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A novel diniobium-substituted silicodecatungstate, [y-
HSiW,;035Nby(n>-05),1°~ (I), was successfully synthesized by
the reaction of [HNbgO 0]’ and [y-SiWo034]%~ in the presence
of H,O, under acidic conditions. In the presence of a suitable
proton source, e.g., HC1Oy, I could act as a stable homogeneous
catalyst for HyO,-based oxidation.

Polyoxometalates (POMs) are early transition-metal (V, Nb,
Ta, Mo, W, etc.) oxygen cluster anions with discrete and
versatile structures and have attracted much attention in various
fields of science such as catalysis, medicine, and advanced
material science.! In particular, POMs are promising oxidation
catalysts owing to the following advantages: (i) Catalytically
active sites can precisely be created at atomic and/or molecular
levels and (ii) they are relatively stable under thermal and
oxidative conditions.> Hydrogen peroxide (H,O,) is an ideal
oxidant because of its high content of active oxygen species
and coproduction of only water. Therefore, a large number of
H,0,-based oxidation systems with POM-based catalysts such
as peroxometalates, lacunary POMs, and transition-metal-sub-
stituted POMs have been developed to date.’

It is known that d’-transition-metal-substituted POMs can
efficiently catalyze the H,O,-based oxidation of various kinds of
organic substrates.*® In particular, the activation of H,0, by
titanium-* and vanadium-substituted POMs,’ and their oxidation
catalysis have extensively been investigated. On the other hand,
there are only a few reports on H,O,-based oxidation catalysis
by niobium-substitited POMSs.> While allylic alcohols are
selectively oxidized to the corresponding triols with H,0,
in the presence of triniobium-substituted POMs such as
[HzSizW]ng6077]6_ and A,B-[PW9037(Nb02)3]6_, these POMs
are not active for the epoxidation of simple alkenes.® In addition,
these POMs are decomposed into peroxotungstate fragments to
some extent because of the presence of excess amounts of H,O,,
which are the truly catalytically active species for the oxidation
of allylic alcohols.® Therefore, successful examples of POMs
with well-defined niobium centers, which can activate H,O, and
catalyze the oxidation of various substrates, including simple
alkenes, have not yet been reported.

Herein, we report the successful synthesis and structural
characterization of a novel diniobium-substituted silicodeca-
tungstate, [y-HSiW;9035Nby(1n2-0,),]>~ (I). In the presence of a
suitable proton source, e.g., HCIO,4, I could act as a stable
homogeneous catalyst for the H,O,-based oxidation of several
organic substrates, e.g., cyclooctene, thioanisole, 1-phenyl-
ethanol, and allyl alcohol. The reaction mechanism, including
the effect of protons on the formation of active species, was also
investigated.

The tetra-n-butylammonium (TBA) and tetra-n-pentylam-
monium (TPeA) salts of I (TBAsI and TPeAsl, respectively)

were synthesized by the reaction of K;[HNbsO;9]- 13H,0, Kg[y-
SiW9036]+ 12H,0, and the corresponding alkylammonium
bromide in the presence of H,0O, under acidic conditions
(see the Supporting Information). The tetramethylammonium
(TMA) salt of T (TMA;I) was also synthesized by the cation-
exchange reaction of TBAsI with TMANO;. The IR spectra
of TMA;sI, TBAsI, and TPeAsl showed bands around 830,
600, and 550cm™"' assignable to v(0-O), Vysym(Nb(O,)), and
Vsym(Nb(O,)), respectively, and these band positions are close to
those of typical peroxoniobates (Figure S1).5-8

Single crystals of TMAsI suitable for X-ray crystallographic
analysis were successfully obtained from a mixed solvent of
acetonitrile and water containing crude TMAsI with vapor
diffusion of diethyl ether. The crystallographic data are summa-
rized in Table S1, and the ORTEP representation of the anionic
part of TMA;I is shown in Figure 1. The anionic part of TMA;sI
was a monomer of a diniobium-substituted y-Keggin POM.
One terminal n>-peroxo group was coordinated to each of the
two niobium atoms, and the O-O bond lengths (1.46-1.47 A)
were comparable to those of typical peroxoniobates (1.43-
1.51 A) (Table S2).5® The elemental analysis and X-ray crys-
tallographic analysis data revealed the existence of five TMA
cations per anion. The bond valence sum (BVS) values of
niobium (5.27-5.32), tungsten (6.04-6.20), and silicon (3.75)
indicated that the respective valences were +5, +6, and +4.
Therefore, one proton is probably associated with I. The BVS
value of O38 (1.12) was significantly lower than those of other
oxygen atoms (1.72-2.09), showing that O38 was possibly
protonated. To the best of our knowledge, this is the first
example of a structurally characterized diniobium-substituted
v-Keggin silicodecatungstate.

The positive-ion cold-spray ionization mass (CSI-MS)
spectrum of TMA;I in CD;CN exhibited two sets of signals
centered at m/z 3170 and 1622, with isotopic distributions

Figure 1. ORTEP drawing of the anion part of TMAsI drawn at
50% probability level.
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Figure 2. (a) 2°Si and (b) '8>W NMR spectra of TPeAsl. (c) 2°Si and
(d) "3SWNMR spectra of TPeAsI in the presence of H,O, and two
equiv of HC1O,4. Conditions for (a) and (c): TPeAsl (0.03 M), 97%
H,0; (0 or 2.4M), HCIO,4 (0 or 0.06 M), CD5CN, 233 K. Conditions
for (b) and (d): TPeAsI (0.1 M), 97% H,0, (0 or 8.0 M), HCIO4 (0 or
0.2M), CD;CN, 233K (see also Figure S3).

which agreed with the patterns calculated for [TMAgHSiW -
038Nb2(02)2]+ and [TMA7HSiW10038Nb2(02)2]2+, respectively
(Figure S2a). The CSI-MS spectra of TBAsI and TPeAsl
showed similar intense signal sets (Figures S2b and S2c),
suggesting that the solution states of I are the same regardless of
the kind of cations. The 2SiNMR spectrum showed one signal
at —84.9 ppm (Figure 2a),” suggesting that TPeAs] is a single
species. The "W NMR spectrum showed six signals at —87.0,
—105.6, —107.6, —126.2, —136.4, and —147.0ppm with the
respective intensity ratio of 2:1:2:2:1:2,° suggesting C; symme-
try in CD;CN (Figure 2b). The stoichiometric oxidation of
triphenylphosphine (1 mmol) with TPeAsI (20 umol) gave
39 umol of triphenylphosphine oxide, showing that I has 2 equiv
of active oxygen species for phosphine oxidation. All these CSI-
MS and NMR results show that the solid-state structure of I is
maintained in the solution state.

To confirm the catalytic activity of I, the TBAsI-catalyzed
epoxidation of cyclooctene (1) with H,O, was carried out under
various conditions (Table 1). In each case, 1,2-epoxycyclo-
octane (2) was mainly obtained with the formation of small
amounts of the corresponding diol (3), hydroxy ketone (4), and
enone (5). While TBAI itself showed low catalytic activity for
the epoxidation, the reaction rates dramatically increased as the
amounts of HCIO, increased up to 2 equiv and did not change
much upon addition of more than 2 equiv of HCIO,4. The yield
of 2 was also dependent on the amounts of HC1Oy, and the yield
of 2 reached up to 56% when using 2equiv of HCIO4. The
same dependence was also observed for the TPeAsl-catalyzed
epoxidation of 1 (Figure S4). In addition, the reaction rate for
the catalytic epoxidation by TBA;sI with H,O, in the presence of
2 equiv of HCIOy4 (5.4 x 1072mM min~") was much larger than
those for (i) the catalytic epoxidation by TBAsI with H,O, in the
absence of HC1O4 (1.7 x 10> mMmin~") and (ii) the stoichio-
metric epoxidation with TBAsI in the presence of 2equiv of
HCIO,4 (4.3 x 1073 mMmin~") (Figure S5). These results show
that I requires both protons and H,O; to achieve high catalytic
performance, and that the further reaction of I with H,O, likely
proceeds in the presence of protons to give the active species for
epoxidation.

Table 1. Effect of proton on the TBAsI-catalyzed epoxidation of 1
with HzOza

OH (o) ()
_— O + + +
OH OH
1 2 3 4 5

. Ry . ..
Entry HClO4/equiv /mM min~! Yield/% Selectivity to 2/%
1 None (1.74+0.9) x 1073 9 >99
2 1 (134£02)x 1072 48 98
3 2 (5.440.7) x 1072 60 94
4 3 (5.4 +£0.4) x 1072 67 91

*Reaction conditions: TBAsI (4umol), 1 (1.0mmol), 30% H,0,
(0.1 mmol), HCIO4 (0-3equiv with respect to TBAsI), CH3;CN
(3mL), 283K, 24h. Yield and selectivity were determined by GC
analysis using chlorobenzene as the internal standard. Yield (%) =
total products (mol)/initial H,O, (mol) x 100. Selectivity (%)=
desired product (mol)/total products (mol) x 100.

For early transition-metal complexes, protons play an
important role in the formation of active species for epoxidation
with Hy0,.1° In order to confirm the formation of the active
species, the NMR (*°Si and '®3W) and CSI-MS spectra of
TPeAsI were measured in the presence of both H,O, and protons
(2 equiv of HCI1Oy).” The 2°SiNMR spectrum showed one signal
at —84.9 ppm (Figure 2¢), showing the formation of a single
species. Upon addition of HO, and HCIOy, six signals appeared
at —109.8, —114.0, —120.5, —138.6, —139.6, and —150.4 ppm
with the respective intensity ratio of 2:1:2:2:1:2, and the
chemical shifts were significantly different from those of I
(Figure 2d). The 2:1:2:2:1:2 ratio suggested that the species
also had C, symmetry. The CSI-MS spectrum of TPeAsI in the
presence of H,O, and 2equiv of HCIO, exhibited a set of
intense signals centered at m/z 4400 assignable to a triperoxo
species, [TPeAsII-2CH;CN-HCIO4]t  (II = [SiW¢O34Nb,-
(0,)3]*7) (Figure S6a). Upon addition of 1 to the solution, the
signals almost disappeared and new signals centered at m/z
4384 assignable to [TPeAsSiW;y03;7Nb,(0,),-2CH;CN.
HCl1O4]" appeared (Figure S6b). These results show that IT
with C; symmetry is the possible active species for epoxidation.

Kinetic studies on the epoxidation of 1 with H,O, catalyzed
by TBAsI in the presence of 2 equiv of HC1O, showed the first-
order dependence of the reaction rates on the concentration of
TBAsI (0.67-2.67 mM, Figure S7a), while it has been reported
that fractional order dependence is observed when using
[HzSileng6077]67 and A,B-[PW9037(Nb02)3]67.6 In addition,
the NMR and CSI-MS signals assignable to peroxotungstate
fragments were not observed during the catalytic reaction. These
results indicate that I is stable under the reaction conditions.

In the case of divanadium-substituted POMs, [y-XWo-
033V2(1-OH), "™ (X = Si (n =4) or P (n = 3)), the reaction of
the {V,(u-OH), } core with H,O, gives the {V,(u-OH)(u-OOH)}
species followed by successive dehydration to form an active
oxygen species with the p-n>m>O, species.’ Similarly, protons
likely play an important role in the formation of the {Nb(u-
OH),} site, which would react with H,O, to form the bridging
peroxo species I, e.g. p-n>m%0,, p-n'm'-0, species.!!

Finally, the scope of the present TBAsI-catalyzed oxidation
system was examined (Table 2). Cyclooctene selectively gave
1,2-epoxycyclooctane. The oxidation of thioanisole exclusively

900 | Chem. Lett. 2015, 44, 899-901 | doi:10.1246/cl.150213

© 2015 The Chemical Society of Japan


http://dx.doi.org/10.1246/cl.150213

Table 2. Oxidation of various substrates with H,O, by TBAsI in the
presence of HC1O4*

Time Product Yield

Entry — Substrate  © (Selectivity/%) /%

O O s
(o]

S\ 3
2 ©/ 0.17 @ ~ 97
(98)
OH (o]
3 24 (j)K 89
(99)
4 0 T Do (50 65
AP (23
OH

HO\)\/OH 27)

*Reaction conditions: TBAsI (4 umol), substrate (1.0 mmol), 30%
H,0, (0.1 mmol), HCIO4 (2equiv with respect to TBAsI), CH;CN
(3mL), 283K. Yield and selectivity were determined by GC or
'THNMR analysis. Yield (%)= total products (mol)/initial H,O,
(mol) x 100. Selectivity (%) = desired product (mol)/total products
(mol) x 100.

gave the corresponding sulfoxide in 95% yield. In this case, the
corresponding sulfone was hardly produced. 1-Phenylethanol
was also selectively oxidized to acetophenone in 89% yield.
Allyl alcohol was oxidized to the corresponding epoxide (50%
selectivity), aldehyde (23% selectivity), and triol (27% selectiv-
ity). This selectivity for the TBAsI-catalyzed oxidation of allyl
alcohol is very different from those for triniobium-substituted-
POM-catalyzed ones.® To the best of our knowledge, efficient
H,0,-based oxidation by niobium-substituted POM catalysts
applicable to various organic substrates is unprecedented.

In conclusion, a novel diniobium-substituted silicodeca-
tungstate with two n’-coordinated peroxo groups, [y-HSi-
W1003sNby(1n2-0,),]°~ (I) was successfully synthesized and
characterized. The 2°Si and '*WNMR, and CSI-MS spectra
suggest that I reacts with H,O, in the presence of protons
to form the possible active species II. Compound I could
efficiently catalyze the H,O,-based oxidation of various organic
substrates in the presence of a suitable proton source.

Supporting Information is available electronically on J-STAGE.
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