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Abstract: Cyclopropanes fused to pyrrolidines are important
structural features found in a number of marketed drugs and
development candidates. Typically, their synthesis involves the
cyclopropanation of a dihydropyrrole precursor. Reported
herein is a complementary approach which employs
a palladium(0)-catalyzed C—H functionalization of an achiral
cyclopropane to close the pyrrolidine ring in an enantioselec-
tive manner. In contrast to aryl-aryl couplings, palladium(0)-
catalyzed C—H functionalizations involving the formation of
C(sp’)—C(sp’®) bonds of saturated heterocycles are very scarce.
The presented strategy yields cyclopropane-fused vy-lactams
from chloroacetamide substrates. A bulky Taddol phosphonite
ligand in combination with adamantane-1-carboxylic acid as
a cocatalyst provides the vy-lactams in excellent yields and
enantioselectivities.

The cyclopropane ring is a frequently used design element in
biologically active compounds with the aim to increase
metabolic stability, as well as rigidity, by a defined three-
dimensional orientation in space.l'! In particular, cyclopro-
panes fused to pyrrolidine units are found as key structural
features in important biologically active agents such as
trovafloxacin,”! boceprevir,”’ cyproximide,” amitifadine,”
and bicifadine!® for the 3-azabicyclo[3.1.0Jhexane series and
saxagliptin,” as a 2-azabicyclo[3.1.0]hexane (Figure 1).
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Figure 1. Examples of marketed drugs and development candidates
containing a cyclopropane unit fused to a pyrrolidine.
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The relevance of the azabicyclo[3.1.0]lhexanes makes
catalytic enantioselective approaches for this scaffold syn-
thetically very valuable. Classical synthetic approaches
involve a cyclopropanation reaction of suitable unsaturated
precursors.*'% Complementary to the construction of the
cyclopropane,'!! we aimed for an enantioselective direct
functionalization of an existing achiral cyclopropyl unit.
Besides stoichiometric reactions using strongly basic
reagents,'? transition-metal-catalyzed C—H functionaliza-
tions of cyclopropanes have been developed.'>!*l Despite
their utility, enantioselective variants remain rare.™ In
contrast to the formation of either C(sp*)—C(sp?) or C(sp*)—
C(sp’) bonds,*!1°! palladium(0)-catalyzed C—H functionali-
zations aimed at the construction of C(sp*)—C(sp*) bonds are
very scarce.**'7"¥ Herein, we report a highly enantioselec-
tive synthesis of saxagliptin-type 2-azabicyclo[3.1.0Jhexane
derivatives 2 by an asymmetric C—H functionalization
strategy (Scheme 1). The required aminocyclopropane sub-
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Scheme 1. An enantioselective palladium(0)-catalyzed C—H functional-
ization approach to cyclopropane-fused y-lactams (2).

strates 1 are conveniently accessed by Kulinkovich-Szymo-
niak!™ or Kulinkovich-de Meijere reactions.” The chloro-
acetamide group of 1 serves as the alkyl electrophile required
to access the alkyl palladium intermediate A. So far, the use
of chloroacetamides as electrophilic components for palla-
dium-catalyzed C—H activations remain limited to reports
from the group of Buchwald for the synthesis of oxindoles®!!
and from our group to access B-lactams.!'’? Several selectivity
challenges in the activation step have to be considered. First,
the activation of the hydrogen atoms of A, adjacent to the
nitrogen atom need to be mitigated (Scheme 1). We previ-
ously reported functionalizations of such C—H bonds for an
enantioselective B-lactam synthesis.'” Instead, the formation
of 2 would require a selective C—H activation of one of the
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Table 1: Optimization of the enantioselective y-lactam formation.?!

O 0, 0, *
PMB. AL Cl 1o acid, 1 Ebauiy Co,co, M-
A toluene, 12 h H
1a 2a
L1 (Ar=Ph, R=NMe,)
L2 (Ar=3,5-xylyl, R=NMe,)
Ar AT L3 (Ar=3,5-Ph-CgHs, R=NMe,)
o] 0 L4 (Ar=3,5-tBu-CgHs, R=NMe,)
>< . P-R L5 (Ar=35-tBu-CgHs, R=N(CH,),)
o 0 L6 (Ar=3,5-tBu-CgH3, R=1-pyrrolyl)
A Ar L7 (Ar=3,5-tBu-CgHs, R=1-indolyl)
L8 (Ar=3,5-tBu-CgH;, R=1-carbazolyl)
L9 (Ar=3,5-tBu-CgHs, R=Ph)
Entry L*  Acid T[°C]  Yield [%]® el
1 L1  AdCO,H 110 16 52:48
2 L2 AdCO,H 110 76 68.5:31.5
3 L3  AdCO,H 110 88 83.5:16.5
4 L4  AdCO,H 110 95 84:16
5 L5 AdCO,H 110 73 85.5:14.5
6 L6 AdCO,H 110 93 92.5:7:5
7 L7 AdCO,H 110 68 95:5
8 L8 AdCO,H 110 29 95.5:4.5
9 L9 AdCO,H 110 93 93.5:6.5
10 L9 AcOH 110 89 89:11
11 L9  Xanth-CO,H 110 82 94:6
12 L9 PivOH 110 96 92.5:7.5
13 L9  AdCO,H (K,COs) 110 96 92:8
14 L9 AdCO,H (Rb,CO;) 110 94 93:7
150 L9 AdCO,H (5mol%) 70 99 (89) 95.5:4.5

[a] Reaction conditions: 0.05 mmol 1a, 2.5 pmol [Pd(dba),], 5.0 umol L*,
5.0 umol acid, 1.5 equiv Cs,CO;, 0.1 M in toluene, 12 h at the indicated
temperature. [b] Determined by 'H NMR spectroscopy using an internal
standard. [c] Determined by HPLC analysis using a chiral stationary
phase. [d] 0.1 mmol scale, 24 h. [e] Yield of isolated product. dba =di-
benzylideneacetone, Piv= pivaloyl.

two enantiotopic C—H bonds of the cyclopropane ring during
the concerted metalation—deprotonation (CMD) step,?? via
B, to give the six-membered palladacycle C. Subsequent
reductive elimination would yield the cyclopropane-fused -
lactam 2.

The initial reaction parameters were evaluated using
chloroacetamide 1a as a model substrate (Table 1). A brief
screen of different Taddol phosphoramidite ligands showed
that an increased bulk of the flanking aryl groups of the ligand
(L1-L4) improved the yield as well as the selectivity of the C—
H functionalization (entries 1-4), thus giving 2a in 95% and
84:16 e.r. when using L4. Exchange of the dimethylamino
substituent for a pyrrolidine (L5) had little effect (entry 5),
whereas the installation of an aromatic pyrrole group (L6)
increased the selectivity to 92.5:7.5 (entry 6). Changing the
bulk of the pyrrole by replacing it with either an indole (L7,
entry 7) or a carbazole (L8; entry 8) further increased the
selectivity for 2a, but drastically reduced the yield. Exchange
of the 1-pyrrole substituent by a simple phenyl group (L9)
resulted in excellent reactivity while maintaining the high
selectivity (93.5:6.5) of the pyrrole-type ligands (entry9).
Among a small range of carboxylic acid additives tested
(entries 9-12), adamantyl carboxylic acid provided the high-
est selectivities. Other carbonate bases could be used instead
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of cesium carbonate (entries 13 and 14). For instance,
potassium carbonate gave 2a with only slightly reduced
enantioselectivity (entry 13). Remarkably, for this type of C—
H activation, the reaction temperature could be lowered to
70°C, thus further increasing the enantioselectivity to 95.5:4.5
er. while maintaining full conversion and high yields
(entry 15).

The scope for the y-lactam formation was subsequently
evaluated with the aforementioned optimized reaction con-
ditions (Table 1, entry 15). Several benzyl derivatives and
alkyl groups are tolerated on the nitrogen atom (R?; Table 2,
entries 1-5). However, a tertiary amide is required as
secondary ones do not cyclize and lead mainly to recovery
of starting material (entry 6). Besides a hydrogen atom, R!
accommodates a wide range of alkyl, benzyl, and aryl
substituents. In addition, common and versatile functional
groups including adjacent esters and nitriles work well
(entries 7-14). The transformation furnishes, on a gram
scale, the cyclized product in equally high yield and selectivity
(entry 8). Concerning spirocyclic substrates, the success of the
enantioselective activation is dependent on the ring size. For
instance, the pyrrolidine 1n did not provide the pyrrolizidine
2n (entry 15). In contrast, the larger piperidine 1o gave the
indolizidine scaffold 20 in excellent yield and enantioselec-
tivity (entry 16). Remarkably, the reaction proceeds at
reaction temperatures as low as 35°C (entry 17). Moreover,
the substrate 1q, featuring a tetrasubstituted cyclopropane
having only methine C—H bonds, is selectively functionalized
to provide the tricyclic lactam 2q (entry 19). The absolute
configuration of the y-lactams was unambiguously established
to be (R,R) by X-ray crystallographic analysis of 2j.*

As y-lactams with a free NH could not be directly
accessed, the 2,4,6-trimethoxybenzyl group of 2d was cleaved
under acidic conditions, thus providing 2f in good yield
(Scheme 2a). Exemplarily for compound 2i, the cyclopro-

TFA, anisole
23°C

2f
89%, 97.5:25e.r.

e}
PMB.
b H, (1 atm), Pd/C N
) EtOAc, 45 °C
Ph
Me

3
96%, 96.5:3.5 e.r.

Scheme 2. Selected modifications of the y-lactams 2. TFA=trifluoro-
acetic acid.

pane unit is shown to serve as a latent methyl group
(Scheme 2b). Hydrogenation under heterogeneous condi-
tions with Pd/C selectively yielded the trans y-lactam 3
without a loss of optical purity.

The enantioselective y-lactam formation is not limited to
the use of cyclopropanes as source of activatable C—H bonds.
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Table 2: Scope for the synthesis of the y-lactams 2.1

0 0
2 5 mol% [Pd(dba),], 10 mol% L9 R2
R% N J\/CI 5 mol% AdCO,H, 12.5 equiv Cs,CO;3 N
1 toluene, 70°C R““\ j

R Jv1 2 H
Entry 1 2 Yield [%6]®  e.rld
1 la 2a R*=PMB,R'=H 89 95.5:4.5

OMe
MeO
2 1b  2b 99 96:4
3 1c 2c Me 99 93:7
MeO

4 1d 2d 78 98:2
5 le 2e R*=iPr, R'=(CH,);Ph 94 98:2
6 1f 2f R*=H,R'=(CH,);Ph 0 -
7 1g 2g R*=PMB,R'=(CH,);Ph 92 96.5:3.5
8 1g 2g gram scale (2.69 mmol) 93 97.5:2.5
9 1Th 2h R’=PMB, R'=Bn 98 95.5:4.5
10 1i 2i R’=PMB,R'=Ph 99 98:2
19 1j 2 R*=PMB,R'=p-CICH, 68 95:5
12 1k 2k R*=PMB,R'=CN 99 92.5:7.5
13 11 21  R*=PMB, R'=CO,Et 90 91.5:8.5
14 Tm 2m R?*=PMB, R'=CH,OTIPS 95 96.5:3.5
15 Tn 2n 0 -
16 1o 20 99 95:5
179 10 20 65 98:2
18 1p 2p 76 97.5:2.5
19 1q 2q 89 97.5:2.5

[a] Reaction conditions: 0.1 mmol 1, 5.0 umol [Pd(dba),], 10.0 pmol L9,
5.0 umol AdCO,H, 1.5 equiv Cs,CO;, 0.1 ™ in toluene, 24 h at 70°.

[b] Yield of isolated product. [c] Determined by HPLC analysis using

a chiral stationary phase. [d] With 10.0 umol [Pd(dba),], 20.0 pmol L9,

and 10.0 umol AdCO,H. [e] 75 % conversion. PMB = para-methoxyben-

zyl.
Preliminary studies reveal that substrates with methyl groups
can be addressed (Scheme 3). Although the obtained enan-

tioselectivities are not yet paralleling those of the cyclo-
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0 0
. 10 mol% [Pd(dba),], 20 mol% L9 R
R \NJJ\/CI 10 mol% AdCO,H, 1.5 equiv Cs,CO3 \l\b

toluene, 110°C R
R MeMe Me
4 5
...................................................... G
Me_Me O
N
N Mes N
Et
Me Me
5a 5b

99%, 85:15 evr. 75%, 79:21 e.r.

Scheme 3. The y-lactams 5 from the functionalization of enantiotopic
methyl groups. Mes =2,4,6-trimethylphenyl.

propanes, it is remarkable that the reaction allows a selection
between a methyl and an ethyl group (5b).

In summary, we disclosed an enantioselective C—H
functionalization approach for the synthesis of valuable
azabicyclo[3.1.0]lhexane scaffolds using readily accessible
chloroacetamides. This palladium(0)-catalyzed transforma-
tion yields cyclized products in excellent enantioselectivities
by using a bulky Taddol phosphonite ligand and 1-adaman-
tane carboxylic acid as a cocatalyst. A salient aspect of this
transformation is its broad tolerance for substituents on the
cyclopropane, thus enabling access to versatile molecular
building blocks.

Acknowledgements

This work is supported by the European Research Council
under the European Community’s Seventh Framework Pro-
gram (FP7 2007-2013)/ERC Grant agreement n° 257891 and
the Swiss National Science Foundation (n° 155967). We thank
Dr. R. Scopelliti for X-ray crystallographic analysis of
compound 2j.

Keywords: asymmetric catalysis - C—H activation - lactams -
palladium - small-ring compounds

How to cite: Angew. Chem. Int. Ed. 2015, 54, 11826-11829
Angew. Chem. 2015, 127, 11992-11995

[1] a) A. de Meijere, S. 1. Kozhushkov, H. Schill, Chem. Rev. 2006,
106, 4926; b) F. Gnad, O. Reiser, Chem. Rev. 2003, 103, 1603.

[2] T. D. Gootz, R. Zaniewski, S. Haskell, B. Schmieder, J. Tankovic,
D. Girard, P. Courvalin, R. J. Polzer, Antimicrob. Agents Chemo-
ther. 1996, 40, 2691.

[3] a) B.R. Bacon etal., N. Engl. J. Med. 2011, 364, 1207; b) F.
Poordad et al., N. Engl. J. Med. 2011, 364, 1195.

[4] J. W. Epstein, H. J. Brabander, W. J. Fanshawe, C. M. Hofmann,
T. C. McKenzie, S.R. Safir, A. C. Osterberg, D. B. Cosulich,
F. M. Lovell, J. Med. Chem. 1981, 24, 481.

[5] F. Micheli et al., J. Med. Chem. 2010, 53, 4989.

[6] M. Zhang, F. Jovic, T. Vickers, B. Dyck, J. Tamiya, J. Grey, J. A.
Tran, B. A. Fleck, R. Pick, A. C. Foster, C. Chen, Bioorg. Med.
Chem. Lett. 2008, 18, 3682.

[7] D.J. Augeri et al., J. Med. Chem. 2005, 48, 5025.

[8] R.Zhang, A. Mamai, J. S. Madalengoitia, J. Org. Chem. 1999, 64,
547.

Angew. Chem. 2015, 127, 1199211995


http://dx.doi.org/10.1021/cr0505369
http://dx.doi.org/10.1021/cr0505369
http://dx.doi.org/10.1021/cr010015v
http://dx.doi.org/10.1056/NEJMoa1009482
http://dx.doi.org/10.1056/NEJMoa1010494
http://dx.doi.org/10.1021/jm00137a002
http://dx.doi.org/10.1021/jm100481d
http://dx.doi.org/10.1016/j.bmcl.2008.05.077
http://dx.doi.org/10.1016/j.bmcl.2008.05.077
http://dx.doi.org/10.1021/jm050261p
http://dx.doi.org/10.1021/jo9816109
http://dx.doi.org/10.1021/jo9816109
http://www.angewandte.de

[9] J. Dong, Y. Gong, J. Liu, X. Chen, X. Wen, H. Sun, Bioorg. Med.
Chem. 2014, 22, 1383.
[10] K. E. Brighty, M. J. Castaldi, Synlett 1996, 1097.
[11] a) H. Lebel, J.-F. Marcoux, C. Molinaro, A. B. Charette, Chem.
Rev. 2003, 103, 977; b) H. Pellissier, Tetrahedron 2008, 64, 7041.

[12] a) P. E. Eaton, C.-H. Lee, Y. Xiong, J. Am. Chem. Soc. 1989, 111,
8016; b) M.-X. Zhang, P. E. Eaton, Angew. Chem. Int. Ed. 2002,
41, 2169; Angew. Chem. 2002, 114, 2273.
a) A. Kubota, M. Sanford, Synthesis 2011, 2579; b) M. Wasa,
K. M. Engle, D. W. Lin, E. J. Yoo, J.-Q. Yu, J. Am. Chem. Soc.
2011, 733, 19598; ¢) T. Saget, N. Cramer, Angew. Chem. Int. Ed.
2012, 57, 12842; Angew. Chem. 2012, 124, 13014; d) N. Hoshiya,
T. Kobayashi, M. Arisawa, S. Shuto, Org. Lett. 2013, 15, 6202;
e) T. Saget, D. Perez, N. Cramer, Org. Lett. 2013, 15, 1354; f) R.
Parella, B. Gopalakrishnan, S. A. Babu, Org. Lett. 2013, 15, 3238;
¢) D.S. Roman, A.B. Charette, Org. Lett. 2013, 15, 4394,
h) C. L. Ladd, D. S. Roman, A. B. Charette, Org. Lett. 2013, 15,
1350; i) C. Tsukano, M. Okuno, Y. Takemoto, Chem. Lett. 2013,
42,753;j) K. S. L. Chan, H.-Y. Fu, J.-Q. Yu, J. Am. Chem. Soc.
2015, 137, 2042; k) J. Pedroni, T. Saget, P. Donets, N. Cramer,
Chem. Sci. 2015, DOI: 10.1039/c5sc01909e.
For selected recent reviews on C—H functionalizations, see: a) X.
Chen, K. M. Engle, D.-H. Wang, J.-Q. Yu, Angew. Chem. Int. Ed.
2009, 48, 5094; Angew. Chem. 2009, 121, 5196; b) D. A. Colby,
R. G. Bergman, J. A. Ellman, Chem. Rev. 2010, 110, 624;c) T. W.
Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147;d) J. Le Bras, J.
Muzart, Chem. Rev. 2011, 111, 1170; ¢) L. McMurray, F. O’Hara,
M. J. Gaunt, Chem. Soc. Rev. 2011, 40, 1885; f) W. R. Gutekunst,
P. S. Baran, Chem. Soc. Rev. 2011, 40, 1976; g) J. Wencel-Delord,
T. Droge, F. Liu, F. Glorius, Chem. Soc. Rev. 2011, 40, 4740;
h) S. H. Cho, J. Y. Kim, J. Kwak, S. Chang, Chem. Soc. Rev. 2011,
40, 5068; i) C. Liu, H. Zhang, W. Shi, A. Lei, Chem. Rev. 2011,
111, 1780; j) J. Yamaguchi, A. D. Yamaguchi, K. Itami, Angew.
Chem. Int. Ed. 2012, 51, 8960; Angew. Chem. 2012, 124, 9092;
k) J. Wencel-Delord, F. Glorius, Nat. Chem. 2013, 5, 369; 1) G.
Rouquet, N. Chatani, Angew. Chem. Int. Ed. 2013, 52, 11726;
Angew. Chem. 2013, 125, 11942; m) N. Kuhl, N. Schroder, F.
Glorius, Adv. Synth. Catal. 2014, 356, 1443; n) S. De Sarkar, W.
Liu, S. I. Kozhushkov, L. Ackermann, Adv. Synth. Catal. 2014,
356, 1461; 0) Y. Segawa, T. Maekawa, K. Itami, Angew. Chem.
Int. Ed. 2015, 54, 66; Angew. Chem. 2015, 127, 68; p) O. Daugulis,
J. Roane, L. D. Tran, Acc. Chem. Res. 2015, 48,1053; q) L. Yang,
H. Huang, Chem. Rev. 2015, 115, 3468; r) C. Cheng, J.F.
Hartwig, Chem. Rev. 2015, DOI: 10.1021/cr5006414.
For reviews on asymmetric C—H functionalizations, see: a) R.
Giri, B.-F. Shi, K. M. Engle, N. Maugel, J.-Q. Yu, Chem. Soc. Rev.
2009, 38, 3242; b) J. Wencel-Delord, F. Colobert, Chem. Eur. J.
2013, 79, 14010; c) T. Saget, N. Cramer, Pure Appl. Chem. 2014,
86,265;d) C. Zheng, S.-L. You, RSC Adv. 2014, 4,6173; ¢) B. Ye,
N. Cramer, Acc. Chem. Res. 2015, 48, 1308.

(13]

(14]

(15]

o

[16] For examples of enantioselective palladium-catalyzed C(sp*)—
C(sp®) and C(sp?)—C(sp®) bond formation, see: a) M. Albicker,
N. Cramer, Angew. Chem. Int. Ed. 2009, 48, 9139; Angew. Chem.
2009, 121, 9303; b) M. Nakanishi, D. Katayev, C. Besnard, E. P.
Kiindig, Angew. Chem. Int. Ed. 2011, 50, 7438; Angew. Chem.
2011, 723, 7576; ¢)S. Anas, A. Cordi, H. B. Kagan, Chem.
Commun. 2011, 47, 11483; d) T. Saget, S. Lemouzy, N. Cramer,

Angew. Chem. Int. Ed. 2012, 51, 2238; Angew. Chem. 2012, 124,

2281; e) D. Katayev, M. Nakanishi, T. Biirgi, E. P. Kiindig, Chem.

Sci. 2012, 3, 1422; f) N. Martin, C. Pierre, M. Davi, R. Jazzar, O.

Baudoin, Chem. Eur. J. 2012, 18,4480; g) R. Shintani, H. Otomo,

K. Ota, T. Hayashi, J. Am. Chem. Soc. 2012, 134, 7305; h) P. A.

Donets, T. Saget, N. Cramer, Organometallics 2012, 31, 8040;

i) T. Saget, N. Cramer, Angew. Chem. Int. Ed. 2013, 52, 7865;

Angew. Chem. 2013, 125,8019;j) D.-W. Gao, Q. Yin, Q. Gu, S.-L.

You, J. Am. Chem. Soc. 2014, 136, 4841; k) R. Deng, Y. Huang,

X.Ma, G. Li, R. Zhu, B. Wang, Y.-B. Kang, Z. Gu, J. Am. Chem.

Soc. 2014, 136, 4472; 1) K.-J. Xiao, D. W. Lin, M. Miura, R.-Yi

Zhu, W. Gong, M. Wasa, J.-Q. Yu, J. Am. Chem. Soc. 2014, 136,

8138; m) L. Liu, A.-A. Zhang, Y. Wang, F. Zhang, Z. Zuo, W.-X.

Zhao, C.-L. Feng, W. Ma, Org. Lett. 2015, 17,2046; n) Z.-Q. Lin,

W.-Z. Wang, S.-B. Yan, W.-L. Duan, Angew. Chem. Int. Ed. 2015,

54, 6265; Angew. Chem. 2015, 127, 6363; o) P. M. Holstein, M.

Vogler, P. Larini, G. Pilet, E. Clot, O. Baudoin, ACS Catal. 2015,

5, 4300.

a) J. Pedroni, M. Boghi, T. Saget, N. Cramer, Angew. Chem. Int.

Ed. 2014, 53, 9064; Angew. Chem. 2014, 126, 9210; b) W. Du, Q.

Gu, Z. Li, D. Yang, J. Am. Chem. Soc. 2015, 137, 1130.

For selected reports on palladium(II)-catalyzed C(sp*)—C(sp?)

bond formation, see: a) D.-H. Wang, M. Wasa, R. Giri, J.-Q. Yu,

J. Am. Chem. Soc. 2008, 130,7190; b) D. Shabashov, O. Daugulis,

J. Am. Chem. Soc. 2010, 132, 3965; c¢) S.-Y. Zhang, Q. Li, G. He,

W. A. Nack, G. Chen, J. Am. Chem. Soc. 2013, 135, 12135.

[19] P. Bertus, J. Szymoniak, Synlett 2007, 1346.

[20] A. de Meijere, V. Chaplinski, H. Winsel, M. Kordes, B. Stecker,
V. Gazizova, A. Savchenko, R. Boese, F. Schill, Chem. Eur. J.
2010, 76, 13862.

[21] a) E.J. Hennessy, S. L. Buchwald, J. Am. Chem. Soc. 2003, 125,
12084; b) E. J. Kiser, J. Magano, R. J. Shine, M. H. Chen, Org.
Process Res. Dev. 2012, 16, 255; c) S.-L. Shi, S. L. Buchwald,
Angew. Chem. Int. Ed. 2015, 54, 1646; Angew. Chem. 2015, 127,
1666.

[22] a) L. Ackermann, Chem. Rev. 2011, 111, 1315; b) M. Lafrance,
K. Fagnou, J. Am. Chem. Soc. 2006, 128, 16496.

[23] CCDC 1409033 (2j) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

(17]

[18

[ldr}

Received: June 27, 2015
Published online: August 12, 2015

Angew. Chem. 2015, 127, 11992-11995

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

die

Chemie

11995


http://dx.doi.org/10.1016/j.bmc.2013.12.061
http://dx.doi.org/10.1016/j.bmc.2013.12.061
http://dx.doi.org/10.1055/s-1996-5684
http://dx.doi.org/10.1021/cr010007e
http://dx.doi.org/10.1021/cr010007e
http://dx.doi.org/10.1016/j.tet.2008.04.079
http://dx.doi.org/10.1021/ja00202a054
http://dx.doi.org/10.1021/ja00202a054
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2169::AID-ANIE2169%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2169::AID-ANIE2169%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2273::AID-ANGE2273%3E3.0.CO;2-8
http://dx.doi.org/10.1021/ja207607s
http://dx.doi.org/10.1021/ja207607s
http://dx.doi.org/10.1002/anie.201207959
http://dx.doi.org/10.1002/anie.201207959
http://dx.doi.org/10.1002/ange.201207959
http://dx.doi.org/10.1021/ol4030452
http://dx.doi.org/10.1021/ol400380y
http://dx.doi.org/10.1021/ol4012212
http://dx.doi.org/10.1021/ol401931s
http://dx.doi.org/10.1021/ol4003338
http://dx.doi.org/10.1021/ol4003338
http://dx.doi.org/10.1246/cl.130228
http://dx.doi.org/10.1246/cl.130228
http://dx.doi.org/10.1021/ja512529e
http://dx.doi.org/10.1021/ja512529e
http://dx.doi.org/10.1039/c5sc01909e
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr100209d
http://dx.doi.org/10.1039/c1cs15013h
http://dx.doi.org/10.1039/c0cs00182a
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1021/cr100379j
http://dx.doi.org/10.1021/cr100379j
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/ange.201301451
http://dx.doi.org/10.1002/adsc.201400197
http://dx.doi.org/10.1002/anie.201403729
http://dx.doi.org/10.1002/anie.201403729
http://dx.doi.org/10.1002/ange.201403729
http://dx.doi.org/10.1021/ar5004626
http://dx.doi.org/10.1021/cr500610p
http://dx.doi.org/10.1021/cr5006414
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1002/chem.201302576
http://dx.doi.org/10.1002/chem.201302576
http://dx.doi.org/10.1039/c3ra46996d
http://dx.doi.org/10.1021/acs.accounts.5b00092
http://dx.doi.org/10.1002/anie.200905060
http://dx.doi.org/10.1002/ange.200905060
http://dx.doi.org/10.1002/ange.200905060
http://dx.doi.org/10.1002/anie.201102639
http://dx.doi.org/10.1002/ange.201102639
http://dx.doi.org/10.1002/ange.201102639
http://dx.doi.org/10.1039/c1cc14292e
http://dx.doi.org/10.1039/c1cc14292e
http://dx.doi.org/10.1002/anie.201108511
http://dx.doi.org/10.1002/ange.201108511
http://dx.doi.org/10.1002/ange.201108511
http://dx.doi.org/10.1039/c2sc20111a
http://dx.doi.org/10.1039/c2sc20111a
http://dx.doi.org/10.1002/chem.201200018
http://dx.doi.org/10.1021/ja302278s
http://dx.doi.org/10.1021/om3008772
http://dx.doi.org/10.1002/anie.201303816
http://dx.doi.org/10.1002/ange.201303816
http://dx.doi.org/10.1021/ja500444v
http://dx.doi.org/10.1021/ja500699x
http://dx.doi.org/10.1021/ja500699x
http://dx.doi.org/10.1021/ja504196j
http://dx.doi.org/10.1021/ja504196j
http://dx.doi.org/10.1021/acs.orglett.5b00122
http://dx.doi.org/10.1002/anie.201500201
http://dx.doi.org/10.1002/anie.201500201
http://dx.doi.org/10.1002/ange.201500201
http://dx.doi.org/10.1021/acscatal.5b00898
http://dx.doi.org/10.1021/acscatal.5b00898
http://dx.doi.org/10.1002/anie.201405508
http://dx.doi.org/10.1002/anie.201405508
http://dx.doi.org/10.1002/ange.201405508
http://dx.doi.org/10.1021/ja5102739
http://dx.doi.org/10.1021/ja801355s
http://dx.doi.org/10.1021/ja910900p
http://dx.doi.org/10.1021/ja406484v
http://dx.doi.org/10.1055/s-2007-980342
http://dx.doi.org/10.1021/ja037546g
http://dx.doi.org/10.1021/ja037546g
http://dx.doi.org/10.1021/op200332p
http://dx.doi.org/10.1021/op200332p
http://dx.doi.org/10.1002/anie.201410471
http://dx.doi.org/10.1002/ange.201410471
http://dx.doi.org/10.1002/ange.201410471
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1021/ja067144j
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201505916
http://www.ccdc.cam.ac.uk/
http://www.angewandte.de

