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ABSTRACT: A rhenium-catalyzed carboalkoxylation and carboamination of
alkyne is reported. This reaction provides an efficient route to synthesize de novo
C3-substituted benzofurans and indoles under mild conditions in moderate to
good yields. Mechanistic studies revealed that the rhenium played the role of a π
acid catalyst to activate the alkynes, followed by a charge-accelerated [3,3]-
sigmatropic rearrangement.

Transition metal-catalyzed hydroalkoxylation and hydro-
amination of alkynes provide reliable methods for

synthesizing C2-substituted benzofurans and indoles from
readily available o-alkynylphenols or o-alkynylanilines1

(Scheme 1a). For C3-substituted indoles and benzofurans,
synthetic methods are still very limited.2 Blum recently
reported oxyboration and aminoboration of alkynes,3 giving
3-borylated benzofurans and indoles, which could be converted
to C3-substituted indoles and benzofurans through further
cross-coupling reactions (Scheme 1b). Monteiro disclosed a
palladium-catalyzed cyclization of allyl phenyl ether to give 3-
allyl benzofurans.4 This reaction involved the intermediacy of
π-allylic palladium species, which was generated by oxidative
insertion of a C−N bond into palladium (Scheme 1c). As a
contrast, Fürstner reported a carbocation shift mechanism for
Pt(II)-catalyzed transformation of o-alkynylphenol ethers5

(Scheme 1d). For substrates with a cinnamyl group, only
linear allylic rearrangement products were obtained in both of
these systems.
Homogeneous rhenium-catalyzed transformation of alkynes

has drawn an increasing amount of interest from the synthetic
community.6 A key feature of these reactions is the facile
formation of rhenium vinylidenes from terminal alkynes, which
could further undergo various transformations.7 During the
investigation of insertion of C−H into rhenium vinylidenes, we
discovered an unprecedented rhenium-catalyzed carboalkox-
ylation/carboamination of alkynes, which selectively afforded
rearranged, branched benzofuran and indole products in good
yields (Scheme 1e). In this reaction, the intermediacy of
rhenium vinylidene was ruled out; instead, the rhenium played
the role of a π acid catalyst to activate the alkynes,8−10 followed
by a charge-accelerated [3,3]-sigmatropic rearrangement.11,12

Herein, we disclose the details of this discovery.
Our research was initiated with reaction of 1a with 5 mol %

Re(CO)5Br in toluene at 70 °C, which gave carboalkoxylation

product 2a in 49% yield, together with a 22% yield of linear
product 2a′ (Table 1, entry 1). Traditional π acid catalyst
Ph3PAuSbF6 was examined, but it failed to catalyze this
transformation13 (entry 2). Rh(cod)2OTf, [Ir(cod)Cl]2, and
Mn(CO)5Br were also tested; however, no 2a or 2a′ was
detected with these catalysts (entries 3−5, respectively). We
then investigated the effect of the ligand on this reaction. With
5 mol % Ph3P or bipyridine, the reaction was completely shut
down, which revealed that CO was a key ligand for rhenium in
this transformation (entries 6 and 7). Using NaBArF4 to
remove the bromide in Re(CO)5Br to generate a cationic Re+

could not help to improve the yield (entry 8). After various
solvents, such as DCE, dioxane, p-xylene, and cyclohexane
(entries 9−12, respectively), had been screened, we found that
the carboalkoxylation reaction proceeded most efficiently in
cyclohexane. Under such conditions, desired product 2a was
isolated in 65% yield, together with a relatively lower yield of
2a′ (2a:2a′ ratio of >4.3:1, entry 12). Improved results were
obtained by switching the nucleophilic group of the substrate
from oxygen to nitrogen, by which carboamination product
indole 4a was obtained in 86% yield with excellent
regioselectivity (entry 13).
With the optimized reaction conditions in hand, we first

explored the scope of this rhenium-catalyzed carboalkoxylation
reaction to prepare C3-substituted benzofurans (Scheme 2).
When R1 was a phenyl ring, p-Br, CF3-substituted substrates
reacted smoothly, giving desired products 2b and 2c in
moderate yields. When R1 groups were alkyl groups, the
reactions also worked well and improved yields were obtained
(2d−2g). A 1,3-diene moiety was tolerated in this reaction,
giving rearrangement product 2h bearing a skipped 1,4-diene
in 51% yield. If the R4 group were not a H atom, internal
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alkene products such as 2i and 2j would form, yet with slightly
decreased yields. Furthermore, an example with R1 = R4 = R5 =
Me was examined, giving 2k in a 68% yield. Lastly, the reaction
could be used to prepare naphthalene ring-fused furan 2l.
However, for an internal alkyne substrate (R3 = Me), no

desired 2,3-disubstituted benzofuran 2m could be obtained
under the standard reaction conditions.
Encouraged by these results, we next investigated the scope

of the carboamination reaction to prepare C3-substituted
indoles (Scheme 3). The R1 group on the aromatic ring was
first investigated. As shown in 4a−4e, a range of electronically
modulating substituents, including F, Me, CF3, and ester
groups, at the C6 positions were well tolerated, giving the
desired indole scaffolds in good yields (4a−4e). Starting from
various substituted cinnamyl groups (R3 was 4-CF3, 4-Br, or 2-
Me), indoles 4f−4h were obtained in 79−94% yields. A
thiophene type product 4i also could be prepared efficiently by
this method. To increase the variety of groups on nitrogen in

Scheme 1. Pioneering Works about the Synthesis of C3-
Substituted Benzofurans and Indoles

Table 1. Optimization of the Reaction Conditionsa

entry substrate [M] additiveb solvent 2a:2a′ ratioc yield (%)c of 2a

1 1a Re(CO)5Br toluene 2.2:1 49
2 1a PPh3AuSbF6 toluene − 0
3 1a Rh(cod)2OTf toluene − 0
4 1a [Ir(cod)Cl]2 toluene − 0
5 1a Mn(CO)5Br toluene − 0
6 1a Re(CO)5Br PPh3 toluene − 0
7 1a Re(CO)5Br bipyridine toluene − 0
8 1a Re(CO)5Br NaBArF4

e toluene 1.1:1 21
9 1a Re(CO)5Br DCE 1.4:1 50
10 1a Re(CO)5Br dioxane 1.6:1 49
11 1a Re(CO)5Br p-xylene 2.5:1 53
12 1a Re(CO)5Br cyclohexane 4.3:1 65
13d 3a Re(CO)5Br cyclohexane >30:1 86

aReactions were performed with 0.1 mmol of substrate and 5 mol % metal catalyst in 1 mL of solvent at 70 °C under an argon atmosphere for 15 h.
bWith 5 mol % PPh3, 5 mol % bipyridine, or 5 mol % NaBArF4.

cDetermined by 1H NMR analysis with C2H2Br4 as an internal standard.
dThe yield

and ratio refer to the corresponding 4a and 4a′. eNaBArF4 = sodium tetrakis[(3,5-trifluoromethyl)phenyl]borate.

Scheme 2. Rhenium-Catalyzed Carboalkoxylation of
Alkynes To Prepare Benzofurans
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indoles, NBn and NCO2Me were examined, affording the
corresponding products 4j and 4k in 81% and 43% yields,
respectively. When (S)-1-phenylethyl was introduced to the
substrate, diastereoselectivity was observed but in a low ratio
(dr = 1.7:1; 4l). Moreover, aliphatic allylic migration
cyclization products could be prepared (4m and 4n), and
even a quaternary carbon center could be constructed when
employing a geranyl-tethered amine as the substrate (4o). The
R5 group could be Me or Ph other than H, and comparable
yields were found (4p and 4q). Finally, we found the
carboamination reaction had a substrate scope that was better
than that of the carboalkoxylation reaction. As for internal
alkynes (R3 = Ph or alkyl groups), the reactions furnished a
series of 2,3-substituted indoles in moderate to good yields
(4r−4x).14 To demonstrate the scalability of this methodology,
we performed a gram-scale reaction (Scheme 4). The
carboamination of 3a proceeded smoothly to afford desired
3-substituted indole 4a in 82% isolated yield after 15 h at 70
°C.

To gain some insights into the mechanism, controlled
experiments were conducted. A mixture of 3a and 3y in a 1:1
ratio was subjected to the reaction, and intramolecular
cyclization products 4a and 4y were generated in 82% and
86% isolated yields, respectively. No crossover products 5 and
6 were observed, which indicated that a concerted [3,3]-
sigmatropic rearrangement other than a carbocation demeta-

lation15 step was involved (Scheme 5a). A crossover
experiment between 1a and 1e was also conducted (Scheme

5b). In this case, besides normal products 2a and 2e, linear 2n
was also formed. However, neither branched crossover
products (2d and 9) nor linear crossover products (7 and 8)
was detected. Moreover, starting from branched starting
material 3z, linear rearrangement product 4z was formed
exclusively. A similar result was observed for 1n; however,
minor branched 2a was also isolated (Scheme 5c). On the
basis of the results presented above, we rationalized that the
[1,3]-rearrangement for the O-tethered substrate was also
undergoing a concerted pathway.16

A plausible mechanism for this reaction is shown in Scheme
6 by using 3a as a model substrate. Cationic Re(I) first
activates the alkyne moiety in 3a, followed by nucleophilic
attack from a nitrogen atom, giving intermediate II
immediately. A charge-accelerated [3,3]-sigmatropic rearrange-
ment of II then gives species III, which followed a
demetalation step to give desired 3-substituted cyclization
product 4a and regenerate the rhenium catalyst.
In summary, we have developed an efficient cationic Re(I)-

catalyzed carboalkoxylation and carboamination reaction,
which provided a de novo synthesis of C3-substituted
benzofurans and indoles. This reaction represents a rare

Scheme 3. Rhenium-Catalyzed Carboamination of Alkynes
To Prepare Indoles

Scheme 4. Scalability of the Carboamination of 3a

Scheme 5. Controlled Experiments
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example of using rhenium as a π acid catalyst, by which novel
branch selectivities were demonstrated compared to the
previously reported linear selectivities of the platinum catalyst.
Controlled experiments supported a concerted [3,3]-sigma-
tropic rearrangement other than a carbocation shift mecha-
nism.17 Further work on the asymmetry of this reaction and
detailed mechanistic studies are currently underway in our
laboratory.
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Salas, J. A.; Abengoźar, A.; Neufeld, J.; Yang, K.; Pulis, A. P.; Procter,
D. J. Angew. Chem., Int. Ed. 2018, 57, 5759−5764. (h) Wu, H.; Zi, W.;
Li, G.; Lu, H.; Toste, F. D. Angew. Chem., Int. Ed. 2015, 54, 8529−
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