
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Palladium-Catalyzed Propargylic [n+2] Cycloaddition: An
Efficient Strategy for Construction of Benzo-Fused Medium-Sized
Heterocycles

Zhen-Ting Liua, b and Xiang-Ping Hua,*
a Dalian Institute of Chemical Physics, Chinese Academy of Sciences, 457 Zhongshan Road, Dalian 116023, People’s

Republic of China
Fax: (+86)-411-84684746
Phone: (+86)-411-84379206
E-mail: xiangping@dicp.ac.cn

b University of Chinese Academy of Sciences, Beijing 100049, People�s Republic of China

Manuscript received: October 8, 2018; Revised manuscript received: November 5, 2018;
Version of record online: December 14, 2018

Supporting information for this article is available on the WWW under https://doi.org/10.1002/adsc.201801359

The synthesis of medium-sized ring systems have
attracted significant attention in recent years because
of the broad abundance of these scaffolds in bio-
logically significant molecules, e. g. taxol and poly-
cyclic ethers.[1] Over the past decades, various strat-
egies have been developed to form medium-sized
rings including: macrocyclization, ring expansion, and
ring-closing metathesis.[2] However, the efficient con-
struction of these appealing frameworks remains a
formidable synthetic challenge as it is often hampered
by unfavorable transannular interactions and adverse
entropic and/or enthalpic effects. To address this
challenge, an alternative and more flexible strategy is
the use of transition metal-catalyzed cycloadditions
from readily available building blocks.[3] In this regard,
much progress has been recently achieved, which
maily focuses on the formation of seven- or eight-
membered rings.[4] In constrast, there are limited
catalytic examples for efficient access to medium-sized
heterocycles larger than eight-membered rings, mostly
to only one certain sized ring structure.[5–6] The
development of a general and efficient strategy of the
transition metal-catalyzed cycloaddition to construct a
broad range of medium-sized heterocycles, especially
those consisting of 8–11-membered rings, is highly
desirable.

Recent studies have disclosed that propargylic
compounds can serve as bis-electrophilic C2 or C3-
synthons to undergo cycloaddition with bis-nucleo-
philes in the presence of transition-metal-catalysts,
thus rapidly generating complexity in a single oper-
ation.[7] However, this methodology is usually used in
the synthesis of five- and six-membered rings with
scattered examples of seven- and eight-membered
rings.[8] For the construction of larger medium-sized

heterocycles, no catalytic intermolecular propargylic
cycloaddition has yet been realized to the best of our
knowledge. The challenge associated with medium-
sized ring cycloaddition reactions is due to the longer-
linked bis-nucleophile that has competing cyclization
versus intermolecular coupling. It has been recently
disclosed that the h3-p-propargylpalladium complex
can undergo sequential double addition with two
seperate nucleophiles in an intermolecular sense.[9]

Given this background, we wondered whether a
palladium-catalyzed propargylic cycloaddition proce-
dure could be extended to bis-nucleophiles with a
linker longer than four atoms, and thus serve as a
powerful and efficient method for the construction of
medium-sized heterocycles. Herein we show the
synthetic versatility of the palladium-catalyzed [n+2]
cycloaddition of propargylic esters as C2-synthons with
readily available linker-tethered-bisphenols in the
construction of medium-sized frameworks. This meth-
odology provides a general, straightforward, and
regioselective protocol for the creation of various
functionalized eight to eleven-membered benzo-fused
heterocycles in a simple manner (Figure 1).

In searching for suitable reaction partners for this
palladium-catalyzed [n+2] cycloaddition, we were
particularly interested in bisphenols as the cyclo-
addition would led to biologically and synthetically
relevant polycyclic ethers. In particular, Sinou et al.
have reported benzene-1,2-diol (catechol) can under-
go palladium-catalyzed propargylic cycloaddition with
propargylic carbonates, leading to six-membered
rings.[10]

We started our studies to explore the possibility of
the palladium-catalyzed [7+2] cycloaddition between
2,2’-sulfinylbis(4-(tert-butyl)phenol) 1 a and 1-phenyl-
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prop-2-yn-1-yl esters 2a, which is expected to generate
the nine-membered cyclic ethers (Table 1). Initial
attempt using Pd(OAc)2 in combination with bisphos-
phine ligand DPEPhos (L1) was disappointing, in
which no cycloadduct was detected (entry 1). After
careful screening of different palladium precursors
(entries 1–4), we were excited to find that the use of
Pd2(dba)3 ·CHCl3 led to the predominate formation of
nine-membered compound in 72% yield, albeit as a
95/5 mixture of 1,2-cycloadduct 3 aa and 2,3-cyclo-
adduct 4 aa with a Z/E-selectivity of 91/9 for 3 aa
(entry 4). Different leaving groups in propargylic
position show some influence on the reactivity, in
which the benzoyl group lead to higher product yields
(entry 5). Unexpectedly, internal propargylic benzoate
2 a–4 showed low reactivity under the same condition
(entry 7). Ligand structure exhibited a dramatic effect
on the reactivity (entries 8–11). With BINAP (L2) and
DPPP (L3) as ligands, very low conversion was
observed (entries 8 and 9). Ferrocenyl diphosphine
ligands DPPF (L4) and BPPFA (L5) were identified
as optimal ligands, and both displayed excellent
performance (entries 10 and 11). At this point, differ-
ent Pd-precursors were examined again, and the
choice of Pd2(dba)3 led to nearly perfect results, in
which the nine-membered 1,2-cycloadduct 3 aa was
obtained as the only product in 98% yield with Z-
selectivity >95/5 (entry 13). The addition of Cs2CO3

as the base additive was crucial since none of cyclo-
adduct 3 aa was obtained in its absence or when an
organic bases such as iPr2NEt was used (entries 14 and
15). The weak basicity of the organic base that is
unable to effectively deprotonate bisphenols should
be responsible for no reactivity with iPr2NEt. Other
inorganic bases such as tBuOK led to dramatically
decreased yield (entry 16). Subsequent solvent screen-

ing did not improve the reaction outcome (entries 17
and 18). Due to low solubility of bisphenol 1 a in
CH2Cl2, very low conversion was observed.

With the optimal reaction conditions in hand, we
set out to explore the generality of this catalytic
system. The substrate evaluation of various propar-
gylic benzoates is shown in Scheme 1. Various aro-
matic propargylic benzoates are well tolerated and
delivered the nine-membered 1,2-cycloadducts 3 as
the only product in good to excellent yields. The
substitution patterns on the phenyl rings show some

Figure 1. General strategy for the construction of benzo-
fused medium-sized heterocycles via Pd-catalyzed propar-
gylic [n+2] cycloaddition.

Scheme 1. Propargylic benzoate evaluation in the palladium-
catalyzed [7+2] cycloaddition.
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effect in this cycloaddition. Thus, the substrates with
para- or meta-fluoro groups give similarly excellent
results, while ortho-fluoro substituted substrate results
in observably decreased yield (81%) and decreased
olefin selectivity (Z/E= 90/10). The reaction tolerates
both electron-donating and electron-withdrawing
groups at the para-position of the phenyl ring, and
gives the corresponding nine-membered heterocycles
3 ae–3 ah in excellent yields with Z/E-selectivity >95/
5. 2-Naphthyl-substituted substrate works well for the
reaction, gives the cycloadduct 3 ai in 98% yield and
Z/E-selectivity >95/5. Heterocyclic substrate 2 j is also
a suitable substrate, providing the cycloadduct 3 aj in
99% yield and Z/E-selectivity >95/5. The substrate,
prop-2-yn-1-yl benzoate (2 l), without a substitution at
the propargylic position leads to the cycloadduct 3 al
in 92% yield. We also examined the substrate, 1,3-

diphenylprop-2-yn-1-yl benzoate (2 k), with the sub-
stitution at both the propargylic and the acetylenic
positions, which proceeds smoothly and gives the
cycloadduct 3 ak in high yield and Z-selectivity but
with moderate diastereoselectivity.

Interestingly, aliphatic propargylic benzoates leads
to nine-membered 2,3-cycloadducts 4 as the major
products. The use of but-3-yn-2-yl benzoate 2 m leads
to a 86/14 mixture of 4am and 3 am, while use of 5-
phenylpent-1-yn-3-yl benzoate 2 n generates a 83/17
mixture of 4 an and 3 an. The different regioselectivity
observed for aromatic and aliphatic substrates is
presumably due to the formation of conjugated
transition state with lower energy for aromatic sub-
strates when the cyclization occurs at the less sub-
stituted position. As for aliphatic substrates, the
cyclization occurs at the more substituted end since

Table 1. Optimization of the propargylic [7+2] cycloaddition.[a]

Entry 2a [Pd] L Base Solvent Yield (%)[b] 3 aa/4aa[c] Z/E (3aa)[c]

1 2a-1 Pd(OAc)2 L1 Cs2CO3 THF – – –
2 2a-1 Pd(PPh3)4 L1 Cs2CO3 THF – – –
3 2a-1 Pd2(dba)3 L1 Cs2CO3 THF 39 94/6 90/10
4 2a-1 Pd2(dba)3

.CHCl3 L1 Cs2CO3 THF 72 95/5 91/9
5 2a-2 Pd2(dba)3

.CHCl3 L1 Cs2CO3 THF 99 95/5 92/8
6 2a-3 Pd2(dba)3

.CHCl3 L1 Cs2CO3 THF 97 94/6 91/9
7 2a-4 Pd2(dba)3

.CHCl3 L1 Cs2CO3 THF – – –
8 2a-2 Pd2(dba)3

.CHCl3 L2 Cs2CO3 THF – – –
9 2a-2 Pd2(dba)3

.CHCl3 L3 Cs2CO3 THF – – –
10 2a-2 Pd2(dba)3

.CHCl3 L4 Cs2CO3 THF 99 >95/5 95/5
11 2a-2 Pd2(dba)3

.CHCl3 L5 Cs2CO3 THF 99 95/5 >95/5
12 2a-2 Pd(OAc)2 L4 Cs2CO3 THF 14 94/6 95/5
13 2a-2 Pd2(dba)3 L4 Cs2CO3 THF 98 >95/5 >95/5
14 2a-2 Pd2(dba)3 L4 – THF – – –
15 2a-2 Pd2(dba)3 L4 iPr2NEt THF – – –
16 2a-2 Pd2(dba)3 L4 tBuOK THF 38 >95/5 94/6
17 2a-2 Pd2(dba)3 L4 Cs2CO3 CH2Cl2 – – –
18 2a-2 Pd2(dba)3 L4 Cs2CO3 PhMe 57 93/7 >95/5

[a] Reaction conditions: 1 a (0.2 mmol), 2a (0.24 mmol), [Pd] (0.01 mmol, 5 mol%), L (0.011 mmol, 5.5 mol%), base
(0.24 mmol), solvent (6 mL), rt, 24 h.

[b] Yield of isolated products.
[c] Determined by 1H NMR.
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the alkyl group could stabilize the positive intermedi-
ate more effectively (Scheme 1). The structure of 2,3-
cycloadducts was unambiguously assigned by single-
crystal X-ray diffraction analysis of 4 am.[11]

To further demonstrate the utility of this remark-
able reaction, we examined a wide range of bisphenols
(Scheme 2). As expected, the reaction worked well
with various substituted 2,2’-sulfinylbisphenols 1 b–f,
and smoothly gave the nine-membered cyclic ethers
3 bj–fj as the only products in high yields with Z-
selectivity (>95/5), regardless of the electronic prop-
erty of the substituent at the para-position of the
phenyl ring. Replacing the sulfinyl linker with
carbonyl linker has little impact on the reaction yields
and selectivity delivering the corresponding nine-
membered 1,2-cycloadducts 3 ga–ja as the only prod-
ucts. The structures of these two series of products
were unambiguously assigned by single-crystal X-ray
diffraction analysis of 3cj and 3 ga.[11] The reaction
also tolerates an ether- and methylene-linkage
although the yield and Z-selectivity were somewhat

affected. Thus, the use of 2,2’-oxydiphenol 1k as the
bis-nucleophile leads to the nine-membered 1,2-cyclo-
adduct 3 ka in 92% yield with a moderate Z/E-
selectivity of 88/12. In contrast, the reaction with 2,2’-
methylenediphenol 1 l gives the nine-membered 1,2-
cycloadduct 3 la in 59% yield as a single olefin product
(>95/5, Z/E). Moreover, the reaction could also be
extended to the preparation of other medium-sized
compounds including eight-, ten- and eleven-mem-
bered rings. However, for the substrates containing
aliphatic alcohols such as 2-hydroxybenzyl alcohol or
1,2-benzenedimethanol, no desired product was ob-
served. With BINOL 1 o as the substrate, the reaction
gave the eight-membered 1,2-cycloadduct 3 oa in 75%
yield and with Z/E-selectivity >95/5. When the
reaction of 2,2’-(ethane-1,2-diyl)diphenol 1p was car-
ried out, a ten-membered 1,2-cycloadduct 3 pa was
obtained in 68% yield and with Z/E-selectivity >95/5.
2,2’-(Propane-1,3-diyl)diphenol 1q also works under
reaction conditions, delivering the corresponding
eleven-membered 1,2-cycloadduct 3qa in 44% yield
and with Z/E-selectivity >95/5. These results clearly
demonstrates the generality and efficiency of the
present methodology in the construction of medium-
sized heterocycles. However, an attempt to synthesize
12-membered heterocycle 3 ra by use of 2,2’-(butane-
1,4-diyl)diphenol 1 r was failed, in which a complex
mixture was obtained.

The hydrogenation of the exocyclic C=C bond of
nine-membered 1,2-cycloadducts 3 could be readily
performed with 10 wt% of 5% Pd/C in CH2Cl2 at
room temperature for 20 h (Scheme 3). Thus, the
hydrogenation of a Z/E mixture of 3 ka gave the 9-
crown-3 ether derivative 5 ka in 78% yield.

In summary, we have demonstrated a powerful
procedure for the construction of benzo-fused me-
dium-sized heterocyclic ethers through a palladium-
catalyzed formal [n+ 2] cycloaddition of various link-
er-tethered-bisphenols with propargylic esters as C2-
synthons. This methodology represents one of few
transition-metal-catalyzed intermolecular cycloaddi-
tions for the general synthesis of medium-sized
heterocycles from eight to eleven-membered rings.

Scheme 2. Substrate evaluation of bisphenols in the [7+2]
cycloaddition.

Scheme 3. Hydrogenation of cycloadducts 3.

UPDATES asc.wiley-vch.de

Adv. Synth. Catal. 2019, 361, 836 –841 839 � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://asc.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

The reaction features a broad substrate scope, high
yields and excellent regio- and Z-selectivities. Further
exploration of new catalytic strategies for rapid access
to various medium-sized rings is currently ongoing in
our laboratory.

Experimental Section

General Procedure for Palladium-catalyzed
Propargylic [n +2] Cycloaddition

Method A: A solution of Pd2(dba)3 (4.6 mg, 0.005 mmol) and
L4 (6.1 mg, 0.011 mmol) in 1 mL of anhydrous tetrahydrofur-
an placed in an oven-dried Schlenk flask was stirred at room
temperature under a nitrogen atmosphere for 1 h. Then a
solution of bisphenols 1 (0.2 mmol), propargylic esters 2
(0.24 mmol), and Cs2CO3 (78.2 mg, 0.24 mmol) in 5 mL of
anhydrous tetrahydrofuran was added. The mixture was
stirred at room temperature for 24 h. The reaction mixture
was then concentrated under vacuum, and the residue was
purified by silica gel chromatography to afford benzo-fused
medium-sized heterocycles 3 or 4.

Method B: A solution of Pd2(dba)3 (4.6 mg, 0.005 mmol) and
L5 (6.9 mg, 0.011 mmol) in 1 mL of anhydrous tetrahydrofur-
an placed in an oven-dried Schlenk flask was stirred at room
temperature under a nitrogen atmosphere for 1 h. Then a
solution of bisphenols 1 (0.2 mmol), propargylic esters 2
(0.24 mmol), and Cs2CO3 (78.2 mg, 0.24 mmol) in 5 mL of
anhydrous tetrahydrofuran was added. The mixture was
stirred under reflux for 24 h. The reaction mixture was then
concentrated under vacuum and the residue was purified by
silica gel chromatography to afford benzo-fused medium-
sized heterocycles 3 or 4.

Acknowledgements
We are grateful for the financial support from the National
Natural Science Foundation of China (21572226 and
21772196), and the Dalian Institute of Chemical Physics
(DICP ZZBS201707). We also thank Dr. Daniel Kim for his
linguistic assistance during the preparation of this manuscript.

References

[1] For selected reviews, see: a) P. A. Evans, B. Holmes,
Tetrahedron 1991, 47, 9131–9166; b) G. Rousseau,
Tetrahedron 1995, 51, 2777–2849; c) M. Inoue, Chem.
Rev. 2005, 105, 4379–4405; d) T. P. Majhi, B. Achari, P.
Chattopadhyay, Heterocycles 2007, 71, 1011–1052; e) I.
Shiina, Chem. Rev. 2007, 107, 239–273; f) M. Sasaki, H.
Fuwa, Nat. Prod. Rep. 2008, 25, 401–426; g) K. C.
Nicolaou, M. O. Frederick, R. J. Aversa, Angew. Chem.
2008, 120, 7292–7335; Angew. Chem. Int. Ed. 2008, 47,
7182–7225; h) I. Vilotijevic, T. F. Jamison, Mar. Drugs
2010, 8, 763–809; i) A. Hussain, S. K. Yousuf, D.
Mukherjee, RSC Adv. 2014, 4, 43241–43257.

[2] For selected reviews: a) C. J. Roxburgh, Tetrahedron
1993, 49, 10749–10784; b) M. E. Maier, Angew. Chem.

2000, 112, 2153–2157; Angew. Chem. Int. Ed. 2000, 39,
2073–2077; c) A. Parenty, X. Moreau, J. M. Campagne,
Chem. Rev. 2006, 106, 911–939; d) C. Samojłowicz, M.
Bieniek, K. Grela, Chem. Rev. 2009, 109, 3708–3742;
e) A. Ferstner, Angew. Chem. 2013, 125, 2860–2887;
Angew. Chem. Int. Ed. 2013, 52, 2794–2819; f) J. R.
Donald, W. P. Unsworth, Chem. Eur. J. 2017, 23, 8780–
8799.

[3] L. Yet, Chem. Rev. 2000, 100, 2963–3008.
[4] For selected reviews: a) M. A. Battiste, P. M. Pelphrey,

D. L. Wright, Chem. Eur. J. 2006, 12, 3438–3447; b) M.
Harmata, Chem. Commun. 2010, 46, 8904–8922; c) M.
Harmata, Chem. Commun. 2010, 46, 8886–8903;
d) A. G. Lohse, R. P. Hsung, Chem. Eur. J. 2011, 17,
3812–3822; e) K. E. O. Ylijoki, J. M. Stryker, Chem.
Rev. 2013, 113, 2244–2266; f) Q.-Q. Cheng, Y. Deng, M.
Lankelma, M. P. Doyle, Chem. Soc. Rev. 2017, 46, 5425–
5443; g) H. Pellissier, Adv. Synth. Catal. 2018, 360,
1551–1583.

[5] For selected examples for catalytic cycloadditions for
the construction of nine-membered rings, see: a) K.
Chaffee, H. Morcos, J. B. Sheridan, Tetrahedron Lett.
1995, 36, 1577–1580; b) M. Murakami, K. Itami, Y. Ito,
Angew. Chem. 1998, 110, 3616–3619; Angew. Chem. Int.
Ed. 1998, 37, 3418–3420; c) Y. Du, J. Feng, X. Lu, Org.
Lett. 2005, 7, 1987–1989; d) P. H. Lee, K. Lee, Y. Kang,
J. Am. Chem. Soc. 2006, 128, 1139–1146; e) B. M. Trost,
P. J. McDougall, O. Hartmann, P. T. Wathen, J. Am.
Chem. Soc. 2008, 130, 14960–14961; f) R. Shintani, M.
Murakami, T. Tsuji, H. Tanno, T. Hayashi, Org. Lett.
2009, 11, 5642–5645; g) S. Saito, K. Maeda, R. Yamasa-
ki, T. Kitamura, M. Nakagawa, K. Kato, I. Azumaya, H.
Masu, Angew. Chem. 2010, 122, 1847–1877; Angew.
Chem. Int. Ed. 2010, 49, 1830–1833; h) R. Shintani, K.
Ikehata, T. Hayashi, J. Org. Chem. 2011, 76, 4776–4780;
i) R. Yamasaki, M. Ohashi, K. Maeda, T. Kitamura, M.
Nakagawa, K. Kato, T. Fujita, R. Kamura, K. Kinoshita,
H. Masu, I. Azumaya, S. Ogoshi, S. Saito, Chem. Eur. J.
2013, 19, 3415–3425; j) H. Liu, Y. Wu, Y. Zhao, Z. Li, L.
Zhang, W. Yang, H. Jiang, C. Jing, H. Yu, B. Wang, Y.
Xiao, H. Guo, J. Am. Chem. Soc. 2014, 136, 2625–2629;
k) H.-L. Teng, L. Yao, C.-J. Wang, J. Am. Chem. Soc.
2014, 136, 4075–4080; l) Q.-H. Li, L. Wei, C.-J. Wang, J.
Am. Chem. Soc. 2014, 136, 8685–8692; m) C. Zhao, X.
Xie, S. Duan, H. Li, R. Fang, X. She, Angew. Chem.
2014, 126, 10965–10969; Angew. Chem. Int. Ed. 2014, 53,
10789–10793; n) Z.-L. He, F. K. Sheong, Q.-H. Li, Z.
Lin, C.-J. Wang, Org. Lett. 2015, 17, 1365–1368; o) J.
Pospech, R. Ferraccioli, H. Neumann, M. Beller, Chem.
Asian J. 2015, 10, 2624–2630; p) W. Yang, J. Dong, J.
Wang, X. Xu, Org. Lett. 2017, 19, 616–619; q) L.-C.
Yang, Z.-Q. Rong, Y.-N. Wang, Z. Y. Tan, M. Wang, Y.
Zhao, Angew. Chem. 2017, 129, 2973–2977; Angew.
Chem. Int. Ed. 2017, 56, 2927–2931; r) Z.-Q. Rong, L.-C.
Yang, S. Liu, Z. Yu, Y.-N. Wang, Z. Y. Tan, R.-Z.
Huang, Y. Lan, Y. Zhao, J. Am. Chem. Soc. 2017, 139,
15304–15307; s) P. Das, S. Gondo, P. Nagender, H. Uno,
E. Tokunaga, N. Shibata, Chem. Sci. 2018, 9, 3276–3281.

[6] For selected examples for the construction of ring sizes
of ten or more: a) R. A. Bauer, T. A. Wenderski, D. S.
Tan, Nat. Chem. Biol. 2013, 9, 21–29; b) Z. Wang, S.

UPDATES asc.wiley-vch.de

Adv. Synth. Catal. 2019, 361, 836 –841 840 � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

https://doi.org/10.1016/S0040-4020(01)96203-9
https://doi.org/10.1016/S0040-4020(01)96203-9
https://doi.org/10.1016/0040-4020(94)01064-7
https://doi.org/10.1016/0040-4020(94)01064-7
https://doi.org/10.1021/cr0406108
https://doi.org/10.1021/cr0406108
https://doi.org/10.1021/cr0406108
https://doi.org/10.1021/cr050045o
https://doi.org/10.1021/cr050045o
https://doi.org/10.1039/b705664h
https://doi.org/10.1039/b705664h
https://doi.org/10.1002/ange.200801696
https://doi.org/10.1002/ange.200801696
https://doi.org/10.1002/ange.200801696
https://doi.org/10.1002/anie.200801696
https://doi.org/10.1002/anie.200801696
https://doi.org/10.1002/anie.200801696
https://doi.org/10.3390/md8030763
https://doi.org/10.3390/md8030763
https://doi.org/10.3390/md8030763
https://doi.org/10.1039/C4RA07434C
https://doi.org/10.1039/C4RA07434C
https://doi.org/10.1016/S0040-4020(01)80232-5
https://doi.org/10.1016/S0040-4020(01)80232-5
https://doi.org/10.1016/S0040-4020(01)80232-5
https://doi.org/10.1002/1521-3757(20000616)112:12%3C2153::AID-ANGE2153%3E3.0.CO;2-X
https://doi.org/10.1002/1521-3757(20000616)112:12%3C2153::AID-ANGE2153%3E3.0.CO;2-X
https://doi.org/10.1002/1521-3757(20000616)112:12%3C2153::AID-ANGE2153%3E3.0.CO;2-X
https://doi.org/10.1002/1521-3773(20000616)39:12%3C2073::AID-ANIE2073%3E3.0.CO;2-0
https://doi.org/10.1002/1521-3773(20000616)39:12%3C2073::AID-ANIE2073%3E3.0.CO;2-0
https://doi.org/10.1002/1521-3773(20000616)39:12%3C2073::AID-ANIE2073%3E3.0.CO;2-0
https://doi.org/10.1021/cr0301402
https://doi.org/10.1021/cr0301402
https://doi.org/10.1002/chem.201700467
https://doi.org/10.1002/chem.201700467
https://doi.org/10.1021/cr990407q
https://doi.org/10.1021/cr990407q
https://doi.org/10.1002/chem.200501083
https://doi.org/10.1002/chem.200501083
https://doi.org/10.1039/c0cc03621h
https://doi.org/10.1039/c0cc03621h
https://doi.org/10.1039/c0cc03620j
https://doi.org/10.1039/c0cc03620j
https://doi.org/10.1002/chem.201100260
https://doi.org/10.1002/chem.201100260
https://doi.org/10.1002/chem.201100260
https://doi.org/10.1021/cr300087g
https://doi.org/10.1021/cr300087g
https://doi.org/10.1021/cr300087g
https://doi.org/10.1039/C7CS00324B
https://doi.org/10.1039/C7CS00324B
https://doi.org/10.1002/adsc.201701379
https://doi.org/10.1002/adsc.201701379
https://doi.org/10.1002/adsc.201701379
https://doi.org/10.1016/0040-4039(95)00092-Q
https://doi.org/10.1016/0040-4039(95)00092-Q
https://doi.org/10.1016/0040-4039(95)00092-Q
https://doi.org/10.1002/(SICI)1521-3757(19981217)110:24%3C3616::AID-ANGE3616%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-3757(19981217)110:24%3C3616::AID-ANGE3616%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-3773(19981231)37:24%3C3418::AID-ANIE3418%3E3.0.CO;2-R
https://doi.org/10.1002/(SICI)1521-3773(19981231)37:24%3C3418::AID-ANIE3418%3E3.0.CO;2-R
https://doi.org/10.1002/(SICI)1521-3773(19981231)37:24%3C3418::AID-ANIE3418%3E3.0.CO;2-R
https://doi.org/10.1021/ol050443d
https://doi.org/10.1021/ol050443d
https://doi.org/10.1021/ol050443d
https://doi.org/10.1021/ja054144v
https://doi.org/10.1021/ja054144v
https://doi.org/10.1021/ja806979b
https://doi.org/10.1021/ja806979b
https://doi.org/10.1021/ja806979b
https://doi.org/10.1021/ol902326s
https://doi.org/10.1021/ol902326s
https://doi.org/10.1021/ol902326s
https://doi.org/10.1002/anie.200907052
https://doi.org/10.1002/anie.200907052
https://doi.org/10.1002/anie.200907052
https://doi.org/10.1021/jo2006158
https://doi.org/10.1021/jo2006158
https://doi.org/10.1002/chem.201204087
https://doi.org/10.1002/chem.201204087
https://doi.org/10.1002/chem.201204087
https://doi.org/10.1021/ja4122268
https://doi.org/10.1021/ja4122268
https://doi.org/10.1021/ja500878c
https://doi.org/10.1021/ja500878c
https://doi.org/10.1021/ja500878c
https://doi.org/10.1021/ja503309u
https://doi.org/10.1021/ja503309u
https://doi.org/10.1021/ja503309u
https://doi.org/10.1002/ange.201406486
https://doi.org/10.1002/ange.201406486
https://doi.org/10.1002/ange.201406486
https://doi.org/10.1002/anie.201406486
https://doi.org/10.1002/anie.201406486
https://doi.org/10.1002/anie.201406486
https://doi.org/10.1021/acs.orglett.5b00011
https://doi.org/10.1021/acs.orglett.5b00011
https://doi.org/10.1002/asia.201500493
https://doi.org/10.1002/asia.201500493
https://doi.org/10.1002/asia.201500493
https://doi.org/10.1021/acs.orglett.6b03777
https://doi.org/10.1021/acs.orglett.6b03777
https://doi.org/10.1002/ange.201611474
https://doi.org/10.1002/ange.201611474
https://doi.org/10.1002/anie.201611474
https://doi.org/10.1002/anie.201611474
https://doi.org/10.1002/anie.201611474
https://doi.org/10.1021/jacs.7b09161
https://doi.org/10.1021/jacs.7b09161
https://doi.org/10.1021/jacs.7b09161
https://doi.org/10.1039/C7SC05447E
https://doi.org/10.1039/C7SC05447E
https://doi.org/10.1038/nchembio.1130
https://doi.org/10.1038/nchembio.1130
http://asc.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Chen, J. Ren, Z. Wang, Org. Lett. 2015, 17, 4184–4187;
c) L. Li, Z.-L. Li, F.-L. Wang, Z. Guo, Y.-F. Cheng, N.
Wang, X.-W. Dong, C. Fang, J. Liu, C. Hou, B. Tan, X.-
Y. Liu, Nat. Commun. 2016, 7, 13852; d) J. E. Hall, J. V.
Matlock, J. W. Ward, K. V. Gray, J. Clayden, Angew.
Chem. Int. Ed. 2016, 55, 11153–11157; e) L. G. Baud,
M. A. Manning, H. L. Arkless, T. C. Stephens, W. P.
Unsworth, Chem. Eur. J. 2017, 23, 2225–2230; f) T. C.
Stephens, M. Lodi, A. M. Steer, Y. Lin, M. T. Gill, W. P.
Unsworth, Chem. Eur. J. 2017, 23, 13314–13318; g) R.
Mendoza-Sanchez, V. B. Corless, Q. N. Nguyen, M.
Bergeron-Brlek, J. Frost, S. Adachi, D. J. Tantillo, A. K.
Yudin, Chem. Eur. J. 2017, 23, 13319–11323; h) L. Li,
Z.-L. Li, Q.-S. Gu, N. Wang, X.-Y. Liu, Sci. Adv. 2017,
3, e1701487. i) B. Zhou, L. Li, X.-Q. Zhu, J.-Z. Yan, Y.-
L. Guo, L. W. Ye, Angew. Chem. 2017, 129, 4073–4077;
Angew. Chem. Int. Ed. 2017, 56, 4015–4019; j) R. Costil,
Q. Lefebvre, J. Clayden, Angew. Chem. 2017, 129,
14794–14798; Angew. Chem. Int. Ed. 2017, 56, 14602–
14606; k) Y.-N. Wang, L.-C. Yang, Z.-Q. Rong, T.-L.
Liu, R. Liu, Y. Zhao, Angew. Chem. 2018, 130, 1612–
1616; Angew. Chem. Int. Ed. 2018, 57, 1596–1600.

[7] For selected reviews, see: a) J. Tsuj, T. Mandai, Angew.
Chem. Int. Ed. Engl. 1995, 34, 2589–2612; Angew.
Chem. 1995, 107, 2830–2854; b) S. Ma, Eur. J. Org.
Chem. 2004, 1175–1183; c) R. J. Detz, H. Hiemstra, J. H.
van Maarseveen, Eur. J. Org. Chem. 2009, 6263–6276;

d) L.-N. Guo, X.-H. Duan, Y.-M. Liang, Acc. Chem.
Res. 2011, 44, 111–122; e) M. Yoshida, Chem. Pharm.
Bull. 2012, 60, 285–299; f) E. B. Bauer, Synthesis 2012,
44, 1131–1151: g) J. Ye, S. Ma, Acc. Chem. Res. 2014, 47,
989–1000; h) D.-Y. Zhang, X.-P. Hu, Tetrahedron Lett.
2015, 56, 283–295; i) X.-H. Hu, Z.-T. Liu, L. Shao, X.-P.
Hu, Synthesis 2015, 47, 913–923.

[8] a) M. Yoshida, C. Sugimura, K. Shishido, Org. Lett.
2011, 13, 3482–3485; b) C. Zhang, X.-H. Hu, Y.-H.
Wang, Z. Zheng, J. Xu, X.-P. Hu, J. Am. Chem. Soc.
2012, 134, 9585–9588.

[9] a) N. Nishioka, T. Koizumi, Tetrahedron Lett. 2011, 52,
3662–3665; b) S. P. Schrçder, N. J. Taylor, P. Jackson, V.
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