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Abstract 

Alkanes such as adamantane, ethylbenzene and cyclohexane, cyclohexene, and aldehydes are selectively oxidized to the 
corresponding alcohols, ketones, and acids with molecular oxygen alone catalyzed by the Fe,_,rNi ,-substituted Keggin-type 
heteropolyanion, [PW,0,,(Fe,_,~Ni.(OAc),]1’9i ‘)- (x = predominantly 1). The catalytic activities of 
[PW,O,,{Fe,_.,Ni (OAC),}](~+“)- for the oxidation of cyclohexane and butyraldehyde were compared with mono-transi- 
tion-metal substitu;ed heteropolytungstates and other compounds having oxo-bridged t&transition-metal sites. In addition, 
the effects of acetonitrile as a solvent and the addition of isobutyraldehyde were investigated. 

Rewords: Hydrocarbon; Oxidation; Dioxygen; Fe,Ni-substituted Keggin-type heteropolytungstate 

1. Introduction 

The oxidizing properties or strong acidity of 
heteropoly compounds induce a lot of studies on 
the heterogeneous and homogeneous catalysis 
[I]. The additional attractive and important as- 
pects are oxidatively stability and introduction 
of various components into heteropolyanions 
and the countercations [l]. 

Typical examples of liquid-phase oxidation 
with molecular oxygen catalyzed by heteropoly 

* Corresponding author. 

compounds are listed in Table 1 [l](g) and 
[2-191. Introduction of V5+ or other transition 
metal ions such as Co*+ or Mn*+ as addenda 
atoms usually enhances the catalytic activity, 
reflecting changes in the reduction potential. 
PV, MO ,0Oi; has usually been used in the acid 
form. H,PV, MO ,0O,, catalyzes aerobic oxida- 
tive cleavage of cycloalkanes, 1 -phenylalkanes, 
and ketones. For example, the oxidation of 2,4- 
dimethyl cyclopentanone and 2-methylcyclo- 
hexanone gives Soxo-3-methylhexanoic acid, 
and 6-oxoheptanoic acid, respectively, in yields 
higher than 90% [2,3]. Bromination of arenes 
with HBr [4], oxidative dehydrogenation of cy- 
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Table 1 
Liquid-phase oxidation reactions with molecular oxygen catalyzed 
by heteropoly compounds 

Reaction CGdySt Temp./% Ref. 

PhCOCH2Ph + Ox 

*, 
0 

- R’-~-[CH~),CHR2CHR~co*H 

RIS - R&i0 or R*SO* 

OH OH 

6 :I +H6r+1ROZ- ,I +H*O 

8 

I I + o* - 0 Br+ Hz0 

; ii 

\ \ 
+ 02 - I, 

OH 0 

/b :I +o* - II 47 0 
)=( + O2 + aldehyde 

-9Y 
A + 02 -j(+x 

SO2 + 1,,?02 + Hz0 + HnS04 HaPf%V~0w 

WC12 + 
w=cn, + o* - CHICHO Na@~+,PMo,&‘,O,,, 

A (X = 2 - 3, 

CH, + 02 - CH30H+CH3CI P, San + NasHPMoaVeO,,, 

60 2 

54 2.3 

90 4 

20 6 

70 586 

25 7 

60 9 

30 9.10 

150 11 

92 I.? 

8042 12.19 

20 13 

70 14 

25 15 

120 16 

98 ” 

l2a 19 

clohexadiene [5,6] and a-terpinene [7], oxida- 
tion of 2,4-dimethylphenol [8] and sulfides [15] 
are other examples. Heteropoly compounds are 

used in combination with transition metals in 
Wacker-type reactions [16]. 

Recently alkane oxidation in the liquid phase, 
which does not proceed with the V5+- and 
mono-Co’+-substituted heteropolyanions, has 
become possible; pioneering work has been re- 
ported by Lyons et al. [ill. However, unclear 
aspects of this important work include the com- 
position and the structure of the precatalyst. In 
fact, under all literature conditions, the synthesis 
of the precatalyst, PW,Fe,NiO<;, has failed 
due to the formation of M-O-M bridged dimer 
polyanions and mixing of Fe and Ni ions. We 
have next reported the synthesis of 
PW,Fe,NiO& heteropolyanion [ 121 and the 
alkane oxidation catalysis. Recently, Neumann 
et al. reported the adamantane oxidation cat- 
alyzed by di-ruthenium-substituted sandwich 
polyoxometalate [19]. The catalysis of di- or 
u-i-metal-substituted polyoxometalates is inter- 
esting to understand the action of iron- or cop- 
per-containing biomolecules such as hemery- 
thrin, purple acid phosphatase, hemocyanin, and 
lactase [20,21]. 

Another attractive research is the design of 
transition metal ions in combination with het- 
eropoly compounds or heteropolyanion-sup- 
ported metals [l](g) and [17,22]. 

Oxidation of hydrocarbons with molecular 
oxygen is a rewarding goal because among 
various oxidants molecular oxygen has the high- 
est % active oxygen and formed no by-product 
by the utilization [l](f). Therefore, the processes 
would be available and environmentally friendly. 
In addition, oxyfunctionalization of alkanes has 
attracted much attention from the standpoint of 
energy resources and CH bond activation [23- 
281. 

In this paper we wish to report the aerobi- 
cally induced catalytic oxygenation of alkanes 
such as adamantane, ethylbenzene, and cyclo- 
hexane, cyclohexene, and aldehydes on 
Fe,_ .Ni,-substituted Keggin-type het- 

ly a n io n 
;bW~O~,(F~,_,ONi,(OAc),)1(9+‘)- (x = pre- 
dominantly 1) without any reductants. 
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2. Experimental 

2.1. Synthesis of I(n - 
C, HgJ, N14 H,[PW,O,,{Fe, Ni(OAc),}l and 
reagents 

~(n-C,H,),N1,H,~PW,0,,~Fe2Ni(0Ac),)1 
(denoted by PW,--Fe,Ni) was prepared from 
iron(II1) nitrate, nickel(I1) nitrate, and A- 
Na,PW,O,,. IR, NMR, UV, Miissbauer, mag- 
netic susceptibility, and elemental analysis show 
that the tri-transition-metal-substituted Keggin- 

tY P e h e te ro p o ly an io n, 
[PW,0,,(Fe,_,Ni.}](9f”‘- (x = predominantly 
1, denoted by PW,-Fe,Ni), was synthesized 
[ 121. The proposed structure is shown in Fig. 1. 
PW,-Fe,Ni was soluble only in acetonitrile 
among solvents used in this paper. The thermal 
stability was investigated by the change of IR 
spectra calcined in air at elevated temperatures. 
The bands due to (n-C,H,),N+ and OAc- 
almost disappeared at 300°C while the bands 
characteristic of the Keggin structure still re- 
mained, suggesting the formation of the acid 
form of PW,O,,(Fe,Ni) anion. 

The tetra-n-butylammonium salts of the tran- 
sition-metal-substituted heteropolytungstate 
complexes, {PW,,(M”+)O,,}“-“‘- (M = Co’+, 
CL?+. Fe3+, Ni*+, Mn2+; denoted by PW, 1 -M), 
Fe,NiO(OAc),(H,O),, Fe,O(OAc),(H,O),, 
and Fe,O(OAc),(H,O),Cl were prepared ac- 
cording to the literature [29] and the structures 

were confirmed by elemental analysis, IR, and 
NMR spectra. 

All reagents were purchased in their highest 
commercial purity. Organic substrates were pu- 
rified before use while inorganic reagents were 
used without further purification. Infrared spec- 
tra were measured as KC1 pellets with a 
Perkin-Elmer Paragon 1000 PC spectrometer. 

2.2. Reaction 

A typical reaction was performed as follows: 
The catalyst ( 1 1 - 12 pmol) was introduced into 
a sealable glass vial (40 cm”> containing a 
magnetic stir bar and 2 cm3 of reactants or 
solvents and the vial was sealed. Then the glass 
vial was attached to a vacuum line, cooled to 77 
K, and degassed by three freeze-pump-thaw 
cycles. The vial was allowed to warm to ca. 273 
K and 1 atm of 0, gas was introduced to the 
system. The reaction vessel was then vigorously 
stirred. The reaction vessel was removed from 
the bath every l-10 h to refill the tube with 1 
atm 0,. The reaction solution was periodically 
sampled by syringe and analyzed by ‘H or 13C 
NMR and gas chromatography on Unisole F-200 
and FFAP columns. Each reaction system was 
heterogeneous and each carbon balance was 
more than 90%. The yields based on PW,-Fe,Ni 
count alcohols, ketones, and acids as one. 

3. Results and discussion 

Fig. 1. Polyhedral representation of Fe2Ni-substituted Keggin-type 
heteropolytungstate. The internal tetrahedron represents the PO:- 
core and the white octahedra represent WO, fragments. 

3.1. Oxidation of alkanes 

3.1. I. Oxidation of adamantane 
The catalytic oxygenation of adamantane with 

molecular oxygen was carried out in the pres- 
ence of PW,-Fe,Ni for 48 h at 355 K. The time 
course is shown in Fig. 2. The products were 
1 -adamantanol, 2-adamantanol, and 2- 
adamantanone. 1-adamantanol and 2- 
adamantanol were first produced and then the 
formation of 2-adamantanone was observed. The 
ratio of the amount of 1 -adamantanol to those of 
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2-adamantanol + 2-adamantanone little changed 
with time. These facts show that adamantane is 
directly oxidized into 1-adamantanol and 2- 
adamantanol and 2-adamantanol is then oxi- 
dized into 2-adamantanone. After the reaction 
the solution was visibly colorless and the UV 
spectrum of the solution shows no band at 258 
nm characteristic of PW9-Fe,Ni Keggin anion, 
showing that PW,-Fe,Ni is not dissolved dur- 
ing the reaction. 

The conversion and selectivities to l- 
adamantanol, 2-adamantanol, and 2- 
adamantanone were 29, 76, 12, and 12%, re- 
spectively, after 48 h (entry 1 in Table 3). 
Adamantane was found to be catalytically oxi- 
dized to give I-adamantanol (19.1, turnover 
number ( = mol product/m01 catalyst used)), 
2-adamantanol (3), and 2-adamantanone (2.9). 

When one considers that PW,-Fe,Ni (1.1 m2 
g- ‘> was insoluble in cyclohexane, cyclohex- 
ene, n-decane, ethylbenzene, and benzene, it 
may be preferable that the turnover number 
based on PW,-Fe,Ni is evaluated per surface 
polyanion. In this case, the turnover number 
increased by a factor of ca. 150. However, the 
turnover number was hereafter calculated for 
convenience based on the whole PW,--Fe,Ni 
used. PW,-Fe,Ni was only soluble in aceto- 
nitrile. The turnover number was 25 based on 
bulk polyanion or 3750 per surface polyanion. 

0 25 50 

Time I h 

Fig. 2. Time course of oxidation of adamantane on PW, -Fe,Ni at 
82°C. PW, -Fe,Ni, 11 pmol; solvent, benzene (2 cm3); adaman- 
tane, 1.24 mmol. 0, conv.; 0, I-adamantantanol; 0, 2- 
adamantanol; A, 2-adamantanone; A, total turnover number. 

Table 2 
Turnover number of various catalysts for oxidation of adamantane 

Catalyst Reductant Turnover Ref. 
number 

PW, -Fe, Ni none 3750 a 1121 
[WZnRu,(OHXH,O)- none 372 [191 
(ZnWsO,,),l”- 

KIRu(saloph)Clz] b none 13 [301 
Fe,O(OAc),(py), Zn 2087 [311 
[(Fe(HBpz3)(hfacac)}s0] ’ Zn 48 [32] 
Fe(salet&O d Zn 2.5 [311 
[Fe(TPP), 10 e Zn 1.7 [311 

a Turnover number per surface polyanion. 
b Saloph: bisklicylaldehyde-o-phenylenediiminato. 
’ HBpz,: hydrotris-pyrazolylborate. Hhfacac: hexafluoroacety- 
lacetone. 
d Salen: N, N’-etyenebis(salicylideneaminato). 
e TPP: tetraphenylporphyrin. 

Thus, it was found that the catalytic oxidation 
of adamantane by molecular oxygen without 
any reductants is catalyzed by PW,-Fe,Ni. In 
addition, the turnover number of 3750 was the 
highest level for the dioxygen oxidation of 
adamantane on ~-0x0 di- or tri-iron, 
[WZnRu2(OH)(H20)(ZnW,0,,)2]11-, het- 
eropolyanion, and Ru complexes without any 
reductants or even with reductants, as compared 
in Table 2 [19,30-321. 

The ratio of tertiary/secondary C-H bond 
selectivity on a per bond basis was 9.7. The 
value was in the range 2.6-12 found for other 
non-porphyrin systems [30,33-371, including 
PW, ,coo;, - /t-butylhydroperoxide (lo), 
[Fe,O(C,,H,N,),(OAc)](ClO,),/t-butylhydro- 
peroxide (1 l), [Fe,O(bipy),(OH ,>](ClO,>, 
(bipy, 2,2’-bipyridyl/hydrogen peroxide ( 12), 
[WZnRu2(OH)(H20)(ZnW,0,,)2]11-/di- 
oxygen (6.7), ,+0x0 di-iron complex/O,/Zn 
(4.7), and Fe,O(OAc),(bpy),Cl,/hydrogen 
peroxide (3.5) systems. Under free radical con- 
ditions, the ratio of tertiary/secondary C-H 
bond selectivity is normally 3 [ 191, different 
from the present value of 9.7, suggesting that 
the present system does not include free radical 
formation. However, it was reported that the 
PW, ,CoOz,/t-butylhydroperoxide system fur- 
ther leads to the free radical formation for the 
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functionalization of alkanes [33] and that 
methane monooxygenase oxidizes alkanes via 
radical intermediates [37](a). Further efforts are 
made to clarify the reaction mechanism in more 
detail taking into accounts the results of cyclo- 
hexane oxidation as described in the next sec- 
tion. 

IR spectra of as-prepared and spent PW,-- 
Fe,Ni are compared in Fig. 3 to investigate the 
catalyst stability. The IR spectrum of as-pre- 
pared PW,-Fe,Ni showed the intense 1054 
cm-‘, 956 cm-‘, 886 cm-‘, and the very broad 
8 14 cm-’ bands, which are characteristic of 
Keggin structure and are assigned to v(P-01, 
v(W=O), comer-sharing v(W-O-W), and 
edge-sharing v(W-O-W), respectively, by 
analogy to the assignment for PW,,Oi; and 
PMo,~O& Keggin anions [38]. The IR spec- 
trum little changed after the use for the reaction, 
showing that the Keggin-type structure of PW,- 
Fe,Ni was maintained during the oxidation. In 
the range of 3500- 1100 cm- ‘, the new peaks 
were observed at 3235, ca. 1714, 1454, 1239, 
1210, and 1137 cm-‘, which are assignable to 
adamantane and the oxidation products, I- 

r 

0 3000 2000 1600 1200 x00 ’ 

Wavenumbericm-t 

Fig. 3. IR spectra of as-prepared and spent PW,-Fe?Ni. (a) 
As-prepared PW,-Fe>Ni. (b) PW,-Fe,Ni used for oxidation of 
adamantane at 82°C. 

adamantanol, 2-adamantanol, and 2- 
adamantanone. 

3. I. 2. Various alkanes 
The representative results of PW,-Fe,Ni- 

catalyzed oxidations of various alkanes with 
molecular oxygen are listed in Table 3. It was 
confirmed that without catalysts no reactions 
proceeded in the oxidations of adamantane, cy- 
clohexane, n-decane, and ethylbenzene. Alky- 
lated arene, ethylbenzene, was also oxidized at 
the benzylic position selectively and catalyti- 
cally (entry 2). The turnover number based on 
PW,-Fe,Ni was 230. The oxygenation of cyclic 
alkane of cyclohexane was also catalytically 
oxidized into cyclohexanol and cyclohexanone, 
but the reaction was slow (entry 3). It was 
confirmed by iodometric titration and NMR that 
no hydroperoxide was formed in the blank ex- 
periment of cyclohexane, excluding the mecha- 
nism that the catalysts promote the decomposi- 
tion of the hydroperoxide formed by the autoxi- 
dation. 

Poorly reactive linear alkanes such as 
propane, n-butane, n-pentane, n-hexane, y1- 
heptane, and n-decane were very slowly oxi- 
dized by molecular oxygen without any addi- 
tives (entries 4-6). The addition of NaN, or the 
calcination of PW,-Fe?Ni at 300°C decreased 
the activity for the oxidation of propane. 

3.1.3. Activity of various catalysts 
The turnover number based on PW,-Fe,Ni 

was 5.2 for the oxidation of cyclohexane with 
molecular oxygen as shown in Table 3. On the 
other hand, PW, ,-Ni and PW, ,-Fe showed no 
activity for the oxidation of cyclohexane under 
the same conditions [12], showing the pro- 
nounced synergistic effect and the effectiveness 
of the multiple active centers for the oxygena- 
tion. Neither mononuclear iron complex, 
Fe(acac), (acac: acetylacetonate) nor iron pow- 
der showed catalytic activity under the same 
conditions 1121. The other binuclear iron species, 
Fe,NiO(OAc),(H20),, and trinuclear iron 
species, Fe,O(OAc),(H ?Oj3 and 
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Table 3 
PW,-Fe7Ni-catalyzed oxidation of alkanes bv molecular oxygen 

Entry Substrate Conv. a (o/o) Turnover Turnover number per Product Selectivity ’ 
number b surface polyanion (%I 

1 adamantane d 29 25 3750 I-adamantanol 76 
2-adamantanol I2 
2-adamantanone 12 

2 ethylbenzene ’ 17 230 34500 acetophenone 73 
I-phenylethanol 26 
benzaldehyde I 

3 cyclohexane e 0.36 5.2 780 cyclohexanone 83 
cyclohexanol I7 

4 n-decane e 0.05 0.43 65 decanones 87 f 
decanols 13 s 

5 n-butane h 0.53 1.90 - acetone 2 99 
6 ’ 0.64 propane 2.3 acetone 78 

2-propanol 22 

a Based on starting substrates. 
b Mol products/mol catalyst used. 
’ Percentages of products. Carbon balance for each reaction was more than 95%. 
d Benzene (solvent), 2 cm3; adamantane, 1.24 mmol; reaction temp., 82 f 1°C; reaction time, 48 h; catalyst, 11 kmol. 
e Reaction was carried out without any solvents at 82 f 1°C. The amounts (2 cm’) of cyclohexane, n-decane, and ethylbenzene used were 
18.5, 10.3, and 16.3 mmol, respectively. Reaction times for oxygenations of cyclohexane, n-decane, and ethylbenzene were 118, 74, and 91 
h, respectively. Catalyst, 11-12 pmol. 
f 2-One:3-one:(4 + 5)-ones = 36:24:40. 
g 2-Ol:3-01:(4 51-01s + = 33: 17:50. 

h ‘C,H,g 2 kg/cm*; PO,, 9 kg/cm2; solvent, CH,CN; reaction temp., 50°C; reaction time, 24 h; catalyst, 2 pmol. 

I ‘C,H, ) 2 kg/cm2: PO,, 9 kg/cm*; solvent, CH,CN; reaction temp., 50°C; reaction time, 77 h: catalyst, 2 pmol. 

Table 4 
Oxidation of cyclohexane catalyzed by PW-FezNi in various systems 

Entry Solvent Oxidant Additive Yield / pmol Turnover 

eon c)o numbera 

lb None 02 None 11 52 5.2 

2= CHsCN 02 None 0 0 0 

3d CHsCN 02 J CHO 3 4 

4e CH,CN H202 None 89 84 87 

a Mol products/m01 PW,-Fe,Ni. 
b Cyclohexane, 18.5 mmol; catalyst, I2 pmol; reaction time, 118 h; reaction temp., 82°C. 
’ Cyclohexane, 200 pmol: catalyst, 2 pmol; reaction time, 12 h; reaction temp., 30°C. 
d Cyclohexane, 200 pmol; isobutyraldehyde, 800 pmol; catalyst, 2 pmol; reaction time, 12 h; reaction temp., 30°C. 
e Cyclohexane, 1.8 mmol; catalyst, 2 pmol; reaction time, 119 h; reaction temp., 50°C; 30% H,O, was used (1.8 mmol). 
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Fe,O(OAc),(H,O),Cl, showed the activity, 
which was, however, lower than that of PW,-- 
Fe,Ni. These facts also indicate the effective- 
ness of the Fe,Ni site for the oxidation of 
cyclohexane. The much higher activity of PW,,- 
Fe,Ni than that of Fe,NiO(OAc),(H20)3 may 
be due to the great ligating capability of 
PW,O:, heteropolyanion to stabilize the Fe,Ni 
trinuclear unit. 

The turnover number was increased from 5.2 
to 100 when 15 wt% PW,-Fe,Ni was supported 
on SiO, and also increased to 440 by the solubi- 
lization in 1,2-dichloroethane with the exchange 
of countercation [39]. 

3.1.4. EfSeects qf soluent, aldehyde, and oxidant 
Table 4 shows the effects of solvent, alde- 

hyde, and oxidant on the oxidation of cyclohex- 
ane. Entries 1 and 2-4 were carried out without 
solvents and in acetonitrile, respectively. The 
oxidation in acetonitrile hardly proceeded (entry 
2) while the oxidation without solvents gave 
higher yields of cyclohexanol and cyclohex- 
anone (entry 1). 

Murahashi et al. reported that the addition of 
aldehydes promoted the oxidation of alkanes 
[40]. Effects of the addition of aldehydes were 

Table 5 
Oxidation of cyclohexene catalyzed by PW-Fe2Ni in various systems 

investigated in a homogeneous system (entries 2 
and 3). The addition of isobutyraldehyde re- 
sulted in the increase in the yields. The effec- 
tiveness was aldehyde dependent in the order of 
isobutyraldehyde > crotonaldehyde > 
propionaldehyde > benzaldehyde. A similar in- 
crease in the conversion by the addition of octyl 
aldehyde was observed for the oxidation of 
n-decane: the conversion increased from 0.05% 
(entry 4 in Table 3) to 0.8% by the addition of 
2.5 mmol octyl aldehyde to the n- 
decane/PW,-Fe,Ni/O, system and the selec- 
tivities to decanones and decanols became 51 
and 49%, respectively. 

In addition, when cyclohexane was oxy- 
genated by hydrogen peroxide, the turnover 
number greatly increased to 87 (entry 4). The 
value was much higher than 5 (entry 1) and 7.4, 
reported for the oxidation of cyclohexane with 
t-butylhydroperoxide on mono-iron-substituted 
PW,ZO& [33]. The main product was cyclo- 
henanone for the oxidation without solvents (en- 
try 1) while about equimolar amounts of cyclo- 
henanone and cyclohexanol were formed for the 
oxidation with hydrogen peroxide and molecu- 
lar oxygen + isobutyraldehyde. 

Next, the reaction was carried out at higher 

- 

Entry Solvent Oxidant Additive 
Yield / pmol Turnover 

oo 0”~ (=)c number” 

lh None 02 None 0 trace 1856 186 

2’ CH,CN 02 None 0 0.1 0.6 0.07 

3d CH,CN 02 J. ’ CHO 146 5 14 660 

@ CH&N Hz02 None 7 trace 19 2.6 

” Mol products/mol PW,-Fe?Ni. 
’ Cyclohexene. 18.5 mmol: catalyst, 10 pmol; reaction time, 48 h; reaction temp., 82°C. 

Cyclohexene, 1000 ,wmol; catalyst, 10 pmol; reaction time. 14 h; reaction temp.. 30°C. 
’ Cyclohexene. 250 pmol; catalyst, 0.25 Fmol; reaction time. 12 h; reaction temp., 30°C. 
’ Cyclohexane. 250 pmol: catalyst, 10 gmol; reaction time, 12 h: reaction temp.. 30°C: 30% H,O, was used (3 mmol) 
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pressures and temperatures to increase the yields. 
When the oxidation of cyclohexane was cat- 
alyzed by PW9-Fe,Ni without solvents at 130°C 
and PO, of 15 atm for 7 h, the turnover number 
was 42, higher than that shown in entry 1. The 
yields of cyclohexanol, cyclohexanone, and 
benzene were 74, 93, and 333 pmol, respec- 
tively, and the main product was benzene. 

3.2. Oxidation of cyclohexene 

Table 5 shows the effects of solvent, alde- 
hyde, and oxidant on the oxidation of cyclohex- 
ene. The 0, + aldehyde system has been re- 
ported to be effective for the epoxidation of 
alkenes [41,42]. Therefore, the oxidation of cy- 
clohexene by 0, was carried out in the presence 
of isobutyraldehyde. Entries 1 and 2-4 were 
carried out with and without an acetonitrile 
solvent, respectively. The oxidation without sol- 
vents (entry 1) proceeded much faster than that 
in acetonitrile (entry 2). When aldehydes were 
added to the homogeneous oxidation systems, 
turnovers and selectivities were changed. The 
turnovers changed in the order of isobutyralde- 
hyde z=- benzaldehyde > propionaldehyde > 
crotonaldehyde with relative ratios of 
1 .O:O. 16:0.10:0, respectively. It was reported that 

Table 6 
Oxidation of aldehydes by molecular oxygen catalyzed by PW,- 
Fe,Ni at 30°C in acetonitrile 

Entry Substrate Product Yield a (%I 

lb acetaldehyde acetic acid 86 
2c propionaldehyde propionic acid 92 
3* butyraldehyde butyric acid 95 
4e isobutyraldehyde isobutyric acid > 98 
5f octyl aldehyde octanoic acid 2 98 

PWg-FqNi 

Fe powder 

FelNiO(OAcL#IaO)~ 

F~(OH)(OAC)~ 

F&1,4X,0 

Fe,O(OAc),(EI,O)s 

Blank 

0 50 

Yield I % 

Fig. 4. Oxidation of butyraldehyde catalyzed by various com- 
pounds in acetonitrile at 30°C. Catalyst, 20 pmol; reaction time, 2 
h; butyraldehyde, 2 mmol; PO,, 1 atm. 

the higher the turnover the more easily the 
aldehyde is oxidized [9]. The example of the 
addition of isobutyraldehyde was shown in en- 
try 3. When isobutyraldehyde was added in the 
reaction system, the turnover was increased to 
more than 9400 times greater than that without 
isobutyraldehyde and the cyclohexene oxide was 
produced with 89% selectivity. The selectivity 
was higher than those (I 30%) in the oxida- 
tions with hydrogen peroxide on PW,-Fe,Ni 
(entry 4), H3+,, XM,,O,, (n = O-2; X = P, Si, 
C, B; M = MO, W> [431, or [(n- 
C,H,),N],Na,[(l,S-COD)Ir . PW,,Nb,O,,] 
[22]. However, the yield of cyclohexene oxide 
of 58% was still lower than those reported in 
isobutyraldehyde/O,/PW,,CoO& [9] and 
isobutyraldehyde/O,/( 1,5-COD)Ir - PW,,Nb,- 
0:; [42] systems. Further addition of isobu- 
tyraldehyde gave identical rates and yields, sug- 
gesting that PW,-Fe,Ni might be stable under 
the conditions employed. 

3.3. Oxidation of aldehydes 

Acetonitrile, 3 cm3; PO,, 1 atm. 
a Based on starting substrates. 
b Acetaldehyde, 1.0 mmol; reaction time, 53 h; catalyst, 10 pmol. 
’ Propionaldehyde, 200 pmol: reaction time, 19 h; catalyst, 2 
pmol. 
d Butyraldehyde, 2.0 mmol; reaction time, 2 h; catalyst, 20 pmol. 
e Isobutyraldehyde, 200 pmol; reaction time, 19 h; catalyst, 2 
pmol. 
’ Octyl aldehyde, 1 mmol; reaction time, 19 h; catalyst, 20 @mol. 

The oxidations of various aldehydes are 
shown in Table 6. The yields of acetaldehyde, 
propionaldehyde, butyraldehyde, isobutyralde- 
hyde, and octyl aldehyde were 86, 92, 95, 2 98, 
and 2 98%, respectively, and the latter two 
were quantitatively oxidized into corresponding 
acids by molecular oxygen (entries 4 and 5). 
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The catalytic activity of PW,-Fe,Ni is com- 
pared with other Fe-containing compounds in 
Fig. 4. The activity decreased as follows: PW,- 
Fe,Ni > Fe powder = Fe,NiO(OAc),(H,O), = 
Fe(OH)(OAc), > FeCl, .6H,O > Fe,O(OAc),- 
(H20)3 with relative oxygenation activities of 
1:0.8 1:0.80:0.78:0.66:0.35, respectively. A simi- 
lar order was observed for the oxidation of other 
aldehydes. It is noted that PW,-Fe,Ni was the 
most active for the oxidation of various aldehy- 
des among the various Fe-containing catalysts. 

In addition, the catalytic activity of PW,- 
Fe,Ni is compared with mono-transition-metal- 
substituted heteropolytungstates, PW, t--Fe and 
PW,,-Ni. The major product is cyclohexene 
oxide for each catalyst. The activity decreased 
as follows: PW,-Fe,Ni > PW, ,-Fe 2 PW, ,-Ni 
with relative oxygenation activities of 
1:0.23:0.19, respectively. This result indicates 
the effectiveness of the Fe,Ni site for the oxida- 
tion of cyclohexene with molecular oxygen. 

4. Conclusion 

To summarize, the above results demonstrate: 
( 1) the example of aerobically induced catalytic 
oxygenation of alkanes, alkene, and aldehydes 
by molecular oxygen on a species having oxo- 
bridged mono- or tri-transition-metal site; (2) 
that the preferred catalyst for the oxidation of 
cyclohexane, cyclohexene, and butyraldehyde is 
the Fe,Ni-substituted Keggin-type het- 
eropolyanion, PW,-Fe,Ni; (3) that the presence 
of the oxidation-resistant basic oxide ligand, 
PW,O:,, enhances the catalytic activity; (4) 
that the turnover number for the oxidation of 
adamantane in the preferred PW,-Fe,Ni + 0, 
system was higher than those of catalysts re- 
ported to be active; (5) that butyraldehyde and 
octyl aldehyde were catalytically and quantita- 
tively oxidized into corresponding acids on 
PW,--Fe,Ni; (6) that the addition of aldehydes 
promoted not only the epoxidation of cyclohex- 
ene but also the oxygenation of poorly reactive 
alkanes such as cyclohexane and n-decane. 

Acknowledgements 

This work was supported in part by a Grant- 
in-Aid for Scientific Research from the Ministry 
of Education, Science and Culture of Japan. 

References 

ill 

Dl 

(a) M. Misono, Catal. Rev. Sci. Eng.. 29 (1987) 269: (bl Y. 
Jeannin and M. Fournier, Pure Appl. Chem. 59 ( 1987) 1529: 
(cl M.T. Pope and A. Miller, Angew. Chem. Int. Ed. Engl. 
30 (1991) 34; (d) Y. Ono, Perspective in Catalysis (Black- 
well Sci. Publ., London, 1992) p. 43 I : (el Y. Izumi. K. 
Urabe and A. Onaka. Zeolite. Clay and Heteropoly Acid in 
Organic Reactions (Kodansha-VCH, Tokyo-Weinheim. 
1992): (f) C.L. Hill and C.M.P. McCartha, Coord. Chem. 
Rev. 143 (1995) 407; (g) T. Okuhara. N. Mizuno and M. 
Misono. Adv. Catal. 41 (1996) 113. 
B.E. Ah, J.-M. Bregeault, J. Mercier. J. Martin. C. Martin 
and 0. Convert, J. Chem. Sot. Chem. Commun. (1989) 825. 

[3] A. Atlamsani, J.-M. Bregeaul and M. Ziyad. J. Org. Chem. 
58 t I9931 5663. 

[4] T.A. Gorodetskaya, I.V. Korhevnikov and K.I. Matveev, 
Kinet. Katal. 23 (1982) 992. 

[5] R. Neumann and M. Lisel. J. Org. Chem. 54 (1989) 4607. 
[6] N. Mizuno and M. Misono. J. Mol. Catal. 86 (1994) 319. 
[7] R. Neumann and M. Levin, J. Am. Chem. Sot. 114 (1992) 

727X. 

[8] M. Lissel. H. Jansen in de Wal and R. Neumann. Tetrahe- 
dron Lett. 33 (1992) 1795. 

[9] N. Mizuno. T. Hirose, M. Tat&hi and M. Iwamoto. Chem. 
Lett. (1993) 1839: N. Mizuno. T. Hirose, M. Tateishi and M. 
Iwamoto. Stud. Surf. Sci. Catal. 82 (1994) 593. 

[IO] M. Hamamoto, K. Nakayama, Y. Nishiyama and Y. Ishii, J. 
Org. Chem. 58 (1993) 642 I. 

Ill J.E. Lyons. P.E. Ellis and V.A. Durante. in: Structure-Activ- 
ity and Selectivity Relationships in Heterogeneous Catalysis. 
R.K. Grasaelli and A.W. Sleight (Ed\.) (Elsevier, Amster- 
dam. 1991) p. 99. 

I?] N. Miruno. M. Tateishi. T. Hirose and M. Iwamoto. Chem. 
Lett. (1993) 2137: J. Mol. Catal. 88 (1994) Ll25. 

131 O.A. Kholdeeva. A.V. Golovin, R.1. Maksimovskaya and 
I.V. Kozhevnikov. J. Mol. Catal. 75 (1992) 235. 

t 141 R. Neumnann and M. Levitt. in: Dioxygen Activation and 
Homogeneous Catalysis Oxidation. L.I. Simanded (Ed.) 
(Elsevier. Amsterdam, 199 I ) p. 12 I. 

151 B.S. Jumakaeva and V.A. Golodov, J. Mol. Catal. 35 (1986) 
303. 

[16] J.H. Grate, D.R. Hamm and S. Mahajan. preprint dtstributed 
at I4 th Conf. on Catalysis of Organic Reactions, Albu- 
querque, New Mexico. April 27-29. 1992: K.l. Matveev. 
Kinet. Katal. I8 (1977) 862. 

[17] N. Mizuno. D.K. Lyon and R.G. Finkc. J. Catal. 128 (1991) 
84. 

[18] Y.V. Geletii and A.E. Shilov, Kinet. Katal. 24 (1983) 486. 



168 N. Mizuno et al./ Journal of Molecular Catalysis A: Chemical 117 (1997) 159-168 

1191 R. Neumann, A.M. Khenkin and M. Dahan, Angew. Chem. 
Int. Ed. Engl. 34 (1995) 1587. 

1201 D.M. Kurtz, Jr., Chem. Rev. 90 (1990) 585; J.B. Vincent, 
G.L.O. Lilley and B.A. Averill, Chem. Rev. 90 (1990) 1447. 

[21] P. Poganiuch, S. Liu, G.C. Papaefthymiou and S.J. Lippard, 
J. Am. Chem. Sot. 113 (1991) 4645; D.P. Ballou and E.I. 
Solomon, J. Am. Chem. Sot. 113 (1991) 8544; A. 
Stassinopoulos, Cl. Schulte, G.C. Papaefthymiou and J.P. 
Caradonna, J. Am. Chem. Sot. 113 (1991) 8686: J.L. Cole, 
A.P. Purdy, CF. George and GA. Brewer, J. Am. Chem. 
Sot. 31 (1992) 2633; K.K. Andersson, T.E. Elgren, L. Que. 
Jr. and J.D. Lipscomb, J. Am. Chem. Sot. 114 (1992) 7786. 

1221 M. Pohl, Y. Lin, T.J.R. Weakley, K. Nomiya, M. Kaneko, H. 
Weiner and R.G. Finke, Inorg. Chem. 34 (1995) 767; M. 
Pohl, D.K. Lyon, N. Mizuno, K. Nomiya and R.G. Finke, 
Inorg. Chem. 34 (1995) 1413. 

[23] R.A. Sheldon, Dioxygen Activation and Homogeneous Cat- 
alytic Oxidation (Elsevier Sci. Publ. B.V., Amsterdam, 19911 
p. 573. 

[24] D. Artz, Catal. Today 18 (1993) 173. 
[25] O.V. Krylov, Catal. Today 18 (1993) 209; R.A. Periana, D.J. 

Taube, E.R. Evitt, D.G. Loffler, P.R. Wentrcek, G. Voss and 
T. Masuda, Nature 259 (1993) 340; D.A. Hickman and L.D. 
Schmidt, Nature 259 (1993) 343. 

[26] S.S. Hong and J.B. Moffat, Appl. Catal. A 109 (1994) 117. 
[27] Y.-C. Kim, W. Ueda and Y. Moro-oka, J. Chem. Sot. Chem. 

Commun. (1989) 652. 
[28] G. Centi (Ed.), Vanadyl Pyrophosphate Catalysts, Catal. 

Today 16 (1993). 
[29] D.K. Lyon, W.K. Miller, T. Novet, P.J. Domaille, E. Evitt, 

D.C. Johnson and R.G. Finke, J. Am. Chem. Sot. 113 (1991) 
7209; A.B. Blake, A. Yavari, W.E. Hatfield and C.N. 
Sethulekshmi, J. Chem. Sot. Dalton Trans. (1985) 2509; S. 
Uemura, A. Spencer and G. Wilkinson, J. Chem. Sot. Dalton 
Trans. (1973) 2565. 

[30] M.M.T. Khan, D. Chatterjee, S. Kumar, S.A.P. Rao and N.H. 
Khan, J. Mol. Catal. 75 (1992) L49. 

[31] D.H.R. Barton, M.J. Gastiger and W.B. Motherwell, J. Chem. 
Sot. Chem. Commun. (1983) 731. 

[32] N. Kitajima, H. Fukui and Y. Moro-oka, J. Chem. Sot. 
Chem. Commun. (1988) 485; N. Kitajima, M. Itoh, H. Fukui 
and Y. Moro-oka, J. Chem. Sot. Chem. Commun. (1991) 
102. 

[33] M. Faraj and C.L. Hill, J. Chem. Sot. Chem. Commun. 
(1987) 1487. 

1341 R.H. Fish, M.S. Konings, K.J. Oberhausen, R.H. Fong, 
W.M. Yu, G. Christou, J.B. Vincent, D.K. Coggin and R.M. 
Ruchanan, Inorg. Chem. 30 (1991) 3002. 

[35] S. Menge, J.M. Vincent, C. Lambeaux and M. Fontecave, J. 
Chem. Sot. Dalton Trans. (1994) 2081. 

[36] S. Menge, J.M. Vincent, C. Lambeaux, G. Chottard, A. 
Grand and M. Fontecave, Inorg. Chem. 32 (1993) 4766. 

1371 (a) J. Green and H. Dalton, J. Biochem. 264 (1989) 17698; 
(b) M. Shimoda, M. Ono and I. Okura, J. Mol. Catal. 52 
(1989) L37. 

[38] C.R.-Deltcheff and R. Thouvenot. J. Chem. Res. S (1977) 
46. 

1391 N. Mizuno, T. Hirose, M. Tateishi and M. Iwamoto, unpub- 
lished result. 

[40] S. Murahashi, Y. Oda and T. Naota, J. Am. Chem. Sot. 114 
(1992) 7913 (1992). 

[41] T. Yamada, T. Takai, 0. Rhode and T. Mukaiyama, Bull. 
Chem. Sot. Jpn. 64 (1991) 2109; T. Takai, E. Hata, T. 
Yamada and T. Mukaiyama, Bull. Chem. Sot. Jpn. 64 (1991) 
2513; T. Mukaiyama, K. Yorozu, T. Takai and T. Yamada, 
Chem. Lett. (1993) 439; K. Kaneda, S. Haruta, T. Imanaka, 
M. Hamamoto, Y. Nishiyama and Y. Ishii, Tetrahedron Lett. 
33 (1992) 6827. 

1421 N. Mizuno, H. Weiner and R.G. Finke, J. Mol. Catal., in 
press. 

[43] N. Mizuno, S. Yokota, I. Miyazaki and M. Misono, Nippon 
Kagaku Kaishi (1991) 1066. 


