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ABSTRACT: Deoxydehydration (DODH) reaction of glycerol (GL) and 1,2-
propanediol (1,2-PD), in ionic liquids (ILs), catalyzed by methyltrioxorhenium
(MTO) and Re2O7, was studied in detail. To better understand the ability of ILs to
improve the catalytic performance of the rhenium catalyst, several experiments,
employing eight different cations and two different anions, were carried out. Among
the anions, bis(trifluoromethylsulfonyl)imide (TFSI) appears to be more
appropriate than PF6

−, for its relatively lower volatility of the resulting IL.
Regarding the choice of the most appropriate cation, the presence of a single
aromatic ring seems to be a necessary requirement for a satisfying and convenient
reactivity. With the aim to extend the recyclability of the catalyst, experiments
involving the readdition of polyol to the terminal reaction mixture were carried out.
Worthy of interest is the fact that the presence of the IL prevents the inertization
process of the catalyst, allowing us to obtain the alkene also after a readdition of
fresh polyol.

1. INTRODUCTION
Biomass, especially which is available as a byproduct, could be
used in the future both as renewable chemicals and as an
alternative clean energy source.1 However, biomass-derived
resources are relatively oxygen-rich, at least compared with the
traditional fossil resources. This drawback can be remedied by
saving the carbon skeleton of the bioresource and concurrently
reducing the oxygen content.2

Among the available biomass, glycerol (GL) is probably the
most representative polyol and the simplest one to employ in
obtaining light intermediates with low oxygen content.3 By
decreasing the number of oxygens in the GL molecule,
different monomers could be obtained: from the simply
dehydrated molecules such as acrolein4 and hydroxyacetone5

passing to the deoxygenated propanediols6 or the deoxydehy-
drated allyl alcohol (AA)7 and up to the fully deoxygenated
propene8 and propane.9

In the same trend of many recent studies,10−13 also our
group undertook a program focused on the study of the
deoxydehydration (DODH) reaction of both GL7,14 and 1,2-
propanediol (1,2-PD),8 trying to understand some mechanistic
aspects also, using several rhenium catalysts. For example,
when methyltrioxorhenium (MTO) is the employed catalyst, a
methane release always occurs at the beginning of the reaction,
with the concomitant formation of some solvent-assisted
rhenium oxo-species. As also observed by Abu-Omar,15 only
after a certain delay time, possibly necessary to produce the
catalytically active species, AA starts to be formed.

Regarding the current state of the art of the DODH, we
believe that it is still too early to consider any application to
produce olefins at the industrial scale, and so, further
improvements are necessary to obtain greener and more
sustainable protocols. For example, it is unfeasible to use
rhenium derivatives at relatively high concentrations (1−5 M
%),16 at least before a highly efficient catalyst recycling system
is available. A viable way could be to replace rhenium with
other metals such as vanadium17−19 and molybdenum,20,21

even if the experimental conditions of these catalytic systems
are still too harsh. Furthermore, considering the rhenium-
catalyzed DODHs, the nature of the solvent, together with the
choice of the reductant and the lowering of the metal catalyst
amount, represents major hurdles to keep in mind.

Several successful DODH reactions developed in the past
were conducted in aromatic solvents22−25 and in the presence
of reductants such as phosphines,10,26 molecular H2,

22,27

sulfite,28 or alcohols, better if secondary.13−15 From the
sustainability point of view, the use of aromatic solvents is
not indicated, and phosphines are not considered green
reagents, at least when used in stoichiometric amounts, while
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H2, unfortunately, is not particularly efficient as a reductant
(often requiring high pressures) and sulfites produce big
amounts of sulfate salt. A good choice could be to use the
sugar alcohol itself as both the solvent and reductant, at least
when it possesses a melting point which is lower than the
DODH working temperature (such as GL14). This choice, in
our opinion, could represent a good compromise in terms of
efficiency, sustainability, and costs.

However, in all the examples reported above, the
recyclability of metal catalysts is not always satisfactory, and
further in-depth studies will be necessary to try to industrially
apply the entire process. As an alternative to the use of a
solvent acting both as a solvent and a reducing agent, a
chemically inert, sustainable medium can be proposed, which
could make the recyclability of the catalyst easier and smarter.
Of course, this solution implies the use of a reducing agent in
stoichiometric amounts.

Ionic liquids (ILs) are a class of nonmolecular solvents with
relatively low melting points (<373 K), which result from
combinations of organic cations (i.e., ammonium or
phosphonium) and inorganic or organic anions.29,30 Several
ILs exist as liquids at room temperature, which are called room
temperature ILs.31 They generally have negligible vapor
pressure, high thermal and chemical stability, wide range of
the liquid status, and good solvation behavior.32,33 The unique
properties of ILs make them an ideal class of substitutes for
conventional, often volatile, organic solvents in various
applications.34 By suitably modulating the nature of both the
cation and anion, it is possible to obtain a very large number of
compounds, each one with a unique behavior, as might be
requested by the synthetic chemist.35 In the recent past, ILs
have found many and diversified applications: they have been
considered as promising innovative reaction media in
biocatalysis,36,37 in the processes of capture, separation, and
reuse of CO2,

38,39 as green solvents for extracting and
separating metal ions,40 biomolecules, and biopolymers,41,42

and keeping into account their good solvent behavior for
transition metal complexes, they have been widely employed in
various catalytic organic reactions.43−45

The use of ILs in Re-catalyzed DODH reactions has been
scarcely considered in the past: in fact, at the best of our
knowledge, only one recent work was published about it.46

Moreover, looking at the hydrodeoxygenation of natural
polyols by employing metal catalysts different from Re,
scientific interest was recently increased by an interesting
report about the production of olefins from sugar alcohols with
Ru as the hydrogenation catalyst and tetrabutylphosphonium
bromide as the medium of the reaction (but with the
concomitant role of the dehydration catalyst).47

2. MATERIALS AND METHODS
2.1. Materials. Nine ILs were used: 1-methyl-3-octylimi-

dazolium bis(trifluoromethylsulfonyl)imide (MOIm-TFSI), 1-
methyl-3-butylimidazolium bis(trifluoromethylsulfonyl)imide
(MBIm-TFSI), 1-methyl-3-butylimidazolium hexafluorophos-
phate (MBIm-PF6), 1,3-diethoxyimidazolium bis-
(trifluoromethylsulfonyl)imide (EEIm-TFSI), N,N-dimethyl-
N-butyl-N-benzyl ammonium bis(trifluoromethylsulfonyl)-
imide (MMBBAm-TFSI), N,N-dimethyl-N-octyl-N-benzyl am-
monium bis(trifluoromethylsulfonyl)imide (MMOBAm-
TFSI) , N ,N ,N - t r ie thy l -N -benzy l ammonium bis -
(trifluoromethylsulfonyl)imide (EEEBAm-TFSI), ethyl tri-
phenyl phosphonium bis(trifluoromethylsulfonyl)imide

(EPPPPh-TFSI), and 4-butyl-1,1-dimethyl-1-piperazinium bis-
(trifluoromethylsulfonyl)imide (BMMPz-TFSI).

MOIm-TFSI, MBIm-TFSI, MBIm-PF6, and EEIm-TFSI
were purchased from Merck KGaA, while the remaining ILs
were synthesized by us (see later). GL (reagent grade; ≥99%
of purity by GC) and 1,2-PD (ACS reagent grade; ≥99.5% of
purity by GC) were kept under vacuum for 24 h and dried on
silica gel before their use. Bis(trifluoromethane)sulfonimide
lithium salt, ethyltriphenylphosphonium bromide, N,N-di-
methyl-N-butyl amine, benzyl chloride, N,N-dimethyl-N-octyl
amine, N,N,N-triethylamine, N-butyl-N,N-dichloroethyl amine,
1,2-dibromopropane (1,2-DBP), 3-trimethylsilyl-2,2′,3,3′-tet-
radeutero propionic acid sodium salt, AA, MTO, Br2, and
Re2O7 oxide were purchased from Merck KGaA and used
without any manipulation.

2.2. Instruments. Nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Avance DRX-300
spectrometer (7.05 T) equipped with a high-resolution
multinuclear probe operating in the range of 30−300 MHz.
Spectra were recorded in an NMR tube (5 mm) filled with
deuterated chloroform solutions (i.e., for the detection of 1,2-
DBP) or with aqueous solutions containing, respectively, the
starting reaction mixture or the AA aqueous trap contents.
Only for the aqueous solutions, to lock the NMR signal and to
obtain reliable quantitative data, inside the NMR tube, a closed
coaxial capillary tube filled with 30 mM D2O solution of TSP
was inserted. Free induction decays were acquired at 22 °C
using, for 1H, a pulse sequence (made by Bruker; zgcppr) that
suppresses the water signal at 4.71 ppm. The spectral width
was −1 to 12 ppm (3894.081 Hz), while a 90° excitation pulse,
together with a 1 s relaxation delay, was used to collect 32
scans. Similarly, 13C spectra were acquired using again a
suitable proton decoupling excitation pulse (zgdc) with 3 s of
delay and a spectral width of 250 ppm (from −10 to +240
ppm).

The gas chromatography−mass spectrometry (GC−MS)
equipment includes a Thermo Scientific Focus series gas
chromatograph coupled to an ISQ mass-selective detector
equipped with a split/splitless injection system (injections
made in the split mode) and a low-polar HP-5 MS (cross-
linked 5% phenyl methyl siloxane) capillary 30 m in length,
0.25 mm in diameter, and with 0.25 μm film thickness, using
high-purity helium as the carrier gas at a constant pressure of
30 kPa. For the headspace analysis, the sample was
thermostated at 45 °C for 5 min, after which 200 μL of aerial
top layer solution was injected into the GC apparatus using a
gas-tight syringe at a 5:1 split ratio. The electron impact (EI)
ion source was held at 250 °C, with a filament bias of 70 eV,
transfer line at 250 °C, mass EI range 33−350 a, injector
temperature of 250 °C, initial temperature of the analyses of 38
°C (1 min) and then 10 °C min−1 up to 250 °C (kept for 1
min), for a total acquisition time of 26 min.

GC analyses were performed using a Hewlett−Packard 6890
Series gas chromatography system equipped with a flame-
ionization detector, using a 30 m HP-5 capillary column
(cross-linked 5% Ph Me siloxane, 0.32 mm in diameter, 0.25
μm film thickness) with the injection port kept at 250 °C
(carrier gas: high-purity helium with a pressure at the head of
the column of 35 kPa). For the water solution, 0.5 μL was
injected, while for headspace analysis, the sample was
thermostated at 45 °C for 5 min, after which 200 μL of aerial
top layer solution was injected using a gas-tight syringe at a 5:1
split ratio. The temperature programs were as follows: start at
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60 °C with a hold time of 2 min, first increased at a rate of 5
°C min−1 to 130 °C (holding time 0 min) and then increased
at a rate of 20 °C min−1 to 230 °C with a holding time of 2
min.

The UV−vis spectra were recorded using a Jenway 6505
system. Spectra were recorded in a 3 mL high-precision quartz
cell (made of Suprasil quartz; Hellma), and the wavelength
range was 200−600 nm.

Infrared spectra were measured on a Varian Scimitar 1000
FT-IR spectrometer with a cooled DTGS detector and Varian
Resolutions 4.0 software. The samples were prepared on KBr
pellets (1 mg in 100 mg of KBr).

The Raman spectra were acquired using an XploRA PLUS
Raman spectrometer by HORIBA, at a temperature of T = 300
K within the 125−3200 cm−1 range. The excitation wave-
lengths were 532 and 638 nm, the spectral resolution was no
worse than 1 cm−1, and the laser power was 1 mW or less (0.1
mW), at least when the heating is quite consistent. In fact,
since some oxidation states of Re (i.e., Re(VI)) might possess
weak adsorption bands in the visible region of the laser, we
diluted them with KBr by preparing a tablet to minimize
sample heating.

2.3. Syntheses of ILs. 2.3.1. Synthesis of EPPPPh-TFSI.
Ethyltriphenylphosphonium bromide was dissolved (37.125 g;
0.10 mol) in a minimum amount of water under stirring, and
this solution was added to a saturated aqueous solution of
lithium bis(trifluoromethane)sulfonimide (31.58 g; 0.11 mol).
During the addition, the mixture turned milky due to the poor
solubility of the onium salt having the bis(trifluoromethane)-
sulfonimide as the counterion, which tends to phase-separate
as a second liquid phase. At the end of the addition, the
mixture was kept at room temperature under stirring for 1−2
h, and then, the aqueous solution was extracted with petroleum
ether. The aqueous phase was extracted three times with the
same solvent; then, the collected organic phases were washed
with water. The final organic phase was dried over sodium
sulfate and filtered, and the solvent was removed under rotary
evaporation. The final liquid was further dried under vacuum
at 60 °C for a couple of days.
2.3.2. Synthesis of MMBBAm-TFSI, MMOBAm-TFSI, and

MMBBAm-TFSI. In an oven-dried 500 mL flask, equipped with
a stir bar, 15.84 g (0.157 mol) of freshly distilled N,N-
dimethyl-N-butyl amine and 100 mL of ethyl acetate were
introduced (alternatively, instead of N,N-dimethyl-N-butyl
amine, 25 g of freshly distilled N,N-dimethyl-N-octyl amine
or 15.85 g of freshly distilled N,N,N-triethylamine was added).
To the clear and colorless solution, 19.80 g (18 mL) of benzyl
chloride was added at once. The mixture was left at room
temperature under magnetic stirring. After few seconds, the
mixture turned milky. Upon standing, the formation of a
second liquid phase was observed. After 5 h, the second liquid
phase started to solidify. At this point, 50 mL of CH3CN was
added, and the mixture was heated to obtain a clear, colorless
solution. After cooling at room temperature, a white crystalline
solid was formed, which was collected by filtration on a
Buchner filter and washed several times with ethyl ether. A
yield of 98% was obtained. This solid was used without further
purification for the ion-exchange reaction with the TFSI anion,
which was conducted essentially as described above for
EPPPPh-TFSI.
2.3.3. Synthesis of BMMPz-TFSI. Into a 1 L flask, equipped

with a reflux condenser, 23.4 g of N-butyl-N,N-dichloroethyl
amine HCl, 400 mL of CH3CN, 36.6 mL of a 33 wt % solution

of dimethylamine in MeOH, and 25.0 g of dry potassium
carbonate were added. The mixture was refluxed for 24 h and
then left to cool at room temperature. Upon cooling, a white
solid precipitated, which was redissolved by adding CH2Cl2.
The inorganic solids present in the reaction mixture were
collected by filtration on a filter paper. The filtered solution
was concentrated using a rotary evaporator, until a solid
material appeared. The latter was again redissolved by heating
and then left to crystallize. The white solid was filtered and
washed with diethyl ether and then recrystallized twice from
acetone. A white crystalline solid was obtained (71% yield),
which was the desired piperazinium compound having chloride
as the counterion. Introduction of the TFSI counterion was
carried out by ion-exchange reaction, which was conducted
essentially as described for EPPPPh-TFSI.

2.4. DODH Reaction Procedure. In a 10 mL round glass
vessel equipped with a stir bar and a rubber septum, 1.5 g of
the IL and 0.06 mmol of MTO (15 mg) or 0.03 mmol of
Re2O7 (14.5 mg) were initially added; subsequently, after the
complete dissolution of the catalyst, 5.4 mmol (0.5 g) of GL or
5.9 mmol of 1,2-PD (0.45 g) was added to the mixture. The
reactants were heated to the desired temperature (145−150
°C) in a thermostatic oil bath and continuously purged with air
or hydrogen (≈1 bubble per second) for 22 h. The vessel was
connected, through a three-valve way, to two cold traps (25
mL, CHCl3 and water, both at around 0 °C) by a steel double-
pointed needle equipped with a sparger; then, the gas flux
coming from the DODH reaction with GL has been conveyed
to the aqueous trap, while the gas flux coming from the DODH
reaction with 1,2-PD, has been conveyed to the CHCl3 trap.
Quantitative data for DODH reaction with GL were obtained
by sampling 600 μL of the aqueous trap and transferring them
to an NMR tube with a coaxial sealed capillary placed inside,
previously filled with a 30 mM TSP D2O solution; the
concentration of AA was obtained by the use of the normalized
area of the NMR signal at 6.0 ppm (two proton) and
compared with a calibration straight, built daily, using four
known concentrations of AA. Before proceeding to the
quantitative analytical step for DODH reaction with 1,2-PD,
it was necessary to remove the excess of Br2 by a washing
treatment with an aqueous sodium metabisulfite solution: in a
25 mL separatory funnel, 5 mL of 0.5 M sodium metabisulfite
was shaken threefold together with the CHCl3 trap content,
and the resulting CHCl3 fraction was then dried by adding
anhydrous MgSO4. Quantitation of 1,2-DBP was obtained, by
sampling 100 μL of CHCl3 trap which was then diluted with
fresh CHCl3 and analyzed by both GC-FID and GC−MS.
Quantitative data were obtained by GC using a calibration
straight built with known titer solutions containing 1,2-DBP,
while qualitative confirmations were carried out by GC−MS
and 1H NMR.

3. RESULTS
Re catalysts were chosen according to literature data.48 Taking
into consideration the DODH reactions carried out in
alcoholic solvents or conducted in the absence of any solvents
(i.e., with the polyol acting simultaneously as the solvent and
as the reducing agent), the higher oxidation state of Re,
matching with relatively high catalytic activities, was selected.
MTO (the most used DODH catalyst) was chosen, while for
comparison purposes, we selected another, very common, oxo-
Re(VII) catalyst, that is, Re2O7.
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Regarding the use of ILs as dispersing medium, we first
considered the choice of an appropriate counterion. We
focused on two ILs with the same cation (MBIm) and different
anions (TFSI and PF6) (see Chart 1). A comparison between
these two ILs in the DODH reaction showed that with both
reagents (i.e., GL and 1,2-PD), in the presence of MTO or
Re2O7 and under H2 or air, substantial conversions appeared
only when the anion was TFSI, while the MBIm-PF6, probably
due to its higher volatility, was found in appreciable amounts
inside the cold trap, thus making it difficult to manage the
reaction. We also checked the final reaction mixture on the
integrity of the used IL, but, at least for the TFSI derivative
(for reference regarding the thermal stability of ILs containing
the TFSI anion, please see refs 49 and 50), we did not notice
any evidence that may suggest an active degradative process
(e.g., gravimetrically, the reaction mixture does not show any
significant weight loss, and furthermore, the pH of the aqueous
extracts of the final reaction mixture did not change, compared
with the same of the initial one). These data prompted us to
have the TFSI anion as the only choice without any further
attempts with the other one.

The standard reaction was conducted by heating GL (or 1,2-
PD) in the IL at 140 °C for 22 h (or as specified) under air or
H2 flux at ambient pressure in the presence of 1 mol % Re
catalyst (MTO or Re2O7) (Figure 1 and Table 1); the gas flux
conveyed the formed alkene in a cold aqueous trap (AA)
(Figures S1−S3) or inside a CHCl3 trap containing bromine
that acted as a double bond-derivatizing agent (to the
dibromoderivative of propene) for a more accurate quantita-
tive analysis (GC and GC−MS, Figures S4−S7). Our reaction
apparatus was designed to remove the gaseous products (i.e.,
allyl alcohol and propene) instantaneously by air or H2 flux and

separate them from the Re catalyst, thus avoiding the potential
chance of catalytic oxidation of the alkenes which, especially
for the reaction under H2, seems to be a very unlikely
hypothesis of reactivity.

EPPPPh-TFSI is the only IL which is a solid at room
temperature and liquefies at 110 °C. GL and MTO dissolved
well in all tested solvents even when they are in a
heterogeneous state at room temperature: in fact, the initial
reaction mixtures were generally heterogeneous at the
beginning (room temperature), while they became clear
when the temperature was increased to the value chosen for

Chart 1. ILs used in this study; only cations have been reported here, while as the counterion, they contain the
bis(trifluoromethane)sulfonimide anion (TFSI), and only for MBIm, also the hexafluorophosphate derivative (MBIm-PF6) has
been considered.

Figure 1. Schematic representation of the DODH reactions. The
apparatus is sealed, just allowing a gas flux of about 1 bubble per
second (air or H2), which helps to remove continuously the alkene
and transfer it inside the appropriate ice cold trap. Temperature of the
oil bath is 140 °C.
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the DODH reaction (140 °C). The reaction products (AA or
1,2-DBP) were quantified by NMR and GC−MS at several
fixed time intervals by withdrawing an aliquot of the trap
mixture.

Product yields are shown in Table 1; we would point out
that the maximum nominal product yield was 50% since the
other 50% of the reagent was necessary for the reduction
reaction. Furthermore, in the absence of the catalyst and using
the IL, both glycols were recovered unchanged.

Other than the air as gaseous flux, as well as the reaction
environment, we used H2 because we had past evidence that
although it does not act as a reductant, it equally contributes to
increase the alkene yield, and furthermore, it helps to reduce
the amounts of byproducts, such as acrolein,14 derived by an
alternative and parallel pathway.51

The first observation to make is to consider the relative
reactivity of the two polyols and the catalytic activities of the
two catalysts. Basically, GL was converted to the corresponding
alkene more efficiently than 1,2-PD, while the two catalysts
seem to possess comparable catalytic activities. Hydrogen often
increases the product yields, with some exceptions, above all,
related to the nature of the IL. For example, the only IL with a
phosphorus unit (EPPPPh-TFSI; entry 4 in Table 1) showed
product yields under aerobic conditions higher than those in
H2.

Among the selected ILs, BMMPz-TFSI, that is, the only one
without π electrons, seems to almost completely inhibit the
DODH (entry 5 in Table 1), at least under aerobic conditions

(also under H2, the alkene was absent or produced in limited
amounts). Another IL, which resulted as not suitable for this
reaction, was EEIm-TFSI (entry 6 in Table 1). It was selected
because of the presence of a couple of alkoxy groups that, in
our opinion, could have a positive effect on the formation of
Re diolate. Unfortunately, we did not observe a net increase in
product yield, and furthermore, we observed partial chemical
instability of the IL since ethanol was always found inside the
cold trap.

The remaining ILs (three ammonium�MMOBAm,
MMBBAm, and EEEBAm�and two imidazole�MOIm and
MBIm derivatives; entries 1−3, 7, and 8 in Table 1) showed
almost quantitative conversions of polyols with satisfying
alkene yields. Taking into account reagents and alkene
products, a lack of mass balance is apparent. With 1,2-PD,
the possible reason is the formation of a couple of acetals that
subtracts part of the reagent, transferring it inside the cold
trap.8 For GL, the explanation is less immediate since we did
not detect other reaction products inside the trap, and the free
GL found inside the reactor was often negligible. A
polymerization process, which is always present because of
the formation of the two potential oxidation products of GL
when it acts as a reducing agent, that is, hydroxyacetone and/
or glyceraldehyde, can subtract part of the reagent, thus
decreasing the reactivity and making the recovery more
difficult.

The peculiarity of the DODH conducted in a nonreducing
medium is that there is a need to clarify who plays the role of

Table 1. Alkene Yields Obtained in the DODH Reaction between GL (or 1,2-PD) and MTO (or Re2O7) as a Metal Catalyst,
Conducted at 140 °C and in the Absence of Any External Reducing Agentab

GL 1,2-PD

entry IL MTO Re2O7 MTO Re2O7

air H2 air H2 air H2 air H2

1 MMBBAm-TFSI 17.5 (<5) 24 (<5) 2 (15) 23 (<5) 6 (0) 16 (0) 10c 8 (0) 10.5 (0)
2 MMOBAm-TFSI 20.5 (<5) 31 (<5) 18 (7) 11 (5) 90 110 11.50 150
3 EEEBAm-TFSI 18 (<5) 25 (<5) 10 (8) 21 (<5) 5 (0) 12 (0) 5 (0) 13.5 (0)
4 EPPPPh-TFSI 9 (12) 1 (20) 25 (<5) 14 (12) 13 (0) 6 (0) 12 (0) 4 (0)
5 BMMPz-TFSI - (70) - (45) - (55) - (72) 0.7 (0) 4 (0) - (0) - (0)
6 EEIm-TFSId 7 (15) 12 (12) 5 (19) 20 (9)− 5 (0) 10 (0) 5 (0) 7 (0)
7 MOIm-TFSI 12 (<5) 22 (<5) 12 (<5) 14 (<5) 7 (0) 20 (0) 2 (0) 18 (0)
8 MBIm-TFSI 8 (15) 10 (18) 16 (<5) 23 (<5) 8 (0) 10 (0) 12 (0) 13.5 (0)
9 MBIm-PF6e - - - - - (0) - (0) - (0) - (0)

aIn each experiment, a different IL was used as reaction media. In round brackets, the residual diol amounts (mol %) are reported. For detailed
reaction conditions, see the Materials and Methods section. bReaction conditions: GL (5.4 mmol) or 1,2-PD (5.9 mmol), Re (0.06 mmol; 1%
catalyst/substrate), IL (1.5 g), 140 °C, room pressure, gas flux (air or H2 at about 2−3 bubble/sec), 22 h. Data obtained by NMR and GC−MS.
cDODH reaction conducted with 5.9 mmol of 1,2-PD, with 1.5 g of MMBBAm-TFSI, in H2 current, and using, as a catalyst, the solid residue
recovered from an exhaust analogous reaction mixture catalyzed by MTO; the catalyst recovery step was carried out by an ethyl acetate extraction
procedure followed by filtration of the solid residue. dThe reaction occurred, even if a partial degradation of ILs was observed, pointed out by the
detection of ethanol inside the final reaction mixture. eProduct yields, in all the experiments, were very scarce, and furthermore, the IL decomposed
and probably partially evaporated as we recovered discrete amounts of it, inside the trapping solutions.

Table 2. AA Yields (mol %) and Reaction Conditions of DODH Experiments Performed in the Presence of a Series of
Reducing Agents and Employing GL as the Substrate, MTO as the Catalyst, and MOIm-TFSI as the IL

reducing agent 2,4-dimethyl-3-pentanol 2,4-dimethyl-3-pentanol sodium metabisulfite PPh3 PPh3 PPh3 PPh3

amount (mmol) 7.2 21.6 10.5 7.6 7.6 7.6 7.6
GL (mmol) 5.4 2 5.4 5.4 5.4 5.4 5.4
MTO (mmol) 0.06 0.02 0.06 0.06 0.06 0.06 0.06
MOIm-TFSI (g) 1.5 1 1.5 1.5 3 3 4.5
reaction time(h) 22 22 22 22 22 30 30
AA yields (mol % of AA) 32 56 43.5 63 80 92
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the reductant. We have already reminded that H2 is not
suitable to act as a reducing agent, at least under ambient
pressure, so we had to understand what could be the best
reductant to transform 100% of the polyol to alkene. Selecting
MOIm-TFSI as the reference IL, we tested a series of reducing
agents under different experimental conditions, taking into
consideration the sustainability, above all the other green
aspects (Table 2).

Following the criteria of chemical reactivity and also taking a
look at the relevant literature, it clearly appeared that
triphenylphosphine (PPh3) was a functional option, although
not particularly green, also because it is hard to accept the
production of a stoichiometric amount of triphenylphosphine
oxide (Ph3P�O). Nevertheless, we tested the DODH of GL
with PPh3, using MTO as the catalyst and different amounts of
MOIm-TFSI as dispersing medium and extending the reaction
times. As the amount of IL increased, the produced AA
increased to a very good value of 92 mol %. Also, the reaction
time resulted to be an important parameter, and at 140 °C,
probably, the reaction required a longer reaction time (30
rather than 22 h). Therefore, for a reductant such as PPh3, the
IL must be used in a higher amount to obtain an almost
quantitative product yield.

Other reducing agents tested were 2,4-dimethyl-3-pentanol
and sodium sulfite. Although the salt showed several
drawbacks, such as the scarce reproducibility of yields, due
probably to the heterogeneous state of the reaction mixture,
2,4-dimethyl-3-pentanol gave good product yields, but only
with adding an amount of reducing agent that is above the
requested stoichiometry.

The reuse and the recovery of the catalyst are key operations
particularly important for any potential industrial application.
Currently, high amounts of metal catalyst are still employed in
the DODH, and we believe that the presence of the IL should

facilitate these steps. To this purpose, we added to the reaction
mixture further aliquots of the reagent just after the
consumption of the polyol (Table 3).

This readdition of the reagent was made for two consecutive
times (run 2 and run 3), always waiting until GL (entries 7 and
9) or 1,2-PD (entries 8 and 10) disappeared (Table 3).
Therefore, we measured the AA and propene yields, noting
that at least in the presence of the IL and without any reducing
agent inside the reaction mixture (polyol + IL; entries 5−10),
yields were only slightly lower than that found in run 1
reactions. The same experiments were carried out also without
ILs (only polyol; entries 1 and 2): for both polyols, AA and
propene were formed in negligible amounts only even after the
first readdition (entries 3 and 4). On the other hand, when the
readditions of the reagent were carried out in systems
containing an external reductant such as PPh3 (entries 11
and 12), the alkene yield was noticeably lower if the IL was
absent (polyol + PPh3; entries 13 and 14) and definitely higher
in the presence of the IL (polyol + PPh3 + IL; entries 15−18).

From the mechanistic point of view, the delay time and the
formation of both methane and methanol from MTO-
catalyzed DODH reaction, which is a direct consequence of
its transformation, are of great interest. We already described
the origin of methane elsewhere14 as the respective
demethylated Re oxide started to catalyze the DODH reaction.
In this study, we also noted that methanol was equally formed,
always before the catalytic production of olefin starts. The
formation of methanol was observed with both polyols, and
quantitatively, it did not exceed 10 mol % of the total amount
of MTO. Also, its hypothetical formation from the degradation
of the polyol was discarded because, in both cases, namely, in a
model reaction conducted in the absence of any catalyst and in
a model reaction conducted with Re2O7, methanol was never
detected.

Table 3. Yields of DODH Reaction Catalyzed with Both Catalysts (MTO and Re2O7) and Both Polyols (GL�Odd Entries�
and 1,2-PD�Even Entries), Performed with Four Different Reagent configurations. Run 1 is Relative to the Standard DODH
Reactions (See the Footnote at the Bottom of the Table); in Runs 2 and 3, a Refilling of 5.4 mmol of GL (or 5.9 mmol of 1,2-
PD) Has Been Carried Out (See the Materials and Methods Section for Details)a

product yields (mol %)

entries polyol MTO Re2O7

1 polyol run 1 (standard experimental conditions) GL 27 19
2 1,2-PD 25 22
3 run 2 (after a reload of 6 mmol of polyol) GL <5 <5
4 1,2-PD <5 <5
5 polyol + IL run 1 (standard experimental conditions) GL 22 14
6 1,2-PD 20 18
7 run 2 (after a reload of 6 mmol of polyol) GL 14 7
8 1,2-PD 14 10
9 run 3 (after a second reload of 6 mmol of polyol) GL 8 <5
10 1,2-PD 10 7
11 polyol + PPh3 run 1 (standard experimental conditions) GL 90 91
12 1,2-PD 88 82
13 run 2 (after a reload of 6 mmol of polyol) GL 15 25
14 1,2-PD 18 10
15 polyol + PPh3 + IL run 1(standard experimental conditions) GL 92 93
16 1,2-PD 88 89
17 run 2(after a reload of 6 mmol of polyol) GL 40 45
18 1,2-PD 45 47

aReaction conditions: GL (5.4 mmol) or 1,2-PD (5.9 mmol), MTO or Re2O7 (0.06 mmol; 1% catalyst/substrate), MOIm-TFSI: 1.5 g (entries 5−
10) or 4.5 g (entries 15−18), under H2 current (about 2−3 bubble/sec), 140 °C, room pressure, reaction time: 22 h (entries 1−10) or 30 h
(entries 11−18), PPh3 (when present) 7.6 mmol. Data obtained by NMR and GC−MS.
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In DODH reactions involving both GL and 1,2-PD, we
observed delay times comparable with that noted in the
alcoholic solvent or in neat polyol.7,14,52 The typical sigmoid
trends were always recorded, with a more or less extended
delay time, probably necessary to make available an active form
of the catalyst (see Supporting Information, Figures S8−S13).

4. DISCUSSION
DODH reactions on GL and 1,2-PD were performed at 140
°C in ILs as reaction media. Considering the tested ILs, the
alkene yields, and their selectivities, we are able to make some
intriguing considerations. Both the physical and chemical
stabilities of ILs are crucial since the DODH reaction is
commonly performed at temperature ≥140 °C. For example,
the ethoxy derivative (EEIm) tends to lose ethanol, and
consequently, any other ILs susceptible to chemical changes at
such temperatures may not be employed. The same concept
can be applied to ILs with appreciable volatility (MBIm-
PF6),53 at least at the relatively high temperatures such as
those used herein, since the reaction products must then be
recovered by distillation or entrapment in inert cold media,
and a further purification step would be counterproductive to
the economy of the reaction.

Taking a look at the data reported in Table 1, it seems
apparent that the most appropriate ILs in terms of alkene
yields, in the DODH reaction, are the benzyl and imidazoyl
derivatives. On the other hand, neither the piperazine nor the
triphenylphosphine derivatives seem to activate the metal-
catalyzed DODH reaction. We may comment that the
presence of a single aromatic ring seems to facilitate the
reactivity, even if it is hard to propose here a deeper
explanation of such a behavior. Further experiments, possibly
with a wider range of ILs, both with and without one or more
aromatic rings, will be necessary.

As previously stated, one priority regarding the Re-catalyzed
DODH reaction is to improve the performance of the
catalyst.54 This is achievable through two conceptually
different strategies: to support or to recover and to reuse the
metal catalyst. Regarding the heterogenization techniques,
many attempts have been made on supporting Re.55,56

However, the issue has not yet been completely resolved; in
fact, under the typical experimental conditions, the metal
leaching can be significant, and in addition, the distinction
between the reaction that occurred in homogeneous or
heterogeneous conditions could be troublesome.55 A second
strategy involves the recovery and reuse of the catalyst,
possibly avoiding tedious and costly operations, and/or trying
to increase the olefin to catalyst ratio. We preferred, for the
moment, to study the reaction in the homogeneous mode,
trying to improve the recovery and reusing steps. We have
carried out appropriate experiments by refilling the batch with
starting polyol, always after its total exhaustion. In Table 3,
data regarding this modus operandi are reported, and you can
see that the presence of ILs clearly contribute to preserve the
catalyst in its active form since it continues to catalyze the
production of alkene even after two sequential refills of the
polyol (run 2 and run 3; red text). In contrast, exhaust catalysts
coming from reactions conducted in the absence of any IL
were completely inactive, leading to only marginal yield values
of alkenes (run 2; black text).

We can tentatively explain this behavior by considering the
polymerization reaction that could potentially occur at 140 °C
when the oxidized forms of the polyols (dihydroxyacetone +
glyceraldehyde for GL and hydroxyacetone + lactaldehyde for
1,2-PD) are present. We just remind that these trioses, at high
temperatures and in the presence of metal derivatives, can be
further converted into pyruvaldehyde, followed by lactic acid
formation that can easily be transformed to the well-known
polylactic acid.57 This side reaction can contribute to modify

Figure 2. Series of Raman spectra of MTO treated at 140 °C with 2-propanol: from the top, 0 min (dark blue), 15 min (green), 45 min (red), and
120 min (light blue).
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the catalyst surface, making it unsuitable for further catalytic
turnovers.

To support our explanation, we replicated the same
experiments by introducing a reducing agent such as
triphenylphosphine, which maximized the alkene yields and
minimized the formation of easily polymerizable derivatives
such as carbonyl compounds coming from the oxidized
polyols. In fact, in terms of alkene yields, here, we obtained
a satisfying recycle of the catalyst in both cases, namely, in the
absence and in the presence of ILs (runs 2 in green text and
run 2 in blue text, Table 3).

Some mechanistic aspects of the DODH reaction have been
tentatively elucidated by Raman spectroscopy. We recorded
spectra of Re compounds both alone and treated with a low-
boiling-point secondary alcohol such as 2-propanol, at 140 °C,
in a stainless-steel closed vessel at times of 0, 15, 45, and 120
min (Figures 2 and 3). The choice to use 2-propanol rather
than the typical reducing agents previously employed in the
DODH reactions was made since we thought that, at the end
of thermal treatment, we obtained a sample containing only
the Re compound to be analyzed spectroscopically; in fact,
both 2-propanol and its oxidized counterpart such as acetone
can be easily removable using a rotavapor at the end of
treatment.

By comparing the spectra of the untreated and treated
samples, it is easy to note the changes that occurred with
heating in the presence of 2-propanol. Taking into
consideration MTO, the disappearance of more intense signals
ascribable to the methyl group (2893 and 2987 cm−1,
respectively, the symmetric and asymmetric stretching) and a
bathochromic shift of about 29 cm−1 of the symmetric
stretching of the ReO3 group (from 989 to 960 cm−1) clearly
demonstrate its loss after only 45 min of reaction time. These
data are quite superimposable with our previously reported

measurements by NMR,14 and again, this explains well the
presence of delay times >30 min, observed in our experiments.
On the other hand, the Raman shifts relative to the treated
Re2O7 samples are less evident, where only some large bands
appeared (around 750 and 1575 cm−1; this is probably
attributable to amorphous carbon dispersed inside the residual
metal catalyst58), while the other Raman signals, assigned to
the Re−O bonds, remained unchanged.

To understand if other oxidation states of Re are present
during the evolution of the reaction, we recorded the Raman
shift of ReO2, ReO3, and ReO4

− (Figure S14). As also
confirmed by some literature references,59−62 the signals are
not very different, and therefore, it is difficult to say if some of
them were present after the thermal treatment of MTO and
Re2O7. We believe that the presence of ReO3 could be equally
conceivable since the red color, typical of Re(VI), clearly
appears after the delay time. In favor of the ReO3 presence, we
can mention the noticeable heat developed during the 532
laser irradiation of both Re catalysts. In this regard, we also
tried to record the spectra using the 638 nm wavelength rather
than the 532 nm wavelength, but, as shown in Figure S15, the
signal positions are identical, with only the intensity noticeably
lower. This side effect is exactly the same as that observed
when we recorded the Raman spectra of neat ReO3, where a
satisfying Raman pattern could be recorded only with a very
diluted sample (in the KBr tablet) and employing a very low
laser power.

Regarding the formation of both methane and methanol, we
can tentatively propose a thermal homolytic fragmentation of
the Re−CH3 with a subsequent competition for the methyl
radical between a hydrogen abstraction assisted by the alcohol
and an oxygen transfer, leading to the alcoholate and then to
methanol.

Figure 3. Series of Raman spectra of Re2O7 treated at 140 °C with 2-propanol: from the top, 0 min (dark blue), 15 min (green), 45 min (red), and
120 min (light blue) (we omitted the part of spectra from 2000 to 3000 cm−1 since no signals appeared).
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5. CONCLUSIONS
It is significantly true that Re is an expensive and relatively rare
metal and that it is advisable to discover new catalytic systems
to deoxygenate the polyols, but at present, the traditional
Re(VII) compounds are still the best choice. This study
outlines several improvements in the reaction conditions
adding ILs as novel innovative solvents for DODH reaction.
When the IL, stable at moderate temperature, was a benzyl or
imidazolyl derivative like in MOIm, MBIm, MMOBAm,
MMBBAm, and EEEBAm, good yields of alkene derivatives
were observed, and it was possible to reuse the Re catalyst,
seeing only a slight decrease in product yield, affirming the
possibility of catalyst recycling, a crucial point for any potential
industrial use. The preserved activity of the Re catalyst is
probably due to the involvement of the IL with the resulting
suppression of the polymerization of byproducts (e.g.,
hydroxyacetone, lactic acid, and glyceraldehyde). Raman
spectra confirmed the transformation of the MTO during the
early times of the reaction and the suitable presence of Re(VI)
during the active steps of the DODH.

It will be necessary to elucidate the potential role of the ILs
with aromatic rings in the reaction mechanism of the DODH,
by designing suitable experiments with several families of ILs.
The present study opens a new route toward the sustainable
deoxygenation of polyols with the help of specific ILs.
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