF6] in the pres-
ence of methanol and CuCl2. The main
products were 2- and 3-hexanones, and it
was observed that the selectivity towards
2-hexanone was increased up to ca. 95% us-
ing a mixture of supercritical CO2 and
[C4mim][PF6] instead of the pure IL. Ac-
cording to the authors, the change in the
properties of the catalytic system is the
main reason for the decrease of the conver-
sion with recycling.[94]

9 Benzylic Oxidation

A low conversion of toluene to benzaldehyde and ben-
zyl alcohol was obtained by Seddon et al. in ILs, at
80 8C under 10 atm oxygen, using Pd(OAc)2 or Co(ac-

Scheme 19. Catalytic cycle proposed by BXckvallHs team for
the dihydroxylation of alkenes with bimetallic catalytic sys-
tems.
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ac)2 as the catalyst. Ethylbenzene was more reactive, es-
pecially when perfluorohexane was added as a co-sol-
vent to concentrate the dissolved oxygen, the conver-
sion reaching up to 91% in [C6mmim][BF4] [Eq. (63)].[24]

ð63Þ

The team of Liu and Guo has used their above-described
catalytic system, Co(PF6)2/Py-NHPI [Eq. (41)], for
the aerobic oxidation of benzylic compounds in
[C4mim][PF6] [Eq. (64)].[59]

ð64Þ

The Co(OAc)2-catalyzed oxidation of the side chain of
aromatic hydrocarbons by oxygen in ILs/RCO2H mix-
tures has been reported in a Chinese patent, a mixture of
benzaldehyde and benzyl acetate being produced from
toluene at 115 – 120 8C with AcOH as the co-solvent.[95]

The Re-catalyzed oxidation of triphenylmethane with
H2O2 in a mixture of CHCl3 and [C4mim][PF6] affords
benzophenone.[34] This oxidative dearylation occurs
with slightly lower conversion and selectivity using the
heterogeneous Re catalysts depicted in Scheme 3 rather
than MeReO3, but, according to Saladino et al.,[96] only
the heterogeneous catalysts are reusable [Eq. (65)].

ð65Þ

Benzoic acid was the main compound from the RuCl3-
catalyzed oxidation of toluene with t-BuOOH in
[C4mim][PF6] [Eq. (66)].[23]

ð66Þ

Tetraline has been efficiently oxidized at room temper-
ature, by Xia et al., to mainly 1-tetralone using
PhI(OAc)2 as the oxidant, MnTFPPCl (Scheme 12) as
the catalyst, in a mixture of [C4mim][PF6] and CH2Cl2

[Eq. (67)].[97] Other manganese porphyrins, even with
an axial ligand, were less active catalysts.[64]

ð67Þ

10 Benzene Hydroxylation

Deng et al. have carried out the selective aqueous-IL bi-
phasic hydroxylation of benzene using H2O2 and metal
dodecanesulfonate salts of Fe(II), Fe(III), Co(II), Cu(II)
and Ni(II), in [Cnmim][X] (n¼4, 8, 10; X¼PF6, BF4).[98]

Only a stoichiometric amount of H2O2 was used and a
high selectivity of H2O2 for benzene conversion was ach-
ieved. The use of ferric tri(dodecanesulfonate) as the
catalyst in acidic H2O/[C8mim][PF6] led to the best result
with almost 100% selectivity for phenol, and allowed re-
cycling experiments with, however, some decrease in ef-
ficiency [Eq. (68)]. Only 1% conversion to mainly ben-
zaldehyde was reached with toluene as the substrate.
Surprisingly, with the addition of a 0.02 equivs. of ben-
zene to toluene, the conversion was enhanced to 3%
and some hydroxylation of the aromatic ring occurred.

ð68Þ
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11 Alkane Oxidation

The selective oxidation of a tertiary C�H bond of cis-
1,2-dimethylcyclohexane and adamantane with H2O2

in [C4mim][PF6] and [C2mim][N(SO2CF3)2], respective-
ly, has been reported by Saladino et al. using MeReO3

and the heterogeneous Re complexes depicted in
Scheme 3 as catalysts. For the adamantane oxidation,
the heterogeneous catalysts provided better results
than MeReO3 [Eq. (69)].[34]

ð69Þ

A report written in Chinese relates the RuCl3-catalyzed
oxidation of cyclohexane into mainly cyclohexanone
with t-BuOOH in [C4mim][PF6]. The conversion was im-
proved using CH2Cl2 as a co-solvent [Eq. (70)], and was
very low when H2O2 was the oxidant.[23]

ð70Þ

Xia et al. have studied the oxidation of cyclohexane, cy-
clooctane and adamantane with PhI(OAc)2 and a varie-
ty of manganese porphyrins (Scheme 12) in mixtures of
[C4mim][PF6] and organic solvents.[64,97] The beneficial
effect of imidazole or pyridine as an axial ligand of the
manganese porphyrins depended on the nature of the
substrate, the porphyrin and the co-solvent [Eqs. (71)
and (72)].

ð71Þ

ð72Þ

12 Conclusions

Intensive research over the last few years in the area of
catalyzed oxidations in ILs has resulted in the develop-
ment of a number of processes which, for some of
them, are more efficient than those carried out in organ-
ic solvents. It is important to note that the oxidation ef-
ficiency can be greatly dependent on the nature of the IL
and, furthermore, the IL can be a non-innocent solvent.
For some studies carried out using IL/organic solvent
mixtures, we suspect that the IL could be a phase-trans-
fer catalyst.

Most ILs are expensive and, often, their toxicity as
well as their stability remain to be determined. With re-
gards to economic and ecological concerns, of particular
interest are the methods allowing the recovery and the
re-use of both the catalyst and IL. Although significant
progress has been made, further work is necessary to im-
prove the recyclability of the catalyst/IL associations.
The use of ILs in organic synthesis is still in its infancy
and new ILs are emerging. Consequently, it is likely
that new and more efficient procedures will appear in
the near future.

13 Addendum

Ansari, Gree et al. have disclosed the Wacker oxidation
of a variety of terminal olefins using catalytic amounts
of PdCl2, a stoichiometric amount of CuCl in a
[C4mim][BF4]/H2O mixture at 60 8C under an oxygen at-
mosphere [Eq. (73)]. The expected ketones were usually
accompanied by low amounts of aldehydes. Interesting-
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ly, it was possible to recycle the IL and the catalytic sys-
tem up to eight times with onl a slight decrease in the
conversion [99]

ð73Þ

Conte et al. have carried out the vanadium(V)-cata-
lyzed oxybromination of styrene with H2O2 and KBr
in IL/H2O mixture [(Eq. (74)].[100] Subsequently, the
same team reported the molybdenum(VI)-catalyzed
oxybromination of phenylacetylene under similar ex-
perimental conditions [Eq. 75].[101]

ð74Þ

ð75Þ

Jakubiak et al. have observed that the selectivity of the
oxidation of hydroquinone to p-benzoquinone with
aqueous H2O2 and catalytic amounts of Cu(II) ions im-
mobilized on acrylic resins increased in the presence of
[C4mim][BF4] (yield up to 66%].[102]
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Thompson, Green Chem. 2005, 7, 326 – 332.

[49] J. Howarth, Tetrahedron Lett. 2000, 41, 6627 – 6629.
[50] R. Bernini, A. Coratti, G. Provenzano, G. Fabrizi, D.

Tofani, Tetrahedron 2005, 61, 1821 – 1825.
[51] R. Bernini, A. Coratti, G. Fabrizi, A. Goggiamani, Tet-

rahedron Lett. 2003, 44, 8991 – 8994.
[52] R. Bernini, A. Coratti, G. Fabrizi, A. Goggiamani, Tet-

rahedron Lett. 2005, 46, 6169 – 6170.
[53] In this debate between the teams of Bernini[52] and Sal-

adino,[34] it is of interest to introduce two reports. Ac-
cording to Abu-Omar et al., MeReO3 and peroxorheni-

um species are insoluble in diethyl ether.[54] Neverthe-
less, a drop of activity has been observed by BXckvall
et al. for recycling experiments where MeReO3 was
used as the co-catalyst of the osmium-catalyzed dihy-
droxylation of alkenes by H2O2 in a [C4mim][PF6]/
Me2CO/H2O/Et4NOAc mixture, the extraction of the
organic compounds being carried out with diethyl
ether.[55]

[54] G. S. Owens, M. M. Abu-Omar, Chem. Commun. 2000,
1165 – 1166.

[55] M. Johansson, A. A. Lindén, J.-E. BXckvall, J. Organo-
met. Chem. 2005, 690, 3614 – 3619]

[56] S. P. Panchgalle, U. R. Kalkote, P. S. Niphadkar, P. N.
Joshi, S. P. Chavan, G. M. Chaphekar, Green Chem.
2004, 6, 308 – 309.

[57] V. Conte, B. Floris, P. Galloni, V. Mirruzzo, A. Scarso,
D. Sordi, G. Strukul, Green Chem. 2005, 7, 262 – 266.

[58] N. Jain, A. Kumar, S. M. S. Chauhan, Tetrahedron Lett.
2005, 46, 2599 – 2602.

[59] J.-R. Wang, L. Liu, Y.-F. Wang, Y. Zhang, W. Deng, Q.-
X. Guo, Tetrahedron Lett. 2005, 46, 4647 – 4651.

[60] C. E. Song, E. J. Roh, Chem. Commun. 2000, 837 – 838.
[61] L. Gaillon, F. Bedioui, Chem. Commun. 2001, 1458–

1459.
[62] K. Smith, S. Liu, G. A. El-Hiti, Catal. Lett. 2004, 98, 95 –

101.
[63] Z. Li, C.-G. Xia, Tetrahedron Lett. 2003, 44, 2069 – 2071.
[64] Z. Li, C.-G. Xia, J. Mol. Catal. A: Chem. 2004, 214, 95 –

101.
[65] Z. Li, C.-G. Xia, M. Ji, Appl. Catal. A: General 2003,

252, 17 – 21.
[66] C.-G. Xia, Z. Li, Z. W. Sun, M. Ji, Faming Zhuanli

Shenqing Gongkai Shuomingshu, A 20030625, 2003;
Chem. Abstr. 2005, 483306.

[67] K.-H. Tong, K.-Y. Wong, T. H. Chan, Org. Lett. 2003, 5,
3423 – 3425.

[68] K. A. Srinivas, A. Kumar, S. M. S. Chauhan, Chem.
Commun. 2002, 2456 – 2457.

[69] A. A. Valente, Z. Petrovski, L. C. Branco, C. A. M.
Afonso, M. Pillinger, A. D. Lopes, C. C. Romão, C. D.
Nunes, I. S. GonÅalves, J. Mol. Catal. A: Chem. 2004,
218, 5 – 11.

[70] F. E. KUhn, J. Zhao, M. Abrantes, W. Sun, C. A. M.
Afonso, L. C. Branco, I. S. GonÅalves, M. Pillinger,
C. C. Romão, Tetrahedron Lett. 2005, 46, 47 – 52.

[71] J. Dupont, J. Spencer, Angew. Chem. Int. Ed. 2004, 43,
5296 – 5297.

[72] a) W. A. Herrmann, R. W. Fischer, W. Scherer, M. U.
Rauch, Angew. Chem. Int. Ed. Engl. 1993, 32, 1157 –
1160; b) S. Yamazaki, J. H. Espenson, P. Huston, Inorg.
Chem. 1993, 32, 4683 – 4687.

[73] G. S. Owens, M. M. Abu-Omar, J. Mol. Catal. A: Chem.
2002, 187, 215 – 225.

[74] G. S. Owens, A. Durazo, M. M. Abu-Omar, Chem. Eur.
J. 2002, 8, 3053 – 3059.

[75] a) W. A. Herrmann, R. W. Fischer, D. W. Marz, Angew.
Chem. Int. Ed. Engl. 1991, 30, 1638 – 1641; b) A. K. Yu-
din, K. B. Sharpless, J. Am. Chem. Soc. 1997, 119,

REVIEW Jacques Muzart

294 asc.wiley-vch.de I 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2006, 348, 275 – 295



11536 – 11537; c) C. Chevrin, J. Le Bras, F. Hénin, J. Mu-
zart Synthesis 2005, 2615 – 2618.

[76] C. A. Thomas, E. K. Barefield, T. Belcher, C. L. Liotta,
C. A. Eckert, 224th ACS National Meeting, Boston, MA,
(USA), August 18 – 22, 2002; Chem. Abstr. 2002, 617109.

[77] K. Yamaguchi, C. Yoshida, S. Uchida, N. Mizuno, J.
Am. Chem. Soc. 2005, 127, 530 – 531.

[78] Y. Peng, Y. Cai, G. Song, J. Chen, Synlett 2005, 2147 –
2150.

[79] a) V. Van Rheenen, R. C. Kelly, D. Y. Cha, Tetrahedron
Lett. 1976, 1973 – 1976; b) M. Schrçder, Chem. Rev.
1980, 80, 187 – 213.

[80] H. C. Kolb, M. S. van Nieuwenhze, K. B. Sharpless,
Chem. Rev. 1994, 94, 2483- 2547.

[81] Q. Yao, Org. Lett. 2002, 4, 2197 – 2199.
[82] R. Yanada, Y. Takemoto, Tetrahedron Lett. 2002, 43,

6849 – 6851.
[83] Y. Takemoto, R. Yanada, (Wako Pure Chemical Indus-

tries), PCT Int. Appl. WO 2003-JP824 20030129, 2004;
Chem. Abstr. 2004, 101108.

[84] L. C. Branco, C. A. M. Afonso, Chem. Commun. 2002,
3036 – 3037.

[85] C. E. Song, D. Jung, E. J. Roh, S. Lee, D. Y. Chi, Chem.
Commun. 2002, 3038 – 3039.

[86] L. C. Branco, C. A. M. Afonso, J. Org. Chem. 2004, 69,
4381 – 4389.

[87] a) V. Najdanovic-Visak, A. Serbanovic, J. M. S. S. Es-
peranÅa, H. J. R. Guedes, L. P. N. Rebelo, M. Nunes
da Ponte, M. ChemPhysChem. 2003, 4, 520 – 522; b) V.
Najdanovic-Visak, L. P. N. Rebelo, M. Nunes da Ponte,
M. Green Chem. 2005, 7, 443 – 450.

[88] a) L. C. Branco, A. Serbanovic, M. Nunes da Ponte,
C. A. M. Afonso, Chem. Commun. 2005, 107 – 109;
b) A. Serbanovic, L. C. Branco, M. Nunes da Ponte,

C. A. M. Afonso, J. Organomet. Chem. 2005, 690,
3600 – 3608.

[89] Q. Liu, Z. Zhang, F. van Rantwijk, R. A. Sheldon, J.
Mol. Catal. A: Chem. 2004, 224, 213 – 216.

[90] R. Jiang, Y. Kuang, X. Sun, S. Zhang, Tetrahedron:
Asymmetry 2004, 15, 743 – 746.

[91] A. Closson, M. Johansson, J.-E. BXckvall, Chem. Com-
mun. 2004, 1494 – 1495.

[92] a) K. Bergstad, S. Y. Jonsson, J.-E. BXckvall, J. Am.
Chem. Soc. 1999, 121, 10424 – 10425; b) S. Y. Jonsson,
K. FXrnegardth, J.-E. BXckvall, J. Am. Chem. Soc.
2001, 123, 1365 – 1371.

[93] V. V. Namboodiri, R. S. Varma, E. Sahle-Demessie,
U. R. Pillai, Green Chem. 2002, 4, 170 – 173.

[94] Z. Hou, B. Han, L. Gao, T. Jiang, Z. Liu, Y. Chang, X.
Zhang, J. He, New J. Chem. 2002, 26, 1246 – 1248.

[95] J. Tang, F. Yang, H. Zhu, Faming Zhuanli Shenqing
Gongkai Shuomingshu A 20040915; Chem. Abstr.
2005, 482789.

[96] For the recyclability of rhenium catalysts and their sol-
ubility in diethyl ether, see ref.[53]

[97] Z. Li, C.-G. Xia, C.-Z. Xu, Tetrahedron Lett. 2003, 44,
9229 – 9232.

[98] J. Peng, F. Shi, Y. Gu, Y. Deng, Green Chem. 2003, 5,
224 – 226.

[99] I. A. Ansari, S. Joyasawal, M. K. Gupta, J. S. Yadav, R.
Gree, Tetrahedron Lett. 2005, 46, 7507 – 7510.

[100] V. Conte, B. Floris, P. Galloni, A. Silvagni, Pure Appl.
Chem. 2005, 77, 1575 – 1581.

[101] V. Conte, B. Floris, P. Galloni, A. Silvagni, Adv. Synth.
Catal. 2005, 347, 1341 – 1344.

[102] A. Jakubiak, I. A. Owsik, B. N. Kolarz, React. Funct.
Polym. 2005, 65, 161 – 167.

Ionic Liquids as Solvents for Catalyzed Oxidations of Organic Compounds REVIEW

Adv. Synth. Catal. 2006, 348, 275 – 295 I 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 295


