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Chalcones and their heterocyclic analogues represent an
important class of naturally occurring and synthetic com-
pounds, which display a wide range of pharmacological
properties,[1] including cytotoxicity towards cancer cell
lines;[2a,b] antimitotic[2c] and antimutagenic[2d] activities; anti-
bacterial,[2e] antiviral,[2f] and anti-inflammatory activity.[2g]

Recently, several chalcone-based drug candidates have
entered into preclinical trial stages for the development of
antimalarial and antileishmanial drugs.[2h] Furthermore, these
compounds are of great importance as intermediates both in
the syntheses of a large number of heterocyclic systems[3] and
in functional materials.[4]

Traditionally, chalcones and their heterocyclic analogues
are synthesized by the aldol condensation between aromatic
aldehydes and ketones (Scheme 1a).[5] Because the aldol
condensation often requires strongly basic reaction condi-
tions, the functional groups sensitive to bases cannot be
tolerated in such a condensation reaction. To overcome this
limitation, the research groups of M�ller and Beller inde-
pendently developed a Pd-catalyzed Sonogashira coupling of

electron-deficient aryl halides with aryl 1-propargyl alcohols
(Scheme 1b)[6] and a Pd-catalyzed carbonylative Heck cou-
pling of aryl halides with styrenes (Scheme 1c)[7] for the
syntheses of chalcones, respectively.

The rapid development in the metal-catalyzed C�H bond
functionalization reactions have demonstrated the great
potential of these chemical transformations to synthesize
valuable products from simple starting materials in concise
steps and therefore minimize waste formation in the synthesis
process.[8] Recently, we have achieved decarboxylative vinyl-
ation of aryl carboxylic acids with nitroethane[9a] or propio-
phenones.[9b] These encouraging achievements led us to
consider whether the dehydrogenative cross-coupling
between (hetero)arenes and saturated ketones could directly
afford chalcones or heterocyclic chalcone analogues. Herein,
we report a versatile method for the facile syntheses of
chalcone or heterocyclic chalcone analogues through Pd-
catalyzed dehydrogenative cross-coupling between (hetero)-
arenes and (hetero)aryl ethyl ketones (Scheme 1d) and
demonstrate that unsymmetrical dialkyl ketones also undergo
this coupling reaction with reaction occurring exclusively on
the less sterically hindered moiety. The mechanistic studies
revealed that this reaction proceeds through dehydrogenation
to form an olefin intermediate in situ and a subsequent C–H
olefination sequence.

Although transition-metal-catalyzed Heck coupling of
aryl halides or (hetero)arenes with (hetero)aryl vinyl ketones
would directly generate chalcones or their heterocyclic
analogues in principle, the examples of this type of reaction
are scarce, presumably because (hetero)aryl vinyl ketones are
not commercially available. Our protocol allows using
saturated ketones as equivalents of olefins for the direct
olefination of (hetero)arenes and thereby enhances trans-
formation efficiency, which is further illustrated by the
troublesome preparation of a,b-unsaturated carbonyl com-
pounds. Typically, the preparation of a,b-unsaturated carbon-
yl compounds require two or more than two steps starting
from the corresponding saturated carbonyl compounds;[10–13]

examples of such methods are Pd-mediated dehydrosilylation
of silyl enol ethers (Saegusa oxidation),[10] halogenation–
dehalogenation sequence,[11] and/or use of stoichiometric
reagents such as 2-iodoxybenzoic acid (IBX)[12] and 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).[13] The Pd-
catalyzed aerobic oxidative dehydrogenation of ketones
represents a promising method for the facile synthesis of
a,b-unsaturated ketones, but is still limited to cyclic enones or
b-arylated enones.[14] Consequently, the reactions that com-
bine in situ dehydrogenation to form reactive olefin inter-
mediates with secondary coupling process are attracting
attention from synthetic chemists.[15] In this context, pioneer-

Scheme 1. The syntheses of chalcones. EWG =electron-withdrawing
groups.
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ing studies have emerged, including the Pd-catalyzed dehy-
drogenative b-arylation of alkyl aryl ketones with aryl
bromides,[15a] Ni-catalyzed dehydrogenative amination of
propiophenones,[15b] the Pd-catalyzed dehydrogenative
Diels–Alder reaction of terminal olefins with dienes,[15c] the
Pd-catalyzed dehydrogenative b’-functionalization of b-keto
esters with indoles,[15d] and the dehydrogenative cross-cou-
pling of cyclic b-heteroatom-substituted ketones with ben-
zenes.[15e] Despite these advances, the dehydrogenative cross-
coupling between (hetero)arenes and saturated ketones
through in situ dehydrogenation to generate olefin intermedi-
ates is an almost untouched area.

The challenge posed by our targeted reaction is the
identification of suitable reaction conditions that are compat-
ible with both the oxidative dehydrogenation of saturated
ketones to olefin intermediates and C–H olefination of
(hetero)arenes, and also allow these two processes to operate
in a tandem manner. Elegant studies on C�H bond function-
alization of (hetero)arenes[16–18] provided useful starting
points for our investigation of dehydrogenative cross-cou-
pling of this type. The reaction of 2-methylthiophene (1 a)
with propiophenone (2a ; 3.0 equiv) in 1,2-dimethoxyethane
(DME; 2.0 mL) at 100 8C was chosen as a model system for
the optimization studies using Pd(OAc)2 (10 mol%) as
a catalyst, and Ag2CO3 (2.5 equiv) as an oxidant (see the
Supporting Information for details).[19] The initial reaction
conditions did not give the desired cross-coupling product in
any detectable amount; instead a large amount of homocou-
pling product from thiophene was formed.[17a] Three critical
parameters were identified, the modification of which led to
a high-yielding reaction. First, the use of PCy3 as a ligand
efficiently suppressed the homocoupling of thiophene and
dramatically improved the efficiency of this reaction, prob-
ably because the strongly electron-donating PCy3 may reduce
the electrophilicity of palladium and thus inhibit further
electrophilic attack of palladium to the second thiophene
molecule after the palladation of thiophene. The second
critical parameter proved to be the additional base. Of the
examined bases, LiOAc provided the best result. The use of
TEMPO (0.4 equiv; TEMPO = 2,2,6,6-tetramethyl piperi-
dine-N-oxyl) as a cooxidant led to an increase in yield
presumably owing to its ability to accelerate reoxidation of
Pd0 to PdII.[20]

With the optimized reaction conditions in hand
(Pd(OAc)2 (10 mol %), PCy3 (20 mol%), TEMPO
(0.4 equiv), LiOAc (1.5 equiv), Ag2CO3 (3.0 equiv), DME
(2.0 mL), and 100 8C), we first examined the substrate scope
of this reaction with respect to heterocycles. As shown in
Scheme 2, this reaction was applicable to a variety of
substituted thiophenes, furans, and indoles, and gave the
corresponding products in synthetically useful yields with
excellent selectivity (the reaction occurred exclusively at the
5-position of monosubstituted thiophene or furan rings, and at
the 3-position of indoles, E/Z> 99:1). In contrast, unsubsti-
tuted heteroarenes such as thiophene afforded the product in
poor yields (3 w). A broad range of functional groups were
tolerable, including base-sensitive formyl and acetyl groups,
an acid-sensitive ketal group, and easily leaving acetate
groups, which provided useful handles for further trans-

formations. Note that furans and N-methylindoles underwent
this reaction at elevated temperature (120 8C) to afford the
corresponding products in synthetically useful yields. Inter-
estingly, the reaction of 2-formylfuran produced the desired
product along with a saturated by-product (3s’) with an 8:1
selectivity.

Next, we evaluated the scope of (hetero)aryl ethyl
ketones by using 2-methyl thiophene as a coupling partner
(Scheme 3). Both electron-withdrawing and electron-donat-
ing substituents on the benzene ring of (hetero)aryl ethyl
ketones furnished good to excellent yields with the exception
of the dimethylamino substitutent. Variations of substitution
positions did not much influence the product yields, as
illustrated by the reactions of three fluoro-substituted pro-
piophenone isomers. 1-(2-Naphthyl)-1-propanone also exhib-
ited excellent reactivity towards this reaction. For most of the
propiophenones bearing electron-withdrawing substituents,
reducing the amount of PCy3 to 10 mol% was required to
achieve satisfying yields. Notably, as exemplified by 1-(3-

Scheme 2. The scope of heterocycles. Conditions: Pd(OAc)2

(10 mol%), PCy3 (20 mol%), TEMPO (0.4 equiv), LiOAc (1.5 equiv),
Ag2CO3 (3.0 equiv), DME (2.0 mL). Yields of isolated products are
reported. [a] NaOAc (0.45 mmol) was used instead of LiOAc.
[b] Carried out at 120 8C.
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pyridinyl)-1-propanone, replacing the phenyl moiety of
propiophenone with a heterocyclic group has only a slight
effect on the reactivity of substrates.

Gratifyingly, dialkyl ketones can par-
ticipate in this dehydrogenative cross-
coupling (Scheme 4). Although unsym-
metrical dialkyl ketones have two acces-
sible reaction sites, reactions occurred
exclusively on the less sterically hindered
ethyl group.

To show the generality of this reac-
tion, we further expanded the substrate
scope to electron-deficient benzenes
(Scheme 5). An array of polyfluoroben-
zenes exhibited good reactivity towards
this reaction, and afforded the desired
products in reasonable yields. Benzene
also participated in this reaction, albeit in
diminished yield. In this case, TMSO
(2.0 equiv; TMSO = tetramethylene sulf-
oxide) was used as ligand rather than
PCy3, and KF was the base of choice.

There are three possible reaction pathways for the
dehydrogenative cross-coupling of aromatic heterocycles
with saturated ketones (Scheme 6). Path I involves the
carbonyl directed b-C–H palladation[21] followed by b-aryla-
tion with thiophene and dehydrogenation to form the target
product. However, path I cannot be supported by the
observation that ketones lacking an a-H atom, such as tert-
butyl phenyl ketone, did not participate in this dehydrogen-
ative cross-coupling. Path II comprises the initial b-C–H
palladation that occurs through the process proposed by
Baudoin and co-workers[22] (b-H elimination of Pd-enolate,
1808 rotation of the olefin coordinating to Pd, double bond
reinsertion into the Pd�H bond), the subsequent b-arylation
with thiophene, and dehydrogenation to form the product. If
path II operates, the hydrogen atom on the b-position of the
ketone would migrate from the b-position to the a-position.
Thus, b-deuterated ethyl phenyl ketone was prepared and
used for a deuterium-labeling experiment. The reaction of b-
deuterated ethyl phenyl ketone with 2-methylthiophene did

Scheme 3. The scope of (hetero)aryl ethyl ketones. Conditions:
Pd(OAc)2 (10 mol%), PCy3 (20 mol%), TEMPO (0.4 equiv), LiOAc
(1.5 equiv), Ag2CO3 (3.0 equiv), DME (2.0 mL). Yields of isolated
products are reported. Np = naphthyl. [a] PCy3 (10 mol%) was used.
[b] Carried out at 120 8C.

Scheme 4. Dehydrogenative cross-coupling of dialkyl ketones with
thiophenes. Conditions: Conditions: Pd(OAc)2 (10 mol%), PCy3

(20 mol%), TEMPO (0.4 equiv), LiOAc (1.5 equiv), Ag2CO3 (3.0 equiv),
DME (2.0 mL). Yields of isolated products are reported. [a] PCy3

(10 mol%) was used.

Scheme 5. The dehydrogenative cross-coupling between fluoroben-
zenes with propiophenones. Conditions: Pd(OAc)2 (10 mol%), KF
(3 equiv), TEMPO (0.2 equiv), Ag2CO3 (2.5 equiv), DME (2.0 mL),
TMSO (2 equiv). Yields of isolated products are reported. In all cases
the E/Z ratios were >99:1. [a] Without TMSO. [b] For the detailed
experimental process see the Supporting Information.

Scheme 6. Three possible reaction pathways.
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not generate any a-deuterated product,[19] thus eliminating
the possibility of path II. Path III involves in situ dehydrogen-
ation of a ketone to a reactive olefin, followed by C–H
olefination of a heterocycle or by the 1,4-conjugate addition
of a heterocycle to an a,b-unsaturated ketone and subsequent
oxidative dehydrogenation. The dehydrogenation to in situ
generate an olefin intermediate has independently been
proposed by Pihko,[15d] Kuwano,[15b] and White[15c] to ration-
alize the dehydrogenative cross-coupling reactions. To
explore the possibility of path III, we checked the behavior
of propiophenone under our standard conditions in the
absence of thiophenes, and observed that propiophenone
indeed underwent dehydrogenation to generate phenyl vinyl
ketone in 26 % yield after 24 h.[19] Because three equivalents
of propiophenone were used in the reaction, the phenyl vinyl
ketone generated from dehydrogenation would be almost
equimolar to 2-methylthiophene. Furthermore, the standard
conditions allowed the direct olefination of thiophene with
phenyl vinyl ketone in 68 % yield[19] .

Path III is also consistent with the results of kinetic
experiments. The initial rate of dehydrogenative cross-cou-
pling between 2-methyl thiophene (1a) and propiophenone
(2a) was dependent on the concentration of 2 a. The initial
rate increased with the concentration of 2a, reached max-
imum at six equivalents of 2a, and then decreased upon
increasing the concentration of 2a from six to eight equiv-
alents (Figure S2 in the Supporting Information).[19] When
excess 2a (3 equiv or more than 3 equiv) was used, the rate of
cross-coupling between 1a and 2a was almost constant during
the whole reaction course. These data obtained from kinetic
experiments could be rationalized if the dehydrogenation of
2a to the olefin is slower than the cross-coupling of the olefin
intermediate with 1a. Although the dehydrogenation of 2a to
the olefin intermediate is a kinetically significant event, the
kinetic isotope effect (KIE) values for a- and b-positions of
2a (1.69 and 1.16, respectively) indicated that the rate-
determining step does not involve the C–H cleavage of the
ketone.

To distinguish between the C–H olefination and the
conjugate addition of 1a to vinyl ketone followed by
dehydrogenation in the late stage of path III, we investigated
the reaction of 2-methyl-5-deuterated thiophene with pro-
piophenone.[19] This reaction did not generate the deuterated
product, thereby allowing us to eliminate the possibility of the
conjugate addition.

In summary, a Pd-catalyzed dehydrogenative cross-cou-
pling reaction of (hetero)arenes with (hetero)aryl ethyl
ketones has been developed. This protocol offers good
yields and tolerates a broad range of functional groups, thus
presenting a versatile method for the facile syntheses of
chalcones or heterocyclic chalcone analogues. In addition,
dialkyl ketones can also participate in this transformation
with the reaction occurring exclusively on the less sterically
hindered moiety and subsequent coupling between (hetero)-
arenes and olefin intemediates. Since olefins are versatile
intermediates, diverse types of the dehydrogenative cross-
couplings via olefin intermediates can be designed and
developed.
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