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ARTICLE

Preparation and isolation of mono-Nb substituted Keggin-type
phosphomolybdic acid and its application as an oxidation catalyst
for isobutylaldehyde and Wacker-type oxidation
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Potassium and proton mixed salt of mono-Nb substituted Keggin-type phosphomolybdate, KH3[PMo11NbOao], was isolated
in pure form by reacting Keggin-type phosphomolybdic acid (Hs[PM012040]) and potassium hexaniobate (KsNbsO19) in water,
followed by freeze-drying. The all protonic form, Ha[PMo11NbOa4o], was isolated via proton exchange with H-resin and
subsequent freeze-drying. The most crucial factor to isolate KH3s[PMo01:NbOao] and Ha[PMo1:NbOao] in pure form is the
evaporation of water using the freeze-drying method. Using a similar procedure, the potassium salt of the di-Nb substituted
compound Ks[PMo1oNb>040] was isolated. Hi[PMo11NbOao] exhibited high catalytic activity for oxidizing isobutylaldehyde
oxidation to methacrolein and moderate catalytic activity for the Wacker-type oxidation of allyl phenyl ether when combined
with Pd(OAc)..

on the oxygen atoms around Nb, thus changing the reactivity of
Introduction heteropolytungstates toward cationic species and organic
compounds.1112 Preparation and characterization of the mono-
Nb substituted phosphotungstate, [PW11NbQOgo]*~ has been
reported by several groups such as Sécheresse et al.,13 Beer et
al.,»* Okumura et al.,1> Song et al.,’® and Abramov et al.17. 18 The
tri-Nb (Nb3O3(=0)s3) moiety selectively reacts with metal—
organic cations and trialcohols.®. 20 Furthermore, the

Keggin-type heteropolymetalates, [X"M12040]® - (X = P5* or
Si**; M = W6 and/or Mo®) where one tetrahedral XO, is
surrounded by 12 octahedral MOg (Fig. 1(a) and (b)), are one of
the most common family of polyoxometalates. Their acidic
forms, so-called heteropolyacids, Hs_n[X"*M12040], exhibit
strong acidic and redox properties, and therefore are used as
functional materials such as acid catalysts, oxidation catalysts,
and buttery materials.’* Their properties can be tuned by
substituting W or Mo with other transition metals (Fig. 1(c)).>
Vanadium-substituted Keggin-type phosphomolybdic acids, (a) (b)
H3:x[PMo012-xV5*0s0] (x = 1, 2, 3), are the mostly used
heteropolyacids as redox catalysts.6°

Niobium also forms polyoxometalates,’® and it is well
established that Nb can be substituted into W-based Keggin-
type heteropolytungstates. Examples include mono-Nb and tri-
Nb substituted heteropolytungstates, and substitution of
W6é+=0 with Nb**=0 causes localization of the negative charge

substituted Nb=0O moiety can act as catalytic center for
oxidation reaction using H,0,.21 22
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However, there are only few reports on the synthesis of Mo-
based Keggin-type phosphomolybates with substituted Nb.
There is no preparation method with high purity and clear
characterization  evidences of mono-Nb  substituted
phosphomolybdate, [PMo011NbQOgo]*.

Ressler et al. prepared Hi[PMo011NbO4o] via the reaction of
KgNbgO19, K2HPO4, and MoOs3 dissolved by the addition of excess
K2COs3 followed by acidification with HClIO4.23 The resulting solid
was analyzed by X-ray absorption fine structure (XAFS)
spectroscopy and thermogravimetry differential thermal
analysis (TG-DTA). Davis et al. prepared [PMo1:NbO4o]* by a
reaction of in-situ prepared [PMo11039])7~ with Nb oxalate.2* 25
In both cases, no clear evidence of the molecular structure of
[PMo011NbO4o]4~ by 3P Nuclear magnetic resonance (NMR),
Infrared (IR) and electrospray ionization mass spectrometry
(ESI-MS) has been reported. Abramov et al. reported the
formation of [PMo12-xNb>*O40]*)~ by mixing a Keggin-type
phosphomolybdic acid, H3[PMo01,040], and ammonium niobium
oxalate, (NH4)[NbO(C204)2(H20)], in aqueous solutions.26 The
desired species were detected by high-performance liquid
chromatography-inductively coupled plasma (HPLC-ICP) mass
spectrometry and 3P NMR; however, these isolated molecules
were mixed with other species and no isolation has been
reported. Weinstock et al. reported the preparation of a di-Nb
substituted Keggin-type phosphomolybdate, [PMo01oNb;040]°",
with full characterization and polymerization reactions through
the Nb-O-Nb bonds.?”

Here, we report the isolation of potassium salts of mono- and
di-Nb substituted phosphomolybdates, H3K[PMo011NbO4o] and
Ks[PMo1oNb2040], respectively, in pure form by reacting
H3[PM012040] and KgsNbgO19. The full protonic form of the mono-
Nb substituted compound, Hs[PMo1:NbO4o], was also isolated
in high purity, whereas the di-Nb species were not stable under
acidic We report that the catalytic
performances for the oxidative dehydrogenation of
isobutylaldehyde to methacrolein of the H4[PM011NbQOyo] are
higher than those of H4[PMo011VO40] and H3[PMo01,040], and
Ha[PMo011NbO4o] shows moderate catalytic activity for the
Wacker-type oxidation of allyl phenyl ether.

conditions. also

Experimental
Materials and methods

Reagents and materials.

Ammonium niobium oxalate, (NH4)[NbO(C,04)2(H20)]-nH,0,
was obtained from the Japan Reference Catalyst (JRC-NBO-3A0)
of the Catalysis Society of Japan, and the amount of hydrate was
estimated using TG-DTA. Phosphomolybdic acid, H3[PMo01,040]-
29.4H,0, silicomolybdic acid, H4[SiM012040]-nH>0,
phosphomolybdovanadic acid, H4[PMo011VO40]-nH,0, were
obtained from Nippon Inorganic Colour & Chemical. Co., Ltd and
amount of hydrate was estimated by TG-DTA. KgNbgO19 was
obtained from Mitsuwa Chemicals Co., Ltd., and the amount of
water in KgNbgO19-16.6H,0 was estimated by TG-DTA. All other
chemicals were of reagent grade and were used without further
purification.
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Preparation of HsK[PMo11NbOQ40]-4H,0

KgNbgO19-16.6H,0 (0.373 g, Nb 1.5 mmol) dissolved in H,0 (5.0
mL) was added to an aqueous solution of H3PM012040-29.4H,0
(3.532 g, 1.5 mmol) dissolved in H,0 (5.0 mL). After the mixture
was stirred at 85 °C for 3 h in a closed glass reactor, the
produced yellow precipitates were removed by centrifugation
(11000 rpm, 12851 RCF X G, KOKUSAN) for 20 min. The clear
yellow solution was freeze-dried (FDU-2200, EYEA) to form
yellow solid (~1.50 g, mmol, 51.7 % based on P).

Elem. Anal. Calcd for H3K[PMo1:NbQ40]-4H,0: H, 0.6; P, 1.6; Mo,
54.6; Nb: 4.8; K, 2.0. Found: H, 0.9; P, 1.6; Mo, 54.8; Nb: 4.7; K,
2.0.

Preparation of Hs[PMo011NbO40]-11H,0

KgNbeO15-16.6H,0 (0.373 g, Nb 1.5 mmol) dissolved in H,O (5.0
mL) was added to an aqueous solution of H3PMo01,040-29.4H,0
(3.532 g, 1.5 mmol) dissolved in H,0 (5.0 mL). After the mixture
was stirred at 85 °C for 3 h in a closed glass reactor, the
produced yellow precipitates were removed by centrifugation
(11000 rpm, 12851 RCF X G, KOKUSAN) for 20 min. The clear
light-yellow solution was passed through H-resin (Dowex-50W,
5.0 g), and the yellow eluent was freeze-dried (FDU-2200, EYEA)
to form a yellow solid (1.30 g, mmol, 45.3 % based on P).

Elem. Anal. Calcd for Hs[PMo011NbQg40]-11H,0: P, 1.5; Mo, 52.2;
Nb: 4.6; K, 0.0. Found: P, 1.5; Mo, 52.3; Nb: 4.6; K, 0.0.
Preparation of Ks[PMo1oNb;040]-16H,0

KsNbeO15-16.6H,0 (0.4977 g, Nb 1.98 mmol) dissolved in H,O
(2.5 mL) was added to an aqueous solution of H3PMo01,040-
29.4H,0 (1.1775 g, 0.5 mmol) dissolved in H,O (2.5 mL). After
the mixture was stirred at 85 °C for 3 h in a closed glass reactor,
the produced vyellow precipitates were removed by
centrifugation (11000 rpm, 12851 RCF X G, KOKUSAN) for 20
min. The clear yellow solution was freeze-dried (FDU-2200,
EYEA) to form yellow solid (~ 0.445 g, mmol, 35.2 % based on P).
Elem. Anal. Calcd for Ks[PMo10Nb2040]-16H,0: P, 1.3; Mo, 41.7;
Nb: 8.1; K, 8.5; H, 1.4. Found: P, 1.3; Mo, 41.6; Nb: 8.0; K, 8.7; H,
0.9.

Other analytical techniques

IR spectra were NICOLET 6700 FT-IR
spectrometer (Thermo Fisher Scientific) using KBr pellets. 31P
NMR spectra were recorded on a Varian system 500 (500 MHz)
spectrometer (Agilent) (P resonance frequency: 202.378 MHz).
The spectra were referenced with an external 85 % H3PO,4 (0
ppm). Elemental analyse were performed at the Analysis Center
of Mitsubishi Chemical Co. (Ootake, Japan). High-resolution ESI-
MS spectra were recorded using an LTQ Orbitrap XL instrument
(Thermo Fisher Scientific) with an accuracy of 3 ppm. Each
sample (5 mg) was dissolved in 5 mL of H,0, and the solutions
were diluted with CH3CN (final concentration: ~10 pg/mL). TG-
DTA was measured using TG/DTA7300 (SlI, Japan) under N, flow
of 50 mL-s™1.

Computational details

recorded on a

Geometry optimization and vibrational frequency calculations
were performed for two polyoxometalate species, [PM01,040]3~
and [PMo011NbQOgo]#-, using the B3LYP functional.28 29 All the
calculations were performed using the Gaussian09 package
(revision D.01).30 For the main groups of O and P atoms, the 6-
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31+G* atomic basis set was used,3! 32 and for the transition-
metal Mo and Nb atoms, the SDD basis set was employed.33-36
Evaluation of catalytic performance

Oxidation of iso-butylaldehyde

Phosphomolybdic acid compounds were pressed into pellets
and crushed. The crushed powders were sieved through two
sieves to obtain a particle size of 0.25-0.5 mm. The catalysts
(0.3-2.5 g) were placed into a fixed-bed continuous flow reactor
under atmospheric pressure at 240 °C. The reactions were
carried out under total flow rate 9 L/h of reactant gas, which
consist of P(i-C4HgO) = 1.4 kPa, P(O,) = 10.1 kPa, P(H,0) = 10.3
kPa and P(N,) = 78.5 kPa, as partial pressure. Amount of
isobutylaldehyde was calculated using 22.4 dm3/mol at 0 °C
under 1013 hPa. Reactions without catalysts were performed
under the same conditions, where isobutylaldehyde conversion
and selectivity to methacrolein were 4.3% and 12.0%,
respectively. Reactions without catalysts have also been
reported.3” The reaction products were analyzed by gas
chromatography (GC) with Thermal conductivity detector (TCD)
and Flame ionization detector (FID). The columns in GC with TCD
detector and Molecular Sieve 5 A (0.3 m x® 3 mm) were used
for the detection of CO and O, and Porapak Q column (2 mm x
® 3 mm) was employed for the detection of CO,. The GC column
with the FID detector was DB-FFAP (30 mx® 0.32 mm) capillary
column used for the detection of isobutylaldehyde and
methacrolein.

Wacker-type oxidation of allyl phenyl ether

In a glass tube, CH3CN/H,0 (7/1, v/v, 10 mL) mixed solvent, allyl
phenyl ether (1 mmol), biphenyl (0.5 mmol) as an internal
standard, Pd(OAc); (0.1 mmol), POM (0.03 mmol) were placed
and a balloon filled with O; gas was attached. The reaction was
conducted in an oil bath at 60 °C with stirring. After the reaction,
quantification was performed using GC and 'H NMR.

Results and discussion
Synthesis and Isolation of H3K[PMo011:NbO40] and Ks[PMo19Nb;040]

Abramov et al. reported the synthesis of [PM011NbQO40]*~ and
[PMo01oNby040]5~ by a reaction of H3[PMo01,040] (7 mM) and
(NH4)[NbO(C204)2(H20)] in water at 60 °C for 12 h.?6
Characterization using HPLC-ICP, HPLC-UV, and 3P NMR
indicated that the products were a mixture of [PMo1:NbO40]*-,
[PMo01o0Nb2040]%-, and [PMo01,040]3-, and is the first reasonable
characterization of Nb-substituted Keggin-type
phosphomolybdates using 3P NMR and elemental analysis.
Inspired by their pioneer work indicating that Nb=0O can
substitute Mo=0 by mixing Nb source and H3[PMo01,040], we
modified the preparation method and found a preparation
method to obtain high-purity [PMo1:NbO40]*-.

Heating a mixture of H3[PMo012040] (150 mM) and potassium
hexaniobate, Kg[NbgO15] (150 mM of Nb), in water at 85 °C for 3
h produces yellow solution with yellow precipitates which was
separated by centrifugation. 31P NMR spectrum of the yellow
solution shows a new peak at -2.92 ppm which is different from
the chemical shift (-3.20 ppm) of the H3[PMo012040] (Fig. 2 (b)
and (a)). High-resolution ESI-MS of the solution revealed
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profiles assignable to H{PMo011NbO40]3~ and [PMo011NbO40]* (Fig.
S1). These results indicate that the high-purity compound,
[PMo11NbOQ40]4-, was produced in water.

Isolation of the [PMo1:NbO4o]*~ by evaporation of water was
performed at different temperatures, and the obtained yellow
solids were characterized by 3P NMR after the solids were
dissolved in D,O (Fig. 3). Solids obtained by drying at a
temperature more than 40 °C show several 3P NMR signals
indicating that the [PMo011NbO4o]* decomposes during the
drying process. Conversely, solid obtained by freeze-dry
method shows only one 31P NMR singlet at —2.94 ppm (Fig. 3(d)
and 4(a)). High-resolution ESI-MS of the solid isolated by freeze-
drying revealed profiles assigned to [PMo011NbOgg]*~ and
H[PMo011NbO4o]3~ (Fig. S2). These results indicate that the
desired [PMo11NbO40]%" can be isolated in a pure form by
freeze-drying method.

(H)
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T T T 1
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Chemical shift /ppm
Fig. 2 31P NMR spectra of (a) Hs3PMo01,040 (0.15 M), and reaction mixture of HsPMo01,040
(0.15 M) with (b) 1 equivalent, (c) 2 equivalent, (d) 3 equivalent, (e) 4 equivalent, and (f)
5 equivalent of Nb (KgNbgO19) in H,0-D,0 (50 vol%). The reaction mixture was heated at
85 °Cfor 3 h, and the precipitate formed were removed by centrifugation. An open circle

and five closed circles indicate peaks assigned to [PMo31;NbOg0]* and [PMo3oNb,04]°,
respectively.

0 =2 -4
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Fig. 3 3P NMR spectra of (a) aqueous solution containing [PMo1;NbOg4]*-, and solid
obtained by drying (b) at 70 °C, (c) at 40 °C, and (d) freeze-drying of the aqueous solution
containing [PMo11NbO40]*-. Solid (~30 mg) was dissolved with D0 (~1 mL).
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The IR spectrum of the isolated solid showed characteristic
bands of Keggin-type phosphomolybdate (Fig. 5), indicating that
the isolated solid had a Keggin-type phosphomolybdate
structure. The band at ~1094 cm corresponding to P-O
vibration becomes broader in the case of [PM011NbOg4o]4~. To
comprehend the experimentally observed small differences
between the IR spectra of the [PM012040]3~ and [PMo011NbO40]*~
anions, a vibrational frequency analysis was performed for
these two species using density-functional theory (DFT). A
complete presentation of calculated absorption bands in the
1200-700 cm~! range is given in Fig. S3. The simulated spectra
show little change in the position and shape of the asymmetric
P-O/Mo=0t combination band and the M—-O-Mo bridging
oxygen band. The calculations indicated that the band numbers
increased owing to the reduced degenerate normal modes of
vibration caused by the substitution of Nb. For example, the
band at ~1050 cm-! indicating the P-O vibration became
broader, as observed in the experiment. Particularly, a new
band at 933 cm™! is attributed to the Nb-Ot band, which may
have been observed at ~918 cm~! as a week band in experiment.
Elemental analysis of the isolated solid revealed a K:P:Mo:Nb
atomic ratio of 1:1:11:1, indicating that the isolated solid was
H3K[PM011NbO40].

-2 -3
Chemical shift /ppm

Fig. 4 3P NMR spectra of (a) solid obtained after freeze-drying the solution of the
reaction mixture containing H3[PMo01,04] and KgNbgO;9 with Nb/Mo ratio of 1 and
subsequent centrifugation (Hz3K[PMo1;NbOy]), (b) solid obtained after freeze-drying of
solution which was passed through H+-resin aqueous solution of H3K[PMo13;NbOg],
(H4[PMo011NbOg]), (c) solid obtained after freeze-drying of solution of the reaction
mixture of H3[PMo01,04] and KgNbgOis with Nb/Mo ratio of 4 and subsequent
centrifugation (Ks[PMo1oNb,04]), (d) solid obtained after freeze-drying of solution which
was passed through H*-resin of aqueous solution of Ks[PMo1oNb;04]. Solid (~¥30 mg) was
dissolved with D,0 (~1 mL).

Reaction between H3[PMo01,040] and Kg[NbeO1s] can be written
as shown in Equation 1. Under our reaction condition, only the
desired product, HsK[PMo011NbQO4], is soluble and Mo-based
compounds such as Kz[MogO19] are insoluble in the solvent and
the desired product could be isolated by centrifugation in pure
form. We are not yet able to identify the side products.

H3[PMo01,040] + 1/6 Kg[NbsO19] >

H3K[PMo011NbOyg] + 1/6 K2[M0g0O15] (and/or other molybdates)
(Equation 1)
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The freeze-drying method is suitable for the isolation of all the
produced species with different Nb/Mo ratios in aqueous
solution, and almost same 31P NMR spectra were observed after
freeze-drying (Fig. 4 and S4).

The [PMo011NbO4o]*~ species were prepared by the reaction of
H3[PM01,040] and ammonium niobium oxalate,
(NH4)[NbO(C204)2(H20)], under the same reaction conditions, as
confirmed by 3P NMR and high-resolution ESI-MS. However,
the elemental analysis of the isolated solid after freeze-drying
indicated that the chemical formula was
H3Nb(C;04)H[PM011NbO4o], in which Nb existed as a counter
cation.

(d)
% (c) R
5 |(b)
X
(@)

Wavenumber / em™

Fig. 5 IR spectra of (a) H3[PM0,,040], (b) H3K[PMo01;NbOy0], (c) Ha[PMo01:NbO,0], (d)
Ks[PMo01oNb;040].

The Nb/Mo ratio in the reaction mixture of H4[PMo01,040] and
Kg[NbeO19] was varied and then heated at 85 °C for 3 h. 31P NMR
spectrum (Fig. 2 (c)-(f)) of the reaction mixture indicated that
increasing the Nb/Mo ratio from 1 produced 5 new singlets at
-2.68, -2.63, -2.58. -2.57, and -2.25, ppm which corresponds
to the di-Nb substituted species, [PM01oNb,040]>~ as 31P NMR of
Ks[PMo31oNb,040] isolated by Weinstock et al. shows similar
signals.?? Similar 3P NMR spectra were obtained after freeze-
drying (Fig. 4(c) and S4). When the Nb/Mo ratio was 4, the purity
of the di-Nb substituted species, [PMo1oNb>040]>~ was highest.
Elemental analysis of the isolated solid revealed that K:P:Mo:Nb
atomic ratio is 5:1:10:2, indicating that the isolated solid was
Ks[PMo10Nb>040]. The chemical formula was same as that of the
di-Nb-substituted compound produced by the reaction of
Na;HPO,4, Na;MoO,, and KgNbgOi9 in an acidic solution,
followed by the addition of KCI, as reported by Weinstock et
al.2’ The IR spectrum of the isolated Ks[PMo1oNb>040] showed
characteristic bands of Keggin-type structure (Fig. 5(d)),
indicating that the isolated solid had a Keggin-type structure.
When the Nb/Mo ratio was greater than 5, additional peaks
were observed (Fig. 2(f)). These peaks can be assigned to the tri-
Nb substituted species. However, this compound could not be
isolated.
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Fig. 6 High-resolution ESI-MS spectra of reaction mixture of H4PMo11NbO40. The
solution was diluted by acetonitrile. (a) m/z = 200-1400, (b) enlarged figures m/z = 449—
461 together with simulated profile of [PMo1;NbOg4]*, (c) enlarged figures m/z = 559—
622 together with simulated profile of H{PMo31;NbO403~ and Na[PMo;1:NbOg4]3-, and (d)
enlarged figures m/z = 888-948 together with simulated profile of Hy[PMo13:NbO40)%,
HNa[PMo1;NbO4]%, and Nay[PMo1;NbO,40]%.
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Isolation of the acidic form

To isolate the pure acidic species, the Hz3K[PMo011NbQOy0] solution
obtained after centrifugation was passed through H-resin, and
the obtained eluent was freeze-dried. 3'P NMR spectra of the
isolated species showed one singlet with almost same chemical
shift as that of H3K[PMo011NbQO4o] (Fig. 4). The IR spectrum of the
isolated solid was similar to that of HsK[PMo1:NbO4o] (Fig. 5),
and the high-resolution ESI-MS spectrum of the isolated solid
showed peaks corresponding to [PMo11NbQO40]*-,
[HPMo011NbO40]3-, and [H2PMo1:NbO40]? (Fig. 6), indicating that
the Keggin structure was stable under acidic conditions with H-
resin. Elemental analysis indicated that the atomic ratio of
K:P:Mo:Nb was 0:1:11:1, suggesting that the chemical formula
of the isolated solid was H4[PMo11NbOjy0].

By contrast, the solid obtained by passing the Ks[PMo1oNb2040]
solution through the H-resin and subsequent freeze-drying
exhibited different 3P NMR peaks (Fig. 4 (d)). 3P NMR of the di-
Nbsubstituted species, Ks[PMo1oNb2040], with different HCI
concentrations (Fig. S5) indicates that the [PMo1oNb;040]5"
decomposes by decreasing pH.

Thermal stability of H4[PMo11NbO40]

The TG-DTA profile of the isolated H4[PMo011NbOyo] (Fig. 7)
shows a gradual weight loss. Ressler et al. reported that
H4[PMo011NbO40] shows an endothermal signal at approximately
300 °C,23 but we did not observe such endothermal peak.
Isolated H4[PMo1:NbO4] was heated in air at different
temperatures (temperature was raised at 10 °C/min, and the
temperature was kept for 1 h), and the obtained solids were
characterized by 3P NMR (Fig. 8), IR (Fig. 9), and powder X-Ray
diffraction (XRD; Fig. 10). When the H4[PMo01:NbQy] is heated
at 100 °C, a small new 31P NMR peak at —0.86 ppm appeared,
and the intensity of the peak increases by increasing
temperature. When the temperature is more than 300 °C,
additional peaks between -0.4 and -0.6 ppm appeared.
However, signal assignable to [PMo01:NbQOg4o]*-is the main peak
up to 350 °C. When the temperature was increased to 400 °C,
the peak assignable to [PMo11NbQOyol*~ disappeared. The IR
spectra of the heated samples indicated similar thermal
behaviours. The characteristic bands for [PMo11NbQOgo]*4 are
observed as the main bands until 350 °C, but new bands are
observed after heating at 200 °C, and the bands intensities
increased by increasing the temperature. The powder XRD
patterns of the heated samples indicate that heating at 400 °C
produces Mo-Nb-based oxides3® and further heating at 500 °C
produces mostly MoOs.
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Fig. 7 TG-DTA curves of Hs[PMo13;NbOy] in N, flow (50 mL min-1).
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Fig. 8 3P NMR spectra of H4PMo;1;NbO4] after heating at different heating
temperatures. (a) without heating, (b) 100, (c) 200, (d) 300, (e) 350 and (f) 400 °C. Solid
(~30 mg) was dissolved with D,0 (~1 mL).
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Fig. 9 IR spectra of Hy[PMo1,NbOy] after heating at different heating temperatures. (a)
without heating, (b) 100, (c) 200, (d) 300, (e) 350 and (f) 400 °C.

6 | J. Name., 2012, 00, 1-3

(
J— ()
A I (e)
— (d)
— (c)
- At (b)
AN S . ; . ; (a).
10 20 30 zej:egreeﬁﬂ 60 70 80

Fig. 10 Powder XRD spectra of H;[PMo;;NbO,o] after heating at different heating
conditions. (a) without heating, (b) 100, (c) 200, (d) 300, (e) 350, (f) 400 and (g) 500 °C.
Powder XRD of (h) MoO; and (i) Nb,Os.

The H4[PMo011:NbO4o] was the main species after heating at
350 °C under out heating condition, although drying the
aqueous solution of Hs[PMo011NbO40] at 40 °C decomposed the
H4[PMo011NbQO40] molecule (Fig. 3 (c)). The decomposition of
H4[PMo011NbO4o] occurred more rapidly in aqueous solution.
We believe there is an equilibrium between [PMo11:NbOy0]* and
other molybdate derivatives in aqueous solution, and drying
from solution easily decomposed [PMo31:NbO40]4. On the other
hand, removal of H,O from ice by freeze-drying method
hindered decomposition.

Redox properties of H4J[PMo011NbO4]

Cyclic voltammetry (CV) result of H4[PMo011NbO4o]
compared with that of H3[PMo012040], Ha[SiM012040], and
H4[PM011VOg40] in 0.1 M H,SO4 in a H,0-1,4-dioxane (1:1 vol)
solution (Fig. 11), where well-defined reversible redox couples
of Hi3[PMo01,040] were obtained. It has been reported that
H3[PMo01,040] is unstable in water; however, its stability
increases with the addition of an organic cosolvent,?® and
H3[PMo01,040] and Hs[SiMo01,040] exhibit well-defined three 2-
electron redox couples in mixed solvent system.
H4[PMo011NbO4o] exhibited three well-defined redox couples
that can be assigned to three 2-electron redox processes by
comparing the peak currents with those of H3[PMo031,040] and
H4[SiM012040]. For H4[PMo01:VO40], a one-electron redox
reaction of V5*/4+ was observed at ~500 mV. However, no redox
couple corresponding to Nb5*/4+* was observed. These results
indicated that H4[PMo011NbOy4] shows three 2-electron
reduction couples for Mo. The three reduction potentials were
more negative than those of H3[PMo0:,040]. This can be
explained by the difference in negative charges. More negative
[PMo11NbOy40]* needs more reduction potentials compared to
[PM012040]3.

was
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Table 1 Heterogeneous oxidation of isobutyraldehyde.

Current/ pA
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Fig. 11 Cyclic voltammogram of (black line) Hs[PMo1;NbOy], (red line) H3[PMo1,040],
(blue line) Hy[SiM01,040] and (pink line) Hy[PM01;VOys] in 0.1 M H,SO,4 in H,0-1,4-
Dioxane (1:1 vol) solution. Concentration of all complexes was 1 mM.

Catalytic performance of oxidative dehydrogenation of
isobutylaldehyde to methacrolein

Oxidative dydrogenation of isobutylaldehyde using O, as an
oxidant is one of the important methods to produce
methacrolein, an important feedstock for polymers, and salts of
Keggin-type phosphomolybdic acids have been utilized as
catalysts. The catalytic performances of Hi[PMo11NbO40l,
H4[PM011VO40] and H3[PMo01,040] were evaluated for
heterogeneous oxidative dehydrogenation of isobutylaldehyde
using O, as an oxidant (Table 1).37 Isobutylaldehyde conversions
and methacrolein yields were plotted against gas-space
velocities (W-F-1) where W and F represent the catalyst mass
(kg) and the flow rate of isobutylaldehyde (m3/s), respectively,
in Fig. 12. All catalysts produced the desired methacrolein as the
main product, together with CO/CO, as byproducts. Among
them, H4[PMo011NbO4o] showed the highest isobutylaldehyde
conversion and methacrolein yield. Reaction rates were
estimated to be 6.3 x 1073, 4.3 x 1073, and 3.0 x 1073 m3-kg 1:s71,
for H4[P|V|011Nb040], H4[P|V|011VO40], and H3[P|V|01204o],
respectively, assuming isobutylaldehyde conversation as the
first order reaction. The reaction rate constant of
H4[PMo011NbQO4] was twice that of H3[PMo01,040]. Further
investigations into why Hs[PMo1:NbO4] showed better
performance than H4[PMo011VO4] and Hs[PMo01,040]
ongoing by our group.

are

This journal is © The Royal Society of Chemistry 20xx

No Catalyst W-F! Isobutyl-  Methacrolein Sel.

[kg:ss'm=3]  aldehyde Yield [%] [%]

Conv.
(%]

1 Ha[PM011NbOao] 313.1 84.1 78.8 93.7
2 Ha[PM011NbO4o] 442.1 94.1 88.4 93.9
3 Ha[PMo011VOao] 223.5 63.6 55.3 87.7
4 Ha[PM011V0a0] 452.4 83.8 75.3 75.3
5 H3[PM012040] 230.0 44.7 37.3 83.3
6 H3[PM 01,040 4412 77.9 69.4 89.1
7 H3[PM012040] 672.5 83.1 74.1 89.1

Reaction gas containing isobutylaldehyde, O, H20, and N2 with partial pressure of
1.4,10.1, 10.3, and 78.5 kPa, respectively, was passed through catalysts fixed in a
fixed-bed continuous flow reactor under atmospheric pressure at 240 °C.
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Fig. 12 Isobutylaldehyde conversion (closed circles), conversion curves (lines) estimated
by assumption that the conversion is first-order with respect to isobutylaldehyde
concentration, methacrolein yields (open circles) against gas-space velocities (W-F1)
using Hy[PMo1;NbO,0] (red), Ha[PMo1,VO,0] (black), and Hy[PM01,040] (pink).

Catalytic performance of Wacker-type oxidation of allyl phenyl
ether to methyl ketone

Wacker-type reactions are useful method to convert olefins to
carbonyl compounds using Pd2* and Cu?* as catalysts and O, as
an oxidant. In Wacker-type reactions,? olefins activated by
coordination to Pd%* react with water molecules to produce
carbonyl compounds and Pd° intermediates. The Pd° species is
re-oxidized by Cu?* to form Pd2* and Cu*, and the Cu* is oxidized
to Cu?* by molecular O,. It has been known that Keggin-type
phosphomolybdic acid derivatives are alternatives of Cu?* to re-
generate active Pd%* catalysts.? Recently, Hong et al. reported
that a mixture of Pd(OAc), and H3PMo01,040 or HsPMo011VOao
showed good catalytic activity for the Wacker-type oxidation of
allyl phenyl forming  phenoxyacetone and
phenoxypropane-1-al as Wacker-oxidation products and phenol
as a by-product (Equation 2, Table 2).49 We performed the
reaction at 60 °C in the presence of 10 mol% Pd(OAc), and 3
mol% POMs with a balloon filled with O, gas under the same
conditions reported by Hong et al.

ether,
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Methyl ketone Aldehyde Phenol
(Equation 2)
Table 2 Wacker-type oxidation of allylphenyll ether
No POMs Conv. [%] Yield [%]
Allylphenyl Methyl  Aldehyde  Phenol
ether ketone
1 Ha[PMo011NbOa0] 77 42 10 25
2 Ha[PM011VOuo] 98 (100)? 67 6(12)? 25
(65) (14)
3 H3[PMo012040] 47 (41)? 18 2 (6)? 27 (6)?
(23

Conditions: Pd(OAC)2 (10 mol%), POMs (3 mol%), and Acetonitrile/H20 (7/1 (v/v))
at 60 °C for 18 h. a) Values in parentheses are reported in Ref. 31.

The reactions with H3[PMo01,040] and Hs[PMo011NbO4o] showed
similar conversions and yields to those reported by the Hong
group, where the activity of Hs[PMo011VOa40] exhibited better
performance (Table 2, No. 2 and 3). The catalytic activity of
H4[PMo011NbQOy4o] (Table 2, No. 1) was intermediate between
those of H3[PMo01,040] and H4[PMo011VOy0]. The first reversible
reduction potentials of Hi[PMo011NbO4o], H3[PM01,040], and
Ha[PMo011VO40], estimated by CV, were 280, 320, and 500 mV,
respectively, which may influence Pd® oxidation and re-
oxidation of the reduced polyoxomolybdates by O,. We have no
clear explanation to explain activity differences using only redox
potential differences. 3P NMR of H4[PMo011VOy0] in aqueous
solution showed several peaks (Fig. S6) indicating that
Ha[PMo011VO40] contains several impurities. Some of the
impurities might be catalytic active species. We are currently
conducting further investigations to explain these differences in
performance.

Conclusions

Mono-Nb  substituted Keggin-type phosphomolybdate,
[PM011NbO4o]*-, was prepared by mixing Keggin-type
phosphomolybdic  acid, H3[PMo01;040], and potassium

hexaniobate, KsNbgO19, and subsequent centrifugation in water.

The potassium and proton mixed salt, KH3[PMo011NbQOyg], was
isolated by freeze-drying the reaction mixture, and all the
protonic forms, Hs[PMo11NbOaso], were isolated by proton
exchange with H-resin and subsequent freeze-drying. The
isolated Ha[PMo011NbO4o] was thermally stable up to ~350 °C in
air and could be used as heterogeneous catalyst for
isobutylaldehyde using O, as an oxidant. Furthermore,
Ha[PMo011NbO4o] exhibited catalytic activity for Wacker-type
oxidation.
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Figure S1. High-resolution ESI-MS spectra of reaction mixture of H3PMo012O49 and
KsNbeO19 (1 equivalent of Nb to HsPMo12040) which was heated at 85 °C for 3 h followed
by centrifugation. The resulting solution was then dissolved in acetonitrile. (a) m/z =400—

800. (b) Enlarged m/z = 449-460, and (c) simulated profile of [PMo11NbOu4]*.
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Figure S2. High-resolution ESI-MS spectra of the solid obtained by freeze-drying a
solution of H3KPMo11NbO4g dissolved in acetonitrile. (a) m/z = 400-800. (b) Enlarged

m/z = 449-460, and (c) simulated profile of [PMo11NbOu4o]*.
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Figure S3. Simulated IR spectra of (a) [PMo012040]*>" and (b) [PMo11NbOuo]* at the
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Figure S4. >'P NMR spectra of (a) H3PMo12040 (0.15 M) and the solid obtained after
freeze-drying the reaction mixture of H3PMo12040 (0.15 M) with (b) 1, (c) 2, (d) 3, (e) 4,
and (f) 5 equiv of Nb (KgNbsO19) in H2O. The reaction mixture was heated at 85 °C for 3
h, and the precipitate was removed by centrifugation. The open circles and five closed

circles indicate peaks assignable to [PMo11NbO40]* and [PMo10Nb2049]%, respectively.

The solid (~30 mg) was dissolved in D>O (~1 mL).
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Figure S5. *'P NMR spectra of (top) Ks[PMo1o0Nb2040] and (bottom)
H;K[PMo1:NbOuo] in (2) 6 M HCL, (b) 1.2 M HCI, (c) 0.24 M HCI, (d) 0.048 M HCI,

and (e) 0.0096 M HCI aqueous solution.
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Figure S6. >'P NMR spectra of (a) H;[PMo012040] and (b) H4[PMo11VOao]. Solid (~30

mg) was dissolved with DO (~1 mL).
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