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Cy-SaBOX/Copper(II)-Catalyzed Highly Diastereo- and
Enantioselective Synthesis of Bicyclic N,O Acetals
Qiong-Jie Liu, Lijia Wang, Qi-Kai Kang, X. Peter Zhang,* and Yong Tang*

Abstract: Facile and effective access for the asymmetric
construction of the useful and important skeleton of the
bicyclic N,O-acetals is described. CuII/SaBOX could catalyze
the reaction of b,g-unsaturated a-ketoesters with cyclic enam-
ines efficiently, thus affording the desired products in excellent
yields with excellent stereoselectivities (21 examples; up to
99% yields; up to > 95:5 d.r.; and 95–99% ee). This reaction
can be well performed on gram scale, even with only 1 mol%
catalyst loading. The single-crystal structures of the copper
complexes lead to a good understanding of the stereo-
synergistic effects of the sidearm.

Bicyclic N,O-acetals are important motifs in many biolog-
ically active natural products such as (++)-graciline, (¢)-
digracine, and ajaconine (Figure 1).[1] Developing effective
methods aimed at these motifs is of great interest to chemists.
Although several elegant methods have been developed for
these target skeletons,[2] most of them still suffer from harsh
reaction conditions, moderate yields, and poor stereoselec-
tivities. Efficient protocols, especially enantioselective ones
from simple starting materials, are rare. To the best of our
knowledge, the only example was developed by Wang et al.
and was based on the chiral BINOL/Ti(OiPr)4-catalyzed
cascade cyclization of enamides with salicylaldehydes, thus
resulting in pyrrolidine-fused 4-chromanols in 27–99 % yields
with greater than 20:1 d.r. and 43–99% ee.[2e] To date,
however, effective synthetic methods towards optically active
bicyclic N,O-acetals bearing an all-carbon center at the 3-
position, which is usually contained in the structure of natural
products (Figure 1), are lacking. Since the asymmetric hetero-
Diels–Alder (hetero-DA) reactions[3] of b,g-unsaturated a-
ketoesters with electron-rich alkenes[4–7] emerged as a power-
ful tool for the synthesis of enantioenriched 3,4-dihydropyr-
ans, it was envisioned that the reaction of b,g-unsaturated a-
ketoesters with cyclic enamines potentially provides new and
facile access to bicyclic N,O-acetals. These N,O-acetals,

bearing three continuous chiral centers, could be readily
converted into various highly functionalized useful hetero-
cycles. Unfortunately, simple trials by employing several
known hetero-DA catalysts in the reaction of b,g-unsaturated
a-ketoesters with cyclic enamines proved to be unsuccessful.
Herein, we report our efforts in addressing this issue.

Initially, we tried several catalysts which proved very
efficient in the asymmetric hetero-DA reactions for the
envisioned reaction, but they all failed. For example, it was
demonstrated that the chiral tBu-bisoxazoline (tBu-BOX)/
CuII catalyst system exhibited high efficiency in the enantio-
selective reaction of cyclic enol ethers and b,g-unsaturated a-
ketoesters, thus resulting in optically active bicyclic O,O-
acetals.[4a,b] However, the cyclic enamine 1a (see Table 1),
instead of enol ethers, did not work, even when the reaction
temperature was elevated to 30 88C. Further optimization of
the reaction conditions, by replacing the tBu-BOX ligand with
L1, resulted in smooth reaction in dichloromethane (DCM),
thus affording the desired product 3a in 93% yield but only
with 77:23 d.r. and 35% ee (Table 1, entry 1). And then, we
investigated the reaction parameters such as additives, sub-
stituents on the ester group, and more than 20 ligands.[8] The
combination of Cu(OTf)2 and L2 as the catalyst (entry 2) led
to a dramatic increase in both diastereo- and enantioselec-
tivity (85:15 d.r. and 84 % ee) while maintaining an excellent
yield (99 %). Further study showed that the use of the
sidearm-modified cyclohexyl SaBOX L3 resulted in a smooth
reaction with improved stereoselectivities, thus affording the
desired product in 88 % yield with 90:10 d.r. and 92% ee
(entry 3).[9–11] Subsequently, a variety of Cy-SaBOX ligands
were evaluated. As summarized in Table 1, introduction of
two benzyl sidearm groups provided no enhancement of the
diastereo- and enantioselective (entry 4). The Cy-TOX L5
was very efficient in promoting the reaction but resulted in
both a lower diastereo- and enantioselectivity (entry 5).
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Figure 1. Bicyclic N,O-acetal skeletons in natural products.
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Notably, it was found that introduction of a benzyl sidearm
group achieved an impressive improvement in the diastereo-
and enantioselectivity. Aiming at improving the diastereo-
and enantioselectivity of the current reaction, a variety of
substituted benzyl sidearm groups were investigated. The Cy-
SaBOX L6 and L7, bearing a steric sidearm could also
promote the reaction efficiently, thus affording the cyclo-
addition product 3a in 98 % yield with 92:8 d.r. and 94% ee
(entries 6 and 7). The best result was achieved by employing
Cy-SaBOX L8, which gave 99 % yield of 3a with 95% ee and
92:8 d.r. (entry 8). As the steric interaction of the ester group
of the b,g-unsaturated a-ketoester with the catalyst could
interfere with the stereochemical control, different ester
groups were explored. When the methyl ester group of the
b,g-unsaturated a-ketoester was replaced by a bulkier ali-
phatic ethyl, isopropyl, or benzyl group, the yield and
selectivity was further improved (entries 9–11). Finally, 1a
reacted with 2b in the presence of Cu(OTf)2/L8 in DCM, thus
providing 3b in 99% yield with 98 % ee and 94:6 d.r. as the
best result (entry 9).

Under the optimized reaction conditions, the substrate
scope was investigated and the results are shown in Table 2.
The different electronic properties of ortho, para, and meta
substituents on the phenyl group of the b,g-unsaturated a-
ketoesters had little effect on the yields (88–99 %) and
stereoselectivities (95–98% ee and 93:7!95:5 d.r., 3b–i). 1-
Naphthyl unsaturated a-ketoester was also a suitable sub-
strate, thus affording the corresponding product 3j with
a perfect level of stereoselectivity (> 95:5 d.r., 99% ee) and

99% yield. Notably, the reaction could be applied to
ketoesters bearing styryl, heterocyclic, alkyl, and ester
groups with good to excellent stereoselectivities and yields
(up to 92:8 d.r. and 96% ee, 3k–n). Significantly, the 3-methyl
tetrahydropyridine also reacted smoothly with a variety of
b,g-unsaturated a-ketoesters at 40 88C, thus affording the
desired products, bearing an all-carbon quaternary stereo-
center, in high yields with excellent diastereo- and enantio-
selectivities (97–99 % ee and > 95:5 d.r., 3o–q). Furthermore,
five- and seven-membered cyclic enamines also reacted well,
thus furnishing the corresponding products 3r–t in high yields

Table 1: Optimization of reaction conditions.[a]

Entry L R3 t [h] Yield [%][b] d.r.[c] ee [%][d]

1 L1 Me (2a) 13 93 77:23 35
2 L2 Me (2a) 18.5 99 85:15 84
3 L3 Me (2a) 12 88 90:10 92
4 L4 Me (2a) 11 98 90:10 85
5 L5 Me (2a) 12 89 84:16 81
6 L6 Me (2a) 48 99 92:8 94
7 L7 Me (2a) 11 98 92:8 94
8 L8 Me (2a) 13 99 92:8 95
9 L8 Et (2b) 13 99 94:6 98

10 L8 iPr (2c) 13 99 95:5 97
11 L8 Bn (2d) 13 98 92:8 96

[a] Performed with 0.2 mmol 1a, 0.3 mmol 2, and 100 mg 4 ç M.S. in
4 mL DCM. [b] Yield of isolated product. [c] Determined by 1H NMR
spectroscopy of the crude reaction mixture. [d] Determined by chiral-
phase HPLC. Adm=adamantyl, DCM=dichloromethane, M.S.=mo-
lecular sieves, Tf = trifluorromethanesulfonyl, Ts = 4-toluenesulfonyl.

Table 2: Reaction scope of the copper-catalyzed asymmetric hetero-DA
reaction.[a]

[a] Performed with 0.3 mmol 1, 0.45 mmol 2, and 150 mg 4 ç M.S. in
6 mL DCM. Yield is that of isolated product. The d.r. value was
determined by 1H NMR spectroscopy of the crude reaction mixture and
the ee value was determined by chiral-phase HPLC. [b] The relative
configurations of 3b, 3o, and 3t, and the absolute configuration of 3c
were established by X-ray crystallography.[12] [c] Carried out at 40 88C.
[d] Performed with 0.2 mmol 1, 0.4 mmol 2, nd mg 4 ç M.S. in 4 mL
DCM. [e] Yield of the isolated major isomer.
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with excellent diastereoselectivities and up to 99% ee. In
addition, the trisubstituted b,g-unsaturated a-ketoesters 2u
and 2v were also suitable substrates in the current reaction
system, thus leading to the desired products 3u and 3 v in 80
and 90% yields, respectively, with greater than 95:5 d.r. and
very excellent enantioselectivities (99 %ee).

Considering the high efficiency of the Cu(OTf)2/L8-
catalyzed hetero-DA reaction of b,g-unsaturated a-ketoest-
ers, the scale-up of the catalytic process was performed. The
gram-scale reaction of 1a with 2 b proceeded well, even with
only 1 mol% catalyst loading, thus providing 1.3 grams of the
desired product 3b in 74 % yield with 92% ee and 92:8 d.r.
Furthermore, hydrogenation of 3b provided 4 smoothly
without any loss of enantiopurity (Scheme 1). The relative
configuration of 4 was established by X-ray crystallography.[12]

To understand the synergistic effect of the sidearm, the
single crystals of the complexes CuBr2/L2 and CuBr2/L8 were
prepared and analyzed by X-ray crystallography.[12] As shown
in Figure 2, in the cases of CuBr2/L8, the pendant sidearm
groups swing towards the copper center. Comparing CuBr2/
L8 with CuBr2/L2, the lengths of the N¢Cu bond are similar
but with a slight decrease [length (N1-Cu1) CuBr2/L2 = 1.969 è

and length (N1-Cu1) CuBr2/L8 = 1.959 è]. Notably, the dihedral
angles of the chiral skeletons have an obvious increase
[torsion (C6-C5-N1-C3) CuBr2/L2 = 119.17 o ; torsion (C28-C6-
N2-C4) CuBr2/L8 = 128.34(25)88]. This observation suggests that
by installing the sidearm groups, the chiral cavity of the
CuBr2/L8 becomes more crowded compared with the one
with the parent ligand L2.

To gain insight into the enantioselectivity, we investigated
the effects of counterions, such as OTf¢ , ClO4

¢ , SbF6
¢ , and

PF6
¢ , having different sizes and coordinating properties, on

the enantioselectivity of the reactions. Notably, in all cases,
both the diastereo- and enantioselectivities of the reactions
were at the same level.[8] Combining these results with the
stereoinduction model of hetero-DA reaction of b,g-unsatu-
rated a-ketoester 2b with enol ethers, as reported by the
groups of Evans,[4d] Jørgensen, and Houk independently,[4a–f,13]

an enantioinduction model of the current reaction is proposed
as shown in Figure 2. In this model, 2b engages in bidentate
coordination to the L8/CuII complex with a distorted square-
planar geometrical structure. Compared with L2/CuII, the
more rigid chiral environment of L8/CuII leads to a better
enantioselectivity. Based on this model, the absolute config-
uration of the product delivered is completely in accordance
with the experimental results.[12]

In conclusion, an efficient CuII/SaBOX-catalyzed hetero-
DA reaction of b,g-unsaturated a-ketoesters with cyclic
enamines has been developed. By employing a newly
designed chiral Cy-SaBOX, the asymmetric reaction pro-
ceeded well with a variety of b,g-unsaturated a-ketoesters and
cyclic enamines under mild reaction conditions, thus affording
the desired bicyclic N,O-acetals bearing three continuous
chiral centers with excellent diastereoselectivities (up to
> 95:5 d.r.) and enantioselectivities (95–99 % ee). Hydro-
genation of 3 b was achieved to afford the octahydro-2H-
pyrano-[2,3-b]pyridine 4 smoothly without any loss of enan-
tioselectivity. This method provides a facile and practical
access to the asymmetric construction of the useful and
important bicyclic heterocycles under mild reaction condi-
tions on gram scale with 1 mol% catalyst loading. The single-
crystal structures of the copper complexes have been
determined, thus leading to the better understanding of the
stereo-synergistic effects of the sidearm of the ligand. Further
application of this methodology for total synthesis of natural
products is ongoing in our laboratory.

Experimental Section
A mixture of Cu(OTf)2 (0.03 mmol), cyclohexyl bisoxazoline (L8,
0.036 mmol) and 150 mg 4 è M.S. in DCM (3 mL) was stirred at 30 88C
for 2 h under nitrogen. Then, a mixture of 1 (0.3 mmol) and 2
(0.45 mmol) in DCM (3 mL) was added to the catalyst solution by
syringe. The resulting suspension was stirred at 30 88C and monitored
by TLC until the complete consumption of 1. Then, the mixture was
filtered through a thin layer of celite and eluted with DCM. The
filtrate was poured into saturated aqueous NH4Cl (15 mL), and
extracted with DCM (20 mL × 3). The combined organic layers were
dried over anhydrous Na2SO4, filtered and concentrated. The residue
was purified by column chromatography over silica gel (ethyl acetate/
petroleum ether, 1:7) to afford 3.

Scheme 1. Gram-scale reaction and hydrogenation of 3b.

Figure 2. X-ray structures of CuBr2/L2 and CuBr2/L8, and proposed
enantioinduction model. Thermal ellipsoids shown as 30% probability.

Angewandte
ChemieCommunications

9222 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 9220 –9223

http://www.angewandte.org


Acknowledgments

We are grateful for the financial support from the National
Natural Science Foundation of China (nos. 21421091,
21432011, and 21272250), the National Basic Research
Program of China (973 Program) (2015CB856600), the
Chinese Academy of Sciences, and National Science Founda-
tion (CHE-1624211 and CHE-1624216; X.P.Z.). We thank Dr.
Xue-Bing Leng (SIOC) and Jie Sun (SIOC) for X-ray crystal
analysis.

Keywords: asymmetric catalysis · copper · cycloaddition ·
heterocycles · X-ray diffraction

How to cite: Angew. Chem. Int. Ed. 2016, 55, 9220–9223
Angew. Chem. 2016, 128, 9366–9369

[1] a) S. Noyan, G. H. Rentsch, M. A. Onur, T. Gozler, Heterocycles
1998, 48, 1777 – 1791; b) N. Unver, S. Noyan, B. Gozler, T.
Gozler, C. Werner, M. Hesse, Heterocycles 2001, 55, 641 – 652;
c) M. Sasaki, M. Tsuda, M. Sekiguchi, Y. Mikami, J. Kobayashi,
Org. Lett. 2005, 7, 4261 – 4264; d) D. Lai, H. Brçtz-Oesterhelt,
W. E. G. Mîller, V. Wray, P. Proksch, Fitoterapia 2013, 91, 100 –
106.

[2] a) Y. Gu, R. De Sousa, G. Frapper, C. Bachmann, J. Barrault, F.
Jerome, Green Chem. 2009, 11, 1968 – 1972; b) X.-F. Xia, X.-Z.
Shu, K.-G. Ji, Y.-F. Yang, A. Shaukat, X.-Y. Liu, Y.-M. Liang, J.
Org. Chem. 2010, 75, 2893 – 2902; c) X. Wang, Z. Yao, S. Dong, F.
Wei, H. Wang, Z. Xu, Org. Lett. 2013, 15, 2234 – 2237; d) W.
Chen, Y. Kang, R. G. Wilde, D. Seidel, Angew. Chem. Int. Ed.
2014, 53, 5179 – 5182; Angew. Chem. 2014, 126, 5279 – 5282; e) L.
He, L. Zhao, D.-X. Wang, M.-X. Wang, Org. Lett. 2014, 16,
5972 – 5975; f) L. He, H.-B. Liu, L. Zhao, D.-X. Wang, M.-X.
Wang, Tetrahedron 2015, 71, 523 – 531.

[3] X. Jiang, R. Wang, Chem. Rev. 2013, 113, 5515 – 5546.
[4] a) D. A. Evans, J. S. Johnson, J. Am. Chem. Soc. 1998, 120, 4895 –

4896; b) J. Thorhauge, M. Johannsen, K. A. Jørgensen, Angew.
Chem. Int. Ed. 1998, 37, 2404 – 2406; Angew. Chem. 1998, 110,
2543 – 2546; c) D. A. Evans, E. J. Olhava, J. S. Johnson, J. M.
Janey, Angew. Chem. Int. Ed. 1998, 37, 3372 – 3375; Angew.
Chem. 1998, 110, 3553 – 3557; d) D. A. Evans, J. S. Johnson, E. J.
Olhava, J. Am. Chem. Soc. 2000, 122, 1635 – 1649; e) H. Audrain,
J. Thorhauge, R. G. Hazell, K. A. Jørgensen, J. Org. Chem. 2000,
65, 4487 – 4497; f) W. Zhuang, J. Thorhauge, K. A. Jørgensen,
Chem. Commun. 2000, 459 – 460; g) Y. J. Shin, C.-E. Yeom, M. J.
Kim, B. M. Kim, Synlett 2008, 89 – 93; h) Y. Zhu, M. Xie, S.
Dong, X. Zhao, L. Lin, X. Liu, X. Feng, Chem. Eur. J. 2011, 17,
8202 – 8208; i) T. Otani, Y. Tamai, K. Seki, T. Kikuchi, T.
Miyazawa, T. Saito, Org. Biomol. Chem. 2015, 13, 5875 – 5879.

[5] Y. Matsumura, T. Suzuki, A. Sakakura, K. Ishihara, Angew.
Chem. Int. Ed. 2014, 53, 6131 – 6134; Angew. Chem. 2014, 126,
6245 – 6248.

[6] For asymmetric hetero-Diels–Alder (hetero-DA) reactions of
b,g-unsaturated a-ketoesters with chiral N-vinyloxazolidinones
see: a) C. Gaulon, R. Dhal, T. Chapin, V. Maisonneuve, G.
Dujardin, J. Org. Chem. 2004, 69, 4192 – 4202; b) S. Tardy, A.
Tatibouet, P. Rollin, G. Dujardin, Synlett 2006, 1425 – 1427; c) F.
Gohier, K. Bouhadjera, D. Faye, C. Gaulon, V. Maisonneuve, G.
Dujardin, R. Dhal, Org. Lett. 2007, 9, 211 – 214; d) F. Gallier, H.
Hussain, A. Martel, A. Kirschning, G. Dujardin, Org. Lett. 2009,
11, 3060 – 3063; e) M. Y. Laurent, V. Stocker, V. M. Temgoua, G.
Dujardin, R. Dhal, Tetrahedron Lett. 2011, 52, 1608 – 1611; f) A.
Morigaki, K. Tsukade, S. Arimitsu, T. Konno, T. Kubota,
Tetrahedron 2013, 69, 1521 – 1525.

[7] For enantioselective hetero-DA reactions of b,g-unsaturated a-
ketoesters with acyclic enecarbamates, see: Y. Zhou, Y. Zhu, L.
Lin, Y. Zhang, J. Zheng, X. Liu, X. Feng, Chem. Eur. J. 2014, 20,
16753 – 16758.

[8] For details, see the Supporting Information.
[9] For reviews on sidearm strategy and related, see: a) G.

Helmchen, A. Pfaltz, Acc. Chem. Res. 2000, 33, 336 – 345; b) S.
Liao, X. L. Sun, Y. Tang, Acc. Chem. Res. 2014, 47, 2260 – 2272;
For selected examples, see: c) J. Zhou, Y. Tang, J. Am. Chem.
Soc. 2002, 124, 9030 – 9031; d) R. Rasappan, M. Hager, A.
Gissibl, O. Reiser, Org. Lett. 2006, 8, 6099 – 6102; e) M. Seitz, C.
Capacchione, S. Bellemin-Laponnaz, H. Wadepohl, B. D. Ward,
L. H. Gade, Dalton Trans. 2006, 193 – 202; f) C. Foltz, M. Enders,
S. Bellemin-Laponnaz, H. Wadepohl, L. H. Gade, Chem. Eur. J.
2007, 13, 5994 – 6008; g) C. Foltz, B. Stecker, G. Marconi, S.
Bellemin-Laponnaz, H. Wadepohl, L. H. Gade, Chem. Eur. J.
2007, 13, 9912 – 9923; h) A. Sch�tz, R. Rasappan, M. Hager, A.
Gissibl, O. Reiser, Chem. Eur. J. 2008, 14, 7259 – 7265; i) R.
Rasappan, T. Olbrich, O. Reiser, Adv. Synth. Catal. 2009, 351,
1961 – 1967; j) M. Hager, S. Wittmann, A. Sch�tz, F. Pein, P.
Kreitmeier, O. Reiser, Tetrahedron: Asymmetry 2010, 21, 1194 –
1198; k) V. L. Rendina, D. C. Moebius, J. S. Kingsbury, Org. Lett.
2011, 13, 2004 – 2007; l) J.-B. Zhu, H. Chen, S. Liao, Y.-X. Li, Y.
Tang, Org. Chem. Front. 2014, 1, 1035 – 1039; m) H. Xu, J. L. Hu,
L. J. Wang, S. H. Liao, Y. Tang, J. Am. Chem. Soc. 2015, 137,
8006 – 8009; n) Q. K. Kang, L. J. Wang, Q. J. Liu, J. F. Li, Y. Tang,
J. Am. Chem. Soc. 2015, 137, 14594.

[10] For reviews on TOX and trisox ligands, see: a) J. Zhou, Y. Tang,
Chem. Soc. Rev. 2005, 34, 664 – 676; b) L. H. Gade, S. Bellemin-
Laponnaz, Chem. Eur. J. 2008, 14, 4142 – 4152; c) G. C. Harga-
den, P. J. Guiry, Chem. Rev. 2009, 109, 2505 – 2550.

[11] For recent uses of SaBOX ligands, see: a) J. L. Zhou, C. Deng, Z.
Wang, X. L. Sun, J. C. Zheng, Y. Tang, Angew. Chem. Int. Ed.
2011, 50, 7874 – 7878; Angew. Chem. 2011, 123, 8020 – 8024;
b) M. R. Castillo, S. Castillýn, C. Claver, J. M. Fraile, A. Gual,
M. Mart�n, J. A. Mayoral, E. Sola, Tetrahedron 2011, 67, 5402 –
5408; c) T. Sawada, M. Nakada, Tetrahedron: Asymmetry 2012,
23, 350 – 356; d) J. Li, S.-H. Liao, H. Xiong, Y.-Y. Zhou, X.-L.
Sun, Y. Zhang, X.-G. Zhou, Y. Tang, Angew. Chem. Int. Ed. 2012,
51, 8838; Angew. Chem. 2012, 124, 8968; e) Y. Y. Zhou, L. J.
Wang, J. Li, X. L. Sun, Y. Tang, J. Am. Chem. Soc. 2012, 134,
9066 – 9069; f) C. Deng, L. J. Wang, J. Zhu, Y. Tang, Angew.
Chem. Int. Ed. 2012, 51, 11620 – 11623; Angew. Chem. 2012, 124,
11788 – 11791; g) J. L. Zhou, L. J. Wang, H. Xu, X. L. Sun, Y.
Tang, ACS Catal. 2013, 3, 685 – 688; h) P. Wang, W. J. Tao, X. L.
Sun, S. Liao, Y. Tang, J. Am. Chem. Soc. 2013, 135, 16849 – 16852;
i) H. Xiong, H. Xu, S. H. Liao, Z. W. Xie, Y. Tang, J. Am. Chem.
Soc. 2013, 135, 7851 – 7854; j) H. Xu, J. P. Qu, S. H. Liao, H.
Xiong, Y. Tang, Angew. Chem. Int. Ed. 2013, 52, 4004 – 4007;
Angew. Chem. 2013, 125, 4096 – 4099; k) L. W. Feng, P. Wang, L.
Wang, Y. Tang, Sci. Bull. 2015, 60, 210 – 215; l) J. L. Hu, L. Wang,
H. Xu, Z. Xie, Y. Tang, Org. Lett. 2015, 17, 2680 – 2683; m) Q. J.
Liu, W. G. Yan, L. Wang, X. P. Zhang, Y. Tang, Org. Lett. 2015,
17, 4014 – 4017; n) H. Ren, P. Wang, L. Y. Wang, Org. Lett. 2015,
17, 4886 – 4889; o) Z. Xu, H. Ren, L. Wang, Y. Tang, Org. Chem.
Front. 2015, 2, 811 – 814.

[12] CCDC 1475524, 1475529, 1475531, 1475532, 1418243, and
1475534 contain the supplementary crystallographic data (3b,
3c, 3t, 4, CuBr2/L2, and CuBr2/L8) for this paper. These data can
be obtained free of charge from The Cambridge
Crystallographic Data Centre..

[13] J. Liu, S. Niwayama, Y. You, K. N. Houk, J. Org. Chem. 1998, 63,
1064 – 1073.

Received: April 22, 2016
Revised: May 23, 2016
Published online: June 28, 2016

Angewandte
ChemieCommunications

9223Angew. Chem. Int. Ed. 2016, 55, 9220 –9223 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ol051695h
http://dx.doi.org/10.1016/j.fitote.2013.08.017
http://dx.doi.org/10.1016/j.fitote.2013.08.017
http://dx.doi.org/10.1039/b913846c
http://dx.doi.org/10.1021/jo100133z
http://dx.doi.org/10.1021/jo100133z
http://dx.doi.org/10.1021/ol400803f
http://dx.doi.org/10.1002/ange.201311165
http://dx.doi.org/10.1021/ol5029964
http://dx.doi.org/10.1021/ol5029964
http://dx.doi.org/10.1016/j.tet.2014.12.050
http://dx.doi.org/10.1021/cr300436a
http://dx.doi.org/10.1021/ja980423p
http://dx.doi.org/10.1021/ja980423p
http://dx.doi.org/10.1002/(SICI)1521-3773(19980918)37:17%3C2404::AID-ANIE2404%3E3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-3773(19980918)37:17%3C2404::AID-ANIE2404%3E3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-3757(19980904)110:17%3C2543::AID-ANGE2543%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3757(19980904)110:17%3C2543::AID-ANGE2543%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3773(19981231)37:24%3C3372::AID-ANIE3372%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3757(19981217)110:24%3C3553::AID-ANGE3553%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19981217)110:24%3C3553::AID-ANGE3553%3E3.0.CO;2-V
http://dx.doi.org/10.1021/ja992175i
http://dx.doi.org/10.1021/jo9918596
http://dx.doi.org/10.1021/jo9918596
http://dx.doi.org/10.1039/a909115g
http://dx.doi.org/10.1002/chem.201100520
http://dx.doi.org/10.1002/chem.201100520
http://dx.doi.org/10.1039/C5OB00503E
http://dx.doi.org/10.1002/anie.201402934
http://dx.doi.org/10.1002/anie.201402934
http://dx.doi.org/10.1002/ange.201402934
http://dx.doi.org/10.1002/ange.201402934
http://dx.doi.org/10.1021/jo040102y
http://dx.doi.org/10.1021/ol062626l
http://dx.doi.org/10.1021/ol901065e
http://dx.doi.org/10.1021/ol901065e
http://dx.doi.org/10.1016/j.tetlet.2011.01.097
http://dx.doi.org/10.1016/j.tet.2012.12.012
http://dx.doi.org/10.1002/chem.201403764
http://dx.doi.org/10.1002/chem.201403764
http://dx.doi.org/10.1021/ar9900865
http://dx.doi.org/10.1021/ar800104y
http://dx.doi.org/10.1021/ja026936k
http://dx.doi.org/10.1021/ja026936k
http://dx.doi.org/10.1021/ol062697k
http://dx.doi.org/10.1039/B512570G
http://dx.doi.org/10.1002/chem.200700307
http://dx.doi.org/10.1002/chem.200700307
http://dx.doi.org/10.1002/chem.200701085
http://dx.doi.org/10.1002/chem.200701085
http://dx.doi.org/10.1002/chem.200800508
http://dx.doi.org/10.1002/adsc.200900129
http://dx.doi.org/10.1002/adsc.200900129
http://dx.doi.org/10.1016/j.tetasy.2010.03.030
http://dx.doi.org/10.1016/j.tetasy.2010.03.030
http://dx.doi.org/10.1021/ol200402m
http://dx.doi.org/10.1021/ol200402m
http://dx.doi.org/10.1039/C4QO00232F
http://dx.doi.org/10.1021/jacs.5b04429
http://dx.doi.org/10.1021/jacs.5b04429
http://dx.doi.org/10.1021/jacs.5b10310
http://dx.doi.org/10.1039/b408712g
http://dx.doi.org/10.1002/chem.200701990
http://dx.doi.org/10.1021/cr800400z
http://dx.doi.org/10.1002/anie.201100551
http://dx.doi.org/10.1002/anie.201100551
http://dx.doi.org/10.1002/ange.201100551
http://dx.doi.org/10.1016/j.tet.2011.05.079
http://dx.doi.org/10.1016/j.tet.2011.05.079
http://dx.doi.org/10.1016/j.tetasy.2012.02.021
http://dx.doi.org/10.1016/j.tetasy.2012.02.021
http://dx.doi.org/10.1002/anie.201203218
http://dx.doi.org/10.1002/anie.201203218
http://dx.doi.org/10.1002/ange.201203218
http://dx.doi.org/10.1021/ja302691r
http://dx.doi.org/10.1021/ja302691r
http://dx.doi.org/10.1002/anie.201206376
http://dx.doi.org/10.1002/anie.201206376
http://dx.doi.org/10.1002/ange.201206376
http://dx.doi.org/10.1002/ange.201206376
http://dx.doi.org/10.1021/cs400019u
http://dx.doi.org/10.1021/ja409859x
http://dx.doi.org/10.1021/ja4042127
http://dx.doi.org/10.1021/ja4042127
http://dx.doi.org/10.1002/anie.201300032
http://dx.doi.org/10.1002/ange.201300032
http://dx.doi.org/10.1007/s11434-014-0708-5
http://dx.doi.org/10.1021/acs.orglett.5b01077
http://dx.doi.org/10.1021/acs.orglett.5b01909
http://dx.doi.org/10.1021/acs.orglett.5b01909
http://dx.doi.org/10.1021/acs.orglett.5b02440
http://dx.doi.org/10.1021/acs.orglett.5b02440
http://dx.doi.org/10.1039/C5QO00099H
http://dx.doi.org/10.1039/C5QO00099H
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201603911
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://dx.doi.org/10.1021/jo971408q
http://dx.doi.org/10.1021/jo971408q
http://www.angewandte.org

