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The Wacker Reaction and Related Alkene Oxidation Reactions

James M. Takacs* and Xun-tian Jiang
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Abstract: The objective of this review is to survey the current state of the Wacker and related alkene
oxidation reactions focusing on the reactions of higher alkenes and emphasizing the mechanistic pictures
that have evolved, the current understanding regarding issues of selectivity, recent applications of the
chemistry in synthesis, and the use of other transition metal catalysts to effect related oxidation reactions.

The Wacker oxidation reaction has been extensively
studied over the years. There are a number of excellent
reviews published on various aspects of the reaction [1], with
a series of reviews by Tsuji deserving particular note for their
special insight into the development of this reaction [2-4].

INTRODUCTION

The palladium(II)-catalyzed reaction of ethylene with
water to form acetaldehyde, commonly known as the Wacker
oxidation (eq 1), is one of the important industrial
applications of transition metal catalysis. The oxidation
reaction is typically promoted by a PdCl 2/CuCl2 catalyst
mixture in the presence of aqueous hydrochloric acid and an
oxidizing agent. In the course of the reaction palladium(II) is
reduced to palladium(0), then subsequently re-oxidized in
situ by reduction of the Cu(II) co-catalyst, typically, CuCl2

to CuCl. The ultimate oxidizing agent present in the reaction
mixture is often molecular oxygen, and it serves to reoxidize
Cu(I) to Cu(II) thus keeping the catalytic system active.

The Wacker oxidation can be extended to higher alkenes,
most commonly to terminal alkenes. In general, terminal
alkenes 1 are converted to methyl ketones 2 rather than to
aldehydes 3 (eq 2), but there are important exceptions (vide
infra). The transformation has found significant use in
organic synthesis. Alkenes are more stable to acid, base, and
ketone liberated by the Wacker oxidation. A common variant
of the palladium-catalyzed oxidation, that of running the
nucleophiles than are most methyl ketones or aldehydes, and
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as such, the alkene can be thought of as a protected methyl
oxidation in the presence of alcohols, affords ketals or acetals
instead of the carbonyl compound.

MEC HANIS TIC ASP ECTS OF THE  PAL LADIU M
C A T A L Y Z E D  W A C K E R  O X I D A T I O N  A N D 
RELATED REACTIONS

The mechanism of the Wacker oxidation has been
investigated using a number of approaches and techniques,
including for example, kinetic studies [5-13], studies into
the isotope effects [5,6], stereochemical studies [8,9,11-15],
and theoretical studies using computational methods [16-18].
While the precise mechanistic details remain under
investigation, the major features of the Wacker oxidation are
generally accepted [8,19,20]. First, an alkene (e.g., 1)
coordinates to the palladium(II) salt (e.g., PdCl2), to give the
palladium-alkene π-complex 4. At this stage, one of the
chlorides is perhaps replaced by water forming a complex
such as 5. Then, addition of hydroxide to the alkene in a syn
fashion (e.g., via 6) or addition of water in an anti fashion
(e.g., via 7) forms a (β-hydroxyalkyl)palladium complex
such as 8. The partitioning between the syn- and anti-
pathways likely depends on the precise reaction conditions
employed. β-Hydride elimination affords the enol 9 which
tautomerizes to the carbonyl compound 4. Reductive
elimination of Cl-Pd(II)-H gives HCl and Pd(0). As noted
above, a copper co-catalyst is typically used to reoxidize
Pd(0) to Pd(II) in situ by reduction of Cu(II) to Cu(I). The
terminal oxidizing agent for the reaction mixture is usually
molecular oxygen, a peroxide, or benzoquinone (BQ), and it
serves to reoxidize Cu(I) to Cu(II), thus keeping the catalytic
system active.

The details of the addition step (i.e., 5 to 8) probably
depend upon the precise conditions employed. Recent
theoretical studies suggest that H3O

+ has important role in
the attack of the nucleophile on the alkene [17], and the
nucleophile may be described by a chain of at least 3 water
molecules bridging a chloride ligand and the point of attack
on the alkene [18]. The stereochemical course of the addition
(syn or anti) is also thought to be affected by such reaction
details as the presence of oxygen nucleophiles or certain
ligands and by the concentration of those ligands. The
presence of chloride at low concentration [11-13,15], the
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inclusion of a bidentate diamine [10], or the use of H2O2 [21]
as both the nucleophile and the ultimate oxidant are thought
to facilitate the syn-addition pathway (i.e., 5 to 6). At high
chloride concentration [8,9,12-15,22], or in the presence of
pyridine [12] or hydroxide ion [23], the addition proceeds
via the anti-addition mode (i.e., 5 to 7).

A number of alternative hypotheses for the nature of the
active catalyst have been proposed. For example, a η3-
allylpalladium complex was suggested to be an intermediate
in the Wacker oxidation [24]. CuCl was reported to react
with O2 in coordinating solvent to give a µ-peroxocopper
species L-Cu-O-O-Cu-L. When the CuCl2/O2 oxidizing
system is employed, an oxidized Pd-Cu heterobimetallic
complex has been proposed [25]. It is thought to possess an
active site consisting of a cationic trimetallic Cu-O-Pd-O-Cu
complex 10 with the reaction proceeding such that the formal
+2 oxidation state of palladium remains constant throughout
the reaction. Complex 10 could be generated by reaction of
L-Cu-O-O-Cu-L with PdCl2, and its presence was implicated
by isolation of the Pd-Cu heterobimetallic complex 11,

formed by assembling of two units of 10 and four PdCl2 (eq
6). Similarly, a Cu-O-Pd-O-Cu cationic working catalyst
was proposed for Cu(II)-Pd(II) exchanged Y zeolites for the
heterogeneous Wacker oxidation [20].

Another alternative mechanism has also been proposed,
one in which a [Pd(II)OOH] species is formed. Several
pathways to such species have been suggested; for example,
by insertion of O2 into an initially formed Pd(II)-hydride
[26-29], via the addition of H2O2 to a palladium(II) complex
[21,30], or by protonation of peroxopalladium(II) complex
[31]. The [Pd(II)OOH] intermediate is then thought to
transfer oxygen to the terminal alkene via a five-membered
pseudo-pericyclic peroxypalladation mechanism (eq 4)
[21,26-32]. Oxidation with alkyl peroxide has been proposed
to proceed similarly [32].

Using the combination of palladium(II) diacetate and a
rigid bidentate diamine such as a 1,10-phenanthroline
derivative, it is possible to form a copper and chloride free
catalyst system (scheme 2). The resting state of the active

Scheme 1. A Simplified Model for the Mechanism of the Wacker and Related Alkene Oxidation Reactions.
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catalyst is thought to be a palladium dimer with two
bridging hydroxide ligands, as illustrated by 13. It is
suggested that the dimer dissociates upon coordination of the
alkene. The intramolecular addition of hydroxyl to the
coordinated alkene would give a (β-hydroxyalkyl)palladium
complex such as 14, which could give the observed methyl
ketone and a Pd(0) species such as 15. The latter is then re-
oxidized with dioxygen via an intermediate peroxo-
palladium(II) complex (e.g., 16). Its reaction with a second
equivalent of 15 would regenerate the palladium(II) dimer 13
[10]. As evidence consistent with this mechanism, an

isolable peroxopalladium(II) complex akin to 16 was
synthesized via the aerobic oxidation of a palladium(0)
complex [33].

A common variant of the palladium-catalyzed oxidation
is to run the reaction in the presence of alcohols and thereby
obtain an acetal or ketal as the product. α,β-Unsaturated
carbonyl compounds can be used in this variant and an
unusual mechanism for their reaction was proposed based on
palladium catalyzed acetalization of the dideuterated N-
methacryloyl-2-oxazolidinone 17 (scheme 3). When the

Scheme 2. A Copper and Chloride Free Catalyst System.

Scheme 3. A Novel Mechanism for the Palladium Catalyzed Oxidation of Unsaturated N-Acyloxazolidinone 17 .
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protio-analogue of 17 was oxidized in the presence of
MeOD, the product showed no deuterium incorporation from
solvent. Similarly, the dideutero-compound 17 shows no
loss of deuterium to solvent (MeOH). Instead, an apparent
1,2-deuterium shift occurs in the course of the reaction. The
proposed reaction pathway involves coordination of PdCl 2

with the double bond followed by nucleophilic attack of
methanol on the terminal carbon to afford a σ-bonded Pd(II)
intermediate such as 19. β-deuteride elimination followed by
readdition of Pd-D with the opposite regiochemistry affords
intermediate 20. While the details are not clear, it is
suggested that the intermediate 20 undergoes substitution
with methanol to give the acetal 18 and palladium(0) [34].

COMMENTS ON THE COMMONLY USED RE-
ACTION CONDITIONS

As noted above, the precise reaction conditions employed
for the Wacker oxidations are important, and these can vary
widely. The yield and rate of reaction depend upon the exact
structure of the alkene and the reaction conditions employed.
The industrial Wacker process is carried out in aqueous
hydrochloric acid and under oxygen pressure using
PdCl 2/CuCl2 as the catalyst system. Newer reactors, such as
a hollow fiber membrane reactor [35] and bubble column
reactor [36], have been shown to exhibit higher production
rates and efficiency. On a laboratory scale, the oxidation is
most commonly carried out at room temperature using PdCl2

and a copper salt under an oxygen atmosphere or with
benzoquinone.

While PdCl2/CuCl2 is the most popular catalyst system
for the Wacker oxidation, acidic conditions render the system
highly corrosive, and the presence of a large amount of
chloride ion in the reaction medium can lead to the
formation of chlorinated by-products. To overcome these
general deficiencies as well as other more substrate specific
problems, a variety of other palladium catalyst systems are
employed. These include, for example, soluble catalyst
systems such as Na2PdCl 4/H2O2 [30], Na2PdCl 4/benzo-
quinone [21], RCO2PdOO-t-Bu [32], dichlorobis(N,N-
diethylacetamide)palladium(II) complex [37], bis(aceto-
nitrile)chloronitropalladium(II) [38], Pd(dba)2/AgNO3 [39],
P d( O Ac )2 / Fe (I I)  p ht ha lo cy an in e/ h yd ro qu in on e [ 4 0] ,
[ Pd (P Bu t 2 H )( µ - PB ut 

2 ) ]2 [ 4 1] , M [PdC l3 ( py ri dine )]  [ 4 2] ,
Pd(OAc)2/polyporrole [43], water soluble palladium com-
plexes derived from Pd(OAc)2 and bathophenanthroline
d i s u l f o n a t e  [ 4 4 ] ,  [ ( P d C l 2 ) 2 C u C l 2 ( D M F ) 4 ] n  [ 4 5 ] , 
Pd( OAc )2/mo lybdo vanad ophos phate /hydr oquin one [46],
Pd(OAc)2/polyaniline derivatives [47], [CF3CO2PdOO-But]4

[19], Pd(OAc)2/hydroquinone/metal macrocycle, [8,48],
P d C l 2 / t r i m e t h y l  e s t e r  o f  c o e n z y m e  P Q Q  [ 4 9 ] , 
P d( O Ac )2 / py ri di ne  [ 2 8] , P dC l2 / Cu (O Ac )2  [ 5 0] , a nd 
(CH3CN)2Pd(NO2)/AgSbF6 [51]. A number of heterogeneous
catalyst systems have also been developed, including for
example, γ -Al2O3- and TiO2-supported Na2PdCl 4 [52], or
H2PdCl 4/vanadate [53], Pd(OAc)2/molybdovanadophosphate
on activated carbon [54], PdSO4/V2O5 supported on γ -Al2O3

[55], PdSO4/V2O5 supported on titania [56], carbon
supported PdSO4/VOSO4/H2SO4 [57], and PdCl 2/CuCl2

prepared in molten CuCl/KCl and supported on Silica
T1571 [58]. The latter catalyst system in particular was
reported to be extraordinarily stable. Polymer-supported
catalyst systems have also been developed. For example,
polybenzimidazole [59,60] oligo(p-phenylene)terephtha-
lamide [61], cyano-functionalized polyimide [62] and cyano-
methylated and crosslinked-carboxymethylated polystyrene
[63] have been used to support palladium(II) Wacker
catalysts.

The addition of a strong inorganic acid to the palladium-
catalyzed oxidation can lead to a significant rate enhan-
cement in the reaction, as seen for example upon addition of
perchloric acid to a palladium/benzoquinone catalyst system
in chloride free solution [64,65]. Heteropolyacids can serve
as Brønsted acid and oxidation catalysts and have inherent
stability towards decomposition under extreme oxidation
conditions. They have been used to re-oxidize Pd(0) to Pd(II)
in the Wacker oxidation, for example, through the use of Pd-
Cu exchanged Y zeolites [20,66], or the use of H3+nPVnMo12-

nO40.[67,68]. The lifetime of the latter oxidizing agent is
significantly prolonged by substitution of protons for
transition metal cations [69]. Electrooxidation methods have
also employed for the direct oxidation of Pd(0) to Pd(II) [70]
or for generation of recyclable co-oxidants such as quinone
[71,72] or triarylamines [73].

In general, the rate of oxidation of higher alkenes is
much lower than that of ethylene or other low molecular
weight alkenes, owing in part, to their low solubility in
water. In such cases, DMF [74]. and NMP [75]. are
commonly used as co-solvents. A number of other options
have been explored. A reaction medium of formamide
microemulsion was reported to give a much faster oxidation
than classical media [76]. Surfactants such as sodium lauryl
sulfate have been used to accelerate the oxidation reaction
[77], terminal alkenes can be converted to ketones using the
phase transfer catalyst, cetyltrimethylammonium bromide
[78]. Both terminal and internal alkenes can be efficiently
converted to ketones in aqueous PEG-400 [79]. Reverse
phase transfer catalysts can also significantly facilitate the
Wacker oxidation, including for example, the use of
cyclodextrins [80,81], modified β-cyclodextrins [82], and a
very interesting self-assembled nanocage [83]. A palla-
dium(II) catalyst bearing a perfluorinated ligand, that imparts
a high partition coefficient into a fluorous solvent which is
immiscible with the organic solvent, forms the basis for
running the Wacker oxidation in a fluorous biphasic system
[84]. This latter strategy is appealing in that the fluorinated
palladium catalyst is easily recovered from the reaction
mixture.

Perhaps the most common side reaction that is observed
during attempted Wacker oxidation is that of double bond
isomerization [60]. The extent of isomerization is strongly
influenced by solvent. The rate of the isomerization is
generally faster in alcoholic solvents, but with increasing
steric hindrance of that alcohol, the rate seems to reduce
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considerably [39]. Dimethylformamide (DMF) is a good
solvent for the reaction and competing isomerization appears
to be retarded by this solvent [85].

FUNCTIONAL GROUP TOLERANCE

The Wacker oxidation conditions can be relatively mild,
and a particularly notable feature of the reaction is that many
common functional groups are well tolerated. While it is
impossible to compile an exhaustive list, at least one
example illustrating the compatibility of functionality from
each of the following classes can be cited: alcohol [86-89],
aldehyde [73,90-94], carboxylic acid [95], acetate [96,97],
ester [98-102], lactone [87,103,104], carbonate [96,105],
amide [96,98,106], lactam [29], β-lactam [107], carbamate
[105,106,108,109], carbamoyl [96], benzyl ether [105,110-
112], PMB ether [113], MOM ether [110,114-116],
a ce to ni de  [ 5 0, 90 ,9 4, 10 6, 11 1, 11 7] , b en zy li de ne  a ce ta l
[118,119], amine [21,120], oxazolidine [108], furan [121],
sulfoxide [86], phosphonate [122], and nitro group [123].
The successful Wacker oxidation of substrates containing
many of the functional groups listed here are illustrated in
the specific examples discussed in the following sections.

KEY FEATURES OF THE PALLADIUM CATA-
LYZED OXIDATION OF TERMINAL AL-KENES

Additional substituents on the double bond tend to slow
the rate of reaction substantially, and consequently, it is
often possible to selectively oxidize an unhindered terminal
alkene to the methyl ketone in the presence of internal

alken es [87,96 ,98,102,10 8,110,112, 113,121,12 4-126]. For
example, the palladium-catalyzed oxidation of 21 to 22 is
notable for its chemoselectivity (terminal versus internal
alkene) and for the lack of double bond isomerization in
either the starting diene or the β,γ−unsaturated ketone
product (eq 5) [108]. Similarly, the relatively acid sensitive
alkene 23 was oxidized to corresponding chiral methyl
ketone 24 without competing epimerization (eq 6); note the
conditions employed here [50].

Again, additional substituents on the double bond tend
to slow the rate of reaction, and 1,1-disubstituted alkenes are
usually unreactive[127]. However, isolated cases have been
reported where, in spite of the apparent mildness of the
reaction conditions (see the examples in equations 5 and 6),
strained or otherwise labile methylidenes rearrange under the
reaction conditions. For example, the cyclobutyl derivatives
25 undergo palladium-catalyzed oxidation with rearrange-
ment to the cyclopentanone 26 (eq 7) [128].

Steric hindrance about the terminal alkene is expected to
slow the rate of the oxidation reaction [2,6], but the degree
to which problems result from steric effects alone is unclear.
There are several examples where relatively hindered terminal
alkenes undergo palladium-catalyzed oxidation with facility
[92,129]. For example, 2-methybut-3-en-2-ol (27) undergoes
efficient palladium-catalyzed oxidation to 3-hydroxy-3-
methylbutan-3-one (28) under mild condition (35oC) and the
reported reaction time of 8 h is about average when compared
to other less hindered substrates (eq 8) [129].

One of the more confusing and potentially problematic
aspects of the Wacker oxidation is the issue of regiocontrol.
In most cases, for example those illustrated in equations 5, 6
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and 8, the palladium-catalyzed oxidation of a terminal alkene
follows Markovnikov's rule for addition, and ultimately,
affords the methyl ketone. However, the regioselectivity can
be switched to afford an aldehyde (or its acetal) by the use of
certain catalyst systems or by the presence of certain
neighboring groups. For example, palladium-catalyzed
oxidation of a variety of simple terminal alkenes using
(MeCN)2PdClNO2 [130] or (MeCN)2PdCl 2

131 in tert-BuOH
often affords more aldehyde than methyl ketone (eq 9). It
was suggested that the reaction proceeds via formation of a
tert-butyl acetal which is subsequently hydrolyzed.
C ya no me th yl at ed  a nd  c ar bo xy la te d p ol ys ty re ne  r es in 
supported palladium(II) catalysts have also been used to
effect the anti-Markovnikov oxidation of 1-octene in tert-
BuOH, however, the yield was lower than with
(MeCN)2PdCl 2 [63].

The presence of some neighboring groups can also
strongly influence the regioselectivity of addition. In
particular, heteroatoms such as nitrogen, oxygen or sulfur
placed at a suitable position near the alkene can combine
with the alkene to chelate palladium and direct the
regiochemistry of the attacking nucleophile. It is typically
reasoned that the observed regiochemistry is that which leads

to the more favorable palladacyclic intermediate (that is, the
more favorable, intramolecularly complexed alkylpalla-
dium(II) intermediate) upon addition of water to the
complexed alkene. Unfortunately, predicting the direction
and level of such control is often difficult. The examples
discussed in the following paragraphs will illustrate. As a
further, but less frequent complication, while the oxidation
of allylic alcohol 27 proceeds with high regioselectivity to
afford the methyl ketone, other allyl alcohols and alcohol
derivatives possessing a terminal double bond can give
rearranged oxidation products. For example, the oxidation of
29 gives a mixture of methyl ketone 30 (60%) and 1-
hydroxyl-3-one 31 (14%). Similarly, oxidation of 32 affords
a mixture of methyl ketone 33 and the 1-acetoxy-3-one 34 in
33% and 17% yields, respectively (eq 10, 11) [2].

As suggested by the difference in the methyl ketone-to-
aldehyde ratios in equations 12, 13 and 14, the nature of the
allylic substituent strongly influences the observed parti-
tioning between the regioisomeric oxidation pathways. For
example, the palladium catalyzed oxidation of the propenyl
acetate and carbonate (35a and 35b, respectively) in
anhydrous 1,2-dichloroethane containing HMPA gives a near
1 to 1 mixture of regioisomeric oxidation products (eq 12).

entry R catalyst ketone aldehyde yield (%)

a C6H13 (MeCN) 2Pd(Cl)NO2-CuCl2 45 55 43

b C8H17 (MeCN) 2Pd(Cl)NO2-CuCl2 30 70 10

c Ph (MeCN) 2Pd(Cl)NO2-CuCl2 - 100 9

d C6H13 (MeCN) 2PdCl2-CuCl2-CuCl 70 30 38

e CH2OAc (MeCN) 2PdCl2-CuCl-NaCl 14 86 75

35 X R1 36 (%) 37 (%) yield (%)

a O Me 35 65 76

b O OEt 52 48 56

c NMe Ph 10 90 52

d NPh Me 10 90 52

e N(CH2)5 10 90 52

f N(CH2)4 10 90 52

g N(CH2)3 11 89 52



The Wacker Reaction and Related Alkene Oxidation Reactions Current Organic Chemistry, 2003, Vol. 7, No. 4    375

In contrast, under the same conditions, the propenylamides
35c-g gave 90 percent of the aldehyde regioisomer [29]. To
further highlight the importance of the precise nature of the
allylic substituent, consider the influence of the allylic ether
substituent in 38 (eq 13). The allylic benzyl ether 38a
affords a 1:1 mixture of methyl ketone 39a and aldehyde 40a
[94]. In contrast, the TBS protected allylic ether 38b affords
only the methyl ketone 39b [132].

A series of examples from the groups of Jung and Kang
further and dramatically highlight the influence of the allylic
substituent and the unpredictability of its effect [94,117].
The five carbon unsaturated triol derivatives 41 give
remarkably different results depending upon the choice or
absence of diol protecting group (eq 14). Palladium-catalyzed
oxidation of the acetonide 41a gives the aldehyde 42 in
excellent yield. The diol 41b gives the methyl ketone 43,
again in excellent yield. Finally, the cyclic carbonate
derivative 41c reacts via a complementary pathway and gives
the unsaturated aldehyde 44. Three closely related substrates
reacting under the same conditions and giving three different
products, each obtained in excellent yield!

The examples illustrated above highlight the importance
of the nature of the neighboring substituent. Not only the

precise nature, but the precise position of the neighboring
group is important. While the allylic benzyl ether 38a gives
a 1 to 1 regioisomeric mixture (eq 13), the homoallylic
benzyl ether 45 gives only the methyl ketone 46 (eq 15)
[94]. Once again, however, as the examples in equations 16-
18 illustrate, it is difficult to generalize the effect. For
example, the carbonyl group in the β-lactam 47 can occupy a
similar position relative to the terminal alkene as the
homoallylic ether oxygen in 45. Nonetheless, it affords only
5% of the methyl ketone 48 and 65% of the aldehyde 49 (eq
16) [107].

The highly constrained nature of steroidal ring systems
provides an interesting template upon which to explore the
directing effect of remote substituents, and a number of very
nice studies on steroid derivatives have been reported
[86,103,133]. These also illustrate the rather unpredictable
nature of this neighboring group effect. For example, the
oxygen functionality positioned within the steroid skeleton
in compound 50 again directs the oxidation of the terminal
alkene to give the aldehyde (eq 17) [103]. Even more remote
and/or non-obvious directing effects can influence the
regioselectivity. The Wacker oxidation of 52 gave a mixture
of methyl ketone 53 and aldehyde 54 in a ratio 1:1. It was
suggested that participation of ∆15-bond and hydrogen-
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bonded association of water with the proximal 17-oxo group
contribute to the unanticipated formation of substantial
amounts of 54 (eq 18) [134].

Usually the Wacker oxidation of terminal alkenes is
carried out in an aqueous medium and affords the methyl
ketone, but when the reaction carried out in the presence of
an alcohol or a diol, the corresponding ketal is usually
obtained. An older variant of the reaction variant initiates the
process via oxymercuration. For example, oxymercuration of
terminal alkenes in ethylene glycol followed by treatment
with PdCl2 leads to the ethylene ketal 55 (eq 19) [135]. The
issue of regioselectivity again arises when the substrate bears
a neighboring directing group. For example, the allylic
tertiary amines 56a-c efficiently give the corresponding
acetals 57a-c, but the allylic secondary amine 56d gives only
a low yield of acetal 57d (eq 20) [136]. Similarly, the allylic
sulfide 56e gives none of the expected acetal 57e, but the
more remote phenyl sulfide gives 57f in good yield. It is
thought that the allylic NH and SPh substituents stabilize
intermediates in the reaction that are intercepted to give
chlorinated products, and thus, the yield of acetal in those
two and related cases is low.

Another reaction mode related to the acetal formation is
possible by again adjusting the reaction conditions. In the
absence of chloride ion and in acetic acid, the palladium(II)
catalyzed oxidation of ester 58 gave the vinyl acetate 59 in
63% yield (eq 27). It was suggested that chelation of
palladium(II) by the double bond and a carbonyl oxygen lone
pair induces the attack of nucleophile to terminal carbon of
double bond [99]. Subsequent β-hydride elimination would
account for formation of the enol acetate derivative.

The intramolecular addition of a suitably disposed
hydroxyl group can be efficient and leads to formation of a
cyclic ketal when the reaction is run in alcohol solvent or to
a hemiketal when the reaction is run in aqueous solvent
mixtures. For example, palladium-catalyzed oxidation of the
unsaturated alcohol 60a-b lead to the alkoxy tetrahydrofurans
61a-b (eq 22). Diols such as 62 lead to the bicyclic ketal 63
(eq 23) [137,138].

entry X R yield (%)

a NBn2 Me 81

b NBn2 Et 81

c NBn2 -CH2CH2- 74

d N(H)CH(Me)Ph Me 10

e SPh Me 0

f CH2CH2SPh Me 56
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Regiochemistry is again an important issue, but the
selectivity observed in this variant seems easier to
rationalize. The unsaturated alcohols 60a-b and 62 afford the
ketals of methyl ketones (i.e., 61a-b and 63) and are derived
via the facile five-membered ring forming cyclization of a
pendant hydroxyl group. The facility of the ring closure
seems to control the regioselectivity in similar substrates as
well. For example, palladium-catalyzed oxidation of the
homoallylic alcohols 64 afford the alkoxy tetrahydrofurans
65 (eq 24) [139]. The product obtained here is an acetal, that
is, the product obtained via addition with the opposite
regiochemistry as compared to 60 and 62. Nonetheless, 65 is
again derived via the more facile five-membered ring forming
mode of cyclization. While it is reported that the reaction of
1-decen-4-ol (66 R1 = (CH2)6CH3, R2 = H) under the
conditions given in equation 25 affords the methyl ketone
(68% yield), other, more highly substituted homoallylic
alcohols 66a-g give the five-membered ring hemiacetals 67
under these conditions (eq 25) [140].

The palladium-catalyzed oxidation of an alkene bearing
an electron-withdrawing substituent (e.g., phenyl vinyl
ketone and ethyl acrylate) also produces the acetal when run
in alcohol solvent [27,141,142]. For example, Pd(OAc)2-
catalyzed oxidation of ethyl acrylate using the chloride free
reoxidation system molybdovanadophosphate (NPMoV)/-
hydroquinone (HQ) in acidic ethanol affords ethyl 3,3-
diethoxypropionate (68) in quantitative yield (eq 26)
[46,143]. Surprisingly, it is reported that acrylonitrile is
oxidized via a regioisomeric pathway to afford 2,2-dimet-

hoxy propionitrile (69) (eq 27). However, when run with the
same catalyst system but using ethylene glycol, the reaction
gives the expected ethylene acetal rather than the isomeric
ketal [141].

KEY FEATURES OF THE PALLADIUM CATA-
LYZED OXIDATION OF INTERNAL ALKENES

Under the standard Wacker oxidation conditions, simple
internal and cyclic alkenes generally react slowly. However,
under certain conditions, it is reported that such derivatives
can be viable substrates for palladium-catalyzed oxidation.
The reports include the use of bis(N,N-diethylaceta-
mide)palladium(II) dichloride [37], water soluble palladium
complexes derived from Pd(OAc)2 and bathophenanthroline
disulfonate [44], heteropolyacid co-catalysis [46,54,67],
inorganic acid co-catalysis [64,65], electrochemical activation
[72], and the use of fluorous biphasic systems [84].

As is the case with terminal alkenes, the regioselectivity
observed in the oxidation of internal alkenes depends upon
the precise reaction conditions, the structure of the starting
alkene, and again, on the presence of neighboring groups
capable of participation. Electronic effects can be important
in determining the regioselectivity, as well. It is expected
that a nucleophile such as water approaching a coordinated
alkene should attack the carbon substituted by the better
electron-donating group, or equivalently, at the position
more remote from electron-withdrawing substituent.
Comparing the palladium-catalyzed oxidations of β-
methylstyrenes 70a and 70b tends to support this view(eq
28). β-Methylstyrene (70a) gives a mixture of the
regioisomeric ketones 71a and 72a in 7.5: 1 ratio. Were a
styrene derivative to bear a more electron rich aromatic ring,
it should more highly favor addition at the adjacent site. In
the event, the trimethoxystyrene analogue (1,3,5-trimethoxy-
2-propenyl-benzene (70b)) did favor this mode to a relatively
greater extent giving a 1 : 2.3 mixture of 71b and 72b
[144,145], It should be noted however, that potentially the

entry R1 R2 yield (%)

a n-C6H13 Me 64

b H -(CH2)7CO2Me 58

c n-C6H13 CO2Me 62

d n-C6H13 (p-tolyl)SO2 82

e CH=C(H)Me (p-tolyl)SO2 50

f CH2OBz OBn 81

g CH2OBn OBn 87

entry R1 R2 R3 %yld 65 (R4 = iPr) % yield 65 (R = t-Bu)

a H H H 26 94

b H Me Me 100 100

c H Me Et 95 100

d H Ph Ph 80 75

e Me Me Me 99 96
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1,3,5-trimethoxyphenyl ring can also participate as a
neighboring group ligand, and this interpretation could as
well account for the results. Based on the electronic

argument, enol ethers and related derivatives should favor
attack of the nucleophile at the oxygen-substituted end, and
palladium-catalyzed oxidation of enol ether 73 gives the ester
74 (eq 29) [106]. Note that this is one case where a
trisubstituted alkene undergoes palladium-catalyzed
oxidation; albeit, the yield is modest.

The palladium-catalyzed oxidations of acyclic, internal
alkenes bearing allyl or homoallylic ether or acetate
substituents proceed with high regioselectivity. For example,
the allyl ethers 75a-c, allyl acetate 75d and homoallyl
acetates 77e-f were oxidized to corresponding β-alkoxy
ketones 76a-c, β-acetoxy ketones 76d, and γ -acetoxy ketones
78e-f, respectively (eq 30-31) [146]. These results again
demonstrate the importance of the neighboring functional
group, and the regioselectivity has been rationalized by
invoking coordination of palladium with the oxygen
functionality to direct the site of water addition.

α,β-Unsaturated esters and ketones as well as the
corresponding β,γ -unsaturated derivatives also react with
high regiocontrol. For example, α,β-unsaturated esters 79a-d
and ketones 79e-f afford β-ketoesters 80a-d and 1,3-
diketones 80e-f, respectively (eq 32). The β,γ -unsaturated
esters 81a-b and ketones 81c-d afford the γ -ketoesters 82a-b
and 1,4-diketones 82c-d, respectively (eqs 33) [147].
Intramolecular variants are also possible. For example,
mixed ketals of structure 84 were formed via the
regioselective intramolecular reaction of 83 in methanol. The
five- and six-membered cyclic mixed acetals 84 were formed
in generally good yields (61-87%) for several simple
derivatives (eq 34) [148].

As was seen for certain terminal alkene substrates, rather
remote functional groups positioned in rigid systems can
significantly influence the observed regioselectivity. For
example, palladium-catalyzed oxidation of 85 in aqueous
DMF affords a mixture of ethyl ketone 86 and methyl ketone
87, wherein the ethyl ketone 86 is strongly preferred (91:9
86:87, eq 35) [149]. However, the regioselectivity with
internal alkenes depends upon the precise reaction conditions
employed, and palladium-catalyzed oxidations of similar
alkenes, when carried out in DME [101] with addition of

entry R1 R2 yield (%)

a Me Bn 67

b n-Pr Me 65

c i-Bu Bn 76

d n-C5H11 Ac 42

entry R1 X yield (%)

a Me OMe 83

b n-Pr OMe 96

c i-Pr OMe 96

d i-Bu OMe 80

e n-C6H13 Me 59

f n-C6H13 Me 59

entry R1 X yield (%)

a Et OMe 52

b n-C6H13 OMe 61

c Et Me 45

d n-C6H13 Me 61
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perchloric acid [64] or in the presence of PEG [80] afford
methyl ketones as the major product.

Even relatively unconstrained systems can exhibit
unusual regioselectivity as evident in a series of substrates
studied by Kang and coworkers [94]. The (E)- and (Z)-
acetonides 88a-b (PMB = para-methoxybenzyl) undergo
palladium-catalyzed oxidation to the methyl ketone 89 (93%
and 91% yields, respectively) (eq 36). These results are
consistent with what one might expect based upon the
discussion above, and in particular, to the fairly close
analogy shown in equation 30. However, the corresponding
(E)- and (Z)-diols followed a much different course.
Palladium-catalyzed oxidation of (E)-diol 90a affords the
methyl ketone 91 in 93% yield. In contrast, the (Z)-isomer
90b affords the ethyl ketone 92 in high yield (90%) (eq 34).
This dramatic difference in regioselectivity is ascribed to
differences in steric hindrance around the double bond in the
two isomers. The cyclic carbonates follow yet another

course. Palladium-catalyzed reaction of either the (E)- or (Z)-
carbonate (93a and 93b, respectively) affords the α,β-
unsaturated methyl ketone 94 in high yield (90% and 91%,
respectively) (eq 39).

APPLICATIONS OF PALLADIUM-CATALYZED
ALKENE OXIDATIONS IN TOTAL SYNTHESIS

The palladium-catalyzed oxidation of terminal alkenes to
methyl ketones or to aldehydes has been used extensively in
natural products total synthesis [2,3]. Recent applications
involving the oxidation of an alkene to a methyl ketone
include the total syntheses of calyculins A and B [50],
sphydrofuran [97], queen’s substance [102], the AB-ring of
aklavinone [112], (-)-hennoxazole A [113,150], the BCD
framework of richardianidins [121], (dl)-trichodiene [124],
18-oxo-3-virgene [125], the male sex pheromones of
Hylotrupes bajulus and Pyrrhidium sanguineum [132], a
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natural constituent of the perfume material civet [145], (dl)-
dammarenediol [151], copalol [152], (±)-nakamurol-A [127],
tautomycin [153], (+)-anatoxin-a [154], (±)-decarestrictine L
[155], vitamin D3 [115], clavularin A [126], the 1,3,5-triol
fragment common to several polyene macrolides [156],
nargenicin A1 [157], and the preparation of dipeptide
isosteres [158]. The palladium-catalyzed oxidation of an
alkene to an aldehydes is less frequently applied;
nonetheless, recent total syntheses using this variant include
the synthesis of the carbocyclic core of tetradotoxin [159],
the carbocyclic core of the tetraponerines [160], and the C25-
C29 segment of rifamycin S [116].

As listed above, many complex substrates have been
used successfully in the palladium-catalyzed alkene oxidation
reaction to give methyl ketones or aldehydes. The examples
described in this and the following several paragraphs are

chosen so as to highlight the versatility of the reaction as
well as to demonstrate the chemoselectivity of the palladium
catalyzed oxidation and its tolerance of the common
functionality. For example, the palladium-catalyzed
oxidation of the aza-bicyclic compound 95 converts the
terminal alkene to the methyl ketone 96, a transformation
that was used in the total synthesis of (+)-anatoxin-a (eq 40)
[154]. The tricyclic ketone 98 was a key intermediate in the
total synthesis of 18-oxo-3-virgene and was obtained by the
selective palladium-catalyzed oxidation of the terminal
alkene in compound 97 (eq 41) [125]. Recall that a common
variant of the palladium-catalyzed oxidation of alkenes is one
in which the reaction is carried out in the presence of alcohol
or a diol and affords the ketal. Protected triol 99 contains
two potentially acid labile protecting groups, and yet, the
conversion of the terminal alkene to ketal occurs smoothly
via the two step mercuric acetate then palladium dichloride
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procedure. The transformation 99 to 100 was used for the
C1-C7 segment of hennoxazole A (eq 42) [150].

Acetals and ketals, whether acyclic or cyclic and whether
used as a protecting group or present as key structural
elements within the molecule of interest, are moderately acid
labile functionalities often encountered in the course of
synthesis. As the following examples illustrate, the
conditions for palladium-catalyzed oxidation are very tolerant
of such functionality. For example, in the synthesis of a ring
D building block of vitamin D3, doubly MOM ether-
protected diol 101 was smoothly oxidized to the methyl
ketone 102 (eq 43) [115]. The cyclic acetal 103 affords the
methyl ketone 104, a building block used in the synthesis of
hennoxazole A (eq 44) [150]. The acetonide in 105 is stable
toward palladium-catalyzed oxidation to the methyl ketone
106 (eq 45), a subunit used in an approach to nargenicin A1

[157]. This example also illustrates the chemoselective
oxidation of the terminal alkene in preference to the 1,1-
dibromoalkene present in the same molecule, and in

addition, the preservation of the methyl-bearing stereocenter
alpha to the newly formed carbonyl in the course of the
oxidation.

Even rather structurally complex acetal and ketal
containing substrates undergo efficient palladium-catalyzed
oxidation. For example, the spiroketal 107 gives methyl
ketone 108, which was used as segment C of tautomycin (eq
46) [153]. Again, the allylic stereocenter is preserved in the
alkene to methyl ketone transformation. The palladium-
catalyzed oxidation of avermectin derivative 109 to 110
provides access to avermectins with oxygen-containing
functionalities at C-25 (eq 47) [87].

As stated previously, applications involving terminal
alkenes that exploit the opposite regiochemistry in the
palladium-catalyzed oxidation are less common. None-
theless, it is found that tetrahydropyridine 111 is oxidized to
aldehyde 112, an intermediate in the total synthesis of
tetraponerine (eq 48) [160]. It is likely that the allylic
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nitrogen substituent accounts for the regioselectivity, and of
further note, the diethyl acetal is fully compatible with the
palladium-catalyzed oxidation. Similarly, the 1,6-anhydro
sugar 113 was converted into aldehyde 114, a compound
used as a key intermediate in the synthesis of carbocyclic
core of tetradotoxin (eq 49) [159].

The various transformations effected via palladium-
catalyzed oxidation have been successfully applied in a wide
variety of substrate types, and the examples described above
demonstrate some aspects of its chemoselectivity and its
tolerance for common functionality. The reaction has also
evolved into a strategy-level transformation that is useful in
the context of synthetic planning. For example, the
intramolecular palladium-catalyzed oxidation of certain
unsaturated diols provides a versatile entry to bicyclic
acetals. The shortest published synthesis of the aggregation
pheromone frontalin is based on this strategy. Intramolecular
acetalization of 115, catalyzed by [PdCl2/CuCl] under an
atmosphere of oxygen, gives frontalin in 76% yield (eq 50)
[161]. The more biologically active fluorinated analogue 118

was prepared from 116 via palladium-catalyzed acetalization
to 117 (eq 51) [162]. This strategy has also been used to
prepare (+)- and (–)-endo-brevicomin [163]. and the 2,8-
dioxabicyclo[3.2.1]octane core of zaragozic acid [164].

While the direct conversion of an unsaturated diol to
ketal is a frequently used approach, two step variants are also
popular. For example, the functionalized tetrahydropyran 121
was prepared by palladium-catalyzed oxidation of 119
followed by mild acid catalyzed trans-ketalization (eq 52)
[113]. The functionalized tetrahydropyran moiety 121 was
used in the synthesis of (-)-hennoxazole A. A conceptual
similar sequence used for the formation of a heterocyclic ring
system, exploits palladium-catalyzed oxidation followed by
intramolecular reductive amination. This latter variant is a
convenient strategy for the preparation of nitrogen
heterocycles as illustrated by equation 53. In the total
synthesis of (+)-monomorine I, 123, which was obtained via
the oxidation of 122, underwent a cascade of debenzylation
and reductive cyclization to yield the cis-2,6-dialkylpi-
peridine 124 as a single stereoisomer [105].
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While the palladium-catalyzed alkene oxidation is the
key strategy for the synthesis of frontalin and related
compounds, more commonly, the transformation is used in
combination with a subsequent transformation(s) to define
the synthetic strategy. The palladium-catalyzed alkene
oxidation/reductive amination sequence in equation 53
illustrates the idea. The Wacker oxidation of an unsaturated
aldehyde, an unsaturated ketone, or a doubly unsaturated
substrate is frequently used to establish 1,4-, 1,5-, 1,6-, and
1,7-dicarbonyl relationships within a molecule. These func-
tionalities then set the stage for subsequent intra-molecular

aldol condensation or a related cyclization reaction. A variety
of 5-, 6-, 7-, and 8-membered ring annulation sequences have
exploited this strategy, and its utility is highlighted in the
total syntheses of (±)-acorenone B [165], cephalotaxine
[166], (-)-homogynolide-A [167], the AB ring model of
Taxol [168], the AB ring system of 12-demethyltaxol [110],
a number of angular and linear tetraquinanes [169],
dysidiolide [100], the hydrindane systems of several natural
products [170], and (-)-7-epibakkenolide-A [171]. Several
other representative examples, the preparations of 125, 126,
129 and 130, are illustrated in equations 54-57. These
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compounds (i.e., 125, 126, 129 and 130) are intermediates
in the syntheses of (±)-ptaquiosin [172], (±)-hirsutene [90],
the ABC ring system of taxol [173], and pseudoguaianolide
[174] respectively.

1,4-Dicarbonyl compounds can also be generated via a
Claisen rearrangement-Wacker oxidation sequence. For
example, Claisen rearrangement of 131 followed by Wacker
oxidation affords keto-aldehyde 133. The keto-aldehyde was
converted to the rather sterically encumbered cyclopent-2-
enone 134 (eq 58), which was used as a key intermediate in
the total synthesis of (±)-laurene [91]. A similar strategy is
used in the total syntheses of (±)-tochuinyl acetate and (±)-
dihydrotochuinyl acetate [92,93].

The palladium-catalyzed oxidation/intramolecular aldol
condensation sequence has found considerable use in
preparations of the steroid skeleton [2,3,114,175-177] and
various side chains derivatives [86,103,133,134,178]. In the
preparation of the skeleton, the oxidation is used to construct
1,5-diketone building blocks for cyclohexenone annulation.
For example, in a route to (+)-19-nortesto-sterone, the
palladium-catalyzed oxidation of 135 gives 1,5-diketone
136, and the latter compound was converted to BCD ring

137 (scheme 4) [176]. Similarly, compound 137 has been
used to prepare the 1,5-diketone 138. Hydrogenation of 138
followed by intramolecular aldol/dehydration and hydrolysis
of tert-butyl ether furnished (+)-19-nortestosterone (139)
[175]. Similar strategies have been used in the synthesis of
D - homo - 19 - norandrosta - 4 - en - 3 - one, wherein the A
ring is formed by the palladium - catalyzed alkene
oxidation/intramolecular aldol-dehydration sequence [177],
and in the synthesis of a 7-acetyl-D-homosteroid, wherein
the B ring was constructed in a similar fashion [114].

Another of the cascade cyclization sequences exploits
palladium-catalyzed oxidation followed by an intramolecular
Michael addition reaction. For example, oxidation of 140
followed by treatment with (S)-(-)-1-phenylethylamine gives
pyrrolidone (-)-142, an intermediate used as a key building
block for α-allokainic acid (eq 59) [98].

Another common strategic use of the Wacker oxidation is
in conjunction with an asymmetric allylation to effect the
equivalent of an asymmetric aldol reaction of acetone or
other methyl ketone [88]. For example, allylation of
diacetate of D-arabinal (143) gives the intermediate acetate
144 which serves as a precursor to the unsaturated ester 145.

Scheme 4. Strategy of Palladium-Catalyzed Alkene Oxidation Followed by Intramolecular Aldol/Dehydration in Steroid Synthesis
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Palladium-catalyzed oxidation of 145 afforded multi-gram
quantities of methyl ketone 146, which was used in the total

synthesis of pseudomonic acid (eq 60) [179]. A similar
strategy has been applied in the total synthesis of rutamycins
[180]. In the total synthesis of swinholide A, the syn-
selective crotylboration of 148 with Brown’s (-)-α-pinene-
derived reagent 147 followed by methylation of the resulting
hydroxyl group gives intermediate 150. The Wacker
oxidation of 150 affords methyl ketone 151 (eq 61) [181].
This example strikingly highlights the selectivity and
functional group tolerance of the oxidation as well as the
synthetic equivalency of the allylation/oxidation sequence to
an asymmetric aldol reaction of a methyl ethyl ketone
enolate. The presence of the dienoate, isolated double bond,
TBS ether, tetrahydropyran ring, and potential β-methoxy
leaving group are all tolerated in the reaction. In addition,
epimerization at the methyl-bearing α-stereocenter is not a
problem under the reaction conditions.

The palladium-catalyzed oxidation reaction has also been
used in the modification of carbohydrates and in the
synthesis of unnatural sugars. For example, oxidation of
glucose derivative 152 affords the diketone 153 which was
cyclized to the cyclopentenone 154 via base catalyzed
intramolecular aldol reaction (eq 62). Surprisingly, the
similar diketone 156, which is obtained in good yield via
the oxidation of 155, fails to undergo the intramolecular
aldol (eq 63) [119]. The palladium-catalyzed oxidation of 6-
C-substituted D-mannose derivative 157 gives the methyl
ketone 158 in high yield (eq 64) [111].

The examples described the preceding paragraph are in
the six-membered ring pyranose series. In the furanose series,
similar results have been obtained. For example, the
unsaturated alcohol 159 undergoes palladium-catalyzed
oxidation to give the hemiketal 160. Reductive deoxy-
genation of 160 leads to the formation of the C-α-D-
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glycoside 161 (eq 65) [138]. Formation of the aldehyde
regioisomer is more commonly observed in the five
membered ring series due to the frequent presence of a allylic
oxygen substituent. For example, oxidation of acetonide 162
gives the aldehyde 163. The latter compound was converted
into 2-deoxy-L-ribose 164 upon treatment with HCl (eq 66)
[117]. Similarly, the furanosides 165a-b, afford the aldehyde
or its lactol depending on the presence or absence of a
protecting group on the neighboring oxygen; the benzoate

165a leads to the formation of aldehyde 166 (eq 67), and free
alcohol 165b gives lactol 167 (eq 68) [182].

One example illustrating the use of the palladium-
catalyzed oxidation of open chain sugar derivative is shown
in equation 69. Tin mediated allylation of D-glucose
followed by acetylation and palladium-catalyzed oxidation of
the resulting polyacetate 168 gives the three carbon extended
ketose 169 in high yield (eq 69) [183].
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MISCELLANEOUS APPLICATIONS OF WACKER-
TYPE OXIDATIONS

The Wacker oxidation has been applied in development
of other synthetic strategies, including for example, the
cyclizations of furan chromium carbenes [184], [3+4] and
[3+5] annulation reactions [185], and the spiroannulation of
cyclopentane rings [186]. In addition, allyl ethers are
commonly used as protecting groups in carbohydrate
chemistry [187]. Two closely related deprotection procedures
based on palladium-catalyzed oxidation have been deve-
loped. Although the direct use of the Wacker oxidation
conditions for the deprotection of allyl ethers has been
reported [188], the methodology does not appear to be very
general. For example, the oxidation of compound 170 under

typical Wacker-type oxidation conditions gives only the η2-
palladium(II) alkene complex 171 (94%) (eq 70). Depro-
tection of the allyl ether in 170 could be achieved by first
base-promoted isomerization to the corresponding propenyl
ether 172 ( tert-BuOK in DMSO at 140 °C) followed by
palladium-catalyzed oxidation. Via this protocol, lactol 173
was obtained in 63% overall yield (eq 71) [189].

Alternatively, palladium-catalyzed oxidation of 174 (R =
CH2CH=CH2) affords a mixture of aldehyde 175 and methyl
ketone 176, in which the 175:176 ratio is solvent dependent
(1:4 in 1:1 DMF-H2O and 2.3:1 in 6:1 DMF-H2O).
Photolysis of the mixture in the presence of triethylamine
affords the glycol 174 (R = H) in overall 82% yield (eq 72)
[96]. A variation on this method employs a more highly
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substituted allyl glycoside, for example, 174 (R =
CH2CH=C(H)C6H13). In this case palladium catalyzed
oxidation of the internal alkene occurs with high
regioselectivity to afford the β-alkoxyl ketone 177 (97%) (eq
73). Subsequent base promoted elimination via treatment
with DBU affords 174 (R = H, 81%) [190].

While a number of palladium-binding resins have been
evaluated as polymer bound reagents for the Wacker
oxidation (referenced in the discussion above), only a single
recent report describes the Wacker oxidation of a resin bound
alkene substrate. More work needs to be done on this
application to make it attractive. Nevertheless, the
preliminary study demonstrates the viability of the
chemistry. Among several macroporous resins examined, the
Wacker oxidation of alkenes 178 bound to a commercial
polymer (Rohm & Haas) gives ketone 179 in moderate yield
(eq 74; yield determined after cleavage) [191].

Polymeric polyketones are important materials because
they can be converted to other functionalized polymers.
Usually polyketones are prepared via the copolymerization of
an α-alkene with carbon monoxide or via the polymerization
of unsaturated ketones. Unfortunately, these two methods
suffer from competing undesired side reactions and/or
difficulty in controlling the degree of polymerization.
Polybutadiene is a well-studied, readily available and com-
mercially important polymer. Conditions (cat. PdCl2/CuCl2

in DME-water under low oxygen pressure) that effect the
facile and complete palladium-catalyzed oxidation of
polybutadiene 180 to polyketone 181 were reported (eq 75)
[192].

RHODIUM-, IRIDIUM-, COBALT-, RUTHENIUM-
AND PLATINUM-CATALYZED WACKER-TYPE
OXIDATIONS

Compared with palladium, the use of other transition
metals as Wacker-type alkene oxidation catalysts has been

received limited attention. Nevertheless, number of other
metals have been shown to catalyze similar oxidations using
dioxygen or hydroperoxide as the ultimate oxidizing reagent.
Among these, certain rhodium, iridium, cobalt and platinum
catalysts have been shown to oxidize alkenes to ketones, and
since the future of organic synthesis is intimately tied to the
discovery and development of new reagents, we thought it
appropriate to summarize these results, all of which are at an
early stage of development, as part of our survey of the field,
and perhaps, as food for thought.

Among the alternative metal catalysts for Wacker-type
alkene oxidation, rhodium is the most extensively
investigated thus far. Both Rh(I) and Rh(III) have been used
in the oxidation of alkenes. In contrast to the palladium
catalyst systems, most alkene oxidations using rhodium do
not involve water as a nucleophile (although there are
exceptions), and sometimes, the reaction is accelerated by the
addition of a dehydrating agent such as 2,2-dimethoxy-
propane (DMP). For example, using dioxygen as the only
oxidant, rhodium trichloride is a very inefficient and
nonspecific catalyst. Water is formed during the course of the
reaction, and its formation both inhibits the desired reaction
and promotes isomerization of the double bond [193,194],
These problems can be overcome by adding a oxidant such
as a Cu(II)X2 or Fe(III)X3 salt, the former being preferred.
The choice of counterion is important; perchlorate and nitrate
are good, while chloride is less active, and bromide or iodide
are inactive. The addition of ligands such as pyridine,
bipyridine, phosphine, arsine or 1,5-cyclo-octadiene results
in diminished catalytic activity. Generally, alcohols such as
ethanol and isopropanol are the best reaction solvents. For
example, a variety of simple, linear terminal alkenes can be
quantitatively oxidized to the c o r r e s p o n d i n g  m e t h y l 
k e t o n e s  w i t h  [RhCl3•(H2O)3/Cu(ClO4)2•(HMPA)4] (eq 76)
[193]. Under the reaction conditions specified, isomerization
of double bond occurs only to small extent, and aldehydes
are not observed. While few more complicated alkenes have
been examined, surprisingly, it is found that only one of the
two terminal double bonds in 1,6-hexadiene is oxidized.
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A number of other catalyst systems show promise.
Compared to [RhCl3•(H2O)3/Cu(ClO4)2•(HMPA)4] for
e xa mp le , a  c at al ys t s ys te m c on si st in g o f
[Rh(ClO4)3•(H2O)6/Cu(BF 4)2-LiCl] was found to be more
effective with certain alkenes. In this latter catalyst system,
2-3 chloride ions per rhodium atom are necessary for
maximum activity, but chloride present in larger excess leads
to a sharp decrease in the catalytic activity. This catalyst
system is not sensitive to the presence of 1 to 2 equivalents
of added phosphine, but the addition of ligands such as
pyridine results in inefficient catalysis [195]. Rhodium
perchlorate is also reported to be a good catalyst for the
oxidation of terminal alkenes to methyl ketones and is quite
active in the absence of free water, chloride or copper ions
[193]. [Rh(CO)2Cl]2 can be oxidized to a Rh(III) catalyst in
ethanol [196], and it was found that either HOOH or t-
BuOOH can be used as the oxidant in the oxidation of 1-
hexene, run under inert atmosphere and catalyzed by
RhCl3•(H2O)3 and or a Rh(III)/Cu(II) catalyst system [194].
In contrast to many Rh complexes where the oxidation is
strongly inhibited by water, it was found that RhCl3•(H2O)3

or (1,5-hexadiene)rhodium(I) chloride can be used under the
conditions of phase transfer catalysis [197]. In addition to
the rhodium catalysts discussed above, rhodium oxide
clusters have also been shown to catalyze oxidation of
alkenes with O2 to give ketones. Schwartz reported an oxide-
bound (alumina)Rh(O2) species efficiently catalyzes the
oxidation of alkenes to give ketones in the absence of a
sacrificial co-reductant such as alcohol or phosphine [198].
Other rhodium oxide clusters have been investigated [199].

In general, the oxidation of internal alkenes are much
slower than terminal ones. The reaction rate and the nature of
products formed depend considerably on the structure of the
alkene and the reaction conditions. Much effort has already
been devoted toward developing an understanding of the
catalytic mechanism of these rhodium catalysts, but at this
point, the mechanistic picture remains rather complicated.
Mimoun [193,200,201] and Drago [194,196] have proposed
three mechanisms to rationalize the results of RhCl3/Cu
catalyzed oxidation of terminal alkenes to ketones by O2.
Each features a different key rhodium intermediate in the
activation and transfer of dioxygen, the peroxo rhodium
complex 182 [193,200-205], hydroperoxy rhodium 183
[194-196,201,205], and alkylperoxy rhodium  184 [194].

Mimoun’s mechanism (Scheme 5) uses both oxygen
atoms of dioxygen in reactions with alkene [193]. A
rhodium(I)-alkene π complex such as 185 can be obtained

from the reduction of RhCl3 by the ethanol solvent in the
presence of an alkene. It is postulated that 185 adds
molecular oxygen to form a peroxo rhodium complex such
as 186. Alternatively, 186 might be generated by the reaction
of a Rh(III) peroxo complex with the alkene [206]. Once
formed, insertion of the alkene into a rhodium-oxygen bond
would yield a five-membered peroxometallocycle such as
187 which decomposes to the observed methyl ketone
product and a rhodium(III) oxo complex such as 188.  It  is
proposed that the addition of protic acid would give complex
189, which in the presence of alkene forms an intermediate
such as 190. Complex 190 can undergo beta-elimination,
releasing a second molecule of methyl ketone and an
equivalent of HY. Coordination of alkene regenerates the
initial rhodium(I) complex 185 completing the catalytic
cycle. Drago offered two alternative proposals to account for
the reaction [194].

The study of cationic Rh(I) complexes is at an early stage
and their synthetic utility is yet to be established.
Nonetheless, complexes such as [Rh(diphosphine)2]X and
[Rh(diphosphine)(diene)]X derivatives have been studied, but
these suffer from a fall-off in activity, although they are
capable of turnover numbers (TONs) in the range of 800- 900
[201,206]. Developing a better mechanistic under-standing of
oxygenation at the rhodium center should be helpful in the
design of future catalysts. Read proposed a mechanism for
the rhodium-catalyzed alkene oxidation using Wilkinson's
catalyst as illustrated schematically in Scheme 6 [204].

Scheme 5. Mimoun's Mechanism for the RhCl 3/O2 Catalyzed
Oxidation of Terminal Alkenes
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RhCl(PPh3)3 is thought to be converted to a peroxo
Rh(III)(alkene) complex (e.g., 191). The coordinated alkene
is thereby activated toward isomerization to a peroxo-
metallocycle such as 192. Subsequent coordination of PPh3,
oxygen transfer and loss of Ph3PO would allow for β-hydride
elimination en route to the observed ketone. Gal and co-
workers isolated several related model compounds that
support this general mechanism [207].

Other metals have been used in alkene oxidation catalyst
systems. Several ruthenium complexes have been investi-
gated in the phase transfer catalyzed oxidation of 1-decene to
2-decanone (eq 77). RuCl2(PPh3)3 and RuCl3 showed
activity, while Ru(acac)3 and [Ru(CO)3Cl2]2 were not

effective [197]. Taquikhan reported the RuCl3 catalyzed the
oxidation of 1-hexene to 2-hexanone using oxygen as the
ultimate oxidant (equation 77, entry d) [203]. A mechanism
similar to Mimoun's mechanism for the rhodium catalyzed
oxidation of terminal alkenes was proposed. Compared to
the rhodium catalyst, an interesting feature of the ruthenium
catalyst is that water is required [203].

The reaction of cyclooctene, O2 and H2 to give
cyclooctanone and water is catalyzed by an iridium(III)
hydride complex, [IrHCl2(C8H12)(DMA)] (eq 78, DMA =
dimethylacetamide). The reaction is thought to proceed via
an iridium-hydroperoxide intermediate [208], and may be
related to the observation that [η5-Cp*(Ph)IrPMe3]

+ can
catalyze the insertion of ethylene into the Ir-OH bond of [η5-
C p* (P h) Ir PM e3 ] OH . T ha t i ns er ti on  g iv es  [ η 5 - 
Cp*(Ph)IrPMe3]CH2CH2OH, which is subsequently
converted to [η5-Cp*(Ph)IrPMe3]CH2CHO [209].

Cobalt complex 196 catalyzes the Wacker-type oxidation
of terminal alkenes in the presence of dioxygen or hydrogen
peroxide. Methyl ketones and their corresponding secondary
alcohols are formed (eq 78) [210]. Internal alkenes such as 2-
hexene and 3-hexene are oxidized to form mixtures of 2- and
3-hexanone and 2- and 3-hexanol.

A m i d a t e - b i d g e d  P t ( I I I )  b i n u c l e a r  c o m p l e x e s , 
[Pt2(NH3)4(Am)2(H2O2)]

4+ (Am = amidate ligand), catalyze
the oxidation of alkenes in acidic aqueous solution
([Pt4(NH3)8(C4H6NO)4](NO3)6•(H2O)2,  C 12H25SO3Na, aqueous
H2SO4/(CH2Cl)2,  O 2) [211]. Linear alkenes (e.g., 197) are
oxidized principally to ketones (e.g., 198), whereas cyclic
alkenes are oxidized to epoxides (e.g., 199); thus far, both
proceed with only modest turnover numbers (eq 80). The

entry R Ru catalyst yield (%)

a n-C8H17 RuCl2(PPh3)3-CuCl2/cetyltrimethylammonium bromide 64

b n-C8H17 RuCl2(PPh3)3•CuCl2/(Bu4N)(HSO 4) 28

c n-C8H17 RuCl3•CuCl2/cetyltrimethylammonium bromide 13

d n-C4H9 RuCl3, aqueous HCl 54

Scheme 6. A Pathway for Alkene Oxidation using RhCl(PPh3)3

and Dioxygen.
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oxygen atoms incorporated come exclusively from water,
suggesting that the reaction mechanism is basically similar
to that of the Wacker reaction (scheme 7). It has been
suggested that the catalytically active metal is a Pt(III) dimer
200, and that in the first step of the reaction, the alkene is
bound to the dimer to give a complex such as 201.
Nucleophilic attack by water at the more highly substituted
carbon atom would afford 202. At this stage, linear alkenes
are thought to undergo 1,2-(H/Pt)-transposition to give an
intermediates such as 203 which then serves as the precursor
to the observed methyl ketone. In the case of cycloalkenes,
which are more constrained, 204 leads to epoxide formation.

CONCLUDING REMARKS

The Wacker oxidation has been studied extensively. The
largest part of research efforts have been devoted to
palladium catalyzed the oxidation. Several mechanistic
pathways have been proposed to explain the observed results.
The regioselectivity of the palladium-catalyzed oxidation,

both with terminal and internal alkenes, is influenced by
each of the important reaction components: the structure of
the substrate, the catalyst system, solvent and reaction
conditions. The high chemoselectivity of this reaction is
demonstrated in its applications in syntheses of complex
natural products, and much common functionality is
tolerated. In combination with other reactions, many useful
synthetic strategies have been developed and used in the total
syntheses of natural products. Other transition metal
complexes can catalyze the Wacker oxidation and related
reactions. These studies with other metals are at very early
stages, however, the unique mechanisms by which these
catalysts operate may provide new opportunities to achieve
different selectivity and/or useful cascade pathways.
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