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Abstract: The unprecedented title reaction between glycine
derivatives and indoles, as well as the auto-oxidative Povarov/
aromatization tandem reaction of glycine derivatives with
olefins are described. The reactions were performed in the
absence of redox-active catalysts and chemical oxidants under
mild reaction conditions. Only simple organic solvents and air
(or O2) were required.

Oxidation reactions are of fundamental importance in
nature and play a crucial role in organic synthesis, and there is
currently a demand for more sustainable and selective
oxidation methods.[1] In the last decade, oxidative coupling
reactions have become a growing field in organic chemistry.[2]

Among them, the oxidative dehydrogenative coupling of
glycine derivatives has gained significant attention since the
pioneering study of Zhao and Li in 2008.[3] After that, some
progress has been reported in this context.[4] These reactions
were mostly catalyzed by copper[4a–e] or iron salts[4f–i] in
combination with stoichiometric amounts of chemical oxi-
dants such as TBHP, DTBP, DDQ, or TEMPO oxoammo-
nium salt.[4a–i] Dioxygen is an environmentally benign oxidant
and an atom-efficient reagent in synthetic chemistry.[5]

Molecular oxygen activation has been of long-standing
interest owing to its tremendous potential use in organic
chemistry.[6] The oxidative coupling of N-aryl tetrahydroiso-
quinolines has been well developed under aerobic condi-
tions.[7] Nevertheless, the utilization of elemental oxygen as
a terminal oxidant for the oxidative coupling of glycine
derivatives was relatively rare.[4j–n] In 2012, the group of
Rueping reported a relay catalysis protocol for the indolation
of glycine derivatives using a combination of visible-light
photoredox and Lewis acid catalysis under aerobic condi-
tions.[4j] Recently, we discovered for the first time the simple
copper(I) chloride catalyzed oxidative coupling of glycine
derivatives using O2 as the terminal oxidant.[4k] In addition, Jia
et al. developed the synthesis of quinolines from glycine
derivatives with alkenes by a dehydrogenative Povarov/
oxidation process under radical cation salt catalysis in the
presence of a Lewis acid and O2.

[4m,n] And during our studies

on triarylaminium salt induced transformations,[8] we also
explored a novel aerobic double Friedel–Crafts alkylation
reaction of glycine derivatives.[4l]

Radical-mediated damage to proteins is oxygen-depen-
dent and leads to aging and diseases. In natural systems,
peptide backbone oxidations and fragmentations are involved
in the formation of a-carbon radicals and their subsequently
generated peroxides.[9] We noted that oxalic acid derivatives
and backbone imines were important intermediates of these
auto-oxidative bioprocesses (Scheme 1, top).[9] We became

interested in determining whether it is possible to intercept
the imine intermediates with various nucleophiles, thus
possibly offering an interesting opportunity for selective
carbon–carbon bond formation. To begin research into this
area, we conceived of generating new C�C bonds by auto-
oxidation of glycine derivatives under simple reaction con-
ditions (Scheme 1, bottom).

Herein we report the realization of the above goal and
demonstrate that it is possible to carry out auto-oxidative
cross-coupling reactions of glycine derivatives in a simple
mixed organic solvent either under oxygen or open to air. We
believe this is an unprecedented and remarkable break-
through of the oxidative coupling reaction because neither of
the commonly used redox-active catalysts nor chemical
oxidants is involved. This primary work represents the
powerful application potential of the auto-oxidation of
glycine derivatives to construct carbon–carbon bonds and
deliver complex organic frameworks. At the same time, it will
be helpful for understanding the reaction mechanism of
aerobic oxidative coupling reactions.

During our studies of copper salt[4k] or triarylaminium
salt[4l] catalyzed aerobic oxidative coupling of glycine deriv-
atives, we always kept a small sample solution of glycine
derivatives for monitoring the reactions by TLC, and
unexpectedly we observed transformation into the oxidized

Scheme 1. Auto-Oxidation of glycine derivatives and peptides.
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product in low yields within a few weeks in chlorinated
solvents. This means an auto-oxidation reaction occurred.
This interesting result encouraged us to optimize the reaction
conditions. We surprisingly discovered that the reaction was
highly dependent on the solvent choice and found that the
highest reaction rate and full conversion of 1a could be
achieved if a mixed solvent (MeCN/DCE = 5:1) was used
(Table 1, entry 1). Using the optimized reaction conditions, as
shown in Table 1, a series of oxalic acid derivatives were
delivered in moderate yield.[10]

Under the above optimized reaction conditions, the
glycine ester 1a and indole (3a) were chosen as model
substrates because Csp2(aryl)�Csp3 bond-formation reactions
are of fundamental interest in organic synthesis (Table 2).
And additionally, both glycine derivatives and indoles are
very common substructures in natural products and biolog-
ically active compounds.[11] We were pleased to observe that
high yield of the product 4 aa was isolated after 15 hours. The
scope and generality of this protocol was then investigated.
Various glycine derivatives and different indoles were all
suitable substrates in this transformation.

To develop a more general and useful method,
we subsequently turned our attention to investigate
the oxidative Povarov/aromatization tandem reac-
tion under the auto-oxidation conditions. This reac-
tion is important because the produced substituted
quinolines are important scaffolds present in many
bioactive natural products and synthetic drugs.[12] In
this auto-oxidation protocol, electron-rich styrenes
reacted with glycine esters and amides to produce
the desired products in moderate yields. As seen
from Table 3, the reactions went to completion but
the self-oxidation side product 2 could not be
avoided.

And to our surprise, as shown in Scheme 2, when
2,3-dihydrofuran (7) was employed as an alkene
counterpart, a ring closing/opening/closing process
occurred and the unexpected and very interesting
quinolone-fused lactone 8[10] was isolated in 42%
yield.

To investigate the mechanism of this transforma-
tion, experiments were carried out. The reaction of
1a with either 3a, 5a, or 7 under an argon
atmosphere resulted in a significant drop in yield,
thus indicating that oxygen is crucial for the reaction
(Table 4, entries 1–3). Radical-trapping experiments
were conducted by employing TEMPO as a radical
scavenger. The desired product was not observed
under the standard reaction conditions (entries 4–6),
thus suggesting that the present reaction includes
a radical process. We also discovered the critical role
of dichloroethane in this reaction. When freshly
distilled DCE was used, the efficiency of the reaction
dramatically decreased, thus providing the desired
product in only trace amounts. After 3 to 5 weeks of
storage of the solvent (DCE) in common Amber
laboratory bottles, the reactions progressed smoothly
and gave reproducible results. We proposed that
trace amounts of an acidic impurity may be gener-

Table 1: Auto-oxidation reaction of glycine derivatives and X-ray-derived
ORTEP drawing of compound 2 l.

Entry 1 R1 R2 t [h] 2 ([%])[b,c]

1 1a Me OEt 15 2a (63)
2 1b Me OMe 18 2b (61)
3 1c Me OnBu 16 2c (61)
4 1d Me OtBu 12 2d (52)
5 1e Me OAllyl 24 2e (52)
6 1 f MeO OEt 20 2 f (50)
7 1 l Me NHCH2CO2Et 24 2 l (58)
8 1m Me NHCH2CONHCH2CO2Et 48 2m (38)

[a] Standard reaction conditions: 1 (1.0 mmol), MeCN/DCE (5:1,
18 mL), O2 (1 atm), 40 8C. [b] Yields of the isolated products. [c] All
experiments were repeated three times and the mean values are given.
DCE = 1,2-dichloroethane. Thermal ellipsoids shown at 50 % probability.

Table 2: Auto-oxidation reaction of glycine derivatives with indoles.

Entry 1 R1 R2 3 R3 t [h] 4 ([%])[b,c]

1 1a Me OEt 3a H 15 4aa (81)
2 1b Me OMe 3a H 16 4ba (75)
3 1c Me OnBu 3a H 20 4ca (79)
4 1d Me OtBu 3a H 24 4da (44)
5 1e Me OAllyl 3a H 24 4ea (74)
6 1 f MeO OEt 3a H 28 4 fa (54)
7 1g Cl OEt 3a H 40 4ga (57)
8 1h Br OEt 3a H 40 4ha (39)
9 1b Me OMe 3b 5-Me 25 4bb (81)
10 1b Me OMe 3c 5-Br 30 4bc (71)
11 1b Me OMe 3d 5-MeO 18 4bd (70)
12 1b Me OMe 3e 2-Me 16 4be (72)
13 1b Me OMe 3 f 2-Ph 6 4bf (83)
14 1b Me OMe 3g N-Bn 22 4bg (78)
15 1b Me OMe 3h N-Me 12 4bh (56)
16 1b Me OMe 3 i 2-(4-FC6H4) 6 4bi (83)
17 1b Me OMe 3 j 2-(4-ClC6H4) 8 4bj (76)
18 1a Me OEt 3 f 2-Ph 4 4af (77)
19 1c Me OnBu 3 f 2-Ph 15 4cf (76)
20 1d Me OtBu 3 f 2-Ph 21 4df (46)
21 1e Me OAllyl 3 f 2-Ph 15 4ef (74)
22 1 f MeO OEt 3 f 2-Ph 18 4 ff (66)
23 1 i H OEt 3 f 2-Ph 48 4 if (37)
24 1g Cl OEt 3 f 2-Ph 50 4gf (30)
25 1h Br OEt 3 f 2-Ph 48 4hf (33)
26 1 j Me NHMe 3 f 2-Ph 60 4 jf (56)
27 1k Me NHEt 3 f 2-Ph 40 4kf (59)
28 1 l Me NHCH2CO2Et 3 f 2-Ph 20 4 lf (76)
29 1m Me NHCH2CO-

NHCH2CO2Et
3 f 2-Ph 24 4mf (46)

[a] Standard reaction conditions: 1 (1.0 mmol), 3 (1.0 mmol), MeCN/DCE (5:1,
18 mL), O2 (1 atm), 40 8C. [b] Yield of the isolated product. [c] All experiments were
repeated three times and the mean values are given.
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ated in the process of storage of DCE and might promote this
auto-oxidation reaction. This acidic impurity proves plausible,
since performing the reaction of 1a with either 3a, 5a, or 7 in
the presence of small amounts of hydrochloric acid
(0.2 mol%, 1 molL�1) in freshly distilled DCE resulted in
almost identical product yields (entries 7–9). When 1 mol%

MnO2 was added at the end of the reaction, gas evolved. This
evolution suggests the generation of H2O2 in the reaction
process because manganese dioxide catalyzes the decompo-
sition of hydrogen peroxide into oxygen and water. The
reaction mixtures of 1a with either 3a, 5a, or 7 leads to the
successful preparation of 4aa, 6aa, or 8, respectively, and they
were analyzed by atomic adsorption spectroscopy, thus
revealing no common redox-active transition metals such as
copper and iron above the detection limit of 0.5 ppm.

A plausible mechanism is depicted in Scheme 3. The
glycine ester 1 a was first auto-oxidized to give the hydro-
peroxide intermediate A. The iminium ion intermediate B
could then be formed through an acid-catalyzed SN1-type
procedure from A. Subsequently, coupling of B with 3a
results in the desired product 4aa. In addition, a reasonable
mechanism is also illustrated for the reaction of 1a with 2,3-
dihydrofuran (7; Scheme 2).

In conclusion, this protocol realizes an unprecedented
aerobic auto-oxidative cross-coupling reaction of glycine
derivatives and short peptides in a simple mixed organic
solvent under mild reaction conditions. Notably, this prelimi-
nary work demonstrates the first example of oxidative cross-
coupling reactions of glycine derivatives without using any
redox-active catalyst and chemical oxidant. This method
represents the powerful potential to construct complex
bioactive and medicinal organic frameworks.

Experimental Section
General procedure for auto-oxidation reaction of glycine derivatives
with indoles or alkenes: Glycine derivatives (1, 1 mmol) and indoles
(3, 1 mmol) or glycine derivatives (1, 1 mmol) and alkenes (5 or 7,
2 mmol) were dissolved in a mixed solvent (MeCN/DCE, 5:1, 18 mL)
at ambient temperature. The reactions were performed either under
an O2 atmosphere (oxygen balloon) or open to air (open flask) at
40 8C and completed within 4–60 hour as monitored by TLC. The
products were isolated by column chromatographic separation.
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Table 3: Auto-oxidation reaction of glycine derivatives with styrenes.

Entry 1 R1 R2 5 R3 t [h] 6 ([%])[b,c] 2 [%][b]

1 1a Me OEt 5a 4-MeOC6H4 20 6aa (53) 22
2 1b Me OMe 5a 4-MeOC6H4 40 6ba (51) 29
3 1c Me OnBu 5a 4-MeOC6H4 48 6ca (46) 15
4 1d Me OtBu 5a 4-MeOC6H4 48 6da (33) 28
5 1e Me OAllyl 5a 4-MeOC6H4 12 6ea (40) 26
6 1 f MeO OEt 5a 4-MeOC6H4 24 6 fa (47) 9
7[d] 1 j Me NHMe 5a 4-MeOC6H4 40 6 ja (28) 7
8 1a Me OEt 5b 4-MeC6H4 42 6ab (36) 38
9 1a Me OEt 5c 4-tBuC6H4 48 6ac (38) 35
10[d] 1a Me OEt 5d C6H5 600 6ad (35) 40

[a] Standard reaction conditions: 1 (1.0 mmol), 5 (2.0 mmol), MeCN/
DCE (5:1, 18 mL), air (1 atm), 40 8C. [b] Yield of the isolated products.
[c] All experiments were repeated three times and the mean values are
given. [d] O2 (1 atm).

Scheme 2. Auto-oxidation reaction of 1a with 2,3-dihydrofuran (7),
plausible mechanism, and X-ray derived ORTEP drawing of the
compound 8. Thermal ellipsoids shown at 50% probability.

Table 4: Control experiments.

Entry Substrate[a] Conditions[b] Yield [%][c]

1 1a, 3a MeCN/DCE (5:1), Ar trace
2 1a, 5a MeCN/DCE (5:1), Ar trace
3 1a, 7 MeCN/DCE (5:1), Ar trace
4[c] 1a, 3a MeCN/DCE (5:1), TEMPO (1 equiv), O2 –
5[c] 1a, 5a MeCN/DCE (5:1), TEMPO (1 equiv), O2 –
6[c] 1a, 7 MeCN/DCE (5:1), TEMPO (1 equiv), O2 –
7[d] 1a, 3a MeCN/DCE (5:1), HCl (0.2 mol%), O2 76
8[d] 1a, 5a MeCN/DCE (5:1), HCl (0.2 mol%), O2 36
9[d] 1a, 7 MeCN/DCE (5:1), HCl (0.2 mol%), O2 38

[a] 1a, 3a, 5a, 7: 0.1 mmol. [b] Solvent: 2 mL, 40 8C, 15–20 h. [c] Deter-
mined by NMR spectroscopy. [d] freshly distilled dichloroethane was
used. TEMPO= 2,2,6,6-tetramethylpiperidin-1-oxyl.

Scheme 3. Proposed mechanism of 1a and 3a.

.Angewandte
Communications

13546 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 13544 –13547

http://www.angewandte.org


[1] Modern Oxidation Methods (Ed.: J. E. Backvall), VCH-Wiley,
Weinheim, 2004.

[2] a) S. A. Girard, T. Knauber, C.-J. Li, Angew. Chem. Int. Ed. 2014,
53, 74 – 100; Angew. Chem. 2014, 126, 76 – 103; b) C. S. Yeung,
V. M. Dong, Chem. Rev. 2011, 111, 1215 – 1292; c) M. Kluss-
mann, D. Sureshkumar, Synthesis 2011, 353 – 369; d) C.-J. Li,
Acc. Chem. Res. 2009, 42, 335 – 344; e) S. Murahashi, D. Zhang,
Chem. Soc. Rev. 2008, 37, 1490 – 1501.

[3] L. Zhao, C.-J. Li, Angew. Chem. Int. Ed. 2008, 47, 7075 – 7078;
Angew. Chem. 2008, 120, 7183 – 7186.

[4] a) L. Zhao, O. Basl�, C.-J. Li, Proc. Natl. Acad. Sci. USA 2009,
106, 4106 – 4111; b) J. Xie, Z.-Z. Huang, Angew. Chem. Int. Ed.
2010, 49, 10181 – 10185; Angew. Chem. 2010, 122, 10379 – 10383;
c) G. Zhang, Y. Zhang, R. Wang, Angew. Chem. Int. Ed. 2011, 50,
10429 – 10432; Angew. Chem. 2011, 123, 10613 – 10616; d) Z. Q.
Wang, M. Hu, X. C. Huang, L. B. Gong, Y. X. Xie, J. H. Li, J.
Org. Chem. 2012, 77, 8705 – 8711; e) W. Wei, R. Song, J. Li, Adv.
Synth. Catal. 2014, 356, 1703 – 1707; f) H. Richter, O. G. Man-
cheÇo, Org. Lett. 2011, 13, 6066 – 6069; g) R. Rohlmann, T.
Stopka, H. Richter, O. G. MancheÇo, J. Org. Chem. 2013, 78,
6050 – 6064; h) P. Liu, Z. Wang, J. Lin, X. Hu, Eur. J. Org. Chem.
2012, 1583 – 1589; i) P. Liu, Y. Li, H. Wang, Z. Wang, X. Hu,
Tetrahedron Lett. 2012, 53, 6654 – 6656; j) S. Zhu, M. Rueping,
Chem. Commun. 2012, 48, 11960 – 11962; k) C. Huo, C. Wang,
M. Wu, X. Jia, H. Xie, Y. Yuan, Adv. Synth. Catal. 2014, 356,
411 – 415; l) C. Huo, C. Wang, C. Sun, X. Jia, X. Wang, W. Chang,
M. Wu, Adv. Synth. Catal. 2013, 355, 1911 – 1916; m) X. Jia, F.
Peng, C. Qing, C. Huo, X. Wang, Org. Lett. 2012, 14, 4030 – 4033;
n) X. Jia, Y. Wang, F. Peng, C. Huo, L. Yu, J. Liu, X. Wang, J.
Org. Chem. 2013, 78, 9450 – 9456.

[5] a) T. Punniyamurthy, S. Velusamy, J. Iqbal, Chem. Rev. 2005, 105,
2329 – 2363; b) A.-E. Wendlandt, A.-M. Suess, S.-S. Stahl,
Angew. Chem. Int. Ed. 2011, 50, 11062 – 11087; Angew. Chem.
2011, 123, 11256 – 11283; c) Z. Shi, C. Zhang, C. Tang, N. Jiao,
Chem. Soc. Rev. 2012, 41, 3381 – 3430; d) W. Wu, H. Jiang, S.
Adimurthy, Acc. Chem. Res. 2012, 45, 1736 – 1748; e) A. Pint�r,
A. Sud, D. Sureshkumar, M. Klussmann, Angew. Chem. Int. Ed.
2010, 49, 5004 – 5007; Angew. Chem. 2010, 122, 5124 – 5128; f) A.
Pint�r, M. Klussmann, Adv. Synth. Catal. 2012, 354, 701 – 711;
g) Q. Lu, J. Zhang, F. Wei, Y. Qi, H. Wang, Z. Liu, A. Lei, Angew.
Chem. Int. Ed. 2013, 52, 7156 – 7159; Angew. Chem. 2013, 125,
7297 – 7300; h) Q. Lu, J. Zhang, G. Zhao, Y. Qi, H. Wang, A. Lei,
J. Am. Chem. Soc. 2013, 135, 11481 – 11484; i) V. Chudasama, R.-
J. Fitzmaurice, S. Caddick, Nat. Chem. 2010, 2, 592 – 596.

[6] a) E.-I. Solomon, P. Chen, M. Metz, S.-K. Lee, A.-E. Palmer,
Angew. Chem. Int. Ed. 2001, 40, 4570 – 4590; Angew. Chem.
2001, 113, 4702 – 4724; b) E. I. Solomon, U. M. Sundaram, T. M.
Machonkin, Chem. Rev. 1996, 96, 2563 – 2605; c) M. Rolff, J.
Schottenheim, H. J. Decker, F. Tuczek, Chem. Soc. Rev. 2011, 40,
4077 – 4098; d) C. J. Cramer, W. B. Tolman, Acc. Chem. Res.
2007, 40, 601 – 608; e) Z.-Q. Liu, L. Zhao, X. Shang, Z. Cui, Org.
Lett. 2012, 14, 3218 – 3221.

[7] a) S.-I. Murahashi, N. Komiya, H. Terai, T. Nakae, J. Am. Chem.
Soc. 2003, 125, 15312 – 15313; b) O. Basl�, C.-J. Li, Green Chem.
2007, 9, 1047 – 1050; c) Y. M. Shen, M. Li, S. Z. Wang, T. G.
Zhan, Z. Tan, C. C. Guo, Chem. Commun. 2009, 953 – 955; d) C.
Huo, C. Wang, M. Wu, X. Jia, X. Wang, Y. Yuan, H. Xie, Org.
Biomol. Chem. 2014, 12, 3123 – 3128; e) O. Basl�, C.-J. Li, Chem.
Commun. 2009, 4124 – 4126; f) D. Sureshkumar, A. Sud, M.
Klussmann, Synlett 2009, 1558 – 1561; g) T. Zeng, G. Song, A.
Moores, C.-J. Li, Synlett 2010, 2002 – 2008; h) Y. Q. Zou, L. Q.
Lu, L. Fu, N. J. Chang, J. Rong, J. R. Chen, W. J. Xiao, Angew.
Chem. Int. Ed. 2011, 50, 7171 – 7175; Angew. Chem. 2011, 123,
7309 – 7313; i) E. Boess, D. Sureshkumar, A. Sud, C. Wirtz, C.
Fares, M. Klussmann, J. Am. Chem. Soc. 2011, 133, 8106 – 8109;
j) M. O. Ratnikov, X. F. Xu, M. P. Doyle, J. Am. Chem. Soc. 2013,
135, 9475 – 9479.

[8] a) C. Huo, X. Xu, J. An, X. Jia, X. Wang, C. Wang, J. Org. Chem.
2012, 77, 8310 – 8316; b) C. Huo, X. Xu, X. Jia, X. Wang, J. An, C.
Sun, Tetrahedron 2012, 68, 190 – 196; c) C. Huo, J. An, W. Chang,
X. Jia, L. Kang, M. Wu, Tetrahedron 2013, 69, 6375 – 6380; d) C.
Huo, L. Kang, X. Xu, X. Jia, X. Wang, Y. Yuan, H. Xie,
Tetrahedron 2014, 70, 1055 – 1059; e) C; Huo, C. Sun, D. Hu, X.
Jia, X. Xu, Z. Liu, Tetrahedron Lett. 2011, 52, 7008 – 7010; f) C.
Huo, J. An, X. Xu, X. Jia, X. Wang, L. Kang, Tetrahedron Lett.
2013, 54, 1145 – 1148; g) C. Huo, L. Kang, X. Xu, X. Jia, X. Wang,
H. Xie, Y. Yuan, Tetrahedron Lett. 2014, 55, 954 – 958.

[9] R. T. Dean, S. Fu, R. Stocker, M. J. Davies, Biochem. J. 1997,
324, 1 – 18.

[10] CCDC 990347 (2 l) and 990348 (8) contain 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] a) K. Maruoka, T. Ooi, Chem. Rev. 2003, 103, 3013 – 3028, and
references therein; b) M. Castanho, N. Santos, Peptide Drug
Discovery and Development: Translational Research in Aca-
demia and Industry, Wiley-VCH, Weinheim, 2011, and refer-
ences therein; c) C. Huo, C. Sun, C. Wang, X. Jia, W. Chang, ACS
Sustainable Chem. Eng. 2013, 1, 549 – 553; d) M. Shiri, M. A.
Zolfigol, H. G. Kruger, Z. Tanbakouchian, Chem. Rev. 2010, 110,
2250 – 2293, and references therein.

[12] a) B. A. Foster, H. A. Coffrey, M. J. Morin, F. Rastinejad,
Science 1999, 286, 2507 – 2510; b) A. Lewerenz, S. Hentschel,
Z. Vissiennon, S. Michael, K. Nieber, Drug Dev. Res. 2003, 58,
420 – 427; c) R. Gundla, R. Kazemi, R. Sanam, R. Muttineni,
J. A. R. P. Sarma, R. Dayam, N. Neamati, J. Med. Chem. 2008,
51, 3367 – 3377; d) A. Robert, O. Dechy-Cabaret, J. Cazelles, B.
Meunier, Acc. Chem. Res. 2002, 35, 167 – 174; e) R. G. Ridley,
Nature 2002, 415, 686 – 693; f) E. Carosati, R. Mannhold, P.
Wahl, J. B. Hansen, T. Fremming, I. Zamora, G. Cianchetta, M.
Baroni, J. Med. Chem. 2007, 50, 2117 – 2126; g) A. Nayyar, A.
Malde, R. Jain, E. Coutinho, Bioorg. Med. Chem. 2006, 14, 847 –
856; h) L. C. March, W. A. Romanchick, G. S. Bajwa, M. M.
Joullie, J. Med. Chem. 1973, 16, 337 – 342; i) R. M. Pinder, A.
Burger, J. Med. Chem. 1968, 11, 267 – 269.

Angewandte
Chemie

13547Angew. Chem. Int. Ed. 2014, 53, 13544 –13547 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/anie.201304268
http://dx.doi.org/10.1002/anie.201304268
http://dx.doi.org/10.1002/ange.201304268
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1055/s-0030-1258303
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1039/b706709g
http://dx.doi.org/10.1002/anie.200801367
http://dx.doi.org/10.1002/ange.200801367
http://dx.doi.org/10.1073/pnas.0809052106
http://dx.doi.org/10.1073/pnas.0809052106
http://dx.doi.org/10.1002/anie.201004940
http://dx.doi.org/10.1002/anie.201004940
http://dx.doi.org/10.1002/ange.201004940
http://dx.doi.org/10.1002/anie.201105123
http://dx.doi.org/10.1002/anie.201105123
http://dx.doi.org/10.1002/ange.201105123
http://dx.doi.org/10.1021/jo301691h
http://dx.doi.org/10.1021/jo301691h
http://dx.doi.org/10.1002/adsc.201301091
http://dx.doi.org/10.1002/adsc.201301091
http://dx.doi.org/10.1021/ol202552y
http://dx.doi.org/10.1021/jo4007199
http://dx.doi.org/10.1021/jo4007199
http://dx.doi.org/10.1002/ejoc.201101656
http://dx.doi.org/10.1002/ejoc.201101656
http://dx.doi.org/10.1016/j.tetlet.2012.09.090
http://dx.doi.org/10.1039/c2cc36995h
http://dx.doi.org/10.1002/adsc.201300535
http://dx.doi.org/10.1002/adsc.201300535
http://dx.doi.org/10.1002/adsc.201300276
http://dx.doi.org/10.1021/ol301909g
http://dx.doi.org/10.1021/jo401018v
http://dx.doi.org/10.1021/jo401018v
http://dx.doi.org/10.1021/cr050523v
http://dx.doi.org/10.1021/cr050523v
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1039/c2cs15224j
http://dx.doi.org/10.1021/ar3000508
http://dx.doi.org/10.1002/anie.201000711
http://dx.doi.org/10.1002/anie.201000711
http://dx.doi.org/10.1002/ange.201000711
http://dx.doi.org/10.1002/adsc.201100563
http://dx.doi.org/10.1002/anie.201301634
http://dx.doi.org/10.1002/anie.201301634
http://dx.doi.org/10.1002/ange.201301634
http://dx.doi.org/10.1002/ange.201301634
http://dx.doi.org/10.1021/ja4052685
http://dx.doi.org/10.1038/nchem.685
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4570::AID-ANIE4570%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4702::AID-ANGE4702%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4702::AID-ANGE4702%3E3.0.CO;2-6
http://dx.doi.org/10.1021/cr950046o
http://dx.doi.org/10.1039/c0cs00202j
http://dx.doi.org/10.1039/c0cs00202j
http://dx.doi.org/10.1021/ar700008c
http://dx.doi.org/10.1021/ar700008c
http://dx.doi.org/10.1021/ol301220s
http://dx.doi.org/10.1021/ol301220s
http://dx.doi.org/10.1021/ja0390303
http://dx.doi.org/10.1021/ja0390303
http://dx.doi.org/10.1039/b707745a
http://dx.doi.org/10.1039/b707745a
http://dx.doi.org/10.1039/b819657e
http://dx.doi.org/10.1039/c3ob42454e
http://dx.doi.org/10.1039/c3ob42454e
http://dx.doi.org/10.1039/b905275e
http://dx.doi.org/10.1039/b905275e
http://dx.doi.org/10.1002/anie.201102306
http://dx.doi.org/10.1002/anie.201102306
http://dx.doi.org/10.1002/ange.201102306
http://dx.doi.org/10.1002/ange.201102306
http://dx.doi.org/10.1021/ja201610c
http://dx.doi.org/10.1021/ja402479r
http://dx.doi.org/10.1021/ja402479r
http://dx.doi.org/10.1021/jo300827s
http://dx.doi.org/10.1021/jo300827s
http://dx.doi.org/10.1016/j.tet.2011.10.062
http://dx.doi.org/10.1016/j.tet.2013.05.109
http://dx.doi.org/10.1016/j.tet.2013.12.067
http://dx.doi.org/10.1016/j.tetlet.2012.12.078
http://dx.doi.org/10.1016/j.tetlet.2012.12.078
http://dx.doi.org/10.1016/j.tetlet.2013.12.055
http://dx.doi.org/10.1021/cr020020e
http://dx.doi.org/10.1021/cr020020e
http://dx.doi.org/10.1021/sc400033t
http://dx.doi.org/10.1021/sc400033t
http://dx.doi.org/10.1021/cr900195a
http://dx.doi.org/10.1021/cr900195a
http://dx.doi.org/10.1126/science.286.5449.2507
http://dx.doi.org/10.1002/ddr.10187
http://dx.doi.org/10.1002/ddr.10187
http://dx.doi.org/10.1021/jm7013875
http://dx.doi.org/10.1021/jm7013875
http://dx.doi.org/10.1021/ar990164o
http://dx.doi.org/10.1038/415686a
http://dx.doi.org/10.1021/jm061440p
http://dx.doi.org/10.1016/j.bmc.2005.09.018
http://dx.doi.org/10.1016/j.bmc.2005.09.018
http://dx.doi.org/10.1021/jm00262a006
http://dx.doi.org/10.1021/jm00308a017
http://www.angewandte.org

