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The construction of chiral quaternary stereocenters by
asymmetric catalysis remains a challenging proposition for
chemists.[1, 2] Chiral a-tertiary amines reside within a wide
assortment of potent drugs and bioactive natural products,
therefore considerable effort has been directed toward their
asymmetric synthesis.[2] Among reactions involving the con-
struction of chiral a-tertiary amines,[3–9] asymmetric addition
to ketimines is a powerful strategy. Organocatalytic and chiral
Lewis acid catalyzed nucleophilic additions to ketimines have
been reported for the synthesis of chiral a-tertiary amines.[4,5]

Another convenient method involves the transition metal
catalyzed enantioselective addition of organometallic nucle-
ophiles. Despite the great advances in asymmetric transition
metal catalyzed additions of organometallic reagents to
imines,[10, 11] the development of such reactions towards the
construction of chiral a-tertiary amines has had limited
success because of the steric and electronic factors.[2, 6–9]

Several reports have described the copper- or zirconium-
catalyzed asymmetric addition of allylboronates or dialkyl-
zinc reagents to ketimines.[7] Alternatively, Hayashi and co-
workers pioneered rhodium-catalyzed asymmetric additions
for several kinds of ketimines and arylboron reagents with
various functional groups.[8,9] Although valuable progress has
been made, the asymmetric addition of arylboron reagents to
ketimines to give chiral a-diaryl alkyl amines (important
components of potent drugs)[12] suffers from limited substrate
scope.[8a,b] The asymmetric addition of arylboronic acids to
ketimines, is therefore still highly desired.

Palladium catalysis is a very attractive area for both
academia and industry. Although it has been applied to
conjugate addition reactions involving arylboron reagents,[13]

the palladium-catalyzed addition of arylboronic acids to
imines has become feasible only recently.[14] Subsequently,
several asymmetric approaches have been developed for
aldimine substrates,[14c–h] and chiral bidentate N-heterocyclic

carbene palladium catalysts have shown excellent catalytic
activity.[14e] However, there are still no reports concerning the
palladium-catalyzed addition of arylboronic acids to keti-
mines (including the reaction producing racemic products),
and this may be due to the less nucleophilic nature of the
arylpalladium species compared with that of the arylrhodium
species.[15] Herein, we report the first ligand- and solvent-
assisted palladium-catalyzed addition of arylboronic acids to
ketimines, thus representing a practical enantioselective
synthesis of chiral a-diaryl alkyl amines under either an air
or oxygen atmosphere.

Recently, saccharin-derived cyclic ketimines bearing aryl
or carboxy substituents have been studied in the rhodium-
catalyzed addition of arylboron reagents because of the stable
geometry and low electron density of the C=N bond.[8c,d]

However, the addition of boronic acids to the slightly
electron-donating, alkyl-substituted, saccharin-derived cyclic
ketimines has never been explored. Additionally the sultam
products are an intriguing class of synthetic targets.[16] Thus,
the alkyl-substituted ketimine 1 was chosen as the substrate
for our palladium-catalyzed addition reaction. Using the n-
butyl-substituted 1a as the standard substrate, reaction
conditions for the palladium-catalyzed enantioselective addi-
tion of phenylboronic acid to the cyclic ketimine were
investigated (Table 1). Initial solvent screening showed that
catalysis in MeOH provided the most promising result
(entry 1; and see the Supporting Information). This may be
due to the beneficial effect MeOH has on the rate of the
transmetalation and protonation steps of the catalytic
cycle.[13m,p] Palladium black was formed in most of the other
tested solvents. Subsequently, different chiral pyridine-oxazo-
line-type ligands were screened (entries 1–8). iPr-Pyrox
provided the best results compared to iPr-Quinox and iPr-
Pyrim (entry 1 versus entries 2 and 3). The highest enantio-
selectivity was achieved when a tBu substituent was attached
to the oxazoline ring of Pyrox (92% ee), however reaction
yield was poor because of the steric hindrance (entry 7 versus
entries 1 and 4–6). It has been reported that an electron-
deficient ligand may improve palladium-catalyzed addition
reactions.[13q,14d] Therefore, tBu-Nicox was tested and a slightly
higher ee value and yield were obtained (entry 8).[17] Consid-
ering the formation of palladium black was due to the low rate
of the addition reaction and high rate of homocoupling, two
simple methods were considered to resolve this problem. One
method involved using oxygen to oxidize the Pd0 species to
regenerate the catalyst PdII with the help of a pyridine-
oxazoline-type ligand.[3i, 18] The other method involved per-
forming the catalysis in the more polar and protic solvent,
TFE, which can stabilize the intermediates and transition
state of addition by decreasing the charge density, and
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improve the protonation step. Both of these improved the
reaction outcome (entries 9 and 10). In TFE, the importance
of the electron-deficient nature of tBu-Nicox was observed
(entry 10 versus 11). Furthermore, the effects of TFE and tBu-
Nicox were so strong that the catalysis could be carried out at
40 8C with lower catalyst and phenylboronic acid loading
(5 mol% cat., 1.5 equiv of PhB(OH)2) (entry 12). Notably,
the reaction was insignificantly affected by performing the
catalysis in unpurified TFE under “open to air” conditions
(entry 13 versus 12).

The catalyst loading could be lowered to 1 mol % by the
sequential addition of phenylboronic acid [Eq. (1)]. A one-

portion addition of 1.2 equivalents of phenylboronic acid
resulted in the formation of palladium black on trace amounts
of product.

Having identified the catalytic system, a variety of
arylboronic acids were examined for addition to substrate
1a (Table 2). Electron-rich and electron-deficient arylboronic
acids had little influence on enantioselectivity (entries 1–12).

Excellent yields were obtained for most of the reactions using
electron-rich and electron-deficient arylboronic acids
(entries 1–12). However, a decrease in reaction rate was
observed when electron-deficient arylboronic acids were used
(entries 5, 7, 8, 11, and 12). ortho-Substituents on the
arylboronic acids dramatically decreased the enantioselectiv-
ity and catalytic activity (entries 13 and 14), and arylboronic
acids possessing two substituents gave good results (entries 15
and 16). Fused-ring aryl or heteroaryl boronic acids could also
be used as the nucleophiles, thus providing the a-tertiary
amines in high ee values, albeit with slightly lower yields
(entries 17 and 18).

The ketimine substrate scope was also investigated
(Table 3). A range of ketimines possessing alkyl substituents
were tolerable to the enantioselective palladium-catalyzed
addition reaction (2aa–ga, 2 fb, 2 fc, 2gb, 2 ha–ja). All of the
substrates with linear alkyl groups, including alkoxy-function-
alized substituents, gave excellent yields and good ee values
(2aa–ga, 2 fb, 2 fc, 2gb). The catalytic additions involving 5-
methyl-substituted ketimine gave the corresponding products
in high ee values (2 ga and 2gb). The ee values and yields of
the catalysis involving substrates with branched and cyclic
alkyl substituents decreased (2ha–ja). Interestingly, the
reaction of phenyl-substituted substrates provided products
in good results (2ka and 2kb). Finally, the more electron-rich

Table 1: Optimization of reaction conditions.[a]

Entry Sol. L* t [h] Yield [%][b] ee [%][c]

1 MeOH iPr-Pyrox 48 96 70
2 MeOH iPr-Quinox 48 47 �9
3 MeOH iPr-Pyrim 48 56 69
4 MeOH Bn-Pyrox 48 94 70
5 MeOH iBu-Pyrox 48 95 73
6 MeOH Ph-Pyrox 48 89 76
7[d] MeOH tBu-Pyrox 48 26 92
8[d] MeOH tBu-Nicox 48 35 94
9[d,e] MeOH tBu-Nicox 48 67 94
10[e] TFE tBu-Nicox 1 99 92
11[e] TFE tBu-Pyrox 24 78 89
12[e,f ] TFE tBu-Nicox 24 99 96
13[f,g] TFE tBu-Nicox 24 99 95

[a] Reactions were carried out in air on a 0.20 mmol scale using 10 mol%
[Pd(TFA)2], 15 mol% ligand in purified solvent (2.0 mL) and PhB(OH)2

(0.40 mmol) at 80 8C in a sealed tube. [b] Yield of isolated product.
[c] Determined by HPLC using a chiral Daicel column. [d] Palladium
black was formed. [e] Charged with oxygen. [f ] Using 5 mol% Pd(TFA)2,
7.5 mol% ligand and 1.5 equiv of PhB(OH)2 at 40 8C. [g] In a test tube
which was opened to air. TFA = trifluoroacetic acetate, TFE = trifluor-
oethanol.

Table 2: Scope of arylboronic acids.[a]

Entry Ar T [8C] t []h Yield [%][b] ee [%][c]

1 Ph 40 24 99 95
2 4-MeC6H4 40 24 99 94
3[d] 4-MeOC6H4 40 12 98 90
4 4-PhC6H4 40 24 95 95
5 4-ClC6H4 60 26 99 94
6 4-FC6H4 60 16 99 94
7 4-MeO2CC6H4 60 24 59 (78)[e] 94
8[e,f ] 4-CF3C6H4 80 48 95 93
9 3-MeC6H4 40 12 99 95
10[d] 3-MeOC6H4 40 18 99 95
11[e] 3-ClC6H4 60 48 87 92
12 3-MeO2CC6H4 60 24 69 (84)[e] 95
13[e,f,g] 2-FC6H4 80 48 47 87
14[f,g] 2-MeOC6H4 80 48 ca. 15[h] –
15 3,5-Me2C6H3 40 12 99 95
16[d] 3,4-(OCH2O)C6H3 40 12 99 93
17 2-naphthyl 40 24 74 (87)[e] 96
18[e] 3-thienyl 80 24 89 90

[a] Reactions were carried out in air on a 0.20 mmol scale using 5 mol%
Pd(TFA)2, 7.5 mol% ligand and ArB(OH)2 (0.30 mmol) in unpurified TFE
(2.0 mL) at a certain temperature in a test tube which was opened to air.
[b] Yield of isolated product. [c] Determined by HPLC using a chiral
Daicel column. [d] With 1.8 equiv of ArB(OH)2. [e] Sealed tube charged
with oxygen. [f ] Using 10 mol% Pd(TFA)2 and 15 mol% ligand. [g] With
2.0 equiv of ArB(OH)2. [h] Determined by 1H NMR spectroscopy.
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ketimine substrates, the products of which also may be
synthetically useful, showed lower reactivity but provided
high enantioselectivities (2 la and 2ma). These kinds of

substrates remain a challenge for our catalytic system. The
electron-withdrawing alkyl group CF3 could improve the
reactivity of the substrate, thus giving the product in better
yield (72% under O2, 51 % open to air), but has no effect on
the enantioselectivity (2na versus 2ma).

The stereochemical outcome can be explained using
a model shown in Figure 1. The nucleophilic aryl group

bound to the Pd center is cis to the pyridine of Nicox, and the
imine is trans to the pyridine. The sterically favored inter-
mediate B, wherein the substrate coordinates to the palladium
with the -SO2- group oriented upward, (re-face) away from
the tert-butyl group of Nicox, leads to the optically major
product being the one we obtained.

A short synthesis of the chiral pyrrolidine compound 4
was also conducted (Scheme 1). The enantioselective cata-

lytic addition of piperonylboronic acid to substrate 1 e
provided the product 2eb with good ee value and in 99%
yield. The chiral polycyclic compound 3, an analogue of
selective non-nucleoside HIV-1 reverse transcriptase inhib-
itors[12a] and agents for treating diabetes,[12b] was obtained by
benzyl removal from 2 eb and subsequent Mitsunobu reac-
tion. No loss of enatiomeric purity was observed. This product
could be further transformed in moderate overall yield to the
pyrrolidine structure 4, thus bearing a chiral a-tertiary amine
motif (93% ee) through removal of the SO2 group and
installation of the Boc group.

Table 3: Scope of arylboronic acids.[a]

[a] Reactions were carried out in air on a 0.20 mmol scale using 5 mol%
Pd(TFA)2, 7.5 mol% ligand and ArB(OH)2 (0.30 mmol) in unpurified TFE
(2.0 mL) at 40 8C in a test tube for 24 h which was opened to air. [b] Yield
of isolated product. The ee values were determined by HPLC using
a chiral Daicel column. [c] 36 h. [d] 18 h. [e] 80 8C. [f ] 60 8C. [g] Sealed
tube charged with oxygen. [h] With 1.8 equiv of ArB(OH)2 for 12 h.
[i] Using 10 mol% Pd(TFA)2 and 15 mol% ligand. [j] 48 h. [k] Another
1.5 equiv of PhB(OH)2 was added after 24 h. [l] The absolute config-
urations of 2ka and 2kb were determined to be R by comparison of its
optical rotation and HPLC retention time with the literature value.[8c,d]

The others were proposed according to this result.

Figure 1. Stereochemical model.

Scheme 1. Transformations of chiral product. Boc = tert-butoxycar-
bonyl, DIAD= diisopropylazodicarboxylate, DMAP= 4-(dimethylami-
no)pyridine, DME= 1,2-dimethoxyethane, THF = tetrahydrofuran.
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In summary, we have developed the first catalytic system
of the palladium-catalyzed addition of arylboronic acids to
ketimines. The catalysis is highly efficient with good enantio-
seletivities and yields (up to 96 % ee and 99% yield).
Additionally, the majority of the reactions could be per-
formed in open air and with unpurified TFE solvent. A wide
range of cyclic N-sufonyl ketimines and arylboronic acids are
tolerated under the reaction conditions.

Received: April 6, 2013
Published online: June 10, 2013

.Keywords: amines · asymmetric catalysis · enantioselectivity ·
heterocycles · palladium

[1] For selected reviews, see: a) B. M. Trost, C. Jiang, Synthesis 2006,
369; b) J. T. Mohr, B. M. Stoltz, Chem. Asian J. 2007, 2, 1476;
c) M. Shibasaki, M. Kanai, Org. Biomol. Chem. 2007, 5, 2027.

[2] For reviews on synthesis of chiral a-tertiary amines, see: a) I.
Denissova, L. Barriault, Tetrahedron 2003, 59, 10105; b) O.
Riant, J. Hannedouche, Org. Biomol. Chem. 2007, 5, 873; c) P. G.
Cozzi, R. Hilgraf, N. Zimmermann, Eur. J. Org. Chem. 2007,
5969; d) M. Shibasaki, M. Kanai, Chem. Rev. 2008, 108, 2853.

[3] For selected examples of catalytic synthesis of chiral a-tertiary
amines except addition to ketimines: a) J. C. Ruble, G. C. Fu, J.
Am. Chem. Soc. 1998, 120, 11532; b) T. Yoshino, H. Morimoto,
G. Lu, S. Matsunaga, M. Shibasaki, J. Am. Chem. Soc. 2009, 131,
17082; c) S. Mouri, Z. Chen, H. Mitsunuma, M. Furutachi, S.
Matsunaga, M. Shibasaki, J. Am. Chem. Soc. 2010, 132, 1255;
d) S. Dong, X. Liu, X. Chen, F. Mei, Y. Zhang, B. Gao, L. Lin, X.
Feng, J. Am. Chem. Soc. 2010, 132, 10650; e) Z. Zhang, F. Xie, J.
Jia, W. Zhang, J. Am. Chem. Soc. 2010, 132, 15939; f) S. A.
Moteki, S. Xu, S. Arimitsu, K. Maruoka, J. Am. Chem. Soc. 2010,
132, 17074; g) B. M. Trost, L. C. Czabaniuk, J. Am. Chem. Soc.
2012, 134, 5778; h) J. S. Arnold, H. M. Nguyen, J. Am. Chem.
Soc. 2012, 134, 8380; i) G. Yang, C. Shen, W. Zhang, Angew.
Chem. 2012, 124, 9275; Angew. Chem. Int. Ed. 2012, 51, 9141.

[4] For selected organocatalytic addition to ketimines. Strecker
reaction: a) P. Vachal, E. N. Jacobsen, J. Am. Chem. Soc. 2002,
124, 10012; b) J. Wang, H. Hu, J. Jiang, S. Gou, X. Huang, X. Liu,
X. Feng, Angew. Chem. 2007, 119, 8620; Angew. Chem. Int. Ed.
2007, 46, 8468; c) Z. Hou, J. Wang, X. Liu, X. Feng, Chem. Eur. J.
2008, 14, 4484; NHC catalysis: d) M. He, J. W. Bode, J. Am.
Chem. Soc. 2008, 130, 418; e) M. Rommel, T. Fukuzumi, J. W.
Bode, J. Am. Chem. Soc. 2008, 130, 17266; Mannich-type
reaction: f) S. Saaby, K. Nakama, M. A. Lie, R. G. Hazell,
K. A. Jørgensen, Chem. Eur. J. 2003, 9, 6145; g) T. Hashimoto,
H. Nakatsu, K. Yamamoto, K. Maruoka, J. Am. Chem. Soc. 2011,
133, 9730; h) T. Kano, S. Song, Y. Kubota, K. Maruoka, Angew.
Chem. 2012, 124, 1217; Angew. Chem. Int. Ed. 2012, 51, 1191.

[5] Lewis-acid-catalyzed addition to ketimines: a) J. J. Byrne, M.
Chavrot, P. Y. Chavant, Y. Vall�e, Tetrahedron Lett. 2000, 41,
873; b) S. Masumoto, H. Usuda, M. Suzuki, M. Kanai, M.
Shibasaki, J. Am. Chem. Soc. 2003, 125, 5634; c) W. Zhuang, S.
Saaby, K. A. Jørgensen, Angew. Chem. 2004, 116, 4576; Angew.
Chem. Int. Ed. 2004, 43, 4476; d) Y. Suto, M. Kanai, M.
Shibasaki, J. Am. Chem. Soc. 2007, 129, 500; e) R. Yazaki, T.
Nitabaru, N. Kumagai, M. Shibasaki, J. Am. Chem. Soc. 2008,
130, 14477; f) Y. Du, L.-W. Xu, Y. Shimizu, K. Oisaki, M. Kanai,
M. Shibasaki, J. Am. Chem. Soc. 2008, 130, 16146; g) C. Tan, X.
Liu, L. Wang, J. Wang, X. Feng, Org. Lett. 2008, 10, 5305;
h) L. A. Wieland, E. M. Vieira, M. A. Snapper, A. H. Hoveyda,
J. Am. Chem. Soc. 2009, 131, 570; i) G. Lu, T. Yoshino, H.

Morimoto, S. Matsunaga, M. Shibasaki, Angew. Chem. 2011, 123,
4474; Angew. Chem. Int. Ed. 2011, 50, 4382.

[6] For selected addition of allylsilicon reagents or alkynes to
ketimines, see: a) L. Yin, Y. Otsuka, H. Takada, S. Mouri, R.
Yazaki, N. Kumagai, M. Shibasaki, Org. Lett. 2013, 15, 698;
b) B. M. Trost, S. M. Silverman, J. Am. Chem. Soc. 2010, 132,
8238.

[7] For copper-catalyzed addition to ketimines with allylboronates,
see: a) R. Wada, T. Shibuguchi, S. Makino, K. Oisaki, M. Kanai,
M. Shibasaki, J. Am. Chem. Soc. 2006, 128, 7687; For Cu- or Zr-
catalyzed addition to ketimines with alkylzinc: b) C. Lauzon, A.
Charette, Org. Lett. 2006, 8, 2743; c) P. Fu, M. L. Snapper, A. H.
Hoveyda, J. Am. Chem. Soc. 2008, 130, 5530.

[8] a) R. Shintani, M. Takeda, T. Tsuji, T. Hayashi, J. Am. Chem.
Soc. 2010, 132, 13168; b) R. Shintani, M. Takeda, Y.-T. Soh, T.
Ito, T. Hayashi, Org. Lett. 2011, 13, 2977; c) T. Nishimura, A.
Noishiki, G. C. Tsui, T. Hayashi, J. Am. Chem. Soc. 2012, 134,
5056; d) H. Wang, T. Jiang, M.-H. Xu, J. Am. Chem. Soc. 2013,
135, 971; e) T. Nishimura, A. Noishiki, Y. Ebe, T. Hayashi,
Angew. Chem. 2013, 125, 1821; Angew. Chem. Int. Ed. 2013, 52,
1777.

[9] For rhodium-catalyzed addition to ketimines, see: a) D. N. Tran,
N. Cramer, Angew. Chem. 2011, 123, 11294; Angew. Chem. Int.
Ed. 2011, 50, 11098; b) H. H. Jung, A. W. Buesking, J. A. Ellman,
Org. Lett. 2011, 13, 3912; c) Y. Luo, A. J. Carnell, H. W. Lam,
Angew. Chem. 2012, 124, 6866; Angew. Chem. Int. Ed. 2012, 51,
6762; d) Y. Luo, H. B. Hepburn, N. Chotsaeng, H. W. Lam,
Angew. Chem. 2012, 124, 8434; Angew. Chem. Int. Ed. 2012, 51,
8309.

[10] For selected reviews, see: a) G. K. Friestad, A. K. Mathies,
Tetrahedron 2007, 63, 2541; b) K. Yamada, K. Tomioka, Chem.
Rev. 2008, 108, 2874; c) C. S. Marques, A. J. Burke, Chem-
CatChem 2011, 3, 635; d) S. Kobayashi, Y. Mori, J. S. Fossey,
M. M. Salter, Chem. Rev. 2011, 111, 2626.

[11] For selected examples for aldimines, see: Cu: a) M. Shi, Z.-Y.
Lei, Q. Xu, Adv. Synth. Catal. 2006, 348, 2237; b) Q. Perron, A.
Alexakis, Tetrahedron: Asymmetry 2008, 19, 1871; c) M. G.
Pizzuti, A. J. Minnaard, B. L. Feringa, J. Org. Chem. 2008, 73,
940; d) I. Bonnaventure, A. B. Charette, Tetrahedron 2009, 65,
4968; e) E. M. Vieira, M. L. Snapper, A. H. Hoveyda, J. Am.
Chem. Soc. 2011, 133, 3332; Zr: f) J. R. Porter, J. F. Traverse,
A. H. Hoveyda, M. L. Snapper, J. Am. Chem. Soc. 2001, 123,
984; g) L. C. Akullian, M. L. Snapper, A. H. Hoveyda, Angew.
Chem. 2003, 115, 4376; Angew. Chem. Int. Ed. 2003, 42, 4244;
Rh: h) T. Hayashi, M. Ishigedani, J. Am. Chem. Soc. 2000, 122,
976; i) N. Tokunaga, Y. Otomaru, K. Okamoto, K. Ueyama, R.
Shintani, T. Hayashi, J. Am. Chem. Soc. 2004, 126, 13584; j) D. J.
Weix, Y. Shi, J. A. Ellman, J. Am. Chem. Soc. 2005, 127, 1092;
k) R. B. C. Jagt, P. Y. Toullec, D. Geerdink, J. G. de Vries, B. L.
Feringa, A. J. Minnaard, Angew. Chem. 2006, 118, 2855; Angew.
Chem. Int. Ed. 2006, 45, 2789; l) Z.-Q. Wang, C.-G. Feng, M.-H.
Xu, G.-Q. Lin, J. Am. Chem. Soc. 2007, 129, 5336; m) M.
Trincado, J. A. Ellman, Angew. Chem. 2008, 120, 5705; Angew.
Chem. Int. Ed. 2008, 47, 5623; n) Z. Cui, H.-J. Yu, R.-F. Yang, W.-
Y. Gao, C.-G. Feng, G.-Q. Lin, J. Am. Chem. Soc. 2011, 133,
12394.

[12] For selected examples, see: a) A. Mertens, J. H. Zilch, B. Kçnig,
W. Sch�fer, T. Poll, W. Kampe, H. Seidel, U. Leser, H. Leinert, J.
Med. Chem. 1993, 36, 2526; b) T. Nagase, T. Iino, Y. Sato, T.
Nishimura, J. Eiki, U.S. Patent 6608098 B1, 2003 ; c) M. Gao, M.
Wang, K. D. Miller, G. W. Sledge, Q.-H. Zheng, Eur. J. Med.
Chem. 2008, 43, 221; d) J. T. M. Linders, D. C. Furlano, M. V.
Mattson, A. E. Jacobson, K. C. Rice, Lett. Drug Des. Discovery
2010, 7, 79.

[13] For reviews, see: a) J. Christoffers, G. Koripelly, A. Rosiak, M.
Rçssle, Synthesis 2007, 1279; b) A. Gutnov, Eur. J. Org. Chem.
2008, 4547; c) Y. Yamamoto, T. Nishikata, N. Miyaura, Pure

7691Angew. Chem. 2013, 125, 7688 –7692 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1055/s-2006-926302
http://dx.doi.org/10.1055/s-2006-926302
http://dx.doi.org/10.1002/asia.200700183
http://dx.doi.org/10.1039/b704542e
http://dx.doi.org/10.1016/j.tet.2003.10.039
http://dx.doi.org/10.1039/b617746h
http://dx.doi.org/10.1002/ejoc.200700318
http://dx.doi.org/10.1002/ejoc.200700318
http://dx.doi.org/10.1021/cr078340r
http://dx.doi.org/10.1021/ja982890c
http://dx.doi.org/10.1021/ja982890c
http://dx.doi.org/10.1021/ja908571w
http://dx.doi.org/10.1021/ja908571w
http://dx.doi.org/10.1021/ja908906n
http://dx.doi.org/10.1021/ja1046928
http://dx.doi.org/10.1021/ja109069k
http://dx.doi.org/10.1021/ja107897t
http://dx.doi.org/10.1021/ja107897t
http://dx.doi.org/10.1021/ja301461p
http://dx.doi.org/10.1021/ja301461p
http://dx.doi.org/10.1021/ja302223p
http://dx.doi.org/10.1021/ja302223p
http://dx.doi.org/10.1002/ange.201203693
http://dx.doi.org/10.1002/ange.201203693
http://dx.doi.org/10.1002/anie.201203693
http://dx.doi.org/10.1021/ja027246j
http://dx.doi.org/10.1021/ja027246j
http://dx.doi.org/10.1002/ange.200703188
http://dx.doi.org/10.1002/anie.200703188
http://dx.doi.org/10.1002/anie.200703188
http://dx.doi.org/10.1002/chem.200800454
http://dx.doi.org/10.1002/chem.200800454
http://dx.doi.org/10.1021/ja0778592
http://dx.doi.org/10.1021/ja0778592
http://dx.doi.org/10.1021/ja807937m
http://dx.doi.org/10.1002/chem.200305302
http://dx.doi.org/10.1021/ja203901h
http://dx.doi.org/10.1021/ja203901h
http://dx.doi.org/10.1002/ange.201107375
http://dx.doi.org/10.1002/ange.201107375
http://dx.doi.org/10.1002/anie.201107375
http://dx.doi.org/10.1016/S0040-4039(99)02215-7
http://dx.doi.org/10.1016/S0040-4039(99)02215-7
http://dx.doi.org/10.1021/ja034980+
http://dx.doi.org/10.1002/ange.200460158
http://dx.doi.org/10.1002/anie.200460158
http://dx.doi.org/10.1002/anie.200460158
http://dx.doi.org/10.1021/ja068226a
http://dx.doi.org/10.1021/ja806572b
http://dx.doi.org/10.1021/ja806572b
http://dx.doi.org/10.1021/ja8069727
http://dx.doi.org/10.1021/ol802236h
http://dx.doi.org/10.1021/ja8062315
http://dx.doi.org/10.1002/ange.201101034
http://dx.doi.org/10.1002/ange.201101034
http://dx.doi.org/10.1002/anie.201101034
http://dx.doi.org/10.1021/ol3035609
http://dx.doi.org/10.1021/ja102102d
http://dx.doi.org/10.1021/ja102102d
http://dx.doi.org/10.1021/ja061510h
http://dx.doi.org/10.1021/ol0607847
http://dx.doi.org/10.1021/ja8001343
http://dx.doi.org/10.1021/ja106114q
http://dx.doi.org/10.1021/ja106114q
http://dx.doi.org/10.1021/ol200958q
http://dx.doi.org/10.1021/ja300697c
http://dx.doi.org/10.1021/ja300697c
http://dx.doi.org/10.1021/ja3110818
http://dx.doi.org/10.1021/ja3110818
http://dx.doi.org/10.1002/ange.201208593
http://dx.doi.org/10.1002/anie.201208593
http://dx.doi.org/10.1002/anie.201208593
http://dx.doi.org/10.1002/ange.201105766
http://dx.doi.org/10.1002/anie.201105766
http://dx.doi.org/10.1002/anie.201105766
http://dx.doi.org/10.1021/ol201438k
http://dx.doi.org/10.1002/ange.201202136
http://dx.doi.org/10.1002/anie.201202136
http://dx.doi.org/10.1002/anie.201202136
http://dx.doi.org/10.1002/ange.201204004
http://dx.doi.org/10.1002/anie.201204004
http://dx.doi.org/10.1002/anie.201204004
http://dx.doi.org/10.1016/j.tet.2006.11.076
http://dx.doi.org/10.1021/cr078370u
http://dx.doi.org/10.1021/cr078370u
http://dx.doi.org/10.1002/cctc.201000369
http://dx.doi.org/10.1002/cctc.201000369
http://dx.doi.org/10.1021/cr100204f
http://dx.doi.org/10.1002/adsc.200606128
http://dx.doi.org/10.1016/j.tetasy.2008.07.020
http://dx.doi.org/10.1021/jo702140f
http://dx.doi.org/10.1021/jo702140f
http://dx.doi.org/10.1016/j.tet.2009.04.002
http://dx.doi.org/10.1016/j.tet.2009.04.002
http://dx.doi.org/10.1021/ja200311n
http://dx.doi.org/10.1021/ja200311n
http://dx.doi.org/10.1021/ja003747y
http://dx.doi.org/10.1021/ja003747y
http://dx.doi.org/10.1002/ange.200352081
http://dx.doi.org/10.1002/ange.200352081
http://dx.doi.org/10.1002/anie.200352081
http://dx.doi.org/10.1021/ja9927220
http://dx.doi.org/10.1021/ja9927220
http://dx.doi.org/10.1021/ja044790e
http://dx.doi.org/10.1021/ja044003d
http://dx.doi.org/10.1002/ange.200504309
http://dx.doi.org/10.1002/anie.200504309
http://dx.doi.org/10.1002/anie.200504309
http://dx.doi.org/10.1021/ja0710914
http://dx.doi.org/10.1002/ange.200801137
http://dx.doi.org/10.1002/anie.200801137
http://dx.doi.org/10.1002/anie.200801137
http://dx.doi.org/10.1021/ja2046217
http://dx.doi.org/10.1021/ja2046217
http://dx.doi.org/10.1021/jm00069a011
http://dx.doi.org/10.1021/jm00069a011
http://dx.doi.org/10.1055/s-2007-966005
http://dx.doi.org/10.1002/ejoc.200800541
http://dx.doi.org/10.1002/ejoc.200800541
http://dx.doi.org/10.1351/pac200880050807
http://www.angewandte.de


Appl. Chem. 2008, 80, 807; d) N. Miyaura, Synlett 2009, 2039;
e) G. Berton, T. Hayashi in Catalytic Asymmetric Conjugate
Reactions (Ed.: A. C�rdova), Wiley-VCH, Weinheim, 2010 ;
Selected examples: f) C. S. Cho, S. Motofusa, K. Ohe, S.
Uemura, S. C. Shim, J. Org. Chem. 1995, 60, 883; g) T. Nishikata,
Y. Yamamoto, N. Miyaura, Angew. Chem. 2003, 115, 2874;
Angew. Chem. Int. Ed. 2003, 42, 2768; h) F. Gini, B. Hessen, A. J.
Minnaard, Org. Lett. 2005, 7, 5309; i) T. Nishikata, Y. Yamamoto,
I. D. Gridnev, N. Miyaura, Organometallics 2005, 24, 5025; j) X.
Lu, S. Lin, J. Org. Chem. 2005, 70, 9651; k) Y. Suzuma, T.
Yamamoto, T. Ohta, Y. Ito, Chem. Lett. 2007, 36, 470; l) T.
Zhang, M. Shi, Chem. Eur. J. 2008, 14, 3759; m) S. Lin, X. Lu,
Org. Lett. 2010, 12, 2536; n) Q. Xu, R. Zhang, T. Zhang, M. Shi, J.
Org. Chem. 2010, 75, 3935; o) K. Kikushima, J. C. Holder, M.
Gatti, B. M. Stoltz, J. Am. Chem. Soc. 2011, 133, 6902; p) Y. Lan,
K. N. Houk, J. Org. Chem. 2011, 76, 4905; q) Q. Peng, H. Yan, X.
Zhang, Y.-D. Wu, J. Org. Chem. 2012, 77, 7487; r) A. L.
Gottumukkala, K. Matcha, M. Lutz, J. G. de Vries, A. J.
Minnaard, Chem. Eur. J. 2012, 18, 6907; s) J. C. Holder, A. N.
Marziale, M. Gatti, B. Mao, B. M. Stoltz, Chem. Eur. J. 2013, 19,
74; t) I. Ibrahem, G. Ma, S. Afewerki, A. C�rdova, Angew.
Chem. 2013, 125, 912; Angew. Chem. Int. Ed. 2013, 52, 878.

[14] a) H. Dai, X. Lu, Org. Lett. 2007, 9, 3077; b) P. He, Y. Lu, Q. S.
Hu, Tetrahedron Lett. 2007, 48, 5283; c) H. Dai, M. Yang, X. Lu,
Adv. Synth. Catal. 2008, 350, 249; d) H. Dai, X. Lu, Tetrahedron
Lett. 2009, 50, 3478; e) G.-N. Ma, T. Zhang, M. Shi, Org. Lett.

2009, 11, 875; f) C. S. Marques, A. J. Burke, Eur. J. Org. Chem.
2010, 1639; g) Z. Liu, M. Shi, Tetrahedron 2010, 66, 2619; h) J.
Chen, X. Lu, W. Lou, Y. Ye, H. Jiang, W. Zeng, J. Org. Chem.
2012, 77, 8541.

[15] a) M. Miura, M. Nomura, Top. Curr. Chem. 2002, 219, 211;
b) D. A. Culkin, J. F. Hartwig, Acc. Chem. Res. 2003, 36, 234;
c) R. Jana, T. P. Pathak, M. S. Sigman, Chem. Rev. 2011, 111,
1417.

[16] For selected examples, see: a) A. Jirgensons, G. Leitis, I.
Kalvinsh, D. Robinson, P. Finn, N. Khan, Patent Appl. WO
2008142376A1, 2008 ; b) O. Reiser in Organic Synthesis High-
lights IV (Ed.: H.-G. Schmalz), Wiley-VCH, Weinheim, 2000 ;
c) C.-B. Yu, D.-W. Wang, Y.-G. Zhou, J. Org. Chem. 2009, 74,
5633; d) M. Ichinose, H. Suematsu, Y. Yasutomi, Y. Nishioka, T.
Uchida, T. Katsuki, Angew. Chem. 2011, 123, 10058; Angew.
Chem. Int. Ed. 2011, 50, 9884; e) H.-X. Dai, A. F. Stepan, M. S.
Plummer, Y.-H. Zhang, J.-Q. Yu, J. Am. Chem. Soc. 2011, 133,
7222; f) T. Nishimura, Y. Ebe, T. Hayashi, J. Am. Chem. Soc.
2013, 135, 2092.

[17] a) J. A. Schiffner, A. B. Machotta, M. Oestreich, Synlett 2008,
2271; b) J. A. Schiffner, T. H. Woeste, M. Oestreich, Eur. J. Org.
Chem. 2010, 174.

[18] For selected reviews: a) B. M. Stoltz, Chem. Lett. 2004, 33, 362;
b) R. I. McDonald, G. Liu, S. S. Stahl, Chem. Rev. 2011, 111,
2981.

.Angewandte
Zuschriften

7692 www.angewandte.de � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 7688 –7692

http://dx.doi.org/10.1351/pac200880050807
http://dx.doi.org/10.1021/jo00109a019
http://dx.doi.org/10.1002/ange.200350888
http://dx.doi.org/10.1002/anie.200350888
http://dx.doi.org/10.1021/ol052222d
http://dx.doi.org/10.1021/om050678t
http://dx.doi.org/10.1021/jo051561h
http://dx.doi.org/10.1246/cl.2007.470
http://dx.doi.org/10.1002/chem.200701982
http://dx.doi.org/10.1021/ol100767u
http://dx.doi.org/10.1021/jo1006224
http://dx.doi.org/10.1021/jo1006224
http://dx.doi.org/10.1021/ja200664x
http://dx.doi.org/10.1021/jo2002903
http://dx.doi.org/10.1021/jo301319j
http://dx.doi.org/10.1002/chem.201203643
http://dx.doi.org/10.1002/chem.201203643
http://dx.doi.org/10.1002/ange.201208634
http://dx.doi.org/10.1002/ange.201208634
http://dx.doi.org/10.1002/anie.201208634
http://dx.doi.org/10.1021/ol0711220
http://dx.doi.org/10.1016/j.tetlet.2007.05.119
http://dx.doi.org/10.1002/adsc.200700362
http://dx.doi.org/10.1016/j.tetlet.2009.03.005
http://dx.doi.org/10.1016/j.tetlet.2009.03.005
http://dx.doi.org/10.1021/ol802861s
http://dx.doi.org/10.1021/ol802861s
http://dx.doi.org/10.1002/ejoc.200901139
http://dx.doi.org/10.1002/ejoc.200901139
http://dx.doi.org/10.1016/j.tet.2010.02.037
http://dx.doi.org/10.1021/jo301423e
http://dx.doi.org/10.1021/jo301423e
http://dx.doi.org/10.1007/3-540-45313-X_6
http://dx.doi.org/10.1021/ar0201106
http://dx.doi.org/10.1021/cr100327p
http://dx.doi.org/10.1021/cr100327p
http://dx.doi.org/10.1021/jo900790k
http://dx.doi.org/10.1021/jo900790k
http://dx.doi.org/10.1002/ange.201101801
http://dx.doi.org/10.1002/anie.201101801
http://dx.doi.org/10.1002/anie.201101801
http://dx.doi.org/10.1021/ja201708f
http://dx.doi.org/10.1021/ja201708f
http://dx.doi.org/10.1021/ja311968d
http://dx.doi.org/10.1021/ja311968d
http://dx.doi.org/10.1002/ejoc.200901129
http://dx.doi.org/10.1002/ejoc.200901129
http://dx.doi.org/10.1246/cl.2004.362
http://dx.doi.org/10.1021/cr100371y
http://dx.doi.org/10.1021/cr100371y
http://www.angewandte.de

