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Abstract: The Keggin-type iron-substituted polyoxometalates have been used as catalysts for the oxygenation
of alkanes in homogeneous reaction media using hydrogen peroxide as an oxygen donor. The efficiency and
activity for the utilization of hydrogen peroxide greatly depended on the iron centers and diiron-substituted
[γ-SiW10{Fe(OH2)}2O38]6- showed the highest efficiency of hydrogen peroxide utilization and conversion.
Such a structure dependency of the catalysis is significant, and the remarkable catalytic performance of diiron-
substituted polyoxometalate may be related to the catalysis by methane monooxygenase. It is remarkable that
the efficiency of hydrogen peroxide utilization to oxygenated products reached up to ca. 100% for the
oxygenation of cyclohexane catalyzed by diiron-substituted [γ-SiW10{Fe(OH2)}2O38]6- polyoxometalate. Not
only cyclohexane but alson-hexane,n-pentane, and adamantane were catalytically oxygenated with high
efficiency of hydrogen peroxide utilization. It was also suggested that diiron-substituted polyoxometalate
was stable under the conditions used and in the presence of hydrogen peroxide.

Introduction

Catalytic oxygenation is used for the conversion of petroleum-
derived hydrocarbons to commodities as well as in the manu-
facture of fine chemicals. In the bulk chemical industry,
classical processes that are environmentally unacceptable have
been largely supplanted by cleaner, catalytic alternatives. Yet,
stoichiometric (noncatalytic) oxygenation is still widely used,
and large amounts of byproducts (particularly salts) are formed
in the fine chemicals industry. These oxygenation processes
require new catalytic, low-salt technologies.1-3

Among hydrocarbons, the oxygenation of alkanes has at-
tracted much attention because they are abundant as resources
and low in reactivities as feedstocks.4-6 With respect to the
oxidants, fine chemical production allows the choice of various
oxygen donors such as peroxides. Among them, hydrogen
peroxide is a preferable oxidant because of the simplicity of
handling, the environmentally friendly nature of coproduct
(water), the high oxygen atom efficiency, and the versatility.1-3,7

In these contexts, the development of efficient catalysts for the
oxygenation of alkanes is very attractive. However, to date,
the efficiency of hydrogen peroxide utilization to selective
oxygenates was less than 80%, due to the decomposition to
molecular oxygen and water.2,7-12

Active oxygen transfer agents may be peroxometal or
oxometal species formed by the heterolytic cleavage of hydrogen
peroxide. Mo6+, W6+, and Ti4+ with d0 configurations favor
peroxometal species, and Cr5+, Cr3+, Co3+, and Fe3+ favor
oxometal species. In fact, iron and manganese porphyrins form
high-valent, highly active metal oxo species, leading to the
effective hydroxylation of alkanes.

We focused on iron, which is vital to every life-form on Earth,
fulfilling biological functions in oxygen transport and cataly-
sis.13,14Diiron-containing hemerythrin, ribonucleotide reductase,
and methane monooxygenase are the prominent examples of
the redox-active enzymes. The active site of methane mo-
nooxygenase has already been shown to have aµ-hydroxodiiron
structure.15 Therefore, oxidation catalysis by oxo-bridged di-
or triiron metal complexes is a research field important for the
development of new catalytic systems and understanding the
mechanism of action of iron-containing biomolecules.12,16-31
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While a number of structural models with diiron center have
been reported, functional models with diiron center for oxy-
genations of alkanes are fewer in numbers because of the
instability of the catalysts.32,33 [Fe(salen)]2O (salen) N,N-
ethylenebis(salicyldeneaminato)), Fe2O[HB(pz)3]2(OAc)2 (pz)
3,5-bis(isopropyl)pyrazolyl), [(PA)2Fe]2O (PA ) 2,6-dicarbox-
ylatopyridine), Fe2O(OAc)2(bpy)2Cl2 (bpy ) 2,2′-bipyridine),
and [Fe2(TPA)2O(OAc)](ClO4)3 (TPA ) tris(2-pyridylmethyl)-
amine) are examples. In contrast, polyoxometalates have an
attractive aspect in catalysis, i.e., their inherent stability toward
oxygen donors.34-36

In this paper, we compare the catalytic activity of mono-,
di-, and triiron-substituted polyoxometalates shown in Figure
1 and find that diiron-substituted polyoxometalate can uniquely
catalyze the selective oxygenation of alkanes with highly
efficient utilization of hydrogen peroxide.

Experimental Section

Preparation of Polyoxometalates.The following polyoxometalates,
[R-SiW12O40]4-, [R-SiW11Fe(OH2)O39]5-, [γ-SiW10Mn2O38]6-, [γ-SiW10-
{Fe(OH2)}2O38]6-, and [R-SiW9{Fe(OH2)}3O37]7- were synthesized as
tetrabutylammonium salts as follows.

[(C4H9)4N]4[r-SiW12O40]. Tetrabutylammoniumsaltof[R-SiW12O40]4-

was precipitated by adding an excess amount of [(C4H9)4N]Br (3.48 g,
11 mmol) to K4[R-SiW12O40]‚17H2O (3.0 g, 0.9 mmol) according to

the published method.37 Elemental Anal. Found (calcd) for [(C4H9)4N]4-
[R-SiW12O40]: C, 20.15 (20.00); H, 3.55 (3.78); N, 1.54 (1.46). Infrared
spectrum (cm-1): 967 (s), 920 (s), 884 (s), 801 (s, br). UV-visible
spectrum in acetonitrile at 296 K:λmax ) 264 nm (ε ) 37 200 M-1

cm-1). Both spectra were characteristic ofR-Keggin structure.

[(C4H9)4N]4.25H0.75[r-SiW11{Fe(OH2)}O39]. K5[R-SiW11{Fe(OH2)}-
O39]‚14H2O was prepared according to ref 38. The purity of K5[R-
SiW11{Fe(OH2)}O39]‚14H2O was checked by infrared (cm-1) (966 (s),
911 (s), 791 (s, br)) and UV-visible (λmax ) 259 nm (ε ) 39 000 M-1

cm-1)) spectra. The tetrabutylammonium salt of [R-SiW11{Fe(OH2)}-
O39]5- was precipitated by adding an excess amount of [(C4H9)4N]Br
(4.3 g, 13.3 mmol) to aqueous solution of K5[R-SiW11{Fe(OH2)}O39]‚
14H2O (2.5 g, 0.78 mmol). The precipitate was purified by repeated
reprecipitation from acetonitrile solution with the addition of excess
water. Elemental Anal. Found (calcd) for [(C4H9)4N]4.25H0.75[R-SiW11-
Fe(OH2)O39]: C, 21.34 (21.61); H, 4.15 (4.15); N, 1.65 (1.58). Infrared
spectrum (cm-1): 966 (s), 911 (s), 791 (s, br) in agreement with those
of K5[R-SiW11Fe(OH2)O39]. Raman spectrum (cm-1): 965 (s), 952
(s), 232 (m), characteristic ofR-Keggin structure.39 UV-visible
spectrum in acetonitrile at 296 K:λ ) 261 nm (ε 47 500 M-1 cm-1)
and 473 nm (ε 19 M-1 cm-1).

[(C4H9)4N]3.25H3.75[r-SiW9{Fe(OH2)}3O37]. The tetrabutylammo-
nium salt of [R-SiW9{Fe(OH2)}3O37]7- was prepared by adding
[(C4H9)4N]Br (16.8 g, 52 mmol) to [R-SiW9{Fe(OH2)}3O37]7- (4.0
mmol) in aqueous solution. The precipitate was purified by repeated
reprecipitation from acetonitrile solution with the addition of excess
water. Elemental Anal. Found (calcd) for [(C4H9)4N]3.25H3.75[R-SiW9-
{Fe(OH2)}3O37]: C, 18.48 (18.98); H, 3.54 (3.88); N, 1.44 (1.38).
Infrared spectrum (cm-1): 966 (s), 912 (s), and 800 (s, br) in agreement
with band positions of K6H[R-SiW9{Fe(OH2)}3O37]‚8H2O.40 Raman
spectrum (cm-1): 973 (s), 956 (s), 226 (m), characteristic ofR-Keggin
structure.39 UV-visible spectrum in acetonitrile at 296 K:λ ) 262
nm (ε 38 000 M-1 cm-1) and 461 nm (ε 39 M-1 cm-1).

[(C4H9)4N]4H6[γ-(SiO4)W10MnIII,III
2O36]‚1.5CH3CN‚2H2O. Tet-

rabutylammonium salt of [γ-SiW10Mn2O38]6- was prepared according
to the published method.41 Infrared spectrum (cm-1): 958 (s), 911 (s),
897 (s), 792 (s, br). UV-visible spectrum in acetonitrile at 296 K:λ
) 284 nm (ε 15 800 M-1 cm-1) and 348 nm (ε 3125 M-1 cm-1).

[(C4H9)4N]3.5H2.5[γ-SiW10{Fe(OH2)}2O38]‚H2O42 (abbreviated by
(I )). Tetrabutylammonium salt of [γ-SiW10{Fe(OH2)}2O38]6- was
synthesized by modification of the method reported for theγ-SiW10-
Mn2O38

6- polyoxometalate41 as follows. Stoichiometric amounts of
K8[γ-SiW10O36]‚12H2O (2.0 g, 1.0 mmol) and Fe(NO3)3‚9H2O (0.82
g, 2.0 mmol) were mixed under acidic condition. After the solution
had been stirred for 5 min, the addition of an excess tetrabutylammo-
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Figure 1. Polyhedral representation of (A) [R-SiW12O40]4-, (B) [R-SiW11Fe(OH2)O39]5-, (C) [γ-SiW10{Fe(OH2)}2O38]6- (I ), and (D) [R-SiW9-
{Fe(OH2)}3O37]7- Keggin-type polyoxometalates. Iron atoms are represented by shaded octahedra. WO6 octahedra occupy the white octahedra, and
an SiO4 group is shown as the internal black tetrahedron. The Wn represents the number of WO6 site in Keggin structure in Figure 1C. The
numbering is based on IUPAC recommendations.
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nium nitrate (3.1 g, 10 mmol) resulted in a white-yellow precipitate.
The precipitate was filtered off and purified by twice dissolving it in
acetonitrile (15 mL) and then adding water (300 mL) to reprecipitate
the product. The resulting hydrophobic quaternary tetrabutylammonium
salt was purified by reprecipitation from acetonitrile/water. The yellow-
orange precipitate of tetrabutylammonium salt of [γ-SiW10Fe2O38]6-

is obtained in 37% yield. Elemental Anal. Found (calcd) for
[(C4H9)4N]3.5H2.5[γ-SiW10{Fe(OH2)}2O38]‚H2O: C, 19.08 (19.26); H,
3.63 (3.88); N, 1.58 (1.40); Si, 0.80 (0.80); Fe, 3.20 (3.20). Infrared
spectrum (cm-1, Figure 4A): 1025 (w), 1002 (w), 961 (s), 903 (s),
886 (s), 797 (s), 755 (s, br), 547 (w) in agreement with those of
[(C4H9)4N]4H6[γ-(SiO4)W10MnIII,III

2O36]. The 183W NMR (11.2 MHz)
spectra were referenced to an external standard of the saturated
Na2WO4-D2O solution. Chemical shifts were reported on theδ scale
with resonances upfield of Na2WO4 (δ 0) as negative. The183W NMR
spectrum in acetonitrile at 296 K shows two broad signals at-1334
(∆ν1/2 ) 3.1 kHz) and-1847 (∆ν1/2 ) 3.4 kHz) ppm with integrated
intensities of 2:1 (Figure 5A). Two broad signals with integrated
intensities of 2:1 were also observed at-1181 and-1700 ppm for the
previously known [γ-SiW10Mn2

II,II O38]8- polyoxometalate prepared
according to ref 41. According to the assignment of Wn in the
divanadium-substituted heteropolyanion [γ-SiW10V2O40],6-43 the lower
field signal is assigned to equivalent W9, W10, W11, and W12 atoms

and the other signal is assigned to W7 and W8 atoms (Wn, see Figure
1C). The signals due to W3, W4, W5, and W6 atoms bounded to Fe2O5

were not observed. The disappearance of signals of W atoms bound
to paramagnetic centers has been reported.44 These facts clearly show
that the two iron atoms occupy at 1 and 2 positions. The UV-vis
spectrum in acetonitrile at 296 K showed two broad absorption bands
at 275 nm (ε 22 600 M-1 cm-1) and 334 nm (ε 10 000 M-1 cm-1)
(Figure 3A) characteristic of Of W charge-transfer bands ofγ-type
Keggin structure45 and one Of Fe charge-transfer band at 470 nm (ε

68 M-1 cm-1). The negative ion FAB mass spectrum showed no
intense peaks in the range ofm/e ) -4200 to-10 000, indicating that
γ-SiW10Fe2O38

6- is a monomeric compound. The theoretical magnetic
moment (spin-only) is 11.0µB for a ferromagnetically coupled S) 5
system, and the magnetic moment for this compound is 4.2µB at 296
K, implying some degree of antiferromagnetic coupling. The Mo¨ss-
bauer spectrum at 296 K (isomer shift, 0.32 mm s-1; quadrupole
splitting, 0.81 mm s-1) showed that iron ions were equivalent and in
high-spin d5 electronic configuration. All of these facts show the
synthesis of the [γ-SiW10Fe2

III,III O38]6- polyoxometalate.
(42) Nozaki, C.; Minai, Y.; Kiyoto, I.; Misono, M.; Mizuno, N.

Submitted. Our attempts to grow crystallographic quality single crystals of
K+, (C4H9)4N+, (CN3H6)+, or [(CH3)3(C6H5)N]+ salts of γ-SiW10{Fe-
(OH2)}2O38

6- polyoxometalate have been unsuccessful to date; attempts
with other cations are in progress.
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Figure 2. Time course of oxygenation of cyclohexane with hydrogen
peroxide catalyzed byI in acetonitrile at 305 K.O, cyclohexane;0,
cyclohexanone;4, cyclohexanol;], dicyclohexyl.

Figure 3. UV-vis spectra of as-prepared and spentI (1.3 × 10-2

mM). (A) As-preparedI in acetonitrile at 296 K (dotted line). (B)I
after use for the oxygenation of cyclohexane at 305 K for 96 h (solid
line).

Figure 4. Infrared spectra of as-prepared and spentI (KBr disk). (A)
As-preparedI . (B) I after use for the oxygenation of cyclohexane at
305 K for 96 h.

Figure 5. Comparison of183W NMR spectrum of as-preparedI with
that after the treatment with H2O2. (A) As-preparedI in acetonitrile at
296 K (0.15 M) (100 000 transients). (B) 1 equiv of H2O2 added to A
(after 24 h) (42 240 transients).
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Titration of Hydrogen Peroxide. The titration of hydrogen
peroxide was carried out according to ref 46. Solution (1-2 g) was
accurately weighed and quickly dissolved in 200 mL of water. The
solution was stirred with a magnetic stir bar at 296 K. Titration data
were obtained with HM-30 pH meter (TOA Electrochemical Measuring
Instruments). The potential was monitored 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.

Reaction. Homogeneous reactions of cyclohexane,n-hexane,n-
pentane, and adamantane were carried out in a glass vessel by mixing
of 1.0 mmol of substrate, 1.0 mmol of 30% hydrogen peroxide or PhIO,
and 8µmol of polyoxometalate with acetonitrile (6 mL) or acetonitrile
(6 mL)/benzene (3 mL) under Ar unless otherwise stated. The reaction
solution was periodically sampled and analyzed by gas chromatography
on TC-WAX and FFAP capillary columns. For the calculation of the
efficiency of hydrogen peroxide utilization, ketones and alcohols were
counted as requiring 2 and 1 oxidizing equiv, respectively. The gas-
phase analysis was carried out by TCD gas chromatography with
Porapak Q and Molecular Sieve 5A columns.

Results and Discussion

The catalytic oxygenation of cyclohexane with hydrogen
peroxide was carried out in the presence ofI for 96 h at 305 K.
The time course is shown in Figure 2. The main products were
cyclohexanone and cyclohexanol, and no induction period was
observed for the formation. The selectivities to cyclohexanone
and cyclohexanol changed little with time, showing that the these
are the primary products. Only a trace amount of dicyclohexyl,
which is formed by the two cyclohexyl radicals, was observed.
No acids and oxoesters were observed. It is remarkable that
the efficiency of hydrogen peroxide utilization to oxygenated
products was almost 100%. The fact that dioxygen was hardly
detected in the gas phase supports the finding. Such high
efficiency in the oxygenation of cyclohexane has never been
reported: For example, the efficiency was higher than those in
the cyclohexane oxidations with hydrogen peroxide on the
catalysts (efficiency in the parentheses), TS-1 (32%),8 [PW9O37-
{Fe3-xNix(OAc)3}](9+x)- (x ) predominantly 1) (14%),9 [Fe2O-
(bipy)4(OH2)2][ClO4]4 (8%),10 FeCl3/py/Ph2S/picolinic acid
system (Gif system, 79%),11 or Fe3O(OAc)6(H2O)3 (4%).12 The
efficiency was also much higher than those (e45%) reported
for the oxidation of alkenes catalyzed by [WZnMn2-
(ZnW9O34)2]12-.34

The Keggin-type polyoxometalate isomers and [SiW12-x-
{Fe(OH2)}xO40-x](4+x)- (x ) 0-3) polyoxometalates show
characteristic UV-vis bands as described partly in the Experi-
mental Section, and therefore, the structures have been often
characterized by UV-vis spectroscopy.38,45,47-49 Figure 3 shows
UV-vis spectra of as-prepared and spentI , lines A and B
respectively. The UV-vis spectrum ofI after use for the

oxygenation reaction showed only the original absorption band
with almost the same intensities. As shown in Figure 4B, the
IR spectrum ofI after use for oxygenation reaction showed
bands at 1020 (sh), 1007 (w), 967 (s), 908 (s), 876 (sh), 793 (s,
br), 736 (sh), and 548 (w) cm-1 and the positions are in close
agreement with the values for the as-prepared sample shown in
Figure 4A. The small change in the signal intensity is probably
due to band overlapping or shift by coexisting water, cyclo-
hexanol, and cyclohexanone. The results suggest thatI is the
actual a catalyst. The following results also support the
following ideas: (a) When 200 equiv of hydrogen peroxide was
added to acetonitrile solution ofI (0.7 mM) at 296 K, the UV-
vis spectrum returned to the original spectrum after the
decomposition of hydrogen peroxide. (b) As shown in Figure
5B, the183W NMR spectrum ofI showed two broad signals at
-1202 (∆ν1/2 ) 2.6 kHz) and-1704 (∆ν1/2 ) 2.5 kHz) ppm
with integrated intensities 2:1 afterI was treated with hydrogen
peroxide in acetonitrile-d3 at 296 K. The signal intensities and
the ratio were in agreement with those of the as-preparedI and
the signals appeared in a similar region with the same intensity
ratio as that of as-preparedI . A little low-field shifts of 183W
signals may be caused by the presence of water since it has
been reported that the183W chemical shifts change with
solvents.50,51 A similar high stability has been reported for the
sandwich-type polyoxometalates34,36 and is in marked contrast
with the degradation observed for P-containingR-Keggin-type
compounds.52

Results of oxygenation reactions ofn-hexane,n-pentane, and
adamantane catalyzed byI are summarized in Table 1. Not
only cyclohexane but alson-hexane,n-pentane, and adamantane
were catalytically oxygenated with high efficiency of hydrogen
peroxide utilization.

The combination of an iron complex with hydrogen peroxide
is often considered to afford Haber-Weiss chemistry,53 generat-
ing hydroxyl radicals that initiate radical autoxidation reac-
tions.1,24,54 In these reactions alkanes are oxygenated into

(46) Vogel, A. I.A Textbook of QuantitatiVe Inorganic Analysis Including
Elementary Instrumental Analysis; Longman: New York, 1978.

(47) Tourné, C. M.; Tourné, G. F.; Malik, S. A.; Weakley, T. J. R.J.
Inorg. Nucl. Chem.1970, 32, 3875-3890.

(48) Peacock, R. D.; Weakley, T. J. R.J. Chem. Soc. (A)1971, 1937-
1940.

(49) Neumann, R.; Vega, M.J. Mol. Catal.1993, 84, 93-108.
(50) Nomiya, K.; Nozaki, C.; Miyazawa, K.; Shimizu, Y.; Takayama,

T.; Nomura, K.Bull. Chem. Soc. Jpn.1997, 70, 1369-1377.
(51) Edlund, D. J.; Saxton, R. J.; Lyon, D. K.; Finke, R. G.Organo-

metallics1988, 7, 1692-1704.
(52) Duncan, D. C.; Chambers, R. C.; Hecht, E.; Hill, C. L.J. Am. Chem.

Soc. 1995, 117, 681-691.
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Soc. 1995, 117, 4710-4711.

Table 1. Oxidation of Various Alkanes with Hydrogen Peroxide Catalyzed byI at 305 K

substrate catalyst turnovera conversionb/% product selectivity/% H2O2 consumed/µmol efficiencyc/%

cyclohexaned 53 25e cyclohexanol 32e 420 99f

cyclohexanone 68e

n-hexaned 33 15 hexanolsg 25 310 83
hexanonesg 75

n-pentaned 19 9 pentanolsh 33 210 74
pentanonesh 67

adamantanei 57 42 1-adamantanol 20 460 99
2-adamantanol 71
2-adamantanone 9

a Estimated by moles of oxidizing equivalent in all products per mole of catalyst.b (mol of products/mol of substrate used)× 100. c ([alcohol]
+ 2[ketone])/[H2O2]c × 100 (%), where [H2O2]c is the concentration of H2O2 consumed.d Solvent, acetonitrile, 6 mL; reaction time, 96 h.e Conversion
and selectivity to oxygenated products. Conversion to dicyclohexyl was<1%. f Efficiency to oxygenated products.g 1-ol:2-ol:3-ol ) 11:35:54;
1-one:2-one:3-one) 0:47:53.h 1-ol:2-ol:3-ol ) 5:27:68; 1-one:2-one:3-one) 0:35:65.i Solvent, acetonitrile/benzene, 6 mL/3 mL; reaction time,
96 h.
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alcohols and ketones with the ratio of about 1. The results of
cyclohexane,n-hexane, andn-pentane oxygenation are different
from those typically associated from Haber-Weiss chemistry.
The results ofn-hexane,n-pentane, and adamantane oxygenation
indicate that the reactivity is in the order of>CH2 > mCH >
sCH3 and differs from that for radical reactions,2,55 also
suggesting that the nonradical processes prevail to a major
degree. The facts that no induction period was observed for
the formation of cyclohexanone and cyclohexanol in Figure 2
and that only a trace amount of dicyclohexyl was observed are
consistent with the idea.

To provide a evidence for or against nonradical mechanism,
oxygenations of alkenes were performed. The results are shown
in Table 2. The data for oxygenation of cyclohexene show low
selectivity with allylic attack, showing that nonradical processes
prevail to a major degree. The epoxidation and oxidative
cleavage of aromatic substrates mainly proceeded. The oxida-
tion of cis-stilbene with hydrogen peroxide gavecis-stilbene
oxide,trans-stilbene oxide, benzaldehyde, benzylphenyl ketone,
and trans-stilbene with % selectivities of 34:11:31:17:7, re-
spectively. The approximately 76:24 cis/trans epoxide ratio
shows that the present system is more stereospecific than the
radical reactions,54 supporting that nonradical processes prevail
to a major degree. The epoxidation oftrans-stilbene gavetrans-
stilbene oxide and benzaldehyde with % selectivities of 66:34,
respectively, in accord with the idea.

The oxygenation of cyclohexane with iodosylbenzene after
96 h gave cyclohexanol with 100% selectivity and 2% conver-
sion. The turnover number and efficiency of iodosylbenzene
utilization were 2 and 2%, respectively, and much lower than
those for the oxygenation with hydrogen peroxide. The contrast
suggests that the oxygenation mechanism is different between
two oxidants and that the high-valent iron species, e.g., oxoiron,
which has been proposed to be formed by the reaction with

iodosylbenzene,57-59 is not the major iron oxidant species for
the oxygenation with hydrogen peroxide.60

Table 3 shows the results of cyclohexane oxidation catalyzed
by various catalysts obtained at 356 K. Due to the lower activity
of the other catalysts, the reaction temperature was increased
to 356 K. The time course showed that the conversion and the
product yields forI did not change after 96 h due to the complete
consumption of hydrogen peroxide. The increase in the reaction
temperature from 305 to 356 K increased the conversion from
25% to 66% (after 96 h) with only a slight decrease in hydrogen
peroxide utilization to 95%. The formation of dioxygen
corresponding to ca. 5% hydrogen peroxide decomposition was
confirmed. Addition of a second increment of 1000µmol of
hydrogen peroxide to a reacted cyclohexane system61 resulted
in an additional oxygenation (65% conversion and 98% ef-
ficiency), showing that the catalyst was not deactivated under
the reaction conditions used.

The activity and efficiency for the utilization of hydrogen
peroxide greatly depended on the structures of iron centers, and
diiron-substituted [γ-SiW10{Fe(OH2)}2O38]6- showed the high-
est efficiency of hydrogen peroxide utilization and conversion.

(55) Barton, D. H. R.; Csubai, E.; Doller, D.; Ozbalik, N.; Balavoine,
G. Proc. Natl. Acad. Sci. U.S.A.1990, 87, 3401-3404.

(56) Mizuno, N.; Weiner, H.; Finke, R. G.J. Mol. Catal. 1996, 114,
15-28.

(57) Smith, J. R. L.; Sleath, P. R.J. Chem. Soc., Perkin Trans. 21982,
1009-1015.

(58) Hill, C. L.; Brown, R. B., Jr.J. Am. Chem. Soc. 1986, 108, 536-
538.

(59) Mansuy, D.; Bartoli, J.-F.; Battioni, P.; Lyon, D. K.; Finke, R. G.
J. Am. Chem. Soc. 1991, 113, 7222-7226.

(60) In the present paper, it is not intended to report a detailed analysis
of the exact reaction mechanism of the oxygenation process. The additional
kinetic, mechanistic, and inhibitor studies are in progress and will be reported
in due course.

(61) The oxygenation of cyclohexane was carried out under the following
conditions: hydrogen peroxide, 1 mmol; cyclohexane, 2 mmol;I , 8 µmol;
acetonitrile, 6 mL; reaction temperature, 356 K. The conversion and the
efficiency of hydrogen peroxide for the first run (24 h) were 34% and 96%,
respectively.

Table 2. Oxygenation of Alkenes with Hydrogen Peroxide Catalyzed byI at 305 K

substrate conversiona/% product selectivityb/% H2O2 consumed/µmol efficiencyc/%

cyclohexened 26 cyclohexene oxide 9(58) 1000 59
2-cyclohexene-1-ol 18(22)
2-cyclohexene-1-one 13(20)
1,2-cyclohexanediol 60(0)

cis-stilbenee 23 cis-stilbene oxide 34(25) 500 28
trans-stilbene oxide 11(13)
benzaldehyde 31(35)
benzyl phenyl ketone 17(11)
trans-stilbene 7(16)

trans-stilbenee 18 trans-stilbene oxide 66(60) 500 24
benzaldehyde 34(40)

a Conversion of cyclohexene, C6(cyclohexene) basis; Conversion of stilbene, C14(stilbene) basis.b Numbers in parentheses are selectivities after
1 h. These data are more informative regarding mechanism.c See Table 1.d Catalyst, 8µmol; acetonitrile, 6 mL; cyclohexene, 1 mmol; H2O2, 1
mmol; reaction time, 96 h.e Catalyst, 8µmol; acetonitrile, 6 mL; substrate, 0.5 mmol; H2O2, 0.5 mmol; reaction time, 24 h. Due to the lower
solubility of stilbenes than alkanes, the concentrations were decreased, keeping [stilbene]/[H2O2] the same as those in Table 1.

Table 3. Oxidation of Cyclohexane with Hydrogen Peroxide Catalyzed by Various Catalysts at 356 Ka

selectivityc/%

catalysts catalyst turnoverb conversionc/% cyclohexanol cyclohexanone H2O2 consumed/µmol efficiencyd/%

[γ-SiW10{Fe(OH2)}2O38]6- (I ) 120 66e 55e 45e 1000 95e

[R-SiW11Fe(OH2)O39]5- 14 7 42 58 270 41
[R-SiW9{Fe(OH2)}3O37]7- 10 5 48 52 1000 8
[γ-SiW10Mn2O38]6- <2 <1 43 57 1000 <2
[R-SiW12O40]4- <2 <1 33 67 120 7

a Solvent, acetonitrile, 6 mL; reaction time, 96 h.b-d See Table 1.e Conversion, selectivity, and efficiency to oxygenated products. Conversion
to dicyclohexyl was<1%, and no acids and oxoesters were observed.
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Such a structure dependency of the catalysis is significant, and
the catalytic performance of diiron-substituted polyoxometalate
may be related to the catalysis by methane monooxygenase16-23

and Gif system.55 Dimanganese-substituted [γ-SiW10Mn2O38]6-

andnon-substituted Keggin anionR-SiW12O40
4- were inactive.

These results show that the diiron site shown in Figure 1C is
effective for the oxygenation with hydrogen peroxide.

In conclusion, diiron-substituted polyoxometalate has been
shown to catalyze the oxygenation of alkanes at 305 K with
very high efficiency of hydrogen peroxide utilization.
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