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ABSTRACT

Oxygen-promoted Pd(II) catalysis facilitated the synthesis of conjugated dienes by cross-coupling of alkenylboronic compounds and various
olefins including highly substituted alkenes and cyclohexenone. Under mild conditions, these versatile reactions were efficient and highly
stereoselective.

In recent years, significant advances have been made in the
molecular oxygen-promoted palladium catalysis for the use
of oxidation of alcohols to carbonyl compounds.1 However,
there have been only a few reports on carbon-carbon bond
formation,2,3 and they have failed to offer a general synthetic

method presumably due to poor understanding of the
catalysis. We have pioneered novel C-C bond formation
methods utilizing oxidative palladium catalysis to culminate
in communications on the homocoupling protocol4 and the
first report on a cross-coupling method.5

Suzuki-Miyaura6 and Stille reactions7 have been utilized
for the cross-coupling of alkenyl-alkenyl moieties to gener-
ate conjugated dienes. However, these reactions can be
cumbersome since both coupling substrates should be ste-
reoselectively prepared prior to coupling. The Heck reaction8-10
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has been considered as the best alternative to avoid this
problem. Due to inefficiency, poor selectivities, and harsh
conditions, Heck coupling has been limited in use, especially
with substituted olefins. Recently, Fu9a and Hartwig9b

reported mild Heck conditions for the coupling of aryl halides
with olefins. However, the reaction conditions require
phosphine ligands and longer reaction times (20-77 h). In
this account, we report a new synthetic method to address
these shortcomings and offer a generally applicable protocol.

Just recently, we discovered a mild means of oxidative
palladium catalysis, effecting carbon-carbon bond formation
between alkenylboron compounds and various olefins.
Monosubstituted olefins were facile in coupling, and the
yields and stereoselectivities were generally high (Table 1).

The reactions withtert-butyl acrylate and styrene afforded
(E,E)-dienes2 and 3, respectively (entries 1 and 2). Fur-
thermore, the reaction with unreactive allyl benzyl ether took
place, successfully delivering (E,E)-diene4 (entry 3). For
comparison, we conducted the Heck reaction oftrans-
iodohexene with allyl benzyl ether under Jeffery conditions,10

known as mild Heck reaction conditions, and confirmed that
this method failed to afford any coupling product.11 The
coupling reaction with acrylonitrile provided an isomeric
mixture of diene5 in 85% yield (entry 4).12

Because homocoupling4 was expected as the major side
reaction, we employed two different conditions, where boron
compounds were added in the beginning (condition A) and
where slow addition of organoborons was utilized (condition

B). It was envisioned that a low concentration of boronic
ester would decrease the probability of the reaction between
the boronic ester and the incipient alkenylpalladium inter-
mediate, resulting in avoidance of homocoupling. Condition
B averted homocoupling to offer higher yields and cleaner
products, allowing for easy purification while the one-pot
condition was convenient and pragmatic. The details of the
conditions will be discussed in a separate full account.

Due to low yields and stereoselectivity, substituted olefins
have been poor substrates for Heck reactions. Thus, the
remedy for this chronic problem can be highly valuable,
prompting us to probe the feasibility of oxygen-promoted
Pd(II) catalysis (Table 2). At ambient temperatures, ethyl

crotonate andtert-butyl methacrylate afforded the desired
(E,E)-dienes6 and7 in high yields (entries 1 and 2). In the
case of substituted styrenes, coupling proceeded smoothly
at 50°C (entries 3 and 4). Withtrans-â-methylstyrene, the
mixture of (E,E)- and (E,Z)-dienes8 and9 was obtained in
an 8.8:1 ratio in 88% overall yield. The reaction with
R-methylstyrene furnished an inseparable mixture of10and
11 in 84% yield via two possibleâ-elimination pathways
during the reaction cycle.8b Similarly to the previous
examples,E-selectivity was high as expected.

Contrary to acyclic alkenes, Heck reactions of cyclohex-
enone with aryl halides afforded a mixture of Heck coupling
product and conjugate addition product via a palladium
enolate intermediate.13 Recently, Myers reported a clever
Heck-type arylation via decarboxylative palladation at high
temperature (>80 °C).14 According to these previous reports,
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Table 1. Coupling of Hexenyl Boronic Ester1 with Various
Alkenes

entry R product yielda (%)

1 CO2
tBu 2 A: 85

B: 90
2 Ph 3 A: 82

B: 92
3 CH2OBn 4 A: 81b

B: 91
4 CN 5c A: 85

a A: one-pot condition with 10 mol% of Pd(OAc)2, 3 h. B: slow addition
protocol with 2 mol% of Pd(OAc)2, 6 h. b 2 mol% of Pd(OAc)2. c E/Z
ratio is 3:2, as determined by1H NMR.

Table 2. Coupling of Boronic Ester1 with Highly Substituted
Alkenes

a Condition B.b Reaction temperature: 50°C. c E/Z ratio was determined
by 1H NMR. d Internal/terminal alkene ratio was determined by1H NMR.
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Heck-type catalysis is challenging with cyclohexenone, and
there is no successful case of alkenylation to the best of our
knowledge. However, our protocol delivered the vinylated
product12 in 76% yield without the concomitant formation
of the conjugate addition product (entry 5). The mildness of
our oxidative catalysis is presumed to be responsible for its
success, most likely through an alternate mechanism, which
will be the target of a separate investigation in the future.

To further examine the scope and limitation of this method,
we conducted coupling reactions between various alkenyl-
boron compounds andtert-butyl acrylate (Table 3). Under

both developed conditions,cis-hexenyl pinacolboronic ester15

led to the stereoselective formation of (E,Z)-diene14 (entry

1). These results implied retention of the geometry in
alkenylboron compounds during the catalytic process. Pina-
colboronic ester1516 afforded (E,E)-diene16 exclusively,
whereas the corresponding boronic acid17 gave 80-85%
of 16along with the homocoupling compound (entries 2 and
3). This finding indicated that alkenylboronic acids were less
resistant to homocoupling as compared to the corresponding
esters. Nonetheless, both boronic acids and esters were well-
suited for oxidative Pd(II) catalysis in most cases.

In addition, highly substituted alkenylboron compounds
were compatible with this method. Reaction of sterically
hindered 1-methylvinyl pinacolboronic ester (18)17 took place
efficiently to provide19 exclusively and stereoselectively
(entry 4). The boronic esters20 and22 containing alcohol
functionalities also successfully gave rise to the correspond-
ing (E,E)-dienes21 and23 in high yields (entries 5 and 6).
Therefore, such highly functionalized boron compounds can
be used for the introduction of versatile functional groups
to the alkene compounds for further manipulation.

In conclusion, oxidative palladium(II) catalysis of vinyl
boron compounds with various alkenes provided the corre-
sponding conjugated dienes in good to excellent yields under
mild reaction conditions. Furthermore, expensive ligands and
additives are unnecessary, while oxygen finds utility as an
environmentally benign, economical reoxidant of the pal-
ladium catalyst. Additionally, high stereoselectivity as well
as functional group tolerance are worthy of note. This new
protocol is advantageous over the conventional and modified
Heck conditions and allows a wide array of substrates,
otherwise found difficult or impossible to react smoothly.
Due to its easy and convenient nature, this protocol is highly
practical, holding great promise for wide use. Mechanistic
insight and applications will be reported in due course.
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Table 3. Coupling of Various Alkenylboron Compounds

a A: one-pot condition with 10 mol% of Pd(OAc)2, 3 h. B: slow addition
protocol with 2 mol% of Pd(OAc)2, 6 h. b TMS group was deprotected
during column chromatography.
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