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ABSTRACT: Epoxides as alkylating reagents are unprecedentedly
applied in Pd(II)-catalyzed C−H alkylation and oxidative annulation of
substituted benzamides to synthesize isoquinolones rather than
isochromans, which is accomplished through alerting the previously
reported reaction mechanism by the addition of oxidant and TEA.
Under these conditions, various isoquinolones have been prepared with
yields up to 92%. In addition, this methodology has been successfully
employed in the total syntheses of rupreschstyril, siamine, and cassiarin
A in an expedient fashion.

I soquinolone is a widely existing class of skeletons usually
possessing unique bioactivities.1 Various methods for its

synthesis have gradually been reported.2 Among them,
employing alkynes as coupling partners3 and requiring
transition metal catalysts4−9 are the main features. Recently,
various intrinsically unique coupling partners have been
developed. In 2014, Glorius and co-workers employed α-
MsO/TsO/Cl ketones as alkylating reagents accomplishing the
syntheses of isoquinolones.10 In 2017, Huang and co-workers
developed β-keto esters as coupling partners to react with N-
alkoxybenzamides via a cascade DCC/annulation reaction,
resulting in isoquinolone derivatives.11 Meanwhile, novel diazo
compounds12 and sulfoxonium ylides13 as coupling/cyclization
partners to synthesize N-methoxyisoquinolones have been
gradually reported. More recently, Kou’s group14 reported Rh
(III)-catalyzed oxidative coupling of N-methoxybenzamides
with silyl enol ethers to render the N-methoxy-3-hydroxy
dihydroisoquinolones in good yields (Scheme 1). These
methodologies, however, suffer from some drawbacks, mainly
the coupling partners are highly active, are difficult to prepare
and store, and require prefunctionalization. Because of these
challenges, development of more effective methods to prepare
isoquinolones is still in demand.
As versatile coupling/cyclization partners, oxiranes have

shown robustness in heterocycle synthesis involving C−H
activation.15 In 2015, Kanai’s16 and Yu’s17 groups respectively
revealed the application of epoxides as the coupling partners
for the first time in Pd-catalyzed C−H alkylation reactions,
which provided a labor-saving alternative to construct
isochromans.
Recently, our group employed oxiranes to construct the

isochroman core of natural product berkelic acid.18a Together
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Scheme 1. Coupling Partners for the Syntheses of
Isoquinolones
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with our work, some other follow-up reports further revealed
the robustness of this alkylation reagents by synthesizing useful
phenethyl-substituted alcohols with high atom economy.18b,g

However, to our knowledge, syntheses of isoquinolones using
oxiranes as coupling partners has not been reported. The
challenge is the Pd-alkoxide, which is generated from ring
opening of epoxide, prefers to attack the carbonyl group of the
amide group, leading to lactonization to generate isochro-
mans,17,18a rather than conducted β-hydrogen elimination to
form the ketone carbonyl followed byintramolecular lactamiza-
tion/dehydration to afford isoquinolones. We proposed that
the existence of appropriate base may promote the β-H
elimination of Pd-alkoxide to afford isoquinolones (see the
mechanism section). In order to identify the above-mentioned
proposal and in continuation of our interest in heterocycle
building,19 we herein reveal an example of Pd(II)-catalyzed
cascade reaction of N-alkoxylbenzamides with oxiranes
derivatives for the synthesis of isoquinolones.
The initial experiment was performed with N-2,4-trimethox-

ybenzamide 1aa and epoxide 2a using Pd(OAc)2 as the
catalyst and KOAc as the additive (Table 1, entry 1). Indeed,

isoquinolone 3aa as well as isochroman 4a was generated
respectively in 23% and 13% yields. Subsequently, we
investigated the infulence of solvent (entries 1−4), and
HFIP was proven to be the optimal one that produced 3aa
in 34% yield (entry 3). Significantly, changing KOAc to
potassium trifluoroacetate (CF3CO2K) displayed some extent
of selectivity toward isoquinolone, increasing the yield of 3aa
to 55%, but sodium trifluoroacetate (CF3CO2Na) gave a

slightly lower yield of 46% (entries 5 and 6). Other Pd salts
like PdCl2 or Pd(TFA)2 decreased the yields to 47% and 38%,
respectively (entries 7 and 8). Further screening of oxidants
revealed that AgOAc could afford a small improvement yield
(59% entry 9) but the CuCl2 reduced the yield drastically
(entry 11); in addition, other oxidants like benzoquinone were
not effective in this case (entry 12). To our delight, in the
presence of TEA, the yield of 3aa increased to 64%, while the
yield of the byproduct isochroman 4a was low (entry 13).
When 20 mol % of TEA was added, a further improved yield of
3aa (82%) was realized (entry 14). This result indicated that
TEA may act as ligand that plays a crucial role in stabilizing the
Pd catalyst and promoting reoxidation of Pd(0) by O2.

20

After determining the optimal reaction conditions, we
studied reactivities of other N-methoxybenzamide derivatives
(Scheme 2). To our delight, dimethoxy or trimethoxy

substituted substrates all reacted well, affording isoquinolones
(3aa−3af) in 61%−87% yields. Not surprisingly, N-methox-
ybenzamides bearing trimethoxy groups gave corresponding
products with better yields than the dimethoxy substituted
substrates. Particularly, substrate 1ae with an electron-with-
drawing methyl ester behaved well in this reaction, affording
product 3ae in a slightly lower yield of 80% compared with the
methoxy-substituted substrate 1ad. The MOM protected
substrate 1af gave the corresponding product smoothly;
however, it was difficult to purify, which prompted us to
deprotect MOM in the process of post-treatment, giving the
product 3af in a good yield of 78% in two steps. Subsequently,
electron-donating groups (methyl, methoxy, and tert-butyl)
substituted N-methoxybenzamides gave the desired products
in 47−61% yields. In general, non/methyl substituents gave
inferior yields compared with the methoxy substituents and the
ortho-methoxy group gave a lower yield compared to the
methoxy group in the meta/para-position. Unexpectedly, the
presence of a meta-Cl substituent retarded the reactions

Table 1. Optimization of Reaction Conditionsa

Yield (%)

Entry Catalyst system Solvents Additives 3aa 4a

1 Pd(OAc)2/KOAc Toluene 23% 13%
2 Pd(OAc)2/KOAc 1,4-dioxane 12% <5%
3 Pd(OAc)2/KOAc HFIP 34% 42%
4 Pd(OAc)2/KOAc o-Xylene 30% 21%
5 Pd(OAc)2/

CF3CO2K
HFIP 55% 23%

6 Pd(OAc)2/
CF3CO2Na

HFIP 46% 17%

7 PdCl2/CF3CO2K HFIP 47% 14%
8 Pd(TFA)2/

CF3CO2K
HFIP 38% 18%

9 Pd(OAc)2/
CF3CO2K

HFIP AgOAc 59% 20%

10 Pd(OAc)2/
CF3CO2K

HFIP Ag2O 52% 22%

11 Pd(OAc)2/
CF3CO2K

HFIP CuCl2 <5% 45%

12 Pd(OAc)2/
CF3CO2K

HFIP BQ 22% 14%

13 Pd(OAc)2/
CF3CO2K

HFIP TEA 64% 20%

14 Pd(OAc)2/
CF3CO2K

HFIP 20 mol %
TEA

82% 11%

a1aa (0.1 mmol), 2a (0.2 mmol), Pd salts (10 mol %), additives (1.0
equiv), solvent (0.3 mL), 100 °C, 24 h, air, isolated yields. BQ =
benzoquinone.

Scheme 2. Substrates Scope of N-Methoxybenzamidesa

aIsolated yields. bNon-hydrogens atoms are shown as 30% ellipsoids.
cYields of corresponding isochromans.
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greatly, providing product 3an in trace amount. The apparent
electron effect of a substituent in the 3-position was also
observed in substrate 1ao, in which isoquinolones 3ao was
obtained in 22% yield. Moreover, 4-methoxy-2-methylbenza-
mide 1ap, 2,4-dimethylbenzamide 1aq, and 2-naphthamide 1ar
were compatible in this transformation, and moderate yields of
corresponding products 3ap, 3aq, and 3ar were obtained.
Beyond the N-methoxy group, a variety of N-protecting

groups were investigated and electronic and steric effects were
observed (Scheme 3). For example, substrate 1ba containing

an N-ethoxy group afforded a better yield compared with the
N-methoxy substituent by increasing the nucleophilicity of the
nitrogen atom. The reaction of linear N-butoxy substrate 1bd
offered the desired isoquinolone in 81% yield, while substrate
1bb bearing an isopropoxy gave 3bb in 56% yield and tert-
butoxy substituted substrate did not provide the desired
product. It is pleasing that the reaction of N-isobutoxy
substituted substrate 1bc afforded 3bc in 92% yield, and this
N-protecting group was also employed in 4-methoxy/methyl
benzamides 1bf and 1bg, and synthetically useful yields were
obtained. When the N-protecting group was benzyloxy,
isoquinolone 3bh was obtained in 47% yield; however, N-
phenoxy substrate 1bi did not offer the desired product.
Finally, the scope of epoxides was extensively tested

(Scheme 4). Alkylation with simple propylene oxide and
other 2-alkyloxiranes gave N-methoxyisoquinolones 3ca−3cc
in 80−85% isolated yields. Actually, phenyl and protected
hydroxyl groups (3 cd−3ch, 3cm) gave inferior yields (61−
75%) compared with 2-alkyloxiranes, presumably due to the
additional coordinating oxygen atom or π-electrons of the
phenyl of oxiranes might inhibit the β-hydrogen elimination
process for coordinating to the palladium catalyst. Surprisingly,
2-ylmethanol oxirane was also tolerant in this reaction,
affording 3ci in 46% yield. Further exploration demonstrated
that α-ester and vinyl moieties (1cj, 1ck) were not compatible
with this protocol. Besides, isoindoline-1,3-dione worked well
in this transformation, and a moderate yield of corresponding
product 3cl was obtained.
Moreover, this methodology was successfully applied to the

late stage modification of estrone, a compound possessing

extensive pharmacological activities, leading to 3cn in 58%
yield.
The practicability of this protocol was also demonstrated by

the total syntheses of rupreschstyril,21 siamine,22 and cassiarin
A;23 which, however, were previously synthesized in slightly
lower overall yields and many steps. Removal of the methoxy
group and subsequent deprotection of the MOM group in
isoquinolin-1-one 3af′ provided rupreschstyril in 83% yield.
Similarly, siamine (2), another alkaloid of Cassia siamea, was
obtained in 76% yield from isoquinolin-1-one 3ca. As for
cassiarins A (3), treatment of 3ca with sodium hydride at 120
°C removed the methoxy group, followed by treatment with N-
phenyl-bis(trifluoromethanesulfonimide) providing triflate 4 in
73% yield in one pot, which subsequently coupled with the in
situ generated propyne to provide alkyne 5 in 87% yield. Then,
demethylation of 5 with BBr3 and spontaneous 6-endo-dig
cyclization gave cassiarin A (3) in a total of 4 steps and 37%
overall yield from 1aa (Scheme 5).
To gain insights into the mechanism, coupling of 1al with 2a

in the absence of 4 Å molecular sieve and TEA has been
conducted. As a result, isochroman 3as, 3-hydroxy-3,4-
dihydroisoquinolin-1-one 3at, and isoquinolone 3al were
obtained in 24%, 13%, and 21% yields, respectively. Notably,
3at could fully convert to isoquinolone 3al in the presence of 4
Å molecular sieve at 100 °C in HFIP. When the reaction was
performed under an O2 or Ar atmosphere, 3al was obtained
respectively in 69% and 14% yields, indicating the critical role
of oxygen in this reaction. According to our preliminarily
mechanistic experiments and the literature precedent,24 a
plausible mechanism is proposed (Scheme 6). Cyclometalation
of benzamide with palladium(II) generates a palladacyclic
intermediate A,25 which reacted with epoxide via an SN2
nucleophilic ring-opening process generating Pd-alkoxide
species B.17 Intermediate B undergoes β-hydrogen elimination
to form the ketone carbonyl product D and Pd-hydride
species,20a,26 followed by the nucleophilic addition of nitrogen

Scheme 3. Substrates Scope of N-Protecting Groupsa

aIsolated yields. bCorresponding isochromans were not observed.

Scheme 4. Substrates Scope of Epoxidesa

aIsolated yields. bYields of corresponding isochromans.
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to the carbonyl group in D giving intermediate E, which then
affords isoquinolone upon dehydration.13 The Pd-hydride
species is oxidized by O2 to Pd(II),20 which re-enters the
catalytic cycle. In contrast, protonation and lactonization of
species B would afford 3,4-dihydroisocoumarins as byproducts.
In conslusion, an example of palladium-catalyzed C−H

alkylation and cascade annulation unprecedentedly using the
easily prepared oxiranes as coupling partners to generate
isoquinolones rather than isochromans is presented. Notably,
the formation of isoquinolones or isochromans is controlled by
the reaction conditions; that is, compared to conditions giving
isochromans, the addition of potassium trifluoroacetate and
TEA could promote the dehydration of Pd-alkoxide, resulting
in the formation of isoquinolones rather than isochromans.
The reaction works efficiently in various substrates, and natural
products including supreschstyril, siamine, and cassiarin A have

been synthesized in high efficiency by this new methodology.
In addition, other novel transformations of epoxides are
ongoing in our laboratory.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04097.

Experimental procedures, spectroscopic data, and
crystallographic data for 3ae (CCDC 2042086) (PDF)

Accession Codes

CCDC 2042086 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.

■ AUTHOR INFORMATION
Corresponding Authors

Zhen Wang − State Key Laboratory of Applied Organic
Chemistry and School of Pharmacy, Lanzhou University,
Lanzhou 730000, China; orcid.org/0000-0003-4134-
1779; Email: zhenw@lzu.edu.cn

Tao Shi − School of Pharmacy, Lanzhou University, Lanzhou
730000, China; Email: shit18@lzu.edu.cn

Authors

Huihong Wang − State Key Laboratory of Applied Organic
Chemistry, Lanzhou University, Lanzhou 730000, China

Fei Cao − State Key Laboratory of Applied Organic
Chemistry, Lanzhou University, Lanzhou 730000, China

Weiwei Gao − State Key Laboratory of Applied Organic
Chemistry, Lanzhou University, Lanzhou 730000, China

Xiaodong Wang − School of Pharmacy, Lanzhou University,
Lanzhou 730000, China

Yuhang Yang − School of Pharmacy, Lanzhou University,
Lanzhou 730000, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c04097

Author Contributions
§H.W. and F.C. contributed equally.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support was provided by the Recruitment Program of
Global Experts (1000 Talents Plan), the Fundamental
Research Funds for the Central Universities (lzujbky-2019-
ct08), and Gansu Province Science Foundation for Distin-
guished Young Scholars (20JR5RA304).

■ REFERENCES
(1) (a) Glushkov, V. A.; Shklyaev, Y. V. Synthesis of 1(2H)-
Isoquinolones. Chem. Heterocycl. Compd. 2001, 37, 663−687.
(b) Banno, Y.; Miyamoto, Y.; Sasaki, M.; Oi, S.; Asakawa, T.;
Kataoka, O.; Takeuchi, K.; Suzuki, N.; Ikedo, K.; Kosaka, T.;
Tsubotani, S.; Tani, A.; Funami, M.; Tawada, M.; Yamamoto, Y.;
Aertgeerts, K.; Yano, J.; Maezaki, H. Identification of 3-aminomethyl-

Scheme 5. Late-Stage Modification and Synthetic
Applications

Scheme 6. Control Experiments and Proposed Reaction
Mechanism

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c04097
Org. Lett. 2021, 23, 863−868

866

https://pubs.acs.org/doi/10.1021/acs.orglett.0c04097?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c04097/suppl_file/ol0c04097_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2042086&id=doi:10.1021/acs.orglett.0c04097
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="Zhen+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4134-1779
http://orcid.org/0000-0003-4134-1779
mailto:zhenw@lzu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:shit18@lzu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huihong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weiwei+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaodong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04097?ref=pdf
https://dx.doi.org/10.1023/A:1011958810129
https://dx.doi.org/10.1023/A:1011958810129
https://dx.doi.org/10.1016/j.bmc.2011.06.059
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04097?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04097?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04097?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04097?fig=sch6&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04097?ref=pdf


1,2-dihydro-4-phenyl-1-isoquinolones: A new class of potent,
selective, and orally active non-peptide dipeptidyl peptidase IV
inhibitors that form a unique interaction with Lys554. Bioorg. Med.
Chem. 2011, 19, 4953−4970. (c) Khadka, D. B.; Yang, S.-H.; Cho, S.-
H.; Zhao, C.; Cho, W.-J. Synthesis of 12-oxobenzo[c]-
phenanthridinones and 4-substituted 3-arylisoquinolones via Vilsme-
ier−Haack reaction. Tetrahedron 2012, 68, 250−261. (d) Zhu, F.;
Chen, G.; Wu, J.; Pan, J. Structure revision and cytotoxic activity of
marinamide and its methyl ester, novel alkaloids produced by co-
cultures of two marine-derived mangrove endophytic fungi. Nat. Prod.
Res. 2013, 27, 1960−1964. (e) Lv, P.-C.; Agama, K.; Marchand, C.;
Pommier, Y.; Cushman, M. Design, Synthesis, and Biological
Evaluation of O-2-Modified Indenoisoquinolines as Dual Topo-
isomerase I−Tyrosyl-DNA Phosphodiesterase I Inhibitors. J. Med.
Chem. 2014, 57, 4324−4336. (f) Tang, Z.; Niu, S.; Liu, F.; Lao, K.;
Miao, J.; Ji, J.; Wang, X.; Yan, M.; Zhang, L.; You, Q.; Xiao, H.; Xiang,
H. Synthesis and biological evaluation of 2,3-diaryl isoquinolinone
derivatives as anti-breast cancer agents targeting ERα and VEGFR-2.
Bioorg. Med. Chem. Lett. 2014, 24, 2129−2133. (g) Lv, P.-C.; Elsayed,
M. S. A.; Agama, K.; Marchand, C.; Pommier, Y.; Cushman, M.
Design, Synthesis, and Biological Evaluation of Potential Prodrugs
Related to the Experimental Anticancer Agent Indotecan (LMP400).
J. Med. Chem. 2016, 59, 4890−4899. (h) Mood, A. D.; Premachandra,
I. D. U. A.; Hiew, S.; Wang, F.; Scott, K. A.; Oldenhuis, N. J.; Liu, H.;
Van Vranken, D. L. Potent Antifungal Synergy of Phthalazinone and
Isoquinolones with Azoles Against Candida albicans. ACS Med. Chem.
Lett. 2017, 8, 168−173.
(2) For recent reviews, see: (a) Nakamura, I.; Yamamoto, Y.
Transition-Metal-Catalyzed Reactions in Heterocyclic Synthesis.
Chem. Rev. 2004, 104, 2127−2198. For recent selected examples,
see: (b) Wang, H.; Glorius, F. Mild Rhodium(III)-Catalyzed C-H
Activation and Intermolecular Annulation with Allenes. Angew. Chem.,
Int. Ed. 2012, 51, 7318−7322. (c) Yang, G.; Zhang, W. Regioselective
Pd-Catalyzed Aerobic Aza-Wacker Cyclization for Preparation of
Isoindolinones and Isoquinolin-1(2H)-ones. Org. Lett. 2012, 14,
268−271. (d) Wu, Y.; Sun, P.; Zhang, K.; Yang, T.; Yao, H.; Lin, A.
Rh(III)-Catalyzed Redox-Neutral Annulation of Primary Benzamides
with Diazo Compounds: Approach to Isoquinolinones. J. Org. Chem.
2016, 81, 2166−2173. (e) Grigg, R.; Elboray, E. E.; Akkarasamiyo, S.;
Chuanopparat, N.; Dondas, H. A.; AbbasTemirek, H. H.; Fishwick, C.
W. G.; Aly, M. F.; Kongkathip, B.; Kongkathip, N. A facile palladium
catalysed 3-component cascade route to functionalised isoquinoli-
nones and isoquinolines. Chem. Commun. 2016, 52, 164−166.
(f) Wang, D.; Zhang, R.; Deng, R.; Lin, S.; Guo, S.; Yan, Z.
Copper-Mediated Oxidative Functionalization of C(sp3)−H Bonds
with Isoquinolines: Two-Step Synthesis of 5-Oxaprotoberberinones. J.
Org. Chem. 2016, 81, 11162−11167. (g) Qi, L.; Hu, K.; Yu, S.; Zhu,
J.; Cheng, T.; Wang, X.; Chen, J.; Wu, H. Tandem Addition/
Cyclization for Access to Isoquinolines and Isoquinolones via
Catalytic Carbopalladation of Nitriles. Org. Lett. 2017, 19, 218−
221. (h) Wu, J.-Q.; Zhang, S.-S.; Gao, H.; Qi, Z.; Zhou, C.-J.; Ji, W.-
W.; Liu, Y.; Chen, Y.; Li, Q.; Li, X.; Wang, H. Experimental and
Theoretical Studies on Rhodium-Catalyzed Coupling of Benzamides
with 2,2-Difluorovinyl Tosylate: Diverse Synthesis of Fluorinated
Heterocycles. J. Am. Chem. Soc. 2017, 139, 3537−3545. (i) Ding, D.;
Mou, T.; Xue, J.; Jiang, X. Access to divergent benzo-heterocycles via
a catalyst-dependent strategy in the controllable cyclization of o-
alkynyl-N-methoxyl-benzamides. Chem. Commun. 2017, 53, 5279−
5282. (j) Sun, R.; Yang, X.; Li, Q.; Xu, K.; Tang, J.; Zheng, X.; Yuan,
M.; Fu, H.; Li, R.; Chen, H. Divergent Synthesis of Isoquinolone and
Isocoumarin Derivatives by the Annulation of Benzoic Acid with N-
Vinyl Amide. Org. Lett. 2019, 21, 9425−9429. (k) Nohira, I.; Liu, S.;
Bai, R.; Lan, Y.; Chatani, N. Nickel-Catalyzed C−F/N−H Annulation
of Aromatic Amides with Alkynes: Activation of C−F Bonds under
Mild Reaction Conditions. J. Am. Chem. Soc. 2020, 142, 17306−
17311.
(3) For selected organocatalytic examples: (a) Manna, S.;
Antonchick, A. P. Organocatalytic Oxidative Annulation of
Benzamide Derivatives with Alkynes. Angew. Chem., Int. Ed. 2014,

53, 7324−7327. (b) Chen, Z.-W.; Zhu, Y.-Z.; Ou, J.-W.; Wang, Y.-P.;
Zheng, J.-Y. Metal-Free Iodine(III)-Promoted Synthesis of Isoquino-
lones. J. Org. Chem. 2014, 79, 10988−10998.
(4) For selected examples of Pd-catalyzed reactions: (a) Batchu, V.
R.; Barange, D. K.; Kumar, D.; Sreekanth, B. R.; Vyas, K.; Reddy, E.
A.; Pal, M. Tandem C−C coupling − intramolecular acetylenic
Schmidt reaction under Pd/C−Cu catalysis. Chem. Commun. 2007,
1966−1968. (b) Zhong, H.; Yang, D.; Wang, S.; Huang, J. Pd-
catalysed synthesis of isoquinolinones and analogues via C−H and
N−H bonds double activation. Chem. Commun. 2012, 48, 3236−
3238. (c) Peng, X.; Wang, W.; Jiang, C.; Sun, D.; Xu, Z.; Tung, C.-H.
Strain-Promoted Oxidative Annulation of Arynes and Cyclooctynes
with Benzamides: Palladium-Catalyzed C−H/N−H Activation for the
Synthesis of N-Heterocycles. Org. Lett. 2014, 16, 5354−5357.
(d) Shu, Z.; Guo, Y.; Li, W.; Wang, B. Pd/C-catalyzed synthesis of
N-aryl and N-alkyl isoquinolones via C-H/N-H activation. Catal.
Today 2017, 297, 292−297.
(5) For selected examples of Rh-catalyzed reactions: (a) Wang, H.;
Grohmann, C.; Nimphius, C.; Glorius, F. Mild Rh(III)-Catalyzed C−
H Activation and Annulation with Alkyne MIDA Boronates: Short,
Efficient Synthesis of Heterocyclic Boronic Acid Derivatives. J. Am.
Chem. Soc. 2012, 134, 19592−19595. (b) Yu, B.; Chen, Y.; Hong, M.;
Duan, P.; Gan, S.; Chao, H.; Zhao, Z.; Zhao, J. Rhodium-catalyzed
C−H activation of hydrazines leads to isoquinolones with tunable
aggregation-induced emission properties. Chem. Commun. 2015, 51,
14365−14368. (c) Upadhyay, N. S.; Thorat, V. H.; Sato, R.;
Annamalai, P.; Chuang, S.-C.; Cheng, C.-H. Synthesis of isoquino-
lones via Rh-catalyzed C−H activation of substituted benzamides
using air as the sole oxidant in water. Green Chem. 2017, 19, 3219−
3224.
(6) For selected examples of Ru-catalyzed reactions: (a) Ackermann,
L.; Lygin, A. V.; Hofmann, N. Ruthenium-Catalyzed Oxidative
Annulation by Cleavage of C-H/N-H Bonds. Angew. Chem., Int. Ed.
2011, 50, 6379−6382. (b) Deponti, M.; Kozhushkov, S. I.; Yufit, D.
S.; Ackermann, L. Ruthenium-catalyzed C−H/O−H and C−H/N−H
bond functionalizations: oxidative annulations of cyclopropyl-
substituted alkynes. Org. Biomol. Chem. 2013, 11, 142−148.
(c) Yedage, S. L.; Bhanage, B. M. Ru(II)/PEG-400 as a highly
efficient and recyclable catalytic media for annulation and olefination
reactions via C−H bond activation. Green Chem. 2016, 18, 5635−
5642. (d) Krieger, J.-P.; Ricci, G.; Lesuisse, D.; Meyer, C.; Cossy, J.
Harnessing C-H Activation of Benzhydroxamates as a Macro-
cyclization Strategy: Synthesis of Structurally Diverse Macrocyclic
Isoquinolones. Chem. - Eur. J. 2016, 22, 13469−13473. (e) Petrova,
E.; Rasina, D.; Jirgensons, A. N-Sulfonylcarboxamide as an Oxidizing
Directing Group for Ruthenium-Catalyzed C-H Activation/Annula-
tion. Eur. J. Org. Chem. 2017, 2017, 1773−1779.
(7) For selected examples of Ni-catalyzed reactions: (a) Liu, C.-C.;
Parthasarathy, K.; Cheng, C.-H. Synthesis of Highly Substituted
Isoquinolone Derivatives by Nickel-Catalyzed Annulation of 2-
Halobenzamides with Alkynes. Org. Lett. 2010, 12, 3518−3521.
(b) Shiota, H.; Ano, Y.; Aihara, Y.; Fukumoto, Y.; Chatani, N. Nickel-
Catalyzed Chelation-Assisted Transformations Involving Ortho C−H
Bond Activation: Regioselective Oxidative Cycloaddition of Aromatic
Amides to Alkynes. J. Am. Chem. Soc. 2011, 133, 14952−14955.
(c) Obata, A.; Ano, Y.; Chatani, N. Nickel-catalyzed C−H/N−H
annulation of aromatic amides with alkynes in the absence of a
specific chelation system. Chem. Sci. 2017, 8, 6650−6655.
(8) For selected examples of Co-catalyzed reactions: (a) Grigorjeva,
L.; Daugulis, O. Cobalt-Catalyzed, Aminoquinoline-Directed Cou-
pling of sp2 C−H Bonds with Alkenes. Org. Lett. 2014, 16, 4684−
4687. (b) Hao, X.-Q.; Du, C.; Zhu, X.; Li, P.-X.; Zhang, J.-H.; Niu, J.-
L.; Song, M.-P. Cobalt(II)-Catalyzed Decarboxylative C−H Activa-
tion/Annulation Cascades: Regioselective Access to Isoquinolones
and Isoindolinones. Org. Lett. 2016, 18, 3610−3613. (c) Sen, M.;
Mandal, R.; Das, A.; Kalsi, D.; Sundararaju, B. Cp*CoIII-Catalyzed
Bis-isoquinolone Synthesis by C-H Annulation of Arylamide with 1,3-
Diyne. Chem. - Eur. J. 2017, 23, 17454−17457. (d) Zhai, S.; Qiu, S.;
Chen, X.; Wu, J.; Zhao, H.; Tao, C.; Li, Y.; Cheng, B.; Wang, H.;

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c04097
Org. Lett. 2021, 23, 863−868

867

https://dx.doi.org/10.1016/j.bmc.2011.06.059
https://dx.doi.org/10.1016/j.bmc.2011.06.059
https://dx.doi.org/10.1016/j.bmc.2011.06.059
https://dx.doi.org/10.1016/j.tet.2011.10.053
https://dx.doi.org/10.1016/j.tet.2011.10.053
https://dx.doi.org/10.1016/j.tet.2011.10.053
https://dx.doi.org/10.1080/14786419.2013.800980
https://dx.doi.org/10.1080/14786419.2013.800980
https://dx.doi.org/10.1080/14786419.2013.800980
https://dx.doi.org/10.1021/jm500294a
https://dx.doi.org/10.1021/jm500294a
https://dx.doi.org/10.1021/jm500294a
https://dx.doi.org/10.1016/j.bmcl.2014.03.042
https://dx.doi.org/10.1016/j.bmcl.2014.03.042
https://dx.doi.org/10.1021/acs.jmedchem.6b00220
https://dx.doi.org/10.1021/acs.jmedchem.6b00220
https://dx.doi.org/10.1021/acsmedchemlett.6b00355
https://dx.doi.org/10.1021/acsmedchemlett.6b00355
https://dx.doi.org/10.1021/cr020095i
https://dx.doi.org/10.1002/anie.201201273
https://dx.doi.org/10.1002/anie.201201273
https://dx.doi.org/10.1021/ol203043h
https://dx.doi.org/10.1021/ol203043h
https://dx.doi.org/10.1021/ol203043h
https://dx.doi.org/10.1021/acs.joc.5b02824
https://dx.doi.org/10.1021/acs.joc.5b02824
https://dx.doi.org/10.1039/C5CC07526B
https://dx.doi.org/10.1039/C5CC07526B
https://dx.doi.org/10.1039/C5CC07526B
https://dx.doi.org/10.1021/acs.joc.6b02145
https://dx.doi.org/10.1021/acs.joc.6b02145
https://dx.doi.org/10.1021/acs.orglett.6b03499
https://dx.doi.org/10.1021/acs.orglett.6b03499
https://dx.doi.org/10.1021/acs.orglett.6b03499
https://dx.doi.org/10.1021/jacs.7b00118
https://dx.doi.org/10.1021/jacs.7b00118
https://dx.doi.org/10.1021/jacs.7b00118
https://dx.doi.org/10.1021/jacs.7b00118
https://dx.doi.org/10.1039/C7CC01861D
https://dx.doi.org/10.1039/C7CC01861D
https://dx.doi.org/10.1039/C7CC01861D
https://dx.doi.org/10.1021/acs.orglett.9b03638
https://dx.doi.org/10.1021/acs.orglett.9b03638
https://dx.doi.org/10.1021/acs.orglett.9b03638
https://dx.doi.org/10.1021/jacs.0c08512
https://dx.doi.org/10.1021/jacs.0c08512
https://dx.doi.org/10.1021/jacs.0c08512
https://dx.doi.org/10.1002/anie.201404222
https://dx.doi.org/10.1002/anie.201404222
https://dx.doi.org/10.1021/jo5020307
https://dx.doi.org/10.1021/jo5020307
https://dx.doi.org/10.1039/B617823E
https://dx.doi.org/10.1039/B617823E
https://dx.doi.org/10.1039/c2cc17859a
https://dx.doi.org/10.1039/c2cc17859a
https://dx.doi.org/10.1039/c2cc17859a
https://dx.doi.org/10.1021/ol5025426
https://dx.doi.org/10.1021/ol5025426
https://dx.doi.org/10.1021/ol5025426
https://dx.doi.org/10.1016/j.cattod.2017.02.005
https://dx.doi.org/10.1016/j.cattod.2017.02.005
https://dx.doi.org/10.1021/ja310153v
https://dx.doi.org/10.1021/ja310153v
https://dx.doi.org/10.1021/ja310153v
https://dx.doi.org/10.1039/C5CC05239D
https://dx.doi.org/10.1039/C5CC05239D
https://dx.doi.org/10.1039/C5CC05239D
https://dx.doi.org/10.1039/C7GC01221G
https://dx.doi.org/10.1039/C7GC01221G
https://dx.doi.org/10.1039/C7GC01221G
https://dx.doi.org/10.1002/anie.201101943
https://dx.doi.org/10.1002/anie.201101943
https://dx.doi.org/10.1039/C2OB26250A
https://dx.doi.org/10.1039/C2OB26250A
https://dx.doi.org/10.1039/C2OB26250A
https://dx.doi.org/10.1039/C6GC01581F
https://dx.doi.org/10.1039/C6GC01581F
https://dx.doi.org/10.1039/C6GC01581F
https://dx.doi.org/10.1002/chem.201602332
https://dx.doi.org/10.1002/chem.201602332
https://dx.doi.org/10.1002/chem.201602332
https://dx.doi.org/10.1002/ejoc.201601582
https://dx.doi.org/10.1002/ejoc.201601582
https://dx.doi.org/10.1002/ejoc.201601582
https://dx.doi.org/10.1021/ol101371c
https://dx.doi.org/10.1021/ol101371c
https://dx.doi.org/10.1021/ol101371c
https://dx.doi.org/10.1021/ja206850s
https://dx.doi.org/10.1021/ja206850s
https://dx.doi.org/10.1021/ja206850s
https://dx.doi.org/10.1021/ja206850s
https://dx.doi.org/10.1039/C7SC01750B
https://dx.doi.org/10.1039/C7SC01750B
https://dx.doi.org/10.1039/C7SC01750B
https://dx.doi.org/10.1021/ol502005g
https://dx.doi.org/10.1021/ol502005g
https://dx.doi.org/10.1021/acs.orglett.6b01632
https://dx.doi.org/10.1021/acs.orglett.6b01632
https://dx.doi.org/10.1021/acs.orglett.6b01632
https://dx.doi.org/10.1002/chem.201704155
https://dx.doi.org/10.1002/chem.201704155
https://dx.doi.org/10.1002/chem.201704155
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04097?ref=pdf


Zhai, H. 2-(1-Methylhydrazinyl)pyridine as a reductively removable
directing group in a cobalt-catalyzed C(sp2)−H bond alkenylation/
annulation cascade. Chem. Commun. 2018, 54, 98−101. (e) Mei, R.;
Sauermann, N.; Oliveira, J. C. A.; Ackermann, L. Electroremovable
Traceless Hydrazides for Cobalt-Catalyzed Electro-Oxidative C−H/
N−H Activation with Internal Alkynes. J. Am. Chem. Soc. 2018, 140,
7913−7921.
(9) Cera, G.; Haven, T.; Ackermann, L. Iron-catalyzed C−H/N−H
activation by triazole guidance: versatile alkyne annulation. Chem.
Commun. 2017, 53, 6460−6463.
(10) Yu, D.-G.; de Azambuja, F.; Glorius, F. α-MsO/TsO/Cl
Ketones as Oxidized Alkyne Equivalents: Redox-Neutral Rhodium-
(III)-Catalyzed C-H Activation for the Synthesis of N-Heterocycles.
Angew. Chem., Int. Ed. 2014, 53, 2754−2758.
(11) Xu, G.-D.; Huang, Z.-Z. A Cascade Dehydrogenative Cross-
Coupling/Annulation Reaction of Benzamides with β-Keto Esters for
the Synthesis of Isoquinolinone Derivatives. Org. Lett. 2017, 19,
6265−6267.
(12) Shi, L.; Yu, K.; Wang, B. Regioselective synthesis of
multisubstituted isoquinolones and pyridones via Rh(III)-catalyzed
annulation reactions. Chem. Commun. 2015, 51, 17277−17280.
(13) Xu, Y.; Zheng, G.; Yang, X.; Li, X. Rhodium(III)-catalyzed
chemodivergent annulations between N-methoxybenzamides and
sulfoxonium ylides via C−H activation. Chem. Commun. 2018, 54,
670−673.
(14) Kou, X.; Kou, K. G. M. α-Arylation of Silyl Enol Ethers via
Rhodium(III)-Catalyzed C−H Functionalization. ACS Catal. 2020,
10, 3103−3109.
(15) (a) Huang, C.-Y.; Doyle, A. G. The Chemistry of Transition
Metals with Three-Membered Ring Heterocycles. Chem. Rev. 2014,
114, 8153−8198. (b) Hubbell, A. K.; Lamb, J. R.; Klimovica, K.;
Mulzer, M.; Shaffer, T. D.; MacMillan, S. N.; Coates, G. W. Catalyst-
Controlled Regioselective Carbonylation of Isobutylene Oxide to
Pivalolactone. ACS Catal. 2020, 10, 12537−12543.
(16) Wang, Z.; Kuninobu, Y.; Kanai, M. Palladium-Catalyzed
Oxirane-Opening Reaction with Arenes via C−H Bond Activation. J.
Am. Chem. Soc. 2015, 137, 6140−6143.
(17) Cheng, G.; Li, T.; Yu, J.-Q. Practical Pd(II)-Catalyzed C−H
Alkylation with Epoxides: One-Step Syntheses of 3,4-Dihydroisocou-
marins. J. Am. Chem. Soc. 2015, 137, 10950−10953.
(18) (a) Wang, H.-H.; Wang, X.-D.; Cao, F.; Gao, W.-W.; Ma, S.-M.;
Li, Z.; Deng, X.-M.; Shi, T.; Wang, Z. Application of Palladium(II)-
catalyzed C−H Alkylation in Total Synthesis of (−)-Berkelic Acid.
Org. Chem. Front. 2021, 8, 82−86. (b) Li, D.-D.; Niu, L.-F.; Ju, Z.-Y.;
Xu, Z.; Wu, C. Palladium-Catalyzed C(sp2)−H Bond Alkylation of
Ketoximes by Using the Ring-Opening of Epoxides. Eur. J. Org. Chem.
2016, 2016, 3090−3096. (c) Sueki, S.; Wang, Z.; Kuninobu, Y.
Manganese- and Borane-Mediated Synthesis of Isobenzofuranones
from Aromatic Esters and Oxiranes via C-H Bond Activation. Org.
Lett. 2016, 18, 304−307. (d) Xu, S.; Takamatsu, K.; Hirano, K.;
Miura, M. Nickel-Catalyzed Stereospecific C-H Coupling of
Benzamides with Epoxides. Angew. Chem., Int. Ed. 2018, 57,
11797−11801. (e) Cheng, H.-G.; Wu, C.; Chen, H.; Chen, R.;
Qian, G.; Geng, Z.; Wei, Q.; Xia, Y.; Zhang, J.; Zhang, Y.; Zhou, Q.
Epoxides as Alkylating Reagents for the Catellani Reaction. Angew.
Chem., Int. Ed. 2018, 57, 3444−3448. (f) Li, R.; Dong, G. Direct
Annulation between Aryl Iodides and Epoxides through Palladium/
Norbornene Cooperative Catalysis. Angew. Chem., Int. Ed. 2018, 57,
1697−1701. (g) Wu, C.; Cheng, H.-G.; Chen, R.; Chen, H.; Liu, Z.-
S.; Zhang, J.; Zhang, Y.; Zhu, Y.; Geng, Z.; Zhou, Q. Convergent
syntheses of 2,3-dihydrobenzofurans via a Catellani strategy. Org.
Chem. Front. 2018, 5, 2533−2536.
(19) (a) Wang, H.-H.; Shi, T.; Gao, W. W.; Zhang, H.-H.; Wang, Y.-
Q.; Li, J.-F.; Hou, Y.-S.; Chen, J.-H.; Peng, X.; Wang, Z. Double 1,4-
addition of (thio)salicylamides/thiosalicylic acids with propiolate
derivatives: a direct, general synthesis of diverse heterocyclic scaffolds.
Org. Biomol. Chem. 2017, 15, 8013−8017. (b) Deng, J.; Lei, S.; Jiang,
Y.; Zhang, H.; Hu, X.; Wen, H.; Tan, W.; Wang, Z. A concise

synthesis and biological study of evodiamine and its analogues. Chem.
Commun. 2019, 55, 3089−3092.
(20) (a) Schultz, M. J.; Adler, R. S.; Zierkiewicz, W.; Privalov, T.;
Sigman, M. S. Using Mechanistic and Computational Studies To
Explain Ligand Effects in the Palladium-Catalyzed Aerobic Oxidation
of Alcohols. J. Am. Chem. Soc. 2005, 127, 8499−8507. (b) Wang, D.;
Wasa, M.; Giri, R.; Yu, J.-Q. Pd(II)-Catalyzed Cross-Coupling of sp3
C−H Bonds with sp2 and sp3 Boronic Acids Using Air as the
Oxidant. J. Am. Chem. Soc. 2008, 130, 7190−7191. (c) Wang, D.;
Weinstein, A. B.; White, P. B.; Stahl, S. S. Ligand-Promoted
Palladium-Catalyzed Aerobic Oxidation Reactions. Chem. Rev. 2018,
118, 2636−2679.
(21) (a) Pettit, G. R.; Meng, Y.; Herald, D. L.; Graham, K. A. N.;
Pettit, R. K.; Doubek, D. L. Isolation and Structure of Ruprechstyril
from Ruprechtia tangarana. J. Nat. Prod. 2003, 66, 1065−1069.
(b) Rudyanto, M.; Kobayashi, K.; Honda, T. Synthetic Studies on
Natural Isocoumarins and Isocarbostyril Derivatives Having an Alkyl
Substituent at the 3-Position: Total Synthesis of Scoparines A and B,
and Ruprechstyril. Heterocycles 2009, 79, 753−764.
(22) (a) Ahn, B. Z.; Zymalkowski, F. Siamin, ein neues isochinolon-
derivat aus cassia siamea. Tetrahedron Lett. 1976, 17, 821−824.
(b) Krane, B. D.; Shamma, M. The Isoquinolone Alkaloids. J. Nat.
Prod. 1982, 45, 377−384.
(23) (a) Morita, H.; Oshimi, S.; Hirasawa, Y.; Koyama, K.; Honda,
T.; Ekasari, W.; Indrayanto, G.; Zaini, N. C. Cassiarins A and B, Novel
Antiplasmodial Alkaloids from Cassia siamea. Org. Lett. 2007, 9,
3691−3693. (b) Rudyanto, M.; Tomizawa, Y.; Morita, H.; Honda, T.
First Total Synthesis of Cassiarin A, a Naturally Occurring Potent
Antiplasmodial Alkaloid. Org. Lett. 2008, 10, 1921−1922. (c) Gu-
tierrez, S.; Coppola, A.; Sucunza, D.; Burgos, C.; Vaquero, J. J.
Synthesis of 1-Substituted Isoquinolines by Heterocyclization of
TosMIC Derivatives: Total Synthesis of Cassiarin A. Org. Lett. 2016,
18, 3378−3381.
(24) (a) Schultz, M. J.; Hamilton, S. S.; Jensen, D. R.; Sigman, M. S.
Development and Comparison of the Substrate Scope of Pd-Catalysts
for the Aerobic Oxidation of Alcohols. J. Org. Chem. 2005, 70, 3343−
3352. (b) Engle, K. M.; Mei, T.-S.; Wasa, M.; Yu, J.-Q. Weak
Coordination as a Powerful Means for Developing Broadly Useful C−
H Functionalization Reactions. Acc. Chem. Res. 2012, 45, 788−802.
(25) (a) Wang, G.-W.; Yuan, T.-T.; Li, D.-D. One-Pot Formation of
C−C and C−N Bonds through Palladium-Catalyzed Dual C−H
Activation: Synthesis of Phenanthridinones. Angew. Chem., Int. Ed.
2011, 50, 1380−1383. (b) Wasa, M.; Yu, J.-Q. Synthesis of β-, γ-, and
δ-Lactams via Pd(II)-Catalyzed C-H Activation Reactions. J. Am.
Chem. Soc. 2008, 130, 14058−14059.
(26) Motti, E.; Della Ca’, N. D.; Xu, D.; Piersimoni, A.; Bedogni, E.;
Zhou, Z.-M.; Catellani, M. A Sequential Pd/Norbornene-Catalyzed
Process Generates o-Biaryl Carbaldehydes or Ketones via a Redox
Reaction or 6H-Dibenzopyrans by C−O Ring Closure. Org. Lett.
2012, 14, 5792−5795.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c04097
Org. Lett. 2021, 23, 863−868

868

https://dx.doi.org/10.1039/C7CC08533H
https://dx.doi.org/10.1039/C7CC08533H
https://dx.doi.org/10.1039/C7CC08533H
https://dx.doi.org/10.1021/jacs.8b03521
https://dx.doi.org/10.1021/jacs.8b03521
https://dx.doi.org/10.1021/jacs.8b03521
https://dx.doi.org/10.1039/C7CC03376A
https://dx.doi.org/10.1039/C7CC03376A
https://dx.doi.org/10.1002/anie.201310272
https://dx.doi.org/10.1002/anie.201310272
https://dx.doi.org/10.1002/anie.201310272
https://dx.doi.org/10.1021/acs.orglett.7b02978
https://dx.doi.org/10.1021/acs.orglett.7b02978
https://dx.doi.org/10.1021/acs.orglett.7b02978
https://dx.doi.org/10.1039/C5CC05977A
https://dx.doi.org/10.1039/C5CC05977A
https://dx.doi.org/10.1039/C5CC05977A
https://dx.doi.org/10.1039/C7CC07753J
https://dx.doi.org/10.1039/C7CC07753J
https://dx.doi.org/10.1039/C7CC07753J
https://dx.doi.org/10.1021/acscatal.9b05622
https://dx.doi.org/10.1021/acscatal.9b05622
https://dx.doi.org/10.1021/cr500036t
https://dx.doi.org/10.1021/cr500036t
https://dx.doi.org/10.1021/acscatal.0c03492
https://dx.doi.org/10.1021/acscatal.0c03492
https://dx.doi.org/10.1021/acscatal.0c03492
https://dx.doi.org/10.1021/jacs.5b02435
https://dx.doi.org/10.1021/jacs.5b02435
https://dx.doi.org/10.1021/jacs.5b07507
https://dx.doi.org/10.1021/jacs.5b07507
https://dx.doi.org/10.1021/jacs.5b07507
https://dx.doi.org/10.1039/D0QO01003K
https://dx.doi.org/10.1039/D0QO01003K
https://dx.doi.org/10.1002/ejoc.201600335
https://dx.doi.org/10.1002/ejoc.201600335
https://dx.doi.org/10.1021/acs.orglett.5b03474
https://dx.doi.org/10.1021/acs.orglett.5b03474
https://dx.doi.org/10.1002/anie.201807664
https://dx.doi.org/10.1002/anie.201807664
https://dx.doi.org/10.1002/anie.201800573
https://dx.doi.org/10.1002/anie.201712393
https://dx.doi.org/10.1002/anie.201712393
https://dx.doi.org/10.1002/anie.201712393
https://dx.doi.org/10.1039/C8QO00348C
https://dx.doi.org/10.1039/C8QO00348C
https://dx.doi.org/10.1039/C7OB02101A
https://dx.doi.org/10.1039/C7OB02101A
https://dx.doi.org/10.1039/C7OB02101A
https://dx.doi.org/10.1039/C9CC00434C
https://dx.doi.org/10.1039/C9CC00434C
https://dx.doi.org/10.1021/ja050949r
https://dx.doi.org/10.1021/ja050949r
https://dx.doi.org/10.1021/ja050949r
https://dx.doi.org/10.1021/ja801355s
https://dx.doi.org/10.1021/ja801355s
https://dx.doi.org/10.1021/ja801355s
https://dx.doi.org/10.1021/acs.chemrev.7b00334
https://dx.doi.org/10.1021/acs.chemrev.7b00334
https://dx.doi.org/10.1021/np0300986
https://dx.doi.org/10.1021/np0300986
https://dx.doi.org/10.3987/COM-08-S(D)40
https://dx.doi.org/10.3987/COM-08-S(D)40
https://dx.doi.org/10.3987/COM-08-S(D)40
https://dx.doi.org/10.3987/COM-08-S(D)40
https://dx.doi.org/10.1016/S0040-4039(00)92893-4
https://dx.doi.org/10.1016/S0040-4039(00)92893-4
https://dx.doi.org/10.1021/np50022a001
https://dx.doi.org/10.1021/ol701623n
https://dx.doi.org/10.1021/ol701623n
https://dx.doi.org/10.1021/ol8004112
https://dx.doi.org/10.1021/ol8004112
https://dx.doi.org/10.1021/acs.orglett.6b01521
https://dx.doi.org/10.1021/acs.orglett.6b01521
https://dx.doi.org/10.1021/jo0482211
https://dx.doi.org/10.1021/jo0482211
https://dx.doi.org/10.1021/ar200185g
https://dx.doi.org/10.1021/ar200185g
https://dx.doi.org/10.1021/ar200185g
https://dx.doi.org/10.1002/anie.201005874
https://dx.doi.org/10.1002/anie.201005874
https://dx.doi.org/10.1002/anie.201005874
https://dx.doi.org/10.1021/ja807129e
https://dx.doi.org/10.1021/ja807129e
https://dx.doi.org/10.1021/ol302889t
https://dx.doi.org/10.1021/ol302889t
https://dx.doi.org/10.1021/ol302889t
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04097?ref=pdf

