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The oxidation reactions of �-terpinene and 2,6-di-tert-butyl-
phenol by vanadium(V) complexes were thoroughly examined
using 1HNMR. The dioxovanadium(V) complex was more reac-
tive than the corresponding oxo-peroxo vanadium(V) complex
for the oxidation reaction of �-terpinene and 2,6-di-tert-butyl-
phenol.

High-valent oxovanadium compounds play important roles
in various oxidation reactions such as epoxidation, haloperoxi-
dase functions, and oxygen addition reactions.1–4 The oxo-per-
oxo VV complexes have been the target of extensive studies of
catalytic reactions using hydrogen peroxide as an oxidant.1 In or-
der to control the reactivities of oxo-peroxovanadium com-
plexes, a variety of ligands ranging from monodentate to multi-
dentate have been applied.1,2

The coreresponding dioxo VV complexes have often been
assumed as an intermediate in the reaction processes, but the re-
activities of the dioxo VV complexes themselves have not been
examined so far.4 This is because under catalytic reaction condi-
tions with hydrogen peroxide, the dioxo complexes are convert-
ed to oxo-peroxo complexes, which prevents the examination of
reactivity of the dioxo complexes. It is important to know the
role of the dioxo complexes quantitatively for the understanding
of the overall view of the VV oxidation reaction mechanisms. To
the best of our knowledge, however, no clear result has been
reported for the quantitative reactivities of dioxo VV complexes
as an oxidation reagent.

Recently, we have isolated the dioxo and oxo-peroxo
VV complexes with tris(3-pyridyl)methylamine (tpa), [V(O)2-
(tpa)]PF6, and [VO(O2)(tpa)]PF6.

5 These complexes provide
an opportunity to make the comparison of the reactivities of di-
oxo and oxo-peroxo VV complexes. Here, we will demonstrate
the first quantitative examination on the oxidation of organic
substrates by the dioxo VV complex.

We chose �-terpinene and 2,6-di-tert-butylphenol as organ-
ic substrates. The reaction of organic substrates with the tpa–VV

complexes were carried out in deuterated acetonitrile, and was
monitored by 1HNMR spectroscopy.6 The reaction conditions
are listed in Table 1.

During the reaction of the dioxo complex and �-terpinene
(Table 1a), intensities of the signals corresponding to the dioxo

complex and �-terpinene decreased with simultaneous appear-
ance of the signals of the �-oxo divanadium(IV) complex
[{VIVO(tpa)}2(�-O)]2þ and p-cymene. The dioxo VV complex
was almost quantitatively converted to the �-oxo divanadi-
um(IV) complex in 10 d (Figure S1).11 Although monomeic
VIV complex is paramagnetic, the �-oxo divanadium(IV) com-
plex shows the 1HNMR signals of their ligands in the diamag-
netic region due to the spin coupling through the �-oxo bridge.7

The signals of the divanadium(IV) complex were assigned by
comparing with those of the independently prepared authentic
dimer sample.7 No product other than p-cymene and the divana-
dium(IV) complex was detected in the spectrum. Judging from
the integrated signal intensities, the stoichiometry of the reaction
is determined as shown in eq 1a.

2½VV(O)2(tpa)�þ þ �-terpinene !

½fVIVO(tpa)g2ð�-OÞ�2þ þ p-cymeneþ H2O ð1aÞ

As in the reaction with �-terpinene, the intensities of the sig-
nals of dioxo complex and 2,6-di-tert-butylphenol (Bu2-phenol)
were decreased with increase of the signals of the divanadi-
um(IV) complex and 3,30,5,50-tetra-tert-butyl-4,40-diphenoqui-
none (Bu4-dpq) during the reaction (Table 1b). After 65 h, the
signals of the dioxo complex completely disappeared (Figure
S2).11 From the integrated intensities of the signals, the
reaction ratio was determined as eq. 1b.

4½VV(O)2(tpa)�þ þ 2Bu2-phenol !

2½fVIVO(tpa)g2ð�-OÞ�2þ þ Bu4-dpqþ H2O ð1bÞ

Thus, the dioxo complex was converted to the oxo-bridged
VIV species upon the reaction with �-terpinene as well as Bu2-
phenol. Oxidation reactions using the oxo-peroxo complex
[VVO(O2)(tpa)]

þ were examined under similar conditions to
those for the dioxo complex. To our surprise, the change in the
NMR spectra revealed that the reaction is extremely slow.

Although the signals of the dioxo complex, �-oxo dimer
and p-cymene appeared gradually at the expense of the signals
of the oxo-peroxo complex and �-terpinene, the reaction did
not complete under the condition of (c) in 12 d (over 60% of
the oxo-peroxo complex remained). More significantly, no ap-
preciable change was observed for the reaction of oxo-peroxo
complex with Bu2-phenol under the condition (d) after a month.8

It is concluded that the reactivity of the oxo-peroxo complex is
significantly lower than that of the dioxo complex.

The proposed reaction scheme of the dioxo complex with
�-terpinene is depicted in Scheme 1.

It has been reported that the conversion of �-terpinene into
p-cymene proceeds via dehydrogenation process.

Therefore, the reaction should start with the hydrogen atom
transfer from �-terpinene to the dioxo vanadium complex to
form VIV-oxo-hydroxo complex (eq 2a).9

Table 1. Reaction conditions

Entry Complex/Substrate
Complex

/mM

Substrate

/mM
T/�C

(a) [V(O)2(tpa)]
þ/�-terpinene 10 70 70

(b) [V(O)2(tpa)]
þ/Bu2-phenol 10 56 65

(c) [V(O)(O2)(tpa)]
þ/�-terpinene 10 58 70

(d) [V(O)(O2)(tpa)]
þ/ Bu2-phenol 6.5 22 60
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�-terpineneþ ½VV(O)2(tpa)�þ !

ð�-terpinene� HÞ þ ½VIV(O)(OH)(tpa)�þ ð2aÞ

Monodehydrogenated �-terpinene (�-terpinene � H) is quite
unstable and should immediately react with another VV dioxo
complex to afford p-cymene and another VIV oxo-hydroxo com-
plex (eq 3a).

(�-terpinene� H)þ ½VV(O)2(tpa)�þ ����!
very fast

p-cymeneþ ½VIV(O)(OH)(tpa)�þ ð3aÞ

The VIV oxo-hydroxo complex has high tendency to form oxo-
bridged dimeric complex by dehydration reaction (eq 4a).

2½VIV(O)(OH)(tpa)�þ �!
fast

½fVIVO(tpa)g2ð�-OÞ�2þ þ H2O ð4aÞ

The reaction of dioxo complex with 2,6-di-tert-butylphenol also
proceeded in the stoichiometric way as depicted in Scheme 2.

As discussed for the reaction with �-terpinene, the reaction
should begin with the transfer of a hydrogen atom of a Bu2-
phenol to the dioxo vanadium complex to form the VIV-oxo-
hydroxo complex (eq 2b)

Bu2-phenolþ ½VV(O)2(tpa)�þ !
ðBu2-phenol� HÞ þ ½VIV(O)(OH)(tpa)�þ ð2bÞ

Again, monodehydrogenated Bu2-phenol (Bu2-phenol �
H) is quite unstable and should immediately react with another
VV dioxo complex to afford oxo-hydroxo VIV complex and a
radical coupled product, 3,30,5,50-tetra-tert-butyl-4,40-dipheno-
quinone (eq 3b).

2ðBu2-phenol� HÞ þ 2½VV(O)2(tpa)�þ ����!
very fast

ðBu4-dpqÞ þ 2½VIV(O)(OH)(tpa)�þ ð3bÞ

The generated VIV oxo-hydroxo complex is converted to oxo-
bridged dimeric complex by dehydration reaction as 4a.
The overall reaction of the Bu2-phenol is given in 4b.10

2Bu2-phenol ! Bu4-dpqþ 4H� ð4bÞ

In summary, reactivity of dioxo and oxo-peroxo VV com-
plexes with organic substrates, �-terpinene and 2,6-di-tert-
butylphenol, were examined under noncatalytic reaction condi-
tions. It turned out that the dioxo complex is significantly more
reactive for the oxidation of the substrates. From the stoichiome-
tries of the reactions, the reaction process of the dioxo complex
with the substrates is initiated by the hydrogen atom abstraction
(Scheme 3).

The result suggests the possible importance of the dioxo
complex during catalytic oxidation reactions. As far as we know,
the present results are the first unambiguous prove of the higher
reactivity of a dioxo VV complex as an oxidation reagent than
the corresponding oxo-peroxo complex.

References and Notes
1 a) D. C. Crans, J. J. Smee, E. Gaidamauskas, L. Yang, Chem. Rev. 2004,

104, 849. b) T. Hirao, Chem. Rev. 1997, 97, 2707. c) T. S. Smith, II,
V. L. Pecoraro, Inorg. Chem. 2002, 41, 6754. d) J. N. Carter-Franklin,
J. D. Parrish, R. A. Tschirret-Guth, R. D. Little, A. Butler, J. Am. Chem.
Soc. 2003, 125, 3688. e) G. J. Colpas, B. J. Hamstra, J. W. Kampf, V. L.
Pecoraro, J. Am. Chem. Soc. 1994, 116, 3627. f) G. J. Colpas, B. J.
Hamstra, J. W. Kampf, V. L. Pecoraro, J. Am. Chem. Soc. 1996, 118,
3469. g) C. Kimblin, X. Bu, A. Butler, Inorg. Chem. 2002, 41, 161.
h) K. P. Bryliakov, N. N. Karpyshev, S. A. Fominsky, A. G. Tolstikov,
E. P. Talsi, J. Mol. Catal. A: Chem. 2001, 171, 73.

2 M. Greb, J. Hartung, F. Koler, K. Pehar, R. Kluge, R. Csuk, Eur. J. Org.
Chem. 2004, 3799.

3 a) C. Yin, R. G. Finke, J. Am. Chem. Soc. 2005, 127, 13988. b) M.
Mahroof-Tahir, A. D. Keramidas, R. B. Goldfarb, O. P. Anderson, M.
M. Miller, D. C. Crans, Inorg. Chem. 1997, 36, 1657. c) Y. Sasaki,
M. Kanesato, K. Okazaki, A. Nagasawa, K. Saito, Inorg. Chem.
1985, 24, 772. d) M. Sivak, V. Sucha, L’. Kuchta, J. Marek, Polyhedron
1998, 18, 93. e) M.-H. Lee, N. H. Heo, S. Hayashi, Polyhedron 1998,
17, 55. f) M. Sivak, J. Tyrselova, F. Pavelcik, Polyhedron 1996, 15,
1057. g) Y. Wei, S. Zhang, G. Hjung, M. Shao, Polyhedron 1994, 13,
1387.

4 a) B. J. Hamstra, G. J. Colpas, V. L. Pecoraro, Inorg. Chem. 1998, 37,
949. b) M. R. Maurya, A. Kumar, A. R. Bhat, A. Azam, C. Bader, D.
Rehder, Inorg. Chem. 2006, 45, 1260. c) M. R. Maurya, Coord. Chem.
Rev. 2003, 237, 163.

5 Y. Tajika, K. Tsuge, Y. Sasaki, Dalton Trans. 2005, 1438.
6 The experimental detail and 1HNMR spectra during the reaction

(Figures S1 and S2) are given in Supporting Information.
7 H. Toftlund, S. Larsen, K. S. Murray, Inorg. Chem. 1991, 30, 3964.
8 By the limitation of sensitivity and solubility, the reaction with larger

amount of Bu2-phenol was monitored by UV–vis absorption spectra
at 50 �C ([V(O)(O2)(tpa)]

þ:Bu2–phenol = 1:40). After several days,
the formation of Bu4–dpq and [{VIVO(tpa)}2(�-O)]2þ was observed.
Therefore, the oxidation reaction by [V(O)(O2)(tpa)]

þ proceed very
slowly. Because the small extinction coefficient of [V(O)(O2)(tpa)]

þ

and possible products such as [V(O)2(tpa)]
þ and dibutylquinone,

the discussion of reaction mechanism was not accomplished for the
oxo-peroxo complex.

9 a) T. Matsuura, K. Saito, Y. Shimakawa, Bull. Chem. Soc. Jpn. 1960,
33, 1151. b) K. Iteya, J. Ichihara, Y. Sasaki, S. Itoh, Catal. Today
2006, 111, 349. c) R. Neumann, M. Levin, J. Am. Chem. Soc. 1992,
114, 7278.

10 a) R. Gupta, R. Mukherjee, Tetrahedron Lett. 2000, 41, 7763. b) D. A.
Rockcliffe, A. E. Martell, J. Chem. Soc., Chem. Commun. 1992, 1758.
c) M. Lissel, H. Jansen in de Wal, R. Neumann, Tetrahedron Lett. 1992,
33, 1795.

11 Supporting Information is available electronically on the CSJ-Journal
web site, http://www.csj.jp/journals/chem-lett/.

V

O

N

N
N

N

IV
O V

O

N

N
N

N IV

V

N

N
N

N

V
O V

O

N

N
N

N

IV
OH

O

+ +2 2

+

2+

- H2O

+

Scheme 1. Proposed reaction scheme of the oxidation of
�-terpinene by the dioxo complex.
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Scheme 2. Proposed reaction scheme for the oxidation of 2,6-
di-tert-butylphenol by [V(O)2(tpa)](PF6).

V

N

N
N

N

V
O

O

Diamagnetic

2

+

V

O

N

N
N

N

IV
O V

O

N

N
N

N IVV

O

N

N
N

N
IV

OH2 + H2O

DiamagneticParamagnetic

+ 2+

Hydrogen
abstraction

Scheme 3. Conversion of the dioxo VV complex into �-oxo
divandium(IV) complex.
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