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In this study, we report that selective aerobic oxidation of allyl phenyl ethers is attained by a Pd catalyst/pol-
yoxometalate hybrid system to yield corresponding methyl ketones in water-enriched acetonitrile. The Pd
(OAc)2/HsPVoMo10040 system exhibits higher conversions and yields of corresponding methyl ketone by
Wacker-type oxidation of allyl phenyl ether as compared with the conventional PdCl,/CuCl; system. The higher
yields are attributed to the efficient re-oxidation of Pd® to Pd*" by HsPVyMo1¢O4 using O, as an oxidant as
evidenced by electrochemical measurements. A reduced species of HsPVaMo10040 by Pd° during the catalytic
oxidation is revealed by UV-vis spectral measurements. The use of PdCl; in place of Pd(OAc), in combination
with [PVaMo1¢040]°~ bearing tetraalkylammonium counter cations has also exhibited comparable conversions
and product yields in the Wacker-type oxidation of allyl phenyl ethers. Para-substituted allyl phenyl ether de-
rivatives are successfully oxidized in the Pd catalyst/polyoxometalate system to yield corresponding methyl
ketones. The initial rate of products of para-substituted methyl ketones depended on the electronic effect of the
substituents in which allyl phenyl ethers with electron-donating groups have accelerated the initial rate in the Pd

catalyst/polyoxometalate system.

1. Introduction

Aerobic oxidation reactions play an important role in organic
transformations. Selective aerobic oxidation of ethylene into acetalde-
hyde is known as the Wacker oxidation, in which PdCl; and CuCl; are
used as a catalyst and a re-oxidation mediator of Pd°, respectively, in an
HCI aqueous solution [1-7]. The PdCly/CuCl; system has been applied
for selective oxidation of terminal alkenes with long-chain alkyl, [8-10]
aromatic [11], or cyclic [12] groups into corresponding ketones. How-
ever, the use of CuCly yields undesired by-products of chlorides in
long-chain olefins [13,14]. The corrosive condition of the PdCly/CuCl,
system can be a bottleneck for broad applications to other alkenes with
functional groups.

In the Wacker-type oxidation reactions, allyl ethers bearing two
reactive sites (allyl and ether groups) are regarded as difficult substrates
because the oxygen atom in the vicinity of an allyl group can potentially
coordinate to a Pd center, which can result in multiple side reactions

such as hydrolysis that yield alcohols [15-17]. To avoid the hydrolysis of
ether groups, some modifications have been developed for the Pd
catalyst systems [18-20]. Alternative oxidants, solvents, and organic
media were explored for the selective oxidation of allyl ethers [19,
21-24]. It should be a meaningful model to use allyl phenyl ethers, that
are utilized as a raw material to gain versatile useful chemicals in
electronic devices, as substrates for the Wacker-type oxidation [25]. For
example, Fep(SO4)3 (1.5 equiv) as an alternative oxidant was reported to
oxidize allyl phenyl ether into corresponding ketone in good yield [23].
Similarly, Dess-Martin periodinane as an oxidant was also reported to
oxidize allyl phenyl ether into corresponding methyl ketone [24]. In
these reactions, oxidants generate large amounts of waste that are
difficult to handle and remove from a product. As a consequence, it is
required to develop environmentally benign catalytic systems for the
Wacker-type oxidation of allyl ethers using molecular oxygen as an ideal
oxidant.

Polyoxometalates (POMs) are promising candidates for catalytic
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oxidation reactions using molecular oxygen as an oxidant [26-31].
POMs are composed of molecular metal oxide anions that exhibit
attractive features of redox properties [31]. In addition, the selection of
counter cations of POMs, such as metal or organic cations, enables the
control of their solubility to be used in a wide range of solvents [32].
Notably, the phosphovanadomolybdates, H3  xPVxMo12_x04¢ (x = 0-2),
of the Keggin structure, which contains molybdenum and vanadium as
addenda atoms, are reported to be efficient catalysts for aerobic oxida-
tion and found to oxidize Pd° to a Pd?* species with molecular oxygen
[28,33-35]. For example, PdSO4/H3,xPVxMo12_xO40 systems are used
for the oxidation of but-1-ene to butan-2-one in the presence of Oy [34].
Furthermore, the Pd(OAc),/H3sPMo;2040/tetrabutylammonium acetate
system was reported to selectively oxidize alcohols to aldehydes using
O, as an oxidant [35]. In this context, the combination of Pd catalysts
and POMs as re-oxidation mediators is expected to be a potential system
for the Wacker-type oxidation of allyl ethers into corresponding ketones.
However, Wacker-type oxidation of allyl phenyl ethers has yet to be
clarified in a Pd catalyst/POM system.

Herein, we report the Wacker-type oxidation of allyl phenyl ether
derivatives by a catalytic system that uses Pd catalysts and
[PV2Mo10040]°~ with various cations as re-oxidation mediators. The
yields of the corresponding methyl ketones were achieved up to 74% in
the Pd(OAc)/HsPVoMo¢049 system for the Wacker-type oxidation of
allyl ethers using Oy as an oxidant. The yields were significantly
improved compared with the conventional PdCl,/CuCl; system. In this
study, we have demonstrated that Pd catalyst/HsPV;Mo1004¢ can act as
an efficient catalytic system for the Wacker-type oxidation of allyl
phenyl ethers under mild conditions.

2. Experimental
2.1. General

Allyl phenyl ether, tetraethylammonium bromide, tetrabutylammo-
nium bromide, tetrahexylammonium bromide, and tetradecylammo-
nium bromide were purchased from Tokyo Chemical Industry Co., Ltd.
Allyl 4-methoxy-, 4-fluoro—, 4-chloro-, and 4-bromophenyl ethers were
synthesized according to literature procedure [36]. H3, xPVyMo12_xO40
(x = 0-2) were obtained commercially from Nippon Inorganic Colour &
Chemical Co., Ltd. Tetraoctylammonium bromide and all palladium(II)
reagents were purchased from Fujifilm Wako Pure Chemical Corp. All
solvents for catalytic reactions were used without further purification.
Gas chromatography was performed using Shimadzu GC-2014 equipped
with an FID equipped with a TC-1 column (GL Science, 0.25 mm x30
m).'H NMR spectral measurements were performed on a JEOL JNM-ECX
400 spectrometer using acetophenone as an internal standard. UV-vis
spectral measurements at RT were performed using a SCINCO UV-vis
spectrophotometer (S-3100). Electrochemical measurements were
recorded on a potentiostat/galvanostat instrument (HZ-7000, HOKUTO
DENKO). Purified water (18.2 MQ cm) was obtained from a Milli-Q
system (Direct-Q3 UV, Millipore).

2.2. Synthesis Of TAsPV2Mo10049 (n = 2-10)

Protons of HsPVaMo1¢049 were exchanged to tetraalkylammonium
(TA) ions (n = 2-10) by a conventional method: Tetraalkylammonium
bromide in methanol was slowly added to a methanol solution con-
taining HsPVaMo10040 and stirred at RT. The formed precipitate was
filtered and recrystallized in acetonitrile/ethanol solution to give
TA5PVoMo10040. The obtained samples were characterized by FT-IR to
confirm the structure and presence of TA ions.

2.3. General procedure for Wacker-type oxidation of allyl phenyl ethers

A Pd catalyst (10 mol%) and a POM (3.0 mol%) re-oxidation medi-
ator were added to the CH3CN/H0 (7:1, v/v) mixed solution containing
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allyl phenyl ether (0.10 M) at room temperature. The mixture was
heated to target temperature and stirred for 16 h under ambient air.
After the reaction, the mixture with biphenyl as an internal standard was
quantified by GC-FID (Shimadzu, GC-2014). The temperature of the GC-
FID program was kept 120 °C for 2 min, raised to 280 °C with a ramp rate
of 10 °C/min and then kept for 2 min. The same procedure was used for
H NMR spectroscopic analysis but with the use of CD3CN/D-0 (7:1, v/
v) instead of CH3CN/H,0 (7:1, v/v) as a reaction solution. Acetophe-
none was used as an internal standard for the quantification of products
in the 'H NMR spectroscopic analysis.

2.4. UV-vis spectroscopic analysis of reaction mixture

Pd(OAc); (10 mM), H5PV3Mo1¢04¢ (3.0 mM) were mixed in 4.0 mL
of MeCN/H30 (7:1, v/v) mixed solution containing allyl phenyl ether
(0.10 M) at RT under air. The reaction solution (100 pL) was pretreated
with a syringe filter (pore size: 0.20 pm) to remove undissolved solid and
then diluting in 2.9 mL of MeCN for UV-vis spectral measurements.
UV-vis spectra of the solution were performed before reaction and after
2 h reaction at 60 °C. The control experiments for UV-vis spectroscopic
analysis were conducted without the addition of Pd(OAc), or allyl
phenyl ether in the reaction solution under the same procedure.

2.5. Electrochemical measurements

Cyclic voltammograms of POMs (6.0-10 mM) and CuCl;, (6.0 mM)
were measured in MeCN under Ar atmosphere. All cyclic voltammo-
grams were measured in three cycles. Electrolyte: 0.10 M TBAPFg, W.E.:
Glassy carbon, C.E.: Pt wire, R.E.: Ag/AgNOs. Scan rate: 100 or 50 mV/s.
Temperature: RT.

3. Results and discussion

We used various Pd salts as Pd catalysts and POMs as re-oxidation
mediators for the Wacker-type oxidation of allyl phenyl ether in a
CH3CN/H50 (7:1, v/v) mixed solution at 60 °C under air atmosphere for
16 h. Products were quantified by gas chromatography with flame
ionization detector (GC-FID) and also confirmed by 'H NMR spectros-
copy. Three products, phenoxyacetone (methyl ketone),
phenoxypropan-1-al (aldehyde), and phenol were obtained from all the
reactions (Table 1). Firstly, we have examined the effect of Pd catalysts
in the Wacker-type oxidation reactions using HsPVoMo19O49 as a re-
oxidation mediator (Tablel, entries 1-5). The use of PdCl, in the
Wacker-type oxidation reaction showed good conversion (87%) and
afforded methyl ketone and aldehyde in yield of 51% and 13%,
respectively (Table 1, entry 1). This result is consistent with previous
studies that methyl ketones formed by Wacker-type oxidation reactions
are typically favored in accordance with Markovnikov’s rule [5,37-40].
The highest conversion (100%) and methyl ketone yield (70%) were
achieved by Pd(OAc), (Table 1, entry 2). The use of PA(NOs)2 and Pd
(OCOCFj3); has also exhibited high conversions as well as Pd(OAc); in
the Wacker-type oxidation reaction; however, the amount of phenol as
the by-product was larger than that of PA(OAc), (Table 1, entries 3 and
4). No products were obtained by PdCly(PPhs), in the Wacker-type
oxidation (Table 1, entry 5). This can be ascribed to the strong coordi-
nation of the PPhj ligand to the Pd center preventing the coordination of
the allyl moiety to Pd?*. Therefore, we demonstrate that a halogen-free
catalytic system composed of Pd(OAc), and HsPV,Mo1004¢ has exhibi-
ted selective oxidation of allyl phenyl ether into corresponding methyl
ketone using O, as an oxidant. Additionally, when the re-oxidation
mediator of HsPVyMo010049 was replaced to H4PVMo;1049 and
H3PMo;204¢ (Table 1, entries 6 and 7), the conversions and methyl
ketone yields gradually decreased in the Wacker-type oxidation re-
actions. The decrease of the conversions and methyl ketone yields may
be reflected in the reduction potentials of the POMs that H3PMo1204¢
has a lowest oxidation power (Ej/s = +0.20 V vs Ag/AgNOs) among
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Table 1
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Conversions and products yield obtained in Wacker-type oxidation of allyl phenyl ether.

10 mol% Pd catalyst

@/o\/\ Re-oxidadtion mediator
Entfy CH3;CN/H,0 (7:1, v/v)

o\)ol\ 0 _~_° OH
oo U

60°C,16 h
Pd catalyst Re-oxidation mediator Conv. (%) Methyl Ketone Yield (%) Aldehyde Yield (%) Phenol Yield (%)
1 pdcl, HsPV,Mo10040 87 51 13 13
2 Pd(OAc), HsPV,Mo10040 100 70 14 9
3 Pd(NO3), HsPV;Mo010040 99 58 9 24
4 Pd(OCOCF3), HsPV;Mo010040 98 52 11 27
5 PdCl,(PPh3)» HsPV,Mo10040 2 0 0 0
6 Pd(OAc), H4PVMo11040 100 65 12 14
7 Pd(OAc), H3PMo15040 41 23 6 6
8 PdCl, CuCl, 35 19 7 5
9" PdCl, CuCl, 28 16 7 4
10° PdCl, HsPV;Mo010040 34 18 6 7

Solvent: CH3CN/H0 (7:1, v/V), reaction time: 16 h, reaction temperature: 60 °C, [Allyl phenyl ether]: 100 mM, [Pd catalyst]: 10 mM, [Re-oxidation mediator]: 3.0

mM. Products were quantified by GC-FID.
2 [CuCly]: 10 mM.
b Under Ar.

those POMs (Fig. S1 in the Supplementary materials).

In comparison with the higher conversion and methyl ketone yield
by the combination of PdCl, and HsPV;Mo1004, the use of PdCly and
CuCly, the conventional Wacker catalysts, results in a low conversion
(34%) with 19% of methyl ketone yield in the Wacker-type oxidation
reactions (Table 1, entry 8). The result demonstrates that the conversion
and product yields are significantly improved by the use of
HsPV3Mo1004¢ in the Wacker-type oxidation reactions. Additionally,
the increase of CuCly concentrations has suppressed the conversion to
28% (Table 1, entry 9), suggesting that CuCl, may disturb the coordi-
nation of the allyl moiety to Pd2*. This also indicates the advantage of
HsPV3Mo1¢040 as a re-oxidation mediator for the oxidation of Pd° to
Pd*. The enhancement of the re-oxidation process can be explained by
the difference in reduction potentials between HsPVsMo19049 and
CuCl,. The reduction potential of HsPVoMo1004¢ (E1/2 = +0.43 V vs Ag/
AgNO3) is higher than that of CuCly (E;,2 = +0.18 V vs Ag/AgNO3),
which is determined by electrochemical measurements in MeCN
(Fig. S2). A blank test was also examined by the combination of PdCly
and HsPV;Mo19040 in the absence of O5. The conversion was dramati-
cally suppressed to 34% under argon atmosphere (Table 1, entry 10),
indicating that O, was indispensable for the Wacker-type oxidation
reactions.

To gain insight into the catalytic cycle of the Wacker-type oxidation
of allyl phenyl ether, the effects of reaction temperature on the con-
versions and product yields were investigated using the Pd(OAc)y/
HsPV2Mo10040 system as shown in Fig. 1. The results revealed that high
conversions of allyl phenyl ether were attained within the range of
30-70 °C. The highest yield for methyl ketone was obtained to be 74%
when the reaction was performed at 30 °C. The yields of methyl ketone
and aldehyde decreased with increase in temperature, whereas the
phenol yield increased. This result agrees with the fact that hydrolysis of
ether moieties is generally facilitated with execution at high tempera-
ture [41]. When the reaction was performed at 80 °C, black precipitates
derived from Pd® nanoparticles were observed in the solutions, resulting
in a low conversion (41%). Thus, the results indicate that the
Wacker-type oxidation of allyl phenyl ether by the Pd(OAc)a/HsPVs.
Mo1004 system is accelerated at low temperatures and competed with
phenol production derived from the hydrolysis of ether moieties at high
temperatures.

We have also measured the UV-vis spectral changes to monitor in-
termediates formed during the Wacker-type oxidation reactions in the
catalytic system of Pd(OAc)2/HsPVaMo1004¢ (Fig. 2). The reaction so-
lution containing Pd(OAc)s, HsPVyMo010040, and allyl phenyl ether
exhibited a characteristic absorption band around 720 nm at initial

100 T—=—¢ > > >
X 80
~ o o
O M
2
> 604 )
§e) —x— Conversion
& —e— Methyl ketone yield
§ 404 —O-Aldehyde yield
(2] —A— Phenol yield
2
c 201
o)
o

30 40 50 60 70 80
Temperature/ °C

Fig. 1. Temperature dependence of conversions and product yields in the
Wacker-type oxidation of allyl phenyl ether. Solvent: CH3CN/H20 (7:1, v/v),
reaction time: 16 h, [Allyl phenyl ether]: 100 mM, [Pd(OAc);]: 10 mM,
[H5PV2M010040]Z 3.0 mM.

reaction time and after 2 h at 60 °C (Fig. 2a), which was not observed on
the reaction solution in the absence of the Pd catalyst or allyl phenyl
ether. This suggests that the characteristic absorption band around 720
nm is derived from the reduced species of HsPV3;Mo010040. The charac-
teristic absorption band was also observed in a separate experiment in
which hydroquinone, a reductant, was added into HsPVoMo19O49 in
MeCN (Fig. 2b), indicating the formation of [PVVVIVM010040]6’
(POM;¢q). Thus, these results clearly indicate that the formed species in
the reaction solution is attributed to POM;e4. As POM;.q is observed in
the catalytic reactions, the rate-determining step could be involved in
the oxidation of POM,.q by molecular oxygen in the Pd(OAc)y/
HsPV2Mo10040 system for the Wacker-type oxidation reactions.
According to previously reported literature, [6,42] the catalytic cycle
in the Wacker-type oxidation of allyl phenyl ether using the Pd/POMs
system is displayed in Scheme 1. The Wacker-type oxidation of allyl
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Fig. 2. (a) UV-vis spectra of reaction solution containing HsPV5Mo;004 (3.0 mM), Pd(OAc), (10 mM), and allyl phenyl ether (0.10 M) for reaction time of 0 and 2 h
at 60 °C, and the solutions in the absence of Pd(OAc); or allyl phenyl ether. (b) UV-vis spectral changes in POM,y (0.50 mM) with addition of 1.5 mM of hydro-
quinone as reductant to form POM;,.q in MeCN. Inset: The absorption changes monitored at 765 nm against the hydroquinone concentrations.

phenyl ether by Pd?" results in the formation of Pd° that is then oxidized
by [PVY3M0100401°~ (POM,y) to regenerate Pd?*. The Reduced POM,
which is assigned to [PVVVIVM01004O]6’ (POM;¢q) by the cyclic vol-
tammograms in Fig. S1, reacts with O to produce POM,y. Based on the
results in Table 1 and UV-vis spectra in Fig. 2, the use of HsPV3Mo10040
of can prevent from the formation of Pd nanoparticles, resulting in the
high conversions and methyl ketone yields in the Wacker-type oxidation
of allyl phenyl ether.

We have also investigated the influence of the counter cations of
POM on the Wacker-type oxidation of allyl phenyl ether because the
cation-POM interaction is known to be crucial to control their properties
[19]. We have employed tetraalkylammonium (TA) cations with
different alkyl chain lengths (n) as counter cations of [PV,Mo0100401° to
examine the effect of the counter cations. TAsPVsMo019040 (n = 2-10)
were prepared by a typical method of cation exchange and characterized
by Fourier transform infrared (FT-IR) spectra (Fig. S3). Unexpectedly,
Pd(OAc)2/TAsPV3Mo010040 (n = 6) exhibited low conversions in the
Wacker-type oxidation of allyl phenyl ether (Table 2, entry 1). After the
reaction, a black precipitate was observed in the solution, indicating
insufficient re-oxidation of Pd® to Pd®>" in the combination of Pd(OAc),
and TAsPV3Mo010049 (n = 6). On the other hand, the PdCly/TAsPVa.
Mo10040 (n = 6) system showed a relatively high conversion (93%) and
afforded methyl ketone (56%) and aldehyde (15%) with a higher yield
(Table 2, entry 2) compared with that of obtained from the
PdCly/HsPVoMo10049 system (Table 1, entry 1). In the case of
PdCly/TAsPV3Mo010049 (n = 6) system, no black precipitate was
observed after the reaction, suggesting efficient re-oxidation of Pd® to

Pd%*. Furthermore, the temperature dependence of yield and conversion
in the use of PdCly/TAsPVaMo10040 (n = 6) was also investigated during
the Wacker-type oxidation of allyl phenyl ether, and the highest con-
versions and yields were obtained at 60 °C (Fig. S4). Meanwhile, it was
found that the alkyl chain lengths (n) of TA cations has less affected the
conversions and product yields in the PdCly/TAsPV2Mo10040 (n = 2-10)
(Table 2, entries 3-7). Thus, these results demonstrate that the combi-
nation of Pd sources with POMs bearing alternative counter cations is
critical for the Wacker-type oxidation of allyl phenyl ether.

Substituent effects of allyl phenyl ether were investigated for the
Wacker-type oxidation in the PdCly/TAsPVoMo19040 (n = 6) system
(Fig. 3a). The corresponding methyl ketones quantified by'H NMR
yielded in the reactions using para-substituted allyl phenyl ether de-
rivatives (X = H, OMe, F and Cl) as substrates (Fig. S5). Fig. 3b shows
the time courses of the corresponding methyl ketones obtained in the
reactions. The initial rates for the production of methyl ketones were
calculated from the slopes and determined to be 3.74 x 10> M min™? for
H, 4.53 x 10> M min™! for OMe, 2.54 x 10> M min for F and 2.46 x
107> M min™ for CL. An allyl phenyl ether derivative having an electron-
donating group (OMe) exhibited the highest initial rates as compared
with those having electron-withdrawing groups (F and Cl). The initial
rates of the Wacker-type oxidations were dependent on the Hammett
parameters [43] of the substituents of the allyl phenyl ethers (Fig. 3c).
The Hammett plots obtained for the para-substituted allyl phenyl ether
derivatives showed a negative slope (p = -1.18) as shown in Fig. 3c. The
results demonstrate that the initial rates lineally depend on the o, value
of the substituents. Thus, the use of allyl phenyl ether derivatives having

Condensation to
be deactivated

A

H,0

2[PV"'V"MoV'1OO4o]5‘X

2H*, 1/20, (POM,¢q)

63
\/\
d2+

O i
11-14%
OH
—~ [
X

74%

X =H, OMe, F, Cl, Br

Scheme 1. Catalytic cycle in Wacker-type oxidation of allyl phenyl ether derivatives by Pd catalyst/POM hybrid system in this study.
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Table 2
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Dependence of alkyl chain length of counter cations to POM in the Wacker-type oxidation of allyl phenyl ether.

Entry Pd catalyst Re-oxidation mediator Conv. (%) Methyl Ketone Yield (%) Aldehyde Yield (%) Phenol Yield (%)
1° Pd(OAc), TAsPV,Mo010040 n = 6 66 33 13 15
2° PdCl, TAsPV,Mo0,0040 0 = 6 93 56 15 17
3 PdCl, TAsPV;Mo010040 0 = 2 97 60 21 10
4 PdCl, TAsPV;Mo010040 n = 4 90 53 22 10
5 PdCl, TAsPV,Mo0,0040 1 = 6 98 58 19 12
6 PdCl, TAsPV,Mo010040 n = 8 97 60 23 11
7 PdCl, TAsPV;Mo010049 n = 10 99 61 23 11

Solvent: CH3CN/H,0 (7:1, v/v), reaction time: 16 h, reaction temperature: 60 °C, [Allyl phenyl ether]: 100 mM, [Pd catalyst]: 10 mM, [Re-oxidation mediator]: 3.0

mM. Products were quantified by GC-FID.
4 At70 °C.

a PdCl,

/©/°\/\ TAsPV,M010040 (n = 6)
X CD3CN/D,0 (7:1, v/v)

(X = H, OMe, F, Cl) 25°C

o
(7]

o 1.
ST

Fig. 3. (a) Schematic representation of the
o Wacker-type oxidation of para-substituted allyl
phenyl ether derivatives (X = H, OMe, F and
CD in the PdCly/TAsPV,Mo010040 (0 = 6) sys-
tem. (b) Time courses of the corresponding
methyl ketones quantified by '"H NMR in the
reaction solutions (CD3CN/D;O (7:1, v/v))
containing TAsPV;Mo010040 (n = 6) (1.5 mM),
PdCl, (5.0 mM), and para-substituted allyl
phenyl ether derivatives (0.10 M) at 25 °C. (c)
Hammett plots for the Wacker-type oxidation of
para-substituted allyl phenyl ether derivatives.
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electron-donating groups can accelerate the Wacker-type oxidation in
the PdCly/TAsPVyMo19040 (n = 6) system.

4. Conclusions

In summary, we have found that the Pd(OAc)2/HsPV3Mo019O40 Sys-
tem successfully catalyzed the Wacker-type oxidation of allyl phenyl
ether, which is regarded as a difficult substrate that has two reactive
sites, into corresponding methyl ketone in good yield (74%) using mo-
lecular oxygen as an ideal oxidant at low temperature (30 °C). The yield
of methyl ketone obtained in the Pd(OAc)2/HsPVaMo10040 System is
higher than that in the conventional PdCl,/CuCl, system for the Wacker-
type oxidation of allyl phenyl ether. The electrochemical measurements
of HsPVyMo01090409 and CuCl, in MeCN revealed that efficient re-
oxidation of Pd° to Pd?t by HsPV,Mo1¢049 resulted in a high conver-
sion and a yield for the Wacker-type oxidation. A reduced species of
HsPV3;Mo1004¢ observed during the catalytic reaction was confirmed by
UV-vis spectral measurements. Para-substituted allyl phenyl ether de-
rivatives are also oxidized to yield corresponding methyl ketones in the
PdCly/TAsPVaMo19040 (n = 6) system. The Hammett plots indicate a
substituent effect that substrates with electron-donating groups have
enhanced the initial rates for Wacker-type oxidation of allyl phenyl ether
derivatives. Finally, the use of [PV2Mo01¢0401°~ bearing appropriate
counter anions as re-oxidation mediators and Pd catalysts are key fea-
tures in the selective oxidation of allyl phenyl ethers under mild con-
ditions. Thus, we expect that the combination of Pd catalysts with POMs
can be applied to various selective oxidation reactions using Oz as a

01 0 01 02 03

green oxidant in synthetic and catalytic chemistry.

CRediT authorship contribution statement

Satoru Tamura: Data curation, Writing - original draft. Yoshihiro
Shimoyama: Data curation, Writing - review & editing, Funding
acquisition. Dachao Hong: Conceptualization, Writing - review &
editing, Funding acquisition, Supervision. Yoshihiro Kon: Conceptu-
alization, Writing - review & editing.

Declaration of Competing Interest

The authors report no declarations of interest.

Acknowledgements

D.H. gratefully acknowledges support from the Japan Society for the
Promotion of Science (JSPS) by the Leading Initiative for Excellent
Young Researchers (LEADER). Y.S. also gratefully acknowledges support
from Grants-in-Aid (20K15328) from JSPS. The authors acknowledge
Mr. Masakazu Takata for assisting the research.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.mcat.2020.111178.


https://doi.org/10.1016/j.mcat.2020.111178

S. Tamura et al.

References

[1]

[2]

[3]

[4

=

[5

=

[6

—

71

[8]

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

J. Smidt, W. Hafner, R. Jira, J. Sedlmeier, R. Sieber, R. Riittinger, H. Kojer,
Katalytische Umsetzungen Von Olefinen an platinmetall-verbindungen das
consortium-verfahren zur Herstellung von acetaldehyd, Angew. Chem. 71 (1959)
176-182, https://doi.org/10.1002/ange.19590710503.

R. Jira, in: B. Cornis, W.A. Hermann (Eds.), Applied Homogeneous Catalysis with
Organometallic Compounds, 1, 2nd et., Wiley-VCH, Weinheim, 2002, pp. 386-405.
R. Jira, Acetaldehyde from ethylene—a retrospective on the discovery of the
wacker process, Angew. Chem., Int. Ed. 48 (2009) 9034-9037, https://doi.org/
10.1002/anie.200903992.

J. Smidt, W. Hafner, R. Sieber, J. Sedlmeier, A. Sabel, The oxidation of olefins with
palladium chloride catalysts, Angew. Chem. Int. Ed. Engl. 1 (1962) 80-88, https://
doi.org/10.1002/anie.196200801.

J. Tsuji, Synthetic Applications of the Palladium-Catalyzed Oxidation of Olefins to
Ketones, Synthesis, 1984, pp. 369-384. https://www.thieme-connect.com/produc
ts/ejournals/abstract/10.1055/s-1984-30848.

J.A. Keith, P.M. Henry, The mechanism of the wacker reaction: a tale of two
hydroxypalladations, Angew. Chem., Int. Ed. 48 (2009) 9038-9049, https://doi.
org/10.1002/anie.200902194.

T.V. Baiju, E. Gravel, E. Doris, I.N.N. Namboothiri, Recent developments in Tsuji-
Wacker oxidation, Tetrahedron Lett. 57 (2016) 3993-4000, https://doi.org/
10.1016/j.tetlet.2016.07.081.

M. Winkler, M.A.R. Meier, Highly efficient oxyfunctionalization of unsaturated
fatty acid esters: an attractive route for the synthesis of polyamides from renewable
resources, Green Chem. 16 (2016) 1784-1788, https://doi.org/10.1039/
C3GC41921E.

T. Mitsutome, T. Umetani, N. Nosaka, K. Mori, T. Mizugaki, K. Ebitani, K. Kaneda,
Brgnsted acid mediated heterogeneous addition reaction of 1,3-dicarbonyl
compounds to Alkenes and alcohols, Angew. Chem., Int. Ed. 45 (2006) 481-485,
https://doi.org/10.1002/anie.200504609.

C.N. Cornell, M.W. Sigman, Discovery of a practical direct 02-Coupled wacker
oxidation with Pd[(—)-sparteine]Cl2, Org. Lett. 8 (2006) 4117-4120, https://doi.
org/10.1021/01061662h.

J.A. Wright, M.J. Gaunt, J.B. Spencer, Novel anti-markovnikov regioselectivity in
the wacker reaction of Styrenes, Chem. Eur. J. 12 (2006) 949-955, https://doi.org/
10.1002/chem.200400644.

A.D. Silva, M.L. Patitucci, H.R. Bizzo, E. D’Elia, O.A.C. Antunes, Wacker
PdCI2-CuCl2 catalytic oxidation process: oxidation of limonene Cat, Commun. 3
(2002) 435-440, https://doi.org/10.1016/51566-7367(02)00174-7.

P.M. Henry, Kinetics of the oxidation of ethylene by aqueous palladium(II)
chloride, J. Am. Chem. Soc. 86 (1964) 3246-3250, https://doi.org/10.1021/
ja01070a009.

P.M. Henry, Oxidation of olefins by palladium(II). IIl. Oxidation of olefins by a
combination of palladium(II) chloride and copper(Il) chloride in acetic acid, J. Org.
Chem. 32 (1967) 2575-2580, https://doi.org/10.1021/jo01283a048.

S.-K. Kang, K.-Y. Jung, J.-U. Chung, E.-Y. Namkoong, T.-H. Kim, Complete reverse
regioselection in wacker oxidation of Acetonides and cyclic carbonates of allylic
diols, J. Org. Chem. 60 (1995) 4678-4679, https://doi.org/10.1021/jo00120a001.
J. Tsuji, H. Nagashima, K. Hori, A new preparative method for 1,3-Dicarbonyl
compounds by the regioselective oxidation of o,3-Unsaturated carbonyl
compounds, catalyzed by PdCl2 using Hydroperoxides as the reoxidant of PdO,
Chem. Lett. 9 (1980) 257-260, https://doi.org/10.1246/c1.1980.257.

J. Muzart, Aldehydes from Pd-catalysed oxidation of terminal olefins, Tetrahedron
63 (2007) 7505-7521, https://doi.org/10.1016/j.tet.2007.04.001.

S. Donck, E. Gravel, N. Shah, D.V. Jawale, E. Doris, I.N.N. Namboothiri,
Tsuji-Wacker oxidation of terminal olefins using a palladium-Carbon nanotube
nanohybrid, ChemCatChem 7 (2015) 2318-2322, https://doi.org/10.1002/
ccte.201500241.

T. Mitsudome, K. Mizumoto, T. Mizugaki, K. Jitsukawa, K. Kaneda, Wacker-type
oxidation of internal olefins using a PdC12/N,N-Dimethylacetamide catalyst system
under copper-free reaction conditions, Angew. Chem., Int. Ed. 49 (2010)
1238-1240, https://doi.org/10.1002/anie.200905184.

A.B. Smith, Y.S. Cho, G.K. Friestad, Convenient Wacker oxidations with
substoichiometric cupric acetate, Tetrahedron Lett. 39 (1998) 8765-8768, https://
doi.org/10.1016/50040-4039(98)01992-3.

L. Ouyang, J. Huang, J. Li, C. Qi, W. Wu, H. Jiang, Palladium-catalyzed oxidative
amination of homoallylic alcohols: sequentially installing carbonyl and amino
groups along an alkyl chain, Chem. Commun. (Camb.) 53 (2011) 10422-10425,
https://doi.org/10.1039/C7CC06077G.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Molecular Catalysis 496 (2020) 111178

X.-S. Ning, M.-M. Wang, C.-Z. Yao, X.-M. Chen, Y.-B. Kang, Tert-butyl nitrite:
organic redox cocatalyst for aerobic aldehyde-selective wacker-tsuji oxidation,
Org. Lett. 18 (2016) 2700-2703, https://doi.org/10.1021/acs.orglett.6b01165.
R.A. Fernandes, D.A. Chaudhari, Iron(III) sulfate as terminal oxidant in the
synthesis of methyl ketones via wacker oxidation, J. Org. Chem. 79 (2014)
5787-5793, https://doi.org/10.1021/j0500921j.

D.A. Chaudhari, R.A. Fernandes, Hypervalent iodine as a terminal oxidant in
Wacker-Type oxidation of terminal olefins to methyl ketones, J. Org. Chem. 81
(2016) 2113-2121, https://doi.org/10.1021/acs.joc.6b00137.

J.-M.Raquezm M. Deléglise, M.-F. Lacrampe, P. Krawczak, Thermosetting (bio)
materials derived from renewable resources: a critical review, Prog. Polym. Sci. 35
(2010) 487-509, https://doi.org/10.1016/j.progpolymsci.2010.01.001.

C.L. Hill, C.M. Prosser-McCartha, Homogeneous catalysis by transition metal
oxygen anion clusters, Coord. Chem. Rev. 143 (1995) 407-455, https://doi.org/
10.1016/0010-8545(95)01141-B.

I.A. Weinstock, R.E. Schreiber, R. Neumann, Dioxygen in polyoxometalate
mediated reactions, Chem. Rev. 118 (2018) 2680-2717, https://doi.org/10.1021/
acs.chemrev.7b00444.

M. Lechner, R. Giittel, C. Streb, Challenges in polyoxometalate-mediated aerobic
oxidation catalysis: catalyst development meets reactor design, Dalton Trans. 45
(2016) 16716-16726, https://doi.org/10.1039/C6DT03051C.

M.N.K. Wihadi, A. Hayashi, K. Ichihashi, H. Ota, S. Nishihara, K. Inoue, N. Tsunoji,
T. Sano, M. Sadakane, A sandwich complex of bismuth cation and mono-lacunary
a-Keggin-Type phosphotungstate: preparation and structural characterization, Eur.
J. Inorg. Chem. 2019 (2019) 357-362, https://doi.org/10.1002/ejic.201800541.
Z. Zhang, S. Ishikawa, Q. Zhu, T. Murayama, M. Sadakane, M. Hara, W. Ueda,
Redox-active zeolitic transition metal oxides based on e-Keggin units for selective
oxidation, Inorg. Chem. 58 (2019) 6283-6293, https://doi.org/10.1021/acs.
inorgchem.9b00502.

S.S. Wang, G.Y. Yang, Recent advances in polyoxometalate-catalyzed reactions,
Chem. Rev. 115 (2015) 4893-4962, https://doi.org/10.1021/cr500390v.

A. Misra, K. Kozma, C. Streb, M. Nyman, Beyond charge balance: counter-cations in
polyoxometalate chemistry, Angew. Chem., Int. Ed. 59 (2020) 596-612, https://
doi.org/10.1002/anie.201905600.

1.V. Kozhevnikov, Y.V. Burov, K.I. Matveev, Mechanism of the oxidation of 12-
molybdovanadophosphate blues by oxygen in aqueous solution, Bull. Acad. Sci.
USSR, Div. Chem. Sci. 30 (1981) 2001-2007, https://doi.org/10.1007/
BF01094617.

S.F. Davison, B.E. Mann, P.M. Maitlis, Phosphomolybdic acid as a reoxidant in the
palladium(II)-catalysed oxidation of but-1-ene to butan-2-one, J. Chem. Soc.
Dalton Trans. 6 (1984) 1223-1228, https://doi.org/10.1039/DT9840001223.

K. Nowinska, D. Dudko, R. Golon, Pd2+Mn2-+HPA: a heterogeneous Wacker
system catalyst, Chem. Commun. (Camb.) 2 (1996) 277-279, https://doi.org/
10.1039/CC9960000277.

1. Triandafillidi, M.G. Kokotou, C.G. Kokotos, Photocatalytic synthesis of
y-Lactones from alkenes: high-resolution mass spectrometry as a tool to study
photoredox reactions, Org. Lett. 20 (2018) 36-39, https://doi.org/10.1021/acs.
orglett.7b03256.

L.M. Dornan, M.J. Muldoon, A highly efficient palladium(ii)/polyoxometalate
catalyst system for aerobic oxidation of alcohols, Catal. Sci. Technol. 5 (2015)
1428-1432, https://doi.org/10.1039/C4CY01632G.

C.N. Cornell, M.S. Sigman, Recent progress in wacker oxidations: moving toward
molecular oxygen as the sole oxidant, Inorg. Chem. 46 (2007) 1903-1909, https://
doi.org/10.1021/ic061858d.

B. Weiner, A. Baeza, T. Jerphagnon, B.L. Feringa, Aldehyde selective wacker
oxidations of phthalimide protected allylic amines: a new catalytic route to p3-
Amino acids, J. Am. Chem. Soc. 131 (2009) 9473-9474, https://doi.org/10.1021/
ja902591g.

Z.K. Wickens, K. Skakuj, B. Morandi, R.H. Grubbs, Catalyst-controlled wacker-type
oxidation: facile access to functionalized aldehydes, J. Am. Chem. Soc. 136 (2014)
890-893, https://doi.org/10.1021/ja411749k.

R. Boss, R. Scheffold, Cleavage of allyl ethers with Pd/C, Angew. Chem., Int. Ed. 15
(1976) 558-559, https://doi.org/10.1002/anie.197605581.

M. Hu, W. Wu, H. Jiang, Palladium-catalyzed oxidation reactions of alkenes with
green oxidants, ChemSusChem 12 (2019) 2911-2935, https://doi.org/10.1002/
¢ss¢.201900397.

C. Hansch, A. Leo, R.W. Taft, A survey of hammett substituent constants and
resonance and firld parameters, Chem. Rev. 91 (1991) 165-195, https://doi.org/
10.1021/cr00002a004.


https://doi.org/10.1002/ange.19590710503
http://refhub.elsevier.com/S2468-8231(20)30441-7/sbref0010
http://refhub.elsevier.com/S2468-8231(20)30441-7/sbref0010
https://doi.org/10.1002/anie.200903992
https://doi.org/10.1002/anie.200903992
https://doi.org/10.1002/anie.196200801
https://doi.org/10.1002/anie.196200801
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-1984-30848
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-1984-30848
https://doi.org/10.1002/anie.200902194
https://doi.org/10.1002/anie.200902194
https://doi.org/10.1016/j.tetlet.2016.07.081
https://doi.org/10.1016/j.tetlet.2016.07.081
https://doi.org/10.1039/C3GC41921E
https://doi.org/10.1039/C3GC41921E
https://doi.org/10.1002/anie.200504609
https://doi.org/10.1021/ol061662h
https://doi.org/10.1021/ol061662h
https://doi.org/10.1002/chem.200400644
https://doi.org/10.1002/chem.200400644
https://doi.org/10.1016/S1566-7367(02)00174-7
https://doi.org/10.1021/ja01070a009
https://doi.org/10.1021/ja01070a009
https://doi.org/10.1021/jo01283a048
https://doi.org/10.1021/jo00120a001
https://doi.org/10.1246/cl.1980.257
https://doi.org/10.1016/j.tet.2007.04.001
https://doi.org/10.1002/cctc.201500241
https://doi.org/10.1002/cctc.201500241
https://doi.org/10.1002/anie.200905184
https://doi.org/10.1016/S0040-4039(98)01992-3
https://doi.org/10.1016/S0040-4039(98)01992-3
https://doi.org/10.1039/C7CC06077G
https://doi.org/10.1021/acs.orglett.6b01165
https://doi.org/10.1021/jo500921j
https://doi.org/10.1021/acs.joc.6b00137
https://doi.org/10.1016/j.progpolymsci.2010.01.001
https://doi.org/10.1016/0010-8545(95)01141-B
https://doi.org/10.1016/0010-8545(95)01141-B
https://doi.org/10.1021/acs.chemrev.7b00444
https://doi.org/10.1021/acs.chemrev.7b00444
https://doi.org/10.1039/C6DT03051C
https://doi.org/10.1002/ejic.201800541
https://doi.org/10.1021/acs.inorgchem.9b00502
https://doi.org/10.1021/acs.inorgchem.9b00502
https://doi.org/10.1021/cr500390v
https://doi.org/10.1002/anie.201905600
https://doi.org/10.1002/anie.201905600
https://doi.org/10.1007/BF01094617
https://doi.org/10.1007/BF01094617
https://doi.org/10.1039/DT9840001223
https://doi.org/10.1039/CC9960000277
https://doi.org/10.1039/CC9960000277
https://doi.org/10.1021/acs.orglett.7b03256
https://doi.org/10.1021/acs.orglett.7b03256
https://doi.org/10.1039/C4CY01632G
https://doi.org/10.1021/ic061858d
https://doi.org/10.1021/ic061858d
https://doi.org/10.1021/ja902591g
https://doi.org/10.1021/ja902591g
https://doi.org/10.1021/ja411749k
https://doi.org/10.1002/anie.197605581
https://doi.org/10.1002/cssc.201900397
https://doi.org/10.1002/cssc.201900397
https://doi.org/10.1021/cr00002a004
https://doi.org/10.1021/cr00002a004

	Selective aerobic oxidation of allyl phenyl ether to methyl ketone by palladium–polyoxometalate hybrid catalysts
	1 Introduction
	2 Experimental
	2.1 General
	2.2 Synthesis of TA5PV2Mo10O40 (n = 2–10)
	2.3 General procedure for Wacker-type oxidation of allyl phenyl ethers
	2.4 UV–vis spectroscopic analysis of reaction mixture
	2.5 Electrochemical measurements

	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


