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The field of palladium-catalyzed cross-coupling reactions was
honored by the 2010 Nobel Prize in Chemistry which was
awarded to the pioneers R. Heck, E. Negishi, and A. Suzuki.
This thus reflected the tremendous importance of this family
of reactions in organic synthesis. Initially focused on C—C
bond formation between C(sp) and C(sp?) centers, cross-
coupling reactions subsequently evolved to include the
formation of C(sp)-N and C(sp’)~O bonds and most
recently the formation of C—C bonds involving C(sp?) centers.
C—C bond formation typically requires the activation of the
coupling partners either in the form of a C—X and/or a C-M
precursor. The past decade has seen the emergence of
coupling reactions with C—H centers, which thus bypasses
the preparation of functionalized substrates.!! The use of
unactivated C(sp®)—H alkyl groups remains a major chal-
lenge, however, even though some progress has been made
recently in this area.’! Asymmetric reactions would be an
additional exceptionally powerful tool in this area, but to our
knowledge efficient coupling reactions that distinguish
between two enantiotopic C—H bonds in an unactivated
methylene group have not been reported.”! Herein we
describe a successful approach to this transformation.

The indoline motif is found in a large number of natural
products and pharmaceuticals, and diverse strategies for their
synthesis have been developed./* The important subgroup of
fused indoline-containing natural products has received much
attention.”) New routes of access to indolines by palladium-
catalyzed functionalization of unactivated C(sp®)—H alkyl
groups are detailed in very recent literature reports.”®!

N-heterocyclic carbenes (NHCs) are outstanding nucleo-
philic catalysts in organic synthesis and electron-rich ligands
in transition-metal-catalyzed transformations.” Conversely,
chiral NHC ligands that lead to high asymmetric induction are
still scarce.l®! The wedge shape of NHC ligands, the absence of
a chiral backbone (which controls chiral induction in chelat-
ing ligands), and the difficulty of placing stereocontrol

[*] Dr. M. Nakanishi, D. Katayev, Dr. C. Besnard, Prof. Dr. E. P. Kiindig
Department of Organic Chemistry, University of Geneva
30 Quai Ernest Ansermet, 1211 Geneva, 4 (Switzerland)
Fax: (+41)22-379-3215
E-mail: peter.kundig@chiorg.unige.ch
Homepage: http://www.unige.ch/sciences/chiorg/kundig/

[**] Support of this work by the Swiss National Foundation and the

Univeristy of Geneva is gratefully acknowledged. We thank a referee
who drew our attention to Ref. [3].

@ Supporting information for this article is available on the WWW

under http://dx.doi.org/10.1002/anie.201102639.

FWILEY i

ONLINE LIBRARY

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

elements in a monodentate ligand at appropriate positions
near the metal center represent major challenges. We have
reported new chiral NHC ligands derived from chiral o-
substituted a-alkylphenethyl amines. They perform very well
in the intramolecular arylation of amides® to give highly
enantioenriched 3-aryl-3-alkyl-, 3-aryl-3-alkoxy-, and 3-aryl-
3-amino-oxindoles.") We report here on the highly enantio-
selective synthesis of fused indolines using members of the
same family of chiral NHC ligands.

We started our study with the N-cyclohexyl-substituted
carbamate 1a. Under the conditions we used previously for
reactions of oxindoles (Pd(dba),/NaO/Bu/DME/RT) indoline
2a was formed in traces only. The first encouraging result was
obtained using the protocol developed by Fujii, Ohno, and co-
workers'® (Table 1, entry 1). trans Fusion in product 2a was
indicated by the 12 Hz coupling constant in the 'H NMR
spectrum, confirming the previous assignment.®*!!! Both the
yield and enantiomeric ratio of products increased strongly
when, in place of the n’-allyl complex 3, the more reactive 1’
cinnamyl palladium complex (S,5)-4 was used (Table1,
entry 2). It is noteworthy that in the absence of pivalic acid
as an additive, only traces of product were observed.'” The
reaction did not proceed at lower temperature (110°C).
Complex (R,R)-5, incorporating the enantiomeric NHC
ligand with o-OMe aryl groups, afforded ent-2a as the
major product (Table 1, entry 3).

In a previous paper, we reported the X-ray structure of
complex 3. The arrangement of the Pd-carbene ligand
fragment is shown in Figure 1. The minimization of allylic
(A'?) strain, both in the Pd-C-N-C-H part and in the H-
Chenrytic-CarComo-CHj parts of the ligand, position the stereo-
control elements of the NHC ligand in the complex (Fig-
ure 1).1% We hypothesized that the substitution of the ortho-
Me group by a fused aromatic ring could make the ligand
even better. Indeed the naphthyl-NHC complex showed
improved stability at elevated temperatures, and this had a
beneficial effect on the yield of the coupling reaction (Table 1,
entry 4). Conversely, we found that 4,5-dihydroimidazolium-
derived NHC—palladium complexes 7 and 8 lacked robustness
at high temperature and gave product 2a in very poor yield
(Table 1, entries 5 and 6).11%!

Consequently, compound 9, the precursor of the most
efficient NHC ligand, was chosen for the in situ generation of
a palladium-NHC catalyst. This protocol was investigated
because it would simplify the operational procedure. Exper-
imentation showed that using an in situ generated catalyst in
the presence of cesium pivalate and cesium carbonate in
xylenes as solvent gave 2a in good yield with high asymmetric
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Table 1: Screening of chiral NHC—palladium precursors in the asym-
metric synthesis of fused indolines.

@BF/O 10 mol%
N

Pd-NHC cat.
CSZC03, l‘BuCOzH,

CO,Me  xylenes, 140 °C, 24 h
1a
Entry® Pd-NHC Yield [%] e.r
1 (5,9-3 36 93:7
2 (5.5)- 4 73 97.5:2.5
3 (R,R)-5 56 10:90
4 (5,9)-6 89 97.5:2.5
5 (5,9-7 9 78:22
6 (5,5)-8 9 n.d.[

[a] Reaction conditions: 1a (0.2 mmol), PdA-NHC complex (0.02 mmol),
pivalic acid (0.06 mmol), cesium carbonate (0.3 mmol), dry xylenes
(2 mL). [b] Yield of product isolated after flash column chromatography.
[c] The enantiomeric ratio was determined by HPLC on a chiral stationary
phase (Chiralcel OD-H, n-hexane/iPrOH 99:1, 0.5 mLmin™"). The left
column refers to the enantiomer shown. [d] n.d.=not determmed
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Figure 1. Part of the X-ray structure of (§,5)-3 showing the Pd-NHC
ligand arrangement. In pink, the modeled modification of the ligand in
which a naphthyl fragment is used to extend the aryl plane.

induction (Table 2, entry 1). The results closely match those
obtained with the pre-assembled NHC-Pd catalyst (Table 1,
entry 6). The yield dropped when catalyst loading was
reduced (entry 2).

Extension to substituted aniline precursors showed that
under these reaction conditions a fluoro group (Table 2,
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Table 2: Chiral palladium—NHC catalyzed asymmetric synthesis of fused
indolines 2 from carbamates 1.

X Br .
R cat.[{Pd(n’-cinnamy!)Cl},]/NHC-HI RE
/

N Cs,C03, BUCO,Cs, cond.
CO,Me

1
—\
NS
I
NHC-HI: OO

1

Entry ~ Substr. R Cond.” Prod. Yield erl
T[°Cl/t [h] [%]"

1 1a H 140/24 2a 84 97.5:2.5
2 1a H 140/24 2a 39 96:4

3 1a H 160/3 2a 78 95:5

4 1b 4-Me 160/3 2b 82 95:5

5 Tc 4-MeO 160/3 2c 84 94.5:5.5
6 1d 4-Ph 160/3 2d 88 96:4

7 Tle 4-F 140/24 2e 81 96:4

8 Te 4-F 160/3 2e 59 90:10
€9 1f 4-Cl 140/24 2f 30 63:37
10 1f 4-Cl 160/3 2f 13 55:45
1 1g 4-Br 140/24 2g 04 nd

12 1h 4-CO,Me  160/3 2h 82 89:11
13 Ti 5-MeO 140/24 2i 55 96:4

o 14 Ti 5-MeO 160/3 2i 24 90:10
“1s 1j 5-F 160/3 2j 70 937

16 1k 5-CF; 160/3 2k 62 90:10
17 11 6-F 140/24 21 68 92:8

18 Tm 4,6-Me, 160/3 2m 88 96:4

[a] Conditions for reaction carried out at 140°C : 1 (0.2 mmol), [{Pd(n’*-
cinnamyl)Cl},] (0.01 mmol), NHC-HI (0.02 mmol), cesium pivalate
(0.2 mmol), cesium carbonate (0.3 mmol), dry xylenes; conditions for
reactions carried out at 160°C: 1 (0.2 mmol), [{Pd(n’-cinnamyl)Cl},]
(0.005 mmol), NHC-HI (0.01 mmol), cesium pivalate (0.2 mmol),
cesium carbonate (0.3 mmol), dry mesitylene. [b]Yield of product
isolated after flash column chromatography. [c] Enantiomeric ratios were
determined by HPLC on a chiral stationary phase. The left column refers
to the enantiomer shown. [d] [{Pd(n’-cinnamyl)Cl},] (2.5 mol %), NHC-
HI (5 mol %). [e] 0.1 mmol scale.

entry 8) is tolerated, but, not surprisingly, chloro and bromo
groups are not (Table 2, entries 9 and 11). Before extending
this study further, we reduced the catalyst loading and
reaction time to 5% and 3 h, respectively, and increased the
reaction temperature to 160°C (mesitylene as solvent).
Gratifyingly, the yields and asymmetric induction remained
high (Table 2, entries 3-6).

Substrates with donor substituents at C4 gave improved
product yields (Table 2, entries 4-6). In contrast, electron-
withdrawing groups at C4 decreased both product yields and
enantioselectivities (Table 2, entries 7-12). A methoxy group
at C5 reduced the product yield (Table 2, entries 13 and 14).
Fluoro and trifluoromethyl groups are reasonably well
tolerated (Table 2, entries 15 and 16). Finally, entries 17 and
18 show that the reaction can be performed with 6-substituted
carbamates.

The size of the cycloalkyl ring is crucially important in this
system. Thus, C—H activation of the N-cyclopentyl carbamate
derivative did not proceed at all (Table 3, entry2). By
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Table 3: Asymmetric synthesis of fused indolines 2 from carbamates 1.

cat. [{Pd(n3-cinnamyI)CI}2] H
@[ Q / NHC-HI 9 . n
" Cs,CO4, tBUCO,CS N H

Cone mesitylene, 160 °C \COZMe
1a,n,0 2a,n,0
Entry® Substr. n t[h] Product (yield %)™ e.rd
1 1a 2 3 2a (78) 95:5
2 n 1T 24 2n (0) -
3 To 3 3 20 (94) 97.5:2.5
4 1o 3 3 20 (88) 97.5:2.5
[a] Reaction  conditions: 1 (0.2 mmol), [{Pd(n’-cinnamyl)Cl},]

(0.005 mol %), NHC-HI (0.01 mol%), cesium pivalate (0.2 mmol),
cesium carbonate (0.3 mmol), mesitylene. [b] Yield of isolated product.
[c] Enantiomeric ratios were determined by HPLC on a chiral stationary
phase. The left column refers to the enantiomer shown. [d] T mmol scale.

contrast, N-cycloheptyl-substituted substrates gave better
yields and an even higher asymmetric induction than the N-
cyclohexyl (Table 3, entries 3 and 4).

The absolute configuration of the fused indolines was
determined by an X-ray structural analysis of 10, which was
obtained by hydrolysis of carbamate 2p. All other indolines
were assigned configurations by analogy. As 2p was not
accessible directly, it was formed from 20 by reaction with
tetra-n-butylammonium tribromide (Scheme 1). The X-ray
structure shows 10 to have the 5aS,10aR configuration
(Figure 2).04

We propose the reaction mechanism shown in Scheme 2.
The palladium dimer, [{Pd(n’-cinnamyl)Cl},, is cleaved by the
NHC ligand. The latter is generated in situ from NHC-HI and

@E
N H

nBuyNBr3 (1.1 equiv)
CH,Cly/MeOH (2 : 1),
RT,15h

CO,Me CO,Me
20 >99% 2p
5 H
NaOH aq. r
THF/MeOH (2 : 1), N H
reflux, 5h H
90% 10

Scheme 1. Bromination of fused indoline 20.

Figure 2. X-ray structure of fused indoline (—)-(5aR,10aS)-10.""!

www.angewandte.de

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

1/2 [{Pd(n’*-cinnamyl)Cl},] + NHC-HI

K BuCO,Cs
CsCl tBUCO,H
Pd(NHC)(n*>-cinnamyl)l

tBuCOzcs

\( @BD
@EP‘D CCr
Cs,C0;, Ccho3 N OMe

OMe
tBuCO,H tBuco2
NHC. OCOtBu]

Scheme 2. Proposed catalytic cycle for the synthesis of fused indolines
2.

Ph/\/\ocorsu

Pdo-NHC

@CO

O OMe

CsBr

cesium pivalate. Nucleophilic addition of pivalate to the
cinnamyl ligand followed by alkene dissociation generates the
Pd’-NHC catalyst."”! Oxidative addition of carbamate 1 and
bromide/pivalate exchange is followed by C—H bond activa-
tion and reductive elimination to produce the fused indoline 2
and regenerate the catalyst. An excellent mechanistic analysis
of the C—H bond-activation step has been reported by
Rousseaux et al.*!

In summary, chiral NHC ligands derived from chiral 2,2-
dimethyl-1-arylpropane-1-amines were successfully applied
to the synthesis of highly enantioenriched trans-fused indo-
lines by palladium-catalyzed C—H activation. The reaction
requires temperatures of 140-160°C. It is extraordinary that
despite the high temperature, this transformation occurs
through high asymmetric recognition of an enantiotopic C—H
bond in an unactivated methylene unit.

Experimental Section

Representative procedure for the asymmetric synthesis of indoline 2:
[{Pd(n’-cinnamyl)Cl},] (2.5 mol %), cesium pivalate (0.2 mmol), and
NHC-HI (5 mol%) were introduced to a Schlenk tube. After
evacuation of the tube and backfilling with nitrogen, anhydrous
mesitylene (2 mL) was added and the mixture was stirred for 30 min.
Methyl carbamate 1 (0.2 mmol) and cesium carbonate (0.3 mmol)
were added next and the reaction mixture was heated to 160°C and
stirred at this temperature for 3 h. The reaction mixture was cooled to
room temperature, diluted with dichloromethane (2 mL), and then
filtered through a pad of celite. Volatiles were removed in vacuo and
the crude product was purified by flash column chromatography
(eluent: ethyl acetate/pentane) to afford the fused indoline 2.

Received: April 16, 2011
Published online: July 1, 2011

Angew. Chem. 20m1, 123, 7576 —7579


http://www.angewandte.de

Keywords: asymmetric catalysis - C—H activation - indolines -
N-heterocyclic carbenes - palladium

[1] Reviews: a) A. E. Chilov, G. B. Shul’pin, Chem. Rev. 1997, 97,

2

3

(4

[5

6

Angew. Chem. 2011, 123, 7576 —7579

—

—_

—_—

—_

[}

2879-2932; b) G. Dyker, Angew. Chem. 1999, 111, 1808 -1822;
Angew. Chem. Int. Ed. 1999, 38, 1698-1712; c) C. Jia, T.
Kitamura, Y. Fujiwara, Acc. Chem. Res. 2001, 34, 633-639;
d) J. A. Labinger, J. E. Bercaw, Nature 2002, 417,507 -514; ¢) V.
Ritleng, C. Sirlin, M. Pfeffer, Chem. Rev. 2002, 102, 1731-1769;
f) R. H. Crabtree, J. Organomet. Chem. 2004, 689, 4083 —4091;
g) K. Godula, D. Sames, Science 2006, 312, 67-72; h) A.R.
Dick, M. S. Sanford, Tetrahedron 2006, 62, 2439-2463; i) R. G.
Bergman, Nature 2007, 446, 391-393; j) D. A. Colby, R.G.
Bergman, J. A. Ellman, Chem. Rev. 2010, 110, 624 —655; k) T. W.
Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147-1169; 1) T.
Newhouse, P.S. Baran, Angew. Chem. 2011, 123, 3422 -3435;
Angew. Chem. Int. Ed. 2011, 50, 3362-3374; Recent report:
m) L. Huang, T. Niu, J. Wu, Y. Zhang, J. Org. Chem. 2011, 76,
1759 -1766.

Unactivated C(sp®)-H activation, see: a) H. Chen, S. Schlecht,
T. C. Semple, J. F. Hartwig, Science 2000, 287, 1995-1999; b) O.
Baudoin, A. Herrbach, F. Guéritte, F. Angew. Chem. 2003, 115,
5914-5918; Angew. Chem. Int. Ed. 2003, 42, 5736 —5740; Angew.
Chem. Int. Ed. 2003, 42, 5736-5740; c) T. E. Barder, S.D.
Walker, J. R. Martinelli, S. L. Buchwald, J. Am. Chem. Soc. 2005,
127,4685-4696; d) R. Giri, N. Maugel, J.-J. Li, D.-H. Wang, S. P.
Breazzano, L. B. Saunders, J.-Q. Yu, J. Am. Chem. Soc. 2007, 129,
3510-3511; e) M. Lafrance, S.I1. Gorelsky, K. Fagnou, J. Am.
Chem. Soc. 2007, 129, 14570-14571; f)S. Rousseaux, S.I.
Gorelsky, B. K. W. Chung, K. Fagnou, J. Am. Chem. Soc. 2010,
132,10692-10705; g) R. Jazzar, J. Hitce, A. Renaudat, J. Sofack-
Kreutzer, O. Baudoin, Chem. Eur. J. 2010, 16, 2654-2672;
h) J. H. Hansen, T. M. Gregg, S. R. Ovalles, Y. Lian, J. Autsch-
bach, H. M. L. Davies, J. Am. Chem. Soc. 2011, 133, 5076 -5085;
i) K. M. Engle, T.-S. Mei, X. Wang, J.-Q. Yu, Angew. Chem. 2011,
123, 1514-1528; Angew. Chem. Int. Ed. 2011, 50, 14781491,
and references therein.

An enantioselective (37 % ee) coupling between n-butylboronic
acid and a CHj; group in 2 -propylpyridine was reported: B.-F.
Shi, N. Maugel, Y.-H. Zhang, J.-Q. Yu, Angew. Chem. 2008, 120,
4960-4964; Angew. Chem. Int. Ed. 2008, 47, 4882 —4886.
Reviews: a)S. Anas, H. B. Kagan, Tetrahedron: Asymmetry
2009, 20, 2193-2199; b) D. Liu, G. Zhao, L. Xiang, Eur. J. Org.
Chem. 2010, 3975-3984; c) Y.-J. Wu, Heterocyclic Scaffolds II:
Topics in Heterocyclic Chemistry, Vol. 26 (Ed.: G. W. Gribble),
Springer, Heidelberg, 2010.

Selected recent examples of the synthesis of fused indoline
containing natural products: a) A. Huang, J. J. Kodanko, L. E.
Overman, J. Am. Chem. Soc. 2004, 126, 14043-14053; b) Y.
Kaburagi, H. Tokuyama, T. Fukuyama, J. Am. Chem. Soc. 2004,
126, 10246-10247; c¢) T. Kawasaki, M. Shinada, D. Kamimura,
M. Ohzono, A. Ogawa, Chem. Commun. 2006, 420-422; d) J.
Yang, H. Wu, L. Shen, Y. Qin, J. Am. Chem. Soc. 2007, 129,
13794-13795; e) S. Jaegli, J.-P. Vors, L. Neuville, J. Zhu, Synlett
2009, 2997-2999; f) D. Kato, Y. Sasaki, D. L. Boger, J. Am.
Chem. Soc. 2010, 132, 3685-3687; g) Z. Zuo, W. Xie, D. W. Ma,
J. Am. Chem. Soc. 2010, 132, 13226-13228; h) V. J. Reddy, C. J.
Douglas, Org. Lett. 2010, 12, 952-955.

a) T. Watanabe, S. Oishi, N. Fujii, H. Ohno, Org. Lett. 2008, 10,
1759-1762; b) J. J. Neumann, S. Rakshit, T. Droge, F. Glorius,
Angew. Chem. 2009, 121, 7024-7027; Angew. Chem. Int. Ed.

(7]

(8

—_

]
[10]

[11

—

(12]

(13]

[14]

[15]

Angewandte

2009, 48, 6892-6895; c) S. Rousseaux, M. Davi, J. Sofack-
Kreuzer, C. Pierre, C.E. Kefalidis, E. Clot, K. Fagnou, O.
Baudoin, J. Am. Chem. Soc. 2010, 132, 10706 -10716; d) see also
Ref. [2f].

Reviews: a) M. C. Perry, K. Burgess, Tetrahedron: Asymmetry
2003, 74, 951-961; b) V. César, S. Bellemin-Laponnaz, L. H.
Gade, Chem. Soc. Rev. 2004, 33, 619-636; c) “N-Heterocyclic
Carbenes in Transition Metal Catalysis”: F. Glorius in Topics in
Organometallic Chemistry, Vol. 21 (Ed: F. Glorius), Springer,
Heidelberg, 2007; d) S. P. Nolan in N-Heterocyclic Carbenes in
Synthesis (Ed.: S. P. Nolan), Wiley-VCH, Weinheim, 2006; ¢) D.
Enders, O. Niemeyer, A. Heuseler, Chem. Rev. 2007, 107, 5606 —
5655; f) S. Diez-Gonzales, S. P. Nolan, Aldrichimica Acta 2008,
41,43-51;¢) S. E. Denmark, G. L. Beutner, Angew. Chem. 2008,
120, 1584-1663; Angew. Chem. Int. Ed. 2008, 47, 1560-1638.
Review: a) D. R. Snead, H. Seo, S. Hong, Curr. Org. Chem. 2008,
12, 1370-1387. Selected recent references: b) X. Luan, R.
Mariz, C. Robert, M. Gatti, S. Blumentritt, A. Linden, R. Dorta,
Org. Lett. 2008, 10, 5569-5572; c)S. Wiirtze, C. Lohre, R.
Frolich, K. Bergander, F. Glorius, J. Am. Chem. Soc. 2009, 131,
8344-8345; d) K.B. Selim, Y. Matsumoto, K. Yamada, K.
Tomioka, Angew. Chem. 2009, 121, 8889-8891; Angew. Chem.
Int. Ed. 2009, 48, 8733-8735; ) C. C. Scarborough, A. Bergant,
G. T. Sazamaa, I. A. Guzeia, L. C. Spencera, S. S. Stahl, Tetrahe-
dron 2009, 65, 5084 -5092; f) S. Tiede, A. Berger, D. Schlesiger,
D. Rost, A. Liihl, S. Blechert, Angew. Chem. 2010, 122, 4064 —
4067; Angew. Chem. Int. Ed. 2010, 49,3972 -3975; g) X. Luan, L.
Wu, E. Drinkel, R. Mariz, M. Gatti, R. Dorta, Org. Lett. 2010, 12,
1912-1915; h) S. B. Stenne, J. Timperio, J. Savoie, T. Dudding,
S. K. Collins, Org. Lett. 2010, 12, 2032-2035; i) J. Bexrud, M.
Lautens, Org. Lett. 2010, 12, 3160-3163; j) R. Shintani, K.
Takatsu, T. Hayashi, Chem. Commun. 2010, 46, 6822-6824;
k) T. L. May, J. A. Dabrowski, A. H. Hoveyda, J. Am. Chem.
Soc. 2011, 133, 736-739; 1) L. Liu, N. Ishida, S. Ashida, M.
Murakami, Org. Lett. 2011, 13, 1666-1669; 1) S. Urban, N.
Ortega, F. Glorius, Angew. Chem. 2011, 123, 3887 -3890; Angew.
Chem. Int. Ed. 2011, 50, 3803 —3806.

S. Lee, J. F. Hartwig, J. Org. Chem. 2001, 66, 3402 —3415.

a) E. P. Kiindig, T. M. Seidel, Y.-X. Jia, G. Bernardinelli, Angew.
Chem. 2007, 119, 8636—8639; Angew. Chem. Int. Ed. 2007, 46,
8484-8487; b) Y.-X. Jia, D. Katayev, J. M. Hillgren, E.L.
Watson, S.P. Marsden, E.P. Kiindig, Chem. Commun. 2008,
4040-4042; c) Y.-X. Jia, D. Katayev, T. M. Seidel, G. Bernardi-
nelli, E. P. Kiindig, Chem. Eur. J. 2010, 16, 6300-6309.

For reports of highly enantioenriched cis-fused indolines see:
a)F. O. Arp, G.C. Fu, J. Am. Chem. Soc. 2006, 128, 14264 -
14265; b) D. S. Wang, Q. A. Cheng, W. Li, C. B. Yu, Y. G. Zhou,
X. Zhang, J. Am. Chem. Soc. 2010, 132, 8909-8911.

Literature precedents: a) M. Lafrance, K. Fagnou, J. Am. Chem.
Soc. 2006, 128, 16496 -16497; b) see Ref. [2¢].

Complex 7 decomposed (precipitation of Pd black) when heated
in xylenes to 140°C for 30 min. Complex 6 was recovered
unchanged after the same treatment.

CCDC 821885 ((—)-(5aR,10a8)-10) 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) M. S. Viciu, R. F. Germaneau, O. Navarro-Fernandez, E. D.
Stevens, S. P. Nolan, Organometallics 2002, 21, 5470 -5472; b) N.
Marion, O. Navarro, J. Mei, E. D. Stevens, N. M. Scott, S.P.
Nolan, J. Am. Chem. Soc. 2006, 128, 4101 -4111.

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

www.angewandte.de

Chemie

7579


http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1698::AID-ANIE1698%3E3.0.CO;2-6
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1038/417507a
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1016/j.jorganchem.2004.07.034
http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1016/j.tet.2005.11.027
http://dx.doi.org/10.1038/446391a
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1002/ange.201006368
http://dx.doi.org/10.1002/anie.201006368
http://dx.doi.org/10.1021/jo1023975
http://dx.doi.org/10.1021/jo1023975
http://dx.doi.org/10.1126/science.287.5460.1995
http://dx.doi.org/10.1002/anie.200352461
http://dx.doi.org/10.1002/anie.200352461
http://dx.doi.org/10.1021/ja042491j
http://dx.doi.org/10.1021/ja042491j
http://dx.doi.org/10.1021/ja0701614
http://dx.doi.org/10.1021/ja0701614
http://dx.doi.org/10.1021/ja076588s
http://dx.doi.org/10.1021/ja076588s
http://dx.doi.org/10.1021/ja103081n
http://dx.doi.org/10.1021/ja103081n
http://dx.doi.org/10.1002/chem.200902374
http://dx.doi.org/10.1021/ja111408v
http://dx.doi.org/10.1002/ange.201005142
http://dx.doi.org/10.1002/ange.201005142
http://dx.doi.org/10.1002/anie.201005142
http://dx.doi.org/10.1002/ange.200801030
http://dx.doi.org/10.1002/ange.200801030
http://dx.doi.org/10.1002/anie.200801030
http://dx.doi.org/10.1016/j.tetasy.2009.08.008
http://dx.doi.org/10.1016/j.tetasy.2009.08.008
http://dx.doi.org/10.1002/ejoc.201000323
http://dx.doi.org/10.1002/ejoc.201000323
http://dx.doi.org/10.1021/ja046690e
http://dx.doi.org/10.1021/ja046407b
http://dx.doi.org/10.1021/ja046407b
http://dx.doi.org/10.1039/b512485a
http://dx.doi.org/10.1021/ja075705g
http://dx.doi.org/10.1021/ja075705g
http://dx.doi.org/10.1021/ja910695e
http://dx.doi.org/10.1021/ja910695e
http://dx.doi.org/10.1021/ja106739g
http://dx.doi.org/10.1021/ol902949d
http://dx.doi.org/10.1021/ol800425z
http://dx.doi.org/10.1021/ol800425z
http://dx.doi.org/10.1002/ange.200903035
http://dx.doi.org/10.1002/anie.200903035
http://dx.doi.org/10.1002/anie.200903035
http://dx.doi.org/10.1021/ja1048847
http://dx.doi.org/10.1016/S0957-4166(03)00037-5
http://dx.doi.org/10.1016/S0957-4166(03)00037-5
http://dx.doi.org/10.1021/cr068372z
http://dx.doi.org/10.1021/cr068372z
http://dx.doi.org/10.1002/ange.200604943
http://dx.doi.org/10.1002/ange.200604943
http://dx.doi.org/10.1002/anie.200604943
http://dx.doi.org/10.1021/ol8021808
http://dx.doi.org/10.1002/ange.200904676
http://dx.doi.org/10.1002/anie.200904676
http://dx.doi.org/10.1002/anie.200904676
http://dx.doi.org/10.1016/j.tet.2009.04.072
http://dx.doi.org/10.1016/j.tet.2009.04.072
http://dx.doi.org/10.1021/ol1003093
http://dx.doi.org/10.1021/ol1003093
http://dx.doi.org/10.1021/ol100511d
http://dx.doi.org/10.1021/ol101067d
http://dx.doi.org/10.1039/c0cc01635g
http://dx.doi.org/10.1021/ja110054q
http://dx.doi.org/10.1021/ja110054q
http://dx.doi.org/10.1021/ol200149s
http://dx.doi.org/10.1002/ange.201100008
http://dx.doi.org/10.1002/anie.201100008
http://dx.doi.org/10.1002/anie.201100008
http://dx.doi.org/10.1021/jo005761z
http://dx.doi.org/10.1002/ange.200703408
http://dx.doi.org/10.1002/ange.200703408
http://dx.doi.org/10.1002/anie.200703408
http://dx.doi.org/10.1002/anie.200703408
http://dx.doi.org/10.1039/b810858g
http://dx.doi.org/10.1039/b810858g
http://dx.doi.org/10.1002/chem.201000031
http://dx.doi.org/10.1021/ja0657859
http://dx.doi.org/10.1021/ja0657859
http://dx.doi.org/10.1021/ja067144j
http://dx.doi.org/10.1021/ja067144j
http://dx.doi.org/10.1021/om020804i
http://dx.doi.org/10.1021/om020804i
http://dx.doi.org/10.1021/ja057704z
http://www.angewandte.de

