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a b s t r a c t

A green strategy has been explored for olefin epoxidation which combines renewable solvents (derived
from glycerol), aqueous hydrogen peroxide, and catalyst recycling (a seleninic acid derivative). The use
of fluorinated glycerol derivatives allows good catalytic activity in the epoxidation of cyclooctene and
cyclohexene with aqueous hydrogen peroxide, preventing epoxide hydrolysis to a great extent, which
vailable online 5 November 2010

eywords:
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is particularly remarkable in the case of cyclohexene. Furthermore, recycling of the catalytically active
phase is possible through distillation of the cyclohexene oxide from the reaction mixture, which can be
subsequently recharged with fresh oxidant and substrate.

© 2010 Elsevier B.V. All rights reserved.
atalyst recycling
reen solvents

. Introduction

Olefin epoxidation is a key transformation in organic synthesis
oth on a laboratory and on industrial scale, due to the interest
f epoxides in the production of chemicals and fine chemicals [1].
he use of hydrogen peroxide for selective epoxidations is highly
esirable because it is cheap, the active oxygen content is high, and

t is clean, since the only by-product formed is water [2]. Many
atalytic systems based on different metals have been reported for
he epoxidation of a wide range of alkenes using hydrogen peroxide
3–5].

Peroxyseleninic acids were first used as stoichiometric oxidants

6], but following the discovery by Umbreit and Sharpless [7] that
ert-butyl hydroperoxide can be used in conjunction with catalytic
mounts of those selenium derivatives, the method gained inter-
st [8]. Further improvements came with the use of hydrogen
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381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.10.027
peroxide instead of tert-butyl hydroperoxide as the oxidant and
the heterogenisation [9,10] and functionalisation of the aromatic
ring of the selenium catalyst with the electron withdrawing nitro-
substituents [11–13].

Applications of selenium reagents in organic chemistry have
developed rapidly over the past years, and comprehensive reviews
on this area have appeared [14–20]. Moreover diselenides can be
easily oxidized in situ by hydrogen peroxide to seleninic acid or
peroxyseleninic acid, which are in some cases excellent catalysts
in the oxidation of organic compounds [21–24], as, for instance,
epoxidation reaction of alkenes [25], Baeyer–Villiger reaction [26],
oxidation of carbonyl compounds [27], dehydrogenation of car-
bonyl compounds [28,29], oxidation of secondary amines [30,31],
oxidation of imines [32], or selenenylations or halogenations [33].

But there are other many applications for selenium, for instance
organoselenium ligands have been used for metal-catalyzed pro-
cesses [34], it has been recently included in polyoxometalates to
generate a new active catalyst for the epoxidation of olefins [35],
or some selenium derivatives have potential as efficient mimetics

for selenoenzymes [36].

The efficiency of any catalytic reaction can be further improved
by catalyst recycling, which is usually accomplished by using solid
heterogeneous catalysts. However, the use of classical heteroge-
neous catalysts (for instance, those based on titanium) together

dx.doi.org/10.1016/j.molcata.2010.10.027
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:mayoral@unizar.es
mailto:jig@unizar.es
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The general procedure to the epoxidation of alkenes was carried
out at 25 ◦C, using the following conditions: 0.8–1.0 mol% of bis[3,5-
bis(trifluoro-methyl)diphenyl] diselenide was dissolved in 2 mL of
solvent. Next, the hydrogen peroxide (50%) was added. When the
solution became colourless, 2 mmol of ethylene glycol dimethyl
Scheme 1. Glycerol derivatives solvents used to carry out

ith aqueous hydrogen peroxide often results in extensive epoxide
ydrolysis, and many efforts have been devoted to the synthe-
is of heterogeneous solid catalysts with hydrophobic properties
37–42]. More recently, the use of polyoxometalates and analogous
ystems has emerged as an interesting alternative [3,43].

Another alternative would be the use of homogeneous cata-
ysts in a specially designed liquid phase which should be tuned
n such a way that easy separation of reagents and products from
he catalyst-containing phase should become more straightforward
44]. The catalytically active phase could thus be reused for more
eaction cycles. Very often, recovery is accomplished by extraction
ith an immiscible solvent [45]. Another attractive way is to distil

ut reagents and products from that liquid phase which contains
he catalyst. This strategy has been described for other reactions in
he case of ionic liquids [46], but to the best of our knowledge it has
ot been applied to oxidation reactions yet.

We have recently described the synthesis and characterization
f a family of glycerol-derived solvents [47]. These solvents present
ome new and attractive advantages, as there are made from a
enewable source, they are (presumably) low toxic, exhibit a low
olatility, and possess tuneable physico-chemical properties. We
ave previously described the use of some of these glycerol-derived
olvents in the homogeneously catalyzed epoxidation reaction of
yclooctene, using aqueous hydrogen peroxide as oxidant and
is[3,5-bis(trifluoro-methyl)diphenyl] diselenide as catalyst pre-
ursor [48].

Although classically this catalytic system had been dominated
y the use of dichloromethane (DCM) and 2,2,2-trifluoroethanol
TFE) as solvents [25,26], it was found that some of the glycerol-
erived solvents are as good as TFE in some cases and often better
han DCM. The best glycerol-based solvents in that study were
hose containing short fluorinated chains (see Scheme 1). The ben-
ficial effect of trifluoroethanol as a solvent – besides being a polar,
on-coordinating, non-basic and stable solvent – has been ascribed
o its activating properties towards HOOH. Hydrogen peroxide
ecomes a better nucleophile through exceptional H-bond ability
f TFE [49–52]. It can be assumed that this effect can also partially
ake place for some of our fluorinated glycerol-based solvents.

In this paper we explore the possibility of combining the
dvantages of using hydrogen peroxide, an homogeneous cat-
lyst (namely an arylseleninic acid) [21,28,53,54], and solvents
rom renewable sources (glycerol-derived solvents), with tailored
roperties, to extend the range of applicability of these catalytic
ystems to the epoxidation of a more challenging substrate, such
s cyclohexene, as well as to have a proof-of-principle for recyclable
atalytic liquid phases with our innovative solvents (Scheme 2).

. Experimental
.1. Materials and equipment

.1.1. Materials
Cyclohexene (99%, Sigma–Aldrich 29240), cyclooctene, (90%,

luka 29650), 1,2-dimethoxyehane (99,5%, Sigma–Aldrich 259527),
oxidation, they have been fully described previously [47].

manganese dioxide (Sigma M3138), sodium sulfate (Scharlau
SO0664) and hydrogen peroxide (Scharlab HI0139) are commer-
cially available. Common solvents such as 2,2,2-trifluoroethanol
(99%, ABCR AB102852), dichloromethane (99.9% Scharlau CL0348)
and n-butanol (99.4%, Sigma–Aldrich 360465), are also commer-
cially available.

Glycerol-based solvents were obtained by ring opening of either
the appropriate glycidol ether (non-symmetric glycerol based sol-
vents) or epichlorohydrin (symmetric glycerol-based solvents)
with corresponding alkoxide in alcoholic media, as previously
described [47], and were purified by vacuum distillation.

The catalyst bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide
was obtained as described in the literature [55].

2.1.2. Equipment
Reactions were followed by gas chromatography in an Agi-

lent 6890 apparatus equipped with an automatic injector and a
FID detector. Two different experimental conditions, shown in
Supplementary material, were necessary to use to analyze both
olefins. Olefin conversion and olefin oxide yield were determined
by area integration of gas chromatography peaks, following cali-
bration equations carried out with ethylene glycol dimethyl ether
(glyme) as an internal standard.

2.2. Oxidation reactions
Scheme 2. Catalytic cycle proposed in the literature to explain the epoxidation
cyclooctene and cyclohexene with arylseleninic acid–hydrogen peroxide [21,25].
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Table 1
Cyclooctene epoxidation results in different solvents.

Solvent EN
T

ˇ TOF0 (h−1)a Conv. (%)b (20 min) Conv. (%)b (120 min) Select. (%)c

TFE 0.898 0.000 491 99 100 97
TFEd – 1 26 91
DCM 0.309 0.000 153 54 93 93
n-BuOH 0.586 0.880 100 18 59 93
3F03F 0.701 0.700 155 61 >99 99
3F03Fd – 1 4 –
5F05F 0.699 0.700 214 65 >99 93
5F05Fd – 1 1 –
3F13F 0.553 0.500 130 48 88 88
3F13Fd – 0 3 –
404 0.450 0.600 46 16 52 90
404d – 0 2 –

Conditions: 0.5 mol% bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide, 2 mmol of cyclooctene, 4 mmol 50% H2O2, 2 mL solvent, 25 ◦C, 2 h.
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a TOF0 (h−1), initial rate in mmol product mmol catalyst−1 h−1.
b GC-conversion, mmol olefin converted mmol olefin−1.
c Selectivity, mmol epoxide mmol converted olefin−1.
d Blank test without catalyst, 2 mmol of cyclooctene, 4 mmol 50% H2O2, 2 mL solv

ther was added (internal standard) followed by 4 mmol of each
lefin. Reactions were followed by taking samples at regular times.
hose samples were dissolved in ethyl acetate; some manganese
ioxide was added to quench the excess of hydrogen peroxide in
he sample. Samples were dried over sodium sulfate and analyzed
y GC.

.3. Recycling experiments

After certain reaction times (see Tables 1 and 4) the epoxidation
roduct was distilled off during 1–2 h at 50 ◦C and 10 mbar. Then
ore hydrogen peroxide was added to the remained distillation
ixture (solvent and catalyst). After a few minutes more olefin was

dded. Reactions were followed by GC as was previously described.

.4. Safety concerning

The distillation of systems containing H2O2 or other peroxo-
pecies can be dangerous since it can form exploding compounds.
oreover, severe safety measures should be taken when the dis-

illation implies high temperatures, large volumes of peroxides or
olvents with low flash point.

.5. Stability of solvents

In no case reaction by-products coming from solvent oxida-
ion in the reaction conditions were found. Furthermore, neither
eroxide compounds nor by-products from decomposition were
bserved when solvents were put under 50 bar O2 (8%) at 100 ◦C
or 4 h. These results indicate the remarkable stability of the sol-
ents employed under oxidation conditions, even though most of
hem being secondary alcohols.

. Results and discussion

In the preliminary studies of the epoxidation of cyclooctene
sing diselenide 1 as precatalyst and H2O2 as oxidant in
ifferent reaction media, solvent property effects were inves-
igated through QSPR equations relating solvent polarity and
ydrophobicity parameters with catalytic activity [48]. Fol-

owing the conclusions of this study we have chosen three

ommon organic solvents and three glycerol derivatives as
epresentative sample of solvents among those in which
he catalytic reaction takes place. The set of solvents used
s the following: from the common organic solvents 2,2,2-
rifluoroethanol (TFE), dichloromethane (DCM) and n-butanol
7 ◦C, 2 h [25].

(n-BuOH), from the glycerol-derived solvents 1,3-di-n-butoxy-2-
propanol (404), 1,3-bis(2,2,2-trifluoroethoxy)-2-propanol (3F03F),
1,3-bis(2,2,3,3,3-pentafluoro-n-prop-oxy)-2-propanol (5F05F) and
2-methoxy-1,3-bis(2,2,2-trifluoroethoxy)propane (3F13F).

Initial turnover frequencies (TOF0) and total alkene conversions
at different reaction times have been determined for each reaction
carried out in the corresponding solvent.

3.1. Epoxidation of cyclooctene

Epoxidation of cyclooctene was carried out using the seven
above-mentioned solvents. Good conversions and selectivities
were obtained with most solvents tested (Table 1). In no case reac-
tion other by-products than cyclooctan-1,2-diol were observed. It
can be seen that there is a direct relation between polarity of the
solvent and the reaction kinetics of the epoxidation reaction. Using
data in Table 1, the following regression equation can be estab-
lished:

TOF0 = 591.6 · EN
T − 263.3 · ˇ − 43.2,

N = 7; R2 = 0.970; s = 30.3 (1)

In line with our previous QSPR results [48], the hydrogen bond
ability of the solvent is the main feature influencing the catalytic
activity. Best solvents have to possess good hydrogen bond donor
(high EN

T ) and reduced hydrogen bond acceptor (low ˇ) abili-
ties. These results agree with the activation of hydrogen peroxide
by multiple hydrogen-bond networks, demonstrated by Berkessel
et al. in a series of elegant experimental and computational works
[50,51,56].

The two best-performing catalyst-containing phases, namely
those with TFE and 3F03F as solvents, were recharged with fresh
hydrogen peroxide and cyclooctene, without any further reaction
treatment, in order to continue the reaction. The catalyst remained
fully active and the reaction could take place for up to eleven
recharges without loss of activity (Fig. 1).

Table 2 summarizes the accumulated turnover numbers (TON)
after each recharging cycle. As can be seen, the catalytic activity is
maintained throughout the recharging steps and the TON increase
is almost constant for both solvents. Epoxidation of cyclooctene in
3F03F is somewhat slower than that in TFE (see TOF0 in Table 1),

so whereas almost total cyclooctene conversion is achieved after
2 h of reaction time in TFE, some unreacted cyclooctene remains in
the reaction medium after each step (Fig. 1b). In all cases there was
full selectivity towards cyclooctene oxide as the sole product. These
results point to the stability of the catalytic system in the reaction
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Fig. 1. Recharging fresh reagents in the epoxidation of cyclooctene with hydrogen peroxid
methyl)diphenyl] diselenide, 2 mmol of cyclooctene, 4 mmol 50% H2O2, 2 mL solvent, 2
cyclooctene were added to run the next step. It was not carried out any distillation betwe

Table 2
Total turnover number (TON) after each cycle of oxidant (hydrogen peroxide) and
olefin (cyclooctene) recharging.

TFE 3F03F

Step TONa Step TONa

1 121 1 118
2 242 2 230
3 360 3 352
4 484 4 471
. . . . . .
11 1494 11 1296
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Water miscibility seemed to be the key point controlling the reac-
tion course. A low miscibility of water with the solvent slows the
reaction by reducing the concentration of water in the active phase.
Water miscibility depends on both hydrogen bond donor (HBD)
ability and lipophilicity of the solvent. In this regard, it is worth
onditions: 0.5 mol% bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide, 2 mmol of
yclooctene, 4 mmol 50% H2O2, 2 mL solvent, 25 ◦C, 2 h. After each cycle, 4 mmol
0% H2O2 and 2 mmol of cyclooctene were subsequently added.
a Total turnover number, mmol epoxide mmol catalyst−1.

onditions, which opens the possibility of recovery and recycling
f the catalytically active phase.

As the boiling point of TFE (79 ◦C) is lower than that of
yclooctene oxide (189 ◦C), the direct distillation of the product
rom the reaction medium is impossible, which prevents the option
f recovery of the catalytic solution. On the other hand, when
F03F (197 ◦C) is used as solvent in this reaction the distillation
f the cyclooctene oxide from the reaction should in principle be
ossible.

After the distillation of the epoxide, by high vacuum at low tem-
erature, it turned out that the catalyst was slightly deactivated
Table 3); moreover the total separation of cyclooctene oxide from
F03F was impossible by fractional distillation, and some solvent
30–40%) was lost after each recovery cycle. This drawback could,

n principle, be overcome by using a higher boiling point solvent.
owever, neither 5F05F (b.p. 204 ◦C) nor 7F07F (b.p. 206 ◦C) seem to
ave differences with regard to 3F03F big enough to justify the use
f these much more expensive solvents (due to the scarce avail-

able 3
ecycling of the catalyst-containing phase by direct distilling of the cyclooctene
xide from the reaction medium, in the case of 3F03F.

Solvent Cycle TOF0 (h−1)a Yield (%)b,c

3F03F 1 160 82
2 90 85

onditions: 0.5 mol% bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide, 2 mmol of
yclooctene, 4 mmol 50% H2O2, 2 mL solvent, 25 ◦C, 2 h. After the first cycle,
yclooctene oxide was removed by high vacuum distillation and 4 mmol 50% H2O2

nd 2 mmol of cyclooctene were added to run the second cycle.
a TOF0 (h−1), initial rate in mmol product mmol catalyst−1 h−1.
b CG-yield of epoxide, mmol cyclooctene oxide mmol cyclooctene−1.
c Pure cyclooctene oxide obtained, but it was contaminated with traces of solvent

3F03F) upon distillation.
e using TFE (a) and 3F03F (b) as solvents. Conditions: 0.5 mol% bis[3,5-bis(trifluoro-
5 ◦C. After 2 h, when the reaction is completed, 4 mmol 50% H2O2 and 2 mmol of
en steps.

ability of the corresponding starting fluorinated alcohols) in the
recycling experiments.

Therefore it seemed logical to explore this strategy using a
more volatile epoxide which should solve the fractional distillation
issue. To test this hypothesis we chose cyclohexene for the recy-
cling experiments. Furthermore cyclohexene is far more sensitive
to hydrolysis than cyclooctene, and hence this substrate constitutes
a more valuable test regarding catalyst application scope.

3.2. Epoxidation of cyclohexene

Epoxidation of cyclohexene was carried out using six of the
seven solvents employed in the cyclooctene epoxidation experi-
ments. Solvent 5F05F was excluded because it has almost the same
physico-chemical properties as 3F03F, cyclooctene epoxidation is
almost as effective in 3F03F as in 5F05F, and 2,2,3,3,3-pentafluoro-
1-propanol is much more expensive than TFE. Although good
conversions and selectivities were obtained in relatively short reac-
tion times, after some time the epoxide started to decompose
slowly and the selectivity of the reaction decreased (Table 4).

Fig. 2 shows the evolution of epoxide yield with time in each
solvent tested, without sodium acetate added, where the cyclo-
hexene oxide is not totally stable and it decomposed by hydrolysis.
0
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Fig. 2. Decay of cyclohexene oxide yield in time, due to hydrolysis in different sol-
vents. The use of sodium acetate (0.5 mol%) could solve that problem. Conditions:
0.5 mol% bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide, 2 mmol of cyclohexene,
4 mmol 50% H2O2, 2 mL solvent, 25 ◦C, 4 h.
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Table 4
Cyclohexene epoxidation results in different solvents.

Solvent EN
T

ˇ TOF0 (h−1)a Conv. (%)b (20 min) Select. (%)c,d (20 min) Conv. (%)b (120 min) Select. (%)c,d (120 min)

TFE 0.898 0.000 398 100 89 100 16
DCM 0.309 0.000 133 39 88 80 75
n-BuOH 0.586 0.880 44 11 95 59 35
3F03F 0.701 0.700 183 46 86 96 73
3F13F 0.553 0.500 98 22 70 66 8
404 0.450 0.600 10 11 69 38 70
TFEe 0.898 0.000 240 – – 100 98
3F03Fe 0.701 0.700 84 – – 95 97

Conditions: 0.5 mol%bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide, 2 mmol of cyclohexene, 4 mmol 50% H2O2, 2 mL solvent, 25 ◦C, 2 h.
a TOF0 (h−1), initial rate in mmol product mmol catalyst−1 h−1.
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Table 6
Cyclohexene epoxidation in 3F03F, using different oxidant/olefin ratios.

Cyclohexene
(mmol)

H2O2/olefin
ratio

TOF0 (h−1)a Conv. (%)b Yield (%)c

4.53 1.9 235 96 45
4.65 1.4 230 92 57
4.45 0.9 200 79 71
4.43 0.5 130 54 90

Conditions: 0.5 mol% bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide, the indi-
cated mmol of cyclohexene, 2 mL solvent, 25 ◦C, 2 h.

a TOF0 (h−1), initial rate in mmol product mmol catalyst−1 h−1.
b −1

amount of cyclohexan-1,2-diol was observed, although cyclohex-
ene oxide could be easily isolated in pure form by distillation.

Table 7
b GC-conversion of olefine, mmol cyclohexene converted mmol cyclohexene−1.
c Selectivity, mmol cyclohexene oxide mmol cyclohexene−1.
d Cyclohexan-1,2-diol was the only by-product.
e 0.5 mol%of sodium acetate was added.

oting that 3F03F gathers both a high HBD ability and immisci-
ility with water, which results in high conversions, but also high
poxide stability towards hydrolysis. This unusual combination of
hysico-chemical properties has also recently been reported for
ther fluorinated derivatives of glycerol [47], and it allows the
evelopment of special applications in catalytic systems, unreach-
ble for common organic solvents. One of these applications has
een recently reported by our group [55].

The reaction was also carried out in the presence of traces of
odium acetate (0.5 mol%) to control the pH of the reaction medium
nd to minimize the hydrolysis suffered by the epoxide [25–27],
hich can be observed in entries 7 and 8 of Table 4. Although

he reaction is initially slower in these conditions (as indicated
y the TOF0 values), in both cases almost total conversion is also
eached after 120 min reaction time, and product hydrolysis is
otally avoided.

Similar to the case of cyclooctene, it was not possible to distil
irectly the oxide product from the reaction media when 2,2,2-
rifluoroethanol was used, because the boiling point of TFE (79 ◦C)
s lower than that of cyclohexene oxide (129 ◦C). However, when
F03F (197 ◦C) was used as solvent, the fractional distillation of
he cyclohexene oxide from the reaction was possible (recovering
a. 80% of the produced epoxide) with no loss of solvent after each
istillation. Unfortunately, we found that after every separation the
poxide from the catalytically active phase, by a low temperature
istillation, the catalyst was progressively deactivated (Table 5).

We observed during low temperature vacuum distillation that
he remaining hydrogen peroxide was deteriorating the catalyst.
his deactivation is not merely due to the presence of an excess
f hydrogen peroxide, since recharging experiments had already

emonstrated catalyst stability under reaction conditions, and

ndependent experiments showed that it is necessary to heat the
atalyst solution at 80 ◦C for three or more hours in the presence
f hydrogen peroxide to induce phase deactivation. To avoid the
eactivation during recovery processes, the reaction was carried

able 5
ecycling of the catalyst-containing phase by direct distilling of the cyclohexene
xide from the reaction medium, in the case of 3F03F.

Solvent Cycle TOF0 (h−1)a Yield (%)b Isolated (%)c

3F03F 1 95 73 78
2 20 20 80
3 14 8 85

onditions: 0.5 mol% bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide, 2 mmol of
yclohexene, 4 mmol 50% H2O2, 2 mL solvent, 25 ◦C, 2 h. After the first cycle, 4 mmol
0% H2O2 and 2 mmol of cyclooctene were added.
a TOF0 (h−1), initial rate in mmol product mmol catalyst−1 h−1.
b GC-yield of epoxide, mmol cyclohexene oxide mmol cyclohexene−1.
c Pure cyclohexene oxide obtained, mmol cyclohexene oxide isolated mmol cyclo-

exene oxide−1.
GC-conversion of olefine, mmol cyclohexene converted mmol cyclohexene .
c GC-yield over the theoretical maximum of cyclohexene oxide, based on the

quantity of oxidant, mmol cyclohexene oxide mmol oxidant−1.

out with a sub-stoichiometric amount of oxidant. Although this
obviously results in lower and slower olefin conversion (Table 6),
the stability of catalyst and product is higher under distillation
conditions, which allows catalyst and solvent recovery by direct
distillation of the cyclohexene oxide and the unreacted cyclohex-
ene.

By working at low cyclohexene conversions, three catalytic
cycles were carried out, see Table 7, complete recovery of the cat-
alytic medium (catalyst and the glycerol-derived solvent, 3F03F)
was possible (see Fig. 3) and only in the third catalytic cycle a small
Catalyst reuse in epoxidation of cyclohexene using hydrogen peroxide in water as
oxidant and 3F03F as solvent.

Cycle Time (min) TOF0 (h−1)a Yield (%)b TONc Diol (%)d

1 5 28 14 0
10 129 48 25 0

120 >99 54 0
Distillation of the product and recharging of fresh reagents for the second cycle
2 5 31 84 0

10 88 52 91 0
120 >99 110 0

Distillation of the product and recharging of fresh reagents for the second cycle
3 5 26 135 4

10 121 44 145 4
120 76 155 15

Conditions: 0.5 mol% bis[3,5-bis(trifluoro-methyl)diphenyl] diselenide, 4 mmol of
cyclohexene, 2 mmol 50% H2O2, 2 mL solvent, 25 ◦C.

a TOF0 (h−1), initial rate in mmol product mmol catalyst−1 h−1.
b GC-yield over the theoretical maximum of cyclohexene oxide, mmol cyclohex-

ene oxide mmol oxidant.
c Total turnover number mmol epoxide mmol catalyst−1.
d Cyclohexan-1,2-diol was the only by-product observed.
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Fig. 3. Recovering of the catalysts by distillation of the product in the epoxidation of
cyclohexene with hydrogen peroxide using 3F03F as solvent. Conditions: 0.5 mol%
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[52] S.P. de Visser, J. Kaneti, R. Neumann, S. Shaik, J. Org. Chem. 68 (2003) 2903–2912.
[53] L. Syper, J. Mlochowski, Synthesis (1984) 747–751.
[54] L. Syper, J. Mlochowski, Tetrahedron 43 (1987) 207–213.
[55] L. Aldea, J.M. Fraile, H. García-Marín, J.I. García, C. Herrerías, J.A. Mayoral, I.

Pérez, Green Chem. 12 (2010) 435–440.
[56] A. Berkessel, J.A. Adrio, Adv. Synth. Catal. 346 (2004) 275–280.
is[3,5-bis(trifluoro-methyl)diphenyl] diselenide, 4 mmol of cyclohexene, 2 mmol
0% H2O2, 2 mL solvent, 25 ◦C. After 2 h, when the reaction is completed, cyclohexene
xide was removed by distillation and 2 mmol 50% H2O2 and 4 mmol of cyclooctene
ere added to run the next cycle.

. Conclusions

An efficient strategy for olefin epoxidation, combining renew-
ble solvents (derived from glycerol), a green oxidant (aqueous
ydrogen peroxide), and catalyst recycling (an arylseleninic acid)
as been explored. The use of fluorinated glycerol derivatives
llows good catalytic activity in the epoxidation of cyclooctene and
yclohexene with aqueous hydrogen peroxide, preventing epoxide
ydrolysis, which is particularly remarkable in the case of cyclo-
exene. Results were in some cases comparable to using standard
rganic solvents and even better in most cases.

Catalyst stability tests show that the catalytic medium (sol-
ent + seleninic acid derivative) can be repeatedly recharged with
eactants without loss of catalytic activity and selectivity. Opti-
ization of the reaction conditions results in the preparation of
recoverable catalyst-containing phase allowing direct distillation
f the epoxide product (cyclohexene oxide), with further recycling
nd reuse of the solvent and the catalyst. This recovery strategy
ould, in principle, be extrapolated to other catalytic transforma-
ions carried out in these kinds of green solvents.
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