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ABSTRACT: A unique intramolecular vinylogous Michael
addition leading to the synthesis of heterocycles has been
disclosed. Base-promoted one-pot sequential O-allylation of o-
hydroxy-cinnamates or -cinnamonitrile or -chalcones with γ-
bromocrotonates followed by an intramolecular conjugate
addition of vinylogous Michael donors resulted in the
formation of highly substituted benzofuran derivatives in
good to excellent yields. The intramolecular event followed by
two [1,3]-H shifts leading to aromatization appears to be the
key to the success of this unprecedented transformation.

The development of efficient approaches for C−
heteroatom, C−C bond formations leading to the

construction of heterocycles has been one of the most sought
after research areas for organic chemists.1 Michael reaction
(conjugate addition) is among the most fundamental, classical
C−C and C−heteroatom bond forming reactions in organic
synthesis (Scheme 1, eq 1).2 The vinylogous variant of the

Michael reaction has attracted considerable attention since it
can provide the product with the retained C−C double bond
from the vinylogous partner (Scheme 1, eq 2).3 The olefin
functionality is usually intact and can be useful for further/
deliberate organic transformations. Though the intermolecular
version of this reaction has been well-studied, the intra-
molecular vinylogous Michael addition (intra-VMA) reaction
remains underexplored (Scheme 1, eq 3).4 In many ring-
forming events, the key VMA is intermolecular.3k−o In some
cases, the ring closure of an intra-VMA to the carbo- or
heterocyclic ring features a 1,6-conjugate addition of non-

vinylogous donors.4a−f In rare cases, intra-VMA of vinylogous
donors is operative.4g,h

Benzofurans are one of the “privileged” scaffolds in
medicinal chemistry and drug discovery research programs.
Several of the molecules containing a benzofuran core have
shown potential biological activities, and many have become
marketed drugs while few of them are on the World Health
Organization’s List of Essential Medicines.5 In particular, 2,3-
disubstituted benzofurans are among the important benzofuran
derivatives that have exhibited excellent biological and
therapeutic activities.5 Hence, there has been significant
attention from organic chemists to access these scaffolds.5

However, direct methods to access 2,3-disubstituted benzofur-
an derivatives have been less explored, obviating the use of
transition metals.6 One of the traditional ways to access
benzofurans is based on the century-plus-old Rap−Stoermer
reaction, which is essentially a base-meditated reaction of
salicylaldehydes/o-hydroxyphenyl ketones and α-haloketones
involving an intramolecular aldol-type reaction.7 Herein, we
report the development of a base-mediated intra-VMA−
isomerization cascade to access 2,3-disubstituted benzofuran
derivatives.
In continuation of our research program for the develop-

ment of novel methods leading to the synthesis of fused
heterocycles,8 we envisaged and considered an opportunity to
develop intra-VMA to generate useful heterocyclic scaffolds.
We have designed o-O-allyl cinnamate derivative 1a as a model
substrate to test the intra-VMA hypothesis. Initially, the
reaction of 1a with a base such as K2CO3 was performed.

Received: January 31, 2019

Scheme 1. Michael Addition and Its Vinylogous Variants

Letter

pubs.acs.org/OrgLettCite This: Org. Lett. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.orglett.9b00414
Org. Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

W
A

SH
IN

G
T

O
N

 U
N

IV
 o

n 
M

ar
ch

 6
, 2

01
9 

at
 0

1:
29

:0
0 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/OrgLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.9b00414
http://dx.doi.org/10.1021/acs.orglett.9b00414


Gratifyingly, we have observed the formation of the
corresponding 2,3-disubstituted benzofuran derivative 3a in
excellent yield, while the possible 2,3-dihydrobenzofuran
derivative 2a was not detected (Scheme 2). This reaction
appears to go through intra-VMA. However, we did not
observe a Dieckmann condensation product of 3a under the
reaction conditions.

We next performed a one-pot sequential allylation followed
by intra-VMA using methyl o-hydroxycinnamate 4a and methyl
4-bromocrotonate 5a as precursors. Delightfully, this sequen-
tial transformation provided the corresponding 2,3-disubsti-
tuted benzofuran 3a in 72% yield. Interestingly, in this one-pot
reaction, we have also observed the formation of O-alkenyl
derivative9 1a′ in 23% yield, which is an isomer (tautomer) of
the allylated product 1a (Table 1, entry 1). We then conducted

an optimization study for this one-pot transformation by
varying the base, solvent, and reaction conditions in order to
find suitable conditions to obtain benzofuran 3a in high yields
(Table 1; also see Supporting Information for an extensive
optimization survey). Use of K3PO4 and DBU provided
moderate yields of 3a, while the formation of 1a′ was also
observed in low yields (Table 1, entries 2 and 3). However,
sodium hydride gave only O-allyl derivative 1a in 34% yield
(Table 1, entry 4). When we used NMP as a solvent, the
desired product 3a was obtained in good yield (Table 1, entry
5). Other solvents like acetonitrile and tert-butyl alcohol were
not effective in this transformation to provide the benzofuran
3a (Table 1, entries 6 and 7). To our delight, an increase in the
temperature provided an excellent yield of 3a (Table 1, entries
8 and 9). As expected, this transformation failed in the absence
of base (Table 1, entry 10).
We next sought to evaluate the scope of this transformation

using the optimized reaction conditions (Scheme 3). Initially,
o-hydroxycinnamates 4 and 4-bromocrotonates 5 containing

different alkyl groups on their ester parts have been subjected
to the sequential allylation−intra-VMA (Scheme 3). Although
the corresponding benzofuran derivatives 3a−e were obtained
in good to excellent yields, the precursors bearing methyl esters
were found to provide the highest yield of the benzofuran, 3a.
We then used differently substituted methyl o-hydroxycinna-
mates 4 and methyl 4-bromocrotonate 5a in this sequential
transformation. Methyl (E)-3-(2-hydroxynaphthalen-1-yl)-
acrylate as a substrate provided the corresponding naphthofur-
an 3f in good yield. Methyl o-hydroxycinnamates containing
electron-donating groups produced the corresponding benzo-
furan derivatives 3g−i in good yields. Halogen-substituted o-
hydroxycinnamates furnished the corresponding benzofuran
derivatives 3j−n in slightly lower yields, which may be
attributed to the lower electron density on the OH group of 4
to undergo O-allylation. The structure of the benzofuran 3k
was further confirmed by an X-ray crystal structure in addition
to the standard spectroscopic methods. o-Hydroxycinnamate
bearing both halogen and electron-donating substituents gave
the corresponding benzofuran derivative 3o in high yields. An
electron-withdrawing group such as a nitro group on o-
hydroxycinnamate was well tolerated and afforded the
corresponding benzofuran derivative 3p in 74% yield.
Introduction of an α-substituent such as a methyl group on
the α,β-unsaturated ester part of 4 was also well tolerated and
produced the corresponding benzofuran derivative 3q in 85%
yield.

Scheme 2. Base-Mediated Intra-VMA

Table 1. Optimization Studya

entry base solvent
temp
(°C)

time
(h)

% yield
of 3ab

% yield
of 1ab

% yield
of 1a′b

1 K2CO3 DMF 80 24 72 23
2 K3PO4 DMF 80 24 49 21
3 DBU DMF 80 24 62 17
4 NaH DMF 80 24 34
5 K2CO3 NMP 80 24 78 8
6 K2CO3 CH3CN 80 24 24 39
7 K2CO3

tBuOH 80 24 67

8 K2CO3 NMP 100 24 84 6
9 K2CO3 NMP 120 8 92 5
10 NMP 120 8

aReaction conditions: 4a (0.5 mmol), 5a (0.75 mmol), base (1.5
mmol), solvent (3 mL). bIsolated yields.

Scheme 3. Synthesis of 2,3-Disubstituted Benzofuransa,b

aReaction conditions: 4 (0.5 mmol), 5 (0.75 mmol), K2CO3 (1.5
mmol), NMP (3 mL). bIsolated yields.
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We next turned our focus to study the scope of the electron-
withdrawing groups on the alkene moieties of 4 and 5 (Scheme
4). Reaction of (E)-4-(2-hydroxyphenyl)but-3-en-2-one and

methyl 4-bromocrotonate 5a provided the corresponding
benzofuran derivative 3r in reasonable yield. Different
salicylaldehyde-derived chalcones proved to be good substrates
in the base-mediated sequential O-allylation−intra-VMA and
provided the corresponding benzofuran derivatives 3s−x in
moderate to high yields. The reaction of o-hydroxycinnamoni-
trile and 5a provided the corresponding benzofuran derivative
3y in moderate yield. However, o-hydroxy β-nitrostyrene was
found to be an unsuitable substrate, which decomposed under
the reaction conditions. Instead of an ester group on 5, we
have also used different electron-withdrawing group such as a
sulfone group on the allyl bromide partner 5. Accordingly, the
reaction of 4a and (E)-((3-bromoprop-1-en-1-yl)sulfonyl)-
benzene 5c was performed to obtain the corresponding
benzofuran derivative 3z in good yield.
We have monitored the present sequential reaction at

different time intervals to follow the kinetics (Figure 1). After 1
h of reaction time, the benzofuran product 3a was isolated in
51% yield while the intermediates 1a and 1a′ were formed in

10% and 34% yields, respectively. After 2 h, the yield of 3a was
increased to 64%, and there was a decrease in the yields of 1a
and 1a′. As the time increased, the intermediate 1a was not
observed and yield of intermediate 1a′ dropped significantly.
At the end of 8 h, the yield of 3a reached 92%, and only traces
of intermediate 1a′ were observed. This study suggests that the
formation of benzofuran 3a occurred via the intermediates 1a
(or) 1a′.
We have conducted some experiments to gain insights into

the reaction mechanism. Since we have observed both allylated
product 1a and its isomer 1a′ in the one-pot transformation
(Table 1) and also at different time intervals (Figure 1) in the
reaction of o-hydroxycinnamate 4a and 4-bromocrotonate 5a,
we thought 1a and 1a′ could be in equilibrium. We have
conducted a reaction of 1a in the presence of 1 equiv of base
and monitored the reaction to obtain 1a′ (Scheme 5, eq 1). It

was observed that either 1a or 1a′ lead to the formation of 3a
in excellent yields in the presence of base (Scheme 5, eq 2).
From this result, it is reasonable to think that 1a or 1a′ can be
the intermediates in the present transformation. The use of
cinnamyl bromide 5d, instead of 4-bromocrotonate, in the
one-pot reaction did not proceed to completion to provide the
corresponding benzofuran derivative, while only o-O-cinnamyl
product 6a was obtained. When we subjected the O-cinnamyl
cinnamate 6a to the optimized reaction conditions, however,
the reaction did not proceed. o-O-Cinnamyl cinnamate 6a did
not prove to be a substrate for the present transformation even
with the use of a strong base like n-butyllithium (Scheme 5, eq
3). These results suggest that there is a requirement of an
electron-withdrawing group on the allylic halide substrate to
direct the key intramolecular vinylogous Michael reaction.
On the basis of the control experiments and literature

reports,4 a plausible mechanism can be proposed for the
present one-pot transformation leading to 2,3-disubstituted
benzofurans (Scheme 6). Initially, O-allylation of o-hydrox-
ycinnamate 4a with 4-bromocrotonate 5a takes place to
provide intermediate 1a, which can be in equilibrium with its
tautomer 1a′. In the presence of base, 1a/1a′ would provide
anionic intermediate I that can undergo intramolecular
vinylogous Michael (conjugate) addition to provide the 2,3-
dihydrobenzofuran intermediate II. The intermediate II would
then undergo two consecutive [1,3]-H shifts leading to
aromatization to furnish 2,3-disubstituted benzofuran product
3a.

Scheme 4. Synthesis of 2,3-Disubstituted Benzofuransa,b

aReaction conditions: 4 (0.5 mmol), 5 (0.75 mmol), K2CO3 (1.5
mmol), NMP (3 mL). bIsolated yields.

Figure 1. Kinetics of the reaction.

Scheme 5. Mechanistic Studies
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To demonstrate the practicality and scalability of the present
one-pot transformation, a model reaction of 4a and 5a was
performed on a multigram scale to afford 3a in high yields
(Scheme 7, eq 1). We have subjected the benzofuran derivative

3a to base-mediated ester hydrolysis to obtain benzofuran
bearing 1,7-dicarboxylic acid 7 in excellent yield (Scheme 7, eq
2). Seven-membered linear 1,7-dicarboxylic acids have been
established as key precursors in the biosynthesis of essential
compounds.10

In conclusion, an unprecedented intramolecular vinylogous
Michael addition−isomerization has been demonstrated. The
reaction of o-hydroxy-cinnamates/-cinnamonitrile/-chalcones
and γ-bromocrotonates provided 2,3-disubstituted benzofuran
derivatives. This one-pot transformation occurred via inter-
molecular O-allylation and intramolecular C−C bond for-
mation followed by isomerization. It was established that O-
allylated or O-vinylated intermediates can lead to the
formation of the title compounds via a vinylogous Michael
addition−isomerization cascade. Variously substituted benzo-
furan derivatives tethered with electron-withdrawing groups
have been synthesized in good to excellent yields. Efforts are
underway to develop and explore the applications of the
underexplored intramolecular vinylogous Michael addition for
the synthesis of biologically important and targeted hetero-
cyclic and carbocyclic compounds.
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Med. Chem. 2006, 41, 651. (e) Rao, M. L. N.; Awasthi, D. K.;
Banerjee, D. Tetrahedron Lett. 2007, 48, 431. (f) Shang, Y.; Wang, C.;
He, X.; Ju, K.; Zhang, M.; Yu, S.; Wu, J. Tetrahedron 2010, 66, 9629.
(g) Kumaraswamy, G.; Ramakrishna, G.; Raju, R.; Padmaja, M.
Tetrahedron 2010, 66, 9814. (h) Seo, Y. H.; Damodar, K.; Kim, J.-K.;
Jun, J.-G. Bioorg. Med. Chem. Lett. 2016, 26, 1521. (i) Kamboj, R. C.;
Sharma, G.; Jindal, P.; Arora, R.; Kumar, D.; Kumar, S.; Kumar, P.
Arabian J. Chem. 2017, 10, S3190. For vinylogous Rap−Stoermer
condensation, see: (j) Reddy, S.; Thadkapally, S.; Mamidyala, M.;
Nanubolu, J. B.; Menon, R. S. RSC Adv. 2015, 5, 8199.
(8) (a) Obulesu, O.; Murugesh, V.; Harish, B.; Suresh, S. J. Org.
Chem. 2018, 83, 6454. (b) Murugesh, V.; Bruneau, C.; Achard, M.;
Sahoo, A. R.; Sharma, G. V. M.; Suresh, S. Chem. Commun. 2017, 53,
10448. (c) Harish, B.; Subbireddy, M.; Suresh, S. Chem. Commun.
2017, 53, 3338. (d) Obulesu, O.; Babu, K. H.; Nanubolu, J. B.;
Suresh, S. J. Org. Chem. 2017, 82, 2926. (e) Murugesh, V.; Harish, B.;
Adiseshu, M.; Nanubolu, J. B.; Suresh, S. Adv. Synth. Catal. 2016, 358,
1309. (f) Obulesu, O.; Nanubolu, J. B.; Suresh, S. Org. Biomol. Chem.
2015, 13, 8232.

(9) Sunitha, K.; Balasubramanian, K. K. Tetrahedron 1987, 43, 3269.
(10) (a) Manandhar, M.; Cronan, J. E. Mol. Microbiol. 2017, 104,
595. (b) Cronan, J. E.; Lin, S. Curr. Opin. Chem. Biol. 2011, 15, 407.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b00414
Org. Lett. XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.orglett.9b00414

