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ABSTRACT: A direct β-alkenylation of simple ketones with alkenyl
bromides is reported via a Pd-catalyzed redox cascade strategy. The
reaction is redox neutral and directing-group-free, in the absence of
strong acids or bases. Both cyclic and linear ketones are suitable
substrates, and various alkenyl bromides can be coupled. The resulting β-
alkenyl ketones are readily derivatized through diverse alkene
functionalization.

Preparation and derivatization of carbonyl compounds are
cornerstones in organic synthesis.1 While classical

methods mainly focus on functionalizing the electrophilic
carbonyl carbon and the acidic α-C−H bond, direct C−C
bond forming reactions at the more inert β-positions have been
substantially developed over the past decade.2 Among these
transformations, β-alkenylation of carbonyl compounds is of
particular interest,3−7 not only because γ,δ-unsaturated
carbonyl structures are commonly found in pharmaceuticals
and natural products (Scheme 1A) but also due to the fact that
olefin moieties can serve as a versatile precursor to access
various other functional groups.8 In the past decade, the
directing group (DG)-based strategy has emerged as a
powerful approach to achieve the direct β-alkenylation of
carbonyl compounds (Scheme 1B). Amides and carboxylic
acids have been extensively used as DGs in the Pd-catalyzed
C−H alkenylation,3,4 in which both vinyl halides and Michael
acceptors can serve as the alkenylation reagents. In addition,
the Ni-catalyzed alkenylation using alkynes as the coupling
partner has also been demonstrated.5 In contrast, the direct β-
alkenylation of simple ketones remains challenging. We
recently reported that through a hydrazone intermediate a
Rh-catalyzed β-alkenylation of ketones with alkynes could be
realized.6 Newhouse and co-workers disclosed an efficient one-
pot β-alkenylation strategy through a Pd-catalyzed ketone
dehydrogenation with allyl oxidants followed by subsequent
conjugate addition with organocuprates.7 To the best of our
knowledge, a direct, DG-free, and redox-neutral β-alkenylation
of ketones has not been reported yet. Herein, we describe our
development of such a transformation through direct coupling
between simple ketones and vinyl bromides via Pd-catalyzed
redox cascade (Scheme 1C).
Our laboratory has been engaged in systematic development

of a Pd-catalyzed redox-cascade strategy for direct β-
functionalization of carbonyl compounds.9 As described in
the proposed catalytic cycle (Scheme 2), the approach starts
with a Pd(II)-mediated carbonyl desaturation to deliver an
α,β-unsaturated carbonyl intermediate.10 The generated Pd(0)
then undergoes oxidative addition with an organohalide to
form an organopalladium(II) species, which subsequently

constructs the β-C−C bond through conjugate addition.
Finally, protonation of the resulting Pd(II) enolate provides
the product and regenerates the Pd(II) catalyst.11 The

Received: March 29, 2019

Scheme 1. β-Alkenylation of Carbonyl Compounds
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organohalide serves as both the oxidant for the carbonyl
desaturation and the carbon source for the β-C−C forming
event. Distinct from the DG strategy, the Pd redox cascade
avoids additional operations for DG installation and removal
and enables the functionalization at the β-positions of cyclic
ketones that are hard to reach through the DG approach.
However, extension of the electrophile scope to vinyl halides

in the Pd-catalyzed redox cascade would introduce two new
challenges: (1) compared to aryl halides, alkenyl halides are
generally less stable, e.g. to a base or a strong oxidant; and (2)
the alkenyl moiety could possibly undergo further Pd-catalyzed
reactions under the reaction conditions. Thus, the key would
be to balance the reaction rates among ketone desaturation,
alkenyl conjugate addition, and protonation of the alkenylated
Pd(II) enolate. In addition, we anticipated that a weakly acidic
environment could be crucial for both minimizing the alkenyl
halide decomposition and promoting the final protonation
step.
To explore this proposal, cyclohexanone (1a) and 3-

bromocoumarin (2a) were chosen as the model substrates.
After systematic optimization of the reaction conditions, the
desired β-alkenylation product (3a) was ultimately obtained in
73% yield (Table 1, entry 1) using Pd(MeCN)4(OTf)2/P(i-
Pr)3 as the metal/ligand combination. The alkenylation
exhibited complete β-selectivity. The overoxidation side
product (3aa), generated from the undesired β-H elimination
of the alkenylated Pd(II) enolate (instead of protonation), was
only formed in 5% yield. Other side reactions of 2a, i.e.
reductive debromination and dimerization, were observed in
2% and 4% yields, respectively. In order to understand the role
of each component in the reaction, a series of control
experiments were conducted (Table 1). No reaction occurred
in the absence of the Pd precatalyst (entry 2). Pd(TFA)2 was
also a viable precatalyst though the yield was inferior compared
to the case of cationic Pd(MeCN)4(OTf)2 (entry 3). The P(i-
Pr)3 ligand was indispensable for this transformation (entry 4).
A 1.4:1 P(i-Pr)3 to Pd ratio was found to be optimal: the 2:1
ratio gave a lower conversion, while the 1:1 ratio gave more
overoxidation products (entries 5 and 6). Replacing P(i-Pr)3
with PPh3 gave a worse catalytic performance and more
overoxidation (entry 7). Using DMSO as the ligand almost
shut down the reaction (entry 8). Interestingly, potassium
hydrogen phthalate (KHPhth) was found to be an effective
additive to promote the reaction conversion (entry 9). While a

combination of benzoic acid and potassium benzoate gave a
comparable result to KHPhth, more acidic potassium hydrogen
tetrafluorophthalate (KHPhth-F4) or phthalic acid (H2Phth)
led to diminished yields (entries 10−12) and the more basic
potassium phthalate (K2Phth) caused slightly more over-
oxidation (entry 13). While the exact role of KHPhth is
unclear at this stage, we postulated that the carboxylate moiety
in this additive can serve as an X ligand to promote ketone
desaturation,12 and such a buffered system may also facilitate
the protonation of the Pd(II) enolate. MeCN was the optimal
solvent, as it could help stabilize the Pd catalyst and dissolve
the inorganic salts. CsTFA and Cu(TFA)2 were not as effective
as AgTFA (entries 14 and 15). Finally, decreasing the amount
of ketone 1a to 1.5 equiv still afforded the desired product in
58% yield (entry 16).
The substrate scope of the alkenyl bromides was first

investigated (Scheme 3).13 Considering that coumarin
moieties are often found in biologically important com-
pounds,14 a number of substituted 3-bromocoumarins were
first tested and found to proceed smoothly in good yields (3a−
3k). 2-Quinolone-derived alkenyl bromides were also viable
substrates (3l, 3m). In addition, a range of linear and cyclic
alkenyl bromides without conjugated carbonyls can be used for
this transformation under slightly modified conditions (3n−
3v). While the yields were moderate due to lower conversions
of these substrates, it nevertheless showed that the alkenyl
bromide scope could be generalized.15 Moreover, a large
variety of functional groups were tolerated, including methoxy
(3b), acetoxy (3c), nitro (3d), methoxycarbonyl (3e), cyano
(3f), fluoro (3p), and trifluoromethyl (3q) groups, as well as
acetyl (3r), benzoyl (4e), and silyl-protected alcohols (3t).
The tolerance of acidic hydrogens, such as free phenols (3j),
carbamates (3k), lactams (3l), and sulfonamides (4f), makes

Scheme 2. Proposed Strategy Table 1. Selected Optimization of Reaction Conditionsa

aUnless otherwise noted, all the reactions were run with 1a (0.25
mmol) and 2a (0.1 mmol) in 0.4 mL of MeCN for 18 h. bNMR yield
determined using 1,1,2,2-tetrachloroethane as the internal standard.
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this method complementary to the conventional 1,4-addition
approach, which often uses alkenyl organometallic species.
Encouragingly, aryl boronic esters (3g), aryl bromides (3h, 3i),
and alkyl tosylates (3s), which are typically reactive functional
groups in the Pd-catalyzed reactions, largely remained intact.
This allows for further transformations of these functional
groups, which would increase molecular complexity.
Regarding the ketone scope, besides cyclohexanone, cyclo-

pentanones and 1-indanones (4a and 4b) could be successfully
alkenylated at their β positions. Cyclohexanones with
substitutions at the C4-position exhibited satisfactory reac-
tivity, and the products obtained (4c−4f) were single
diastereomers, tentatively assigned as the trans configuration
based on our prior study.9a Moreover, 3-methylcyclohexanone
also predominantly delivered the trans-alkenylation product in
a moderate yield (4g). Linear ketones, e.g. propiophenone,
were competent substrates, though more overoxidation
occurred due to a faster β-H elimination pathway. However,
a selective 1,4-reduction can be employed subsequently to
obtain the pure β-alkenylation product (4h).16 It is noteworthy
that, distinct from the DG approach,17 the ortho C(sp2)−H
bond on the phenyl ring was untouched during the reaction.
Finally, derivatizations of the β-alkenylation product are

illustrated using 3u as the representative substrate (Scheme 4).

Since alkenes are highly versatile functional groups that can
readily undergo diverse transformations,8 this direct β-
alkenylation method opens the door to access various other
β-functionalized products. For example, formal β-alkylation,
acylation, and aldol products can be afforded through
hydrogenation, ozonolysis, and Mukaiyama hydration18 of
the alkene moiety, respectively (5a−5c). In addition, an
electrophilic hydrochlorination (5d)19 and an iron-mediated
quaternary carbon-center formation (5e)20 were successfully
demonstrated in high efficiency. Moreover, difunctionalization
of the alkene was also possible through epoxidation (5f).
In summary, a direct method for β-alkenylation of simple

ketones has been developed using the Pd-catalyzed redox
cascade strategy. Different from the existing β-alkenylation
methods, this approach avoids the use of DGs, tolerates both
cyclic and acyclic ketones, and is redox neutral. The high
functional group compatibility could make this method
attractive for preparing complex molecules. Efforts on further
enhancing the reaction efficiency and developing enantiose-
lective reactions are ongoing.

Scheme 3. Substrate Scopea

aUnless otherwise noted, all the reactions were run with 0.5 mmol of
ketone and 0.2 mmol of alkenyl bromide in 0.8 mL of MeCN at 95 °C
for 18 h. bThe β-arylation side product was obtained in 11% yield.
cThe reactions were run in 1,4-dioxane at 90 °C. dAr = p-CF3C6H4.
e15 mol % Pd(MeCN)4(OTf)2 and 21 mol % P(i-Pr)3 were used.

f5
equiv of ketone and 20 mol % P(i-Pr)3 were used; the overoxidation
product was converted to 4h via reduction with HSiCl3/HMPA.

Scheme 4. Derivatization of the Alkenylation Product
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