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Deoxydehydration of glycerol in presence of
rhenium compounds: reactivity and mechanistic
aspects†

Massimiliano Lupacchini,‡a Andrea Mascitti,‡a Valentino Canale,b Lucia Tonucci,c

Evelina Colacino, d Maurizio Passacantando, e

Alessandro Marrone *b and Nicola d'Alessandro *a

Allyl alcohol (AA) was obtained by the deoxydehydration (DODH) of glycerol performed in the presence of

a number of Re compounds (oxides, phosphine and halide derivatives) in alcoholic solvent or in neat con-

ditions. Independently on starting Re species, the resulting catalytic process featured a delay time, neces-

sary to start the formation of both AA and an Re-alkoxide precipitate. However, no delay time was detected

by operating DODH using a preformed precipitate obtained by either Re source. As a consequence, and

based on IR spectral analysis, it was hypothesized that the Re precipitate is the actual catalyst of DODH.

The mechanism of DODH catalysis operated by methyltrioxorhenium (MTO) was studied by experimental

and theoretical approaches. The results suggest that MTO releases methane with the formation of an ReVII

alkoxide that subsequently aggregates by yielding the precipitate. The ReVII centre precipitate surface then

undergoes reduction by forming ReV catalytic spots. The calculated kinetics also indicate that the detected

latency can be ascribed to the presence of two high barriers, i.e. methane release and ReVII → ReV reduc-

tion, whereas the downstream processes, i.e. glycation and AA release, are not rate determining.
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Introduction

“Historically, one relies on Mother Nature to provide all the ma-
terial needs of society”. With this sentence, Li and Anastas well
described the present and the future of green chemistry.1 In
this regard, among the twelve Green Chemistry Principles,2

the seventh clearly pushes the use of renewable feedstocks
both as potential energy vectors3 and as starting materials for
chemicals.4 This strategy is even more valuable if many deriv-
atives are commonly handled, as they have been until now, as
waste. In this respect, the waste generated by industrial
chains employing biomass could be supportive in reducing
the world-wide dependence on fossil resources.
45

50
In the European Union alone, 700 million tonnes of bio-
waste are produced per year, causing both environmental
and economic concerns.5 Among the above-mentioned
amount of biowaste, polyols quantitatively represent the most
important group and so we can consider them as a natural
source of a series of materials otherwise obtainable only from
fossil resources. For example, low-polarity chemicals, typically
obtainable mainly from fossil resources, can now be pro-
duced by a deoxygenation step from bio-based by-products.6

Obviously, to be adopted, the transformation technologies
must be particularly sustainable, employing green technolo-
gies and experimental conditions which are not very harsh.7

The deoxydehydration reaction (DODH) represents the
most intriguing tool to obtain alkenes from natural polyols
and, until now, the most promising and investigated catalysts
for such reactions are rhenium-based8 even if, in some recent
reports, vanadium9 and molybdenum10 have shown promis-
ing activities (Scheme 1).11

The first DODH reaction reported in the literature was in
1996 where a high oxidation state rhenium species was used
i. Technol., 2019, 00, 1–11 | 1
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as a catalyst.12 However, despite the indisputable innovative
value of this work, at that time – twenty years ago – several
drawbacks were ascribed to the use of this material and some
of them are still unsolved.

Undoubtedly, rhenium is a metal with a high affinity to-
wards oxygenated organics. For example, oxygen transfer can
be easily observed starting from either ReIII or ReV.13 By com-
bining a reducing agent with rhenium derivatives, a desirable
catalytic system to deoxygenate, above all, natural polyols is
obtained.14 Phosphine in a stoichiometric amount was the re-
ductant used by Cook and Andrews,12 but actually the use of a
greener and cheaper alcohol that can sometimes be the reagent
itself (i.e., glycerol) is preferable.15 The reaction medium is also
important and good yields were often obtained in the past by
employing apolar solvents like aromatics,8a,d,12,16 although the
current trend is to use common and cheap alcohols or, even
better, to conduct the reaction without any solvent.8b,15,17

Among widely available natural polyols, glycerol represents
an important example since it is formed in about 10%
weight, from the transesterification of natural lipids. Crude
glycerol has to be effectively utilized to contribute to the via-
bility of biodiesel and it is more and more necessary to find
new processes and new methodologies to convert glycerol
into valuable fine chemicals using all the available pathways
both chemical or biotechnological. Glycerol can serve as a
feedstock for polymers,18 ethanol,19 hydrogen20 and valuable
alcohols like n-propanol21 and n-butanol.22

In our research group, we undertook a research program
on the valorisation of glycerol and recently we studied the
rhenium oxide catalysed production of allyl alcohol (AA)15

that could be considered in the future an important building-
block to produce, for example, bioglycidol.23

Here, we will describe the same reaction but with a greater
number of rhenium catalysts, involving oxides, halides and
phosphines. Furthermore we believe that a suitable combina-
tion of experimental and theoretical data could help an un-
derstanding of the pending questions in the mechanism of
the DODH reaction as, for example, discovering what are the
metal oxidation states involved in the catalytic cycle.

Several reports have been published in the past,24 but we
maintain that the mechanism needs to be studied more
deeply since, for example, not only ReVII showed a satisfac-
tory activity in the DODH. In particular, a density functional
theory (DFT) study was focused on the glycerol DODH
catalysed by methyltrioxorhenium (MTO) in terms of the eval-
uation of alternative pathways. The identification of active
catalytic species and rate-limiting steps within the hypothe-
sized DODH reaction pathways were the main outcomes of
this theoretical investigation.

Experimental
Materials

Solvents and any other materials necessary for the experi-
ments were used as received without any purification. Glyc-
erol, AA, ReOCl3ĳSĲCH3)2ĲOPPh3)], ReI3, ReOCl3ĲPPh3)2, and
2 | Catal. Sci. Technol., 2019, 00, 1–11
NH4ReO4 were purchased from Sigma-Aldrich, while MTO,
ReCl5, (PPh3)2ReO2I, Re2O7, Re2ĲCO)10, ReO3 and Cp*ReO3

were purchased from Strem Chemical Inc.
Instruments

Nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker Avance DRX-300 spectrometer (7.05 Tesla) equipped
with a high-resolution multinuclear probe operating in the
range of 30–300 MHz. Spectra were recorded in an NMR tube
(5 mm) that contained a closed co-axial capillary tube filled
with 30 mM of 3-trimethylsilyl-2,2,3,3-tetradeutero propionic
acid (sodium salt). Free induction decays were acquired at 22
°C using, for the proton, 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° ex-
citation pulse, together with a 1 s relaxation delay, were used
to collect 32 scans. Similarly 13C spectra were acquired using
again a suitable proton decoupling excitation pulse (zgdc;
90°) with 3 s of delay and a spectral width of 250 ppm (from
−10 to 240 ppm).

The gas chromatography-mass spectrometer (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 solu-
tion was injected into the GC apparatus using a gas-tight sy-
ringe 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 temper-
ature of the analyses 38 °C (1 min), then 10 °C min−1 up to
250 °C (kept for 1 min), for a total acquisition time of 26 min.

Gas chromatographic analyses (GC) were performed using
a Hewlett–Packard 6890 Series gas chromatograph system
equipped with an FID, 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 (car-
rier 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 60 °C
with a hold time of 2 min, firstly 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 sys-
tem. Spectra were recorded in a 3 mL high-precision quartz
This journal is © The Royal Society of Chemistry 2019
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cell (made of Suprasil® quartz; Hellma), and the wavelength
range was 200 nm to 600 nm.

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

DODH reaction procedure

In a 10 mL round glass vessel equipped with a magnetic stir-
rer and a rubber septum, 4 mL of 2,4-dimethyl-3-pentanol
(DMP) and 0.05 (or 0.1) mmol of metal catalyst (11.1 or 22.2
mM) were initially added; subsequently, after the complete
dissolution of the catalyst, 5 mmol (0.460 g; 1.11 M) of glyc-
erol were added to the solution. The reaction mixture was
heated to the desired temperature (140 °C) in a thermostatic
oil bath and continuously purged with air or hydrogen (≈1
bubbles per second). The vessel was connected to a cold-
water trap (25 mL, around 0 °C) by a steel double-pointed
needle. The aqueous solution in the trap was sampled at the
desired reaction time (200 μL each time) for the NMR spectra
and for the GC analyses.

Preparation procedure of modified catalysts

In the same apparatus used for the DODH reactions, 4 mL of
DMP and 0.05 mmol of metal catalyst (1, 2, 4, 5, 7 and 11; see
Scheme 2) were added. The mixture was heated to 140 °C and
kept at this temperature for a duration equal to the delay time
detected for each Re derivative (Fig. 1). Then, after the removal
of the reflux apparatus, the temperature was increased to 170
°C, facilitating the evaporation of DMP. After cooling the reac-
tion mixture to room temperature, the residue was collected
with chloroform and filtered on paper, recovering the solid that
This journal is © The Royal Society of Chemistry 2019

Scheme 2 Rhenium catalysts used in the DODH reaction of glycerol
to give AA. Legend: 1, methyltrioxorhenium (MTO); 2, trioxorhenium; 3,
ammonium perrhenate; 4, rhenium pentachloride; 5, hepta-oxo-
dirhenium; 6, 1,2,3,4,5-pentamethylcyclopentadienyltrioxorhenium; 7,
rhenium triiodide; 8, dirheniumdecacarbonyl; 9, oxo-trichlorobis-
(triphenylphosphine)rhenium; 10, oxotrichloroĳ(dimethylsulfide)-
triphenyl-phosphine oxide]rhenium; 11,
iododioxobisĲtriphenylphosphine)rhenium.

35
was then either used as the catalyst in the DODH experiments
or employed for the IR spectroscopy characterisation.

ICP AES measurements

Residual catalyst samples for elemental analyses and for ICP
AES measurements were obtained as follow: in a 25 mL
round glass vessel equipped with a magnetic stirrer and a
rubber septum, 8 mL of DMP and 0.2 mmol of metal catalyst
(0.1 for 5) were added. The reaction mixtures were heated to
140 °C in a thermostatic oil bath for 8 hours. Then, after the
removal of the reflux apparatus, the temperature was in-
creased to 170 °C, facilitating the evaporation of DMP. After
cooling the reaction mixture to room temperature, the resi-
due was treated as explained below. Two parallel prepara-
tions were made for each Re catalyst used (1, 2, 4, 5, 7 and
11; see Scheme 2). One set of preparations was addressed to
the ICP AES analyses, by simply treating each one with aqua
regia and submitting the resulting acidic solution to a
microwave-assisted mineralization procedure. The eluates
were then collected in 10 mL volumetric flasks by ultrapure
water and then analyzed by an ICP AES type Varian 720-ES Se-
ries. Calibration curves in the 0.1–100 μg L−1 range were pre-
pared from Re standard solution (10 mg L−1, ICP-MS grade,
Carlo Erba Reagenti) in 2% HNO3 (v/v). The remaining six
samples were weighed, washed with chloroform first and
then with water, and then heated in a muffle furnace at 450
°C under aerobic conditions for 4 hours. The resulting sam-
ples were again weighed and the Re content inside the cata-
lyst samples was expressed, considering only the inorganic
fraction of the residue, i.e. calculated as the whole mass of
the sample – the weight loss at 450 °C.

XPS measurements

The chemical state of the different elements of the samples
was analysed by using an X-ray photoelectron spectroscopy
Catal. Sci. Technol., 2019, 00, 1–11 | 3

Fig. 1 Time courses relative to compounds 1 (light blue), 2 (orange), 4
(grey), 5 (yellow), 7 (blue) and 11 (green) at the beginning of the
reaction. Note the delay times are different for each one (1 = 45 min; 2
= 25 min; 4 = 120 min; 5 = 40 min; 7 = 180 min; 11 = 90 min).
Reactions were conducted in an air atmosphere in DMP with 12.5 mM
of each catalyst and 1.25 M of glycerol.
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(XPS) system (PHI 1257), equipped with a hemispherical
analyser. The X-rays were generated by a non-
monochromatized Mg source (hν = 1253.6 eV), and the mea-
surements were taken in an ultrahigh vacuum at about 1 ×
10−9 mm Hg. The binding energy (BE) calibration of the spec-
tra was referred to the C 1s core level peak, located at BE =
284.8 eV. The analysis of the XPS core level peak data was
performed by a fitting procedure and a Shirley function was
used to consider the background. All the elements revealed
for the different samples were acquired with a pass energy of
23 eV.

DFT methods

All calculations were performed using the Gaussian 09 pro-
gram package.25 The local minimum geometry of each ReVII

or ReV species (see below) was calculated with the hybrid ex-
change–correlation functional B3LYP26 and the following ba-
sis sets scheme: the basis set assigned by the LANL2DZ key-
word describes the valence shell electrons of Re with a
double-ζ plus one l + 1 polarization basis set27 and uses a
pseudopotential28 to take into account relativistic effects af-
fecting the core electrons; the all-electron 6-31G* by Pople29

was employed to treat the remaining atoms; we hereafter de-
note this basis set scheme sbs (small basis set). Vibrational
frequencies analyses were performed at the same level of the-
ory (IEPCM/B3LYP/sbs) to confirm the correct nature of the
optimized stationary points and to calculate zero-point en-
ergy and thermal corrections (under the hypothesis of ideal
gas behaviour) for enthalpy and free energy estimations. The-
oretical vibrational spectra were also calculated for ReVII and
ReV dimer species (see below) by the scaling the calculated
frequencies by a constant factor of 0.961.30 The electronic en-
ergy of each B3LYP/sbs geometry was recalculated using a
larger basis set scheme: i) the all-electron triple-ζ 6-311G+(d,
p) basis set including one l + 1 polarization plus one s diffu-
sion function for C, O, and H;29c ii) the Stuttgart relativistic
small core potential31 and the valence basis set32 augmented
with two f-type and one g-type polarization functions [ξ( f ) =
0.327, 0.955; ξ(g) = 0.636]33 for Re. We hereafter denote this
basis set scheme lbs (large basis set). The polarizable contin-
uum model using the integral equation formalism variant
(IEFPCM) implemented in Gaussian 09 (ref. 34) was then
used to correct the gas phase free energy by the effect of a
2-propanol bulk (dielectric constant of 14.3).

Results

Rhenium-catalysed DODH of glycerol was carried out un-
der aerobic (air flux) conditions or in the presence of an
H2 stream, always at 140 °C. Recovery of the reaction
products was achieved using an ice-cooled water trap by
collecting the gas flow coming from the reaction vessel,
through which air or H2 were continuously bubbled (ESI†
Fig. S1).

The AA yields were referred to those measured at the end
of the reaction regardless of the required times (ESI† in Fig.
4 | Catal. Sci. Technol., 2019, 00, 1–11
S2 a typical NMR spectrum of AA inside the water trap is
reported). The catalyst was present in amounts ranging from
1 to 2% and the solvent was either a sacrificial alcohol (2,4-
dimethyl-3-pentanol, DMP) or glycerol itself. The gas current
was necessary to remove AA instantaneously and to convey it
through a needle inside the cold trap containing water. Even
if reactions were also operated in solvents like 3-octanol, 1,3-
propandiol or 1-hexanol (with comparable product yields or
lower), DMP was selected as the reference solvent for several
reasons: i) its boiling point is high enough to allow it to oper-
ate the DODH reaction at reflux at high temperature (140 °C);
ii) DMP oxidized competitively, thus preventing the side con-
sumption of glycerol, and iii) secondary alcohols often appear
more efficient for the majority of DODH reactions reported
in the literature.8d,17,35 As regards the mechanistic role of mo-
lecular hydrogen, we would like to recall previously reported
experiments with deuterium gas that ruled out any participa-
tion of H2 in the reduction step of glycerol, as demonstrated
by the absence of deuterium in the reaction product, namely
AA.15

Here, several rhenium complexes were tested as catalysts
for the DODH of glycerol (Scheme 2). Together with those al-
ready considered in our previous publication,15 which were
mainly high-valence oxo-Re-species (1, 2, 3 and 6) and the in-
active 8, another six Re compounds were also selected to
keep under consideration, above all, substituents other than
oxygen, i.e. halogens (such as 4, 9, 10 and 11) or phosphorus
(e.g. 9, 10 and 11) or selecting some other low-valence-Re-
species like 4 and 7.

With the exception only of the inactive 8, all tested Re
compounds showed from moderate (5%; 3) to high (≈90%;
1, 2, 11) catalytic activity (Table 1).

While in neat glycerol the maximum theoretical product
yield is only 50% (the other 50% of the glycerol acting as a re-
ductant agent), the production of AA appears always more ef-
ficient in terms of yields and reaction times when reactions
are conducted in DMP.

Also, H2 noticeably increases product yields by an extent
that depends on the nature of the rhenium catalyst, with its
mechanistic role more likely to be ascribable to off-pathway
prevention rather than to direct participation in the catalysis.
The catalytic efficiency of phosphine derivatives is heavily en-
hanced by the presence of H2 either neat or in DMP (doubled
yields or more in an H2 current), while rhenium oxides are
less influenced by showing product yield increments ranging
from 10 to 30% (Table 1).

Besides the above-mentioned reactivity framework, atten-
tion was focused on the phenomena observed during the
course of the reactions. We always noted a delay time neces-
sary for the initial production of AA. At the beginning of the
reaction, and before AA starts to be formed, the alcoholic rhe-
nium solution appeared colourless and homogeneous. In the
course of reaction, the rhenium solution changed aspect both
in colour, by turning yellow and then dark, and in its physi-
cal phase through a tendency to form a precipitate. These re-
action features are shared by all the tested rhenium
This journal is © The Royal Society of Chemistry 2019



Table 1 AA yields with rhenium catalysts, in aerobic (air) or H2 atmo-
sphere, at 140 °C and in neat glycerol or in DMP as solvent

Catalyst
(mol%)

Exp.
cond.

Yields, mol% (time, min)

Air H2

1 (2%) Neat 14 (1320) 32 (500)
DMP 61 (1200) 87 (1200)

2 (2%) Neat 32 (1275) 34 (1005)
DMP 64 (1800) 91 (800)

3 (2%) Neat 0 (480) 0 (480)
DMP 5 (1200) 7 (1200)

4 (1%) Neat 5 (480) 11 (480)
DMP 17 (1200) 38 (1200)

5 (1%) Neat 28 (1440) 33 (1440)
DMP 52 (1200) 68 (1200)

6 (2%) Neat 0 (480) 0 (480)
DMP 11 (1800) 15 (1320)

7 (1%) Neat 16 (1440) 16 (1440)
DMP 31 (1440) 60 (1380)

8 (2%) Neat 0 (480) 0 (480)
DMP 0 (480) 0 (480)

9 (1%) Neat 11 (1440) 25 (1440)
DMP 32 (1320) 81 (1230)

10 (1%) Neat 13 (1440) 35 (1440)
DMP 35 (1320) 80 (1320)

11 (1%) Neat 16 (1440) 33 (1440)
DMP 45 (1480) 84 (1200)

Fig. 2 IR spectra of the solids obtained by operating 1, 4, 5, and 7, i.e.
MTO, Re2O7, ReCl5, and ReI3, respectively, under DODH conditions
and after a delay time. All spectra were rescaled by assuming 100% of
transmittance at 4000 cm−1.
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derivatives, even if the corresponding delay times are charac-
terized by different extensions.

To gain more detailed information about the role played
by the metal, compounds 1, 2, 4, 5, 7 and 11 underwent treat-
ment at 140 °C, under the same experimental conditions
used for the DODH in DMP, but sampling the presence of AA
over very short time intervals. The delay times, relative to
each employed Re compound, were extrapolated from the
time course reported in Fig. 1, by scoring the time of initial
AA detection.

Subsequently, analogous DODH experiments were carried
out by employing modified catalysts obtained from 1, 2, 4, 5,
7 and 11 by treating each compound at 140 °C in DMP for
the duration of the respective delay times (for the preparative
procedure regarding these modified catalysts, see the experi-
mental section). As a result, we noted that AA was formed al-
most immediately for all the tested catalysts, thus confirming
the importance of different delay times for each starting rhe-
nium compound.

Due to the important role played by the modifications oc-
curring during the delay time in all the rhenium compounds,
all the thermally modified derivatives were characterised by
IR spectroscopy. The comparison of all IR spectra evidenced
a significant overlap in spite of the differently processed cata-
lysts (for the IR spectra, see the ESI† Fig. S3–S13). To better
describe this outcome, the IR spectra of the precipitates
formed by 1, 4, 5, and 7 were reported in the same plot
(Fig. 2).

Similarities were found mostly in three regions of the vi-
brational spectrum. Intense and broad signals were detected
in the 1800–3500 cm−1 range and plausibly ascribed to C–H
and O–H stretching. A group of multiple signals was detected
This journal is © The Royal Society of Chemistry 2019
in the 1000–1750 cm−1 range where C–O stretching and either
C–C–H or C–O–H bending are located. The most intense sig-
nal was found in the 500–1000 cm−1 range, precisely around
920 cm−1 and this can be easily assigned to the stretching of
ReO. Also in this range, a less intense band around 700
cm−1 could be assigned either to the out-of-plane bending of
O–H bonds or to the stretching of Re–O–Re oxo-bridges.

Comparing the spectra before and after the thermal treat-
ment it is worth noting that, for all the rhenium derivatives
taken into consideration, the signals dramatically changed af-
ter thermal treatment. To further support the transformation
of rhenium derivatives before catalysing the reaction, we car-
ried out a test on glycerol using monodeuterated DMP(-OD)
and 1 as catalysts: the production of monodeuterated meth-
ane occurred only at the beginning of the reaction, as con-
firmed by GC-MS analyses (ESI† Fig. S14).

Treated rhenium residues, i.e. the precipitate obtained by
the treatment of the catalyst under DODH conditions, were
recovered and then re-used for DODH reactions by adding
fresh glycerol. Interestingly, in this case, no delay time was
needed and AA began to be formed as soon as the reaction
media reached the required 140 °C (ESI† Fig. S15). On the
other hand, when the precipitate was recovered at the end of
the reaction, that is when the formation of AA stopped (after
around 35–45% of yield in neat glycerol or after 80–90% of
yield in DMP, also depending on the gas current employed),
its reuse did not show any catalytic activity.

To get data responsive to the rhenium content in the cata-
lyst, the amount of organic material present inside the resi-
due, obtained through the evaporation of the solvent, was
evaluated. Taking into account the samples obtained after
8 hours of treatment, two parallel sets of experiments were
carried out, aiming to obtain samples both for ICP AES analy-
ses and those necessary for the evaluation of the non-volatile
organic matter adsorbed on the Re-residue (from the thermal
Catal. Sci. Technol., 2019, 00, 1–11 | 5
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Fig. 3 XPS survey of the Re 4f region of the indicated samples (1, 1
after muffle treatment, 4, 5 and 7). The fitting curves are also included.
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treatment at 450 °C). In the latter, the high temperature of
the treatment transformed all the organic carbon to CO2 and
so only the rhenium derivatives remained. By subtracting the
organic fraction from the rhenium residue, quantitative data
for the metal ranging from 80 to 86% were obtained, while
the remaining part of the residue seemed to be oxygen (with
no presence of other elements like halogens). This means
that the ratio between metal and oxygen ranges from 1/2 to
1/3. Analogous Re/O ratios were obtained by ICP AES experi-
ments (see ESI† Tables S3 and S4).

As additional data some DODH reactions using a DMP–
glycerol solution were performed, using an aliquot of the
rhenium derivatives obtained after the thermal treatment at
450 °C. The AA yields were superimposable on those
obtained through experiments carried out in the same man-
ner but in the presence of modified catalysts (by treatment
at 140 °C in the presence of DMP and in the absence of
glycerol). In both cases, AA production started after a few
minutes.

In order to characterise the Re surface valence chemistry,
both XRD and XPS studies were carried out on different sam-
ples (1, and 1 after muffle treatment, 4, 5 and 7; see
Scheme 2). XRD showed the amorphous character of the sam-
ples recovered after the DODH reactions (see ESI† Fig. S16).
XPS survey scans, acquired in the range 0–1100 eV, revealed
the presence of all the elements relative to the different pre-
pared samples. No contaminant species were detectable
within the sensitivity of the technique.

Fig. 3 shows the deconvoluted Re 4f electron core-level
XPS spectra acquired from the different samples. The 4f level
is formed by a double peak due to 4f7/2 and 4f5/2 levels, with
a spin–orbit splitting of 2.4 eV. In Fig. 3, two vertical dashed
lines located at BE values of 46.4 and 44.3 eV indicate the
peak position of Re 4f7/2 for the ReVII and ReV/IV species, re-
spectively. Therefore, the most intense peak of the Re 4f raw
data, corresponding to a BE of about 46 eV, was considered
to be the sum of the Re 4f7/2 peaks for the ReVII species and
the Re 4f5/2 peaks for the ReV/IV species.36 From these results
a clear reduction of Re is evident due to the presence of the
valence of 5+/4+. In addition, sample 7 also showed the pres-
ence of residual Re–I bonds (at a BE of 42.3 eV) and the pres-
ence of I 3d core level (at a BE of about 49 eV) (Fig. 3).

Because of the paramount importance of MTO in catalysis,
further investigations were carried to shed more light on the
DODH of glycerol catalysed by 1.

The above described experimental outcomes are almost
consistent with evidence from Hermann et al. for the forma-
tion of methyl-deficient polymetalates by either photo-
chemical or thermal treatment of aqueous MTO.37 However,
in our hands the IR analyses indicated that alcohol moieties
participate in the assembly of Re-based precipitates,
suggesting that methyl group loss is probably paralleled by
the metal coordination of alcohol. Indeed, as also reported
by Nicholas et al., alcohol coordination seems to be necessary
to trigger the reduction of the Re centre, which is also a pre-
requisite for the catalysis of DODH.38
6 | Catal. Sci. Technol., 2019, 00, 1–11
Computational studies were performed to investigate via-
ble routes for this process by taking into account the experi-
mental outcomes reported here. In particular, the theoretical
investigation was addressed to five guiding pieces of evi-
dence: 1) methane is released by operating the reaction with
1; 2) re-catalysis always features a definite delay time; 3)
methane release occurs during the delay time; 4) separation
of a solid phase occurs in parallel with the methane release;
5) the precipitate recovered straight after the delay time effi-
ciently catalyses the DODH of glycerol.

DFT calculations were firstly focused on possible mecha-
nisms for the release of methane from 1 in the presence of
secondary alcohol and further reduction of the yielded ReVII

species to the corresponding ReV form. 2-Propanol (2-PrOH)
was selected as a reduced model of DMP expected to disclose
essentially the same reactivity but allowing a decrease in
computational burden. Calculations indicate that the substi-
tution of CH3

− with 2-propanol alkoxide (2-PrO−) on the Re
centre leading to methane release is thermodynamically feasi-
ble with a reaction free energy of −18.5 kcal mol−1. The re-
sults indicated that this process occurs with a concerted
mechanism (ESI† Scheme S1) in which 2-PrOH coordinates
on the Re centre by donating a proton to the leaving CH3

−, as
shown by the corresponding transition state structure (ESI†
Fig. S17). The concerted proton shift and release of methane
could be assisted by the active participation of the alcoholic
This journal is © The Royal Society of Chemistry 2019



Scheme 4 Free energy profiles for the MTO reduction following path
A and complete path B reaction routes.
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solvent through the formation of H-bond clusters chaining
the oxygen of the entering 2-propanol to the carbon on the
released methane. However, the bulky size of the solvent mol-
ecules is expected to disfavour the formation of these H-bond
clusters close to the metal centre, but close enough to acti-
vate the attack on Re–C bond. For this reason, the use of con-
tinuum solvation was reputed to be reliable to model the
bulk effects of solvation in the considered process.

Methane release leads to the formation of ReO3Ĳ2-PrO)
which is thus the rhenium species obtained under operating
conditions that could actually initiate the formation of cata-
lytically active species. We hypothesized that ReVII alkoxide
assembly occurs and that catalytic centres are consequently
formed on the surface of the precipitate. To a first approxi-
mation, ReO3Ĳ2-PrO) was assumed to model ReVII pre-catalytic
metal centres featuring the precipitate surface; in turn, they
can undergo reduction by yielding ReV catalytic centres,
modelled by ReO2Ĳ2-PrO). Such a proposed catalytic route is
hereafter denoted as path B (Scheme 3).

The kinetic barrier calculated for the methane release pro-
cess is 36.9 kcal mol−1, and, although quite high, is expected
to be overcome at high temperature. The ReVII → ReV conver-
sion leading to ReO2Ĳ2-PrO) with the release of acetone and
water turned out to be slightly exergonic by −1 kcal mol−1,
and characterized by a high activation free energy of 40.3 kcal
mol−1 (Scheme 4). The transition state structure for the ReVII

→ ReV conversion is also reported (Fig. 4, left).
To further corroborate the viability of path B, the thermo-

dynamics and kinetics of MTO reduction via path A, consis-
tent with MTO catalysis schemes often reported in the litera-
ture,24,39 were also investigated. The direct reduction of 1 to
the corresponding ReV species turned out to be both thermo-
dynamically and kinetically less favourable than methane re-
lease. In particular, it was found that the 2-PrOH coordina-
tion on 1, representing the first step in path A, is endergonic
by 21.4 kcal mol−1, with a barrier of 38 kcal mol−1 for the sub-
sequent reduction, thus leading to an overall energy barrier
of 59.4 kcal mol−1 (Scheme 4). Therefore, the chemical pro-
cesses downstream to reduction via path B are all thermody-
namically favoured and affected by very low kinetic barriers
This journal is © The Royal Society of Chemistry 2019

Scheme 3 Mechanism of the MTO catalysis of DODH of glycerol
reported in the literature (path A, left),24 and an alternative mechanism
of MTO catalysis of DODH of glycerol including prior methane release
(path B, right).
(Scheme 4). Indeed, both ReO2Ĳ2-PrO) glycation and subse-
quent DODH of the corresponding chelated product are
strongly exergonic with the highest kinetic barrier of only 13
kcal mol−1, i.e. for the DODH step, thus consistent with a fast
process.

Further calculations were carried out to shed some light
on the formation of the precipitate, in particular to identify a
plausible assembly scheme for both ReVII and ReV alkoxide
species. The formation of both ReVII and ReV dimer species
assembled via alkoxide bridges and geometrically similar to
those reported in reference40 was corroborated by DFT calcu-
lations (ESI† Fig. S18). Two coordination modes of the alco-
hol feature these dinuclear complexes, with two η1-
coordinated 2-PrOH molecules on each metal center and two
μ-coordinated alkoxides within the two metal atoms. DFT cal-
culations indicated that ReVII → ReV reduction of the dimer
occurs with an activation barrier and reaction free energy
comparable to those calculated for the monomer complex
(Fig. 4). Interestingly, the η1-2-PrOH turned out to be more
reactive than μ-2-PrO, i.e. the former activation barrier is
about 7 kcal mol−1 lower, probably because the conversion of
a bridging alkoxide to ketone has a destabilizing effect on
Catal. Sci. Technol., 2019, 00, 1–11 | 7

Fig. 4 Transition state structures for ReVII → ReV reduction occurring
on mononuclear (left), and η1-(middle) or μ-coordinated (right) dinu-
clear complexes. Distances in angstrom; activation (ΔG±) and reaction
free energy (ΔGr) are also reported.
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the corresponding transition state structure. The higher reac-
tivity of the η1 ligands also suggests that ReVII → ReV reduc-
tion takes place mainly on the surface of the precipitate
where bridging discontinuities are more likely. The calcu-
lated vibrational spectra of the dimer species were also found
to disclose similarities with the experimental IR spectra col-
lected for either 1 or 5 after a delay time (ESI† Table S1 and
Fig. S19).

Discussion

An improved and possibly detailed elucidation of catalysis
mechanisms is crucial for either the optimization or the
scaling-up of a synthetic process, making it economically ad-
vantageous and industrially viable. Here, we have reported ex-
perimental and theoretical outcomes that could shed new
light on the rhenium-catalysed DODH of glycerol operated in
secondary alcohols.

The desired reaction product (AA) must be handled forced
inside a cold trap since the reaction was conducted at tem-
peratures noticeably higher than the boiling point of AA (97
°C). To facilitate this operation, a gas current is necessary
and air represents a good choice as carrier gas even if the use
of H2 may increase the AA yield. Since it has been shown pre-
viously that H2 does not act as the reducing agent,15 its con-
tribution consists in an increase in the reaction yield, mainly
due to its inhibiting action towards the formation of by-prod-
ucts. In this regard, we have to clarify the origin of the by-
products in the DODH reaction. On one hand, allyl formate,
allyl acetate, and diallyl ether are secondary reaction products
formed by the further reaction of allyl alcohol, whereas acro-
lein is formed through an independent pathway that starts di-
rectly from glycerol.8c Indeed, with the exception of acrolein
(ESI† Table S2), all other by-products retrieved under an air
current (i.e., allyl formate, allyl acetate, diallyl ether etc.; ESI†
Fig. S20), are totally absent under an H2 current. This out-
come corroborates the formation of acrolein through a
completely different pathway compared to DODH, whereas
the H2 current probably contributes by inhibiting the further
transformation of allyl alcohol into other derivatives that, if
active, might contribute to a decrease in the final yields of AA.

In spite of their chemical diversity, we found mechanistic
features shared by all the tested catalysts: i) the presence of a
latency or delay time before detection of the product; ii) simi-
lar physical changes occurred in the reaction mixture, com-
prising formation of a precipitate. Our hypothesis is that op-
erating at high temperature in a secondary alcohol, all the
considered rhenium compounds undergo a similar mecha-
nism of activation, leading to an active catalytic species. In-
deed, experimental evidence indicates that the precipitate
formed during the delay time corresponds to the same
rhenium-species shown to catalyse the DODH of glycerol, in-
dependent of sourcing material. The IR analysis corroborated
and provided further structural insights reinforcing this hy-
pothesis. The narrow maximum around 920 cm−1 and the
presence of signals within 2800–3500 cm−1 characterizing the
8 | Catal. Sci. Technol., 2019, 00, 1–11
precipitate was interpreted with the formation of ReVII or an-
other high oxidation state species assembled through the in-
corporation of alcohol moieties. These results may be
explained by assuming that the DODH operating conditions
promote under thermodynamic control the formation of rhe-
nium alkoxide precipitates. The rhenium centres exposed to
the bulk solvent may be thus considered the catalytic spots
on which the further steps of the DODH process take place,
i.e. reduction, glycation, and AA formation.

Special attention was then paid to compound 1, i.e. MTO,
whose importance in the catalysis of deoxygenation is widely
recognized.8b,c,13c,15 Based on previous outcomes, this com-
plex not only undergoes latency and the formation of a pre-
cipitate in analogy to the other examined rhenium com-
pounds, but it also releases methane during the delay time.
Further experiments, performed in deuterated-DMP, showed
the formation of CH3D that indicates the participation of the
solvent in the release process.15 In the light of its importance
in catalysis, the mechanism of methane release and catalytic
activation of MTO was investigated in detail by means of DFT
methods. Possible mechanisms for the MTO-catalysed DODH
of glycerol have already been reported by the employment of
quantum mechanical approaches.24 Above all, the picture of
MTO catalysis of DODH gained from these studies may be
summarized in a three-step cyclic scheme comprising reduc-
tion, glycation, and re-oxidation of the Re centre,24,39 corre-
sponding to path A reported in Scheme 3.

On the other hand, the above-presented evidence moti-
vated our DFT studies into the elucidation of a viable mecha-
nistic alternative to path A including methane release in the
initial steps of the process. Our calculations indicate that the
release of methane from MTO occurs through a concerted
mechanism in which the solvent donates a proton to the
leaving CH3

− during the cleavage of the Re–C bond. This step
yields a ReVII alkoxide species that we supposed to aggregate
in the reaction conditions to form the precipitate. Analogous
behaviour was previously described by Herrmann and Fischer
who studied the polymerisation of MTO in aqueous solu-
tion.37 They equally detected the production of methane with
a concomitant formation of an oxo-rhenium oligomer featur-
ing a methyl group content that was always lower than the
starting MTO. Even the colour changes and the possible for-
mation of dark solid residues are similar to our observations,
strictly depending on the experimental conditions. The ReVII

centres on the surface of this solid material can then react
through a Jones-like mechanism by yielding ReV species that
in turn correspond to catalytic spots on the precipitate sur-
face. This mechanistic hypothesis basically comprises path B
(Scheme 3), only differing in the nature of ReVII and ReV spe-
cies as being part of a solid phase assembly (Scheme 5).

This mechanistic hypothesis is fairly corroborated by ex-
perimental outcomes like the formation of CH3D in deuter-
ated DMP15 and the presence of IR signals ascribable to the
alkoxide moiety in the IR spectra of 1 after a delay time.

A mechanistic hypothesis of the Re-catalysed DODH oper-
ating in secondary alcohol and at high temperatures can now
This journal is © The Royal Society of Chemistry 2019
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Scheme 5 A mechanistic hypothesis of MTO catalysis of DODH
comprising methane release and formation of precipitate. R = 2,4-
dimethyl-3-pentanyl. A catalytic spot is denoted in blue.
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be drawn based on these outcomes. As exemplified by the
computational analysis of MTO-catalysis in which methane
release was found to be necessary to the activation of this cat-
alyst, each starting rhenium material undergoes an activation
process by reacting with the secondary alcohol to produce a
precipitate. The rate of this initial process controls the dura-
tion of the delay time, depending on the particular chemistry
involved. For example, ReO3 may undergo disproportionation
in the alcoholic phase, yielding both ReVII and ReV species,
whereas ReI3 would undergo solvolysis and oxidation, in both
cases affording high-oxidation Re species. The described op-
erating conditions herein seem to be able to operate on any
Re material, rather independently of the starting oxidation
state, to induce the formation of ReVII alkoxide and its fur-
ther precipitation. Indeed, XPS analyses clearly evidenced
that the surface of the solid residues obtained from 1, 4, 5,
and 7 is mainly constituted by ReVII and ReV/ReIV, the latter
probably being formed by the reaction with the alcoholic sol-
vent via the Jones-like reduction of ReVII centres. Thus, the
investigation herein reported indicated that the precipitate
formed, above all, during the delay time, might be the actual
catalyst of DODH, thus markedly changing our mechanistic
view of the process by turning from homogeneous, as mostly
reported in the literature, to heterogeneous catalysis, even if,
with the coming of nanotechnologies, it always becoming
more difficult to certainly define a catalytic process as merely
homo- or merely heterogeneous. To support this innovative
approach, we mention an interesting study undertaken by
Anainikov and Beletskaya who have demonstrated that, at
least in the cross-coupling reactions, the pathways involving
soluble metal complexes and insoluble metal particles may
take place at the same time, and both can contribute to the
formation of the desired reaction product.41

Conclusions

AA was obtained in good yields in secondary alcohol solution
and in the presence of different 1 mol% rhenium catalysts.
This journal is © The Royal Society of Chemistry 2019
In spite of their nature, all catalysts were transformed during
a delay time into active species, solid in appearance, within a
common process scheme that comprises the formation and
aggregation of ReVII alkoxide followed by Jones-like reduction
to ReV.

The specific case of MTO, i.e. compound 1, is emblematic
because of the release of methane coupled to the formation
of ReVII alkoxide under the considered reaction conditions.
With the support of DFT calculations, a plausible mechanism
for the activation of MTO catalysis was disclosed, including
methane release. By taking together experimental and theo-
retical outcomes, a plausible mechanist hypothesis was
drawn up, by which each starting Re material operated in al-
cohol and at high temperature produced, with variable delay
times, a precipitate that in turn corresponded to the real cat-
alyst for DODH. By shedding new light on rhenium-based ca-
talysis, the results of the present investigation together with
their interpretation could be of crucial importance in the fu-
ture development of the DODH reaction and its role in glyc-
erol valorisation.
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