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ABSTRACT

The Rh-catalyzed direct annulation of an aldehyde with an alkyne leading to indenone was achieved. The in situ temporal installation of
acetylhydrazine enables the annulation of the ortho arene C�H bond with alkynes to form ketone hydrazone. Subsequently, the in situ directing
group removal takes place since ketone hydrazone is more susceptible toward hydrolysis than aldehyde hydrazone. Notably, this procedure
tolerates a series of functional groups, such as methoxyl, acetylamino, fluoro, trifluoromethyl, methoxycarbonyl, chloro, and bromo groups.

Indenone frameworks are ubiquitous in pharmaceutical
and material sciences.1 Yoshikai reported the cobalt-
catalyzed self-coupling of aromatic aldimines for the
synthesis of indenone.2 Kuninobu and Takai described

the ruthenium-catalyzed trimerization of aryl aldehyde for
the construction of the indenone framework.3 The annula-
tion of alkynes with ortho bifunctionalized arenes is a
powerful strategy leading to indenones (Scheme 1, eq 1).4

However, on one hand, the prefunctionalization of a sub-
strate is time and cost consuming, and on the other hand,
manypolysubstitutedorthobifunctionalized arenes are not
commercially or readily available. Alternatively, transi-
tion-metal-catalyzed annulation of the arene C�H bond
with alkyne has been widely reported for the construction
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of benzo five-membered heteroarenes.5 In 2005, Takai pio-
neered the carbocyclization of imines with alkynes toward
indenamines.6 Subsequently, Shi, Li, Zhao,Cramer,Glorius,
Cheng, Jeganmohan, Miura, and Li independently reported
the construction of indene frameworks via C�H activation,
insertion of arylmetal to alkyne, andnucleophilic addition of
the formedalkenylmetal intermediate toacarbonylor iminyl
group.7 However, to the best of our knowledge, only one
example was reported by Shi on the direct annulation of the
C�H bond of benzimide with alkynes leading to indenone
(Scheme 1, eq 2).7a

Undoubtedly, the direct annulation of an aryl aldehyde
as commercially available starting material with alkynes is
the most straightforward and atom-economical pathway
toward indenones (Scheme 1, eq 3). However, aldehydes
are characterizedby their poor effect as adirecting group in
C�H bond functionalization.8 To solve this problem, the
introductionof proper directing groups, suchas iminyl and
hydrazonyl, is required. However, except for the intro-
duced directing groups being part of the final product, the
subsequent removal of the directing groups is required.9

To circumvent it, the introduction of a temporal directing
group may solve this drawback.10 Indeed, the Rh-catalyzed
annulation of aromatic imines with alkynes leading to
indenone imine was achieved in Miura’s group.7i We
envisaged the inherent difference between the equilibrium
constant of aldimine (before the annulation) and ketimine
(after the annulation) could enable the in situ directing
group formation and removal (Scheme 1, eq 3).11 Jun
developed a new strategy of metal�organic cooperative
catalysis (MOCC) in the functionalization of C�H adja-
cent to a carbonyl group by temporal installation of a

2-aminopyridyl group.12 Herein, we report employing this
strategy in the annulation of the arene C�H bond neigh-
boring a formyl group with an alkyne leading to indenone,
proceeding through in situ directing group formation and
removal.

With this in mind, initially, we tested the reaction of
benzaldehyde 1awith diphenyl ethyne 2awith the combina-
tion of [Cp*Rh(MeCN)3](SbF6)2 (5 mol %), NH2NHAc
(1.1 equiv), and AgSbF6 (0.2 equiv) in HOAc under air at
120 �C.Pleasingly, the indenonewas obtained in 45%yield
(Table 1, entry 2). The reaction efficiency was slightly
decreased by adding 2 equiv of Cu(OAc)2 as an additive
(Table 1, entry 3). However, replacing Cu(OAc)2 with
AgOAc increased the yield to 71% (Table 1, entry 4). To
our delight, the reaction efficiencywas further increased to
73% by using 1 equiv of Ag2CO3 under air. The yield
increased to 80% under N2 and dramatically decreased to
50% under O2 (Table 1, entry 6). Other protic solvents
such as CF3COOH and HCOOH inhibited the reaction
(Table 1, entries 7 and 8). Replacing NH2NHAc with
NH2NHPh, NH2Ts, or NH2Ac resulted in no reaction or
low yield (Table 1, entries 9�11). Further studies revealed
other Rh catalysts, such as [RhCl(cod)]2, [RhOH(cod)]2,
RhCl(Ph3P)3, and Rh(acac)3, were totally ineffective for
this annulation reaction (Table 1, entries 12�15). In the
absence of AgSbF6, the yield dramatically decreased to
37% (Table 1, entry 6).
With the optimized reaction conditions in hand, the

substrate scope of benzaldehyde for this cyclization was
studied, as shown in Figure 1. As expected, both electron-
donating and -withdrawing groups such as methoxycar-
bonyl, methoxyl, fluoro, chloro, bromo, acetyl amino, and
trifluoromethyl on the aromatic moiety of benzaldehyde
were tolerated well under this procedure. Moreover, the
ortho groups on the phenyl of 1a had almost no effect on
the annulation. For example, 3da was isolated in 68%
yield. Notably, the chloro and bromo functional groups
survived well under the standard procedure, offering

Scheme 1. Previous Pathways and Our Design Plan Leading to
Indenone
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handles for further functionalization (3fa, 3ga, and 3ia).
Importantly, the cyclization tookplace on the less hindered
ortho position for themeta-substituted substrate 1f, and no
regioisomeric product of 3fa was observed by GC-MS.
Disappointingly, the salicylaldehyde derivative possessing
a free phenolic hydroxyl did not work using the procedure.
Next, the substrate scope and the limitation of alkynes

for this annulation were studied, as shown in Figure 2.
Once again, the diaryl alkynes ran smoothly under the
procedure, providing the indenones in good to excellent
yields. The chloro and bromo groups in the phenyl ring of
the alkynes remained untouched during this transforma-
tion. Notably, 4-octyne was applicable to the procedure,
providing the annulation product 3ah in moderate yield.
1,2-Di(thiophen-3-yl)ethyne provided the annulation pro-
duct 3ai in 32% yield. Particularly, methyl phenyl alkyne
afforded 3-methyl-2-phenyl-1H-inden-1-one in 61% yield
along with 9% of isomer. Unfortunately, dimethylacety-
lenedicarboxylate did not work under this procedure.
To gain a preliminary understanding of the mechanism,

the kinetic isotope effects of benzaldehyde were studied.
However, during the intramolecular kinetic isotope
effect study, 88% of H on the C-7 position of indenone

maintained retention (Scheme 2, eq 1), indicating an H/D
exchange may be involved during the procedure. Indeed,
by replacing HOAc with CD3COOD, the reaction of 1a
and 2a resulted in 89% deuteration of the H atom on the
C-7 position (Scheme 2, eq 2). However, only 23% of the
deuterium atom was incorporated when indenone was
subjected to the standard reaction conditions inCD3COOD
(Scheme 2, eq 3). The H/D exchange suggested a cyclorho-
dation step was involved in the reaction.

Table 1. Screening the Optimized Reaction Conditionsa

entry

additive

(equiv) NH2R rhodium solvent

yield

(%)

1 � � [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH <5

2 � NH2NHAc [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH 45

3 Cu(OAc)2 3H2O

(2.0)

NH2NHAc [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH 38

4 AgOAc (2.0) NH2NHAc [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH 71

5 Ag2O (1.0) NH2NHAc [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH 68

6 Ag2CO3 (1.0) NH2NHAc [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH 73(80)b

(50)c (37)d

7 Ag2CO3 (1.0) NH2NHAc [Cp*Rh(MeCN)3]-

(SbF6)2

CF3COOH <5

8 Ag2CO3 (1.0) NH2NHAc [Cp*Rh(MeCN)3]-

(SbF6)2

HCOOH <5

9 Ag2CO3 (1.0) NH2NHPh [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH <5

10 Ag2CO3 (1.0) NH2Ts [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH 15

11 Ag2CO3 (1.0) NH2Ac [Cp*Rh(MeCN)3]-

(SbF6)2

CH3COOH 5

12 Ag2CO3 (1.0) NH2NHAc [RhCl(cod)]2 CH3COOH <5

13 Ag2CO3 (1.0) NH2NHAc [RhOH(cod)]2 CH3COOH <5

14 Ag2CO3 (1.0) NH2NHAc RhCl(Ph3P)3 CH3COOH <5

15 Ag2CO3 (1.0) NH2NHAc Rh(acac)3 CH3COOH <5

aReaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), NH2R
(0.22 mmol), [Cp*Rh(MeCN)3](SbF6)2 (5 mol %), AgSbF6 (20 mol %),
additive with indicated equivalent, and 2 mL of indicated solvent, air,
120 �C, sealed tube, 14 h. Cp* = pentamethylcyclopentadiene. bN2.
cO2.

dNo AgSbF6, N2.

Figure 1. Substrate scope of aldehydes. Reaction conditions:
1 (0.2 mmol), diphenyl acethyne 2a (0.3 mmol), NH2NHAc
(0.22 mmol), [Cp*Rh(MeCN)3](SbF6)2 (5 mol %), AgSbF6

(20 mol %), Ag2CO3 (0.2 mmol), and 2 mL of HOAc, N2,
120 �C, sealed tube, 14 h.

Figure 2. Substrate scope of alkynes. Reaction conditions: 1a
(0.2 mmol), 2 (0.3 mmol), NH2NHAc (0.22 mmol),
[Cp*Rh(MeCN)3](SbF6)2 (5 mol %), AgSbF6 (20 mol %),
Ag2CO3 (0.2 mmol), and 2 mL of HOAc, N2, 120 �C, sealed
tube, 14 h.
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Although the mechanism in detail remains unclear at
this current stage, based on the well documented annula-
tion of an arene C�Hbond with an alkyne,5�7 a proposed
mechanism was outlined in Scheme 3. In the reaction proce-
dure, there is an equilibrium reaction between benzaldehyde

acetylhydrazone and aldehyde.13 First, coordination ofRh
species with benzaldehyde acetylhydrazone facilitated the
ortho aromatic C�H bond cleavage to form intermediate
4. This step is reversible supported by the observed H/D
exchange in Scheme 2. Second, the insertion of intermedi-
ate 4 to a C�C triple bond produces the alkenyl rhodium
species 5. Subsequently, the nucleophilic addition of inter-
mediate 5 to the CdNbond forms intermediate 6.14 Third,
the β-H elimination of intermediate 6 delivers HRhX2

species along with the intermediate 7,15 which transforms
to indenone by protonation.16 Finally, the reductive elim-
ination of HRhX2 followed by the oxidation by Ag(I)
regenerates the Rh(III) species.
In conclusion, we have developed a Rh-catalyzed annu-

lation of benzaldehyde with alkynes in the presence of 1.1
equiv of acetic hydrazide leading to indenones with good
functional group tolerance. The important feature of the
present catalytic system is the application of the strategy of
in situ directing group formation and removal. Thus, it
might open up an expedient synthetic pathway for the
formyl-directing arene C�Hbond functionalization. Efforts
to expand the strategy to new reactions and to elucidate the
mechanism in detail are underway in our laboratory.
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Scheme 2. Isotopic Labelling Study

Scheme 3. A Tentative Mechanism
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