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Abstract: The importance and ubiquity of ketone functional groups
in organic synthesis has always been a driving force for discovering
new modes of reactivity. Stimulated by the challenges of fused-ring
synthesis and ketone alkylation, we summarize here our exploratory
studies on ketone-based transition-metal-catalyzed carbon–carbon
and carbon–hydrogen bond activation.
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Ketones are among the most important and ubiquitous
functional groups found in a diversity of molecules rang-
ing from natural products to materials. They also serve as
key intermediates for many transformations in organic
chemistry.1 Selective reactions mediated by ketones have
made a significant impact on organic synthesis in the past.
Most of these reactions are generally driven by either the
electrophilic character of the carbonyl carbon or the acid-
ity of the α-hydrogen (Scheme 1). Thus, methodologies
based on new modes of reactivity of ketones, particularly
those that can provide high atom-economy,2 are important
and highly sought after.

Our research has been inspired by two long-standing ke-
tone-related synthetic challenges: (1) finding a unified
strategy to access fused rings using simple cyclic ketones
as precursors and (2) the alkylation of ketones using sim-
ple unactivated olefins. Here, we summarize our recent
progress towards these goals using transition-metal-cata-
lyzed carbon–carbon and carbon–hydrogen bond func-
tionalization.

Scheme 1  General reactivity of ketones

Ketone-Based Carbon–Carbon Bond Activation

Fused ring systems are widely found in natural products
and drugs. Aiming towards a unified strategy for their
synthesis, we conceived a catalytic ‘cut and sew’ ap-
proach using simple cyclic ketones as precursors (Scheme

2).3 In this approach, the transition-metal catalyst first
‘cuts’ the α-carbon–carbon bond of the ketone through
oxidative addition, and then ‘sews’ to give fused rings via
the migratory insertion of an unsaturated unit followed by
reductive elimination. It is expected that by changing ring
sizes, linker lengths, and unsaturated unit types, a great di-
versity of fused-ring scaffolds, which are difficult to ac-
cess by conventional methods, will be afforded using a
single approach.

Scheme 2  A ‘cut and sew’ strategy for the synthesis of fused rings

To prove the feasibility of this ‘cut and sew’ strategy, we
initially focused on a benzocyclobutenone system. Also
known as ‘vinylketene’ equivalents, cyclobutenones can
undergo ring opening followed by the insertion of alkenes
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or alkynes under thermal conditions (Scheme 3).4 Higher
reactivity and a broader scope have been shown using
transition-metal catalysts. Pioneering work by Huffman
and Liebeskind demonstrated that the insertion of alkynes
into cyclobutenones can be catalyzed using a nickel cata-
lyst.5 Contributions from Kondo and Mitsudo and co-
workers enabled electron-deficient olefins norbornene
and ethene to react intermolecularly using rhodium or ru-
thenium as catalysts.6 Decarbonylative insertions have
also been developed.7 More recently, the insertion of al-
kynylboronates into cyclobutenones has been reported by
Auvinet and Harrity.8 It is noteworthy that in these trans-
formations, cleavage of the less-hindered C-1–C-8 bond is
generally observed.

The intramolecular version of the aforementioned trans-
formation was also reported by South and Liebeskind,
where a cobalt-mediated cyclization occurred between a

benzocyclobutenedione and an alkyne. This method has
been utilized in the total synthesis of nanaomycin A
(Scheme 4, part a).9 Seminal work by Murakami et al. il-
lustrated the catalytic intramolecular insertion of styrene-
type olefins into cyclobutanones to give bridged ring sys-
tems, where complementary reaction pathways were
achieved using different catalysts (Scheme 4, part b).10

We recently developed an olefin-directed, rhodium-cata-
lyzed carboacylation using benzocyclobutenones, in
which the more-hindered C-1–C-2 bonds are selectively
activated (Scheme 5).3 A broad range of olefins can un-
dergo this ‘cut and sew’ sequence including mono-, di-,
and even trisubstituted olefins with both alkyl or aryl sub-
stituents. In addition, all-carbon quaternary centers can be
efficiently generated and a number of functional groups
are tolerated under the reaction conditions.

Scheme 3 Carbon–carbon bond cleavage of cyclobutenones
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Scheme 4 Seminal examples of intramolecular cyclization; cod = cycloocta-1,5-diene; nbd = norbornadiene; dppp = 1,3-bis(diphenylphosphi-
no)propane; BHT = butylated hydroxytoluene
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Furthermore, Lewis acid catalysts, such as zinc(II) chlo-
ride, were found to greatly enhance the overall reactivity;
its usage was critical for more-challenging substrates,
such as trisubstituted olefins and those that form hydropy-
ran rings. We postulate that the role of the Lewis acid,
zinc(II) chloride, in this catalytic cycle is twofold: it pro-
motes both oxidative addition and reductive elimination
through coordination with the carbonyl group of the sub-
strate and the rhodacycle intermediate, respectively. This
interaction makes both the substrate and the rhodacycle
intermediate electron deficient.3 The proposed catalytic
cycle is depicted in Scheme 6.

We expect this carbon–carbon bond activation method to
serve as an important preliminary study towards our long-
term goal of developing a unified strategy for fused-ring
synthesis.

Ketone-Based Carbon–Hydrogen Bond Activation

As one of the most significant ways to generate carbon–
carbon bonds, the alkylation of ketones has had long-
standing interest.11 Classical ways to alkylate ketones
generally require strong bases (such as LDA) and halo-
gen-based agents (Scheme 7, part a). The formation of
stoichiometric byproducts and the difficulty associated in
controlling monoalkylation/regioselectivity have been

concerns using such reactions.12 The Stork enamine reac-
tion is considered a breakthrough for the alkylation of ke-
tones owing to its excellent regioselectivity and obviation
of multiple alkylations (Scheme 7, part b); however, reac-
tive alkylating agents are generally needed (i.e., methyl or
allylic halides or Michael acceptors).13

In search for a ‘green’ method to prepare alkylated ke-
tones, we have been intrigued by the idea of using ‘simple
unactivated olefins’ as alkylating agents through catalytic
carbon–hydrogen bond and olefin coupling.

Intramolecular coupling between ketones and unactivated
olefins has been well documented as the Conia-ene reac-
tion.14 Generally, this reaction proceeds at high tempera-
tures (>250 °C) and with moderate yields, and only a few
functional groups are tolerated under the reaction condi-
tions. Further seminal work on catalytic intramolecular
cyclizations by Toste and co-workers15 and others16,17 in-
volves Lewis acid metal-catalyzed coupling of activated
methylene groups with alkynes. In addition, an intramo-
lecular palladium-catalyzed ketone addition to olefins for
accessing various cyclohexanone derivatives was first re-
ported by Widenhoefer.18 Fewer efforts have been made
on catalytic intermolecular ketone–olefin couplings. A
potassium tert-butoxide catalyzed addition of ketones to
styrenes was developed by Knochel and co-workers,19 and
a manganese/cobalt-initiated radical process for the addi-
tion of ketones across nonaromatic olefins was reported
by Ishii and co-workers, albeit requiring a large excess of
ketone.20 Hence, a general method for the addition of ke-
tone α-carbon–hydrogen bonds across olefins remains un-
derdeveloped.

Inspired by the Stork enamine reaction, we conceived a
carbon–hydrogen bond functionalization strategy to
achieve the desired ketone–olefin coupling. We envisaged
that enamine formation would convert the ketone α-sp3-
carbon–hydrogen bonds into sp2-carbon–hydrogen ones,
thus enhancing their reactivity towards oxidative addition
by a low-valent transition metal (Scheme 8). Meanwhile,
if we incorporated a proper directing group (DG) in the
amine agent, metalation would be directed to the α-car-

Scheme 5 ‘Cut and sew’ to access fused rings; dppb = 1,4-bis(diphe-
nylphosphino)butane; brsm = based on recovered starting material
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bon–hydrogen bonds upon enamine formation.21 Subse-
quent olefin insertion–reductive elimination and enamine
hydrolysis would lead to the desired α-alkylation product.
As documented in organocatalysis, enamine formation
and hydrolysis can exist in an equilibrium, but the less-
hindered ketone (starting material) forms the enamine
faster than the hindered ketone (product).22 In addition,
such an equilibrium is known to be compatible with the
rhodium-catalyzed carbon–hydrogen bond/olefin cou-
pling reaction.23 Therefore, in principle, the amine DG can
be employed catalytically.

Serving as an important proof of concept, we recently
demonstrated the feasibility of such a strategy for a 1,2-
diketone system (Scheme 9).24 2-Aminopyridine was em-
ployed as a traceless and removable DG.25 Delightfully,
after exploration of the reaction conditions, the desired
enamine formation and subsequent carbon–hydrogen
bond/olefin coupling proceed smoothly (Scheme 10). A
range of terminal olefins undergo the coupling reaction
providing the desired alkylated enamines in low to good
yields.

Further, we also demonstrated the DG can be removed
and recycled, providing the monoalkylated diketone
(Scheme 11, part a). Finally, the enamine formation, car-

Scheme 7 Classical methods for ketone alkylation
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Scheme 9 Regioselective C-alkylation of cyclic 1,2-diketones
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bon–hydrogen bond/olefin coupling, and hydrolysis can
all be operated in one pot (Scheme 11, part b). The effi-
ciency of this method is also demonstrated in the synthesis
of a natural flavoring compound (from roasted coffee),
3-ethyl-5-methylcyclopenta-1,2-dione (one pot, 53% vs
16% yield from a previous route of 4 steps from the same
starting material).26 We expect that this work will serve as
a seminal study towards catalytic ketone α-alkylation with
unactivated olefins.

In conclusion, our exploratory studies towards ketone-
based carbon–carbon and carbon–hydrogen bond activa-
tion have been summarized. These include a ‘cut and sew’
strategy to prepare fused rings and a dual-activation
strategy27 for ketone alkylation using simple olefins. Al-
though still in the very preliminary stage, efforts in these
arenas should have a broad impact on the enhancement of
synthetic efficiency.
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Scheme 11 Removal of the directing group and the one-pot reaction
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