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Abstract 

Various organic compounds were oxidized by molecular oxygen in the presence of a catalytic amount of mixed-addenda 
heteropolyoxometalates containing molybdenum and vanadium. The catalytic activity of the molybdovanadophosphate was 
found to be greatly enhanced by supporting on charcoal. The supported catalyst has high catalytic activity for oxidative 
dehydrogenation of benzylic and allylic alcohols to the corresponding aldehydes and ketones (46-92%), nevertheless, the 
non-supported catalyst was inactive for the same oxidations under these conditions. 2,3,6_Trimethylphenol was selectively 
oxidized to trimethyl-p-benzoquinone, which is a precursor of vitamin E, in the presence of a catalytic amount of 
molybdovanadophosphate. In addition, the aerobic oxidation of amines, alkyl-substituted phenols, and alkanes were also 
examined. 
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1. Introduction 

In recent years, heteropolyoxometalate-cata- 
lyzed reactions have undergone markedly rapid 
progress in organic reactions, and have been 
applied to various transformations of organic 
compounds [I]. The characteristic features of 
heteropolyoxometalates as catalysts in organic 
synthesis have been divided into two types; (i) 
strong oxidation ability and (ii) strong Bronsted 
acidity. In particular, the utilization of het- 
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eropoly compounds as homogeneous liquid- 
phase oxidation catalysts has recently been de- 
veloped e.g., (i) oxidative dehydrogenations by 
polyoxotungstate under photochemical or nor- 
mal thermal conditions [2,3]; (ii) hydrogen per- 
oxide oxidations by molybdo- and tungstophos- 
phates having a Keggin structure and peroxo- 
tungstophosphates with quatemary ammonium 
counter cations [4]; (iii) oxidation by transition 
metal substituted heteropolyoxometalates [5]; 
(iv> aerobic oxidation by mixed-addenda het- 
eropolyoxometalates [6]. 

Molecular oxygen (dioxygen) is considered 
to be the best oxidant from both economical and 
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environmental points of view. Therefore, the 
usage of dioxygen as the oxidant is an espe- 
cially rewarding goal in oxidation chemistry. A 
number of homogeneous transition metal cata- 
lysts have been developed for this purpose [7]. 
Recently, Hill, Neumann, and Bregeault groups 
have reported heteropolyoxometalate-catalyzed 
aerobic oxidations (e.g., oxidative dehydrogena- 
tion of dienes [6](a), alcohols, and amines [6](b); 
oxidative coupling of phenols [6](c); oxidation 
of sulfides [6](d); oxidative cleavage of ketones 
and diols [6](e); and the oxidative dehydrogena- 
tion of alkanes [2] and alcohols [3] under photo- 
chemical or thermal conditions). 

Previously, we have shown that mixed ad- 
denda 1Zmetallophosphates such as molyb- 
dovanadophosphate and tungstovanadophos- 
phate were excellent catalysts for the aerobic 
oxidation of oletins and cyclic ketones in the 
presence of aldehydes [8]. During the course of 
our studies on the utilization of these catalysts 
in aerobic oxidation, we found that aerobic oxi- 
dations of various benzylic derivatives were 
efficiently promoted by molybdovanadophos- 
phate [9], and that the catalytic activity of 
molybdovanadophosphate was markedly en- 
hanced by supporting on activated carbon [lo]. 
In this paper, we report full details on the 
aerobic oxidations of amines, alcohols, and phe- 
nols catalyzed by molybdovanadophosphates. 

2. Experimental section 

NMR spectra were recorded on JEOL JNM- 
GSX400, JNM-PMX 60, JNM-EX-270 and Hi- 
tachi R-90H. ‘H-NMR (400, 270 or 60 MHz) 
and r3C-NMR (100, 67.5 or 22.5 MHz) spectra 
were obtained with Me,Si as an internal stan- 
dard. 31P-NMR spectra were obtained in D,O 
with H,PO, as an external standard. GLC anal- 
ysis was performed with Shimadzu GC-14A and 
12A equipped with a flame ionization detector 
with PEG-HP, silicone SE-30 and OV- 1. HPLC 
analysis was performed on Shimadzu SPD-6A 
with a Shimadzu CLC-ODO column. IR spectra 

were measured on Perkin Elmer 1600 and JEOL 
JIR-7000 and obtained with NaCl pellets or the 
KBr method. TG analysis was performed on 
Shimadzu DTG-50/50H. Energy dispersive X- 
ray analysis was performed with JEOL JEO- 
2001. Prior to the examination the surfaces of 
molybdovanadophosphate supported on actiye 
charcoal were coated with a thin layer (150 A) 
of gold in order to improve conductivity and 
prevent charging. Accelerating voltage of 20 
kV, probe current of 1.5 X lo- lo A, and count- 
ing time of 200 s were used. 

All compounds and solvents were purchased 
from commercial sources and used without fur- 
ther treatment. 

2. I. Preparation of catalysts 

Various mixed addenda heteropolyoxomata- 
lates, (NH,),H,PVhWe040 . 6H,O [ll], 
(NH ,),HPVM0,,0,, - 6I-I *0 [12], 
H,PV,Mo,,O,, - 32H,O [12], and 
H,PVMo,,O, .34H,O [12] were prepared by 
published procedures. 

An ammonium molybdovanadophosphate 
(NPVMO) was prepared by modifying the 
method described for the preparation of 
(NH,),H,PV,W,O~ .6H,0: To a solution 0f 
NaVO, (7.32 g, 60 mrnol) in water (38 ml) was 
added Na,MoO, - 2H,O (8.22 g, 34 mmol) in 
water (12 ml). To the resulting solution was 
added dropwise 85% H,PO, (7.6 g, 66 mmol) 
in water (10 ml), and the mixture was stirred at 
95°C for 1 h. After cooling to room tempera- 
ture, the solution was added to a saturated am- 
monium chloride solution (150 ml> to give a 
brown precipitate (ca. 8 g>. The resulting precip 
itate was recrystallized twice from 0.25 M 
H 2S04 to afford molybdovanadophosphate, 
NPVMo (la). The la is a reproducible material, 
as indicated by almost the same combustion 
analysis as follows: H, 1.76; N, 4.76. IR (KBr): 
3158, 1621, 1401, 1058, 947, 874, 795 cm-‘. 
Molar ratio: P:Mo:V = 1.0:4.0:7.8. 

NPVMo/C (lb) was prepared as follows: To 
a solution of la (1 g) in an excess water was 
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added 9 g of active charcoal (Wako Pure Chem- 
iFal, surface area: 1450 m*/g, pore size: 15-25 
A, pore volume: 0.58 ml/g) and the suspended 
solution was stirred vigorously for 0.5 h. After 
filtration, the precipitate was dried overnight in 
vacua (20 mmHg) at ca. 90°C to obtain lb in 
which 10 wt% of la was supported on the 
active charcoal. The surface area and pore vol- 
ume of lb were estimated as 1250 m2/g and 
0.52 ml/g, respectively. IR (or): 1059, 943, 
854, 777 cm-’ (around 1100-700 cm-‘>. 

2.2. General procedure for oxidative dehydro- 
genation of amines by dioxygen catalyzed by 
NPVMo (la) and NPVMo/ C (Zb) 

A toluene (4 ml) or benzonitrile (6 ml> solu- 
tion of amines (2 rnmol) and la (35 mg) or lb 
(350 mg), respectively, was placed in a three 
necked flask equipped with a balloon filled with 
0,. The mixture was stirred at 100°C for 20 h. 
After the reaction, the catalyst was filtered off 
and the resulting solution was extracted with 
diethyl ether (20 ml X 3). The combined ex- 
tracts were dried over MgSO, and analyzed by 
GLC with an internal standard. Removal of the 
solvent under reduced pressure afforded a crude 
product. Purification by column chromatogra- 
phy on activated alumina with hexane eluent 
gave the corresponding Schiff bases and/or 
aldehydes. 

2.3. General procedure for dehydrogenation of 
alcohols by dioxygen catalyzed by lb 

A toluene solution (6 ml) of substrate (2 
mmol) was added to lb (350 mg) in a three 
necked flask equipped with a balloon filled with 
0,. The mixture was stirred at 100°C for 15 h. 
The same workup described for the la catalyzed 
oxidative dehydrogenation of amines was car- 
ried out, and the resulting extracts were purified 
by column chromatography on silica gel with 
hexane/ethyl acetate (4/l) to give the corre- 
sponding carbonyl compounds. 

2.4. General procedure for oxidation of various 
phenols by dioxygen catalyzed by la or lb 

To acetic acid (6 ml) or mixed solvent of 
acetic acid/water (5/l v/v%) were added phe- 
nol (2 mmol) and la (35 mg) or lb (350 mg), 
and a balloon filled with 0, was fitted to the 
reaction flask. The mixture was stirred at 80°C 
for 1 h. After the reaction, the catalyst was 
filtered off and the solution was neutralized 
with aqueous NaHCO,. The resulting solution 
was extracted with diethyl ether. The combined 
extracts were dried over MgSO,. Removal of 
the solvent under reduced pressure afforded a 
crude product, which was purified by column 
chromatography on silica gel with hexane/ethyl 
acetate (4/ 1). 

2.5. General procedure for oxidation of 2,4,6- 
trimethylaniline (23) by dioxygen catalyzed by 
lb 

To acetic acid (6 ml) were added 2,4,6-&i- 
methylaniline (2 mmol) and lb (350 mg), and a 
balloon filled with 0, was fitted to the reaction 
flask. The mixture was stirred at 80°C for 20 h. 
After the reaction, the catalyst was filtered off 
and the solution was neutralized with aqueous 
NaHCO,. The resulting solution was extracted 
with CH,Cl,. The combined extracts were dried 
over MgSO,. Removal of the solvent under 
reduced pressure afforded a crude product, 
which was purified by column chromatography 
on activated alumina with CH,Cl, eluent. 

2.6. General procedure for oxygenation of hy- 
droaromatic compounds by dioxygen catalyzed 
by la 

A toluene (4 ml) solution of substrate (2 
mmol) and la (35 mg> was placed in a three 
necked flask equipped with a balloon filled with 
0,. The mixture was stirred at 100°C for 20 h. 
After the reaction, the catalyst was filtered off 
and the resulting solution was extracted with 
diethyl ether (20 ml X 3). The combined ex- 
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tracts were dried over MgSO, and analyzed by 
GLC with an internal standard. Removal of the 
solvent under reduced pressure afforded a crude 
product. Purification by column chromatogra- 
phy on activated alumina with hexane/ethyl 
acetate (4/l) gave the corresponding carbonyl 
compounds. 

2.7. General procedure for aerobic oxidation of 
alkanes by la-O, system in the presence of 
2-methylpropanal 

A 1,2-dichloroethane (10 ml) solution of 
alkane (2 mmol), 2-methylpropanal (8 mmol), 
and la (35 mg) was placed in a three necked 
flask equipped with a balloon filled with 0,. 
The mixture was stirred at 25°C for 15 h. After 
the reaction, the catalyst was filtered off and the 
resulting solution was extracted with CH,Cl, 
(20 ml X 3). The combined extracts were dried 
over MgSO, and analyzed by GLC with an 
internal standard. Removal of the solvent under 
reduced pressure afforded a crude product. Pu- 
rification by column chromatography on silica 
gel with hexane/ethyl acetate (4/l) gave the 
corresponding oxidized products. 

3. Results and discussion 

3.1. Spectroscopic analysis of NPVMo (la) and 
NPVM / C (lb) 

A mixed-addenda tungstovanadophosphate, 
(NH4)5H4PVeWh040 - 6H,O, has been prepared 
by Pope et al. [ 111. We attempted to prepare the 
corresponding molybdenum compound, 
(NH,),H,PV,Mo604,- nH,O, according to the 
Pope method using Na,MoO, in place of 
Na,WO,. Recrystallization of the resulting 
molybdovanadophosphate (NPVMO) (la) from 
0.25 M H,SO, gave a clean brown precipitate 
which is reproducible material. The elemental 
analysis by ICP measurement showed that the 
composition of the resulting NPVMo, la, con- 
sists of P:Mo:V = 1.0:4.0:7.8, deviating from a 
desired molybdovanadophosphate having 
P:Mo:V = 1:6:6. From the elemental analysis 
the average composition of the NPVMo pre- 
pared by the above method was approximately 
indicated as (NH,),H,PV,Mo,O, (anhydrous 
salt) (calcd. N 4.50, H 1.67, P 1.99, V 26.2, MO 
24.6%; found N 4.76, H 1.76, P 1.91, V 24.6, 
MO 23.8%). 

H3P04 

RM(, 
,~~~‘,“~~,~“~,“~‘(~~“1)~“1”‘~1’~”I~~’~)””(~ s 4 30 2p 10 0 -lo -20 -30 -4 +o 

Fig. 1. 31P NMR spectrum of NPVhIo (la) in D,O with external standard, H,PO,. 
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Fig. 2. IR spectra of NPVMo (la) and NF’VMo/C (lb). 

Fig. 1 shows the 31P NMR of the la obtained 
here. The 31P NMR gave a spectrum consisting 
of a number of signals which indicate that the 
resulting la is a complex mixture. In the case of 
a disubstituted Keggin complex such as 
[PV,MO,,O,,]~-, there are 66 possible ways of 
arranging the constituent ions, which after al- 
lowance for degeneracy leads to five distinct 
isomers [13]. Recently, Grate et al., have shown 
31P NMR of five positional isomers for a-Keg- 
gin [PV,MO,,O,]~- [14]. Accordingly, it is 
probable that many positional isomers are pre- 
sent for the molybdovanadophosphate, NPVMo 
la, which is prepared by the present method. 

I I 

<O.OO keV 9.60 keV> 

Fig. 3. EDX spectrum of NPVMo/C (lb). 

Fig, 2 shows IR spectra of la and NPVMo/C, 
lb, in the range of 700-l 100 cm- ‘. The IR 
spectrum of la shows four peaks for different 
types of oxygen bonds, although la is not a 
pure complex; that is P-O (internal oxygen 
connecting P) at 1059 cm-‘, M-O (terminal 
oxygen bonding to M) at 943 cm-‘, M-O-M 
at 8.54 cm- ’ and 777 cm- ’ [ 151. The character- 
istic absorption bands of the supported catalyst, 
lb, were similar to those of la, although the 
absorptions were weaker than those of la. This 
observation indicates that the structure of 
NPVMo was preserved after supporting on the 
active charcoal. 

In order to obtain information on the distribu- 
tion of la on the active charcoal, the energy 
dispersive X-ray analysis (EDX) of lb was 
carried out. The EDX spectra of four different 
parts of the sample were the same. This fact 
shows that the la is uniformly dispersed on the 
active charcoal Fig. 3. 

Thus molybdovanadophosphate, NPVMo la, 
which consisted of different positional and 
structural isomers, was used for the aerobic 

Table 1 
Aerobic oxidation of benzylamine (2) by various heteropolyox- 
ometalates under several conditions 

0” ’ : NH2 + 02 

:rm, 3 
(2 (1 atm) 

Rm catatyst (mg) soiveti yieM, *A*’ 

1 (NHM,PVBWBO~. 6HzO (21) tcdwne 46 
2 NPVMo (la) (16) toluene 

3b) la (16) tolumle 

4 la (16) benzonitrile 

5Q 111 (16) benzonttrile 

SC' la (16) acetonitfila 

7C' la (16) 1.2.dlchlomethane 

9 (NH,)3HPVMo,,0w 7.5H20 (39) tOllJew 

9 H,PV&lo,oOw 32t+O (22) toluene 

10 H,PVMo,,Ow 34H@ (22) lollmne 
11 HsPW,nOm nH*O (17) tcwene 

12 H3PMo,p040. nH@ (27) toluane 

61 

91 

z.99 

63 

34 

31 

36 

39 

26 

12 

a GLC yields based on substrate. 
b 40h. 
’ Reaction at 75°C. 
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oxidation of various organic compounds as the 
catalyst. 

3.2. Oxidation of benzylamine by NPVMofla) 
and NPVM/ C(lb)-0, system 

The aerobic oxidation of benzylamine (2) 
was chosen as a model reaction to evaluate the 
catalytic potential of various heteropolyoxomet- 
alate catalysts. Table 1 shows the aerobic oxida- 
tion of 2 by a variety of heteropoly compounds 
under selected reaction conditions. 

The oxidation of 2 with dioxygen (1 atm) in 
the presence of (NH,),H,PV6W,O,, .6H,O (1 
mol%, 21 mg) in toluene at 100°C for 20 h gave 
Schiff base, N-benzylidenebenzylamine (3) in 
46% yield (run 1). The catalyst of NPVMo la 
was found to be more active than that of 
(NH,),H,PV,W,O,, - 6H,O under these condi- 
tions (run 2). The catalytic activities of mixed 
addenda heteropolyoxometalates such as 
(NH,),HPVMO,~~~~. 7sH,o, H,Pv,h40,,0,, 
* 32H,O, and H,PVMo,,O, - 34H,O were 
lower than that of la (runs S-10). The usual 
heteropoly acids having a Keggin structure, 
H,PW,,O, . nH,O and H3PMo,2040 - nH,O, 
were inert in this oxidation (runs 11 and 12). It 
was found that the yield of 3 was markedly 
affected by the solvent and the reaction temper- 
ature (runs 2 and 4-7). Among the solvents 
examined, toluene and benzonitrile were found 
to be good solvents (runs 2 and 4). When 
NPVMo supported on the active carbon, 
NPVMo/C lb, was employed in the oxidation 
of 2 with dioxygen, benzaldehyde (4) was 
formed in 58% yield in preference to Schiff 
base 3 (Eq. 1). 

NH2+ cl* 

(1 atm) 

-aorb _ o^N"o+~" 
tolw?e, loo “C 

2 3 4 

-wt (me) time(h) VIM.% 
3 4 

I. (35) 20 31 lb13501 0.5 30 : 
lb&j 20 12 53 

(1) 

3.3. Oxidation of benzylic and allylic alcohols 
by NPVMo/ C(lb)-0, system 

Since the oxidative dehydrogenation of ben- 
zylic amines by dioxygen could be achieved 
with high selectivity by la, the aerobic oxida- 
tion of benzyl alcohol (5) was examined under 
the same conditions as the oxidation of 2. How- 
ever, it was found that the aerobic oxidation of 
benzyl alcohol (5) is not catalyzed by la (Eq. 
2). Neumann et al., have reported that 
Na,PV,Mo,,O,, on active carbon is an effi- 
cient catalyst for the oxidative dehydrogenation 
of benzylic alcohols to benzaldehydes [6]. The 
same strategy for the la provided an interesting 
result, i.e., the la supported on the active car- 
bon, NPVMo/C, lb, likewise showed excellent 
catalytic activity for the oxidation of 5 which 
failed to be oxidized by non-supported catalyst, 
la (Eq. 2). 

0” 1 ; OH + o* catalyst \ cl-lo 
toluBne (6 mL), -0 ‘/ 

5 lCW”C, 15 h 
4 

(2 mm@ (13W catalyst (mg) yield (%) (2) 

13 (39 0 
1 b (350) 92 

Thus, the oxidation of benzylic and allylic alco- 
hols with molecular oxygen by lb was carried 
out. Representative results are shown in Table 
2. 

Interestingly, the recovered lb catalyst main- 
tains a high catalytic activity even after 5 recy- 
cles (run 3). Substituted benzyl alcohols such as 
4-methoxy-, 4-methyl-, and 2-methylbenzyl al- 
cohols were oxidized to the corresponding ben- 
zaldehydes in good yields (83-92%) (runs 4-6). 
It is important to note that these benzyl alcohols 
were converted into the corresponding aldehy- 
des without formation of carboxylic acids which 
are overoxidation products of aldehydes. Neu- 
mann suggests that these dehydrogenations pro- 
ceed via a process other than the free radical 
process, because aldehydes are more easily oxi- 
dized to carboxylic acids than alcohols under 
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Table 2 
Aerobic oxidation of various alcohols catalyzed by NPVMo/C 
(lb) a 

Run Substrate Product Yield (%) b 

1 benzyl alcohol (5) benzaldehyde (4) 92 
2’ 5 4 20 
3* 5 4 93 
4 4-methoxybenzyl alcohol p-anisaldehyde 92 
5 4-methylbenzyl alcohol p-tolualdehyde 92 
6 4-methylbenzyl alcohol o-tolualdehyde 83 
I o-phenethyl alcohol acetophenone 19 
8 benzoin benzil 89 
9 2-hexen-l-01 2-hexenal 46 
10 3-phenyl-2-propen-l-01 cinnamaldehyde 87 e 

a Substrate (2 mmol) was allowed to react in the presence of lb 
(350 mg) under oxygen atmosphere (1 atm) in toluene (6 ml) at 
100°C for 15 h. 
b Determined by GLC. 
’ A mixture of la (35 mg) and charcoal (315 mg) was used as 
catalyst. 
d Reaction by the recovered catalyst after 5 times recycles. 
’ Determined by HPLC. 

free radical autooxidation [6] [ 161. 1-Phenethyl 
alcohol was converted into the corresponding 
ketone, acetophenone, in 79% yield (run 7). In 
the oxidation of the o-hydroxy ketone benzoin, 
benzil was obtained in good yield (run 8). The 
supported catalyst, lb, was also efficient for the 
selective dehydrogenation of the allylic alcohols 
to 01 $-unsaturated carbonyl compounds (runs 9 
and 10). 

In the aerobic oxidation of amines and alco- 
hols by mixed molybdovanadophosphates, the 
reaction is considered to proceed by transfer of 
electrons and a protons from substrate to the 
catalyst, yielding product and a proton and re- 
duced catalyst. The reduced catalyst is reoxi- 
dized by dioxygen, yielding water and complet- 
ing the catalytic cycle [6](b,f). 

SH, + NPVMo(ox.) 

+ P + NPVMo(red.) + 2H+ 
NPVMo(red.) + 2H++ l/20, 

--) NPVMo(ox.) + H,O 

(3) 

Hence, the enhancement of catalytic activity 
by supporting la on the active carbon is be- 
lieved to be due to the higher concentration of 

substrates and oxygen by the adsorption in the 
vicinity of the active site. In addition, it is 
important to note that the electron can easily 
transfer from the substrate to the catalyst by 
supporting la on the active charcoal, since the 
active carbon serves as a good mediator of the 
electron transfer. Thus, a rapid redox cycle of 
V(W) to V(V) or vice versa may be effected in 
the oxidation on lb. The oxidation of 5 using a 
simple mixture of la and active charcoal as 
catalyst resulted in 4 in low yield (run 2). 

3.4. Aerobic oxidation of various phenols 

The selective oxidation of alkyl-substituted 
phenols to the corresponding benzoquinones is 
an important transformation from the synthetic 

Table 3 
Aerobic oxidation of 2,3,6_trimethylphenol (6) catalyzed by 
NPVMo/C (lb) 

OH 

ti 1; 

lb VW ma) 
+ 02 

sdvent. 60 or 100 “C, time 

&l) lbUbb’@ $+ HowoH 

7 8 

Run Solvent Time Temp. Conversion Yield (o/o) a 

(ml) (h) (“Cl (%o) I 8 

lb 
2 
3’ 

4 

5 

6 

7 b.c 

8* 

9 

toluene (6) 
toluene (6) 
benzonitrile 

(6) 
acetic acid 

(3) 
acetic acid/ 
H,O (3/3) 
acetic acid/ 
Hz0 (2/4) 
acetic acid/ 
Hz0 (2/4) 
acetic acid/ 
H,O (3/3) 
DMF 

20 loo 0 
20 loo 95 
10 loo loo 

1 60 II 13 61 

5 60 100 66 16 

5 60 100 15 3 

5 60 100 

5 60 100 

5 60 loo 

0 0 
17 53 
21 10 

15 0 

68 7 

19 0 

a HPLC yields based on substrate 
b la was used as catalyst. 
’ Overoxidation products were formed. 
d Recovered lb was used. 
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and industrial points of view. Therefore, many 
methods have been reported for the oxidation of 
these compounds using various oxidants [17]. 
However, there are few reports on the catalytic 
oxidation of these compounds by dioxygen as 
the oxidant [18]. 

Recently, Takehira et al., have reported that a 
copper(amine catalyst is efficient for the 
aerobic oxidation of 2,3,6-trimethylphenol(6) to 
trimethyl-p-benzoquinone (7), which is an im- 
portant compound as a precursor of vitamin E 
[19]. More recently, Kozhevnikov et al., have 
shown that the same oxidation can be carried 
out by molybdovanadophosphate catalyst [20]. 
Therefore, the development of an efficient cata- 
lyst for the transformation of 6 into 7 by dioxy- 
gen is especially of interest from the industrial 
aspect. Thus, the possibility of the oxidation of 
6 to 7 with dioxygen catalyzed by la and lb 
was investigated (Table 3). 

In contrast to the aerobic oxidation of amines 
and alcohols where toluene and benzonitrile 
served as good solvents, the oxidation of 6 in 
these solvents led to unfavorable results. The 
oxidation of 6 by dioxygen catalyzed by lb in 
toluene afforded the coupling product 
2,2’,3,3’,6,6’-hexamethylbiphenyl-4,4’-diol (8) 
(53%) in preference to quinone 7 (17%) (run 2). 
However, no oxidation of 6 by la took place 

Scheme 1. 

under these conditions (run 1). The same oxida- 
tion in acetic acid by lb gave 8 rather than 7 
(run 4). The use of a mixed solvent of acetic 
acid and water was found to be suitable for the 
transformation of 6 to 7 (runs 5 to 6). Under 
these conditions, the oxidation of 6 in acetic 
acid/water (2/4 v/v%) produced 7 in 75% 
yield (run 6). When la was employed as cata- 
lyst in the oxidation of 6 using the mixed 
solvent (AcOH/H,O), 7 was obtained in low 
yield (run 7). According to patents, the oxida- 
tion of 6 with dioxygen to 7 is successfully 
carried out in N, N-dimethylformamide (DMF) 
by (salen)Co(II) and CuCl, 1211 [21]. In the 
present study, however, the reaction in DMF led 
to the formation of large amounts of undesired 
products (run 9). 

The oxidation of 8 to examine the reaction 
path of 6 to p-benzoquinone 7 resulted in a 
complex mixture of degraded products of 6 
along with a small amount of 7 (7%). Therefore, 
the formation of 7 via 8 is considered to be a 
minor route. Probably, 7 is produced via reac- 

Table 4 
Aerobic oxidation of 2,4,6_trimethylphenol (9) catalyzed by NPVMo (la) and NPVMo/C (lb) a 

OH 

Run Catalyst 

1 la 
2 la 
3 lb 
4c lb 

6 (2 mlml) 

Solvent (ml) 

AcOH (6) 
AcOH/H,O (5/l) 
AcOH (6) 
AcOH (6) 

10 11 12 

Time Conversion Yield (%) 

(h) (%I 10 11 12 

20 100 75 5 trace 
5 99 9 36 31 

10 99 3 80 4 
5 100 0 85 1 

a 9 (2 mmol) was allowed to react in the presence of la (35 mg) or lb (3.50 mg) under oxygen atmosphere at 80°C. 
b Determined by GLC. 
’ 10 was employed as substrate. 
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tion of phenoxyl radical and molecular oxygen. 
The outline of the oxidation is shown in Scheme 
1. 

Izumi et al., have reported that about 10 wt% 
of 1Ztungstophosphoric acid supported on ac- 
tive carbon is entrapped in the active charcoal 
after extraction by hot water or methanol [22]. 
NPVMo catalyst is extraordinarily soluble in 
water and acetic acid/water. In order to test the 
elution of the metal ions from lb in the mixed 
solvent of acetic acid/water (2/4 v/v%), the 
supported catalyst, lb, was treated in the acetic 
acid/water solvent under the same conditions 
as the oxidation of 6 (60°C for 5 h). The total 
weight loss of lb after the treatment was within 
I %. From the quantitative analysis by UV mea- 
surement of the solution, the amount of the 
NPVMo la eluted from the support in the sol- 
vent was estimated as 7% of the la supported 
on the charcoal corresponding to 0.7% based on 
the lb used. In addition, leaching of la is 
negligible small in toluene and acetic acid solu- 
tion, because la is insoluble in these solvents. 
The oxidation of 6 by the recovered lb led to 
almost the same results as that by the original 
lb (run 8 in Table 3). 

ganic and industrial aspects, since these prod- 
ucts are used as intermediates of perfumes and 
pharmaceutical derivatives [23]. Thus, the aero- 
bic oxidation of 2,4,6-trimethylphenol (9) to 
3,5-dimethyl-4-hydroxybenzaldehyde (11) cat- 
alyzed by la and lb was examined (Table 4). 
The oxidation of 9 under oxygen atmosphere in 
the presence of la in acetic acid for 20 h gave 
4-(acetoxymethyl)-2,6_dimethylphenol (10) in 
75% yield (run 1). The oxidation of 9 in a 
mixed solvent (AcOH/H,O = 5/l) afforded 
3,5-dimethyl-4-hydroxybenzaldehyde (11) 
(36%) and 2,6-dimethylbenzoquinone (12) 
(31%) (run 2). Interestingly, the oxidation cat- 
alyzed by lb in acetic acid gave 11 with high 
selectivity (80%) (run 3). 

In order to elucidate the reaction path from 9 
to 11, the oxidation of 9 catalyzed by lb was 
followed by GLC (Fig. 4). It was found that the 
substrate 9 is consumed at the early stage of the 
oxidation (within 1 h) to form 10. The resulting 
10 gradually decreased and 11 increased. On the 
basis of the time-dependence curves of the 
products, 10 is considered to be a precursor to 
11. Indeed, the oxidation of 10 gave 11 in 85% 
yield (Table 4, run 4). 

The selective synthesis of p-hydroxybe- A plausible reaction path is shown in Scheme 
nzaldehydes is an important reaction from or- 2. The reaction may be initiated by hydrogen 

0 1 2 3 4 5 
Time (h) 

Fig. 4. Time-dependence curves for aerobic oxidation of 2,4,6-trimethylphenol(9) catalyzed by NPVMo/C (lb). 
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0 OH 

s%,, AcOH 

x7 

10 - 
I,&addition 

T 

1; -9-1, 

duces 10, and hydroxyaldehyde 11 may be pro- 
duced by the hydrolysis of diacetate intermedi- 

CHz AoO OAc 
ate (B) derived from 10 and acetic acid via a 

A B similar reaction path as the formation of 10. 
Scheme 2. The oxidation of various phenol derivatives 

with dioxygen by la or lb is shown in Table 5. 
2,6-Di-t-butyl-p-cresol (13) was selectively 

abstraction from 9 by la. The resulting phenoxy oxidized with dioxygen by la in acetic acid at 
radical tautomerizes to 2,5-cyclohexadien-4-one 80°C for 5 h to form 4-(acetoxymethyl)-2,6-di- 
radical on which subsequent dehydrogenation t-butylphenol (14) (61%) along with 35di-t- 
by la gives a quinone methide intermediate (A). butyl-4-hydroxybenzaldehyde (15) (12%) (run 
Then, the 1,6-addition of acetic acid to A pro- 1). The reaction in a mixed solvent of acetic 

Table 5 
Aerobic oxidation of various phenols catalyzed by NPVMo (la) and NPVMo/C (lb) a 

run substrata solvent (mL) product(s) I (yield, %)b) 

OH 
‘Bu 'BU 0 c 

OH 
‘Bu ‘Bu 

4 

&Ha 17 

OH 
‘BU 

5 

OH 

‘-G 
6 

OH 
‘BU ‘ell 

7 

‘uq;4 tBu$; fBu+@ 

AcOH (6) (61 PA” (12) (0) 
AcOH/H20(5/1) (0) (36) (25) 
AcOH (6) (0) (59) (3) 

AcOH (6) 16 (96) 

AcOH (6) 15 (65) 

AcOH (6) 12 (29)d’ 

AcOH (6) 

a Substrate (2 mmol) was allowed to react in the presence of lb (350 mg) under oxygen atmosphere at gO”C for 5 h. 
b Determined by GLC. 
’ 35 mg of la was used instead of lb. 
d Isolated yield. 
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acid/water (5/l v/v%) afforded 15 (35%) and 
2,6-di-t-butylbenzoquinone (16) (25%) (run 2). 
When lb was used as the catalyst, the yield of 
15 was improved to 59% yield (run 3). 2,6-Di- 
t-butyl-4-methoxyphenol(17) was quantitatively 
oxidized by lb to 16 under these conditions 
(run 4). The selective oxidations of 13 and 
2,6-di-t-butylphenol (21) to 16 are difficult by 
conventional methods [6,24]. 2,6-Dimethylphe- 
no1 (19) gave 12 and coupling product 
2,2’,6,6’-dimethylbiphenoquinone (20) (run 6). 
However, 21 afforded exclusively 2,2’,6,6’-te- 
tra-t-butylbiphenoquinone (22) in high yield (run 
7). 

In addition, 2,4,6_trimethylaniline (23) was 
converted to 4-amino-2,6_dimethylbenzaldehyde 
(24) which is difficult to prepare by conven- 
tional methods, by the lb-O, system (Eq. 4). 

NPVMo /C (lb) (350 mg) 
+ 02 

AcOH (6 mL), 80 “C, 20 h 

23 (1 atm) 24 
(2 mml) 64 % 

3.5. Oxidation of hydroarenes by NPVMofla)- 
0, system and NPVMo(la)-aldehyde-0, sys- 
tem 

We next examined the oxygenation of several 
hydroaromatic compounds (hydroarenes) by the 
la-O, system. It was found that the oxygena- 
tion of hydroarenes was achieved with dioxygen 
by la (Table 6). 

In the oxidation of tetralin (25), la catalyzed 
the selective oxygenation of the benzylic carbon 
of 5 to form I-tetralone (26) and l-hydroxy- 
1,2,3,4-tetrahydro-I-naphthol (27) in 70% and 
21% selectivities, respectively, in 33% conver- 
sion of 25 (run 1). Unlike 25, indan (28) was 
converted into I-indanone (29) in relatively 
higher conversion (74%) (run 2). In the oxida- 
tion of 30 and 32 by lb-O, system, no oxida- 
tions were observed. 

Despite higher catalytic activities of lb, the 
oxidation of 28 by lb did not occur. This is 

Table 6 
Oxygenation of various substrates catalyzed by NF’VMo (la) a 

Rl” 

1 33 70 

25 26 
OH 

0 

3 CCJ 1; O 61 a5 1; O 68 

30 31 
0 

4 cc 1; 0 g&l cx 1; 0 40 

32 33 

’ Substrate (2 mmol) was allowed to react in the presence of la 
(35 mg) under oxygen atmosphere in toluene (4 ml) at 100°C for 
20 h. 
b Based on substrate reacted. 

believed to arise from the remarkable differ- 
ences in the polarity of the starting 28 and the 
resulting 29. That is, 28, having a small polarity 
becomes difficult to adsorb on the active carbon 
owing to the very slow desorption of the result- 
ing 29 bearing the polar carbonyl group. For 
hydroarenes bearing oxygen at their P-positions 
such as isochroman (30) and 1,3-dihydrobenzo- 
furan (32) oxidations were accomplished in 
high conversions. 3,4-Dehydroisocoumarin (31) 
was obtained from 30 in good yield (run 3). 
However, the oxidation of 32 resulted in cleav- 
age of the C-H bond to give phthalide (33) in 
slightly lower yield (run 4). Diphenylmethane 
(34) was not oxidized by this system. 

More recently, Murahashi et al., have re- 
ported that ruthenium and iron-catalyzed oxida- 
tions of alkanes with molecular oxygen (1 atm) 
in the presence of an aldehyde and a catalytic 
amount of an acid at room temperature give the 
corresponding ketones and alcohols [25]. Thus, 
for substrates which were difficult to oxidize by 
the la-O, system, 2-methylpropanal was added 
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to this system and the reaction was carried out failed to be oxidized by the present system (run 
at room temperature (Table 7). 6). 

Aerobic oxidation of tetralin 25 by la in the 
presence of 2-methylpropanal in 1,2-dichloro- 
ethane at 25°C gave 26 in high selectivity, 
though the conversion was low (30%) (run 1). 
In the same oxidation in toluene at 100°C 
however, 25 was converted in higher conversion 
(63%) to give 26 along with 27 (run 2). The 
oxygenation of 34 and fluorene (36) afforded 
benzophenone 35 and 9-fluorenone (37), respec- 
tively, in relatively high selectivity (runs 3 and 
4). 36 is reported to be oxidized with dioxygen 
in basic medium such as Toriton B/pyridine 
[26] or Cu(II)-amine/sodium methoxide [27]. 
Cyclohexane (38) was converted into cyclohex- 
anone (39) and cyclohexanol(40) in 7% conver- 
sion (run 5). It is reported that the oxidation of 
38 with dioxygen (1 atm) by iron powder in the 
presence of heptanal produces 39 (66%) and 40 
(29%) in 11% conversion [25]. Heptane (41) 

In conclusion, NPVMo la and NPVMo/C 
lb were found to be excellent aerobic oxidation 
catalysts for various organic compounds. From 
synthetic and industrial points of view, la and 
lb are considered to be novel catalysts for 
direct oxidations of various organic compounds 
by dioxygen. 
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Table 7 
Aerobic oxidation of various alkanes catalyzed by NPVMo (la) in the presence of ‘2-methylpropanal 

N” substrate co”“., % product (s&ctMty, %)@ 

1 25 30 29 (79) 27 (cl) 

2C’ 25 63 29 (73) 27 (3) 

39 37 
0 OH 

5 0 7 (58 (3w 

d) 

’ Substrate (2 mmol) was allowed to react in the presence of la (35 mg) and 2-methylpropanal (8 mmol) under oxygen atmosphere in 
1,2-dichloroethane (IO ml) at 25°C for 15 h. 
b Determined by GLC. 
’ The reaction was carried out in toluene (10 ml) at 100°C. 
d Most of substrate was recovered unchanged. 
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