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Abstract: A new enantioselective palladium(II)-catalyzed
benzylic C�H arylation reaction of amines is enabled by the
bidentate picolinamide (PA) directing group. This reaction
provides the first example of enantioselective benzylic g-C�H
arylations of alkyl amines, and proceeds with up to 97 % ee.
The 2,2’-dihydroxy-1,1’-binaphthyl (BINOL) phosphoric acid
ligand, Cs2CO3, and solvent-free conditions are essential for
high enantioselectivity. Mechanistic studies suggest that multi-
ple BINOL ligands are involved in the stereodetermining C�H
palladation step.

Over the past decade, palladium-catalyzed auxiliary-
directed C(sp3)�H arylation reactions have been quickly
developed.[1] However, few generally applicable asymmetric
C(sp3)�H arylation reactions have been reported, and the
realization of this goal will likely require the development of
new ligand-controlled chemistry.[2–8] Most notably, Yu and co-
workers have shown that several palladium(II)-catalyzed
monodentate auxiliary directed C(sp3)�H arylation reactions
can proceed with moderate to excellent enantioselectivity by
the application of chiral amino acids or aminoethyl quinoline
ligands.[3, 4] In contrast, despite the diversity of palladium-
catalyzed bidentate auxiliary directed C(sp3)�H arylations,[9]

they present a more challenging platform for enantioselective
transformations because of the single available coordination
site on the palladium catalyst during the stereodetermining
C�H palladation step.[3d] Overall, ligands capable of modu-
lating palladium-catalyzed bidentate auxiliary directed C-
(sp3)�H functionalization reactions are still very scarce, let
alone chiral ligands. We have previously observed that
(BnO)2PO2H uniquely enhances palladium-catalyzed picoli-
namide (PA) and aminoquinoline (AQ) directed C(sp3)�H
alkylation reactions with alkyl halides (Scheme 1).[10, 11] More
recently, Duan and co-workers reported that the AQ-directed

benzylic b-C�H arylation of 3-arylpropanamides with aryl
iodides can be made enantioselective with a BINOL-based
phosphoric amide (L1) and acid (L2) as ligands.[8] Herein, we
report a complementary palladium(II)-catalyzed PA-directed
enantioselective benzylic g-C�H arylation of 3-arylpropyl-
amines using the BINOL phosphoric acid L2.[4] The observa-
tion of a nonlinear ligand effect suggests that multiple BINOL
phosphate ligands are involved in the stereodetermining C�H
palladation step.

Although we originally suspected that (BnO)2PO2H
activates alkyl halides by acting as a phase-transfer catalyst
for silver salts,[11a,b] subsequent studies have demonstrated
that simple organic phosphates can influence other types of
palladium-catalyzed bidentate auxiliary directed C�H func-
tionalization reactions with or without silver.[11c–e, 12–14] Duan�s
report showed that either BINOL phosphoric amide or acid
can act as a chiral ligand, thus rendering the C�H palladation
step enantioselective.[8] Encouraged by Duan�s findings, we
sought to study the effect of BINOL ligands on the PA-
directed g-C(sp3)�H arylation of amines.[4] Initially, we
observed poor yields from the g-C�H arylation of unsubsti-
tuted 3-phenylpropylamine under various conditions. How-
ever, the PA-derivatized 1,1-dimethyl-3-phenylpropylamine

Scheme 1. Enantioselective palladium-catalyzed phosphate-mediated
benzylic C�H arylation directed by N,N-bidentate auxiliary groups.

[*] H. Wang, H.-R. Tong, Prof. Dr. G. He, Prof. Dr. G. Chen
State Key Laboratory and Institute of
Elemento-Organic Chemistry, Collaborative Innovation
Center of Chemical Science and Engineering (Tianjin)
Nankai University, Tianjin 300071 (China)
E-mail: hegang@nankai.edu.cn

gongchen@nankai.edu.cn

Prof. Dr. G. Chen
Department of Chemistry
The Pennsylvania State University
University Park, Pennsylvania 16802 (USA)
E-mail: guc11@psu.edu

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under
http://dx.doi.org/10.1002/anie.201609337.

Angewandte
ChemieCommunications

1Angew. Chem. Int. Ed. 2016, 55, 1 – 6 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! � �

http://dx.doi.org/10.1002/ange.201609337
http://dx.doi.org/10.1002/anie.201609337
http://orcid.org/0000-0002-3831-2988
http://orcid.org/0000-0001-7247-9354
http://orcid.org/0000-0002-9064-3418
http://orcid.org/0000-0002-5067-9889
http://dx.doi.org/10.1002/anie.201609337


1, a more conformationally constrained substrate, provided
2a in excellent yield, but with poor ee value under Duan�s
conditions (Table 1, entry 1). Use of L2 gave a slightly higher
ee value (entry 4), and the choice of solvent had a significant
impact on yield and ee value (entries 3–5). Similar to Duan�s
system, modification of the BINOL scaffold resulted in
decreased ee values (entries 6–9). Higher reaction concentra-
tion gave increased ee values (entry 4 versus 10). 2a was
obtained in 88 % yield and 62 % ee when the reaction was
performed without solvent (entry 12). Lowering the reaction
temperature to 110 8C and adding an additional equivalent of
Cs2CO3 further improved enantioselectivity (entries 13 and
14). Interestingly, a higher loading of the palladium catalyst

(20 mol %) gave a noticeably decreased ee value (entry 17),[15]

while a lower loading of palladium (5 mol%) gave a slightly
improved ee value (entry 15). Finally, a 97% yield of isolated
2a with 91% ee was obtained when 5 mol % [PdCl2-
(MeCN)2], 2.5 equivalents of Cs2CO3, and 25 mol% of L2
were used at 110 8C without solvent. It is also worth noting
that 1) use of Cs2CO3 is critical for obtaining high ee values
(entries 20–22); 2) Pd(OAc)2 provides a slightly lower
ee value (entry 25); and 3) a decreased loading of palladium
(2 mol%) gave a slightly lower yield but similar ee value
(entry 19).

We then subjected 1 to a PA-directed C�H arylation with
a variety of aryl iodides under these reaction conditions

(Scheme 2). Aryl iodides bearing functional
groups such as bromide (2d) and ester (2 f) were
well tolerated. The electronics of the aryl iodide
influence the ee value of the reaction. Electron-
rich aryl iodides gave relatively higher ee values
(2j versus 2k). The product 2e from 4-iodoanisole
was obtained with an excellent ee value of 97%
(er: 98.4/1.6).[16] The steric characteristics of the
aryl iodide also have a significant impact on the
ee value of the reaction. In general, meta-substi-
tuted aryl iodides gave lower ee values than para-
substituted aryl iodides (2 e versus 2 i). The ortho-
substituted aryl iodides, such as 2-iodoanisole,
showed little reactivity (< 5% yield).

To evaluate the reaction with other amine
substrates, we prepared a series of PA-derivatized
1,1-dimethyl-3-arylpropylamines (4) by palladium-
(II)-catalyzed g-C(sp3)�H arylation of 1,1-dime-
thylpropylamine (3) with various aryl iodides
[Eq. (1); DMA = N,N’-dimethylacetamide]. The
products 4 were obtained in good to excellent
yields and excellent monoselectivity under the
optimized reaction conditions [1.5 equiv of CuF2,
DMA solvent, 100 8C; see the Supporting Infor-
mation].

As shown in Scheme 3, 4, bearing different 3-
aryl substituents underwent PA-directed g-C(sp3)�
H arylation reactions in moderate to excellent
ee values under the standard reaction conditions.
Sterically bulky aryl substituents on the amine
substrate significantly diminish the ee value of the
reaction (5 f versus 2e). The directing ability of
various analogues of picolinic acid was also
evaluated (Scheme 4). Interestingly, all modifica-
tions of the pyridine ring led to a decrease in
enantioselectivity and/or yield. Notably, substitu-
tion at the C6 position of pyridine (6e and 6 g)
caused dramatic loss in reactivity.

Palladium-catalyzed PA-directed C�H aryla-
tion reactions likely proceed through a catalytic
cycle featuring C�H palladation, oxidative addi-
tion of ArI, and C�C bond-forming reductive
elimination.[10b, 17] Following the mechanistic model
proposed for the BINOL phosphoric amide L1
mediated b-C(sp3)�H arylation of AQ-coupled
alkyl carboxylic acid,[8] we initially thought that

Table 1: Enantioselective g-C(sp3)�H arylation of 1 with 4-iodotoluene.

Entry Pd, base (equiv), T L (equiv) Solvent Yield [%][a] ee [%][b]

1 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L1 (0.2) p-xylene 90 30
2 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L1 (0.2) tAmOH 98 32
3 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L2 (0.2) p-xylene 78 19
4 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L2 (0.2) tAmOH 87 42
5 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L2 (0.2) MeCN 66 35
6 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L3 (0.2) tAmOH 82 14
7 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L4 (0.2) tAmOH 74 16
8 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L5 (0.2) tAmOH 57 <3
9 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L6 (0.2) tAmOH 52 <3

10 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L2 (0.2) tAmOH[c] 90 50
11 Pd1 (0.1), K2CO3 (1.5), 140 8C L2 (0.2) tAmOH 9 <3
12 Pd1 (0.1), Cs2CO3 (1.5), 140 8C L2 (0.2) neat 88 62
13 Pd1 (0.1), Cs2CO3 (1.5), 110 8C L2 (0.2) neat 93 76
14 Pd1 (0.1), Cs2CO3 (2.5), 110 8C L2 (0.2) neat 99 79
15 Pd1 (0.05), Cs2CO3 (2.5), 110 8C L2 (0.2) neat 99 88
16 Pd1 (0.05), Cs2CO3 (2.5), 110 8C L2 (0.25) neat 99 (97)[d] 91
17 Pd1 (0.2), Cs2CO3 (2.5), 110 8C L2 (0.2) neat 99 62
18 Pd1 (0.05), Cs2CO3 (2.5), 110 8C L2 (0.05) neat 99 79
19 Pd1 (0.02), Cs2CO3 (2.5), 110 8C L2 (0.25) neat 87 91
20 Pd1 (0.05), Rb2CO3 (2.5), 110 8C L2 (0.25) neat 90 81
21 Pd1 (0.05), K2CO3 (2.5), 110 8C L2 (0.25) neat 47 35
22 Pd1 (0.05), Na2CO3 (2.5), 110 8C L2 (0.25) neat 5 <3
23 Pd2 (0.05), Cs2CO3 (2.5), 110 8C L2 (0.25) neat 88 86
24 Pd3 (0.05), Cs2CO3 (2.5), 110 8C L2 (0.25) neat 99 89
25 Pd4 (0.05), Cs2CO3 (2.5), 110 8C L2 (0.25) neat 99 84
26 Pd1 (0.05), Cs2CO3 (2.5), 110 8C L1 (0.25) neat 88 82

[a] Yields are based on HPLC analysis of reaction mixture on a 0.2 mmol scale.
[b] Determined by HPLC using a chiral column. [c] Used 0.5 mL of solvent here
compared to 1 mL of solvent used for other entries. [d] Yield of isolated products.
See Supporting Information for additional screening conditions.
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a single L2 ligand was responsible for the enantioselective g-
C�H palladation of the PA-derivatized alkyl amines by
a concerted metalation deprotonation (CMD)[18] mechanism
(see model A in Scheme 5d).[19,20] However, when the
enantiopurity of L2 was varied in the reaction of 1 and 4-

iodotoluene under otherwise standard reaction conditions, we
did not observe a linear effect on the ee value of 2a
(Scheme 5a).[21] Furthermore, the yield of 2a was influenced
by the ee value of L2. These observations indicate that more
than one L2 molecule is involved in the enantioselective C�H
palladation step. As shown in Scheme 5b, the identity of the
alkali cation also strongly influences the yield and ee value of
2e, thus suggesting the involvement of Cs+ in the L2-mediated
C�H palladation step. Because of its large size and high
coordination number, Cs+ tends to form high-valent coordi-
nation complexes, and even clusters.[22] We suspect that
a monomeric 1:1 Cs(1)–L2(1) complex might dimerize to
form cluster Cs(2)–L2(2), from which a Cs+ can dissociate to
give Cs(1)–L2(2)� (Scheme 5c).[23] To explain the nonlinear
ligand effect and the critical role of Cs+, we hypothesize that
either Cs(1)–L2(2)� or Cs(2)–L2(2) may act as the ligand
controlling the enantioselective C�H palladation step (see
model B). Unlike the monomeric L2 ligand in model A, one
L2 of the Cs complex binds to PdII while the other one serves
as an internal base (Scheme 5d). However, the involvement
of other forms of a Cs–L2 cluster and/or carbonate species
cannot be ruled out, and C�H palladation facilitated by
monomeric-L2 may still provide a competing pathway.

In summary, we report an enantioselective palladium(II)-
catalyzed bidentate auxiliary directed benzylic C�H arylation
reaction of PA-derivatized alkyl amines with aryl iodides.
Complementary to the previously reported BINOL phospho-
ric amide mediated enantioselective C�H arylation of amino-
quinoline-derivatized alkyl carboxylic acid substrates, this
reaction provides the first example of enantioselective g-C�H
arylation of PA-derivatized alkyl amines with up to 97% ee.
The combination of a BINOL phosphate ligand and Cs2CO3

base under solvent-free conditions is essential to achieve high
enantioselectivity. Mechanistic studies suggest that a cesium–
phosphate complex might be involved in the stereodetermin-
ing C�H palladation step. Additional mechanistic investiga-
tions and the development of new chiral phosphate ligands
are currently under investigation to broaden the scope of the
enantioselective palladium-catalyzed bidentate auxiliary
directed C�H functionalization.

Scheme 2. Substrate for the g-C(sp3)�H arylation of 1. Yields are of
products isolated from a 0.2 mmol scale reaction.

Scheme 3. g-C(sp3)�H arylation of 4. Yield is that of product isolated
from a 0.2 mmol scale reaction run under the standard conditions.

Scheme 4. Evaluation of the directing ability of PA analogues.

Angewandte
ChemieCommunications

3Angew. Chem. Int. Ed. 2016, 55, 1 – 6 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://www.angewandte.org


Acknowledgments

We thank the State Key Laboratory of Elemento-Organic
Chemistry at Nankai University for financial support of this
work.

Keywords: arylations · C�H activation · enantioselectivity ·
palladium · reaction mechanism

[1] For selected reviews on palladium-catalyzed C�H activation:
a) X. Chen, K. M. Engle, D. H. Wang, J. Q. Yu, Angew. Chem.
Int. Ed. 2009, 48, 5094 – 5115; Angew. Chem. 2009, 121, 5196 –
5217; b) L. Ackermann, R. Vicente, A. R. Kapdi, Angew. Chem.
Int. Ed. 2009, 48, 9792 – 9826; Angew. Chem. 2009, 121, 9976 –
10011; c) T. W. Lyons, M. S. Sanford, Chem. Rev. 2010, 110,
1147 – 1169; d) R. Jazzar, J. Hitce, A. Renaudat, J. Sofack-

Kreutzer, O. Baudoin, Chem. Eur. J. 2010, 16,
2654 – 2672; e) H. Li, B.-J. Li, Z.-J. Shi, Catal.
Sci. Technol. 2011, 1, 191 – 206; f) J. Yamagu-
chi, A. D. Yamaguchi, K. Itami, Angew. Chem.
Int. Ed. 2012, 51, 8960 – 9009; Angew. Chem.
2012, 124, 9092 – 9142.

[2] For selected reviews on metal-catalyzed asym-
metric C�H activation: a) R. Giri, B. F. Shi,
K. M. Engle, N. Maugel, J. Q. Yu, Chem. Soc.
Rev. 2009, 38, 3242 – 3272; b) J. Wencel-
Delord, F. Colobert, Chem. Eur. J. 2013, 19,
14010 – 14017; c) C. Zheng, S.-L. You, RSC
Adv. 2014, 4, 6173 – 6214; d) J. Pedroni, N.
Cramer, Chem. Commun. 2015, 51, 17647 –
17657.

[3] For selected examples of palladium(II)-cata-
lyzed enantioselective C(sp3)�H functionali-
zation of carboxylic acid substrates using
bidentate ligands: a) B. F. Shi, N. Maugel,
Y. H. Zhang, J. Q. Yu, Angew. Chem. Int. Ed.
2008, 47, 4882 – 4886; Angew. Chem. 2008, 120,
4960 – 4964; b) M. Wasa, K. M. Engle, D. W.
Lin, E. J. Yoo, J. Q. Yu, J. Am. Chem. Soc.
2011, 133, 19598 – 19601; c) K. J. Xiao, D. W.
Lin, M. Miura, R. Y. Zhu, W. Gong, M. Wasa,
J. Q. Yu, J. Am. Chem. Soc. 2014, 136, 8138 –
8142; d) G. Chen, W. Gong, Z. Zhuang, M. S.
Andr�, Y.-Q. Chen, X. Hong, Y.-F. Yang, T.
Liu, K. N. Houk, J.-Q. Yu, Science 2016, 353,
1023 – 1027.

[4] Palladium-catalyzed enantioselective C(sp3)�
H functionalization of amines has been much
less developed. For a single example of NHTf-
directed enantioselective C(sp3)�H arylation
of cyclopropylmethylamines by desymmetri-
zation: a) K. S. L. Chan, H.-Y. Fu, J.-Q. Yu, J.
Am. Chem. Soc. 2015, 137, 2042 – 2046. For
selected examples of palladium-catalyzed non-
stereoselective C(sp3)�H arylation of amines,
see: b) N. Rodr�guez, J. A. Romero-Revilla,
M. A. Fern�ndez-Ib�Çez, J. C. Carretero,
Chem. Sci. 2013, 4, 175 – 179; c) J. Han, Y.
Zheng, C. Wang, Y. Zhu, D.-Q. Shi, R. Zeng,
Z.-B. Huang, Y. Zhao, J. Org. Chem. 2015, 80,
9297 – 9306; d) C. He, M. J. Gaunt, Angew.
Chem. Int. Ed. 2015, 54, 15840 – 15844; Angew.
Chem. 2015, 127, 16066 – 16070; e) K. S. L.

Chan, M. Wasa, L. Chu, B. N. Laforteza, M. Miura, J.-Q. Yu,
Nat. Chem. 2014, 6, 146 – 150.

[5] For selected examples of palladium(II)-catalyzed enantioselec-
tive C(sp2)�H activation using bidentate ligands, see: a) D. G.
Musaev, A. Kaledin, B.-F. Shi, J.-Q. Yu, J. Am. Chem. Soc. 2012,
134, 1690 – 1698; b) B. N. Laforteza, K. S. L. Chan, J.-Q. Yu,
Angew. Chem. Int. Ed. 2015, 54, 11143 – 11146; Angew. Chem.
2015, 127, 11295 – 11298.

[6] For selected examples of palladium(0)-catalyzed enantioselec-
tive intramolecular C(sp3)�H arylation, see: a) M. Nakanishi, D.
Katayev, C. Besnard, E. P. K�ndig, Angew. Chem. Int. Ed. 2011,
50, 7438 – 7441; Angew. Chem. 2011, 123, 7576 – 7579; b) S. Anas,
A. Cordi, H. B. Kagan, Chem. Commun. 2011, 47, 11483 – 11485;
c) T. Saget, S. J. Lemouzy, N. Cramer, Angew. Chem. Int. Ed.
2012, 51, 2238 – 2242; Angew. Chem. 2012, 124, 2281 – 2285; d) N.
Martin, C. Pierre, M. Davi, R. Jazzar, O. Baudoin, Chem. Eur. J.
2012, 18, 4480 – 4484; e) T. Saget, N. Cramer, Angew. Chem. Int.
Ed. 2013, 52, 7865 – 7868; Angew. Chem. 2013, 125, 8019 – 8022.

[7] For more asymmetric transformations by metal-catalyzed C-
(sp2)�H functionalization, see: a) T. K. Hyster, L. Knorr, T. R.

Scheme 5. Mechanistic considerations of the palladium-catalyzed PA-directed L2-mediated
benzylic C�H arylation of amines. [a] Average of four runs for the ee value and HPLC yield
of 2a (see the Supporting Information).

Angewandte
ChemieCommunications

4 www.angewandte.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 1 – 6
� �

These are not the final page numbers!

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/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1002/chem.200902374
http://dx.doi.org/10.1002/chem.200902374
http://dx.doi.org/10.1039/c0cy00076k
http://dx.doi.org/10.1039/c0cy00076k
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/10.1002/ange.201201666
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/10.1039/c3ra46996d
http://dx.doi.org/10.1039/C5CC07929B
http://dx.doi.org/10.1039/C5CC07929B
http://dx.doi.org/10.1002/anie.200801030
http://dx.doi.org/10.1002/anie.200801030
http://dx.doi.org/10.1002/ange.200801030
http://dx.doi.org/10.1002/ange.200801030
http://dx.doi.org/10.1021/ja207607s
http://dx.doi.org/10.1021/ja207607s
http://dx.doi.org/10.1021/ja504196j
http://dx.doi.org/10.1021/ja504196j
http://dx.doi.org/10.1126/science.aaf4434
http://dx.doi.org/10.1126/science.aaf4434
http://dx.doi.org/10.1021/ja512529e
http://dx.doi.org/10.1021/ja512529e
http://dx.doi.org/10.1039/C2SC21162A
http://dx.doi.org/10.1021/acs.joc.5b00968
http://dx.doi.org/10.1021/acs.joc.5b00968
http://dx.doi.org/10.1002/anie.201508912
http://dx.doi.org/10.1002/anie.201508912
http://dx.doi.org/10.1002/ange.201508912
http://dx.doi.org/10.1002/ange.201508912
http://dx.doi.org/10.1038/nchem.1836
http://dx.doi.org/10.1021/ja208661v
http://dx.doi.org/10.1021/ja208661v
http://dx.doi.org/10.1002/anie.201505204
http://dx.doi.org/10.1002/ange.201505204
http://dx.doi.org/10.1002/ange.201505204
http://dx.doi.org/10.1002/anie.201102639
http://dx.doi.org/10.1002/anie.201102639
http://dx.doi.org/10.1002/ange.201102639
http://dx.doi.org/10.1039/c1cc14292e
http://dx.doi.org/10.1002/anie.201108511
http://dx.doi.org/10.1002/anie.201108511
http://dx.doi.org/10.1002/ange.201108511
http://dx.doi.org/10.1002/chem.201200018
http://dx.doi.org/10.1002/chem.201200018
http://dx.doi.org/10.1002/anie.201303816
http://dx.doi.org/10.1002/anie.201303816
http://dx.doi.org/10.1002/ange.201303816
http://www.angewandte.org


Ward, T. Rovis, Science 2012, 338, 500 – 503; b) B. Ye, N. Cramer,
Science 2012, 338, 504 – 506; c) R. Shintani, H. Otomo, K. Ota, T.
Hayashi, J. Am. Chem. Soc. 2012, 134, 7305 – 7308; d) R. Deng,
Y. Huang, X. Ma, G. Li, R. Zhu, B. Wang, Y.-B. Kang, Z. Gu, J.
Am. Chem. Soc. 2014, 136, 4472 – 4475; e) D.-W. Gao, Q. Yin, Q.
Gu, S.-L. You, J. Am. Chem. Soc. 2014, 136, 4841 – 4844.

[8] S.-B. Yan, S. Zhang, W.-L. Duan, Org. Lett. 2015, 17, 2458 – 2461.
To the best of our knowledge, this represents the only known
example of palladium-catalyzed bidentate auxiliary directed
enantioselective C(sp3)�H functionalization.

[9] For selected reviews on palladium-catalyzed bidentate auxiliary
directed C�H functionalization: a) O. Daugulis, J. Roane, L. D.
Tran, Acc. Chem. Res. 2015, 48, 1053 – 1064; b) G. Rouquet, N.
Chatani, Angew. Chem. Int. Ed. 2013, 52, 11726 – 11743; Angew.
Chem. 2013, 125, 11942 – 11959.

[10] For Daugulis� seminal discovery of palladium-catalyzed AQ- and
PA-directed C�H functionalization reactions, see: a) V. G.
Zaitsev, D. Shabashov, O. Daugulis, J. Am. Chem. Soc. 2005,
127, 13154 – 13155; b) D. Shabashov, O. Daugulis, J. Am. Chem.
Soc. 2010, 132, 3965 – 3972; c) E. T. Nadres, G. I. Santos, D.
Shabashov, O. Daugulis, J. Org. Chem. 2013, 78, 9689 – 9714.

[11] Palladium-catalyzed (BnO)2PO2H-promoted C�H alkylation:
a) S. Y. Zhang, G. He, W. A. Nack, Y. Zhao, Q. Li, G. Chen, J.
Am. Chem. Soc. 2013, 135, 2124 – 2127; b) S. Y. Zhang, Q. Li, G.
He, W. A. Nack, G. Chen, J. Am. Chem. Soc. 2013, 135, 12135 –
12141; c) S.-Y. Zhang, Q. Li, G. He, W. A. Nack, G. Chen, J. Am.
Chem. Soc. 2015, 137, 531 – 539. C�H arylations: d) G. He, S.-Y.
Zhang, W. A. Nack, Q. Li, G. Chen, Angew. Chem. Int. Ed. 2013,
52, 11124 – 11128; Angew. Chem. 2013, 125, 11330 – 11334; e) G.
He, S. Y. Zhang, W. A. Nack, R. Pearson, J. Rabb-Lynch, G.
Chen, Org. Lett. 2014, 16, 6488 – 6491.

[12] For applications of a (BnO)2PO2H promoter in palladium-
catalyzed C�H functionalization reactions, see: a) K. Chen, F.
Hu, S.-Q. Zhang, B.-F. Shi, Chem. Sci. 2013, 4, 3906 – 3911;
b) C. P. Ting, T. J. Maimone, Angew. Chem. Int. Ed. 2014, 53,
3115 – 3119; Angew. Chem. 2014, 126, 3179 – 3183; c) Q. Wang, J.
Han, C. Wang, J. Zhang, Z. Huang, D. Shi, Y. Zhao, Chem. Sci.
2014, 5, 4962 – 4967.

[13] For selected examples of organic phosphate ligands used in
palladium-catalyzed reactions, see: a) S. Mukherjee, B. List, J.
Am. Chem. Soc. 2007, 129, 11336 – 11337; b) Z. Chai, T. J.
Rainey, J. Am. Chem. Soc. 2012, 134, 3615 – 3618; c) S.-Y. Yu, H.
Zhang, Y. Gao, L. Mo, S. Wang, Z.-J. Yao, J. Am. Chem. Soc.
2013, 135, 11402 – 11407; d) D. Zhang, H. Qiu, L. Jiang, F. Lv, C.
Ma, W. Hu, Angew. Chem. Int. Ed. 2013, 52, 13356 – 13360;

Angew. Chem. 2013, 125, 13598 – 13602; e) P.-S. Wang, H.-C. Lin,
Y.-J. Zhai, Z.-Y. Han, L.-Z. Gong, Angew. Chem. Int. Ed. 2014,
53, 12218 – 12221; Angew. Chem. 2014, 126, 12414 – 12417; f) Z.-
L. Tao, X.-H. Li, Z.-Y. Han, L.-Z. Gong, J. Am. Chem. Soc. 2015,
137, 4054 – 4057.

[14] For selected phosphate-promoted metal-catalyzed reactions,
see: a) A. J. Neel, J. P. Hehn, P. F. Tripet, F. D. Toste, J. Am.
Chem. Soc. 2013, 135, 14044 – 14047; b) S. Krautwald, M. A.
Schafroth, D. Sarlah, E. M. Carreira, J. Am. Chem. Soc. 2014,
136, 3020 – 3023.

[15] It might be caused by the racemic background reaction, which
can take place in the absence of chiral phosphate ligand (see the
Supporting Information).

[16] To the best of our knowledge, this represents the highest ee value
reported for palladium-catalyzed enantioselective methylene C�
H functionalization on a single carbon center. However, a greater
than 99% ee was achieved in the desymmetrization of cyclo-
propylmethylamines by palladium-catalyzed C(sp3)�H arylation
(see Ref. [4a]).

[17] For isolation of a palladacycle intermediate in PA-directed ortho
C(sp2)�H functionalization, see: G. He, G. Lu, Z. Guo, P. Liu, G.
Chen, Nat. Chem. 2016, DOI: 10.1038/nchem.2585.

[18] D. Lapointe, K. Fagnou, Chem. Lett. 2010, 39, 1118 – 1126.
[19] L. Ackermann, Chem. Rev. 2011, 111, 1315 – 1345.
[20] For reviews regarding chiral phosphate ligands, see: a) T.

Akiyama, Chem. Rev. 2007, 107, 5744 – 5758; b) M. Terada,
Chem. Commun. 2008, 4097 – 4112; c) D. Parmar, E. Sugiono, S.
Raja, M. Rueping, Chem. Rev. 2014, 114, 9047 – 9153.

[21] C. Girard, H. B. Kagan, Angew. Chem. Int. Ed. 1998, 37, 2922 –
2959; Angew. Chem. 1998, 110, 3088 – 3127.

[22] For selected examples of high-valent cesium complexes/clusters,
see: a) D. L. Reger, A. Leitner, M. D. Smith, J. Mol. Struct. 2015,
1091, 31 – 36; b) C. S. Weinert, P. E. Fanwick, I. P. Rothwell,
Inorg. Chem. 2003, 42, 6089 – 6094; c) J. M. J. Nuutinen, A. Irico,
M. Vincenti, E. Dalcanale, J. M. H. Pakarinen, P. Vainiotalo, J.
Am. Chem. Soc. 2000, 122, 10090 – 10100.

[23] For a computational study of PivOCs·CsCO3 cluster in nickel-
catalyzed C�H arylation of azoles, see: H. Xu, K. Muto, J.
Yamaguchi, C. Zhao, K. Itami, D. G. Musaev, J. Am. Chem. Soc.
2014, 136, 14834 – 14844.

Received: September 23, 2016
Published online: && &&, &&&&

Angewandte
ChemieCommunications

5Angew. Chem. Int. Ed. 2016, 55, 1 – 6 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://dx.doi.org/10.1126/science.1226132
http://dx.doi.org/10.1126/science.1226938
http://dx.doi.org/10.1021/ja302278s
http://dx.doi.org/10.1021/ja500699x
http://dx.doi.org/10.1021/ja500699x
http://dx.doi.org/10.1021/ja500444v
http://dx.doi.org/10.1021/acs.orglett.5b00968
http://dx.doi.org/10.1021/ar5004626
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/ange.201301451
http://dx.doi.org/10.1002/ange.201301451
http://dx.doi.org/10.1021/ja054549f
http://dx.doi.org/10.1021/ja054549f
http://dx.doi.org/10.1021/ja910900p
http://dx.doi.org/10.1021/ja910900p
http://dx.doi.org/10.1021/jo4013628
http://dx.doi.org/10.1021/ja312277g
http://dx.doi.org/10.1021/ja312277g
http://dx.doi.org/10.1021/ja406484v
http://dx.doi.org/10.1021/ja406484v
http://dx.doi.org/10.1021/ja511557h
http://dx.doi.org/10.1021/ja511557h
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/10.1021/ol503347d
http://dx.doi.org/10.1039/c3sc51747k
http://dx.doi.org/10.1002/anie.201311112
http://dx.doi.org/10.1002/anie.201311112
http://dx.doi.org/10.1002/ange.201311112
http://dx.doi.org/10.1039/C4SC02172J
http://dx.doi.org/10.1039/C4SC02172J
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1021/ja2102407
http://dx.doi.org/10.1021/ja405764p
http://dx.doi.org/10.1021/ja405764p
http://dx.doi.org/10.1002/anie.201306824
http://dx.doi.org/10.1002/ange.201306824
http://dx.doi.org/10.1002/anie.201408199
http://dx.doi.org/10.1002/anie.201408199
http://dx.doi.org/10.1002/ange.201408199
http://dx.doi.org/10.1021/jacs.5b00507
http://dx.doi.org/10.1021/jacs.5b00507
http://dx.doi.org/10.1021/ja407410b
http://dx.doi.org/10.1021/ja407410b
http://dx.doi.org/10.1021/ja5003247
http://dx.doi.org/10.1021/ja5003247
http://dx.doi.org/10.1038/nchem.2585
http://dx.doi.org/10.1246/cl.2010.1118
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1039/b807577h
http://dx.doi.org/10.1021/cr5001496
http://dx.doi.org/10.1002/(SICI)1521-3773(19981116)37:21%3C2922::AID-ANIE2922%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1521-3773(19981116)37:21%3C2922::AID-ANIE2922%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1521-3757(19981102)110:21%3C3088::AID-ANGE3088%3E3.0.CO;2-A
http://dx.doi.org/10.1016/j.molstruc.2015.01.046
http://dx.doi.org/10.1016/j.molstruc.2015.01.046
http://dx.doi.org/10.1021/ic0346580
http://dx.doi.org/10.1021/ja000486j
http://dx.doi.org/10.1021/ja000486j
http://dx.doi.org/10.1021/ja5071174
http://dx.doi.org/10.1021/ja5071174
http://www.angewandte.org


Communications

Synthetic Methods

H. Wang, H.-R. Tong, G. He,*
G. Chen* &&&&—&&&&

An Enantioselective Bidentate Auxiliary
Directed Palladium-Catalyzed Benzylic
C�H Arylation of Amines Using a BINOL
Phosphate Ligand

Seeking direction : A new enantioselective
palladium(II)-catalyzed benzylic C�H
arylation of amines is enabled by the
bidentate picolinamide (PA) directing
group. The BINOL phosphoric acid
ligand, Cs2CO3, and solvent-free condi-

tions are essential for high enantioselec-
tivity. Mechanistic studies indicate that
multiple BINOL ligands are involved in
the stereodetermining C�H palladation
step.
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