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I. Introduction
Transition metal complexes induce oxidative and

reductive transformations, depending on their oxida-
tion state. When these redox processes are efficient,
they lead to a variety of novel and selective organic
reactions. Since the electronic interaction between
transition metals and their ligands contributes to
controlling the redox process, ligand design is im-
portant in attaining their efficiency. A great deal of
progress has been made in designing organometallic
complexes to facilitate organic syntheses via redox
processes.
High oxidation state transition metals and their

oxides are able to induce oxidative transformations.

Furthermore, metal peroxides, which are obtained
from the reaction of metal oxides (Cr, Mo, Nb, Ta,
Ti, W, Zr, etc.) with hydrogen peroxide or alkyl
peroxides, serve as useful oxidants. High stereose-
lectivities and stereospecificities, comparable to those
obtained with organic oxidants, have been achieved
by using these reagents.
Transition metal complexes can generate radicals

by a one-electron oxidation involving either inner- or
outer-sphere electron transfer. This reaction pro-
ceeds through an intermediate radical cation as
shown in Scheme 1. Likewise, radicals can be
generated by a one-electron reduction, which involves
the formation of a radical anion. The complementary
nature of these processes could be profitably exploited
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for organic synthesis, but little work has been done
in this area. This is unfortunate, since careful
regulation of the electron-transfer process should
allow the selective generation of radicals under redox
potential control. There is an increasing demand for
reduction reactions involving low-valent transition
metals, and this has led to investigations into the
redox chemistry of species such as chromium(II),
titanium(II), and samarium(II). Our focus in this
review is on reactions involving the related metal,
vanadium.
Vanadium is a biologically essential element. Its

inclusion in enzymes such as bromoperoxidase1 and
nitrogenase2 reveals the importance of its redox
chemistry. A number of model complex systems have
been investigated in order to elucidate vanadium’s
redox mechanisms.3 Some tunicates, marine sea
squirts, selectively accumulate vanadium ions from
the ocean.4 This vanadium is incorporated into
tunichromes, a class of reducing blood pigments,
which have been isolated and characterized. The
metabolism, physiological role, and pharmacological
effects of biologically active vanadium compounds
have been reviewed.5
Vanadium complexes, including organovanadium

compounds, exist in a variety of configurations de-
pending on their oxidation state and coordination
number.6 Vanadium can exist in oxidation states
ranging from -3 to +5 and generally converts
between states via one-electron redox processes. This
versatility permits the development of a wide range
of organic reactions by controlling the vanadium
compound’s redox potential. While this control can
be achieved by carefully selecting the substituents
or ligands on the vanadium compound and solvent,
the actual potential is usually measured in aqueous
solution. In general, however, more positive poten-
tials are obtained through electron-withdrawing in-
teractions with the vanadiumwhile electron-donating
interactions lead to more negative potentials.
Vanadium compounds in high oxidation states can

induce oxidative transformations. Pentavalent va-
nadium compounds, which exist in one of five possible
configurations (e.g., VOCl3, tetrahedral; VF5, octa-
hedral), are generally considered to be one-electron
oxidants which utilize the V(V)-V(IV) couple. The
redox potential of this couple increases with acidity,
so the reactions are usually carried out in acidic
aqueous media. One-electron oxidation is also pos-
sible with the V(IV)-V(III) couple (E0, 0.38 V), but
the V(V)-V(III) couple (E0, 0.68 V) is less useful for
organic oxidation.
A variety of oxidative synthetic reactions which

utilize vanadium oxidants have been developed as
exemplified by the oxidative coupling of phenols. The
scope of useful synthetic reactions can be broadened
even further by exploiting the versatility of vanadium
compound as an oxidant. For example, VOX3 has
been observed to act as a Lewis acid and interact with
carbonyl or organosilicon compounds.

The oxo functionality of oxovanadium compounds
participates in a number of unique oxo-transfer
reactions. Vanadium peroxides can cause either
oxygenation or epoxidation, both of which have been
extensively studied. Vanadium compounds can also
activate molecular oxygen for oxygenation reactions,
which further increases vanadium’s synthetic utility.
The redox process of V(II) to V(III) is known to

induce one-electron reduction reactions, which has
led to various synthetic methods. For example, vana-
dium(II) is a useful reductant which mediates carbon-
carbon bond formation and reduction. Vanadium(I)
species also can serve as similar reductants.
Organovanadium compounds also possess the above-

mentioned, oxidation state-dependent redox proper-
ties. Although the synthetic utility of these organo-
metallic reactions has not been thoroughly inves-
tigated, they are expected to prove highly profitable.
To construct efficient redox systems for organic

synthesis, the redox potential of the vanadium com-
plexes must be controlled precisely in organic sol-
vents. Furthermore, the redox cycles must be made
to be reversible and catalytic. Thus far, only a few
catalytic homogeneous processes have been reported,
although many heterogeneous catalytic systems have
been developed for industrial processes. This review
primarily surveys redox reactions with synthetic
potential which utilize homogeneous vanadium com-
pounds either stoichiometrically or catalytically.

II. Oxidation

A. Dehydrogenation
The synthetic utility of vanadium(V)-induced de-

hydrogenation of alcohols has been limited because
of competitive R-carbon-R-hydrogen and R-carbon-
â-carbon bond cleavage in the vanadium(V) alkoxide
intermediates. The preferred bond cleavage is dic-
tated by the redox potential of the vanadium oxidant
and the stability of the radicals formed by one-
electron oxidation. For example, 2-phenylethanol
and 2,2-dimethyl-1-phenylpropanol exclusively un-
dergo oxidative carbon-carbon bond cleavage with
ammonium metavanadate(V) to give benzaldehyde.7
Furthermore, a mixture of VO(acac)2 and tert-butyl

hydroperoxide (TBHP) is effective for the chemose-
lective, catalytic dehydrogenation of acyclic and cyclic
secondary alcohols to the corresponding ketones, as
exemplified by the selective oxidation of 1 (Scheme
2).8

VO(OPr-i)3 similarly catalyzes the oxidation of
2-propanol with hydrogen peroxide, leading to ace-
tone.9 A vanadium(V) peroxo complex has been
shown to act as the key oxidant without any change
in the charge on the metal.
A different vanadium(V) species in aqueous per-

chloric acid regioselectively oxidizes cyclobutanols (2)
to the 4-hydroxy carbonyl compounds 4 via the acyclic
radicals 3.10 This reaction proceeds by an R-carbon-

Scheme 1

Scheme 2
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â-carbon bond cleavage, such that ring cleavage
occurs between the more substituted carbon and the
incipient carbonyl carbon. A similar ring-opening
transformation is observed during the one-electron
oxidation of cyclobutanols by Cr(IV)11 or Ce(IV).12
Conversely, two-electron oxidants leave the ring
intact and form the corresponding cyclobutanones.
Thus, whether R-carbon-R-hydrogen or R-carbon-
â-carbon bond cleavage is obtained depends on the
oxidants used (Scheme 3).

B. Oxygenation
Oxovanadium peroxo complexes efficiently oxygen-

ate organic compounds. One such oxovanadium(V)
peroxo complex is 5, VO(O2)(pic)LL′ (pic ) pyridine-
2-carboxylate; L, L′ ) H2O or MeOH, either η1 or η2),
which is generated from vanadium(V) oxide and
hydrogen peroxide. Upon treatment with 5, alkenes
are nonstereoselectively oxidized to epoxides, allylic
oxygenated products, and oxygenated cleavage prod-
ucts.13 Likewise, benzene and toluene undergo hy-
droxylation at the ring carbons with a high NIH shift
value. Alkanes are hydroxylated less readily and
undergo a significant amount of epimerization and
radical intermediate trapping with carbon tetrachlo-
ride. The oxovanadium(V) alkylperoxide 6, (dipic)-
VO(OOR1) (dipic ) 2,6-pyridinedicarboxylate, R1 )
t-Bu, CMe2Ph), induces a similar oxidation in non-
protic solvents.14 These oxidation reactions probably
proceed through a vanadium-containing radical spe-
cies.15 A polymer-supported Schiff base oxovanadi-
um(V) complex related to 5 is effective for the
catalytic hydroxylation of benzene with hydrogen
peroxide.16

The indolocarbazole 7 is oxidized to the corre-
sponding 9,10-dione 8 with tert-butyl hydroperoxide
in the presence of a catalytic amount of VO(acac)2
(Scheme 4).17
The VO(acac)2-catalyzed epoxidation of allylic al-

cohols with alkyl hydroperoxide provides a useful
route to epoxy alcohols.18 Unfunctionalized alkenes
react more slowly by this method, which allows the
highly chemoselective monoepoxidation of olefinic
alcohols like geraniol. Furthermore, VO(acac)2, in
combination with tert-butyl hydroperoxide, diaste-

reoselectively epoxidizes allylic alcohols with a se-
lectivity complementary to that obtained by using
m-chloroperbenzoic acid (Scheme 5).19 In this con-

nection, catalytic, enantioselective epoxidation of
allylic alcohols can be readily performed by a system
consisting of titanium(IV) alkoxide and an optically
active tartarate ester.20
VO(acac)2-catalyzed oxygenations also extend to

the transformation of allylic hydroperoxide 9 into the
epoxy alcohol 10 (Scheme 6).21

A bimetallic catalyst consisting of V(acac)3 and
RhCl(PPh3)3 or Co(acac)3 induces the aerobic oxida-
tion of cyclohexene to cyclohexene oxide, 2-cyclo-
hexen-1-ol, and 2-cyclohexen-1-one, as shown in
Scheme 7. An allylic hydroperoxide is formed ini-

tially, which then serves as an oxidant for intermo-
lecular epoxidation.22 A combination of VO(acac)2 or
V(acac)3 and rhodium(II) carboxylates also catalyzes
the oxidation of cyclohexene to 1,2-epoxycyclohexen-
3-ol.23

Scheme 3

Scheme 4

Scheme 5

Scheme 6

Scheme 7
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A V(acac)3-AIBN system also aerobically oxidizes
cyclic olefins to produce epoxy alcohols.24 Likewise,
low-valent vanadium catalyst, CpV(CO)4, induces
stereoselective, aerobic epoxidation of cyclohexene to
form cis-1,2-epoxycyclohexan-3-ol (Scheme 8).25

The VO(OEt)Cl2-catalyzed reaction of styrenes with
molecular oxygen in the presence of a coreductant
such as PhSiH3 results in both oxidation-reduction
and oxidative bond cleavage of the styrene, as shown
in Scheme 9.26 Coordination of the N-heterocyclic

multidentate ligand BIPA, which is the 2,6-pyri-
dinedicarboxamide of histamine, increases the rela-
tive yield of the latter product.26
Oxovanadium(IV) complexes bearing 1,3-diketone

ligands catalyze the aerobic oxygenation of R,â-
unsaturated carboxamides 11 in the presence of a
coreducing aldehyde to give 2,3-epoxycarboxamides
12.27 This catalytic system also directly oxygenates
benzene derivatives 13 to phenols 14.28 Naphtha-
lenes and naphthols 15 undergo further oxidation to
1,4-naphthoquinones 16 (Scheme 10).29

In the presence of a catalytic amount of VO(acac)2,
3,5-di-tert-butylpyrocatechol (17) is aerobically oxi-
dized to the muconic acid anhydride 18, the 2-pyrone
19, and the o-quinone 20 (Scheme 11).30

Finally, VO(acac)2 catalyzes the photooxygenation
of olefins to yield a one-pot diastereoselective syn-
thesis of epoxy alcohols, as shown in Scheme 12.31

C. Oxidative Coupling
The coupling of phenol derivatives via one-electron

oxidation constitutes a useful synthetic method for
regioselectively forming carbon-carbon bonds be-
tween aromatic compounds. High-valent vanadium
complexes are known to be effective oxidants for this
transformation. Thus, vanadium tetrachloride and
vanadyl trichloride oxidatively couple phenols to
afford the corresponding biphenols (Scheme 13),32

although vanadyl trichloride is less reactive than
vanadium tetrachloride.33 This method has potential
for being synthetically useful in the coupling of
naphthols and aniline derivatives. The phenolic
oxidative coupling can also occur intramolecularly,
as exemplified by the cyclization of benzyltetrahy-
droisoquinolines. For example, cis-3,N-bis(methoxy-
carbonyl)-N-norreticuline is converted to the corre-
sponding isoboldine analogue by this method.34
Vanadyl trifluoride is an effective coupling agent

for reactions which are carried out in trifluroacetic
acid.35 Thus, while vanadyl trichloride oxidizes Cbz-
protected tyrosine 21 to the dityrosine derivative 22,
the use of vanadyl trifluoride doubles the yield of the
desired ortho-ortho coupled product (Scheme 14).36
Vanadium-induced oxidative carbon-carbon bond

formation can even occur at substituted aromatic sp2
carbons, yielding, for example, the intramolecular
para-para coupling product 23. This cyclization

Scheme 11

Scheme 12

Scheme 13

Scheme 8

Scheme 9

Scheme 10
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reaction is employed as a key step in the total
synthesis of naturally occurring compounds37 such as
(()-maritidine (24) (Scheme 15).38

Application of the phenolic oxidative coupling reac-
tion to an analogous methoxy substrate yields the
dienone 25 and a rearranged product 26.39 The
dienone is formed via cleavage of the alkyl-oxygen
bond, while the alkoxy substituent remains intact in
the rearranged product. Both products are believed
to arise through successive one-electron oxidations
(Scheme 16).

D. Oxidation of Carbonyl Compounds
Carbonyl compounds bearing R-hydrogens undergo

facile oxidation with pentavalent vanadyl ions in
acidic media. However, it is difficult to control the
oxidation reaction, due to the susceptibility of the
initial product to further oxidation. The ability of
pentavalent vanadium compounds to oxidize a vari-
ety of carbonyl compounds has been surveyed.40 The
first step in these reactions involves the coordination
of a Lewis acidic vanadium ion to the carbonyl.
Therefore, this coordination must be taken into
account in developing versatile oxidation methods.
For example, oxovanadium(V) compounds of the type
VO(OR)X2 are Lewis acids which are capable of
performing one-electron oxidations and thus are
useful in oxidatively transforming carbonyl com-
pounds.

Cyclic ketones 27 undergo ring-opening catalytic
oxygenation in the presence of an alkanol and mo-
lecular oxygen to give a keto ester 28 or diester 29,
depending on the R-substituent (Scheme 17).41 Oxy-

genation accompanies the introduction of an alkoxy
group, and the bond between the more substituted
R-carbon and the carbonyl carbon is cleaved regiose-
lectively. This controlled oxygenation reaction takes
place under milder conditions than conventional
methods.42 Despite their lower reactivities, VO(OR)3
and VO(acac)2 also can be employed as oxidants,
although a stoichiometric amount is required in each
case.

R,â-Unsaturated ketones show different reactivi-
ties. 2-Cyclohexen-1-ones undergo dehydrogenative
aromatization to yield the aryl alkyl ethers 30.43 More
than 2 equiv of VO(OR)Cl2 are needed to complete
the reaction, since the oxovanadium compound is a
one-electron oxidant. Surprisingly, isophorone (31)
is also oxidatively aromatized to the aryl ether 32
(Scheme 18).

An oxovanadium species generated from VO(OR)-
Cl2 and AgOTf or Me3SiOTf induces the aromatiza-
tion more effectively and under the milder conditions
than VO(OR)Cl2 alone.44 This is probably due to the
in situ generation of an oxovanadium triflate species.
The following reactivity order, which is found for
oxovanadium compounds, appears to be due to their
different Lewis acidities:

An oxo or alkoxy group is introduced at the allylic
position of 2-cyclopentenones depending on their
substitution pattern, as illustrated in Scheme 19.45
Similarly, 1-acetyl-1-cyclohexene (33) undergoes al-
lylic oxidation to yield 1-acetyl-3-ethoxy-1-cyclohex-
ene (34) and 3-ethoxyacetophenone (35). The latter

Scheme 14

Scheme 15

Scheme 16

Scheme 17

Scheme 18

VO(OR)Cl2-AgOTf or Me3SiOTf > VO(OR)Cl2 >
VO(OR)3 > VO(acac)2
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transformation is accompanied by dehydrogenative
aromatization. â-Ionone (36) also undergoes allylic
oxygenation to form the dione 37. A one-electron
oxidation of the dienolate intermediate is assumed
to be a key step in these reactions.
The oxidation of cyclobutanone (38) with more than

2 molar equiv of VO(OEt)Cl2, in the presence of an
olefin bearing an electron-withdrawing group, results
in tandem oxidative ring opening and addition to the
olefin to yield 39.46 This reaction is facilitated by the
addition of CuCl2 as a cocatalyst.47 In the absence
of an olefin, 38 undergoes chlorination to the alkyl
4-chlorobutyrate (40), while the addition of bromo-
trichloromethane leads to 4-bromobutyrate 41 (Scheme
20).

These reactions are believed to proceed through the
radical intermediate 43, which is generated by ring-
opening and one-electron oxidation of the alkoxide
adduct 42. A similar mechanism has been reported
to operate in the oxidative ring cleavage of cyclobu-
tanols.10 In accordance with frontier molecular or-
bital theory, carbon-carbon bond formation between
43 and an olefin is believed to result from the
interaction of the half-filled orbital on the radical
with the lowest unoccupied orbital on the olefin
(Scheme 21).

The treatment of cyclobutanones with an alkyl-
lithium followed by VO(OEt)Cl2 is thought to lead to
alkoxide intermediates similar to 42. In this case,
the alkoxide intermediates undergo oxidative ring
opening to the γ-chloro ketone 44 or the olefinic
ketone 45, depending on the cyclobutanone’s substit-
uents. An additional one-electron oxidation of the
radical intermediate affords a cationic species, which
is then deprotonated to form the olefin 45 (Scheme
22).

The silyl enol ether 46 is considered to be activated
for nucleophilic addition to cyclobutanone by prior
interaction with the Lewis acidic VO(OR)Cl2. The
addition is followed by ring-opening oxidation which
leads to the 6-chloro-1,3-diketone 47 and 2-tetrahy-
drofurylidene ketone 48.48 Adding lithium chloride
to the reaction facilitates the formation of 47. Start-
ing from an alkyl-substituted silyl enol ether, the
addition alcohol 49 is formed. This product is not
oxidized under the reaction conditions, but undergoes
ring-opening oxidation when treated with VO(OEt)-
Cl2 and Me3SiOTf (Scheme 23).

A similar oxidation of 2,2-dichloro-3-cyclobuten-1-
ones (50) with VO(OR)Cl2 results in the regioselective
formation of alkyl 2,4,4-trichloro-3-butenoates (51)
with chlorination at the R-position (Scheme 24).49

Scheme 19

Scheme 20

Scheme 21

Scheme 22

Scheme 23
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1,1,3,3-Tetramethylcyclobutane-2,4-dione (52) un-
dergoes VO(OEt)Cl2-induced oxidative ring cleavage
to 4-chloro-3-oxo-2,2,4-trimethylpentanoate (53) and
3-oxo-2,2,4-trimethyl-4-pentenoate (54) (Scheme 25).50

The ring-opening cycloaddition of diketene (55)
with styrenes, which produces the 4,5-dihydofurans
56, is induced by VO(OR)Cl2.51 The interaction of 55
with the VO(OR)Cl2 generates a radical intermediate
57, which then adds to the olefin. This is followed
by a one-electron oxidation to the cation 58, which
cyclizes to the dihydrofuran 56 (Scheme 26). A

similar transformation has been reported in the
metal-induced radical cyclization of ethyl acetoace-
tate.52

The oxidative mono- or di-allylation of 1,3-dicar-
bonyl compounds by allylic silanes proceeds upon
treating them with VO(OEt)Cl2 as shown in Scheme
27.53 The 1,3-dicarbonyl compounds formally act as

electrophiles in this oxidative, carbon-carbon bond
forming reaction.
When 2-alkoxycyclopropanecarboxylates 59 bear-

ing donor and acceptor substituents are oxidized by
using VO(OEt)Cl2, they dimerize to form the R-eth-
ylidenebutyrolactones 60 (Scheme 28).54

E. Oxidative Decarboxylation

Lactic, maleic, and mandelic acids 61 undergo
oxidative decarboxylation with ammonium meta-
vanadate(V) to give the corresponding aldehydes 62
(Scheme 29).55 Likewise, D-galacturonic acid is oxi-

dized to formic acid by sodium metavanadate(V) in
aqueous HCl solution.56 The aerobic oxidation of
N-(phosphonomethyl)iminodiacetic acid toN-(phospho-
nomethyl)glycine is catalyzed by vanadyl sulfate in
a similar manner.57

Either vanadyl trichloride or trichloro(arylimino)-
vanadium(V) also can induce oxidative decarboxyla-
tion of the 3-hydroxy carboxylic acids 63 to give the
olefins 64 (Scheme 30).58 The stereospecificity of the

olefin formation depends on the electron-withdrawing
ability of the groups attached to vanadium.
The oxidative decarboxylation of R-amino acids can

be achieved by using VO(OEt)Cl2, but not VO(OEt)3.59
Thus, the 2-phenylglycine 65 undergoes decarboxy-
lation, dehydrogenation, and oxidative esterification
to form ethyl benzoate as a major product in the
presence of VO(OEt)Cl2 (Scheme 31).

This method can also be applied to the oxidation
of 2-bromo-2-phenylacetic acid (66), which proceeds

Scheme 28

Scheme 29

Scheme 30

Scheme 31

Scheme 24

Scheme 25

Scheme 26

Scheme 27
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via the formation of the ammonium salt 67 of
allylamine (Scheme 32).

F. Oxidative Desilylation

Silyl enol ethers are electron-rich olefins which are
susceptible to oxidation, and one-electron oxidations
have been performed on these species by metallic
oxidants.60 The chemoselectivity in the oxidative
transformations can be controlled by the redox po-
tentials of the reactants. VO(OEt)Cl2 induces chemo-
selective homo- or cross-coupling of silyl enol ethers
68 with 69 to give the 1,4-diketones 70 via a regi-
oselective carbon-carbon bond formation (Scheme
33).61 The more highly substituted the silyl enol

ethers are, the more readily they are oxidized. The
silyl ketene acetals 71 are also easily oxidized and
exclusively undergo cross coupling with silyl enol
ethers 69 to form the γ-keto esters 72.
One-electron oxidation of the silyl enol ether 68

with an oxovanadium(V) species affords the radical
cation 73. This radical cation then is desilylated to
the radical 74. The radical 74 adds intermolecularly
to another equivalent of the silyl enol ether 69 to form
the adduct 75, which is further oxidized by the
oxovanadium(V) species to form the cation 76. Fi-
nally, this cation undergoes desilylation to yield the
1,4-diketone 70 (Scheme 34).

Oxidative carbon-silicon bond cleavage is similarly
achieved through oxovanadium(V)-induced one-elec-
tron oxidation. As previously described (see Scheme
26), the dihydrofuran 77 is obtained from the VO-
(OR)Cl2-induced cyclization of diketene with R-tri-
methylsilylstyrene. The carbon-silicon bond of this
dihydrofuran can be oxidatively cleaved by using VO-
(OEt)Cl2-Me3SiOTf, to give the furan 78 in quanti-
tative yield (Scheme 35).62

Carbon-silicon bond cleavage has definite syn-
thetic potential. For example, cinnamyltrimethylsi-
lane (79) undergoes desilylative coupling either to
itself (Scheme 36), or to less oxidizable allylic silanes.

The cross coupling reaction yields the corresponding
1,5-hexadienes as shown in Scheme 37.62
The cross coupling of silyl enol ethers and allylic

silanes occurs chemoselectively to form γ,δ-unsatu-
rated ketones. In these reactions, the oxovanadium-
(V) oxidatively desilylates the more readily oxidizable
organosilicon compound.63 The redox potentials of
the silyl enol ethers and allylic silanes determine
whether they will act as a radical generator or
acceptor in this reaction. Fortunately, these redox
potentials can be predicted from MOPAC calculated
ionization potentials. VO(OR)Cl2 is a versatile oxi-
dant which can induce chemoselective coupling via
the oxidative desilylation of a variety of organosilicon
compounds under controlled conditions, as shown in
Scheme 37.

Benzylic silanes 80 bearing an electron-donating
group at the ortho- or para-position undergo a similar
oxidative desilylation. The electron-donating group
lowers the ionization potential of the unsubstituted

Scheme 35

Scheme 36

Scheme 37

Scheme 32

Scheme 33

Scheme 34

2714 Chemical Reviews, 1997, Vol. 97, No. 8 Hirao



benzylsilane, thus activating it for desilylation. The
desilylation reaction can be applied to intermolecular
regioselective coupling between the substituted ben-
zylic silane and an allylic silane or silyl enol ether
(Scheme 38).64

The â-stabilizing effect of the trimethylsilyl group
is a key factor in controlling the regiochemistry of
the carbon-carbon bond formation. Thus, benzyl-
trimethylsilanes react with â-trimethylsilylstyrene,
but not with R-trimethylsilylstyrene (Scheme 39).

The oxidative desilylation reactions mentioned in
this section provide a versatile method for intermo-
lecular carbon-carbon bond formation, in which the
organosilicon compounds formally act as electrophiles
(umpolung).

G. Oxidation of Heteroatoms
Heteroatoms can be oxygenated by reacting them

with tert-butyl hydroperoxide in the presence of VO-
(acac)2 as a catalyst. In this manner, tertiary amines
are oxidized toN-oxides, aniline to nitrobenzene, and
sulfides to sulfoxides (Scheme 40).65 Optically active

oxovanadium(IV) and oxovanadium(V) Schiff base
complexes catalyze the asymmetric oxidation of
sulfides to the corresponding sulfoxides.66 For ex-
ample, a chiral methyl phenyl sulfoxide (ee 8-12%)
is obtained when [VO(N-salicylidene-L-alaninate)-
(OMe)(MeOH)] is used as the catalyst.

A two-electron oxidation has been reported to occur
in one step of the VO(acac)2-catalyzed oxidative
polymerization of diphenyl disulfide to polyphenylene
sulfide. During this step, an aryl sulfide is oxida-
tively dimerized to the sulfonium 81, and molecular
oxygen acts as an electron acceptor.67 A vanadium
µ-oxo complex has been identified as a key oxidant
in this coupling reaction (Scheme 41).68

H. Bromoperoxidase Mimic
Bromoperoxidases, which are vanadium-containing

enzymes, can be mimicked by a two-phase system.69
In this system, aromatic hydrocarbons and alkenes
in chloroform undergo NH4VO3-catalyzed bromina-
tion in an aqueous acid solution of hydrogen peroxide
and KBr, as shown in Scheme 42.

I. Heterogeneous Oxidation
Although homogeneous reactions are surveyed in

this review, a few heterogeneous systems are worth
mentioning. Heterogeneous vanadium catalysts are
important from an industrial viewpoint, in that they
provide a variety of useful alternative methods for
enabling oxidation reactions. For example, vapor-
phase ammoxidation over an antimony-promoted
vanadium phosphorus oxide catalyst supported on
alumina is useful in the selective, one-step synthesis
of adiponitrile70 from cyclohexanol, cyclohexanone,
cyclohexane, and n-hexane and in the synthesis of
nicotinonitrile71 from â-picoline. A vanadyl pyro-
phosphate catalyst also is highly active and selective
in oxidizing butane to maleic anhydride.72 Similarly,
isobutyric acid can be oxidatively dehydrogenated
and methacrolein oxidized to produce methacrylic
acid.73 The catalysis of oxidative transformations of
alkanes, olefins, unsaturated alcohols, aldehydes,
aromatics, amines, and thioethers with hydrogen
peroxide and vanadium silicate molecular sieve cata-
lyst has been reviewed.74

Scheme 38

Scheme 39

Scheme 40

Scheme 41

Scheme 42
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III. Reduction

A. Dehalogenation

While high-valent vanadium species are one-
electron acceptors, low-valent vanadium(II) ions are
known to be one-electron donors in aqueous media.
For example, vanadium(II) species hydrodehaloge-
nate R-haloketones 82 to ketones 83 in aqueous
THF.75 Vanadium(II) species also reductively dimer-
ize tropylium tetrafluoroborate (84) in nearly quan-
titative yield (Scheme 43).76

Most of these reduction reactions have been carried
out in aqueous media, which decreases their syn-
thetic utility. However, a similar reduction can be
carried out in organic solvents by using a vanadium-
(II) species generated from vanadium(III) chloride
and LiAlH4 in THF. This method has been utilized
for the dehalogenative coupling of benzylic and allylic
halides and the debromination of vic-dibromides
(Scheme 44).77

The vanadium(II) complex VCl2(py)4 effectively
induces the reductive coupling of aralkyl halides.78
The substrates’ reactivities follow the order: -CX3
. -C(R)X2 . -C(R)2X. The reaction is believed to
proceed by the vanadium(II) complex initially attack-
ing a halide via an outer-sphere mechanism to form
a radical. This radical then rapidly reacts with
another V(II) species to give an aralkyl vanadium-
(III) intermediate, which in turn reacts with the
halide to give the coupling product. vic-Dihalides are
also dehalogenated to olefins by this method, al-
though dicyclopentadienylvanadium is more reactive
than VCl2(py)4.
The anionic vanadium carbonyl hydride [CpV-

(CO)3H] reduces various organic halides, such as
alkyl bromides, gem-dibromoyclopropanes, acid chlo-
rides, vic-bromides, alkenyl bromides, and bromoben-
zene.79 The reaction proceeds by a free-radical chain
process with an extremely rapid metal-to-carbon
hydrogen transfer step, similar to Bu3SnH reduc-
tions. This is probably because [CpV(CO)3H] con-
tains a hydrogen atom.
Phase transfer conditions can be employed for

these catalytic reductive transformations. In this

case, an (η5-cyclopentadienyl)tricarbonylhydrido-
vanadate anion is generated in situ, and catalyzes
the dehalogenation as shown in Scheme 45.80

A low-valent vanadium species coordinated to
diethyl phosphonate or triethyl phosphite is effective
for the stereoselective reduction of gem-dibromocy-
clopropanes 85 to the corresponding monobromocy-
clopropanes 86.81 The less hindered bromine atom
is reduced almost exclusively. The catalytic reaction
proceeds with a higher stereoselectivity in the pres-
ence of zinc as a stoichiometric coreductant. The
addition of diethyl phosphonate or triethyl phosphite
as a hydrogen source is also essential to the reac-
tion.82 In the catalytic version of this system, the zinc
and vanadium species form an efficient, reversible
redox cycle (Scheme 46).

Vanadium(II) chloride catalyzes the radical-chain
addition of bromotrichloromethane to terminal olefins
such as allyl acetate, allyl phenyl ether, and vinyl
acetate, to regioselectively form the adduct 87.83
When hydroxy olefins are used as the substrate, the
addition is followed by cyclization to form oxacycloal-
kanes (Scheme 47).

B. Deoxygenation and Hydrogenation
Upon treatment with vanadium(II) chloride, ben-

zils 88 and p-quinones 90 are facilely reduced to give
the benzoins 89 and hydroquinones 91, respectively.84
Similarly, aryl azides 92 are reduced to anilines 93
(Scheme 48).85 Sterically encumbered nitro com-
pounds can be reduced to the corresponding amines
by the (η5-cyclopentadienyl)tricarbonylhydridovana-
date anion under phase transfer conditions.80

Scheme 43
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Scheme 45

Scheme 46

Scheme 47
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Vanadium(II) ions in aqueous media also are
capable of reductively deoxygenating sulfoxides 94.86
In addition, primary or secondary aliphatic nitro
compounds 95 in aqueous, acidic DMF are converted
to the corresponding ketones 96 via intermediary
carbonyl imines.87 Oximes 97 are reductively cleaved
to carbonyl compounds 98 (Scheme 49).88

Epoxides are known to undergo deoxygenation to
olefins by reducing metals such as TiCl3/LiAlH4.89
The vanadium(II) complex V(acac)2 is also effective
in promoting this reduction (Scheme 50), which

proceeds via a metallooxetane intermediate.90 The
V(II) species generated from V(OTf)3 and Zn/Hg
shows even higher activity under the mild conditions
of this reaction.91 Tris(mesityl)vanadium(III) also
deoxygenates styrene oxide to produce styrene and
the corresponding oxovanadium(V) complex.92 The
cocondensation of vanadium metal enables a similar
deoxygenation.93
The vanadium(II) compound, [V2Cl3(THF)6]2[Zn2-

Cl6], which is prepared from vanadium(III) chloride
and zinc,94 reduces R-hydroxy, acetoxy, or mesyloxy
ketones 99 to the simple ketones 100 in dichlo-
romethane (Scheme 51).95

C. Reductive Coupling
A low-valent vanadium species, generated from

vanadium pentoxide, Zn/Hg, and conc. hydrochloric
acid, reduces aromatic aldehydes, R,â-unsaturated
aldehydes, and benzylideneacetophenone to their
corresponding coupled products.96
Aryl aldehydes, or their corresponding dimethyl

acetals, intermolecularly couple with non-aryl alde-
hydes in the presence of [V2Cl3(THF)6]2[Zn2Cl6]
(Scheme 52).97

In general, non-aryl aldehydes do not undergo
reductive coupling at an appreciable rate. However,
if the aldehyde can chelate to the vanadium center,
its susceptibility to reductive coupling is significantly
increased. For example, this ability to chelate per-
mits the intermolecular cross coupling of 3-formyl-
propanamides (101) with less reactive aldehydes, to
give the threo-1,2-diols 102 diastereoselectively
(Scheme 53).98

The mechanism proposed for this reaction involves
a vanadium(II) intermediate 103 and the coupled
adduct 104. This reaction pathway is shown in
Scheme 54, along with other possible, but less
preferred, pathways.

Sulfonyl aldehydes are also able to chelate to the
vanadium center and thus couple with aliphatic
aldehydes. The diastereoselectivity of this reaction
depends on the size of the sulfonyl group.99 Likewise,

Scheme 48
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2-[N-(alkoxycarbonyl)amino] aldehydes couple dias-
tereoselectively to aliphatic aldehydes to produce 1,2-
diols, where the yield of the reaction is influenced
by the alkyl group on the N-alkoxycarbonyl.100

R,R-Disubstituted R-(diphenylphosphinoyl)acetal-
dehydes 105 undergo a similar reaction which results
in the stereoselective synthesis of the diols 106.
These diols are then converted to (E)-allylic alcohols
107 via a Horner-Wittig elimination (Scheme 55).101

Enantioselectivity has been observed in appropri-
ate V(II)-promoted pinacol cross coupling reactions.
Thus, aromatic aldehydes 108 bearing a chiral amide
auxiliary couple with aliphatic aldehydes to produce
optically active 3-(1-hydroxyalkyl)phthalides 109.
Removing the auxiliary group ultimately affords the
hydroxy lactone 110 (Scheme 56).102

The [V2Cl3(THF)6]2[Zn2Cl6]-induced coupling method
is conveniently applied to the synthesis of (Z)-ene-
diyne derivatives. This intramolecular coupling of
aldehyde 111 affords the diol 112 as a 4:1 mixture of
cis and trans isomers. These diastereomers then are
converted to the corresponding enediyne (Scheme
57).103

The intramolecular coupling of the 4-oxoaldehydes
113 requires the presence of DMF or HMPA to give
cis-1,2-cyclobutanediols 114 (Scheme 58).104 A simi-

lar reductive cyclization of alkenals or alkynals leads
to the stereoselective formation of trans-2-alkyl- or
trans-2-alkylidenecyclopentanols, respectively.105
As mentioned above, low-valent vanadium com-

pounds can induce synthetically useful one-electron
reductions. Lanthanides and other low-valent early
transition metals also have been used for this pur-
pose; however, the metallic reductants must be
present in greater than stoichiometric amounts in
order to complete the reduction reaction. Attempts
have been made to construct a catalytic system, but
these have been largely unsuccessful.106 Fortunately,
the debromination catalyzed by vanadium and zinc,
which was described above, has led to the develop-
ment of just such a catalytic system. The CpV(CO)4-
catalyzed reductive coupling of aliphatic aldehydes
is achieved in the presence of zinc and chlorotrim-
ethylsilane to give the corresponding 1,3-dioxolanes
115 or diols, depending on the reaction conditions.107
This novel method involves carbon-carbon bond
formation via one-electron reduction. The catalytic
coupling proceeds with a high degree of diastereose-
lectivity.108 The presence of chlorotrimethylsilane is
essential to the reaction. Other Cp-substituted va-
nadium compounds such as Cp2V and Cp2VCl2 can
be used as the catalyst. The redox interaction
between vanadium and zinc forms an efficient,
reversible, one-electron reduction cycle (Scheme 59).

An unusual carbon monoxide coupling reaction has
been achieved by using a vanadium reagent. In this
reaction, the interaction of Na[V(CO)2(dmpe)2] (116)
with trimethylsilyl reagents results in the reductive
coupling of two CO ligands to form a coordinated bis-
(trimethylsiloxy)acetylene ligand. The use of Me3-
SiOTf leads to a six-coordinate paramagnetic complex
117, while a diamagnetic complex 118 is obtained
with Me3SiBr.109 Hydrogenation of the vanadium

Scheme 57

Scheme 55

Scheme 56

Scheme 58

Scheme 59
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complexes affords cis-bis(trimethylsiloxy)ethylene as
the final product (Scheme 60).

D. Nitrogen Fixation
Dinitrogen fixation and activation processes have

been investigated with low-valent vanadium com-
pounds.110 Nitrogen is reduced by the V(OH)2/Mg-
(OH)2 and V(OH)2/ZrO2H systems to yield predomi-
nantly hydrazine or ammonia depending on the
reaction conditions.111 A related V(II) or Ti(II)/Mg
system reductively coordinates nitrogen with a stoi-
chiometry as shown in Scheme 61.112

The reducing ability of the V(II) nitrogen activating
species also allows it to reduce carbon monoxide to
formaldehyde or methanol.113 Likewise, the vana-
dium-containing nitrogenase from Azotobacter cata-
lyzes the reduction of acetylene to ethylene.114

IV. Organometallics

A. Synthetic Transformations
Organovanadium compounds exhibit unique reac-

tivities based on the redox characteristics of the
vanadium. For example, treatment of VCl3 in THF
with a stoichiometric amount of n- or s-alkylmagne-
sium halides affords alkanes, alkenes, and a dimer.115
The organovanadium compounds generated in situ
couple chemoselectively with acid chlorides or allyl
halides.116 A related reaction with aldehydes yields
coupled ketones by an oxidative nucleophilic addition
mechanism (Scheme 62).117 Allylic vanadium and
oxovanadium compounds are characterized.118

The reaction of VOCl3 with Ph2Hg affords phenyl-
mercuric chloride and biphenyl via an unstable
phenylvanadyl dichloride complex. When the ratio
of Ph2Hg to VOCl3 is <1, phenol is also produced.
This reaction may proceed by a migration of the
phenyl group from the vanadium to its oxygen ligand
(Scheme 63).119 The formation of phenol therefore
represents an example of the functionalization of an
organic species by an oxovanadium compound (see
the oxometal reagents section).
Direct geminal allylation of propiophenone with

allyl bromide proceeds in the presence of VCl3(THF)3/

Zn or VCl2(TMEDA)2/Zn.120 This deoxygenative trans-
formation is made possible by the oxophilicity of low-
valent vanadium (Scheme 64). Successive treatment

of propiophenone with a Grignard reagent, VCl2-
(TMEDA)2, and allylic bromide results in geminal
carbon-carbon bond formation at the carbonyl car-
bon (Scheme 65). Homocoupling, rather than ally-

lation, of the akoxyvanadium intermediate 119 oc-
curs in the presence of a catalytic amount of molecular
oxygen.121
Aromatic aldehydes react with tris(dialkylamino)-

methylvanadium(IV), obtained by sequential treat-
ment of vanadium tetrachloride with lithium dialkyl-
amide and methyllithium, to produce N,N,N′,N′-
tetraalkyl-1,2-diarylethylenediamines 120 (Scheme
66).122

The addition of organolithiums or Grignard re-
agents to the vanadium ketene complex 121, followed
by treatment with trimethylsilyl chloride, leads to the
stereoselective formation of silyl enol ethers as shown
in Scheme 67. The reactive organic species initially
coordinates to the vanadium center. From there it
is transferred to the bound ketene via a vanadium-
mediated internal nucleophilic attack, to form the (Z)-
enolate. When the reaction is carried out using
butyllithium, the resulting vanadium-bound butyl

Scheme 60
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ligand transfers a â-hydrogen to the ketene, rather
than the entire butyl group as expected.123
Ynolate anions are envisioned to be useful syn-

thetic reagents, although they have received limited
attention. One such vanadium-coordinated ynolate
has been observed, which may indicate that further
advances are possible in this area. The vanadium
ynolate complex 123 is isolated from the reaction of
VCl3(THF)3 with the tetralithium of octaethylporphy-
rin 122. The ynolate moiety is believed to form via
cleavage of a coordinated THF molecule (Scheme
68).124

VO(acac)2 is converted to oxobis[6-(phenylamino)-
hexane-2,4-dionato-O,O′]vanadium(IV) (125) through
N,N′-diphenylformamidine (124) substitution onto a
methyl group of the acetyl acetonate ligand (Scheme
69).125

B. Insertion
Insertion into a carbon-vanadium bond provides

a variety of useful synthetic strategies. For example,
the methylvanadium complex 126, obtained from
CpVCl2(PMe3)2 and MeLi, rapidly inserts carbon
monoxide to give acetone and CpV(CO)2(PMe3)2
(Scheme 70).126

tert-Butyl isocyanide is likewise inserted into three
carbon-vanadium bonds of [V(Mes)3(THF)] to give
the tris(η2-iminoacyl) complex 127. When exposed
to air, the complex 127 is converted to the corre-
sponding amide 128, while its exposure to water
produces the imine 129 by hydrolysis (Scheme 71).127

The reaction of VCl3(THF)3 with 3 equiv of (Me3-
Si)2NLi leads to the dimeric complex 130 via C-H
σ-bond metathesis of a trimethylsilyl group. The
dinuclear enolate complex 131 then is formed by
treatment of 130 with CO, which is inserted into the
vanadium-carbon bonds (Scheme 72).128

Carbene complexes are useful in reactions such as
catalytic olefin metathesis and polymerization; how-
ever, only a few carbene vanadium complexes have
been reported. An oxycarbene complex is obtained
from the reaction of s-cis- and s-trans-(diene)zir-
conocene isomers with CpV(CO)4. Carbon-carbon
bond formation between the zirconium-bound diene
ligand and the V-CO unit forms the carbene complex
as shown in Scheme 73.129

In other insertion reactions, CO2 adds to the
vanadium(I) ethene compound 132 to afford the

Scheme 67

Scheme 68

Scheme 69

Scheme 70

Scheme 71

Scheme 72

Scheme 73
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vanadalactone 133.130 Complex 132 catalyzes the
dimerization of 1-hexene via an insertion process.
Likewise, the alkyne complex 134 reacts with 2 equiv
of ethene to give the s-cis-3,4-(E)-diphenyl-1,3-hexa-
diene complex 135. On the contrary, the reaction
with 2-butyne leads to metallacycle 136 via a bis-
(alkyne) complex. The bicyclic vanadacyclopen-
tatriene complex 137 can be formed from 2,7-
nonadiyne (Scheme 74).

Complexation of the oxo group of VO(CH2SiMe3)n-
(OSiPh3)3-n (n ) 0-3) with Al(CH2SiMe3)3 facilitates
the insertion of ethylene into the carbon-vanadium
bond by reducing the degree of π-donation from the
oxo ligand. This type of interaction is important in
olefin polymerization.131 In one final example of an
insertion reaction involving vanadium, when (η-C5-
Me5)2V is incubated with O2 at -78 °C, the oxygen
is inserted into the carbon-vanadium bond to yield
[(µ-η3-C5Me5O3)V(O)]2.132

V. Oxometal Reagents

The oxo group of oxometal compounds is expected
to introduce an oxygen-containing functional group
into organic compounds. Oxovanadium compounds
are no exception. For example, R-acetylenic alcohols
138 are rearranged to R,â-unsaturated carbonyl
compounds 139 in the presence of a silylvanadate
catalytst,133 where the oxo group of the silylvanadate
mediates a sigmatropic-like rearrangement (Scheme
75).

VO(OR)3, V(NC6H4Me)(OBu-t)3, and VO(acac)2 each
catalyze the condensation of phenyl isocyanates to
form N,N′-diphenylcarbodiimide (Scheme 76). An
imido transfer, similar to reported oxo transfers, from

the imido complex 140 to phenyl isocyanate is
presumed to complete the catalytic cycle.134

Imidovanadium complexes are believed to form
metallacycle intermediates. In this manner, complex
141 undergoes [2 + 2] cycloaddition with alkynes and
ethene to give η3-1-azaallyl (142) and ethenyl com-
plexes, respectively (Scheme 77).135

VI. Lewis Acid Promoted Reaction
The Lewis acidic properties of oxovanadium com-

pounds allow them to be utilized as catalysts in the
hetero Diels-Alder reaction. Thus, oxovanadium(IV)
bis((1R)-3-(heptafluorobutyryl)camphorate) (144) cata-
lyzes the enantioselective condensation of an alde-
hyde with an activated diene, 1-alkoxy-3-(siloxy)buta-
diene (143), to give 5,6-γ-dihydropyrones 145 via pro-
tonolysis of the primary cycloadduct (Scheme 78).136
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The trifluoroacetoxylation of alkenes is catalyzed
by vanadium pentoxide in trifluoroacetic acid and
yields the Markovnikov adduct regioselectively
(Scheme 79). This reaction generates a vanadyl

trifluoroacetate species, which is assumed to electro-
philically attack the double bond.137
Vanadium tetrachloride can act as a Lewis acid to

mediate the cyclization of nerol (146) to the corre-
sponding terpinyl chloride 147 (Scheme 80).138

VII. Conclusions
This article surveys recent advances in synthetic

methodologies using vanadium compounds. Addi-
tional information can be found in previous re-
views.50,139 Vanadium’s unique one-electron transfer
redox process provides a variety of novel oxidation
and reduction methods for organic synthesis. These
redox properties also have made vanadium as an
essential element in biosystems and paramagnetic
materials and have led to the development of syn-
thetic, bioactive compounds based on vanadium. The
Lewis acidic nature of vanadium and oxovanadium
compounds is another key factor in their reactivities.
In addition, the ability of oxovanadium compounds

to uniquely functionalize substrates through oxygen
transfer has opened the door to functionalization
methods which were previously difficult to access.
It is expected that controlling the vanadium-based

redox systems more precisely will lead to even greater
selectivities in their electron transfer reactions.
Likewise, fine-tuning the ligands coordinated to
vanadium is expected to result in more efficient
systems. These and other approaches promise to
yield many more fruitful, vanadium-induced reac-
tions for organic synthesis.
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