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The transition-metal-catalyzed asymmetric hydrogenation
reactions attract long-lasting interest from both academic
research and industrial production.'! The development of
chiral ligands is the essential impetus for the asymmetric
hydrogenation reactions. During the past decades, chiral PN
ligands having both phosphorus and nitrogen atoms as the
coordinating groups become popular in the hydrogenation
reactions.” Generally, molecules with sp’ nitrogen atoms,
such as oxazoline and pyridine, are required for achieving
good results for the chiral PN ligands. Although several
phosphine amine ligands containing primary amine moieties
have been successfully applied in the highly enantioselective
hydrogenation of ketones,”! to our knowledge, such ligands
have not been applied successfully in the asymmetric hydro-
genation of olefins. Herein we report the preparation of novel
chiral spiro aminophosphine ligands bearing a primary amine
moiety 3 (Scheme 1) and their applications in the hydro-
genation of o,f-unsaturated carboxylic acids. The iridium
complexes S derived from the chiral spiro aminophosphine
ligands showed unprecedentedly high activity (turnover
numbers (TONs) up to 10000; turnover frequencies (TOFs)
up to 6000 h™") and enantioselectivity (94-99% ee). The
primary amine moiety in the catalysts 5 is the key for
obtaining high activity and enantioselectivity.

Chiral spiro aminophosphine ligands 3 and 4 were easily
prepared starting from optically pure 1 (Scheme 1).1 Palla-
dium-catalyzed cyanation of 1 (step a) followed by LiAIH,
reduction (step b) afforded ligands 3 in good yield. Ligands 4,
which have an N-methyl group, were prepared from 3 through
condensation with ethyl chloroformate and LiAlH, reduction
in one pot (step c). The iridium complexes 5 were prepared by
refluxing a mixture of [{Ir(cod)Cl},], 3 or 4, and NaBAr; in
dichloromethane for two hours (step d). Complexes 5 were
stable enough to be purified by silica gel column chromatog-
raphy and stored in air without degradation for a few months.
The structure of complex (S,)-5a was proved by an X-ray

[*] Prof. S.-F. Zhu, Y.-B. Yu, S. Li, L.-X. Wang, Prof. Q.-L. Zhou
State Key Laboratory and Institute of Elemento-organic Chemistry
Nankai University, Tianjin 300071 (China)
E-mail: glzhou@nankai.edu.cn
Homepage: http://zhou.nankai.edu.cn/

[**] We thank the National Natural Science Foundation of China and the
National Basic Research Program of China (2011CB808600,
2012CB821600), and the “111” project (B06005) of the Ministry of
Education of China for financial support.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201204363.

SWILEY i

ONLINE LIBRARY

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5a Ar=Ph,R=H
5b Ar = 3,5-Me,CgHz, R = H
5¢ Ar = 3,5-tBu,CgHa, R = H

5d Ar = 3,5-tBu,CgHa, R = Me

single crystal structure of (S,)-5a

Scheme 1. Synthesis of chiral spiro aminophosphine ligands and
corresponding iridium complexes. Reaction conditions: a) Zn(CN),,
[Pd(PPh;),], DMF, 84-889%; b) LiAIH,, THF, reflux, 90-94%;

c) 1) CICOOEt, pyridine, THF; 2) LiAlH,, THF, reflux; 60%;

d) [{Ir(cod)Cl};], NaBArg, CH,Cl,, reflux, 76-91 %. BAr.=tetrakis[3,5-
bis (trifluoromethyl) phenyl]borate, cod = cyclooctadiene, Tf=trifluoro-
methanesulfonyl. The hydrogen atoms, cod ligand, and anion (BAr:")
were omitted for clarity. Thermal ellipsoids are set at 60% probability.
Selected bond lengths [A] and angles [°]: Ir-N 2.152(4), Ir-P
2.3394(12); N-Ir-P 89.63(13).

diffraction analysis of a single crystal.’! According to the
crystal structure, (S,)-3a acts as a chelating PN ligand and
creates a rigid chiral pocket around the iridium center.

The asymmetric hydrogenation of a-substituted acrylic
acids 6 (for structures see Table 2) is of highly practical value
because the products, optically pure a-substituted propionic
acids, include important biologically active compounds. For
example, ibuprofen (7a) and naproxen (7). two well-
known non-steroid anti-inflammatory drugs, can be readily
prepared by asymmetric hydrogenation of the corresponding
a-aryl acrylic acids. Although chiral ruthenium -catalysts
usually give high enantioselectivity in the asymmetric hydro-
genation of a-substituted acrylic acids, most of these catalysts
require high hydrogen pressure (e.g., 100 atm) to achieve
complete conversion and high enantioselectivity.”! The high
pressure markedly limits the practical application of the
reaction. Rhodium/diphosphine®® and iridium/phosphine oxa-
zoline!” catalysts have also been used for the asymmetric
hydrogenation of a-aryl acrylic acids; however, these catalysts
show unsatisfactory activity, enantioselectivity, or both.
Furthermore, the asymmetric hydrogenation of a-alkyl-sub-
stituted acrylic acids!"” is highly underdeveloped compared to
that of o-aryl-substituted acrylic acids. As part of our
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continuing efforts to develop asymmetric hydrogenation of
unsaturated carboxylic acids,"!! we tried iridium-catalyzed
asymmetric hydrogenation of a-substituted acrylic acids with
new chiral spiro aminophosphine ligands 3 or 4.

To our delight, the chiral spiro aminophosphine ligands
exhibited excellent activity and enantioselectivity for the
asymmetric hydrogenation of 6a. In the presence of
0.1 mol% (ratio substrate/catalyst (S/C)=1000) of catalyst
(8,)-5¢, the hydrogenation of 6a was completed within ten
minutes (with a TOF of 6000 h™") to afford the desired
product 7a with excellent enantioselectivity (98 % ee; Table 1,
entry 3). Iridium catalysts 5 with less bulky P-aryl groups
showed slightly lower activity and enantioselectivity (Table 1,
entries 1 and 2). Although the catalyst (S5,)-5d, which has an
N-methyl group, also showed excellent enantioselectivity, the
hydrogenation reaction was not completed after 18h
(Table 1, entry4). Catalyst (S,)-5¢ exhibited remarkably
high catalytic activity in the asymmetric hydrogenation of
6a. In the presence of 0.1 mol% of catalyst (S,)-5¢, the
hydrogenation reaction proceeded at ambient hydrogen
pressure (Table 1, entry 5). When the catalyst loading was
further reduced to 0.01 mol % (S/C =10000), the reaction was
completed within eight hours at 6 atm hydrogen pressure
without significant diminishment of the enantioselectivity

Table 1: Asymmetric hydrogenation of a-(4-isobutylphenyl)acrylic acid
6a.

Me
catalyst
Me COOM 4+ Hy(Batm) — 2> Me ™COOH
0.5 equiv base
Me Me

6a MeOH, 45 °C 7a
Entry Catalyst Base Time Conv [%]" ee [9%6]
1 (S.)-5a Cs,CO;, 2h 100 94 (R)
2 (R)-5b Cs,CO;, Th 100 96 (S)
3 (S.)-5¢ Cs,CO; 10 min 100 98 (R)
4 (S.)-5d Cs,CO;, 18 h 44 98 (R)
54 (S.)-5¢ Cs,CO;, 4h 100 99 (R)
6l (S.)-5¢ Cs,CO;, 8h 100 97 (R)
7 (S.)-8 Cs,CO;, 24h 0 -
8t (5.5)-9 Cs,CO;, 24h 36 45 (R)
9 (S.)-5¢ Na,CO;, 30 min 100 98 (R)
10 (S.)-5¢ Et;N 15 min 100 98 (R)
1 (S.)-5¢ none 24 h 38 91 (R)

[a] Reaction conditions: 0.5 mmol scale, [substrate] =0.25 molL™" in
MeOH, S/C=1000, 0.5 equiv Cs,CO; as additive, P,,=6 atm, 45°C.
[b] Determined by 'H NMR spectroscopy. [c] Determined by chiral GC
analysis of the corresponding methyl ester with a Varian CP7502 column
(see the Supporting Information for details), absolute configuration was
determined by the sign of optical rotation. [d] The reaction was
performed under ambient hydrogen pressure. [e] Reaction conditions:
1 mmol scale, [substrate] =0.25 mol L' in MeOH, S/C=10000, 5 equiv
NEt; as additive, P, =6 atm, 60°C. [f] S/C=200.

5a Ar=Ph,R=H

5b Ar = 3,5-Me,CgHs, R =H
5¢ Ar = 3,5-tBu,CgH3, R=H
5d Ar = 3,5-tBu,CgH3, R = Me

8 Ar=3,5-tBu,CgHs 9 Ar = 3,5-tBu,CgHs
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(Table 1, entry 6). This result represents the highest level of
activity and enantioselectivity of catalysts in the asymmetric
hydrogenation of a-substituted acrylic acids. In contrast, (S,)-
8, an iridium complex of the ligand SpiroAP®" bearing an
aromatic amino group, did not catalyze the hydrogenation of
6a (Table 1, entry 7). The iridium complex (S,,5)-9 derived
from chiral spiro phosphine oxazoline ligands,™ which
exhibit excellent activity and enantioselectivity in the hydro-
genation of trisubstituted o,fB-unsaturated carboxylic
acids,"'*¥ was also less efficient in the present hydrogenation
reaction (Table 1, entry 8). Besides Cs,COj, other bases such
as Na,COj; and Et;N were also suitable additives for achieving
good results (Table 1, entries 9 and 10); however, the reaction
rate decreased dramatically in the absence of base (entry 11).
We speculated that the base promoted the formation of the
carboxy anion of the substrate, which then chelates to the
iridium center of the catalyst more easily than the acid itself,
and thus accelerated the hydrogenation reaction.

Under the optimal reaction conditions, the hydrogena-
tions of various a-substituted acrylic acids were conducted
with 0.1 mol% of catalyst (S,)-5¢ at 6atm or ambient
hydrogen pressure (Table 2). All the tested acids, regardless
of the substituents on the phenyl rings, were rapidly hydro-
genated with extremely high enantioselectivity (96-99 % ee;
Table 2, entries 1-6). Several chiral non-steroid anti-inflam-
matory drugs, including ibuprofen (7a), flurbiprofen (7e),
and naproxen (7f), were prepared with excellent yields and
enantioselectivities (Table 2, entries 1, 5, and 6). a-Alkyl
acrylic acids were also suitable substrates for this reaction,
affording the corresponding saturated acids with high to
excellent enantioselectivities (Table 2, entries 7-12). Note
that this hydrogenation tolerated a broad range of functional
groups. For example, acrylic acids bearing an ester (6j), an
ether (6¢, 6f, 6k, 61), or a halogen substituent (6d, 6e) could
be hydrogenated smoothly with 100 % conversion and high
enantioselectivities. These new catalysts show an advance
over known chiral catalysts for the asymmetric hydrogenation
of a-substituted acrylic acids owing to high activity, excellent
enantioselectivity, and wide substrate scope.

In addition to a-substituted acrylic acids, other typical
unsaturated carboxylic acids, such as a-methyl cinnamic acid
(10a), a-phenyl cinnamic acid (10b), tiglic acid (10¢), o-
phenyl butanoic acid (10d), and a-benzyloxy cinnamic acid
(10e) can also be hydrogenated by using catalyst (S,)-5¢
(Scheme 2), providing the corresponding chiral carboxylic
acids in high yield (93-98 %) and excellent enantioselectivity
(95-99.3% ee). These examples demonstrate that the present
chiral spiro iridium catalysts derived from aminophosphine
ligands 3 have broad applications in the synthesis of chiral
carboxylic acids.

It has been reported that the terminal double bond of
olefins can isomerize to the more stable internal double bond
in iridium-catalyzed hydrogenation reactions.”! To determine
the mode of addition of hydrogen to the double bond of the
substrate in the (S,)-5c-catalyzed hydrogenation of a-alkyl-
substituted acrylic acids, we conducted deuterium labeling
studies (Scheme 3). "H NMR spectroscopy analysis of the
products of the reactions of 6g and 6j with D, catalyzed by
(S,)-5¢ under standard reaction conditions showed that the
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Table 2: Asymmetric hydrogenation of a-substituted acrylic acids.!

1 0.1 mol % (S,)-5¢ e
H _—
R7OC00H © 2 05 equiv Cs,CO; R "COOH
6 MeOH, 45 °C 7
Entry Substrate Product Py, Time  Yield ee
%] [%]
Me ambient 4h 98 99
6a
5 ©)L000H 7b 6 atm 15 min 97 98
ambient 4h 95 98
6b
, /©)LCOOH Je 6 atm 15min 98 98
MeO ambient 4h 96 99
C

6
COOH f
/@i 6atm  30min 98 97
4o 7d 8h 9 98
6d

ambient
O COOH

6 atm 15 min 99 96

7e ambient 4h 98 97

F
e
6e
COOH :
6 atm 15 min 99 97
6 MeO 7f 4h 98 98
6f

ambient
Ph\)LCOOH

7 7 6 atm 15 min 99 98
6 g ambient 4h 98 98
3 lPrJ\COOH 7h 6 atm o 25 min 97 96
6h ambient® 4h 95 96
9 n_HeXJLCOOH 7i 6 atm . 30 min 97 94
6i ambient®” 4 h 96 98
10 Meooc\)J\COOH 7i 6 atm 15 min 99 95
6; ! ambient 4h 9 97
- PhO\)J\COOH 7k 6 atrrl 15 min 94 96
6k ambient 4h 98 96
12 Eto\)LCOOH 71 6 atm 15 min 98 95
6l ambient 4h 97 98

[a] Reaction conditions are the same as those of Table 1, entry 3 (for
P, =6 atm) and entry 5 (for P,,,=ambient pressure). See the Supporting
Information for detailed analyses of hydrogenation products;

[b] S/C=500.

deuterium atoms were added only to the original double bond
of the substrates, which indicated that no double bond
isomerization occurred during the reaction.

In summary, we developed new chiral spiro aminophos-
phine ligands and proved their iridium complexes are highly
efficient catalysts for the asymmetric hydrogenation of a-
substituted acrylic acids. Different chiral a-substituted car-
boxylic acids have been synthesized under very mild reaction
conditions at low catalyst loadings with high enantioselectiv-
ities. The chelating primary amine moiety of the chiral spiro
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H 0.25 mol% (S,)-5¢ .
RV\(COO + Hy(Batm) —— 2T (Se) R1/\(COOH
R2 0.5 equiv Cs,CO3 R2

10 MeOH, 45 °C 1
COOH
bh /\(COOH PhN Ve /%rcoori
Me Ph Me
10a 10b 10¢c

2h 2h
95% yield, 95% ee 93% yield, 98% ee

Ph/\/cooru

97% vyield, 99.1% ee

Me/\/coori

Ph OBn
10d 10e
0.5h

98% yield, 99.3% ee 95% yield, 99% ee

Scheme 2. Hydrogenations of o,-unsaturated carboxylic acids. Reac-
tion conditions: 0.5 mmol scale, [substrate] =0.25 molL™" in MeOH,
S/C=400, 0.5 equiv Cs,CO; as additive, P,,=6 atm, 45°C.

33% D
6 atm D, ( CHO D)
PhJJ\ 0.1 mol % (S,)-5¢ th*‘\ 2
_ 01 mol%(Sa)-se
COOH 5 equiv Cs,CO4 COOH
69 CD40D, 45 °C (100%) D
6atmD (33% D)
2
y OOCJL 0.1 mol % (Sa)-5¢ MeOOC \/’T\HZD
e (s}
COOH ¢ 5 equiv Cs,CO4 COOH
6 CD30D, 45 °C (100%) D

Scheme 3. Deuterium labeling studies.

aminophosphine ligands made these catalysts highly efficient
for the hydrogenation of a,B-unsaturated carboxylic acids.

Experimental Section

General hydrogenation procedure: A hydrogenation tube was
charged with a stir bar, a-substituted acrylic acids 6 (0.5 mmol),
catalyst (S,)-5¢ (0.9 mg, 0.0005 mmol), Cs,COj; (82 mg, 0.25 mmol) in
an argon-filled glovebox. Methanol (2 mL) was injected into the
hydrogenation tube by a syringe while stirring. The hydrogenation
tube was then put into an autoclave. The autoclave was purged three
times with hydrogen. The autoclave was then charged with hydrogen
to 6 atm, and the reaction mixture was stirred at 45 °C for a specified
time before releasing the hydrogen. The reaction mixture was
acidified with 3n HCI and extracted with Et,O. Evaporation of the
solvent afforded the crude product. The conversion of the substrate
was determined by 'HNMR spectroscopy. The product was con-
verted into the corresponding ester or amide and the ee value was
determined by GC, HPLC, or supercritical fluid chromatography
(SFC) with a chiral column. The hydrogenation reaction at ambient
pressure was performed in a Schlenk tube connected with a hydrogen-
filled balloon.

Received: June 5, 2012
Published online: July 29, 2012

Keywords: asymmetric hydrogenation - carboxylic acids -
homogeneous catalysis - iridium - N,P-ligands

[1] For reviews, see: a) W. S. Knowles, R. Noyori, Acc. Chem. Res.
2007, 40, 1238—-1239; b) Handbook of Homogeneous Hydro-
genation (Eds.: J. G. de Vries, C.J. Elsevier), Wiley-VCH,
Weinheim, 2007; c) Asymmetric Catalysis on Industrial Scale:
Challenges, Approaches and Solutions (Eds.: H.-U. Blaser, E.

Angew. Chem. Int. Ed. 2012, 51, 88728875


http://dx.doi.org/10.1021/ar7000809
http://dx.doi.org/10.1021/ar7000809
http://www.angewandte.org

Schmidt), Wiley-VCH, Weinheim, 2004; d) W. Tang, X. Zhang,

Chem. Rev. 2003, 103, 3029 -3069.
[2] a) C.C. Bausch, A. Pfaltz, Privileged Chiral Ligands and
Catalysts (Ed.: Q.-L. Zhou), Wiley-VCH, Weinheim, 2011,
Chap. 6, pp. 221-256; b) S.J. Roseblade, A. Pfaltz, Acc. Chem.
Res. 2007, 40, 1402-1411; c) P.J. Guiry, C. P. Saunder, Adv.
Synth. Catal. 2004, 346, 497 —537.
a) T. Ikariya, K. Murata, R. Noyori, Org. Biomol. Chem. 2006, 4,
393-406; b) J.-B. Xie, J.-H. Xie, X.-Y. Liu, W.-L. Kong, S. Li, Q.-
L. Zhou, J. Am. Chem. Soc. 2010, 132, 4538 —4539.
[4] For the preparation of intermediate 4, see: J.-H. Xie, L.-X.
Wang, Y. Fu, S.-F. Zhu, B.-M. Fan, H.-F. Duan, Q.-L. Zhou, J.
Am. Chem. Soc. 2003, 125, 4404 —4405.
CCDC 888308 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.
a) D. Lednicer, L. A. Mitscher, The Organic Chemistry of Drug
Synthesis, Vol. 1, Wiley, New York, 1977; D. Lednicer, L. A.
Mitscher, The Organic Chemistry of Drug Synthesis, Vol. 2,
Wiley, New York, 1980; b) T. Y. Shen, Angew. Chem. 1972, 84,
512-526; Angew. Chem. Int. Ed. Engl. 1972,11,460-472;c) P-J.
Harrington, E. Lodewijk, Org. Process Res. Dev. 1997, 1, 72-76.
For representative examples, see: a) T. Ohta, H. Takaya, M.
Kitamura, K. Nagai, R. Noyori, J. Org. Chem. 1987, 52, 3174—
3176; b) X. Zhang, T. Uemura, K. Matsumura, N. Sayo, H.
Kumobayashi, H. Takaya, Synlett 1994, 501 —503; c) T. Uemura,
X. Zhang, K. Matsumura, N. Sayo, H. Kumobayashi, T. Ohta, K.
Nozaki, H. Takaya, J. Org. Chem. 1996, 61, 5510-5516; d) T.
Benincori, E. Brenna, F. Sannicolo, L. Trimarco, P. Antognazza,
E. Cesarotti, F. Demartin, T. Pilati, J. Org. Chem. 1996, 61, 6244 —
6251; ) Q.-H. Fan, C.-Y. Ren, C.-H. Yeung, W.-H. Hu, A. S. C.
Chan, J. Am. Chem. Soc. 1999, 121, 7407 -7408; ) C.-C. Pai, C.-
W. Lin, C.-C. Lin, C.-C. Chen, A. S. C. Chan, J. Am. Chem. Soc.
2000, 722, 11513-11514; g) Q.-H. Fan, Y.-M. Chen, X.-M. Chen,
D.-Z. Jiang, F. Xi, A. S. C. Chan, Chem. Commun. 2000, 789 —
790; h) R. A. Brown, P. Pollet, E. McKoon, C. A. Eckert, C. L.
Liotta, P. G. Jessop, J. Am. Chem. Soc. 2001, 123, 1254-1255;
i) L. Qiu, J. Qi, C.-C. Pai, S. Chan, Z. Zhou, M. C. K. Choi,
A.S. C. Chan, Org. Lett. 2002, 4, 4599 -4602; j) L. Qiu, J. Wu, S.
Chan, T. T.-L. Au-Yeung, J.-X. Ji, R. Guo, C.-C. Pai, Z. Zhou, X.

3

—

[5

—_—

[6

—_

[7

—

8

=

]
[10]

(11]

(12]

[13]

Angewandte
itermationalediion. CHEIMIIE

Li, Q.-H. Fan, A. S. C. Chan, Proc. Natl. Acad. Sci. USA 2004,
101, 5815-5820; k) G.-J. Deng, B. Yi, Y.-Y. Huang, W.-J. Tang,
Y.-M. He, Q.-H. Fan, Adv. Synth. Catal. 2004, 346, 14401444,
1) L. Qiu, F. Y. Kwong, J. Wu, W. H. Lam, S. Chan, W.-Y. Yu, Y.-
M. Li, R. Guo, Z. Zhou, A. S. C. Chan, J. Am. Chem. Soc. 2006,
128,5955-5965; m) L. Qiu, Y.-M. Li, E. Y. Kwong, W.-Y. Yu, Q.-
H. Fan, A.S.C. Chan, Adv. Synth. Catal. 2007, 349, 517-520.
a) F. Robin, F. Mercier, L. Ricard, F. Mathey, M. Spagnol, Chem.
Eur. J. 1997, 3, 1365-1369; b) W.-H. Hu, C. C. Pai, C. C. Chen,
G.-P. Xue, A.S.C. Chan, Tetrahedron: Asymmetry 1998, 9,
3241-3246; c) B. Zupancic, B. Mohar, M. Stephan, Adv. Synth.
Catal. 2008, 350, 2024 -2032; d) M. Stephan, D. Sterk, B. Mohar,
Adv. Synth. Catal. 2009, 351, 2779-2786; e) B. Zupanci¢, B.
Mohar, M. Stephan, Org. Lett. 2010, 12, 1296-1299; f)B.
Zupanci¢, B. Mohar, M. Stephan, Org. Lett. 2010, 12, 3022—
3025; g) M. Stephan, D. gterk, B. Zupanci¢, B. Mohar, Org.
Biomol. Chem. 2011, 9, 5266-5271.

Y. Zhang, Z.-B. Han, E-Y. Li, K.-L. Ding, A. Zhang, Chem.
Commun. 2010, 46, 156—158.

A. Scrivanti, S. Bovo, A. Ciappa, U. Matteoli, Tetrahedron Lett.
20006, 47, 9261 -9265 and references therein.

For ruthenium/diphosphine-catalyzed asymmetric hydrogena-
tion of trisubstituted a,B-unsaturated carboxylic acids, see: a) X.
Cheng, Q. Zhang, J.-H. Xie, L.-X. Wang, Q.-L. Zhou, Angew.
Chem. 2005, 117, 1142—1145; Angew. Chem. Int. Ed. 2005, 44,
1118-1121; b) X. Cheng, J.-H. Xie, S. Li, Q.-L. Zhou, Adv.
Synth. Catal. 2006, 348, 1271-1276. For iridium/phosphine
oxazoline catalyzed asymmetric hydrogenation of trisubstituted
a,f3- and B,y-unsaturated carboxylic acids, see: c¢) S. Li, S.-F. Zhu,
C.-M. Zhang, S. Song, Q.-L. Zhou, J. Am. Chem. Soc. 2008, 130,
8584 -8585; d) S. Li, S.-F. Zhu, J.-H. Xie, S. Song, C.-M. Zhang,
Q.-L. Zhou, J. Am. Chem. Soc. 2010, 132,1172-1179; ¢) S. Song,
S.-F. Zhu, S. Yang, S. Li, Q.-L. Zhou, Angew. Chem. 2012, 124,
2762-2765; Angew. Chem. Int. Ed. 2012, 51, 2708 -2711.

S.-F. Zhu, J.-B. Xie, Y.-Z. Zhang, S. Li, Q.-L. Zhou, J. Am. Chem.
Soc. 2006, 128, 12886-12891.

a) M. C. Perry, X. Cui, M. T. Powell, D.-R. Hou, J. H. Reibens-
pies, K. Burgess, J. Am. Chem. Soc. 2003, 125, 113-123; b) J.
Mazuela, J. J. Verendel, M. Coll, B. Schéiffner, A. Borner, P. G.
Andersson, O. Pamies, M. Diéguez, J. Am. Chem. Soc. 2009, 131,
12344 -12353.

Angew. Chem. Int. Ed. 2012, 51, 8872-8875 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

8375


http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1021/ar700113g
http://dx.doi.org/10.1021/ar700113g
http://dx.doi.org/10.1002/adsc.200303138
http://dx.doi.org/10.1002/adsc.200303138
http://dx.doi.org/10.1039/b513564h
http://dx.doi.org/10.1039/b513564h
http://dx.doi.org/10.1021/ja100652f
http://dx.doi.org/10.1021/ja029907i
http://dx.doi.org/10.1021/ja029907i
http://dx.doi.org/10.1002/ange.19720841104
http://dx.doi.org/10.1002/ange.19720841104
http://dx.doi.org/10.1002/ange.19720841104
http://dx.doi.org/10.1002/ange.19720841104
http://dx.doi.org/10.1002/anie.197204601
http://dx.doi.org/10.1021/op960009e
http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1055/s-1994-23148
http://dx.doi.org/10.1021/jo960426p
http://dx.doi.org/10.1021/jo960211f
http://dx.doi.org/10.1021/jo960211f
http://dx.doi.org/10.1021/ja9837497
http://dx.doi.org/10.1021/ja000163n
http://dx.doi.org/10.1021/ja000163n
http://dx.doi.org/10.1039/b001503m
http://dx.doi.org/10.1039/b001503m
http://dx.doi.org/10.1021/ja005718t
http://dx.doi.org/10.1021/ol026817+
http://dx.doi.org/10.1073/pnas.0307774101
http://dx.doi.org/10.1073/pnas.0307774101
http://dx.doi.org/10.1002/adsc.200404162
http://dx.doi.org/10.1021/ja0602694
http://dx.doi.org/10.1021/ja0602694
http://dx.doi.org/10.1002/adsc.200600410
http://dx.doi.org/10.1002/chem.19970030824
http://dx.doi.org/10.1002/chem.19970030824
http://dx.doi.org/10.1016/S0957-4166(98)00335-8
http://dx.doi.org/10.1016/S0957-4166(98)00335-8
http://dx.doi.org/10.1002/adsc.200900621
http://dx.doi.org/10.1039/c1ob05364g
http://dx.doi.org/10.1039/c1ob05364g
http://dx.doi.org/10.1039/b919902k
http://dx.doi.org/10.1039/b919902k
http://dx.doi.org/10.1016/j.tetlet.2006.10.129
http://dx.doi.org/10.1016/j.tetlet.2006.10.129
http://dx.doi.org/10.1002/ange.200462072
http://dx.doi.org/10.1002/ange.200462072
http://dx.doi.org/10.1002/anie.200462072
http://dx.doi.org/10.1002/anie.200462072
http://dx.doi.org/10.1002/adsc.200606065
http://dx.doi.org/10.1002/adsc.200606065
http://dx.doi.org/10.1021/ja802399v
http://dx.doi.org/10.1021/ja802399v
http://dx.doi.org/10.1021/ja909810k
http://dx.doi.org/10.1002/ange.201107802
http://dx.doi.org/10.1002/ange.201107802
http://dx.doi.org/10.1002/anie.201107802
http://dx.doi.org/10.1021/ja063444p
http://dx.doi.org/10.1021/ja063444p
http://dx.doi.org/10.1021/ja028142b
http://dx.doi.org/10.1021/ja904152r
http://dx.doi.org/10.1021/ja904152r
http://www.angewandte.org

