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ABSTRACT

The research on alternative media for organic transformations remains a highly demanding topic. In this paper, we describe a

sustainable, microwave-enhanced approach to 2-substitued benzofurans starting from substituted o-alkynylanisoles. The method
involves the use of an acidic deep eutectic solvent that acts simultaneously as reaction medium and catalyst. The optimized
reaction conditions are quite mild (100°C) and the process is complete within 3 h. The reaction setup is simple and does not
require an inert atmosphere. Under these conditions, seventeen benzofurans were synthesized in yields of up to 90%. A plausible
reaction mechanism has been proposed and supported by headspace GC analyses. To evaluate the sustainability of the process

Sheldon’s simple environmental factor was also calculated.

1 | Introduction

The widespread industrial use of conventional organic solvents
poses a substantial threat to environmental health, contributing
significantly to the contamination of air, water, and soil. In recent
decades, considerable attention has been directed toward the
development of solvent-free organic transformations as a more
sustainable alternative [1-3]. Nevertheless, in many cases, the
presence of an appropriate reaction medium remains essential
to ensure high yields and selectivity. The solvent plays a complex
and crucial role in chemical processes: it facilitates the dissolu-
tion of reactants into discrete molecular entities, modulates
molecular electronic properties, enables efficient energy transfer
to atoms, and promotes fruitful molecular collisions with the
required energy. Additionally, in some cases the solvent can
be an active player in the transformation, serving either as a cat-
alyst or a reagent. In the last years, the research of alternative
environmentally benign solvents for organic synthesis has
become a primary and urgent focus within both academic
research and industrial practice [4, 5]. Within this context, deep

eutectic solvents [6] (DESs) have emerged as a modern class of
reaction media endowed with unique physicochemical properties
that make them particularly suitable for organic synthesis [7-9].
DESs are distinguished by several attributes that enhance their
sustainability, including low vapor pressure and melting points,
minimal flammability, high recyclability, low cost, ease of prep-
aration, strong biodegradability, and low toxicity [10, 11]. The
most common type of DESs can be readily prepared by combin-
ing two components in solvent-free conditions: one functioning
as a hydrogen-bond donor (HBD) and the other as a hydrogen-
bond acceptor (HBA). The interaction between these constituents
disrupts the formation of a regular crystalline lattice, resulting in
a significant depression of the melting point and the formation of
a stable eutectic mixture. Due to their particular features, DESs
exemplify a class of media that can act not only as benign polar
solvents but also as active reagents or catalysts, thereby broaden-
ing their functional utility in synthetic chemistry.

The benzofuran nucleus is the core structure of several molecular
entities exhibiting a broad spectrum of applications, ranging from
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bioactive compounds [12, 13] and polymers chemistry [14], to
materials for organic photovoltaics [15]. Moreover, a large num-
ber of natural products contain this heterocyclic nucleus, and
their total synthesis has been investigated in depth [16]. Both nat-
ural and synthetic compounds containing benzofuran moieties
exhibit a wide range of pharmacological activities, including anti-
microbial [17-19], antitumor [20-22], anti-inflammatory [23, 24],
antiparasitic [25], antidiabetic [26], antitubercular [27, 28], anti-
fungal [29], anthelmintic [30], and anti-Alzheimer effects
[31, 32].

Naturally occurring organic compounds containing benzofuran
heterocycles are widely distributed in plants such as those from
Rutaceae, Liliaceae, and Cyperaceae families, although most of
them are extracted from species belonging to the Moraceae
[33] and Asteraceae [34] families. Some furocoumarins [35] such
as angelicin, psoralen, and their derivatives, are of particular
interest for their activity against dermal diseases (e.g. psoriasis).
In contrast, coumestrol [36], isolated from forage crops, displays
notable estrogenic activity. Amiodarone, alianthoidol, and bufur-
alol are probably the most recognized nonpolycyclic biologically
active benzofurans. Amiodarone, developed by the Labaz group
in Belgium in 1960, is a highly effective antiarrhythmic agent
able to block myocardial potassium channels and inhibit adren-
ergic receptors [37]. Ailanthoidol [38, 39], is a neolignan charac-
terized by a 2-arylbenzofuran skeleton. It displays different
biological activities such as antitumor, antiviral, immunosup-
pressive, antioxidant, and antifungal properties. Bufuralol
[40, 41] is a nonselective p-blocker, very effective in lowering
blood pressure and heart rate. Finally, Fruquintinib [42] is a
novel tyrosine kinase inhibitor produced by Hutchison
Medipharma (Takeda) approved in 2023 by FDA for the treat-
ment of colorectal cancer. It is probably the most recent approved
small molecule drug containing a benzofuran moiety (Figure 1).
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FIGURE1 | Examples of biologically relevant molecules with a ben-
zofuran core.

The traditional intermolecular approach to benzofurans, namely
the reaction of o-carbonylphenols with a-haloketones, has long
been established, and numerous strategies have since been devel-
oped. In addition to these classic methods, recent reviews high-
light significant advances [43] and catalytic strategies [44]
including palladium- [45], gold-, and silver-catalyzed [46] routes,
as well as multicomponent reactions [47]. Of particular interest
are metal-free approaches to 3-unsubstituted benzofurans, typi-
cally involving the intramolecular cyclization of o-alkynylphenol
derivatives (Scheme 1).

In 1963, Castro and Stephens, while studying the coupling of aryl
iodides with cuprous acetylides, observed a pyridine-promoted
cascade cyclization to benzofurans when o-iodophenols were
used as substrates [48-50]. In 1985, Buckle reported the first ther-
mal base-promoted cyclization of o-alkynylanisoles in 2,4,6-
trimethylpyridine (TMP) with lithium iodide [51], later applied
in 1994 to the total synthesis of dehydrotremetone [52]. Other
base-promoted methods include KOH in EtOH [53] (from o-alky-
nylphenol tosylates), -BuOK in NMP [54] (from o-alkynylphenol
acetates), K,CO; in H,O [55] and CsCO5 in MeCN [56] (from o-
alkynylphenols). A reaction in the presence of an alkaline ionic
liquid ([bmIm]OH) has been also reported [57]. Acid-promoted
cyclizations have less precedents: in 2009, Alami achieved the
cyclization of o-alkynylanisoles with p-TSA in ethanol under
microwave heating [58, 59], while a similar method using HCl
in EtOH from MOM-protected o-alkynylphenols enabled the syn-
thesis of furan-annelated BINOL derivatives [60].
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SCHEME 1 | Literature strategies for metal-free approaches to 3-
unsubstituted benzofurans by intramolecular cyclization of o-alkynylphe-
nols derivatives.
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Metal-promoted cyclizations have likewise expanded this
synthetic repertoire. In 1996, Arcadi and Cacchi [61] reported
the palladium-catalyzed coupling of o-ethynylphenols with unsat-
urated halides or triflates, followed by in situ cyclization, to yield 2-
vinyl- and 2-arylbenzofurans. Hsung and coworkers developed a
Rh(I)-catalyzed demethylation-cyclization sequence for direct
conversion of o-anisole-substituted ynamides into benzofurans
[62]. Fiirstner and Davis employed PtCl, for o-alkynylphenol cycli-
zation [63], while more recently, a gold(I)>NHC complex was
reported to catalyze the cyclization of tetrahydropyranyl ethers
of 2-alkynylphenols to benzofurans [64]. Other metal promoted
approaches starting from alkynylphenols have employed ZnCl,
[65, 66], Rh[BINAP] [67], Inl; [68], and CuCl [69].

Over the years, our research group has devoted considerable
efforts to the design and development of alternative, more sus-
tainable methodologies for the synthesis of heterocycles and
organic scaffolds. In line with this commitment, we have focused
our investigations on the use of environmentally benign solvents
and reagents and effective energy sources [70-73]. In particular,
in some recent studies, we have disclosed innovative approaches
combining DESs with microwave (MW) irradiation for the prep-
aration of isocoumarins [70], propargylamines [71], biindoles
[72], and arylketones [73]. The key strategy of these methodolo-
gies is the replacement of conventional LA/BA catalysts with our
acidic DESs [74-77] developed over the past few years, capable of
playing multiple roles as solvents, catalysts, and even reagent.

During our investigation into the regioselective synthesis of
ketones starting from terminal and internal alkynes, we observed
that the hydration of arylalkyne bearing an ortho-methoxy group
afforded the corresponding benzofuran as main product [73].
Prompted by this serendipitous finding, we sought to develop
a more sustainable and selective strategy to 3-unsubstituted ben-
zofurans employing of our acidic DESs (Figure 2) as active and
recyclable solvent/catalyst systems. Owing to their high polarity,
DESs are well suited for dielectric heating; therefore, to further
improve reaction efficiency, we adopted microwave irradiation as
the preferred energy source. To date, the only reported synthesis
of benzofurans in a DES (choline chloride/ethylene glycol) is a

Cul-catalyzed multicomponent reaction from o-hydroxybenzal-
dehydes, secondary amines, and arylacetylenes, described by
Abtahi and Tavakol in 2021 [78]. To the best of our knowledge,
the present work constitutes the first example of benzofuran syn-
thesis in DES via cyclization of o-alkynylanisoles. Herein, we
report our results.

2 | Results and Discussion

We selected the 1-methoxy-2-(p-tolylethynyl)benzene (1a) as a
model substrate to optimize the reaction conditions (Table 1).
Initial experiments were carried out under conventional heating
at 90°C, a temperature well tolerated by our DESs, and capable of
reducing the viscosity of some of them (i.e., CSA/CAM, PTSA/
CAM, PTSA/OAM, PTSA/CAT, PTSA/BAM).

As noted in our previous study [73] the use of the double-acidic,
three-component DES GA/CSA/H,0 afforded a mixture of the
desired benzofuran 2a and a not negligible amount of the alkyne
hydration product (Table 1, entry 1). A similar result was obtained
with the other double acidic three-component DES reported ear-
lier, albeit in a shorter reaction time (Table 1, entry 2). To suppress
the formation of the hydration by-product, we tested other acidic
two-component DESs lacking water (Table 1, entries 3-6). GA-
and PAA-based DESs proved unsuitable for this purpose
(Table 1, entries 3 and 4), whereas the system CSA/CAM delivered
the desired product in 64% yield (Table 1, entry 5). Retaining the
same hydrogen bond acceptor (CAM) but replacing CSA with the
stronger acidic component PTSA allowed us to obtain benzofuran
2a in a satisfactory 90% yields (Table 1, entry 6). Variations of the
hydrogen bond acceptor component did not lead to further
improvement (Table 1, entries 7-9). Finally, to shorten the reac-
tion time, we switched to dielectric heating (Table 1, entries 10 and
11) at 100°C, achieving complete conversion and high yield within
3h (Table 1, entry 11). It is worth noting that, starting from the
phenolic analog of anisole 1a, under the same reaction conditions,
the reaction proved to be dirtier and the desired benzofuran 2a
was obtained in 62% yield, alongside the hydration by-product
1-(2-hydroxyphenyl)-2-(p-tolyl)ethan-1-one (26%).

[ DES components]
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FIGURE 2 | Components of the DESs tested in this study.
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TABLE 1 | Screening of best reaction condition for cyclization o-alkynylanisoles in acidic DESs.

DES O A O
Energy source o
Tt
2a

Entry” DES t, h Energy source T, °C 2 Yield%"
1 GA/CSA/H,0 1.5° 0Oil bath 90 621
2 GA/PTSA/H,0 6° 0il bath 90 58°
3 GA/TMG 24 0il bath 90 NR
4 PAA/NMMO 24 0il bath 90 NR
5 CSA/CAM 24° 0il bath 90 64
6 PTSA/CAM 24° 0il bath 90 90
7 PTSA/OAM 24° 0il bath 90 78
8 PTSA/CAT 24° 0il bath 90 72
9 PTSA/BAM 24° 0il bath 90 86
10 PTSA/CAM 2 MW 100 56
11 PTSA/CAM 3 MW 100 90

“Reaction conditions: sealed vials, 0.4 mmol (1a), 0.5 mL DES.

®Yields referred to pure isolated products.

“Reactions interrupted after complete consumption of starting material detected by TLC analysis.
“Beside 21% of the corresponding hydration product 1-(2-methoxyphenyl)-2-(p-tolyl)ethan-1-one.
“Beside 18% of the corresponding hydration product 1-(2-methoxyphenyl)-2-(p-tolyl)ethan-1-one.

"Beside 33% of unreacted starting material 1a.

With the optimized reaction conditions in hands, we next
explored the scope and limitations of the cyclization process.

We first focused on the influence of electronic effects on the
anisole ring by introducing both electron-donating (ED) and
electron-withdrawing (EW) substituents at positions 4 and 5

of a significant mesomeric effect at the meta position, where only
a weak inductive EW influence is operative. Notably, the reaction
of substrate 1k, bearing a p-dimethylamino group, afforded the
desired product 2k in good yield, despite the acidic reaction

(Scheme 2). The substrate bearing the strongly mesomeric ED
methoxy group (1b) delivered the desired product in excellent R
yield (88%). Strongly inductive EW substituents, such as fluorine R PTSA/CAM |\ N\
(1c and 1d) and trifluoromethyl (1e and 1f), were also well- 100 °C, MW, 3h Z~0
tolerated too, affording the cyclized products in good to excellent o~
yields (82%-89%). 1ad 20
These results clearly indicate that the electronic nature of the ani-
sole moiety exerts only a marginal effect on the efficiency of the \
transformation, demonstrating the broad tolerance of our proto- A o N
col toward electronically diverse substrates.
Afterwards, we studied the reactivity of o-alkynylanisoles differ- 2a, 90% 2b, 88%
ently substituted at alkynyl terminus with aryl, naphthyl, heter-
oaryl, and alkyl groups. All substitution patterns on the aryl .
moiety were investigated in the presence of both ED and EW sub- N\ O N\ O
stituents (Scheme 3). At the alkyne terminus the electronic F
nature of the substituent emerged as a crucial determinant of 2¢ 80% 2d. 89%
) ] o

the reaction efficiency. Alkynes bearing a phenyl ring substituted
with ED groups generally afforded good results (2g—j), whereas
EW substituents resulted in lower yields (21-n), regardless of the F3C
substituent position; in these cases, a large amount of unreacted O
starting materials 11-n were recovered (39% 11, 68% 1m, and 57% FsC ° ©

2e, 88% 2f, 86%

1n). The methoxy substitution in the meta position did not afford
product 2j in the same high yield observed for the para-substi-
tuted analog 2i. This outcome can be rationalized by the absence

SCHEME2 | Scope and limitations of the approach: modifications on
the anisole ring.
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SCHEME 3 | Scope and limitations of the approach: modifications on

the alkyne terminus.

SCHEME 4 | Suggested reaction mechanism.

conditions, which could protonate the amino group and thereby
shift its electronic nature from ED to EW. We also explored the
reaction of o-alkynylanisoles bearing polycyclic and heteroaro-
matic rings of different nature at the alkyne terminus. 2-
Naphtylalkynyl anisole 1o afforded the benzofuran 20 in very
good yield (88%). A similar result was obtained in the presence
of an electron-rich heterocycle: 2-(thiophen-3-yl)benzofuran (2p)
was obtained in very good yields. Conversely, electron-poor het-
erocycles completely suppressed the reaction (2q and 2r), and
most of the starting material was recovered unchanged. A similar
behavior has been observed starting from ethyl 4-((2-methoxy-
phenyl)ethynyl)benzoate 1u; in this case, no formation of the
benzofuran 2u derivative was observed, and the main product
was the corresponding 4-((2-methoxyphenyl)ethynyl)benzoic
acid arising from the direct hydrolysis of the ester group.
Finally, aliphatic substitution at the alkyne terminus seems to
be incompatible, as the reaction of alkyl alkynylanisoles 1s
and 1t failed (2t) or afforded the desired product in very low yield
(2s). In both cases, the major products of the reaction were the
corresponding ketones arising from the hydration of the triple
bond (around 35% yields in both cases).

Overall, these findings indicate that the reactions proceed more
efficiently when the electronic density of the triple bond is
enhanced by conjugated ED groups at the alkyne terminus.
Steric effects appear to be of minor importance, whereas aliphatic
substituents at the alkyne terminus significantly impair the reac-
tion efficiency, leading to a predominant competitive hydration
of the alkyne.

Finally, taking into account both our results and previous litera-
ture reports [58, 59, 79], we propose a plausible mechanism for
this transformation (Scheme 4). A free proton, derived from the
acidic DES and acting as a m-electrophile, activates the triple
bond. Coordination of the proton to the alkyne generates a “pro-
tonium ion’ intermediate (I), which subsequently undergoes an
intramolecular nucleophilic attack by the oxygen atom of the
methoxy group, affording an oxonium ion intermediate (II).
At this stage, a water molecule displaces the methyl group, lead-
ing to the formation of the final product (2) together with pro-
tonated methanol in equilibrium with its free form.

To obtain the desired product, nucleophilic addition of the
methoxy group must occur at the distal activated Csp carbon
of intermediate (I), affording the corresponding oxygen-contain-
ing five-membered-ring (II). Consequently, any factor that stabil-
izes the carbocationic character of the distal Csp carbon
promotes the 5-endo-dig cyclization step [80]. Accordingly, 2-
alkynyl anisoles bearing an electron-rich aryl substituent at
the alkynyl terminus generally afforded better results.
Conversely, when the proximal Csp carbon exhibits the more

I (‘CHS 2 -H+l H*
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stabilized carbocationic character, the hydration pathway
becomes competitive, since—according to Baldwin’s rules [81]
—the 4-exo-dig cyclization is disfavored or at least borderline/
problematic [82]. Finally, strongly electron-withdrawing aro-
matic substituents on the distal Csp carbon significantly deacti-
vate the triple bond, resulting in the recovery of significant
amount of unreacted starting material.

To support the proposed mechanism, two headspace gas chroma-
tography (HS-GC) experiments were carried out (see ESI for
details). The experiments were performed in sealed microwave
vials under the previously optimized conditions. In the first vial
(control), only the DES (0.5 mL) was heated at 100°C for 3 h. In
the second vial (sample), the reaction was carried out in the pres-
ence of the DES (0.5 mL) and o-alkynylanisole 1a (0.4 mmol). By
comparison with a MeOH standard, methanol was detected, as
expected, exclusively in the headspace of the second vial, thus
confirming its formation under the reaction conditions.

This mechanism may also account for the different efficiencies
observed when using different DESs. The best results were
obtained with PTSA/CAM, a two-component DES in which
the acidic HBD is present as a monohydrate. The presence of
water within the crystalline form of PTSA facilitates the forma-
tion of protonated methanol, thereby promoting the demethyla-
tion step. However, during the optimization of the reaction
conditions, the transformation was also performed in CSA/
CAM, affording the desired benzofuran in 68% yield, even though
the acidic component is not hydrated. This outcome can be
attributed to the presence of adventitious water, which is typi-
cally found in DESs due to the non-anhydrous nature of the start-
ing materials and their preparation process, as well as to the
hygroscopic character of both the mixtures and their components
[72]. The critical role of water could also explain the faster reac-
tion times observed when using a three-component DES, such as
GA/CSA/H,0, in which water is an integral component of the
medium. However, at such high-water content, mass effects
become significant, and the direct hydration of the alkyne to
the corresponding ketone becomes competitive, resulting in
lower benzofuran yields.

Finally, the reusability of the reaction medium and the scalability
of the process were evaluated. The cyclization of 1a was per-
formed on a fivefold scale (2mmol) in 5mL of PTSA/CAM
DES under standard reaction conditions. After each reaction
cycle, 20 mL of deionized water was added to the reaction mix-
ture, inducing the precipitation of product 2a. The aqueous
phase, containing the dissolved DES components, was then evap-
orated under reduced pressure to restore the initial DES volume.
Using this protocol, the eutectic mixture could be reused for up to
six consecutive cycles with only a moderate decrease in yield
(Figure 3).

To assess the sustainability of the process we calculated
Sheldon’s environmental factor [83, 84] (see ESI for details).

In particular, the simple Environmental-factor (SEF

__ X Raw materials + X Reagents — Product:
= Product ) was selected as the reference

green metric, as it is particularly suitable for early-phase studies
[85, 86].

The calculated sEF for the single-run synthesis of 2-(p-tolyl)ben-
zofuran (2a) is 14.78, in line with typical values for fine chemical
production [83, 84], whereas under recycling conditions (6 runs)
the sEF drop to 3.12, a value particularly encouraging.

Recycle trial

100 393
90 86 87 86 89 -
80 3
70 3
& 60 3
2 50 ]
Q ]
S 40 ]
30 §
20 §
10 §
o o - —— — — - -
1 2 3 4 5 6

Cycle H2a

FIGURE 3 | Recycling studies on the synthesis of 2-(p-tolyl)benzo-
furan (2a).

3 | Conclusion

In conclusion, we have developed a novel and sustainable strat-
egy for the regiospecific 5-endo-dig cyclization of substituted o-
alkynylanisoles, affording the corresponding 2-substituted ben-
zofurans with high efficiency. The key innovation of this meth-
odology lies in the use of an original acidic DES, which serve a
double function - as reaction medium and catalyst. This multiple
role significantly contributes to the atom economy and opera-
tional simplicity of the process. The reaction setup is straightfor-
ward, operates under relatively mild conditions without the need
for inert atmosphere or anhydrous conditions, and is compatible
with both conventional and dielectric heating. Using this
method, a library of seventeen differently 2-substituted benzofur-
ans were prepared in yields up to 90%. Compared to the previ-
ously described related PTSA-mediated approach [58, 59] our
study provides a more comprehensive analysis. We carried out
an in-depth investigation into the impact of various substituents
on the anisole ring, as well as the influence of EWGs on the arene
at the alkyne terminus—both of which have not been explored
before. Moreover, our strategy offers several advantages, includ-
ing enhanced selectivity, broad substitution tolerance, lower
reaction temperature (100 vs 130/160°C), recyclability of the
active medium, an attractive sEF, and, importantly, the use of
a novel sustainable medium that functions simultaneously as sol-
vent, reagent, and catalyst.

4 | Experimental

4.1 | General Procedure for the Synthesis of
Substituted Benzofurans 2a-t

In a microwave test tube, the appropriate ethynylanisole 1a-t
(0.2 mmol) was added to PTSA/CAM DES (0.5 mL). The stirred
mixture was heated at 100°C under microwave irradiation for
3 h. Then, water (15 mL) was added to the mixture and extracted
with ethyl acetate (3 X 15 mL). The organic layers were reunited,
dried over anhydrous sodium sulfate, filtered and evaporated
under reduced pressure. The crude material was purified by flash
column chromatography over silica gel to yield the correspond-
ing 2-substituted benzofuran 2a-t.

6 of 9

European Journal of Organic Chemistry, 2026

85UB017 SUOWIWIOD SAeaID 3|(deoldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUORIPUOD-PUe-SWLBYWI00 A8 1M ARe.q 1 |pul [Uo//Sdny) SUOIIPUOD Pue SULB | 8L 88S " [9202/70/T2] Uo AriqiTaul|uo 8|1 ‘oue|iN I eIseAlIN AQ €970/ 008/200T 0T/I0p/Wo A8 im Are.q i jpul|uoado.ne-Ansiwey//:sdny wouy pepeojumoa ‘0 ‘0690660T



Acknowledgments

The authors would like to thank Prof. Gabriella Roda and Mr. Sebastiano
Arnoldi (LABACT - Laboratorio di Analisi Chimico Tossicologica) for
HS-GC analyses.

Open access publishing facilitated by Universita degli Studi di Milano, as
part of the Wiley - CRUI-CARE agreement.

Funding

This study was supported by Regione Lombardia (6154644) -
“Collabora&Innova” - GREEN-TECH - (“Applicazione di tecnologie
innovative a basso impatto ambientale per lo sviluppo e I'ottimizzazione
di processi chimici sostenibili”).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that supports the findings of this study are available in the sup-
plementary material of this article.

References

1. A. Younis and A. O. Said, “Solvent-Free Organic Reaction Techniques
as an Approach for Green Chemistry,” Journal of the Turkish Chemical
Society Section A: Chemistry 10 (2023): 549.

2. C. G. Avila-Ortiz and E. Juaristi, “Novel Methodologies for Chemical
Activation in Organic Synthesis under Solvent-Free Reaction
Conditions,” Molecules 25 (2020): 3579.

3. A. Sarkar, S. Santra, S. K. Kundu, et al., “A Decade Update on Solvent
and Catalyst-Free Neat Organic Reactions: A Step Forward towards
Sustainability’,” Green Chemistry 18 (2016): 4475.

4. C.J. Clarke, W.-C. Tu, O. Levers, A. Brohl, and J. P. Hallett, “Green and
Sustainable Solvents in Chemical Processes,” Chemical Reviews 118
(2018): 747.

5. P. Pollet, E. A. Davey, E. E. Urefa-Benavides, C. A. Eckert, and
C. L. Liotta, “Solvents for sustainable chemical processes,” Green
Chemistry 16 (2014): 1034-1055.

6. E. L. Smith, A. P. Abbott, and K. S. Ryder, “Deep Eutectic Solvents
(DESs) and Their Applications,” Chemical Reviews 114 (2014): 11060.

7. S. Handy, “Deep Eutectic Solvents in Organic Synthesis,” in Ionic
Liquids (IntechOpen, 2015), https://doi.org/10.5772/59254.

8. D. A. Alonso, A. Baeza, R. Chinchilla, G. Guillena, I. M. Pastor, and
D. J. Ramon, “Deep Eutectic Solvents: The Organic Reaction Medium of
the Century,” European Journal of Organic Chemistry. (2016): 612.

9. P. Liu, J.-W. Hao, L.-P. Moa, and Z.-H. Zhang, “Recent Advances in the
Application of Deep Eutectic Solvents as Sustainable Media as Well as
Catalysts in Organic Reactions,” RSC Advances 5 (2015): 48675.

10. M. Francisco, A. van den Bruinhorst, and M. C. Kroon, “Low-
Transition-Temperature Mixtures (LTTMs): A New Generation of
Designer Solvents,” Angewandte Chemie International Edition 52
(2013): 3074.

11. C. Ruf} and B. Ko6nig, “Low Melting Mixtures in Organic Synthesis-an
Alternative to Ionic Liquids?,” Green Chemistry 14 (2012): 2969, Q.
Zhang, K. D. O. Vigier, S. Royer and F. Jérome, Chemical Society
Reviews 41 (2012): 7108.

12.Y.-h. Miao, Y.-h. Hu, J. Yang, T. Liu, J. Sun, and X.-j. Wang, “Natural
Source, Bioactivity and Synthesis of Benzofuran Derivatives,” RSC
Advances 9 (2019): 27510.

13. H. Khanam and Shamsuzzaman, “Bioactive Benzofuran Derivatives:
A Review,” European Journal of Medicinal Chemistry 97 (2015): 483.

14. B. Pourabas and A. Banihashemi, “Polymers with Benzofuro-benzo-
furan Structures,” Polymer International 51 (2002): 1086.

15. B. Zheng and L. Huo, “Recent Advances of Furan and Its Derivatives
Based Semiconductor Materials for Organic Photovoltaics,” Small
Methods 5 (2021): 2100493.

16. M. M. Heravi, V. Zadsirjan, H. Hamidi, and P. Hajiabbas Tabar Amiri,
“Total Synthesis of Natural Products Containing Benzofuran Rings,” RSC
Advances 7 (2017): 24470.

17. M. Koca, S. Servi, C. Kirilmis, et al., “Synthesis and Antimicrobial
Activity of Some Novel Derivatives of Benzofuran: part 1. Synthesis
and  Antimicrobial  Activity of (benzofuran-2-Y1)(3-Phenyl-3-
Methylcyclobutyl) Ketoxime Derivatives,” European Journal of
Medicinal Chemistry 40 (2005): 1351.

18. C. Kirilmis, M. Ahmedzade, S. Servi, M. Koca, A. Kizirgil, and
C. Kazaz, “Synthesis and Antimicrobial Activity of Some Novel
Derivatives of Benzofuran: Part 2. The Synthesis and Antimicrobial
Activity of Some Novel 1-(1-Benzofuran-2-Yl)-2-Mesitylethanone
Derivatives,” European Journal of Medicinal Chemistry 43 (2008): 300.

19. S. Saeed, A. F. Zahoor, S. Kamal, Z. Raza, and M. A. Bhat, “Unfolding the
Antibacterial Activity and Acetylcholinesterase Inhibition Potential of
Benzofuran-Triazole Hybrids: Synthesis, Antibacterial, Acetylcholinesterase
Inhibition, and Molecular Docking Studies,” Molecules 28 (2023): 6007.

20. X. L. Xu, Y. R. Yang, X. F. Mo, J. L. Wei, X. J. Zhang, and Q. D. You,
“Design, Synthesis, and Evaluation of Benzofuran Derivatives as Novel
Anti-Pancreatic Carcinoma Agents via Interfering the Hypoxia
Environment by Targeting HIF-la Pathway,” European Journal of
Medicinal Chemistry 137 (2017): 45.

21. F. Xie, H. Zhu, H. Zhang, et al., “In vitro and in vivo Characterization
of a Benzofuran Derivative, a Potential Anticancer Agent, as a Novel
Aurora B Kinase Inhibitor,” European Journal of Medicinal Chemistry
89 (2015): 310.

22. H. Chen, X. Zeng, C. Gao, et al., “A New Arylbenzofuran Derivative
Functions as an Anti-Tumour Agent by Inducing DNA Damage and
Inhibiting PARP Activity,” Scientific Reports 5 (2015): 10893.

23. Y.-S. Xie, D. Kumar, V. D. V. Bodduri, et al., “Microwave-Assisted
Parallel Synthesis of Benzofuran-2-Carboxamide Derivatives Bearing
Anti-Inflammatory, Analgesic and Antipyretic Agents,” Tetrahedron
Letters 55 (2014): 2796.

24. H. Zelova, Z. Handkova, Z. Cermakova, et al., “Evaluation of Anti-
Inflammatory Activity of Prenylated Substances Isolated from Morus
Alba and Morus Nigra,” Journal of Natural Products 77 (2014): 1297.

25. M. Thevenin, S. Thoret, P. Grellier, and J. Dubois, “Synthesis of
Polysubstituted Benzofuran Derivatives as Novel Inhibitors of Parasitic
Growth,” Bioorganic and Medicinal Chemistry 21 (2013): 4885.

26. B. Cottineau, P. Toto, C. Marot, A. Pipaud, and J. Chenault, “Synthesis
and Hypoglycemic Evaluation of Substituted Pyrazole-4-Carboxylic
Acids,” Bioorganic and Medicinal Chemistry Letters 12 (2002): 2105.

27. K. Manna and J. K. Agrawal, “Design, Synthesis, and Antitubercular
Evaluation of Novel Series of 3-Benzofuran-5-Aryl-1-Pyrazolyl-
Pyridylmethanone and 3-Benzofuran-5-Aryl-1-Pyrazolylcarbonyl-4-Oxo-
Naphthyridin Analogs,” European Journal of Medicinal Chemistry 45
(2010): 3831.

28. V. N. Telvekar, A. Belubbi, V. K. Bairwa, and K. Satardekar, “Novel N’-
Benzylidene Benzofuran-3-Carbohydrazide Derivatives as Antitubercular
and Antifungal Agents,” Bioorganic and Medicinal Chemistry Letters 22
(2012): 2343.

29. Z. Liang, H. Xu, Y. Tian, M. Guo, X. Su, and C. Guo, “Design,
Synthesis and Antifungal Activity of Novel Benzofuran-Triazole
Hybrids,” Molecules 21 (2016): 732.

European Journal of Organic Chemistry, 2026

7 of 9

85UB017 SUOWIWIOD SAeaID 3|(deoldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUORIPUOD-PUe-SWLBYWI00 A8 1M ARe.q 1 |pul [Uo//Sdny) SUOIIPUOD Pue SULB | 8L 88S " [9202/70/T2] Uo AriqiTaul|uo 8|1 ‘oue|iN I eIseAlIN AQ €970/ 008/200T 0T/I0p/Wo A8 im Are.q i jpul|uoado.ne-Ansiwey//:sdny wouy pepeojumoa ‘0 ‘0690660T


https://doi.org/10.5772/59254

30. R. Kenchappa, Y. D. Bodke, S. Telkar, and M. A. Sindhe, “Antifungal
and Anthelmintic Activity of Novel Benzofuran Derivatives Containing
Thiazolo Benzimidazole Nucleus: an In Vitro Evaluation,” Journal of
Chemical Biology 10 (2017): 1.

31. J. R. Cabrera-Pardo, J. Fuentealba, J. Gavilan, D. Cajas, J. Becerra, and
M. Napiorkowska, “Exploring the Multi-Target Neuroprotective Chemical
Space of Benzofuran Scaffolds: A New Strategy in Drug Development for
Alzheimer’s Disease,” Frontiers in Pharmacology 10 (2020): 1679.

32. A. Hiremathad, K. Chand, and R. S. Keri, “Development of
Coumarin-benzofuran Hybrids as Versatile Multitargeted Compounds
for the Treatment of Alzheimer’s Disease,” Chemical Biology and Drug
Design 92 (2018): 1497.

33. R. Naik, D. S. Harmalkar, X. Xu, K. Jang, and K. Lee, “Bioactive
Benzofuran Derivatives: Moracins A-Z in Medicinal Chemistry,”
European Journal of Medicinal Chemistry 90 (2015): 379.

34. P. Proksch and E. Rodriguez, “Chromenes and Benzofurans of the
Asteraceae, Their Chemistry and Biological Significance,”
Phytochemistry 22 (1983): 2335.

35. L. Santana, E. Uriarte, F. Roleira, and N. Milhazes, “Furocoumarins in
Medicinal Chemistry. Synthesis, Natural Occurrence and Biological
Activity,” Current Medicinal Chemistry 11 (2004): 3239.

36. E. M. Bickoff, A. N.Booth, R. L. Lyman, A. L. Livingston,
C. R. Thompson, and F. Deeds, “Coumestrol, a New Estrogen Isolated
from Forage Crops,” Science 126 (1957): 969.

37. R. Charlier, G. Deltour, R. Tondeur, and F. Binon, “’Studies in the
Benzofuran<br>series. VII. Preliminary Pharmacological Study of 2-Butyl-
3-(3,5-<br>diiodo-4-Beta-N-Diethylaminoethoxybenzoyl)-Benzofuran,”
Archives Internationales De Pharmacodynamie Et De Therapie 139
(1962): 264.

38. W.S. Sheen, I. L. Tsai, C. M. Teng, and I. S. Chen, “Nor-Neolignan and
Phenyl Propanoid from Zanthoxylum Ailanthoides,” Phytochemistry 36
(1994): 213.

39. R. W. Bates and T. Rama-Devi, “Synthesis of Ailanthoidol, a
Benzofuran Natural Product,” Synlett (1995): 1151.

40. G. A. Fothergill, J. M. Osbond, and J. C. Wickens, “Studies in the ben-
zofuran series.VIL. Preliminary pharmacological study of 2-butyl-3-(3,5-
diiodo-4-beta-Ndiethylaminoethoxybenzoyl)-benzofuran,” Arzneimittel-
Forschung 27 (1977): 978.

41. T. C. Hamilton and M. W. Parkes, “Bufuralol, a New f-Adrenoceptor
Blocking Agent in a Series of Benzofuran-2-Ethanolamines,”
Arzneimittel-Forschung 27 (1977): 1410,

42. W. Su, W. Zhang, X. Yan, Y. Cui, Y. Ren, and J. Duan, CN.
101575333B (2008).

43. D. Dwarakanath and S. L. Gaonkar, “Advances in Synthetic Strategies
and Medicinal Importance of Benzofurans: A Review,” Asian Journal of
Organic Chemistry 11 (2022): €202200282.

44. A. Mushtaq, A. Fawad Zahoor, S. Ahmad, et al., “A Comprehensive
Review on Benzofuran Synthesis Featuring Innovative and Catalytic
Strategies,” ACS Omega 9 (2024): 20728.

45. S. Agasti, A. Dey, and D. Maiti, “Palladium-Catalyzed Benzofuran and
Indole Synthesis by Multiple C-H Functionalizations,” Chemical
Communications 53 (2017): 6544.

46. A. Blanc, V. Bénéteau, J.-M. Weibel, and P. Pale, “Silver & Gold-
Catalyzed Routes to Furans and Benzofurans,” Organic and
Biomolecular Chemistry 14 (2016): 9184.

47. X. Shen, G. Hong, and L. Wang, “Recent Advances in Green Multi-
Component Reactions for Heterocyclic Compound Construction,”
Organic and Biomolecular Chemistry 23 (2025): 2059.

48. C. E. Castro and R. D. Stephens, Journal of Organic Chemistry 28
(1963): 2163.

49. R. D. Stephens and C. E. Castro, “The Substitution of Aryl Iodides
with Cuprous Acetylides. A Synthesis of Tolanes and Heterocyclics ',”

Journal of Organic Chemistry 28 (1963): 3313.

50. C. E. Castro, E. J. Gaughan, and D. C. Owsley, “Indoles, Benzofurans,
Phthalides, and Tolanes via Copper(I) Acetylides,” Journal of Organic
Chemistry 31 (1966): 4071.

51.D. R. Buckle and C. J. M. Rockell, “A Versatile Two-Stage Synthesis of
2-Substituted Benzo[b|furans from (2-Methoxyphenyl)ethynes,” Journal
of the Chemical Society, Perkin Transactions 1 (1985): 2443.

52.K. Hiroya, K. Hashimura, and K. Ogasawara, “An Alternative Route to
a Benzofuran Natural Product Dehydrotremetone,” Heterocycles 38
(1994): 2463.

53. A. Sogawa, M. Tsukayama, H. Nozaki, and M. Nakayama, “A Short
Synthetic Route to Benzofurans. Syntheses of Naturally Occurring
Euparin and Related Compounds,” Heterocycles 43 (1996): 101.

54. W.-M. Dai and K. W. Lai, “Chemistry of Aminophenols. Part 3: First
Synthesis of Nitrobenzo[b]furans via a Coupling-cyclization Approach,”
Tetrahedron Letters 43 (2002): 9377.

55. S.-X. Sun, J.-J. Wang, Z.-J. Xu, L.-Y. Cao, Z.-F. Shi, and H.-L. Zhang,
“Highly Efficient Heterogeneous Synthesis of Benzofurans under
Aqueous Condition,” Tetrahedron 70 (2014): 3798.

56. Y. Liu, T. Lu, W.-F. Tang, and J. Gao, “Transition-Metal-Free Base
Catalyzed Intramolecular Cyclization of 2-Ynylphenols for Efficient
and Facile Synthesis of 2-Substituted Benzo[ b]furans,” RSC Advances
8 (2018): 28637.

57. I R. Siddiqui, M. A. Waseem, S. Shamim, A. Srivastava Shireen, and
A. Srivastava, “Recyclable [bmIm]OH Promoted One-Pot Heterocyclization:
Synthesis of Substituted Benzofurans,” Tetrahedron Letters 54 (2013): 4154.

58. M. Jacubert, A. Hamze, O. Provot, J.-F. Peyrat, J.-D. Brion, and
M. Alami, “P-Toluenesulfonic Acid-Mediated Cyclization of o-(1-
Alkynyl)anisoles or Thioanisoles: Synthesis of 2-Arylsubstituted
Benzofurans and Benzothiophenes,” Tetrahedron Letters 50 (2009): 3588.

59. M. Jacubert, O. Provot, J.-F. Peyrat, A. Hamze, J.-D. Brion, and M. Alami,
“P-Toluenesulfonic ~ Acid-Promoted  Selective = Functionalization of
Unsymmetrical Arylalkynes: A Regioselective Access to Various
Arylketones and Heterocycles,” Tetrahedron 66 (2010): 3775.

60. F. Octa-Smolin, F. Van Der Vight, R. Yadav, et al., “Synthesis of Furan-
Annelated BINOL Derivatives: Acid-Catalyzed Cyclization Induces Partial
Racemization,” Journal of Organic Chemistry 83 (2018): 14568.

61. A. Arcadi, S. Cacchi, M. Del Rosario, and F. Marinelli G. Fabrizi,
“Palladium-Catalyzed = Reaction of o  -Ethynylphenols, o
-((Trimethylsilyl)ethynyl)phenyl Acetates, and o -Alkynylphenols with
Unsaturated Triflates or Halides: A Route to 2-Substituted-, 2,3-
Disubstituted-, and 2-Substituted-3-Acylbenzo[b]furans,” Journal of
Organic Chemistry 61 (1996): 9280.

62.J. Oppenheimer, W. L. Johnson, M. R. Tracey, et al., “A Rhodium(I)-
Catalyzed Demethylation—Cyclization of o- Anisole-Substituted
Ynamides in the Synthesis of Chiral 2-Amido Benzofurans,” Organic
Letters (2007): 2361.

63. A. Fiirstner and P. W. Davies, “Heterocycles by PtCl , -Catalyzed
Intramolecular Carboalkoxylation or Carboamination of Alkynes,”
Journal of the American Chemical Society 127 (2005): 15024.

64. J. W. Pisor, I. C. Garcia, K. T. Mamo, and H. Muchalski, “Gold(I)-
Catalyzed Synthesis of Benzofurans from Tetrahydropyranyl (THP) Ethers
of o -Alkynylphenols,” Chemistry, an Asian Journal 20 (2025): €2500093.

65. M. Nakamura, L. Ilies, S. Otsubo, and E. Nakamura, “2,3-
Disubstituted Benzofuran and Indole by Copper-Mediated C—C Bond
Extension Reaction of 3-Zinciobenzoheterole,” Organic Letters 8
(2006): 2803.

66. M. Nakamura, L. Ilies, S. Otsubo, and E. Nakamura, “3-
Zinciobenzofuran and 3-Zincioindole: Versatile Tools for the

8 of 9

European Journal of Organic Chemistry, 2026

85UB017 SUOWIWIOD SAeaID 3|(deoldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUORIPUOD-PUe-SWLBYWI00 A8 1M ARe.q 1 |pul [Uo//Sdny) SUOIIPUOD Pue SULB | 8L 88S " [9202/70/T2] Uo AriqiTaul|uo 8|1 ‘oue|iN I eIseAlIN AQ €970/ 008/200T 0T/I0p/Wo A8 im Are.q i jpul|uoado.ne-Ansiwey//:sdny wouy pepeojumoa ‘0 ‘0690660T



Construction of Conjugated Structures Containing Multiple
Benzoheterole Units,” Angewandte Chemie International Edition 45
(2006): 944.

67. A. Boyer, N. Isono, S. Lackner, and M. Lautens, “Domino Rhodium(I)-
Catalysed Reactions for the Efficient Synthesis of Substituted
Benzofurans and Indoles,” Tetrahedron 66 (2010): 6468.

68. L. Alonso-Marafion, M. Montserrat Martinez, L. A. Sarandeses,
E. Gomez-Bengoa, and J. Pérez Sestelo, “Indium(III)-Catalyzed
Synthesis of Benzo[ bl]furans by Intramolecular Hydroalkoxylation of
Ortho -Alkynylphenols: Scope and Mechanistic Insights,” Journal of
Organic Chemistry 83 (2018): 7970.

69. Z. Rong, K. Gao, L. Zhou, J. Lin, and G. Qian, “Facile Synthesis of 2-
Substituted Benzo[ bJfurans and Indoles by Copper-Catalyzed
Intramolecular Cyclization of 2-Alkynyl Phenols and Tosylanilines,”
RSC Advances 9 (2019): 17975.

70. F. Curti, M. Tiecco, V. Pirovano, et al., “p -TSA-Based DESs as “Active
Green Solvents” for Microwave Enhanced Cyclization of 2-Alkynyl-(het-
ero)-arylcarboxylates: an Alternative Access to 6-Substituted 3,4-Fused 2-
Pyranones,” European Journal of Organic Chemistry. (2019): 1904.

71. E. Brambilla, A. Bortolla, V. Pirovano, A. Caselli, M. Tiecco, and
G. Abbiati, “Silver-catalysed A * -coupling Reactions in Phenylacetic
Acid/Alkylamine N -oxide Eutectic Mixture under Dielectric Heating:
An Alternative Approach to Propargylamines,” Applied Organometallic
Chemistry 36 (2022): e6669.

72. E. Brambilla, A. Gritti, V. Pirovano, et al., “Acidic Deep Eutectic
Solvents as Active Media for Sustainable Synthesis of Biindoles
Starting from 2,2’-Diaminotolanes and Aldehydes,” European Journal
of Organic Chemistry 26 (2023): €202300204.

73. A. Gritti, V. Pirovano, A. Caselli, A. Torregrosa-Chinillach, M. Tiecco,
and G. Abbiati, “Alkynes Hydration in Three-Component Double-Acidic
Deep Eutectic Solvents,” ChemSusChem 19 (2026): €202501421.

74. F. Cardellini, M. Tiecco, R. Germani, et al., “Novel Zwitterionic Deep
Eutectic Solvents from Trimethylglycine and Carboxylic Acids:
Characterization of Their Properties and Their Toxicity,” RSC
Advances 4 (2014): 55990.

75. T. Palomba, G. Ciancaleoni, T. Del Giacco, R. Germani, F. Ianni, and
M. Tiecco, “Deep Eutectic Solvents Formed by Chiral Components as
Chiral Reaction Media and Studies of Their Structural Properties,”
Journal of Molecular Liquids 262 (2018): 285.

76. V. De Santi, F. Cardellini, L. Brinchi, and R. Germani, “Novel
Bronsted Acidic Deep Eutectic Solvent as Reaction Media for
Esterification of Carboxylic Acid with Alcohols,” Tetrahedron Letters
53 (2012): 5151.

77. A. Gritti Torregrosa-Chinillach, E. Brambilla, D. Del Grosso, et al.,
“Double-Bronsted Acidic Deep Eutectic Solvents and Their
Applications as Solvents and Catalysts in Chemical Transformations,”
Journal of Molecular Liquids. (2025): 127110.

78. B. Abtahi and H. Tavakol, “Cul-catalyzed, One-pot Synthesis of 3-ami-
nobenzofurans in Deep Eutectic Solvents,” Applied Organometallic
Chemistry 35 (2021): e6433.

79.Y. Yamamoto, I. D. Gridnev, N. T. Patil, and T. Jin, “Alkyne Activation
with Brensted Acids, Iodine, or Gold Complexes, and Its Fate Leading to
Synthetic Application,” Chemical Communications (2009): 5075.

80. M. Hanack, “Stabilized Vinyl Cations,” Accounts of Chemical Research
9 (1976): 364.

81.J. E. Baldwin, “Rules for ring Closure,” Journal of the Chemical Society,
Chemical Communications. (1976): 734.

82. K. Gilmore and I. V. Alabugin, “Cyclizations of Alkynes Revisiting
Baldwin’s Rules for Ring Closure,” Chemical Reviews 111 (2011): 6513.

83. R. A. Sheldon, “The E Factor: Fifteen Years On,” Green Chemistry 9
(2007): 1273.

84. R. A. Sheldon, M. L. Bode, and S. G. Akakios, “Metrics of Green
Chemistry: Waste Minimization,” Current Opinion in Green and
Sustainable Chemistry 33 (2022): 100569.

85. R. A. Sheldon, “The E Factor at 30: A Passion for Pollution
Prevention,” Green Chemistry 25 (2023): 1704.

86. F. Roschangar, R. A. Sheldon, and C. H. Senanayakea, “Overcoming
Barriers to Green Chemistry in the Pharmaceutical Industry,” Green
Chemistry 17 (2015): 752.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

European Journal of Organic Chemistry, 2026

9 of 9

85UB017 SUOWIWIOD SAeaID 3|(deoldde 8Ly Aq peusenof ae Sspiie O ‘8sN JO SaInJ 10} A%Iq1T8UlJUO AB]1M UO (SUORIPUOD-PUe-SWLBYWI00 A8 1M ARe.q 1 |pul [Uo//Sdny) SUOIIPUOD Pue SULB | 8L 88S " [9202/70/T2] Uo AriqiTaul|uo 8|1 ‘oue|iN I eIseAlIN AQ €970/ 008/200T 0T/I0p/Wo A8 im Are.q i jpul|uoado.ne-Ansiwey//:sdny wouy pepeojumoa ‘0 ‘0690660T



	Sustainable Microwave-Enhanced Synthesis of 2-Substituted Benzofurans From o-Alkynylanisoles in Acidic Deep Eutectic Solvents
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	4. Experimental
	4.1. General Procedure for the Synthesis of Substituted Benzofurans 2a-t



