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Hydrogenative Dearomatization of Pyridine and an Asymmetric Aza-
Friedel-Crafts Alkylation Sequence™**

Shuo-Guo Wang and Shu-Li You*

Abstract: Highly efficient synthesis of enantiomerically
enriched substituted piperidines has been realized via chiral
phosphoric acid catalyzed cascade hydrogenative dearomati-
zation of substituted pyridines and aza-Friedel-Crafts reaction
in good to excellent yields and enantioselectivity.

P iperidine represents an intriguing scaffold widely distrib-
uted in natural products having significant biological activ-
ities, and therapeutic agents'!! (Figure 1). Therefore, tremen-
dous effort has been devoted to the development of efficient
methods for the synthesis of this privileged structure.?
Despite extensive efforts, catalytic asymmetric synthesis of
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Figure 1. Selected natural products and a drug containing a piperidine
motif.

substituted piperidines by direct functionalization of pyridine
remains scarce. In this regard, catalytic asymmetric nucleo-
philic additions to the pyridinium salts® and reduction of
substituted pyridines!” are frequently utilized strategies.
Asymmetric additions to the pyridinium salts are limited to
the nucleophiles such as cyanide,® alkynes,*> dialkylzinc,*"!
and boronic acid.’?! For direct asymmetric reduction of the
pyridine core, precious metals such as iridium, rhodium,
ruthenium, and palladium are in general required to assure
the efficiency.*! Meanwhile, organocatalytic enantioselec-
tive transfer hydrogenation of pyridines using a Hantzsch
ester as a hydrogen source has witnessed significant pro-
gress.”) With our continuing interest in asymmetric dearoma-
tization reactions,® we envisaged that a hydrogenative dear-
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omatization of pyridine/asymmetric aza-Friedel-Crafts
sequence (pyrrole as the nucleophile™) could provide effi-
cient access to a chiral piperidine scaffold (Scheme 1). It is
noteworthy that the pyrrole core is also a prominent feature
in numerous biologically interesting natural products and
pharmaceuticals. Therefore, the synthesis of compounds with
such embedded motifs is highly desirable.”
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Scheme 1. The design of a CPA-catalyzed cascade reaction. CPA=chi-
ral phosphoric acid.

We began our study by choosing 2-phenylpyrrole (3a) and
3-benzoylpyridine (4a) as the model substrates, and subjected
them to the Hantzsch ester 2 with a chiral phosphoric acid as
the catalyst (Table 1). In the presence of 10 mol % (S)-binol-
TRIP (1a) in dichloromethane at room temperature, the
reaction proceeded smoothly to afford the desired product Sa
in 64 % yield and 57 % ee within 24 hours (entry 1, Table 1).
To increase the enantioselectivity of this cascade reaction,
various chiral phosphoric acids were tested. To our great
delight, when (R)-spinol-TRIP (1j)”! was employed as the
catalyst, the reaction gave the best enantioselectivity
(entry 10, Table 1).

Further screening of solvents (entries 1-7, Table 2)
revealed that dichloromethane remained the optimal solvent
in terms of enantioselectivity. Interestingly, molecular sieves
significantly accelerated the reaction rate to afford a high
conversion. With 4 A molecular sieves as an additive and
a prolonged reaction time, the yield increased to 94 % without
affecting the enantioselectivity of the reaction (entry 12,
Table 2). Further efforts were made to improve the enantio-
selectivity by lowering the reaction temperature to 0°C,
however, the reaction was sluggish under these conditions.
Only 20% yield of 5a, albeit with an improved enantiose-
lectivity (92 % ee), could be obtained even with a prolonged
reaction time (entry 14, Table 2).

Under the optimal reaction conditions, the substrate
scope was explored to test the generality of the reaction.
The results are summarized in Table 3. The cascade reaction
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Table 1: Screening of chiral phosphoric acid catalysts.
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1a, Ar = 2,4,6-iPr3CeH,

1b, Ar = 2-naphthyl

1c, Ar = SiPhg

1d, Ar = 4-tBu-2,6-iPr,CeH,
1e, Ar = 4-PhCgH,4

1f, Ar = 9-anthryl

1g, Ar = 1-naphthyl

1h, Ar = 2,5-(CF3),CgH3
1i, Ar = 4-CICgH,

1j, Ar= 2,4,6-iPryCgH;

Entry® 1 Yield [%6]® ee [%]1
1 1a 64 57
2 1b 75 13
3 1c 85 30
4 1d 74 60
5 le 73 4
6 1f 85 29
7 1g 84 6
8 1h 47 23
9 1i 90 26
10 1j 33 88

[a] Reactions were performed with 3-benzoylpyridine (0.2 mmol),
Hantzsch ester 2 (0.24 mmol), 2-phenylpyrrole (0.24 mmol),

1 (10 mol %) in 2 mL CH,Cl,. [b] Yield of isolated produt. [c] Determined
by HPLC.

Table 2: Screening of solvents, additives, and reaction temperature.
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additive,
RT P
Entry®! Solvent/additive t[h] Yield [%] ee [%6]
1 CH,Cl, 24 33 88
2 toluene 24 63 77
3 CICH,CH,CI 24 45 69
4 CH,CN 24 15 57
5 CHCl, 24 42 67
6 THF 24 10 69
7 PhCl 24 53 81
8 CH,Cl,/3 AM.S. 24 52 89
9 CH,Cl,/4 AM.S. 24 81 89
10 CH,Cl,/5 AM.S. 24 52 89
1 CH,Cl,/MgSO, 24 36 88
12 CH,Cl,/4 AM.S. 36 94 88
13 CH,Cl,/4 AM.S. 48 95 88
14¢ CH,Cl,/4 AM.S. 84 20 92

[a] Reactions were performed with 3-benzoylpyridine (0.2 mmol),
Hantzsch ester 2 (0.24 mmol), 2-phenylpyrrole (0.24 mmol), 1j

(10 mol %), and additive (100 mg) in 2 mL solvent at room temperature.
[b] Yield of isolated product. [c] Determined by HPLC. [d] The reaction
was carried out at 0°C. M.S. =molecular sieves, THF =tetrahydrofuran.
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Table 3: Substrate scope for the cascade reaction.
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Entry®  Ar R th]  Yield [%]9  ee[%]
1 4-FCeH, Ph 60 72 (5b) 85
2 2-CICH, Ph 72 70 (5¢) 88
3 2-FCgH, Ph 72 93 (5d) 87
4 3-MeCeH, Ph 60 95 (Se) 87
5 4-MeOC¢H, Ph 60 94 (5f) 82
6 Ph 2-naphthyl 60 74 (5g) 89
7 Ph 4-tBuCeH, 48 73 (5h) 87
8 Ph 1-naphthyl 72 70 (5) 90
9 Ph 4-FCH, 72 91 (5)) 86
10 Ph 4-MeOCH, 60 92 (5k) 87
11 Ph 4-BrCgH, 60 93 (5)) 90
12 Ph 4-MeCgH, 72 93 (5m) 89
13 Ph 3-NO,CH, 60 95 (5n) 89
14 Ph 2-thienyl 72 78 (50) 89
15 Ph Me 72 94 (5p) 9%
16 Ph Et 72 90 (5q) 33

[a] Reactions were performed with 3-benzoylpyridine (0.2 mmol),
Hantzsch ester 2 (0.24 mmol), 2-phenylpyrrole (0.24 mmol), 1j

(10 mol %), and 4 A M.S. (100 mg) in 2 mL CH,Cl,. [b] Yield of isolated
product. [c] Determined by HPLC.

tolerated a wide range of 2-arylpyrroles bearing either an
electron-donating or electron-withdrawing substituent on the
aryl group. The reactions of 3-benzoylpyridine with the 2-
arylpyrroles 3b—f were tested. In all cases, good to excellent
yields and enantioselectivity were achieved (5b—f; Table 3).
In addition, the reactions of various 3-acylpyridines were also
carried out. High yields and enantioselectivity were obtained
for 3-acylpyridines bearing either an electron-rich aryl group
(4-tBuC,H,, 4-MeOC¢H,, 4-MeC¢H,) or electron-poor aryl
group (4-FCsH,, 4-BrC¢H,, 3-NO,C;H,). Moreover, both
naphthalen-2-yl(pyridin-3-yl)methanone and naphthalen-1-
yl(pyridin-3-yl)methanone were suitable substrates for the
cascade reaction (5g and 5i). The substrate 40 with a 2-thienyl
group was also well tolerated, and the corresponding product
was obtained in 78 % yield and 89% ee. To our delight, the
asymmetric cascade reaction of 3-acetylpyridine led to the
product in 94% yield and 96% ee (5p). When 3-propionyl-
pyridine was used, the reaction also proceeded smoothly in
90% vyield and 83 % ee (5q). The absolute configuration of
enantiopure 51, recrystallized from petroleum ether and
dichloromethane, was confirmed by an X-ray crystallographic
analysis as R.[1

Regarding the mechanism of this cascade reaction, it is
proposed that the first step is protonation of the pyridine by
the phosphoric acid catalyst to generate the pyridinium salt A
(Scheme 2). Then, the reduction of A by 1,4-hydride transfer
from the Hantzsch ester 2 generates the enamine intermedi-
ate B, which then isomerizes to the iminium C in the presence
of phosphoric acid. Subsequent asymmetric aza-Friedel-
Crafts reaction will generate the desired product and then
release the phosphoric acid.
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Scheme 2. Plausible catalytic cycle. HB* =chiral phosphoric acid.

To further extend the substrate scope for the cascade
reaction with 3-benzoylpyridine, indole was used as a nucle-
ophile wunder slightly modified reaction conditions
(Scheme 3). With (S)-1d as the catalyst, the cascade reaction
proceeded smoothly to give the product 6a in 48 % yield and

o)
o 1d (10 mol%), CH,Cl,
A 0°C, 4AM.S | Ph
N , S.
D @:} 7 N
N H Q Q HN
EtO OFt 6a
| 48% yield
N 77% ee
H 0
(10 mol%), Q | Ph
CHzC|2 Ph | A N
“o°c, 4Ams. 7 H
6b
63% yield
83% ee

Scheme 3. CPA-catalyzed cascade reaction with indole and without
a nucleophile.

77% ee. Interestingly, in the absence of an additional
nucleophile, the product 6b, containing a dipiperidine frame-
work, was obtained in 63 % yield and 83 % ee. Notably, the
corresponding dipiperidine framework is an important struc-
tural building block of many alkaloids, including anabasine,
astrophylline, and hoveine.!'!

In summary, we have developed a highly efficient syn-
thesis of enantiomerically enriched substituted piperidines by
the chiral phosphoric acid catalyzed hydrogenative dearoma-
tization /aza-Friedel-Crafts sequence of substituted pyridines
with up to 95% yield and 96% ee. The newly developed
methodology features readily available starting materials and
mild reaction conditions. The results from the current study
provide a new synthetic route for chiral piperidines and novel
concepts in desigining catalytic cascade reactions. Further
applications of this cascade into other transformations are
currently underway in our laboratory.

Experimental Section
In a Schlenk tube, the catalyst (R)-1j (14.3 mg, 0.02 mmol), sub-
stituted pyridine 4 (0.2 mmol), Hantzsch ester 2 (60.7 mg, 0.24 mmol),
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2-arylpyrrole 3 (0.24 mmol), and 4 A M.S. (100 mg) were dissolved in
CH,Cl, (2 mL). The reaction mixture was stirred at room temper-
ature. After the reaction was complete (as monitored by TLC), the
reaction mixture was quenched with aq. NaHCO; and extracted with
CH,Cl,. The dichloromethane layer was washed with brine, dried over
Na,SO,, and filtrated. After the solvent was removed under reduced
pressure, the residue was purified by silica gel column chromato-
graphy (acetone/petroleum ether 1:4) to afford product 5.

Received: November 13, 2013
Published online: January 27, 2014

Keywords: asymmetric catalysis - heterocycles -
organocatalysis - reduction - synthetic methods

[1] For recent reviews, see: a) J. W. Daly, J. Nat. Prod. 1998, 61, 162;
b) A. Mitchinson, A. Nadin, J. Chem. Soc. Perkin Trans. 1 2000,
2862; c¢) D. O’Hagan, Nat. Prod. Rep. 2000, 17, 435; d) P. M.
Weintraub, J. S. Sabol, J. M. Kane, D. R. Borcherding, Tetrahe-
dron 2003, 59, 2953; ¢) J. W. Daly, J. Med. Chem. 2003, 46, 445,
f) M. G. P. Buffat, Tetrahedron 2004, 60, 1701; g) J. P. A. Harrity,
O. Provoost, Org. Biomol. Chem. 2005, 3, 1349; h) J. W. Daly,
T. F. Spande, H. M. Garraffo, J. Nat. Prod. 2005, 68, 1556; 1) J. P.
Michael, Nat. Prod. Rep. 2005, 22, 603; j) C. Escolano, M. Amat,
J. Bosch, Chem. Eur. J. 2006, 12, 8198.

[2] For recent reviews, see: a) M. Rubiralta, E. Giralt, A. Diez,

Piperidine: Structure, Preparation, Reactivity, and Synthetic

Applications of Piperidine and its Derivatives, Elsevier, Amster-

dam, 1991; b) P. D. Bailey, P. A. Millwood, P. D. Smith, Chem.

Commun. 1998, 633; c) S. Laschat, T. Dickner, Synthesis 2000,

1781; d) E-X. Felpin, J. Lebreton, Eur. J. Org. Chem. 2003, 3693;

e) J. A. Bull, J. J. Mousseau, G. Pelletier, A. B. Charette, Chem.

Rev. 2012, 112, 2642.

a) E. Ichikawa, M. Suzuki, K. Yabu, M. Albert, M. Kanai, M.

Shibasaki, J. Am. Chem. Soc. 2004, 126, 11808; b) Z. Sun, S. Yu,

Z. Ding, D. Ma, J. Am. Chem. Soc. 2007, 129, 9300; c) D. A.

Black, R. E. Beveridge, B. A. Arndtsen, J. Org. Chem. 2008, 73,

1906; d) M. A. Fernandez-Ibéfiez, B. Macid, M. G. Pizzuti, A. J.

Minnaard, B. L. Feringa, Angew. Chem. 2009, 121, 9503; Angew.

Chem. Int. Ed. 2009, 48,9339; e) N. Christian, S. Aly, K. Belyk, J.

Am. Chem. Soc. 2011, 133, 2878.

For recent reviews, see: a) F. Glorius, Org. Biomol. Chem. 2005,

3,4171;b) D.-S. Wang, Q.-A. Chen, S.-M. Lu, Y.-G. Zhou, Chem.

Rev. 2012, 112, 2557; For related examples, see: ¢) M. Studer, C.

Wedemeyer-Exl, F. Spindler, H.-U. Blaser, Monatsh. Chem.

2000, 731, 1335; d)F. Glorius, N. Spielkamp, S. Holle, R.

Goddard, C. W. Lehmann, Angew. Chem. 2004, 116, 2910;

Angew. Chem. Int. Ed. 2004, 43, 2850; e) C. Y. Legault, A. B.

Charette, J. Am. Chem. Soc. 2005, 127, 8966; f) X.-B. Wang, W.

Zeng, Y.-G. Zhou, Tetrahedron Lett. 2008, 49, 4922; g) W.-J.

Tang, J. Tan, L.-J. Xu, K.-H. Lam, Q.-H. Fan, A. S. C. Chan, Adv.

Synth. Catal. 2010, 352, 1055; h) W. Tang, Y. Sun, L. Xu, T. Wang,

Q. Fan, K.-H. Lam, A. S. C. Chan, Org. Biomol. Chem. 2010, 8,

3464;1) Z.-S. Ye, M.-W. Chen, Q.-A. Chen, L. Shi, Y. Duan, Y.-G.

Zhou, Angew. Chem. 2012, 124, 10328; Angew. Chem. Int. Ed.

2012, 51, 10181.

For reviews on transfer hydrogenation reactions with Hantzsch

esters, see: a) H. Adolfsson, Angew. Chem. 2005, 117, 3404;

Angew. Chem. Int. Ed. 2005, 44, 3340; b) J. Rosen, Chemtracts

2005, 18, 65; c) S.-L. You, Chem. Asian J. 2007, 2, 820; d) S. G.

Ouellet, A. M. Walji, D. W. C. MacMillan, Acc. Chem. Res. 2007,

40,1327;¢) S. J. Connon, Org. Biomol. Chem. 2007, 5, 3407; f) C.

Wang, X. Wu, J. Xiao, Chem. Asian J. 2008, 3, 1750; g) M.

Rueping, E. Sugiono, F. R. Schoepke, Synlett 2010, 852; h) M.

Rueping, J. Dufour, F. R. Schoepke, Green Chem. 2011, 13, 1084;

i) C. Zheng, S.-L. You, Chem. Soc. Rev. 2012, 41, 2498; For

[3

—_—

(4

—_—

[5

—_

Angew. Chem. Int. Ed. 2014, 53, 21942197


http://dx.doi.org/10.1021/np970460e
http://dx.doi.org/10.1016/S0040-4020(03)00295-3
http://dx.doi.org/10.1016/S0040-4020(03)00295-3
http://dx.doi.org/10.1021/jm0204845
http://dx.doi.org/10.1016/j.tet.2003.11.043
http://dx.doi.org/10.1039/b502349c
http://dx.doi.org/10.1021/np0580560
http://dx.doi.org/10.1039/b413748p
http://dx.doi.org/10.1002/chem.200600813
http://dx.doi.org/10.1039/a709071d
http://dx.doi.org/10.1039/a709071d
http://dx.doi.org/10.1055/s-2000-8218
http://dx.doi.org/10.1055/s-2000-8218
http://dx.doi.org/10.1002/ejoc.200300193
http://dx.doi.org/10.1021/cr200251d
http://dx.doi.org/10.1021/cr200251d
http://dx.doi.org/10.1021/ja045966f
http://dx.doi.org/10.1021/ja0734849
http://dx.doi.org/10.1021/jo702293h
http://dx.doi.org/10.1021/jo702293h
http://dx.doi.org/10.1021/ja111540g
http://dx.doi.org/10.1021/ja111540g
http://dx.doi.org/10.1039/b512139f
http://dx.doi.org/10.1039/b512139f
http://dx.doi.org/10.1021/cr200328h
http://dx.doi.org/10.1021/cr200328h
http://dx.doi.org/10.1007/s007060070013
http://dx.doi.org/10.1007/s007060070013
http://dx.doi.org/10.1002/ange.200453942
http://dx.doi.org/10.1002/anie.200453942
http://dx.doi.org/10.1021/ja0525298
http://dx.doi.org/10.1016/j.tetlet.2008.05.138
http://dx.doi.org/10.1002/adsc.200900870
http://dx.doi.org/10.1002/adsc.200900870
http://dx.doi.org/10.1039/c002668a
http://dx.doi.org/10.1039/c002668a
http://dx.doi.org/10.1002/ange.201205187
http://dx.doi.org/10.1002/anie.201205187
http://dx.doi.org/10.1002/anie.201205187
http://dx.doi.org/10.1002/ange.200500827
http://dx.doi.org/10.1002/anie.200500827
http://dx.doi.org/10.1002/asia.200700081
http://dx.doi.org/10.1021/ar7001864
http://dx.doi.org/10.1021/ar7001864
http://dx.doi.org/10.1039/b711499k
http://dx.doi.org/10.1002/asia.200800196
http://dx.doi.org/10.1055/s-0029-1219528
http://dx.doi.org/10.1039/c1gc15027h
http://dx.doi.org/10.1039/c1cs15268h
http://www.angewandte.org

[6

7

Angew. Chem. Int. Ed. 2014, 53, 21942197

[

—

selected examples, see: j) M. Rueping, A. P. Antonchick, Angew.
Chem. 2007, 119, 4646; Angew. Chem. Int. Ed. 2007, 46, 4562;
k) M. Rueping, A. P. Antonchick, T. Theissmann, Angew. Chem.
2006, 118, 3765; Angew. Chem. Int. Ed. 2006, 45, 3683; 1) M.
Rueping, T. Theissmann, S. Raja, J. W. Bats, Adv. Synth. Catal.
2008, 350,1001; m) M. Rueping, T. Theissmann, Chem. Sci. 2010,
1, 473; n) M. Rueping, M. Stoeckel, E. Sugiono, T. Theissmann,
Tetrahedron 2010, 66, 6565; 0) M. Rueping, L. Hubener, Synlett
2011, 1243; p) M. Rueping, T. Theissmann, M. Stoeckel, A.P.
Antonchick, Org. Biomol. Chem. 2011, 9, 6844; q) Q.-S. Guo, D.-
M. Du, J. Xu, Angew. Chem. 2008, 120, 771; Angew. Chem. Int.
Ed. 2008, 47, 759.

For a review, see: C.-X. Zhuo, W. Zhang, S.-L. You, Angew.
Chem. 2012, 124, 12834; Angew. Chem. Int. Ed. 2012, 51, 12662;
For a cascade dearomatization of quinoline and intramolecular
aza-Friedel - Crafts reaction, see: S.-G. Wang, W. Zhang, S.-L.
You, Org. Lett. 2013, 15, 1488.

For reviews on asymmetric Friedel-Crafts reaction, see: a) M.
Bandini, A. Melloni, A. Umani-Ronchi, Angew. Chem. 2004,
116, 560; Angew. Chem. Int. Ed. 2004, 43, 550; b) T. B. Poulsen,
K. A. Jgrgensen, Chem. Rev. 2008, 108, 2903; c) S.-L. You, Q.
Cai, M. Zeng, Chem. Soc. Rev. 2009, 38,2190; d) M. Bandini, A.
Eichholzer, Angew. Chem. 2009, 121, 9786; Angew. Chem. Int.
Ed. 2009, 48, 9608; ¢) V. Terrasson, R. M. de Figueiredo, J. M.
Campagne, Eur. J. Org. Chem. 2010, 2635; f) M. Zeng, S.-L. You,
Synlett 2010, 1289; For selected examples on pyrrole as the
nucleophile, see: g) N. A. Paras, D. W. C. MacMillan, J. Am.
Chem. Soc. 2001, 123, 4370; h) W. Zhuang, N. Gathergood, R. G.
Hazell, K. A. Jgrgensen, J. Org. Chem. 2001, 66, 1009; i) C.

8

[

[9

—

[10]

(11]

Angewandte
itermationalediion. CHEIMIIE

Palomo, M. Oiarbide, B. G. Kardak, J. M. Garci4, A. Linden, J.
Am. Chem. Soc. 2005, 127, 4154; j) D. A. Evans, K. R. Fandrick,
Org. Lett. 2006, 8,2249; k) G. Li, G. B. Rowland, E. B. Rowland,
J. C. Aantilla, Org. Lett. 2007, 9, 4065;1) Y.-F. Sheng, Q. Gu, A.-J.
Zhang, S.-L. You, J. Org. Chem. 2009, 74, 6899; m) M. Hatano, Y.
Sugiura, M. Akakura, K. Ishihara, Synlett 2011, 1247; n) C.-X.
Zhuo, Q.-F. Wu, Q. Zhao, Q.-L. Xu, S.-L. You, J. Am. Chem. Soc.
2013, 735, 8169.

a) D. Della Bella, Boll. Chim. Farm. 1972, 111, 5;b) A. Gusman,
E. Yuste, R. A. Toscano, J. M. Young, A.R. Van Horn, J. M.
Muchowski, J. Med. Chem. 1986, 29, 589; c) A. Kleemann, J.
Engel, B. Kutscher, D. Reichert, Pharmaceutical Substances, 4th
ed., Thieme, New York, 2001; d) A. R. Katritzky, R. Jain, Y.-J.
Xu, P.J. Steel, J. Org. Chem. 2002, 67, 8220.

For selected examples on spinol-derived chiral phosphoric acids:
a)l. Corié, S. Miiller, B. List, J. Am. Chem. Soc. 2010, 132, 17370,
b) F. Xu, D. Huang, C. Han, W. Shen, X. Lin, Y. Wang, J. Org.
Chem. 2010, 75, 8677; c) S. Miiller, M. J. Webber, B. List, J. Am.
Chem. Soc. 2011, 133,18534; d) C.-H. Xing, Y.-X. Liao, J. Ng, Q.-
S. Hu, J. Org. Chem. 2011, 76, 4125; e) B. Xu, S.-F. Zhu, X.-L.
Xie, J.-J. Shen, Q.-L. Zhou, Angew. Chem. 2011, 123, 11685;
Angew. Chem. Int. Ed. 2011, 50, 11483.

For the supplementary crystallographic data of 51, see the
Supporting Information.

a) “Naturally occurring insecticides”: I. Schmeltz, Nicotine and
other tobacco alkaloids, Marcel Dekker, New York, 1971;
b) H. A. Lloyd, Tetrahedron Lett. 1965, 6, 1761; c) H. A. Lloyd,
Tetrahedron Lett. 1965, 6, 4537; d) M. Schaudt, S. Blechert, J.
Org. Chem. 2003, 68, 2913.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

2197


http://dx.doi.org/10.1002/ange.200701158
http://dx.doi.org/10.1002/ange.200701158
http://dx.doi.org/10.1002/anie.200701158
http://dx.doi.org/10.1002/ange.200600191
http://dx.doi.org/10.1002/ange.200600191
http://dx.doi.org/10.1002/anie.200600191
http://dx.doi.org/10.1002/adsc.200800020
http://dx.doi.org/10.1002/adsc.200800020
http://dx.doi.org/10.1039/c0sc00206b
http://dx.doi.org/10.1039/c0sc00206b
http://dx.doi.org/10.1016/j.tet.2010.04.091
http://dx.doi.org/10.1055/s-0030-1259955
http://dx.doi.org/10.1055/s-0030-1259955
http://dx.doi.org/10.1039/c1ob05870c
http://dx.doi.org/10.1002/ange.200703925
http://dx.doi.org/10.1002/anie.200703925
http://dx.doi.org/10.1002/anie.200703925
http://dx.doi.org/10.1002/ange.201204822
http://dx.doi.org/10.1002/ange.201204822
http://dx.doi.org/10.1002/anie.201204822
http://dx.doi.org/10.1021/ol4002416
http://dx.doi.org/10.1002/ange.200301679
http://dx.doi.org/10.1002/ange.200301679
http://dx.doi.org/10.1002/anie.200301679
http://dx.doi.org/10.1021/cr078372e
http://dx.doi.org/10.1039/b817310a
http://dx.doi.org/10.1002/ange.200901843
http://dx.doi.org/10.1002/anie.200901843
http://dx.doi.org/10.1002/anie.200901843
http://dx.doi.org/10.1002/ejoc.200901492
http://dx.doi.org/10.1021/ja015717g
http://dx.doi.org/10.1021/ja015717g
http://dx.doi.org/10.1021/jo001176m
http://dx.doi.org/10.1021/ja0423217
http://dx.doi.org/10.1021/ja0423217
http://dx.doi.org/10.1021/ol060576e
http://dx.doi.org/10.1021/ol701881j
http://dx.doi.org/10.1021/jo9013029
http://dx.doi.org/10.1021/ja403535a
http://dx.doi.org/10.1021/ja403535a
http://dx.doi.org/10.1021/jm00154a027
http://dx.doi.org/10.1021/jo020371t
http://dx.doi.org/10.1021/jo101640z
http://dx.doi.org/10.1021/jo101640z
http://dx.doi.org/10.1021/ja2092163
http://dx.doi.org/10.1021/ja2092163
http://dx.doi.org/10.1021/jo200302x
http://dx.doi.org/10.1002/ange.201105485
http://dx.doi.org/10.1002/anie.201105485
http://dx.doi.org/10.1016/S0040-4039(00)90124-2
http://dx.doi.org/10.1016/S0040-4039(01)89058-4
http://dx.doi.org/10.1021/jo026803h
http://dx.doi.org/10.1021/jo026803h
http://www.angewandte.org

