
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 1
2:

49
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
An unusual form
aDepartment of Chemistry, Shenzhen Resear

Science and Technology, Clear Water Bay, K

sunjw@ust.hk
bShenzhen Bay Laboratory, State Key Labor

University Shenzhen Graduate School, Shen
cSchool of Science, Harbin Institute of Tec

China. E-mail: songlijuan@hit.edu.cn
dThe Hong Kong Branch of Chinese Nationa

Restoration & Reconstruction, Clear, Water

† Electronic supplementary information (
and 2079165. For ESI and crystallographic
see DOI: 10.1039/d1sc00941a

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2021, 12, 7953

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 16th February 2021
Accepted 27th April 2021

DOI: 10.1039/d1sc00941a

rsc.li/chemical-science

© 2021 The Author(s). Published by
al migrative cycloaddition of
aurone-derived azadienes: synthesis of
benzofuran-fused nitrogen heterocycles†

Qiang Feng,‡a An Wu, ‡a Xinhao Zhang, b Lijuan Song*c and Jianwei Sun *ad

Aurone-derived azadienes are well-known four-atom synthons for direct [4 + n] cycloadditions owing to

their s-cis conformation as well as the thermodynamically favored aromatization nature of these

processes. However, distinct from this common reactivity, herein we report an unusual formal migrative

annulation with siloxy alkynes initiated by [2 + 2] cycloaddition. Unexpectedly, this process generates

benzofuran-fused nitrogen heterocyclic products with formal substituent migration. This observation is

rationalized by less common [2 + 2] cycloaddition followed by 4p and 6p electrocyclic events. DFT

calculations provided support to the proposed mechanism.
Fig. 1 Benzofuran-fused N-heterocyclic natural and bioactive
molecules.
Benzofuran is an important scaffold in biologically important
natural molecules and therapeutic agents.1 Among them,
benzofuran-fused nitrogen heterocycles are particularly note-
worthy owing to their broad spectrum of bioactivities for the
treatment of various diseases (Fig. 1).2 Consequently, the
development of efficient methods for their assembly has been
a topic receiving enthusiastic attention from synthetic chem-
ists.3 Notably, aurone-derived azadienes (e.g., 1) have been
extensively employed as precursors toward these skeletons
owing to their easy availability and versatile reactivity (Scheme
1a).3 The polarized conjugation system, combined with the
preexisting s-cis conformation, has enabled them to serve as
ideal annulation partners for the synthesis of nitrogen hetero-
cycles of variable ring sizes. Moreover, the aromatization nature
of these processes by forming a benzofuran ring provides
additional driving force for them to behave as a perfect four-
atom synthon for [4 + n] cycloaddition.3 In contrast, the use of
such species as a two-atom partner for [2 + n] cycloaddition has
been less developed.3c,k,4 Herein, we report a new migrative
annulation leading to benzofuran-fused dihydropyridines of
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unexpected topology (Scheme 1b, with formal R2 migration),
which is initiated by the less common [2 + 2] cycloaddition.

Siloxy alkynes are another important family of building
blocks in organic synthesis.5–8 The presence of a highly polar-
ized C–C triple bond enables such molecules to serve as versa-
tile two-carbon cycloaddition partners in various annulation
reactions.5–7 In the above context and in continuation of our
interest in the study of such electron-rich alkynes,7 we envi-
sioned that the reaction between aurone-derived azadienes 1
Scheme 1 Synthesis of benzofuran-fused nitrogen heterocycles.
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and siloxy alkynes 2 should lead to facile electron-inversed [4 +
2] cycloaddition to form benzofuran-fused dihydropyridine
products (Scheme 1b). Interestingly, the expected product 30

from direct [4 + 2] cycloaddition was not observed. Instead,
a dihydropyridine product 3 with formal R2 migration was
observed. Careful analysis of the mechanism suggested that a [2
+ 2] cycloaddition followed by 4p and 6p electrocyclic steps
might be responsible for this unexpected product topology (vide
infra).

We began our investigation with themodel substrates 1a and
2a, which were easily prepared in one step from aurone and 1-
hexyne, respectively.8 Various Lewis acids were initially exam-
ined as potential catalysts for this cycloaddition (Table 1).
Unfortunately, common Lewis acids (e.g., TiCl4, BF3$OEt2,
Sc(OTf)3, In(OTf)3, and AgOTf) were all ineffective (entries 1–5).
Substrate decomposition into an unidentiable mixture was
typically observed. However, further screening indicated that
AgNTf2 served as an effective catalyst, leading to benzofuran-
fused dihydropyridine 3a in 44% yield (entry 6). Careful analysis
by X-ray crystallography conrmed that it was not formed by
simple [4 + 2] cycloaddition, as the positions of the phenyl and
the siloxy groups were switched (vs. the expected topology). The
distinct catalytic performance of AgNTf2 (vs. AgOTf) suggested
that the triimide counter anion Tf2N

� might be important.
However, further screening of various metal triimide salts did
not improve the reaction efficiency (entry 7). Instead, we were
delighted to nd that the corresponding Brønsted acid HNTf2
Table 1 Reaction conditionsa

Entry Catalyst Solvent Time (h) Yield (%)

1 TiCl4 DCM 9 0
2 BF3$OEt2 DCM 9 0
3 Sc(OTf)3 DCM 9 0
4 In(OTf)3 DCM 9 0
5 AgOTf DCM 9 0
6 AgNTf2 DCM 9 44
7 Sc(NTf2)3 DCM 9 0
8 HNTf2 DCM 9 57
9 HOTf DCM 9 0
10b HNTf2 DCM 42 75
11b HNTf2 DCE 18 72
12b HNTf2 CHCl3 18 20
13b HNTf2 THF 18 0
14b HNTf2 MeCN 18 0
15b HNTf2 EtOAc 18 0
16b,c HNTf2 DCE 18 81 (76)d

a 2a (0.06 mmol) was added to the solution of 1a (0.05 mol) and the
catalyst (10 mol%). Yield was determined by analysis of the 1H NMR
spectrum of the crude mixture using CH2Br2 as an internal standard.
b Run with 2.5 mol% catalyst and 2.5 equiv. of 2a at 60 �C. c 1a was
added into the solution of 2a and the catalyst. d Yield in parentheses
was isolated yield.

7954 | Chem. Sci., 2021, 12, 7953–7957
served as a better catalyst (57% yield, entry 8). However, triic
acid (TfOH) led to no desired product in spite of complete
conversion (entry 9). Aer considerable efforts in the optimi-
zation of other reaction parameters, an improved yield of 75%
was obtained with 2.5 mol% of HNTf2 and 2.5 equivalents of 2a
at 60 �C (entry 10). Solvent screening indicated that the reaction
proceeded faster in DCE with comparable yield (entry 11).
However, other solvents were all inferior (entries 12–15). Finally,
with a reversed order of addition of the two reactants, the yield
was slightly improved (entry 16). We believe that this might be
related to the relative decomposition rates of the substrates.

With the optimized conditions, we examined the reaction
scope. A range of aurone-derived azadienes with different elec-
tron-donating and electron-withdrawing substituents at various
positions smoothly participated in this formal migrative cyclo-
addition process with siloxy alkyne 2a (Scheme 2). The corre-
sponding benzofuran-fused dihydropyridine products 3 were
formed with excellent selectivity andmoderate to good efficiency.
A thiophene unit was also successfully incorporated into the
product (3h). However, substitution with a pyridinyl group shut
down the reactivity, even with 1.1 equivalents of HNTf2. Other
siloxy alkynes bearing different alkyl substituents on the triple
bond were also good reaction partners, except that these reac-
tions weremore efficient when the catalyst loading was increased
to 10 mol% (Table 2). Unfortunately, direct aryl substitution on
the alkyne triple bond resulted in essentially no reaction (entry 7).
Notably, in spite of the strong acidic conditions, various func-
tional groups, such as TIPS-protected alcohol (3p) and acetal (3c),
were tolerated. Moreover, increasing steric hindrance in close
proximity to the reaction centers (e.g., tBu group in 3i and 3r) did
not obviously affect the reaction efficiency.

Owing to the electron-rich silyl enol ether motif, the benzo-
furan-fused dihydropyridine products can be transformed into
Scheme 2 Scope of aurone-derived azadienes. Conditions: 1 (0.3
mmol), 2a (0.75mmol), HNTf2 (2.5 mol%), DCE (3.0mL), 60 �C. Isolated
yield.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scope of siloxyl alkynesa

Entry R 3 Yield (%)

1 3m 66

2 3n 74

3 3o 53b

4 3p 64

5 3q 58

6 3r 62

7 3s <5

a Conditions: 1d (0.3 mmol), 2 (0.75 mmol), HNTf2 (10 mol%), DCE (3
mL), 60 �C. Isolated yield. b Run with 2.5 mol% of HNTf2.

Scheme 3 Proposed mechanism and free energies (in kcal mol�1)
computed at the M06-2X(D3)/6-311G(d,p)-SMD//M06-2X/6-31G(d)
level of theory.

Scheme 4 Cross-over experiment.
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other related heterocycles upon treatment with electrophiles.
For example, deprotection of the silyl group in 3d with TBAF in
the presence of water produced ketone 4a (eqn (1)). In the
presence of NBS or NCS, the corresponding bromoketone 4b
and chloroketone 4c were obtained, respectively (eqn (2)). These
reactions were both efficient and highly diastereoselective. The
structures of 4b and 4c were also conrmed by X-ray crystal-
lography. Moreover, deprotection of the N-tosyl group with Li/
naphthalene followed by air oxidation led to the highly-
substituted benzofuran-fused pyridine 5, the core structure of
a family of bioactive molecules (eqn (3)).2

A possible mechanism is proposed to rationalize the unusual
formal migrative process (Scheme 3). The reaction begins with
LUMO-lowering protonation of the aurone-derived azadiene 1
by HNTf2.9 Then, the electron-rich alkyne attacks the resulting
activated iminium intermediate I, leading to ketenium ion II
aer intermolecular C–C bond formation. Subsequent intra-
molecular cyclization from the electron-rich enamine motif to
the electrophilic ketenium unit forms oxetene III. The forma-
tion of this oxetene can also be considered as a [2 + 2] cyclo-
addition of the two reactants.6a–d,11 Subsequent 4p-electrocyclic
opening of oxetene III affords azatriene IV. Further 6p-electro-
cyclic closing leads to the observed product 3. This observed
product topology is fully consistent with this pathway. It is
worth noting that the excellent performance with HNTf2 might
be attributed to the low nucleophilicity and good compatibility
of its counter anion with the highly electrophilic cationic
intermediates (e.g., ketenium II) in this process. We have also
carried out DFT studies. The results indicated that the proposed
pathway is energetically viable and consistent with the experi-
mental data (Scheme 3 and Fig. S1†). Moreover, some other
possible pathways that engage the nitrogen atom in interme-
diate II to directly attack the ketenium in a [4 + 2] mode were
explored. However, no reasonable transition state could be
located (Fig. S2†). Thus, the origin of preference toward [2 + 2]
cycloaddition remains unclear.
© 2021 The Author(s). Published by the Royal Society of Chemistry
We also prepared TIPSNTf2 and examined its catalytic
activity in this reaction since it is known that such a Lewis acid
might be generated in situ.10 However, no reaction was observed
when TIPSNTf2 was used in place of HNTf2, suggesting that it is
unlikely the actual catalyst. Finally, in order to probe the nature
of the substituent migration (intermolecular vs. intra-
molecular), we carried out a cross-over experiment (Scheme 4).
Under the standard conditions, the reaction using a 1 : 1
mixture of 1d and 1k led to exclusive formation of 3d and 3k,
Chem. Sci., 2021, 12, 7953–7957 | 7955
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without detection of any cross-over products. This result is
consistent with the proposed intramolecular migration
pathway.

In conclusion, we have discovered an unusual formal
migrative cycloaddition of aurone-derived azadienes with siloxy
alkynes. In the presence of a catalytic amount of HNTf2, this
reaction provided expedient access to a range of useful benzo-
furan-fused dihydropyridine products with unexpected
topology, distinct from normal [4 + 2] cycloaddition. Although
aurone-derived azadienes are ideal four-atom synthons for
direct [4 + n] cycloaddition, the present process is initiated by
less common [2 + 2] cycloaddition, which is critical for the
observed product formation. Subsequent electrocyclic opening
and cyclization steps provide a reasonable rationale. The
heterocyclic products generated from this process are precur-
sors toward other useful structures, such as benzofuran-fused
pyridines.
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