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Palladium(II)-Catalyzed Dehydrogenative Cross-Coupling between
Two C,—H Bonds: Unexpected C=C Bond Formation™**

Gaocan Li, Shengyou Qian, Chunxia Wang, and Jingsong You*

Developing efficient synthetic methods for the formation of
carbon—carbon bonds is crucial for organic synthesis. In recent
years, transition-metal-catalyzed Cy,—H functionalization to
forge C,;i—C,,, CwC,p, and C;i—C» bonds has attracted
much attention.! From the step-economic and academic
perspective, the dehydrogenative cross-coupling of sp*-hy-
bridized C—H bonds with other C—H bonds is one of the most
attractive, yet most challenging, methods of carbon—carbon
bond construction without the need for time-consuming
prefunctionalization of both substrates. Lately, the dehydro-
genative cross-coupling of a-Cy,—H bonds of amines, ethers,
allylic and benzylic groups, and alkane Cg—H bonds with
a wide range of Cy,—H bonds has evolved into a powerful
strategy for forming new C,,—C,; bonds (Scheme 1a). These
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Scheme 1. Transition-metal-catalyzed dehydrogenative cross-coupling
between two C,,;—H bonds.

oxidative cross-coupling reactions usually involve ionic or
radical intermediates (single electron transfer (SET) process)
in the presence of transition-metal catalysts (mainly copper
and iron salts) and oxidants such as tert-butyl hydroperoxide,
hydrogen peroxide, dioxygen, benzoquinone (BQ), and 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ)."*2 Despite the
great advantage of this method, to date no studies have
addressed the formation of C=C bonds, C,—Cy, through
a dehydrogenative cross-coupling between two Cy,:—H bonds
with the loss of four hydrogen atoms (Scheme 1b).
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Oxindoles (indolin-2-ones)®™! and benzofuran-2-ones!®
are prevalent in many natural products and pharmaceutical
targets, and are also versatile building blocks for the synthesis
of structurally complex and biologically active compounds. In
particular, the 3-methyleneindolin-2-one derivative is an
important subclass found in numerous pharmacologically
important natural and synthetic compounds.”! 3-(Amino-
methylene)-2-oxoindolines exhibit GABAeric neurotrans-
mitter inhibitor properties (Pfizer).”! In recent years, the
development of methods for the C3-functionalization of
indolin-2-ones has been an active area of intensive
research.”®! On the other hand, six-membered-ring nitro-
gen-containing heterocyclic alkaloids are also widely present
in natural products and important biologically active mole-
cules. In an effort to explore the palladium(II)-catalyzed
direct amination of the C3—H bond of indolin-2-ones”"¢ with
cyclic O-benzoyl hydroxylamines, which have been widely
used as aminating reagents,””! an unexpected dehydrogenative
cross-coupling reaction between two C,»—H bonds occurred
to afford 3-(aminomethylene)-2-oxoindoline 3a instead of
3-amino-2-oxoindoline 3a’ [Eq. (1); Bz=Dbenzoyl]; a result
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that was confirmed by single crystal X-ray diffraction
(Supporting Information, Figure S2)."% To the best of our
knowledge, this is the first example of C=C bond formation
through a palladium(II)-catalyzed oxidative Cy,—H/C,—H
cross-coupling reaction.

After the surprise observation that 1-methylindolin-2-one
1a and piperidin-1-yl benzoate 2a underwent oxidative Cg—
H/C,,—H cross-coupling to give the olefin 3-(aminomethy-
lene)-2-oxoindoline (3a) in the presence of Pd(OAc),, we set
out to optimize the reaction conditions. Several parameters
(including, metal catalyst, base, solvent, and temperature)
were investigated, as shown in Table S1. The catalytic system
comprised of [Pd(cod)Cl,] (5mol%; cod=1,5-cycloocta-
diene) as the catalyst, and K;PO, (3.0 equiv) as the base in
1,4-dioxane at 110°C for 18 h afforded a 94 % yield of 3a
(Table S1, entry 16). Notably, iron and copper salts, which
have been extensively used as catalysts in the dehydrogen-
ative cross-coupling between two Cy—H bonds, did not
promote any coupling reactions between 1a and 2a (Table S1,
entries 17-20).
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The transition-metal-catalyzed oxidative C,—H/Cy:—H
cross-coupling reactions of indolin-2-ones have been surpris-
ingly underdeveloped thus far, although the C3-functional-
ized indolin-2-ones are ubiquitous units in many natural
products, biologically active molecules, and pharmaceuticals.
We rationalized that the bottleneck in these types of oxidative
reactions could be attributed to the C3-position of indolin-2-
ones being particularly susceptible to oxidation. Thus, the
discovery of an efficient and mild oxidant would be a key to
overcoming this substantial hurdle. In the current catalytic
system, O-benzoyl hydroxylamine itself serves as both the
oxidant and the coupling substrate, and piperidine, as the
reductive product of piperidin-1-yl benzoate, was clearly
observed by GC-MS (for details, see the Supporting Infor-
mation).'"! In fact, the addition of 2,2,6,6-tetramethylpiper-
idin-1-yl benzoate (TEMPOBz) resulted in improved yield
(Table S1, entry 12 vs. entry 13), whereas the addition of extra
oxidants such as copper or silver salts greatly decreased the
yield of the heterocoupling products. Furthermore, the
reaction of 1l-methylindolin-2-one (la) with piperidine,
1-methylpiperidine, or 1-benzylpiperidine instead of piper-
idin-1-yl benzoate (2a) did not occur, even in the presence of
extra oxidant, which implies the key role of the N-benzoate
group.

With the optimized conditions in hand, the range of
indolin-2-ones was tested, as summarized in Scheme 2. We
were delighted to find that a broad range of N-substituted
indolin-2-ones gave the desired products in good to excellent
yields. The catalytic system was compatible with a variety of
functional groups on both the aromatic moiety and the N1-
substitutent of indolin-2-ones. Although indolin-2-ones are
known to go through palladium-catalyzed direct C—H aryla-
tion with aryl halides in the presence of base[®"! it is
important to stress that the halogen atoms (F, Cl, Br), which
may be subjected to further synthetic transformations, were
well tolerated in the current catalytic system (3i-31,
Scheme 2). Moreover, the reaction of 5-acetyl-indole-2-one
also proceeded well (30, Scheme 2).

To further expand the scope of the method, the cross-
coupling of various O-benzoyl hydroxylamines was inves-
tigated (Scheme 3). It was gratifying to observe that a variety
of piperidin-1-yl benzoates worked well in our catalytic
system (4a-4d, Scheme 3). Morpholino benzoate was also
capable of undergoing the coupling reaction (4e,
Scheme 3)."” Benzofuran-2-ones also smoothly furnished
the desired products with satisfactory vyields (4f-4j,
Scheme 3).

The oxidative coupling mechanism of a-Cy,—H bonds of
amines by a SET process is usually proposed to involve an
iminium ion intermediate, which is attacked by a nucleophile
to afford the desired product (Scheme 4).'"* Although the
reaction mechanism is not very clear at present, a radical
pathway can be ruled out through investigation of the effect
of the radical scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) on the coupling reaction of 1a with 2a (for details,
see the Supporting Information). GC-MS and 'HNMR
analysis further revealed the formation of 2,3,4,5-tetrahydro-
pyridine (5) in the catalytic system (for details, see the
Supporting Information).”*' Subsequently, 5 was synthe-
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Scheme 2. Cross-coupling of piperidin-1-yl benzoate 2a with a variety
of indole-2-ones 1. Reactions were performed in the presence of
indole-2-one (0.3 mmol), piperidin-1-yl benzoate 2a (0.9 mmol), [Pd-
(cod)Cl;] (5 mol %), and K;PO, (3.0 equiv) in 1,4-dioxane (2.0 mL) at
110°C for 18 h. Yields of isolated products are shown in parentheses.
[a] 6 h. [b] Z/E isomer ratios were determined by 'H NMR spectrosco-
py, and are shown in parentheses.

sized according to a literature procedure.* In the presence
of Pd(OAc), (1.0 equiv), the treatment of 1-methylindolin-2-
one 1a with § delivered the desired product 3a in 23 % yield
with the recovery of 1ain 58 % yield [Eq. (2)]. In spite of the

m O Pd(OAc), (1.0 equiv) / NH
K3PO4 dioxane o (@

110°C, 18 h N

low yield of the desired product (probably owing to the
instability of 2,3,4,5-tetrahydropyridine in the current cata-
lytic system), these observations suggest that 2,3,4,5-tetrahy-
dropyridine might be the real coupling partner.

On the basis of these observations, a tentative catalytic
cycle was proposed (Scheme 5). First, a palladation occurrs at
the 3 position of 1-methylindolin-2-one 1a, because of its
acidic C3—H bond (pK,=18.5), to generate the intermediate
IM1 in the present of base.™%! Next, IM1 reacts with 2,3,4,5-
tetrahydropyridine (5), which is generated insitu from
piperidin-1-yl benzoate (2a), to form the key palladium
intermediate IM2. Alternatively, the formation of a palladated
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Scheme 3. Cross-coupling of indole-2-one or bezofuran-2-ones with

a variety of O-benzoyl hydroxylamines. Reactions were performed in
the presence of indole-2-one or bezofuran-2-one (0.3 mmol), O-benzoyl
hydroxylamine (0.9 mmol), [Pd(cod)Cl,] (5 mol%), and K;PO,

(3.0 equiv) in 1,4-dioxane (2.0 mL) at 110°C for 18 h. Yields of isolated
products are shown in parentheses. [a] Pd(cod)Cl, (10 mol %).

[b] Regioselectivity determined by "H NMR spectroscopy, and shown in
parentheses. [c] PPh; (10 mol %).
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Scheme 4. Oxidative coupling of 0-C,»—H bonds of amines with
nucleophiles through an iminium ion intermediate. Nu=nucleophile,
SET =single electron transfer.
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Scheme 5. Proposed catalytic cycle of the cross-coupling.

species from the reaction of 5 with Pd" might be another way
to generate the IM2.% Reductive elimination of IM2 and
subsequent tautomerization would then afford the desired
product. The possibility of insertion of the C=N bond of 5 into
the C—Pd bond of IM1, followed by dehydrogenation to give
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the desired product could not be excluded. Finally, Pd° could
be reoxidized to Pd" to realize the catalytic cycle with
piperidin-1-yl benzoate 2 a, which could also serve as a hydro-
gen acceptor.

In summary, we have discovered for the first time
a method for constructing new C=C bonds through palla-
dium-catalyzed oxidative cross-coupling between two Cy—H
bonds. The palladium(II)-catalyzed dehydrogenative cross-
coupling reactions of indolin-2-ones with O-benzoyl hydrox-
ylamines afford versatile 3-(aminomethylene)-2-oxoindolines
in the absence of an extra oxidant. The reaction conditions are
very simple, and tolerate an array of functional groups,
including ester, acetyl, methoxy, fluoro, chloro, and bromo
groups. Aside from acting as an aminating reagent, O-benzoyl
hydroxylamines have herein been endowed with a novel
function as the nucleophilic reagent for C=C bond formation.
We anticipate that this unexpected finding may have a broader
impact on the construction of other types of C=C bonds.

Received: April 13, 2013
Revised: May 20, 2013
Published online: June 18, 2013

Keywords: O-benzoyl hydroxylamines - cross-coupling -
indolin-2-ones - palladium

[1] For selected reviews, see: a) C. C. C. Johansson, T.J. Colacot,
Angew. Chem. 2010, 122, 686—-718; Angew. Chem. Int. Ed. 2010,
49,676-707;b) F. Bellina, R. Rossi, Chem. Rev. 2010, 110, 1082 -
1146; c) O. Baudoin, Chem. Soc. Rev. 2011, 40, 4902-4911;
d) C.-I. Li, Acc. Chem. Res. 2009, 42, 335-344; ¢) C. S. Yeung,
V.M. Dong, Chem. Rev. 2011, 111, 1215-1292; f) C. Zhang, C.
Tang, N. Jiao, Chem. Soc. Rev. 2012, 41, 3464 —3484.

For selected examples, see: a) Z. Li, D. S. Bohle, C.-J. Li, Proc.
Natl. Acad. Sci. USA 2006, 103, 8928-8933; b) S. Lin, C.-X.
Song, G.-X. Cai, W.-H. Wang, Z.-J. Shi, J. Am. Chem. Soc. 2008,
130, 12901-12903; c) C. Guo, J. Song, S.-W. Luo, L.-Z. Gong,
Angew. Chem. 2010, 122, 5690-5694; Angew. Chem. Int. Ed.
2010, 49, 5558 -5562; d) G. Zhang, Y. Zhang, R. Wang, Angew.
Chem. 2011, 123, 10613 -10616; Angew. Chem. Int. Ed. 2011, 50,
10429-10432;¢) J. Xie, H. Li, J. Zhou, Y. Cheng, C. Zhu, Angew.
Chem. 2012, 124, 1278-1281; Angew. Chem. Int. Ed. 2012, 51,
1252-1255; f) J. Zhang, B. Tiwari, C. Xing, X. Chen, Y. R. Chi,
Angew. Chem. 2012, 124, 3709-3712; Angew. Chem. Int. Ed.
2012, 51, 3649-3652.

For selected reviews, see: a) H. Lin, S.J. Danishefsky, Angew.
Chem. 2003, 115,38 -53; Angew. Chem. Int. Ed. 2003, 42,36-51;
b) C. Marti, E. M. Carreira, Eur. J. Org. Chem. 2003,2209-2219;
¢) C. V. Galliford, K. A. Scheidt, Angew. Chem. 2007, 119, 8902 —
8912; Angew. Chem. Int. Ed. 2007, 46, 8748 -8758; d) F. Zhou,
Y.-L. Liu, J. Zhou, Adv. Synth. Catal. 2010, 352, 1381 -1407.

a) N. Lindquistl, W. Fenical, J. Am. Chem. Soc. 1991, 113, 2303 -
2304; b) J. Li, A. W. G. Burgett, L. Esser, C. Amezcua, P. G.
Harran, Angew. Chem. 2001, 113,4906—-4909; Angew. Chem. Int.
Ed. 2001, 40, 4770-4773; c) S. M. Verbitski, C. L. Mayne, R. A.
Davis, G. P. Concepcion, C. M. Ireland, J. Org. Chem. 2002, 67,
7124-7126; d) J. Ma, S. M. Hecht, Chem. Commun. 2004, 1190 —
1191.

a) L. S. Melvin, Jr., L. Conn, US 4686244, August 11, 1987; b) S.
Berg, R. Bhat, P. Edwards, S. Hellberg, US 2005/0222181A1,
October 6, 2005; c¢) K.-C. Luk, S.-S. So, J. Zhang, Z. Zhang, WO
2006/136606A2, December 28, 2006; d) B. S. Jensen, CNS Drug
Rev. 2002, 8,353-360; ¢) T. Jiang, K. L. Kuhen, K. Wolff, H. Yin,

2

—_—

3

—_—

[4

—_—

5

—_

www.angewandte.org

7839


http://dx.doi.org/10.1002/ange.200903424
http://dx.doi.org/10.1002/anie.200903424
http://dx.doi.org/10.1002/anie.200903424
http://dx.doi.org/10.1021/cr9000836
http://dx.doi.org/10.1021/cr9000836
http://dx.doi.org/10.1039/c1cs15058h
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1039/c2cs15323h
http://dx.doi.org/10.1073/pnas.0601687103
http://dx.doi.org/10.1073/pnas.0601687103
http://dx.doi.org/10.1021/ja803452p
http://dx.doi.org/10.1021/ja803452p
http://dx.doi.org/10.1002/ange.201002108
http://dx.doi.org/10.1002/anie.201002108
http://dx.doi.org/10.1002/anie.201002108
http://dx.doi.org/10.1002/ange.201105123
http://dx.doi.org/10.1002/ange.201105123
http://dx.doi.org/10.1002/anie.201105123
http://dx.doi.org/10.1002/anie.201105123
http://dx.doi.org/10.1002/ange.201107605
http://dx.doi.org/10.1002/ange.201107605
http://dx.doi.org/10.1002/anie.201107605
http://dx.doi.org/10.1002/anie.201107605
http://dx.doi.org/10.1002/ange.201109054
http://dx.doi.org/10.1002/anie.201109054
http://dx.doi.org/10.1002/anie.201109054
http://dx.doi.org/10.1002/ange.200390018
http://dx.doi.org/10.1002/ange.200390018
http://dx.doi.org/10.1002/anie.200390048
http://dx.doi.org/10.1002/ejoc.200300050
http://dx.doi.org/10.1002/ange.200701342
http://dx.doi.org/10.1002/ange.200701342
http://dx.doi.org/10.1002/anie.200701342
http://dx.doi.org/10.1002/adsc.201000161
http://dx.doi.org/10.1021/ja00006a060
http://dx.doi.org/10.1021/ja00006a060
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4906::AID-ANGE4906%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4770::AID-ANIE4770%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4770::AID-ANIE4770%3E3.0.CO;2-T
http://dx.doi.org/10.1021/jo026012f
http://dx.doi.org/10.1021/jo026012f
http://dx.doi.org/10.1039/b402925a
http://dx.doi.org/10.1039/b402925a
http://www.angewandte.org

Angewandte

7840

6

[7

[8

]

]

—_

www.angewandte.org

Communications

K. Bieza, J. Caldwell, B. Bursulaya, T. Tuntland, K. Zhang, D.
Karanewsky, Y. He, Bioorg. Med. Chem. Lett. 2006, 16, 2109 —
2112; f) M. Ochi, K. Kawasaki, H. Kataoka, Y. Uchio, H. Nishi,
Biochem. Biophys. Res. Commun. 2001, 283, 1118-1123; g) K.
Bernard, S. Bogliolo, J. Ehrenfeld, Br. J. Pharmacol. 2005, 144,
1037 -1050.

a) C. M. Passreiter, H. Weber, D. Bliser, R. Boese, Tetrahedron
2002, 58,279-282;b) B. Sontag, M. Riith, P. Spiteller, N. Arnold,
W. Steglich, M. Reichert, G. Bringmann, Eur. J. Org. Chem.
2006, 1023-1033; c) H. M. Ge, C.H. Zhu, D.H. Shi, L.D.
Zhang, D. Q. Xie, J. Yang, S. W. Ng, R. X. Tan, Chem. Eur. J.
2008, 74, 376-381; d) A. Closse, W. Haefliger, D. Hauser, US
4252817, February 24, 1981; e) S. B. Kadin, J. Med. Chem. 1972,
15, 551-552; f) A. Closse, W. Haefliger, D. Hauser, J. Med.
Chem. 1981, 24, 1465 -1471; g) M. Lardic, C. Party, M. Duflos, J.
Guillon, S. Massip, F. Cruzalegui, T, Edmonds, S. Giraudet, L.
Marini, S. Leonce, J. Enzym. Inhib. Chem. 2006, 21, 313 -325;
h) Y.-J. Kwon, M.-J. Sohn, C.-J. Zheng, W.-G. Kim, Org. Lett.
2007, 9, 2449 -2451.

a) R. Sarges, H. R. Howard, B. K. Koe, A. Weissman, J. Med.
Chem. 1989, 32, 437-444;b) M. S. C. Pedras, J. L. Sorensen, F. I.
Okanga, I. L. Zaharia, Bioorg. Med. Chem. Lett. 1999, 9, 3015—
3020; c¢) A. Andreani, S. Bellini, S. Burnelli, M. Granaiola, A.
Leoni, A. Locatelli, R. Morigi, M. Rambaldi, L. Varoli, N.
Calonghi, C. Cappadone, M. Zini, C. Stefanelli, L. Masotti, R. H.
Shoemaker, J. Med. Chem. 2010, 53, 5567 —-5575; d) M. Moham-
madi, G. McMahon, L. Sun, C. Tang, P. Hirth, B. K. Yeh, S. R.
Hubbard, J. Schlessinger, Science 1997, 276, 955-960; e) J. C.
Henise, J. Taunton, J. Med. Chem. 2011, 54, 4133 -4146; ) G.-B.
Deng, Z.-Q. Wang, R.-J. Song, M.-B. Zhou, W.-T. Wei, P. Xie, J.-
H. Li, Chem. Commun. 2011, 47, 8151 -8153.

For selected examples, see: a) R. A. Altman, A. M. Hyde, X.
Huang, S.L. Buchwald, J. Am. Chem. Soc. 2008, 130, 9613 -

9620; b) A. M. Taylor, R. A. Altman, S. L. Buchwald, J. Am.
Chem. Soc. 2009, 131, 9900-9901; c) B. M. Trost, J. Xie, J. D.
Sieber, J. Am. Chem. Soc. 2011, 133,20611-20622; d) Y.-Y. Han,
Z.-J. Wu, W.-B. Chen, X.-L. Du, X.-M. Zhang, W.-C. Yuan, Org.
Lett. 2011, 13, 5064 -5067.

[9] a) A. M. Berman, J. S. Johnson, J. Am. Chem. Soc. 2004, 126,

5680-5681; b) E.J. Yoo, S. Ma, T.-S. Mei, K. S. L. Chan, J.-Q.

Yu, J. Am. Chem. Soc. 2011, 133, 7652 -7655; c) N. Matsuda, K.

Hirano, T. Satoh, M. Miura, Angew. Chem. 2012, 124, 3702 -

3705; Angew. Chem. Int. Ed. 2012, 51, 3642-3645; d) A. M.

Dumas, G. A. Molander, J. W. Bode, Angew. Chem. 2012, 124,

5781-5784; Angew. Chem. Int. Ed. 2012,51, 5683 -5686;¢) R. P.

Rucker, A. M. Whittaker, H. Dang, G. Lalic, J. Am. Chem. Soc.

2012, 134, 6571-6574; f) N. Matsuda, K. Hirano, T. Satoh, M.

Miura, Angew. Chem. 2012, 124, 11997-12001; Angew. Chem.

Int. Ed. 2012, 51, 11827-11831; g) Y. Miki, K. Hirano, T. Satoh,

M. Miura, Org. Lett. 2013, 15, 172-175.

CCDC 933727 contains the supplementary crystallographic data

for this paper. These data can be obtained free of charge from

The Cambridge Crystallographic Data Centre via www.ccdc.

cam.ac.uk/data_request/cif.

[11] S.P. Wathen, A. W. Czarnik, J. Org. Chem. 1992, 57, 6129 —-6133.

[12] The O-benzoyl hydroxylamines of acyclic amines were inactive
in this coupling reaction, probably due to the instability of the
acyclic imine intermediate in the current catalytic system.

[13] E. Boess, C. Schmitz, M. Klussmann, J. Am. Chem. Soc. 2012,
134, 5317-5325.

[14] a) M. R. Monaco, P. Renzi, D. M. S. Schietroma, M. Bella, Org.
Lett. 2011, 13, 4546-4549; b) G. P. Claxton, L. Allen, J. M.
Grisar, Org. Synth. 1977, 56,118 -121; c¢) G. P. Claxton, L. Allen,
J. M. Grisar, Org. Synth. 1988, Coll. Vol. 6, 968 —971.

[10

[

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2013, 52, 7837-7840


http://dx.doi.org/10.1016/j.bmcl.2006.01.066
http://dx.doi.org/10.1016/j.bmcl.2006.01.066
http://dx.doi.org/10.1006/bbrc.2001.4911
http://dx.doi.org/10.1038/sj.bjp.0706103
http://dx.doi.org/10.1038/sj.bjp.0706103
http://dx.doi.org/10.1016/S0040-4020(01)01139-5
http://dx.doi.org/10.1016/S0040-4020(01)01139-5
http://dx.doi.org/10.1002/ejoc.200500714
http://dx.doi.org/10.1002/ejoc.200500714
http://dx.doi.org/10.1002/chem.200700960
http://dx.doi.org/10.1002/chem.200700960
http://dx.doi.org/10.1021/jm00275a029
http://dx.doi.org/10.1021/jm00275a029
http://dx.doi.org/10.1021/jm00144a019
http://dx.doi.org/10.1021/jm00144a019
http://dx.doi.org/10.1080/14756360600741834
http://dx.doi.org/10.1021/ol0703231
http://dx.doi.org/10.1021/ol0703231
http://dx.doi.org/10.1021/jm00122a025
http://dx.doi.org/10.1021/jm00122a025
http://dx.doi.org/10.1016/S0960-894X(99)00523-5
http://dx.doi.org/10.1016/S0960-894X(99)00523-5
http://dx.doi.org/10.1021/jm1007165
http://dx.doi.org/10.1126/science.276.5314.955
http://dx.doi.org/10.1021/jm200222m
http://dx.doi.org/10.1039/c1cc11602a
http://dx.doi.org/10.1021/ja803179s
http://dx.doi.org/10.1021/ja803179s
http://dx.doi.org/10.1021/ja903880q
http://dx.doi.org/10.1021/ja903880q
http://dx.doi.org/10.1021/ja209244m
http://dx.doi.org/10.1021/ol201927c
http://dx.doi.org/10.1021/ol201927c
http://dx.doi.org/10.1021/ja049474e
http://dx.doi.org/10.1021/ja049474e
http://dx.doi.org/10.1021/ja202563w
http://dx.doi.org/10.1002/ange.201108773
http://dx.doi.org/10.1002/ange.201108773
http://dx.doi.org/10.1002/anie.201108773
http://dx.doi.org/10.1002/anie.201201077
http://dx.doi.org/10.1021/ja3023829
http://dx.doi.org/10.1021/ja3023829
http://dx.doi.org/10.1002/anie.201206755
http://dx.doi.org/10.1002/anie.201206755
http://dx.doi.org/10.1021/ol303222s
http://dx.doi.org/10.1021/jo00049a016
http://dx.doi.org/10.1021/jo00049a016
http://dx.doi.org/10.1021/jo00049a016
http://dx.doi.org/10.1021/ja211697s
http://dx.doi.org/10.1021/ja211697s
http://dx.doi.org/10.1021/ol2017406
http://dx.doi.org/10.1021/ol2017406
http://www.angewandte.org

