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Annulation of enaminones with quinonediimides/
quinoneimides for selective synthesis of indoles
and 2-aminobenzofurans†

Zukang Zhong,‡a Lihua Liao,‡b Yunyun Liu, a Ming Zhang a and
Jie-Ping Wan *a

The annulation reactions of enaminones with quinonediimides/

quinoneimides for the selective synthesis of indoles and 2-amino-

benzofurans have been realized. With Zn(II) catalysis, quinonediimides

reacted with enaminones to give indoles via HNMe2-elimination-based

aromatization. With Fe(III) catalysis, the reactions of quinoneimides

with enaminones provided 2-aminobenzofurans via a key dehydro-

genative aromatization.

The direct activation or functionalization of C–H bonds offers
powerful tools for the synthesis of numerous functional
molecules.1 One representative application of such bond trans-
formation is the construction of heterocycles by means of either
direct intramolecular or cascade ring formation.2 Accordingly,
as fundamental and highly useful heterocyclic motifs, the
indoles and benzofurans have been reported to be accessible
by different methods based on the conversion of C–H bonds.
For example, the direct intramolecular C–H arylation of enam-
ines provides indoles.3 In addition, the C–H/N–H annulation of
anilines or their derivatives with alkynes,4 the annulation based
on aryl C–H activation of oxime esters,5 the electrochemical
C–H/N–H annulation,6 the C–H/N–O bond functionalization of
nitrones,7 the aryl C–H annulation with diazo compounds,8 and
various other annulation reactions of aryl C–H donors9 have
been developed for indole synthesis. On the other hand,
benzofurans have also been accessed by annulation reactions
based on C–H functionalization.10 The C–H/O–H annulation of
phenols and their surrogates,11 the direct intramolecular C–H

oxygenation,12 and other C–H annulations forming C–C bonds
with oxygenated substrates,13 for instance, have been reported
successively. Yet, considering the high value of both indoles
and benzofurans in the discovery of new functional molecules,
developing more synthetic methods,14 especially methods free
of noble metal catalysis, is still a critical task.

In recent years, enaminones have been disclosed as useful
building blocks in the construction of both carbo-aryls and
heterocyclic aromatic systems.15 The typical feature of a C–N bond
cleavage in enaminones in the fashion of amine elimination has
been identified as an individual advantage of enaminone-based
aromatization.16 In addition, the flexible transformation pathways
of the enaminones’ a-C–H bonds are reliable in the formation of
various new chemical bonds.17 In light of these known transforma-
tions, we assumed that employing enaminones in the designation
of new synthetic protocols toward indoles and benzofurans would
be feasible. Herein, we report our results in the enaminone-based
annulation reaction for the selective synthesis of indoles and
benzofurans. The reactions using quinonediimide provide indoles
via amine elimination-induced aromatization with Zn(II) catalysis
(Scheme 1A). On the other hand, when quinoneimide is used as a
reaction partner, the dehydrogenative aromatization takes place
to provide 2-aminobenzofurans selectively under modified con-
ditions of Fe(III) catalysis (Scheme 1B).

Scheme 1 Selective synthesis of indoles and benzofurans by enaminone-
involved aryl ring formation.
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Initially, the reaction of enaminone 1a and quinonediimide
2a was conducted in 1,4-dioxane in blank or in the presence of a
Brønsted/Lewis acid. The results proved that an acid catalyst
was important, and Zn(OTf)2 was amongst the most appropriate
catalyst (entries 1–4, Table 1). The subsequent efforts in varying
the reaction medium by using DMF, MeCN, water and THF did
not give better results (entries 5–8, Table 1). While running the
reaction at different temperatures or with different reaction
times did not improve the result (entries 9–12, Table 1), increasing
the loading of 2a gave 3a with an evidently higher yield (entry 13,
Table 1).

To verify the scope of the method toward indoles, a broad
variety of enaminones 1 were used to react with 2 under the
optimal conditions (Scheme 2). According to the results, the aroyl-
based enaminones were generally tolerated to the title indole
synthesis. While most benzoyl-based enaminones afforded pro-
ducts with excellent yields (3a–3g, 3j and 3n, Scheme 2), the strong
electron-withdrawing effect displayed a negative impact by giving
the related products with lower yields (3h and 3i and 3k–3m,
Scheme 2). Moreover, enaminone bearing a fused naphthyl group
reacted with 2 to provide product 3o with a good yield. Hetero-
aryls, such as thiophenyl- and pyrrolyl-functionalized enami-
nones were also smoothly utilized to give products 3p and 3q
with practical results. More noteworthy, the natural product
16-dehydropregenolone acetate could be elaborated to produce
product 3r with a high yield via such indole formation. The reaction
using substrate 2 with a different sulfonyl structure (phenyl
sulfonyl) was used to provide product 3s with an excellent yield.
On the other hand, the alkyl-derived N,N-dimethyl enaminone as
well as N,N-dimethyl nitroenamine did not react with 2a to give the
expected products. As extended entries, the 1,3-diketone could
react with 2a to give indole 3t, and 1,4-benzoquinone reacted with
2a to afford benzofuran 3u under the standard conditions
(Scheme 2).

Interestingly, while quinoneimide 4a was initially found to
be inapplicable for the above indole synthesis, the efforts in
modifying the reaction conditions enabled us to realize an
unprecedented synthetic route to benzofurans 5 (see ESI† for
the optimization data). As outlined in Scheme 3, the regiose-
lective synthesis of benzofurans exhibited broad application
scope (5a–5o). The reactions employing N,N-dimethyl enami-
nones (5a–5k, Scheme 3), N,N-diethyl enaminone (5l, Scheme 3)
and cyclic secondary amino functionalized enaminones (5m–5o,
Scheme 3) were run smoothly to provide the benzofuran pro-
ducts. Analogously, strong electron-withdrawing groups in the
phenyl ring of the enaminones were also negative for the reaction
by providing products with lower yields (5b, 5f, 5h, Scheme 3).
When the alkyl-based enaminone of type 1 (R = Me) or NH-based
enaminone (N-phenyl enaminone) was used to react with 4a,
the corresponding benzofuran formation was not observed
(Scheme 3). Later, the attempts by employing quinoneimides
with different substructures led to the successful synthesis of
products with expanded diversity (4p and 4q, Scheme 3). Using
1,4-benzoquinone to react with 1a did not provide the
2-aminobenzofuran with Fe(III) catalysis.

For the sake of exploring the reaction mechanism, an array
of control experiments were executed. As shown in Scheme 4,
the reactions in the presence of free radical scavengers were run
first. The reaction providing indole 3a was not eventually inhib-
ited by BHT (Eqn (1), Scheme 4). Much lower yield of 5a was
afforded in the presence of DPE in the reaction of quinoneimide,
but compound 6 resulting from annulation of 4a and DPE was
observed (Eqn (2), Scheme 4), indicating that both reactions
were not likely free radical reactions. Complementarily, adding

Table 1 Optimization of the reaction conditionsa

Entry Catalyst Solvent t (1C) Yieldb (%)

1 — 1,4-Dioxane 50 9
2 Zn(OTf)2 1,4-Dioxane 50 70
3 Cu(OTf)2 1,4-Dioxane 50 56
4 TFA 1,4-Dioxane 50 46
5 Zn(OTf)2 DMF 50 63
6 Zn(OTf)2 CH3CN 50 68
7 Zn(OTf)2 H2O 50 0
8 Zn(OTf)2 THF 50 52
9 Zn(OTf)2 1,4-Dioxane 30 67
10 Zn(OTf)2 1,4-Dioxane 70 62
11c Zn(OTf)2 1,4-Dioxane 50 45
12d Zn(OTf)2 1,4-Dioxane 50 70
13e Zn(OTf)2 1,4-Dioxane 50 85

a General conditions: 1a (0.2 mmol), 2 (0.24 mmol), catalyst (20 mol%),
and solvent (2 mL), stirred in a sealed tube for 24 h. b Yield of isolated
product. c Stirred for 12 h. d Stirred for 26 h. e With 0.3 mmol of 2.

Scheme 2 Scope for the synthesis of indoles (ayield from 1 mmol scale
reaction).
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quinoneimide 4a dropwise after all other reagents and DPE could
give 5a with 51% yield (Eqn (3), Scheme 4), further supporting
that the low yield of 5a in Eqn (2) came from the competition of
DPE-quinoneimide annulation, rather than free radical quench-
ing. Actually, analyzing the reaction residue with GC–MS did not
show the presence of any plausible free radical adduct species,
suggesting also that no free radical pathway was involved. On the
other hand, the roles of related reagents and catalysts were also
probed. Considering the formal dehydrogenative transformation,
we performed the reaction for the synthesis of 5a under argon,
which led to the isolation of 5a with 61% yield (Eqn (4),
Scheme 4), proving that air was not the oxidant in the reactions.
Meanwhile, from the standard reaction for 5a synthesis, the
hydroxyl aniline derivative 7 resulting from quinoneimide hydro-
genation was obtained with 30% yield (Eqn (5), Scheme 4),
implying that quinoneimide acted simultaneously as the oxidant
in the reactions. Moreover, altering the Fe(III)-catalyst in the
reaction to a proton acid did not yield 2-aminobenzuofuran 5a.
Instead, 2-unsubstituted benzofuran 8 resulting from the elim-
ination of dimethyl amine was formed (Eqn (6), Scheme 4),
proving that the Fe-catalyst was crucial for the selective dehydro-
genation providing 5a.

Based on the in hand results, the mechanisms for the title
reactions are proposed (Scheme 5). As for the formation of
indoles 3, the reactions may start from the 1,4-nucleophilic
addition of enaminones to quinonediimide 2 to afford adduct A
via enaminones’ isomeric version 10 under the assistance of the

Scheme 3 Scope of the benzofuran synthesis via triple fold C–H func-
tionalization (yield from 1 mmol scale reaction).

Scheme 4 Control experiments.

Scheme 5 The proposed reaction mechanisms.
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metal catalyst (M = Zn) in which the zinc salt acts as a Lewis
acid. The successive 1,3-hydrogen transfer gives iminium inter-
mediate B. The nucleophilic addition of the nitrogen atom in
NTs to the iminium affords C and a proton. The N-protonation
in C as well as the elimination of HNMe2 in the heterocyclic
moiety leads to the formation of indole products 3, while the
zinc catalyst gets regenerated. On the other hand, in the
reactions of quinoneimide, similar transformations take place
to the stage of C. The cyclization takes place in the C=O (X = O)
fragment because the O-site in quinoneimide is more nucleo-
philic. A similar N-protonation provides dihydrofuran inter-
mediate D. As a typical transition metal catalyst, the Fe(III) is
capable of inserting into the a-C–H bond in D, which generates
intermediate E with the assistance of TfO�. The b-elimination
of MH species18 from E provides products 5. The reaction of the
proton and quinoneimide with MH releases the metal ion
catalyst for further catalysis and the quinoneimide is thus
hydrogenated to p-hydroxyl aniline by acting as the oxidant.

In summary, new methods for the synthesis of functiona-
lized indoles and 2-aminobenzofurans have been developed via
the reactions of enaminones with quinonediimides and quinonei-
mides, respectively. The catalysis of Zn(OTf)2 in the reactions of
quinonediimide and enaminones provides indoles via dual C–H
bond functionalization and enaminone C–N bond transamination.
On the contrary, regioselective synthesis of 2-aminobenzofurans
has been realized by Fe(OTf)3-catalyzed annulation of enaminones
with quinoneimide via the transformation of three C–H bonds in
the two substrates. Mechanism analysis demonstrates that the
Fe(III) insertion into the C–H bond and the quinoneimide as a
hydrogen acceptor are the key factors in inducing the selective
synthesis of 2-aminobenzofurans.
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