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Abstract

Oxovanadium(V) compounds induce one-electron oxidative desilylation of organosilicon compounds such as silyl enol ethers,

allylic silanes, and benzylic silanes, permitting chemoselective coupling with the less oxidizable organosilicon compounds. The

oxovanadium(V)-induced oxidation of benzylsilane and benzyltin compounds is carried out under an oxygen atmosphere to afford

the aromatic aldehydes (ketones) and/or carboxylic acids. The catalytic reaction proceeds with benzyltins. Oxidative ligand coupling

of dialkylarylaluminums is achieved by treatment with oxovanadium(V) compounds, leading to the formation of the alkylarenes.

The ate complex derived from 1-alkenyllithium and arylaluminum or 1-alkenylaluminum undergoes the more facile oxidation to

give the corresponding ligand coupling product selectively. The similar oxidation of organoborons or ate complexes also results in

the oxidative coupling of organic groups on boron. This method is applied to the oxidative ligand coupling of organozinc

compounds and ate complexes. In particular, the organozincates prepared from iodoarenes and Me3ZnLi or bromoarenes and

Me4ZnLi2 are oxidized with higher selectivity. Vicinal alkylation with diorganozincs or ate complexes at both the a and b positions

of 2-cycloalkenones is performed by treatment with oxovanadium(V) compounds.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Redox interaction between a metal and a metal or a

ligand (or an organic group) through inner- or outer-

sphere electron transfer is envisaged to change the

oxidation state of these components. Precise regulation

of the redox process based on the electronic interaction

between HOMO and LUMO orbitals is required for this

purpose, which allows one to develop novel and selective

methods for oxidative or reductive transformations of

the ligands or organic groups under redox potential

control. In this context, one-electron redox reactions

with transition metal complexes can generate radicals

via anionic or cationic radical species. Another reaction
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path lies in the interaction between different metallic

compounds to induce transmetallation, resulting in

change in the reactivities of the original organometallic

compounds.

Vanadium compounds in a high oxidation state are

able to induce oxidative transformations. Pentavalent

vanadium compounds, which exist in one of five

possible configurations (e.g. VOCl3, tetrahedral; VF5,

octahedral), 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 possible 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 transformations with vanadium

oxidants have been developed [1], as exemplified by the

oxidative coupling of phenols. The scope of synthetic

reactions can be broadened even further by exploiting

the versatility of vanadium compounds as an oxidant

[2]. VO(OR)X2 can act as a Lewis acid towards carbonyl

compounds, which permits their oxidative transforma-

tions. Scheme 1 summarizes this synthetic utility [3,4].

As described above, oxidation of main-group orga-

nometallic compounds with a metallic oxidant is ex-

pected to induce oxidative transformations via redox

interaction between them or transmetallation (Scheme

2). This review focuses on such a reaction induced by

oxovanadium(V) compounds, which provides a variety

of novel synthetic methods.

2. Oxidative transformation of organosilicon compounds

Silyl enol ethers are susceptible to one-electron

oxidation [5]. VO(OR)Cl2 [6] is capable of inducing

chemoselective homo- or cross-coupling of silyl enol

ethers (1) to give the corresponding 1,4-diketones (7) via

regioselective carbon�/carbon bond formation (Scheme

3) [7,8]. One-electron oxidation of the silyl enol ether (1)

with an oxovanadium(V) species affords the radical

cation 2. This radical cation is then desilylated to the

radical 3. The radical 3 adds intermolecularly to another

silyl enol ether (4) to form the adduct 5, which is further

oxidized by the oxovanadium(V) species to form the

cation 6. Finally, this cation undergoes desilylation to

yield the 1,4-diketone (7). The silyl ketene acetals (8)

undergo the more facile oxidation for the cross-coupling

with the silyl enol ethers (4) to give the g-keto esters (9)

(Eq. (1)). The one-electron oxidation process depends on

the redox potentials of the substrates and oxovana-

dium(V) compounds. The more readily oxidizable silyl

enol ethers work as radical precursors and the less

oxidizable ones are recognized as radicophiles.

Carbon�/silicon bond cleavage has definite synthetic

potential. The chemoselective cross-coupling reaction of

Scheme 1.

Scheme 2.
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silyl enol ethers and allylic silanes is induced by

VO(OR)Cl2 (Scheme 4) [9]. As described above, their

redox potentials, which can be predicted from MOPAC

calculated ionization potentials, determine whether they

act as radical precursors or acceptors. Oxovanadium(V)

reagents differentiate the oxidation process effectively.

The reactivity order is as follows; VO(OR)Cl2�/AgOTf

or Me3SiOTf�/VO(OR)Cl2�/VO(OR)2Cl�/VO(OR)3

[3]. VO(OR)Cl2 is a versatile oxidant which is able to

promote the chemoselective coupling via oxidative

desilylation of organosilicon compounds under con-

trolled conditions.

The similar chemoselective oxidative desilylation is

also achieved with benzylic silanes. The electron-donat-

ing group on the arene ring lowers the ionization

potential of the benzylsilane (10), thus activating it for

desilylation. The desilylation reaction is applied to

intermolecular regioselective coupling of the substituted

benzylic silane with an allylic silane or silyl enol ether

(Eq. (2)) [10].

ð2Þ

Oxidation of organosilicon compounds provides a

useful route to synthetic equivalents for cationic inter-

mediates for the selective carbon�/carbon bond forma-

tion.

The reaction of 4-methoxybenzyltrimethylsilane (10a)

with VO(OR)Cl2 is carried out in t-BuOH under an

oxygen atmosphere affords the aldehyde [11]. VO(O-

CH2CF3)Cl2 [8] exhibits a higher reactivity than

VO(OEt)Cl2 (Eq. (3)). The oxidation path is explained

below, as compared with the oxidative transformation

of benzyltins.

ð3Þ

3. Oxidative transformation of organotin compounds

Allylic tins and benzylic tins are known to undergo a

more facile oxidation than the corresponding silicon

compounds [12], and are converted to the alcohols or

their derivatives by a metallic oxidant such as Mn(IV),

Ce(IV), Tl(III), or Fe(III) [13]. The oxidation of the

benzyltributyltins (11) with VO(OCH2CF3)Cl2 in t-

BuOH under an oxygen atmosphere leads to the

aldehydes (12) (ketones) and the corresponding car-

boxylic acids (13) (Eq. (4)) [11,14]. The susceptibility to

oxidation depends on the substituent on the arene ring

of 11. VO(OPri )2Cl and VO(OCH2CF3)Cl2 are superior

to a weaker oxidant such as VO(acac)2, VO(OPri )3, or

VO(OEt)3. Furthermore, a catalytic reaction proceeds

with VO(OCH2CF3)Cl2.Scheme 4.

ð1Þ

Scheme 3.
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ð4Þ

1-Cyclopropyl-1-phenylmethyltributyltin (11a) is oxi-
dized to the cyclopropyl ketone (12a) as a major product

(Eq. (5)). As for ring-opened compounds, neither the

aldehyde nor the carboxylic acid is detected, although

only a small amount of the chloride 14a is obtained.

ð5Þ

Plausible reaction paths are illustrated in Scheme 5. In
the case of benzylsilanes, an electron transfer mecha-

nism is considered to operate as mentioned above.

Although benzyltin compounds undergo the more facile

oxidation than benzylsilanes, an electron transfer proc-

ess may not be favorable judging from the reactivities of

the cyclopropylmethyltin (11a). This result suggests that

either the electron transfer process or homolytic scission

of carbon�/vanadium bond of a benzylvanadium species
is a minor pathway, and the ketone 12a may be derived

by transmetallation through a non-radical process. A

low-valent vanadium species generated in situ is oxi-

dized under an oxygen atmosphere to regenerate a

vanadium species in its high oxidation state for catalytic

reactions [15].

4. Oxidative transformation of organoaluminum

compounds

The redox processes of organometallics are important

in synthetic transformations, especially in transition

metal-induced reactions. The transition metal-catalyzed

cross-coupling reactions of main-group organometallic

compounds with organic halides provide versatile syn-

thetic tools in organic synthesis. As mentioned in the

introduction, the transmetallation and/or electronic

interaction are able to widen the reactivities of main-

group organometallic compounds. One-electron oxida-

tion of d0-transition metal complexes such as titano-

cenes, zirconocenes, and/or platinum complexes with

metallic oxidants permits synthetically useful transfor-

mations via organometallic radical cation species as key

intermediates [16]. In these reactions, selective coupling

is achieved between two ligands on the transition metal,

providing a useful method for carbon�/carbon bond

formation.

Main-group organometallics have limited usage due

to their restricted redox processes. Oxidative transfor-

mations of organoaluminum compounds usually pro-

vide alcohols, [17] but to the best of our knowledge,

selective carbon�/carbon bond formation of organic

substituents on aluminum has not been investigated.

The oxidation of the aryldiethylaluminums (15),

obtained from aryllithiums and diethylaluminum chlo-

ride, with VO(OEt)Cl2 results in novel ethylation

(Scheme 6) [18]. This method can be applied to a wide

variety of arylaluminums bearing an electron-donating

group, which permits the selective ligand coupling of the

organic groups of organoaluminums.

The addition of 1-alkynyllithium to the 1-alkenylalu-

minum (16), followed by treatment with VO(OEt)Cl2,

leads to the coupling of organic substituents on alumi-

num, giving the corresponding trans -enyne (17) via

chemoselective and stereoselective bond formation be-

tween sp carbon and sp2 carbon (Scheme 7). The homo-

coupled diene is not obtained, although the diyne is

probably derived by oxidative homo-coupling of excess

alkynyllithium is formed as a byproduct [19].

When the aryl-substituted aluminum 18 is used

instead of the 1-alkenylaluminum, the ligand coupling

of the ate complex 19 is induced by VO(OPri )2Cl with

Scheme 5.

Scheme 6.
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the lower oxidation capability to give the aryl-1-alkynyl

coupling product selectively (Scheme 8).

Although the coupling mechanism is ambiguous,

coordination of an oxo atom of oxovanadium(V) species

to organoaluminums has been reported [20]. Such an

interaction might promote electron transfer or transme-

tallation for the oxidative coupling. The transformations
for formal reductive elimination on aluminum are

considered to be achieved for the first time.

5. Oxidative transformation of organoboron compounds

The organoboron compound 20, derived from dicy-

clohexylborane and phenylacetylene or acetylenecar-

boxylic ester, is oxidized with VO(OEt)Cl2 to give the

(E )-ethenylcyclohexane (21) selectively without the for-

mation of di cyclohexyl and 1,4-butadiene derivative, as

shown in Eq. (6) [21].

ð6Þ

When an equimolar mixture of bis(2-methylcyclohex-

yl)[(E )-2-(4-methylphenylethenyl)]borane (20a) and di-
cyclohexyl[(E )-2-(4-methlyphenyl)ethenyl]borane (20b)

is treated with VO(OEt)Cl2, 1-methyl-2-(2-phenylethe-

nyl)cyclohexane (21a) and [2-(4-methylphenyl)ethe-

nyl]cyclohexane (21b) are predominantly produced,

with only trace amounts of the crossover products

(Eq. (7)). The result suggests that the coupling reaction

proceeds mostly in an intramolecular fashion.

ð7Þ

The ate complexes 22 of the organoborons undergo

the more facile oxidation with VO(OEt)Cl2, as observed

in the oxidation of the aluminum ate complexes. The

organic groups are effectively differentiated in the

coupling reaction. Although the Z isomer is obtained

in a small amount, use of CsF or TBAF [22] to form the

organoborate improves the stereoselectivity, giving the

E isomer exclusively (Scheme 9).

Taking these observation into account, an electronic

interaction with oxovanadium(V) species is assumed to

operate in the coupling step. Alkenyltrialkylborates are

known to undergo the coupling reaction induced by I2

or BrCN, giving the corresponding alkylated alkenes
[23]. Biaryl formation also occurs by electrochemical,

photochemical, and chemical oxidation, for example

with Ir(IV), of tetraarylborates [24]. The oxovana-

dium(V)-induced ligand coupling provides another ver-

satile method for the carbon�/carbon bond formation on

boron.

6. Oxidative transformation of organozinc compounds

Organozinc compounds can tolerate a broad range of

functionalities. Cross-coupling reactions between orga-

Scheme 7.

Scheme 8.

Scheme 9.
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nozinc reagents and electrophiles such as organic halides

are catalyzed by transition metal complexes [25]. How-

ever, examples of the selective cross-coupling of two

ligands of organozinc compounds are limited to few

cases, which include 1,2-migration of zincate carbenoids

and intramolecular coupling reaction of organozinc

compounds by organocopper reagents [26]. Thus, the

development of such a selective ligand coupling of zinc

reagents is a challenging subject in organozinc chemis-

try, which is accomplished by the oxidation of organo-

zinc compounds.

The organozinc compound 23a, which is prepared in

situ by transmetallation of the methylzinc chloride with

the aryllithium, is oxidized with Cp2FePF6, to give the

homo-coupling compound 25a, selectively (Scheme 10).

Among the oxidants employed, AgBF4 serves as a useful

oxidizing agent to give the desired cross-coupling

compound 24a, probably via an one-electron oxidation

process. Using VO(OEt)Cl2 instead of AgBF4, the cross-

coupling reaction proceeds in preference to the homo-

coupling one [27]. Higher selectivity for the cross-

coupling is observed with VO(OEt)Cl2 than VO(O-

Pri)Cl2 or VO(OPri)2Cl.

The coupling reaction of organozinc compounds 23

bearing an o -methoxy, o -phenyl, or o -methylthio group

on the arene ring proceeds smoothly, but the o -cyano-

substituted alkylarylzinc exhibits a lower reactivity.

Organoaluminum compounds having an electron-with-

drawing substituent do not undergo oxidative coupling

under the similar conditions. Alkyl and 1-alkynyl groups

can couple with the aryl group successfully (Scheme 11).

Triorganozincates (26) are oxidized with VO(OEt)Cl2
very smoothly to give the corresponding cross-coupling

compounds 24 in high yields (Scheme 12) [27]. Selective

carbon�/carbon bond formation between alkyl groups

and o -methoxy-substituted aryl groups also occurs with

AgBF4.

As described above, aryl�/aryl homo-coupling com-

pounds are occasionally formed as byproducts. On the

other hand, homo-coupling reactions of aryllithium

compounds proceed by the action of oxovanadium(V)

compounds [19]. When the organozinc compounds are

prepared from organolithiums, the homo-coupling may

be derived by the oxidation of organolithium com-

pounds remaining in situ. Reaction of ate complexes,

R3ZnLi [28], provides a direct method for the prepara-

tion of arylzincates from aryl iodides through iodine�/

zinc exchange without the use of the aryllithium

derivatives as starting reagents. Oxidation of the so-

obtained zinc ate complexes 26 results in the exclusive

formation of the cross-coupling products 24 as shown in

Scheme 13 [27].

The organozincates (27), prepared from various

bromoarenes and Me4ZnLi2 [29], are also oxidized by

VO(OEt)Cl2 to give the expected methylarene (24a)

(Scheme 14) [30]. Thus, the coupling between sp2-carbon

(aryl group) and sp3-carbon (methyl group) of aryltri-

methylzincates is achieved chemoselectively. Although

the mechanism remains obscure, the reaction is pre-

sumed to proceed by either a process of transmetallation

or one-electron oxidation between the organozincate

complex and oxovanadium(V) species.

Scheme 10.

Scheme 11.

Scheme 12.

Scheme 13.
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The oxovanadium(V)-induced oxidative transforma-

tion is applied to the selective carbon�/carbon bond

formation between sp3-carbons [30]. A bromine�/zinc

exchange reaction of 28 selectively occurs at the position

cis to the phenyl group by treatment with Me4ZnLi2 at

�/78 8C [31]. Oxidation of the so-obtained zincate 29

with VO(OEt)Cl2 leads to the stereoselective formation

of 1-bromo-1-methyl-2-phenylcyclopropane (30). On the

other hand, when the reaction mixture is warmed up to

0 8C, followed by treatment of VO(OEt)Cl2, dimethyla-

tion takes place to give the dimethylcyclopropane (32)

via the organozinc (31) (Scheme 15).

Dialkylzinc reagent (R2Zn) is recognized as a mild

nucleophile in the presence of an additional promoter

such as a Lewis acid [32]. Characteristics of oxovana-

dium(V) compounds as a Lewis acid and one-electron

oxidant permit vicinal dialkylation at both the a and b
positions of a,b-unsaturated carbonyl compounds with

dialkylzinc reagents (Scheme 16) [33]. For example,

reaction of 2-cyclohexenone with dimethylzinc in the

presence of VO(OEt)Cl2 affords 2,3-dimethylcyclohex-

anone. Use of the stronger Lewis acid, VO(OEt)Cl2�/

VO(OPri )Cl2�/VO(OPri )2Cl, gives a better result.

This method can be applied to vicinal alkylation with

triethylaluminum or triethylborane compounds as

shown in Eq. (8) [33]. In contrast, the similar oxidation

reaction is not observed with organocuprate reagents.

ð8Þ

Contrary to dialkylzincs, lithium trialkylzincates

(R3ZnLi) have enough nucleophilicity for conjugate

addition without the aid of a Lewis acid. Treatment

with R2R?ZnLi, followed by oxidation with

VO(OEt)Cl2, leads to the efficient vicinal dialkylation

to give the cycloalkanones 33? (Scheme 17). A better

yield is obtained with the organozinc compound pre-

pared from a ZnCl2�/TMEDA complex and BuLi. It is

noteworthy that two different alkyl groups can be

introduced regioselectively. For example, use of Bu-

Me2ZnLi results in the selective formation of 3-butyl-2-

methylcycloalkanone.

7. Oxidative transformation of organozirconium

compounds

The oxidation reaction of (E )-1-alkenylchlorozirco-

nocenes with an VO(OPri)2Cl leads to the homo-

coupling, giving the (E,E )-diene stereoselectively

(Scheme 18) [34]. (E )-1-Alkenyl-1-alkynylzirconocenes

undergo the oxovanadium(V)-induced cross-coupling of

organic substituents on zirconium, to form the (E)-

enynes stereoselectively.

Scheme 14.

Scheme 15.

Scheme 16.

Scheme 17.

Scheme 18.
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8. Conclusion

Oxovanadium(V) compounds are potential oxidants

to induce the oxidation of a variety of main-group

organometallic compounds based on their characteris-

tics. Oxidation capability and redox potential are

effectively controlled by the substituent of oxovana-

dium(V) compounds. Transmetallation and/or electron

transfer mechanism are considered to operate in the

oxidative transformations mentioned in this review.

Although the precise reaction route, especially for the

oxidative ligand coupling, requires more investigation,

the intermetallic interaction between vanadium species

and main-group organometallics might permit one to

induce a selective oxidation reaction. On the other hand,

low-valent vanadium compounds are employed in the

reductive transformations. Catalytic reactions for one-

electron reduction have been achieved in our laboratory

by using a multi-component catalytic system (Scheme

19) [35,36]. Both synthetic methods are expected to be

promising from the viewpoint of synthetic chemistry and

inorganic or organometallic chemistry.
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