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a b s t r a c t

The oxidation of adamantane (470 mM) catalysed by VO(acac)2 (0.5 mM) with 1 atm O2 in acetic acid
at 393 K was studied. The major product was 1-adamantanol, and minor ones were 2-adamantanol and
2-adamantanone. The selectivity for 1-adamantanol (3◦-selectivity) was almost constant at 75% under
all oxidation conditions. The VO(acac)2 catalyst functioned efficiently in the oxidation with a turnover
eywords:
damantane
anadium
olecular oxygen

lkane
xidation

number (TON) of 440 over 600 min. The oxidation rate of adamantane was enhanced by 5.5 times by the
addition of CF3SO3H (2.2 mM) to acetic acid. Reactivities of various alkanes in the presence of VO(acac)2

catalyst and product selectivities indicated the contribution of electrophilic active species in the oxidation.
The rate-determining step was dissociation of the C–H bond of alkane by electrophilic active V species.
The activity of the VO(acac)2 catalyst is significantly different from the autoxidation promoter, Co(acac)3.
A reaction scheme for the oxidation is proposed on the basis of the reactivities and UV–vis and ESR
spectroscopic studies.
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. Introduction

Adamantane oxygenates are essential materials in photoresists
hat are exposed to ArF excimer laser light and in medicines for
arkinson’s disease, and anticancer and antivirus treatment [1–3].
hey are mainly manufactured by the sulphuric acid oxidation with
large amount of pitch and SO2 as by-products [4]; therefore, devel-
pment of selective and catalytic oxidation of adamantane under
ild conditions is an attractive subject for green and sustainable

hemistry.
Over the last few decades, various oxidation catalysts working

nder mild conditions using H2O2 [5–18] and a gaseous mixture
f O2 and H2 [19–25] have been reported. These oxidants are more
nvironmental friendly than heavy metal oxides, H2SO4 and organic
eroxides; however H2O2 is expensive for bulk chemical synthe-
is and a gaseous mixture of O2 and H2 can explode. The most
ttractive and economical oxidant is O2. The ultimate catalytic oxi-

ation system would be air (P(O2) 0.21 atm) without any reducing
gents under mild conditions. Several oxidation catalysts working
nder mild conditions have been reported; e.g. ruthenium com-
lexes [26–30], polyoxometalates [27–32], N-hydroxy imide [33],
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nd V/montmorillonite catalysts [34]. These catalytic oxidation sys-
ems have some drawbacks such as a high cost of catalysts and a
ow formation rate of products. We have recently reported a simple
anadium catalyst for alkane oxidation working with O2 (≤1 atm)
n acetic acid [35], whose activity for oxidation of cyclohexane was
igher than that of autoxidation promoters such as cobalt and iron
omplexes. Adamantane has also been oxidised by a vanadium cat-
lyst. In this study, we describe the oxidation of adamantane with
vanadium catalyst.

. Experimental

Oxidation of adamantane was carried out in a Pyrex flask
100 mL) with a condenser, a gas introduction tube and a ther-

ocouple. VO(acac)2 catalyst (0.5 mM) was dissolved in a mixture
f adamantane (0.47 M) and acetic acid (10 mL) in the flask. The
emperature of the flask was controlled by using an oil-bath and
he real reaction temperature was monitored with a thermocou-
le. Oxidation was started by stirring with a magnetic-spin bar,
ubbling O2 (10 mL min−1) into the solutions and continued for

60 min. The products in the gas phase were analysed each hours
y GC (Shimadzu GC-8A, TCD-detector) with a Porapak Q packed
olumn (4ø × 2 m). After the oxidation, the reaction solutions were
eutralised with NaOH (aq.), and the products were extracted with
CH2Cl2/n-C7H16 or 1-C4H9OH/n-C7H16 mixture. The extracted

http://www.sciencedirect.com/science/journal/13811169
mailto:yamanaka@apc.titech.ac.jp
dx.doi.org/10.1016/j.molcata.2008.08.002
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ig. 1. Oxidation of cyclohexane with 1 atm O2 by vanadium catalysts for 360 min
t 365 K. Catalyst 0.5 mM (10 �mol), cy-C6H12 1.85 M (4 mL), AcOH 16 mL.

eaction mixture was analysed by GC (Shimadzu GC-14A, FID-
etector) and GC-MS (Shimadzu QP-2000A) with an HR-20M
apillary column (0.25ø × 25 m) using naphthalene as an external
tandard. All reagents were special grade and used without further
urification.

To obtain information on their active species and the oxidation
tate of vanadium, UV–vis spectroscopy studies were performed on
he reaction mixture at 365 K with a JASCO V-650 spectrometer and
lectron spin resonance (ESR) spectra studies were performed on
he mixture at room temperature with a JEOL JES-FA100 (X-band)
pectrometer. Mn2+/MgO was used as an external standard.

. Results and discussion

.1. Screening of V catalysts in oxidation of cyclohexane

We have recently communicated that vanadium compounds are
ctive for the oxidation of cyclohexane with O2 in AcOH solvent [35].
ig. 1 shows the details of the oxidation of cyclohexane catalysed
y various vanadium catalysts. The products were cyclohexanol
CyOH), cyclohexanone (CyO), cyclohexyl acetate (CyOAc), and
O2 from acetic acid. VO(acac)2, V(acac)3, NH4VO3, and VO(C2O4)
atalysts showed similar yields of products and similar product dis-
ributions; however their own oxidation states were different, V4+,

3+, V5+, and V4+, respectively. These data indicate that common
ctive vanadium species should form during the oxidation. Other
anadium catalysts, VCl3, VBr3, VO(SO4), and VO(TPP), showed
ow oxidation activities, except for H4PVMo11O40. Counter-anion
pecies may affect the generation of active vanadium species.

w
o
t
p
s

able 1
xidation of adamantane with 1 atm O2 by VO(acac)2 catalysta

damantane (mM) Concentration of products (mM) (yield, %)

1-AdOX 2-AdOX 2-AdO 1

99 9.9 (10.0) 1.6 (1.6) 2.0 (0.2) n
190 33.1 (17.4) 4.6 (2.4) 6.5 (3.4) 1
470 113 (24.0) 15.3 (3.2) 20.6 (4.4) 1
90 179 (20.1) 27.8 (3.1) 31.1 (3.5) 2

a T = 393 K, VO(acac)2 0.5 mM (5 �mol), AcOH 10 mL, P(O2) 1 atm, reaction time 6 h.
b not detected.
Catalysis A: Chemical 294 (2008) 37–42

VO(acac)2 catalyst showed the highest oxidation activity and
ood reproducibility among the vanadium compounds tested;
herefore, oxidation of adamantane by the VO(acac)2 catalyst in
cOH was studied.

.2. Oxidation of adamantane by VO(acac)2 catalyst

Table 1 shows the oxidation activity of VO(acac)2 catalyst
or oxidation of adamantane as a function of adamantane con-
entration. The major product was 1-adamantanol with 2 mol%
etected as acetic acid 1-adamantyl ester. The sum of these two is

ndicated as 1-AdOX (X: –H or –C(O)CH3). Other products were 2-
damantanol and its acetate (2-AdOX), 2-adamantanone (2-AdO),
,3-adamantanediol and its acetates (1,3-AdOX) and CO2 from AcOH
olvent. Trace quantities of 1,4-adamantanediol and 5-hydroxy-2-
damantanone were also produced.

The concentrations of the products increased with increasing
oncentrations of adamantane from 99 to 890 mM. The highest
oncentration for the sum of adamantane oxygenates (261 mM)
as obtained at 890 mM of adamantane, and the turnover num-
er (TON) based on vanadium was 522. A TON in 1 h was
efined as a turnover rate. The highest turnover rate of 87 h−1

n this work is much higher than these of previous reports; e.g.
.9 h−1 for [{WZnRu2(OH)(H2O)}(ZnW9O34)2]11− [27], 2.4 h−1 for
5PV2Mo10O40 [32], 2.2 h−1 for NHPI-Co(acac)2 [33], and 1.6 h−1 V-
ontmorillonite [34]. The VO(acac)2 catalyst functioned efficiently

n the oxidation. However, the sum of yields of adamantane oxy-
enates showed a maximum of 34% at 470 mM of adamantane. The
ighest concentration of adamantane (890 mM) is close to its sat-
ration concentration and a white deposition of adamantane was
bserved on the wall of flask during the oxidation. Near saturation
oncentrations of adamantane are not favourable for effective oxi-
ation. A parameter of 3◦-selectivity was defined as Eq. (1), the sum
f 3◦-oxygenated product yields per the sum of mono-oxygenated
roduct yields. The 3◦-selectivities were almost constant at 75% in
ll concentrations of adamantane, as shown in Table 1. The charac-
eristics of active species are not dependent on the concentrations
f adamantane.

◦ − selectivity = 1-AdOX
1-AdOX + 2-AdO + 2-AdOX

(1)

Fig. 2 shows the time courses of the oxidation of adamantane
470 mM) for 600 min. The sum of the quantities of adamantane
xygenates increased showing a weak sigmoidal curve with reac-
ion time. The time courses of formation of each oxygenates also
howed weak sigmoidal curves except for 1,3-AdOX. This obser-
ation indicates the successive formation of 1,3-AdOX from 1- or
-AdOX; therefore, oxidation of 1-AdOH by the VO(acac)2 cata-

yst was studied in a separate experiment. Formation of 1,3-AdOX

as confirmed in the oxidation of 1-AdOH, whereas 2-AdOH was

xidised to 2-AdO. 1,3-AdOX was produced by successive oxida-
ion of 1-AdOH. The TON of vanadium for the sum of quantities of
roducts was higher than 440 TON (44% yield) at 600 min. The 3◦-
electivities were almost constant at 75% without dependence on

3◦-selectivity (%) r(CO2) (mmol h−1)

,3-AdOX Total

.d.b (–) 13.5 (13.6) 74 0.0127
.2 (0.6) 45.5 (23.9) 75 0.0377
2.9 (2.7) 161 (34.2) 76 0.0870
2.6 (2.5) 261 (29.3) 75 0.167
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ig. 2. Time courses of the oxidation of adamantane with 1 atm O2 by VO(acac)2

atalyst. T = 393 K, VO(acac)2 0.5 mM (10 �mol), adamantane 470 mM (10 mmol),
cOH 20 mL.

eaction time. These facts indicate that oxidation of adamantane by
he VO(acac)2 catalyst with O2 in acetic acid proceeded steadily.

Fig. 3a shows the dependence of formation rates of products,
veraged over 360 min, on reaction temperatures. Each forma-
ion rate increased exponentially from 338 to 393 K. The major

roduct was 1-AdOX and the product distributions were similar
t all reaction temperatures. The oxidation rate of adamantane
r, mol L−1 h−1) calculated from the sum of the formation rates
f adamantane oxygenates increased exponentially with reaction

ig. 3. Reaction temperature (T) dependence on the formation rate of products (r)
n the oxidation of adamantane with 1 atm O2 by VO(acac)2 catalyst (a), and a plot
f ln r against 1/T (b). VO(acac)2 0.5 mM (5 �mol), adamantane 190 mM (2 mmol),
cOH 10 mL.
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emperatures (T). A plot of ln r against 1/T is shown in Fig. 3b,
hich had a good linearity. The apparent activation energy was

6 kJ mol−1. This value is higher than that of <20 kJ mol−1 for the dif-
usion process of reactants and products and the rate-determining
tep in the oxidation is the chemical reaction.

When air (P(O2) = 0.2 atm) was used for the oxidation of
damantane, selective oxygenation of adamantane proceeded with
good yield of 12% (120 TON) in 6 h. The 3◦-selectivity was 76%, very
imilar to the 75% obtained at P(O2) = 1 atm. This result indicated
he possibility of aerobic oxidation of adamantane to oxygenates
y the VO(acac)2 catalyst.

The 3◦-selectivity of 75% was always constant for the oxi-
ation of adamantane under all reaction conditions. When the
◦-selectivity value was estimated by using the reactivity of the C–H
ond defined as each oxygenate yield per number of C–H bonds, the
atio of the reactivity of 2◦ and 3◦ C–H bonds was 1:9; i.e. the 3◦ C–H
ond was 9 times more reactive than the 2◦ C–H bond. The active
anadium species may be electrophilic because the electron density
f 3◦ C–H bond is higher than that of 2◦ C–H bond. If this is the case,
he oxidation rate of adamantane with electrophilic active species
ould be accelerated by addition of an electron-withdrawing lig-

nd to AcOH solvent; therefore, trifluoromethanesulphonic acid
HOTf) (2.2 mM) was added to AcOH solvent, and an acceleration of
he oxidation rate of adamantane (99 mM) was observed at 365 K.
he TON of the sum of quantities of products was increased from
.0 h−1 in AcOH solvent to 13 h−1 in a mixed solvent of HOTf and
cOH. A blank test was performed for the oxidation of adamantane
ithout VO(acac)2 catalyst, which was not enhanced by addition

f HOTf. The 3◦-selectivity decreased slightly from 75% in AcOH to
8% in the mixed solvent. These results indicate that the catalytic
ctivity of VO(acac)2 was enhanced by using the mixed solvent of
OTf and AcOH and that the nature of the active oxygen species
as not influenced strongly.

.3. Reactivities of active V species

As described above, active vanadium species may be elec-
rophilic in the oxidation of adamantane. To obtain more
nformation on the characteristics of active vanadium species [36],
he activity of vanadium species for various oxidations was studied
nd compared with that observed for a typical autoxidation pro-
oter Co(acac)3, as shown in Table 2. Reaction time was controlled

o be as short as possible (TON = 2–5) to inhibit successive oxidation
f the initial products.

.3.1. Ratio of alcohol and ketone (A/K)
Initial ratios of alcohol to ketone yields Eq. (2) were studied for

xidation of cyclohexane at the beginning of the oxidation at 365 K.
/K = CyOH+CyOAc
CyO

(2)

The A/K ratio was 5.2 with the VO(acac)2 catalyst and was 1.0
ith the Co(acac)3 promoter. It has been reported that the A/K ratio

able 2
haracters of VO(acac)2 catalyst and Co(acac)3 promoter in various oxidationsa

eactant Parameter VO(acac)2 catalyst Co(acac)3 promoter

y-C6H12 A/K 5.2 1.0
y-C6H12/cy-C6D12 kH/kD 2.8 7.0
y-C5H10/cy-C6H12

b C5/C6 0.44 0.65
is-Me2CyHc RC 37% 20%
rans-Me2CyHc RC 31% 12%

a T = 365 K, AcOH (80 vol%), catalyst or promoter 0.5 mM.
b T = 352 K.
c cis- or trans-1,2-dimethylcyclohexane.
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AcOH (sample 1), spectrum (ii) is for oxidation solutions of sam-
ple 1 with O2 for 3 h (sample 2), and spectrum (iii) is for solutions
of sample 2 after passing Ar over it (sample 3) in a standard UV-
cell (optical length 10 mm). Strong absorption at wavelength lower
0 H. Kobayashi, I. Yamanaka / Journal of Mo

as 1 for typical autoxidation reactions [37,38]. The A/K ratios indi-
ate that the oxidation by VO(acac)2 catalysts is different from the
utoxidation.

.3.2. Kinetic isotope effect (KIE)
Kinetic isotope effects were studied for competitive oxi-

ation of cyclohexane (cy-C6H12) and deuterated cyclohexane
cy-C6D12) (1:1 (mol)) at 365 K. Major products were cy-C6H11OH
nd cy-C6D11OH, and minor ones were cy-C6H10O, cy-C6D10O,
y-C6H11OC(O)CH3 and cy-C6D11OC(O)CH3. These products were
dentified by GC-MS. A KIE value was calculated from the sum of
uantities of oxygenated cy-C6H12 and the sum of quantities of
xygenated cy-C6D12 Eq. (3).

IE = sum of oxygenated cy-C6H12

sum of oxygenated cy-C6D12
(3)

A significant KIE value of 2.8 was obtained for oxidation by the
O(acac)2 catalyst. This KIE value was as large as that observed for

he stoichiometric oxidation of cyclohexane with VO(O2)(Pic)·2H2O
39]. These facts indicated that the rate-determining step was dis-
ociation of the C–H bond of cyclohexane. On the other hand, a
arger KIE value of 7.0 was observed with the Co(acac)3 promoter
nd was reasonable as the autoxidation mechanism concerned the
lkylperoxy radical (ROO·) or the alkoxy radical (RO·) for cleavage
f the C–H bond [40,41].

.3.3. Reactivity of cyclohexane and cyclopentane (C5/C6
arameter)

The competitive oxidation of cyclohexane and cyclopentane was
tudied to obtain the reactivity of active species. The products were
yclohexanol, cyclohexyl acetate, cyclohexanone, cyclopentanol,
yclopentyl acetate, cyclopentanone and CO2. A parameter, C5/C6,
as defined as the relative oxidation reactivity of cyclopentane to

yclohexane per number of C–H bonds Eq. (4).

5/C6 = cyclopentane oxygenates yield/5
cyclohexane oxygenates yield/6

(4)

This parameter reflects the character of the active oxygen species
nd the mechanism of dissociation of a C–H bond, hydride abstrac-
ion (1 < C5/C6), hydrogen radical abstraction (0.6 < C5/C6 < 1), and
lectrophilic attack on a C–H bond (C5/C6 < 0.5) [9,42]. A C5/C6
actor of 0.44 was obtained for the oxidation by the VO(acac)2
atalyst and that of 0.65 was obtained for oxidation with the
o(acac)3 promoter. These results indicate the electrophilicity
f active oxygen species generated from the VO(acac)2 cata-

yst and radical species generated from the Co(acac)3 promoter,
espectively.

.3.4. Retention of configuration (RC parameter)
Retention of configuration on the tertiary C–H bond for

he oxidation of cis- and trans-1,2-dimethylcyclohexane (cis-
trans-Me2CyH) with 0.5 atm of O2 was studied to obtain

nformation on intermediates formed during the oxidation. The
ajor products were cis- and trans-1,2-dimethylcyclohexane-1-ol

cis- and trans-Me2CyOH). Minor products were cis- or trans-
,2-dimethylcyclohexane-3-ol, -4-ol, -3-one, -4-one, and cis- or
rans-1-formyl-2-methylcyclohexane. The configurations of the
wo methyl groups of the minor products were retained completely.
he retention of configuration (RC) parameter was defined as Eq.

5).

C =

∣
∣(yield of cis − Me2Cy-1-OH)

− (yield of trans − Me2Cy − 1 − OH)
∣
∣

sum yield of Me2Cy − 1 − OH
(5)

F
a
1

Catalysis A: Chemical 294 (2008) 37–42

RC values were 37% and 31%, respectively, for oxidation of
is-Me2CyH and trans-Me2CyH by the VO(acac)2 catalyst. It is con-
idered that an alkyl radical intermediate should form in both
lectrophilic and radical reactions [13,37,43] and its stereochem-
stry on tertiary carbon may change by subsequent addition of a
unctional group. The rate constant for disappearance of stereo-
hemistry of the tertiary alkyl radical is estimated at about 109 s−1

first-order kinetics) at 365 K [44]. If the addition of a functional
roup to the alkyl radical intermediate was very fast (�10−9 s), the
tereochemistry was retained and a higher RC value was observed.
f the addition of a functional group was slow (�10−9 s), a mixture
f cis- and trans-Me2Cy-1-OH was produced and a lower RC value
as observed [45].

When P(O2) was decreased to 0.2 atm, the RC value was 39% for
he oxidation of cis-Me2CyH. RC values were not affected by P(O2).
C values for the oxidation of cis-Me2CyH and of trans-Me2CyH
y the Co promoter were 20% and 12%, respectively. These values
ere lower than those by the VO(acac)2 catalyst. The life time of

he alkyl intermediate in oxidation by the VO(acac)2 catalyst may
e shorter than that in the autoxidation by the Co promoter. The
inetic constant of O2 addition to the alkyl radical was reported
s k = 109–1010 L mol−1 s−1 [46,47]. These results indicate that the
anadium active species dissociate a C–H bond of adamantane
alkane) and immediately stabilize the alkyl radical intermedi-
te to the oxygenated product through a rebound-like mechanism
13,48].

.4. Spectroscopic studies of intermediates

To obtain information on the oxidation state of vanadium and
he active oxygen species, in situ UV–vis and ESR spectra of the reac-
ion mixture were studied, and the results are shown in Figs. 4 and 5,
espectively. Cyclohexane was used instead of adamantane because
eposition of adamantane on the wall of the optical cell was a dis-
dvantage for spectroscopic studies. In Fig. 4, the UV–vis spectrum
i) is for solutions of VO(acac)2 0.5 mM, cyclohexane 1.85 M and
ig. 4. UV–vis spectra of the reaction mixture (i) before and (ii) after oxidation 3 h,
nd (iii) after Ar purge for 0.3 h. T = 365 K, VO(acac)2 0.5 mM, AcOH 8 ml, cy-C6H12

.85 M, (i and iii) P(Ar) 1 atm, (ii) P(O2) 1 atm. Optical length: 10 mm (2 mm for inset).



H. Kobayashi, I. Yamanaka / Journal of Molecular Catalysis A: Chemical 294 (2008) 37–42 41

F
a
c
P

t
s
c
p
o
1
V
V

V

s
a
d
3
3

r
a
(
t
s
i
b
a
f
a
s

3

f
s
(
T

o
t
C
a
i
m
o
o
i
r
T
o
a
e
t
w

4

t
1
a
e
4
t
s
v
r
b
o
s
f
b

A

(
U
I
G

ig. 5. ESR spectra of the reaction mixture (i) before and (ii) after oxidation for 3 h,
nd (iii) after Ar purge for 0.3 h. Oxidation conditions: T = 365 K, VO(acac)2 0.5 mM,
y-C6H12 1.85 M, AcOH 16 mL. ESR measurement conditions: T = 298 K, (i and iii)
(Ar) 1 atm, (ii) P(O2) 1 atm.

han 300 nm was observed in spectrum (i); therefore, the UV–vis
pectrum of sample 1 was measured by a shorter UV cell (opti-
al length 2 mm), as shown in the inset of Fig. 4. The absorption
eak at 274 nm for the sample 1 was identified as the absorption
f acetylacetone (acacH) and corresponded to that of solutions of
mM acacH in AcOH. This result indicates that all acac− ligands of
O(acac)2 exist as acacH in AcOH Eq. (6). VO(acac)2 is present as
O(OAc)2 under reaction conditions.

O(acac)2 + 2HOAc � VO(OAc)2 + 2acacH (6)

A new broad UV absorption at 300–400 nm was observed in
pectrum (ii) of the oxidation solutions (sample 2). This broad UV
bsorption disappeared by passing Ar over sample 2 for 0.3 h to pro-
uce sample 3 (Fig. 4(iii)), but reappeared after oxidation of sample
; therefore, reversible chemical species caused the absorption at
00–400 nm.

ESR spectra of sample 1 showed eight typical signals of V4+ at
oom temperature in Ar (Fig. 5(i)) [49]. The g-factor was calculated
s 1.971 and A was 109 G. No ESR signal was observed for sample 2
Fig. 5(ii)). This result indicated that the V4+ (d1 state) was oxidised
o V5+ (d0 state) during the oxidation. On the other hand, weak ESR
ignals assigned to V4+ were observed for sample 3 (Fig. 5(iii)). It
s considered that vanadium species mainly existed as V5+. It has
een reported that vanadium peroxide species show a broad UV
bsorption from 300 to 400 nm, which is assigned to charge transfer
rom peroxide to vanadium [50]. The species that showed broad UV
bsorption from 300 to 400 nm in Fig. 4(ii) may be V5+ peroxide as
imilar to VVO(O2)(OAc).

.5. Reaction scheme
A reaction scheme for the oxidation of adamantane estimated
rom all of the experimental results is proposed in Scheme 1. The
tarting form of VIVO(acac)2 (1) catalyst is converted to VIVO(OAc)2
2) by a ligand exchange reaction with AcOH, as shown in Fig. 4.
he species 2 (VIV) is oxidised to VV species (VV(O2) (3)) under the

R

Scheme 1. Oxidation mechanisms in the VO(acac)2/AcOH catalytic system.

xidation conditions. This species 3 shows a broad UV–vis absorp-
ion at 300–400 nm and was electrophilic. The species 3 attacks
–H bonds of adamantane and dissociates a C–H bond forming an
lkyl radical intermediate (R• HOOV (4)). The intermediate species 4
mmediately produces alcohol and VVO (5) through a rebound-like

echanism, as described by the C5/C6 parameter. The dissociation
f a C–H bond is the rate-determining step (KIE = 2.8) during the
xidation. The reaction rate between the species 3 and adamantane
s accelerated in a mixed solvent of HOTf and AcOH. The oxidation
eactivity of the 3 species may be enhanced by coordination of −OTf.
he inner sphere alkyl radical intermediate occasionally leaks to the
uter sphere. Leaked alkyl radical from the species 4 may initiate
utoxidation. Oxidation of adamantane (alkanes) proceeded with
lectrophilic active V species but the autoxidation path may con-
ribute partly. The species 5 regenerates the species 3 by oxidation
ith O2.

. Conclusion

The simple vanadium catalyst, VO(acac)2, showed good oxida-
ion activity of adamantane to the adamantane oxygenates with
atm O2 and at 393 K. The 3◦-selectivities were always constant
t 75% in all of the reaction conditions in this work. The high-
st TON of vanadium was 440 over 600 min and a good yield of
4% was obtained. UV–vis and ESR spectroscopic studies indicated
hat the active species may be the VV(O2) species. Reactivities and
electivities under various oxidations of alkanes indicated that the
anadium active species was electrophilic in the oxidations. The
ate-determining step in the oxidation was dissociation of a C–H
ond of alkane, and the vanadium active species functioned in the
xidation while retaining its oxidation state of 5+. The oxidation
ystem by vanadium catalyst with O2 may be one of the candidates
or the adamantane oxidation process, if product selectivities can
e improved.
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