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a Université catholique de Louvain (UCLouvain), Institute of Condensed Matter and Nanosciences (IMCN), - Molecular Chemistry, Materials and Catalysis (MOST), 
Place Louis Pasteur, 1 – box 04.01.09, Louvain-la-Neuve, Belgium
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A B S T R A C T

Despite their high tunability and versatility, the use of Keggin polyoxometalates (POMs) as deoxydehydration 
(DODH) catalysts has never been fully exploited. To date, only one study reported a single catalytic test using 
H3PMo12O40 (HPMo12), as part of a broader screening of various Mo-based catalysts1. In this contribution, we 
report for the very first time the promising catalytic performances in DODH of 1,2-hexanediol (chosen as model 
substrate) of tetrabutylammonium phosphododecamolybdate (TBAPMo12) (100 % conversion, 52 % selectivity). 
This Keggin salt was easily obtained by ion metathesis and precipitation of the commercially available HPMo12 
with TBABr. Additionally, we show that it is possible to boost the catalytic performances of (TBA)3PW12O40 
(TBAPW12), which in its pristine form is not as performant (45 % conversion, 23 % selectivity) as its Mo 
counterpart. To do so, the monolacunary form of PW12 was synthesized ((TBA)4H3PW11O39 = TBAHPW11) and 
then metalated with a Re precursor, yielding a very active (100 % conversion, 73 % selectivity) (TBA)4P
W11ReVO40 (TBAPW11Re) mixed-metal compound. TBAPW11Re was fully characterized by PXRD, IR, 31P NMR, 
ICP-AES, UV–vis and elemental analysis and its catalytic nature was investigated together with TBAPMo12. Cold 
filtration tests and recycling experiments revealed that it is their partial dissolution that leads to DODH-active 
species. IR and 31P NMR data indicated that these active species are the dissolved PMo12 and PW11Re POMs 
themselves and not monometallic species.

1. Introduction

The inherent polyoxygenated and polymeric nature of biomass [2], 
typically under the form of complex polyhydroxylated polymers (e.g. 
cellulose and hemicellulose), is a significant hurdle in their trans
formation into commodity chemicals. While research is ongoing on the 
biomass depolymerization issue [3,4], parallel effort is being performed 
to reduce its high oxygen content in order to enable integration in to
day’s chemical industry [5,6].

Catalytic deoxydehydration (DODH), which transforms vicinal diols 
into the corresponding alkenes with the help of a sacrificial reductant 
[7] (Fig. 1), is an interesting deoxygenation pathway as it offers access to 
valuable alkene intermediates from bio-derived molecules (e.g. 1, 
3-butadiene from erythritol [8], 1,3,5-hexatriene from sorbitol [2] or 
muconic acid from mucic acid [9]).

DODH catalysts are generally based on high valent Re [10,11], Mo 

[12,13], V [14,15] or quite recently W [16]. These catalysts can either 
be simple (commercial) salts (e.g. NH4ReO4 [17] or (NH4)6Mo7O24 [1]) 
or more elaborated complexes (e.g. modified cyclopentadienyl ReO3 
[18], dioxovanadium(V) dipicolinate [14] or dioxomolybdenum with 
modified salen ligands [19]). Some can be truly heterogeneous and 
recyclable catalysts when supported [11,20] while others are single-use 
homogeneous catalysts. Among them, Re-based catalysts are by far the 
best ones in terms of conversion and especially selectivity. However, the 
scarcity of Re has pushed researchers to use more Earth-abundant metals 
instead, such as Mo and V [21,22]. By contrast, to our knowledge, the 
use of Keggin polyoxometalates (POMs) – usually applied for oxidation 
[23,24] or acid [25,26] catalysis – has never been fully explored (the 
only exception is a non-discussed single catalytic test on H3PMo12O40 in 
wide Mo-containing catalysts screening study1) as DODH catalysts.

Keggin POMs are oxygen-metal clusters containing [XM12O40]n- 

heteropolyanions (HPAs), with X being an heteroatom (e.g. P, Si or B) 
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and M being the addenda metal (often MoVI or WVI) [26] (Fig. 2). A large 
variety of cations can counterbalance the negative charge of such 
complexes, such as H+ [27], NH4

+ [25] or K+ [28], enabling to tune their 
acidity, hydrophobicity as well as their solubility in various organic 
solvents and water [24,25]. Alternatively, their chemical behavior can 
also be tailored by substituting one (or in some cases more [29]) 
addenda metal(s) by another transition metal (M’), yielding 
[XM12-xM’xO40]m- mixed-metal anions. These possible chemical changes 
(use of different cations or addenda metal(s)) are generally carried out 
under green conditions (often not more than 80◦C, in H2O or acetonitrile 
and under air atmosphere) in comparison to the drastic conditions used 
for organometallic complexes syntheses, and provide Keggin POMs high 
tunability and versatility. This is why we initiated a study on their use as 
DODH catalysts.

In this contribution, we report and compare the catalytic perfor
mance of different Keggin phosphometalates with different cations and 
addenda metals in the model DODH reaction of 1,2-hexanediol into 
hexene. Additionally, the catalytically-active nature of some specific 
species is investigated.

2. Experimental section

2.1. Materials

1,2-hexanediol (98 %), phosphododecamolybdic acid hydrate, 
phosphododecatungstic acid hydrate, ammonium perrhenate (99 %), 
ammonium phosphododecamolybdate hydrate, chloroform and n-hex
ane were purchased from Sigma-Aldrich. Tetrabutyl ammonium bro
mide (>98 %) was purchased from Fluka. Hydrochloric acid (fuming, 
37 % wt.), deuterated phosphoric acid in D2O (85 %, 99 %D atom), 
deuterated acetonitrile (100 %D atom), dichloromethane and methanol 
were purchased from Carl Roth. 3-octanol (>98 %), 1,4-anhydroerythri
tol (>98 %) and 2,5-dihydrofuran (>98 %) were purchased from Tokyo 
Chemical Industry (TCI). CDCl3 (99.80 % D) was purchased from Eur
isotop. Unless otherwise indicated, all commercial compounds were 

used as received.

2.2. Synthesis of tetrabutylammonium phosphometalate 
((TBA)3PM12O40, M = Mo or W)

To a 250 mL erlenmeyer containing 15 mL of a freshly prepared 
0.055 mol⋅L− 1 H3PM12O40 aqueous solution, 100 mL of a 0.03 mol⋅L− 1 

TBABr solution is added dropwise. A yellow (M = Mo) or white (M = W) 
precipitate formed immediately. The suspension was stirred overnight. 
The solid was recovered by vacuum filtration on a nylon filter (pore size 
= 0.22 µm), washed with distilled water and then dried overnight at 
room temperature under vacuum (<20 mbar).

2.3. Synthesis of ammonium phosphotungstate ((NH4)3PW12O40)

Ammonium phosphododecatungstate was synthesized according to 
the protocol described by Lang et al. [25] (see also supporting infor
mation). Essentially, the procedure is the same as described above, 
except that NH4HCO3 was used (instead of TBABr) to precipitate the 
solid from the H3PW12O40 solution.

2.4. Synthesis of a Re-substituted phosphotungstate

2.4.1. Synthesis of tetrabutylammonium perrhenate (TBAReO4)
In a 50 mL beaker, ammonium perrhenate (NH4ReO4, 200 mg) was 

dissolved in 15 mL distilled water. Then, 15 mL of an aqueous solution 
containing 400 mg tetrabutylammonium bromide (TBABr) was added. A 
white precipitate appeared immediately. The suspension was stirred 
overnight. The solid, that proved to be tetrabutylammonium perrhenate 
(TBAReO4, see IR spectrum in Figure S0), was recovered by vacuum 
filtration on a nylon filter (pore size = 0.22 μm), washed with distilled 
water (3 £ 100 mL) and then dried overnight at room temperature 
under vacuum (<20 mbar).

2.4.2. Synthesis of tetrabutylammonium tetrachlorooxorhenate(V) 
(TBAReOCl4)

TBAReOCl4 was synthesized according to the procedure described by 
Dilworth et al. [30]. All manipulations were carried under dry Ar at
mosphere on a Schlenk line. TBAReO4 (830 mg) was dissolved in CHCl3 
(6 mL) at 0◦C (ice water bath). Me3SiCl (5 mL) was then added drop
wise, followed by the addition of dry deoxygenated MeOH (1.6 mL). The 
mixture was stirred for 3 h. Then, the volume was reduced (to approx
imately 2 mL) before adding a solution containing 10 mL EtOH and 
10 mL Me3SiCl. The solution was mixed vigorously and then placed at 
− 33◦C overnight. The formed yellow crystals were filtered out and 
washed three times with 30 mL dry cold (0◦C) deoxygenated (by 
freeze-thaw cycles) n-hexane. The crystals were stored in a glovebox 
under Ar atmosphere.

2.4.3. Synthesis of tetrabutylammonium 11-tungstophosphate 
((TBA)4H3PW11O39)

H3PW12O40⋅nH2O was dried under vacuum (<20 mbar) at 25◦C 
overnight to obtain H3PW12O40⋅6H2O [26]. In a 250 mL beaker, 5 g of 
H3PW12O40⋅6H2O was dissolved in 30 mL of distilled water. Then, the 
pH (initially between 0 and 1) was adjusted between 5.0 and 5.5 with a 
NaOH (1 mol/L) aqueous solution. The pH-adjusted solution was then 
mixed with 25 mL distilled water containing 2.80 g TBABr. A white 
precipitate, that proved to be (TBA)4H3PW11O39 (TBAHPW11), formed 
immediately. The solid was washed with distilled water (3 £ 100 mL) 
and dried under vacuum (<20 mbar) at room temperature. 31P NMR, 
FTIR, ICP-AES and elemental analysis were used to characterize the 
obtained product. Its 31P NMR spectrum showed a single peak at δ 
= -11.89 ppm in CD3CN (-11.91 ppm in literature [31]). Its FTIR spec
trum (Fig. 4) presented two P-O asymmetric stretching peaks (1110 and 
1053 cm− 1). ICP-AES (%wt) (calculated values): P 0.82 (0.85), W 55.41 
(55.40). Elemental analysis (wt%) (calculated values): C 21.18 (21.06), 

Fig. 1. Catalytic deoxydehydration. Depending on the nature of the reductant, 
x = 1 or 2.

Fig. 2. Keggin heteropolyanion structure. Pink: heteroatom tetrahedron (XO4). 
Blue: addenda metal octahedra (MO6). Red: oxygen atoms. The counter-cations 
have been omitted for clarity.
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H 4.06 (4.06), N 1.49 (1.53) and O 17.15 (17.09).

2.4.4. Synthesis of tetrabutylammonium 11-tungstorheno(V)phosphate 
((TBA)4PW11ReVO40)

(TBA)4PW11ReVO40 was synthesized according to the protocol 
described by Ortega et al. [32]. In a 50 mL round-bottom flask, 500 mg 
of (TBA)4H3PW11O39 was dissolved in 15 mL acetonitrile. Then, 110 mg 
of TBAReOCl4 was added and the solution was stirred overnight. The 
solvent was evaporated with a rotary evaporator (40◦C, 280 rpm). The 
dark purple solid was then recovered, washed with MeOH and recrys
tallized in acetone. 31P NMR was used to characterize the obtained 
product. Its 31P NMR spectrum showed a single peak at δ = -14.56 ppm 
in CD3CN. ICP-AES (%wt) (calculated values): P 0.76 (0.80), W 52.56 
(52.54) and Re 4.81 (4.84). Elemental analysis (wt%) (calculated 
values): C 20.15 (19.97), H 3.76 (3.77), N 1.43 (1.46) and O 16.68 
(16.62).

2.5. Impregnation of TBAReO4 on (TBA)4H3PW11O39

In a 250 mL round-bottom flask, 500 mg of (TBA)4H3PW11O39 is 
suspended into 100 mL dichloromethane. Then, 20 mL of dichloro
methane containing 90 mg of dissolved TBAReO4 is added. The mixture 
is stirred 2 h before evaporating the solvent under reduced pressure at 
room temperature. The powder is recovered and further dried at < 20 
mbar and 25◦C overnight.

2.6. Catalytic tests

In a 15 mL closed pressure tube (LaborXing) equipped with a PTFE 
stir bar, 5 mL of a 3-octanol solution containing 0.5 mmol of 1,2-hexane
diol (or 1,4-anhydroerythritol) and 0.5 mmol dodecane (internal stan
dard), were added together with the solid catalyst (5 % mol Mo or W or 
2 % Re with respect to 1,2-hexanediol). The tube was sealed with a PTFE 
screw cap and kept at the desired temperature (that ranged from 170◦C 
to 220◦C) in an oil bath. To stop the catalytic test, the tube was cooled 
down in an ice-cold water bath. Reactants and products were then 
quantified with a GC-2010 Plus equipped with a FID-2010 Plus detector, 
a SH-RTX-5 (30 m length, 0.25 mm inner diameter, 0.1 μm film thick
ness) column, an AOC-20s auto-sampler and an AOC-20i auto-injector 
from Shimadzu. A vial was filled with the reaction medium supernatant, 
obtained by filtrating it through a 0.22 µm pore size syringe-filter. An 
aliquot of 1 μL of the prepared vial was injected (injector temperature: 
275◦C, 70◦C during 6 min and then 20 ◦C/min until 100◦C. Gas flow: 
30 mL/min He, 40 mL/min H2 and 400 mL/min dry air. FID tempera
ture: 270◦C) and the analysis was performed in split mode (split = 15, 
inlet pressure = 25 psi).

Conversion, selectivity and yield were calculated by using the 
following equations: 

Conversion(%) =
Cdiol(t0) − Cdiol(t∗)

Cdiol(t0)
⋅100 

Selectivity(%) =
Calkene(t∗)

Cdiol(t0) − Cdiol(t∗)
⋅100 

Yield(%) =
Calkene(t∗)
Cdiol(t0)

⋅100 = Selectivity⋅Conversion 

Where C represents the molar concentration either of 1,2-hexanediol (or 
1,4-anhydroerythritol) or of hexenes (1-hexene and its isomers, 2- and 3- 
hexene) (or 2,5-dihydrofuran). t0 and t * correspond to the times at 
which the reactor is dipped into the oil bath (t0) or the ice-cold water 
bath (t * ).

2.7. Cold filtration tests

To explore whether leaching of DODH active species occurred, a 
catalytic test was started as described above and quenched in the kinetic 
regime (conversion not exceeding 40 %) by dipping the reactor in an ice- 
water bath. The solid was removed from the reaction medium by 
filtration (using a 0.2 µm pore size syringe filter) and the liquid fraction 
was put again in the same reaction conditions as before being quenched. 
Conversion and selectivity evolutions were monitored by GC to see 
whether they still increased or remained constant after removal of the 
solid.

2.8. Recycling tests

At the end of a catalytic test, the reactor was cooled down in an ice- 
water bath and the reaction mixture was transferred into a 1.5 mL 
Eppendorf tube. The mixture was centrifugated in a VWR MiniStar 
blueline microcentrifuge at 2000 g during about 1 min. The recovered 
solid was washed with n-hexane and then dried overnight at 25◦C under 
vacuum (<20 mbar) before being reused as a catalyst, as described 
above.

3. Characterizations

3.1. Infrared spectroscopy

All spectra were recorded on a Bruker Equinox 55 equipped with a 
dielectric DTGS detector with an iris aperture of 5000 µm. One hundred 
scans were recorded with a spectral resolution of 4 cm− 1 in the range 
400–4000 cm− 1. For FTIR measurements, powders were diluted in dry 
KBr and pressed into self-supported wafers. A pure KBr wafer was also 
analyzed and used as background. For ATR measurements, powders 
were deposited and slightly pressed against a diamond crystal before 
recording their IR spectrum. Air was used as background each time. For 
liquid samples, a droplet was deposited between 2 NaCl wafers. The two 
NaCl wafers served as background.

3.2. Nuclear magnetic resonance (31P and 1H NMR)

Powders/Liquids were dissolved/mixed in about 0.5 mL CD3CN or 
CDCl3 in an NMR tube. A home-made capillary tube containing a D3PO4 
85 % wt. aqueous (D2O) solution was inserted in the tube as reference 
for 31P NMR experiments. All samples presented a peak at − 12.45 ppm 
for 31P NMR experiments due to a contamination present in the capil
lary. The analyses were performed on a Bruker Advance II spectrometer 
(Larmor frequency of 400 MHz for 1H) or on a Jeol JNM-ECZL G series 
spectrometer (Larmor frequency of 600 MHz for 1H), as the first spec
trometer was replaced by the second one during the course of this study. 
The 31P NMR spectra were recorded at room temperature, collecting 
1064 scans with a relaxation delay of 2 s and a spectral width of 
200 ppm. The 1H NMR spectra were recorded at room temperature, 
collecting 32 scans with a relaxation delay of 2 s and a spectral width of 
14 ppm.

3.3. Ultraviolet-visible spectroscopy (UV–vis)

Solutions were analysed on a Shimadzu UV-3600 Plus Series spec
trometer in quartz High Precision Cells from Hellma Analytics. The 
spectra were recorded from 200 nm to 800 nm with a 0.5 nm sampling 
interval (slit width of 2 nm). From 200–380 nm, a deuterium lamp from 
Shimadzu was used as source while a W halogen lamp was used as 
source for the rest of the spectrum.

3.4. Powder X-ray diffraction (PXRD)

Diffractograms of the powder samples were recorded on a Bruker-D8 
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Advance diffractometer with a Bragg-Brentano geometry. A copper 
anode (Kα = 0.1548 nm) operated under 40 kV and 30 mA was used as 
X-ray source. The detector was a LynxEye XE-T. The angle (2θ) was 
varied from 5◦ to 80◦ at a speed of 5.93◦/min (5051 steps of 0.015◦). 
Well-grinded powders were dispersed on a “zero noise” sample holder 
coated with Vaseline or Nivea creme before insertion in the apparatus.

3.5. Inductively coupled plasma-atomic emission spectroscopy and 
elemental analysis

The digestion of TBAHPW11 and TBAPW11Re proceeded as follows. 
About 50 mg of the sample was introduced in a 50 mL polypropylene 
tube. Then, 6 mL H2SO4 (95 % wt.) was added together with 2 mL H2O2 
(35 % wt). Afterwards, 1 mL HF (40 % wt) was added. The tube was 
gently mixed and then allowed to cool down to room temperature. 
Finally, 12 mL of a home-made saturated H3BO3 aqueous solution was 
added. This last step enables to use a quartz nozzle during the ICP-AES 
analysis while using HF for the digestion. The Varian Vista MPX CCD 
instrument was used to perform the ICP-AES analyses. The elemental 
analyses were performed on a Thermo Scientific FlashSmart elemental 

analyser directly on solid samples.

4. Results and discussion

Keggin phosphododecamolybdates (PMo12O40
3- = PMo) and phos

phododecatungstates (PW12O40
3- = PW) were first considered as potential 

catalysts for the DODH reaction. Three different counter-cations were 
considered: H+ (the acid form, HPM), NH4

+ (the most common counter- 
cation, NH4PM) and TBA+ (bulkier cation, TBAPM), with M being Mo or 
W. As only the acid forms and NH4PMo are available commercially, the 
three other species (NH4PW, TBAPW and TBAPMo) were prepared by 
ion metathesis and precipitation. Their Keggin structure was confirmed 
by FTIR and PXRD (Figure S1 & S2) in all cases.

The PMo and PW species with different counter-cations (H+, NH4
+

and TBA+) were then tested as catalysts in the 1,2-hexanediol DODH 
with 3-octanol as both reductant and solvent and at different reaction 
temperatures (Fig. 3).

Within each series, the acidic species HPMs (M = Mo or W) showed 
the highest conversion but low selectivity due to their very high 
Bronsted acidity [26] which is reported in the literature to promote 

Fig. 3. Catalytic results (conversion of 1,2-hexanediol, selectivity and yields for hexene) with different phosphododecamolybdates and phosphododecatungstates at 
different reaction temperatures and with different counter-cations (H+, NH4

+ and TBA+). Reaction conditions: 5 mL of a solution containing 0.1 mol/L 1,2-hexanediol 
and 0.1 mol/L n-dodecane (internal standard), 5 % mol M (M= Mo or W), 18 h at a given temperature: (a) Conversion and selectivity (b) Yield.

Fig 4. (a) 31P NMR spectra of TBAPW, TBAHPW11 and TBAPW11Re. D3PO4 is plotted as reference (Note: it presents a contamination peak at − 12.45 ppm from the 
capillary tube used for these analyses). (b) IR spectra of HPW, TBAPW, TBAHPW11 and TBAPW11Re. HPW is plotted for comparison. M = Re or W. The full IR spectra 
are available in Fig. S4.
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side-reactions (e.g. acetalization [33]). For both the Mo- and W-based 
series, the hexene yield (Fig. 3(b)) was the best when using TBA+ as 
counter-cation. Within the Mo-series, hexene isomers (2- or 3-hexene) 
were only observed with NH4PMo and HPMo as catalysts while 
TBAPMo yielded only 1-hexene (Figure S3). These results are in line 
with the fact that acidity is well-known to promote isomerization of 
alkenes [34,35]. Hence, TBAPMo being not acidic, only 1-hexene was 
produced. TBAPMs showed higher yields than their NH4PM counter
parts, likely because the ammonium cation still presents some Bronsted 
acidity [25] as opposed to TBA+.

For all the tests, the conversion increased with temperature (until a 
maximum of 100 %). This can be explained by the Arrhenius law and by 
considering a system in which the different chemical equilibria involved 
are not thermodynamically limited, which is here the case [7,33].

Besides, PW demonstrated lower DODH-activity than their PMo 
counterparts. The origin of this difference likely lies within the redox 
properties of W, especially its lower reducibility compared to Mo [16]. 
Phosphododecamolybdates have indeed reduction potentials about 
400 mV higher than phosphododecatungstates [36,37], which gives 
them more redox flexibility. One way to tune the redox properties of 
Keggin HPAs, hence to overcome the lack of reducibility of W, is to 
replace one addenda metal by another one. We therefore consented to a 
synthetic effort to replace one of the twelve tungsten atoms of the PW 
anion with a high-valent Re(V) atom, as Re is a metal known to be very 
efficient at catalyzing DODH mainly under the form of organometallic 
complexes [10].

To do so, HPW was dissolved in distilled water (pH = 0–1) and the 
pH was subsequently increased (5.0 <pH<5.5) with a NaOH solution to 
yield the monolacunary form of PW, namely PW11O39

7- . This species was 
precipitated from its solution by adding TBABr, yielding 
(TBA)4H3PW11O39 (in short TBAHPW11). TBAHPW11 was then redis
solved in acetonitrile and mixed with a home-made synthesized rhenium 
precursor (TBAReOCl4) to refill the lacuna. The purified final product, 
(TBA)4PW11ReVO40 (TBAPW11Re in short), was characterized by 31P 
NMR, UV–vis and FTIR as well as ICP-AES, elemental analysis (see 
experimental section) and PXRD (Figure S4 [38]).

31P NMR indicated that the synthesis yielded pure TBAPW11Re, with 
no other phosphorus-containing impurities (Fig 4 (a)) while ICP-AES 
and elemental analyses confirmed the TBAPW11Re stoichiometry (see 
experimental section). The chemical shift observed for TBAPW11Re in 
31P NMR (-14.56 ppm) is in excellent agreement with the values re
ported in literature (-14.93, − 15.1 and − 14.59 ppm for (Me2NH2)4P
W11ReO40 in DMSO-d6, K4PW11ReO40 in D2O and TBA4PW11ReO40 in 
CD3CN, respectively) [39–42]. The Keggin structure was preserved as 
well, as shown in Fig. 4 (b) (Full IR spectra in Figure S5). Indeed, 4 
characteristic peaks of the Keggin structure can be observed in the IR 
spectrum of TBAPW11Re. Peaks at 1082 cm− 1 and 981 cm− 1 are 
attributed to the asymmetric stretching vibration of P-O and M=O 
(M=W or Re), respectively. The bands at 894 cm− 1 and 818 cm− 1 are 
attributed to asymmetric stretching vibrations of M-O-M (M=Re or W) 
(edge-shared oxygen) and M-O-M (vertex-shared oxygen), respectively. 
The IR spectrum of TBAHPW11 exhibited two distinct peaks (instead of 
one) in the region attributed to P-O asymmetric stretching. This band 
splitting (going from the saturated TBAPW to the monolacunary one 
TBAPHW11) is explained by an important symmetry decrease in the PW 
anion owing to the created vacancy [43]. On the contrary, TBAPW11Re 
and TBAPW presented very similar IR spectra. This was attributed (1) to 
the fact that the W vacancy was replenished when TBAPHW11 was put in 
the presence of the Re precursor (TBAReOCl4), thus rebuilding a sym
metry of the anion very close to the one of TBAPW with consequently the 
P-O asymmetric stretching band not being split anymore, and (2) to the 
similar masses of W (183.8 amu) and Re (186.2 amu) [29]. Still, one 
could observe a small shoulder appearing on the P-O band of 
TBAPW11Re. This can be explained by the substitution of WVI by the 
smaller ReV cation [41]. This band shouldering is more easily discernible 
in Fig. 8(b), as this spectrum has been taken in the transmission mode. 

Additionally, TBAPW11Re was dissolved in acetonitrile and its UV–vis 
spectrum was measured together with TBAPW for comparison (Fig. 5). 
Three additional peaks specific to the PW11ReO40

4- anion were observed 
at 395, 512 and 713 nm [39,44]. These peaks are attributed to inter
valence charge transfer transitions (ReV → WVI) [39,44]. The molar 
extinction coefficients at 395, 512 and 713 nm aligned with the ones 
reported in literature [44]. Based on these coefficients, we estimated the 
purity of TBAPW11Re to be about 97 ± 2 % (see supporting information
for detailed calculations).

TBAPW11Re, TBAHPW11 and TBAPW were tested and compared in 
terms of catalytic performances (Fig. 6). TBAPW and TBAHPW11 con
verted 1,2-hexanediol into 1-hexene with the same yield (9 %). 
Substituting one W by one Re improved its catalytic performance 
tremendously. Indeed, TBAPW11Re showed much better catalytic per
formance than the pristine TBAPW, converting 1,2-hexanediol into 1- 
hexene with a yield of 73 %.

It should be noted that this strategy, i.e. substituting one Mo by one 
Re, could not be followed for PMo. This would have required indeed to 
first synthesize the monolacunary species of PMo, namely 

Fig. 5. UV–vis spectra of (TBA)4PW11ReO40 and (TBA)3PW12O40 dissolved in 
acetonitrile. The inset contains a zoom in the 350–800 nm region of a more 
concentrated TBAPW11Re solution.

Fig. 6. Catalytic results (selectivity is for 1-hexene) with (TBA)4H3PW11O39 
(TBAHPW11), (TBA)3PW12O40 (TBAPW) and (TBA)4PW11ReVO40 (TBAPW11Re). 
Reaction conditions: 10 mg of solid and 5 mL of a solution containing 0.1 mol/L 
1,2-hexanediol and 0.1 mol/L n-dodecane (internal standard), 18 h at 210◦C.
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(TBA)4H3PMo11O39 (TBAHPMo11), and then to carry out the metalation 
by using TBAReOCl4. However, this synthesis route cannot be envisaged 
as ReOCl4- being a mild reductant, it would readily reduce TBAHPMo11 
into the one-electron reduced PMo [45], namely PMoVI

11MoVO40
4- , rather 

than having Re filling the Mo lacuna. As stated above, the fact that 
TBAHPW11 can be metalated by TBAReOCl4 (but not TBAHPMo11) is 
actually possible thanks to its lower reducibility.

When performing the catalytic tests, it was observed that most of the 
TBAPMo and TBAPW11Re species remained solid, which led us think 
that the catalysis was operating in a heterogeneous catalytic way. 
However, cold filtration tests indicated that some dissolved species were 
catalyzing the reaction. Indeed, the conversion continued increasing 
when the solids were filtered out of the reaction medium (Fig. 7). The 
solids were recovered, as partial re-precipitation of the dissolved species 
was likely to occur upon temperature decrease during the reaction 
quenching (from 210◦C to 0◦C). The remaining liquids after catalytic 
tests were recovered as well and their IR and UV–vis spectra were 
recorded (Figures S6 & S7). No conclusion could be drawn from the IR 
spectra as they were all identical, and the same as a reaction medium 
with no catalyst. No conclusion could be drawn either from UV–vis 
spectra, as the peaks could not be compared with literature data. The 
solids were also analyzed by IR to check the Keggin structure (Fig. 8). No 

difference could be observed before and after catalytic test for 
TBAPW11Re while the two Mo-O-Mo bands broadened and the intensity 
of the Mo-O-Mo (edge-shared oxygen) decreased after catalyst test for 
TBAPMo. This change has already been reported for reduced phospho
molybdate species and is attributed to a strong coupling of bipolaron 
with the vibration of the bridging Mo-O-Mo bonds [46]. Still, these re
sults are in line with a preserved Keggin structure. The reduction of 
TBAPMo was also inferred by its color change (from yellow-light green 
to dark blue) [47] during the reaction while TBAPW11Re color remained 
the same (Figure S8). The reduction of TBAPMo was confirmed by 
UV–vis spectroscopy (Fig. 9), as the new band observed in its UV–vis 
spectrum corresponds to intervalence charge transfer transitions (IVCT) 
from MoV to MoVI [48]. The fact that Mo was dark blue at 100 % 1, 
2-hexanediol conversion is not surprising as the catalytic tests were 
carried out with a very large excess of reductant (3-octanol being also 
the solvent of the reaction). In contrast, TBAPW11Re presented the same 
UV–vis spectrum after the catalytic test than before (Fig. 5). This seems 
logical, as Re was already in a reduced oxidation state (+V) [44] when 
starting the reaction.

Accordingly, the 31P NMR spectrum of TBAPW11Re after catalytic 
test was the same as the fresh one, while the reduced TBAPMo indicated 
several new peaks (Fig. 10). All these new peaks are believed to be due to 
different reduced TBAPMo species [49] (namely (TBA)3PMoVI

12-xMoV
x
x-). 

Some of the peaks seem to correspond to 4- and 6-electrons reduced 
TBAPMo species, by comparison with some published data [49]. Some 
other peaks differed from the literature data, probably because they 
related to reductions with other reductants. Additionally, the chemical 
shifts reported in literature were measured under different analysis 
conditions (e.g. use of different NMR solvents). The recovered powder 
after catalytic test was mixed with a large excess of Br2 in order to 
reoxidize it. The obtained TBAPMo was green and its 31P NMR spectrum 
showed one single peak at − 2.54 ppm, demonstrating that the reduced 
state of TBAPMo is reversible. According to literature, this chemical shift 
could be attributed to PMo12O40

4- or P2Mo18O62
6- (Wells-Dawson-like 

POMs) [45,50]. However, the latter possibility was discarded as the IR 
spectrum unequivocally showed a Keggin fingerprint. Indeed, in the case 
this reoxidation step would have generated P2Mo18O62

6- , the IR spectrum 
would present two frankly distinguishable (Mo-O-Mo)v or e peaks 
(instead of one for the Keggin) [51].

Cold filtration tests evidenced the presence of soluble DODH-active 
species (Fig. 7). However, solid particles of TBAPMo or TBAPW11Re 
could be recovered at the end of the catalytic tests. We thus investigated 
whether the solid particles exhibited catalytic activity or if only the 
dissolved species were active. Assuming thermodynamic dissolution 

Fig. 7. Cold filtration tests of TBAPMo and TBAPW11Re. The solid was filtrated 
after 7 h and 2 h of reaction for TBAPMo and TBAPW11Re, respectively. The 
liquid was analyzed after 18 h or 7 h reaction for TBAPMo and TBAPW11Re, 
respectively. Reaction conditions: 5 % mol. Mo or 2 % mol Re, 210◦C.

Fig. 8. IR spectra of TBAPMo and TBAPW11Re before and after one catalytic test of 18 h at 210◦C: (a) whole spectrum; (b) zoom on the Keggin fingerprint; M = Mo, 
W or Re.
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equilibrium of TBAPMo and TBAPW11Re in the medium, the catalytic 
performance should remain constant as long as suspended solids are 
observed during catalytic testing. Under this hypothesis, we decided to 
reuse the solid particles of TBAPMo and TBAPW11Re (Fig. 11).

The recycled TBAPMo converted less 1,2-hexanediol (81 %) in 
comparison to the fresh one (100 %). This conversion decrease coin
cided with a translucent liquid mixture (no visible solid particles), 
meaning that it was no longer a saturated solution, hence explaining this 
lower conversion. TBAPW11Re showed a similar behavior. Its first reuse 
did not suffer any performance loss but the subsequent recycle gave 
lower conversion with no visible solid anymore. A similar trend was 
observed when recycling the catalysts at lower reaction time (hence not 
at full conversion) (Figures S9 and S10). These results suggest that solid 

TBAPMo and TBAPW11Re particles act as reservoirs for active species 
rather than catalysts themselves. Indeed, the conversion decrease was 
consistently observed alongside the continuous dissolution of TBAPMo 
or TBAPW11Re during the recycling experiments, likely due to a lower 
quantity of dissolved species compared to a saturated TBAPMo or 
TBAPW11Re solution in the case of recyclings.

The nature of these dissolved active species was then investigated. As 
stated above, the IR spectra of the liquid medium (recovered by filtering 
the reaction medium at 0◦C at the end of catalytic tests performed with 
TBAPMo and TBAPW11Re) were not useful. As the dissolved active 
species were suspected to precipitate during the reaction quenching 
(cooling from 210◦C to 0◦C), the reaction media were filtered at 90◦C 
instead. Then, the supernatants were allowed to cool down at 4◦C 
overnight. A precipitate was obtained in both cases and was analyzed by 
IR (Fig. 12). The IR spectrum of the solid recovered from the catalytic 
test with TBAPMo was very similar to reduced TBAPMo, as expected 
(Fig. 12 (a)). The (Mo-O-Mo)v band was not observable anymore and the 
(Mo-O-Mo)e was broader. As stated above, these changes have already 
been reported with reduced PMo12-x

VI Mox
VO40

(x+3)- species [52–54] and are 
attributed to a strong coupling of bipolaron with the vibration of the 
bridging Mo-O-Mo bonds [46]. In the case of TBAPW11Re, no difference 
could be observed between the solid recovered and the freshly synthe
sized TBAPW11Re (Fig. 12 (b)).

These results indicate that the Keggin structure of TBAPMo and 
TBAPW11Re is preserved all along the dissolution and the reprecipita
tion process during the catalytic tests. In other words, it seems that intact 
PMo and PW11Re polyoxometalates are the active species. However, 
these results cannot exclude a mechanism where the Keggin POM is 
temporarily unbundled in solution to operate catalytically as monomeric 
species, before reforming itself. Although this event seems quite un
likely, some experimental data demonstrating that this hypothesis can 
be discarded are exposed hereunder.

In the case of TBAPW11Re, literature reports that its stability depends 
on the oxidation state of Re [32,44]. Pentavalent and hexavalent Re 
(TBAPW11ReV and TBAPW11ReVI, respectively) are reported to be stable 
while the heptavalent one (TBAPW11ReVII) is hydrolyzed into ReO4

- in 
water-containing media [44]. Literature generally reports DODH 
mechanisms with ReV/ReVII or ReIV/ReVI cycles [6,11,55]. In the case of 
TBAPW11Re, the latter cycle (ReIV/ReVI) is quite unlikely as the 31P NMR 
spectrum of TBAPW11Re after catalytic test (performed with a high 
excess of reductant) was identical to the freshly prepared TBAPW11ReV. 
Additionally, TBAPW11ReIV is reported to be unstable (it is rapidly 

Fig. 9. UV–vis spectra of TBAPMo in CH3CN before and after catalytic tests. As 
the absorption coefficients are not the same at each wavelength, solutions of 
different TBAPMo concentrations were measured (before and after catalytic 
test). The pink and the grey regions correspond to ligand to metal charge 
transfer transitions of Mo-O and Mo-O-Mo, respectively. Only TBAPMo after 
catalytic test presented a broad peak at 715 nm owing to MoV to MoVI transi
tions (blue highlighted region). Concentrations used (estimation): 47 and 2 
µmol/L (before catalytic test) & 250, 38 and 6 µmol/L (after catalytic test).

Fig. 10. 31P NMR (in CD3CN) spectra of TBAPMo before and after catalytic test 
(with and without reoxidation with Br2). The numbers above the blue peaks are 
the number of electrons believed to have been involved in reducing the fresh 
TBAPMo to give the species responsible for these peaks.

Fig. 11. Recycling experiments of TBAPMo and TBAPW11Re. Reaction condi
tions: 18 h, 210◦C, 0.1 mol/L 1,2-hexanediol and n-dodecane (internal stan
dard) in 3-octanol (solvent), 2 %Re mol. and 5 %Mo mol.
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oxidized by air) [32]. Thus, assuming a ReV/ReVII mechanism, TBAP
W11ReVII could be temporarily decomposed into ReO4

- and PW11O39
7- 

(PW11). In that case, ReO4
- could then be the active species and would be 

able, once reduced into a Re(V) species, to refill the lacuna of PW11. To 
test the ability of this Re(V) species to refill the PW11 lacuna during the 
catalytic test, a catalytic test was performed with TBAReO4/TBAHPW11 
(viz. TBAReO4 simply adsorbed at the surface of a TBAHPW11 powder) 
and the remaining solid was analyzed by 31P NMR and IR afterwards to 
check for the presence of TBAPW11Re (Fig. 13).

The IR spectrum of TBAReO4/TBAHPW11 before catalytic test 
(Fig. 13 (a)) showed the peaks of both TBAReO4 (Re-O vibration at 
909 cm− 1) and TBAHPW11 (see Fig. 4 (b)), meaning that none of them 
were altered during the impregnation procedure to adsorb TBAReO4 on 
TBAHPW11. These results are in line with the fact that perrhenates are 
not able to fill the lacuna of PW11, as reported elsewhere [56]. After 
catalytic test, the IR spectrum of TBAReO4/TBAHPW11 was identical to 
TBAPW12, hence not showing any presence of TBAPW11Re. Still, as the 
powder showed a slight purple tint (Figure S11), the presence of small 
amounts of TBAPW11ReV (which is dark-purple) was suspected. Indeed, 
the 31P NMR of TBAReO4/TBAHPW11 evidenced its presence, but in tiny 
amounts (Fig. 13 (b)). Additionally, no peak of TBAHPW11 could be 
observed. Instead, the spectrum presented an intense peak of TBAPW12. 

These data demonstrate that the mechanism whereby TBAPW11Re is 
temporarily unbundled can be excluded, as the presence of TBAPW12 
after catalytic test with the synthesized TBAPW11Re would then have 
been evidenced also by 31P NMR, and it is not the case.

The catalytic performances of TBAPMo, TBAPW11Re and TBAPW 

Fig. 12. IR spectra of (a) freshly prepared TBAPMo (before catalytic test), TBAPMo after catalytic test recovered by filtration at 0◦C and TBAPMo recovered in the 
filtrate collected at 90◦C; (b) fresh TBAPW11Re and TBAPW11Re recovered in the filtrate collected at 90◦C.

Fig. 13. (a) IR spectra of TBAReO4, TBAHPW11, TBAReO4/TBAHPW11 before and after catalytic test, TBAPW11Re and TBAPW12. (b) 31P NMR spectrum of TBAReO4/ 
TBAHPW11 after catalytic test. (Note: it presents a contamination peak at − 12.45 ppm from the capillary tube used for these analyses.).

Table 1 
Catalytic performances (hexene yields) of AHM, 
TBAPMo, TBAReO4, TBAPW11Re, Na2WO4 and 
TBAPW. Conditions: 210◦C, 18 h, 2 % mol. Re (in 
the case of TBAPW11Re and TBAReO4), 5 % mol. 
Mo (in the case of TBAPMo or AHM) or 5 % W (in 
the case of TBAPW or Na2WO4) with respect to the 
diol. Conversion reached 100 % for all except 
TBAPW (42 %) and Na2WO4 (37 %).

Catalyst Yield (%)

AHM 48
TBAPMo 55
TBAReO4 99
TBAPW11Re 73
Na2WO4 3
TBAPW 9
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were compared with ammonium heptamolybdate (AHM, 
(NH4)6Mo7O24), TBAReO4 and Na2WO4, respectively. While TBAPMo 
showed slightly better catalytic performance than AHM, TBAReO4 
converted 1,2-hexanediol with a higher selectivity than TBAPW11Re, 
and Na2WO4 was less active than TBAPW (Table 1). However, these 
catalytic tests are not strictly comparable as only part of the TBAPMo or 
TBAPW11Re is thought to carry out the reaction, i.e. the part that is 
dissolved. In those cases, they act as reservoirs of dissolved highly active 
species. Catalytic tests were also performed with TBAPMo, TBAPW and 
TBAPW11Re on the biomass-derived 1,4-anhydroerythritol and similar 
catalytic performances were obtained as with 1,2-hexanediol (Table S1). 
Hence, the catalytic performances of TBAPMo and TBAPW11Re are 
promising and are paving the way for the implementation of new Keggin 
POMs-based catalysts for DODH.

5. Conclusion

We reported the use of Keggin phosphometalates as deoxydehydra
tion catalysts. Tetrabutylammonium (TBA) phosphometalates (M = Mo 
or W) outperformed NH4PMs and HPMs, likely due to their non-acidic 
nature. TBAPMo showed good catalytic performance (yield of 52 %) 
in the DODH model reaction of 1,2-hexanediol using 3-octanol as both 
solvent and reductant. While TBAPW showed poor conversion and 
selectivity (45 % and 20 %, respectively), by contrast, its Re-substituted 
counterpart (TBAPW11Re) displayed excellent performance (100 % 
conversion, 73 % selectivity) in the same reaction conditions. In
vestigations via cold filtration and recyclability tests on the nature of the 
catalytically active species revealed that it is the dissolution of TBAPMo 
and TBAPW11Re that leads to active homogeneous catalysts, whereas 
the recyclable solids serve as reservoirs of soluble active species from 
one run to another. More precisely, IR and 31P NMR experiments showed 
that the active species are undamaged PMo12 and PW11Re poly
oxometalates. Notably, this work represents the first study only dedi
cated to Keggin polyoxometalates as a versatile platform for the 
elaboration of performant deoxydehydration catalysts. Future works 
will entail exploring new POM formulations and optimizing their re
covery and reuse.
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