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ABSTRACT: In the present study, a novel synthetic strategy
to directly produce versatile 3-acylindoles through Rh(III)-
catalyzed C−H activation and annulation cascade of N-
phenylamidines with α-Cl ketones was developed, in which α-
Cl ketones serve as unusual one-carbon (sp3) synthons. This
strategy features high regioselectivity, efficiency, wide
substrate tolerance, and mild reaction conditions, which
further underscore its synthetic utility in drug molecule
synthesis.

Substituted indoles represent a class of privileged structures
capable of binding to multiple receptors with high affinity

in medicinal chemistry.1 In particular, 3-acylindoles are
frequently reported as important lead compounds with diverse
pharmacological effects, such as anti-inflammatory, analgesic,
immunomodulatory, antiemetic, antivirus, anticancer, and
hypocholesterolemic activities (Figure 1).2 However, their

traditional synthetic approaches mostly originated from
Friedel−Crafts-type reactions mediated by certain Lewis
acids,3 which generally suffered from harsh reaction conditions
and multistep synthetic operations. Therefore, it is desirable to
develop more convenient and efficient methods to directly
access 3-acylindoles.
Recently, the transition-metal rhodium(III)-catalyzed C−H

activation/annulation cascade has played a prominent role in

the construction of indole scaffolds with alkyl, aryl, and ester
substituents.4−6 Among them, alkynes,4 alkenes,5 and diazo6

compounds were usually used as the key synthons (Scheme
1a), in which sp- or sp2-carbons were critical for these

annulation reactions. However, sp3-carbon synthons have been
rarely reported in the construction of indole derivatives. In
2014, Glorius’ group7 reported a pioneering Rh(III)-catalyzed
annulation to generate diverse N-heterocycles using C(sp3)-
based electrophiles α-Cl/MsO/TsO substituted ketones as
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Figure 1. Selected examples of bioactive 3-acylindoles.

Scheme 1. Indoles and Other N-Heterocycles Synthesis via
Rh(III)-Catalyzed C−H Activation/Annulation
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oxidized alkyne equivalents (Scheme 1b). Thereafter, Li and
co-workers8 reported a similar synthetic strategy for isoquino-
lines via Rh(III)-catalyzed C−H/N−H functionalization with
α-Cl/MsO/TsO ketones. However, these α-halo or pseudo-
haloketones only functioned as two-carbon reaction partners to
construct these privileged scaffolds.7−9 Unexpectedly, our
recent study demonstrated that the easily accessible α-
halogenated ketones10 could be used as one-carbon reaction
partners for direct construction of 3-acylindoles via rhodium-
(III)-catalyzed annulation of N-phenylamidines with α-Cl
substituted ketones. This transformation represents a highly
effective synthetic strategy to prepare 3-acylindoles with mild
reaction conditions and wide substrate tolerance; in particular,
the C−H activation and subsequent annulation take place
selectively at the N-phenyl ring (Scheme 1c).
Initially, 4-(dimethylamino)-N-phenylbenzimidamide (1a,

0.1 mmol) and α-Cl acetophenone (2a, 0.14 mmol) were
treated with [Cp*RhCl2]2 (5 mol %), AgOAc (100 mol %),
and NaOAc (100 mol %) as the catalytic system in 1, 2-
dichloroethane (DCE) at 90 °C for 24 h, and the results
showed that the desired 3-acylindole product 3aa could be
obtained with 44% yield. Meanwhile, a isoquinoline byproduct
4aa which was derived from a C−H activation and annulation
cascade on the C-phenyl ring of 1a could also be afforded in
15% yield, in which α-Cl acetophenone is used as a two-carbon
reaction partner (Table 1, entry 1). Further exploration using
different α-substituted acetophenones, such as α-Br and α-
OMs acetophenones (2b−2c), indicated that these new groups
were detrimental to the formation of the 3-acylindole scaffold
(entries 2−3). Therefore, we chose α-Cl acetophenone (2a) as
the key one-carbon synthon for further explorations. First,
several typical additives, including Zn(OAc)2, Cu(OAc)2, and
HOAc, were screened. However, the results showed that
AgOAc remained the best additive for this transformation
(entries 4−7). Other transition-metal (ruthenium and iridium)
catalysts were also tested; however, the desired conversion was
not observed (entries 8−9). Based on these results, we further
replaced NaOAc with other bases, including Na2CO3,
NaHCO3, and KHCO3 (entries 10−13). Surprisingly, a better
yield and regioselectivity for this transformation were achieved
in the presence of NaHCO3. In particular, we obtained the
indole products at 53% yield and realized better regioselectivity
(3aa:4aa = 53:8). Subsequent solvent screening revealed that
MeOH was the most efficient medium for this reaction, and
only a trace amount of isoquinoline 4aa could be detected
(entries 14−16). Encouraged by these results, we further
screened the optimum amount of additives and reaction
temperatures (entries 17−21) and found that the optimum
results could be achieved when N-phenylamidine (1a, 0.1
mmol) and α-Cl ketones (2a, 0.14 mmol) were treated with
the catalytic system of [Cp*RhCl2]2 (5 mol %), AgOAc (50
mol %), and NaHCO3 (200 mol %) in MeOH at 90 °C for 24
h under an argon atmosphere.
With the optimized reaction conditions in hand, we explored

the generality and scope of N-phenylamidines (1a−1y) with α-
Cl ketone 2a (Scheme 2). N-Phenylamidines bearing various
electron-donating, electron-withdrawing, or halogen substitu-
ents could react smoothly with 2a to produce the
corresponding 2-substituted-3-acylindoles in 41−88% yields
(3aa−3ya), in which the structure of product 3da was
unambiguously confirmed by X-ray crystallography (CCDC
1873346). In these explorations, we found that electron-
donating substituents, such as Me, OMe, and NMe2, on the C-

phenyl ring of benzamidine were more favorable for this
transformation than those of the electron-withdrawing groups
including 2,6-difuoro, CF3 (3aa−3ga). Subsequently, 2-
heteroaryl-3-acylindoles (3ha−3ia) and 2-alkenyl-3-acylindoles
(3ja) were also investigated and good yields were obtained
(73−84% yield). Notably, C-alkyl imidamides were also
successfully employed with considerable yields (3ka−3na),
especially when a benzyl and an isopropyl group was
introduced. In addition, certain electron-donating groups
(Me, iPr, and OMe), electron-withdrawing groups (NO2 and
CN), and halogen groups (I, Cl, and F) were introduced into
the p-, m-, and o-positions of the N-phenyl ring of 1d,
respectively; all of them (3oa−3ya) were tolerated for this
transformation and formed the desired products with moderate
to good yields (49−81%) and regioselectivities. It is also worth
noting that when testing N-methyl-N-phenylbenzimidamide
(1A) with 2a, we could directly obtain N-methylindole
product (3Aa) with a 36% yield.
To further explore the scope of this transformation, more α-

Cl ketones were investigated under the optimized conditions
(Scheme 3). First, diverse monosubstituted α-Cl acetophe-
nones (2d−2h) and disubstituted α-Cl acetophenones (2i−2j)
were selected as the substrates for this reaction, furnishing the
desired products 3dd−3dj in moderate to high yields, in which
strong electron-withdrawing groups (3df, 3di, and 3dj) did not
appear to benefit this transformation. The reaction also showed

Table 1. Optimization of Reaction Conditionsa

entry additive 1 additive 2 solvent yield (%) 3aa (4aa)b

1 AgOAc NaOAc DCE 44 (15)
2c AgOAc NaOAc DCE 25 (17)
3d AgOAc NaOAc DCE trace (22)
4 Zn(OAc)2 NaOAc DCE 33 (10)
5 Cu(OAc)2 NaOAc DCE trace (21)
6 HOAc NaOAc DCE 0 (26)
7 − NaOAc DCE trace (13)
8e AgOAc NaOAc DCE N.R.
9f AgOAc NaOAc DCE N.R.
10 AgOAc Na2CO3 DCE 48 (17)
11 AgOAc NaHCO3 DCE 53 (8)
12 AgOAc KHCO3 DCE 50 (7)
13 AgOAc − DCE 22 (5)
14 AgOAc NaHCO3 THF 56 (14)
15 AgOAc NaHCO3 TFE 67 (12)
16 AgOAc NaHCO3 MeOH 77 (trace)
17g AgOAc NaHCO3 MeOH 81 (trace)
18g,h AgOAc NaHCO3 MeOH 85 (trace)
19g,h,i AgOAc NaHCO3 MeOH 80 (trace)
20g,h,j AgOAc NaHCO3 MeOH 83 (trace)
21g,h,k AgOAc NaHCO3 MeOH 78 (trace)

aGeneral reaction conditions: 1a (0.1 mmol), 2a (0.14 mmol), X =
Cl, [Cp*RhCl2]2 (5 mol %), additive 1 (0.1 mmol), additive 2 (0.1
mmol), in solvent (2 mL) at 90 °C, under argon, 24 h. DCE = 1,2-
dichloroethane. THF = tetrahydrofuran, TFE = trifluoroethanol.
bDetermined by crude 1H NMR spectroscopy. cX = Br. dX = OMs.
e[Ru(p-cymene)Cl2]2 (5 mol %). f[Cp*IrCl2]2 (5 mol %). gNaHCO3
(0.2 mmol). hAgOAc (0.05 mmol). iAt 80 °C. jAt 100 °C. kUnder air.
N.R. = no reaction.
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good tolerance toward other ketones containing a naphthyl,
heteroaryl, or alkenyl group (3dk−3dn), with good yields.
Surprisingly, 3-diketoindole (3do) could also be synthesized
successfully with considerable yields (85%) via this C−H
activation strategy, although few methods have been reported
for the dicarbonylation of indoles.11 Finally, N-phenyl-
acetamidine (1z) was examined with two types of α-Cl
arylketones (2h and 2k) and was smoothly transformed into 2-
methyl-3-acylindole scaffold (3zh and 3zk), which represents
an essential structure unit in certain drug molecules.2a,c

To evaluate the synthetic utility of 3-acylindoles, a gram-
scale preparation of product 3da was carried out with a 46%
yield (Scheme 4a). Delightfully, when employing another

Rh(III) catalyzed oxidative coupling of product 3da with
diphenylacetylene,12 we obtained indolo[2,1-a]isoquinoline
skeleton 3da′ (Scheme 4b), which not only shows a broad
range of intriguing biological activities in various natural
products13 but also exhibits intense solid-state fluorescence in
certain 5,6-diarylindolo[2,1-a]isoquinoline derivatives.12 More
significantly, this methodology could provide a short synthesis
route for Pravadoline (3zh′), a potent anti-inflammatory and
analgesic drug (IC50 = 4.9 μM against CB1 receptor).2a,b Its
synthetic protocol was provided in Scheme 4c.
To gain insight into the mechanism of the reaction, a series

of experiments were performed. First, the reaction of 1l in
CD3OD suggested that the C−H activation was reversible in
the absence or presence of 2a (Scheme 5a; see SI).

Scheme 2. Scope of N-Phenylamidinesa,b

aReaction conditions: 1 (0.5 mmol) and 2a (0.70 mmol),
[Cp*RhCl2]2 (5 mol %), AgOAc (0.25 mmol), NaHCO3 (1.0
mmol) in MeOH (5 mL) at 90 °C, under Ar, 24 h. bIsolated yields
are reported. cFor 48 h

Scheme 3. Scope of α-Cl Ketonesa,b

aReaction conditions: 1 (0.5 mmol) and 2 (0.70 mmol),
[Cp*RhCl2]2 (5 mol %), AgOAc (0.25 mmol), NaHCO3 (1.0
mmol) in MeOH (5 mL) at 90 °C, under Ar, 24 h. bIsolated yields
are reported.

Scheme 4. Gram-scale Preparation and Conversion of the
Product

Scheme 5. Mechanism Studies
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Additionally, the kinetic isotope effect (KIE) was determined
by performing intermolecular competition experiments using
an equimolar mixture of 1c and 1c-d5 in the couplings with 2a
(Scheme 5b). The kH/kD value of 2.7 was observed on the
basis of the 1H NMR analysis (see SI), indicating that the C−
H bond cleavage was likely involved in the turnover-limiting
step. Moreover, an intermediate trapping experiment was
carried out at a relatively lower temperature (65 °C) with the
standard catalyst systems (Scheme 5c), and the intermediate
3fa′ was isolated and characterized (see SI), suggesting that
C−H alkylation took place before CN bond cleavage. The
key intermediate could be further converted into the desired
product 3fa under standard conditions (no conversion without
Rh catalyst). Furthermore, a competition experiment was
conducted with an equimolar amount of 1s and 1u with
different electronic properties, respectively. The results showed
that products 3sa and 3ua were afforded at a ratio of 1:4.1 (see
1H NMR analysis in SI), thus displaying that the electron-
deficient N-phenyl reacted faster (Scheme 5d), indicating the
C−H activation might proceed through a concerted metal-
ation−deprotonation (CMD) mechanism.14

According to these mechanistic investigations and the results
of previous studies,6c,7 a plausible reaction mechanism for the
formation of 3-acyl indoles was hypothesized (Scheme 6).

Initially, cyclometalation of the N-phenylamidine (1f) affords a
six-membered cyclo-rhodium species A via CMD. Then, the
oxygen atom of α-Cl ketone (2a) coordinates with species A to
produce an intermediate B, in which the nucleophilic C(aryl)−
Rh species further attacks the methylenes of α-Cl ketones to
produce α-aryl-ketones species C. The resulting species C
further chelates with the RhIII catalyst to generate a seven-
membered rhodacyclic intermediate D, under the assistance of
an acetate ion. Intermediate E is then formed from unstable
intermediate D by Rh−C(alkyl) migratory insertion into the
CN bond. Eventually, the final product 3fa is released from
E by elimination of the active Rh(III) catalyst and one
molecule of ammonia from E upon protonolysis and
intramolecular protonolysis.

In conclusion, we developed an unprecedented synthetic
strategy to directly access practical 3-acylindoles via Rh(III)-
catalyzed C−H activation and [4 + 1] annulation15 of N-
phenylamidines with readily accessible α-Cl ketones. High
regioselectivity, mild reaction conditions, and wide substrate
tolerance make this protocol efficient to prepare various 3-
acylindole derivatives. The mechanism of α-Cl ketones acting
as one-carbon synthons in the Rh(III)-catalyzed synthesis of
indoles was proposed, which may provide wider application in
constructing more acylated heterocyclic compounds.
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