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A Highly Active Protonated Tetranuclear Peroxotungstate for
Oxidation with Hydrogen Peroxide**

Ryo Ishimoto, Keigo Kamata, and Noritaka Mizuno*

Selective oxygen transfer to organic substrates with H,O, as
a terminal oxidant is important in industrial and synthetic
chemistry because of the high content of active oxygen
species in H,O, and coproduction of only water. Therefore,
a large number of complexes of titanium, vanadium, iron,
manganese, tungsten, rhenium, and platinum have been
developed for catalytic oxidation of various kinds of organic
substrates with H,0,.'* Among these systems, selective
oxidation by tungsten-based catalysts with H,O, has been
widely investigated because of their high reactivity for
oxidation as well as an inherent poor activity for the
decomposition of H,0,. While peroxotungstates,”® transi-
tion-metal-substituted polyoxotungstates,” and lacunary
polyoxotungstates''”! efficiently catalyze H,0,-based selective
oxidation of alkenes, alcohols, amines, sulfides, and silanes,
these systems have some drawbacks: 1) use of an excess of
H,0, with respect to the substrates, 2) low turnover numbers
(TONSs), 3) limited substrate scope, and/or 4) requirement of
microwave irradiation or additives. Therefore, developments
of efficient tungsten-based catalysts for green oxidation with
H,0, applicable to a wide range of substrates are still in great
demand.

Various d’-transition-metal peroxo complexes with 1>
0,2 pntP-0," and pn'm'-0,¥ groups have been
proposed as active species for the epoxidation of alkenes
with H,O,. For titanium and molybdenum complexes, spec-
troscopic and computational studies show that alkyl hydro-
peroxides, H,0,, and protons play an important role in
formation of active species such as metal-bound alkylper-
oxides and hydroperoxides.'>¥) While it has also been
reported that epoxidation rates for tungsten complexes
increase as the acidity of the reaction media increases,'"¥ the
reaction mechanism, including the role of the acidity, is still
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unclear. During the course of our investigation into the effects
of protons on the epoxidation of alkenes catalyzed by
a dinuclear peroxotungstate [{[WO(O,),},(u-O)]*", we suc-
cessfully synthesized a novel protonated tetranuclear
peroxotungstate TPA;[H{W,0,(0,),(1-O)},] (1, TPA=
[(nC;H,),N]*). Herein, we report the 1-catalyzed selective
oxidation of various kinds of alkenes, sulfides, amines, and
a silane under almost stoichiometric conditions (1.0-
1.5 equivalents). Compound 1 shows the highest catalytic
activity reported to date for epoxidation of cyclooctene with
H,0, among various peroxotungstates including di- and
tetranuclear peroxotungstates with XO,"~ ligands (X =Se, S,
As, P, and Si).

The effects of protons on epoxidation of cyclooctene
catalyzed by TPA,[{WO(O,),},(1-O)] were investigated
(Figure 1). While epoxidation barely occurred in the absence
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Figure 1. Dependences of the reaction rates on the amounts of HCIO,
added. Reaction conditions: TPA,[{WO(O,).},(1-0)] (0.71 mm), cyclo-
octene (0.14m), H,0, (0.14m), H,0 (0.56 m), HCIO, (0-0.71 mm),
acetonitrile (7 mL), 305 K.

of HCIO,, the catalytic activity of TPA,[{WO(O,),},(n-O)]
was dramatically enhanced by around 60 times after the
addition of HCIO,. The reaction rates linearly increased as
the amounts of HCIO, increased, and did not change much
upon addition of 0.5 equivalents or more of HCIO,. Epox-
idation also efficiently proceeded with HNO; instead of
HCIO,. Such a remarkable acceleration by addition of an acid
has not been reported to date for dinuclear peroxotungstate-
catalyzed epoxidation with H,O,. The "W NMR spectrum of
TPA,[{WO(O,),},(1-O)] showed one signal at —589 ppm
(Av,,=42.1 Hz). Upon addition of 0.5 equivalents of HCIO,,
a new signal appeared at —566 ppm (Av,, =1.2 Hz), and the
signal at —589 ppm disappeared. These results show that
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TPA,[{WO(O,),},(1-O)] reacts with 0.5 equivalents of an acid
to form a new peroxotungstate, which would catalyze the
epoxidation.

A TPA salt of a novel tetranuclear peroxotungstate (1)
was synthesized by the reaction of TPA,[{WO(O,),},(1-O)]
with HNO,. Single crystals of 1 suitable for X-ray structure
analysis were successfully obtained from the reaction solution
by vapor diffusion of diethyl ether.’™ The molecular structure
of the anionic part of 1 is shown in Figure 2. This part consists

Figure 2. Molecular structure of the anionic part of 1. Therman
elliposoids set at 50% probability.

of two [{WO(0,),},(1-O)*~ units that form the tetranuclear
tungsten—oxygen cluster. The tungsten atoms have two differ-
ently bound peroxo ligands, namely n?-O, and p-n'm?*O,. The
0-0 (1.49-1.54 A), W—O(peroxo) (1.90-2.04 A), W-OW
(1.95-2.03 A), and W=0 (1.69-1.76 A) bond lengths are
typical for peroxotungstates." The existence of three TPA
cations per anion implies that the anion charge is —3. The
bond valence sum (BVS) values of tungsten (6.26-6.50) atoms
in 1 indicate the valence of + 6. The distance between 021
and 022 was 243 A, thus suggesting the formation of
a hydrogen-bonding network.'®! The BVS values of 021
and O22 were 1.75 and 1.54, respectively. These results show
that one proton is disordered over O21 and 022.1'"! The TR
and Raman bands in the ranges 980-960, 860-840, and 580—
510 cm™ are assignable to v(W=0), v(O—0), and v(W(0O,)),
respectively, and these band positions are close to those of
peroxotungstates.’ The X-ray, elemental analysis, IR, and
Raman data show that the formula of 1 is TPA;[H-
[W,0,(0,),(u-0)},]. It has been reported that 'HNMR
signals of protons with strong intramolecular O—H---O hydro-
gen bonds (d(O—0) =2.41-2.55 A) appear in the range 19.0—
14.9 ppm.l'* 18 Therefore, the signal at 15.8 ppm is assignable
to the proton of the intramolecular O—H--O hydrogen bond
(Figure S2(a) in the Supporting Information). The "W NMR
spectrum of 1 in CD;CN showed one signal at —566 ppm
(Av,,=1.6 Hz; Figure S2(b)), thus suggesting that 1 is a single
species. These results show that the solid-state structure of the
anionic part of 1 is maintained in solution. Stoichiometric
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oxidation of triphenylphosphine (1 mmol) with 1 (10 umol)
gave 81 pmol of triphenylphosphine oxide, thus showing that
1 has 8 equivalents of active oxygen species.'"”) On the other
hand, stoichiometric epoxidation of cyclooctene (1 mmol)
with 1 (20 pmol) at 293 K for 12 h produced 58 pmol of the
corresponding epoxide. All peroxo groups did thus not react
with cyclooctene, in contrast with triphenylphosphine, and
such stoichiometry has also been observed for stoichiometric
epoxidation of (R)-(+)-limonene with the di- and tetranu-
clear peroxotungstates with XO,"~ ligands (X=S, As, P,
etc.).”

Epoxidation of cyclooctene with H,O, was carried out
under various conditions (Table S5). The 1-catalyzed epox-
idation efficiently proceeded to give 1,2-epoxycyclooctane in
86 % yield with only one equivalent of H,O, with respect to
cyclooctene. The reaction rate ((1.31+0.10) mmmin~"') of
1 was almost the same as that ((1.4240.18) mMmmin~') of
a mixture of TPA,[{WO(O,),},(u-O)] and 0.5 equivalents of
HCIO,.”" Other oxidants were not effective for the present
epoxidation. Among the solvents tested, acetonitrile was the
most effective.

The catalytic activity of 1 was compared with those of di-
and tetranuclear peroxotungstates with XO,"~ ligands (X =
Se, S, As, P, and Si) for epoxidation of cyclooctene with H,O,
(Figure S4). The turnover frequency (TOF (determined by
the initial rate), 314 h™') of 1 was much larger than those
(<0.1-63h7") of the other peroxotungstates. In order to
investigate the high catalytic activity of 1, the structural data
were compared. It has been reported that the reaction rates
for di- and tetranuclear peroxotungstates increase as the W—
O bond lengths in peroxotungstates with the XO," ligands
(XO—W) increases, and that epoxidation efficiently proceeds
using peroxotungstates with weakly coordinated XO,"”
ligands (i.e., longer XO—W bond lengths).'!l Such a push—
pull ligand effect modifies the Lewis acidity of tungsten atoms
and the activity of peroxo ligands. The W—O bond lengths of
1 (W2-022=2.03 A) were longer than those (1.94-2.01 A) of
the other peroxotungstates (Figure S5), in agreement with the
highest catalytic activity of 1. Thus, the proton in 1 plays an
important role in increasing the Lewis acidity of the tungsten
atoms.

The scope of this catalytic system for oxidation of various
kinds of alkenes, sulfides, amines, and a silane was inves-
tigated (Table 1). Cyclic and internal alkenes could selectively
be transformed to the corresponding epoxides in high yields
by using an almost-stoichiometric amount of H,0O, (1.0-
1.5 equivalents; Table 1, entries 1-7). For epoxidation of cis-
and frans-2-octenes, the configurations around the C=C
moieties were retained in the corresponding epoxides, thus
suggesting that free-radical intermediates are not involved in
this reaction. Epoxidation of dicyclopentadiene gave the
corresponding diepoxide in 93% yield (Table 1, entry 8).
1-Octene was also efficiently oxidized to the corresponding
epoxide (Table 1, entry 9). Thioanisole and methyl n-octyl
sulfide could selectively be transformed to the corresponding
sulfoxides in high yields (Table 1, entries 10 and 11). Di-n-
butylamine and aniline were oxidized to the corresponding
nitrone and nitroso compounds in 84 and 85% yields,
respectively (Table 1, entries 12 and 13). Triethylsilane was
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Table 1: Selective oxidation of various substrates with H,0, catalyzed by
1.0

Entry Substrate t[h] Product Yield [%]
(selectivity [%])
: 9 10 o 81 (94)
bl
5 @ 3 QO 77 (88)
3 O 10 @O 92 (>99)
pLel
4led] 9 94 (>99)
(o]
b et ™ 5 ncsH.,/ﬂ 71 (95)
o
gleel Gy 13 Gt 77 (92)
70l Lb 9 Lbo 74 (89)
wea (D 7 ({1, 9y
o
glel nCeHiy ™ 10 TN 72 (95)
S\ E
o (Y 3 o 80 (91)
5. Q
170 S ety 2 S nCother 83 (94)
[d. nceH?_\NH nCﬁH7j\N o
12¢ o n Gy 84 (83)
I ) ST ¢ Hwo 85 (86)
141 Et;SiH 3 Et3SiOH 76 (87)

[a] Reaction conditions: 1 (2.5 umol), substrate (1 mmol), 30% H,0,
(1 mmol), acetonitrile (6 mL), under air (1 atm), reaction temperature
273 K (entries 10 and 11), 293 K (entries 1, 2, 6, 7, and 9), 305 K

(entry 3), 313 K (entries 4, 5, 8, 12, and 14), and 323 K (entry 13).

Yield (%) = amount of product[mol]/amount of substrate [mol]x 100.
[b] 1 (10 umol). [c] 30% H,0, (1.5 mmol). [d] T (5 umol). [e] T (20 pmol).
[f] Substrate (0.5 mmol). [g] Substrate (5 mmol). Yield (%) =amount of
product [mol]/initial amount of H,0,[mol]x 100. [h] 1 (0.6 umol). [i] 30%
H,0, (2 mmol).

selectively converted to triethylsilanol (Table 1, entry 14). To
the best of our knowledge, a simple peroxotungstate that does
not have ligands and/or additives and is highly efficient for
H,0O,-based oxidation of a wide range of substrates has not
been reported to date.

In order to further confirm the effectiveness of the present
system, a 20 mmol scale epoxidation of cyclooctene was
carried out. The epoxidation proceeded efficiently, and the
corresponding epoxide could be isolated in 86% yield
[Eq. (1)]. The TOF (determined by the initial rate) was
1500 h™! and the TON reached up to 1720. The TON was
much larger than those of the tungsten-based catalysts such as
WO,ClL(OPPh,CH,OH), (82),°) [bmim];[PW,0,] (290;
bmim = 1-butyl-3-methylimidazolium)," Na,WO,/NH,-

o TOF 1500 h~* )
TON 1720

(20 mmol) 2.18 g (86% yield)

1(0.05 mol%)
80% H,0, (20 mmol)

CH;CN (24 mL)
323K, 24 h

—~
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CH,PO;H,/TOMAHSO, (490; TOMA =[(nCgH,)s-
(CHy)NJ),! THA[{WO(O,)1(p-0)]  (600; THA=
[(nCeH3)NTH ' PW,0,/Im-SiO, (648; Im-SiO, = imida-
zole functionalized silica),”” and W-Zn/SnO, (650)"**! under
almost-stoichiometric conditions (substrate:H,0, =1:1.0-1.5;
Table S6).24

Kinetic studies on the epoxidation of cyclooctene with
H,0, catalyzed by 1 showed the first-order dependence of the
reaction rates on concentration of 1 (0.23-1.44 mm) and
cyclooctene (0.04-0.43M; Figure S6). The reaction rate was
not dependent on the concentration of H,O, (0.04-0.43Mm),
and the dependence was different from that of [{WO(O,),},-
(w-O)]*: The [{WO(O,),},(u-O)]* -catalyzed epoxidation
shows a first-order dependence of the reaction rate on the
concentration of H,0,.®! In addition, the catalytic epoxida-
tion rate of 1 was sixty times larger than that of [[WO(O,),},-
(u-O)]*". All these results suggest that 1 is the catalytically
active species and that the reaction of an alkene with 1 is the
rate-determining step.

In conclusion, catalytic epoxidation by a dinuclear per-
oxotungstate [[WO(O,),},(u1-O)]*~ was dramatically acceler-
ated by the addition of 0.5 equivalents of an acid, and a novel
tetranuclear peroxotungstate 1 was successfully synthesized
by the reaction of [[WO(O,),},(1-O)]*~ with an acid. Com-
pound 1 showed high catalytic activity for selective oxidation
of various kinds of alkenes, sulfides, amines, and a silane with
1.0-1.5 equivalents of H,0O,.

Experimental Section
Synthesis and characterization of 1: TPA,[{WO(0O,),},(1-O)] (see the
Supporting Information; 53 mg, 58 pmol) and 70 % HNO; (100 umol)
were dissolved in a solution of 30% aqueous H,O, (0.05mL) in
acetonitrile (0.5 mL). Diethyl ether (0.5mL) was added to the
resulting solution. Colorless crystals suitable for X-ray crystallo-
graphic analysis were obtained by vapor diffusion of diethyl ether into
the solution at 277 K. Yield: 33 mg (69%). W NMR (11.20 MHz,
CD;CN, 253 K, Na,WO,): 6 = —565.6 (Avy, =1.6 Hz). IR (KCl): ¥ =
1038, 981,967, 844, 755,707, 670, 642, 585, 573,511,377 cm ™. Raman:
#=1136, 1105, 1036, 973, 859, 580, 526, 309 cm. Elemental analysis
caled (%) for C;HgsN;O0,, W, (TPA;[H{W,0,(0,),(1-O)},]): C 26.25,
H 5.20, N 2.55, W 44.64; found: C 26.01, H 5.31, N 2.53, W 44.45.
Typical procedure for catalytic oxidation with H,O,: The solvent,
substrate, and oxidant were introduced into a glass tube (30 mL)
containing a magnetic stirrer bar. The reaction was initiated by
addition of the catalyst, and the reaction solution was periodically
analyzed by GC. Before the GC analysis for the oxidation of sulfides,
the remaining H,O, was decomposed at 273 K by addition of
Ru(OH),/ALO;.? All products were known compounds and iden-
tified by comparison of their retention times, mass spectra, and NMR
spectra with those of authentic samples.
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