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S,O-Ligand-Promoted Pd-Catalyzed C� H Olefination of
Anisole Derivatives
Verena Sukowski,[a] Wen-Liang Jia,[a] Rianne van Diest,[a] Manuela van Borselen,[a] and
M. Ángeles Fernández-Ibáñez*[a]

The C� H olefination of substituted anisole derivatives by a Pd/
S,O-ligand catalyst is reported. The reaction proceeds under
mild conditions with a broad range of substituted aryl ethers
bearing both electron donating and withdrawing substituents
at ortho, meta and para positions. Aryl ethers are used as
limiting reagents and good yields and site selectivities are
observed. The methodology is operationally simple and can be
performed under aerobic conditions.

Aryl ethers are common structural motifs in natural products,
organic functional materials and drug molecules.[1] In particular,
alkenylated aryl ethers are present in several bioactive com-
pounds and therefore the introduction of such functionalities is
of great interest in organic synthesis (Figure 1).[1c,d] Although the
Heck reaction is an effective method to introduce alkenyl
moieties in aryl ethers, it suffers from the disadvantage of
requiring prefunctionalized arenes. In the last two decades,
metal-catalyzed C� H functionalization reactions have emerged
as a powerful synthetic tool to efficiently functionalize organic
molecules since no prefunctionalization of the starting materials
is required.[2] Using this approach, a wide variety of function-
alities have been introduced in anisole derivatives using differ-
ent transition metals.[3] In this regard, the C� H olefination of aryl
ethers have been realized using Pd-catalysis. However, in the
vast majority of these examples, an excess of arene is required,
limiting the broad applicability of these methodologies in
complex molecules.[4] Recently, ligand development has shown
to enhance the reactivity and site-selectivity of these processes,
allowing to use only stoichiometric amounts of arene.

In this context, three catalytic systems based on the use of i)
2-pyridone ligand (Scheme 1a),[5] ii) a dual ligand system,
pyridine and mono-N-protected amino acid (Scheme 1b),[6] and
iii) a S,O-ligand, which was reported by our research group,
have been described (Scheme 1c).[7] However, these examples
mainly focusses on simple arenes and little attention has been

paid to aryl ethers. Recently, a dual catalytic system based on
the combination of a mono-protected amino acid and a S,O-
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Figure 1. Representative bioactive alkenylated aryl ethers.

Scheme 1. Pd-catalyzed C� H olefination of aryl ethers.
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ligand for Pd-catalyzed C� H olefination of aryl ethers has been
reported (Scheme 1d).[8]

The reaction proceeds using 2 equiv. of aryl ether in the
presence of both AgOAc and K2S2O8 in AcOH and shows broad
substrate scope. However, in our hands we were unable to
reproduce some of the results using substituted anisoles.[9] To
this end, a new catalytic system based on bidentate nitrogen
ligands has been successfully applied in the C� H olefination of
aryl ethers. However, aryl ethers bearing electron withdrawing
substituents were not efficiently olefinated (Scheme 1e).[10]

Overall, a general method for Pd-catalyzed C� H olefination
of aryl ethers is still elusive. Herein, we report the C� H
olefination of a broad range of aryl ethers by Pd/S,O-ligand
catalyst (Scheme 1f). The reaction proceeds under mild con-
ditions with synthetically useful site-selectivities for a broad
range of aryl ethers. Ortho-substituted aryl ethers provide
mainly the para-olefinated products while para-substituted
anisoles afford primarily the ortho-substituted ones. For meta-
substituted anisoles, the major regioisomer depends on the
stereoelectronic character of the substituent. In addition, differ-
ent activated olefins are successfully introduced, and the
catalytic system is compatible with the use of oxygen as the
sole oxidant.

Starting from our initial report on the C� H olefination on
non-directed arenes, including anisole, using 2-ethy-2-(phenyl-
thio)-acetic acid (L1) as S,O-ligand,[7a] we decided to focus on
the C� H olefination of substituted anisole derivatives. The
reaction in the presence of 10 mol% of Pd(OAc)2/L1, 1 eq. of
PhCO3

tBu as oxidant in DCE at 40 °C using 2-methylanisole
(1 equiv.) and ethyl acrylate (1.5 equiv.) as model substrates
provided only traces amount of para olefinated product. To our
delight, using the modified S,O ligand L2, bearing a pentafluor-
obenzyl group attached to the sulfur atom, the yield improved
to 49% and a good site-selectivity towards the para olefinated
product (para:ortho:meta 8 :1 : 1) was observed (see Supporting
Information Table S1). Subsequently, different solvents, temper-
atures and oxidants were evaluated (see Supporting Informa-
tion Table S2–S5). The reaction at 60 °C provided an enhanced
yield of 80%, while retaining the site-selectivity. Next to DCE as
solvent, also acetic acid and ethyl acetate provided good
results.[11] When using HFIP and TFA as solvent, the product
coming from the double addition of anisole to ethyl acrylate
was observed (see Supporting Information, Scheme S1). With
the optimal reaction conditions in hand, 1 equiv, of anisole
derivative, 1.5 equiv. of ethyl acrylate, 10 mol% of Pd/L2
catalyst, 1 equiv. of PhCO3

tBu in DCE at 60 °C, we evaluated the
scope of substituted aryl ethers (Table 1).

The reaction of ortho-substituted anisoles bearing electron
donating groups (-Me 3a, -tBu 3b and -OMe 3c) provided the
olefinated products with good yields and site-selectivities in
favor to the para-product, which was isolated in synthetically
useful yields (>45%). We then focus our attention on the C� H
olefination of more challenging anisole derivatives bearing
electron withdrawing substituents. We found that under
optimal reaction conditions, the reaction of 2-fluoro-; 2-chloro-;
2-trifluoro-; and 2-methylester- anisole derivatives provided the
olefinated products in low yield (14–34%) with low site-

Table 1. Scope of aryl ethers.[a]

[a] Yields and selectivity were determined by 1H-NMR analysis of the crude
mixture using CH2Br2 as internal standard. Isolated yield is given in square
brackets: [total isolated yield, isolated yield of the major regioisomer]. [b]
0.2 M DCE was used. [c] 0.4 M HFIP was used. [d] 0.2 M DCE at 80 °C was
used. [e] 10.0 equiv. of anisole derivative and 1.0 equiv. of ethyl acrylate
were used. [f] Mono-olefinated product was isolated as a mixture of
regioisomers a:b 10 :1. [g] Mono-olefinated product was isolated as a
mixture of regioisomers a:b 2.7 : 1. [h] 6% Z isomer was observed and the
isolated product was isolated with a E/Z ratio of 8 :1. n.d.=not
determined. w/o=without, DCE=1,2-Dichloroethane, HFIP=Hexafluoro-
2-propanol.
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selectivities (see Supporting Information, Scheme S2). Further
optimization of the reaction conditions using 2-fluoroanisole
(1d) as model substrate revealed the use of HFIP as optimal
solvent,[12] furnishing the olefinated product 3d in 58% NMR
yield and with synthetically useful site-selectivity (para:ortho:
others 7.5 : 1.5 : 1). Under these conditions, the reaction of 2-Cl-
1e; 2-CF3-1g; and 2-CO2Me-1h anisole derivatives furnished the
desired products in good yields and site-selectivities, allowing
to isolate the para-olefinated products in a range of 50–66%
yield. Then, we evaluated 2-bromoanisole (1f) using HFIP as
solvent and we observed the formation of the olefinated
product in only 16% NMR yield and with low site-selectivity
(1.5 :1) in favor to the para-product. We improved the NMR
yield to 48% by performing the reaction in DCE at 80 °C.
However, under these conditions the site-selectivity remains the
same. To determine the effect of the substituent attached to
the oxygen atom, we performed the reaction of 2-methylbenzyl
tert-butyl ether (1 i) in DCE, that proceeds with perfect site-
selectivity providing the desired the para-olefinated product in
52% isolated yield.

Afterwards, we moved our attention to para-substituted
anisole derivatives (Table 1). The reaction of 4-methylanisole
(1 j) in DCE at 60 °C provided the olefinated products in 56%
isolated yield with good site-selectivity (9 : 1) in favor to the
ortho-olefinated product. We also observed the formation of
the di-olefinated product in a ratio 9 to 1 (mono/di). The
reaction of the more activated 4-methoxyanisole (1k) furnished
a 4 to 1 mixture of mono- and di-olefinated products in 78%
isolated yield, and the mono-olefinated product 3k was
obtained in 61% yield. When the reaction was performed using
anisole derivatives bearing electron withdrawing substituents
such as 4-F-; 4-CF3-; 4-CO2Me- and 4-NO2 (1 l–1o), perfect site-
selectivity and only small amounts of di-olefinated products
were detected, allowing to isolate the ortho-products in
52%,69%, 69% and 82% yield, respectively.

Finally, we also evaluated the C� H olefination of meta-
substituted anisole derivatives. The reaction of 3-OMe-; 3-Ph-;
and 3-CF3-anisole (1p–1r) under optimized conditions for each
substrate (DCE or HFIP) provided the olefinated products in
good yields with moderate to low site-selectivity in favor to the
less sterically hindered ortho-position. In addition, di-olefinated
products were also detected in the reaction of 3-OMe- and 3-
Ph-anisole (1p–1q).

Additionally, we performed the C� H olefination of sub-
stituted anisole derivatives in the absence of the L2. In all cases,
we observed the formation of traces amount of the olefinated
product or low yield when using HFIP as solvent, highlighting
the key role of the S,O-ligand L2 in the reaction. After proving
the efficiency of the new catalytic system on different
substituted anisole derivatives, we investigated the scope of
olefins as showed in Table 2. The reaction of 4-methylanisole
(1 j) in DCM with methyl-, phenyl-acrylate and (methylsulfonyl)
ethene provided the ortho-olefinated products 4a, 4b and 4c
in good isolated yields (56–71%). 4-(Trifluoromethyl)anisole
(1m) was ortho olefinated with cyclohexyl acrylate (4d), 3-but-
2-one (4e) and dimethyl vinylphosphonate in good yields.[13]

To further prove the applicability of the new methodology
in the C� H olefination of anisole derivatives, we performed the
reaction using oxygen as the only oxidant (Scheme 2). The
reaction of 2-methyl anisole (1a) and ethyl acrylate using 1 bar
of oxygen showed the formation of 15% of olefinated product
3a. Fortunately, when using 3 bar of oxygen, the desired
product was obtained in 59% yield with good para selectivity,
highlighting the potential applicability of this methodology in
industry.[14]

In conclusion, we have developed a general methodology
for the C� H olefination of anisole derivatives by a Pd/S,O-ligand
catalyst. The reaction proceeds under mild conditions with a
broad range of aryl ethers bearing both electron donating and
withdrawing substituents at ortho, meta and para positions.
Aryl ethers are used as limiting reagents and good yields and
site-selectivities are observed. Additionally, a broad range of
activated olefins are successfully introduced. The methodology
is operationally simple and can be performed under aerobic

Table 2. Scope of olefins.[a]

[a] Yields and selectivity were determined by 1H-NMR analysis of the crude
mixture using CH2Br2 as internal standard. Isolated yield of the ortho-
olefinated product is given in square brackets Trace amount of olefinated
product was detected for all substrates when the reactions were carried
out without ligand. [b] 0.2 M DCE was used. [c] 0.4 M HFIP was used. [d]
Di-olefinated product was observed in crude NMR (mono :di 5.5 : 1) and
isolated in 10% yield [e] Di-olefinated product was observed in crude
NMR (mono :di 19 :1). n.d.=not determined. w/o=without, DCE=1,2-
Dichloroethane, HFIP=Hexafluoro-2-propanol.

Scheme 2. C� H Olefination of 2-methylanisole under aerobic conditions.
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conditions. Key to the success of this methodology was the use
of a slightly modified S,O-ligand L2, that is responsible of the
high reactivity observed.

Acknowledgements

We acknowledge financial support from NOW through an ECHO
grant (713.018.002).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Anisole · C� H activation · Olefination · Palladium ·
S,O-ligand

[1] a) G. A. Kraus, M. D. Schwinden, Atta-ur-Rahman, Studies in Natural
Products Chemistry, Elsevier Science B.V., Amsterdam, 1994, Vol. 14, pp.
645–665; b) G. Samuelsson, Drugs of Natural Origin, Swedish Pharma-
ceutical Press, Stockholm, 1999, fourth edition, pp. 161–346 and 415–
512; c) H. L. Ziegler, H. S. Hansen, D. Staerk, S. B. Christensen, H.
Hägerstrand, J. W. Jaroszewski, Antimicrob. Agents Chemother. 2004, 48,
4067–4071; d) J.-I. Furusawa, M. Funakoshi-Tago, T. Mashino, K. Tago, H.
Inoue, Y. Sonoda, T. Kasahara, Int. Immunopharmacol. 2009, 9, 499–507;
e) D.-H. Wang, J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 5767–5769; f) B. L.
Alford, H. M. Hügel, Org. Biomol. Chem. 2013, 11, 2724–2727; g) Y.
Zheng, W. Song, Y. Zhu, B. Wei, L. Xuan, Tetrahedron 2018, 74, 5950–
5954; h) Z. Chen, M. Pitchakuntla, Y. Jia, Nat. Prod. Rep. 2019, 36, 666–
690; i) D. D. N’Da, Molecules 2014, 19, 20780–20807; j) J. C. J. M. D. S.
Menezes, RSC Adv. 2017, 7, 9357–9372; k) Z. Zhang, W. Tang, Acta
Pharm. Sin. B 2018, 8, 721–732; l) N. U. Amin Mohsin, M. Irfan, J. Chil,
Chem. Soc. Rev. 2018, 63, 4135–4149; m) N. U. A. Mohsin, M. Ahmad,
Brazilian J. Pharm. Sci. 2020, 56, 1–16; n) F. Olotu, C. Agoni, O.
Soremekun, M. E. S. Soliman, Cell Biochem. Biophys. 2020, 78, 267–289.

[2] For general reviews on C� H Activation, see:a) T. W. Lyons, M. Sanford,
Chem. Rev. 2010, 110, 1147–1169; b) S. R. Neufeldt, M. S. Sanford, Acc.
Chem. Res. 2012, 45, 936–946; c) P. Gandeepan, T. Müller, D. Zell, G.
Cera, S. Warratz, L. Ackermann, Chem. Rev. 2019, 119, 2192–2452; d) T.
Rogge, N. Kaplaneris, N. Chatani, J. Kim, S. Chang, B. Punji, L. L. Schafer,
D. G. Musaev, J. Wencel-Delord, C. A. Roberts, R. Sarpong, Z. E. Wilson,
M. A. Brimble, M. J. Johansson, L. Ackermann, Nat. Rev. Methods Primers
2021, 43, DOI 10.1038/s43586-021-00041-2; e) J. Le Bras, J. Muzart,
Chem. Rev. 2011, 111, 1170–1214; f) W. Ali, G. Prakash, D. Maiti, Chem.
Sci. 2021, 12, 2735–2759; g) N. Kuhl, M. N. Hopkinson, J. Wencel-Delord,
F. Glorius, Angew. Chem. Int. Ed. 2012, 51, 10236–10254; Angew. Chem.
2012, 124, 10382–10401; h) A. Dey, S. Maity, D. Maiti, Chem. Commun.
2016, 52, 12398–12414; i) P. Wedi, M. van Gemmeren, Angew. Chem. Int.
Ed. 2018, 57, 13016–13027; Angew. Chem. 2018, 130, 13198–13209; j) S.
Kancherla, K. B. Jorgensen, M. Á. Fernández-Ibáñez, Synth. 2019, 51,
643–663.

[3] For examples of C� H functionalization of anisoles, see: a) B. Join, T.
Yamamoto, K. Itami, Angew. Chem. Int. Ed. 2009, 121, 3698–3701; b) C. F.
Rosewall, P. A. Sibbald, D. V. Liskin, F. E. Michael, J. Am. Chem. Soc. 2009,
131, 9488–9489; c) C. L. Ciana, R. J. Phipps, J. R. Brandt, F. M. Meyer, M. J.
Gaunt, Angew. Chem. Int. Ed. 2011, 50, 458–462; Angew. Chem. 2011,
123, 478–482; d) L. Gu, B. S. Neo, Y. Zhang, Org. Lett. 2011, 13, 1872–
1874; e) X. Wang, D. Leow, J.-Q. Yu, J. Am. Chem. Soc. 2011, 133, 13864–
13867; f) J. Oyamada, Z. Hou, Angew. Chem. Int. Ed. 2012, 51, 12828–
12832; Angew. Chem. 2012, 124, 13000–13004; g) L. T. Ball, G. C. Lloyd-
Jones, C. A. Russell, Science 2012, 337, 1644–1648; h) J. P. Brand, J.
Waser, Org. Lett. 2012, 14, 744–747; i) L. Lui, W. Ackermann, Org. Biomol.
Chem. 2013, 15, 3484–3486; j) P. Ricci, K. Krämer, I. Larrosa, J. Am. Chem.

Soc. 2014, 136, 18082–18086; k) Y. Saito, Y. Segawa, K. Itami, J. Am.
Chem. Soc. 2015, 137, 5193–5198; l) Z. Yang, F. C. Qiu, J. Gao, Z. W. Li,
B. T. Guan, Org. Lett. 2015, 17, 4316–4319; m) Y. X. Luan, T. Zhang, W. W.
Yao, K. Lu, L. Y. Kong, Y. T. Lin, M. Ye, J. Am. Chem. Soc. 2017, 139, 1786–
1789; n) C. Fricke, A. Dahiya, W. B. Reid, F. Schoenebeck, ACS Catal.
2019, 9, 9231–9236; o) A. Mondal, H. Chen, L. Flämig, P. Wedi, M.
Van Gemmeren, J. Am. Chem. Soc. 2019, 141, 18662–18667; p) D. Kim, G.
Choi, W. Kim, D. Kim, Y. K. Kang, S. H. Hong, Chem. Sci. 2021, 12, 363–
373; q) A. Tlahuext-Aca, S. Y. Lee, S. Sakamoto, J. F. Hartwig, ACS Catal.
2021, 11, 1430–1434.

[4] For C� H olefination of anisoles, see: a) C. Jia, W. Lu, T. Kitamura, Y.
Fujiwara, Org. Lett. 1999, 1, 2097–2100; b) M. Tani, S. Sakaguchi, Y. Ishii,
J. Org. Chem. 2004, 69, 1221–1226; c) J. Le Bras, J. Muzart, Chem. Rev.
2011, 111, 1170–1214; d) A. Kubota, M. H. Emmert, M. S. Sanford, Org.
Lett. 2012, 14, 1760–1763; e) Z. She, Y. Shi, Y. Huang, Y. Cheng, F. Song,
J. You, Chem. Commun. 2014, 50, 13914–13916; f) B. P. Babu, X. Meng,
J. E. Bäckvall, Chem. A Eur. J. 2013, 19, 4140–4145; g) C. Ying, S. Yan, W.
Duan, Org. Lett. 2014, 16, 500–503; h) R. C. Jones, Tetrahedron Lett.
2020, 61, 1–5; i) W. Ali, G. Prakash, D. Maiti, Chem. Sci. 2021, 12, 2735–
2759.

[5] P. Wang, P. Verma, G. Xia, J. Shi, J. X. Qiao, S. Tao, P. T. W. Cheng, M. A.
Poss, M. E. Farmer, K. S. Yeung, J. Q. Yu, Nature 2017, 551, 489–493.

[6] a) H. Chen, P. Wedi, T. Meyer, G. Tavakoli, M. van Gemmeren, Angew.
Chem. Int. Ed. 2018, 57, 2497–2501; Angew. Chem. 2018, 130, 2523–
2527; b) C. Santiago, H. Chen, A. Mondal, M. Van Gemmeren, Synlett
2021, DOI 10.1055/s-0040–1706014.

[7] a) K. Naksomboon, C. Valderas, M. Gómez-Martínez, Y. Álvarez-Casao,
M. Á. Fernández-Ibáñez, ACS Catal. 2017, 7, 6342–6346; b) Y. Álvarez-
Casao, M. Á. Fernández-Ibáñez, Eur. J. Org. Chem. 2019, 8, 1842–1845;
c) K. Naksomboon, Y. Álvarez-Casao, M. Uiterweerd, N. Westerveld, B.
Maciá, M. Á. Fernández-Ibáñez, Tetrahedron Lett. 2018, 59, 379–382;
d) K. Naksomboon, J. Poater, F. M. Bickelhaupt, M. Á. Fernández-Ibáñez,
J. Am. Chem. Soc. 2019, 141, 6719–6725; e) W. L. Jia, N. Westerveld, K. M.
Wong, T. Morsch, M. Hakkennes, K. Naksomboon, M. Á. Fernández-
Ibáñez, Org. Lett. 2019, 21, 9339–9342.

[8] B. Yin, M. Fu, L. Wang, J. Liu, Q. Zhu, Chem. Commun. 2020, 56, 3293–
3296.

[9] In our hands, the reaction of 2-iodoanisole using the reported
conditions by Yin et al. provided 59% of the Heck product and the
formation of the reported ortho or para olefinated product was not
observed in the crude NMR. When performing the reaction of 4-
nitroanisole, only 9% NMR yield was achieved, instead of the 62%
reported. Additionally, the reaction of 2-methylansiole provided the
olefinated products with the reported yield as a mixture of regioisomers
7 :3 in favor to the para product and not the ortho product as reported.
Although these findings were communicated to the authors, not
corrections of the original manuscript have been made.

[10] H. T. Kim, E. Kang, M. Kim, J. M. Joo, Org. Lett. 2021, 23, 3657–3662.
[11] When using acetic acid as solvent, the formation of the acetylated

olefin was observed as a side product. See Supporting Information for
further details.

[12] For selected reviews of the use of HFIP in C� H functionalization, see:
a) J. Wencel-Delord, F. Colobert, Org. Chem. Front. 2016, 3, 394–400; b) I.
Colomer, A. E. R. Chamberlain, M. B. Haughey, T. J. Donohoe, Nat. Chem.
Rev. 2017, 1, 1–12; c) S. K. Sinha, T. Bhattacharya, D. Maiti, React. Chem.
Eng. 2019, 4, 244–253.

[13] The olefin scope was done with both 4-methylanisole and 4-
(trifluoromethyl)anisole to show that both anisoles can be functional-
ized with different olefins. Styrene was tested in the reaction as well
with both 4-methylanisole and 4-(trifluoromethyl)anisole in DCE and
HFIP, respectively. Unfortunately, in both cases no product was formed.

[14] The moderate yield of the reaction with oxygen might be due to low
solubility of oxygen. Therefore, the yield might be improved by doing
the reaction in a flow set-up.

Manuscript received: June 22, 2021
Revised manuscript received: July 19, 2021
Accepted manuscript online: July 20, 2021

Communications
doi.org/10.1002/ejoc.202100737

4135Eur. J. Org. Chem. 2021, 4132–4135 www.eurjoc.org © 2021 The Authors. European Journal of Organic Chemistry published
by Wiley-VCH GmbH

Wiley VCH Montag, 02.08.2021

2129 / 214767 [S. 4135/4135] 1

 10990690, 2021, 29, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202100737 by U
va U

niversiteitsbibliotheek, W
iley O

nline L
ibrary on [11/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1128/AAC.48.10.4067-4071.2004
https://doi.org/10.1128/AAC.48.10.4067-4071.2004
https://doi.org/10.1016/j.intimp.2009.01.031
https://doi.org/10.1021/ja2010225
https://doi.org/10.1039/c3ob27478k
https://doi.org/10.1016/j.tet.2018.08.028
https://doi.org/10.1016/j.tet.2018.08.028
https://doi.org/10.1039/C8NP00072G
https://doi.org/10.1039/C8NP00072G
https://doi.org/10.1039/C6RA28613E
https://doi.org/10.1016/j.apsb.2018.04.003
https://doi.org/10.1016/j.apsb.2018.04.003
https://doi.org/10.1007/s12013-020-00922-5
https://doi.org/10.1021/cr900184e
https://doi.org/10.1021/ar300014f
https://doi.org/10.1021/ar300014f
https://doi.org/10.1021/acs.chemrev.8b00507
https://doi.org/10.1021/cr100209d
https://doi.org/10.1039/D0SC05555G
https://doi.org/10.1039/D0SC05555G
https://doi.org/10.1002/anie.201203269
https://doi.org/10.1002/ange.201203269
https://doi.org/10.1002/ange.201203269
https://doi.org/10.1039/C6CC05235E
https://doi.org/10.1039/C6CC05235E
https://doi.org/10.1002/anie.201804727
https://doi.org/10.1002/anie.201804727
https://doi.org/10.1002/ange.201804727
https://doi.org/10.1002/ange.200806358
https://doi.org/10.1021/ja9031659
https://doi.org/10.1021/ja9031659
https://doi.org/10.1002/anie.201004703
https://doi.org/10.1002/ange.201004703
https://doi.org/10.1002/ange.201004703
https://doi.org/10.1021/ol200373q
https://doi.org/10.1021/ol200373q
https://doi.org/10.1021/ja206572w
https://doi.org/10.1021/ja206572w
https://doi.org/10.1002/anie.201206233
https://doi.org/10.1002/anie.201206233
https://doi.org/10.1002/ange.201206233
https://doi.org/10.1126/science.1225709
https://doi.org/10.1021/ol203289v
https://doi.org/10.1021/ja510260j
https://doi.org/10.1021/ja510260j
https://doi.org/10.1021/jacs.5b02052
https://doi.org/10.1021/jacs.5b02052
https://doi.org/10.1021/acs.orglett.5b02135
https://doi.org/10.1021/jacs.6b12907
https://doi.org/10.1021/jacs.6b12907
https://doi.org/10.1021/acscatal.9b02841
https://doi.org/10.1021/acscatal.9b02841
https://doi.org/10.1021/jacs.9b10868
https://doi.org/10.1039/D0SC05414C
https://doi.org/10.1039/D0SC05414C
https://doi.org/10.1021/acscatal.0c05254
https://doi.org/10.1021/acscatal.0c05254
https://doi.org/10.1021/ol991148u
https://doi.org/10.1021/jo035568f
https://doi.org/10.1021/cr100209d
https://doi.org/10.1021/cr100209d
https://doi.org/10.1021/ol300281p
https://doi.org/10.1021/ol300281p
https://doi.org/10.1039/C4CC05827E
https://doi.org/10.1002/chem.201300100
https://doi.org/10.1021/ol4033804
https://doi.org/10.1039/D0SC05555G
https://doi.org/10.1039/D0SC05555G
https://doi.org/10.1038/nature24632
https://doi.org/10.1002/anie.201712235
https://doi.org/10.1002/anie.201712235
https://doi.org/10.1002/ange.201712235
https://doi.org/10.1002/ange.201712235
https://doi.org/10.1021/acscatal.7b02356
https://doi.org/10.1016/j.tetlet.2017.12.047
https://doi.org/10.1021/jacs.9b01908
https://doi.org/10.1021/acs.orglett.9b03505
https://doi.org/10.1039/D0CC00940G
https://doi.org/10.1039/D0CC00940G
https://doi.org/10.1021/acs.orglett.1c01040
https://doi.org/10.1039/C5QO00398A
https://doi.org/10.1039/C8RE00225H
https://doi.org/10.1039/C8RE00225H
https://doi.org/10.1039/C8RE00225H

