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ABSTRACT: Rh(III)-catalyzed activation and acylation of sp3

C−H bonds has been realized with diarylcyclopropenone as an
acylating reagent. Both benzylic C−H in 8-methylquinolines
and unactivated C−H in 2-alkylpyridines are applicable in this
C−H acylation reaction, providing enones in good yields under redox-neutral conditions.

Transition metal-catalyzed C−H activation reactions have
witnessed rapid development and have provided

straightforward approaches to deliver numerous important
synthetic targets. A large array of C(sp2)−H functionalization
systems have been developed under metal catalysis in the past
decades.1 In contrast, much less attention has been directed to
the activation of C(sp3)−H bonds. This may be ascribed to
the inherently low reactivity of a sp3 C−H bond during the
cleavage stage and the low reactivity of the resulting M-alkyl
species toward the coupling partner. Nevertheless, significant
achievements have been made in Pd-,2 Rh-,3 Co-,4 Ir-,5 and
Ru6-catalyzed C(sp3)−H activation (Scheme 1a). Various

C(alkyl)−H substrates such as 8-methylquinolines, 2-alkylpyr-
idines, N-alkylpyrazoles, and oxime ethers have been studied.
However, the coupling partners of these substrates are mostly
limited to polar unsaturated compounds such as azides,
dioxazolones, anthranils, arylboron reagents, diazo com-
pounds, and ketenes. Therefore, new synthetic options
featuring high efficiency are still in high demand.
In recent years, the chemistry of strained rings, particularly

three-membered rings, has been extensively investigated.7 As a

class of activated coupling partners, three-membered rings
exhibited high activity in the coupling with some aryl and
alkyl C−H bonds. Recently, we and others have successfully
developed coupling of strained rings such as aziridines,8

cyclopropenes,9 vinylcyclopropanes,10 methylenecyclopro-
panes,11 vinyloxiranes,12 cyclopropenones,13 and cyclopropa-
nols3n with various C−H bonds under Rh(III) or Co(III)
catalysis. Despite these achievements, the scission of three-
membered rings are mostly limited to C(sp2)−H activation
systems. Transition metal-catalyzed, especially Rh(III)-cata-
lyzed, C(sp3)−H activation, and coupling with strained rings
remains largely underexplored. This is likely due to
incompatibility between substrates: C(sp3)−H substrates are
generally less reactive, while strained rings can be so reactive
that they may undergo decomposition. In 2016, our group
reported in several examples rhodium-catalyzed oxidative
coupling of 8-methylquinolines with cyclopropanols.3n The
Kim group also obtained the same carbonyl compounds under
Rh(III)-catalyzed C(sp3)−H alkylation.3o What’s more, direct
acylation of sp3 C−H bonds by Rh(III)-catalysis is also rare.
In 2016, our group reported the redox-neutral C(sp3)−H
acylation of 8-methylquinolines with ketenes to deliver the
carbonyl products (Scheme 1b).3k As a continuation of our
efforts toward the Rh(III)-catalyzed C−H functionalization
using strained rings, we now reported C(sp3)−H activation
and subsequent functionalization with cyclopropenones under
redox-neutral conditions.
Our investigation was initiated with examination of the

parameters of the coupling between 8-methylquinoline (1a)
and cyclopropenone (2a, Table 1). Using [Cp*RhCl2]2/
AgSbF6 as a catalyst in the presence of PivOH and 4 Å MS as
additives, a coupling occurred in DCE to afford enone 3aa in
33% yield (entry 1). Screening of solvents (entries 2−6)
revealed that chlorobenzene proved beneficial, affording
product 3aa in 40% yield (entry 6), while traces of the
product were detected using a cationic catalyst [Cp*Rh-
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Scheme 1. Transition Metal-Catalyzed Direct C−H
Activation of C(sp3/sp2)−H Bonds
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(MeCN)3][SbF6]2 or Cp*Co(CO)I2/AgNTf2 (entries 7, 8).
Inferior results were also observed when PivOH was replaced
by AcOH, MesCOOH, or AdCOOH (entries 9−11).
Switching the silver salt to AgNTf2 increased the yield to
43% (entries 12−14). A slightly higher yield was obtained
when the reaction temperature was increased to 90 °C (entry
15). To our delight, switching the solvent to a mixed solvent
of chlorobenzene and toluene (1:1) gave rise to 53% yield
(entry 16), and an isolated yield of 56% was secured when
the cyclopropenone was used as the limiting reagent (entry
17). Finally, decreasing the PivOH loading to 20 mol % and
increasing the catalyst loading to 5 mol % improved the yield
to 73% (entry 18). This may suggest the inhibitive effect of
the PivOH additive at a higher concentration.
With the optimal reaction conditions in hand, we next

explored the scope of 8-methylquinolines (Scheme 2).
Introduction of both electron-donating and -withdrawing
groups to the 5-position is fully tolerated (1b−1j, 48−69%).
Of note, 8-methylquinolines bearing functional groups such as
alkynyl and alkenyl were found to be coupled with 2a to give
the corresponding products in 55% and 54% yields (3ha, 3ia).
A 5-nitro group, which is often problematic in C−H
activation systems, is also compatible, affording the product
in 65% yield (3ja). Various 8-methylquinolines bearing a
methyl (1k) or a halogen group (1l−1m) at the 6-position all
reacted with moderate to good yields (66−79%). Moreover,
coupling of diverse 7-substituted substrates also gave the
corresponding products in high yields (82−89%), indicating
the tolerance of steric hindrance and even steric assistance. 3-
Methyl substituted (1s) and multisubstituted (1t) substrates
can also react smoothly in the reaction system. Unfortunately,
8-ethylquinoline is ineffective under the standard reaction
conditions.
We next investigated the scope of the cyclopropenones in

the coupling with different methyl C−H bonds directed by a

quinoline or pyridine group (Scheme 3). Variation of a series
of cyclopropenones has been made by incorporation of both
electron-withdrawing and -donating substituents, providing the
corresponding products in 43−92% yields (3qb−3qe). A
disubstituted substrate also reacted smoothly in the reaction
system (3qf). In addition, 5-methylthienyl-substituted cyclo-
propenone was also applicable in this reaction (3qg). The
directing group was also successfully extended to a pyridine
ring at a higher temperature. 2-Isopropylpyridine coupled
smoothly with various cyclopropenones, thus leading to
desymmetrization in moderate to good yields (5aa−af). The
C−H substrate has been extended to other 2-alkylpyridines
(5bc, 5cc).

Table 1. Optimization Studiesa

entry cat. (mol %) additive (2.0 equiv) temp (°C) solvent yield (%)b

1 [Cp*RhCl2]2 (4)/AgSbF6 (16) PivOH 80 DCE 33
2 [Cp*RhCl2]2 (4)/AgSbF6 (16) PivOH 80 MeCN <5
3 [Cp*RhCl2]2 (4)/AgSbF6 (16) PivOH 80 1,4-dioxane <5
4 [Cp*RhCl2]2 (4)/AgSbF6 (16) PivOH 80 toluene 37
5 [Cp*RhCl2]2 (4)/AgSbF6 (16) PivOH 80 TFE <5
6 [Cp*RhCl2]2 (4)/AgSbF6 (16) PivOH 80 PhCl 40
7 [Cp*Rh(MeCN)3][SbF6]2 (5) PivOH 80 PhCl <5
8 Cp*Co(CO)I2 (10)/AgNTf2(20) PivOH 80 PhCl <5
9 [Cp*RhCl2]2 (4)/AgSbF6 (16) AcOH 80 PhCl <5
10 [Cp*RhCl2]2 (4)/AgSbF6 (16) MesCOOH 80 PhCl 22
11 [Cp*RhCl2]2 (4)/AgSbF6 (16) AdCOOH 80 PhCl 30
12 [Cp*RhCl2]2 (4)/AgNTf2 (16) PivOH 80 PhCl 43
13 [Cp*RhCl2]2 (4)/AgBF4 (16) PivOH 80 PhCl <5
14 [Cp*RhCl2]2 (4)/AgOPiv (16) PivOH 80 PhCl 24
15 [Cp*RhCl2]2 (4)/AgNTf2 (16) PivOH 90 PhCl 49
16c [Cp*RhCl2]2 (4)/AgNTf2 (16) PivOH 90 PhCl/PhMe = 1:1 53
17d [Cp*RhCl2]2 (4)/AgNTf2 (16) PivOH 90 PhCl/PhMe = 1:1 56
18d [Cp*RhCl2]2 (5)/AgNTf2 (20) PivOH (0.2) 90 PhCl/PhMe = 1:1 73

aReaction conditions: 1a (0.2 mmol), 2a (0.24 mmol), acid (2 equiv), solvent (2 mL), 4 Å MS (100 mg), 24 h, sealed tube under N2.
bIsolated yield

after chromatography. cSolvent (4 mL). d1a (0.3 mmol), 2a (0.2 mmol), and the solvent (4 mL) were used.

Scheme 2. Scope of 8-Methylquinolinesa,b

aReaction conditions: 2a (0.2 mmol), 1 (0.3 mmol), [Cp*RhCl2]2/
AgSbF6 (5 mol %/ 20 mol %), PivOH (20 mol %), 4 Å MS (100 mg)
in chlorobenzene and toluene (4.0 mL, 1:1) at 90 °C for 24 h in a
sealed tube under N2.

bIsolated yield.
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To highlight the robustness and practicality of this
transformation, we successfully scaled up the reaction to 3
mmol with 2 mol % catalyst loading to give 3qa in good yield
(eq 1). Next, the synthetic utility of an enone product has

been briefly demonstrated (eq 2). Treatment of 3qa with
PhI(OAc)2/K2CO3 at rt provided the aziridinated product 6
in 96% yield. Moreover, the chemoselective 1,2-reduction of
3qa was carried out using NaBH4 in combination with CeCl3
to afford a functionalized allylic alcohol (7).
To gain mechanistic insight into this reaction, several

experiments were conducted (Scheme 4). H/D exchange
between 1a and CD3OD under the standard conditions led to
deuteration at the methyl group, indicating reversibility of the
C−H cleavage in the absence of any coupling partner
(Scheme 4a). However, when the reaction was performed in
the presence of 2a, no deuteration was observed in the
recovered starting material 1a, and extensive H/D exchange
was observed in the product 3aa at the methylene (65% D)
and the methine (78% D) positions, indicating that
functionalization of the Rh−C(alkyl) bond should be faster
than competitive protonolysis process. Meanwhile, a remark-
able H/D exchange (83% D) was detected when the product
3aa was allowed to undergo exchange with CD3OD,
suggesting that the α-C(sp3)−H protons are sufficiently acidic
to allow facile H/D exchange under the catalytic conditions
(Scheme 4b). When 7-methylquinoline 1n was run in
competition with the 7-trifluoromethylquinoline 1r, the

reaction favors the electron-rich quinoline in a 5.5:1 ratio
(Scheme 4c), indicating that an electrophilic-type rhodation
might be involved in the catalytic cycle. Finally, a kinetic
isotope effect (KIE) of kH/kD = 1.3 was obtained from parallel
experiments, suggesting that the cleavage of the methyl C−H
bond is probably not involved in the turnover-determining
step (Scheme 4d).
Based on our experimental results and precedents of

Rh(III)-catalyzed coupling of C(sp2)−H bond with cyclo-
propenones,13 the mechanism of this coupling is proposed in
Scheme 5. First, a five-membered rhodacyclic intermediate I is

formed via C(sp3)−H bond activation, to which cyclo-
propenone 2a coordinates to give intermediate II. The Rh−
C bond undergoes migratory insertion into the carbonyl
group of cyclopropenone, and subsequent β-carbon elimi-
nation gives a ring-opened alkenyl intermediate IV. Finally,
protonolysis of IV furnishes the final product and regenerates
the active rhodium species.
In summary, we have realized Rh(III)-catalyzed coupling of

alkyl C−H bond with diarylcyclopropenones, leading to
synthesis of enones under redox-neutral conditions. Both 8-
methylquinolines and 2-alkylpyridines proved viable sub-
strates. This process features good yield, broad substrate
scope, functional group tolerance, and high atom-economy.
Studies on activation and functionalization of other sp3 C−H
bonds are underway in our laboratories.

Scheme 3. Scope of Cyclopropenones and 2-
Alkylpyridinesa,b

aReaction conditions: 2 (0.2 mmol), 1 or 4 (0.3 mmol),
[Cp*RhCl2]2/AgSbF6 (5 mol %/20 mol %), PivOH (20 mol %), 4
Å MS (100 mg) in PhCl and toluene (4.0 mL) at 90 °C for 24 h in a
sealed tube under N2.

bIsolated yield. cAt 110 °C.

Scheme 4. Mechanistic Studies

Scheme 5. Proposed Catalytic Cycle
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