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ABSTRACT: The C−H annulation of the five-position of
quinolines and acrylates to afford heterocycles is an active field
of research in organic synthesis. Herein the annulation of 4-
aminoquinolines with acrylates through two consecutive C−H
activations catalyzed by Rh(III) is described. The reaction
proceeds with high atom efficiency under mild reaction conditions,
and this protocol will provide appealing strategies for the synthesis
of fused quinoline heterocycles.

Q uinoline scaffolds are widely found in many pharmaco-
logically molecules, natural products, catalysts, and

functional materials.1,2 Indeed, 4-aminoquinoline fragments
exist in a tremendous number of approved drugs and active
natural products such as neratinib, bosutinib, and so on
(Figure 1a).3 At the C2, C3, C4, and C8 positions of the
quinoline substrates, quinoline as a building block has a broad
prospect for structural functionalization.4−6 The C5-modified
quinolines have been one of the essential heterocycles in
organic synthesis and medicinal chemistry owing to their
diverse biological activities and unique properties (Figure 1b).7

However, it should be noted that there are few examples of
quinoline functionalization at the C5 position. Furthermore,
most of the reactions in the C5 position of quinoline often
need severe conditions owing to its less favorable electronic
factors.8 Therefore, the development of efficient, general, and
reliable methods for chemical modification, especially
annulation on the five-position of quinoline, has been

considered to be a great challenge in the organic chemistry
community.9
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Figure 1. (a) Representative drugs containing 4-aminoquinoline
moieties. (b) Representative compounds modified on the five-
position of quinoline ring.

Scheme 1. Transition-Metal-Catalyzed C−H
Functionalization
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Over the past two decades, the transition-metal-catalyzed
carbon−hydrogen (C−H) functionalization via the directing
group has gained much attention, and these methods are still
being widely applied for the construction of carbon−carbon
(C−C) and carbon−heteroatom (C−X) bonds in medicinal
chemistry, organic synthesis, and materials science.10,11 In
particular, the rhodium(III)-catalyzed C−H functionalization
of alkynes or alkenes has been proven to be one of the more
effective strategies for the synthesis of complex molecules other
than other transition metals.12 Among these studies, the
participation of alkynes is often required in the one-step
annulation reaction, and acrylates are utilized for alkenylation
modification. Nevertheless, there is limited literature about
intermolecular C−H annulation reactions with acrylates. This
is because if this cyclization takes place, then two consecutive
C−H activations occur, which requires higher activation
energy and makes the reaction more difficult. In 2016,
Wang’s group demonstrated Rh(III)-catalyzed carbocyclization
reactions with alkynes and alkenes with a broad range of
substrates and high yields.13a Then, in 2019, Qin and
coworkers reported the Rh(III)-catalyzed coupling reactions
of olefins and picolinamides and completed the application of
this method in the structural modification of sorafenib.13b

Additionally, Xia’s group developed a reaction for the C−H
alkenylation and annulation of O-methylketoxime with
styrenes via palladium catalysis to synthesize benzothienopyr-
idines and benzofuropyridines (Scheme 1a).13c In these
studies, the directing group can also be transformed into

value-added molecules with olefins, which would be of great
significance.
In recent years, the research on the C−H functionalization

of quinoline substrates has focused mainly on the C2, C3, C4,
and C8 positions rather than C5.4c,5e Considering the five-
position functionalization of quinoline, the C5 annulation-
modified compounds may possess particularly good biological
activity, and thus it is necessary to develop an effective method
for the C−H annulation of the five-position of quinoline to
construct a heterocycle. As far as we know, reactions of the
five-position of quinolines and acrylates to synthesize
annulated products via Rh(III)-catalyzed C−H activation
reaction have not been reported. Herein we first report the
synthesis of the annulated five-position of 4-aminoquinolines
and acrylates through two consecutive C−H activations
catalyzed by Rh(III) (Scheme 1b). Furthermore, in this
transformation, four hydrogen atoms are efficiently removed,
and this also demonstrates good atom efficiency.
We initiated our study by exploring reaction conditions for

the envisioned two consecutive C−H activations of 4-
aminoquinolines 1a with ethyl acrylate 2a. (See the Supporting
Information for details.) Quinoline (1a, 0.34 mmol) was
treated with ethyl acrylate (2a, 0.50 mmol) in the presence of a
catalytic amount of [Cp*RhCl2]2 (5 mol %) and Cu(OAc)2
(4.0 equiv) as an oxidant and DMF (5 mL) as a solvent at 120
°C under a nitrogen atmosphere for 12 h. To our delight, the
reaction furnished the desired annulated product 3a in a 54%
isolated yield (Table 1, entry 1). Later, to improve the
reactivity, other oxidants such as AgSbF6, CuI, AgOAc, AgOTf,

Table 1. Screening the Reaction Conditionsa

entry catalyst (mol %) oxidant (equiv) solvent yield (%)b

1 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) DMF 54
2 [Cp*RhCl2]2 (5) AgSbF6 (4) DMF trace
3 [Cp*RhCl2]2 (5) CuI (4) DMF NDc

4 [Cp*RhCl2]2 (5) AgOAc (4) DMF trace
5 [Cp*RhCl2]2 (5) AgOTf (4) DMF NDc

6 [Cp*RhCl2]2 (5) Ag3PO4 (4) DMF trace
7 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) MeOH 5
8 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) DCE 7
9 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) DMA 32
10 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) toluene 14
11 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) NMP 19
12 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) DMSO 11
13 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) i-PrOH NDc

14 [Cp*RhCl2]2 (5) Cu(OAc)2 (4) H2O NDc

15 [Cp*RhCl2]2 (5) Cu(OAc)2 (3) DMF 70
16d [Cp*RhCl2]2 (5) Cu(OAc)2 (3) DMF 81
17d [Cp*RhCl2]2 (2.5) Cu(OAc)2 (3) DMF 85
18d [RuCl2(p-cymene)]2 (2.5) Cu(OAc)2 (3) DMF NDc

19d Pd(OAc)2 (2.5) Cu(OAc)2 (3) DMF NDc

20d Ni(COD)2 (2.5) Cu(OAc)2 (3) DMF NDc

21d [Cp*RhCl2]2 (2.5) DMF NDc

22d Cu(OAc)2 (3) DMF NDc

aReaction conditions: 4-aminoquinolines 1a (0.34 mmol), ethyl acrylate 2a (0.50 mmol), catalyst, oxidant, and solvent (5 mL); reactions run in a
sealed tube at 120 °C under a nitrogen atmosphere for 12 h. bIsolated yields. cDesired product was not detected. dReaction was carried out under
an O2 atmosphere.
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and Ag3PO4 were investigated separately (entries 2−6).
Finally, only when we used Cu(OAc)2 as an oxidant was the
desired product afforded. Thus the choice of Cu(OAc)2 as the
oxidant was essential for the cyclization process, owing to the
fact that Cu(OAc)2 furnished the acetate source for the
rhodium deprotonation metalation pathway.14 The solvent has

an obvious effect on the yield of the reaction, and the effect of
different solvents was examined (entries 7−14). In general,
when switching to the other solvents, the C−H activation
reaction did not improve, and in some case it provided no
product. DMF was still the best solvent. Gratifyingly, after
screening the ratio of oxidant and catalyst, the reaction
proceeded smoothly, and the desired product yield was
promoted. The optimized ratios of Cu(OAc)2 and Rh(III)
were 3.0 and 2.5 mol % (entry 15 vs 1, 16 vs 17).
Subsequently, it was noteworthy that an 85% yield was
attained for 3a when the reaction was carried out under an

Scheme 2. Substrate Scope of Quinolinea,b

aReaction conditions: 4-aminoquinoline (0.34 mmol), acrylate (0.50
mmol), [Cp*RhCl2]2 (2.5 mol %), Cu(OAc)2 (1.02 mmol), and
solvent (5 mL); reaction run in a sealed tube at 120 °C under an
oxygen atmosphere for 12 h. bIsolated yields.

Scheme 3. Substrate Scope of Acrylatea,b

aReaction conditions: 4-aminoquinolines (0.34 mmol), acrylate (0.50
mmol), [Cp*RhCl2]2 (2.5 mol %), Cu(OAc)2 (1.02 mmol), and
solvent (5 mL); reactions run in a sealed tube at 120 °C under an
oxygen atmosphere for 12 h. bIsolated yields.

Scheme 4. Gram-Scale Synthesis of 3e

Scheme 5. Control Experiments
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oxygen atmosphere instead of nitrogen (entry 17). In addition,
whereas we explored using different transition-metal catalysts,
such as palladium, ruthenium, and nickel, together with the
same oxidant, surprisingly, the oxidative annulation reaction
did not occur (entries 18−20). Finally, several control
experiments were conducted to prove that each component
of the scheme was critical to the reaction efficiency (entries 21
and 22). After the extensive screening of different parameters,
optimized conditions for these two consecutive C−H reaction
were established: quinoline (1.0 equiv), ethyl acrylate (1.5
equiv), rhodium (2.5 mol %), and Cu(OAc)2 (3.0 equiv) in
DMF at 120 °C under an oxygen atmosphere for 12 h.
With the optimized conditions in hand, we then tested the

versatility and scope of two consecutive rhodium(III)-
catalyzed C−H activations with the structural diversity of
various 4-aminoquinolines by assessing the substitution effect
on the quinoline framework. As shown in Scheme 2, electron-
donating substituents generally have excellent tolerance,
providing the desired products 3c−k bearing mono-methyl
(3c−e), dimethyl (3f,g), ethyl (3h), and methoxy (3i−k) in
moderate to good yield of 61−71%. Interestingly, the
significant influence of the same substituents at different
positions on this transformation was observed. For example,
ortho-methyl (3c: 68%), ortho-methoxy (3i: 71%) gave better
yields than the corresponding meta-methyl (3d: 61%), meta-
methoxy (3j: 65%) and para-methyl (3e: 64%), para-methoxy
(3k: 68%). As for the dimethyl-substituted compounds, the
2,4-dimethyl substrate was likewise converted with higher
efficiency, and the desired product 3f was obtained in a higher
71% yield compared with the 62% yield of the 3,5-dimethyl-
substituted compound 3g. Meanwhile, as for the electron-
withdrawing groups, a relatively lower yield was observed in
the reaction of the substrate bearing chlorine and fluorine at
different positions (3l: 40%, 3m: 24%, 3n: 36%; 3o: 18%, 3p:
0%, 3q: <5%). In particular, a strong electron-withdrawing
nitro group resulted in oxidative annulation reaction difficulty,
and no desired products 3r−t were found. The bromine
substituents (3u−w) were also not tolerated for this reaction.
They mainly contributed to the removal of bromine atoms
during the reaction process. Similarly, when the seven-position
of the quinoline scaffold was replaced by an electron-rich
methoxy group (3x: 70%), a better yield was obtained
compared with that of the corresponding electron-deficient
chlorine groups (3y: 60%). Therefore, whether this C−H
activation reaction could take place depended on the electronic
effects of the aromatic rings.
Subsequently, the impact of different substituted acrylate

substrates on this Rh-catalyzed oxidative annulation reaction
was also investigated (Scheme 3). In general, the cyclization of

various acrylates 2a−g and the same 4-aminoquinoline 1a
proceeded smoothly to provide the annulated product 3a, 3e,
and 4a−e with yields ranging from 41 to 95%. Interestingly,
with the rise of the electron-donating ability of the ester group,
the yield of this reaction was also enhanced. Consequently, the
highest yield of the desired product 4b could reach 95%
through two consecutive activation reactions of n-butyl acrylate
and 4-aminoquinoline 1a. However, the large t-butyl-
substituted substrate provided the desired product 4c in only
57% yield, which also revealed that the steric effects of the
acrylate substrates had a great influence on the annulation
reaction.
To further verify the synthetic utility of this reaction, a gram-

scale synthesis of 3e was carried out under the standard
reaction conditions (Scheme 4). Interestingly, 0.927 g of
desired product 3e was obtained in 60.2% yield when the
reaction was performed on a 4.05 mmol scale. The yield was
comparable to that obtained in the small-scale experiment.
To provide insight into the mechanism of these two

rhodium-catalyzed consecutive C−H activations, a series of
control experiments were designed and performed. Once the N
atom on sulfonamide was methylated and thus could not act as
a directing group, the transformation did not work. When the
hydrogen atom on acrylate alkenyl was substituted by methyl,
the reaction also did not occur. It was proved that the oxidative
annulation reaction was a C−H activation process (Scheme
5a). In addition, the influence of substituents on the
intermolecular competition revealed that the electron-donating
group reacts more readily than the electron-withdrawing group
(Scheme 5b). Then, the mechanistic study was further
explored. When the starting material reacted in deuterium
solvent for 2 h, 90% deuterium product was obtained (Scheme
5c). It was thereby proved that the C−H activation reaction
was reversible. Furthermore, the kinetic isotope effect of
deuterium was investigated by the intermolecular competitive
reaction between 1a and 1a-d. As a result, the kinetic isotope
effect (kH/kD) was 2.2, indicating that the cleavage of the
aromatic C−H bond in 1a was the rate-determining step
(Scheme 5d).15

On the basis of the results of these experiments and the
reported transition-metal-catalyzed C−H bond functionaliza-
tion reactions,16 a plausible mechanism was proposed for the
present C−H activation reaction (Scheme 6). First, the
cationic rhodium catalyst [Cp*Rh(OAc)2] was formed by
the reaction of the catalyst [Cp*RhCl2]2 and the oxidant
Cu(OAc)2. The second step is likely to generate a five-
membered intermediate B through a C(sp2)−H activation
process, which would subsequently involve the coordination
and insertion of acrylate. As a result, a seven-membered
metallacycle intermediate C was generated. After β-H
elimination, the intermediate D was obtained in the absence
of Cu(OAc)2, while the first C−H activation was finished.
Meanwhile, Cp*Rh(I) was oxidized to Cp*Rh(OAc)2 and
participated in the next catalytic cycle. Similarly, the
coordination amino of intermediate D to Cp*Rh(OAc)2
followed by metalation afforded an intermediate E. Coor-
dinative insertion into the double bond of intermediate E
afforded a seven-membered metallacycle F. This intermediate
F might undergo a reductive elimination to afford the desired
product G. Finally, the second C−H activation was completed,
and the remaining active Cu(OAc)2 was regenerated under an
oxygen atmosphere.

Scheme 6. Plausible Mechanism
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In summary, we have reported here an unprecedented
synthesis of the annulated five-position of 4-aminoquinolines
and acrylate that furnishes heterocycles through two
consecutive C−H activations catalyzed by rhodium(III). A
wide variety of functional groups can be successfully
incorporated into these heterocycles. The reaction proceeds
with high atom efficiency, mild reaction conditions, and
experimental simplicity, rendering the methodology highly
useful for the synthesis of five-position-fused quinoline
heterocycles. A plausible mechanism has been proposed, and
more details of the mechanism are being explored. In our
laboratory, further optimization of reaction conditions to
achieve a broader scope is ongoing.
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