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Abstract: A copper-catalyzed silylation of propargyl dichlor-
ides was developed to access chloro-substituted allenylsilanes
under mild reaction conditions. Moreover, enantioenriched
chloro-substituted allenylsilanes can be synthesized in moder-
ate to high yields and good enantioselectivities with this
protocol.

Allenic compounds have attracted much attention because
of their unique structural properties and versatile reactiv-
ities.[1] Among them, axially chiral allenylsilanes, especially
the enantiomerically enriched form, have been demonstrated
as valuable intermediates in the synthesis of complex
pharmaceutical compounds and natural products.[2] Tradi-
tionally, pre-installation of a silyl group in the starting
material either by addition to conjugated fragments or SN2’
displacement of propargylic alcohol derivatives with organ-
ometallic reagents is often employed.[3] Another strategy is
the silylation of propargyl alcohol derivatives with either
silylcuprates or silylzincates.[4] However, issues such as multi-
step preparation of the starting materials, harsh reaction
conditions and/or limited scope etc., remain unsolved. In the
past decade, a few examples on catalytic silylation of
propargyl alcohol derivatives were reported. In 2009, Sawa-
mura[5] et al. developed a pioneering Rh-catalyzed silylation
of propargyl carbonates for the synthesis of racemic tri- and
tetrasubstituted allenylsilanes (Scheme 1 a). Subsequently, an
elegant racemic copper-catalyzed g-selective silylation of
propargyl chlorides and chiral propargyl phosphates was
reported by Oestreich et al. using Me2PhSi-Bpin and
(Me2PhSi)2Zn (Scheme 1b).[6] To the best of our knowledge,

there is no precedence on the synthesis of enantioenriched
chiral allenylsilanes by catalytic propargyl silyl substitution.
To address this gap, we embarked on developing catalytic
silylation reactions of propargyl dichlorides, a type of
substrate that has received little attention despite their
facile preparation. In 2011, Knochel and co-workers elegantly
reported a copper-mediated SN2’ substitution of propargyl
dichlorides with organozinc reagents to synthesize the
chloroallenes.[7] After that, Alexakis et al. studied the highly
enantioselective Cu-catalyzed 1,3-substitution of dichloro-
propargyl substrates with Grignard reagents to form chiral
chloroallenes.[8] Inspired by these pioneering works,[9] and
based on our interest in copper-catalyzed C@Si bond forma-
tion,[10] herein we communicate the preparation and applica-
tion of enantioenriched chloro-substituted allenylsilanes
(Scheme 1c).

Initially, the racemic copper-catalyzed 1,3-silyl-substitu-
tion of propargyl dichlorides was investigated. After careful
screening of catalysts, bases, solvents, and temperature (see
the Supporting Information for details), the optimized
reaction conditions were determined as follows: a mixture
of 1a and 2 (for structures see Table 1) in DCE/MeOH (2:1)
was stirred at @10 88C for 2 hours with 5 mol% CuI as the
catalyst and 2 equivalents of Et3N as an additive under Ar.

Different propargyl dichlorides were subjected to this 1,3-
silyl substitution reaction under the optimal reaction con-
ditions (Table 1). Various propargyl dichlorides, irrespective
the electronic properties of the substituents on the phenyl ring
afforded the desired products in moderate to good yields (3a–
l). Moreover, substrates bearing aliphatic substituents were
also smoothly converted into their respective products (3 m–

Scheme 1. Copper-catalyzed silylation reactions of propargyl deriva-
tives.
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v). Notably, good to high yields were also obtained for the
substrate bearing a bulky substituent such as either a cyclo-
hexyl (3p) or tert-butyl group (3q). Other functional groups
such as chloro and alkoxy gave the target products, 3 s and 3 t,
respectively, in excellent yields. However, the products 3w
and 3x were only obtained in 38 and 45% yields, respectively,
from the corresponding trimethylsilyl- and cyclohexenyl-
substituted substrates.

Compared to the catalytic allylic silyl substitution reac-
tions,[10d,e, 11] only few examples of an SN2’ silylation reaction of
propargyl derivatives have been reported.[5,6] Therefore, we
embarked on studying the catalytic synthesis of optically
active chloro-substituted allenylsilanes (Table 2). After care-
ful screening of various copper catalysts, bases and different
bidentate chiral P-N and chiral oxazoline ligands, we found
that the desired enantioenriched product (S)-3c could be
obtained in 62 % yield with 90 % enantiomeric excess in the
presence of 10 mol% CuF2, 20 mol% (4R,4’R,5S,5’S)-2,2’-(1-
methylethylidene)bis[4,5-dihydro-4,5-diphenyl oxazole as the

ligand, and 2 equivalents of 2,2,6,6-tetramethylpiperidine as
an additive in MeOH at @30 88C (entry 14). Under these
optimized reaction conditions, other aryl-substituted prop-
argyl dichlorides were tested (Table 3). The corresponding
chiral allenylsilanes could be isolated in moderate to high
yields and with good enantioselectivities [(S)-3a–l]. When
aliphatic substituted propargyl dichlorides were used as the
substrates, the corresponding desired products were all
obtained in good yields albeit with slightly decreased
enantioselectivities in some cases [(S)-3m–t].

To further evaluate the synthetic applicability of chloro-
substituted allenylsilanes, we examined the C@Cl bond
functionalization.[12] Firstly, the asymmetric disilylation of
propargyl dichloride was performed to synthesize the enan-
tioenriched allenylsilane in one pot. The desired product 6
was obtained in 74% yield and 92 % ee (Scheme 2).[13] In
contrast, the enantioenriched (S)-3p was also used for
different C@C bond-formation reactions (Scheme 3). For
instance, the alkynylation product 7 could be obtained in
52% yield by Sonogashira coupling with retention of the
enantioselectivity.[8b] Likewise, Kumada and Suzuki coupling
reactions using (4-(methoxycarbonyl)phenyl)magnesium

Table 1: Investigation of different propargyl dichlorides for the synthesis
of chloro-substituted allenylsilanes.[a,c]

[a] Reaction was performed according to the following reaction con-
ditions: Under argon atmosphere, the mixture of 1 (0.2 mmol), 2
(0.4 mmol, 2.0 equiv), CuI (0.05 mmol, 5 mol%), and Et3N (0.4 mmol,
2.0 equiv) in the indicated dry solvent (1.5 mL) was stirred for the
corresponding time at @10 88C. [b] The catalyst loading was 10 mol%.
[c] Yield is that of isolated product.

Table 2: Optimization of the reaction conditions for the synthesis of
enantioenriched chloro-substituted allenylsilane (S)-3c.[a,b]

Entry Cat.
(mol%)

Ligand*
(mol%)

Base
(2.0 equiv)

Solvent T
[88C]

Yield
[%]

ee[c]

[%]

1 CuI (10) L1 (12) Et3N MeOH @10 29 47
2 CuI (10) L2 (12) Et3N MeOH @10 7 50
3 CuI (10) L3 (12) Et3N MeOH @10 91 0
4 CuI (10) L4 (12) Et3N MeOH @10 17 10
5 CuI (10) L6 (12) Et3N MeOH @10 32 10
6 CuI (10) L7 (12) Et3N MeOH @10 68 8
7 CuI (10) L8 (12) Et3N MeOH @10 27 2
8 CuI (10) L2 (12) Et3N EtOH @10 12 40
9 CuI (10) L2 (12) PPD MeOH @10 22 52
10 CuI (10) L5 (12) PPD MeOH @10 61 60
11 CuI (10) L5 (12) TMP MeOH @10 61 66
12 CuI (10) L5 (12) TMP MeOH @30 53 74
13 CuF2 (10) L5 (12) TMP MeOH @30 60 86
14 CuF2 (10) L5 (20) TMP MeOH @30 62 90
15 CuF2 (5) L5 (10) TMP MeOH @30 62 84

[a] Reaction was run under the following reaction conditions: 1c
(0.2 mmol), 2 (0.4 mmol, 2.0 equiv), base (0.4 mmol, 2.0 equiv),
10 mol% copper catalyst, and ligand in 1.0 mL of either anhydrous
MeOH or EtOH at indicated temperature under argon atmosphere for
corresponding time. [b] Yield of isolated product. [c] The ee values were
determined by HPLC analysis. PPD=piperidine, TMP=2,2,6,6-tetra-
methylpiperidiene.
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chloride and potassium vinyltrifluoroborate afforded the
products 8 (84 %) and 9 (88%), respectively, without erosion
of the ee value.[8b] According to the previously established
methods on copper-catalyzed substitution of chloroallenes,[7,8]

an ethyl group could also be introduced to the allene 10 in
good yield. In addition, to determine the efficiency of axial to
central chirality transfer, the TiCl4-mediated addition of 10 to
pentafluorobenzaldehyde was performed. The homopropar-
gylic alcohol 11 was obtained with slightly decreased enan-
tiomeric purity (72% ee).

Based on previous reports[14] and our results, a plausible
mechanistic pathway is proposed (Scheme 4). The Cu-Si

species A could be generated from the silylboronate 2, CuCl,
and Et3N in methanol. Subsequently, either anti-selective
elimination or direct addition process takes place, resulting
the formation of either the copper(III) intermediate C or
copper(I) intermediate D, respectively, both of which could
be formed from the p-complex B. Either reductive elimina-
tion from C or b-elimination from D then furnishes the
desired allene 3 and releases the copper catalyst for the next
catalytic cycle.

In conclusion, we have developed a general copper-
catalyzed silylation of propargyl dichlorides. Under the
optimized reaction conditions, the racemic and enantioen-
riched chloro-substituted allenylsilanes could be achieved by
SN2’ propargyl silylation process. The facile conversions of the
C@Cl bond, including alkynylation, arylation, vinylation,
alkylation, and the chirality transfer from the enantioenriched
allenylsilane product to homopropargylic alcohol, demon-
strate the high synthetic value of this methodology.

Table 3: Copper-catalyzed enantioselective synthesis of chloro-substi-
tuted allenylsilanes.[a,b]

[a] Reaction was performed according to the following reaction con-
ditions: Under argon atmosphere, the mixture of 1 (0.2 mmol), 2
(0.4 mmol, 2.0 equiv), CuF2 (0.01 mmol, 10 mol%), TMP (0.4 mmol,
2.0 equiv), and ligand L5 (0.04 mmol, 20 mol%) in anhydrous MeOH
(1.0 mL) was stirred for corresponding time at@30 88C. [b] Yield is that of
isolated product.

Scheme 3. Derivation reactions of chloro-substituted allenylsilanes.

Scheme 4. Proposed plausible mechanism for the copper-catalyzed
silylation reaction of propargyl dichlorides.

Scheme 2. Copper-catalyzed one-pot synthesis of enantioenriched dis-
ilyl-substituted allene.

Angewandte
ChemieCommunications

16540 www.angewandte.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 16538 –16542

http://www.angewandte.org


Acknowledgements

We gratefully acknowledge financial support from the
National Natural Science Foundation of China (21871240,
21672198), the State Key Program of National Natural
Science Foundation of China (21432009), the Fundamental
Research Funds for the Central Universities
(WK2060190082), and the Anhui Provincial Natural Science
Foundation (1708085MB29) for financial support. Prof. Jinbo
Zhao of Changchun University of Technology is acknowl-
edged for valuable discussions and draft polishing work.

Conflict of interest

The authors declare no conflict of interest.

Keywords: allenes · copper · enantioselectivity · silanes ·
synthetic methods

How to cite: Angew. Chem. Int. Ed. 2019, 58, 16538–16542
Angew. Chem. 2019, 131, 16690–16694

[1] Recent review papers about allenes, please see: a) J.-T. Ye, S.
Ma, Acc. Chem. Res. 2014, 47, 989; b) A. D. Allen, T. T. Tidwell,
Chem. Rev. 2013, 113, 7287; c) S. Ma, Acc. Chem. Res. 2003, 36,
701; d) S. Ma, Acc. Chem. Res. 2009, 42, 1679; e) S. Ma, Chem.
Rev. 2005, 105, 2829; f) M. A. Tius, Science of Synthesis, Thieme,
Stuttgart, 2007, 44, 353 – 394; g) Modern Allene Chemistry (Eds.:
N. Krause, A. S. K. Hashimi), Wiley-VCH, Weinheim, 2004 ;
h) R. K. Neff, D. E. Frantz, ACS Catal. 2014, 4, 519.

[2] For selective examples on the application of allenyl silanes for
the synthesis of pharmaceutical and natural productQs molecules,
see: a) X. Guinchard, E. Roulland, Org. Lett. 2009, 11, 4700;
b) P. Ghosh, J. R. Cusick, J. Inghrim, L. J. Williams, Org. Lett.
2009, 11, 4672; c) W. Felzmann, D. Castagnolo, D. Rosenbeiger,
J. Mulzer, J. Org. Chem. 2007, 72, 2182; d) B. K. Guintchin, S.
Bienz, Organometallics 2004, 23, 4944; e) Z.-H. Wan, S. G.
Nelson, J. Am. Chem. Soc. 2000, 122, 10470; f) J. Jin, S. M.
Weinreb, J. Am. Chem. Soc. 1997, 119, 2050.

[3] a) J. D. Sieber, V. V. Angeles-Dunham, D. Chennamadhavuni,
D. R. Fandrick, N. Haddad, N. Grinberg, D. Kurouski, H. Lee,
J. J. Song, N. K. Yee, A. E. Mattson, C. H. Senanayake, Adv.
Synth. Catal. 2016, 358, 3062; b) Y. Shi, B. Jung, S. Torker, A. H.
Hoveyda, J. Am. Chem. Soc. 2015, 137, 8948; c) S.-Z. Wu, R.
Zeng, C.-L. Fu, Y.-H. Yu, X. Zhang, S. Ma, Chem. Sci. 2015, 6,
2275; d) V. N. Bochatay, Y. Sanogo, F. Chemla, F. Ferreira, O.
Jackowski, A. P8rez-Luna, Adv. Synth. Catal. 2015, 357, 2809;
e) Q.-H. Li, J.-Y. Jeng, H.-M. Gau, Eur. J. Org. Chem. 2014, 7916;
f) U. Yokobori, H. Ohmiya, M. Sawamura, Organometallics
2012, 31, 7909; g) M. R. Uehling, S. T. Marionni, G. Lalic, Org.
Lett. 2012, 14, 362; h) T. Nishimura, H. Makino, M. Nagaosa, T.
Hayashi, J. Am. Chem. Soc. 2010, 132, 12865; i) D. R. Williams,
A. A. Shah, Chem. Commun. 2010, 46, 4297; j) C. Lgken, C.
Moberg, Org. Lett. 2008, 10, 2505; k) S. Ma, G.-W. Wang, Angew.
Chem. Int. Ed. 2003, 42, 4215; Angew. Chem. 2003, 115, 4347;
l) M. Shimizu, T. Kurahashi, H. Kitagawa, T. Hiyama, Org. Lett.
2003, 5, 225; m) J. W. Han, N. Tokunaga, T. Hayashi, J. Am.
Chem. Soc. 2001, 123, 12915; n) R. L. Danheiser, E. J. Stoner, H.
Koyama, D. S. Yamashita, C. A. Klade, J. Am. Chem. Soc. 1989,
111, 4407; o) E. Wenkert, M. H. Leftin, E. L. Michelotti, J. Org.
Chem. 1985, 50, 1122; p) J. Pornet, D. Mesnard, L. Miginiac,
Tetrahedron Lett. 1982, 23, 4083.

[4] a) V. N. Bochatay, Z. Neouchy, F. Chemla, F. Ferreira, O.
Jackowski, A. P8rez-Luna, Synthesis 2016, 48, 3287; b) G.
Reginato, A. Mordini, A. Tenti, M. Valacchi, J. Broguiere,
Tetrahedron: Asymmetry 2008, 19, 2882; c) J. A. Marshall, K.
Maxson, J. Org. Chem. 2000, 65, 630; d) I. Fleming, N. K. Terrett,
J. Organomet. Chem. 1984, 264, 99; e) I. Fleming, N. K. Terrett,
Tetrahedron Lett. 1983, 24, 4153.

[5] H. Ohmiya, H. Ito, M. Sawamura, Org. Lett. 2009, 11, 5618.
[6] a) D. J. Vyas, C. K. Hazra, M. Oestreich, Org. Lett. 2011, 13,

4462; b) C. K. Hazra, M. Oestreich, Org. Lett. 2012, 14, 4010;
c) A. Weickgenannt, M. Oestreich, Chem. Eur. J. 2010, 16, 402.

[7] M. A. Schade, S. Yamada, P. Knochel, Chem. Eur. J. 2011, 17,
4232.

[8] a) H.-L. Li, D. Mgller, L. Gu8n8e, A. Alexakis, Org. Lett. 2012,
14, 5880; b) H.-L. Li, D. Grassi, L. Gu8n8e, T. Bgrgi, A.
Alexakis, Chem. Eur. J. 2014, 20, 16694.

[9] For review papers on transition-metal-catalyzed silylation reac-
tions, see: a) M. Oestreich, E. Hartmann, M. Mewald, Chem.
Rev. 2013, 113, 402; b) E. Hatrmann, M. Oestreich, Chim. Oggi
2011, 29, 34. And references cited therein. For selected examples
on the application of Si@B reagents in organic synthesis, see:
c) T. Ohmura, M. Suginome, Bull. Chem. Soc. Jpn. 2009, 82, 29;
d) M. Suginome, Y. Ito, J. Organomet. Chem. 2003, 680, 43; e) E.
Yamamoto, K. Izumi, Y. Horita, H. Ito, J. Am. Chem. Soc. 2012,
134, 19997; f) K. Lee, A. H. Hoveyda, J. Am. Chem. Soc. 2010,
132, 2898; g) J. A. Calderone, W. L. Santos, Org. Lett. 2012, 14,
2090; h) A. Welle, J. Petrignet, B. Tinant, J. Wouters, O. Riant,
Chem. Eur. J. 2010, 16, 10980; i) M. Suginome, H. Nakamura, Y.
Ito, Chem. Commun. 1996, 2777; j) V. Pace, J. P. Rae, D. J.
Procter, Org. Lett. 2014, 16, 476; k) Q.-Q. Xuan, N.-J. Zhong, C.-
L. Ren, L. Liu, D. Wang, Y.-J. Chen, C.-J. Li, J. Org. Chem. 2013,
78, 11076; l) M. Gerdin, C. Moberg, Org. Lett. 2006, 8, 2929.

[10] a) M. Wang, Z.-L. Liu, X. Zhang, P.-P. Tian, Y.-H. Xu, T.-P. Loh,
J. Am. Chem. Soc. 2015, 137, 14830; b) Y.-H. Xu, L.-H. Wu, J.
Wang, T.-P. Loh, Chem. Commun. 2014, 50, 7195; c) P. Wang,
X. L. Yeo, T.-P. Loh, J. Am. Chem. Soc. 2011, 133, 1254; d) F.-F.
Meng, J.-H. Xie, Y.-H. Xu, T.-P. Loh, ACS Catal. 2018, 8, 5306;
e) B.-C. Da, Q.-J. Liang, Y.-C. Luo, T. Ahmad, Y.-H. Xu, T.-P.
Loh, ACS Catal. 2018, 8, 6239.

[11] a) L. B. Delvos, D. J. Vyas, M. Oestreich, Angew. Chem. Int. Ed.
2013, 52, 4650; Angew. Chem. 2013, 125, 4748; b) M. Takeda, R.
Shintani, T. Hayashi, J. Org. Chem. 2013, 78, 5007; c) L. B.
Delvos, A. Hensel, M. Oestreich, Synthesis 2014, 46, 2957; d) A.
Hensel, M. Oestreich, Chem. Eur. J. 2015, 21, 9062; e) C. K.
Hazra, E. Irran, M. Oestreich, Eur. J. Org. Chem. 2013, 4903;
f) L. B. Delvos, M. Oestreich, Synthesis 2015, 47, 924; g) Y.
Shido, M. Yoshida, M. Tanabe, H. Ohmiya, M. Sawamura, J. Am.
Chem. Soc. 2012, 134, 18573; h) M. A. Kacprzynski, T. L. May,
S. A. Kazane, A. H. Hoveyda, Angew. Chem. Int. Ed. 2007, 46,
4554; Angew. Chem. 2007, 119, 4638; i) T. Hayashi, A. Ohno, S.
Lu, Y. Matsumoto, E. Fukuyo, K. Yanagi, J. Am. Chem. Soc.
1994, 116, 4221.

[12] For selective examples on the application of chloroallenes, see:
a) M. Kalek, J. Stawinski, Adv. Synth. Catal. 2011, 353, 1741;
b) E. M. Woerly, A. H. Cherney, E. K. Davis, M. D. Burke, J.
Am. Chem. Soc. 2010, 132, 6941; c) K.-S. Masters, B. L. Flynn, J.
Org. Chem. 2008, 73, 8081; d) A. S. Dudnik, A. W. Sromek, M.
Rubina, J. T. Kim, A. V. KelQin, V. Gevorgyan, J. Am. Chem. Soc.
2008, 130, 1440; e) H. Arzoumanian, F. Cochini, D. Nuel, N.
Rosas, Organometallics 1993, 12, 1871; f) C. J. Elsevier, P.
Vermeer, J. Org. Chem. 1985, 50, 3042. For selective examples
on the application of bromoallenes, see: g) J. Mazuela, D.
Banerjee, J. E. B-ckvall, J. Am. Chem. Soc. 2015, 137, 9559; h) F.
Liepouri, G. Bernasconi, N. A. Petasis, Org. Lett. 2015, 17, 1628;
i) Y.-B. Yu, G.-Z. He, X.-G. Zhang, Angew. Chem. Int. Ed. 2014,
53, 10457; Angew. Chem. 2014, 126, 10625; j) Y.-L. Wang, Z.-T.
Zheng, L.-M. Zhang, Angew. Chem. Int. Ed. 2014, 53, 9572;

Angewandte
ChemieCommunications

16541Angew. Chem. Int. Ed. 2019, 58, 16538 –16542 T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

https://doi.org/10.1021/ar4002069
https://doi.org/10.1021/cr3005263
https://doi.org/10.1021/ar020133k
https://doi.org/10.1021/ar020133k
https://doi.org/10.1021/ar900153r
https://doi.org/10.1021/cr020024j
https://doi.org/10.1021/cr020024j
https://doi.org/10.1021/cs401007m
https://doi.org/10.1021/ol902047z
https://doi.org/10.1021/ol901948d
https://doi.org/10.1021/ol901948d
https://doi.org/10.1021/jo062502m
https://doi.org/10.1021/om049505e
https://doi.org/10.1021/ja002783u
https://doi.org/10.1021/ja963900h
https://doi.org/10.1002/adsc.201600686
https://doi.org/10.1002/adsc.201600686
https://doi.org/10.1021/jacs.5b05805
https://doi.org/10.1039/C5SC00092K
https://doi.org/10.1039/C5SC00092K
https://doi.org/10.1002/adsc.201500347
https://doi.org/10.1002/ejoc.201403008
https://doi.org/10.1021/om300552f
https://doi.org/10.1021/om300552f
https://doi.org/10.1021/ol2031119
https://doi.org/10.1021/ol2031119
https://doi.org/10.1021/ja1066509
https://doi.org/10.1039/c0cc00679c
https://doi.org/10.1002/anie.200351522
https://doi.org/10.1002/anie.200351522
https://doi.org/10.1002/ange.200351522
https://doi.org/10.1021/ol027367o
https://doi.org/10.1021/ol027367o
https://doi.org/10.1021/ja017138h
https://doi.org/10.1021/ja017138h
https://doi.org/10.1021/ja00194a040
https://doi.org/10.1021/ja00194a040
https://doi.org/10.1021/jo00207a043
https://doi.org/10.1021/jo00207a043
https://doi.org/10.1016/S0040-4039(00)88353-7
https://doi.org/10.1016/j.tetasy.2008.12.025
https://doi.org/10.1021/jo991543y
https://doi.org/10.1016/0022-328X(84)85136-0
https://doi.org/10.1016/S0040-4039(00)88286-6
https://doi.org/10.1021/ol902339a
https://doi.org/10.1021/ol201811d
https://doi.org/10.1021/ol201811d
https://doi.org/10.1021/ol301827t
https://doi.org/10.1002/chem.200902222
https://doi.org/10.1002/chem.201003273
https://doi.org/10.1002/chem.201003273
https://doi.org/10.1021/ol302790e
https://doi.org/10.1021/ol302790e
https://doi.org/10.1002/chem.201404668
https://doi.org/10.1021/cr3003517
https://doi.org/10.1021/cr3003517
https://doi.org/10.1246/bcsj.82.29
https://doi.org/10.1016/S0022-328X(03)00441-8
https://doi.org/10.1021/ja309578k
https://doi.org/10.1021/ja309578k
https://doi.org/10.1021/ja910989n
https://doi.org/10.1021/ja910989n
https://doi.org/10.1021/ol300618j
https://doi.org/10.1021/ol300618j
https://doi.org/10.1002/chem.201000907
https://doi.org/10.1039/cc9960002777
https://doi.org/10.1021/ol4033623
https://doi.org/10.1021/jo4016419
https://doi.org/10.1021/jo4016419
https://doi.org/10.1021/ol060765x
https://doi.org/10.1021/jacs.5b08279
https://doi.org/10.1039/C4CC01722F
https://doi.org/10.1021/ja109464u
https://doi.org/10.1021/acscatal.8b00999
https://doi.org/10.1021/acscatal.8b01547
https://doi.org/10.1002/anie.201300648
https://doi.org/10.1002/anie.201300648
https://doi.org/10.1002/ange.201300648
https://doi.org/10.1021/jo400888b
https://doi.org/10.1002/chem.201501371
https://doi.org/10.1002/ejoc.201300493
https://doi.org/10.1021/ja3093955
https://doi.org/10.1021/ja3093955
https://doi.org/10.1002/anie.200700841
https://doi.org/10.1002/anie.200700841
https://doi.org/10.1002/ange.200700841
https://doi.org/10.1021/ja00089a011
https://doi.org/10.1021/ja00089a011
https://doi.org/10.1002/adsc.201100119
https://doi.org/10.1021/ja102721p
https://doi.org/10.1021/ja102721p
https://doi.org/10.1021/jo800682n
https://doi.org/10.1021/jo800682n
https://doi.org/10.1021/ja0773507
https://doi.org/10.1021/ja0773507
https://doi.org/10.1021/om00029a049
https://doi.org/10.1021/jo00217a004
https://doi.org/10.1021/jacs.5b06068
https://doi.org/10.1021/acs.orglett.5b00024
https://doi.org/10.1002/anie.201405204
https://doi.org/10.1002/anie.201405204
https://doi.org/10.1002/ange.201405204
https://doi.org/10.1002/anie.201403796
http://www.angewandte.org


Angew. Chem. 2014, 126, 9726; k) Y.-F. Li, J. P. Brand, J. Waser,
Angew. Chem. Int. Ed. 2013, 52, 6743; Angew. Chem. 2013, 125,
6875.

[13] A. M. Caporusso, A. Zampieri, L. A. Aronica, D. Banti, J. Org.
Chem. 2006, 71, 1902.

[14] a) J. L. Luche, E. Barreiro, J. M. Dollat, P. Crabb8, Tetrahedron
Lett. 1975, 16, 4615; b) J.-M. Dollat, J.-L. Luche, P. Crabb8, J.
Chem. Soc. Chem. Commun. 1977, 761; c) C. J. Elsevier, P.

Vermeer, J. Org. Chem. 1989, 54, 3726. And also see the
references [7] and [8].

Manuscript received: July 4, 2019
Revised manuscript received: August 27, 2019
Accepted manuscript online: September 18, 2019
Version of record online: October 4, 2019

Angewandte
ChemieCommunications

16542 www.angewandte.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 16538 –16542

https://doi.org/10.1002/ange.201403796
https://doi.org/10.1002/anie.201302210
https://doi.org/10.1002/ange.201302210
https://doi.org/10.1002/ange.201302210
https://doi.org/10.1021/jo0522456
https://doi.org/10.1021/jo0522456
https://doi.org/10.1016/S0040-4039(00)91084-0
https://doi.org/10.1016/S0040-4039(00)91084-0
https://doi.org/10.1039/C39770000761
https://doi.org/10.1039/C39770000761
https://doi.org/10.1021/jo00276a040
http://www.angewandte.org

