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Aerobic  oxidation  of  �-hydroxy  ketones  catalyzed  by dichloroethoxyoxovanadium  in ethanol  causes
a  carbon–carbon  bond  cleavage  that  produces  diesters  or  diketones.  This  reaction  is  highly chemose-
lective,  and  disecondary  glycols  do  not  react  at all.  However,  ditertiary  glycols  effectively  react  with
dichloroethoxyoxovanadium  or trichlorooxovanadium  to provide  the  corresponding  ketones.  Aerobic
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oxidation  of  �-hydroxy  ketones  catalyzed  by dichloroethoxyoxovanadium  or trichlorooxovanadium  in
aprotic  solvents  almost  quantitatively  affords  the corresponding  �-diketones.  The  reaction  of  tertiary
cyclopropanol  compounds  with  vanadyl  acetylacetonate  under  an  oxygen  atmosphere  causes  fragmen-
tation  of  the  cyclopropane  moiety  to produce  �-hydroxy  ketones  and  �-diketones.  For  the  6-substituted
bicyclo[4.1.0]heptanol  derivatives,  the endoperoxides  are  also  obtained  together  with �-hydroxy  ketones.
Conversely,  2-ethoxycarbonylcyclopropyl  silyl  ethers  produce  �-oxocarboxylate  derivatives  given  the
same  reaction  conditions.  Monothioacetals  are  easily  deprotected  into  carbonyls  using  a catalytic  amount
of  trichlorooxovanadium  in  2,2,2-trifluoroethanol  under  an  oxygen  atmosphere.  Thiols  are  converted  into
the  corresponding  disulfides  by  the  aerobic  oxidation  catalyzed  by trichlorooxovanadium  in  the presence
of  molecular  sieves  3A.  Polymer-supported  vanadium  compounds  are  synthesized  by  the  reaction  of  vana-
dium  oxytrichloride  with  polymers  bearing  hydroxyl  moieties.  The  catalyst  prepared  from  TentaGel  S  OH
was  highly  active  and reusable  for  the  aerobic  oxidations.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Needless to say, oxidation is one of the most important reac-
ions in organic synthesis. However, oxidation reactions frequently
ecome the source of environmental pollution. During the oxi-
ation of organic compounds, the starting materials are oxidized
o the desired compounds and the oxidants are simultaneously
educed. This means that a large amount of waste is produced when
he starting materials are oxidized. The waste is sometimes toxic
nd the cause of environmental pollution (Scheme 1).

The effective method to prevent environmental pollution
aused by oxidations is the use of aerobic oxidation. During aer-
bic oxidation, the oxidant is molecular oxygen, which is reduced
o nontoxic water (Scheme 2). Catalysts are usually required for
he aerobic oxidation of organic compounds, and vanadium com-
ounds can serve this purpose [1,2].

In this review, the vanadium-catalyzed aerobic oxida-
ions accomplished by our research group are summarized
3,9,12,16,22,26,34].

. Oxidative cleavage of �-hydroxy ketones [3]

.1. Traditional methods of oxidative cleavage of glycols and
-hydroxy ketones

The oxidative cleavage of carbon–carbon bonds in glycols and
-hydroxy ketones is a very important reaction which has fre-
uently been utilized in organic syntheses. However, only a few
ethods for this oxidative cleavage have been developed [4]. Most

rganic chemists use classical sodium periodate (NaIO4) [5] or lead
etraacetate [Pb(OAc)4] [6] for this purpose (Scheme 3).

Although NaIO4 effectively reacts with glycols and �-hydroxy
etones in many cases, the reaction does not proceed when using
ertiary �-hydroxy ketones, ditertiary glycols, and trans-cyclic
lycols [5].  On the other hand, Pb(OAc)4 can react with these com-
ounds; therefore, it has been used as a convenient oxidant for the
leavage of a carbon-carbon bond in glycols and �-hydroxy ketones.
owever, Pb(OAc)4 is highly toxic and is reduced to lead diacetate
hich is also highly toxic, and therefore undesirable waste.

.2. Aerobic cleavage of tertiary ˛-hydroxy ketones

The synthetic studies of nitrogen containing heterocyclic com-
ounds have been worked by our research group [7],  and during
he course of the study, Pb(OAc)4 was utilized as the reagent for the
xidative cleavage of the tertiary �-hydroxy ketone (1a). Although

he desired compound (2a) was obtained, the isolated yield of this
ompound was not very high (unpublished result). Furthermore, an
xcess amount of Pb(OAc)4 was required to accomplish the reac-
ion. Therefore, investigations were started to alternate reagents
Scheme 2.

which could be used for the oxidative cleavage of 1a.  Several oxi-
dants, which have been used as the glycol-cleavage reagent, were
examined, for example NaIO4 [8],  calcium hypochlorite [4d], hyper-
valent iodines [4a], and organobismuth compounds [4h], however,
2a was  not obtained (Scheme 4).

Then, the vanadium-catalyzed aerobic cleavage of �-substituted
ketones developed by Hirao’s group [1p] was  focused on.
They reported that cyclic ketones bearing a methyl or chloro
group at their �-positions reacted with a catalytic amount
of dichloroethoxyoxovanadium [VO(OEt)Cl2] in ethanol under
an oxygen atmosphere to produce the ketoesters or diesters
(Scheme 5) [1p].

The reaction of the tertiary �-hydroxy ketone (1a) with 1 mol%
VO(OEt)Cl2 in refluxing ethanol under an oxygen atmosphere
caused the desired oxidative cleavage to produce the ketone (2a) in
75% yield (Table 1, entry 1). Other tertiary �-hydroxy ketones (1b,
c) also reacted under the same conditions to produce the desired
ketones (2b, c) (Table 1) [3].

2.3. Aerobic cleavage of primary and secondary ˛-hydroxy
ketones

Then the aerobic oxidative cleavage of primary and secondary
�-hydroxy ketones catalyzed by VO(OEt)Cl2 under oxygen was
examined (Table 2) [3].  A primary �-hydroxy ketone (1d) was
immediately oxidized at room temperature to produce ethyl ben-
zoate (2d) in 74% yield (entry 1). Secondary �-hydroxy ketones

(1e–k) were also smoothly cleaved at room temperature to pro-
vide the diesters (2e–k) in moderate to high yields in most cases
(entries 2–8). The sterically hindered secondary �-hydroxy ketone
(1k) required reflux conditions in order to obtain the diester (2k),
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nd furthermore, it took longer for the reaction to reach completion
entry 8).

.4. Chemoselectivity

Hirao reported that 2-methylcyclohexanone reacted with
O(OEt)Cl2 under oxygen to afford the ketoester [1p]. There-

ore, the selectivity of this aerobic oxidation catalyzed by
O(OEt)Cl2 was then examined. In the case of 2-hydroxy-6-
ethylcyclohexanone (1l), the C(1)–C(2)-bond was  regioselec-

ively cleaved to produce the diester (2l)  (Scheme 6) [3].
Interestingly, glycols, an �-amino ketone, an �-acetoxy ketone,
nd an �-thiophnyl ketone are inert under the stated reaction con-
itions (Scheme 7). These results are in contrast to those with other
eagents which cleave both �-hydroxy ketones and glycols [3].

O
X

EtOH

O
CMe (CH2)nCOOEt

( )n

X = Me,  Cl
n =  1~3

VO(OEt)Cl2, O2

EtOOC(CH2)nCOOEt

X = M e

X = Cl

Scheme 5.
, etc .

.

In the case of the compound having both the �-hydroxy ketone
and glycol (1m), the �-hydroxy ketone was  selectively cleaved by
the aerobic oxidation catalyzed by VO(OEt)Cl2 to produce the corre-
sponding diester (2m) [3].  Conversely, phenyliodine diacetate [4a]
reacted with that compound to selectively cause glycol-cleavage to
produce the dialdehyde (2m′) (Scheme 8).

2.5. Investigation of reaction mechanism

Even in the absence of oxygen, the �-hydroxy ketone (1f)
reacted with 2 equiv. of VO(OEt)Cl2 to produce the corresponding
diester (2f)  [3]. This result is in sharp contrast to the cleavage of the
�-methyl ketone with VO(OEt)Cl2 reported by Hirao’s group [1p].
In that case, the reaction of 2-methylcyclohexanone with a stoi-
chiometric of VO(OEt)Cl2 afforded the corresponding ketoester at
only 3% yield in the absence of oxygen. In the case of the cleavage
of �-hydroxy ketone, molecular oxygen acts as the co-oxidant and
reoxidized the formed low valent vanadium compound (Scheme 9).

In the presence of a radical inhibitor, the reaction of a ketone

bearing a secondary �-hydroxy group (1f)  did not give the diester
(2f), but the �-diketone (3f). The same result was  obtained when
acetonitrile was used as the solvent instead of ethanol. More-
over, when the reaction proceeded at low temperature, only 3f
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Table  1
Vanadium(V)-catalyzed aerobic oxidative cleavage of tertiary �-hydroxy ketones [3].

O

OHMe

EtOOC OH

Me

COOEt
COOEtMe

EtOH, rt, 0.5h

1 mol% VO( OEt)C l2, O2

2l (81%)

1

26

1,2-cleavage

1,6-cle avage

O

Me

EtOH

COOEt

Me

O

VO(OEt)Cl2, O2

1l

52%

eme 

w
V
t
d
s
d
i
a

Sch

as obtained. The �-diketone (3f) was efficiently cleaved with
O(OEt)Cl2 under an oxygen atmosphere. A ketone bearing a

ertiary �-hydroxy group (1b) was inert under these reaction con-
itions. Although the reaction mechanism is unclear, these results

uggest that secondary �-hydroxy ketones were oxidized to �-
iketones in the first step and the resulting �-diketones are cleaved

n the second step. The second step involves radical intermediates,
nd ethanol is essential to the cleavage [3] (Scheme 10).
O

6.

3.  Oxidative cleavage of ditertiary glycols [9]

3.1. Vanadium mediated oxidative cleavage of glycols
As described in Section 2.4,  glycols did not react with a vanadium
catalyst under an oxygen atmosphere, however, we  only exam-
ined the disecondary glycols [3]. However, ditertiary glycols can be
cleaved by the reaction with a stoichiometric amount of vanadyl
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Table  2
Vanadium(V)-catalyzed aerobic oxidative cleavage of primary and secondary �-hydroxy ketones [3].

O

X

O

NH2•HCl
OH

OH

OH

OH

1 mol% VO(OEt)Cl2, 
O2 (ba lloon )

No React ion

X = SPh,  OAc

EtOH, r eflu x

eme 7

a
t
c
d
t
r
s
t

Sch

cetylacetonate [VO(acac)2] or a catalytic amount of VO(acac)2 in
he presence of tertiary butyl hydroperoxide [10]. Disecondary gly-
ols are inert under the stated reaction conditions [10]. Therefore,
itertiary glycols were expected to be cleaved to form ketones by

he aerobic oxidation catalyzed by vanadium (Scheme 11). If the
eaction worked, it would be a novel “green” reaction, because the
tandard oxidant for the cleavage of ditertiary glycols is the highly
oxic Pb(OAc)4.
.

3.2. VOCl3 catalyzed aerobic oxidative cleavage of ditertiary
glycols

Benzopinacol (4a) was  chosen as the model compound of a

ditertiary glycol, and the reaction conditions examined (vanadium
catalysts, solvents, etc.). The best result was  obtained in the case of
the reaction of 4a with 2.4 mol% of VOCl3 in ethyl acetate at room
temperature under an oxygen atmosphere [9].  The oxidative cleav-
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a
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1m

2m (74%)

2m' (69% )

a
a
v
[

ketone was  quantitatively obtained as part of the complex mix-
ture. This result indicates that the tertiary alcohol portion of the
Scheme 8.

ge of several ditertiary glycols (4) with 2.4 mol% VOCl3 in ethyl

cetate under an oxygen atmosphere at room temperature pro-
ided the desired ketones (5) in high yield in all cases (Table 3)
9].

OH

O 200 mol% VO(OEt)Cl2
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O2

high v alent
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low valen
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EtOH, refl ux
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Scheme 
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O

1 mol% VO(OEt)Cl2, O2(ball oon)

in MeCN,  r.t.  or
in EtOH with 2 mol% 2,6-di-tert-buty
      reflu x

in EtOH, -78oC (67 %) or
in MeCN,  r. t.  (76%) or
in EtOH with 
    2 mol% 2,6- di-ter t-but yl-p-cr esol,
    r.t.  (56%)

1 mol% VO(OEt)Cl2, 
O2(ball oon)

1f
3f

1b

Scheme 1
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For the cyclic ditertiary glycols, the desired diketones were
obtained in all cases (Table 4). Interestingly, both the cis-  and trans-
glycols similarly reacted. This is in sharp contrast to the oxidative
cleavage of cyclic diols by Pb(OAc)4 in which the cis-diols react
much faster than the trans-diols, because the reaction proceeds
via cyclic intermediates in the cis-diols [11]. Although the reaction
mechanism is currently unknown, this vanadium-catalyzed aerobic
cleavage of glycols does not pass through a cyclic intermediate.

3.3. VOCl3 catalyzed aerobic oxidative cleavage of
secondary–tertiary glycols [3]

The reaction of secondary–tertiary glycols was then examined.
Although the reaction proceeded, complex mixtures were obtained
(Table 5) [9].  In the cases of an acyclic diol, the corresponding
reactant affords the ketone, and the secondary alcohol fragment
yields complex mixtures [9].

CO2Et
CO2Et

, N2

t

R1

O

OEt R2

O

OEt

R2

O

R3

+ (R3=H)

or

2f (53%)

O CH3EtO2C
2

3%

9.

CO2Et
CO2Et

l-p-creso l

No Reaction

EtO H,  r.t.  (90 %)

1 mol% VO(OEt)Cl2, 
O2(ball oon)

2f

0.
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R2 R3
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R1
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R2
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R3
R4 ?
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O

O

OH

HO

OH
O O

1.0  eq.  VO(ac ac)2 or
cat.  VO(acac)2, t-BuOOH

O

O

OH

O

OH

OH

1.0 eq. VO(aca c)2 or
cat. VO(acac)2, t-BuOOH

N. R.

Scheme 11.

Table 3
Vanadium(V)-catalyzed aerobic oxidative cleavage of acyclic ditertiary glycols [9].

*Reaction in refluxing AcOEt.
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Table  4
Vanadium(V)-catalyzed aerobic oxidative cleavage of cyclic ditertiary glycols [9].
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2-Methyl-1-methyleneindan-2-ol (24%) was obtained as a byproduct.

. Oxidation of �-hydroxy carbonyls to �-dicarbonyls [12]

.1. ˛-Dicarbonyls: important materials in organic synthesis

As shown in Section 2.5,  several experiments were performed to
nvestigate the reaction mechanism of the aerobic oxidative cleav-
ge of �-hydroxy ketones, and the �-hydroxy ketones (1) did not
ive the diester (2), but rather the corresponding �-diketone (3) in
n aprotic solvent (Scheme 12). Thus, this reaction was  expected to
e a procedure for the preparation of �-diketones (3).

�-Diketones (3) are important compounds in organic synthe-
is, because they have been used as substrates for the benzylic
cid rearrangement [13] and starting materials for the syntheses
f heterocyclic compounds [14]. �-Diketones (3) are frequently
btained by the oxidation of �-hydroxy ketones (1). Due to the sen-
itivity of �-diketones (3), special reagents and reaction conditions
re required to prevent side reactions [15]. Although a number of
ethods have been developed to achieve this transformation, most

f them suffer from drawbacks such as the use of stoichiometric
mounts of toxic reagents.

.2. Oxidation of ˛-hydroxy ketones and ˛-hydroxy esters

Benzoin (1n) was chosen as the model compound for an
-hydroxy ketone, and the reaction conditions were examined

12]. The corresponding benzil (3n) was obtained almost quan-
itatively by the reaction of 1n with 1 mol% VOCl3 in aprotic

olar solvents (acetonitrile, acetone, and ethyl acetate) at room
emperature under an oxygen atmosphere [12]. The reaction of
everal �-hydroxy ketones (1) with 1 mol% of VOCl3 in acetoni-
rile under an oxygen atmosphere quantitatively provided the
corresponding �-diketones (3) (Table 6) [12]. In all cases, the
�-diketone (3) was  the sole product and no by-products were
observed. The reaction similarly proceeds in air. �-Hydroxy esters
(6) were also efficiently oxidized to �-keto esters (7) in high yields
(Scheme 13)  [12].

4.3. Investigation of reaction mechanism and chemoselectivity

Even in the absence of molecular oxygen, 1n reacted, with
a shorter reaction time, with a stoichiometric amount of
trichlorooxyvanadium to afford 3n in a high yield. Although the
reaction mechanism in not clear, this indicates that molecular
oxygen acts as a co-oxidant, and reoxidized the formed low-
valent vanadium compound. Alcohols without carbonyls at their
�-position including �-hydroxy carbonyls are completely inert
under the stated reaction conditions [12] (Scheme 14).

4.4. Similar reactions developed by other groups

Propargilic alcohols (8) are oxidized to the corresponding
carbonyls (9) in high yields by aerobic oxidation catalyzed by
VO(acac)2 in the presence of molecular sieves [1m,1n] (Scheme 15).

Kinetic resolutions of the racemic �-hydroxy carbonyls (1)
using molecular oxygen and a catalytic amount of a chiral vana-
dium complex were achieved with a high enantiomeric excess [1k]
(Scheme 16).
In our case, only the �-hydroxy carbonyls (1) can be oxidized
and other alcohols are inert. However, several kinds of alcohols are
oxidized to the corresponding carbonyls by the aerobic oxidation
catalyzed by vanadium oxide in toluene [1m] (Scheme 17).
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2290 M. Kirihara / Coordination Chemistry Reviews 255 (2011) 2281– 2302

Table  5
Vanadium(V)-catalyzed aerobic oxidative cleavage of secondary-tertiary glycols [9].

*Based on GC analysis.

Table 6
Vanadium(V)-catalyzed aerobic oxidation of �-hydroxy ketones to �-diketones [12].

Entry R Time (h) Yield (%)

1 Ph 1.5 95
2a Ph 11 89
3  4-CIC6H4 1.5 Quant.
4  4-MeOC6H4 1.5 Quant.
5  Cyclohexyl 20 95
6  CH3(CH2)8 12 Quant.
7  CH2 CH(CH2)7 5.5 Quant.
8b CH3(CH2)14 13.5 Quant.
9  –(CH2)10– 8.5 Quant.
10  –(CH2)13– 22.5 95

11  114 Quant.

a The reaction was  carried out in air.
b The reaction was  carried out under reflux.
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5.3. Investigation of reaction mechanism

Interestingly, the reaction of the 5-but-3-
enylbicyclo[4.1.0]heptane-1-ol derivative (10m) did not result
. Cleavage of tertiary cyclopropanol compounds [16]

.1. Tertiary cyclopropanol derivatives

Tertiary cyclopropanol compounds (10) are important mate-
ials in organic synthesis due to their significant reactivity, and
any reactions have been developed using specifically the bonds

a’ and/or bond ‘b’ [17] (Scheme 18).
We  have been working on developing new synthetic reactions

y using tertiary cyclopropanols (10) [18], and found that when
ertiary cyclopropyl silyl ethers or tertiary cyclopropanols (10) are
reated with a catalytic amount of VO(acac)2 under oxygen and
n ethanol, the cyclopropyl ring fragments and �-hydroxy ketones
11) and �-diketones (12) are produced (Scheme 19)  [16].
TMSO

8%[1.0
10a

1.0  eq. or 0.1 eq. VO(acac)2, O2

EtOH, r.t.  20 h

41%[0.1

Scheme 2
6.

5.2. Cleavage of tertiary cyclopropanol derivatives by VO(acac)2
in the presence of molecular oxygen

The reaction of a tertiary cyclopropyl silyl ether (10a) with
1.0 equiv. or 0.1 equiv. (10 mol%) of VO(acac)2 examined at room
temperature under an oxygen atmosphere (Scheme 20)  [16]. Cleav-
age of the ‘b’ bond of the cyclopropane moiety produced the
�-hydroxy ketone (11a) and the �-diketone (12a). �-Diketone
(12a) was  the major product when a stoichiometric amount of
VO(acac)2 was  present. However, �-hydroxy ketone (11a) predom-
inated when a catalytic amount of VO(acac)2 was used.

Several tertiary cyclopropyl silyl ethers or cyclopropanols (10)
similarly reacted with 10 mol% VO(acac)2 in ethanol under an
oxygen atmosphere to produce the �-hydroxy ketones (11) and
�-diketones (12) (Table 7) [16]. With VO(acac)2 present, the silyl
ethers immediately hydrolyzed upon dissolution in ethanol and
the corresponding alcohols were formed. Therefore, the reactive
species are the tertiary cyclopropanols. When the cyclopropane
ring lacked an oxygen functionality, the reaction did not occur
(entry 6).

Although VO(acac)2 did not react with 10a or 10b in an aprotic
solvent (e.g., dichloromethane), it did react with these compounds
in trifluoroethanol with the �-diketones (12a and 12b) as the main
products. The �-diketone (12a) was  not obtained by the reaction
of the �-hydroxy ketone (11a) with VO(acac)2 (Scheme 21) [16].
Therefore, most likely, �-diketones (12) are directly produced from
the cyclopropanol derivatives.

In the case of the 6-substituted bicyclo[4.1.0]heptanol (10j and
l) derivatives, the reaction with 10 mol% VO(acac)2 in ethanol under
an oxygen atmosphere provided endoperoxides (13) together with
�-hydroxy ketones (11) (Table 8) [16a]. Blanco and co-workers
reported similar results for the reaction with ferric acetylacetonate
and light in the presence of oxygen and silica gel [19].

Treatment of an endoperoxide (13j) with a catalytic amount of
VO(acac)2 in ethanol and oxygen afforded the �-hydroxy ketone
(2j)  in 75% yield (Scheme 12)  [16a]. Therefore, endoperoxides
(13) might be the reaction intermediates formed during the pro-
duction of �-hydroxy ketones (11) and �-diketones (12) from
cyclopropanols (Scheme 22).
O

OH

 eq VO(acac)2]

O

O+

11a 12a
79%[1.0 eq VO(acac)2]

 eq VO(acac)2] 24%[0.1 eq VO(acac)2]

0.
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Table  7
VO(acac)2-catalyzed aerobic cleavage of tertiary cyclopropanol systems [16].
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Scheme 21.

Table 8
VO(acac)2-catalyzed aerobic oxidative cleavage of 6-substituted bicyclo[4.1.0]heptan-1-ol derivatives [16a].
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n a tandem ring expansion and cyclization, but instead a sim-

le ring expansion occurred producing 11m and 12m [16].
his result sharply contrasts with the reaction of 5-but-3-
nylbicyclo[4.1.0]heptane-1-ol (10m′) and its derivative (10m)
ith an equimolar or excess amount of iron(III) chloride [20]
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or manganese(III) picolinate [21] in an inert atmosphere. For
the latter, a radical tandem reaction occurs. However, the reac-
tion of 5-but-3-enylbicyclo[4.1.0]heptane-1-ol (10m′) with
Fe(III) or Mn(III) in the presence of oxygen had not been
reported. The reactions were examined and the correspond-
ing �-hydroxy ketones (11m) and �-diketones (12m) were
obtained [16a]. They mean that the tandem reaction did not
occur (Scheme 23).

A  plausible reaction mechanism is depicted in Scheme 24 [16a].
Tertiary cyclopropyl silyl ethers (10) are immediately hydrolyzed
into the corresponding alcohols (10′) by V(IV) in ethanol. The result-
ing 10′ reacted with V(IV) resulting in the ring expansion and free

radical formation. The radical then reacts with molecular oxygen to
provide the �-perhydroxy ketones which are, in turn, transformed
into endoperoxide (13) compounds. In the case of 10m, molecu-
lar oxygen reacted with the radical faster than the radical reacted

H
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O

O

O

OH

O

Cl

+

not obt aine d) 12m (30%)
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ce) FeC l3 (3 9%)
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ith the alkene. The peroxy compounds then react with ethanol
o provide the �-hydroxy ketones (11). �-Diketones (12) might be
btained by the reaction of the peroxy compounds with V(IV) and
olecular oxygen, because a �-diketone (12) was  the main product

sing a stoichiometric amount of VO(acac)2.

.4. Reaction of cyclopropyl silyl ethers bearing an
thoxycarbonyl group on their cyclopropane ring [16a]

The reaction of cyclopropyl silyl ethers bearing an ethoxycar-
onyl group on their cyclopropane ring (10n–s) with 10 mol%
O(acac)2 in ethanol afforded �-ketoesters (14) which were pro-
uced by the specific cleavage of the ‘a’ bond (Table 9). The
ame result was obtained in the absence of molecular oxygen
Scheme 25).  In these cases, VO(acac)2 might act as a simple Lewis
cid [22].

. Deprotection of monothioacetals [23]

.1. Monothioacetals: protective groups of carbonyl compounds
The S,O-acetals (monothioacetals) are widely used as a car-
onyl protecting group in organic synthesis due to their stability
nder both acidic and basic conditions [24]. A cyclic monoth-

oacetal, such as 1,3-oxathiane, is also used as an acyl anion

O
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S 

R 

S O

R H

S O

R R'

S

R

Monothio 

Protection of  the Carbonyl Comp oun

Acyl Anion  Eq iva lents

Scheme 2
equivalent precursor [25]. In spite of the synthetic importance
of monothioacetals, there are not many methods for their depro-
tection. Furthermore, most of the reported deprotection methods
require the use of a stoichiometric or an excess amount of reagent
[26] (Scheme 26).

6.2. VOCl3 catalyzed aerobic deprotection of monothioacetals [23]

The reaction of monothioacetals (15) with 10 mol% of
VOCl3 in refluxing 2,2,2-trifluoroethanol under an oxygen atmo-
sphere provided the corresponding carbonyls (16) in high
yields (Table 10)  [23]. Although the S,S-acetal (dithioacetal)
(15′) was also deprotected under the same reaction conditions
, it took much longer to complete the reaction (entry 8).

Interestingly, the deprotection of dithioacetal (15′) was
promoted in the presence of equimolar amounts of the monoth-
ioacetals (15) (Scheme 27)  [23]. The equimolar mixture of a
dithioacetal (15a′) and a monothioacetal (15b) reacted with
10 mol% of VOCl3 in refluxing 2,2,2-trifluoroethanol under an
oxygen atmosphere to produce the corresponding ketones (16a,

b), respectively, in 30 min. In the absence of a monothioac-
etal (15b), the dithioacetal (15a′) reacted to produce the
corresponding ketone (16a) in only 7% yield under the same
conditions.
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Table  9
Reaction of cyclopropyl silyl ethers bearing an ethoxycarbonyl group on their cyclopropane ring [16a].

6

b
[
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l

.3. A plausible reaction mechanism [23]

A plausible mechanism for the VOCl3 catalyzed the aero-
ic deprotection of monothioacetals is shown in Scheme 28
23]. The sulfur atom of the monothioacetal is oxidized to
he sulfoxide (n = 1) or sulfone (n = 2). In this case, there are

wo possibilities: (1) vanadium compounds catalyze the oxida-
ion with molecular oxygen; and (2) higher valent vanadium
pecies directly oxidize the sulfur atom, and the resulting
ower valent vanadium species are reoxidized into the higher
valent vanadium by molecular oxygen. The acceleration mech-
anism of the dithioacetalization by a monothioacetal is not
clear.

7. Oxidation of thiols to disulfides [27]
7.1. Disulfides

Disulfides are important compounds in both organic chemistry
and the biosciences, because they are useful reagents in organic
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Table 10
Vanadium(V)-catalyzed aerobic oxidative deprotection of thioacetals [22].

s
p
e
c
e
t
s

ynthesis [28] and essential moieties of biologically active com-
ounds for peptide and protein stabilization [29]. Thiols can be
asily over-oxidized, and therefore, several selective methods of

onverting thiols into disulfides have been developed [30]. How-
ver, most of the existing methods suffer from drawbacks, such as
he use of stoichiometric amounts of reagents that generate unde-
irable waste materials. To overcome these drawbacks, the aerobic
oxidation of thiols to disulfides has been developed by several
groups [31,32].
7.2. VOCl3 catalyzed aerobic oxidation of thiols [27]

Stoichiometric higher valent vanadium compounds oxidize thi-
ols to produce disulfides [33], and a catalytic amount of vanadyl
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cetylacetonate causes the oxidative coupling of thiols in the pres-
nce of t-butylhydroperoxide [34]. However, there have been no
eports about the aerobic oxidative coupling of thiols catalyzed by
anadium compounds.

The reaction conditions were examined, and the reaction
ith sulfides with 5 mol% of VOCl3 in acetonitrile in the pres-

nce of molecular sieves 3 Å at room temperature under an
xygen atmosphere afforded the best results. Several thiols
17) were treated with 5 mol% of under the same conditions
o provide the corresponding disulfides (18) in high yields
Table 11)  [27].

. Polymer-supported vanadium catalysts [35]

.1. A drawback of VOCl3 catalyzed aerobic oxidations

As indicated in the previous chapters, VOCl3 is a good catalyst
or the aerobic oxidation of organic compounds. However, the cat-
lyst is hard to recover after the reaction, because VOCl3 is soluble
n many organic solvents, and the reaction mixtures are homoge-
eous. A novel recyclable polymer-supported vanadium catalyst for
he aerobic oxidation of organic compounds was strongly desired
36].

.2. Wang resin-supported vanadium species [35]
Wang resin (polystyrene bounded 4-benzyloxybenzyl alcohol)
eacts with VOCl3 in refluxing acetonitrile or n-hexane to afford

 blue-black solid (19). Wang resin reacts with vanadyl chloride
VOCl2) in the same manner providing a blue-black solid (20)
Scheme 29.

(Scheme 29)  [35]. It is assumed that these solids are polymers
supporting the vanadium compound.

The aerobic oxidation of benzoin in ethyl acetate catalyzed by
Wang resin-supported vanadium (19, 20) was examined (Table 12)
[35]. The polymer supported vanadium (19)  obtained from VOCl3
showed a highly catalytic activity for the aerobic oxidation of
benzoin (1n). Benzoin (1n) was quantitatively oxidized into ben-
zil (3n) at room temperature by the reaction catalyzed by 19
(run 1). On the other hand, the polymer supported vanadium
(20) obtained from VOCl2 was not an effective catalyst (run 3).
Unfortunately, a significant amount of vanadium leached out from
19, and the recovered catalyst did not show a sufficient cat-
alytic activity (run 2). Based on these results, the Wang resin
is not a good polymer for the immobilization of the vanadium
compound.

8.3. Polystyrene A OH-supported VOCl3 [35]
Polystyrene A OH (RAPP POLYMER) was treated with VOCl3
in refluxing n-hexane to produce a polymer-supported vanadium
compound (21) (Scheme 30)  [35].
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Table 11
Vanadium(V)-catalyzed aerobic oxidative coupling of thiols [26].

a0.4 equiv. of VOCl3 was used without molecular sieves 3A.
bUnidentified by-products were obtained.

Table 12
Wang resin-supported vanadium-catalyzed aerobic oxidation of benzoin (1n) [34].

Run Catalyst Yield of benzil (%) Recovery of the catalyst (%)

1 19: n = 3 (freshly prepared) Quant. 62
2  19:  n = 3 (recovered from run 1) Reaction was not complete 83
3 20:  n = 2 (freshly prepared) 12 (reaction was  not complete) 82
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Scheme 30.

Table 13
Polystyrene A OH-supported VOCl3-catalyzed aerobic oxidation of benzoin (1n) [34].

Run Catalyst Reaction time (h) Yield of benzil (%) Recovery of the catalyst (%)

1 21 (freshly prepared) 3.5 88 83
2 21  (recovered from run 1) 15.0 32 (reaction was not complete) 88

eme 3

p
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8

i
[

Sch

For the aerobic oxidation of benzoin (1n), the freshly
repared 21 exhibited a good catalytic activity, how-
ver, the recovered 21 did not have sufficient activity
Table 13)  [35].

.4. TentaGel S OH-supported VOCl3 [35]
TentaGel S OH (RAPP POLYMER) reacts with VOCl3 in reflux-
ng n-hexane to afford a dark-green solid (22) (Scheme 31)
35].
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Scheme 3
1.

The reaction of benzoin (1n) with a catalytic amount of
the polymer-supported vanadium (22) in ethyl acetate under
an oxygen atmosphere quantitatively provided benzil (3n).
Although a slight amount of vanadium was  leached out of 22,
the recovered catalyst maintained high reactivity (Table 14)
[35].
The catalyst (22) also showed high catalytic activity toward
the oxidation of �-hydroxy ketones and a thiol. The desired
products were almost quantitatively obtained (Scheme 32)
[35].

 r.t.

p-ClC6H4

O

O

p-ClC6H4

-C9H19

O

O

n-C9H19

p-MeOC6H4

O

O

p-MeO C6H4

H3(CH2)11S S(CH2)11CH3

92%

 22

quant.

quant.

quant.

2.



M. Kirihara / Coordination Chemistry Reviews 255 (2011) 2281– 2302 2301

Table 14
TentaGel S OH-supported VOCl3-catalyzed aerobic oxidation of benzoin (1n) [34].

Run Catalyst Time (h) Yield of benzil Recovery of the catalyst (%)

1 22 (freshly prepared) 1.0 Quant. 84
2 22  (recovered from run 1) 1.5 Quant. 83
3 22  (recovered from run 2) 1.5 Quant. 81
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4  22 (recovered from run 3) 1.5 

5  22 (recovered from run 4) 2.0 

. Conclusion

The vanadium-catalyzed aerobic oxidations developed by our
esearch group, and related reactions have been summarized in
his review. As described in Section 1, vanadium-catalyzed aerobic
xidations are environmentally benign and might be applicable to
ndustrial production. Their further development, including enan-
ioselective oxidation, is strongly desired.
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