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Abstract: Currently used directing groups for selective ali-
phatic b-functionalization of carbonyl compounds show
excellent reactivity and selectivity with an amide as a linker.
Described herein is 2-piconimide, used for the first time with
commercially available 2-picolinamide/2-picolic acid as pre-
cursors, to direct C¢H arylation/alkenylation by palladium
catalysis. The directing group is essential for promoting the
sequnetial primary and secondary C(sp3)¢H arylation with
different aryl iodides in one substrate. The directing group was
easily removed under simple reaction conditions at room
temperature.

Transition-metal-catalyzed direct C¢H functionalization has
attracted much interest in the past decades.[1] Compared to
C(sp2)¢H functionalization,[2] C(sp3)¢H activation faces
many more challenges and the progress is far behind.[3] To
conquer the challenges of both efficiency and selectivity in
C(sp3)¢H activation, the use of directing groups (DGs) has
proven to be the most powerful, common, and practical
strategy.[4] Because of the importance of carboxylic acid
derivatives, site-specific activation of their C¢H bonds is
highly appealing.[5] To approach the b-functionalization of
carboxylic acid derivatives, well-established directing groups
have been developed since the first example was demon-
strated by Daugulis and co-workers in 2005 (Scheme 1).[6] Of
the reported directing groups, bidentate ones showed much
better performance.[7] Another beautiful example was
reported by Yu and co-workers on the use of 2,3,5,6-
tetrafluoro-4-(trifluoromethyl)aniline as a successful mono-
dentate directing group.[8] Undoubtedly, current directing
groups have an excellent ability to promote the reactivity and
selectivity. However, the stable amides linkers are difficult to
remove, and some of them are relatively expensive and
require several steps to prepare. Therefore, the development

of new directing groups, which are commercially available
and readily removable under mild reaction conditions, is
highly desirable.

To solve this problem, one can modify the directing
groups to facilitate their removal. Chen and co-workers[ 9a]

and others made significant contributions to successfully
modifying the 8-aminoquinyl scaffold.[9] Shi and co-workers
developed the PIP group,[10] which is now commercially
available, based on the previous reports by Chatani and co-
workers.[11] However, the structural complexity requires
tedious synthetic procedures and thus increases of cost. Our
goal is to develop commercially available and easily remov-
able directing groups to facilitate site-selective aliphatic C¢H
activation. Therefore, we turned our attention to the much
more labile imide linker between the directing group and the
substrate.

We considered 2-picolinamide since it is commercially
available and inexpensive. Potentially, it can serve as a DG
because it contains coordinating N atoms. However, some
challenges exist: 1) the high acidity of NH of imides,
compared to those of amides, might intrinsically affect the
reactivity; 2) the high reactivity of the imide seems beneficial
for its removal while the stability of such a labile imide linker
is unpredictable under the relatively harsh reaction conditions
required for C¢H functionalization in the presence of base or
acid; 3) last but not the least, the introduction of such a DG by
the formation of the imide might not be as easy as the
corresponding amide.

To explore the possibility based on our design, we first
developed an efficient protocol to prepare the substrate by
formation of the imide. Indeed, it was an easy and reliable

Scheme 1. Directing groups for b-functionalization of carboxylic acid
derivatives by palladium catalysis. FG = functional group.
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protocol through a one-pot sequence involving the deproto-
nation of picolinamide and acylation with acyl chloride
[Eq. (1); THF = tetrahydrofuran].

With the starting material in hand, we set out to screen the
reaction conditions for the desired C¢H arylation with 1a as
a model substrate and PhI (2a ; Table 1). At the beginning,
Pd(OAc)2 was used as a catalyst in DCE at 120 88C in the
presence of AgOAc (2.0 equiv) as a base. The product 3aa
was obtained but the yield was very low after 3 hours (less
than 10% by 1H NMR analysis). As predicted, the rest of 1a
was decomposed (entry 1). However, this result encouraged
us to search for other reaction conditions to promote the
arylation because the observation of 3aa indicated that the
piconimide is a potential DG, albeit with a much lower
pKa value. Considering the solubility and stability of imides,
the solvent effect should be very important. Polar solvents,
such as tAmylOH and THF, severely accelerated the decom-
position of 1a (entries 2 and 3). The nonpolar solvents were
beneficial for stabilizing both the starting material and

product. For example, cyclohexane gave a better result
(entry 4) and with toluene 3 aa was observed in 40 % yield
(entry 5). Other aromatic solvents were tested, and chlor-
obenzene and tert-butylbenzene gave 3aa in 42 and 60%
yield, respectively (entries 6 and 7). Silver salts were crucial.
Other silver salts were tested, such as Ag2CO3 and AgBF4, but
better results were not obtained (entries 8 and 9). Fortunately,
Ag3PO4 gave much better results and the yield (1H NMR) was
improved to 83% (entry 10). When Pd(OTFA)2 was used
instead of Pd(OAc)2 as the catalyst, 3aa was isolated in 83%
(entry 11). The amount of Ag3PO4 could be reduced to
0.9 equivalents and the efficacy was not obviously affected
(entry 12). Further reaction optimization indicated that this
arylation took place at 100 88C for 3 hours to deliver the
product in 82 % yield (entries 13–16). A control experiment
confirmed an essential role of the palladium catalyst
(entry 17).

The substrate scope was further investigated and the
representative data with different aryl iodides are shown in
Table 2. The results demonstrate the broad substrate scope

with 1a as a partner, and the corresponding arylated products
(3) were obtained in good to excellent yields. Both electron-
rich (2b,c, 2 e–h) and electron-deficient (2 i–n) aryl iodides
performed well. Aryl iodides bearing various functional
groups, such as alkyl (2b–f), acetyl (2 l), ester (2m), trifluoro-
methyl (2n) etc., proceeded smoothly. Steric effects were
critical, and o-tolyl iodide (2d) failed to react. Methoxy (2g),
halo (2 i–2 k), and pivaloyl (2h) groups survived, thus provid-
ing the potential for orthogonal functionalization through
well-established cross-couplings.[12] Heteroaryl iodides, for
example, N-tosyl-5-iodo-1H-indole (2o), also gave the ary-
lated product in good yield. Notably, aryl iodides, bearing
strong electron-withdrawing substituents on the phenyl ring
(2 i, 2 j, 2 l–n) reacted well at the primary C¢H bonds, but
a second C¢H activation, at the secondary carbon atom of the

Table 1: Paladium-catalyzed Direct C(sp3)¢H arylation of 1a with 2a
under different reaction conditions.[a]

Entry Catalyst Ag+ salt Solvent Yield [%][b]

1 Pd(OAc)2 AgOAc DCE <10
2 Pd(OAc)2 AgOAc tAmylOH decomposed
3 Pd(OAc)2 AgOAc THF decomposed
4 Pd(OAc)2 AgOAc c-hexane 30
5 Pd(OAc)2 AgOAc toluene 40
6 Pd(OAc)2 AgOAc chlorobezene 42
7 Pd(OAc)2 AgOAc t-butylbenzene 60
8 Pd(OAc)2 Ag2CO3 t-butylbenzene 52
9 Pd(OAc)2 AgBF4 t-butylbenzene n.r.
10 Pd(OAc)2 Ag3PO4 t-butylbenzene 83
11 Pd(OTFA)2 Ag3PO4 t-butylbenzene 87 (83)
12 Pd(OTFA)2 Ag3PO4 t-butylbenzene 86 (83)[c]

13 Pd(OTFA)2 Ag3PO4 t-butylbenzene 30[c,d]

14 Pd(OTFA)2 Ag3PO4 t-butylbenzene 84 (82)[c,e]

15 Pd(OTFA)2 Ag3PO4 t-butylbenzene 85 (82)[c,e,f ]

16 Pd(OTFA)2 Ag3PO4 t-butylbenzene 50 %[c,e,g]

17 – Ag3PO4 t-butylbenzene n.r.

[a] Reaction conditions: 1a (0.1 mmol), 2a (0.2 mmol), catalyst
(10 mol%), Ag salt (0.2 mmol) in 1.0 mL of solvent at 12088C for 12 h in
a 50 mL sealed tube if without further note. [b] 1H NMR yields using
benzo[d][1,3]dioxole as an internal standard. Yield of isolated product
shown within parentheses. [c] 0.9 equiv Ag3PO4. [d] 80 88C. [e] 100 88C.
[f ] 3 h. [g] 1 h. TFA = trifluoroacetate.

Table 2: Palladium-catalyzed direct arylation of 1a with different aryl
iodides (2).[a]

[a] Reaction conditions: 1a (0.10 mmol), 2 (0.20 mmol), Pd(OTFA)2

(10 mol%), Ag3PO4 (0.090 mmol) in 1.0 mL of TBB (tert-butylbenzene)
at 100 88C for 3 h and open to air. All the yields reported are those for the
isolated products. [b] Diarylated products were isolated.
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cyclohexyl ring, did occur, probably because of their better
oxidative ability toward in situ generated palladium(II)
species. Both mono- and diarylated products were isolable
by flash chromatography. It is worth noting that transition-
metal-catalyzed C(sp3)¢H arylation with much less reactive
aryl bromides still remain challenging. However, in our
present system, a good yield was obtained by using 4’-
bromoacetophenone (2p).

A variety of aliphatic the carboxylic acid derivatives were
examined. The structure of carboxylic acids had intrinsic
effects on the reactivity. As show in Table 3, a tertiary a-
carbon atom was important for this transformation. In the
absence of a C¢H bond, acyclic aliphatic imides reacted very
smoothly. The monomethyl substrates were arylated in good
to excellent yields (4a–g). It was very important to note that,
the arylation only took place at the primary carbon center,
thus leaving secondary and activated benzyl C¢H, and even
sp2-hybridized aryl C¢H bonds untouched. Similar to pre-
vious reports with the amide linker, imides bearing two
methyl groups at the a-position also performed well, and
mono- and diarylated products at both methyl groups were
obtained (4h, 4 i, 4 l). Similar to 1a, cyclic substrates showed
good reactivity (4j,k). In previous reported systems, isobu-
tyramide, 2-methylbutanamide, 2-phenylpropionylamide,

propionylamide, and the cyclic substrate bearing an a-C¢H
bond were problematic substrates.[4e] However, in our reac-
tion, all of them (4 l–o) reacted. This chemistry showcases the
potential of developing new directing groups.

With the successful access to the direct arylation of
C(sp3)¢H bonds, we started exploring C(sp3)¢H alkenyla-
tion.[13] Although alkenyl bromides were commercially avail-
able and inexpensive, they had never been used as an
alkenylating reagent in C(sp3)¢H alkenylation. For the first
time we tested (2-bromovinyl)benzene (5 a) as an alkenylat-
ing reagent, and to our delight, the desired product 6a was
obtained in 54% yield, upon isolation, with very good
distereoselectivity (Scheme 2). It is important to note that

this unexpected alkenylation took place at the secondary C¢
H bond on the backbone instead of at the primary carbon
center, which was completely different from previous
reports.[13] Different alkenyl bromides were tested and both
electron-rich (6b–e) and electron-deficient (6 f,g) alkenyl
bromides gave acceptable yields. Alkyl (6 b–e), halo (6 f,g),
and naphthyl (6 h) groups were suitable substrates. The C¢H
bond of a seven-membered ring was alkenylated but in
a lower yield and with lower distereoselectivity (6 i).

To further explore the potential application of this
arylation, the reaction of 1a and 2b was scaled up to
5.0 mmol in a 50 mL one-necked flask, open to the air, and
the same efficiency was maintained [Eq. (2)].

We then explored the sequential aliphatic C¢H function-
alization of both primary and secondary C¢H bonds in the
same molecule (Scheme 3). With the use of 2b as the first
arylating reagent, 1 a was successfully and selectively arylated
at the primary C¢H bond of the methyl group in an excellent
yield. After the transformation finished, another arylating
reagent, 2 l, was submitted with an additional palladium

Table 3: Palladium-catalyzed direct arylation of different imides (1) with
2.[a,b]

[a] Reaction conditions: 1 (0.10 mmol), 2 (0.20 mmol), Pd(OTFA)2

(10 mol%), Ag3PO4 (0.090 mmol) in 1.0 mL of tert-butylbenzene at
100 88C for 12 h and open to air. All the yields reported are those for the
isolated products. [b] Ar1 = 4-acetylphenyl, Ar2 = 4-methylphenyl. [c] At
130 88C.

Scheme 2. Palladium-catalyzed direct alkenylation with alkenyl bro-
mides.
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catalyst and silver salt. Thus the second arylation took place
solely at the methylene group on the cyclohexyl ring with high
chemo- and regioselectivity, and the formed, more active
benzyl C¢H was untouched. This sequential double C¢H
arylation showed good efficiency and ideal selectivity, thus
providing a new protocol to produce the complex molecules
through sequential C¢H activation with the same directing
group.

To further test the ability to remove this directing group,
we chose different types of arylated product, including 4o, 4n,
3ab, and 4 i to explore the reaction conditions. To our delight,
all these products were hydrolyzed under mild reaction
conditions in a short time (please refer to the Supporting
Information). For 4o and 4n, the carboxylic acid and 2-
picolinamide were obtained in quantitative yields, thus
showing the great recovery of the directing group [Eq. (3)].
However, both 3ab and 4 i gave the picolic acid/ester and the
corresponding amide as products with very high efficiency
[Eq. (4)].[6]

To gain insight into the mechanism, deuterium-labeling
experiments were carried out. The kinetic isotope studies
indicated that the C¢H cleavage was reversible (see page S11
in the Supporting Information). According to a previous
report[4e] and our observations, a catalytic cycle has been
proposed (see page S11 in the Supporting Information).

In conclusion, we have discovered the commercially
available and inexpensive 2-picolinamide to be a novel
directing group for palladium-catalyzed C(sp3)¢H arylations
with an imide as a linker. A wide range of aryl halides and
carboxylic acid derivatives were successfully applied. Addi-
tionally, alkenylation was carried out for the first time with
alkenyl bromide. With this unique directing group, the
programmed arylations of both primary and secondary C¢H
bonds were carried out. The directing group can be removed

at room temperature. Studies on the application of 2-
picolinamide as a directing group in other transformations
and a clear understanding of mechanism are underway.

Experimental Section
General procedure for gram-scale reaction: Pd(OTFA)2 (166.2 mg,
0.5 mmol), Ag3PO4 (1.8836 g, 4.5 mmol), imide (1a, 1.2315 g,
5.0 mmol), and aryl halide (2b, 4.3606 g, 10 mmol) were added to
a 50 mL one-neck round-bottom flask open to the air. Then the
solvent (TBB, 20.0 mL) was added. The mixture was stirred at 100 88C
in oil bath for 3 h. After the reaction was complete, the system was
cooled to room temperature and purified directly (without removal of
TBB) by flash chromatography on silica gel with petroleum ether/
EtOAc (10:1!3:1) to give the product. 3ab was obtained as
a colorless liquid in 85% yield (1.4288 g).

Acknowledgements

Support of this work by the “973” Project from the MOST of
China (2013CB228102, 2015CB856600), NSFC (No.
21332001), and NSF of Shanxi Province (No. 2014011014-4)
is gratefully acknowledged.

Keywords: arenes · C¢H activation · palladium · silver ·
synthetic methods

How to cite: Angew. Chem. Int. Ed. 2015, 54, 13686–13690
Angew. Chem. 2015, 127, 13890–13894

[1] For recent reviews, see: a) Handbook of C-H Transformation,
Vols. 1 – 3 (Ed.: G. Dyker), Wiley-VCH, Weinheim, 2005 ; b) “C-
H activation”: Topics in Current Chemistry, Vol. 292 (Eds.: J.-Q.
Yu, Z.-J. Shi), Springer, Berlin, 2010 ; c) F. Kakiuchi, S. Murai,
Acc. Chem. Res. 2002, 35, 826; d) H. M. L. Davies, R. E. J.
Beckwith, Chem. Rev. 2003, 103, 2861; e) Y. J. Park, C.-H. Jun,
Bull. Korean Chem. Soc. 2005, 26, 871; f) K. Godula, D. Sames,
Science 2006, 312, 67; g) M. S. Chen, M. C. White, Science 2007,
318, 783; h) I. V. Seregin, V. Gevorgyan, Chem. Soc. Rev. 2007,
36, 1173; i) D. Alberico, M. E. Scott, M. Lautens, Chem. Rev.
2007, 107, 174; j) C.-J. Li, Acc. Chem. Res. 2009, 42, 335;
k) I. A. I. Mkhalid, J. H. Barnard, T. B. Marder, J. M. Murphy,
J. F. Hartwig, Chem. Rev. 2010, 110, 890; l) Y. Kuninobu, K.
Takai, Chem. Rev. 2011, 111, 1938; m) S. H. Cho, J. Y. Kim, J.
Kwak, S. Chang, Chem. Soc. Rev. 2011, 40, 5068; n) C. Liu, H.
Zhang, W. Shi, A. Lei, Chem. Rev. 2011, 111, 1780; o) N. Kuhl,
M. N. Hopkinson, J. Wencel-Delord, F. Glorius, Angew. Chem.
Int. Ed. 2012, 51, 10236; Angew. Chem. 2012, 124, 10382; p) G.
Song, F. Wang, X. Li, Chem. Soc. Rev. 2012, 41, 3651; q) K. M.
Engle, T. S. Mei, M. Wasa, J.-Q. Yu, Acc. Chem. Res. 2012, 45,
788.

[2] For recent examples of functionalization of C(sp2)¢H bonds, see:
a) F. Kakiuchi, T. Kochi, Synthesis 2008, 3013; b) D. A. Colby,
R. G. Bergman, J. A. Ellman, Chem. Rev. 2010, 110, 624; c) P.
Sehnal, R. J. K. Taylor, I. J. S. Fairlamb, Chem. Rev. 2010, 110,
824; d) L.-M. Xu, B.-J. Li, Z. Yang, Z.-J. Shi, Chem. Soc. Rev.
2010, 39, 712; e) L. Ackermann, Chem. Commun. 2010, 46, 4866;
f) L. Ackermann, Chem. Rev. 2011, 111, 1315; g) P.-S. Lee, T.
Fujita, N. Yoshikai, J. Am. Chem. Soc. 2011, 133, 17283; h) D. Y.-
K. Chen, S. W. Youn, Chem. Eur. J. 2012, 18, 9452; i) J.
Yamaguchi, A. D. Yamaguchi, K. Itami, Angew. Chem. Int. Ed.
2012, 51, 8960; Angew. Chem. 2012, 124, 9092; j) J. Hartwig, Acc.
Chem. Res. 2012, 45, 864; k) B. Li, P. H. Dixneuf, Chem. Soc. Rev.

Scheme 3. Sequential double C¢H arylation.

Angewandte
Chemie

13893Angew. Chem. 2015, 127, 13890 –13894 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/ar960318p
http://dx.doi.org/10.1021/cr0200217
http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1126/science.1148597
http://dx.doi.org/10.1126/science.1148597
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1021/cr900206p
http://dx.doi.org/10.1021/cr100241u
http://dx.doi.org/10.1039/c1cs15082k
http://dx.doi.org/10.1021/cr100379j
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1055/s-2008-1067256
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr9003242
http://dx.doi.org/10.1021/cr9003242
http://dx.doi.org/10.1039/B809912J
http://dx.doi.org/10.1039/B809912J
http://dx.doi.org/10.1039/c0cc00778a
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1021/ja2047073
http://dx.doi.org/10.1002/chem.201201329
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/10.1021/ar200206a
http://dx.doi.org/10.1021/ar200206a
http://dx.doi.org/10.1039/c3cs60020c
http://www.angewandte.de


2013, 42, 5744; l) M. Wang, X. Zhang, Y.-X. Zhuang, Y. H. Xu,
T.-P. Loh, J. Am. Chem. Soc. 2015, 137, 1341.

[3] For recent examples of functionalization of C(sp3)¢H bonds, see:
a) O. Daugulis, H.-Q. Do, D. Shabashov, Acc. Chem. Res. 2009,
42, 1074; b) R. Jazzar, J. Hitce, A. Renaudat, J. Sofack-Kreutzer,
O. Baudoin, Chem. Eur. J. 2010, 16, 2654; c) T. W. Lyons, M. S.
Sanford, Chem. Rev. 2010, 110, 1147; d) L. McMurray, F. OÏHara,
M. J. Gaunt, Chem. Soc. Rev. 2011, 40, 1885; e) O. Baudoin,
Chem. Soc. Rev. 2011, 40, 4902; f) B.-J. Li, Z.-J. Shi, Chem. Soc.
Rev. 2012, 41, 5588; g) G. Qiu, J. Wu, Org. Chem. Front. 2015, 2,
169; h) J. Pedroni, M. Boghi, T. Saget, N. Cramer, Angew. Chem.
Int. Ed. 2014, 53, 9064; Angew. Chem. 2014, 126, 9210.

[4] For recent reviews, see: a) D. A. Colby, R. G. Bergman, J. A.
Ellman, Chem. Rev. 2010, 110, 624; b) R. Giri, B.-F. Shi, K. M.
Engle, N. Maugel, J.-Q. Yu, Chem. Soc. Rev. 2009, 38, 3242;
c) C. S. Yeung, V. M. Dong, Chem. Rev. 2011, 111, 1215; d) J. L.
Roizen, M. E. Harvey, J. Du Bois, Acc. Chem. Res. 2012, 45, 911;
e) G. Rouquet, N. Chatani, Angew. Chem. Int. Ed. 2013, 52,
11726; Angew. Chem. 2013, 125, 11942; f) L. Ackermann, Acc.
Chem. Res. 2014, 47, 281; g) A. Ros, R. Fernandez, J. M.
Lassaletta, Chem. Soc. Rev. 2014, 43, 3229.

[5] For a recent review, see: Z. Huang, G. Dong, Tetrahedron Lett.
2014, 55, 5869.

[6] V. G. Zaitsev, D. Shabashov, O. Daugulis, J. Am. Chem. Soc.
2005, 127, 13154.

[7] a) B. V. S. Reddy, L. R. Reddy, E. J. Corey, Org. Lett. 2006, 8,
3391; b) D. Shabashov, O. Daugulis, J. Am. Chem. Soc. 2010, 132,
3965; c) Y. Ano, M. Tobisu, N. Chatani, J. Am. Chem. Soc. 2011,
133, 12984; d) L. D. Tran, O. Daugulis, Angew. Chem. Int. Ed.
2012, 51, 5188; Angew. Chem. 2012, 124, 5278; e) R. K. Rit, R.
Yadav, A. K. Sahoo, Org. Lett. 2012, 14, 3724; f) Y. Xie, Y. Yang,
L. Huang, X. Zhang, Y. Zhang, Org. Lett. 2012, 14, 1238; g) R.
Shang, L. Ilies, A. Matsumoto, E. Nakamura, J. Am. Chem. Soc.
2013, 135, 6030; h) S.-Y. Zhang, Q. Li, G. He, W. A. Nack, G.
Chen, J. Am. Chem. Soc. 2013, 135, 12135; i) R. Parella, B.
Gopalakrishnan, S. A. Babu, Org. Lett. 2013, 15, 3238; j) F. Pan,
P.-X. Shen, L.-S. Zhang, X. Wang, Z.-J. Shi, Org. Lett. 2013, 15,
4758; k) L. Ju, J. Yao, Z. Wu, Z. Liu, Y. Zhang, J. Org. Chem.
2013, 78, 10821; l) Z. Wang, J. Ni, Y. Kuninobu, M. Kanai,
Angew. Chem. Int. Ed. 2014, 53, 3496; Angew. Chem. 2014, 126,
3564; m) Y. Aihara, N. Chatani, J. Am. Chem. Soc. 2014, 136,
898; n) X. Wu, Y. Zhao, H. Ge, J. Am. Chem. Soc. 2014, 136,
1789.

[8] a) M. Wasa, K. S. L. Chan, X.-G. Zhang, J. He, M. Miura, J.-Q.
Yu, J. Am. Chem. Soc. 2012, 134, 18570; b) J. He, S.-H. Li, Y.-Q.
Deng, H.-Y. Fu, B. N. Laforteza, J. E. Spangler, A. Homs, J.-Q.
Yu, Science 2014, 343, 1216; c) S.-H. Li, G. Chen, C.-G. Feng, W.
Gong, J.-Q. Yu, J. Am. Chem. Soc. 2014, 136, 5267.

[9] a) G. He, S.-Y. Zhang, W. A. Nack, Q. Li, G. Chen, Angew.
Chem. Int. Ed. 2013, 52, 11124; Angew. Chem. 2013, 125, 11330;
b) U. Nachbur, C. A. Stafford, A. Bankovacki, Y. Zhan, L. M.
Lindqvist, B. K. Fiil, Y. Khakham, H.-J. Ko, J. J. Sandow, H. Falk,
J. K. Holien, D. Chau, J. Hildebrand, J. E. Vince, P. P. Sharp, A. I.
Webb, K. A. Jackman, S. Mîhlen, C. L. Kennedy, K. N. Lowes,
Nat. Commun. 2015, 6, 6442.

[10] a) K. Chen, F. Hu, S.-Q. Zhang, B.-F. Shi, Chem. Sci. 2013, 4,
3906; b) F.-J. Chen, S. Zhao, F. Hu, K. Chen, Q. Zhang, S.-Q.
Zhang, B.-F. Shi, Chem. Sci. 2013, 4, 4187; c) Q. Zhang, K. Chen,
W. Rao, Y. Zhang, F.-J. Chen, B.-F. Shi, Angew. Chem. Int. Ed.
2013, 52, 13588; Angew. Chem. 2013, 125, 13833.

[11] a) S. Inoue, H. Shiota, Y. Fukumoto, N. Chatani, J. Am. Chem.
Soc. 2009, 131, 6898; b) N. Hasegawa, V. Charra, S. Inoue, Y.
Fukumoto, N. Chatani, J. Am. Chem. Soc. 2011, 133, 8070.

[12] For recent reviews, see: a) D.-G. Yu, B.-J. Li, Z.-J. Shi, Acc.
Chem. Res. 2010, 43, 1486; b) B. M. Rosen, K. W. Quasdorf,
D. A. Wilson, N. Zhang, A.-M. Resmerita, N. K. Garg, V. Percec,
Chem. Rev. 2011, 111, 1346; c) G. P. McGlacken, S. L. Clarke,
ChemCatChem 2011, 3, 1260; d) M. Tobisu, N. Chatani, Chem-
CatChem 2011, 3, 1410; e) C. M. So, F. Y. Kwong, Chem. Soc.
Rev. 2011, 40, 4963; f) J. Yamaguchi, K. Muto, K. Itami, Eur. J.
Org. Chem. 2012, 19.

[13] a) M. Wasa, K. M. Engle, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132,
3680; b) S. Li, G. Chen, C. G. Feng, W. Gong, J.-Q. Yu, J. Am.
Chem. Soc. 2014, 136, 5276; c) G. He, G. Chen, Angew. Chem.
Int. Ed. 2011, 50, 5192; Angew. Chem. 2011, 123, 5298; d) K. J.
Stowers, K. C. Fortner, M. S. Sanford, J. Am. Chem. Soc. 2011,
133, 6541; e) W. R. Gutekunst, R. Gianatassio, P. S. Baran,
Angew. Chem. Int. Ed. 2012, 51, 7507; Angew. Chem. 2012, 124,
7625.

Received: June 28, 2015
Revised: July 30, 2015
Published online: September 1, 2015

..Angewandte
Zuschriften

13894 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 13890 –13894

http://dx.doi.org/10.1039/c3cs60020c
http://dx.doi.org/10.1021/ja512212x
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1002/chem.200902374
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1039/c1cs15013h
http://dx.doi.org/10.1039/c1cs15058h
http://dx.doi.org/10.1039/c2cs35096c
http://dx.doi.org/10.1039/c2cs35096c
http://dx.doi.org/10.1039/C4QO00207E
http://dx.doi.org/10.1039/C4QO00207E
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/cr900005n
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/ar200318q
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/ange.201301451
http://dx.doi.org/10.1021/ar3002798
http://dx.doi.org/10.1021/ar3002798
http://dx.doi.org/10.1039/c3cs60418g
http://dx.doi.org/10.1016/j.tetlet.2014.09.005
http://dx.doi.org/10.1016/j.tetlet.2014.09.005
http://dx.doi.org/10.1021/ja054549f
http://dx.doi.org/10.1021/ja054549f
http://dx.doi.org/10.1021/ol061389j
http://dx.doi.org/10.1021/ol061389j
http://dx.doi.org/10.1021/ja910900p
http://dx.doi.org/10.1021/ja910900p
http://dx.doi.org/10.1021/ja206002m
http://dx.doi.org/10.1021/ja206002m
http://dx.doi.org/10.1002/anie.201200731
http://dx.doi.org/10.1002/anie.201200731
http://dx.doi.org/10.1002/ange.201200731
http://dx.doi.org/10.1021/ol301579q
http://dx.doi.org/10.1021/ol300037p
http://dx.doi.org/10.1021/ja402806f
http://dx.doi.org/10.1021/ja402806f
http://dx.doi.org/10.1021/ja406484v
http://dx.doi.org/10.1021/ol4012212
http://dx.doi.org/10.1021/ol402116a
http://dx.doi.org/10.1021/ol402116a
http://dx.doi.org/10.1021/jo401830k
http://dx.doi.org/10.1021/jo401830k
http://dx.doi.org/10.1002/anie.201311105
http://dx.doi.org/10.1002/ange.201311105
http://dx.doi.org/10.1002/ange.201311105
http://dx.doi.org/10.1021/ja411715v
http://dx.doi.org/10.1021/ja411715v
http://dx.doi.org/10.1021/ja413131m
http://dx.doi.org/10.1021/ja413131m
http://dx.doi.org/10.1021/ja309325e
http://dx.doi.org/10.1126/science.1249198
http://dx.doi.org/10.1021/ja501689j
http://dx.doi.org/10.1002/anie.201305615
http://dx.doi.org/10.1002/anie.201305615
http://dx.doi.org/10.1002/ange.201305615
http://dx.doi.org/10.1038/ncomms7442
http://dx.doi.org/10.1039/c3sc51747k
http://dx.doi.org/10.1039/c3sc51747k
http://dx.doi.org/10.1039/c3sc51993g
http://dx.doi.org/10.1002/anie.201306625
http://dx.doi.org/10.1002/anie.201306625
http://dx.doi.org/10.1002/ange.201306625
http://dx.doi.org/10.1021/ja900046z
http://dx.doi.org/10.1021/ja900046z
http://dx.doi.org/10.1021/ja2001709
http://dx.doi.org/10.1021/ar100082d
http://dx.doi.org/10.1021/ar100082d
http://dx.doi.org/10.1021/cr100259t
http://dx.doi.org/10.1002/cctc.201100087
http://dx.doi.org/10.1002/cctc.201100181
http://dx.doi.org/10.1002/cctc.201100181
http://dx.doi.org/10.1039/c1cs15114b
http://dx.doi.org/10.1039/c1cs15114b
http://dx.doi.org/10.1021/ja1010866
http://dx.doi.org/10.1021/ja1010866
http://dx.doi.org/10.1002/anie.201100984
http://dx.doi.org/10.1002/anie.201100984
http://dx.doi.org/10.1002/ange.201100984
http://dx.doi.org/10.1021/ja2015586
http://dx.doi.org/10.1021/ja2015586
http://dx.doi.org/10.1002/anie.201203897
http://dx.doi.org/10.1002/ange.201203897
http://dx.doi.org/10.1002/ange.201203897
http://www.angewandte.de

