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Abstract: Many 1,3-azoles and thiophenes are directly cyclo-
propylated in the presence of a simple palladium catalyst. The
relative configuration on the three-membered rings is retained
in the products. Thus, the cyclopropyl–halide bond undergoes
concerted oxidative addition to palladium(0) and cyclopropyl
radicals are not involved in the productive pathway.

Cyclopropane rings are present in many bioactive natural
products and synthetic compounds.[1] They also exist in
medicines including the antibacterial agent Ciprofloxacin,
the antidepressant Milnacipran, and Lumacaftor, a drug for
the treatment of cystic fibrosis. As useful pharmacophores,
cyclopropyl rings have several unique properties. The rings
are small and rigid while ring substituents have very specific
orientations in space. They have high built-in strain, which can
induce ring opening under proper reaction conditions. In the
past decades, many stereoselective reactions have been
invented to access substituted cyclopropanes.[2] Among
them, [2++1] cycloadditions of olefins and stabilized diazo
compounds, including various metal catalysts such as Rh,[3]

Cu,[4] and Co,[5] are the most extensively studied and
developed. In recent years, zinc carbenoids[6] and sulfur
ylides[7] were also successfully utilized as carbene precursors
in these cycloadditions. However, for the [2++1] cycloadditions
and other stereoselective reactions,[8] heteroaryl rings were
rarely incorporated into cyclopropyl rings through C¢C bond
formation.

In recent years, metal-catalyzed alkylation of hetreoar-
enes has emerged as a useful method,[9] which is distinct from
Friedel–Crafts alkylation with respect to the types of hetero-
cycles and prefered sites of alkylation. So far, 1,3-azoles,[10]

and those carrying directing groups,[11] are commonly utilized.
Alkylations of other types of heterocycles are rather lim-
ited.[12] Recently, we disclosed a general method for the
alkylation of many families of heteroarenes.[13] In those cases,
palladium catalysts reacted with common alkyl halides to give
alkyl radicals, which added directly to the heteroarenes. Good
selectivity was observed, thus favoring conjugate sites to

electron-withdrawing groups on the rings. However, few
examples of metal-catalyzed cyclopropylation of heterocycles
have been reported.[14]

Recently, two examples of the radical alkylation of
heteroarenes[15] were disclosed. Baran et al. used cyclopro-
pylsulfinate salts, which carried an a-trifluoromethyl group, to
produce cyclopropyl radicals (Scheme 1a).[16] In another
example, DiRocco et al.[17] employed a dicyclopropyl perester
for alkylation of electron-poor azacycles under photocatalytic
conditions,[18] but the regioselectivity was an issue (Scheme
1b).

Initially, we attempted a model reaction between trans-2-
decylcyclopropyl iodide and 1,3-benzoxazole.[19] The trans-
cyclopropyl iodide was easily prepared from 1-dodecene,
iodoform, and CrCl2 by using the procedure reported by Takai
et al.[20] We found that a simple catalyst, [Pd(PPh3)4], pro-
moted the desired reaction in good yield and high trans
selectivity (Table 1, entry 1). When 7 mol% of a bis(phos-
phine) was added (e.g., dppp, dppf, BINAP and XantPhos),
only a negative impact was observed, except for the case of
dppp, which gave 94% yield (entries 2–5). The choice of base
was also important (entries 6–12), and 2 equivalents of
NaOMe were optimal for the model reaction. When
NaOMe was replaced with either KOH or Cs2CO3, a signifi-
cant amount of diene byproducts was observed (entries 7 and
10). Et3N inhibited the coupling process (entry 12). The
desired coupling proceeded efficiently in other solvents, such
as toluene and 1,4-dioxane (entries 13 and 14). Notably, we
identified a previously unknown side reaction, wherein the
cyclopropyl undergoes an HI elimination/ring opening

Scheme 1. Recent examples for the cyclopropylation of heterocycles.

[*] Dr. X. Wu, Dr. C. Lei, Prof. Dr. J. Zhou
Division of Chemistry and Biological Chemistry
School of Physical and Mathematical Sciences
Nanyang Technological University
21 Nanyang Link, Singapore 637371 (Singapore)
E-mail: jrzhou@ntu.edu.sg

Dr. G. Yue
College of Science, Sichuan Agricultural University
Ya’an, Sichuan, 625014 (China)

[**] We thank the Singapore Ministry of Education Academic Research
Fund (MOE2013-T2-2-057 and MOE2014-T1-001-021) and the
Chinese Scholarship Counsel for financial support for G.Y.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201504735.

Angewandte
Chemie

9737Angew. Chem. 2015, 127, 9737 –9741 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201504735
http://dx.doi.org/10.1002/ange.201504735
http://dx.doi.org/10.1002/anie.201504735


sequence to give a mixture of trans- and cis-1,3-dienes. In
a control experiment, NaOMe alone did not cause this
elimination. Thus, both the base and palladium catalyst are
needed to effect this side reaction.

In terms of the scope with respect to cyclopropyl iodides,
various aryl and alkyl groups can be present on the ring
(Scheme 2a). We noticed that a bulky tert-butyl group on
cyclopropane inhibited the coupling process. Polar functional
groups such as ethers, nitriles, and esters were well tolerated.
A product containing a tert-butyl ester group was crystalline
and it allowed unambiguous assignment of the trans config-
uration in the product.[32] A hindered spiro-cyclopropyl halide
reacted efficiently and its trans configuration was retained in
the product (Scheme 2b). When a 1.4:1 mixture of cis and
trans isomers of bicyclo[4.1.0]hept-2-yl iodide was subjected
to the coupling conditions, the trans product was the major
product (Scheme 2c). Cyclopropyl bromides gave very low
yields under similar reaction conditions.

Next, we used the parent cyclopropyl iodide and an n-
decyl derivative to evaluate the scope with respect to the
heterocycles. Many 1,3-benzoxazoles and 1,3-oxazoles cou-
pled smoothly, as well as caffeine and a thiazole (Sche-
me 3a,b). Furthermore, two thiophenes carrying electron-
withdrawing groups also gave the desired products in
satisfactory yields (Scheme 3 c). It should be pointed out
that both 1,3-azoles and thiophenes have relatively acidic C¢
H bonds. Their pKa values are below 30 in DMSO, and have
mechanistic implications.[21]

With regard to reaction mechanism, we initially suspected
that the palladium(0) catalyst reacted with cyclopropyl

iodides through a single-electron transfer to generate a cyclo-
propyl radical, which then added to the heteroarenes directly,
similar to the alkylation of common alkyl halides.[13] However,
cyclopropyl radicals are special s-radicals,[22] and are known
to be much less nucleophilic than cyclohexyl radicals in the
addition to electron-poor heteroarenes.[23]

Surprisingly, when we tested geometrically pure cis-2-
phenylcyclopropyl iodide in a coupling with benzoxazole, the
cis product was detected as the major product (Scheme 4a).
In comparison, the trans-2-phenylcyclopropyl iodide led to
a pure trans product (Scheme 4b). This observation argues
strongly against the radical pathway. Substituted cyclopropyl
radicals are known to undergo rapid inversion with a very low
barrier of 3–4 kcal mol¢1.[24] Next, we attempted to isolate an
oxidative adduct of trans-2-phenylcyclopropyl iodide and
[Pd(PPh3)4] (Scheme 4c). No reaction occurred at 50 88C. At
110 88C, a complex mixture resulted and a major signal in the
31P NMR spectrum was not observed. In the resulting reaction
mixture, cinnamyl dimers were formed in 34 % yield (with
a maximum value of 100 %). In addition, the 1:1.2 ratio of aa

and ag cinnamyl dimers is characteristic of dimerization of
cinnamyl radicals.[25] Other conceivable organic products such
as phenylcyclopropane, phenylcyclopropene, allylbenzene,
and b-methylstyrene were not detected. When TEMPO was
added in the reaction at 110 88C, no trapped byproduct was
identified.[26]

When we tried to couple another heterocycle, an N-
carbamoyl indole, no cyclopropylation was seen at either C3
or C2 of the indole (Scheme 4d). Instead, two isomers of the

Table 1: Changes from the optimized reaction conditions in the model
reaction.

Entry Change in
reaction

Cyclopropyl
iodide

Product Dienes

conditions Conv. [%][b] Yield [%][a] trans/cis Yield [%][b]

1 – 200 96 26:1 52
2 dppf 200 75 24:1 74
3 dppp 164 94 24:1 32
4 Xantphos 163 72 19:1 61
5 BINAP 190 87 25:1 70
6 NaOH 200 45 22:1 65
7 KOH 200 9 20:1 106
8 KOMe 188 82 22:1 50
9 K3PO4 127 0 – 98
10 Cs2CO3 200 8 20:1 146
11 LiOtBu 184 62 27:1 8
12 Et3N 20 0 – 12
13 toluene 193 96 19:1 72
14 1,4-dioxane 200 84 19:1 84

[a] Determined by GC for reactions using 0.1 mmol of benzoxazole.
[b] Conversion of cyclopropyl iodide and yield of its diene byproducts
were determeind by GC and are based on maximal 200%. BINAP=2,2’-
bis(diphenylphosphanyl)-1,1’-binaphthyl, dppf= 1,1’-bis(diphenylphos-
phino)ferrocene, dppp =1,3-bis(diphenylphosphino)propane, Xant-
phos =9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene.

Scheme 2. Examples of cyclopropyl iodides in couplings with 1,3-
benzoxazole. Yields are those of the isolated product when using
0.3 mmol of benzoxazole. The ratio within parentheses refers to the
trans/cis selectivity of the products.
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N-allylation product were isolated in good yields. The nitrile
group on the indole was unimportant, since a similar result
was obtained if it was changed to a methoxy group. We
propose that after oxidative addition, the C¢Pd bond under-
goes homolysis to give a cyclopropyl radical, which then ring-

opens to yield an allylic radical.[27] The indole loses its
carbamoyl group by the action of NaOMe and then it traps
the allylic radical to afford the N-allylation product. An
alternative pathway involving external attack of an indole on
p-allylpalladium complexes is less likely. It would have led to
allylation at C3, more nucleophilic site of indole.[28]

We wondered how a C¢H bond of benzoxazole could be
cleaved under the reaction conditions. When benzoxazole was
stirred with NaOMe and 10 equivalents of [D4]methanol, it
underwent facile H–D exchange at room temperature by
reversible deprotonation (Scheme 4e).[29] The H–D exchange
process was accompanied by partial ring opening of benzox-

Scheme 4. Mechanistic studies and a catalytic cycle of cyclopropyla-
tion.

Scheme 3. Examples of unsaturated heterocycles in cyclopropylation.
Yields are those of the isolated product when using 0.3 mmol of the
heterocycle. The ratio within parentheses refers to the trans/cis ratio of
products.
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azole. The ring-opened form existed as an isonitrile (34%
yield; NMR) in a [D6]benzene solution.[30] It was this
mechanistic insight that led us to try similar couplings with
thiophenes, which have C¢H bonds with pKa values below 30
in DMSO. Indeed they reacted well in the presence of KOMe
(see Scheme 3c).

All the data taken together led us to propose a catalytic
cycle which involves concerted oxidative addition of a cyclo-
propyl iodide, transmetalation of an in situ formed heteroaryl
anion, and final C¢C reductive elimination. For heterocycles
that are less acidic, for example, indole, furan, and benzimi-
dazole, the deprotonation is unfavorable and transmetalation
to palladium cannot take place. The oxidative adduct will be
sidetracked to elimination to form dienes or ring opening to
allylic radicals.

In conclusion, we report a cyclopropylation reaction of
benzoxazoles and other heteroarenes using cyclopropyl
halides and a simple palladium catalyst. The coupling process
is stereoretentive for the three-membered rings, and confirms
that oxidative addition of cyclopropyl C¢X bonds to
palladium(0) is a concerted process.[31] Subsequent trans-
metalation of an anionic heterocycle and C¢C reductive
elimination leads to the coupling products. Thus, the pathway
is different from that of our recent work on alkylation of
common alkyl halides, a reaction which relied on direct
addition of alkyl radicals to the unsaturated rings.[13] If
heterocycles are not acidic enough to undergo facile depro-
tonation, however, the cyclopropylpalladium intermediate
will form dienes and allylic radicals. This observation under-
scores the complexity and challenge of this cyclopropylation.
Notably, most of the products herein are new entities, despite
structural simplicity.

Keywords: alkyl halides · heterocycles · palladium ·
cyclopropane · synthetic methods

How to cite: Angew. Chem. Int. Ed. 2015, 54, 9601–9605
Angew. Chem. 2015, 127, 9737–9741

[1] Reviews and recent examples: a) C. J. Suckling, Angew. Chem.
Int. Ed. Engl. 1988, 27, 537; Angew. Chem. 1988, 100, 555;
b) K. C. Nicolaou, M. R. V. Finlay, S. Ninkovic, N. P. King, Y. He,
T. Li, F. Sarabia, D. Vourloumis, Chem. Biol. 1998, 5, 365; c) A.
de Mejeire, Top. Curr. Chem. 2000, 208-212, 1; d) W. A. Donald-
son, Tetrahedron 2001, 57, 8589; e) Y. Nishii, N. Maruyama, K.
Wakasugi, Y. Tanabe, Bioorg. Med. Chem. 2001, 9, 33; f) L. A.
Wessjohann, W. Brandt, T. Thiemann, Chem. Rev. 2003, 103,
1625; g) K.-S. Yeung, I. Paterson, Chem. Rev. 2005, 105, 4237;
h) T. Komine, A. Kojima, Y. Asahina, T. Saito, H. Takano, T.
Shibue, Y. Fukuda, J. Med. Chem. 2008, 51, 6558; i) A.
Buitrago Santanilla, E. L. Regalado, T. Pereira, M. Shevlin, K.
Bateman, L.-C. Campeau, J. Schneeweis, S. Berritt, Z.-C. Shi, P.
Nantermet, Y. Liu, R. Helmy, C. J. Welch, P. Vachal, I. W.
Davies, T. Cernak, S. D. Dreher, Science 2015, 347, 49.

[2] Reviews: a) J. Salaun, Chem. Rev. 1989, 89, 1247; b) H. N. C.
Wong, M. Y. Hon, C. W. Tse, Y. C. Yip, J. Tanko, T. Hudlicky,
Chem. Rev. 1989, 89, 165; c) H.-U. Reissig, R. Zimmer, Chem.
Rev. 2003, 103, 1151; d) I. Nicolas, P. Le Maux, G. Simonneaux,
Coord. Chem. Rev. 2008, 252, 727; e) H. Pellissier, Tetrahedron
2008, 64, 7041; f) D. Y. K. Chen, R. H. Pouwer, J.-A. Richard,
Chem. Soc. Rev. 2012, 41, 4631.

[3] Reviews and recent examples: a) M. P. Doyle, D. C. Forbes,
Chem. Rev. 1998, 98, 911; b) H. M. L. Davies, J. R. Denton,
Chem. Soc. Rev. 2009, 38, 3061; c) T. Nishimura, Y. Maeda, T.
Hayashi, Angew. Chem. Int. Ed. 2010, 49, 7324; Angew. Chem.
2010, 122, 7482; d) V. N. G. Lindsay, D. Fiset, P. J. Gritsch, S.
Azzi, A. B. Charette, J. Am. Chem. Soc. 2013, 135, 1463; e) H.
Wang, D. M. Guptill, A. Varela-Alvarez, D. G. Musaev, H. M. L.
Davies, Chem. Sci. 2013, 4, 2844.

[4] Examples: a) M. M. C. Lo, G. C. Fu, J. Am. Chem. Soc. 1998,
120, 10270; b) C. Mazet, V. Kçhler, A. Pfaltz, Angew. Chem. Int.
Ed. 2005, 44, 4888; Angew. Chem. 2005, 117, 4966; c) J. Li, S.-H.
Liao, H. Xiong, Y.-Y. Zhou, X.-L. Sun, Y. Zhang, X.-G. Zhou, Y.
Tang, Angew. Chem. Int. Ed. 2012, 51, 8838; Angew. Chem. 2012,
124, 8968.

[5] Examples: a) Y. Chen, J. V. Ruppel, X. P. Zhang, J. Am. Chem.
Soc. 2007, 129, 12074; b) H. Lu, W. I. Dzik, X. Xu, L. Wojtas, B.
de Bruin, X. P. Zhang, J. Am. Chem. Soc. 2011, 133, 8518; c) B.
Morandi, B. Mariampillai, E. M. Carreira, Angew. Chem. Int.
Ed. 2011, 50, 1101; Angew. Chem. 2011, 123, 1133; d) X. Xu, S.
Zhu, X. Cui, L. Wojtas, X. P. Zhang, Angew. Chem. Int. Ed. 2013,
52, 11857; Angew. Chem. 2013, 125, 12073.

[6] Reviews and recent examples: a) H. Lebel, J.-F. Marcoux, C.
Molinaro, A. B. Charette, Chem. Rev. 2003, 103, 977; b) J. Long,
Y. Yuan, Y. Shi, J. Am. Chem. Soc. 2003, 125, 13632; c) J. A. Bull,
A. B. Charette, J. Am. Chem. Soc. 2010, 132, 1895; d) H. Y. Kim,
P. J. Walsh, Acc. Chem. Res. 2012, 45, 1533.

[7] Examples: a) V. K. Aggarwal, E. Alonso, G. Fang, M. Ferrara, G.
Hynd, M. Porcelloni, Angew. Chem. Int. Ed. 2001, 40, 1433;
Angew. Chem. 2001, 113, 1482; b) S. Ye, Z.-Z. Huang, C.-A. Xia,
Y. Tang, L.-X. Dai, J. Am. Chem. Soc. 2002, 124, 2432; c) V. K.
Aggarwal, E. Grange, Chem. Eur. J. 2006, 12, 568; d) X.-M.
Deng, P. Cai, S. Ye, X.-L. Sun, W.-W. Liao, K. Li, Y. Tang, Y.-D.
Wu, L.-X. Dai, J. Am. Chem. Soc. 2006, 128, 9730.

[8] Examples of other methods: a) W. Liu, D. Chen, X.-Z. Zhu, X.-
L. Wan, X.-L. Hou, J. Am. Chem. Soc. 2009, 131, 8734; b) X.
Bugaut, F. Liu, F. Glorius, J. Am. Chem. Soc. 2011, 133, 8130;
c) M. Wasa, K. M. Engle, D. W. Lin, E. J. Yoo, J.-Q. Yu, J. Am.
Chem. Soc. 2011, 133, 19598; d) X. Shen, W. Zhang, L. Zhang, T.
Luo, X. Wan, Y. Gu, J. Hu, Angew. Chem. Int. Ed. 2012, 51, 6966;
Angew. Chem. 2012, 124, 7072.

[9] Recent reviews: a) J. C. Lewis, R. G. Bergman, J. A. Ellman,
Acc. Chem. Res. 2008, 41, 1013; b) L. Ackermann, Chem.
Commun. 2010, 46, 4866; c) D. A. Colby, R. G. Bergman, J. A.
Ellman, Chem. Rev. 2010, 110, 624.

[10] Examples: a) L. Ackermann, S. Barfîsser, J. Pospech, Org. Lett.
2010, 12, 724; b) T. Mukai, K. Hirano, T. Satoh, M. Miura, Org.
Lett. 2010, 12, 1360; c) O. Vechorkin, V. Proust, X. Hu, Angew.
Chem. Int. Ed. 2010, 49, 3061; Angew. Chem. 2010, 122, 3125;
d) L. Ackermann, B. Punji, W. Song, Adv. Synth. Catal. 2011,
353, 3325; e) X. L. Hu, Chem. Sci. 2011, 2, 1867; f) X. Zhao, G.
Wu, Y. Zhang, J. Wang, J. Am. Chem. Soc. 2011, 133, 3296; g) P.
Ren, I. Salihu, R. Scopelliti, X. Hu, Org. Lett. 2012, 14, 1748;
h) T. Yao, K. Hirano, T. Satoh, M. Miura, Angew. Chem. Int. Ed.
2012, 51, 775; Angew. Chem. 2012, 124, 799.

[11] Examples: a) Y. Nakao, N. Kashihara, K. S. Kanyiva, T. Hiyama,
Angew. Chem. Int. Ed. 2010, 49, 4451; Angew. Chem. 2010, 122,
4553; b) W. Song, S. Lackner, L. Ackermann, Angew. Chem. Int.
Ed. 2014, 53, 2477; Angew. Chem. 2014, 126, 2510.

[12] Examples: a) J. C. Lewis, R. G. Bergman, J. A. Ellman, J. Am.
Chem. Soc. 2007, 129, 5332; b) Y. Nakao, H. Idei, K. S. Kanyiva,
T. Hiyama, J. Am. Chem. Soc. 2009, 131, 15996; c) Y. Nakao, Y.
Yamada, N. Kashihara, T. Hiyama, J. Am. Chem. Soc. 2010, 132,
13666; d) B.-T. Guan, Z. Hou, J. Am. Chem. Soc. 2011, 133,
18086; e) L. Jiao, E. Herdtweck, T. Bach, J. Am. Chem. Soc.
2012, 134, 14563; f) T. Andou, Y. Saga, H. Komai, S. Matsunaga,
M. Kanai, Angew. Chem. Int. Ed. 2013, 52, 3213; Angew. Chem.
2013, 125, 3295; g) A. Nakatani, K. Hirano, T. Satoh, M. Miura,

..Angewandte
Zuschriften

9740 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 9737 –9741

http://dx.doi.org/10.1002/anie.198805371
http://dx.doi.org/10.1002/anie.198805371
http://dx.doi.org/10.1002/ange.19881000408
http://dx.doi.org/10.1016/S1074-5521(98)90070-9
http://dx.doi.org/10.1016/S0040-4020(01)00777-3
http://dx.doi.org/10.1016/S0968-0896(00)00217-0
http://dx.doi.org/10.1021/cr0100188
http://dx.doi.org/10.1021/cr0100188
http://dx.doi.org/10.1021/cr040614c
http://dx.doi.org/10.1021/jm800800c
http://dx.doi.org/10.1126/science.1259203
http://dx.doi.org/10.1021/cr00095a017
http://dx.doi.org/10.1021/cr00091a005
http://dx.doi.org/10.1021/cr010016n
http://dx.doi.org/10.1021/cr010016n
http://dx.doi.org/10.1016/j.ccr.2007.09.003
http://dx.doi.org/10.1016/j.tet.2008.04.079
http://dx.doi.org/10.1016/j.tet.2008.04.079
http://dx.doi.org/10.1039/c2cs35067j
http://dx.doi.org/10.1021/cr940066a
http://dx.doi.org/10.1039/b901170f
http://dx.doi.org/10.1002/anie.201003775
http://dx.doi.org/10.1002/ange.201003775
http://dx.doi.org/10.1002/ange.201003775
http://dx.doi.org/10.1021/ja3099728
http://dx.doi.org/10.1039/c3sc50425e
http://dx.doi.org/10.1021/ja982488y
http://dx.doi.org/10.1021/ja982488y
http://dx.doi.org/10.1002/anie.200501111
http://dx.doi.org/10.1002/anie.200501111
http://dx.doi.org/10.1002/ange.200501111
http://dx.doi.org/10.1002/anie.201203218
http://dx.doi.org/10.1002/ange.201203218
http://dx.doi.org/10.1002/ange.201203218
http://dx.doi.org/10.1021/ja074613o
http://dx.doi.org/10.1021/ja074613o
http://dx.doi.org/10.1021/ja203434c
http://dx.doi.org/10.1002/anie.201004269
http://dx.doi.org/10.1002/anie.201004269
http://dx.doi.org/10.1002/ange.201004269
http://dx.doi.org/10.1002/anie.201305883
http://dx.doi.org/10.1002/anie.201305883
http://dx.doi.org/10.1002/ange.201305883
http://dx.doi.org/10.1021/cr010007e
http://dx.doi.org/10.1021/ja030488e
http://dx.doi.org/10.1021/ja907504w
http://dx.doi.org/10.1021/ar300052s
http://dx.doi.org/10.1002/1521-3773(20010417)40:8%3C1433::AID-ANIE1433%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3757(20010417)113:8%3C1482::AID-ANGE1482%3E3.0.CO;2-X
http://dx.doi.org/10.1021/ja0172969
http://dx.doi.org/10.1002/chem.200500693
http://dx.doi.org/10.1021/ja056751o
http://dx.doi.org/10.1021/ja902410w
http://dx.doi.org/10.1021/ja202594g
http://dx.doi.org/10.1021/ja207607s
http://dx.doi.org/10.1021/ja207607s
http://dx.doi.org/10.1002/anie.201202451
http://dx.doi.org/10.1002/ange.201202451
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1039/c0cc00778a
http://dx.doi.org/10.1039/c0cc00778a
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/ol9028034
http://dx.doi.org/10.1021/ol9028034
http://dx.doi.org/10.1021/ol1002576
http://dx.doi.org/10.1021/ol1002576
http://dx.doi.org/10.1002/anie.200907040
http://dx.doi.org/10.1002/anie.200907040
http://dx.doi.org/10.1002/ange.200907040
http://dx.doi.org/10.1002/adsc.201100487
http://dx.doi.org/10.1002/adsc.201100487
http://dx.doi.org/10.1039/c1sc00368b
http://dx.doi.org/10.1021/ja111249p
http://dx.doi.org/10.1021/ol300348w
http://dx.doi.org/10.1002/anie.201106825
http://dx.doi.org/10.1002/anie.201106825
http://dx.doi.org/10.1002/ange.201106825
http://dx.doi.org/10.1002/anie.201001470
http://dx.doi.org/10.1002/ange.201001470
http://dx.doi.org/10.1002/ange.201001470
http://dx.doi.org/10.1002/anie.201309584
http://dx.doi.org/10.1002/anie.201309584
http://dx.doi.org/10.1002/ange.201309584
http://dx.doi.org/10.1021/ja070388z
http://dx.doi.org/10.1021/ja070388z
http://dx.doi.org/10.1021/ja907214t
http://dx.doi.org/10.1021/ja106514b
http://dx.doi.org/10.1021/ja106514b
http://dx.doi.org/10.1021/ja208129t
http://dx.doi.org/10.1021/ja208129t
http://dx.doi.org/10.1021/ja3058138
http://dx.doi.org/10.1021/ja3058138
http://dx.doi.org/10.1002/anie.201208666
http://dx.doi.org/10.1002/ange.201208666
http://dx.doi.org/10.1002/ange.201208666
http://www.angewandte.de


Chem. Eur. J. 2013, 19, 7691; h) B. Xiao, Z.-J. Liu, L. Liu, Y. Fu, J.
Am. Chem. Soc. 2013, 135, 616.

[13] X. Wu, J. W. T. See, K. Xu, H. Hirao, J. Roger, J.-C. Hierso, J.
Zhou, Angew. Chem. Int. Ed. 2014, 53, 13573; Angew. Chem.
2014, 126, 13791.

[14] a) P.-Y. Xin, H.-Y. Niu, G.-R. Qu, R.-F. Ding, H.-M. Guo, Chem.
Commun. 2012, 48, 6717; b) Y. Zhao, V. Snieckus, Adv. Synth.
Catal. 2014, 356, 1527.

[15] Reviews and recent examples: a) F. Minisci, E. Vismara, F.
Fontana, Heterocycles 1989, 28, 489; b) K. S. K. Murthy, E. E.
Knaus, Drug Dev. Res. 1999, 46, 155; c) W. R. Bowman, J. M. D.
Storey, Chem. Soc. Rev. 2007, 36, 1803; d) M. A. J. Duncton,
MedChemComm 2011, 2, 1135; e) Y. Fujiwara, J. A. Dixon, F. O/
’Hara, E. D. Funder, D. D. Dixon, R. A. Rodriguez, R. D.
Baxter, B. Herle, N. Sach, M. R. Collins, Y. Ishihara, P. S.
Baran, Nature 2012, 492, 95; f) F. O’Hara, D. G. Blackmond, P. S.
Baran, J. Am. Chem. Soc. 2013, 135, 12122.

[16] R. Gianatassio, S. Kawamura, C. L. Eprile, K. Foo, J. Ge, A. C.
Burns, M. R. Collins, P. S. Baran, Angew. Chem. Int. Ed. 2014, 53,
9851; Angew. Chem. 2014, 126, 10009.

[17] D. A. DiRocco, K. Dykstra, S. Krska, P. Vachal, D. V. Conway,
M. Tudge, Angew. Chem. Int. Ed. 2014, 53, 4802; Angew. Chem.
2014, 126, 4902.

[18] Photocatalysis: a) J. M. R. Narayanam, C. R. J. Stephenson,
Chem. Soc. Rev. 2011, 40, 102; b) C. K. Prier, D. A. Rankic,
D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322; c) J. J. Douglas,
K. P. Cole, C. R. J. Stephenson, J. Org. Chem. 2014, 79, 11631.

[19] Examples of arylation of oxazoles: a) H.-Q. Do, O. Daugulis, J.
Am. Chem. Soc. 2007, 129, 12404; b) H. Hachiya, K. Hirano, T.
Satoh, M. Miura, Org. Lett. 2009, 11, 1737; c) N. A. Strotman,
H. R. Chobanian, Y. Guo, J. He, J. E. Wilson, Org. Lett. 2010, 12,
3578.

[20] K. Takai, S. Toshikawa, A. Inoue, R. Kokumai, J. Am. Chem.
Soc. 2003, 125, 12990.

[21] K. Shen, Y. Fu, J.-N. Li, L. Liu, Q.-X. Guo, Tetrahedron 2007, 63,
1568.

[22] a) J. F. Liebman, A. Greenberg, Chem. Rev. 1976, 76, 311;
b) H. M. Walborsky, Tetrahedron 1981, 37, 1625.

[23] a) A. Clerici, F. Minisci, O. Porta, J. Chem. Soc. Perkin Trans. 2
1974, 1699; b) T. Shono, I. Nishiguchi, Tetrahedron 1974, 30,
2183.

[24] a) T. Kawamura, M. Tsumura, Y. Yokomichi, T. Yonezawa, J.
Am. Chem. Soc. 1977, 99, 8251; b) S. Deycard, L. Hughes, J.
Lusztyk, K. U. Ingold, J. Am. Chem. Soc. 1987, 109, 4954; c) V.
Barone, C. Adamo, Y. Brunel, R. Subra, J. Chem. Phys. 1996,
105, 3168.

[25] Examples: a) H. Tanaka, S. Yamashita, S. Torii, Bull. Chem. Soc.
Jpn. 1987, 60, 1951; b) A. F. Barrero, M. M. Herrador, J. F.
Qu�lez del Moral, P. Arteaga, J. F. Arteaga, H. R. Di¦guez, E. M.
S�nchez, J. Org. Chem. 2007, 72, 2988.

[26] L. J. Johnston, J. C. Scaiano, K. U. Ingold, J. Am. Chem. Soc.
1984, 106, 4877.

[27] Ring opening: a) H. M. Walborsky, J.-C. Chen, J. Am. Chem.
Soc. 1970, 92, 7573; b) H. M. Walborsky, P. C. Collins, J. Org.
Chem. 1976, 41, 940; c) S. Olivella, A. Sole, J. M. Bofill, J. Am.
Chem. Soc. 1990, 112, 2160; d) D. J. Mann, W. L. Hase, J. Am.
Chem. Soc. 2002, 124, 3208.

[28] Examples of palladium-catalyzed allylation of indoles: a) W. E.
Billups, R. S. Erkes, L. E. Reed, Synth. Commun. 1980, 10, 147;
b) M. Bandini, A. Melloni, A. Umani-Ronchi, Org. Lett. 2004, 6,
3199; c) B. M. Trost, J. Quancard, J. Am. Chem. Soc. 2006, 128,
6314.

[29] O. Allanasi, J. Heterocycl. Chem. 1977, 14, 95.
[30] a) R. S. S�nchez, F. A. Zhuravlev, J. Am. Chem. Soc. 2007, 129,

5824; b) T. Yamamoto, K. Muto, M. Komiyama, J. Canivet, J.
Yamaguchi, K. Itami, Chem. Eur. J. 2011, 17, 10113.

[31] a) A cis-cyclopropyl iodide gave a cis-product in Suzuki
coupling: A. B. Charette, A. Giroux, J. Org. Chem. 1996, 61,
8718; b) Reviews: M. Rubin, M. Rubina, V. Gevorgyan, Chem.
Rev. 2007, 107, 3117; c) A. Gagnon, M. Duplessis, L. Fader, Org.
Prep. Proced. Int. 2010, 42, 1.

[32] CCDC 1048525 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre.

Received: May 26, 2015
Published online: July 14, 2015

Angewandte
Chemie

9741Angew. Chem. 2015, 127, 9737 –9741 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1002/chem.201301350
http://dx.doi.org/10.1021/ja3113752
http://dx.doi.org/10.1021/ja3113752
http://dx.doi.org/10.1002/anie.201408355
http://dx.doi.org/10.1002/ange.201408355
http://dx.doi.org/10.1002/ange.201408355
http://dx.doi.org/10.1039/c2cc32396f
http://dx.doi.org/10.1039/c2cc32396f
http://dx.doi.org/10.1002/adsc.201400147
http://dx.doi.org/10.1002/adsc.201400147
http://dx.doi.org/10.3987/REV-88-SR1
http://dx.doi.org/10.1002/(SICI)1098-2299(199902)46:2%3C155::AID-DDR9%3E3.0.CO;2-W
http://dx.doi.org/10.1039/b605183a
http://dx.doi.org/10.1039/c1md00134e
http://dx.doi.org/10.1038/nature11680
http://dx.doi.org/10.1002/anie.201406622
http://dx.doi.org/10.1002/anie.201406622
http://dx.doi.org/10.1002/ange.201406622
http://dx.doi.org/10.1002/anie.201402023
http://dx.doi.org/10.1002/ange.201402023
http://dx.doi.org/10.1002/ange.201402023
http://dx.doi.org/10.1039/B913880N
http://dx.doi.org/10.1021/cr300503r
http://dx.doi.org/10.1021/jo502288q
http://dx.doi.org/10.1021/ja075802+
http://dx.doi.org/10.1021/ja075802+
http://dx.doi.org/10.1021/ol900159a
http://dx.doi.org/10.1021/ol1011778
http://dx.doi.org/10.1021/ol1011778
http://dx.doi.org/10.1021/ja0373061
http://dx.doi.org/10.1021/ja0373061
http://dx.doi.org/10.1016/j.tet.2006.12.032
http://dx.doi.org/10.1016/j.tet.2006.12.032
http://dx.doi.org/10.1021/cr60301a002
http://dx.doi.org/10.1016/S0040-4020(01)98924-0
http://dx.doi.org/10.1039/p29740001699
http://dx.doi.org/10.1039/p29740001699
http://dx.doi.org/10.1016/S0040-4020(01)97356-9
http://dx.doi.org/10.1016/S0040-4020(01)97356-9
http://dx.doi.org/10.1021/ja00467a021
http://dx.doi.org/10.1021/ja00467a021
http://dx.doi.org/10.1021/ja00250a032
http://dx.doi.org/10.1063/1.472163
http://dx.doi.org/10.1063/1.472163
http://dx.doi.org/10.1246/bcsj.60.1951
http://dx.doi.org/10.1246/bcsj.60.1951
http://dx.doi.org/10.1021/jo062630a
http://dx.doi.org/10.1021/ja00329a041
http://dx.doi.org/10.1021/ja00329a041
http://dx.doi.org/10.1021/ja00729a011
http://dx.doi.org/10.1021/ja00729a011
http://dx.doi.org/10.1021/jo00868a008
http://dx.doi.org/10.1021/jo00868a008
http://dx.doi.org/10.1021/ja00162a017
http://dx.doi.org/10.1021/ja00162a017
http://dx.doi.org/10.1021/ja017343x
http://dx.doi.org/10.1021/ja017343x
http://dx.doi.org/10.1080/00397918008061818
http://dx.doi.org/10.1021/ol048663z
http://dx.doi.org/10.1021/ol048663z
http://dx.doi.org/10.1021/ja0608139
http://dx.doi.org/10.1021/ja0608139
http://dx.doi.org/10.1002/jhet.5570140118
http://dx.doi.org/10.1021/ja0679580
http://dx.doi.org/10.1021/ja0679580
http://dx.doi.org/10.1002/chem.201101091
http://dx.doi.org/10.1021/jo9614654
http://dx.doi.org/10.1021/jo9614654
http://dx.doi.org/10.1021/cr050988l
http://dx.doi.org/10.1021/cr050988l
http://dx.doi.org/10.1080/00304940903507788
http://dx.doi.org/10.1080/00304940903507788
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201504735
http://www.ccdc.cam.ac.uk/
http://www.angewandte.de

