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ABSTRACT: An unprecedented CC double bond cleavage of
cyclopropenone and dioxygen activation by multiyne cascade coupling
has been developed. This chemistry provides a novel, simple, and efficient
approach to synthesize fully substituted conjugate benzofuran derivatives
from simple substrates under mild conditions. The density functional
theory (DFT) calculations reveal that the unique homolytic cleavages of
cyclopropenone and molecular oxygen are crucial to the success of this
reaction.

Benzofuran-based motifs are widely found in natural
products and biologically active compounds.1 In partic-

ular, fully substituted conjugate benzofuran cores are
ubiquitous structures in many leading drug candidates and
serve as precursors for the construction of related molecules.2

For example, rifampicin has a significant antitubercular
activity.3 Usnic acid, which is isolated from Usnea longissima,
has selective antioxidant action in reducing oxidative damage
(Figure 1).4 Given their widespread applications, several
efficient methodologies have been developed for the
construction of functionalized benzofurans.5

To data, there are two general strategies to assemble a fully
substituted conjugate benzofuran core in the literature. The
first strategy is based on transition metal-catalyzed C−H
functionalization, which can directly introduce the desired
functional groups to the substituted patterns (Scheme 1a).6

The second strategy proceeds via annulation, which capitalizes
on individual construction of the benzene or five-membered
heteroarenes (Scheme 1b).7 Although these transformations
are efficient and general, harsh reaction conditions, expensive

catalyst systems, and prefunctionalized substrates are the
unavoidable issues associated with them. Therefore, the
development of mild and metal-free strategies toward fully
substituted conjugate benzofuran is highly desirable.
Arynes are the most reactive organic species and have been

broadly employed in numerous organic syntheses.8 In
particular, the thermal cycloisomerization of tethered multi-
ynes to give benzyne intermediates has led to aryne chemistry
becoming a blossoming area in recent years.9 This so-called
hexadehydro-Diels−Alder (HDDA) reaction, demonstrated by
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Figure 1. Fully substituted conjugate benzofuran-containing natural
products and drug candidates.

Scheme 1. Different Strategies in Attaining Benzofuran with
Pattern-Tunable Substituents and Our Work
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Hoye’s group in 2012,10 can prepared polysubstituted arenes in
“one-pot” process.11 As a part of our research on the efficient
construction of polysubstituted arenes via HDDA-derived
benzyne chemistry,12 herein we report an unexpected metal-
free CC double bond cleavage of cyclopropenone, dioxygen
activation by multiyne cascade coupling, and reassembed into
fully substituted conjugate benzofuran derivatives (Scheme
1c).
When tetrayne 1p and 2,3-diphenylcycloprop-2-enone 2a

were initially investigated in our multicomponent coupling of
tetrayne for the corresponding C−O/C−S difunctionalized
benzene derivative synthesis,13 to our delight, an unexpected
fully substituted conjugate benzofuran 3p was obtained in 12%
yield in DMSO under air. In contrast, when the reaction was
performed under an Ar atmosphere, no product 3p was

obtained. It seems that molecular oxygen is essential for this
transformation. After a brief screening of different reaction
parameters, including solvent, temperature, and molar ratio of
reactants, the optimal reaction conditions were identified as
follows: 1.0 equiv of tetraynes under O2 atmosphere reacted
with 1.2 equiv of cyclopropenes and 1.0 equiv of H2O in
acetonitrile (2 mL) at 95 °C for 12 h. Further investigation of
the catalysts indicated that the copper catalyst was an effective
system in oxygenation with molecular oxygen,14 but the
reaction proceeded well without metal catalysts or other
additives.
The scope of tetrayne substrates was investigated under the

optimized conditions. As depicted in Scheme 2, various
tetraynes containing different functional groups worked well
leading to the desired benzofurans (3a−3t) in moderate to
good yields (ranging from 63% to 85%). When tolerated,
tetrayne substrates bearing different esters (OMe, OEt, and
OiPr) gradually decreased in yields (3a (80%), 3b (75%), and
3c (73%)). By contrast, the substituted groups in the aryl ring
of tetraynes bearing electron-withdrawing groups, including

Scheme 2. Substrate Scope of Tetraynesa,b

aReaction conditions: tetraynes 1 (1.0 mmol), 2,3-diphenylcycloprop-
2-enone 2a (1.2 equiv), H2O (1.0 equiv), acetonitrile (2 mL), stirred
at 95 °C under O2 for 12 h. bIsolated yield.

Scheme 3. Substrate Scope of Cyclopropenonesa,b

aReaction conditions: dimethyl 2,2-bis(5-phenylpenta-2,4-diyn-1-yl)-
malonate 1a (1.0 mmol), cyclopropenones 2 (1.2 equiv), H2O (1.0
equiv), acetonitrile (2 mL), stirred at 95 °C under O2 for 12 h.
bIsolated yield.

Scheme 4. Control Experiments
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para-Cl and para-F (3o and 3r), exhibited higher yields than
the electron-donating groups, such as para-Me, meta-Me, para-
Et, and para-nPr (3k−3n), likely because the electron-
withdrawing groups increased the reactivity. Compound 3o
was isolated with the highest yield (85%) among the examined
substrates. Notably, the N-tetrayne substrate that contained
alkyl groups instead of phenyl or substituted phenyl groups
also generated products with good regioselectivity (3d (78%)).
Moreover, the structures of 3o, 3p, and 3q were confirmed by
X-ray diffraction (CCDC 2044192 (3o), 2044191 (3p), and
2044195 (3q)).
Encouraged by the above results, the scope of cyclo-

propenones was then examined, and the results are shown in
Scheme 3. Electron-donating para-Me substituted 2,3-diary-
lcycloprop-2-enone 2b showed a slightly higher reactivity and
furnished 3u in 82% yields. Furthermore, 2,3-diphenylcyclo-
prop-2-enones with halogens (F, Cl) at the para-position of
the phenyl ring reacted smoothly with 1a, providing the
desired products (3v and 3w) in 69% and 78% yields,
respectively. Unfortunately, the more challenging substrates 2-
methyl-3-phenylcycloprop-2-enone 2e and 2,3-diethylcyclo-
prop-2-enone 2f failed to undergo this process, and no desired
products were detected. It is noteworthy that these reactions
showed high regioselectivity with only one isomer detected.
These results indicated the potential of the HDDA-derived
benzynes of current multiyne cascade coupling with cyclo-
propenones for the synthesis of fully substituted conjugate
benzofuran derivatives.

Several control experiments were performed to elaborate the
reaction mechanism clearly (Scheme 4). When tetrayne
substrate 1b was employed to react with 2a under Ar in the
absence of O2 and H2O (see the SI), a spiro-cyclic compound
4a was obtained in 16% yield instead of 3b (Scheme 4a), and
the configuration of 4a was further confirmed by X-ray
diffraction (CCDC 2044193). Similarly, the model reactions
also cannot occur when only 1.0 equiv of H2O or O2 was
involved in these reactions (Scheme 4b and c), which
highlighted the essential roles of molecular oxygen and H2O
in this transformation. Meanwhile, 18O-labeling experiments
were carried out to elucidate the origin of the oxygen atom of
the ketonic carbonyl group. When the reaction was carried out
in the presence of 1.0 equiv of H2

18O, no 18O-labeled product
was detected (Scheme 4d). In contrast, 18O-product was
detected by HRMS in the final product (see the SI) when 18O-
labeled cyclopropenone 2a′ was used in the reaction system
(Scheme 4e). These results demonstrated that the oxygen
atom of the ketonic carbonyl group in the product was
originated from molecular oxygen. In addition, 3b was not
observed in the presence of 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) under the optimized conditions, which revealed that
the reaction might occur through a radical process (Scheme
4f).
On the basis of the above control experiments, a plausible

mechanism was proposed and further elucidated by density
functional theory (DFT) calculations at the B3LYP+D3(BJ)/
6-311+G(2d,p) level of theory (see also the SI) to gain further
insight into the reaction mechanism (Scheme 5). Initially, we

Scheme 5. Relative Free-Energy Profiles for the Reaction of 1b and 2a in CH3CN

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c01304
Org. Lett. 2021, 23, 4971−4975

4973

https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2044192&id=doi:10.1021/acs.orglett.1c01304
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2044191&id=doi:10.1021/acs.orglett.1c01304
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2044195&id=doi:10.1021/acs.orglett.1c01304
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c01304/suppl_file/ol1c01304_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2044193&id=doi:10.1021/acs.orglett.1c01304
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c01304/suppl_file/ol1c01304_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c01304/suppl_file/ol1c01304_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01304?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01304?fig=sch5&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c01304?rel=cite-as&ref=PDF&jav=VoR


expect an attack by the strongly nucleophilic oxygen of the
cyclopropenone 2a at the HDDA-derived benzyne intermedi-
ate IN1, formed zwitterionic intermediate IN2 via TS1. This
species can underwent a ring closure to the spirocyclic
benzoxete intermediate IN3 via TS2.15 Because of the ring
strain, the intermediate IN3 exhibited ring opening to afford an
o-quinone intermediate IN4 via TS3. On the basis of previous
reports,13 the zwitterion intermediate IN4 could be formed by
a resonance structure of o-quinone intermediate IN4. In the
next step, the formation of a five-membered furan ring
intermediate IN5 (unstable) was anticipated because of the
participation of IN4 in the nucleophilic attack process via TS4.
Followed by homolytic cleavage of the CC bond, the tertiary
carbon radical to be trapped by O2 to generate the key
intermediate IN6 via TS5.16 Then, the peroxide radical
intermediate IN6 underwent an intramolecular radical
coupling to provide a more stable intermediate IN7 via TS6.
Zwitterionic intermediate IN8, a polarization form of IN7, also
experienced nucleophilic attack in the presence of residual
water to form hydroxy hydroperoxide intermediate IN9 via
TS7.17 Finally, hydroxy hydroperoxide intermediate IN9
underwent homolytic O−O bond scission, followed by C−O
bond fragmentation, and then removal of a molecule of
hydrogen peroxide to afford the desired product 3b.18

Compared with previous work,19 this transformation provided
an example where the CC double bond cleavage of the
cyclopropenone, probably because the highly substituted arene
species IN4 were not allowed to react with another aryne. The
computed free-energy variations validated the rationality of the
proposed reaction mechanism. All of these processes were
feasible at 95 °C.
In summary, we have demonstrated a novel approach to

synthesize fully substituted conjugate benzofuran derivatives
through a chemical bond cleavage and reassembly strategy. In
this reaction, both the benzene and furan rings were
simultaneously constructed, whereas the multiyne cascade
coupling was performed to produce HDDA-derived benzyne
intermediate and trapped by the cyclopropenone. Following
this strategy, there might be more possibilities for the
incorporation of functional groups in the ring-forming process,
which could obviate aforementioned challenges of C−H
functionalization and the dependence of arenes. DFT
calculations showed that the unexpected homolytic cleavage
of cyclopropenone and dioxygen activation were crucial to the
success of this reaction. Because of its metal-free nature, this
reaction satisfied the particular purity requirements of
biological and medicinal chemistry. Further work on the
applications and scope extension of this protocol is ongoing in
our laboratory.
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Daniliuc, C. G.; Studer, A. Arynes as Radical Acceptors: TEMPO-
Mediated Cascades Comprising Addition, Cyclization, and Trapping.
Angew. Chem., Int. Ed. 2021, 60, 711−715.
(9) (a) Karmakar, R.; Lee, D. Reactions of Arynes Promoted by
Silver Ions. Chem. Soc. Rev. 2016, 45, 4459−4470. (b) Ghorai, S.; Lee,
D. Aryne-Based Multicomponent Coupling Reactions. Synlett 2020,
31, 750−771. (c) Fluegel, L. L.; Hoye, T. R. Hexadehydro-Diels−
Alder Reaction: Benzyne Generation via Cycloisomerization of
Tethered Triynes. Chem. Rev. 2021, 121, 2413−2444.
(10) (a) Hoye, T. R.; Baire, B.; Niu, D.; Willoughby, P. H.; Woods,
B. P. The Hexadehydro-Diels−Alder Reaction. Nature 2012, 490,
208−212. (b) Woods, B. P.; Baire, B.; Hoye, T. R. Rates of
Hexadehydro-Diels−Alder (HDDA) Cyclizations: Impact of the
Linker Structure. Org. Lett. 2014, 16, 4578−4581. (c) Marell, D. J.;
Furan, L. R.; Woods, B. P.; Lei, X.; Bendelsmith, A. J.; Cramer, C. J.;
Hoye, T. R.; Kuwata, K. T. Mechanism of the Intramolecular

Hexadehydro-Diels−Alder Reaction. J. Org. Chem. 2015, 80, 11744−
11754. (d) Wang, T.; Niu, D.; Hoye, T. R. The Hexadehydro-Diels−
Alder Cycloisomerization Reaction Proceeds by a Stepwise Mecha-
nism. J. Am. Chem. Soc. 2016, 138, 7832−7835.
(11) (a) Xiao, X.; Hoye, T. R. The Domino Hexadehydro-Diels−
Alder Reaction Transforms Polyynes to Benzynes to Naphthynes to
Anthracynes to Tetracynes (and Beyond?). Nat. Chem. 2018, 10,
838−844. (b) Arora, S.; Zhang, J.; Pogula, V.; Hoye, T. R. Reactions
of Thermally Generated Benzynes with Six-membered N-Hetero-
aromatics: Pathway and Product Diversity. Chem. Sci. 2019, 10,
9069−9076. (c) Ghorai, S.; Lin, Y.; Xia, Y.; Wink, D. J.; Lee, D.
Silver-Catalyzed Annulation of Arynes with Nitriles for Synthesis of
Structurally Diverse Quinazolines. Org. Lett. 2020, 22, 626−630.
(12) (a) Zheng, X.; Liu, B.; Yang, F.; Hu, Q.; Yao, L.; Hu, Y. Access
to Benzoxazepines and Fully Substituted Indoles via HDDA
Coupling. Org. Lett. 2020, 22, 956−959. (b) Yao, L.; Fang, B.; Hu,
Q.; Lei, Y.; Bao, L.; Hu, Y. Phenanthrenes/Dihydrophenanthrenes:
The Selectivity Controlled by Different Benzynes and Allenes. Chem.
Commun. 2020, 56, 15185−15188.
(13) Yao, L.; Hu, Q.; Lei, Y.; Bao, L.; Hu, Y. C−O/C−S
Difunctionalized Benzene Derivatives via Multicomponent Coupling
of Tetraynes. Org. Chem. Front. 2020, 7, 3633−3637.
(14) Li, J.; Wei, J.; Zhu, B.; Wang, T.; Jiao, N. Cu-Catalyzed
Oxygenation of Alkene-Tethered Amides with O2 via Unactivated
CC Bond Cleavage: A Direct Approach to Cyclic Imides. Chem. Sci.
2019, 10, 9099−9103.
(15) Wallbaum, J.; Jones, P. G.; Werz, D. B. Reacting Cyclo-
propenones with Arynes: Access to Spirocyclic Xanthene-Cyclo-
propene Motifs. J. Org. Chem. 2015, 80, 3730−3734.
(16) Liang, Y.-F.; Jiao, N. Oxygenation via C−H/C−C Bond
Activation with Molecular Oxygen. Acc. Chem. Res. 2017, 50, 1640−
1653.
(17) Hirashima, S.-i.; Nobuta, T.; Tada, N.; Itoh, A. Acceleration of
Norrish Type I Reaction with Molecular Oxygen and Catalytic CBr4.
Synlett 2009, 2009, 2017−2019.
(18) (a) Tada, N.; Cui, L.; Okubo, H.; Miura, T.; Itoh, A. An
Efficient Synthesis of gem-Dihydroperoxides with Molecular Oxygen
and Anthracene under Light Irradiation. Adv. Synth. Catal. 2010, 352,
2383−2386. (b) Cui, L.; Tada, N.; Okubo, H.; Miura, T.; Itoh, A.
Efficient Synthesis of gem-Dihydroperoxides with Molecular Oxygen
and Anthraquinone under Visible Light Irradiation with Fluorescent
Lamp. Green Chem. 2011, 13, 2347−2350.
(19) (a) Schuster-Haberhauer, A.; Gleiter, R.; Körner, O.; Leskovar,
A.; Werz, D. B.; Fischer, F. R.; Rominger, F. CpCo-Mediated
Reactions of Cyclopropenones: Access to CpCo-Capped Benzoqui-
none Complexes. Organometallics 2008, 27, 1361−1366. (b) Werz, D.
B.; Klatt, G.; Raskatov, J. A.; Köppel, H.; Gleiter, R. CpCo-Mediated
Reactions of Cyclopropenones: A DFT Study. Organometallics 2009,
28, 1675−1682. (c) Augustin, A. U.; Werz, D. B. Exploiting Heavier
Organochalcogen Compounds in Donor−Acceptor Cyclopropane
Chemistry. Acc. Chem. Res. 2021, 54, 1528−1541.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c01304
Org. Lett. 2021, 23, 4971−4975

4975

https://doi.org/10.1016/S0092-8674(01)00286-0
https://doi.org/10.1016/S0092-8674(01)00286-0
https://doi.org/10.1016/j.jep.2005.06.043
https://doi.org/10.1016/j.jep.2005.06.043
https://doi.org/10.3390/molecules190914496
https://doi.org/10.3390/molecules190914496
https://doi.org/10.3390/molecules190914496
https://doi.org/10.2174/1570179415666180829120105
https://doi.org/10.2174/1570179415666180829120105
https://doi.org/10.1039/C7RA03551A
https://doi.org/10.1039/C7RA03551A
https://doi.org/10.1021/ol071308z?ref=pdf
https://doi.org/10.1021/ol071308z?ref=pdf
https://doi.org/10.1021/ol071308z?ref=pdf
https://doi.org/10.3762/bjoc.9.204
https://doi.org/10.3762/bjoc.9.204
https://doi.org/10.3762/bjoc.9.204
https://doi.org/10.1002/cctc.201400091
https://doi.org/10.1002/cctc.201400091
https://doi.org/10.1002/cctc.201400091
https://doi.org/10.1021/ja9063712?ref=pdf
https://doi.org/10.1021/ja9063712?ref=pdf
https://doi.org/10.1021/ja9063712?ref=pdf
https://doi.org/10.1002/anie.201403288
https://doi.org/10.1002/anie.201403288
https://doi.org/10.1002/anie.201403288
https://doi.org/10.1021/acs.orglett.9b00812?ref=pdf
https://doi.org/10.1021/acs.orglett.9b00812?ref=pdf
https://doi.org/10.1021/acs.orglett.9b00812?ref=pdf
https://doi.org/10.1002/anie.201812369
https://doi.org/10.1002/anie.201812369
https://doi.org/10.1002/anie.201812369
https://doi.org/10.1021/acs.accounts.6b00188?ref=pdf
https://doi.org/10.1021/acs.accounts.6b00188?ref=pdf
https://doi.org/10.1021/acs.accounts.6b00188?ref=pdf
https://doi.org/10.1039/C6CS00694A
https://doi.org/10.1039/C6CS00694A
https://doi.org/10.1002/anie.201909213
https://doi.org/10.1002/anie.201909213
https://doi.org/10.1021/acs.accounts.9b00608?ref=pdf
https://doi.org/10.1021/acs.accounts.9b00608?ref=pdf
https://doi.org/10.1002/anie.202012654
https://doi.org/10.1002/anie.202012654
https://doi.org/10.1039/C5CS00835B
https://doi.org/10.1039/C5CS00835B
https://doi.org/10.1055/s-0039-1690824
https://doi.org/10.1021/acs.chemrev.0c00825?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c00825?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c00825?ref=pdf
https://doi.org/10.1038/nature11518
https://doi.org/10.1021/ol502131r?ref=pdf
https://doi.org/10.1021/ol502131r?ref=pdf
https://doi.org/10.1021/ol502131r?ref=pdf
https://doi.org/10.1021/acs.joc.5b01356?ref=pdf
https://doi.org/10.1021/acs.joc.5b01356?ref=pdf
https://doi.org/10.1021/jacs.6b03786?ref=pdf
https://doi.org/10.1021/jacs.6b03786?ref=pdf
https://doi.org/10.1021/jacs.6b03786?ref=pdf
https://doi.org/10.1038/s41557-018-0075-y
https://doi.org/10.1038/s41557-018-0075-y
https://doi.org/10.1038/s41557-018-0075-y
https://doi.org/10.1039/C9SC03479J
https://doi.org/10.1039/C9SC03479J
https://doi.org/10.1039/C9SC03479J
https://doi.org/10.1021/acs.orglett.9b04395?ref=pdf
https://doi.org/10.1021/acs.orglett.9b04395?ref=pdf
https://doi.org/10.1021/acs.orglett.9b04499?ref=pdf
https://doi.org/10.1021/acs.orglett.9b04499?ref=pdf
https://doi.org/10.1021/acs.orglett.9b04499?ref=pdf
https://doi.org/10.1039/D0CC06300B
https://doi.org/10.1039/D0CC06300B
https://doi.org/10.1039/D0QO00967A
https://doi.org/10.1039/D0QO00967A
https://doi.org/10.1039/D0QO00967A
https://doi.org/10.1039/C9SC03175H
https://doi.org/10.1039/C9SC03175H
https://doi.org/10.1039/C9SC03175H
https://doi.org/10.1021/acs.joc.5b00330?ref=pdf
https://doi.org/10.1021/acs.joc.5b00330?ref=pdf
https://doi.org/10.1021/acs.joc.5b00330?ref=pdf
https://doi.org/10.1021/acs.accounts.7b00108?ref=pdf
https://doi.org/10.1021/acs.accounts.7b00108?ref=pdf
https://doi.org/10.1055/s-0029-1217524
https://doi.org/10.1055/s-0029-1217524
https://doi.org/10.1002/adsc.201000357
https://doi.org/10.1002/adsc.201000357
https://doi.org/10.1002/adsc.201000357
https://doi.org/10.1039/c1gc15437k
https://doi.org/10.1039/c1gc15437k
https://doi.org/10.1039/c1gc15437k
https://doi.org/10.1021/om701115w?ref=pdf
https://doi.org/10.1021/om701115w?ref=pdf
https://doi.org/10.1021/om701115w?ref=pdf
https://doi.org/10.1021/om800685t?ref=pdf
https://doi.org/10.1021/om800685t?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00023?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00023?ref=pdf
https://doi.org/10.1021/acs.accounts.1c00023?ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c01304?rel=cite-as&ref=PDF&jav=VoR

