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Highly functionalized pyrrolidines are of great importance
with applications in the synthesis of biologically active
compounds,! natural products,” and organocatalysts.*
Catalytic asymmetric 1,3-dipolar cycloadditions of azome-
thine ylides with dipolarophiles, in principle, should provide
efficient access to these versatile skeletons.[**! Zhang and co-
workers first reported a successful example of this strategy in
the reaction of azomethine ylides with dimethyl maleate
catalyzed by AgOACc/FAP (FAP = bis-ferrocenyl amide phos-
phine).! Inspired by this achievement, many efforts have
been made towards the development of asymmetric 1,3-
dipolar cycloadditions of azomethine ylides with a variety of
electron-deficient alkenes as dipolarophiles using chiral
complexes of silver,”) copper,® zinc,” nickel,"”! calcium,!!
and organocatalysts."” In spite of the relatively broad scope in
available dipolarophiles such as maleates,®™!* fumarates, ™!
maleimides,"4*%1101 aerylates 541114 pitroalkenes,®® ' -
enones,"* 161 B_phenylsulfonyl enones,'”! and vinyl sulfo-
nes,®1® alkylidene malonates''”) have rarely been employed
as dipolarophiles in asymmetric 1,3-dipolar cycloadditions of
azomethine ylides. Recently, Wang and co-workers reported
the first asymmetric enantioselective 1,3-dipolar cycloaddi-
tion of azomethine ylides with alkylidene malonates catalyzed
by AgOAc/TF-BiphamPhos (TF-BiphamPhos=4,4,6,6'-tet-
rakis(trifluoromethyl)biphenyl-2,2'-diamine).”” In catalytic
systems, a variety of B-alkyl/aryl alkylidene malonates and
iminoesters delivered exclusively exo adducts. Sterically
hindered fert-butylalkylidene malonates were found to be
the best substrates in terms of enantioselectivities, and the
highest enantioselectivity was obtained when a cyclohexane
carbaldehyde derived iminoester was used. The development
of more versatile and atom-economical variants of 1,3-dipolar
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cycloadditions of azomethine ylides to alkylidene malonates
with excellent enantioselectivity is still a great challenge.

We reported asymmetric catalytic 1,4-Michael addition
reactions of glycine derivative 2 with alkylidene malonates 1
to afford the corresponding 1,4-anti adducts 3 as the major
products in excellent yields and high enantioselectivities
catalyzed by novel chiral N,0-4/5/Cu(OAc), H,O complex-
es,? the ligands of which bear resemblance to the nucleo-
philic catalysts we also recently reported (Scheme 1),
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Scheme 1. Asymmetric Michael addition reactions of glycine derivative
2 with alkylidene malonates 1 catalyzed by a chiral N,O-ligated copper
complex.

Encouraged by this finding, we envisaged that our newly
developed chiral N,O-ligated copper complexes may also be
applicable to the asymmetric catalytic 1,3-dipolar cycloaddi-
tion of azomethine ylides with alkylidene malonates. Herein,
we report an exo-selective and enantioselective 1,3-dipolar
cycloaddition of azomethine ylides with alkylidene malonates
catalyzed by a complex derived from N,O-5 and Cu-
(OAc),H,0 to give highly functionalized pyrrolidines in
excellent yields and with good to excellent enantioselectiv-
ities (up to 99 % ee).

We initially tested the chiral N,O-ligand 4 in the reaction
of iminoester 6a and alkylidene malonate 7a using 11 mol %
of 4 and 10 mol% of Cu(OAc),H,O in the presence of
10 mol % KOrBu in THF at room temperature (Table 1). The
reaction proceeded smoothly to afford the corresponding exo
adduct 8aa exclusively and in 79% yield with moderate
enantioselectivity (Table 1, entry 1, 62 % ee). Screening metal
salts showed Cu(OAc), H,O to give optimal results both in
terms of yields and enantioselectivities of adduct 8aa
(Table 1, entries 2-6). Screening solvents revealed CH,Cl, to
be optimal of those tried in terms of both yields and
enantioselectivities (Table 1, entry 11). Next, the effect of
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Table 1: Asymmetric 1,3-dipolar cycloaddition of azomethine ylide 6a with alkyli-

dene malonate 7a.
Ve NP

aliphatic aldehydes were employed, exo/endo mix-
tures were obtained (Table?2, entries 17-19,

Ph™ "N” "COOMe 0 d.r. 85:15,92:8, and 92:8, respectively). Interestingly,
6a 4 (11 mol %) EtOOC  Ph T . :
metal (10mol %) E00C the bulkier /Bu and fBu groups gave enantiomeric
+ .
EtOOC. _COOEt  base pp Ny ‘COOMe excesses of up to 97 %, but the yield was compro-
T M.S. (4A), solvent H mised for the latter (Table 2, entries 18 and 19).
. 8aa Notably, the diastereoselectivity for 7g,h was dra-
5 = matically increased to exclusively exo-selective by
O, H O, o/ L€l . . .

Entry Metal Base (%) Solvent  Yield [%] ee [%]"  replacing the methyl group of the iminoester (6a)
1 Cu(OAc), KOtBu (10) THF 79 62 with a rBu group (6b), maintaining the same level of
2 Cu(OTf), KOtBu (10) THF 16 9 enantioselectivity (Table 2, entries 20 and 21, 95%
3 Zn(OTf), KOtBu (10) THF trace - and 96% ee, respectively). Moreover, when the
4 CuCl, KOtBu (10) THF 48 10 conjugated alkylidene malonate 7j was used for
5 AgOAc KOtBu (10) THF 30 4 thi loadditi . th . .
6 AgSbF, KOtBu (10) THE 45 14 is cycloaddition reaction, e enantiomeric
7 Cu(OAc), KOtBu (10) toluene trace _ excesses of both exo- and endo adducts 8bj were
8 Cu(OAc), KOtBu (10) Et,0 87 64 greater than 99 %. Although moderate diastereose-
9 Cu(OAc), KOtBu (10) CHcly 18 16 lectivity (Table 2, entry 22, exolendo =82:18) was

10 Cu(OAc), KOtBu (10) CH,CN 84 44 observed, the two diastereoisomers could be sepa-

1 Cu(OAc), KOtBu (10) CH,Cl, 83 67 rated chromatographically, demonstrating the great

12 Cu(OAc), NaHMDS (10) CH,Cl, 85 62 . . . .

benefit of this one-step process in the synthesis of

13 Cu(OAc), Cs,CO; (20) CH,Cl, 48 67 both di . f th lidi ith

14 Cu(OAc), Et,N (20) CH,Cl, 62 74 ot 1aster601s.omers. of t §§e pyrrolidines wit

15 Cu(OAc), K,CO; (2 equiv) CH,Cl, 92 75 excellent enantiomeric purities. Moreover, the

16! Cu(OAc), K,CO; (2 equiv) CH,Cl, 89 71 double-bond-containing adduct 8bj provides a

17 Cu(OAc), KOAc (2 equiv) CH,Cl, trace - potential site for further functionalization in the

18 Cu(OAc);  Ag,0 (2 equiv) CH,Cl, 60 28 chemical transformation of 8. The enantiomeric

19 Cu(OAc), - , CH,Cl, trace - excesses of this 1,3-dipolar cycloaddition represent,

20 Cu(OAc), K,CO; (2 equiv) CH,Cl, 93 88

[a] The reactions were carried out with 0.2 mmol of 6a and 0.1 mmol of 7a in 1 mL
of solvent at room temperature, and Cu(OAc), presented in above table is
Cu(OAc),-H,0. [b] Reaction proceeded in the absence of 4 A M.S. [c] Ligand 5 was
used instead of 4. [d] Yield of isolated product. [e] Determined by HPLC analysis on

a chiral phase.

different bases was probed; among the bases tested, two
equivalents of K,CO; was found to be optimal giving the
corresponding adduct in 92% yield and 75% ee (Table 1,
entry 15). There were only trace amounts of desired product
formed in absence of base or when KOAc was used (Table 1,
entries 17 and 19). The eevalue of the exo adduct 8aa
dramatically increased to 88 % when ligand §, bearing two
stereogenic centers on the imidazole ring, was employed.
The above optimization led to 11 mol % of N,O-ligand 5/
10mol% of Cu(OAc),H,0/K,CO; (2.0 equiv)/CH,Cl,/4 A
molecular sieve (M.S.)/room temperature as the optimal
reaction conditions for this 1,3-dipolar cycloaddition. The
generality and substrate scope were then probed. The effect
of variation in the ester moiety of alkylidene malonates
showed that the smallest group (methyl) gave a relatively high
enantioselectivity (Table 2, entry 3, 92% ee), which is not
consistent with previously published results, probably because
of the asymmetric environment derived from novel chiral
N,0O-ligands.”” Therefore, the methyl ester of alkylidene
malonates was chosen for further exploration of substrates.
As shown in Table 2, a wide array of alkylidene malonates
7a—f, derived from various aromatic aldehydes, reacted
smoothly with iminoesters 6a-h to afford the corresponding
highly substituted pyrrolidines 8 in excellent yields (80-99 %)
and enantioselectivities (91-95% ee) with exclusive exo-
selectivity. When alkylidene malonates 7g-i derived from
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on average, an over 10% ee enhancement over those
previously reported.?”!

The relative and absolute configurations of the
corresponding adducts were assigned as exo-
(2R,3R,5R) by comparison with literature data for
8aa (see the Supporting Information). The exclu-
sively exo selectivities and excellent enantioselectiv-
ities observed in this novel 1,3-dipolar cycloaddition can be
rationalized from the proposed transition state I shown in
Scheme 2. That 1,3-dipolar cycloaddition favors an exo

E0,C  pp
Et0,C

Ph N~ "COMe
H

exo adduct 8aa
(2R,3R5R)

6a +7a

N,O-ligand 5
transition state |

Scheme 2. Proposed transition state leading to the major product exo-
8aa.

product is potentially due to possible steric repulsion between
the H' atom of ligand 5 and the phenyl group of alkylidene
malonates, which would disfavor an endo mode. When the
phenyl group was replaced by an alkyl group, exo/endo
mixtures were formed as a result of reduction of the
aforementioned steric repulsion. Two phenyl groups adjacent
to the hydroxy group might block the dipolarophile’s
approach from the “bottom” face and form exo-(2R,3R,5R)-
8aa through approach from the “top” face.
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Table 2: Asymmetric 1,3-dipolar cycloaddition of azomethine ylides 6 with alkyli-
dene malonates 7 using 5/Cu(OAc),-H,0.”!

F

X
R NG COOR? 5 (11 mol %) R*00OC RS
) Cu(OAC)s*Hy0 (10 mol %) R“OOCﬁ
RY00C.._COOR* 0. (2 equiv) R N “COOR?
RS | CHClp, M.S. (4A) 8
7

Entry R'/R? R/R* Yield [%6]  ee [%]
1 Ph/Me (6a) Ph/Et (7a) 93 88

2 Ph/Me (6a) Ph/iPr (7b) 87 88

3 Ph/Me (6a) Ph/Me (7¢c) 85 92

4 Ph/tBu (6b) Ph/Me (7¢) 95 95

5 p-CIPh/Me (6¢) Ph/Me (7¢c) 81 95(99)
6 p-CIPh/tBu (6d) Ph/Me (7¢c) 83 94

7 Ph/Me (6a) p-OMeC¢H,/Me (7d) 92 95

8 Ph/Me (6a) 2-furyl/Me (7e) 89 94

9 Ph/tBu (6b) 2-furyl/Me (7e) 97 93

10 p-CIPh/Me (6¢c) 2-furyl/Me (7e) 99 94

11 p-CIPh/tBu (6d) 2-furyl/Me (7e) 98 92

12 p-CIPh/Me (6¢ p-BrCeH,/Me (7 ) 80 93(>99)
13 m-CIPh/Me (6e) Ph/Me (7¢c) 89 91

14 p-MePh/Me (6f) Ph/Me (7¢) 83 94

15 m-MePh/Me (6g) Ph/Me (7¢c) 87 92

16 p-OMePh/Me (6h)  Ph/Me (7¢) 87 94

17 Ph/Me (6a) Et/Me (7g) 820! 96

18 Ph/Me (6a) iBu/Me (7h) 85 97

19 Ph/Me (6a) tBu/Me (71i) 28! 97
20 Ph/tBu (6b) iBu/Me (7h) 81 95
21 Ph/tBu (6b) Et/Me (7g) 92 96
22 Ph/tBu (6b) C(Me)=CHEt/Me [(2)-7]) 84 >99

[a] The reactions were carried out with 0.2 mmol of 6 and 0.1 mmol of 7 in 1 mL of
CH,Cl, at room temperature. [b] exo/endo ratio 85:15, by HPLC, ee value was
determined for the major product. [c] exo/endo ratio 92:8 by HPLC, ee value was
determined for the major product. [d] exo/endo ratio 92:8 by 'H NMR, ee value was
determined for the major product. [e] exo/endo ratio 82:18, by HPLC, ee value was

determined for both diasterecisomers of 8bj.
determined after simple recrystallization.

It should be noted that a key feature for this
chiral complex is the proposed equilibrium between
intermediates B and C through electron transfer
from the quinoline N atom to Cu (Scheme 3). Thus,
coordination of iminoester 6a to the partly exposed
copper atom of intermediate C may be possible.
Through this coordination, transition state D could
be formed and then undergo a subsequent cyclo-
addition step with alkylidene malonates in the
presence of in situ formed KOAc. This assumption
was experimentally supported by the fact that only
trace amounts of the desired product were obtained
in the reaction of 6a and 7a in the absence of base
(Table 1, entry 17), which implies that complex A is
not the active form. Furthermore, the fact that the
cycloaddition was inactive when KOAc was used as
base (Table 1, entry 19) suggests that KOAc is not
basic enough to remove the proton of iminoester 6a
and that the OAc anion derived from the complex-
ation of copper complex B or C to iminoester 6a
may act as base for deprotonation to form transition
state D. Therefore, intermediates B or C can behave
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as a bifunctional catalytic system similar to bifunc-
tional AgOAc systems.?

To obtain direct evidence to support the pro-
posed catalytic cycle, various attempts were made to
grow crystals for X-ray crystal structure determina-
tion of N,O-ligand/Cu complexes. We obtained a
crystal of protonated ligand 4 (see the Supporting
Information), suitable for determining the X-ray
crystal structure, from an equimolar mixture of
ligand 4 and Cu(OTf), in CH,CL. Notably, treatment
of protonated ligand 4 with BuOK regenerated
ligand 4. This reversible protonation process of 4 is
similar to the equilibrium that exists between
intermediates B and C, which provides ancillary
support for our proposed catalytic cycle (C—D—
E—C).

In conclusion, highly efficient catalytic enantio-
selective 1,3-dipolar cycloadditions of azomethine
ylides 6 with various alkylidene malonates 7 were
developed. The new N,O-5/Cu(OAc),-derived chiral
complex was demonstrated as an excellent catalyst
for inducing asymmetry in the synthesis of highly
functionalized pyrrolidines exo-8 as major products
(exo adducts for most of substrates) in excellent
yields (80-99%) and enantioselectivities (91—
99% ee). We believe that the structural novelty of
N,O-§, its potential behavior as bifunctional catalyst
upon coordination with Cu(OAc), and its excellent
potential to induce asymmetry in both Michael
additions and 1,3-dipolar cycloadditions will be of
interest not only for the field of asymmetric catalysis,

[f] Data in parentheses was

EO:C  pp

Etozcﬁ
PN\~ “COMe

O3

H =) R g O\
exo adduct 8aa PH
(2R3R5R) PhPn A Ph
N,O-ligands 4/5 BUOK
{BuOH
HOAc T B B +KOAc
~ A
+ = e
N N NTINY
_ C ~OAc
N CU‘N OAC\\.\\—/_ /U \ /Cu
/ R %<0 R %0
°F COOEt PH P P
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~ - \
OAc
N CU\N 6a
x COOEt / 3
COOEt O
7N

Scheme 3. The proposed catalytic cycle for the 1,3-dipolar cycloaddition.
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but also for organic and medicinal chemistry in general.
Further investigations are ongoing in our laboratory.

Experimental Section

General procedure for an asymmetric 1,3-dipolar cycloaddition of
azomethine ylides with alkylidene malonates catalyzed by a N,O-
ligand/Cu(OAc), complex: Under N, atmosphere, ligand 5(4.9 mg,
0.011 mmol), K,CO; (27.6 mg, 0.2 mmol), Cu(OAc),H,O (2.0 mg,
0.01 mmol), and activated 4 A M.S. were dissolved in 1 mL dichloro-
methane, and stirred at room temperature for about 1h. Then,
iminoesters 6 (0.2 mmol) and alkylidene malonates 7 (0.1 mmol) were
added sequentially. Once starting material was consumed (monitored
by TLC), the residue was purified by column chromatography to give
the corresponding cycloaddition products.

Received: December 16, 2010
Published online: April 29, 2011

Keywords: copper - cycloaddition - nitrogen heterocycles -
N,O ligands

[1] J. P. Michael, Nat. Prod. Rep. 2008, 25, 139-165.

[2] Y. Cheng, Z.-T. Huang, M.-X. Wang, Curr. Org. Chem. 2004, 8,
325-351.

[3] a) S. Mukherjee, J.-W. Yang, S. Hoffmann, B. List, Chem. Rev.
2007, 107, 5471-5569; b) B. List, Acc. Chem. Res. 2004, 37, 548 —
557; ¢) K. A. Ahrendt, C. J. Borths, D. W. C. Macmillan, J. Am.
Chem. Soc. 2000, 122, 4243 —4244.

[4] a) Y.-G. Wang, T. Kumano, T. Kano, K. Maruoka, Org. Lett.

2009, 71, 2027-2029; b) J. L. Bilke, S. P. Moore, P. O’brien, J.

Gilday, Org. Lett. 2009, 11,1935-1938; ¢) F. A. Davis, J. Zhang,

H. Qiu, Y. Wu, Org. Lett. 2008, 10, 1433 -1436; d) S. K. Jackson,

A. Karadeolian, A. B. Driega, M. A. Kerr, J. Am. Chem. Soc.

2008, 130, 4196-4201; e) A. Feula, L. Male, J. S. Fossey, Org.

Lett. 2010, 12, 5044 —5047; ) J. M. Schomaker, S. Bhattacharjee,

J. Yan, B. Borhan, J. Am. Chem. Soc. 2007, 129, 1996 -2003;

g) B. M. Trost, D. B. Horne, M. J. Woltering, Chem. Eur. J. 2006,

12, 6607 —6620.

For recent reviews, see: a) L. M. Stanley, M. P. Sibi, Chem. Rev.

2008, 108, 2887-2902; b) H. Pellissier, Tetrahedron 2007, 63,

3235-3285; ¢) G. Pandey, P. Banerjee, S. R. Gadre, Chem. Rev.

2006, 106, 4484—-4517; d) C. Nijera, J. M. Sansano, Angew.

Chem. 2005, 117, 6428 —6432; Angew. Chem. Int. Ed. 2005, 44,

6272-6276.

J. M. Longmire, B. Wang, X. Zhang, J. Am. Chem. Soc. 2002, 124,

13400-13401.

[7] a) I. Oura, K. Shimizu, K. Ogata, S. Fukuzawa, Org. Lett. 2010,
12, 1752-1755; b) C.-J. Wang, Z.-Y. Xue, G. Liang, L. Zhou,
Chem. Commun. 2009, 2905-2907; c) C. Néjera, M. de Gracia
Retamosa, J. M. Sansano, A. de Cézar, F. P. Cossio, Tetrahedron:
Asymmetry 2008, 19, 2913-2923; d) C. Ndjera, M. de Gracia
Retamosa, J. M. Sansano, Angew. Chem. 2008, 120, 6144—6147,
Angew. Chem. Int. Ed. 2008, 47, 6055-6058; ¢) C. Najera, M.
de Gracia Retamosa, J. M. Sansano, Org. Lett. 2007, 9, 4025 -
4028; f) W. Zeng, Y.-G. Zhou, Tetrahedron Lett. 2007, 48, 4619 —
4622; g) W. Zeng, G.-Y. Chen, Y.-G. Zhou, Y.-X. Li, J. Am.
Chem. Soc. 2007, 129, 750-751; h) W. Zeng, Y.-G. Zhou, Org.
Lett. 2005, 7, 5055-5058.

[5

—_

6

[}

[8] a) H. Y. Kim, H.-J. Shih, W. E. Knabe, K. Oh, Angew. Chem.
2009, 121, 7556-7559; Angew. Chem. Int. Ed. 2009, 48, 7420—
7423; b) J. Herndandez-Toribio, R. G6mez Arrayas, B. Martin-
Matute, J. C. Carretero, Org. Lett. 2009, 11, 393-396; c) C.-J.
Wang, G. Liang, Z.-Y. Xue, F. Gao, J. Am. Chem. Soc. 2008, 130,
17250-17251; d) A. Lépez-Pérez, J. Adrio, J. C. Carretero, J.
Am. Chem. Soc. 2008, 130, 10084-10085; e¢) M. Shi, J.-W. Shi,
Tetrahedron: Asymmetry 2007, 18, 645-650; f) S. Cabrera, R.
Gomez Arrayds, B. Martin-Matute, F. P. Cossio, J. C. Carretero,
Tetrahedron 2007, 63, 6587-6602; g) X.-X. Yan, Q. Peng, Y.
Zhang, K. Zhang, W. Hong, X.-L. Hou, Y.-D. Wu, Angew. Chem.
2000, 718, 2013-2017; Angew. Chem. Int. Ed. 2006, 45, 1979—
1983; h) S. Cabrera, R. Gémez Arrayds, J. C. Carretero, J. Am.
Chem. Soc. 2005, 127, 16394-16395; i) W. Gao, X. Zhang, M.
Raghunath, Org. Lett. 2005, 7, 4241 —4244.

[9] O. Dogan, H. Koyuncu, P. Garner, A. Bulut, W. J. Youngs, M.
Panzner, Org. Lett. 2006, 8, 4687 —4690.

[10] J.-W. Shi, M.-X. Zhao, Z.-Y. Lei, M. Shi, J. Org. Chem. 2008, 73,
305-308.

[11] S. Saito, T. Tsubogo, S. Kobayashi, J. Am. Chem. Soc. 2007, 129,
5364 -5365.

[12] a) X.-H. Chen, W.-Q. Zhang, L.-Z. Gong, J. Am. Chem. Soc.
2008, 130, 5652—-5653; b) C. Guo, M.-X. Xue, M.-K. Zhu, L.-Z.
Gong, Angew. Chem. 2008, 120, 3462 —3465; Angew. Chem. Int.
Ed. 2008, 47, 34143417, c) 1. Ibrahem, R. Rios, J. Vesely, A.
Cordova, Tetrahedron Lett. 2007, 48, 6252 —6257.

[13] S.-B. Yu, X.-P. Hu, J. Deng, D.-Y. Wang, Z.-C. Duan, Z. Zheng,
Tetrahedron: Asymmetry 2009, 20, 621 —625.

[14] A.S. Gothelf, K. V. Gothelf, R. G. Hazell, K. A. Jggensen,
Angew. Chem. 2002, 114, 4410-4412; Angew. Chem. Int. Ed.
2002, 41, 4236 -4238.

[15] Y.-K. Liu, H. Liu, W. Du, L. Yue, Y.-C. Chen, Chem. Eur. J. 2008,
14, 9873-9877.

[16] J. L. Vicario, S. Reboredo, D. Badia, L. Carrillo, Angew. Chem.
2007, 119, 5260-5262; Angew. Chem. Int. Ed. 2007, 46, 5168 -
5170.

[17] R. Robles-Machin, M. Gonzélez-Esguevillas, J. Adrio, J. C.
Carretero, J. Org. Chem. 2010, 75, 233 -236.

[18] S.-I. Fukuzawa, H. Oki, Org. Lett. 2008, 10, 1747 -1750.

[19] a) Q. Li, C.-H. Ding, X.-L. Hou, L.-X. Dai, Org. Lert. 2010, 12,
1080-1083; b) C.-G. Chen, X.-L. Hou, L. Pu, Org. Lett. 2009, 11,
2073-2075; ¢) X.-X. Yan, Q. Peng, Q. Li, K. Zhang, J. Yao, X.-L.
Hou, Y.-D. Wu, J. Am. Chem. Soc. 2008, 130, 14362 -14363; d) P.
Elsner, L. Bernardi, G. Dela Salla, J. Overgaard, K. A. Jgrgen-
sen, J. Am. Chem. Soc. 2008, 130, 4897 -4905; ¢) L. Bernardi, J.
Lépez-Cantarero, B. Niess, K. A. Jgrgensen, J. Am. Chem. Soc.
2007, 129, 5772-5778; f) T. Shibuguchi, H. Mihara, A. Kuramo-
chi, S. Sakuraba, T. Ohshima, M. Shibasaki, Angew. Chem. 2006,
118, 4751-4753; Angew. Chem. Int. Ed. 2006, 45, 4635-4637;
¢) T. Akiyama, M. Hara, K. Fuchibe, S. Sakamoto, K. Yama-
guchi, Chem. Commun. 2003, 1734 -1735.

[20] Z.-Y. Xue, T.-L. Liu, Z. Lu, H. Huang, H.-Y. Tao, C.-J. Wang,
Chem. Commun. 2010, 46, 1727 -17209.

[21] a) M. Wang, Y.-H. Shi, J.-F. Luo, W. Du, X.-X. Shi, J. S. Fossey,
W.-P. Deng, Catal. Sci. Technol. 2011, 1, 100-103; b) B. Hu, M.
Meng, Z. Wang, W. Du, J. S. Fossey, X. Hu, W.-P. Deng, J. Am.
Chem. Soc. 2010, 132, 17041 -17044.

[22] Q.-A. Chen, D.-S. Wang, Y.-G. Zhou, Chem. Commun. 2010, 46,
4043 -4051.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 201, 50, 4897 -4900


http://dx.doi.org/10.1039/b612166g
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1021/ar0300571
http://dx.doi.org/10.1021/ar0300571
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ol900477x
http://dx.doi.org/10.1021/ol900477x
http://dx.doi.org/10.1021/ol900366m
http://dx.doi.org/10.1021/ol800255r
http://dx.doi.org/10.1021/ja710289k
http://dx.doi.org/10.1021/ja710289k
http://dx.doi.org/10.1021/ol102215e
http://dx.doi.org/10.1021/ol102215e
http://dx.doi.org/10.1021/ja065833p
http://dx.doi.org/10.1002/chem.200600202
http://dx.doi.org/10.1002/chem.200600202
http://dx.doi.org/10.1021/cr078371m
http://dx.doi.org/10.1021/cr078371m
http://dx.doi.org/10.1016/j.tet.2007.01.009
http://dx.doi.org/10.1016/j.tet.2007.01.009
http://dx.doi.org/10.1021/cr050011g
http://dx.doi.org/10.1021/cr050011g
http://dx.doi.org/10.1021/ja025969x
http://dx.doi.org/10.1021/ja025969x
http://dx.doi.org/10.1021/ol100336q
http://dx.doi.org/10.1021/ol100336q
http://dx.doi.org/10.1039/b902556a
http://dx.doi.org/10.1016/j.tetlet.2007.04.101
http://dx.doi.org/10.1016/j.tetlet.2007.04.101
http://dx.doi.org/10.1021/ja067346f
http://dx.doi.org/10.1021/ja067346f
http://dx.doi.org/10.1021/ol0520370
http://dx.doi.org/10.1021/ol0520370
http://dx.doi.org/10.1002/ange.200903479
http://dx.doi.org/10.1002/ange.200903479
http://dx.doi.org/10.1002/anie.200903479
http://dx.doi.org/10.1002/anie.200903479
http://dx.doi.org/10.1021/ja807669q
http://dx.doi.org/10.1021/ja807669q
http://dx.doi.org/10.1016/j.tetasy.2007.02.027
http://dx.doi.org/10.1016/j.tet.2007.03.130
http://dx.doi.org/10.1002/ange.200503672
http://dx.doi.org/10.1002/ange.200503672
http://dx.doi.org/10.1002/anie.200503672
http://dx.doi.org/10.1002/anie.200503672
http://dx.doi.org/10.1021/ja0552186
http://dx.doi.org/10.1021/ja0552186
http://dx.doi.org/10.1021/ol0516925
http://dx.doi.org/10.1021/ol061521f
http://dx.doi.org/10.1021/jo701561d
http://dx.doi.org/10.1021/jo701561d
http://dx.doi.org/10.1021/ja0709730
http://dx.doi.org/10.1021/ja0709730
http://dx.doi.org/10.1021/ja801034e
http://dx.doi.org/10.1021/ja801034e
http://dx.doi.org/10.1002/ange.200800003
http://dx.doi.org/10.1002/anie.200800003
http://dx.doi.org/10.1002/anie.200800003
http://dx.doi.org/10.1016/j.tetlet.2007.07.031
http://dx.doi.org/10.1016/j.tetasy.2009.02.058
http://dx.doi.org/10.1002/1521-3757(20021115)114:22%3C4410::AID-ANGE4410%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20021115)41:22%3C4236::AID-ANIE4236%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3773(20021115)41:22%3C4236::AID-ANIE4236%3E3.0.CO;2-W
http://dx.doi.org/10.1002/chem.200801410
http://dx.doi.org/10.1002/chem.200801410
http://dx.doi.org/10.1002/ange.200700988
http://dx.doi.org/10.1002/ange.200700988
http://dx.doi.org/10.1002/anie.200700988
http://dx.doi.org/10.1002/anie.200700988
http://dx.doi.org/10.1021/ol8003996
http://dx.doi.org/10.1021/ol100060t
http://dx.doi.org/10.1021/ol100060t
http://dx.doi.org/10.1021/ol900439h
http://dx.doi.org/10.1021/ol900439h
http://dx.doi.org/10.1021/ja804527r
http://dx.doi.org/10.1021/ja710689c
http://dx.doi.org/10.1021/ja0707097
http://dx.doi.org/10.1021/ja0707097
http://dx.doi.org/10.1002/ange.200601722
http://dx.doi.org/10.1002/ange.200601722
http://dx.doi.org/10.1002/anie.200601722
http://dx.doi.org/10.1039/b304649d
http://dx.doi.org/10.1039/b919625k
http://dx.doi.org/10.1039/c0cy00001a
http://dx.doi.org/10.1021/ja108238a
http://dx.doi.org/10.1021/ja108238a
http://dx.doi.org/10.1039/c001089h
http://dx.doi.org/10.1039/c001089h
http://www.angewandte.org

