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1,2-Diols, aldehydes, and ketones are important intermediates in chemical synthesis, and alkenes are
possible precursors for 1,2-diols, aldehydes, and ketones. Herein, novel and environmentally benign
methods for palladium-catalyzed dihydroxylation and oxidative cleavage of olefins with oxygen as
sole oxidant are presented. The cleavage reactions were performed with acid as additive in aqueous
solution, whereas 1,2-diols were formed in the presence of base. A broad substrate scope has been
demonstrated allowing monosubstituted aromatic and aliphatic terminal alkenes, 1,2-disubstituted,
and 1,1-disubstituted olefins. The cleavage reactions of dioxo-PdII complexes implicate 1,2-diol
might act as a key intermediate of olefin cleavage.

Introduction

Alkene oxidation reactions are of fundamental importance
in organic synthesis.1 For example, cis-dihydroxylation and
oxidative cleavage of olefins are highly versatile synthetic
methods for the preparation of valuable intermediates.2 Over
the past several decades, many research groups have focused
their interest on thedevelopmentof efficient andactive catalytic
systems for alkene cis-dihydroxylation and cleavage. The cis-
dihydroxylation of alkenes by osmium tetroxide has long been

known (Scheme 1).3 In recent years, transition metal catalysts
such as ruthenium,4 iron,5 manganese,6 cobalt,7 or molybde-
num8 have been used to convert olefins into cis-1,2-diols.

Oxidative alkene cleavage reactions are classically carried out
by ozonolysis;9 however, their utility is often limited by safety
concerns. This transformation can be performed also catalyti-
callywithhigh-valentoxometals suchasRuO4andOsO4.

10Very
recently, aryl-λ3-iodane-based methods for C-C double bond
cleavage have been reported.11 Despite great progress having
been made in the field of alkene cis-dihydroxylation and oxida-
tive cleavage, processes based on expensive and “nongreen”
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oxidants are still used extensively.12 Therefore, the develop-
ment of alternative protocols for alkene dihydroxylation and
cleavage that would be cleaner and amenable to large-scale
synthesis would constitute a breakthrough in both green
chemistry and organic synthesis.

On the other hand, the utilization of molecular oxygen as
oxidant is one of the most important goals in oxidation
chemistry.13 Palladium-catalyzed aerobic oxidation reactions
have been shown to be highly versatile in preparing fine
chemicals.14 In particular, the development of the Wacker
process in the late 1950s had a significant impact on the
chemical industry.15 Herein, we report an efficient oxidation
of a wide range of olefins to 1,2-diols, aldehydes, or ketones
catalyzed by palladium with O2 as the sole oxidant. These
reactions constitute an economically attractive and environ-
mentally friendly synthesis of 1,2-diols and carbonyl com-
pounds and may be suitable for large-scale operations.

Results and Discussion

Palladium-Catalyzed Oxidative Cleavage of Alkenes with

Oxygen. In 2008, we disclosed a Lewis acid-promoted and
palladium-catalyzed oxidative cleavage of a carbon-carbon
triple bond with O2 in which alkyne is split into carboxylic
ester in alcohols.16Asa startingpoint for thiswork,weobserved

in control experiments that the cleavage reaction of 1-methoxy-
1,2-diphenylethene in MeOH afforded methyl benzoate
(Scheme 2).16 This has encouraged us to explore the oxidative
cleavage reactionsof olefins.We examined the cleavage reaction
of trans-stilbene under different reaction conditions, and the
results are summarized in Table 1. As expected, a combination
ofPd(OAc)2withZnCl2 inMeOH, themost effective system for
the cleavage reaction of alkynes, led to the formation of methyl
benzoate with a trace of benzaldehyde (Table 1, entry 1). With
the goal of optimizing the reaction for the formation of ben-
zaldehyde, ZnCl2 was removed and the desired product was
obtained in 36%GC yield (Table 1, entry 2).

Subsequently, a series of other solvents were evaluated,
and H2O provided the best result (Table 1, entries 2-7). It is
worth mentioning that the use of water as solvent is more
advantageous than the use of organic solvent for environ-
mental considerations. Further exploration revealed that the
yield could be improvedwhen aBrønsted acid was utilized as
the additive in the reaction.17 Among the Brønsted acids
investigated, PTSA (p-toluenesulfonic acid monohydrate)
was the best choice (Table 1, entries 8-11). Different palla-
dium species were also tested, such as PdCl2, Pd2dba3, PdI2,

SCHEME 1. Progression of Strategies for Dihydroxylation and

Oxidative Cleavage of Olefins
SCHEME 2. Palladium-Catalyzed Oxidative Cleavage of

1-Methoxy-1,2-diphenylethene in MeOH

TABLE 1. Optimization of Reaction Conditions for the Palladium-

Catalyzed Oxidative Cleavage of trans-Stilbenea

entry Pd cat. additive solvent yield (%)b

1 Pd(OAc)2 ZnCl2 MeOH trace
2 Pd(OAc)2 MeOH 36
3 Pd(OAc)2 DMSO trace
4 Pd(OAc)2 DMF trace
5 Pd(OAc)2 toluene 35
6 Pd(OAc)2 t-BuOH 38
7 Pd(OAc)2 H2O 43
8 Pd(OAc)2 CH3COOH H2O 79
9 Pd(OAc)2 PTSA H2O 88 (85)
10 Pd(OAc)2 CH3SO3H H2O 81
11 Pd(OAc)2 CF3COOH H2O 77
12 PdCl2 PTSA H2O 14
13 Pd2dba3 PTSA H2O trace
14 PdI2 PTSA H2O 16
15 Pd(NO3)2 PTSA H2O 21
16 Pd/C PTSA H2O 8
17 PTSA H2O 0
aReaction conditions: All reactions were performed with 1a (1 mmol),

pressure of O2 (8 atm), Pd catalyst (2 mol%), and additive (20 mol%) in
3 mL of solvent for 24 h, 100 �C. bDetermined by GC analysis of crude
reactionmixture with naphthalene as an internal standard; the number in
parentheses is the yield of isolated product based on complete alkene
consumption.

(12) (a) Kolb, H. C.; Vannieuwenhze, M. S.; Sharpless, K. B. Chem. Rev.
1994, 94, 2483. (b) Onyango, E. O.; Tsurumoto, J.; Imai, N.; Takahashi, K.;
Ishihara, J.; Hatakeyama, S. Angew. Chem., Int. Ed. 2007, 46, 6703.
(c) Canova, S.; Bellosta, V.; Bigot, A.; Mailliet, P.; Mignani, S.; Cossy, J.
Org. Lett. 2007, 9, 145. (d) White, J. D.; Lincoln, C. M.; Yang, J.; Martin,
W. H. C.; Chan, D. B. J. Org. Chem. 2008, 73, 4139. (e) Bedke, D. K.;
Shibuya, G. M.; Pereira, A.; Gerwick, W. H.; Haines, T. H.; Vanderwal,
C. D. J. Am. Chem. Soc. 2009, 131, 7570.

(13) (a) Punniyamurthy, T.; Velusamy, S.; Iq, J. Chem. Rev. 2005, 105,
2329. (b) Enache, D. I.; Edwards, J. K.; Landon, P.; Solsona-Espriu, B.;
Carley, A. F.; Herzing, A. A.; Watanabe, M.; Kiely, C. J.; Knight, D. W.;
Hutchings, G. J. Science 2006, 311, 362. (c) Piera, J.; B€ackvall, J.-E. Angew.
Chem., Int. Ed. 2008, 47, 3506.

(14) (a) Sheldon, R. A.; Arends, I. W. C. E.; Brink, G.-J.; Dijksman, A.
Acc.Chem.Res. 2002, 35, 774. (b) Stahl, S. S.Angew.Chem., Int. Ed. 2004, 43,
3400. (c) Stahl, S. S. Science 2005, 309, 1824. (d) Sigman, M. S. Angew.
Chem., Int. Ed. 2006, 45, 6612. (e) Sigman, M. S.; Jensen, D. R. Acc. Chem.
Res. 2006, 39, 221. (f) Zhang, Y.; Sigman,M. S. J. Am. Chem. Soc. 2007, 129,
3076. (g) Wang, A.; Jiang, H.; Chen, H. J. Am. Chem. Soc. 2009, 131, 3846.
(h) Jensen, K. H.; Pathak, T. P.; Zhang, Y.; Sigman,M. S. J. Am. Chem. Soc.
2009, 131, 17074.

(15) Smidt, J.; Hafner, W.; Jira, R.; Sedlmeier, J.; Sieber, R.; R€uttinger,
R.; Kojer, H. Angew. Chem. 1959, 71, 176.

(16) Wang, A.; Jiang, H. J. Am. Chem. Soc. 2008, 130, 5030.

(17) (a) Dams, M.; Vos, D. E. A.; Celen, S.; Jacobs, P. A. Angew. Chem.,
Int. Ed. 2003, 42, 3512. (b) Lafrance,M.; Fagnou,K. J. Am.Chem. Soc. 2006,
128, 16496. (c) Lebrasseur, N.; Larrosa, I. J. Am. Chem. Soc. 2008, 130, 2926.
(d) Shi, Z.; Zhang, C.; Li, S.; Pan, D.; Ding, S.; Cui, Y.; Jiao, N. Angew.
Chem., Int. Ed. 2009, 48, 4572.



J. Org. Chem. Vol. 75, No. 7, 2010 2323

Wang and Jiang JOCArticle
Pd(NO3)2, and Pd/C, but the reaction did not proceed well
(Table 1, entry 8 vs entries 12-16). Moreover, the reaction
without Pd(OAc)2 did not give the desired product at all, and
1a was recovered quantitatively (entry 17).

The optimized conditions are applicable to the oxidative
cleavage reaction of other alkenes (Table 2). Styrene and 2-
vinylnaphthalene were easily converted to benzaldehyde and 2-
naphthaldehyde in high yields (Table 2, entries 1 and 2). Other
aromatic terminal alkenes with electron-rich and electron-poor
substituents in the para position reacted to give the correspond-
ing aldehydes in high yields (81-89%, Table 1, entries 3-7),
while meta-substituted aromatic terminal alkenes afforded only
moderate yieldsof thedesiredproducts (Table 2, entries 8and9).
1,2-Disubstituted olefins were also subjected to the oxidative
cleavage. cis-Stilbene and trans-β-methylstyrene provided ben-
zaldehyde in 86% and 84% yields, respectively (Table 2, entries
10 and 11). R,β-Unsaturated alkenes, including trans-methyl
cinnamate, trans-methyl 3-(thiophen-2-yl)acrylate, and trans-
methyl 3-(furan-3-yl)acrylate, produced the corresponding alde-
hydes in 76%, 67%, and 69% isolated yields, respectively
(Table 2, entries 12-14). The oxidation of 1,1-disubstituted
olefins occurred efficiently to give the ketones in high yields
(Table 2, entries 15-18). Yet, the oxidative cleavage of tetra-
substitutedolefins such as 1,1,2,2-tetraphenylethene appeared to
be less effective, and the corresponding benzophenone was
obtained inonly23%yield (Table 2, entry 19).The linear alipha-
tic alkenes were also converted to the corresponding aldehydes
efficiently (Table 2, entries 20 and 21).

Palladium-Catalyzed Dihydroxylation of Alkenes with

Oxygen. In our experiment of optimization of reaction condi-
tions for alkene cleavage, 1,2-diol was detected when the reac-
tion was carried out in H2O without any additives (Table 1,
entry 7). Because 1,2-diols are valuable intermediates for the
perfume and cosmetic industry, for the preparation of pharma-
ceuticals, agrochemicals, and fine chemicals,18 we tried to apply
the Pd(OAc)2/O2 system in alkene dihydroxylation. The dihy-
droxylationof styrenewas usedas a test reaction.Theoxidation
showshigh conversionbutundesired selectivity for thealdehyde
without addinganyadditives (Table 3, entry 1).Considering the
presence of basemay assist the hydrolysis process,19 a variety of
bases were examined wherein it was found that the use of
Na2CO3 gives the best yield of the reaction and selectivity for
1,2-diol (Table 3, entries 2-8). The lowering of the reaction
temperature had a detrimental effect on the dihydroxylation,
and a small amount of acetophenone was also formed along
with the desired product (Table 3, entry 9).

To extend the scope of this methodology to the synthesis of
1,2-diols, various alkenes were reacted under the optimized
reaction conditions. In almost all the cases tested, the dihy-
droxylation went smoothly, giving a good yield of the desired
products. As shown in Table 4, aromatic terminal olefins
afforded the corresponding products in 74-87% yields
(Table 4, entries 1-5), and the aliphatic terminal olefins were
also applicable (Table 4, entries 6-8). Importantly, the 1,2-
disubstituted olefins could be converted selectively to the
corresponding cis-1,2-diols in reasonable to good yields (Table 4, entries 9-12). Moreover, this transformation could

be successfully extended to a variety of 1,1-disubstituted olefins
(Table 4, entries 13-16). It is noteworthy that product 16c is a
key intermediate for triazole antifungal agents.20

TABLE 2. Substrate Scope of the Palladium-Catalyzed Alkene Clea-

vage Reactiona

aReaction conditions: alkene (1mmol), Pd(OAc)2 (2mol%), pressure
of O2 (8 atm), H2O (3 mL), PTSA (20 mol %), 100 �C, 24 h. bYield of
isolated product based on complete alkene consumption. cH2O/
ClCH2CH2Cl (2:1 v/v).
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Snyder, S. A. Classics in Total Synthesis II; Wiley-VCH: Weinheim, Germany,
2003. (c) Kulkaand, K.; Dittrick, J. W. Cosmet. Perfum 1975, 90, 90.
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(20) Suzuki, M.; Kato, N.; Kanai, M.; Shibasaki, M. Org. Lett. 2005, 7,

2527.
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To highlight the utility of these reactions, the dihy-
droxylation and oxidative cleavage reaction of styrene were
successfully scaled to 100mmol, the isolated yields (based on
complete alkene consumption) of these reactions remain at
81% and 83%, respectively (Scheme 3).

Palladium-Catalyzed Oxidative Cleavage of 1,2-Diols.

Why is it that the 1,2-diols are formedunder alkaline conditions
whereas the C-C double bond was cleaved in the presence of
acid? We speculated that the palladium-catalyzed dihydroxyla-
tionprotocolwasaccompaniedbyoveroxidationwhenacidwas
employed in the reaction. To test this hypothesis, we treated
trans-1,2-diphenylethane-1,2-diol (10c) with 0.2 equiv of PTSA
in the presence of 2 mol % of Pd(OAc)2 under 8 atm of O2 in
water at 100 �C for 24 h. To our delight, 94% isolated yield of
benzaldehyde was obtained (Table 5, entry 1). The cleavage
reaction of 10c gave benzaldehyde in 46%yield without adding
any additives (Table 5, entry 2). However, only a trace of
cleavage product was observed under alkaline conditions
(Table 5, entry 3). Besides, the reaction provided no conversion
without palladium catalyst. Next, several other 1,2-diols were
also investigated in the reaction, and in all cases, the desired
products were formed in high yields under acidic conditions

(Table 5, entries 5-8). Accordingly, a possible pathway was
proposed for the aldehydes formation (Scheme 4): 1,2-diol is
formedand then transformed into thedioxo-PdII intermediate,
which undergoes C-C bond cleavage to produce aldehydes
under oxygen atmosphere.

In an attempt to rationalize the possible pathway, two
dioxo-PdII complexes (Figure 1), (1,10-phenanthroline)(1,2-
octanediolato)PdII A and (1,10-phenanthroline)(1,2-ethane-
diolato)PdII B were prepared.21 Dioxo-PdII complexes A and

TABLE 3. Optimization of Reaction Conditions for the Palladium-

Catalyzed Dihydroxylation of Styrenea

entry base temp (�C) conv (%)b yield of 1c (%)b 1c:1b

1 100 96 6 7:93
2 NaOAc 100 95 13 13:87
3 KOAc 100 95 14 16:84
4 CsOAc 100 91 43 49:51
5 NaOH 100 trace
6 Na2CO3 100 91 84 (83) 93:7
7 K2CO3 100 89 79 96:4
8 Cs2CO3 100 trace
9 Na2CO3 80 56 37 92:8
aUnless otherwise indicated, all reactions were performed with styr-

ene (1 mmol), Pd(OAc)2 (4 mol %), and base (2 mmol) in 3 mL of H2O
for 24 h. bDetermined by GC analysis of crude reaction mixture with
naphthalene as an internal standard; the number in parentheses is the
yield of isolated product based on complete alkene consumption.

TABLE 4. Substrate Scope of the Palladium-Catalyzed Alkene Dihy-

droxylationa

aUnless otherwise indicated, reactionswere carried outwith 1.0mmol
of alkene, 4 mol% of Pd(OAc)2, 2 mmol of Na2CO3, 8 atm of O2, and 3
mL ofH2O, at 100 �C for 24 h. bThe yield of isolated product is based on
complete alkene consumption.

SCHEME 3. Large-Scale Synthesis of 1-Phenylethane-1,2-diol

and Benzaldehyde

SCHEME 4. Possible Pathway of the Alkene Cleavage

(21) Fox, S. G.; Gillard, R. D. Polyhedron 1988, 7, 349.
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B were quite stable in refluxing toluene under nitrogen atmo-
sphere and no product was detected byGC analysis. Only 17%
GC yield of 1,2-octanediol was obtained when placing complex
A in boiling water. Treatment of complex A (1 mmol) with
PTSA (0.2mmol) inwater at 100 �Cproduced 1,2-octanediol in
88% isolated yield without any 1-heptanal being detected
(Scheme 5). Changing PTSA to Na2CO3 (2 mmol) had no
significant impact on the product, 1,2-octanediol was obtained
in 84% yield. These results suggest that acid and base promote
the hydrolysis of dioxo-PdII complexes. To gained the cleavage
product of dioxo-PdII complex A, several oxidants [CuCl2,
Cu(OAc)2, benzoquinone, and O2] were employed in the reac-
tion. It was found that CuCl2, Cu(OAc)2, and benzoquinone

hadno effect on the cleavage reaction.The employment ofO2as
oxidant is critical for the aldehyde formation.When the reaction
of complex G with PTSA was undertaken in 8 atm of O2, 1-
heptanal was obtained in 91% yield. Changing PTSA to
Na2CO3 afforded 1-heptanal in 72% yield along with 1,2-
octanediol (21%). These experiments show that 1,2-diols or
dioxo-PdII complexes might be the precursors for the forma-
tion of carbonyl compounds and O2 plays an important role in
these reactions.

Conclusions

In conclusion, we have developed an environmentally
benign and general procedure for the palladium-catalyzed
dihydroxylation and oxidative cleavage of olefins with O2 as
sole oxidant. Although at its early state of development these
processes may lend themselves to large-scale applications, an
important, but as yet unanswered, question is how acids and
bases play an important role in these oxidations. This
challenge will stimulate our further studies to disclose the
nature of the present transformations. Our current research
is focused on extending the scope and gaining more detailed
information on the exact mechanism of these oxidations.
Considering the high value of chiral vicinal diols, we antici-
pate that the asymmetric version of this dihydroxylation will
be the subject of future research.

Experimental Section

General Procedure for Palladium-Catalyzed Oxidative Clea-
vage of Alkenes with O2.The reactions were carried out in a HF-
15 autoclave. Pd(OAc)2 (4.49mg, 0.02mmol), PTSA (38mg, 0.2
mmol), H2O (3 mL), and alkene (1 mmol) were added into a 15
mL autoclave in sequence. O2 was pumped into the autoclave
with a cooling pump to reach the desired pressure, then the
autoclave was heated with an oil bath under magnetic stirring
for the desired reaction time. After the reaction was finished, the
autoclavewas allowed to cool to 0 �C.O2was vented, the surplus
was extracted with EtOAc (30 mL), and the organic phase was
washed with aq NaHCO3. The organic layer was dried over

TABLE 5. Palladium-Catalyzed Oxidative Cleavage of 1,2-Diolsa

aUnless otherwise indicated, reactionswere carried outwith 1.0mmol
of 1,2-diol, 2 mol % of Pd(OAc)2, 0.2 mmol of PTSA, 8 atm of O2, and
3 mL of H2O, at 100 �C for 24 h. bThe yield of isolated product is based
on complete alkene consumption. cThe reaction was carried out without
any additives. dThe reaction was carried out with 2 mmol of Na2CO3 as
additive. eIn the absence of Pd catalysts.

FIGURE 1. Dioxo-PdII Complexes.

SCHEME 5. Hydrolysis and Cleavage Reaction of Dioxo-PdII Complexes A
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anhydrousMg2SO4 and concentrated under reduced pressure to
give crude product. The crude product was purified by chroma-
tography on a silica gel column, using light petroleum ether/
ethyl acetate as eluent.

General Procedure for Palladium-Catalyzed Dihydroxylation

of Alkenes with O2. The reactions were carried out in a HF-15
autoclave. Pd(OAc)2 (8.98 mg, 0.04 mmol), Na2CO3 (212 mg,
2 mmol), H2O (3 mL), and alkene (1 mmol) were added into a
15mL autoclave in sequence. O2 was pumped into the autoclave
with a cooling pump to reach the desired pressure, then the
autoclave was heated with an oil bath under magnetic stirring
for the desired reaction time. After the reaction was finished, the
autoclave was allowed to cool to 0 �C. O2 was vented and the

surplus was extracted with EtOAc (30 mL). The organic layer
was dried over anhydrous Mg2SO4 and concentrated under
reduced pressure to give crude product. The crude product
was purified by chromatography on a silica gel column, using
light petroleum ether/ethyl acetate as eluent.
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