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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—Pd" 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." For example, cis-dihydroxylation and
oxidative cleavage of olefins are highly versatile synthetic
methods for the preparation of valuable intermediates.> Over
the past several decades, many research groups have focused
their interest on the development of efficient and active catalytic
systems for alkene cis-dihydroxylation and cleavage. The cis-
dihydroxylation of alkenes by osmium tetroxide has long been
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known (Scheme 1). In recent years, transition metal catalysts
such as ruthenium,* iron,’ manganese,6 cobalt,” or molybde-
num?® have been used to convert olefins into cis-1,2-diols.
Oxidative alkene cleavage reactions are classically carried out
by ozonolysis;” however, their utility is often limited by safety
concerns. This transformation can be performed also catalyti-
cally with high-valent oxometals such as RuO4 and OsO,. 10 Very
recently, aryl-1*-iodane-based methods for C—C double bond
cleavage have been reported.'! 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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SCHEME 1. Progression of Strategies for Dihydroxylation and
Oxidative Cleavage of Olefins

Osmium-Catalyzed

OH
2 Os cat. 2 Os cat.
RV'\(R«_— RVNR—"2 RricHo + R2CHO
OH oxidant oxidant

Ruthenium-Catalyzed

OH
Rr2_Ru cat. /\/RZ Rucat. . 2
1 -— R! —— > R'CHO + R°CHO
R )\r oxidant RS oxidant

Palladium-Catalyzed (this work)

OH
R2_Pd cat. U R? Pdcat. 2
1 - — > R'CHO + R°CHO
R J\( O,, base RTS 0O,, acid

oxidants are still used extensively.'? 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.'® Palladium-catalyzed aerobic oxidation reactions
have been shown to be highly versatile in preparing fine
chemicals."* In particular, the development of the Wacker
process in the late 1950s had a significant impact on the
chemical industry.'® Herein, we report an efficient oxidation
of a wide range of olefins to 1,2-diols, aldehydes, or ketones
catalyzed by palladium with O, 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 O, in which alkyne is split into carboxylic
ester in alcohols.'® As a starting point for this work, we observed
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SCHEME 2. Palladium-Catalyzed Oxidative Cleavage of
1-Methoxy-1,2-diphenylethene in MeOH

Ph Pd(OAc),, O, (8 atm)
— COOM
MeO Ph ZnCI2~2H20, MeOH ©
84%

TABLE 1.  Optimization of Reaction Conditions for the Palladium-
Catalyzed Oxidative Cleavage of trans-Stilbene”

Pd cat., O,
ph X" — PhCHO
additive, solvent
1a 1b
entry Pd cat. additive solvent yield (%)°

1 Pd(OAc), ZnCl, MeOH trace

2 Pd(OAc), MeOH 36

3 Pd(OAc), DMSO trace

4 Pd(OAc), DMF trace

5 Pd(OAc), toluene 35

6 Pd(OAc), t-BuOH 38

7 Pd(OAc), H,0 43

8 Pd(OAc), CH;COOH H,0 79

9 Pd(OAc), PTSA H,O 88 (85)
11 Pd(OAc), CF;COOH H,0 77
12 PdCl, PTSA H,0 14
13 Pd,dbas PTSA H->0 trace
14 Pdl, PTSA H,0 16
15 Pd(NO3), PTSA H,O 21
16 Pd/C PTSA H,0 8
17 PTSA H,0 0

“Reaction conditions: All reactions were performed with 1a (1 mmol),
pressure of O, (8 atm), Pd catalyst (2 mol %), and additive (20 mol %) in
3 mL of solvent for 24 h, 100 °C. *Determined 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.

in control experiments that the cleavage reaction of 1-methoxy-
1,2-diphenylethene in MeOH afforded methyl benzoate
(Scheme 2).'® This has encouraged us to explore the oxidative
cleavage reactions of 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
of Pd(OAc), with ZnCl, in MeOH, the most 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, ZnCl, 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 H,O 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 improved when a Brensted acid was utilized as
the additive in the reaction.'” Among the Bronsted 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 PdCl,, Pd,dbas, Pdl,,

(17) (a) Dams, M.; Vos, D. E. A.; Celen, S.; Jacobs, P. A. Angew. Chem.,
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128, 16496. (c) Lebrasseur, N.; Larrosa, I. J. Am. Chem. Soc. 2008, 130,2926.
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Chem., Int. Ed. 2009, 48, 4572.
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Pd(NO;),, and Pd/C, but the reaction did not proceed well
(Table 1, entry 8 vs entries 12—16). Moreover, the reaction
without Pd(OAc), 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 yields of the desired products (Table 2, entries 8 and 9).
1,2-Disubstituted olefins were also subjected to the oxidative
cleavage. cis-Stilbene and trans-f-methylstyrene provided ben-
zaldehyde in 86% and 84% yields, respectively (Table 2, entries
10 and 11). o,f-Unsaturated alkenes, including zrans-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-
substituted olefins such as 1,1,2,2-tetraphenylethene appeared to
be less effective, and the corresponding benzophenone was
obtained in only 23% 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 H,O 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,'® we tried to apply
the Pd(OAc),/O, system in alkene dihydroxylation. The dihy-
droxylation of styrene was used as a test reaction. The oxidation
shows high conversion but undesired selectivity for the aldehyde
without adding any additives (Table 3, entry 1). Considering the
presence of base may assist the hydrolysis process,'” a variety of
bases were examined wherein it was found that the use of
Na,COs 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

(18) (a) Kirk-Othmer Encyclopedia of Chemical Technology; Kroscwitz, J.
1., Howe-Grant, M., Eds.; Wiley: New York, 1991; Vol. 12. (b) Nicolaou, K. C.;
Snyder, S. A. Classics in Total Synthesis IT, Wiley-VCH: Weinheim, Germany,
2003. (c) Kulkaand, K.; Dittrick, J. W. Cosmet. Perfum 1975, 90, 90.
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TABLE 2.  Substrate Scope of the Palladium-Catalyzed Alkene Clea-
vage Reaction”

entry alkene product yield (%)
X X
O A
2a 1b
X N
: O o 5
3a 2b
S o
3 84
c 4a cl 3b
X o
4 86
Br 5a Br 4b
X o
5 89
F 6a F 5b
X o
6 83
MeO 7a MeO 6b
A o
7 81
o 8a o 7
ON N O2N o
9a 8b
A =,
0 \©/\ \@/\0 ol
10a 9b
- N
o OO o, e
11a 1b
XN X
" ©/\/ ©/\O 84
12a 1b
x COOMe o
12 76
13a 1b
COOMe N
13 Y S T ™ 67
S 14a S 10p
COOMe X
14 TS (T ° 69
o 15a o 11b
N ca N -
16a 12b
F 17a F 13b
(o]
17¢ 87
PhJLPh 18a Ph)LPh 14b
o
* U0 i
19a 15b
Ph  Ph o
19¢ >_<— 23
PH  Phyga Ph)LPh 14b
20 NN 212 SN 16 74
21 NN N0, AN 16b 68

“Reaction conditions: alkene (1 mmol), PA(OAc), (2 mol %), pressure
of O, (8 atm), H,O (3 mL), PTSA (20 mol %), 100 °C, 24 h. ®Yield of
isolated product based on complete alkene consumption. “H,O/
CICH,CH,CI (2:1 v/v).

(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 16¢ is a
key intermediate for triazole antifungal agents.”

(20) Suzuki, M.; Kato, N.; Kanai, M.; Shibasaki, M. Org. Lett. 2005, 7,
2527.
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TABLE 3.  Optimization of Reaction Conditions for the Palladium-
Catalyzed Dihydroxylation of Styrene”
OH
OH
©/\ Pd(OAc),, O, ©)v +  PhCHO
H,0, base
2a 1c 1b

entry base temp (°C)  conv (%)"  yield of 1c (%)”  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 Na,CO; 100 91 84 (83) 93:7
7 K,CO; 100 89 79 96:4
8 Cs,CO; 100 trace

9 Na,CO; 80 56 37 92:8

“Unless otherwise indicated, all reactions were performed with styr-
ene (1 mmol), Pd(OAc), (4 mol %), and base (2 mmol) in 3 mL of H,O
for 24 h. Determined 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.

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

Pd(OAc),, O. X Pd(OAc),, O
pheho PRk, O ©/\ (OAc),, O,
PTSA, H,0 Na,CO3, H,0

1b (83%) 2a (100 mmol)

OH

©)VOH

1c (81%)

SCHEME 4. Possible Pathway of the Alkene Cleavage

H R2 Pd(OAc ’ )
+
1/'\r H20 amds R'CHO + R°CHO

\ Pdl J
Pd(OAc),

To highlight the utility of these reactions, the dihy-
droxylation and oxidative cleavage reaction of styrene were
successfully scaled to 100 mmol, 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 formed under alkaline conditions
whereas the C—C double bond was cleaved in the presence of
acid? We speculated that the palladium-catalyzed dihydroxyla-
tion protocol was accompanied by overoxidation when acid was
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), under 8 atm of O, 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 10¢ 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

Pd(OAc),, O.
R1/\/R2 (OAC)z, Oz

H,0, acids or bases
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TABLE 4. Substrate Scope of the Palladium-Catalyzed Alkene Dihy-
droxylation”
entry alkene product yield (%)°

OH

OH 85

1 O
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2c

OH

o
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83
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o
I

74

g
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&
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2

0
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g
o

OH
6 S TN 71
OH Te
7 o P oH 82
OH g
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8 Phg ™~ Sk 79
OH 9¢
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EX
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h

)
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I
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I

75

el
Ed

Ph 11c

66

o
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—
I
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(o]
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—
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EO
OI
I

-

S

&

74

'r\
EO
OI
=

'n
-
I
&

95848

z

" on =N
N> 57

16¢

OH
OH
51

b
on %

17¢

“Unless otherwise indicated, reactions were carried out with 1.0 mmol
of alkene, 4 mol % of Pd(OAc),, 2 mmol of Na,CO3;, 8 atm of O,, and 3
mL of H,0, at 100 °C for 24 h. *The yield of isolated product is based on
complete alkene consumption.

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

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

(21) Fox, S. G.; Gillard, R. D. Polyhedron 1988, 7, 349.
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TABLE 5. Palladium-Catalyzed Oxidative Cleavage of 1,2-Diols”
entry 1,2-diol product yield (%)
OH
1 ph/k‘/ Ph PhCHO 9%
OH
OH
2° Ph Ph PhCHO 46
OH
OH
34 ph/'\rph PhCHO <3
OH
OH
e o P - .
OH
OH
5 ©)V PhCHO 95

Ol

OH
H
N
6 OH |OO ° 93
HOH

. /\/\/Y\OH PO %

OH

“Unless otherwise indicated, reactions were carried out with 1.0 mmol
of 1,2-diol, 2 mol % of Pd(OAc),, 0.2 mmol of PTSA, 8 atm of O,, and
3 mL of H,0, at 100 °C for 24 h. ®The yield of isolated product is based
on complete alkene consumption. “The reaction was carried out without
any additives. “The reaction was carried out with 2 mmol of Na,CO; as
additive. “In the absence of Pd catalysts.

B were quite stable in refluxing toluene under nitrogen atmo-
sphere and no product was detected by GC analysis. Only 17%
GCyield of 1,2-octanediol was obtained when placing complex
A in boiling water. Treatment of complex A (1 mmol) with
PTSA (0.2 mmol) in water at 100 °C produced 1,2-octanediol in
88% isolated yield without any I-heptanal being detected
(Scheme 5). Changing PTSA to Na,CO; (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—Pd" complexes. To gained the cleavage
product of dioxo—Pd"! complex A, several oxidants [CuCl,,
Cu(OAc),, benzoquinone, and O,] were employed in the reac-
tion. It was found that CuCl,, Cu(OAc),, and benzoquinone

N\
/
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X

|/N |/
N N
Pd, Pd\l
N O ’

\l \l
A B

FIGURE 1. Dioxo—Pd" Complexes.

had no effect on the cleavage reaction. The employment of O, as
oxidant is critical for the aldehyde formation. When the reaction
of complex G with PTSA was undertaken in 8 atm of O,, I-
heptanal was obtained in 91% yield. Changing PTSA to
Na,COs; afforded 1-heptanal in 72% yield along with 1,2-
octanediol (21%). These experiments show that 1,2-diols or
dioxo—Pd" complexes might be the precursors for the forma-
tion of carbonyl compounds and O, 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 O, 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 O,. The reactions were carried out in a HF-
15 autoclave. PA(OAc), (4.49 mg, 0.02 mmol), PTSA (38 mg, 0.2
mmol), H,O (3 mL), and alkene (1 mmol) were added into a 15
mL autoclave in sequence. O, 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. O, was vented, the surplus
was extracted with EtOAc (30 mL), and the organic phase was
washed with aqg NaHCOj5. The organic layer was dried over

N32003

1,2-octanediol + 1-heptanal
H,0, 100 °C "

7c (84%) 16b (0)

N32CO3, 02
—— > 1,2-octanediol + 1-heptanal

SCHEME 5. Hydrolysis and Cleavage Reaction of Dioxo—Pd" Complexes A
| X
PTSA =N
1-heptanal + 1,2-octanediol <————
16b (0) 7c (88%) 129 100°C N
XN
15 il PTSA, O,
- + 1,2-octanediol ~——————
1-heptanal 1,0, 100 °C

16b (91%) 7c (4%)

H,0, 100 °C 7c (21%) 16b (72%)
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anhydrous Mg,SO,4 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 O,. The reactions were carried out in a HF-15
autoclave. Pd(OAc), (8.98 mg, 0.04 mmol), Na,CO5 (212 mg,
2 mmol), H,O (3 mL), and alkene (1 mmol) were added into a
15 mL autoclave in sequence. O, 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. O, was vented and the
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surplus was extracted with EtOAc (30 mL). The organic layer
was dried over anhydrous Mg,SO,4 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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