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ABSTRACT: An FeCl3-mediated cascade coupling/decarbon-
ylative annulation reaction for the efficient construction of 2-
(trifluoromethyl)quinazolin-4(3H)-ones has been developed. This
transformation employs readily available isatins and trifluoroace-
timidoyl chlorides as the starting materials, providing a facile and
practical route to diverse biologically relevant quinazolin-4(3H)-
one derivatives. A plausible reaction pathway has been proposed
based on the mechanistic observations.

Q uinazolin-4(3H)-ones are one class of highly privileged
structural motifs that widely exist in natural products and

biologically active pharmaceuticals (Figure 1).1 They possess a

variety of useful biological activities, including anticancer,
antiviral, anticonvulsant, anti-inflammatory, antifungal, and
antimalarial activities.2 Therefore, except for the traditional
synthetic strategies involving 2-aminobenzamide and its
derivatives, tremendous impressive methods have been
developed for the construction of functionalized quinazolin-
4(3H)-ones.3

Because of the unique properties of fluorine atoms, the
substituents involving fluorine or trifluoromethyl could greatly
improve the physicochemical and pharmacological properties of
heterocyclic molecules.4 Nevertheless, among the vast literature
regarding the synthesis of quinazolin-4(3H)-ones, the reported
approaches for the efficient assembly of 2-trifluoromethyl

substituted quinazolin-4(3H)-ones are rather limited.5 For
instance, anthranilic amides were applied as versatile substrates
to react with ethyl trifluoroacetate, trifluoroacetic anhydride, or
TFA under different conditions for producing 2-trifluorome-
thylquinazolin-4(3H)-ones (Scheme 1a).5a−d Another synthetic
pathway is the annulation of anthranilic esters with unstable
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Figure 1. Selected examples of biologically active quinazolin-4(3H)-
ones.

Scheme 1. Synthesis of 2-Trifluoromethylquinazolin-4(3H)-
ones Derivatives
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trifluoroacetamidine (Scheme 1b).5e,f The reaction of isatoic
anhydride with trifluoroacetic anhydride and the subsequent
displacement with amines could afford the target molecules,
which was reported by Bergman and co-workers (Scheme 1c).5g

Recently, the Tortoioli group described a one-pot approach for
the synthesis of 2-trifluoromethylquinazolin-4(3H)-ones
through a T3P (n-propanephosphonic anhydride)-promoted
cascade reaction of anthranilic acids and amines by using TFA as
the trifluoromethyl source (Scheme 1d).5h Furthermore, the
cyclization of nitrile derivatives with trifluoroacetic anhydride
also provided another access to 2-trifluoromethylquinazolin-
4(3H)-ones.5i The transformation of isatins into 2-trifluorome-
thylquinazolin-4(3H)-ones was reported, which involved multi-
step conversion.6 Despite an impressive advance made in the
field, most of the existing methods generally require harsh
reaction conditions, not readily accessible reagents, poor yields,
or narrow substrate scope. Consequently, the exploration of
more general and efficient strategies for the preparation of 2-
trifluoromethylquinazolin-4(3H)-ones from readily available
starting materials is still highly desirable.
Isatins have been widely applied as versatile building blocks

for the construction of a variety of N-heterocycles.7 Among
various isatin-based reactions, ring-expansions and decarbox-
ylative couplings of isatins offer facile and direct routes to build
structurally diverse heterocyclic compounds. For instance, Wu
and co-workers developed a series of tert-butyl hydroperoxide
(TBHP)-promoted oxidative cyclization reactions of isatins for
the synthesis of quinazolin-4(3H)-ones and tryptanthrins,8

12H-benzo[4,5]thiazolo[2,3-b]quinazolin-12-ones,9 and 3-car-
boxylate-4-quinolone derivatives,10 respectively. Huang and Yin
described a copper-catalyzed domino reaction of isatins and 2-
bromopyridines to enable the formation of 11H-pyrido[2,1-b]-
quinazolin-11-ones.11 Encouraged by the seminal works
involving isatins and our ongoing research on the heterocyclic
synthesis,12 we herein report a FeCl3-mediated cascade
coupling/decarbonylative annulation of readily available isatins
with trifluoroacetimidoyl chlorides to lead to 2-
(trifluoromethyl)quinazolin-4(3H)-ones (Scheme 1e). Nota-
bly, the trifluoroacetimidoyl chlorides are easily prepared and
have been extensively employed as a kind of important
trifluoromethyl-containing synthon.13

Initially, the isatin 1a and N-(4-(tert-butyl)phenyl)-2,2,2-
trifluoroacetimidoyl chloride 2fwere chosen as model substrates
to optimize the reaction conditions. The reaction of 1a and 2f
was carried out in the presence of 1.2 equiv of NaH and 4 Å MS
inDMF at 40 °C for 10 h, then at an elevated temperature of 120
°C for another 20 h. Gratifyingly, the cascade decarboxylative
cyclization reaction proceeded smoothly to give the desired
product 3f in 19% yield in the absence of any metal catalysts
(Table 1, entry 1). Considering the important promotive effect
of metals, CuCl (20 mol %) was used as a catalyst to be added
into the reaction and the yield was greatly increased to 64%
(Table 1, entry 2). Stimulated by the positive result, different
copper salts and other transition metals (nickel and iron) were
surveyed in the transformation. The observations revealed that
FeCl3 was the best catalyst to improve the reaction’s efficiency
and the product 3f could be delivered in up to 92% isolated yield
(Table 1, entries 3−10). The screening of other bases was next
performed, including NaHCO3, Na2CO3, Cs2CO3, and NEt3,
which showed inferior reactivity compared with NaH (Table 1,
entries 11−14). Further investigation of the solvent effect using
different solvents indicated that DMF was the optimal candidate
(Table 1, entries 15−19). Lowering the temperature had a

detrimental influence on the reaction and elevating the reaction
temperature to 130 °C resulted in a slight decrease of the yield
(Table 1, entries 20−21). Performing the reaction under inert
atmosphere could give the product 3f in 43% yield (Table 1,
entry 22). It is reasonable that the reaction at 40 °C for 10 h
could be beneficial for the initial coupling of isatin and
trifluoroacetimidoyl chloride, and the subsequent reaction at
elevated temperature could facilitate the decarbonylative
cyclization process.
With the establishment of the optimized reaction conditions,

the generality and limitation of the present transformation was
studied with respect to a series of fluorinated imidoyl chlorides
(Scheme 2). The reaction exhibited broad substrate scope, as
verified that numerous N-aryl-trifluoroacetimidoyl chlorides
bearing electron-donating or -withdrawing groups reacted
smoothly with isatins to give the corresponding 2-
(trifluoromethyl)quinazolin-4(3H)-one products in good to
excellent yields (3a−3r). The electronic effect (3a−3r) and
steric hindrance (3b−3d, 3o−3q) of the aryl ring exerted a
negligible influence on the reaction due to the observed
comparable yields of these substrates. The good tolerance of
the halogen atom (F, Cl, Br, and I) at different positions on the
aryl ring demonstrated good compatibility of the protocol (3j−
3m, 3o−3q). The transformation could be easily scaled up to 1
mmol scale in 71% yield for the product 3f. The
trifluoroacetimidoyl chlorides bearing a naphthalene ring were
also applicable to the current reaction to lead to the desired
products 3s and 3t in 79−84% yields. Noteworthy was that

Table 1. Optimization of Reaction Conditionsa

entry [M] (mol %) base (equiv) solvent (mL) yieldb (%)

1 NaH DMF 19
2 CuCl NaH DMF 64
3 CuBr NaH DMF 52
4 CuI NaH DMF 64
5 Cu(OAc)2 NaH DMF 32
6 CuCl2 NaH DMF 59
7 Ni(OTf)2 NaH DMF 55
8 FeCl2 NaH DMF 88
9 Fe(OTf)3 NaH DMF 78
10 FeCl3 NaH DMF 98 (92)c

11 FeCl3 NaHCO3 DMF 39
12 FeCl3 Na2CO3 DMF 32
13 FeCl3 Cs2CO3 DMF 24
14 FeCl3 NEt3 DMF 67
15 FeCl3 NaH THF 42
16 FeCl3 NaH CH3CN 22
17 FeCl3 NaH toluene 23
18 FeCl3 NaH Dioxane 38
19 FeCl3 NaH DMSO 73
20 FeCl3 NaH DMF 65d

21 FeCl3 NaH DMF 91e

22 FeCl3 NaH DMF 43f

aReaction conditions: 1a (0.20 mmol), 2f (0.24 mmol), [M] (20 mol
%), base (1.2 equiv), and 4 Å MS (50 mg) in solvent (2.0 mL) at 40
°C for 10 h, then at 120 °C for another 20 h. bYields determined by
GC analysis using dodecane as an internal standard. cIsolated yield.
d90 °C. e130 °C. fThe reaction was performed under N2 atmosphere.
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trifluoroacetimidoyl chloride derived from aliphatic amine was
not suitable for the transformation and only a trace of product
3u was detected. Furthermore, several other fluorinated imidoyl
chlorides were applied as viable substrates to furnish the various
fluoroalkyl-substituted quinazolin-4(3H)-ones with high effi-
ciency (3v−3y). The exact structure of the obtained product 3p
was further confirmed by single X-ray diffraction analysis
(CCDC: 2010044).14

The scope of the protocol was further extended by the
employment of a library of isatins (Scheme 3). Diverse isatins
bearing different substituents smoothly participated in the
decarboxylative annulation reactions to deliver the correspond-
ing products in moderate to excellent yields (4a−4g, 4i−4k).
The substitutions located at 4-, 5-, 6-, and 7- positions of isatins
could be all tolerant, displaying the good generality of the
reaction. It was worth mentioning that steric hindrance of the
substituents located at the 7-position of isatins had a great effect
on the transformation due to the observed inferior yield of
product 4i and no reactivity of 7-methylindoline-2,3-dione.
Notably, the halogen atom at different positions survived the
reaction, offering the synthetic handle for further modification.
The reaction mechanism was investigated by performing

several control experiments, as outlined in Scheme 4. Initially,
the radical trapping experiments were implemented by the
addition of 2.0 equiv of TEMPO (2,2,6,6-tetramethylpiperidine
1-oxyl) and BHT (2,4-di-tert-butyl-4-methylphenol) under the
standard conditions, and almost no influence upon the reaction
yield was observed, which indicated that the reaction possibly
did not undergo a radical pathway (Scheme 4a). The reaction of
2-amino-5-methylbenzoic acid 5 with trifluoroacetimidoyl
chloride 2f under the optimal conditions failed to furnish the

desired product, suggesting the irreplaceability of isatin in the
reaction (Scheme 4b). Furthermore, the 1H-benzo[d][1,3]-
oxazine-2,4-dione 6 was employed as substrate to react with 2f,
and only trace of the target 2-(trifluoromethyl)quinazolin-
4(3H)-one product 3f was detected. Therefore, the isatoic
anhydride 6 did not act as the intermediate of this reaction,
which was usually identified as the key intermediate in oxidant-
promoted reactions of isatin (Scheme 4c).8−10 Finally, the
coupling product 7 of isatin 1a with 2f was submitted into the
standard conditions and the desired product 3f was obtained in
76% yield. When the reaction was performed without NaH or
without FeCl3 and NaH, the product 3f was delivered in 97% or
48% yield, respectively (Scheme 4d). The above observations
demonstrated the intermediacy of compound 7. In addition, the
decarbonylative cyclization step could be enabled by only

Scheme 2. Scope of Fluorinated Imidoyl Chloridesa

aReaction conditions: 1a (0.2 mmol), 2 (0.24 mmol), FeCl3 (20 mol
%), NaH (1.2 equiv), and 4 Å MS (50 mg) in DMF (2.0 mL) at 40
°C for 10 h, then at 120 °C for another 20 h, isolated yields. bThe
reaction was performed on 1 mmol scale.

Scheme 3. Scope of Isatins.a

aReaction conditions: 1 (0.2 mmol), 2a (0.24 mmol) FeCl3 (20 mol
%), NaH (1.2 equiv), and 4 Å MS (50 mg) in DMF (2.0 mL) at 40
°C for 10 h, then at 120 °C for another 20 h, isolated yields.

Scheme 4. Control Experiments
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heating and greatly facilitated by FeCl3, whereas the additional
NaH inhibited this process (Scheme 4d).
On the basis of the mechanistic observations and precedent

literatures,11,15 we proposed a plausible mechanism for the
reaction as depicted in Scheme 5. At first, the coupling of isatin

1a with trifluoroacetimidoyl chloride 2f in the presence of NaH
gave the compound 7. Subsequently, the intramolecular
nucleophilic attack of amidine nitrogen atom to ketone could
lead to a tricyclic zwitterionic intermediate A. Finally, the
decarbonylative process of intermediate A in the presence or
absence of FeCl3 occurred to enable the formation of 2-
(trifluoromethyl)quinazolin-4(3H)-one 3f with the extrusion of
carbon monoxide,11,15 which was successfully trapped by CO
detector. The reaction proceeded smoothly in the absence of
water or strong oxidant, so the decarbonylative process with the
release of carbon dioxide was presumably not involved in the
reaction,8−11 which was further verified by the result of the
control experiment as shown in Scheme 4c.
In conclusion, an FeCl3-mediated cascade coupling/decar-

bonylative annulation reaction of isatin with fluorinated imidoyl
chlorides has been disclosed, providing a straightforward and
efficient approach for the assembly of pharmaceutically valuable
quinazolin-4(3H)-one derivatives. The transformation has
several notable features, including readily available reagents,
nonexpensive iron catalyst, broad substrate scope, high
efficiency, and easy scalability. A reasonable reaction mechanism
has been proposed according to the preliminary mechanistic
studies.
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Identification of [1,2,3]Triazolo[4,5-d]pyrimidin-7(6H)-ones as Novel
Inhibitors of Chikungunya Virus Replication. J. Med. Chem. 2014, 57,
4000−4008. (b) Masahiro, O.; Kenji, F.; Kenji, U.; Norimitsu, H.;
Daisuke, I.; Hideki, H.; Noriaki, H. Trifluoroacetic anhydride. Tanabe
Pharma Corporation TW2016/2115 A; Mitsubishi: 2016. (c) Amini-
Rentsch, L.; Vanoli, E.; Richard-Bildstein, S.; Marti, R.; Vile,́ G. ANovel
and Efficient Continuous-Flow Route To Prepare Trifluoromethylated
N-Fused Heterocycles for Drug Discovery and Pharmaceutical
Manufacturing. Ind. Eng. Chem. Res. 2019, 58, 10164−10171.
(d) Rahirnizadeh, M.; Tavallai, Z.; Bakavoli, M. Microwave irradiation
in solvent-free conditions: Preparation of 2-substituted 4(3H)-
quinazolinones by heterocyclisation of 2-aminobenzamide with
carboxylic acids. Indian J. Chem. 2004, 43, 679−681. (e) Bhonoah,
Y.; Elliott, A. C.; Gaulier, S.; Ling, K.; Mitchell, G.; Morris, J. A.; Rzepa,
P. R.; Viner, R. C. Syngenta Limited. Combination of 4-benzamide and
a nmda receptor antagonist and pharmaceutical compositions
containing the same. WO 2013150421 A1, 2013. (f) Madge, D.;
Chan, F.; John, D. E.; Edwards, S. D.; Blunt, R.; Hartzoulakis, B.;
Brown, L. Xention Limited. . WO 2013172694 A1, 2013. (g) Bergman,
J.; Bergman, S. Studies of rutaecarpine and related quinazolinocarboline
alkaloids. J. Org. Chem. 1985, 50, 1246−1255. (h) Almeida, S.; Marti,
R.; Vanoli, E.; Abele, S.; Tortoioli, S. One-Pot Synthesis of
Trifluoromethylated Quinazolin-4(3H)-ones with Trifluoroacetic
Acid as CF3 Source. J. Org. Chem. 2018, 83, 5104−5113. (i) Okuda,
K.; Takarada, S.; Hirota, T.; Sasaki, K. Polycyclic N-Heterocyclic
Compounds. Part 86: Synthesis and Evaluation of Antiplatelet
Aggregation Activity of 2,4-Disubstituted 9-Chloro-5,6-
dihydropyrimido[5,4-d]benzazepine and Related Compounds. J.
Heterocyclic Chem. 2015, 52, 780−792. (j) Zhu, J.; Xie, H.; Chen, Z.;
Li, S.; Wu, Y. A detailed study of the intramolecular hydroamination of
N-(ortho-alkynyl)aryl-N’-substituted trifluoroacetamidines and bromo-
difluoroacetamidines. Org. Biomol. Chem. 2012, 10, 516−523.
(6) (a) Gondi, S. R.; Bera, A. K.; Westover, K. D. Green Synthesis of
Substituted Anilines and Quinazolines from Isatoic Anhydride-8-
amide. Sci. Rep. 2019, 9, 14258. (b) Li, L.; Feng, J.; Long, Y. O.; Liu, Y.;
Wu, T.; Ren, P.; Liu, Y. Preparation of substituted quinazoline

compounds as inhibitors of G12C mutant KRAS protein. WO
2016164675 A1, 2016.
(7) (a) Zeng, R.; Dong, G. Rh-Catalyzed Decarbonylative Coupling
with Alkynes via C−CActivation of Isatins. J. Am. Chem. Soc. 2015, 137,
1408−1411. (b) Wang, C.; Zhang, L.; Ren, A.; Lu, P.; Wang, Y. Cu-
Catalyzed Synthesis of Tryptanthrin Derivatives from Substituted
Indoles.Org. Lett. 2013, 15, 2982−2985. (c)Wang, L.; Huang, J.; Peng,
S.; Liu, H.; Jiang, X.; Wang, J. Palladium-Catalyzed Oxidative
Cycloaddition through C-H/N-H Activation: Access to Benzazepines.
Angew. Chem., Int. Ed. 2013, 52, 1768−1772. (d) Jia, F.-C.; Xu, C.;
Wang, Y.-W.; Chen, Z.-P.; Chen, Y.-F.; Wu, A.-X. Copper-catalyzed
ambient-temperature decarboxylative annulation of isatins with
amidine hydrochlorides: a facile access to 2-(1,3,5-triazin-2-yl)aniline
derivatives.Org. Biomol. Chem. 2018, 16, 4223−4226. (e) Xu, C.; Jia, F.-
C.; Cai, Q.; Li, D.-K.; Zhou, Z.-W.; Wu, A.-X. Intramolecular
decarboxylative coupling as the key step in copper-catalyzed domino
reaction: facile access to 2-(1,3,4-oxadiazol-2-yl)aniline derivatives.
Chem. Commun. 2015, 51, 6629−6632.
(8) Jia, F.-C.; Zhou, Z.-W.; Xu, C.; Wu, Y.-D.; Wu, A.-X. Divergent
Synthesis of Quinazolin-4(3H)-ones and Tryptanthrins Enabled by a
tert-Butyl Hydroperoxide/K3PO4-Promoted Oxidative Cyclization of
Isatins at Room Temperature. Org. Lett. 2016, 18, 2942−2945.
(9) Zhou, Z.-W.; Jia, F.-C.; Xu, C.; Jiang, S.-F.; Wu, Y.-D.; Wu, A.-X. A
concise construction of 12H-benzo[4,5]thiazolo[2,3-b]quinazolin-12-
ones via an unusual TBHP/Na2CO3 promoted cascade oxidative
cyclization and interrupted Dimroth rearrangement. Chem. Commun.
2017, 53, 1056−1059.
(10) Jiang, S.-F.; Xu, C.; Zhou, Z.-W.; Zhang, Q.; Wen, X.-H.; Jia, F.-
C.; Wu, A.-X. Switchable Access to 3-Carboxylate-4-quinolones and 1-
Vinyl-3-carboxylate-4-quinolones via Oxidative Cyclization of Isatins
and Alkynes. Org. Lett. 2018, 20, 4231−4234.
(11) Liu, M.; Shu, M.; Yao, C.; Yin, G.; Wang, D.; Huang, J. Synthesis
of Pyrido-Fused Quinazolinone Derivatives via Copper-Catalyzed
Domino Reaction. Org. Lett. 2016, 18, 824−827.
(12) (a) Hu, S.; Du, S.; Yang, Z.; Ni, L.; Chen, Z. Synthesis of Multi-
substituted Dihydropyrazoles by Copper-Mediated [4 + 1] Cyclo-
addition Reaction of N-Sulfonylhydrazones and Sulfoxonium Ylides.
Adv. Synth. Catal. 2019, 361, 3124−3136. (b) Hu, S.; Yang, Z.; Chen,
Z.; Wu, X.-F. Metal-Free Synthesis of 5-Trifluoromethyl-1,2,4-
Triazoles from Iodine-Mediated Annulation of Trifluoroacetimidoyl
Chlorides and Hydrazones. Adv. Synth. Catal. 2019, 361, 4949−4954.
(c) Chen, Z.; Wang, W.-F.; Yang, H.; Wu, X.-F. Palladium-Catalyzed
Four-Component Carbonylative Cyclization Reaction of Trifluoroace-
timidoyl Chlorides, Propargyl Amines, and Diaryliodonium Salts:
Access to Trifluoromethyl-Containing Trisubstituted Imidazoles. Org.
Lett. 2020, 22, 1980−1984. (d) Hu, S.; Yang, H.; Chen, Z.; Wu, X.-F.
Base-mediated [3 + 2] annulation of trifluoroacetimidoyl chlorides and
isocyanides: An improved approach for regioselective synthesis of 5-
trifluoromethyl-imidazoles. Tetrahedron 2020, 76, 131168.
(13) (a) Tamura, K.; Mizukami, H.; Maeda, K.; Watanabe, H.;
Uneyama, K. One-pot synthesis of trifluoroacetimidoyl halides. J. Org.
Chem. 1993, 58, 32−35. (b) Chen, Z.; Hu, S.; Wu, X.-F.
Trifluoroacetimidoyl halides: a potent synthetic origin. Org. Chem.
Front. 2020, 7, 223−254.
(14) Compound 3p was determined by X-ray crystallography. See the
Supporting Information for full details. CCDC 2010044 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
(15) (a) Sun, J.; Tan, Q.; Yang, W.; Liu, B.; Xu, B. Copper-Catalyzed
Aerobic Oxidative Annulation and Carbon-Carbon Bond Cleavage of
Arylacetamides: Domino Synthesis of Fused Quinazolinones. Adv.
Synth. Catal. 2014, 356, 388−394. (b) Yadav, J. S.; Subba Reddy, B. V.;
Subba Reddy, U. V.; Praneeth, K. Azido-Schmidt reaction for the
formation of amides, imides and lactams from ketones in the presence
of FeCl3. Tetrahedron Lett. 2008, 49, 4742−4745.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c01927
Org. Lett. XXXX, XXX, XXX−XXX

E

https://dx.doi.org/10.1016/j.bmc.2010.04.083
https://dx.doi.org/10.1016/j.bmc.2010.04.083
https://dx.doi.org/10.1016/j.bmc.2010.04.083
https://dx.doi.org/10.1055/s-0035-1560413
https://dx.doi.org/10.1055/s-0035-1560413
https://dx.doi.org/10.1039/C5OB01379H
https://dx.doi.org/10.1039/C5OB01379H
https://dx.doi.org/10.1016/j.tet.2005.07.010
https://dx.doi.org/10.1021/ol303331g
https://dx.doi.org/10.1021/ol303331g
https://dx.doi.org/10.1039/C4GC00801D
https://dx.doi.org/10.1039/C4GC00801D
https://dx.doi.org/10.1039/C4GC00801D
https://dx.doi.org/10.1021/jo2007362
https://dx.doi.org/10.1021/jo2007362
https://dx.doi.org/10.1016/j.jcat.2018.06.007
https://dx.doi.org/10.1016/j.jcat.2018.06.007
https://dx.doi.org/10.1016/j.jcat.2018.06.007
https://dx.doi.org/10.1126/science.1131943
https://dx.doi.org/10.1039/B610213C
https://dx.doi.org/10.1021/acs.jmedchem.5b00258
https://dx.doi.org/10.1021/jm401844c
https://dx.doi.org/10.1021/jm401844c
https://dx.doi.org/10.1021/acs.iecr.9b01906
https://dx.doi.org/10.1021/acs.iecr.9b01906
https://dx.doi.org/10.1021/acs.iecr.9b01906
https://dx.doi.org/10.1021/acs.iecr.9b01906
https://dx.doi.org/10.1021/jo00208a018
https://dx.doi.org/10.1021/jo00208a018
https://dx.doi.org/10.1021/acs.joc.8b00389
https://dx.doi.org/10.1021/acs.joc.8b00389
https://dx.doi.org/10.1021/acs.joc.8b00389
https://dx.doi.org/10.1002/jhet.2190
https://dx.doi.org/10.1002/jhet.2190
https://dx.doi.org/10.1002/jhet.2190
https://dx.doi.org/10.1002/jhet.2190
https://dx.doi.org/10.1039/C1OB06528A
https://dx.doi.org/10.1039/C1OB06528A
https://dx.doi.org/10.1039/C1OB06528A
https://dx.doi.org/10.1038/s41598-019-50776-y
https://dx.doi.org/10.1038/s41598-019-50776-y
https://dx.doi.org/10.1038/s41598-019-50776-y
https://dx.doi.org/10.1021/ja512306a
https://dx.doi.org/10.1021/ja512306a
https://dx.doi.org/10.1021/ol401144m
https://dx.doi.org/10.1021/ol401144m
https://dx.doi.org/10.1021/ol401144m
https://dx.doi.org/10.1002/anie.201208076
https://dx.doi.org/10.1002/anie.201208076
https://dx.doi.org/10.1039/C8OB00904J
https://dx.doi.org/10.1039/C8OB00904J
https://dx.doi.org/10.1039/C8OB00904J
https://dx.doi.org/10.1039/C8OB00904J
https://dx.doi.org/10.1039/C5CC01116G
https://dx.doi.org/10.1039/C5CC01116G
https://dx.doi.org/10.1039/C5CC01116G
https://dx.doi.org/10.1021/acs.orglett.6b01291
https://dx.doi.org/10.1021/acs.orglett.6b01291
https://dx.doi.org/10.1021/acs.orglett.6b01291
https://dx.doi.org/10.1021/acs.orglett.6b01291
https://dx.doi.org/10.1039/C6CC09376K
https://dx.doi.org/10.1039/C6CC09376K
https://dx.doi.org/10.1039/C6CC09376K
https://dx.doi.org/10.1039/C6CC09376K
https://dx.doi.org/10.1021/acs.orglett.8b01645
https://dx.doi.org/10.1021/acs.orglett.8b01645
https://dx.doi.org/10.1021/acs.orglett.8b01645
https://dx.doi.org/10.1021/acs.orglett.6b00113
https://dx.doi.org/10.1021/acs.orglett.6b00113
https://dx.doi.org/10.1021/acs.orglett.6b00113
https://dx.doi.org/10.1002/adsc.201900212
https://dx.doi.org/10.1002/adsc.201900212
https://dx.doi.org/10.1002/adsc.201900212
https://dx.doi.org/10.1002/adsc.201900983
https://dx.doi.org/10.1002/adsc.201900983
https://dx.doi.org/10.1002/adsc.201900983
https://dx.doi.org/10.1021/acs.orglett.0c00328
https://dx.doi.org/10.1021/acs.orglett.0c00328
https://dx.doi.org/10.1021/acs.orglett.0c00328
https://dx.doi.org/10.1021/acs.orglett.0c00328
https://dx.doi.org/10.1016/j.tet.2020.131168
https://dx.doi.org/10.1016/j.tet.2020.131168
https://dx.doi.org/10.1016/j.tet.2020.131168
https://dx.doi.org/10.1021/jo00053a011
https://dx.doi.org/10.1039/C9QO01167F
http://www.ccdc.cam.ac.uk/data_request/cif
https://dx.doi.org/10.1002/adsc.201300818
https://dx.doi.org/10.1002/adsc.201300818
https://dx.doi.org/10.1002/adsc.201300818
https://dx.doi.org/10.1016/j.tetlet.2008.05.113
https://dx.doi.org/10.1016/j.tetlet.2008.05.113
https://dx.doi.org/10.1016/j.tetlet.2008.05.113
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c01927?ref=pdf

