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The title reaction was catalyzed by a water-soluble potassium
salt of di-iron-substituted silicotungstate, γ -SiW10{Fe(OH2)}2O6−

38 ,
mono- and tri-iron-substituted silicotungstates being much less ac-
tive and nonselective for the oxidation. c© 1999 Academic Press
INTRODUCTION

Strong acidity or oxidizing properties of polyoxomet-
alates induce a lot of studies on the heterogeneous and
homogeneous catalysis (1). The additional attractive and
technologically significant aspect of polyoxometalates in
catalysis is their inherent stability towards oxygen donors
such as molecular oxygen and hydrogen peroxide and the
possibility of the introduction of various elements into
polyoxometalates and the countercations (1, 2). For exam-
ple, a high stability to hydrogen peroxide has been reported
for iron- or manganese-substituted polyoxometalates (2).
We have very recently reported that di-iron-substituted
silicotungstate was stable in the presence of hydrogen
peroxide (3).

The active site of methane monooxygenase has been
shown to have a µ-hydroxo di-iron structure (4). Among
alkanes, the activation and functionalisation of methane
have attracted much attention because of its abundance
and low reactivity (5). Recently, there has been a renewed
interest in the direct conversion of methane into oxygenates
with environmentally clean oxidants such as molecular oxy-
gen and hydrogen peroxide (5–7). The use of water as
a solvent in homogeneous transition-metal catalysis has
been of growing importance because of its environmentally
friendly nature (8). In these aspects, catalytic oxygenation
of methane with hydrogen peroxide in water by model com-
plex catalysts with di-iron centers is of great interest but
has been unsuccessful due to the catalyst instability (partic-
ularly organic ligands) towards hydrogen peroxide and in-
solubility in water. In this paper, we attempt to demonstrate
catalytic oxidation of methane with hydrogen peroxide in
water by di-iron-substituted silicotungstate.
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EXPERIMENTAL

Catalysts

Potassium salt of γ -SiW10{Fe(OH2)}2O6−
38 (abbreviated

by I, see Fig. 1) was synthesized by the modification
of the method reported for the γ -SiW10Mn2O6−

38 poly-
oxometalate (9). The characterization results for the
potassium salt of γ -SiW10{Fe(OH2)}2O6−

38 polyoxometa-
late were as follows. Elemental analysis: found (calcd for
K6SiW10{Fe(OH2)}2O38 · 14H2O): Si, 0.90 (0.92); Fe, 1.82
(1.83). TG/DTA: weight loss of 9.04% between 300 and
677 K. Calcd for K6SiW10{Fe(OH2)}2O38 · 14H2O, 9.30%
(16H2O). Infrared spectrum (cm−1): 1030 (w), 1000 (w),
955 (s), 904 (s), 881 (s), 799 (s, br), 755 (s), 538 (w) in agree-
ment with those of [(C4H9)4N]4H2[γ -SiW10MnIII,III

2 O38] ·
2H2O. The UV–vis spectrum in water at 296 K showed two
O→W charge transfer bands at 270 (ε 24,400 M−1 cm−1)
and 324 nm (ε 4400 M−1 cm−1) characteristic of γ -type
Keggin structure.

Potassium salts of the other polyoxometalates used for
reactions were synthesized according to Refs. (10–12).

Reactions

The reaction was carried out with an autoclave having
a Teflon vessel. The catalyst (5 µmol) was dissolved in a
Teflon vessel containing 1.8 mL of water, and then aque-
ous hydrogen peroxide (30%, 2.4 mmol) was added. Next,
this Teflon vessel was quickly attached inside an autoclave.
The gas phase above the liquid was removed by evacua-
tion, and then the autoclave was pressurized with methane
(purity≥ 99.9%) to 50 atm. The autoclave was heated up
to the reaction temperature in an oil bath. After the re-
action, the gas phase was sampled with a sampler di-
rectly connected to a gas chromatograph with Porapak QS
and Molecular Sieve 5A columns. The liquid was sampled
with a microsyringe and analyzed on a gas chromatogra-
phy with Porapak QS and HayeSep DB columns. Prod-
uct yields in the liquid and gas phases were reproducibly
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FIG. 1. Polyhedral representation of I. Iron atoms are represented by
hatched octahedra. WO6 octahedra occupy the white octahedra, and an
SiO4 group is shown by the internal black tetrahedron.

obtained within experimental errors of ±0.2 and ±2 µmol,
respectively. The turnover number (TON) was estimated
by moles of oxidizing equivalent in all products/moles of
catalyst. The efficiency of hydrogen peroxide utilization
was calculated by ([methanol]+ 3[formic acid]+ 4[methyl
formate]+ 4[carbon dioxide])/[H2O2]c, where [H2O2]c was
the concentration of hydrogen peroxide consumed. It was
confirmed that no oxidation of methane proceeded with
molecular oxygen (2 atm) at 353 K in the presence of I.

Titration of Hydrogen Peroxide

The titration of hydrogen peroxide was carried out ac-
cording to Ref. (13); 1–2 g of solution was accurately
weighed and quickly dissolved in 200 mL water. The solu-
tion was stirred with a magnetic stir bar at 296 K. Titration
data were obtained with HM-30 pH meter (TOA Electro-
chemical Measuring Instruments). The potential was mon-
itored as a solution of Ce(NH4)4(SO4)4 · 2H2O in water
(0.1 M) was added with a buret into the solution in 0.1 mL
intervals.

RESULTS AND DISCUSSION

The catalytic oxidation of methane with hydrogen perox-
ide was carried out in the presence of I for 48 h at 353 K. Af-
ter 24 h, hydrogen peroxide was completely consumed and
the amounts of respective products were little changed. The
efficiency of the utilization of hydrogen peroxide was 4.5%.
The resulting hydrogen peroxide decomposed into molec-
ular oxygen, of which the amount was also quantitatively
confirmed. The main products were methylformate (yield,
10.3 µmol) and carbon dioxide (17.8 µmol) (14). The total
turnover number reached to 23 (8.4 to selective oxidation
products) after 48 h, showing that I is catalytically active.

The value was much higher than those (<1) reported for
oxidation of methane catalyzed by Fe2O(OAc)2(bpy)2Cl2
(bpy= 2,2′-bipyridine) and Fe4O2(OAc)7(bpy)2ClO4 in ace-
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tonitrile (15). To our knowledge, such catalytic oxidation of
methane by iron salts and di-iron containing model com-
plex catalysts under environmentally friendly conditions
(i.e., with hydrogen peroxide in water) has never been re-
ported (15–17). In addition, H4PVMo11O40, which was the
most active for the oxidation of methane with hydrogen per-
oxide in (CF3CO)2O among vanadium-substituted polyox-
ometalates (6b), was inactive under the present conditions.
The UV–vis spectrum of I after use for oxidation reaction
showed only the original absorption bands with the same
intensities and UV–vis spectrum of I unchanged after being
treated with hydrogen peroxide, suggesting that I is stable
under reaction conditions (18).

The temperature dependence of product yields and TON
is shown in Fig. 2. Here the reaction time was kept for 24 h.
The amount of each product significantly increased with
the increase in the reaction temperature from 303 to 353 K.
The amount of each product decreased by further increase
in the reaction temperature to 403 K. The decomposition of
hydrogen peroxide to form dioxygen and water was domi-
nant at 403 K. This may have resulted in the decrease of the
amounts of products. The catalytic activity of I was greatly
increased by the change of solvent to acetonitrile, and the
turnover number and efficiency increased to 25 and 20, re-
spectively, even at 303 K (19).

Next, the catalytic activities and products for the ox-
idation of methane with hydrogen peroxide in water
catalyzed by iron-substituted silicotungstates are com-
pared in Table 1. The conversions of methane at 353 K
FIG. 2. Temperature dependence of product yields and TON: (d) me-
thylformate; (s) methanol; (h) formic acid; (4) carbon dioxide; (m) TON;
catalyst, I. Error bars for selective oxidation products are included in re-
spective symbols.
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TABLE 1

Oxidation of Methane with Hydrogen Peroxide Catalyzed by SiW12−x{Fe(OH2)}xO(4+x)−
40−x (x= 1–3) at 353 K

Yield/µmol (selectivity/%)

Catalyst TONa CH3OH HCO2CH3 HCOOH CO2

α-SiW11{Fe(OH2)}O5−
39 11.0± 1.6 (0) 0 0 0 13.7± 2.0 (100)

γ -SiW10{Fe(OH2)}2O6−
38 (I) 21.6± 1.8 (8.3) 0.3± 0.2 (1) 10.2± 0.1 (54) 0.2± 0.2 (1) 16.6± 2.0 (44)
α-SiW {Fe(OH )} O7− 3.5± 1.0 (0) 0 0 0 4.0± 1.0 (57b)

t

9 2 3 37

a See text. Numbers in parentheses are turnover numbers
b 3.0 µmol C2H6 (selectivity, 43%) was formed.

decreased in the order of γ -SiW10{Fe(OH2)}2O6−
38 (I)>α-

SiW11Fe(OH2)O5−
39 ≥α-SiW9{Fe(OH2)}3O7−

37 with the rela-
tive ratios of 1.0 : 0.4 : 0.3, respectively. Selective oxidation
products were observed only for I. These facts show that
the di-iron site in I is the effective center for the selective
oxidation of methane with hydrogen peroxide.

In conclusion, it was found under the present environ-
mentally friendly conditions that I catalyzed the selective
oxidation of methane to methylformate, methanol, and
formic acid.

ACKNOWLEDGMENTS

We acknowledge Dr. C. Nozaki for the synthesis of I. This work was sup-
ported in part by a Grant-in-Aid for Scientific Research from the Ministry
of Education, Science, Sports and Culture of Japan.

REFERENCES

1. Kozhevnikov, I. V., Chem. Rev. 98, 171 (1998); Mizuno, N., and Misono,
M., Chem. Rev. 98, 199 (1998); Neumann, R., Prog. Inorg. Chem. 47,
317 (1998); Okuhara, T., Mizuno, N., and Misono, M., Adv. Catal. 41,
113 (1996); Hill, C. L., and Prosser-McCartha, C. M., Coord. Chem.
Rev. 143, 407 (1995).

2. Bösing, M., Nöh, A., Loose, I., and Krebs, B., J. Am. Chem. Soc. 120,
7252 (1998); Zhang, X., Chen, Q., Duncan, D. C., Campana, C. F., and
Hill, C. L., Inorg. Chem. 36, 4208 (1997); Neumann, R., and Gara, M.,
J. Am. Chem. Soc. 116, 5509 (1994).

3. Mizuno, N., Nozaki, C., Kiyoto, I., and Misono, M., J. Am. Chem. Soc.
120, 9267 (1998).

4. Rozenzweig, A. C., Frederick, C. A., Lippard, S. J., and Nordlund, P.,
Nature 366, 537 (1993).

5. Pitchai, R., and Klier, K., Catal. Rev.-Sci. Eng. 28, 13 (1986); Gesser,
H. D., Hunter, N. R., and Prakash, C. B., Chem. Rev. 85, 235 (1985);
Hutchings, G. J., Scrrell, M. S., and Woodhouse, J. R., Chem. Soc. Rev.
18, 251 (1989); Crabtree, R. H., Chem. Rev. 95, 987 (1995); Srivastava,
R. D., Gollakota, S. V., Stiegel, G. J., and Bose, A. C., “Methane and
Alkane Conversion Chemistry,” p. 291. Plenum, New York, 1995.

6. (a) Suss-Fink, G., Nizova, G. V., Stanislas, S., and Shul’pin, G. B., J. Mol.
Catal. A: Chem. 130, 163 (1998). (b) Seki, Y., Mizuno, N., and Misono,
M., Appl. Catal. A: Gen. 157, L47 (1997). (c) Basickes, N., Hogan,
T. E., and Sen, A., J. Am. Chem. Soc. 118, 4574 (1996). (d) Fujiwara,
Y., Takaki, K., and Taniguchi, Y., Synlett 591 (1996). (e) Yamanaka, I.,
Soma, M., and Otsuka, K., Chem. Lett. 565 (1996).

7. Moiseev, I. I., J. Mol. Catal. A: Chem. 127, 1 (1997); Sheldon, R. A.,

. Chem. 164, 22 (1993); Sobkowiak, A., Tung, H., and Sawyer,
g. Inorg. Chem. 40, 291 (1992).
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