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A Flexible Nonporous Heterogeneous Catalyst for Size-Selective
Oxidation through a Bottom-Up Approach**
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The bottom-up approach has the potential to create novel
devices with a wide range of applications such as in
electronics, medicine, and energy, as the arrangement of
molecular building blocks into nanostructures can be con-
trolled.!™? Tt is still a great challenge to fabricate not only
devices but also heterogeneous catalysts with intended
structures and functions by a bottom-up approach,! while
biominerals such as shells and bones have been already
formed by the bottom-up approach through the self-assembly
of inorganic building blocks with organic molecules in
water."! The control of the self-organization of nanobuilding
blocks with well-defined sizes, shapes, and physical and
chemical properties would lead to progress in science and
technology. Various catalytically active sites, such as metal
nodes, framework nodes, and molecular species, can be
introduced into metal-organic frameworks (MOFs) through
self-assembly. Efficient size- and enantioselective catalysis by
crystalline and porous MOFs has been reported for reduction,
C—C bond formation, and acid-base reactions, and hydrolytic
and oxidative stabilities are critical for the development of
MOF-based oxidation systems that are efficient, chemo- and
size-selective, and recyclable, and use the green oxidant
H,0,.57" Therefore, the development of efficient, easily
recoverable, and recyclable heterogeneous oxidation catalysts
with H,O, by a bottom-up approach has received particular
research interest.>¥
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Polyoxometalates (POMs) are discrete early transition-
metal oxide cluster anions with applications in broad fields,
such as catalysis, materials, and medicine, because their
structures and chemical properties can be finely tuned by
choose of the constituent elements.*'* Various POMs such as
peroxometalates, lacunary POMs, and transition-metal-sub-
stituted POMs have been developed for H,O,- or O,-based
green oxidations. Therefore, POMs are suitable nanobuilding
blocks to construct heterogeneous oxidation -catalysts.
Recently, the development of heterogeneous oxidation cata-
lysts based on POMs and the related compounds has been
attempted according to the following strategies: “solidifica-
tion” of POMs (formation of insoluble solid ionic materials
with appropriate countercations) and “immobilization” of
POMs through adsorption, covalent linkage, and ion
exchange. In most cases, however, the catalytic activities
and selectivities of the parent homogeneous POMs are
somewhat or much decreased by the heterogenization, and
there are only a few successful examples.™'® We are
interested in a bottom-up approach to the design and
synthesis of artificial heterogeneous catalysts with POMs
and herein report that the nonporous tetra-n-butylammonium
salt  of [y-SiWoO53(H0),]*  ([(n-CyHy),N][y-SiW,(Os,-
(H,0),]-H,O, 1-H,0) synthesized through a bottom-up
approach sorbs ethyl acetate (EtOAc), which is highly
mobile in the solid bulk of the compound, probably contri-
buting to the easy co-sorption of the olefins and H,O,. The
compound heterogeneously catalyzes size-selective oxidation
of various organic substances including olefins, sulfides, and
silanes with aqueous H,0O, in EtOAc. The compound can
easily be separated by filtration and reused several times with
retention of its high catalytic activity. The catalysis is truly
heterogeneous in nature because the filtrate after removal of
the solid catalyst is completely inactive. Notably, size-
selective oxidation catalysis is observed: small olefins are
much more preferentially epoxidized than large olefins. To
the best of our knowledge, this study provides the first
example for the heterogeneously catalyzed size-selective
liquid-phase oxidation with H,O, by a POM-based catalyst.

Compound 1-H,0 was synthesized by a bottom-up
approach as described below. The silicodecatungstate [y-
SiW,,05,(H,0),]*~ was synthesized in situ by the addition of
concentrated HNO; to an aqueous solution of [y-SiW;,0s]*".
Then, tetra-n-butylammonium bromide [(n-C,H,),N]-Br was
added to the solution, and white powder of 1-H,0 was
formed.! The use of other cations, such as tetramethylam-
monium [(CH;),N], formed single crystals."” The powder X-
ray diffraction (XRD) pattern, crystal structure, and space-
filling model of 1-H,0 are shown in Figure 1a—c. The
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Figure 1. a) Experimental and calculated powder XRD patterns, b) crys-
tal structure, and c) space-filling model of 1-H,0. d) Experimental and
calculated powder XRD patterns, e) crystal structure, and f) space-
filling model of 1-EtOAc. Gray lines and black markers in (a) and (d)
show the differences between the experimental and calculated data
and the calculated peak positions, respectively. Light green and purple
polyhedra in (b) and (e) show the [WOg] and [SiO,] units, respectively.
Black sticks in (b) and (e) show the [(n-C4H,),N]" fragments. Light
green spheres in (c) and (f) show the tungsten and oxygen atoms of
[v-SiW10034(H,0),]*". Purple, dark gray, and pink spheres in (c) and (f)
show the silicon, carbon, and hydrogen atoms, respectively.

calculated peak positions and shapes agreed fairly well those
found experimentally (Figure 1a). The rather large difference
between the experimental and calculated data, especially at
higher angles, is probably because of the variations of electron
densities in the unit cell, which may be caused by the highly
disordered alkyl chains of the tetra-n-butylammonium cat-
ions. Therefore, the tetra-n-butylammonium cations were not
located with the powder XRD analysis but with the molecular
mechanics using a universal force field. In the crystal lattice of
1-H,0, the [y-SiW,,0,,(H,0),]*" ions were arranged in a
tetragonal cell and surrounded by the [(n-C,H,),N]" cations.
The constituent ions were densely packed in the unit cell, and
1-H,0 was nonporous with a normalized unit cell volume (V/
Z) of 2605 A% The water of crystallization in 1-H,0 was
desorbed by the evacuation or treatment with dry He gas flow
at 298-333 K to form the guest free phase [(n-C,Ho)N],[v-
SiW,4,0;,(H,0),] (1). The powder XRD pattern of 1 was
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similar to that of 1-H,O, indicating that the structure is
maintained after desorption of the water of crystallization
(Figure S1 in the Supporting Information). The surface area
of 1 calculated with the Brunauer—-Emmett-Teller (BET) plot
of the N, adsorption isotherm (77 K, Figure S2) was 5.4 m?g~!
and low, which agreed with the nonporous crystal structure of
1. In addition, the particle size of 1 calculated with the BET
surface area (5.4 m*g™') and density (2.17 gcm™>) assuming
spherical particles was r=0.26 um, and agreed fairly well with
the SEM image (r=0.25 pm) of 1.

Compound 1 could act as an effective heterogeneous
catalyst for the oxidation of 1-hexene with H,O, in insoluble
EtOAc to give 1,2-epoxyhexane in 92 % yield. The epoxida-
tion of 1-hexene was completely stopped by the removal of 1
from the reaction solution (Figure S3). In addition, it was
confirmed by inductively coupled plasma atomic emission
spectroscopy that the tungsten content in the filtrate was less
than 0.2% of that in fresh 1. These results indicate that any
tungsten species that leached into the reaction solution is not
an active homogeneous catalyst and that the observed
catalysis is truly heterogeneous in nature. The epoxidation
did not proceed efficiently without EtOAc, suggesting that
EtOAc promotes the present heterogeneous oxidation catal-
ysis. Compound 1 sorbed (4.4 +0.4)x 10" molmol™' of 1-
hexene from the mixture with EtOAc, and the amount was
two orders of magnitude larger than that of the surface
adsorption (ca. 4.0 x 107> molmol ') [Eq. (1)]. Compound 1
sorbed 2.34+0.1 molmol™' H,O, from the mixture with
EtOAc [Eq. (2)]. These results show that both reactant and
oxidant are sorbed into the solid bulk of 1 by the presence of
EtOAc.

1-hexene (2 mmol)
_—

EtOAc (6 mL)
333K,3h

1(0.59) 1+(4.4£0.4) x 107" 1-hexene (1

60% H,0, (0.5 mmol)

1(0.1259)—————» 1+23+0.1H,0, (2)
EtOAG (3 mL)
333K, 3 min

1(t) = Iy(1=Tcu/T1pa) " {exp(=t/Tpm)—exp(=t/Tcu)} 3)

The powder XRD pattern of 1 (Figure 1a) was completely
changed by EtOAc sorption (Figure 1d). The structure
analyses of the powder XRD patterns showed that the crystal
system changed from tetragonal to cubic and the cell volume
(VIZ) increased from 2605 A® to 2761 A’ with EtOAc
sorption. The increase in the cell volume (156 A%) agreed
well with the volume of the EtOAc molecule (162 A%)
calculated from the molecular weight and density of the
liquid, suggesting that 1 molmol ' of EtOAc was sorbed into
the crystal lattice of 1.

During the spin locking step in *C cross-polarization
magic-angle spinning (CPMAS) NMR spectroscopy, there is
magnetization transfer from 'H to *C through heteronuclear
dipolar interactions. The cross-polarization process is de-
scribed by Equation (3) with an assumption Tcy < T,),
where I(t), Iy, Tcy, and T, represent the intensity of the
signal at contact time of ¢, theoretical maximum intensity of
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the signal, cross-polarization time constant, and proton spin-
lattice relaxation time, respectively.?*2!]

As a result, the signal intensity of the less mobile carbon
atom reaches a maximum at relatively short contact times
(shorter Ty). Therefore, the mobilities of the [(n-C,H,),N]*
cations of 1 as a host and EtOAc molecules as a guest were
investigated with variable contact time CPMAS NMR
spectroscopy. The changes in the *C CPMAS NMR spectra
of 1-EtOAc at 333 K with an increase in contact times are
shown in Figure S4. In the range of short contact times
(<5 ms), only the signals for the C1-C4 carbon atoms of [(n-
C,H,),N|* were observed. At a contact time of 10 ms, the
signals for [(n-C,H,),N]* almost disappeared and those for
EtOAc appeared. In the range 10-100 ms, the intensities of
the signals for EtOAc monotonically increased. The cross-
polarization time constants for the C1, C2, C3, and C4 carbon
atoms of [(n-C,H,),N]" were 0.11, 0.12, 0.16, and 0.22 ms,
respectively (Figure 2). These values are comparable to those
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Figure 2. Peak intensities of the >°C CPMAS NMR spectra of 1-EtOAc
at 333 K as a function of contact time. a) C1 (6=57.9 ppm), b) C2
(0=24.6 ppm), c) C3 (0=20.3 ppm), and d) C4 (0=14.9 ppm) of (n-
C4Hq)(N™.

of the alkylammonium surfactants in mesoporous silica.”
Notably, the cross-polarization time constants for the carbon
atoms of EtOAc were approximately 60 ms and much longer,
suggesting high mobility of the EtOAc molecules (Figure 3).

The epoxidation of nonactivated propene in EtOAc with
H,0, catalyzed by 1 also proceeded efficiently to form 1,2-
epoxypropane in 89 % yield (Figure 4). After the epoxidation,
1 could easily be separated from the reaction mixture by
simple filtration. The recovered 1 after the epoxidation could
be reused at least four times without significant loss of
catalytic activity (95 % (1st reuse), 86 % (2nd reuse), and 91 %
(3rd reuse)). In addition, the present system could be applied
to the heterogeneous and recyclable oxidation of ethyl-
propylsulfide and ethyldimethylsilane to the corresponding
sulfoxide and silanol (Figure 4). 1,2-Epoxybutane was
obtained in 90% yield with 90 % selectivity in a 240 mmol
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Figure 3. Peak intensities of the ?C CPMAS NMR spectra of 1-EtOAc
at 333 K as functions of contact time. a) Methylene group

(0=60.0 ppm), b) methyl group of acetate moiety (0 =20.0 ppm), and
c) methyl group of ethoxy moiety (0 =14 ppm).
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Figure 4. Recycling of 1 for the oxidation of a) propene, b) ethylpropyl-
sulfide, and c) ethyldimethylsilane. Reaction conditions: a) 1 (2

mol %), propene (6 atm), 60% H,0, (1 mmol), EtOAc (6 mL), 333 K,
3 h. b) 1 (0.7 mol%), ethylpropylsulfide (3 mmol), 60% H,0,

(1 mmol), EtOAc (3 mL), 313 K, 2 h. ¢) 1 (2 mol %), ethyldimethylsi-
lane (3 mmol), EtOAc (6 mL), 333 K, 3 h.

scale epoxidation of 1-butene with H,O, in the butyl acetate
solvent, and the retention of high catalytic performance in a
large-scale epoxidation raises the prospect of the present
system for the industrial heterogeneous epoxidation [Eq. (4)].
Since the reaction rates for the heterogeneous system were
smaller than those for the homogeneous one, longer reaction
times were needed. In addition, the heterogeneous system
required higher reaction temperature than the homogeneous
system (especially for the larger olefins). Therefore, non-
productive decomposition of H,O, proceeds in some cases,
resulting in a slight decrease in yields for the present
heterogeneous system.

1(6 g), 60% HpO, (240 mmol) 0

AN I~ 4)
(@moly  BUOAC (00 ML) 3B, g00, vielq based on
H202

(90% selectivity)

Notably, the size-selective heterogeneous epoxidation
proceeded with 1 in EtOAc, while no size-selectivity was
observed for the 1-catalyzed homogeneous competitive
epoxidation in acetonitrile in accord with the n(C=C)
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HOMO energies (Table S1). In the case of the heterogeneous
competitive epoxidation of 1-hexene and various C3-C12
terminal olefins, the yield ratios of the C3-C12 epoxides to
1,2-epoxyhexane monotonically decreased to 0.04 with an
increase in the molecular cross-sectional areas of the C3-C12
olefins (Figure 5). The amounts of 1-hexene and 1-dodecene

457
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Figure 5. Plots of the ratios of the C3—-C12 epoxides to 1,2-epoxyhexane
for competitive epoxidation of various C3—C12 terminal olefins and 1-
hexene against the molecular cross-sectional areas of the olefins. The
details are shown in Table S1.

sorption from a mixture in EtOAc were (4.4 £0.8) x 10" and
(4.0 +3.0) x 1072 molmol ', respectively [Eq. (5)], which is in
accord with the much faster epoxidation of 1-hexene than 1-
dodecene in Figure 5. The yield ratios of the C3—-C12 epoxides
to 1,2-epoxyhexane against the molecular cross-sectional
areas of the C3-C12 olefins for the heterogeneous compet-
itive epoxidation of 1-hexene and various C3-C12 terminal
olefins in the presence of [(n-CsH;),N]4[y-SiW,,05,(H,0),]
monotonically decreased to 0.05 with an increase in the
molecular cross-sectional areas in a similar way to that of [(n-
C,Hy)N],[y-SiW,,0:,(H,0),] (Figure S5). Therefore, the
size-selectivity was not much changed by the change of the
counter cation from [(n-C,H,),N]" to [(n-CsH,,),N]".

1-hexene (4 mmol)
1-dodecene (4 mmol)

_—
EtOAc (12 mL) (5)
333K,3h

1¢(4.4 £ 0.8) x 107" 1-hexenes (4.4 £ 3.0) x 102 1-dodecene

1(1.0g)

The ratio of C8 epoxide to C6 epoxide for the competitive
epoxidation of 1-hexene and 1-octene remained almost
unchanged as a function of time (Figure S6), suggesting
little variation in the size-selectivity during the epoxidation.
In addition, the ratios of C8 epoxide to C6 epoxide varied
little with changes in the size and dipole moment of solvents
(Figure S7).

The reactivity for the heterogeneous and homogeneous
epoxidation of a series of C6 olefins catalyzed by 1 are shown
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in Table S2. The reactivity order was different from each
other. In the heterogeneous system, the reaction rates for the
terminal olefins were increased with respect to those for the
branched olefins. Such an order was also observed for
epoxidation catalyzed by TS-1 (titanium silicalite), for
which restricted transition-state shape selectivity and diffu-
sion effects were observed.”” In addition, the competitive
epoxidation of propene and cyclododecene gave 1,2-epoxy-
propane and 1,.2-epoxycyclododecane in 66% and 14%
yields, respectively, whereas 1,2-epoxycyclododecane was
obtained preferentially in the homogeneous system
[Eq. (6)]. Not only olefins but also sulfides (ethylpropylsul-
fide vs. dibutylsulfide) and silanes (ethyldimethylsilane vs.
tripropylsilane) were oxidized size-selectively in EtOAc
solvent [Egs. (7) and (8)] and the small substrates were
preferentially oxidized to the corresponding sulfoxide and
silanol. Since the EtOAc molecules are highly mobile in the
solid bulk of 1, it is probable that the sorption of olefins and
H,O, and the size-selectivity is largely enhanced by its
presence. Such a unique sorption property of 1 resulted in
heterogeneous, recyclable, and size-selective epoxidation
catalysis with H,O,. To the best of our knowledge, size-
selective oxidation catalyzed by POM-based compounds has
never been reported to date.

1 (0.7 mol%) o fe)
o~ o+ 60% H0, (1 mmol) {)\ + (6)
solvent (8 mL)
333K, 24h
(5 atm) (Smmol) peterogeneous (in EtOAC):  82% 3%
homogeneous (in CH3CN): 2% 97%
1 (0.7 mol%) o o
60% H202 (1 mmol)
/S\ + /S\ 1 + 1] (7)
BU P BUTBY T sowent (3 mL) eSer BuSBy
(1.5 mmol) (1.5 mmol) 333K
heterogeneous (in EtOAc, 3 h):  75% 16%
homogeneous (in CH3CN, 1 h):  55% 45%
1 (1 mol%)
Me fr 60% Hy0, (1 mmol) Me Rr
Et-Si-H + Pr-S§-H ———— Et-Si-OH + Pr-Si-OH (8)
Me Pr solvent (imL) Me Pr
(3 mmol) (3 mmol)
heterogeneous (in EtOAc, 12 h): 88% 6%
homogeneous (in CH3CN, 1 h):  68% 32%
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