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ABSTRACT: A novel palladium-catalyzed [4 + 1] cycloaddition to give
spirotetrahydrofuran oxindoles has been developed, in which diphenyl 2-
oxoindolin-3-yl phosphates were used as the both electrophilic and
nucleophilic C1 synthons at C-3 of the oxindole unit and 2-methylidenetri-
methylene carbonate was used as the 1,4-dipole. The cycloannulation was
performed at room temperature and provided the corresponding
spirotetrahydrofuran oxindoles in good to excellent yields. The present
method affords a new strategy for the construction of spirooxindole derivatives with unique three-dimensional structures.

Spirooxindole derivatives with the unique three-dimensional
structures constitute privileged scaffolds in numerous

natural products and pharmacologically relevant drugs,1 and
they are used as progesterone receptor modulators2 and exhibit
anticancer,3 antitubercular,4 antimalarial,5 antifungal,6 and anti-
HIV activities.7 As a key subtype of spirooxindoles, the 3,2′-
tetrahydrofuryl spirooxindole (spirotetrahydrofuran oxindole)
unit represents the core structures of a variety of alkaloids and
pharmaceuticals.8 For example, N-methylwelwitindolinone D
(A) and HepG2 (B) are used as an anticancer agent and
growth inhibitor, respectively,9 compound C shows antifungal
activity,10 and compounds D−F display antitobacco mosaic
virus and cytotoxic activities (Scheme 1a).11 The construction
of such skeletons has attracted significant attention from
chemists, including Lewis acid-catalyzed [3 + 2] cycloaddition
of vinyl silanes with isatins,12 aminocatalytic 1,6-addition of 3-
hydroxy-2-oxindoles to linear 2,4-dienals,13 three-component
reactions of isocyanides, substituted allenoates, and isatins,14

palladium-catalyzed asymmetric [3 + 2] cycloaddition of vinyl
cyclopropanes and isatins,15 phosphine-catalyzed [3 + 2]
cycloaddition of ynones and isatins,16 and acid-catalyzed
intramolecualr cyclization of 3-allyl-3-hydroxy-2-oxindoles.17

In 2019, Aksenov, Rubin, and co-workers reoprted the [4 + 1]
cycloadducts of indoles and nitrostyrenes.18 However, the [4 +
1] cycloaddition leading to spirotetrahydrofuran oxindoles still
is very limited using oxindole derivatives as the both
electrophilic and nucleophilic C1 synthons at C-3 of the
oxindole unit.
2-Methylidenetrimethylene carbonate (2)19a and its deriva-

tive A-619b in Scheme 1b are one kind of useful motif, and
their palladium-catalyzed decarboxylation forms the corre-
sponding zwitterionic allylpalladium intermediates. Further
reactions of the intermediates provide the cyclic products, in
which the reactions usually start with nucleophilic attack of the

oxygen anion in the zwitterionic allylpalladium intermediates
to the partners, after which palladium-catalyzed intramolecular
allylation gives the target products. For example, palladium-
catalyzed decarboxylation of 2 yields zwitterionic allylpalla-
dium intermediate A-3. Then nucleophilic addition of the
oxygen anion in A-3 to the Michael acceptor (A-1) provides A-
4, and intramolecular allyation of A-4 affords the target
product A-2 (Scheme 1b). To realize our [4 + 1] cycloaddition
strategy, we designed diphenyl 2-oxoindolin-3-yl phosphates 1
as the partners of 2. We found that the two kinds of substrates
were easily prepared: chemoselective 1,2-addition of diphenyl
phosphite to N-alkylisatins and subsequent base-promoted
migration of the diphenoxyphosphoryl moiety from carbon to
oxygen provided 1 via the phospha-aldol-Brook rearrangement
reaction,20 and treatment of 2-methylenepropane-1,3-diol with
triphosgene in the presence of base gave 2.19a We designed a
palladium-catalyzed [4 + 1] cycloaddition process of 1 and 2.
As shown in Scheme 1c, allylation of 1 with A-3 at C-3 would
give A-8, and intramolecular nucleophilic attack of the oxygen
anion at C-3 would afford the target product 3 with release of
diphenyl phosphate.
To verify our design in Scheme 1c, we used diphenyl 1-

methyl-2-oxoindolin-3-yl phosphate (1a) and 2 as the model
substrates to optimize the reaction conditions, including the
catalyst, base, solvent, and reaction time. As shown in Table 1,
the palladium-catalyzed [4 + 1] cycloaddition of the two
substrates at room temperature provided the target product 3a
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in 88% yield using Pd(PPh3)4 as the catalyst, K2CO3 as the
base, and toluene as the solvent for 12 h (entry 1). We tested
Pd2(dba)3 and Pd(OAc)2 as the catalysts (entries 2 and 3,
respectively), and they were inferior to Pd(PPh3)4 (compare
entries 1−3). No reaction occurred in the absence of catalyst
(entry 4). Five other solvents were tested (entries 5−9), and
we found that toluene was suitable (compare entries 1 and 5−
9). When Na2CO3, Cs2CO3, K3PO4, or Et3N was used in place
of K2CO3 as the base (entries 10−13), Cs2CO3 afforded the
highest yield (96%) (entry 11). We investigated the reaction
time and found that 6 h was satisfactory (compare entries 11
and 14).
With the optimized conditions in hand, the substrate scope

for the [4 + 1] cycloaddition of 1 and 2 was surveyed (Scheme
2). First, we investigated variation of the R2 substituent in 1
and found that methyl (3a, 96% yield), n-butyl (3b, 90%
yield), allyl (3c, 94% yield), benzyl (3d, 97% yield), o-
methylbenzyl (3e, 99% yield), p-methoxybenzyl (3f, 97%
yield), methoxymethyl (3g, 92% yield), and phenyl (3h, 87%
yield) were feasible. Subsequently, the effect of the R1

substituent on the phenyl ring of 1 was surveyed, and
substrates 1 containing electron-donating groups, including 5-
Me (3i and 3l, 99% and 90% yield, respectively), 7- or 6-Me

(3j and 3m, 91% and 92% yield, respectively), and 5-MeO (3s,
85% yield), weak electron-withdrawing groups, including 5-F
(3n, 56% yield), 5- or 6-Cl (3k and 3o, 94% and 80% yield,
respectively), and 5-Br (3p and 3r, 89% and 64% yield,
respectively), and strong electron-withdrawing groups, includ-
ing 5-NO2 (3q, 77% yield), provided satisfactory results.
Therefore, the present method shows a wide substrate scope
and tolerance of functional groups, and it will find extensive
application in the synthesis of spirooxindole derivatives. In
order to ascertain the structures of the newly synthesized
products 3, a single crystal of 3j was prepared in a mixed
solvent of n-hexane and ethyl acetate (4:1 v/v), and its
structure was unambiguously confirmed by X-ray diffraction
analysis (see the Supporting Information for details).
We attempted a one-pot two-step synthesis of 3a using 1-

methylindoline-2,3-dione (4), diphenyl phosphonate (5), and
2 as the starting materials: addition of the P−H bond in 5 (1.0
equiv) to the carbonyl at the 3-position of 4 and subsequent
phospha-aldol-Brook rearrangement in the presence of 4-
dimethylaminopyridine (DMAP) at room temperature for 10
min provided 1a, and then 2.0 equiv of 2 was added to the
resulting solution. The reaction of 1a with 2 in the system was
carried out under the standard conditions in Scheme 2, and the
target product 3a was obtained in 80% yield (Scheme 3a). A
scaled-up synthesis of 3a was also surveyed. As shown in
Scheme 3b, the palladium-catalyzed reaction of 1a (1 mmol,
395 mg) and 2 (2 mmol, 228 mg) under the standard
conditions afforded 3a in 95% yield, representing almost no
loss of yield relative to the reaction of smaller amounts of the
substrates. The results above show that our method is very
efficient and practical.

Scheme 1. (a) Representative Examples of
Spirotetrahydrofuran Oxindoles with Various Biological
Activities; (b) Previous Reactions of 2-
Methylidenetrimethylene Carbonate and Its Derivatives; (c)
Our Design for the Synthesis of Spirotetrahydrofuran
Oxindoles

Table 1. Optimization of the Conditions for Catalytic [4 +
1] Cycloaddition of Diphenyl 1-Methyl-2-oxoindolin-3-yl
Phosphate (1a) and 2-Methylidenetrimethylene Carbonate
(2)a

entry cat. base solvent time (h) yield (%)b

1 Pd(PPh3)4 K2CO3 toluene 12 88
2 Pd2(dba)3 K2CO3 toluene 12 NR
3 Pd(OAc)2 K2CO3 toluene 12 NR
4 − K2CO3 toluene 12 NR
5 Pd(PPh3)4 K2CO3 xylene 12 79
6 Pd(PPh3)4 K2CO3 MeCN 12 73
7 Pd(PPh3)4 K2CO3 CH2Cl2 12 74
8 Pd(PPh3)4 K2CO3 DCE 12 86
9 Pd(PPh3)4 K2CO3 DMF 12 65
10 Pd(PPh3)4 Na2CO3 toluene 12 48
11 Pd(PPh3)4 Cs2CO3 toluene 12 96
12 Pd(PPh3)4 K3PO4 toluene 12 30
13 Pd(PPh3)4 Et3N toluene 12 76
14 Pd(PPh3)4 Cs2CO3 toluene 6 96

aReaction conditions: 1a (0.15 mmol, 1.0 equiv), 2 (0.225 mmol, 1.5
equiv), catalyst (3.75 μmol, 2.5 mol %), base (0.3 mmol, 2.0 equiv) in
the indicated solvent (1.5 mL) at the indicated temperature (rt, ∼25
°C) for the indicated time (6−12 h) in a sealed Schlenk tube under
an argon atmosphere. DCE = 1,2-dichloroethane. DMF = N,N-
dimethylformamide. bIsolated yields. NR = no reaction.
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To explore the reaction mechanism for the synthesis of 3,
two control experiments were carried out. First, the Pd-
(PPh3)4-catalyzed reaction of 1a with 2-(hydroxymethyl)allyl
methyl carbonate (6) in the absence of base provided 7 as the
major product in 75% isolated yield and 3a as the minor
product in 18% isolated yield (Scheme 4a). Second, treatment
of 7 with Cs2CO3 produced 3a in 43% isolated yield (Scheme
4b). These results showed that the reactions in Scheme 2

proceeded by a sequential two-step process including
palladium-catalyzed allylation and nucleophilic substitution of
oxygen anion at C-3 of 1.
Furthermore, 31P NMR tracking experiments were per-

formed for the Pd-catalyzed reaction of 1a with 1.5 equiv of 2
in CDCl3 under the standard conditions. As shown in Figure
S1, after the two substrates, Pd(PPh3)4, CDCl3, and DMAP
were mixed at room temperature, the resulting solution was
immediately measured by 31P NMR spectroscopy, and we
observed two 31P NMR peaks at δP = 29.70 and −10.75 ppm,
corresponding to Pd(PPh3)4 and 1a, respectively. After 5 min,
three new signals appeared at δP = 30.47, −9.85, and −15.67
ppm, corresponding to A-8, A-3, and A-11 in Scheme 5,

respectively. We measured the resulting solution after the
reaction was performed for 10 and 30 min, respectively, and a
new 31P NMR peak at δP = −8.44 ppm was observed,
corresponding to A-9 or A-10. After 180 min, we only found
two signals at δP = 29.70 and −15.67 ppm, corresponding to
Pd(PPh3)4 and A-11, respectively, which indicated that the
reaction was finished.
According to the above results, including the control

experiments in Scheme 4 and the 31P NMR tracking
experiments in Figure S1, a possible mechanism is proposed.
As shown in Scheme 5, deprotonation at C-3 of 1 by the base
(Cs2CO3) forms anion A-9, and isomerization of A-9 leads to
A-10. Meanwhile, palladium-catalyzed decarboxylation of 2
yields zwitterionic allylpalladium intermediate A-3. Allylation
of A-10 with A-3 gives A-8, and intramolecular nucleophilic
attack of the oxygen anion at C-3 affords the target product 3
with release of diphenyl phosphate (A-11).

Scheme 2. Substrate Scope for the [4 + 1] Cycloaddition of
1 and 2a,b

a1 (0.15 mmol, 1.0 equiv), 2 (0.225 mmol, 1.5 equiv), Pd(PPh3)4
(3.75 μmol, 2.5 mol %), and Cs2CO3 (0.3 mmol, 2.0 equiv) in toluene
(1.5 mL) at rt (∼25 °C) for 6 h in a sealed Schlenk tube under an
argon atmosphere. bIsolated yields are shown. cThe reaction was run
for 4 h. dThe reaction was run for 2.5 h.

Scheme 3. (a) One-Pot Two-Step Synthesis of 3a and (b)
Scaled-Up Synthesis of 3a

Scheme 4. (a) Palladium-Catalyzed Reaction of 1a with 6 in
the Absence of Base and (b) Treatment of 7 with Cs2CO3

Scheme 5. Proposed Mechanism for the Reaction of 1 with
2
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Subsequently, we demonstrated applications of the obtained
products. Oxidation of 3a with m-chloroperoxybenzoic acid
(m-CPBA) or NaIO4 in the presence of RuCl3·H2O (20 mol
%) provided 8 and 9 in 78% and 76% yield, respectively
(Scheme 6a). Palladium-catalyzed hydrogenation of 3j gave 10
in 98% yield (Scheme 6b).

We attempted the asymmetric [4 + 1] cycloaddition of 1a
and 2, and various catalysts and chiral ligands were screened
(see Table S1 for the details). Unfortunately, the reaction
provided only moderate enantioselectivity (42% ee) with
Pd2(dba)3 as the catalyst in the presence of a chiral
diphosphine ligand (Scheme 7).

In summary, we have developed a new method for the
synthesis of spirotetrahydrofuran oxindoles, in which diphenyl
2-oxoindolin-3-yl phosphates were used as the both electro-
philic and nucleophilic C1 synthons at C-3 of the oxindole unit
and 2-methylidenetrimethylene carbonate was used as the 1,4-
dipole. The palladium-catalyzed [4 + 1] cycloaddition of the
two kinds of substrates at room temperature provided the
corresponding target products in good to excellent yields. The
novel [4 + 1] cycloaddition strategy affords a valuable pathway
for the synthesis of other spirooxindole derivatives.
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K.; Rauh, D.; Waldmann, H. Identification of Thiazolidinones Spiro-
Fused to Indolin-2-ones as Potent and Selective Inhibitors of the
Mycobacterium tuberculosis Protein Tyrosine Phosphatase B. Angew.
Chem., Int. Ed. 2010, 49, 5902.
(5) (a) Yeung, B. K. S.; Zou, B.; Rottmann, M.; Lakshminarayana, S.
B.; Ang, S. H.; Leong, S. Y.; Tan, J.; Wong, J.; Keller-Maerki, S.;
Fischli, C.; Goh, A.; Schmitt, E. K.; Krastel, P.; Francotte, E.; Kuhen,
K.; Plouffe, D.; Henson, K.; Wagner, T.; Winzeler, E. A.; Petersen, F.;
Brun, R.; Dartois, V.; Diagana, T. T.; Keller, T. H. Spirotetrahydro β-
Carbolines (Spiroindolones): A New Class of Potent and Orally
Efficacious Compounds for the Treatment of Malaria. J. Med. Chem.
2010, 53, 5155. (b) Rottmann, M.; McNamara, C.; Yeung, B. K. S.;
Lee, M. C. S.; Zou, B.; Russell, B.; Seitz, P.; Plouffe, D. M.; Dharia, N.
V.; Tan, J.; Cohen, S. B.; Spencer, K. R.; Gonzalez-Paez, G. E.;
Lakshminarayana, S. B.; Goh, A.; Suwanarusk, R.; Jegla, T.; Schmitt,
E. K.; Beck, H.-P.; Brun, R.; Nosten, F.; Renia, L.; Dartois, V.; Keller,
T. H.; Fidock, D. A.; Winzeler, E. A.; Diagana, T. T. Spiroindolones, a
Potent Compound Class for the Treatment of Malaria. Science 2010,
329, 1175.
(6) (a) Raj, A.; Raghunathan, R.; Sridevikumari, M. R.; Raman, N.
Synthesis, Antimicrobial and Antifungal Activity of a New Class of
Spiro Pyrrolidines. Bioorg. Med. Chem. 2003, 11, 407. (b) Ding, K.;
Lu, Y.; Nikolovska-Coleska, Z.; Wang, G.; Qiu, S.; Shangary, S.; Gao,
W.; Qin, D.; Stuckey, J.; Krajewski, K.; Roller, P. P.; Wang, S.
Structure-Based Design of Spiro-oxindoles as Potent, Specific Small-
Molecule Inhibitors of the MDM2−p53 Interaction. J. Med. Chem.
2006, 49, 3432.
(7) Kumari, G.; Nutan; Modi, M.; Gupta, S. K.; Singh, R. K.
Rhodium(II) Acetate-Catalyzed Stereoselective Synthesis, SAR and
Anti-HIV Activity of Novel Oxindoles Bearing Cyclopropane Ring.
Eur. J. Med. Chem. 2011, 46, 1181.
(8) (a) Jimenez, J. I.; Huber, U.; Moore, R. E.; Patterson, G. M. L.
Oxidized Welwitindolinones from Terrestrial Fischerella spp. J. Nat.
Prod. 1999, 62, 569. (b) Heindel, N. D.; Minatelli, J. A. Synthesis and
Anti-Bacterial and Anti-Cancer Evaluations of alpha-Methylene-
gamma-butyrolactones. J. Pharm. Sci. 1981, 70, 84. (c) Rana, S.;
Blowers, E. C.; Tebbe, C.; Contreras, J. I.; Radhakrishnan, P.;
Kizhake, S.; Zhou, T.; Rajule, R. N.; Arnst, J. L.; Munkarah, A. R.;
Rattan, R.; Natarajan, A. Isatin Derived Spirocyclic Analogues with α-
Methylene-γ-butyrolactone as Anticancer Agents: A Structure−
Activity Relationship Study. J. Med. Chem. 2016, 59, 5121.
(9) Hunter, A. C.; Schlitzer, S. C.; Stevens, J. C.; Almutwalli, B.;
Sharma, I. A Convergent Approach to Diverse Spiroethers through
Stereoselective Trapping of Rhodium Carbenoids with Gold-
Activated Alkynols. J. Org. Chem. 2018, 83, 2744.
(10) Wu, J.-S.; Zhang, X.; Zhang, Y.-L.; Xie, J.-W. Synthesis and
Antifungal Activities of Novel Polyheterocyclic Spirooxindole
Derivatives. Org. Biomol. Chem. 2015, 13, 4967.
(11) Zhou, M.; Miao, M.-M.; Du, G.; Li, X.-N.; Shang, S.-Z.; Zhao,
W.; Liu, Z.-H.; Yang, G.-Y.; Che, C.-T.; Hu, Q.-F.; Gao, X.-M.
Aspergillines A−E, Highly Oxygenated Hexacyclic Indole−Tetrahy-
drofuran−Tetramic Acid Derivatives from Aspergillus versicolor. Org.
Lett. 2014, 16, 5016.
(12) (a) Franz, A. K.; Dreyfuss, P. D.; Schreiber, S. L. Synthesis and
Cellular Profiling of Diverse Organosilicon Small Molecules. J. Am.
Chem. Soc. 2007, 129, 1020. (b) Hanhan, N. V.; Ball-Jones, N. R.;
Tran, N. T.; Franz, A. K. Catalytic Asymmetric [3 + 2] Annulation of
Allylsilanes with Isatins: Synthesis of Spirooxindoles. Angew. Chem.,
Int. Ed. 2012, 51, 989.
(13) Silvi, M.; Chatterjee, I.; Liu, Y.; Melchiorre, P. Controlling the
Molecular Topology of Vinylogous Iminium Ions by Logical Substrate
Design: Highly Regio- and Stereoselective Aminocatalytic 1,6-
Addition to Linear 2,4-Dienals. Angew. Chem., Int. Ed. 2013, 52,
10780.

(14) Tang, Z.; Liu, Z.; An, Y.; Jiang, R.; Zhang, X.; Li, C.; Jia, X.; Li,
J. Isocyanide-Based Multicomponent Bicyclization with Substituted
Allenoate and Isatin: Synthesis of Unusual Spirooxindole Containing
[5.5]-Fused Heterocycle. J. Org. Chem. 2016, 81, 9158.
(15) Mei, L.-y.; Wei, Y.; Xu, Q.; Shi, M. Diastereo- and
Enantioselective Construction of Oxindole-Fused Spirotetrahydrofur-
an Scaffolds through Palladium-Catalyzed Asymmetric [3 + 2]
Cycloaddition of Vinyl Cyclopropanes and Isatins. Organometallics
2013, 32, 3544.
(16) (a) Yang, L.; Xie, P.; Li, E.; Li, X.; Huang, Y.; Chen, R.
Phosphine-Catalyzed Domino Reaction: an Efficient Method for the
Synthesis of Highly Functionalized Spirooxazolines. Org. Biomol.
Chem. 2012, 10, 7628. (b) Lian, Z.; Shi, M. Nitrogen- and
Phosphorus-Containing Lewis Base Catalyzed [4 + 2] and [3 + 2]
Annulation Reactions of Isatins with But-3-yn-2-one. Eur. J. Org.
Chem. 2012, 2012, 581.
(17) Zhang, J.-H.; Wang, R.-B.; Li, D.-F.; Zhao, L.-M. Green
Method To Preparing Oxindole-Fused Spirotetrahydrofuran Scaffolds
through Methanesulfonic Acid-Catalyzed Cyclization Reactions of 3-
Allyl-3-hydroxy-2-oxindole in Water. ACS Omega 2017, 2, 7022.
(18) Aksenov, A. V.; Aksenov, D. A.; Aksenov, N. A.; Aleksandrova,
E. V.; Rubin, M. Preparation of Stereodefined 2-(3-Oxoindolin-2-yl)-
2-Arylacetonitriles via One-Pot Reaction of Indoles with Nitroalkenes.
J. Org. Chem. 2019, 84, 12420.
(19) (a) Mao, B.; Liu, H.; Yan, Z.; Xu, Y.; Xu, J.; Wang, W.; Wu, Y.;
Guo, H. Palladium-Catalyzed Asymmetric [4 + 2] Cycloaddition of 2-
Methylidenetrimethylene Carbonate with Alkenes: Access to Chiral
Tetrahydropyran-Fused Spirocyclic Scaffolds. Angew. Chem., Int. Ed.
2020, 59, 11316. (b) Shintani, R.; Moriya, K.; Hayashi, T. Guiding
the Nitrogen Nucleophile to the Middle: Palladium-Catalyzed
Decarboxylative Cyclopropanation of 2-Alkylidenetrimethylene Car-
bonates with Isocyanates. Chem. Commun. 2011, 47, 3057.
(20) (a) Kondoh, A.; Takei, A.; Terada, M. Novel Methodology for
the Efficient Synthesis of 3-Aryloxindoles: [1,2]-Phospha-Brook
Rearrangement−Palladium-Catalyzed Cross-Coupling Sequence. Syn-
lett 2016, 27, 1848. (b) Wang, L.; Yao, Z.; Xu, F.; Shen, Q.
Lanthanide Amides [(Me3Si)2N]3Ln(μ-Cl)Li(THF)3-Catalyzed
Phospho-Aldol-Brook Rearrangement Reaction of Dialkyl Phosphites
with Isatins. Heteroat. Chem. 2012, 23, 449. (c) Peng, C.; Zhai, J.;
Xue, M.; Xu, F. Lanthanide Amide-Catalyzed One-Pot Functionaliza-
tion of Isatins: Synthesis of Spiro[cyclopropan-1,3′-oxindoles] and 2-
Oxoindolin-3-yl Phosphates. Org. Biomol. Chem. 2017, 15, 3968.
(d) Kondoh, A.; Aoki, T.; Terada, M. Organocatalytic Arylation of α-
Ketoesters Based on Umpolung Strategy: Phosphazene-Catalyzed
SNAr Reaction Utilizing [1,2]-Phospha-Brook Rearrangement. Chem. -
Eur. J. 2018, 24, 13110. (e) Rokade, B. V.; Guiry, P. J. Synthesis of α-
Aryl Oxindoles by Friedel−Crafts Alkylation of Arenes. J. Org. Chem.
2020, 85, 6172.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c02306
Org. Lett. XXXX, XXX, XXX−XXX

E

https://doi.org/10.1021/ja051147z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja051147z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201002138
https://doi.org/10.1002/anie.201002138
https://doi.org/10.1002/anie.201002138
https://doi.org/10.1021/jm100410f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100410f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm100410f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1193225
https://doi.org/10.1126/science.1193225
https://doi.org/10.1016/S0968-0896(02)00439-X
https://doi.org/10.1016/S0968-0896(02)00439-X
https://doi.org/10.1021/jm051122a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm051122a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejmech.2011.01.037
https://doi.org/10.1016/j.ejmech.2011.01.037
https://doi.org/10.1021/np980485t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jps.2600700117
https://doi.org/10.1002/jps.2600700117
https://doi.org/10.1002/jps.2600700117
https://doi.org/10.1021/acs.jmedchem.6b00400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b00400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b00400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b03196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b03196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b03196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5OB00256G
https://doi.org/10.1039/C5OB00256G
https://doi.org/10.1039/C5OB00256G
https://doi.org/10.1021/ol502307u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol502307u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja067552n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja067552n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201105739
https://doi.org/10.1002/anie.201105739
https://doi.org/10.1002/anie.201305870
https://doi.org/10.1002/anie.201305870
https://doi.org/10.1002/anie.201305870
https://doi.org/10.1002/anie.201305870
https://doi.org/10.1021/acs.joc.6b01711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400473p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400473p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400473p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400473p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2ob26338f
https://doi.org/10.1039/c2ob26338f
https://doi.org/10.1002/ejoc.201101338
https://doi.org/10.1002/ejoc.201101338
https://doi.org/10.1002/ejoc.201101338
https://doi.org/10.1021/acsomega.7b01279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202002765
https://doi.org/10.1002/anie.202002765
https://doi.org/10.1002/anie.202002765
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1039/c0cc05308b
https://doi.org/10.1055/s-0035-1561859
https://doi.org/10.1055/s-0035-1561859
https://doi.org/10.1055/s-0035-1561859
https://doi.org/10.1002/hc.21036
https://doi.org/10.1002/hc.21036
https://doi.org/10.1002/hc.21036
https://doi.org/10.1039/C7OB00640C
https://doi.org/10.1039/C7OB00640C
https://doi.org/10.1039/C7OB00640C
https://doi.org/10.1002/chem.201803218
https://doi.org/10.1002/chem.201803218
https://doi.org/10.1002/chem.201803218
https://doi.org/10.1021/acs.joc.0c00370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c02306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

