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ABSTRACT: A regioselective and Z-selective three-component
silylalkoxylation of 1,3-diene using various alcohols, disilane, and a
catalytic Pd/Cu/1,4-benzoquinone/O2 system is established in this
Letter. The reaction generates tetra-substituted allyl silanes
containing allyl ether moieties in up to 80% isolated yield and
on a 1−10 mmol scale via oxidative coupling. A wide variety of substrates, including benzyl alcohol derivates, aliphatic alcohols, and
bioactive compounds such as cholesterol, are suitable for use in the developed reaction system.

The development of efficient, environmentally benign
synthetic methods that use chemical feedstocks to

generate fine chemicals represents a challenging target in
modern chemistry. Oxidative coupling reactions that employ
transition-metal catalysts comprise one of the most promising
and straightforward approaches to reaching this objective.1

This type of reaction methodology has emerged in catalytic
organic chemistry as a green, atom-economical process,
compared with traditional cross-coupling reactions and
classical C−C bond formations, because prefunctionalized
substrates, such as halogenated reagents or organometallic
materials, are not required (Figure 1A). These advantages have
recently inspired enthusiastic chemical research in this field.
Several inter- and intramolecular oxidative coupling

reactions using unsaturated compounds to form C−C or C−
(heteroatom) bonds have been reported.2−4 Our group has
also described methods for introducing an amino group to an
olefin or 1,3-diene through an oxidative coupling mechanism.5

Although many groups have investigated oxidative amination
reactions to form C−N bonds, studies involving oxidative
alkoxylation reactions to form C−O bonds are rare. Bac̈kvall
and coworkers carried out the palladium-catalyzed oxidative
1,4-dialkoxylation of conjugated dienes using benzoquinones
(BQs) as a catalyst reoxidant and a catalytic amount of
methanesulfonic acid (Figure 1B (I); OAc = acetate).6 White
and coworkers detailed the palladium-catalyzed intramolecular
oxidative alkoxylation of terminal olefins using two equivalents
of 1,4-BQ as a catalyst reoxidant and used this method to
successfully synthesize oxygen-containing heterocycles (Figure
1B (II)).7 Monguchi and Sajiki developed a method for the
intermolecular oxidative alkoxylation of α,β-unsaturated
carbonyl compounds using a palladium catalyst with more
than two equivalents of AgOAc as the reoxidant (Figure 1B
(III)).8

In this work, we have designed a system that achieves the
palladium-catalyzed three-component silylalkoxylation of 1,3-
diene with alcohol and disilane through an oxidative

alkoxylation mechanism (Figure 1C). The silylalkoxylation
reaction proceeded with exclusive Z selectivity in the Pd/Cu/
1,4-BQ/O2 system and achieved a high yield using
commercially available reagents. Moreover, the reaction
afforded a tetra-substituted Z-allyl silane containing an allyl
ether moiety, which is difficult to synthesize. Such multi-
substituted compounds cannot be accessed simply using
alternative methods for olefin synthesis, such as olefin
metathesis or Wittig reactions.9

First, it was necessary to optimize the silylalkoxylation
reaction conditions (Table 1). The reaction between 2,3-
dimethyl-1,3-butadiene (1a), benzyl alcohol (2a), and
hexamethyldisilane (3a) in the presence of Pd(dba)2 (0.05
mmol, 5 mol %; dba = (E,E)-dibenzylideneacetone), CuBr2
(0.1 mmol, 10 mol %), and 1,4-BQ (0.4 mmol, 40 mol %)
under an oxygen atmosphere (1 atm, balloon) gave the desired
Z-allyl silane (4a) in 88% yield based on gas chromatography
(GC; entry 1). The stereostructure of the desired product was
determined by the DPFGSE 1D-NOE measurement. (See the
Supporting Information (SI) for spectral data.) The use of
Pd(OAc)2 and Pd(TFA)2 as the catalyst also afforded 4a in
good yield (entries 2 and 3), but Pd(PPh3)4 was an inert
catalyst under these conditions (entry 4). Potential alternative
copper salts included CuCl2, CuBr, or CuI. The reaction with
CuCl2 proceeded effectively (entry 5), but CuBr and CuI were
not suitable additives (entries 6 and 7). Switching from DMF
to other amide solvents, such as DMA or NMP, did not
improve the yield of 4a (entries 8 and 9). In addition, the
desired product was not produced when MeCN or toluene was
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used as the solvent (entries 10 and 11). Interestingly, the
reaction under air or Ar did not afford 4a (entries 12 and 13),
thus indicating that molecular oxygen was necessary for the
reaction. Next, the substrate ratio was optimized. The
experimental data suggested that the stoichiometric ratio of
1a and 3a to 2a significantly impacted the reaction yield
(entries1 and 14−16) and that the highest yield was obtained
with (1a/2a/3a 3:1:4). Finally, control experiments were
carried out in the absence of Pd, copper salt, or 1,4-BQ. The
desired product 4a was not obtained without Pd or copper
(entries 17 and 18). The results in entries 13 and 18 indicated
that 1,4-BQ did not serve as the reoxidant of the catalytic
species. Notably, when the reaction was performed in the
absence of 1,4-BQ, 4a was produced in good yield (entry 19).
Second, we investigated the substrate scope of the

silylalkoxylation reaction (Scheme 1). The reaction with o-,
m-, and p-methyl benzyl alcohol afforded the corresponding
products in 74−76% yield (4b−4d), and the yields were in a
similar range. The use of p-tert-butyl benzyl alcohol afforded
the desired product (4e) in 75% yield, and p-methoxy benzyl
alcohol gave the desired product (4f) in 80% yield. The
silylalkoxylation with p-Cl benzyl alcohol also proceeded
smoothly to produce 4g, and the reaction with p-CF3 benzyl
alcohol afforded 4h in 56% yield. Secondary alcohols were also
suitable for this reaction (4i). With E-cinnamyl alcohol, the
corresponding product (4j) was obtained in 62% yield.
Interestingly, the cinnamyl alcohol-derived CC moiety

retained its conformation. A sterically hindered alcohol (1-
naphtalene methanol) was also applicable (affording 4k).
Heterocyclic alcohols were also tested with this catalytic
system. Oxygen-containing heterocyclic alcohols (e.g., piper-
onyl alcohol and furfuryl alcohol) successfully afforded the
corresponding products in good yield (4l and 4m,
respectively). Surprisingly, 2-thiophene methanol, which is
often poisonous for Pd species, was tolerated by this
silylalkoxylation (4n). However, no desired product was
detected in the presence of 2-pirydine methanol because the
high basicity of the pyridyl group rendered the catalytic species
inert. Further investigations concerning the scope of aliphatic
alcohol and 1,3-diene reagents were performed. With simple
aliphatic alcohols, such as 1-hexanol, the reaction achieved
56% yield (4o), and the longer-chain 1-octadecanol delivered
its corresponding product (4p) in 80% yield.
Importantly, a cyclopropyl ring, which has been integrated in

preclinical or clinical drugs, could be introduced (4q).10 In
addition, a bioactive compound, such as cholesterol, was
compatible with the silylalkoxylation and furnished the desired
product (4r). Moreover, configurational defined secondary
alcohols were used for the reaction to give the stereochemical
information on the chiral carbon center. (−)-Menthol
provided the product (4s) in 64% yield, whereas (+)-neo-

Figure 1. (A) Oxidative coupling reactions and their advantages in
organic chemistry. (B) Previous reports for alkoxylations of olefin
through the intramolecular and intermolecular oxidative coupling
mechanism. (C) Three-component silylalkoxylation with 1,3-diene,
alcohol, and disilane via oxidative coupling

Table 1. Optimization of the Reaction Conditionsa

entry Pd/Cu solvent X, Y yield (%)b

1 Pd(dba)2/CuBr2 DMF 3, 4 88 (75)b

2 Pd(OAc)2/CuBr2 DMF 3, 4 71
3 Pd(TFA)2/CuBr2 DMF 3, 4 77
4 Pd(PPh3)4/CuBr2 DMF 3, 4 nd
5 Pd(dba)2/CuCl2 DMF 3, 4 70
6 Pd(dba)2/CuBr DMF 3, 4 nd
7 Pd(dba)2/CuI DMF 3, 4 12
8 Pd(dba)2/CuBr2 DMA 3, 4 44
9 Pd(dba)2/CuBr2 NMP 3, 4 17
10 Pd(dba)2/CuBr2 MeCN 3, 4 nd
11 Pd(dba)2/CuBr2 toluene 3, 4 nd
12c Pd(dba)2/CuBr2 DMF 3, 4 nd
13d Pd(dba)2/CuBr2 DMF 3, 4 nd
14 Pd(dba)2/CuBr2 DMF 1, 1 29
15 Pd(dba)2/CuBr2 DMF 3, 1 18
16 Pd(dba)2/CuBr2 DMF 3, 2 59
17 CuBr2 (no Pd) DMF 3, 4 nd
18 Pd(dba)2 (no Cu) DMF 3, 4 nd
19e Pd(dba)2/CuBr2 (no 1,4-BQ) DMF 3, 4 68

aReaction conditions: 1a (1−3 mmol), 2a (1 mmol), 3a (1−4
mmol), Pd catalyst (0.05 mmol, 5 mol %), Cu salt (0.1 mmol, 10 mol
%), and 1,4-BQ (0.4 mmol, 40 mol %) were stirred at 70 °C (oil bath
temperature) for 16 h under O2 (balloon). Yield was determined by
GC based on the amount of 2a (n-decane was used as an internal
standard). bNumber in parentheses is the isolated yield. cUnder air.
dReaction performed with 1,4-BQ (1.2 equiv) under Ar. eReaction
performed in the absence of 1,4-BQ. Pd(TFA)2 = palladium bis(2,2,2-
trifluoroacetate); 1,4-BQ = 1,4-benzoquinone; DMF = N,N-
dimethylformamide; DMA = N,N-dimethylacetamide; NMP; N-
methyl-2-pyrrolidone. nd = not detected.
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menthol, which is the epimer of menthol, gave the product
(4t) in 33% yield. The epimerization of the products was not
observed in these reactions, and the steric hindrance of
isopropyl group on the axial position to hydroxy group would
significantly affect the yields of the products. t-BuOH did not
give the corresponding product. The reaction with 2,3-
dibuthyl-1,3-butadiene proceeded smoothly to afford a good
yield (4u). However, 2,3-diphenyl-1,3-butadiene did not give
the corresponding product. Unfortunately, the use of isoprene
as an unsymmetric diene gave a mixture of intractable
products. The reactions with cyclic dienes such as 1,3-

cyclohexadiene and phellandrene were sluggish under these
conditions.
The feasibility and utility of this transformation were

demonstrated by the gram-scale synthesis of 4a (Scheme 2).

Specifically, 1a (30.1 mmol), 2a (10.4 mmol), and 3a (40.0
mmol) were mixed in the presence of Pd(dba)2 (0.1 mmol, 1
mol %), CuBr2 (0.2 mmol, 2 mol %), and 1,4-BQ (1.2 equiv)
in DMF (10 mL), which afforded 4a in good yield (1.84 g)
with exclusive Z selectivity. This result supports the scalability
of the process and DMF compared with typical methods.
To better understand the detailed reaction mechanism, a

deuterium labeling experiment was performed using deuterated
alcohol (2a-d1) under the optimized conditions (see the SI),
but the deuterated 4a product was not observed. This result
implied that the reaction proceeded via oxidative alkoxylation,
not hydroalkoxylation. Moreover, deuterated benzyl alcohol
(2a-d7) gave the corresponding product (4a-d7). (See the SI.)
To elucidate the role of 1,4-BQ, the reaction with Pd(dba)2

(0.05 mmol, 5 mol %) and CuBr2 (0.1 mmol, 10 mol %) was
performed with and without 1,4-BQ (0.4 mmol, 40 mol %) in
the presence of 1a (3 mmol), 2a (1 mmol), and 3a (4 mmol),
and the yield of 4a was monitored (Figure S3). The yield with
no 1,4-BQ rapidly increased during the initial stage of the
reaction and then leveled off. In contrast, when 1,4-BQ was
present, the reaction proceeded slowly at first, but the yield of
4a continuously increased. These experimental results
suggested that 1,4-BQ stabilizes catalytic active species.11

On the basis of previous reports and the experimental results
presented herein, a plausible catalytic cycle for the silylalkox-
ylation reaction was proposed, and it is illustrated in Figure
2.4g,12 First, complex II is generated by the coordination of 1,3-
diene (1a) to Pd(II). Then, the alcohol (2a) performs a
nucleophilic attack on II, which is followed by the formation of
4-alkoxy-(π-allyl)palladium complex III.6a It is reported that
the 1,4-difunctionalization of 1,3-diene via the π-allyl metal

Scheme 1. Palladium-Catalyzed Silylalkoxylation with
Benzyl Alcohol Derivativesa

aReaction conditions: 1a (3 mmol), 2a (1 mmol), 3a (4 mmol),
Pd(dba)2 (0.05 mmol, 5 mol %), CuBr2 (0.1 mmol, 10 mol %), and
1,4-BQ (0.4 mmol, 40 mol %) were stirred at 70 °C (oil bath
temperature) for 16 h under O2.

bAbsolute configuration is not
determined.

Scheme 2. 1 g scale synthesis of 4a.

Figure 2. Plausible reaction mechanism.
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complex exhibited Z selectivity, which would be due to the
coordination of the complex with the nucleophile.13 Finally, III
reacts with disilane (3a) to afford the desired product (4a)
along with Pd(0), which is reoxidized to Pd(II) by Cu and O2.
Activation of the Si−Si bond with palladium to form Si−Pd−Si
would be involved,14 and the details of this step in this catalytic
cycle cannot be elucidated in this stage.
In summary, we achieved regioselective and Z-selective

three-component silylalkoxylation with commercially available
diene, alcohol, and disilane reagents. This approach enabled
the synthesis of ally silanes containing an allyl ether moiety via
oxidative coupling to alcohol and 1,3-diene by the Pd/Cu/1,4-
BQ/O2 system. This reaction system exhibited a broad
substrate scope and scalability to the gram scale. Further
studies applying this reaction system to other organic
transformations and detailed mechanistic investigations are
currently underway.
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2007, 129, 6328−6335. (g) Muñiz, K.; Hövelmann, C. H.; Streuff, J.
Oxidative Diamination of Alkenes with Ureas as Nitrogen Sources:
Mechanistic Pathways in the Presence of a High Oxidation State
Palladium Catalyst. J. Am. Chem. Soc. 2008, 130, 763−773.
(h) Hamada, T.; Ye, X.; Stahl, S. S. Copper-Catalyzed Aerobic
Oxidative Amidation of Terminal Alkynes: Efficient Synthesis of
Ynamides. J. Am. Chem. Soc. 2008, 130, 833−835. (i) Stuart, D. R.;
Bertrand-Laperle, M.; Burgess, K. M. N.; Fagnou, K. Indole Synthesis
via Rhodium Catalyzed Oxidative Coupling of Acetanilides and
Internal Alkynes. J. Am. Chem. Soc. 2008, 130, 16474−16475. (j) Gao,
Y.; Wang, G.; Chen, L.; Xu, P.; Zhao, Y.; Zhou, Y.; Han, L.-B.
Copper-Catalyzed Aerobic Oxidative Coupling of Terminal Alkynes
with H-Phosphonates Leading to Alkynylphosphonates. J. Am. Chem.
Soc. 2009, 131, 7956−7957. (k) Campbell, A. N.; White, P. B.; Guzei,
I. A.; Stahl, S. S. Allylic C-H Acetoxylation with a 4,5-
Diazafluorenone-Ligated Palladium Catalyst: A Ligand-Based Strategy
to Achieve Aerobic Catalytic Turnover. J. Am. Chem. Soc. 2010, 132,
15116−15119. (l) Vermeulen, N. A.; Delcamp, J. H.; White, M. C.
Synthesis of Complex Allylic Esters via C-H Oxidation vs C-C Bond
Formation. J. Am. Chem. Soc. 2010, 132, 11323−11328. (m) Zeng, J.;
Tan, Y. J.; Leow, M. L.; Liu, X.-W. Copper(II)/Iron(III) Co-
Catalyzed Intermolecular Diamination of Alkynes: Facile Synthesis of
Imidazopyridines. Org. Lett. 2012, 14, 4386−4389. (n) Ortgies, S.;
Depken, C.; Breder, A. Oxidative Allylic Esterification of Alkenes by
Cooperative Selenium-Catalysis Using Air as the Sole Oxidant. Org.
Lett. 2016, 18, 2856−2859. (o) Wang, L.; Yue, H.; Yang, D.; Cui, H.;
Zhu, M.; Wang, J.; Wei, W.; Wang, H. Metal-Free Oxidative Coupling
of Aromatic Alkenes with Thiols Leading to (E)-Vinyl Sulfones. J.
Org. Chem. 2017, 82, 6857−6864. (p) Khoder, Z. M.; Wong, C. E.;
Chemler, S. R. Stereoselective Synthesis of Isoxazolidines via Copper-
Catalyzed Alkene Diamination. ACS Catal. 2017, 7, 4775−4779.
(q) Wang, L.; Yue, H.; Yang, D.; Cui, H.; Zhu, M.; Wang, J.; Wei, W.;
Wang, H. Metal-Free Oxidative Coupling of Aromatic Alkenes with
Thiols Leading to (E)-Vinyl Sulfones. J. Org. Chem. 2017, 82, 6857−
6864. (r) Wu, M.-S.; Fan, T.; Chen, S.-S.; Han, Z.-Y.; Gong, L.-Z.
Pd(II)-Catalyzed Asymmetric Oxidative 1,2-Diamination of Con-
jugated Dienes with Ureas. Org. Lett. 2018, 20, 2485−2489. (s) Liang,
X.; Xiong, M.; Zhu, H.; Shen, K.; Pan, Y. Aerobic Copper-Catalyzed
Synthesis of (E)-Vinyl Sulfones by Direct C-S Bond Oxidative
Coupling. J. Org. Chem. 2019, 84, 11210−11218.
(5) (a) Obora, Y.; Shimizu, Y.; Ishii, Y. Intermolecular Oxidative
Animation of Olefins with Amines Catalyzed by the Pd(II)/NPMoV/
O2 System. Org. Lett. 2009, 11, 5058−5061. (b) Shimizu, Y.; Obora,
Y.; Ishii, Y. Intermodular Aerobic Oxidative Allylic Amination of
Simple Alkenes with Diarylamines Catalyzed by the Pd(OCOCF3)2/
NPMoV/O2 System. Org. Lett. 2010, 12, 1372−1374. (c) Mizuta, Y.;
Yasuda, K.; Obora, Y. Palladium-Catalyzed Z-Selective Oxidative
Amination of ortho-Substituted Primary Anilines with Olefins under
an Open Air Atmosphere. J. Org. Chem. 2013, 78, 6332−6337.
(d) Torii, K.; Kawakubo, A.; Lin, X.; Fujihara, T.; Yajima, T.; Obora,
Y. Palladium-Catalyzed Difunctionalization of 1,3-Diene with Amine
and Disilane under a Mild Re-oxidation System. Chem. - Eur. J. 2021,
27, 4888−4892.
(6) (a) Bäckvall, J.-E.; Vågberg, J. O. Stereo- and regioselective
palladium-catalyzed 1,4-dialkoxylation of conjugated dienes. J. Org.
Chem. 1988, 53, 5695−5699. (b) Itami, K.; Palmgren, A.; Bäckvall, J.-
E. Palladium-catalyzed intramolecular 1,4-dialkoxylation of cyclo-
hexadienes: An efficient route to highly stereocontrolled oxygen

heterocycles. Tetrahedron Lett. 1998, 39, 1223−1226. (c) Itami, K.;
Palmgren, A.; Thorarensen, A.; Bäckvall, J.-E. Chiral Benzoquinones
as a New Class of Ligands for Asymmetric Catalysis: Synthesis and
Application to the Palladium(II)-Catalyzed 1,4-Dialkoxylation of 1,3-
Dienes. J. Org. Chem. 1998, 63, 6466−6471.
(7) Ammann, S. E.; Rice, G. T.; White, M. C. Terminal Olefins to
Chromans, Isochromans, and Pyrans via Allylic C-H Oxidation. J. Am.
Chem. Soc. 2014, 136, 10834−10837.
(8) Monguchi, Y.; Kunishima, K.; Hattori, T.; Takahashi, T.;
Shishido, Y.; Sawama, Y.; Sajiki, H. Palladium-Catalyzed C-H
Monoalkoxylation of α,β-Unsaturated Carbonyl Compounds. ACS
Catal. 2016, 6, 3994−3997.
(9) (a) Shahane, S.; Bruneau, C.; Fischmeister, C. Z. Selectivity:
Recent Advances in one of the Current Major Challenges of Olefin
Metathesis. ChemCatChem 2013, 5, 3436−3459. (b) Herbert, M. B.;
Grubbs, R. H. Z.-Selective Cross Metathesis with Ruthenium
Catalysts: Synthetic Applications and Mechanistic Implications.
Angew. Chem., Int. Ed. 2015, 54, 5018−5024. (c) Dawood, K. M.;
Nomura, K. Recent Developments in Z-Selective Olefin Metathesis
Reactions by Molybdenum, Tungsten, Ruthenium, and Vanadium
Catalysts. Adv. Synth. Catal. 2021, 363, 1970−1997.
(10) Talele, T. T. The “Cyclopropyl Fragment” is a Versatile Player
that Frequently Appears in Preclinical/Clinical Drug Molecules. J.
Med. Chem. 2016, 59, 8712−8756.
(11) (a) Vasseur, A.; Muzart, J.; Le Bras, J. Ubiquitous
Benzoquinones, Multitalented Compounds for Palladium-Catalyzed
Oxidative Reactions. Eur. J. Org. Chem. 2015, 2015, 4053−4069.
(b) Tereniak, S. J.; Bruns, D. L.; Stahl, S. S. Pd-Catalyzed Aerobic
Oxidative Coupling of Thiophenes: Synergistic Benefits of Phenan-
throline Dione and a Cu Cocatalyst. J. Am. Chem. Soc. 2020, 142,
20318−20323. (c) Komori, S.; Yamaguchi, Y.; Murakami, Y.;
Kataoka, Y.; Ura, Y. Palladium/Copper-Catalyzed Oxidation of
Aliphatic Terminal Alkenes to Aldehydes Assisted by p-Benzoqui-
none. ChemCatChem 2020, 12, 3946−3955.
(12) Komori, S.; Yamaguchi, Y.; Kataoka, Y.; Ura, Y. Palladium-
Catalyzed Aerobic Anti-Markovnikov Oxidation of Aliphatic Alkenes
to Terminal Acetals. J. Org. Chem. 2019, 84, 3093−3099.
(13) (a) Takimoto, M.; Mori, M. Cross-Coupling Reaction of Oxo-
π-allylnickel Complex Generated from 1,3-Diene under an Atmos-
phere of Carbon Dioxide. J. Am. Chem. Soc. 2001, 123, 2895−2896.
(b) Ely, R. J.; Morken, J. P. Regio- and Stereoselective Ni-Catalyzed
1,4-Hydroboration of 1,3-Dienes: Access to Stereodefined (Z)-
Allylboron Reagents and Derived Allylic Alcohols. J. Am. Chem. Soc.
2010, 132, 2534. (c) Gu, C.-C.; Ouyang, X.-H.; Song, R.-J.; Li, J.-H.
Indium controlled regioselective 1,4-alkylarylation of 1,3-dienes with
α-carbonyl alkyl bromides and N-heterocycles. Chem. Commun. 2020,
56, 1279−1282.
(14) (a) Beletskaya, I.; Moberg, C. Element−Element Addition to
Alkynes Catalyzed by the Group 10 Metals. Chem. Rev. 1999, 99,
3435−3461. (b) Suginome, M.; Ito, Y. Transition-Metal-Catalyzed
Additions of Silicon−Silicon and Silicon−Heteroatom Bonds to
Unsaturated Organic Molecules. Chem. Rev. 2000, 100, 3221−3256.
(c) Beletskaya, I.; Moberg, C. Element−Element Additions to
Unsaturated Carbon−Carbon Bonds Catalyzed by Transition Metal
Complexes. Chem. Rev. 2006, 106, 2320−2354. (d) Xiao, P.; Gao, L.;
Song, Z. Recent Progress in the Transition-Metal-Catalyzed
Activation of Si−Si Bonds To Form C−Si Bonds. Chem. - Eur. J.
2019, 25, 2407−2422.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.1c01648
Org. Lett. 2021, 23, 4898−4902

4902

https://doi.org/10.1021/ja00169a025?ref=pdf
https://doi.org/10.1021/ja00169a025?ref=pdf
https://doi.org/10.1021/ja00169a025?ref=pdf
https://doi.org/10.1021/ja031543m?ref=pdf
https://doi.org/10.1021/ja031543m?ref=pdf
https://doi.org/10.1021/ja0433020?ref=pdf
https://doi.org/10.1021/ja0433020?ref=pdf
https://doi.org/10.1021/ja070424u?ref=pdf
https://doi.org/10.1021/ja070424u?ref=pdf
https://doi.org/10.1021/ja070424u?ref=pdf
https://doi.org/10.1021/ja075041a?ref=pdf
https://doi.org/10.1021/ja075041a?ref=pdf
https://doi.org/10.1021/ja075041a?ref=pdf
https://doi.org/10.1021/ja077406x?ref=pdf
https://doi.org/10.1021/ja077406x?ref=pdf
https://doi.org/10.1021/ja077406x?ref=pdf
https://doi.org/10.1021/ja806955s?ref=pdf
https://doi.org/10.1021/ja806955s?ref=pdf
https://doi.org/10.1021/ja806955s?ref=pdf
https://doi.org/10.1021/ja9023397?ref=pdf
https://doi.org/10.1021/ja9023397?ref=pdf
https://doi.org/10.1021/ja105829t?ref=pdf
https://doi.org/10.1021/ja105829t?ref=pdf
https://doi.org/10.1021/ja105829t?ref=pdf
https://doi.org/10.1021/ja104826g?ref=pdf
https://doi.org/10.1021/ja104826g?ref=pdf
https://doi.org/10.1021/ol301858j?ref=pdf
https://doi.org/10.1021/ol301858j?ref=pdf
https://doi.org/10.1021/ol301858j?ref=pdf
https://doi.org/10.1021/acs.orglett.6b01130?ref=pdf
https://doi.org/10.1021/acs.orglett.6b01130?ref=pdf
https://doi.org/10.1021/acs.joc.7b00994?ref=pdf
https://doi.org/10.1021/acs.joc.7b00994?ref=pdf
https://doi.org/10.1021/acscatal.7b01362?ref=pdf
https://doi.org/10.1021/acscatal.7b01362?ref=pdf
https://doi.org/10.1021/acs.joc.7b00994?ref=pdf
https://doi.org/10.1021/acs.joc.7b00994?ref=pdf
https://doi.org/10.1021/acs.orglett.8b00870?ref=pdf
https://doi.org/10.1021/acs.orglett.8b00870?ref=pdf
https://doi.org/10.1021/acs.joc.9b01400?ref=pdf
https://doi.org/10.1021/acs.joc.9b01400?ref=pdf
https://doi.org/10.1021/acs.joc.9b01400?ref=pdf
https://doi.org/10.1021/ol902052z?ref=pdf
https://doi.org/10.1021/ol902052z?ref=pdf
https://doi.org/10.1021/ol902052z?ref=pdf
https://doi.org/10.1021/ol100292g?ref=pdf
https://doi.org/10.1021/ol100292g?ref=pdf
https://doi.org/10.1021/ol100292g?ref=pdf
https://doi.org/10.1021/jo4010734?ref=pdf
https://doi.org/10.1021/jo4010734?ref=pdf
https://doi.org/10.1021/jo4010734?ref=pdf
https://doi.org/10.1002/chem.202100043
https://doi.org/10.1002/chem.202100043
https://doi.org/10.1021/jo00259a016?ref=pdf
https://doi.org/10.1021/jo00259a016?ref=pdf
https://doi.org/10.1016/S0040-4039(97)10735-3
https://doi.org/10.1016/S0040-4039(97)10735-3
https://doi.org/10.1016/S0040-4039(97)10735-3
https://doi.org/10.1021/jo980561x?ref=pdf
https://doi.org/10.1021/jo980561x?ref=pdf
https://doi.org/10.1021/jo980561x?ref=pdf
https://doi.org/10.1021/jo980561x?ref=pdf
https://doi.org/10.1021/ja503322e?ref=pdf
https://doi.org/10.1021/ja503322e?ref=pdf
https://doi.org/10.1021/acscatal.6b01084?ref=pdf
https://doi.org/10.1021/acscatal.6b01084?ref=pdf
https://doi.org/10.1002/cctc.201300688
https://doi.org/10.1002/cctc.201300688
https://doi.org/10.1002/cctc.201300688
https://doi.org/10.1002/anie.201411588
https://doi.org/10.1002/anie.201411588
https://doi.org/10.1002/adsc.202001117
https://doi.org/10.1002/adsc.202001117
https://doi.org/10.1002/adsc.202001117
https://doi.org/10.1021/acs.jmedchem.6b00472?ref=pdf
https://doi.org/10.1021/acs.jmedchem.6b00472?ref=pdf
https://doi.org/10.1002/ejoc.201500080
https://doi.org/10.1002/ejoc.201500080
https://doi.org/10.1002/ejoc.201500080
https://doi.org/10.1021/jacs.0c09962?ref=pdf
https://doi.org/10.1021/jacs.0c09962?ref=pdf
https://doi.org/10.1021/jacs.0c09962?ref=pdf
https://doi.org/10.1002/cctc.202000472
https://doi.org/10.1002/cctc.202000472
https://doi.org/10.1002/cctc.202000472
https://doi.org/10.1021/acs.joc.8b02919?ref=pdf
https://doi.org/10.1021/acs.joc.8b02919?ref=pdf
https://doi.org/10.1021/acs.joc.8b02919?ref=pdf
https://doi.org/10.1021/ja004004f?ref=pdf
https://doi.org/10.1021/ja004004f?ref=pdf
https://doi.org/10.1021/ja004004f?ref=pdf
https://doi.org/10.1021/ja910750b?ref=pdf
https://doi.org/10.1021/ja910750b?ref=pdf
https://doi.org/10.1021/ja910750b?ref=pdf
https://doi.org/10.1039/C9CC08903A
https://doi.org/10.1039/C9CC08903A
https://doi.org/10.1021/cr9902594?ref=pdf
https://doi.org/10.1021/cr9902594?ref=pdf
https://doi.org/10.1021/cr9902805?ref=pdf
https://doi.org/10.1021/cr9902805?ref=pdf
https://doi.org/10.1021/cr9902805?ref=pdf
https://doi.org/10.1021/cr050530j?ref=pdf
https://doi.org/10.1021/cr050530j?ref=pdf
https://doi.org/10.1021/cr050530j?ref=pdf
https://doi.org/10.1002/chem.201803803
https://doi.org/10.1002/chem.201803803
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c01648?rel=cite-as&ref=PDF&jav=VoR

