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Abstract: New Rh- and Pd-catalyzed regiodivergent and
stereoselective intermolecular coupling reactions of imidazole
derivatives with mono-substituted allenes are herein reported.
Using a RhI/Josiphos system, perfect regioselectivities and high
enantiomeric excess were obtained, while a PdII/dppf system
gave linear products with high regioselectivities and high E/Z
selectivities. This method permits the atom economic synthesis
of valuable branched and linear allylic imidazole derivatives.

Functionalization of nitrogen-containing heterocycles is an
important topic since these structural motifs are prevalent in
natural products, agrochemicals, and pharmaceuticals (Fig-
ure 1).[1a–e] Additionally, their application in ligand and
catalyst design, supramolecular chemistry, and nanotechnol-
ogy has attracted much attention.[1b,c] To this end, N-allylation
of heterocyclic compounds is of particular interest because of

the versatility of the allylic moiety, which allows further
elaboration and even straightforward syntheses towards
biologically active target molecules.[2] Despite the importance
of the N-allylation of heterocycles, efficient methods are still
rare.[3] Only one example has been reported using imidazole
derivatives (Scheme 1).[3a] Furthermore, the synthesis of the
corresponding achiral linear products usually use prefunc-
tionalized allylic derivatives with a leaving group under base-
promoted or metal-catalyzed conditions.[4]

Over the past few decades, allylic substitution[5–9] and
allylic oxidation[10] have been the preferred methods for the

synthesis of allylic derivatives. Limitations of these
approaches include the requirement of a stoichiometric
amount of a leaving group or an oxidant, thus making them
less attractive in terms of atom economy.[11] Therefore, new
methods for atom-economic and selective allylation are
highly desirable. Our previous exploration on the rhodium-
catalyzed enantioselective coupling of allenes and alkynes
with carboxylic acids and anilines has exhibited a powerful
atom economical-complement to transition metal catalyzed
asymmetric allylic substitutions and allylic oxidations.[12–15]

We report herein a regiodivergent and stereoselective cou-
pling of imidazole derivatives with terminal allenes and it
allows access to both a-chiral branched and achiral linear
allylic derivatives using rhodium and palladium catalyst
systems, respectively (Scheme 1). To our best knowledge,
this is the first example of a transition metal catalyzed atom-
economic, regiodivergent, and stereoselective coupling of
heterocycles with allenes.

The initial experiments were performed with benzimida-
zole and cyclohexylallene in the presence of [{Rh(cod)Cl}2]
(2.5 mmol%) and DPEphos (10 mmol %) in 1,2-dichloro-
ethane (DCE) at 80 8C. To our delight, the desired branched
product was isolated with a promising 49% yield as a single
regioisomer. The feasibility of benzimidazole as a pronucleo-
phile encouraged us to screen different types of chiral
bidentate phosphine ligands.[16] Biaryl-type bisphosphine
ligands[16] and the Josiphos ligand J1 (Table 1, entry 1) led
to poor results. We were pleased to observe that changing to
the more-electron-rich and bulkier cyclohexyl Josiphos ligand
J2 led to a significant increase in the yield and ee value
(Table 1, entry 2). A fine tuning of the steric effects by
replacing the cyclohexyl group with the tert-butyl group
resulted in 97 % ee with a slightly lower yield (72%; Table 1,
entry 3). Ligands with a smaller bite angle gave no reaction or
only traces of product, and (R,R)-diop gave moderate yield

Figure 1. Examples of bioactive imidazole derivatives.

Scheme 1. Transition metal catalyzed allylation of imidazole deriva-
tives. THF = tetrahydrofuran.
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(69 %) but disappointing enantioselectivity (22 %).[16] In all
cases, the branched product was observed exclusively.

We speculated that a suitable palladium catalyst in
combination with an achiral bidentate diphosphine ligand
might give access to the regiocomplementary linear allylation
product.[13] Our preliminary study focused on identification of
a suitable ligand. Indeed, by using [{Pd(h3-allyl)Cl}2]
(2.5 mol%) and DPEphos (5.0 mol%), the desired linear
product (74%) was obtained with good linear/branched (L/B)
selectivity (91:9). We then tested a range of achiral bidentate
diphosphine ligands with different bite angles. The ligand
dppf proved to be superb in terms of the regioselectivity
(Table 1, entry 4–9), and a slight excess of benzimidazole
(1.2 equiv) led to an increased yield of 89 % with excellent
L/B and E/Z selectivity (Table 1, entry 10). Surprisingly, the
reaction proceeded smoothly without any additive.[13]

With the optimized reaction conditions in hand, we then
investigated the scope of different imidazole derivatives with
allenes. For the synthesis of chiral branched products,[17a]

a wide range of imidazole derivatives were suitable substrates
with good to excellent yield and enantioselectivity
(Table 2).[17b] Both electron-withdrawing (1 f and 1h) and
electron-donating substituents (1b and 1d) were tolerated
with up to 99 % yield (1b) and up to 98 % enantioselectivity

(1d and 1 h). A halogenated imidazole substrate gave good
yield (1g) and permits further elaboration on the imidazole
ring. To our delight, a free hydroxy group was tolerated, albeit
at a slightly elevated temperature was required (1e). To
expand the scope of allenes, the monosubstituted allenes were
readily prepared in one or two steps from commercially
available starting materials.[16] Both a-branched allenes (1a
and 1o) and linear alkyl-substituted allenes (1j and 1m) were
suitable substrates. Allenes bearing protected alcohols (1k
and 1n) and phthalimide (1 l) were also compatible, and could
afford useful hydroxy and amino groups upon deprotection.

In the case of the palladium-catalyzed coupling reactions,
various imidazole derivatives reacted smoothly with the
allenes to give the complementary linear allylation products
with good to excellent yields, and excellent linear and
E selectivities in most cases (2a–2h ; Table 3).[17c] Imidazole
bearing an unprotected aldehyde group has no detrimental
effect on the reaction (2 i). Different monosubstituted allenes
were also compatible under the palladium-catalyzed condi-
tions (2 j–2p), albeit slightly lower E selectivities were
obtained when less bulky a-linear substituted allenes were
used.

To study the possible mechanism, isotope-labeling experi-
ments were conducted with [D2]benzimidazole and cyclo-
hexylallene under standard rhodium-catalyzed conditions

Table 1: Optimization of rhodium/palladium-catalyzed regiodivergent
and stereoselective coupling.

Entry[a,b] Ligand Yield [%][c] B/L[d] ee [%][e] E/Z[f ]

1 J1 55 100:0 24 –
2 J2 83 100:0 89 –
3 J3 72 100:0 97 –
4 DPEphos (74)[g] 9:91 – –
5 dppp (48)[g] 9:91 – –
6 dppb (71)[g] 5:95 – –
7 (�)-Binap 78 14:86 – –
8 Xantphos (77)[g] 7:93 – –
9 dppf 71 <1:99 – >99:1
10[h] dppf 89 <1:99 – >98:2

[a] Entries 1–3, Conditions A: [{Rh(cod)Cl}2] (2.5 mol%), ligand
(10 mol%), DCE (0.25m), 80 8C, 18 h. [b] Entries 4–10, Conditions B:
[{Pd(h3-allyl)Cl}2] (2.5 mol%), ligand (5.0 mol%), THF (0.4m), 80 8C,
18 h. [c] Yield of isolated product. [d] Branched and linear ratio was
determined by 1H NMR analysis of the crude reaction mixture.
[e] Determined by HPLC using a chiral stationary phase. [f ] Determined
by 1H NMR spectroscopy of the isolated products. [g] Yield of linear
products in the crude reaction mixture as determined by 1H NMR
spectroscopy using 1,3,5-trimethoxybenzene as internal standard.
[h] 1.2 equiv benzimidazole. binap= 2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl, cod = 1,5-cyclooctadiene, DCE = 1,2-dichloroethane, DPE-
phos = bis[(2-diphenylphosphino)phenyl]ether, dppb= 1,4-bis(diphenyl-
phosphino)butane, dppf= 1,1’-bis(diphenylphosphino)ferrocene,
dppp = l,3-bis(diphenylphosphino)propane, Xantphos=4,5-Bis(diphe-
nylphosphino)-9,9-dimethylxanthene.

Table 2: Scope of the rhodium-catalyzed enantioselective coupling of
imidazole derivatives with allenes.

Yield is that of the isolated product. The branched and linear ratio was
determined by 1H NMR analysis of the crude reaction mixture. The
ee values were determined by HPLC using a chiral stationary phase.
[a] Reaction was carried out at 100 8C. Chp = cycloheptyl, TBS= tert-
butyldimethylsilyl, Trt = trityl, Phth= phthaloyl.
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(Scheme 2). Deuterium incorporation was observed at all
positions of the alkene, and is in accordance with our previous
reported results.[15a,b,d]

Based on the labeling experiments, the following mech-
anism can be proposed (Scheme 3). Oxidative addition of
benzimidazole to RhI generates the RhIII complex A.[18a]

Hydrometalation of the terminal allene double bond affords
the vinyl/Rh species B, which undergoes b-hydride elimina-
tion and explains the deuterium incorporation at the terminal
positions. Hydrometalation of the more-substituted double
bond could generate the s- or p-allyl/Rh complex C, which
could generate the desired branched N-allylic heterocyles by
reductive elimination (or external benzimidazole attack). The
regioselectivity of this step is in accordance with that
observed previously for other allylrhodium complexes.[18b–d]

The palladium-catalyzed reactions may follow a similar
mechanism, but the reductive elimination (or external
attack) step favors the less hindered position and thus affords
the linear product.[19, 20]

To conclude, we have developed the first atom-economic,
regiodivergent, and stereoselective coupling of imidiazole
derivatives with allenes by using rhodium and palladium
catalyst systems. A broad range of imidazole derivatives
smoothly coupled with various allenes to obtain both chiral
branched and achiral linear products. Excellent regioselectiv-
ities and stereoselectivities were achieved in most cases.
Future studies will focus on mechanistic investigations and
the extension of this methodology to other nitrogen-contain-
ing heterocycles as well as their applications in target-
oriented synthesis.

Received: October 18, 2013
Published online: January 20, 2014

.Keywords: allenes · allylic compounds · asymmetric catalysis ·
heterocycles · rhodium

[1] a) J. A. Joule, K. Mills, Heterocyclic Chemistry, Wiley, Chi-
chester, 2010, chap. 32 – 33; b) A. F. Pozharskii, A. T. Soldaten-
kov, A. R. Katritzky, Heterocycles in Life and Society, Wiley,
Chichester, 2011, chap. 10; c) L. Yet, V. A. Ostrovskii, G. I.
Koldobskii, R. E. Trifonow in Comprehensive Heterocyclic
Chemistry III, Vol. 4 and 6 (Eds.: A. R. Katritzky, C. A.
Ramsden, E. F. V. Scriven, R. J. K. Taylor), Elsevier Science &
Technology, Oxford, 2008, pp. 112 – 121 and 393 – 407; d) T.
Terasaka, T. Kinoshita, M. Kuno, N. Seki, K. Tanaka, I.
Nakanishi, J. Med. Chem. 2004, 47, 3730 – 3743; e) Y. Xiang, Z.
Hou, Z. Zhang, Chem. Biol. Drug Des. 2012, 79, 760 – 770.

[2] Synthesis of bioactive molecules using N-allylation of hetero-
cycles as a key step: a) B. M. Trost, Z. Shi, J. Am. Chem. Soc.
1996, 118, 3037 – 3038; b) B. M. Trost, R. Madsen, S. G. Guile,
A. E. H. Elia, Angew. Chem. 1996, 108, 1666 – 1668; Angew.
Chem. Int. Ed. Engl. 1996, 35, 1569 – 1572; c) B. M. Trost, R.
Madsen, S. D. Guile, B. Brown, J. Am. Chem. Soc. 2000, 122,
5947 – 5956; d) B. M. Trost, G. Dong, J. Am. Chem. Soc. 2006,
128, 6054 – 6055; e) P. D�bon, M. Schelwies, G. Helmchen,
Chem. Eur. J. 2008, 14, 6722 – 6773; f) B. M. Trost, G. Dong,
Chem. Eur. J. 2009, 15, 6910 – 6919.

[3] Transition metal catalyzed N-allylation of heterocycles: a) L. M.
Stanley, J. F. Hartwig, J. Am. Chem. Soc. 2009, 131, 8971 – 8983;
b) L. M. Stanley, J. F. Hartwig, Angew. Chem. 2009, 121, 7981 –
7984; Angew. Chem. Int. Ed. 2009, 48, 7841 – 7844; c) W. Liu, D.
Zhang, S. Zheng, Y. Yue, D. Liu, X. Zhao, Eur. J. Org. Chem.

Table 3: Scope of the palladium-catalyzed linear-selective coupling of
imidazole derivatives with allenes.

Yield is that of the isolated product. The branched and linear ratio was
determined by 1H NMR analysis of the crude reaction mixture. The E/Z
ratio was determined by 1H NMR spectroscopy of the isolated products.

Scheme 3. Proposed mechanism of the rhodium-catalyzed coupling of
imidazole derivatives with allenes.

Scheme 2. Isotope-labeling experiments with [D2]benzimidazole.

.Angewandte
Zuschriften

2196 www.angewandte.de � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2014, 126, 2194 –2197

http://dx.doi.org/10.1021/jm0306374
http://dx.doi.org/10.1111/j.1747-0285.2012.01341.x
http://dx.doi.org/10.1021/ja9537336
http://dx.doi.org/10.1021/ja9537336
http://dx.doi.org/10.1002/ange.19961081340
http://dx.doi.org/10.1002/anie.199615691
http://dx.doi.org/10.1002/anie.199615691
http://dx.doi.org/10.1021/ja9938837
http://dx.doi.org/10.1021/ja9938837
http://dx.doi.org/10.1021/ja061105q
http://dx.doi.org/10.1021/ja061105q
http://dx.doi.org/10.1002/chem.200800495
http://dx.doi.org/10.1002/chem.200900794
http://dx.doi.org/10.1021/ja902243s
http://dx.doi.org/10.1002/ange.200904338
http://dx.doi.org/10.1002/ange.200904338
http://dx.doi.org/10.1002/anie.200904338
http://dx.doi.org/10.1002/ejoc.201100879
http://www.angewandte.de


2011, 6288 – 6293; d) M. Zhang, X. Guo, S. Zheng, X. Zhao,
Tetrahedron Lett. 2012, 53, 6995 – 6998; e) W. Liu, X. Zhang, L.
Dai, S. You, Angew. Chem. 2012, 124, 5273 – 5277; Angew. Chem.
Int. Ed. 2012, 51, 5183 – 5187; f) B. M. Trost, M. Osipov, G. Dong,
Org. Lett. 2012, 14, 2254 – 2257.

[4] Examples on the synthesis of linear allylated imidazole deriv-
atives: a) M. N. S. Rad, A. Khalafi-Nezhad, S. Behrouz, M. A.
Faghihi, A. Zare, A. Parhami, Tetrahedron 2008, 64, 1778 – 1785;
b) R. Ghosh, A. Sarkar, J. Org. Chem. 2011, 76, 8508 – 8512.

[5] Reviews on transition metal catalyzed allylic substitution:
a) B. M. Trost, Chem. Rev. 1996, 96, 395 – 422; b) B. M. Trost,
M. L. Crawley, Chem. Rev. 2003, 103, 2921 – 2943; c) Z. Lu, S.
Ma, Angew. Chem. 2008, 120, 264 – 303; Angew. Chem. Int. Ed.
2008, 47, 258 – 297.

[6] Examples on palladium-catalyzed allylic substitution: a) L. E.
Overman, J. Am. Chem. Soc. 1976, 98, 2901 – 2910; b) L. E.
Overman, C. E. Owen, M. M. Pavan, Org. Lett. 2003, 5, 1809 –
1812; c) B. M. Trost, M. Osipov, G. Dong, J. Am. Chem. Soc.
2010, 132, 15800 – 15807; d) B. M. Trost, T. Zhang, J. D. Sieber,
Chem. Sci. 2010, 1, 427 – 440.

[7] Examples on iridium-catalyzed allylic substitution: a) A. Leit-
ner, S. Shekhar, M. J. Pouy, J. F. Hartwig, J. Am. Chem. Soc. 2005,
127, 15506 – 15514; b) R. Weihofen, O. Tverskoy, G. Helmchen,
Angew. Chem. 2006, 118, 5673 – 5676; Angew. Chem. Int. Ed.
2006, 45, 5546 – 5549; c) Y. Yamashita, A. Gopalarathnam, J. F.
Hartwig, J. Am. Chem. Soc. 2007, 129, 7508 – 7509; d) K. Ye, H.
He, W. Liu, G. Helmchen, S. You, J. Am. Chem. Soc. 2011, 133,
19006 – 19014; e) M. Lafrance, M. Roggen, E. M. Carreira,
Angew. Chem. 2012, 124, 3527 – 3530; Angew. Chem. Int. Ed.
2012, 51, 3470 – 3473.

[8] Selected examples on rhodium-catalyzed allylic substitution:
a) P. A. Evans, J. E. Robinson, J. Nelson, J. Am. Chem. Soc. 1999,
121, 6761 – 6762; b) P. A. Evans, J. E. Robinson, K. K. Moffett,
Org. Lett. 2001, 3, 3269 – 3271; c) M. Lautens, K. Fagnou, D.
Yang, J. Am. Chem. Soc. 2003, 125, 14884 – 14892; d) P. A. Evans,
E. A. Clizbe, J. Am. Chem. Soc. 2009, 131, 8722 – 8723.

[9] Examples on ruthenium- and iron-catalyzed allylic substitution:
a) Y. Matsushima, K. Onitsuka, T. Kondok, T. Mitsudo, S.
Takahashi, J. Am. Chem. Soc. 2001, 123, 10405 – 10406; b) M. D.
Mbaye, B. Demerseman, J. Renaud, L. Toupet, C. Bruneau,
Angew. Chem. 2003, 115, 5220 – 5222; Angew. Chem. Int. Ed.
2003, 42, 5066 – 5068; c) B. Plietker, Angew. Chem. 2006, 118,
6200 – 6203; Angew. Chem. Int. Ed. 2006, 45, 6053 – 6056.

[10] Examples on transition metal catalyzed allylic C�H functional-
ization: a) G. Liu, S. S. Stahl, J. Am. Chem. Soc. 2007, 129, 6328 –
6335; b) G. Liu, G. Yin, L. Wu, Angew. Chem. 2008, 120, 4811 –
4814; Angew. Chem. Int. Ed. 2008, 47, 4733 – 4736; c) S. A. Reed,
M. C. White, J. Am. Chem. Soc. 2008, 130, 3316 – 3318; d) R. I.
McDonald, S. S. Stahl, Angew. Chem. 2010, 122, 5661 – 5664;
Angew. Chem. Int. Ed. 2010, 49, 5529 – 5532; e) G. Yin, Y. Wu, G.
Liu, J. Am. Chem. Soc. 2010, 132, 11978 – 11987; f) A. B.
Weinstein, S. S. Stahl, Angew. Chem. 2012, 124, 11673 – 11677;
Angew. Chem. Int. Ed. 2012, 51, 11505 – 11509; g) S. M. Para-
dine, M. C. White, J. Am. Chem. Soc. 2012, 134, 2036 – 2039.

[11] a) B. M. Trost, Science 1991, 254, 1471 – 1477; b) T. Newhouse,
P. S. Baran, R. W. Hoffmann, Chem. Soc. Rev. 2009, 38, 3010 –
3021.

[12] Selected examples on the coupling of pronucleophiles with
allenes: a) R. Zimmer, C. Dinesh, E. Nandanan, F. A. Khan,
Chem. Rev. 2000, 100, 3067 – 3125; b) J. Johnson, R. G. Bergman,
J. Am. Chem. Soc. 2001, 123, 2923 – 2924; c) B. M. Trost, C. J�kel,
B. Plietker, J. Am. Chem. Soc. 2003, 125, 4438 – 4439; d) S. S.
Kinderman, R. Gelder, J. H. Maarseveen, H. E. Schoemaker, H.
Hiemstra, F. P. J. T. Rutjes, J. Am. Chem. Soc. 2004, 126, 4100 –
4101; e) N. Nishina, Y. Yamamoto, Angew. Chem. 2006, 118,
3392 – 3395; Angew. Chem. Int. Ed. 2006, 45, 3314 – 3317; f) R. L.
Lalonde, B. D. Sherry, E. J. Kang, F. D. Toste, J. Am. Chem. Soc.
2007, 129, 2352 – 2453; g) I. S. Kim, M. J. Krische, Org. Lett.
2008, 10, 513 – 515; h) T. Kawamoto, S. Hirabayashi, X. Guo, T.
Nishimura, T. Hayashi, Chem. Commun. 2009, 3528 – 3530;
i) S. B. Han, I. S. Kim, H. Han, M. J. Krische, J. Am. Chem. Soc.
2009, 131, 6916 – 6917; j) J. Moran, A. Preetz, R. A. Mesch, M. J.
Krische, Nat. Chem. 2011, 3, 287 – 290; k) K. L. Butler, M.
Tragni, R. A. Widenhoefer, Angew. Chem. 2012, 124, 5265 –
5268; Angew. Chem. Int. Ed. 2012, 51, 5175 – 5178.

[13] Previous palladium-catalyzed hydroamination of allenes needed
catalylic amounts of Et3NHI (15–20%) or acetic acid (20%) as
an additive to produce hydrido palladium species: a) L. Besson,
J. Gor�, B. Gazes, Tetrahedron Lett. 1995, 36, 3857 – 3860; b) M.
Al-Masum, M. Meguro, Y. Yamamoto, Tetrahedron Lett. 1997,
38, 6071 – 6074.

[14] Selected examples on the coupling of pronucleophiles with
alkynes to the synthesis of allylic products: a) Y. Yamamoto, M.
Al-Masum, N. Asao, J. Am. Chem. Soc. 1994, 116, 6019 – 6020;
b) M. Al-Masum, Y. Yamamoto, J. Am. Chem. Soc. 1998, 120,
3809 – 3810; c) L. M. Lutete, I. Kadota, Y. Yamamoto, J. Am.
Chem. Soc. 2004, 126, 1622 – 1623.

[15] a) A. Lumbroso, P. Koschker, N. R. Vautravers, B. Breit, J. Am.
Chem. Soc. 2011, 133, 2386 – 2389; b) P. Koschker, A. Lumbroso,
B. Breit, J. Am. Chem. Soc. 2011, 133, 20746 – 20749; c) A.
Lumbroso, N. Abermil, B. Breit, Chem. Sci. 2012, 3, 789 – 793;
d) M. L. Cooke, K. Xu, B. Breit, Angew. Chem. 2012, 124,
11034 – 11037; Angew. Chem. Int. Ed. 2012, 51, 10876 – 10879.

[16] See the Supporting Information for details.
[17] a) For the determination of absolute configuration for chiral

products see the Supporting Information; b) imidazole and 2-
imidazolecarboxaldehyde reacted with cyclohexylallene gave
only traces of product under the rhodium-catalyzed conditions;
c) 2-(methylthio)benzimidazole reacted with cyclohexylallene in
42% yield, B/L (96:4) and E/Z (97:3) under the palladium-
catalyzed conditions.

[18] a) G. A. Ardizzoia, S. Brenna, G. LaMonica, A. Maspero, N.
Masciocchi, M. Moret, Inorg. Chem. 2002, 41, 610 – 614; b) P. A.
Evans, J. D. Nelson, J. Am. Chem. Soc. 1998, 120, 5581 – 5582;
c) J. Wolf, H. Werner, Organometallics 1987, 6, 1164 – 1169; d) B.
Wucher, M. Moser, S. A. Schumacher, F. Rominger, D. Kunz,
Angew. Chem. 2009, 121, 4481 – 4485; Angew. Chem. Int. Ed.
2009, 48, 4417 – 4421.

[19] G. Poli, G. Prestat, F. Liron, C. Kammerer-Pentier, Top.
Organomet. Chem. 2012, 38, 1 – 64.

[20] Deuterium experiment for palladium-catalyzed coupling and
proposed mechanism can be found in the Supporting Informa-
tion.

Angewandte
Chemie

2197Angew. Chem. 2014, 126, 2194 –2197 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1002/ejoc.201100879
http://dx.doi.org/10.1016/j.tetlet.2012.10.064
http://dx.doi.org/10.1002/ange.201200649
http://dx.doi.org/10.1002/anie.201200649
http://dx.doi.org/10.1002/anie.201200649
http://dx.doi.org/10.1021/ol3006584
http://dx.doi.org/10.1021/jo2014438
http://dx.doi.org/10.1021/cr9409804
http://dx.doi.org/10.1021/cr020027w
http://dx.doi.org/10.1002/ange.200605113
http://dx.doi.org/10.1002/anie.200605113
http://dx.doi.org/10.1002/anie.200605113
http://dx.doi.org/10.1021/ja00426a038
http://dx.doi.org/10.1021/ol0271786
http://dx.doi.org/10.1021/ol0271786
http://dx.doi.org/10.1021/ja1071509
http://dx.doi.org/10.1021/ja1071509
http://dx.doi.org/10.1039/c0sc00234h
http://dx.doi.org/10.1021/ja054331t
http://dx.doi.org/10.1021/ja054331t
http://dx.doi.org/10.1002/ange.200601472
http://dx.doi.org/10.1002/anie.200601472
http://dx.doi.org/10.1002/anie.200601472
http://dx.doi.org/10.1021/ja0730718
http://dx.doi.org/10.1021/ja2092954
http://dx.doi.org/10.1021/ja2092954
http://dx.doi.org/10.1002/ange.201108287
http://dx.doi.org/10.1002/anie.201108287
http://dx.doi.org/10.1002/anie.201108287
http://dx.doi.org/10.1021/ja991089f
http://dx.doi.org/10.1021/ja991089f
http://dx.doi.org/10.1021/ol016467b
http://dx.doi.org/10.1021/ja034845x
http://dx.doi.org/10.1021/ja9041302
http://dx.doi.org/10.1021/ja016334l
http://dx.doi.org/10.1002/ange.200352257
http://dx.doi.org/10.1002/anie.200352257
http://dx.doi.org/10.1002/anie.200352257
http://dx.doi.org/10.1002/ange.200602261
http://dx.doi.org/10.1002/ange.200602261
http://dx.doi.org/10.1002/anie.200602261
http://dx.doi.org/10.1021/ja070424u
http://dx.doi.org/10.1021/ja070424u
http://dx.doi.org/10.1002/ange.200801009
http://dx.doi.org/10.1002/ange.200801009
http://dx.doi.org/10.1002/anie.200801009
http://dx.doi.org/10.1021/ja710206u
http://dx.doi.org/10.1002/ange.200906342
http://dx.doi.org/10.1002/anie.200906342
http://dx.doi.org/10.1021/ja1030936
http://dx.doi.org/10.1002/ange.201206702
http://dx.doi.org/10.1002/anie.201206702
http://dx.doi.org/10.1021/ja211600g
http://dx.doi.org/10.1126/science.1962206
http://dx.doi.org/10.1039/b821200g
http://dx.doi.org/10.1039/b821200g
http://dx.doi.org/10.1021/cr9902796
http://dx.doi.org/10.1021/ja005685h
http://dx.doi.org/10.1021/ja029190z
http://dx.doi.org/10.1021/ja039919j
http://dx.doi.org/10.1021/ja039919j
http://dx.doi.org/10.1002/ange.200600331
http://dx.doi.org/10.1002/ange.200600331
http://dx.doi.org/10.1002/anie.200600331
http://dx.doi.org/10.1021/ol702914p
http://dx.doi.org/10.1021/ol702914p
http://dx.doi.org/10.1039/b900976k
http://dx.doi.org/10.1021/ja902437k
http://dx.doi.org/10.1021/ja902437k
http://dx.doi.org/10.1038/nchem.1001
http://dx.doi.org/10.1002/ange.201201584
http://dx.doi.org/10.1002/ange.201201584
http://dx.doi.org/10.1002/anie.201201584
http://dx.doi.org/10.1016/0040-4039(95)00656-W
http://dx.doi.org/10.1016/S0040-4039(97)01370-1
http://dx.doi.org/10.1016/S0040-4039(97)01370-1
http://dx.doi.org/10.1021/ja00092a083
http://dx.doi.org/10.1021/ja974223+
http://dx.doi.org/10.1021/ja974223+
http://dx.doi.org/10.1021/ja039774g
http://dx.doi.org/10.1021/ja039774g
http://dx.doi.org/10.1021/ja1108613
http://dx.doi.org/10.1021/ja1108613
http://dx.doi.org/10.1021/ja210149g
http://dx.doi.org/10.1039/c2sc00812b
http://dx.doi.org/10.1002/ange.201206594
http://dx.doi.org/10.1002/ange.201206594
http://dx.doi.org/10.1002/anie.201206594
http://dx.doi.org/10.1021/ic010852f
http://dx.doi.org/10.1021/ja980030q
http://dx.doi.org/10.1021/om00149a005
http://dx.doi.org/10.1002/ange.200805899
http://dx.doi.org/10.1002/anie.200805899
http://dx.doi.org/10.1002/anie.200805899
http://www.angewandte.de

