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ABSTRACT

A method for efficient and aldehyde-selective Wacker oxidation of aryl-substituted olefins using PdCl2(MeCN)2, 1,4-benzoquinone, and t-BuOH in
air is described. Up to a 96% yield of aldehyde can be obtained, and up to 99% selectivity can be achieved with styrene-related substrates.

The PdII-catalyzed oxidation of olefins to carbonyl
compounds, commonly known as the Wacker oxidation,
is one of the most well-known Pd mediated reactions and
has extensive synthetic applications. The Wacker oxida-
tion, however, follows Markonikov’s rule and thus yields
methyl ketones from the majority of terminal olefins (see
reaction in abstract). The Wacker oxidation has been
broadly adopted by synthetic chemists, to the degree that
terminal olefins are often viewed as masked ketones.1,2 In
specific cases, aldehyde selectivity has beenobserved, albeit
usually in low yields. However, these examples are re-
stricted to cases where either the olefin is functionalized
with a directing group3�5 or stoichiometric palladium
or excess heteropolyacid is employed.2,6 Recently, the

synthesis of terminal acetals via palladium catalyzed addi-
tion of pinacol was reported;7 however there is still a need
for the direct synthesis of aldehyde. Current methods for
aldehyde production from carbon�carbonmultiple bonds
are hydroformylation and alkyne hydration. However,
hydroformylation produces the homologous aldehyde
and anti-Markovnikov alkyne hydration often employs
catalysts that are nontrivial to prepare.8�10 Another pop-
ular method for aldehyde production is via alcohol oxida-
tion, but the formation of primary alcohols can itself be a
difficult process.11,12

Hence, there is a need to develop a simple yet efficient
process to convert olefins directly into aldehydes with high
yields and selectivity.
Although moderate aldehyde selectivities have been

obtained for styrene Wacker oxidations, the report re-
quired either superstoichiometric heteropolyacids (HPA)
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that contain 12 equiv of metal per mol of HPA or
stoichiometric palladium. Above that, the reaction has to
be carried out under an inert atmopshere.Hence, a practical
method for aldehyde selective oxidation of styrene and
structurally related olefins remains to be realized.1,2,6,13

The aldehydeproducts are important precursors to terminal
alcohols13 aswell as essential ingredients in artificial flavors,
perfumery, and soaps.14,15 Herein, we report a new catalytic
system that delivers high aldehyde selectivity of up to
>99% with high catalytic efficiencies without the need for
an inert atmosphere.
During our development of a method for anti-

Markonikov olefin hydration, we elaborated upon a strat-
egy for the anti-Markonikov Wacker oxidation of olefins
(reaction in abstract).13 The use of t-BuOH to deliver high
aldehyde selectivities in Wacker oxidation has been well
established, albeit often in low yields.2,3,16,17 p-Benzoqui-
none (BQ) is widely used as a hydrogen acceptor and two-
electron oxidant in PdII-catalyzed reactions.18 By combin-
ing PdCl2(MeCN)2, BQ, and t-BuOH in the presence of
stoichiometric amounts of water, we found that both high
aldehyde selectivity and high yields could be obtained with
styrene as the substrate (Tables 1, 2). The reaction with
styrene is highly efficient: a TOF of 37 h�1 with 98%
aldehyde selectivity could be obtained. Such a high TOF
and selectivity is unprecedented for undirected aldehyde
selective Wacker oxidations. Without BQ, no appreciable
turnovers were observed. When the reaction is carried out
in i-PrOH instead of t-BuOH, the selectivity fell to 74%
and the TOFwas nearly halved (Table 1).Without adding
H2O, only a 38%yield could be obtained.We attribute this
nonzero aldehyde yield touse of nonanhydrous t-BuOHor
simply to atmosphericmoisture. This is consistentwith our
earlier report that if water is excluded with molecular
sieves, no aldehyde is observed.13 A lower catalyst loading
of 1 mol % may also be used to give the same TOF of
37 h�1 albeit at a slightly lower selectivity (96%) and lower
maximum aldehyde yield (72%). The selectivity appears
to be inversely proportional to catalyst loading, which
is consistent with previous reports.6,16 Nevertheless,
high aldehyde selectivity can still be achieved at high
yields and catalyst turnovers, without the need for inert
atmosphere or expensive reagents. The catalytic system
is also tolerant of a variety of ring substituents such as
alkyl, trifluoromethyl, ester, and nitro groups as well
as halogens. Generally, the more electron deficient aro-
matic systems resulted in the highest yield of aldehydes.
Electron rich systems such as p-tert-butylstyrene were
less reactive under the reaction conditions, resulting in
poorer yields.

It was initially suspected that the conditions used for the
hydration of styrene could be directly applied to the
Wacker oxidation step by the removal of the reductants.
However, without further modification beyond the re-
moval of reductants, the product yield was much poorer,
whichwe attributed to product instability andCuCl2 usage
(vide infra). Using the original conditions for hydration
(10% [Pd], 20% CuCl2, 100% BQ, t-BuOH/i-PrOH 2:1,
0.0625 M, 3 h), only a 36% yield of aldehyde at 100%
selectivity could be obtained (cf. 85% anti-Markonikov
products in hydration).13 A kinetic study for the oxidation
of styrene was carried out, and it was observed that the
product yield starts decreasing significantly upon reaching
amaxima, likelydue toaldehyde self-condensation (Figure1).
As such, all styrene oxidation reactions must be stopped
once the product yield reaches its maximum to avoid
product degradation. It is critical to note that when chang-
ing the scale of the reaction from 0.1 mmol of styrene to
0.6mmol of styrene,we saw a notable delay in the reaction,
leading to a shift in maximum yield from 45 to 60 min
(see Supporting Information).
The usage of CuCl2 was also found to be unnecessary in

the oxidation of styrene. In the presence of only 2.5 mol%
CuCl2, a 10% lower yield was obtained. This may be
attributed to the increase in acidity of the reaction caused
by CuCl2 which in turn results in product instability. The
Wacker oxidation is also known to have an inverse second-
order dependence on chloride concentration, which likely
contributes to decreased oxidation rates.19 Furthermore,
lower catalyst loadings of 2.5 mol % [Pd] could be used
instead of the 10% required for hydration. Upon further
reduction of the catalyst loading both anti-Markovnikov
selectivity and yield are eroded.
As opposed to Feringa’s Pd/Cu/t-BuOH system, for

which a cyclic L-Pd-NO2 intermediate was proposed
(L = MeCN�CuCl2�Me3COH) to account for anti-
Markonikov selectivity,16 we postulate a tert-butyl vinyl
ether intermediate (B) instead to give high regioselectivity.2

From earlier mechanistic studies, it was found that, in the
presence of t-BuOH, the olefin (A) would undergo Pd-
catalyzed oxidation to generate B. Due to the bulkiness of
t-BuOH, the linear vinyl ether is preferred, which consti-
tutes the key factor for high anti-Markonikov selectivity.
During the Wacker process, acid is generated and, in the

Table 1. Styrene Oxidation Control Experimentsa

BQ/% solvent H2O/% yield/% selectivity/%b

115 t-BuOH 110 83 98

115 i-PrOH 110 40 74

0 t-BuOH 110 5 100

115 t-BuOH 0 38 95

aReactions carried out in 0.125M solution (0.1 mmol) with 2.5 mol%
catalyst loading at 85 �C. bSelectivity and yield determined by GC with
tridecane as internal standard.
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presence of water, the vinyl ether B is converted to the
aldehyde (C) via acid-catalyzed hydrolysis (Figure 2).13

In summary, a general and efficient method for the
selective oxidation of aryl-substituted olefins to aldehydes
has been described. This provides facile, direct access to a

previously challenging class of molecules. The current
method shows a major improvement to that previously
reported.16Althoughoxygen cannot be used directly as the
oxidant, hydroquinone can be readily recovered from the
crude reactionmixture and converted to BQ in excellent
yield via facile aerobic oxidation.13,20 Compared to
methods for the Wacker oxidation currently in the
literature, which typically give methyl ketones, the
present method displays extraordinarily high aldehyde
selectivity with high yields and turnovers. The simpli-
city of this method also makes it appealing for practical
applications.
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Figure 1. Aldehyde yield (%) as a function of reaction time (h)
for styrene Wacker on 0.1 mmol scale.

Figure 2. Proposed strategy for olefin oxidation.

Table 2. Oxidation Reaction of Substrates 1�11a

aReactions carried out with 2.5 mol % catalyst loading in 0.125 M
solution for 60 min at 85 �C. b Isolated aldehyde (a) yield (%) (as 2,4-
dinitrophenylhydrazone derivative (c)). c (c)/(cþ d) (%). dGC yield and
selectivity of aldehyde (a).
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