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Be economic with your atoms! An effi-
cient Rh-catalyzed oxidative olefina-
tion of indoles and pyrroles with broad
substrate scope and tolerance is
reported (see scheme). The catalytic
reaction proceeds with excellent regio-
and stereoselectivity. The directing
group N,N-dimethylcarbamoyl was
crucial for the reaction and could be
removed easily.
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The Mizoroki-Heck reaction is one of the most important
metal-catalyzed cross-coupling reactions for the formation
of a C—C bond from a C—X bond."! However, direct C—H
bond transformations allow the use of less expensive and
more readily available starting materials without prior func-
tionalization, and thus represent a more atom-economic and
step-simplified strategy.’! As a result, the process of the oxi-
dative olefination of normally unreactive aryl C—H bonds,
known as the Fujiwara—Moritani reaction,””! is an attractive
alternative to the traditional Mizoroki-Heck reaction and
has made remarkable developments during these years.
Among the reports, palladium® and rhodium® complexes
are the most frequently used catalysts for this type of trans-
formation. For these reactions, the use of a directing group
especially a readily removable directing group, is the one of
the most popular strategies to obtain a selective C—H activa-
tion.

The indole skeleton is an important structural unit and is
widely found in bioactive natural compounds and pharma-
ceutical industry products.”! Therefore, the efficient func-
tionalization of indole derivatives has attracted much atten-
tion from both academia and industry, especially with
regard to transition-metal-catalyzed C—H bond activation.
Over the past decades, many efforts have been focused on
regioselective C—H bond arylation at the C2- and C3-posi-
tions of indoles.”! However, the oxidative C—H olefination
is much less explored® especially for the intermolecular C2
alkenylation of indoles.®**#" A survey of reports on inter-
molecular C2 oxidative Heck reactions of indoles reveals
that only four palladium-catalyzed protocols have been in-
dependently developed by the research groups of Ricci,™!
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Gaunt,®™ Miura and Satoh,™ and Carretero and
Arrayas.®® Employing N-2-pyridylmethyl as a directing
group, Ricci and co-workers reported a Pd"-catalyzed regio-
controlled C2 alkenylation of indole (Scheme la). Gaunt

a) previous work:

l}l oxidant l}l
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R = H, or 2-pyridylmethyl, or (2-pyridyl)sulfonyl
b) CO,H
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Scheme 1. C2 oxidative Heck reactions of indoles.

et al. demonstrated a selective Pd"-catalyzed C2- or C3- oxi-
dative alkenylation of free (NH) indoles by employing dif-
ferent solvents and additives (Scheme la). Later, Miura,
Satoh, and co-workers described an exclusive C2 alkenyla-
tion method of indoles through Pd"-catalyzed C—H olefina-
tion of indole-3-carboxylic acids, in which decarboxylation
of the carboxyl group occurred during the reaction process
(Scheme 1b). Recently, Carretero and Arrayés et al. devel-
oped a N-(2-pyridyl)sulfonyl group directed C2 alkenylation
of indole with a broad substrate scope of alkenes based on
the [Pd(CH;CN),Cl,] catalyst, in which the directing group
could be removed under mild conditions (Scheme 1a). De-
spite such exciting progress, palladium-catalyzed C2 oxida-
tive alkenylation of indoles suffers from low reaction effi-
ciency, limited substrate scope, and high catalyst loading
(often 10 mol % ). Moreover, despite the wide application of
Rh complexes in the Fujiwara—Moritani reaction, Rh-cata-
lyzed C2 oxidative olefination indoles has rarely been repor-
ted.®! As a continuation of our interest in metal-catalyzed
C—H functionalization,” we here disclose our development
of cationic Rh™-catalyzed selective oxidative coupling of in-
doles and pyrroles with alkenes exclusively at the C2-posi-
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tion with the use of the easily removed N,N-dimethylcarba-
moyl moiety as the directing group (Scheme 1c).

In the initial study, the coupling reactions of various N-
substituted indoles (1) with styrene (2a) were examined.
The choice of the protecting group on indole was found to
be crucial, with N,N-dimethylcarbamoyl being optimal.l"!
After many trials, we were pleased to find that treatment of
N,N-dimethyl-1H-indole-1-carboxamide (1a) (1.0 equiv) and
2a (3.0equiv) in the presence of 2.0mol% of [Rh-
(CH;CN);(Cp*)][SbF¢], (Cp*=CsMes) as the catalyst and
2.0 equivalents of Cu(OAc),-H,O as the oxidant in THF at
100°C for 24 h gave the desired Heck-type product 3aa in
near quantitative isolated yield (Table 1, entry 1). The struc-
ture of 3aa was confirmed by 'H and *C NMR spectroscopy
and mass spectrometry. To our delight, the reaction proceed-
ed with excellent regio- and stereoselectivity with the forma-
tion of the C2 E-alkenylation product exclusively.

With the optimized conditions in hand, we then investi-
gated the reaction of 1a with various alkenes (2; Table 1).
The reaction showed broad substrate tolerance with a range
of alkenes. Both electron-rich and -poor substituted styrenes
efficiently reacted with 1a to give the desired products 3ab-
ai in good to excellent yields (Table 1, entries2-9) in a
highly regio- and stereoselective manner. The molecular
structure of complex 3af was further confirmed by X-ray
diffraction analysis (Figure 1). Under the reaction condi-
tions, the acrylates exhibited much higher reactivity than
styrenes: the reactions afforded a mixture of C2-monoalke-
nylated and C2,C7-dialkenylated products. This was con-
firmed by the coupling of 2-methyl-substituted indole coun-
terpart 1k with ethyl acrylate, which proceeded at the C7-
position of indole (Scheme 3, vide infra). Upon changing the
ratio of the two reactants, C2-monoalkenylated complexes
3aj and 3ak were isolated in 77 and 90 % yields as the sole
products, respectively (entries 10 and 11). Notably, these
two reactions proceeded smoothly even when 1.0 mol% of
catalyst was employed. Other alkenes bearing electron-with-
drawing groups including (phenylsulfonyl)ethene (entry 12),
diethyl vinylphosphonate (entry 13), and acrylonitrile
(entry 14) could also be used as the substrates. Unconjugat-
ed terminal alkene product 3ao could be obtained in 49 %
yield when allyl acetate acted as the coupling partner
(entry 15). Formation of related terminal olefins starting
from allyl acetate has been reported.!!

Figure 1. ORTEP of compound 3af; thermal ellipsoids are set at 30%
probability. Hydrogen atoms except H(9) and H(10) have been omitted
for clarity.
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Table 1. Olefin scope of the rhodium-catalyzed oxidative C2 olefination
of 1a.
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[a] Isolated yield. [b] The data in parentheses refers to the yield per-
formed on a 3.0 mmol scale. [c] 1a (1.5 equiv), alkene (1.0 equiv), and Rh
cat. (1mol%). [d]Rh catalysts (5.0mol%). [e]36h. [f]Rh catalyst
(4.0 mol%). [g] 48 h.

3at, 92 %!

=
N
z
o

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

B. Li, B. Wang et al.

A EUROPEAN JOURNAL

This protocol was also successfully applied for highly sub-
stituted alkenes, including 1,2- and 1,1-disubstituted alkenes.
An excellent yield was obtained with (E)-methyl crotonate,
affording the desired product 3ap (Table 1, entry 16).1? (E)-
Methyl cinnamate, maleic anhydride, and methyl methacry-
late were also suitable coupling partners to provide the cor-
responding trisubstituted alkene products 3aq, 3ar, and 3as,
respectively (entries 17-19).

Interestingly, the coupling of norbornene with indole 1a
yielded the alkylated product 3at instead of the expected al-
kenylated one (Table 1, entry 20). The molecular structure
was confirmed by X-ray diffraction analysis and a pair of
enantiomers was observed (Figure 2).

The scope of the reaction with respect to the indole reac-
tant was also explored for this alkenylation process
(Scheme 2). Both electron-rich and -poor indole substrates
bearing various groups at different positions (C3 to C7) of

4

/ N R' = 3-Me, 3bg, 91%
68 \ 4-Cl, 3cg, 99%
H 5-F, 3dg, 94%

R' 77 °N ) 52

reaction N__3 o

-l 7k 5-Cl, 3eg, 99%

MezN’go conditions G%R 5-Br, 3fg, 99%
1 R" 7 i 5-OMe, 3gg, 82%

.

5-NO,, 3hg, 45%

A R MeN" ~0 6-Cl, 3ig, 95%

2g (R = 4-BrCgHy) 7-Me, 3jg, 51%

Scheme 2. Scope of the rhodium-catalyzed oxidative C2 olefination of in-
doles. Isolated yields are given. Reaction conditions: 1 (1.0 equiv), 2g
(3.0 equiv), [Rh(CH;CN);(Cp*)][SbF¢], (2.0 mol %), and Cu(OAc),-H,O
(2.0 equiv) in THF (0.15m) at 100°C for 24 h. For products 3hg and 3jg,
4.0mol% of the Rh catalyst was used and the reaction was conducted
for 36 h.

the indole ring participated well in the reaction, providing
the corresponding products 3bg—jg. The indole counterpart
with 7-methyl group gave the desired product in a moderate
yield, this might be due to the steric hindrance between the
C7 methyl and N,N-dimethylcarbamoyl directing group.
Moreover, many functional groups, such as fluoro (3dg),
chloro (3cg, 3eg, and 3ig), bromo (3fg), methoxy (3gg),
and nitro (3hg) substituents, were compatible in the present
catalytic reaction.

It should be noted that when indole 1k, in which the reac-
tive C2-position was blocked, reacted with ethyl acrylate the
C7 alkenylation complex resulted in 27 % yield as the only
product instead of the C3-position alkenylation product
(Scheme 3). This result is in contrast to the previous report
catalyzed by Pd complex. It could be rationalized by the for-
mation of the six-membered rhodacycle (A) from the C—H
activation of the C7-position with the assistance of the N,N-
dimethylcarbamoyl directing group.

Moreover, the reactions were conducted on a large scale
(3.0 mmol) with good performance: 98 and 78% isolated
yields for 3ac and 3ai, respectively (Table 1). The dimethyl-
carbamoyl group can be easily removed by using KO7Bu in
THF at room temperature or NaOH in EtOH at 90°C
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Figure 2. ORTEP of compound 3at; thermal ellipsoids are set at 30%
probability. Hydrogen atoms except H(12A) have been omitted for clari-
ty.
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Scheme 3. Rhodium-catalyzed oxidative C7 olefination of indole 1k. Re-
action conditions: 1k (1.0 equiv), 2j (3.0 equiv), [Rh(CH;CN);(Cp*)]-
[SbF¢], (1.0 mol %), and Cu(OAc),sH,0 (2.0 equiv) in THF (0.15m) at
100°C for 48 h.

‘f\\/ / .
KOtBu (6.0 equiv) ‘\/M

THF, 25°C, 16 h

R= tBu, 3ac
Br, 3ag

MeZN

R= tBu, 4a, 90%
Br, 4b, 78%

\_//~COOEt
@H NaOH (10.0 equiv) [I\\/ J/—COoH
<o EtOH, 80°C, 24 h N

Me,N 3aj 72% 5

Scheme 4. Removal of the carbamate group.

(Scheme 4).1%1 Both of these results highlight the potential
synthetic utility of this method.

Given the high efficiency of the rhodium(III) catalyst, we
conducted mechanistic studies to probe the working mode
of the reaction. First, intermolecular competition experi-
ments between indoles 1g and 1h with a single equivalent
of alkene 2g under the standard conditions revealed that
electron-rich indole 1g 1is transformed preferentially
(Scheme 5). Then, intermolecular competition experiments
between substituted styrenes 2d and 2e with a single equiv-
alent of indole 1a indicated that the electron-rich styrene is
more reactive under this catalytic system (Scheme 6). Final-
ly, we conducted experiments with isotopically labeled sub-
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Scheme 5. Intermolecular competition experiments with indoles 1g and
1h.

S YaYau

Z 7" 1a (1.0 equiv) I\L
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+ _ +
2d 2e N

(3.0 equiv) (3.0 equiv)
0
MeN 3ae, 43%

Scheme 6. Intermolecular competition experiments with alkenes 2d and
2e.

strate. When the C2-position deuterated starting material
[D];-1a was subjected to the reaction conditions (Scheme 7),
a significant D/H exchange was observed in the recovered
starting material, which suggested that the C—H bond metal-
ation step is probably reversible.

L
2 ) N [Dl-1a
mD 9 (3.0 equiv) = 7% recovery
N [Rh(CH3CN)3(Cp*)I[SbFel> Me,N 47% D
(2.0 mol %)
Me,N 0o Cu(OAC),-H,0 (2.0 equiv) O Br
Dl-1a  THF (0.15M), 100°C O \/
(1.0 equiv) 20 min N
88% D

+

)§o
Me;N 3ag, 20%
no deuterium incorporation

Scheme 7. Experiment with isotopically labeled substrate.

After achieving the oxidative olefination reactions with
indoles, we next tried to expand our methodology to anoth-
er widely used substrate, pyrroles, which are useful building
blocks and the core motif of many natural products." Up
to now, only two protocols of direct C—H alkenylation cata-
lyzed by Pd complex were reported.®®%! Table 2 outlines
the results of our reactions. Gratifyingly, under our Rh-cata-
lyzed reaction conditions, ethyl acrylate and benzyl acrylate
reacted with pyrrole 6 smoothly to afford C2-monoalkeny-
lated (7a and 7b) or C2,C5-dialkenylated (8a and 8b) prod-
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Table 2. Scope of the rhodium-catalyzed oxidative C2 olefination of in-

dole.!
I\
reaction Q\/\Rz
{/ \} conditions A_ /& R

Me,N™ O
/'L + R1\/\R2 7
(¢]
6

2 RN N R
reaction H N

MeoN

conditions B 1 Ry
Me,N™ O 8
W R ! N/ CO,Me
R = CO,Et, 7a, 95% N
MeN” S0 CO,Bn, 7b, 93% MeN” S0

p-BrCgHy, 7c, 64%°! 7d, 82%[°¢)

RN N r
N
A

Me,N™ ~O

R = CO,Et, 8a, 99%
CO,Bn, 8b, 88%
p-BrCgH,, 8¢, 45%l%-€]

[a] Isolated yields are given. Reaction conditions A: 6 (1.5equiv), 2
(1.0 equiv), [Rh(CH;CN);(Cp*)][SbF4], (1.0 mol %), and Cu(OAc),-H,0
(2.0 equiv) in THF (0.15m) at 100°C for 24 h. Reaction conditions B: 6
(1.0 equiv), 2 (5.0 equiv), [Rh(CH;CN);(Cp*)][SbFg], (2.0 mol %) and
Cu(OAc),-H,O (4.0 equiv) in THF (0.15 m) at 100°C for 24 h. [b] 2.0 mol
% of the Rh catalyst was used. [c] 6 (1.0 equiv) and 2 (2.0 equiv) were
used. [d] 4.0 mol % of the Rh catalyst was used. [e] 30% of monoalkeny-
lation product 7¢ was also obtained.

ucts in high yields, by changing the ratio of the two reac-
tants. A similar method was successfully applied for p-bro-
mostyrene but a lower efficiency was observed (7¢ and 8c).
It should be pointed out that the internal alkene (E)-methyl
crotonate was also a suitable candidate for this reaction,
which reacted with 6 to give 7d in 82 % yield.

To further highlight the high efficiency of our rhodium
catalytic system, the N-2-pyridylmethyl, which was intro-
duced by Ricci and co-workers was also tested. It was found
not to be suitable for the oxidative coupling with styrene
under our Rh-catalyzed system. However, it proved to be a
good directing group in the reaction with more active acryl-
ates (Table 3). In the presence of 1.0 mol% of catalyst, a
series of acrylates reacted smoothly with 9a to produce the
corresponding Heck-type products 10a—e in high yields. Fur-
thermore, the substituents at the indole ring did not have a
significant impact in the reactivity, the corresponding alkene
derivatives 10g—o were formed in high yields. The molecular
structure of complex 10b was confirmed by X-ray diffrac-
tion analysis (Figure 3).

In summary, we have developed an efficient Rh-catalyzed
oxidative olefination of indoles and pyrroles assisted by the
N,N-dimethylcarbamoyl protecting group with broad sub-
strate scope tolerance. The catalytic reaction proceeds in an
excellent regio- and stereoselective manner. In this reaction,
low catalyst loadings are required. The use of a readily
available and easily removable N,N-dimethylcarbamoyl as a
directing group also highlights the potential synthetic utility
of this protocol. Further studies to explore this new method
and metal-catalyzed oxidative C—H bond transformations
are under investigation.
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Table 3. Scope of the rhodium-catalyzed oxidative C2 olefination of
indole 9.1

R',
5/ \ N3 5/ \ N\__3
e\l \ reacon 6\_-/ W/ R?
7 N ¥ /\Rz conditions 7 N

9 2

e

R? = CO,Me, 10a, 88%
CO,Et, 10b, 88%
CO,nBu, 10c, 87%!
CO,tBu, 10d, 79%!

Qw\ R?
N
~N
K@ CO,Bn, 10e, 93%
SO,Ph, 10f, 47%!

R',

5,

/\\ \3 R' = 3-Me, 10g, 75% R’ = 5-OMe, 101, 81%

= N /~CO,Et  4-Cl, 10h, 90% 5-NO,, 10m, 81%
7

=z

\

5-F, 10i, 90% 6-Cl, 10n, 90%
Ny 5-Cl, 10j, 88% 7-Me, 100, 78%
| P 5-Br, 10k, 95%

[a] Isolated yields are given. Reaction conditions: 9 (1.0 equiv), 2
(2.0 equiv), [Rh(CH;CN);(Cp*)][SbF], (1.0 mol %), and Cu(OAc),-H,O
(2.0 equiv) in THF (0.15m) at 100°C for 24 h. [b] 2.0 mol % of the Rh
catalyst was used.

Figure 3. ORTEP of compound 10b; thermal ellipsoids are set at 30 %
probability. Hydrogen atoms except H(9) and H(10) have been omitted
for clarity.

Experimental Section

General procedure for the rhodium-catalyzed oxidative coupling of 1
with alkenes: A mixture of indole substrate 1 (0.30 mmol, 1.0 equiv),
[Rh(CH;CN);(Cp*)][SbF¢], (5.00 mg, 0.006 mmol, 2.0mol%), Cu-
(OAc),:H,0 (120.0 mg, 0.60 mmol, 2.0 equiv), and alkene (2) (0.9 mmol,
3.0 equiv) was combined in a Schlenk tube followed by addition of THF
(2.0 mL) under an Ar atmosphere. The reaction mixture was then heated
to 100°C with stirring for 24 h. Afterwards, the vial was cooled to room
temperature. Silica was added to the flask and the volatiles were evapo-
rated under reduced pressure. Purification was performed by flash
column chromatography on silica gel to give the corresponding pure
product 3.

CCDC-941050 (3af), 941051 (3at), and 941052 (10b) contain the supple-
mentary 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.

www.chemeurj.org

SR These are not the final page numbers!

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

Acknowledgements

Support of this work by the NSFC (nos. 21072097, 21072101 and
21121002) and SRFDP (no. 20110031110009) is gratefully acknowledged.

Keywords: C—H activation - homogeneous catalysis -
indoles - oxidative olefination - rhodium

[1] For recent reviews, see: a) The Mizoroki Heck Reaction (Eds: M.
Oestreich), Wiley, Chichester, 2009; b) S. Brise, A. de Meijere in
Metal-Catalyzed Cross-Coupling Reactions (Eds: A. de Meijere, F.
Diederich), WILEY-VCH, Weinheim, 2004, chap. 5.

For recent selected general reviews about C—H bond activation, see:
a)J. Wencel-Delord, F. Glorius, Nat. Chem. 2013, 5, 369-375;
b) S. I. Kozhushkov, L. Ackermann, Chem. Sci. 2013, 4, 886—896;
¢) S. R. Neufeldt, M. S. Sanford, Acc. Chem. Res. 2012, 45, 936—946;
d) G. Song, F. Wang, X. Li, Chem. Soc. Rev. 2012, 41, 3651-3678;
e) P. B. Arockiam, C. Bruneau, P. H. Dixneuf, Chem. Rev. 2012, 112,
5879-5918; f) N. Kuhl, M. N. Hopkinson, J. Wencel-Delord, F. Glo-
rius, Angew. Chem. 2012, 124, 10382—-10401; Angew. Chem. Int. Ed.
2012, 51, 10236-10254; g) J. Yamaguchi, A. D. Yamaguchi, K. Itami,
Angew. Chem. 2012, 124, 9092-9142; Angew. Chem. Int. Ed. 2012,
51, 8960-9009; h) F. W. Patureau, J. Wencel-Delord, F. Glorius, Al-
drichimica Acta 2012, 45, 31-41; i) K. M. Engle, T.-S. Mei, M. Wasa,
J-Q. Yu, Acc. Chem. Res. 2012, 45, 788-802; j) D. A. Colby, A.S.
Tsai, R. G. Bergman, J. A. Ellman, Acc. Chem. Res. 2012, 45, 814—
825; k)L. Ackermann, Chem. Rev. 2011, 111, 1315-1345; 1)J.
Wencel-Delord, T. Droge, F. Liu, F. Glorius, Chem. Soc. Rev. 2011,
40, 4740-4761; m) A. E. Wendlandt, A. M. Suess, S. S. Stahl, Angew.
Chem. 2011, 123, 11256—11283; Angew. Chem. Int. Ed. 2011, 50,
11062-11087; n) C.-L. Sun, B.-J. Li, Z.-J. Shi, Chem. Rev. 2011, 111,
1293-1314; o) P. Herrmann, T. Bach, Chem. Soc. Rev. 2011, 40,
2022-2038; p) C.S. Yeung, V.M. Dong, Chem. Rev. 2011, 111,
1215-1292; q) D. A. Colby, R. G. Bergman, J. A. Ellman, Chem.
Rev. 2010, 110, 624—-655; r) T. W. Lyons, M. S. Sanford, Chem. Rev.
2010, 110, 1147-1169; s) M. C. Willis, Chem. Rev. 2010, 110, 725-
748; t) Topics in Current Chemistry, Vol. 292, C-H Activation (Eds.:
J.-Q. Yu, Z.-J. Shi), Springer, Berlin, 2010; u) R. Jazzar, J. Hitce, A.
Renaudat, J. Sofack-Kreutzer, O. Baudoin, Chem. Eur. J. 2010, 16,
2654-2672; v) D. Bmalcells, E. Clot, O. Eisenstein, Chem. Rev.
2010, 770, 749-823.

For a first report, see: a) I. Moritani, Y. Fujiwara, Tetrahedron Lett.
1967, 8, 1119-1122; For reviews, see: b) C. Jia, T. Kitamura, Y. Fuji-
wara, Acc. Chem. Res. 2001, 34, 633-639; c) E. M. Beccalli, G. Brog-
gini, M. Martinelli, S. Sottocornola, Chem. Rev. 2007, 107, 5318—
5365.

For selected examples, see: a) D.-D. Li, T.-T. Yuan, G.-W. Wang,
Chem. Commun. 2011, 47, 12789-12791; b) Y. Lu, D. Leow, X.
Wang, K. M. Engel, J-Q. Yu, Chem. Sci. 2011, 2, 967-971; c) D.-H.
Wang, K. M. Engle, B.-F. Shi, J.-Q. Yu, Science 2010, 327, 315-319;
d) B.-F. Shi, Y.-H. Zhang, J. K. Lam, D.-H. Wang, J.-Q. Yu, J. Am.
Chem. Soc. 2010, 132, 460—461; ) Y. Lu, D.-H. Wang, K.-M. Engle,
J-Q. Yu, J. Am. Chem. Soc. 2010, 132, 5916-5921; f) M. Wasa,
K. M. Engle, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 3680-3681;
¢) T. Nishikata, B.H. Lipshutz, Org. Lett. 2010, 12, 1972-1975;
h) M. Wasa, K. M. Engle, J.-Q. Yu, J. Am. Chem. Soc. 2009, 131,
9886-9887; i) J. Wu, X. Cui, L. Chen, G. Jiang, Y. Wu, J. Am. Chem.
Soc. 2009, 131, 13888-13889; j) S. H. Cho, S.J. Hwang, S. Chang, J.
Am. Chem. Soc. 2008, 130, 9254—9256; k) S. Wiirtz, S. Rakshit, J. J.
Neumann, T. Droge, F. Glorius, Angew. Chem. 2008, 120, 7340—
7343; Angew. Chem. Int. Ed. 2008, 47, 7230-7233; 1) G. Cai, Y. Fu,
Y. Li, X. Wan, Z. Shi, J. Am. Chem. Soc. 2007, 129, 7666-7673;
m) V. G. Zaitsev, O. Daugulis, J. Am. Chem. Soc. 2005, 127, 4156—
4157; n) C. Liu, R. A. Widenhoefer, J. Am. Chem. Soc. 2004, 126,
10250-10251; o) M. D. K. Boele, G.P. F. van Strijdonck, A.H. M.

[2

—

—
%)
—

[4

—

Chem. Eur. J. 0000, 00, 0-0


http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1039/c2sc21524a
http://dx.doi.org/10.1039/c2sc21524a
http://dx.doi.org/10.1039/c2sc21524a
http://dx.doi.org/10.1021/ar300014f
http://dx.doi.org/10.1021/ar300014f
http://dx.doi.org/10.1021/ar300014f
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200190g
http://dx.doi.org/10.1021/ar200190g
http://dx.doi.org/10.1021/ar200190g
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1021/cr100198w
http://dx.doi.org/10.1021/cr100198w
http://dx.doi.org/10.1021/cr100198w
http://dx.doi.org/10.1021/cr100198w
http://dx.doi.org/10.1039/c0cs00027b
http://dx.doi.org/10.1039/c0cs00027b
http://dx.doi.org/10.1039/c0cs00027b
http://dx.doi.org/10.1039/c0cs00027b
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900096x
http://dx.doi.org/10.1021/cr900096x
http://dx.doi.org/10.1021/cr900096x
http://dx.doi.org/10.1002/chem.200902374
http://dx.doi.org/10.1002/chem.200902374
http://dx.doi.org/10.1002/chem.200902374
http://dx.doi.org/10.1002/chem.200902374
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/cr068006f
http://dx.doi.org/10.1021/cr068006f
http://dx.doi.org/10.1021/cr068006f
http://dx.doi.org/10.1039/c1cc15897j
http://dx.doi.org/10.1039/c1cc15897j
http://dx.doi.org/10.1039/c1cc15897j
http://dx.doi.org/10.1039/c0sc00633e
http://dx.doi.org/10.1039/c0sc00633e
http://dx.doi.org/10.1039/c0sc00633e
http://dx.doi.org/10.1126/science.1182512
http://dx.doi.org/10.1126/science.1182512
http://dx.doi.org/10.1126/science.1182512
http://dx.doi.org/10.1021/ja909571z
http://dx.doi.org/10.1021/ja909571z
http://dx.doi.org/10.1021/ja909571z
http://dx.doi.org/10.1021/ja909571z
http://dx.doi.org/10.1021/ja101909t
http://dx.doi.org/10.1021/ja101909t
http://dx.doi.org/10.1021/ja101909t
http://dx.doi.org/10.1021/ja1010866
http://dx.doi.org/10.1021/ja1010866
http://dx.doi.org/10.1021/ja1010866
http://dx.doi.org/10.1021/ol100331h
http://dx.doi.org/10.1021/ol100331h
http://dx.doi.org/10.1021/ol100331h
http://dx.doi.org/10.1021/ja903573p
http://dx.doi.org/10.1021/ja903573p
http://dx.doi.org/10.1021/ja903573p
http://dx.doi.org/10.1021/ja903573p
http://dx.doi.org/10.1021/ja902762a
http://dx.doi.org/10.1021/ja902762a
http://dx.doi.org/10.1021/ja902762a
http://dx.doi.org/10.1021/ja902762a
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1002/ange.200802482
http://dx.doi.org/10.1002/ange.200802482
http://dx.doi.org/10.1002/ange.200802482
http://dx.doi.org/10.1002/anie.200802482
http://dx.doi.org/10.1002/anie.200802482
http://dx.doi.org/10.1002/anie.200802482
http://dx.doi.org/10.1021/ja070588a
http://dx.doi.org/10.1021/ja070588a
http://dx.doi.org/10.1021/ja070588a
http://dx.doi.org/10.1021/ja050366h
http://dx.doi.org/10.1021/ja050366h
http://dx.doi.org/10.1021/ja050366h
http://dx.doi.org/10.1021/ja046810i
http://dx.doi.org/10.1021/ja046810i
http://dx.doi.org/10.1021/ja046810i
http://dx.doi.org/10.1021/ja046810i
www.chemeurj.org

Oxidative Olefination of Indoles and Pyrroles

[5

—_

(6]

[7

[

(8]

Chem. Eur. J. 2013, 00, 0-0

de Vries, P. C.J. Kamer, J. G. de Vries, P. W. N. M. van Leeuwen, J.
Am. Chem. Soc. 2002, 124, 1586-1587.

For selected examples, see: a) C. Zhu, J. R. Flack, Chem. Commun.
2012, 48, 1674—1676; b) S. Rakshit, C. Grohmann, T. Besset, F. Glo-
rius, J. Am. Chem. Soc. 2011, 133, 2350-2353; c) F. W. Patureau, T.
Besset, F. Glorius, Angew. Chem. 2011, 123, 1096—-1099; Angew.
Chem. Int. Ed. 2011, 50, 1064—1067; d) T. Besset, N. Kuhl, F. W. Pa-
tureau, F. Glorius, Chem. Eur. J. 2011, 17, 7167-7171; e) A. S. Tsai,
M. Brasse, R. G. Bergman, J. A. Ellman, Org. Lett. 2011, 13, 540—
542; £) S. Park, J. Y. Kim, S. Chang, Org. Lett. 2011, 13, 2372-2375;
g) C. Feng, T.-P. Loh, Chem. Commun. 2011, 47, 10458-10460;
h) T.-J. Gong, B. Xiao, Z.-J. Liu, J. Wan, J. Xu, D.-F. Luo, Y. Fu, L.
Liu, Org. Ler. 2011, 13, 3235-3237; i) S. Mochida, K. Hirano, T.
Satoh, M. Miura, J. Org. Chem. 2011, 76, 3024-3033; j) F. Wang, G.
Song, Z. Du, X. Li, J. Org. Chem. 2011, 76, 2926-2932; k) X. Li, X.
Gong, M. Zhao, G. Song, J. Deng, X. Li, Org. Lett. 2011, 13, 5808—
5811; 1) FE. W. Patureau, F. Glorius, J. Am. Chem. Soc. 2010, 132,
9982-9983; m) S. Mochida, K. Hirano, T. Satoh, M. Miura, Org.
Lert. 2010, 12, 5776-5779; n) F. Wang, G. Song, X. Li, Org. Lett.
2010, 72, 5430-5433; o) N. Umeda, K. Hirano, T. Satoh, M. Miura,
J. Org. Chem. 2009, 74, 7094-7099; p) K. Ueura, T. Satoh, M.
Miura, Org. Lett. 2007, 9, 1407-1409; representative examples for
Ru-catalyzed oxidative alkenylation, see: q) L. Ackermann, J. Pos-
pech, Org. Letr. 2011, 13, 4153-4155; r) P. B. Arockiam, C. Fisch-
meister, C. Bruneau, P. H. Dixneuf, Green Chem. 2011, 13, 3075-
3078; s) B. Li, J. Ma, N. Wang, H. Feng, S. Xu, B. Wang, Org. Lett.
2012, 74, 736-739 and also see ref. [2b].

a) R. J. Sundberg, The Chemistry of Indoles, Academic Press, New
York, 1970; b) R. H. Thomson, The Chemistry of Natural Products,
Blackie and Son, Glasgow, 1985; c) G. W. Gribble, J. Chem. Soc.
Perkin Trans. 1 2000, 1045-1075; d) N. K. Garg, R. Sarpong, B. M.
Stoltz, J. Am. Chem. Soc. 2002, 124, 13179-13184; e) J. Tois, R.
Franzén, A. Koskinen, Tetrahedron 2003, 59, 5395-5405; f) F-E.
Chen, J. Huang, Chem. Rev. 2005, 105, 4671-4706.

a) L. Joucla, L. Djakovitch, Adv. Synth. Catal. 2009, 351, 673; b) L.
Ackermann, A. V. Lygin, Org. Lett. 2011, 13, 3332-3335 and refer-
ences cited therein.

a) A. Garcia-Rubia, R. G. Arrayis, J. C. Carretero, Angew. Chem.
2009, 121, 6633-6637; Angew. Chem. Int. Ed. 2009, 48, 6511-6515;
b) A. Garcia-Rubia, R. G. Arrayas, J. C. Carretero, Chem. Eur. J.
2010, 76, 9676-968; c) A. Maehara, H. Tsurugi, T. Satoh, M. Miura,
Org. Lett. 2008, 10, 1159-1162; d) J. A. Schiffner, A. B. Machotta,
M. Oestreich, Synlett 2008, 2271-2274; e) Y. Nakao, K. S. Kanyiva,
S. Oda, T. Hiyama, J. Am. Chem. Soc. 2006, 128, 8146-8147;.f) A.
Kong, X. Han, X. Lu, Org. Lett. 2006, 8, 1339-1342; g) E. Capito,
J.M. Brown, A. Ricci, Chem. Commun. 2005, 1854-1856; h) N. P.
Grimster, C. Gauntlett, C.R. A. Godfrey, M.J. Gaunt, Angew.

COMMUNICATION

Chem. 2005, 117, 3185-3189; Angew. Chem. Int. Ed. 2005, 44, 3125—
3129; i) E. M. Ferreira, B. M. Stoltz, J. Am. Chem. Soc. 2003, 125,
9578-9579; j) G. Abbiati, E. M. Beccalli, G. Broggini, C. Zoni, J.

Org. Chem. 2003, 68, 7625-7628; k) Y. Yokoyama, T. Matsumoto,

Y. Murakami, J. Org. Chem. 1995, 60, 1486—1487; 1) T. Itahara, K.

Kawasaki, F. Ouseto, Synthesis 1984, 236—237; m) W.-L. Chen, Y.-R.

Gao, S. Mao, Y.-L. Zhang, Y.-F. Wang, Y.-Q. Wang, Org. Lett. 2012,

14, 5920-5923; n) Q. Huang, Q. Song, J. Cai, X. Zhang, S. Lin, Adv.

Synth. Catal. DOI: 10.1002/adsc.201201114 and references cited

therein; the only example of the Rh-catalyzed C2 oxidative olefina-

tion of indole was reported by Glorius et al., see ref. [S].

a) B. Li, H. Feng, S. Xu, B. Wang, Chem. Eur. J. 2011, 17, 12573-

12577; b) B. Li, H. Feng, N. Wang, J. Ma, S. Xu, H. Song, B. Wang,

Chem. Eur. J. 2012, 18, 12873-12879; c¢) N. Wang, B. Li, H. Song, S.

Xu, B. Wang, Chem. Eur. J. 2013, 19, 358-364; d) B. Li, N. Wang, Y.

Liang, S. Xu, B. Wang, Org. Lert. 2013, 15, 136-139; ¢) B. Li, J. Ma,

Y. Liang, N. Wang, S. Xu, H. Song, B. Wang, Eur. J. Org. Chem.

2013, 1950-1962 and also see ref. [5s].

[10] For a screen of directing groups, see Table S1 in the Supporting In-
formation; using carbamoyl group as a directing group for the Rh"\-
catalyzed indole C—H activation, see: a) D.J. Schipper, M Hutchin-
son, K Fagnou, J. Am. Chem. Soc. 2010, 132, 6910-6911; b) B.
Zhou, Y. Yang, Y. Li, Chem. Commun. 2012, 48, 5163-5165; c) B.
Zhou, Y. Yang, S. Lin, Y. Li, Adv. Synth. Catal. 2013, 355, 360—-364.

[11] a) H. Wang, N. Schréoder, F. Glorius, Angew. Chem. 2013, 125, 5495-
5499; Angew. Chem. Int. Ed. 2013, 52, 5386-5389; b) L. Huang, Q.
Wang, J. Qi, X. Wu, K. Huang, H. Jiang, Chem. Sci. 2013, 4, 2665—
2669 and also see ref. [Se] and ref. [5k].

[12] The structure was confirmed by its NOE experiment, see the Sup-
porting Information (3ap, S60; 3as, S65) for details.

[13] C. G. Hartung, A. Fecher, B. Chapell, V. Snieckus, Org. Lett. 2003,
5, 1899-1902.

[14] For selected reviews, see: a) Pyrroles, PartIl (Eds: R. A. Jones),
WILEY, Hoboken, 1992; b) C. T. Walsh, S. Garneau-Tsodikova,
A. R. Howard-Jones, Nat. Prod. Rep. 2006, 23, 517-531; c) A. Fiirst-
ner, Angew. Chem. 2003, 115, 3706-3728; Angew. Chem. Int. Ed.
2003, 42, 3582-3603; d) A. H. Lipkus, Q. Yuan, K. A. Lucas, S. A.
Funk, W.F. Bartelt III, R.J. Schenck, A.J. Trippe, J. Org. Chem.
2008, 73, 4443-4451; e) R. J. Sundberg in Comprehensive Heterocy-
clic Chemistry II, Vol. 2 (Eds.: A. R. Katritzky, C. W. Rees, E.F. V.
Scriven), Pergamon Press, New York, Oxford, 1996, pp. 119-206;
f) H. Fan, J. Peng, M. T. Hamann, J.-F. Hu, Chem. Rev. 2008, 108,
264-287.

[15] E. M. Beck, N. P. Grimster, R. Hatley, M. J. Gaunt, J. Am. Chem.
Soc. 2006, 128, 2528-2529.

[9

—

Received: May 23, 2013
Published online: 1l I, 0000

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

These are not the final page numbers! 77


http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1039/c2cc16963k
http://dx.doi.org/10.1039/c2cc16963k
http://dx.doi.org/10.1039/c2cc16963k
http://dx.doi.org/10.1039/c2cc16963k
http://dx.doi.org/10.1021/ja109676d
http://dx.doi.org/10.1021/ja109676d
http://dx.doi.org/10.1021/ja109676d
http://dx.doi.org/10.1002/ange.201006222
http://dx.doi.org/10.1002/ange.201006222
http://dx.doi.org/10.1002/ange.201006222
http://dx.doi.org/10.1002/anie.201006222
http://dx.doi.org/10.1002/anie.201006222
http://dx.doi.org/10.1002/anie.201006222
http://dx.doi.org/10.1002/anie.201006222
http://dx.doi.org/10.1002/chem.201101340
http://dx.doi.org/10.1002/chem.201101340
http://dx.doi.org/10.1002/chem.201101340
http://dx.doi.org/10.1021/ol102890k
http://dx.doi.org/10.1021/ol102890k
http://dx.doi.org/10.1021/ol102890k
http://dx.doi.org/10.1021/ol200600p
http://dx.doi.org/10.1021/ol200600p
http://dx.doi.org/10.1021/ol200600p
http://dx.doi.org/10.1039/c1cc14108b
http://dx.doi.org/10.1039/c1cc14108b
http://dx.doi.org/10.1039/c1cc14108b
http://dx.doi.org/10.1021/ol201140q
http://dx.doi.org/10.1021/ol201140q
http://dx.doi.org/10.1021/ol201140q
http://dx.doi.org/10.1021/jo200509m
http://dx.doi.org/10.1021/jo200509m
http://dx.doi.org/10.1021/jo200509m
http://dx.doi.org/10.1021/jo2002209
http://dx.doi.org/10.1021/jo2002209
http://dx.doi.org/10.1021/jo2002209
http://dx.doi.org/10.1021/ol2023856
http://dx.doi.org/10.1021/ol2023856
http://dx.doi.org/10.1021/ol2023856
http://dx.doi.org/10.1021/ja103834b
http://dx.doi.org/10.1021/ja103834b
http://dx.doi.org/10.1021/ja103834b
http://dx.doi.org/10.1021/ja103834b
http://dx.doi.org/10.1021/ol1027392
http://dx.doi.org/10.1021/ol1027392
http://dx.doi.org/10.1021/ol1027392
http://dx.doi.org/10.1021/ol1027392
http://dx.doi.org/10.1021/ol102241f
http://dx.doi.org/10.1021/ol102241f
http://dx.doi.org/10.1021/ol102241f
http://dx.doi.org/10.1021/ol102241f
http://dx.doi.org/10.1021/jo901485v
http://dx.doi.org/10.1021/jo901485v
http://dx.doi.org/10.1021/jo901485v
http://dx.doi.org/10.1021/ol070406h
http://dx.doi.org/10.1021/ol070406h
http://dx.doi.org/10.1021/ol070406h
http://dx.doi.org/10.1021/ol201563r
http://dx.doi.org/10.1021/ol201563r
http://dx.doi.org/10.1021/ol201563r
http://dx.doi.org/10.1039/c1gc15875a
http://dx.doi.org/10.1039/c1gc15875a
http://dx.doi.org/10.1039/c1gc15875a
http://dx.doi.org/10.1021/ol2032575
http://dx.doi.org/10.1021/ol2032575
http://dx.doi.org/10.1021/ol2032575
http://dx.doi.org/10.1021/ol2032575
http://dx.doi.org/10.1039/a909834h
http://dx.doi.org/10.1039/a909834h
http://dx.doi.org/10.1039/a909834h
http://dx.doi.org/10.1039/a909834h
http://dx.doi.org/10.1021/ja027822b
http://dx.doi.org/10.1021/ja027822b
http://dx.doi.org/10.1021/ja027822b
http://dx.doi.org/10.1016/S0040-4020(03)00851-2
http://dx.doi.org/10.1016/S0040-4020(03)00851-2
http://dx.doi.org/10.1016/S0040-4020(03)00851-2
http://dx.doi.org/10.1021/cr050521a
http://dx.doi.org/10.1021/cr050521a
http://dx.doi.org/10.1021/cr050521a
http://dx.doi.org/10.1002/adsc.200900059
http://dx.doi.org/10.1021/ol2010648
http://dx.doi.org/10.1021/ol2010648
http://dx.doi.org/10.1021/ol2010648
http://dx.doi.org/10.1002/ange.200902802
http://dx.doi.org/10.1002/ange.200902802
http://dx.doi.org/10.1002/ange.200902802
http://dx.doi.org/10.1002/ange.200902802
http://dx.doi.org/10.1002/anie.200902802
http://dx.doi.org/10.1002/anie.200902802
http://dx.doi.org/10.1002/anie.200902802
http://dx.doi.org/10.1002/chem.201001126
http://dx.doi.org/10.1002/chem.201001126
http://dx.doi.org/10.1002/chem.201001126
http://dx.doi.org/10.1002/chem.201001126
http://dx.doi.org/10.1021/ol8000602
http://dx.doi.org/10.1021/ol8000602
http://dx.doi.org/10.1021/ol8000602
http://dx.doi.org/10.1021/ja0623459
http://dx.doi.org/10.1021/ja0623459
http://dx.doi.org/10.1021/ja0623459
http://dx.doi.org/10.1021/ol060039u
http://dx.doi.org/10.1021/ol060039u
http://dx.doi.org/10.1021/ol060039u
http://dx.doi.org/10.1039/b417035k
http://dx.doi.org/10.1039/b417035k
http://dx.doi.org/10.1039/b417035k
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1021/ja035054y
http://dx.doi.org/10.1021/ja035054y
http://dx.doi.org/10.1021/ja035054y
http://dx.doi.org/10.1021/ja035054y
http://dx.doi.org/10.1021/jo034636v
http://dx.doi.org/10.1021/jo034636v
http://dx.doi.org/10.1021/jo034636v
http://dx.doi.org/10.1021/jo034636v
http://dx.doi.org/10.1021/jo00111a004
http://dx.doi.org/10.1021/jo00111a004
http://dx.doi.org/10.1021/jo00111a004
http://dx.doi.org/10.1055/s-1984-30787
http://dx.doi.org/10.1055/s-1984-30787
http://dx.doi.org/10.1055/s-1984-30787
http://dx.doi.org/10.1021/ol302840b
http://dx.doi.org/10.1021/ol302840b
http://dx.doi.org/10.1021/ol302840b
http://dx.doi.org/10.1021/ol302840b
http://dx.doi.org/10.1002/chem.201102445
http://dx.doi.org/10.1002/chem.201102445
http://dx.doi.org/10.1002/chem.201102445
http://dx.doi.org/10.1002/chem.201201862
http://dx.doi.org/10.1002/chem.201201862
http://dx.doi.org/10.1002/chem.201201862
http://dx.doi.org/10.1002/chem.201203374
http://dx.doi.org/10.1002/chem.201203374
http://dx.doi.org/10.1002/chem.201203374
http://dx.doi.org/10.1021/ol303159h
http://dx.doi.org/10.1021/ol303159h
http://dx.doi.org/10.1021/ol303159h
http://dx.doi.org/10.1002/ejoc.201201574
http://dx.doi.org/10.1002/ejoc.201201574
http://dx.doi.org/10.1002/ejoc.201201574
http://dx.doi.org/10.1002/ejoc.201201574
http://dx.doi.org/10.1021/ja103080d
http://dx.doi.org/10.1021/ja103080d
http://dx.doi.org/10.1021/ja103080d
http://dx.doi.org/10.1039/c2cc31351k
http://dx.doi.org/10.1039/c2cc31351k
http://dx.doi.org/10.1039/c2cc31351k
http://dx.doi.org/10.1002/ange.201301165
http://dx.doi.org/10.1002/ange.201301165
http://dx.doi.org/10.1002/ange.201301165
http://dx.doi.org/10.1002/anie.201301165
http://dx.doi.org/10.1002/anie.201301165
http://dx.doi.org/10.1002/anie.201301165
http://dx.doi.org/10.1039/c3sc50630d
http://dx.doi.org/10.1039/c3sc50630d
http://dx.doi.org/10.1039/c3sc50630d
http://dx.doi.org/10.1021/ol0344772
http://dx.doi.org/10.1021/ol0344772
http://dx.doi.org/10.1021/ol0344772
http://dx.doi.org/10.1021/ol0344772
http://dx.doi.org/10.1039/b605245m
http://dx.doi.org/10.1039/b605245m
http://dx.doi.org/10.1039/b605245m
http://dx.doi.org/10.1002/ange.200300582
http://dx.doi.org/10.1002/ange.200300582
http://dx.doi.org/10.1002/ange.200300582
http://dx.doi.org/10.1002/anie.200300582
http://dx.doi.org/10.1002/anie.200300582
http://dx.doi.org/10.1002/anie.200300582
http://dx.doi.org/10.1002/anie.200300582
http://dx.doi.org/10.1021/jo8001276
http://dx.doi.org/10.1021/jo8001276
http://dx.doi.org/10.1021/jo8001276
http://dx.doi.org/10.1021/jo8001276
http://dx.doi.org/10.1021/cr078199m
http://dx.doi.org/10.1021/cr078199m
http://dx.doi.org/10.1021/cr078199m
http://dx.doi.org/10.1021/cr078199m
http://dx.doi.org/10.1021/ja058141u
http://dx.doi.org/10.1021/ja058141u
http://dx.doi.org/10.1021/ja058141u
http://dx.doi.org/10.1021/ja058141u
www.chemeurj.org

