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a b s t r a c t

VO(acac)2 with 1 atm O2 catalysed the oxidation of adamantane to adamantanone, adamantanols and
its esters in propionic acid at 353–393 K. Propionic acid was a more suitable solvent for the oxidation
than acetic, butyric, valeric, or hexanoic acids. The maximum yield of oxygenates was 65% (3300 TON)
in 360 min. Adamantane solubilities and chemical stabilities of carboxylic acid were important for the
vailable online 12 August 2008

eywords:
anadium
olecular oxygen

riflate

oxidation; however, the coordination of carboxylic anions with the vanadium catalyst strongly affected
the oxidation activity. The oxidation rate of adamantane was enhanced 3.8 times by the addition of
the Eu(OTf)3 co-catalyst. The product selectivity for various oxidations of alkane and UV–vis spectro-
scopic studies of V species indicated that an active species was electrophilic vanadium peroxide species
coordinated propionic anion and OTf.
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. Introduction

Adamantane oxygenates are essential components of photore-
ists used in ArF excimer laser lithography and medicines for
arkinson’s disease and Alzheimer’s dementia [1–3]. They are also
seful in anticancer and antivirus treatment. They are mainly man-
factured by the sulphuric acid oxidation using a large amount
f pitch and SO2 [4], bromination of adamantane with Br2, and
ydrolysis of bromoadamantanes to adamantane oxygenates and
quimolar HBr [5]. A new synthesis method catalysed by N-
ydroxy imide was recently developed by Daisel Co. [6,7]; however,
onventional methods offer the advantages of being economical.
herefore, development of a new environment friendly method for
he oxidation of adamantane is important.

Over the last few decades, various catalytic oxidation sys-
ems [6–41] using H2O2 [8–23] and a gaseous mixture of O2
nd H2 [24–30] have been reported. The most attractive and
conomical oxidant is O2. The ideal catalytic oxidation system
ould be air without any reducing agents under mild condi-
ions. Several oxidation catalysts used under mild conditions have
een reported, e.g., ruthenium complex [31–35], polyoxomet-
late [32–37], V/montmorillonite catalysts [38] and N-hydroxy
mide [6,7]. We recently reported the VO(acac)2 catalyst for

∗ Corresponding author. Fax: +81 3 5734 2144.
E-mail address: yamanaka@apc.titech.ac.jp (I. Yamanaka).
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damantane oxidation with O2 (≤ 1 atm) in acetic acid [42,43].
he highest turnover rate of 87 h−1 achieved in our previous
ork was much higher than other studies; e.g., 4.9 h−1 for the
{WZnRu2(OH)(H2O)}(ZnW9O34)2]11− catalyst [32], 2.4 h−1 for the
5PV2Mo10O40 catalyst [37], 2.2 h−1 for the NHPI-Co(acac)2 cat-
lyst [6] and 1.6 h−1 for the V-montmorillonite catalyst [38]. Our
xidation system with VO(acac)2 catalyst afforded higher produc-
ivity of adamantane oxygenates. We describe details of the effects
f acidic solvents and strong acid additives on the oxidation of
damantane and the catalysis of vanadium in this paper.

. Experimental

Oxidation procedures—Oxidation of adamantane was performed
n a Pyrex flask (100 mL) using a condenser, gas-introduction tube
nd thermocouple. The VO(acac)2 catalyst (0.5 mM) was dissolved
n a mixture of adamantane (0.47 M) and propionic acid (EtCO2H,
0 mL) in the flask. The temperature of the flask was controlled
y an oil bath and the actual reaction temperature was monitored
sing the thermocouple. Oxidation was performed for 360 min by
tirring using a magnetic-spin bar and bubbling O2 (10 mL min−1)
nto the solution. Products in the gas phase were analysed using
gas chromatograph (GC, Shimadzu GC-8A, TCD-detector) with a

orapak Q packed column (4Ø × 2 m) at every hour. After the oxida-
ion, the reaction solution was neutralised using NaOH (aq.), and the
roducts were extracted with a CH2Cl2/n-C7H16 or 1-C4H9OH/n-
7H16 mixture. The extracted reaction mixture was analysed using
GC (Shimadzu GC-14A, FID-detector) and a gas-chromatograph

http://www.sciencedirect.com/science/journal/13811169
mailto:yamanaka@apc.titech.ac.jp
dx.doi.org/10.1016/j.molcata.2008.07.019
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ass-spectrograph (GC–MS, Shimadzu QP-2000A) with a HR-20M
apillary column (0.25Ø × 25 m) using an external standard of
aphthalene.

The major product was 1-adamantanol with 2 mol% detected
s carboxylic acid 1-adamantyl esters in the oxidation of adaman-
ane. The mixture of the two products was indicated as 1-AdOX.
ther products were 2-adamantanol and its acetate (2-AdOX),
-adamantanone (2-AdO), 1,3-adamantanediol and its acetates
1,3-AdOX), and CO2 from EtCO2H solvent. Minor products were
-hydroxy-2-adamantanone and 1,4-adamantanediol.

If peroxide products are produced in the reaction mixture, we
annot depend on GC analysis data. Peroxide products selectively
onvert to each alcohol by reduction with Ph3P. We can confirm
he formation of peroxide products by comparing samples before
nd after adding Ph3P [15,39–41]. This peroxide test using Ph3P
as conducted for important samples of the adamantane and other

lkane oxidations in this study. We confirmed that there was no
ormation of peroxide products when we compared and discussed
he selectivity of the products.

To obtain information on the reactivity of active species, the
ollowing oxidation parameters were used in this study.

3o-selectivity—The ratio of the sum of 3◦-oxygenated product
ields per the sum of mono-oxygenated product yields was defined
s the 3◦-selectivity (Eq. (1)).

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

(1)

A/K parameter—The ratio of alcohol (CyOH) to ketone (CyO) in
he oxidation of cyclohexane was defined as the A/K parameter (Eq.
2)).

/K = (CyOH + CyOAc)
CyO

(2)

KIE parameter—The kinetic isotope effect was calculated from
he sum of quantities of oxygenated cy-C6H12 and the sum of quan-
ities of oxygenated cy-C6D12 (Eq. (3)).

IE = (sum of oxygenated cy-C6H12)
(sum of oxygenated cy-C6D12)

(3)

RC parameter—The parameter for retention of the configuration
f the tertiary C–H bond for the oxidation of cis- and trans-1,2-
imethylcyclohexane was defined as follows. The RC parameter was
alculated from yields of cis- and trans-1,2-dimethyl cyclohexan-1-
l (Me2Cy-1-OH).

C = (yield of cis-Me2Cy-1-OH) − (yield of trans-Me2Cy-1-OH)
(yield of cis-Me2Cy-1-OH) + (yield of trans-Me2Cy-1-OH)

(4)
Spectroscopic studies—UV–vis spectroscopy studies were con-
ucted for reaction mixtures under near oxidation conditions at
65 K by JASCO V-650.
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able 1
xidation of adamantane with 1 atm O2 using the VO(acac)2 catalyst in carboxylic acids

un Solvents (acids) b.p. (K) Solubilitya (mM) Product yields (mM

1-AdOXb 2-A

CH3CO2H 390 46 37.5 5.8
C2H5CO2H 414 170 72.9 9.1
C3H7CO2H 435 210 35.8 4.3
C4H9CO2H 458 240 18.9 2.4
C5H11CO2H 475 280 15.7 2.4

= 373 K, 6 h, VO(acac)2 5 �mol (0.47 mM), adamantane 5 mmol (0.47 M), carboxylic acid
a Solubilities of adamantane at 293 K.
b AdOX is sum of adamantanol and its esters.
Catalysis A: Chemical 294 (2008) 43–50

Agents—VO(acac)2 and 1,2-dimethylcyclohexane were obtained
rom Tokyo Chemical Industry; acetic acid, propionic acid (EtCO2H),
yclohexane, adamantane and AIBN (2,2′-azobis(isobutyronitrile))
ere obtained from Wako Pure Chemical Industries; cyclohexane-

12 (99.5% deuterium) was obtained from Cambridge Isotope
aboratories; and Eu(OTf)3 and O2 (99.99%) were obtained from
ldrich and Taiyo Nippon Sanso, respectively. All agents were of
pecial grade and were used without further purification.

. Results and discussion

.1. Effects of carboxylic acid on the oxidation of adamantane
sing VO(acac)2

We recently reported the oxidation of adamantane using the
O(acac)2 catalyst with O2 in AcOH [42,43]. The formation rate
f products increased with the concentration of adamantane in
cOH until 0.89 M. The highest turnover number (TON), which is
ased on V for the adamantane oxygenates was 560 at 0.89 M over
60 min; however, the maximum yield of 34% for the sum of the
damantane oxygenates was obtained at 0.47 M. White deposition
f adamantane on the walls of the flask and tube was observed at
.89 M of adamantane, which was close to the saturation concen-
ration in AcOH. A near-saturation concentration of adamantane is
ot favourable for effective oxidation because of the deposition of
damantane. Thus, a high solubility of adamantane in carboxylic
cid (solvent) is important. The boiling point of carboxylic acid
ay also be important in controlling the concentration of O2 under

he reaction conditions. A higher carboxylic acid solvent is a candi-
ate to obtain a higher solubility of adamantane and boiling point.
able 1 shows adamantane solubilities at 298 K and the boiling
oints of propionic, butyric, valeric, hexanoic, and acetic acids, and
he results of the adamantane oxidation (0.47 mM) with 1 atm O2
t 373 K.

The order of the solubilities of adamantane and boiling
oints are hexanoic acid > valeric acid > butyric acid > propionic
cid > acetic acid. Their pKa values are similar, i.e., 4.8. The order of
he yield of the sum of the adamantane oxygenates was propionic
cid (21% yield) > acetic acid (10%), butyric acid (10%) > valeric acid
5.0%) > hexanoic acid (4.3%). This fact indicated that the solubility
f adamantane may be important for the oxidation but carboxylic
cid should directly affect the catalytic activity of VO(acac)2. How-
ver, the 3o-selectivity defined by Eq. (1) did not differ widely
mong the acids and ranged from 78 to 82%. Carboxylic acids may
unction as a ligand of the vanadium active species and enhance
he catalytic activity. When the 3o-selectivity value of 79% in pro-

ionic acid was recalculated to a reactivity of 2◦ and 3◦ C–H bonds,
hich are defined by the oxygenate yield per number of C–H bonds,

he reactivity was 2◦:3◦ = 1:11. The 3◦ C–H bond was 11 times more
eactive than the 2◦ C–H bond. The active vanadium species may
e electrophilic because the electron density of the 3◦ C–H bond is

) CO2 (mmol) 3◦ sel (%)

dO 2-AdOXb 1,3-AdOXb Total

1 4.92 1.08 49.4 0.155 78
8 10.7 3.41 96.2 0.613 79
3 4.96 1.55 46.7 0.436 79
3 1.82 0.56 23.7 0.520 82
1 1.56 0.71 20.4 0.741 80

10 mL, P(O2) 1 atm.
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Table 2
Oxidation of adamantane with O2 using various complexes in propionic acid

Run Catalyst Product yields (mM) CO2 (mmol) 3◦ sel. (%)

1-AdOXa 2-AdO 2-AdOXa 1,3-AdOXa Total

2 VO(acac)2 72.9 9.18 10.7 3.41 96.2 0.613 79
6 Co(acac)3 41.1 4.46 4.92 0.71 51.1 0.195 81
7 Mn(acac)2·2H2O 40.1 3.86 4.91 0.41 49.6 0.175 82
8 Fe(acac)3 9.25 0.94 1.08 n.d.b 11.3 0.0325 82
9 None 3.87 0.21 0.48 n.d.b 4.55 0.0088 85
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ity of adamantane oxygenates. The 3◦-selectivity was 76% and it
did not depend on the adamantane concentration. As mentioned
above, EtCO2H was suitable for the oxidation of adamantane using
the VO(acac)2 catalyst with O2.
= 373 K, 6 h, catalyst 5 �mol (0.47 mM), adamantane 5 mmol (0.47 M), EtCO2H 10 m
a AdOX is sum of adamantanol and its esters.
b Not detected.

igher than that of the 2◦ C–H bond. The reactivities of 2◦ and 3◦ C–H
onds in other carboxylic acids were 1:10 (AcOH), 1:12 (butyric
cid), 1:13 (valeric acid) and 1:12 (hexanoic acid). The electrophilic-
ties of the active vanadium species in each carboxylic acid were
imilar, but their oxidation activities differed significantly.

The higher carboxylic acids, valeric acid and hexanoic acid,
howed lower oxidation activities of adamantane as mentioned
bove, whereas the CO2 yield relatively increased. This indicated
hat the competitive oxidation of adamantane and higher car-
oxylic acids proceeded with the active vanadium species. The
hemical stability of carboxylic acids is important for oxidation. As
result, propionic acid (EtCO2H) has a higher solubility of adaman-

ane, good ligand nature and higher chemical stability for oxidation.
herefore, we chose EtCO2H as the solvent for oxidation.

To study the catalysis of VO(acac)2 in EtCO2H, the auto-oxidation
ctivity for adamantane was determined by promoters under the
ame conditions. Co(acac)3, Mn(acac)2·2H2O and Fe(acac)3 showed
xidation activities of 11, 10 and 2.4%, respectively, as shown in
able 2. The yield of the blank test without using a catalyst was
.97%. These oxidation activities were lower than those when the
O(acac)2 catalyst was used. The 3◦-selectivity of 79% using the
O(acac)2 catalyst was slightly lower than that of 81% using Co,
2% using Mn and 85% of the blank test. The difference in the prod-
ct selectivity between the VO(acac)2 catalyst and the promoters
as small, but a significant difference in the oxidation activity was
bserved.

.2. Effects of reaction conditions

Fig. 1a shows the dependence of the formation rates of prod-
cts for the adamantane oxidation (0.47 mM) in EtCO2H on reaction
emperatures. Each formation rate increased exponentially from
53 to 393 K. The major product was 1-AdOX, and the product dis-
ributions were similar at all reaction temperatures. The sum of
roduct yields was 54% (640 TON) at 393 K. The oxidation rate of
damantane (r, mol L−1 h−1) increased exponentially with the reac-
ion temperature (T). A plot of ln r against 1/T is shown in Fig. 1b,
hich shows good linearity. The apparent activation energy for

he oxidation of adamantane in EtCO2H was 100 kJ mol−1 which
s greater than that of 76 kJ mol−1 in AcOH [42]. These values indi-
ate that the rate-determining step in the oxidation using vanadium
atalyst in EtCO2H and AcOH is the dissociation of a C–H bond of
damantane; however, the active species in the two acids may be
ot the same since different activation energies were observed. The
◦-selectivity decreased slightly from 79% at 353 K to 74% at 393 K.
he same distribution of products was obtained at each reaction

emperature after the peroxide test.

Fig. 2a shows time courses for the adamantane oxidation
0.47 M) in EtCO2H at 393 K. The quantity of oxygenates increased
moothly with reaction time, except for that of 1,3-AdOX. The
ncrease in the quantity of 1,3-AdOX accelerated with reaction time.

F
O
T
(

2) 1 atm.

uccessive oxidation of 1-AdOX to 1,3-AdOX was confirmed by the
xidation of 1-AdOX. The 3◦-selectivity decreased slightly from 77
o 74% during the oxidation, due to the successive oxidation of 1-
dOX. A small decrease in the 3◦-selectivity, as shown in Fig. 1,
ay also be due to the successive oxidation of 1-AdOX. Fig. 2b

hows a plot of ln(1 − X) against reaction time (X: conversion of
damantane). The plot in Fig. 2b shows good linearity; therefore, the
xidation rate of adamantane depended on first-order of adaman-
ane concentration (k = 0.276 h−1 at 393 K).

Table 3 shows the effects of the adamantane concentration on
xidation activity in EtCO2H at 393 K. The sum of product yields
ncreased with the concentration and the highest product concen-
ration of 1.04 M (3300 TON, 65% yield) was obtained at 1.59 M
damantane. This productivity for the oxidation was much bet-
er than that of 0.23 M (560 TON, 26% yield) in AcOH [42]. The
igher adamantane solubility of EtCO2H improved the productiv-
ig. 1. (a) Temperature dependence of the oxidation rate of adamantane with
2 using the VO(acac)2 catalyst. (b) The Arrhenius plot of ln(k) against T−1.
= 353–393 K, 6 h, VO(acac)2 5 � mol (0.47 mM), EtCO2H 10 mL, adamantane 5 mmol

0.47 M), P(O2) 1 atm.
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3.4. Reactivity of active species
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ig. 2. (a) Time courses of the oxidation of adamantane. (b) A ln(1 − X) plot against
eaction time, where X is conversion of adamantane. T = 393 K, VO(acac)2 5 � mol
0.47 mM), adamantane 5 mmol (0.47 M), EtCO2H 10 mL, P(O2) 1 atm.

.3. Activation of V catalyst by Eu(OTf)3

As described in Section 3.1, the vanadium active species may
ave electrophilicity. Thus, an increase in oxidation activity is
xpected by increasing the electrophilicity of the active species. We
ave examined the addition of Lewis acid of Eu(OTf)3 (0–9.4 mM)
o the mixture of VO(acac)2 (0.47 mM), adamantane (0.47 M) and
tCO2H (10 mL).

Table 4 shows the effects of the Eu(OTf)3 addition on the
damantane oxidation at 373 K. Run 2 is the standard result of oxi-
ation using the VO(acac)2 catalyst without Eu(OTf)3. The catalytic
ctivity of Eu(OTf)3 without the VO(acac)2 catalyst was very low
or oxidation (run 13), which was as inactive as the blank test (run
in Table 2). Adding Eu(OTf)3 of 0.47 mM enhanced the total yield
f adamantane oxygenates (run 14) 1.5 times. Eu(OTf)3 functions
s a co-catalyst of the VO(acac)2 catalyst for the adamantane oxi-
ation. The selectivity to esters in 1-, 2-, and 1,3-AdOX increased
y the addition of Eu(OTf)3. The esterification of adamantanols and
tCO2H was catalysed by Eu(OTf)3. The distribution of products did

ot change for adamantane oxidation using VO(acac)2 and Eu(OTf)3

n EtCO2H before and after the peroxide test.
When the quantity of Eu(OTf)3 addition increased to 0.94 (run

5), 4.7 (run 16) and 9.4 mM (run 17), the yield of adamantane oxy-
s
o

able 3
ffects of concentration of adamantane on the oxidation using the VO(acac)2 catalyst

un Adamantane (M) Products yields (mM)

1-AdOXa 2-AdO 2-AdOXa

10 0.47 151 33.4 20.4
11 0.89 291 62.4 22.9
12 1.59 581 120 67.1

= 393 K, 6 h, VO(acac)2 5 �mol, adamantane 5–20 mmol, EtCO2H 10 mL, P(O2) 1 atm.
a AdOX is sum of adamantanol and its esters.
ig. 3. (a) Time courses of the oxidation of adamantane using the VO(acac)2 cata-
yst and the Eu(OTf)3 co-catalyst. (b) A ln(1 − X) plot against reaction time, where

is conversion of adamantane. T = 373 K, VO(acac)2 5 � mol (0.47 mM), Eu(OTf)3

0 �mol (0.94 mM), adamantane 5 mmol (0.47 M), EtCO2H 10 mL, P(O2) 1 atm.

enates and the selectivity to esters slightly increased. However,
xcess addition of Eu(OTf)3 was not effective for oxidation. The 3◦-
electivity apparently decreased with the Eu(OTf)3 addition. It was
onfirmed that 1,3-AdOX was produced by successive oxidation of
-AdOX. Therefore, the 3◦-selectivity at early stages of oxidation
emained constant with or without the Eu(OTf)3 addition.

Fig. 3a shows time courses of the adamantane oxidation using
he VO(acac)2 catalyst with the Eu(OTf)3 co-catalyst in EtCO2H at
73 K. The sum yield of oxygenated products increased smoothly for
h. No induction period was observed. The 3◦-selectivity slightly
ecreased from 77 to 75% with the reaction time. A plot of ln(1 − X)
gainst the reaction time described a linear line (Fig. 3b). The
xidation rate of adamantane depended on the first-order of the
damantane concentration as well as that shown in Fig. 2b. High
roductivity of the adamantane oxygenates was performed at
lower temperature of 373 K using the VO(acac)2 catalyst and

u(OTf)3 co-catalyst.
To obtain information regarding the character of V active
pecies and the oxidation mechanisms in EtCO2H with and with-
ut Eu(OTf)3, reactivities of four oxidation systems were compared

CO2 (mmol) 3◦ sel. (%)

1,3-AdOXa Total

47.7 253 3.14 74
129 505 3.83 77
274 1040 4.36 76
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Table 4
Effects of the Eu(OTf)3 addition on the oxidation of adamantane with O2 using the VO(acac)2 catalyst in propionic acid at 373 K

Entry VO(acac)2 (mM) Eu(OTf)3 (mM) Product yields (mM) (ester select. (%)) CO2 (mmol) 3◦ sel. (%)

1-AdOXa 2-AdO 2-AdOXa 1,3-AdOXa Total

2 0.47 0 72.9 (0.6) 9.18 10.7 (27) 3.41 (2.5) 96.2 0.613 79
13 0 0.94 0.66 (64) 0.09 0.16 (19) n.d.b 0.91 0.014 72
14 0.47 0.47 101 (41) 15.2 14.6 (47) 8.53 (50) 139 1.11 77
15 0.47 0.94 109 (54) 19.2 15.7 (49) 14.9 (54) 159 1.47 76
16 0.47 3.8 128 (57) 26.1 19.0 (53) 21.4 (62) 194 2.28 74
17 0.47 9.4 125 (55) 31.0 18.5 (80) 25.9 (73) 200 2.83 72
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= 373 K, 6 h, adamantane 5 mmol (0.47 M), EtCO2H 10 mL, P(O2) = 1 atm.
a AdOX is sum of adamantanol and its esters.
b Not detected.

or oxidations of cyclohexane (CyH) and dimethylcyclohexane
Me2-CyH), as shown in Table 5. The following four oxida-
ion systems were used; system 1: VO(acac)2/EtCO2H, system 2:
O(acac)2-Eu(OTf)3/EtCO2H, system 3: VO(acac)2/AcOH and system
: AIBN/EtCO2H. The oxidations were accelerated by the Eu(OTf)3
ddition. The reaction time was controlled to decrease the TON to
uppress the successive oxidation of products. The peroxide tests
ere conducted for the four oxidation systems. The distribution of
roducts did not change for the systems 1–3 before and after the per-
xide test. In system 4, however, the product distribution changed
ignificantly by the addition of Ph3P. The initial products were per-
xide compounds; therefore, a KIE factor and a RC parameter were
alculated using GC analysis data after adding PPh3.

A/K parameter—The ratio of the yields of alcohol to ketone (A/K)
n the oxidation of cyclohexane (Eq. (2)) is usually one for an
uto-oxidation mechanism by the decomposition of hydroperox-
de [43–45]; therefore, the A/K value is suitable as an indicator of
he auto-oxidation mechanism. The A/K values observed in systems
–3 were over 4 and the selectivity to cyclohexanol was high, as
hown in the second column. The A/K parameters were obviously
ifferent from those of the auto-oxidation.

KIE factor—To obtain information on the rate-determining step
n the oxidation of cyclohexane, studies on the kinetic isotope
ffects (KIE) (Eq. (3)) were performed for the competitive oxidation
f cyclohexane and cyclohexane-d12 (1:1 mol) at 365 K, as shown
t the third column. A fairly large KIE value of 3.9 was obtained for
ystem 1 which is as large as that of system 2 (3.8). These KIE val-
es indicate that the rate-determining step is the dissociation of
C–H bond of cyclohexane using the VO(acac) catalyst with and
2
ithout the Eu(OTf)3 co-catalyst in EtCO2H. A small KIE value of 2.8
as obtained in acetic acid (system 3) [42,43], which is the same as

hat observed in stoichiometric oxidation with VO(O2)(Pic)·2H2O
2.8) [46]. Large KIE values of 7.0 and 7.3 were obtained in the

able 5
eactivities of vanadium and auto-oxidation systems

xidation system Substrates and parameter

Cy-C6H12 Cy-C6H12/
Cy-C6D12

a
cis-Me2–CyHb

A/K kH/kD RC

O(acac)2/propionic acidc 4.0 3.9 26%
O(acac)2-Eu(OTf)3/propionic acid d 4.9 3.8 (33%)f

O(acac)2/acetic acid [43]c 5.2 2.8 37%
IBN/propionic acide – 7.3 14%

= 365 K, substrate 20 vol%, solvent 80 vol%.
a 1: 1 (mol) mixture of cyclohexane and cyclohexane-d12.
b cis-1,2-dimethylcyclohexane.
c VO(acac)2 0.5 mM.
d VO(acac)2 0.5 mM, Eu(OTf)3 1 mM.
e AIBN 1 mM. Product yields were obtained after reduction with PPh3.
f A part of 1,2-dimethylcyclohexan-1-ol was dehydrated by Eu(OTf)3.
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d
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b
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o
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uto-oxidation by Co(acac)3 promoter in AcOH [40], and by an AIBN
nitiator in EtCO2H (system 4), respectively.

RC parameter—Retention of the configuration of the ter-
iary C–H bond for the oxidation of cis-1,2-dimethylcyclohexane
cis-Me2CyH) by Eq. (4) was studied to obtain information on inter-

ediates formed during oxidation. The major products were cis-
nd trans-1,2-dimethylcyclohexan-1-ol (cis- and trans-Me2CyOH).
he minor products were cis-1,2-dimethylcyclohexan-3-ol, -4-ol,
3-one, -4-one and cis-1-formyl-2-methylcyclohexane. The config-
rations of the two methyl groups of the minor products were
etained completely in EtCO2H, as well as that in AcOH.

A lower RC value (26%) was obtained for the oxidation of cis-
e2CyH by the VO(acac)2 catalyst in EtCO2H (system 1) than in

cOH (37%). On the other hand, the RC value was 14% for the auto-
xidation by the AIBN initiator in EtCO2H (system 4). Lower RC
alues (6–14%) were reported in the radical reaction by HO• [41].
higher RC value of 33% was obtained for the oxidation using the
O(acac)2 catalyst with the Eu(OTf)3 co-catalyst (system 2), but its
eliability was not high because a side-reaction of dehydration of
e2Cy-1-OH proceeded by a strong Lewis acid of Eu(OTf)3.
Alkyl radical intermediates should form in systems 1–4 because

he RC values were not high. Stereochemistry on tertiary carbon
ay be strongly influenced by subsequent addition of a functional

roup. The rate constant for the disappearance of stereochemistry
f the tertiary alkyl radical was to be about 109 s−1 (first-order
inetics) at 365 K [47]. If the addition of the functional group was
low (> > 10−9 s), a lower RC value was observed [41].

The active species on vanadium in systems 1–3 is differs from
hat in auto-oxidation, because significant differences in A/K values
nd KIE values were observed. However, an alkyl radical interme-
iate species may be produced after the dissociation of a C–H bond
f alkane in systems 1–3. The slow addition of oxygen species on
anadium to alkyl radical intermediate produced alcohol.

.5. Spectroscopic studies for V species

Fig. 4 shows in situ UV–vis spectra of the reaction mixture
f VO(acac)2 (0.5 mM), cyclohexane (1.85 M) and EtCO2H using a
V cell with a 10 mm optical length at 365 K. Strong absorption
elow 300 nm was observed in spectrum (a). This absorption cor-
esponded to the absorption of solutions of 1 mM acetylacetone and
tCO2H (�max = 274 nm). This indicated that a ligand exchange reac-
ion between acac− and EtCO2

− proceeded on VO(acac)2 in EtCO2H.
herefore, VO(OCOEt)2 may be present in the solutions at 365 K.
hen 1 atm oxygen was introduced in the solution of spectrum

a) for 0.5 h at 365 K, the broad UV absorption of 300–400 nm was

bserved in spectrum (b). This broad absorption of 300–400 nm dis-
ppeared when Ar was introduced in the solution (spectra (b)) for
.5 h at 365 K (spectrum (c)). The same broad absorption spectrum
ppeared with the re-introduction of O2. The chemical species giv-
ng the broad UV absorption was reversible. This indicates that the
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ig. 4. UV–vis spectra of the reaction mixture (a) before and (b) after oxidation 1 h,
c) after Ar purge for 0.25 h, and (d) difference of (b) and (c). T = 365 K, VO(acac)2

� mol (0.47 mM), EtCO2H 10 mL, adamantane 5 mmol (0.47 M), (a) and (c) P(Ar)
atm, (b) P(O2) 1 atm.

hemical species giving the broad UV absorption of 300–400 nm
ay be an active oxygen species for the oxidation. A broad UV

bsorption of 300–400 nm is also observed for the oxidation mix-
ure catalysed by VO(acac)2 in AcOH [43]. Very similar species may
e produced in both oxidation systems.

Spectrum (d) is a differential spectrum of spectrums (b) and (c).
wo absorption peaks of 270 and 320 nm appear. UV absorption of
20 nm was reported for charge transfer absorption from a peroxide

igand to a vanadium centre (LMCT) [48].
Fig. 5 shows a UV–vis spectra of the solutions of VO(acac)2

0.5 mM), Eu(OTf)3 (1 mM), cyclohexane (1.8 M) and EtCO2H. A
houlder peak of UV absorption at 316 nm was observed in spec-

rum (e) for the solution at 365 K, but a similar shoulder absorption
eak was not observed in Fig. 4 (spectrum (a)). In a separate
xperiment, no UV absorption around 316 nm was confirmed for
solution of acetylacetonate (1 mM), Eu(OTf)3 (1 mM), cyclohex-

ne (1.8 M) and EtCO2H. Therefore, −OTf may coordinate with the

ig. 5. UV–vis spectra of the reaction mixture (a) before and (b) after oxidation
.5 h, (c) after Ar purge for 0.25 h, and (d) difference of (b) and (c). T = 365 K,
O(acac)2 5 � mol (0.47 mM), Eu(OTf)3 10 � mol (0.94 mM), EtCO2H 10 mL, adaman-

ane 5 mmol (0.47 M), (a) and (c) P(Ar) 1 atm, (b) P(O2) 1 atm.
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ig. 6. Effects of the Eu(OTf)3 addition on UV–vis spectra in VO(acac)2/EtCO2H solu-
ion. VO(acac)2 0.5 mM. Eu(OTf)3: 0 (sharp line), 0.5 (dotted line), 1 (dotted line) and
mM (bold line). Inset: Eu(OTf)3 2 (bold line), 5 (dotted line) and 10 mM (sharp line).
ptical length: 2 mm.

anadium species in the solution of VO(acac)2, Eu(OTf)3, cyclo-
exane and EtCO2H (system 2). To obtain information about the
pecies at 316 nm, the effect of the quantity of Eu(OTf)3 added
o the solutions of VO(acac)2 0.5 mM and EtCO2H was measured
n the absorption at 316 nm, as shown in Fig. 6. UV absorption
t 316 nm increased with increasing quantities of Eu(OTf)3 from
.5 to 2 mM and that at 274 nm decreased. Thus, an isosbestic
oint was observed at 295 nm. When the quantity of Eu(OTf)3
ddition increased > 2 mM, reverse changes of UV absorptions at
16 and 274 nm were observed (inset of Fig. 6). UV absorption at
16 nm decreased with increasing quantities of Eu(OTf)3 > 2 mM
nd that at 274 nm increased. This complicated observation can be
xplained as follows: (i) A ligand exchange between VO(OCOEt)2
nd Eu(OTf)3 proceeds, and VO(OCOEt)(OTf) forms by the addi-
ion of Eu(OTf)3 < 2 mM. (ii) A second ligand exchange between
O(OCOEt)(OTf) and Eu(OTf)3 proceeds, and VO(OTf)2 forms at a
igher concentration of Eu(OTf)3 > 2 mM. In other words, distri-
ution of vanadium species depends on the quantity of Eu(OTf)3
dded and VO(OCOEt)2 and VO(OTf)(OCOEt) are presence in the
eaction mixture at 1 mM Eu(OTf)3.

A spectrum (f) was analysed for the solution in O2 after oxida-
ion for 0.5 h and a broad UV absorption of 300–400 nm appeared.
his broad UV absorption disappeared by passing Ar, as shown
n spectrum (g). These observations of the UV spectra are simi-
ar to those for the VO(acac)2/EtCO2H system (Fig. 4). Spectrum
h) provides a differential spectra of the spectrums (f) and (g) in
ig. 5. Two UV absorption peaks at 290 and 340 nm appear. These
bsorption peaks appear at longer wavelengths than those for the
O(acac)2/EtCO2H system (Fig. 4, spectrum (d)).

If the UV absorption peak at 320 nm in spectrum (d) of Fig. 4
as the LMCT absorption of the peroxide V species, as described

bove, the UV absorption peak at 340 nm in spectrum (h) of Fig. 5
ay be the LMCT absorption of peroxide V species in the VO(acac)2-

u(OTf)3/EtCO2H system. This shift of UV absorption from 320 to
40 nm should indicate a decrease in the electron density of vana-
ium by coordination of −OTf.
.6. Reaction scheme

A reaction scheme for the oxidation of adamantane (alkane) in
he VO(acac)2-Eu(OTf)3/EtCO2H system was proposed in Scheme 1.
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Scheme 1.

he starting form of VIVO(acac)2 is converted to VIVO(OCOEt) 2
1) by a ligand exchange reaction with EtCO2H, and then the 1
pecies forms VIVO(OTf)(OCOEt) (2) though the ligand exchange
ith Eu(OTf)3. The 2 species may be oxidised with O2 to a peroxide

pecies of VV(O2)(OTf)X (3). This 3 species shows UV absorption of
pectrum (d), but the actual form of the 3 species has not been
dentified. The 3 species attacks the C–H bonds of adamantane
nd dissociates a C–H bond, forming an alkyl radical intermediate
R• HOOV (4)). The 4 intermediate species produces alcohol and
VO(OTf)X (5) through a rebound-like mechanism. The actual form
f the 5 species has not been identified. The dissociation process
s the rate-determining step during the oxidation because the sig-
ificant KIE value was observed. An electron withdrawing ligand
f −OTf may accelerate oxidation activity of peroxide on vanadium
n the 3 species. The reaction rate between the hydroxyl group and
lkyl radical intermediate is not fast, therefore the RC values were
ot high.

Oxidation using vanadium catalysts and H2O2 has been stud-
ed very well [13–15,39–41,47]. The formation of HO• as the active
pecies and of alkyl hydroperoxide (ROOH) as the primary prod-
ct and the reaction mechanisms were discussed in this work. The
elective conversion of ROOH to alcohol by reduction with Ph3P
as also discussed. Therefore we accounted the formation of per-

xide compounds in our VO(acac)2-Eu(OTf)3/EtCO2H system with
2 by the peroxide testing using Ph3P. We confirmed that there was
o difference in product distribution before and after adding Ph3P,
nd there was no formation of the peroxide products in the reaction
ixture.
In the chemistry of vanadium catalysts, H2O2 and O2, H2O2

educes V(V) to V(IV). The V(IV) species activates H2O2, and HO•

s produced. HO• attacks a C–H bond of alkane, and alkyl radical
R•) forms by abstraction of H•. Then, an alkyl radical reacts with
2 and peroxides are produced (Eq. (5)). An important function is

hat H2O2 works as both reductant and oxidant in the oxidation
sing the vanadium catalyst, H2O2 and O2 [13–15,39–41,47]. In our
O(acac)2-Eu(OTf)3/EtCO2H system, we use O2 and no reductant

s used. It is impossible to reduce V(V) catalyst to V(IV) during
he oxidation. Therefore, HO• may not be involved in our oxida-
ion mechanism and the alkyl peroxide formation by Eq. (5) is not
nvolved in our major oxidation scheme.

• + O2 → ROO•, ROO•+RH → ROOH+R• (5)
We consider that the major oxidation scheme of the VO(acac)2-
u(OTf)3/EtCO2H system is the hydroxylation of alkanes with the
peroxide species through a rebound-like mechanism, because

he selectivity for various oxidations differed from that of auto-

[
[
[

[
[
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xidation, as discussed in Table 5. However, a part of the alkyl
adical intermediate may leak from the inner (4 species) to the outer
phere, and auto-oxidation may proceed simultaneously. The func-
ion of the Eu(OTf)3 co-catalyst is to reserve −OTf for the V catalyst
nd acid catalyst for the esterification of adamantanol.

. Conclusion

Oxidation of adamantane with O2 was efficiently catalysed by
he VO(acac)2 in propionic acid under mild conditions. The prod-
ct formation rate was accelerated by the addition of the Eu(OTf)3
o-catalyst. The actual active form of vanadium species under oxi-
ation has not been clarified; however, it was suggested by UV–vis
pectroscopic studies that peroxide vanadium species coordinated
ropionic acid and −OTf.
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