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ABSTRACT: Rh(III)-catalyzed C—H activation of N-phenoxya-
cetamides and chemodivergent coupling to alkylidenecyclopro-
panes (ACPs) have been accomplished. With the assistance of the
ring strain of ACPs, the coupling can be transannulative or

nonannulative, delivering 3-ethylidenedihydrobenzofurans or
enes, respectively, under different reaction conditions, and
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selectivity is mainly solvent-controlled. All of the reactions proceeded under mild conditions with a good substrate scope and

excellent chemo- and diastereoselectivity.

Metal—catalyzed C—H bond activation has been exten-
sively explored as a step-economy strategy for the facile
synthesis of complex organic structures." In particular,
rhodium(III) catalysts have gained significant attention
owing to their high reactivity, selectivity, and compatibility.”
In general, the directing group (DG) and stoichiometric
amounts of external oxidants constitute the most effective and
practical strategy for chemoselective transformations under
oxidative conditions. To address the restriction of the
employment of stoichiometric amounts of external oxidants,
an oxidizing DG has been developed. In addition to their role
of offering a chelating effect, they act as internal oxidants to
enable novel transformations for the construction of highly
valuable structural platforms under mild and simple reaction
conditions.” Thus oxidizing DGs bearing N—O, N—N, N-S§,
and O—O bonds have been widely employed. So far, the O—
NH (electron-withdrawing (EWG)) group has been one of the
most important oxidizing DGs in C—H activation. However,
the coupling partner that reacts with such arenes has been
mostly limited to alkynes, allenes, alkenes, and diazo
compounds, and the coupling pattern is often annulative.' ™
On the contrary, alkylidenecyclopropanes (ACPs) are
readily available olefins with a highly strained ring. They act
as useful building blocks in organic synthesis via ring scission,
affording many important scaffolds.” Being a special poly-
substituted olefin, ACPs have also attracted great interest in
metal-catalyzed C—H bond activation.” In 2013, Cui reported
the Rh(III)-catalyzed C—H activation and annulative coupling
of arenes with ACPs for the synthesis of azacycles, where the
ring opening of ACPs only occurred for furan-derived
carboxamides (Scheme 1A).° In 2018, our group developed
the Rh(III)-catalyzed C—H bond activation of arylnitrones and
azomethine imines, and their oxidative coupling with ACPs
afforded the corresponding bridged azacycles. In these
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Scheme 1. Ring Scission of Alkylidenecyclopropanes
(ACPs) in Rh(III)-Catalyzed C—H Activation
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couplings, the ACPs underwent ring scission to give a 1,3-
diene intermediate, followed by intramolecular [3 + 2] dipolar
addition. Silver acetate was used as an external oxidant for the
catalyst turnover (Scheme 1B).” Recently, the Shi group

Received: February 16, 2021
Published: March 31, 2021

https://doi.org/10.1021/acs.orglett.1c00565
Org. Lett. 2021, 23, 2927-2932


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guiqing+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fen+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dachang+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junbiao+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.1c00565&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/orlef7/23/8?ref=pdf
https://pubs.acs.org/toc/orlef7/23/8?ref=pdf
https://pubs.acs.org/toc/orlef7/23/8?ref=pdf
https://pubs.acs.org/toc/orlef7/23/8?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00565?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

reported the insertion of Rh—H in the 1,3-diene species
generated from the ring opening of ACPs via the C—H
activation process.” Wang’s group reported the Rh(III)-
catalyzed annulation of N-sulfonyl ketimines and coupling to
ACPs via C—H activation and the formation of allyl species
(Scheme 1C),” where the nucleophilic Rh—allyl inserts into
the activated imines to give spirocycles. However, the reaction
seems to suffer from the employment of highly reactive imines
and the limited stereoselectivity of the C=C bond in the
product. We reasoned that a two-fold substrate activation
strategy by integration of the oxidizing DG-assisted C—H
activation and the scission of ACPs may lead to diverse
selectivity as a result of the interaction of Rh(III) allyl species
and the proximal O—N bond. Herein we report solvent-
controlled divergent access to 3-ethylidenedihydrobenzofurans
and 1,3-dienes via the Rh(III)-catalyzed C—H of N-
phenoxyacetamides and coupling to ACPs (Scheme 1D).

We began our investigation by evaluating the reaction
parameters of the coupling of N-phenoxyacetamide (1a) and
1-(4-tert-butylphenyl)methylenecyclopropane (2a, Table 1).

Table 1. Optimization Studies”

NHAC
Cp*Rh(OAC), 0 A OH
@ Y solvent base C%i : ©/j/\
Ar
1a 2a 3aa 4aa

entry solvent additive yield 3aa (%)  yield 4aa (%)
1 CF,CH,OH 2 nd
2 CF,CH,0H K, CO, 78 nd
3 toluene K,CO; nd 36
4 PhCF, K,CO, nd 27
5 THF K,CO; nd 45
6 CF,CH,OH  KOAc 64 nd
7 CF,CH,0H  Na,CO, 83 nd
8 CF,CH,OH  Cs,CO, 80 nd
9 CF,CH,0H CsOAc 68 nd
10 CF,CH,OH  NaOAc 73 nd
11° CF,CH,OH K,CO, 73 nd
12°  EtOH K,CO, nd 9
13 ‘AmOH K,CO, nd 72
14° ‘AmOH CsOAc nd 81
15¢ DCE CsOAc nd nd
16° THF CsOAc nd 82

“Reaction conditions: 1a (0.2 mmol), ACP 2a (0.4 mmol),
Cp*Rh(OAc), (5 mol %), addltlve (2 equiv), CF,CH,0H (2.0
mL), 35 °C, 24 h, isolated yield. b40 °C. “48 h.

By using Cp*Rh(OAc), as a catalyst, 3-ethylidenedihydro-
benzofuran 3aa was isolated in 42% yield in trifluoroethanol
(TFE) at 35 °C as a result of [3 + 2] transannulation (entry 1).
The geometry of the C=C bond in 3aa was determined by
nuclear Overhauser effect (NOE) analysis. A 78% yield was
obtained when K,CO; was used as a base (entry 2).
Investigation of solvent effect showed that TFE seemed to
be critical for 3aa formation, whereas a diene product 4aa was
produced when a less polar solvent such as toluene,
tetrahydrofuran (THF), or PhCF; was used (entries 2—S5;
for details, see the Supporting Information). The yield of 3aa
was increased to 83% when Na,CO; was used as a base
(entries 6—10). A higher temperature failed to improve the
yield of 3aa (entry 11). After systematic screening of several
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parameters such as the base, the solvent, and the reaction time,
the yield of diene product 4aa could be increased to 82%
(entries 12—16 and the Supporting Information). Thus the
optimal conditions for the synthesis of 3aa (entry 7) and 4aa
(entry 16) have been established with excellent chemo-
selectivity, and no Z/E isomeric product of the C=C bond
was detected. Control experiments indicated that the rhodium-
(IIT) catalyst was essential. It should be noted that the product
3aa underwent aromatization to benzofurans during purifica-
tion, but the aromatized product could be minimized when the
purification was sufficiently rapid.

We next examined the scope and generality of the [3 + 2]
annulation reaction system (Scheme 2). N-Phenoxyamides

Scheme 2. Scope of [3 + 2] Annulation Reaction”
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“Reaction conditions: 1 (0.2 mmol), ACP 2 (0.4 mmol), Cp*Rh-
(OAc), (S mol %), NaZCO3 (2.0 equiv), CF;CH,OH (2.0 mL), 35
°C, 24 h, isolated yield. "HFIP was used as solvent, 60 °C.
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substrates

Ph

with a variety of electron-donating and halogen- and electron-
withdrawing groups at the para position of benzene ring were
fully tolerated (3aa—3aj, 53—83% yield). The reaction also
proceeded smoothly with meta-methyl-substituted phenoxya-
mide (3ak, 71% yield). The introduction of an ortho-Me group
afforded the cyclic product 3al in 62% yield. Moving the arene
to a 2-naphthyl-substituted group also gave the corresponding
product 3am in 79% yield. The ACP substrates with an alkyl,
phenyl, halogen, or CF; group at different positions reacted
smoothly, affording the 3-ethylidenedihydrobenzofurans in
38—82% vyield (3ba—3bh). In all cases, excellent chemo-
selectivity was obtained. In contrast, a 1,1-disubstituted ACP
and a 1-alkyl-substituted ACP both failed to give the desired
products under the present conditions.

The generality of the dienes synthesis was next explored
(Scheme 3). The introduction of methyl, tert-butyl phenyl,
halogen, ester, and CF; groups at the para position of the
benzene ring afforded the desired diene products in moderate
to high yields (4aa—4ai, 62—82% yield). The coupling also
proceeded well when a meta-methyl, ortho-methyl, or an ortho-
chloro group was present in the benzene ring (4aj—4al, 49—
72% yield). The corresponding 2-naphthyl-substituted product
was obtained in 53% vyield (4am). A series of l-aryl-
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Scheme 3. Scope of the Diene Products”
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“Reaction conditions: 1 (0.2 mmol), ACP 2 (0.4 mmol), Cp*Rh-
(OAc), (5 mol %), CsOAc (2 equiv), THF (2.0 mL), 60 °C, 48 h,
isolated yield. 35 °C.

methylenecyclopropanes were also tolerated, with the isolation
of the diene products 4ba—4bk in 51—86% yields.

The synthetic utility has been briefly demonstrated (Scheme
4). The coupling system was scaled up to the gram scale with 3

Scheme 4. Gram-Scale Synthesis and Derivatization
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mol % catalyst loading, giving the cyclic product 3aa in 73%
yield. The treatment of 3ad with p-toluenesulfonic acid
afforded benzofuran § in 86% yield."” The structure of § has
been confirmed by X-ray crystallography (CCDC 2061745).
The reduction of 3aa in the presence of Raney-Ni by H, (1
atm) gave the corresponding cis-substituted dihydrofuran
product 6 in 46% vyield as the sole diastereomer. The Diels—
Alder reaction of 1,3-diene 4aa and diethyl acetylenedicarbox-
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ylate proceeded smoothly to give the cyclohexadiene adduct 7
in 45% yield, which is a useful synthetic building block.

We next performed a series of experiments to probe the
reaction mechanism (Scheme 5). The kinetic isotope effect

Scheme 5. Mechanistic Studies

a) Kinetic Isotope Effects
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(KIE) was measured to be 1.6 under the annulative conditions
and 1.8 under the nonannulative conditions, which indicates
that C—H cleavage is probably not the turnover-limiting step
in either system (Scheme 5a).'" Moreover, when CF;CD,0D
was used as the solvent in the reaction of 1c¢ and 2a, the ortho
position of the cyclic product 3ca-d; was heavily deuterated. In
addition, D,O was added to the reaction of 1c with 2a under
diene-forming conditions. The starting material lc-d, was
recovered with 28% deuteration at the ortho positions of the
N-phenoxyacetamide, and the diene product 3ca was 22%
deuterated at the ortho position (Scheme Sb). These results
suggest the reversibility of the C—H activation under both
catalytic conditions

A proposed reaction pathway is given in Scheme 6.
Rhodacyclic intermediate B is formed through the C—H
activation of la; then, the Rh—aryl bond migratorily inserts
into the double bond of 2a to provide the alkyl intermediate C,
which is proposed to undergo S-C elimination and ring
scission to produce a Rh(III) homoallyl species D. The
subsequent f-H elimination provides a diene intermediate E
together with a rhodium(III) hydride intermediate.”'* In the
case of the TFE solvent, the Rh(III)—H bond inserts into the
diene species E to give an allyl intermediate G.”"® The
subsequent C—O reductive elimination or nucleophilic
substitution of intermediate G is proposed to generate a
Rh(I) species together with H. The N—O bond of H then
oxidatively adds to the Rh(I) species, and subsequent
protonation furnishes the final annulated product 3aa with
regeneration of the active catalyst. The stereochemistry of the
3aa is dependent on the structure of the allyl species.
Alternatively, the Rh—H species, which is a direct precursor
to a Rh(I) species, could be oxidized by the O—NHAc bond of
E to give the intermediate F without Rh(III)—H insertion to
the diene. Finally, protonolysis of the intermediate F gives the
product 4aa. The fate of the Rh(III) hydride species is strongly
solvent-dependent. In the case of the TFE/HFIP (hexafluor-
oisopropanol) solvent, it is likely that the acidity of the solvent
contributes to stabilization of Rh—H by inhibiting its reversible

https://doi.org/10.1021/acs.orglett.1c00565
Org. Lett. 2021, 23, 2927-2932


https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2061745&id=doi:10.1021/acs.orglett.1c00565
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch5&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00565?rel=cite-as&ref=PDF&jav=VoR

Organic Letters

pubs.acs.org/OrgLett

Scheme 6. Proposed Mechanism
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deprotonation. In addition, Rh—H may also be stabilized by
hydrogen bonding with such a solvent.

In summary, we have developed an operationally simple
method to divergently access 3-ethylidenedihydrobenzofurans
and dienes through the Rh(III)-catalyzed C—H/C—C cleavage
of N-phenoxyacetamides and ACPs. The reactions featured
mild reaction conditions, a broad substrate scope, and excellent
chemoselectivity. We also demonstrated the synthetic utility of
the products with some derivatization reactions. Further
studies of the enantioselective synthesis of the chiral 3-
ethylidenedihydrobenzofurans are currently under way in our
laboratories.

B ASSOCIATED CONTENT
® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565.

Experimental procedures and spectra data for new
compounds (PDF)

Accession Codes

CCDC 2061745 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION
Corresponding Authors

Dachang Bai — Henan Key Laboratory of Organic Functional
Molecule and Drug Innovation, Key Laboratory of Green
Chemical Media and Reactions, Ministry of Education,
School of Chemistry and Chemical Engineering, Henan
Normal University, Xinxiang 453007, China; State Key
Laboratory of Organometallic Chemistry, Shanghai Institute
of Organic Chemistry, Chinese Academy of Sciences,

2930

Shanghai 200032, China; ©® orcid.org/0000-0001-7342-
2966; Email: baidachang@htu.edu.cn

Junbiao Chang — Henan Key Laboratory of Organic
Functional Molecule and Drug Innovation, Key Laboratory of
Green Chemical Media and Reactions, Ministry of Education,
School of Chemistry and Chemical Engineering, Henan
Normal University, Xinxiang 453007, China;
Email: changjunbiao@zzu.edu.cn

Xingwei Li — Henan Key Laboratory of Organic Functional
Molecule and Drug Innovation, Key Laboratory of Green
Chemical Media and Reactions, Ministry of Education,
School of Chemistry and Chemical Engineering, Henan
Normal University, Xinxiang 453007, China; School of
Chemistry and Chemical Engineering, Shaanxi Normal
University (SNNU), Xi'an 710062, China; © orcid.org/
0000-0002-1153-1558; Email: lixw@snnu.edu.cn

Authors

Guiqing Xu — Henan Key Laboratory of Organic Functional
Molecule and Drug Innovation, Key Laboratory of Green
Chemical Media and Reactions, Ministry of Education,
School of Chemistry and Chemical Engineering, Henan
Normal University, Xinxiang 453007, China

Qi Chen — Henan Key Laboratory of Organic Functional
Molecule and Drug Innovation, Key Laboratory of Green
Chemical Media and Reactions, Ministry of Education,
School of Chemistry and Chemical Engineering, Henan
Normal University, Xinxiang 453007, China

Fen Wu — Henan Key Laboratory of Organic Functional
Molecule and Drug Innovation, Key Laboratory of Green
Chemical Media and Reactions, Ministry of Education,
School of Chemistry and Chemical Engineering, Henan
Normal University, Xinxiang 453007, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.1c00565

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is supported by the NSFC (nos. 21801067,
U1804283, and 21801066), the Central Plains Scholars and
Scientists Studio Fund (2018002), and the Project funded by
the Natural Science Foundation of Henan (202300410225 and
201901023) and the China Postdoctoral Science Foundation
(2020T130176 and 2020M682306).

B REFERENCES

(1) For selected reviews on transition-metal-catalyzed C—H
functionalization, see: (a) Ritleng, V.; Sirlin, C.; Pfeffer, M. Ru-,
Rh-, and Pd-Catalyzed C-C Bond Formation Involving C-H
Activation and Addition on Unsaturated Substrates: Reactions and
Mechanistic Aspects. Chem. Rev. 2002, 102, 1731—1770. (b) Chen,
X.; Engle, K. M; Wang, D. H,; Yu, J.-Q. Palladium(II)-Catalyzed C-H
Activation/C-C Cross-Coupling Reactions: Versatility and Practical-
ity. Angew. Chem., Int. Ed. 2009, 48, 5094—5115. (c) Cho, S. H.; Kim,
J. Y.; Kwak, J; Chang, S. Recent advances in the transition metal-
catalyzed twofold oxidative C—H bond activation strategy for C—C
and C—N bond formation. Chem. Soc. Rev. 2011, 40, 5068—5083.
(d) Ackermann, L. Carboxylate-Assisted Transition-Metal-Catalyzed
C—H Bond Functionalizations: Mechanism and Scope. Chem. Rev.
2011, 111, 1315—134S. (e) Wencel-Delord, J.; Droge, T.; Liu, F.;
Glorius, F. Towards mild metal-catalyzed C—H bond activation.

https://doi.org/10.1021/acs.orglett.1c00565
Org. Lett. 2021, 23, 2927-2932


https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00565/suppl_file/ol1c00565_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2061745&id=doi:10.1021/acs.orglett.1c00565
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dachang+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7342-2966
http://orcid.org/0000-0001-7342-2966
mailto:baidachang@htu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junbiao+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:changjunbiao@zzu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1153-1558
http://orcid.org/0000-0002-1153-1558
mailto:lixw@snnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guiqing+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fen+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?ref=pdf
https://doi.org/10.1021/cr0104330
https://doi.org/10.1021/cr0104330
https://doi.org/10.1021/cr0104330
https://doi.org/10.1021/cr0104330
https://doi.org/10.1002/anie.200806273
https://doi.org/10.1002/anie.200806273
https://doi.org/10.1002/anie.200806273
https://doi.org/10.1039/c1cs15082k
https://doi.org/10.1039/c1cs15082k
https://doi.org/10.1039/c1cs15082k
https://doi.org/10.1021/cr100412j
https://doi.org/10.1021/cr100412j
https://doi.org/10.1039/c1cs15083a
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00565?fig=sch6&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00565?rel=cite-as&ref=PDF&jav=VoR

Organic Letters

pubs.acs.org/OrgLett

Chem. Soc. Rev. 2011, 40, 4740—4761. (f) Gutekunst, W. R.; Baran, P.
S. C—H functionalization logic in total synthesis. Chem. Soc. Rev.
2011, 40, 1976—1991. (g) Yamaguchi, J.; Yamaguchi, A. D.; Itami, K.
C-H Bond Functionalization: Emerging Synthetic Tools for Natural
Products and Pharmaceuticals. Angew. Chem., Int. Ed. 2012, §I,
8960—9009. (h) Li, B.-J.; Shi, Z.-J. From C(sp*)—H to C(sp*)—H:
systematic studies on transition metal-catalyzed oxidative C—C
formation. Chem. Soc. Rev. 2012, 41, 5588—5598. (i) Zheng, C.;
You, S.-L. Recent development of direct asymmetric functionalization
of inert C—H bonds. RSC Adv. 2014, 4, 6173—6214. (j) Yang, L.;
Huang, H. M. Transition-Metal-Catalyzed Direct Addition of
Unactivated C—H Bonds to Polar Unsaturated Bonds. Chem. Rev.
2015, 115, 3468—3517. (k) Mishra, N. K.; Sharma, S.; Park, J.; Han,
S; Kim, L S. Recent Advances in Catalytic C(sp?)—H Allylation
Reactions. ACS Catal. 2017, 7, 2821—-2847. (1) Park, Y.; Kim, Y;
Chang, S. Transition Metal-Catalyzed C—H Amination: Scope,
Mechanism, and Applications. Chem. Rev. 2017, 117, 9247—-9301.
(m) Kim, D.-S.; Park, W.-J.; Jun, C.-H. Metal—Organic Cooperative
Catalysis in C—H and C—C Bond Activation. Chem. Rev. 2017, 117,
8977—9015. (n) Sambiagio, C.; Schénbauer, D.; Blieck, R.; Dao-Huy,
T.; Pototschnig, G.; Schaaf, P.; Wiesinger, T.; Zia, M. F.; Wencel-
Delord, J.; Besset, T.; Maes, B. W.; Schniirch, M. A. A comprehensive
overview of directing groups applied in metal-catalysed C—H
functionalisation chemistry. Chem. Soc. Rev. 2018, 47, 6603—6743.
(o) Gandeepan, P.; Miiller, T.; Zell, D.; Cera, G; Warratz, S;
Ackermann, L. 3d Transition Metals for C—H Activation. Chem. Rev.
2019, 119, 2192—2452. (p) Liao, G.; Zhou, T.; Yao, Q.-J.; Shi, B.-F.
Recent advances in the synthesis of axially chiral biaryls via transition
metal-catalysed asymmetric C—H functionalization. Chem. Commun.
2019, 55, 8514—8523.

(2) For selected reviews on rhodium-catalyzed C—H activation, see:
(a) Satoh, T.; Miura, M. Oxidative Coupling of Aromatic Substrates
with Alkynes and Alkenes under Rhodium Catalysis. Chem. - Eur. J.
2010, 16, 11212—11222. (b) Colby, D. A; Bergman, R. G.; Ellman, J.
A. Rhodium-Catalyzed C-C Bond Formation via Heteroatom-
Directed C-H Bond Activation. Chem. Rev. 2010, 110, 624—655.
(c) Colby, D. A;; Tsai, A. S.; Bergman, R. G.; Ellman, J. A. Rhodium
Catalyzed Chelation-Assisted C-H Bond Functionalization Reactions.
Acc. Chem. Res. 2012, 45, 814—825. (d) Kuhl, N.; Schroder, N,;
Glorius, F. Formal Sy-Type Reactions in Rhodium(III)-Catalyzed C-
H Bond Activation. Adv. Synth. Catal. 2014, 356, 1443—1460.
(e) Song, G.; Li, X. Substrate Activation Strategies in Rhodium(III)-
Catalyzed Selective Functionalization of Arenes. Acc. Chem. Res. 2018,
48, 1007—1020. (f) Ye, B.-H.; Cramer, N. Chiral Cyclopentadienyls:
Enabling Ligands for Asymmetric Rh(III)-Catalyzed C-H Function-
alizations. Acc. Chem. Res. 2015, 48, 1308—1318. (g) Wang, F; Yu, S;
Li, X. Transition metal-catalysed couplings between arenes and
strained or reactive rings: combination of C—H activation and ring
scission. Chem. Soc. Rev. 2016, 45, 6462—6477. (h) Rej, S.; Chatani,
N. Rhodium-Catalyzed C(sp?)- or C(sp®)-H Bond Functionalization
Assisted by Removable Directing Groups. Angew. Chem., Int. Ed.
2019, 58, 8304—8329.

(3) For selected examples, see: (a) Liu, G.-X.; Shen, Y.-Y.; Zhou, Z;
Lu, X.-Y. Rhodium(III)-Catalyzed Redox-Neutral Coupling of N-
Phenoxyacetamides and Alkynes with Tunable Selectivity. Angew.
Chem., Int. Ed. 2013, 52, 6033—6037. (b) Duan, P.-P,; Yang, Y.-F;
Ben, R; Yan, Y.-Y,; Dai, L; Hong, M,; Wu, Y.-D.,; Wang, D.-Q;
Zhang, X.-H.; Zhao, ]J. Palladium-catalyzed benzo[d]isoxazole syn-
thesis by C—H activation/[4 + 1] annulation. Chem. Sci. 2014, S,
1574—1578. (c) Hu, F.-D.; Xia, Y.; Ye, F.; Liu, Z.-X.; Ma, C.; Zhang,
Y.; Wang, J.-B. Rhodium(III)-Catalyzed ortho Alkenylation of N-
Phenoxyacetamides with N-Tosylhydrazones or Diazoesters through
C-H Activation. Angew. Chem., Int. Ed. 2014, §3, 1364—1367. (d) Li,
B.J; Lan, J.-B; Wu, D.; You, J.-S. Rhodium(III)-Catalyzed ortho-
Heteroarylation of Phenols through Internal Oxidative C-H
Activation: Rapid Screening of Single Molecular White Light Emitting
Materials. Angew. Chem,, Int. Ed. 2015, 54, 14008—14012. (e) Wang,
X.-M.; Gensch, T.; Lerchen, A, Daniliuc, C. G.; Glorius, F.
Cp*Rh(III)/Bicyclic Olefin Cocatalyzed C—H Bond Amidation by

2931

Intramolecular Amide Transfer. J. Am. Chem. Soc. 2017, 139, 6506—
6512. (f) Zhou, Z.; Bian, M.; Zhao, L.; Gao, H.; Huang, J.; Liu, X;; Yu,
X; Li, X; Yi, W. 2H-Chromene-3-carboxylic Acid Synthesis via
Solvent-Controlled and Rhodium(III)-Catalyzed Redox-Neutral C-H
Activation/[3 + 3] Annulation Cascade. Org. Lett. 2018, 20, 3892—
3896. (g) Wang, X.-M.; Lerchen, A,; Daniliuc, C. G.; Glorius, F.
Efficient Synthesis of Arylated Furans by a Sequential Rh-Catalyzed
Arylation and Cycloisomerization of Cyclopropenes. Angew. Chem.,
Int. Ed. 2018, 57, 1712—1716. (h) Wu, Y.; Chen, Z; Yang, Y.; Zhu,
W.; Zhou, B. Rh(III)-Catalyzed Redox-Neutral Unsymmetrical C—H
Alkylation and Amidation Reactions of N-Phenoxyacetamides. J. Am.
Chem. Soc. 2018, 140, 42—4S. (i) Wang, F.; Qi, Z.; Zhao, Y.; Zhai, S.;
Zheng, G.; Mi, R;; Huang, Z.; Zhu, X,; He, X;; Li, X. Rhodium(III)-
Catalyzed Atroposelective Synthesis of Biaryls by C—H Activation
and Intermolecular Coupling with Sterically Hindered Alkynes.
Angew. Chem., Int. Ed. 2020, 59, 13288—13294.

(4) For reviews, see: (a) Binger, P.; Buech, H. M. Cyclopropenes
and methylenecylopropanes as multifunctional reagents in transition
metal catalyzed reactions. Top. Curr. Chem. 1987, 135, 77—151.
(b) Brandi, A.; Cicchi, S.; Cordero, F. M.; Goti, A. Heterocycles from
Alkylidenecyclopropanes. Chem. Rev. 2003, 103, 1213—1270.
(c) Rubin, M.; Rubina, M.; Gevorgyan, V. Transition Metal
Chemistry of Cyclopropenes and Cyclopropanes. Chem. Rev. 2007,
107, 3117-3179. (d) Masarwa, A,; Marek, 1. Selectivity in Metal-
Catalyzed Carbon-Carbon Bond Cleavage of Alkylidenecyclopro-
panes. Chem. - Eur. J. 2010, 16, 9712—9721. (e) Shi, M.; Ly, J.-M,;
Wei, Y.; Shao, L.-X. Rapid Generation of Molecular Complexity in the
Lewis or Brensted Acid-Mediated Reactions of Methylenecyclopro-
panes. Acc. Chem. Res. 2012, 45, 641—652. (f) Brandi, A.; Cicchi, S.;
Cordero, F. M,; Goti, A. Progress in the Synthesis and Trans-
formations of Alkylidenecyclopropanes and Alkylidenecyclobutanes.
Chem. Rev. 2014, 114, 7317—7420. (g) Yu, L.-Z; Chen, K; Zhu, Z.-
S.; Shi, M. Recent advances in the chemical transformations of
functionalized alkylidenecyclopropanes (FACPs). Chem. Commun.
2017, 53, 5935—594S. (h) Fumagalli, G.; Stanton, S.; Bower, J. F.
Recent Methodologies That Exploit C—C Single-Bond Cleavage of
Strained Ring Systems by Transition Metal Complexes. Chem. Rev.
2017, 117, 9404—9432. (i) Yu, L.-Z.; Shi, M. Chem. - Eur. ]. 2019, 25,
7591-7606.

(5) (a) Liang, Y.-F.; Miiller, V.; Liu, W.; Miinch, A,; Stalke, D.;
Ackermann, L. Methylenecyclopropane Annulation by Manganese(I)-
Catalyzed Stereoselective C—H/C—C Activation. Angew. Chem., Int.
Ed. 2017, 56, 9415—9419. (b) Yang, S.; Rui, K.-H.; Tang, X.-Y.; Xu,
Q.; Shi, M. Rhodium/Silver Synergistic Catalysis in Highly
Enantioselective Cycloisomerization/Cross Coupling of Keto-Vinyl-
idenecyclopropanes with Terminal Alkynes. J. Am. Chem. Soc. 2017,
139, 5957—5964. (c) Li, M.; Kwong, F.-Y. Cobalt-Catalyzed Tandem
C-H Activation/C-C Cleavage/C-H Cyclization of Aromatic Amides
with Alkylidenecyclopropanes. Angew. Chem. Int. Ed. 2018, 57,
6512—6516. (d) Zhu, Y.-Q,; Niu, Y.-X.; Hui, L-W.; He, J.-L; Zhu, K.
Reaction of Isoquinolin-1(2H)-Ones with Methylenecyclopropanes
via Rhodium(I1I)-Catalyzed C-H Activation. Adv. Synth. Catal. 2019,
361, 2897—2903. (e) Dey, A; Thrimurtuly, N.; Volla, C. M. R.
Cobalt-Catalyzed Annulation Reactions of Alkylidenecyclopropanes:
Access to Spirocyclopropanes at Room Temperature. Org. Lett. 2019,
21, 3871-3875.

(6) Cui, S-L; Zhang, Y.; Wu, Q.F. Rh(III)-catalyzed C—H
activation/cycloaddition of benzamides and methylenecyclopropanes:
divergence in ring formation. Chem. Sci. 2013, 4, 3421—3426.

(7) Bai, D.; Xu, T.; Ma, C.; Zheng, X.; Liu, B.; Xie, F.; Li, X. Rh(III)-
Catalyzed Mild Coupling of Nitrones and Azomethine Imines with
Alkylidenecyclopropanes via C—H Activation: Facile Access to
Bridged Cycles. ACS Catal. 2018, 8, 4194—4200.

(8) Liu, R-X; Wei, Y.; Shi, M. A rhodium(III)-catalyzed tunable
coupling reaction of indole derivatives with alkylidenecyclopropanes
via C—H activation. Chem. Commun. 2019, 55, 7558—7561.

(9) Li, Q.-Y; Yuan, X; Li, B; Wang, B.-Q. The regioselective
annulation of alkylidenecyclopropanes by Rh(III)-catalyzed C—H/

https://doi.org/10.1021/acs.orglett.1c00565
Org. Lett. 2021, 23, 2927-2932


https://doi.org/10.1039/c0cs00182a
https://doi.org/10.1002/anie.201201666
https://doi.org/10.1002/anie.201201666
https://doi.org/10.1039/c2cs35096c
https://doi.org/10.1039/c2cs35096c
https://doi.org/10.1039/c2cs35096c
https://doi.org/10.1039/c3ra46996d
https://doi.org/10.1039/c3ra46996d
https://doi.org/10.1021/cr500610p
https://doi.org/10.1021/cr500610p
https://doi.org/10.1021/acscatal.7b00159
https://doi.org/10.1021/acscatal.7b00159
https://doi.org/10.1021/acs.chemrev.6b00644
https://doi.org/10.1021/acs.chemrev.6b00644
https://doi.org/10.1021/acs.chemrev.6b00554
https://doi.org/10.1021/acs.chemrev.6b00554
https://doi.org/10.1039/C8CS00201K
https://doi.org/10.1039/C8CS00201K
https://doi.org/10.1039/C8CS00201K
https://doi.org/10.1021/acs.chemrev.8b00507
https://doi.org/10.1039/C9CC03967H
https://doi.org/10.1039/C9CC03967H
https://doi.org/10.1002/chem.201001363
https://doi.org/10.1002/chem.201001363
https://doi.org/10.1021/cr900005n
https://doi.org/10.1021/cr900005n
https://doi.org/10.1021/ar200190g
https://doi.org/10.1021/ar200190g
https://doi.org/10.1002/adsc.201400197
https://doi.org/10.1002/adsc.201400197
https://doi.org/10.1021/acs.accounts.5b00077
https://doi.org/10.1021/acs.accounts.5b00077
https://doi.org/10.1021/acs.accounts.5b00092
https://doi.org/10.1021/acs.accounts.5b00092
https://doi.org/10.1021/acs.accounts.5b00092
https://doi.org/10.1039/C6CS00371K
https://doi.org/10.1039/C6CS00371K
https://doi.org/10.1039/C6CS00371K
https://doi.org/10.1002/anie.201808159
https://doi.org/10.1002/anie.201808159
https://doi.org/10.1002/anie.201300881
https://doi.org/10.1002/anie.201300881
https://doi.org/10.1039/C3SC53228C
https://doi.org/10.1039/C3SC53228C
https://doi.org/10.1002/ange.201309650
https://doi.org/10.1002/ange.201309650
https://doi.org/10.1002/ange.201309650
https://doi.org/10.1002/anie.201507272
https://doi.org/10.1002/anie.201507272
https://doi.org/10.1002/anie.201507272
https://doi.org/10.1002/anie.201507272
https://doi.org/10.1021/jacs.7b02725
https://doi.org/10.1021/jacs.7b02725
https://doi.org/10.1021/acs.orglett.8b01477
https://doi.org/10.1021/acs.orglett.8b01477
https://doi.org/10.1021/acs.orglett.8b01477
https://doi.org/10.1002/anie.201712019
https://doi.org/10.1002/anie.201712019
https://doi.org/10.1021/jacs.7b10349
https://doi.org/10.1021/jacs.7b10349
https://doi.org/10.1002/anie.202002208
https://doi.org/10.1002/anie.202002208
https://doi.org/10.1002/anie.202002208
https://doi.org/10.1007/3-540-16662-9_4
https://doi.org/10.1007/3-540-16662-9_4
https://doi.org/10.1007/3-540-16662-9_4
https://doi.org/10.1021/cr010005u
https://doi.org/10.1021/cr010005u
https://doi.org/10.1021/cr050988l
https://doi.org/10.1021/cr050988l
https://doi.org/10.1002/chem.201001246
https://doi.org/10.1002/chem.201001246
https://doi.org/10.1002/chem.201001246
https://doi.org/10.1021/ar200237z
https://doi.org/10.1021/ar200237z
https://doi.org/10.1021/ar200237z
https://doi.org/10.1021/cr400686j
https://doi.org/10.1021/cr400686j
https://doi.org/10.1039/C7CC02596C
https://doi.org/10.1039/C7CC02596C
https://doi.org/10.1021/acs.chemrev.6b00599
https://doi.org/10.1021/acs.chemrev.6b00599
https://doi.org/10.1002/anie.201704767
https://doi.org/10.1002/anie.201704767
https://doi.org/10.1021/jacs.7b02027
https://doi.org/10.1021/jacs.7b02027
https://doi.org/10.1021/jacs.7b02027
https://doi.org/10.1002/anie.201801706
https://doi.org/10.1002/anie.201801706
https://doi.org/10.1002/anie.201801706
https://doi.org/10.1002/adsc.201900176
https://doi.org/10.1002/adsc.201900176
https://doi.org/10.1021/acs.orglett.9b01392
https://doi.org/10.1021/acs.orglett.9b01392
https://doi.org/10.1039/c3sc51424b
https://doi.org/10.1039/c3sc51424b
https://doi.org/10.1039/c3sc51424b
https://doi.org/10.1021/acscatal.8b00746
https://doi.org/10.1021/acscatal.8b00746
https://doi.org/10.1021/acscatal.8b00746
https://doi.org/10.1021/acscatal.8b00746
https://doi.org/10.1039/C9CC03134K
https://doi.org/10.1039/C9CC03134K
https://doi.org/10.1039/C9CC03134K
https://doi.org/10.1039/C9CC09621C
https://doi.org/10.1039/C9CC09621C
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00565?rel=cite-as&ref=PDF&jav=VoR

Organic Letters pubs.acs.org/OrgLett

C—C activation to access spirocyclic benzosultams. Chem. Commun.
2020, 56, 1835—1838.

(10) (a) Dat, N. T.; Jin, X.-J.; Lee, K;; Hong, Y.-S.; Kim, Y. H.; Lee,
J. J. J. Hypoxia-Inducible Factor-1 Inhibitory Benzofurans and
Chalcone-Derived Diels—Alder Adducts from Morus Species. J. Nat.
Prod. 2009, 72, 39—43. (b) Chen, W.; Deng, X.-Y.; Li, Y.; Yang, L.-J.;
Wan, W.-C.; Wang, X.-Q.; Zhang, H.-B.; Yang, X.-D. Synthesis and
cytotoxic activities of novel hybrid 2-phenyl-3-alkylbenzofuran and
imidazole/triazole compounds. Bioorg. Med. Chem. Lett. 2013, 23,
4297—-4302. (c) Naik, R;; Harmalkar, D. S.; Xu, X.-Z; Jang, K; Lee,
K. Eur. J. Med. Chem. 2015, 90, 379—393.

(11) Simmons, E. M,; Hartwig, J. F. On the Interpretation of
Deuterium Kinetic Isotope Effects in C-H Bond Functionalizations by
Transition-Metal Complexes. Angew. Chem., Int. Ed. 2012, 51, 3066—
3072.

(12) (a) Frech, C. M.; Shimon, L. J. W.; Milstein, D. Unsaturated
Rh(I) and Rh(III) Naphthyl-Based PCP Complexes. Major Steric
Effect on Reactivity. Organometallics 2009, 28, 1900—1908. (b) Hu,
Y.; Norton, J. R. Kinetics and Thermodynamics of H™/He/H"
Transfer from a Rhodium(III) Hydride. J. Am. Chem. Soc. 2014,
136, 5938—5948. (c) Nelsen, E. R; Brezny, A. C; Landis, C. R.
Interception and Characterization of Catalyst Species in Rhodium
Bis(diazaphospholane)-Catalyzed Hydroformylation of Octene, Vinyl
Acetate, Allyl Cyanide, and 1-Phenyl-1,3-butadiene. J. Am. Chem. Soc.
2015, 137, 14208—14219.

(13) Jambu, S.; Tamizmani, M.; Jeganmohan, M. Ruthenium(II)-
Catalyzed Cyclization of Aromatic Acids with Allylic Acetates via
Redox-Free Two-Fold Aromatic/Allylic C—H Activations: Combined
Experimental and DFT Studies. Org. Lett. 2018, 20, 1982—1986.

2932

https://doi.org/10.1021/acs.orglett.1c00565
Org. Lett. 2021, 23, 2927-2932


https://doi.org/10.1039/C9CC09621C
https://doi.org/10.1021/np800491u
https://doi.org/10.1021/np800491u
https://doi.org/10.1016/j.bmcl.2013.06.001
https://doi.org/10.1016/j.bmcl.2013.06.001
https://doi.org/10.1016/j.bmcl.2013.06.001
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1021/om801147w
https://doi.org/10.1021/om801147w
https://doi.org/10.1021/om801147w
https://doi.org/10.1021/ja412309j
https://doi.org/10.1021/ja412309j
https://doi.org/10.1021/jacs.5b09858
https://doi.org/10.1021/jacs.5b09858
https://doi.org/10.1021/jacs.5b09858
https://doi.org/10.1021/acs.orglett.8b00533
https://doi.org/10.1021/acs.orglett.8b00533
https://doi.org/10.1021/acs.orglett.8b00533
https://doi.org/10.1021/acs.orglett.8b00533
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c00565?rel=cite-as&ref=PDF&jav=VoR

