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a b s t r a c t

On the example of menthofuran, a naturally abundant compound, it has been shown for the first time
that the furan ring can be readily cross-coupled with acylhaloacetylenes in the solid Al2O3 powder at
room temperature to afford the corresponding 2-ethynyl derivatives in up to 88% yield. The reaction
represents a ring closing/ring opening process that includes reversible formation of the intermediate
cycloadducts further producing acetylene derivatives with elimination of HHal.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

After the pioneering work,1,2 which showed that pyrroles are
cross-coupled with electrophilic acylhaloacetylenes under excep-
tionally mild conditions (room temperature) in the solid metal
oxides and salts media to give 2-acylethynylpyrroles, this meth-
odology has been developed into a general and efficient tool for the
synthesis of diverse alkyl-, aryl-, hetaryl-, cycloalkyl-2-
ethynylpyrroles, having acyl,3e5 trifluoroacyl,6,7 ester,8,9 alde-
hyde,10 phosphonate,11 ethynyl,12 and butadiynyl13 functions at the
triple bond.

The mechanism of this ethynylation was proved to involve the
addition-elimination sequence (Scheme 1), probably promoted by
the coordinately unsaturated center of the used metal oxides and
salts (electrophilic assistance) initiated by mechanoactivation
(grinding up the reactants). In some cases, intermediates of this
reaction, 2-(1-haloethenyl)pyrroles A, were isolated and under the
same conditions transformed to 2-ethynylpyrroles.1,2,5

The development of expedient synthesis of ethynylfurans rep-
resents a challenge for heterocyclic chemistry, because such motifs
are frequently met in bioactive molecules and natural products,14,15

for example, in inhibitors of mast cell b-triptase,16e18 SARS coro-
navirus main protease,19 leukocyte calcium uptake,20 lip-
oxygenase,21 and carlina oxide (a natural polyacetylene from
Carlina acaulis) with potent antitrypanosomal and antimicrobial
activities.22 They also are prospective building blocks for the syn-
thesis of more complex biomolecules due to the rich chemistry of
the triple bond and the furan ring, especially in their
combination.23e31

A logic development of previous ethynylation of pyrroles with
haloacetylenes1,2,12,13,32 might be translation of this methodology
to the furan compounds. In this line, just one short note that 2-(2-
furyl)pyrrole33 was capable of the ethynylating by haloacetylenes
was reported. It was mentioned inter alia that the cross-coupled
products with furan ethynylated moiety were isolated in small
yields (4e5%).
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2. Results and discussion

Here we report, on the example of natural abundant mentho-
furan (3,6-dimethyl-4,5,6,7-tetrahydrobenzofuran 1), first syn-
thetically appropriate results on the transition metal-free cross-
coupling of the furan ring with haloacetylenes 2a-g initiated by
their grinding with most common solid oxides and salts (10-fold
amount) without solvent and then allowing them to stand at
room temperature for 1e72 h. The reaction course (conversion of
reactants 1, 2 and the products ratio) was controlled by 1H NMR
spectra of the CDCl3 extracts from the reaction mixture.

Menthofuran was chosen as a furan representative, first, due to
its higher nucleophilicity (donor effect of the cyclohexane ring and
two methyl groups) compared to commonly available furan com-
pounds and, second, because menthofuran is a popular natural
product, which is contained in the peppermint and exercises a great
effect on the aroma of that oil.34 Also, it is the precursor of men-
thofurolactone and dehydromenthofurolactone, two compounds
whose sweet and persistent coumarinic odor is the hallmark of
premium-quality peppermint oils.35e37 This well-known fragrance
is also a potent hepatotoxin and is obtained from Mentha pulegium
L., a plant used in folk medicine as an abortifacient.37

A preliminary attempt to realize this reaction for furan and 2-
methylfuran has shown that only the corresponding cycloadducts
are formed instead of the expected ethynylated furans.38

We have started to study this reaction for benzoyl-
bromoacetylene 2a (as acylhaloacetylene representative) using
Al2O3 as a solid medium.

According to the experiments, after 1 h the reaction results in
formation of ethynylfuran 3a along with the pair of diastereomeric
cycloadducts of oxanorbornadiene structure 4a in 44:56 ratio
(Scheme 1). The reaction is strictly regioselective: the bromine
atom is neighboring the position 2 of the furan ring exclusively:
NOESY interaction between protons of CH2-5 group and H-ortho
protons of phenyl ring confirms C-4 location of benzoyl fragment.

After standing reaction mixture for 24 h, 48 h and 72 h the
content of ethynylfuran 3a increased to 64%, 80% and 88%, corre-
spondingly, while cycloadduct content was diminished. These re-
sults indicate that cycloadduct 4a converts to ethynylfuran 3awith
elimination of hydrogen bromide, i.e. the cycloadduct 4a is kinetic
intermediate of the ethynylation. As it was shown on the example
of cycloadduct 4a, such derivatives of menthofuran can be isolated
and handled under normal conditions.

We then turned our attention to other oxides and salts (SiO2,
NaCl, K2CO3 and K3PO4) as solid media to implement the same
reaction (Table 1).

In the SiO2 mediummenthofuranwas unstable and after 1 h the
reaction mixture consisted of mainly the starting acetylene 2a
(60%), content of ethynylfuran 3a and cycloadduct 4a being 26% and
13%, correspondingly. If NaCl was used as a solid medium, the main
product was cycloadduct 4a (54%). The other products were ethy-
nylfuran 3a (16%) and 3,3-bis(3,6-dimethyl-4,5,6,7-

tetrahydrobenzofuran-2-yl)-1-phenylprop-2-en-1-one (5) (19%)
(Scheme 2). Acetylene 2a was also present in the reaction mixture
(11%), while menthofuran was absent.

Contrary to the exceptions in the presence of more basic me-
dium (K2CO3, K3PO4) ethynylation was a minor process, while the
major one was cycloaddition (Table 1).

It is important to underline that, when neat reactants (1 and 2a)
without a solid medium are ground, neither ethynylfuran 3a nor
cycloadduct 4a are formed, while exothermic reaction take place
resulting in resin-like product. Upon dropwise addition of furan 1
to cooled (10 �C) acetylene 2a the obtained reaction mixture (room
temperature, 1 h) consisted of cycloadduct 4a and propenone 5 in
60:40 ratio, no ethynylfuran 3a being detected. Interestingly, under
these conditions (out of a solid medium) cycloadduct 4a was not
transformed to ethynylfuran 3a, whereas in CDCl3 it isomerized to
2-bromo-3-hydroxytetrahydronaphthalene 6a (Scheme 3).

Thus as indicated above, Al2O3 has proven to be a medium of
choice from the oxides and salts studied for the synthesis of ethynyl
derivatives of menthofuran 3a. Therefore, this oxide was used to
evaluate the influence of halogen atom in acylhaloacetylene on the
reaction course (Table 2).

Chlorobenzoylacetylene reacts with furan 1 to afford after 1 h
cycloadduct 4a as major product (3a: 4a ratio is the 36: 62), the
reactant conversion being complete. As anticipated, after 3 h, con-
tent of ethynylfuran 3a insignificantly increased and within 72 h
the only product was ethynylfuran 3a. The reaction of furan 1 with
iodobenzoylacetylene proceeds slower, after 3 h composition of the
reaction mixture being 1: 2a: 3a: 4a: 5¼ 9: 17: 28: 11. In 72 h
cycloadduct 4a disappears and the reaction mixture contains
ethynylfuran 3a along with propenone 5 in the ratio of 49: 18
(Table 2).

Thus, in contrast to cross-coupling of pyrroles with acylhaloa-
cetylenes in solid media, ethynylation of the furan moiety with
acylhaloacetylenes proceeds through [4 þ 2]-cycloaddition fol-
lowed by ring-opening with elimination of HHal. It is also in
keeping with quantitative conversion of isolated cycloadduct 4a,
upon its passing through SiO2 or Al2O3 column, into ethynylfuran
3a.

As further experiments have shown, this ethynylation is also
applicable for bromoacetylenes with formyl (2b), acetyl (2c), furoyl
(2d), and thenoyl (2e) groups at the triple bond, which react with

Scheme 1. Reaction of menthofuran 1 with benzoylbromoacetylene 2a in the Al2O3

medium.

Table 1
1H NMR spectroscopic monitoring of reaction menthofuran with benzoyl-
bromoacetylene in the different media.a

Solid medium Composition of the reaction mixture, %

2a 3a 4a 5

Al2O3 e 44 56 e

SiO2 60 26 13 1
NaCl 11 16 54 19
K2CO3 24 12 63 1
K3PO4 e 6 94 e

a Reaction conditions: menthofuran 1 (1mmol), benzoylbromoacetylene 2a
(1mmol), solid medium (ten-fold mass excess of the total mass of reagents), room
temperature, 1 h.

Scheme 2. Reaction of menthofuran 1with benzoylbromoacetylene 2a in the NaCl
medium.
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