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CONS P EC TU S

O xidation reactions are central components of organic chemistry,
and modern organic synthesis increasingly requires selective and

mild oxidation methods. Although researchers have developed new
organic oxidation methods in recent years, the chemistry community
faces continuing challenges to use “green” reagents and maximize atom
economy. Undoubtedly, with its low cost and lack of environmentally
hazardous byproducts, molecular oxygen (O2) is an ideal oxidant.
However, relatively limited methodologies are available that use O2

efficiently in selective organic transformations.
Recently, the use of metal catalysts coupled with the reduction of O2

has become an attractive approach for aerobic oxidation. In particular, Pd
complexes have shown great potential for the development of versatile
aerobic reactions because of their ability to directly couple O2 reduction.
As a result, these complexes have attracted tremendous research atten-
tion and afford new opportunities for selective oxidation chemistry.

In this Account we highlight some of our progress toward the synthetic goal to functionalize the unsaturated hydrocarbons largely
through the appropriate choice of Pd catalysts and O2. We have focused on developing simple and efficient methods to construct new
carbon-carbon and carbon-heteroatom bonds with O2 as the oxidant and/or reactant. We have demonstrated Pd-catalyzed oxidation of
carbon-carbon double bonds, Pd-catalyzed oxidation of carbon-carbon triple bonds, and Pd-catalyzed oxidative cross-coupling reactions of
alkenes and/or alkyneswith high selectivity. O2 plays a critical role in the success of these transformations.Most of the reactions can tolerate
a range of functional groups, and some can occur under aqueous conditions. Depending on the specific process, we propose several
mechanistic scenarios that describe the in situ generation of different intermediates and discuss the plausible reaction pathways.

These methods provide new strategies for the green synthesis of diverse 1,2-diols, carbonyls, lactones, conjugated dienes,
trienes, and aromatic rings. These products have potential applications in natural product synthesis, materials science, and
bioorganic chemistry. Given our new mechanistic understanding, we are optimistic that additional Pd-catalyzed aerobic oxidative
transformations will be developed that are both more economical and environmentally friendly.

I. Introduction
Oxidation reactions are crucial for both heteroatom intro-

ductions and functional group transformations in organic

synthesis. The development of selective and practical oxi-

dation reactions employing “green” oxidants is one of the

key issues in modern organic chemistry. Molecular oxygen

(O2) is no doubt the best choice due to its inexpensive and

environmentally benign nature. Although a number of

industrial processes feature catalytic methods for aerobic

oxidation, the synthetic scope and utilities of O2 for more

complex molecules are still limited.1

Over the past decades, transition-metal-catalyzed reac-

tion has emerged as one of the most attractive and power-

ful strategies for efficient assembly of new chemical bonds.2

Particularly, Pd catalysis, which mainly includes cross-

coupling reactions initiated by Pd0 and oxidative transforma-

tions started with PdII, has found widespread use in organic

synthesis since the discovery of the Wacker process in the

late 1950s.3 However, the relative reduced attention to Pd-

catalyzed oxidations is possibly due to the requirement for

a stoichiometric oxidant such as CuII, AgI salts, and benzo-

quinone to regenerate the active catalyst, which usually
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leads to the complexity of the reaction system and a

decrease in atom economy. Clearly, themost advantageous

is the direct utilization of O2.
4

In general, Pd oxidative catalysis can be divided into

substrate oxidation with PdII and O2-coupled regeneration

of the active PdII species (Scheme 1). Twomechanisms have

been proposed for the interaction of Pd complexes with O2

(Scheme 2).4 The first possible pathway involves formation

of Pd0 species B by reductive elimination of HX from com-

plex A and subsequent oxygenation of B to give an

η2-peroxido PdII species C, which undergoes protonation to

generate a PdII hydroperoxide intermediate D. Finally, a

second protonation leads to the formation of H2O2 and

the active PdII catalyst (Scheme 2, pathway a). The other

mechanistic possibility is the direct insertion of O2 into the

Pd�Hbond of a PdII hydride intermediate A to produce a PdII

hydroperoxide species E, followedbyprotonolysis to release

H2O2 and regenerate the Pd
II catalyst (Scheme2, pathwayb).

It should be noted that palladium remains in the þ2 oxida-

tion state throughout the catalytic cycle in this case. Direct

O2-coupled turnover remarkably enhances the appeal of Pd-

catalyzed oxidative reactions. As a result, the scope of these

transformations has expanded considerably during the past

decade, affording new opportunities for selective aerobic

oxidation methods, thus has a significant impact on the

future of oxidation chemistry.5

Developing green and sustainable chemistry for organic

synthesis has been a long-term objective of our group. We

have explored some unconventional reaction media that

can potentially simplify synthesis and maximize resource

utilization, such as supercritical carbon dioxide (scCO2)
6 and

ionic liquids.7 Our research efforts also focus on the devel-

opment of new and efficient aerobic oxidation methods.

This present Account describes our recent progress on Pd-

catalyzed oxidative transformations of unsaturated hydro-

carbons, particularly alkenes and alkynes. Emphasis will be

placed on the role of O2 and the mechanistic understanding

of these processes. The new transformations will provide a

platform to enable further oxidation reaction development.

II. Pd-CatalyzedOxidation of Carbon�Carbon
Double Bonds

A. Oxidative Acetalization of Alkenes. The acetalization

of alkeneswith alcohols by theWacker system is among the

most important reactions for olefin functionalization. Many

acetals, such as alkyl 3,3-dialkoxypropanoates, β-ketoacetals,

and β-cyanoacetals, are useful intermediates in organic

synthesis and have been utilized to construct a variety

of valuable compounds. In 1999, we first reported our

SCHEME 1. Simplified Catalytic Cycle of Pd-Catalyzed Oxidation
Reactions

SCHEME 2. Proposed Pathways for the Oxidation of Pd Complexes
with O2

SCHEME 3. Pd-Catalyzed Oxidative Acetalization of Alkenes and Pro-
posed Mechanism
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investigation on the Pd-catalyzed aerobic acetalization of

terminal olefins with electron-withdrawing groups in scCO2

(Scheme3, eq 1).8 Additional studies showed that polystyrene-

supported benzoquinone (PS-BQ) was a successful substitute

for the cocatalyst CuCl2 (or CuCl) (Scheme 3, eq 2).9 A catalytic

cycle for the acetalization reaction was proposed accordingly.

(Scheme 3).

B. Diacetoxylation, Dihydroxylation and Oxidative

Cleavage of Alkenes. Transition metal-catalyzed oxidative

difunctionalization of alkenes continues to be a fascinating

and useful area of research.10 Reactions for vicinal alkene

oxidation with a combination of Pd and a strong oxidant

were first explored by B€ackvall.11 His suggestion of the

involvement of PdIV intermediate was instructive for subse-

quent development of the field. Our recent work in this area

with O2 as the sole oxidant includes diacetoxylation12 and

dihydroxylation13 of alkenes.

The detailed investigation on alkene diacetoxylation led

to a discovery that Pd(OAc)2 and O2 were critical for the

success of the reaction. The presence of a halide, particularly

KI,would alsopromote the transformation. Thismethodwas

found to have a broad substrate scope. Under the optimal

conditions, all the tested alkenes converted cleanly to the

corresponding diacetates in high yields (Table 1).

A possible PdII/PdIV catalytic cycle was proposed in

Scheme 4. First, a PdII catalyst underwent cis-acetoxy-

palladation with olefin to afford an organopalladium

intermediate 1. The extremely high diastereoselectivity ob-

served in the diacetoxylation of 1,2-disubstituted alkenes

provided strong evidence in support of this step. Then, 1was

oxidized by O2 to yield a PdIV intermediate 2,14 followed by

reductive elimination to form the second C�O bond and

regenerate the PdII catalyst. An alternative PdII/Pd0mechan-

ism was less probable due to the result that no desired

product was detected without O2 upon the treatment of

stoichiometric Pd(OAc)2. I2 oxidizing Pd
II to PdIV could also be

excluded, since the diacetoxylation reaction did not occur

when using a stoichiometric amount of I2 as the oxidant.We

speculated that KI might serve as a ligand and thereby

promote the oxidation of PdII to PdIV.

This work opened up a new avenue for the green synthe-

sis of 1,2-diacetates, and its high diastereoselectivity made

it a potentially attractive method for the preparation of

cis-1,2-diols. The encouraging result prompted us to begin

exploring the Pd(OAc)2/O2 system in alkene dihydroxy-

lation.13 Our studies revealed that the addition of Na2CO3

was essential to the transformation. The optimized system

was successfully applied to dihydroxylation of a number of

alkenes, including those bearing synthetically useful func-

tional groups (Table 2). It is noteworthy that product 3 is a

key intermediate for triazole antifungal agents.15

Interestingly, when a Brønsted acid (PTSA) was utilized as

the additive, the oxidative cleavage reaction occurred in-

stead of the dihydroxylation, affording the corresponding

aldehyde or ketone products.13 A variety of alkenes, includ-

ing aromatic alkenes with electron-rich or electron-with-

drawing groups, R,β-unsaturated alkenes, linear aliphatic

alkenes, 1,2-disubstituted, and 1,1-disubstituted olefins, were

reacted efficiently under the optimal conditions (Scheme 5).

What is the reason that 1,2-diols were formed under

basic conditions whereas C�C double bond was cleaved in

the presence of an acid? With the assumption that the

TABLE 1. Pd-Catalyzed Diacetoxylaton of Alkenes SCHEME 4. Plausible Catalytic Cycle for Alkene Diacetoxylation
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Pd-catalyzed dihydroxylation protocol was accompanied by

overoxidation under the treatment of acid, we set out to

study the oxidative cleavage of 1,2-diols. With 0.2 equiv

amount of PTSA, the cleavage reaction of trans-1,2-diphe-

nylethane-1,2-diol gave benzaldehyde in 94% yield, which

dropped to 46% when the reaction proceeded without any

additives. However, only trace cleavage product was ob-

served in the presence of Na2CO3. In comparison, the reac-

tion provided no conversion without a Pd catalyst. These

observations were consistent with our speculation.

In an attempt to further rationalize the reaction path-

way, a dioxo-PdII complex, (1,10-phenanthroline)(1,2-octa-

nediolato)PdII F was prepared (Table 3). Treatment of

complex F with PTSA or Na2CO3 in H2O at 100 �C produced

1,2-octanediol with good yield, while only 17% yield was

obtained in the absence of any additives, indicating that acid

or base could promote the hydrolysis of dioxo-PdII complex.

To gain the cleavage product of complex F, several oxidants

were examined. It was found that the employment of O2

was critical for the aldehyde formation,while other oxidants,

such as CuCl2, Cu(OAc)2, andbenzoquinone, hadnoeffect on

the cleavage reaction. These results suggested that 1,2-diols

or dioxo-PdII complexes might be the precursors for the

formation of carbonyl compounds and O2 played an im-

portant role in these processes.

Accordingly, a possible pathway was proposed for the

alkene cleavage reaction (Scheme 6): 1,2-diol was formed

and then transferred into a dioxo-PdII intermediate, which

underwent C�C bond cleavage to produce aldehydes under

O2 atmosphere. To highlight the synthetic value of these

reactions, the dihydroxylation and oxidative cleavage reac-

tion of styrenewere successfully scaled up to 100mmol, and

the isolated yields (based on complete alkene consumption)

remained at 81% and 83%, respectively.

C. Carbonation-Diketonization of Alkenes. Functionali-

zation of the C�N bond is one of the most challenging

targets in modern organic synthesis. Although some signifi-

cant progress on C�C bond formation reactions via C�N

bond cleavage has been achieved recently with sulfona-

mides, anilines, or amides as the coupling partners, little

attention is paid to nitroalkanes.16 In connection with our

interest in the search for new alkene oxidations, we have

developed a Pd-catalyzed carbonation�diketonization reac-

tion of terminal alkenes with O2 as the oxidant to synthesize

1,2-diketone derivatives.17 Here, the employment of 2,20-
azobisisobutyronitrile (AIBN) was crucial for this transforma-

tion, while the use of 2,2,6,6-tetramethylpiperidine-1-oxyl

TABLE 2. Pd-Catalyzed Alkene Dihydroxylation

SCHEME 5. Pd-Catalyzed Oxidative Cleavage of Alkenes

TABLE 3. Hydrolysis and Cleavage Reaction of Dioxo-PdII Complex F

additive oxidant yield of diol (%) yield of aldehyde (%)

17 n.d.
PTSA 88 n.d.
Na2CO3 84 n.d.
PTSA O2 (8 atm) 4 91
Na2CO3 O2 (8 atm) 21 72

SCHEME 6. Possible Pathway of the Alkene Cleavage
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(TEMPO) or 2,3-dichloro-5,6-dicyanobenzo quinone (DDQ)

as the additive failed to give the product, which indicated

that a radical pathway was possibly involved. Moreover,

among various bases screened, Na2CO3 was the most

effective for this process. With the optimized reaction con-

ditions, both electron-poor and electron-rich aromatic al-

kenes proceeded well in acceptable yields. The scope of the

reaction was further expanded to a variety of nitroalkanes.

For example, nitroethane, 1-nitropropane, 1-nitrobutane

and 2-nitropropane could also react with styrene to give

the desired 1,2-diketones (Table 4).

The isotopic labeling study with 18O2 clearly demon-

strated that the oxygen atoms of the 1,2-diketone products

originated from molecular oxygen. According to the experi-

mental results, a preliminary reaction pathway was pro-

posed, as shown in Scheme 7. Initially, a methyl radical

would be generated from nitromethane in the presence of

Pd(OAc)2 and Na2CO3, which selectively added to styrene to

produce intermediate 4 and then attacked by O2 forming

superoxide radical 5. Next, 5 underwent [1,4]-H abstraction to

generate hydroperoxide 6, which subsequently converted to

ketone radical 7. According to the Russell mechanism,18 the

oxidation of ketone radical 7 with O2 led to the formation of

R-hydroxylketone as well as 1,2-diketone in equal yields, the

former of which could be further converted to 1,2-diketone

under the reactionconditions (Scheme7,eq1). Theparticipation

of pathway b could be completely excluded (Scheme 7, eq 2).

III. Pd-CatalyzedOxidation of Carbon�Carbon
Triple Bonds

A. Oxidative Cleavage of Alkynes. The cleavage of C�C

triple bonds is one of the most challenging subjects in

organic chemistry.19 Except for metathesis of alkynes, there

are very few examples for the metal-catalyzed C�C triple

bond cleavage reactions.20 In 2008, we disclosed a new

Lewis-acid-promoted and Pd-catalyzed oxidative cleavage

reaction of alkynes using O2 as the sole oxidant.21 A broad

range of alkynes could be applied to this cleavage reaction,

affording different carboxylic esters in various alcohols with

good yields (Scheme 8). Under the treatment of Pd(OAc)2,

1,2-diphenylethyne was first hydroalkoxylated to form

1-methoxy-1,2-diphenylethene (8), whichwas subsequently

attacked by Pd activated molecular oxygen to generate a

cyclic peroxide 9. Fragmentation of 9 produced methyl

benzoate and benzaldehyde, the latter of which could

undergo further oxidation and esterification to yield the

benzoate. The detection of 8 by GC analysis was consistent

with our assumption of the reaction pathway.

B. Oxidation and Cyclization of Alkynes. Polysubstituted

furans are known to be versatile building blocks for natural

products and pharmaceuticals.22 During the course of con-

dition screening of the alkyne oxidative cleavage, a small

amount of tetrasubstituted furans were detected. This ob-

servation encouraged us to investigate the reaction condi-

tions for the synthesis of furan derivatives.23 We examined

various Lewis acids toward the oxidation and found that

Zn(OTf)2 was highly effective. Other oxidants, such as DDQ,

TABLE 4. Pd-Catalyzed Carbonation-Diketonization of Terminal Al-
kenes with Nitroalkanes

SCHEME 7. Plausible Reaction Pathways and Control Experiments



Vol. 45, No. 10 ’ 2012 ’ 1736–1748 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1741

Oxidation of Unsaturated Hydrocarbons Wu and Jiang

BQ, and H2O2, just led to a decrease in the yield. A series of

aromatic alkynes worked well in this system to afford the

desired furans (Scheme 9). The proposed catalytic pathway

was initiated by the oxidation of 10 in the presence of

Pd(OAc)2 and O2 forming the 1,4-dione 11, followed by

cyclocondensation with Zn(OTf)2 to generate furan 12. Ac-

tually, we proposed 11 as a key intermediate not only

because 1,4-dione was observed via GC analysis during

the reaction, but also it could undergo a cyclization without

Pd(OAc)2/O2 to give the final product.

However, this method has some limitations including

harsh reaction conditions and narrow substrate scope. We

then successfully employed fluorous solvent as medium to

solve these problems.24 Under the optimized conditions,

intermolecular reactions between diverse alkynes provided

corresponding tetrasubstituted furans with improved yields

and selectivity relative to the previous results (Table 5). The

intramolecular version was also successfully demonstrated.

Very recently, our group has developed another facile

method for the one-pot synthesis of polysubstituted furans

from alkynoates and 2-yn-1-ols in the presence of Pd cata-

lyst and air with high regioselectivity.25 Interestingly, it was

found that the regioselectivity leading to the three kinds of

furans was dependent on both the reaction behavior of the

substrates and the reaction conditions (Scheme 10).

The mechanism of Pd-catalyzed domino reactions for

different furans was proposed (Scheme 11). Propargyl vinyl

ether 15, in-situ-formed via DABCO-catalyzed nucleophilic

addition of propargyl alcohol 13 to alkynoate 14, under-

went propargyl Claisen rearrangement to furnish allene 19.

Pd-mediated oxypalladation and 5-exo cyclization con-

verted 20 into intermediate 21. Subsequently, protonolysis

of 21 at ambient temperature efficiently generated the

polysubstituted furan 18 and the active catalyst species PdII

when R3 are aryls; otherwise, a β-hydride elimination of 21

would occur to give 5-vinyl-substituted furan 16 at elevated

temperatures and more importantly with a suitable base in

the reaction system. On the other hand, Bu4N
þF� as an

additive might promote the isomerization of allene 19 to

1,3-diene 22. Pd-mediated cyclization of 22 and β-hydride

elimination of 23 readily provided 4-vinyl-substituted furan

17. Both procedures led to vinyl-substituted furans and

released Pd0 in the end. CuII and O2 functioned as the

oxidant oxidizing Pd0 to PdII and finished the catalytic cycle.

IV. Pd-CatalyzedOxidativeCouplingReactions
of Alkenes or/and Alkynes
Pd-catalyzed oxidative coupling reactions are attractive

since they enable the use of more readily available

SCHEME 8. Pd-Catalyzed Triple Bond Cleavage Reactions and Possible
Pathway

SCHEME 9. Pd(OAc)2/Zn(OTf)2-Catalyzed Oxidation-Cyclization of
Alkynes

TABLE 5. Pd(OAc)2/ZnCl2-Catalyzed Oxidation-Cyclization of Alkynes

R1 = R2 = H 94% R1 = R2 = 4-nBu 89% R1 = H,
R2 = 4-nBu 50%

R1 = R2 = 4-Br 86% R1 = R2 = 3-Cl 74% R1 = 4-Me,
R2 = 4-nBu 52%

R1 = R2 = 4-F 83% R1 = R2 = 3-F 69% R1 = 4-CF3,
R2 = 4-F 54%

R1 = R2 = 4-CF3 95% R1 = R2 = 3-Me 65%
R1 = R2 = 4-OMe 80% R1 = R2 = 2-F 46%
R1 = R2 = 4-Me 90%
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substrates and increase net atom efficiency. Nucleopallada-

tion, especially halopalladation, of π-compounds is well-

recognized to be one of the most important and convenient

methods for the construction of both the carbon�carbon

and carbon�heteroatom bonds. How to capture the active

palladium intermediate and quench the resultant carbon�
palladium bond efficiently still remain challenging. This

section presents our recent studies on nucleopalladation

chemistry while incorporating the use of O2 in oxidative

coupling reactions of alkenes or/and alkynes.

A. Halopalladation-Initiated Linear/Cyclic Cross-

Trimerization of Alkenes or/and Alkynes. Both polysubsti-

tuted aromatic compounds and 1,3,5-trienes are of great

importance in the field of pharmaceutical and materials

chemistry.26 In the course of our study on Pd-catalyzed

aerobic oxidation synthesis, we found that PdCl2/O2/DMF

was an efficient catalyst system for [2þ2þ2] cyclotrimeriza-

tion of electron-deficient alkenes to selectively afford 1,3,5-

trisubstituted benzene derivatives (Scheme 12, eq 1).27 Later,

we expanded this palladium chemistry to a highly selective

cross [2þ2þ2] cyclization with alkynoates and activated

alkenes under O2 and disclosed for the first time that PdCl2-

(HNMe2)2 produced in situ by DMF hydrolysis was the key to

this oxidative reaction (Scheme 12, eq 2).28

We proposed that the cyclization started with the

cis-chloropalladation of C�C triple bond by PdCl2(HNMe2)2
giving vinylpalladium intermediate 24, and the succeeding

SCHEME 10. Pd-Catalyzed Synthesis of Polysubstituted Furans

SCHEME 11. Proposed Mechanism for Pd-Catalyzed Furan Synthesis SCHEME 12. Pd-Catalyzed Synthesis of Substituted Benzenes

SCHEME 13. Reasonable Mechanism for Pd-Catalyzed Cross [2þ2þ2]
Cyclization
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insertion into the Pd-vinyl bond afforded intermediate 25

(Scheme 13). Coordination of alkene to 25, followed by

insertion and β-hydride elimination-oxidation with O2, led

to the new chloropalladation intermediate 26, where Pd�Cl

bond made a further insertion into C�C double bond gen-

erating intermediate 27. The presence of O2 converted

H�PdL2�Cl to Cl�PdL2�OOH, which released H2O2 and

kept the PdII oxidative state. Finally, β-chloride elimination

of 27 yielded the desired product and the catalyst was

regenerated. We believed that the thermal stability and less

geometrical rigidity around the metal center of PdCl2-

(HNMe2)2made it anexcellent catalyst for this transformation.29

Further investigation revealed that a highly chemoselec-

tive Pd-catalyzed oxidative cross-trimerization of one alkyne

with two alkenes could occur to provide 1,3,5-trienes or

1,2,4,5-tetrasubstituted benzenes controlled by different

reaction conditions (Scheme 14).30

Based on the experiment results, we proposed that the

mechanism of these processes should come by the combi-

nation of three steps (Scheme 15): (1) trans-chloropalla-

dation of alkyne and a Heck cross-coupling with alkene

to chloro-substituted 1,3-diene, (2) another Heck cross-

coupling with alkene through a β-hydride elimination to

1,3,5-trienes, and (3) isomerization of (1E,3E,5E)-trienes to

(1E,3Z,5E)-trienes under higher temperature and then Pd-

catalyzed cyclization of trienes to afford benzenes. O2 was

needed in the first and the third steps, which could oxidize

Pd0 to PdII.

However, our efforts to detect and isolate the key inter-

mediate28were not fruitful. Considering that the cyclization

of 1,6-diynes via a vinylpalladium intermediate might

provide important mechanistic information about this

novel process, we turned our attention to exploring a

tandem cycloaddition-cyclization reaction of 1,6-diynes

and acrylates.31 Detailed studies showed that the best con-

ditions for this transformation were: 5mol% PdCl2, 5 mol%

CuCl2 32H2O and 1 atm O2 in NMP at 90 �C. This chemistry

could provide a series of polysubstituted aromatic carbo-

and heterocyclic compounds in good to excellent yields

(Scheme 16).

Thus, a plausible pathway for this Pd-catalyzed aerobic

[2þ 2þ2] cycloaddition was proposed. Intermediate 29was

first generated by the chloropalladation of diyne with PdII

catalyst. Subsequent intermolecular Heck reaction with ac-

rylatewould be expected to afford triene 30. Vinylpalladium

intermediate 31 was then generated by the oxidative addi-

tion of triene 30 with Pd0 species, and the succeeding

intramolecular Heck reaction would lead to the desired

SCHEME 14. Pd-Catalyzed Cross-Trimerization between Alkynes and
Alkenes

SCHEME 15. Catalytic Cycle for the Pd-Catalyzed Cross-Trimerization

SCHEME 16. Pd-Catalyzed [2þ2þ2] Cyclization of 1,6-Diynes with
Alkenes and Proposed Pathway
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cyclization product 32. Finally, O2 and CuII oxidized Pd0 to Pd II

and completed the catalytic cycle. Indeed, the vinyl chlor-

ide 30 had been isolated from the reaction and it could be

transferred into the final product under the standard condi-

tions, but in the absence of O2, which suggested the involve-

ment of intermediate 30 in the catalytic cycle. Additionally,

only trace cyclization product 31was obtainedwhen 30was

treatedwith the optimal conditionswithout PdCl2, indicating

that the transformation of 30 to 32 should be a Heck cross-

coupling instead of an electrocyclic reaction. The isolation

and characterization of intermediate 30 provided the first

mechanistic evidence in [2þ2þ2] cyclization reactions via

chloropalladation process.

B. Halopalladation-Initiated Carboesterification of Al-

kenes and Alkynes. Very recently, we have developed a

new and convenient carboesterification method for con-

structing naturally occurring, biologically active R-methy-

lene-γ-lactone skeletons.32 The E/Z selectivity can be

switched by using alkynoates or alkynamides as the sub-

strates under different temperatures (Scheme 17). However,

the (Z)-product obtained at room temperature could not

convert to the corresponding (E)-isomer even heated to

100 �C, which implied that the two configurations might

be formed via two different pathways. Several control

experiments were carried out for more insightful mechan-

istic information. The isotopic labeling study elucidated that

the carbonyl oxygen atom in the final product came from

water. In addition, when allyl chloride or allyl acetate was

used as the terminating coupling reagent, a competitive

reaction occurred. A tentative explanation for this phenom-

enon was that the C�Pd bond of intermediate 35 could be

quenched by C(sp3)�O bond formation to get 36 or β-halide

elimination to afford 37.

On the basis of the above results, a reasonable mechan-

ism was proposed (Scheme 18). The left pathway was

initiated by trans-halopalladation of alkynoate. The subse-

quent keto�enol equilibrium and cis-oxypalladation pro-

vided intermediate 38, followed by the nucleophilic attack

SCHEME 18. Tentative Mechanism for Pd-Catalyzed Carboesterification

SCHEME 17. Stereoselectivity Switch in Pd-Catalyzed Carboesteri-
fication
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to afford 39. And then reductive elimination of C(sp2)�C(sp3)

bond and hydrolysis afforded the (E)-product. For the right

pathway, the reaction was also initiated by the halopallada-

tion of alkynamide, which gave the vinylpalladium inter-

mediate 40. Subsequently, 40 was captured by the alkene

via aHeck addition toproduce41, followedby isomerization

to form the intermediate 42, which would undergo a

β-halide elimination if the alkenes were allyl choride and

allyl acetate, or C(sp3)�O bond formation. The hydrolysis of

intermediate 43 offered the (Z)-lactones. Finally, PdII active

species was regenerated with CuII and O2.

C. Halopalladation-Initiated Alkylation of Alkynoates.

Except for the active alkenes,wealso attempt to utilize allylic

alcohols to capture the active σ-vinylpalladium intermediate

generated from the nucleopalladation reaction of alkynes.

Thus, a regio- and stereoselective approach for δ-bromo-γ,δ-

unsaturated carbonyls was developed (Scheme 19).33 Me-

chanistic studies showed remarkable intra- and intermole-

cular (kH/kD = 4.52) kinetic isotopic effects, indicating that

the allylic hydrogen shift might be the rate-limiting step. The

transformation presumably involved a few key steps

described as below: trans-selective Kaneda reaction34 of

alkynoate afforded (E)-vinylpalladium intermediate 44, fol-

lowed by Mizoroki-Heck reaction of allylic alcohol inserting

into the C�Pd bond of vinylpalladium species to form

species 45. The β-deuterium elimination of 45 gave inter-

mediate 46 and the subsequent reinsertion of palladium

deuterium species into enol generated intermediate 47,

which underwent reductive elimination to yield the carbonyl

product, similar to a Wacker process, and PdII species was

regenerated in thepresenceofoxidizing reagentsCuBr2andO2.

D. Acetoxypalladation-Initiated Cross-Coupling of Al-

kenes and Alkynes. Acetoxypalladation of alkynes has

SCHEME 19. Pd-Catalyzed Alkylation of Alkynoates and Mechanistic
Hypothesis

SCHEME20. Pd-Catalyzed Synthesis of 1-Acetoxy-1,3-Dienes and Plau-
sible Reaction Pathway

SCHEME 21. Pd-Catalyzed Alkenylation of Triazoles and Proposed
Mechanism
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been proven to be another convenient method for the

construction of both carbon�carbon and carbon�oxygen

bonds in a single step. We recently have exposed an inter-

molecular acetoxypalladation of unactivated alkynes which

was captured by alkenes and quenched by β-hydride elim-

ination to afford 1-acetoxy-1,3-dienes taking O2 as the

oxidant (Scheme 20).35 Detailed examinations revealed that

the additive as well as the pressure of O2 played an im-

portant role in this process. Moreover, the methodology

could apply to a variety of alkynes and alkenes with good

yields and selectivity. We proposed that the transformation

should come by the unique combination of several steps

below: (1) trans-acetoxypalladation and (E)-vinylpalladium

intermediate 48 was formed, followed by (2) a Heck cross-

coupling with alkenes and intermediate 49 was produced,

and (3) a final β-hydride elimination gave the target product.

PdII was regenerated in the presence of Cu(OAc)2 for the next

cycle and the resulting CuI was oxidized to CuII by O2.

According to Lu's research, halide ions serve as a ligand.36

E. Other Oxidative Cross-Coupling of Alkenes. Pd-

catalyzed vinylation of arenes via C�H bond activation

has become a hotspot in recent years.37 In 2009, we

discovered a new method to synthesize highly substituted

1,2,3-triazoles via direct oxidative vinylation in the Pd(OAc)2/

O2 catalytic system (Scheme 21).38 A reaction pathway similar

to that of Fujiwara et al.37b was proposed.

On the other hand, as part of our continuing research into

the discovery and development of new multicomponent

reactions to synthesize heterocyclic compound library with

high diversity, we developed a highly efficient protocol for

the synthesis of 2,6-unsubstituted 1,4-dihydropyridines (1,4-

DHPs) via Pd-catalyzed one-pot three-component reactions

of aromatic aldehydes, arylamines, and terminal olefins

under O2 atmosphere (Table 6).39

With regard to the mechanism, we proposed 50 as a key

intermediate, which could be isolated from the reaction of

aniline and methyl acrylate under the optimized conditions.

Therefore, a plausible pathway was shown in Scheme 22.

First, a PdII catalyst coordinated to the olefin which would

undergo a nucleophilic attack by the amine to generate

the σ-alkylpalladium complex 51, followed by β-hydride

elimination to afford an unstable Pd hydride complex and

TABLE 6. Pd-Catalyed Synthesis of 1,4-DHPs with O2

SCHEME 22. Plausible Pathway for Pd-Catalyzed 1,4-DHP Synthesis
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anti-Markovnikov oxidative amination product 50. The Pd

hydride complex ultimately formed Pd0, whichwas oxidized

by O2 to regenerate the PdII catalyst. Next, nucleophilic

addition of the previously formed enamine 50 to the alde-

hyde occurred to give 52, which possibly underwent dehy-

dration to yield imine 53. Reaction with 53 and a second

molecule of enamine 50 gave bisenamine 54, which liber-

ated the final product by nucleophilic attack of the amino

group to the enone moiety.

V. Conclusions and Outlook
In summary, we have detailed our recent studies on the

development of Pd-catalyzed oxidation of unsaturated hy-

drocarbons using O2. As an effort to develop green chem-

istry in the field of chemical synthesis, a variety of simple and

efficient methods for carbon�carbon and carbon�hetero

bond formations were established. These new methodolo-

gies may find synthetic applecications in a broad spectrum

of settings, including natural-product synthesis, materials

science, and bioorganic chemistry. Moreover, we also have

made efforts in elucidating the mechanism of palladium

oxidation catalysis of alkenes and alkynes. We expect that

the mechanistic understanding garnered in the develop-

ment of these processeswill provide uswith valuable insight

to designmore green and atom-economical oxidative trans-

formations. Further progress in the field of aerobic oxidation

will be most likely related to the clarifying the O2 activation

principles and broadening its synthetic utilities and scope.
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