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Cobalt(III)-Catalyzed Aryl and Alkenyl C—H Aminocarbonylation

with Isocyanates and Acyl Azides**

Jie Li and Lutz Ackermann*

Abstract: Expedient C—H aminocarbonylations of unactivated
(hetero)arenes and alkenes were accomplished with a cobalt-
(111) catalyst that shows high functional group tolerance. The
C—H functionalization occurred with excellent chemo-, site-,
and diastereoselectivity and enabled step-economical reactions
with isocyanates or acyl azides.

-rransition-metal-catalyzed C—H functionalization reactions
have emerged as increasingly powerful tools for the sustain-
able synthesis of organic compounds.""! Considerable progress
in the assembly of aromatic amides was recently realized
through C—H functionalization by isocyanates,? with key
contributions from the groups of Kuninobu/Takai, Bergman/
Ellman, Cheng, Li, and Ackermann, among others.’! Despite
these major advances, all catalyzed C—H activations with
isocyanates have thus far been accomplished with complexes
of the expensive 4d or 5d transition metals rhenium, rhodium,
or ruthenium. In consideration of the cost-effective nature of
first-row transition metals, recent focus has shifted towards
the use of catalysts based on abundant base metals for C—H
functionalization. In this context, Nakamura, Yoshikai, and
Ackermann recently utilized low-valent cobalt catalysts for
C—H transformations that were until then the domain of
precious rhodium, palladium, and ruthenium catalysts."
Furthermore, high-valent cobalt(IIT) catalysts were very
recently employed for chemoselective C—H functionalization
as reported by the groups of Matsunaga/Kanail Acker-
mann,®™ Glorius,” Ellman,'” and Chang.""'? As part of our
research program on base-metal-catalyzed C—H functionali-
zation,!”! we have developed a cobalt-catalyzed C—H func-
tionalization with isocyanates as the electrophiles that
provides expedient access to substituted benzamides under
mild reaction conditions (Figure 1). Notable features of our
strategy include 1) the use of user-friendly cobalt catalysts,
2) the versatile C—H aminocarbonylation of arenes, hetero-
arenes, and alkenes with ample substrate scope, and 3) expe-
dient amide syntheses that proved viable with isocyanates or
azides.
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Figure 1. Cobalt-catalyzed C—H aminocarbonylation.

We commenced our studies by exploring reactions con-
ditions for the envisioned cobalt-catalyzed aminocarbonyla-
tion of pyrazolylbenzene (1a) with isocyanate 2a (Table 1 and
Table S1 in the Supporting Information). The nature of the
additive appeared to be critical and the combination of
AgOPiv with either AgSbF, or AgNTTf, gave optimal results
(entries 1-11). The molecular complex [Cp*Col,(CO)]" in
particular was highly effective (entry 11) and test reactions
verified the crucial importance of the cobalt catalyst and the
additives (entries 12 and 13). In contrast, simple cobalt salts
failed to give the desired benzamide 3aa (entries 14-16).

With the optimized cobalt catalyst in hand, we tested the
scope of the reaction with a representative set of decorated

Table 1: Optimization of cobalt(IIl)-catalyzed C—H aminocarbonyla-
tion 1!
[Cp*Coly(CO)] (2.5 mol %)

additive 1 (5.0 mol %)
additive 2 (5.0 mol %)

DCE, 70°C, 16 h

Ph
1a 2a 3aa

Entry [Co] Additive 1 Additive 2 Yield [%]1
1 [Cp*Col,(CO)] AgPF, CsOAc -

2 [Cp*Col,(CO)] AgPF; KOPiv -

3 [Cp*Col,(CO)] AgPF; NaOPiv -

4 [Cp*Col,(CO)] AgNTf, AgOAc 35

5 [Cp*Col,(CO)] AgPF; AgOAc 23

6 [Cp*Col,(CO)] AgPF; KOAc 24

7 [Cp*Col,(CO)] AgPF; AgOPiv 42

8 [Cp*Col,(CO)] AgSbF; AgOPiv 46

9 [Cp*Col,(CO)] AgNTf, AgOPiv 57
10 [Cp*Col,(CO)] AgPF AgOPiv 641!
11 [Cp*Col,(CO)] AgSbF, AgOPiy 67"
12 [Cp*Col,(CO)] AgPF; - -
13 - AgPF, AgOPiv -
14 Col, AgSbFg AgOPiv -
15 Co(OAc), AgSbF; AgOPiv -
16 [Co(acac),] AgSbF, AgOPiv -

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] General reaction conditions: Ta (0.5 mmol), 2a (1.0 mmol), [Co]
(2.5 mol %), DCE (2.0 mL), 70°C, 16 h. [b] [Cp*Col,(CO)] (5.0 mol %),
additives (10 mol %). [c] Yield of isolated product. Piv=pivalate.
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Scheme 1. Scope of the cobalt(lIl)-catalyzed C—H aminocarbonylation
of arenes 1. [a] Yield of the 2,6-diaminocarbonylated product 3 fa’.
[b] [Cp*Col,(CO)] (10 mol %), AgSbF, (20 mol %), AgOPiv (20 mol %).

arenes 1 (Scheme la). The para- and ortho-substituted
arylpyrazoles 1 were selectively converted into the benza-
mides 3ba-ka. The catalytic system displayed remarkable
chemoselectivity and thus proved tolerant of valuable elec-
trophilic functional groups such as chloro, bromo, ester, and
ketone substituents. An intramolecular competition experi-
ment with meta-substituted arene 11 proceeded with excellent
site-selectivity under steric control. Importantly, the cobalt-
(TIT) catalyst was not limited to aromatic substrates. Indeed,
the catalyst showed comparable levels of catalytic efficacy for
the C—H aminocarbonylation of heteroarenes 1m and 1n
(Scheme 1b).

As for the organic electrophiles 2, the broadly applicable
cobalt(IIT) catalyst enabled the efficient conversion of
electron-rich as well as electron-deficient isocyanates (2b—f;
Scheme 2).

Moreover, the isocyanate electrophiles 2 could be gen-
erated insitu from the corresponding acyl azides 4/l
thereby providing step-economical access to the amides 3
through a Curtius!"” rearrangement/C—H activation sequence
under cobalt catalysis (Scheme 3). Interestingly, we only
observed the formation of amides 3, while intermolecular C—
H nitrogenation>'°! did not occur. A variety of para-, meta-,
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Scheme 2. Cobalt(l11)-catalyzed C—H aminocarbonylation with isocya-
nates 2.
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Scheme 3. Cobalt(l11)-catalyzed C—H aminocarbonylation with acyl
azides 4.

and ortho-substituted azides 4 bearing electron-donating or
electron-withdrawing groups were efficiently transformed
into the desired amide products 3.

The user-friendly, inexpensive cobalt(III) catalyst was not
restricted to the use of (hetero)aromatic substrates 1. Indeed,
with alkenes §, diastereoselective C—H aminocarbonylation
occurred, thereby furnishing the thermodynamically less
stable Z-olefins as the sole products (Scheme 4).

Intrigued by the versatility and efficacy of the cobalt(III)-
catalyzed C—H activation, we performed mechanistic studies
to determine its mode of action. To this end, reactions were
conducted with the isotopically labeled substrate [D]s-1a and
the results indicated a facile C—H metalation (see Scheme Sa
and Scheme S1 in the Supporting Information). In good
agreement with this observation, we found minor inter- and
intramolecular kinetic isotope effects (KIEs) of ky/kp=~1.4
(Scheme 5b), which again suggests that the C—H metalation is
not the rate-determining step. Intermolecular competition
experiments with differently substituted arenes 1 (Scheme 5c¢)
and isocyanates 2 (Scheme 5d) revealed electron-rich arenes
1 and electron-deficient electrophiles 2 to be inherently more
reactive substrates. These findings can be rationalized in
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Scheme 4. Diastereoselective cobalt(lIl)-catalyzed C—H aminocarbony-
lation of alkenes 5.
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Scheme 5. Mechanistic studies.

terms of a rate-determining nucleophilic attack by a cyclo-
metalated cobalt species on the isocyanate 2.

Based on our mechanistic studies, we propose that the
catalytic cycle initiates with a reversible carboxylate-
assisted!"®! C—H activation, which is followed by coordination
of the isocyanate 2 to the thus formed cyclometalated
complex 9 (Scheme 6). Thereafter, a rate-determining inser-
tion through nucleophilic attack of the metalated arene 10 on
the coordinated isocyanate 2 generates intermediate 11.
Finally protodemetalation liberates the desired product 3
and regenerates the catalytically active complex 8.

Finally, we demonstrated the synthetic potential of the
cobalt(IIT)-catalyzed C—H activation strategy through the
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Scheme 6. Proposed catalytic cycle.

late-stage diversification of the obtained amides 3 through C—
H functionalization. A metal-free intramolecular C—H ami-
nation provided step-economical access to quinazolinone 12
(Scheme 7a), while ruthenium-catalyzed C—H benzylation”)
or arylation®! with pyrazole assistance delivered the site-
selectively decorated products 13 and 14, respectively
(Scheme 7Db).

In summary, we report the first cobalt-catalyzed C—H
aminocarbonylation with isocyanates. A versatile cobalt(I1I)
catalyst enabled the C—H functionalization of (hetero)arenes
and alkenes with ample scope, as well as excellent chemo-,
site-, and diastereoselectivity, under mild reaction condi-
tions.*"?? This broadly applicable cobalt catalyst also sets the
stage for aminocarbonylations with acyl azides, and mecha-

a) metal-free C-H amination
H

K2S20g, H20
105°C,1h
: (o]
HN‘Ph
3aa 12: 85%
b) C-H benzylation/arylation PMP.
)
PMBCI N
(0]
H [{RuCly(p-cymene)},]
N// (2.5 mol %) HN.
~N cat. RCO,H . 13: 47%
o K,CO3, toluene
o Ar =
HN. 120°C, 18 h
Ph D
3aa &. N
(0]
HN.
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Scheme 7. Late-stage derivatization of amides 3 through C—H func-
tionalization.
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nistic studies provided strong evidence for a rate-determining
migratory insertion in the carboxylate-assisted C—H function-
alization process.

Keywords: amides - azides - C—H activation - cobalt -
isocyanates

How to cite: Angew. Chem. Int. Ed. 2015, 54, 8551-8554
Angew. Chem. 2015, 127, 8671-8674

[1] Representative recent reviews on C—H activation: a) L. Acker-
mann, Org. Process Res. Dev. 2015, 19, 260-269; b) N. Kuhl, N.
Schroeder, F. Glorius, Adv. Synth. Catal. 2014, 356, 1443 —1460;
c) T. Mesganaw, J. A. Ellman, Org. Process Res. Dev. 2014, 18,
1097-1104; d) S. Tani, T. N. Uehara, J. Yamaguchi, K. Itami,
Chem. Sci. 2014, 5, 123-135; ¢) S. A. Girard, T. Knauber, C.-J.
Li, Angew. Chem. Int. Ed. 2014, 53,74 —100; Angew. Chem. 2014,
126,76-103; f) J. Wencel-Delord, F. Glorius, Nat. Chem. 2013,
5, 369-375; g) G. Rouquet, N. Chatani, Angew. Chem. Int. Ed.
2013, 52, 11726 -11743; Angew. Chem. 2013, 125, 11942 -11959;
h) G. Song, F. Wang, X. Li, Chem. Soc. Rev. 2012, 41,3651 -3678;
i) D. J. Schipper, K. Fagnou, Chem. Mater. 2011, 23, 1594 -1600;
j) C.S. Yeung, V. M. Dong, Chem. Rev. 2011, 111, 1215-1292;
k) T. Satoh, M. Miura, Chem. Eur. J. 2010, 16, 11212-11222;
1) O. Daugulis, Top. Curr. Chem. 2010, 292, 57-84; m) R. Giri,
B.-F. Shi, K. M. Engle, N. Maugel, J.-Q. Yu, Chem. Soc. Rev.
2009, 38, 3242-3272; n) L. Ackermann, R. Vicente, A. Kapdi,
Angew. Chem. Int. Ed. 2009, 48, 9792—9826; Angew. Chem.
2009, 7121,9976-10011; 0) X. Chen, K. M. Engle, D.-H. Wang, J.-
Q. Yu, Angew. Chem. Int. Ed. 2009, 48, 5094—-5115; Angew.
Chem. 2009, 121, 5196-5217.

[2] A.D. Allen, T. T. Tidwell, Chem. Rev. 2013, 113, 7287 -7342.

[3] C—H functionalizations with isocyanates: a) X.-Y. Shi, K.-Y. Liu,

J. Fan, X.-F. Dong, J.-F. Wei, C.-J. Li, Chem. Eur. J. 2015, 21,

1900-1903; b) X.-Y. Shi, A. Renzetti, S. Kundu, C.-J. Li, Adv.

Synth. Catal. 2014, 356, 723-728; c) K. D. Hesp, R. G. Bergman,

J. A. Ellman, J. Am. Chem. Soc. 2011, 133, 11430-11433; d) S.

De Sarkar, L. Ackermann, Chem. Eur. J. 2014, 20, 13932 -13936;

e) K. Muralirajan, K. Parthasarathy, C.-H. Cheng, Org. Lett.

2012, 74, 4262 -4265; f) Y. Kuninobu, Y. Tokunaga, A. Kawata,

K. Takai, J. Am. Chem. Soc. 2006, 128, 202-209; for the recent

use of precious rhodium catalysts for C—H transformations with

acyl azides, see: K. Shin, J. Ryu, S. Chang, Org. Lett. 2014, 16,

2022 -2025.

Recent authoritative reviews on the use of inexpensive first-row

transition-metal catalysts for C—H bond functionalization: a) E.

Nakamura, T. Hatakeyama, S. Ito, K. Ishizuka, L. Ilies, M.

Nakamura, Org. React. 2014, 83, 1-209; b) J. Yamaguchi, K.

Muto, K. Itami, Eur. J. Org. Chem. 2013, 19-30; c¢) N. Yoshikai,

Synlett 2011, 1047 -1051; d) Y. Nakao, Chem. Rec. 2011, 11,242

251; e) E. Nakamura, N. Yoshikai, J. Org. Chem. 2010, 75, 6061 —

6067; f) A. Kulkarni, O. Daugulis, Synthesis 2009, 4087 —-4109,

and references therein.

Representative examples: a) J. Li, L. Ackermann, Chem. Eur. J.

2015, 21, 5718-5722; b) K. Gao, R. Paira, N. Yoshikai, Adv.

Synth. Catal. 2014, 356, 1486-1490; c) K. Gao, N. Yoshikai, J.

Am. Chem. Soc. 2013, 135, 9279-9282; d) Z. Ding, N. Yoshikai,

Angew. Chem. Int. Ed. 2013, 52, 8574—8578; Angew. Chem.

2013, 125, 8736-8740; e) B. Punji, W. Song, G. A. Shevchenko,

L. Ackermann, Chem. Eur. J. 2013, 19, 10605 -10610; f) W. Song,

L. Ackermann, Angew. Chem. Int. Ed. 2012, 51, 8251-8254;

[4

[}

5

—_

Angew. Chem. 2012, 124, 8376-8379; g) Q. Chen, L. Ilies, E.
Nakamura, J. Am. Chem. Soc. 2011, 133,428 -429; h) K. Gao, N.
Yoshikai, J. Am. Chem. Soc. 2011, 133, 400-402, and references
therein.

[6] Recentreviews: a) L. Ackermann, J. Org. Chem. 2014, 79, 8948 —

8954; b) K. Gao, N. Yoshikai, Acc. Chem. Res. 2014, 47, 1208 —

1219.

a) B. Sun, T. Yoshino, S. Matsunaga, M. Kanai, Chem. Commun.

2015, 51, 4659-4661; b) H. Ikemoto, T. Yoshino, K. Sakata, S.

Matsunaga, M. Kanai, J. Am. Chem. Soc. 2014, 136, 5424 —5431,

c¢) B. Sun, T. Yoshino, S. Matsunaga, M. Kanai, Adv. Synth. Catal.

2014, 356, 1491 -1495; d) T. Yoshino, H. Ikemoto, S. Matsunaga,

M. Kanai, Chem. Eur. J. 2013, 19, 9142-9146; ¢) T. Yoshino, H.

Ikemoto, S. Matsunaga, M. Kanai, Angew. Chem. Int. Ed. 2013,

52,2207-2211; Angew. Chem. 2013, 125, 2263 -2267.

[8] a) J. Li, L. Ackermann, Angew. Chem. Int. Ed. 2015, 54, 3635—
3638; Angew. Chem. 2015, 127, 3706—3709; see also: b) W. Ma,
L. Ackermann, ACS Catal. 2015, 5, 2822 -2825.

[9] D.G. Yu, T. Gensch, F. d. Azambuja, S. V. Céspedes, F. Glorius,
J. Am. Chem. Soc. 2014, 136, 17722-17725.

[10] J. R. Hummel, J. A. Ellman, J. Am. Chem. Soc. 2015, 137, 490 —
498.

[11] a) P. Patel, S. Chang, ACS Catal. 2015, 5, 853-858; b) A. B.
Pawar, S. Chang, Org. Lett. 2015, 17, 660—663.

[12] See also: a) L.-B. Zhang, X.-Q. Hao, S.-K. Zhang, Z.-J. Liu, X.-
X. Zheng, J.-F. Gong, J.-L. Niu, M.-P. Song, Angew. Chem. Int.
Ed. 2015, 54,272-275; Angew. Chem. 2015, 127,274-277;b) L.
Grigorjeva, O. Daugulis, Org. Lert. 2014, 16, 4684-4687; c) L.
Grigorjeva, O. Daugulis, Angew. Chem. Int. Ed. 2014, 53, 10209 -
10212; Angew. Chem. 2014, 126, 10373—-10376, and references
therein.

[13] Representative examples: a) W. Liu, D. Zell, M. John, L.
Ackermann, Angew. Chem. Int. Ed. 2015, 54, 4092-4096;
Angew. Chem. 2015, 127, 4165-4169; b) Q. Gu, H. H. Al Ma-
mari, K. Graczyk, E. Diers, L. Ackermann, Angew. Chem. Int.
Ed. 2014, 53, 3868 -3871; Angew. Chem. 2014, 126, 3949 —3952;
c) W. Song, S. Lackner, L. Ackermann, Angew. Chem. Int. Ed.
2014, 53,2477 -2480; Angew. Chem. 2014, 126,2510-2513;d) L.
Ackermann, H. K. Potukuchi, D. Landsberg, R. Vicente, Org.
Lett. 2008, 10, 3081 -3084.

[14] W. Li, L. Weng, G. Jin, Inorg. Chem. Commun. 2004, 7, 1174 -
1177.

[15] D. Intrieri, P. Zardi, A. Caselli, E. Gallo, Chem. Commun. 2014,
50, 11440 -11453.

[16] V.S.Thirunavukkarasu, S. I. Kozhushkov, L. Ackermann, Chem.
Commun. 2014, 50, 29 -39.

[17] T. Curtius, Ber. Dtsch. Chem. Ges. 1890, 23, 3023 —3033.

[18] L. Ackermann, Chem. Rev. 2011, 111, 1315-1345.

[19] L. Ackermann, P. Novdk, R. Vicente, N. Hofmann, Angew.
Chem. Int. Ed. 2009, 48, 6045—-6048; Angew. Chem. 2009, 121,
6161-6164.

[20] L. Ackermann, R. Vicente, A. Althammer, Org. Lett. 2008, 10,
2299-2302.

[21] Under otherwise identical reaction conditions, 2-phenylpyridine
has thus far provided only unsatisfactory results.

[22] J. Wencel-Delord, T. Droge, F. Liu, F. Glorius, Chem. Soc. Rev.
2011, 40, 4740-4761.

[7

—

Received: February 28, 2015
Published online: May 12, 2015

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 8551-8554


http://dx.doi.org/10.1021/op500330g
http://dx.doi.org/10.1002/adsc.201400197
http://dx.doi.org/10.1021/op500224x
http://dx.doi.org/10.1021/op500224x
http://dx.doi.org/10.1039/C3SC52199K
http://dx.doi.org/10.1002/anie.201304268
http://dx.doi.org/10.1002/ange.201304268
http://dx.doi.org/10.1002/ange.201304268
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/ange.201301451
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1021/cm103483q
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1021/cr3005263
http://dx.doi.org/10.1002/chem.201406031
http://dx.doi.org/10.1002/chem.201406031
http://dx.doi.org/10.1002/adsc.201300834
http://dx.doi.org/10.1002/adsc.201300834
http://dx.doi.org/10.1021/ja203495c
http://dx.doi.org/10.1021/ol302000a
http://dx.doi.org/10.1021/ol302000a
http://dx.doi.org/10.1021/ja054216i
http://dx.doi.org/10.1021/ol500602b
http://dx.doi.org/10.1021/ol500602b
http://dx.doi.org/10.1002/ejoc.201200914
http://dx.doi.org/10.1055/s-0030-1259928
http://dx.doi.org/10.1002/tcr.201100023
http://dx.doi.org/10.1002/tcr.201100023
http://dx.doi.org/10.1021/jo100693m
http://dx.doi.org/10.1021/jo100693m
http://dx.doi.org/10.1002/chem.201500552
http://dx.doi.org/10.1002/chem.201500552
http://dx.doi.org/10.1002/adsc.201400049
http://dx.doi.org/10.1002/adsc.201400049
http://dx.doi.org/10.1021/ja403759x
http://dx.doi.org/10.1021/ja403759x
http://dx.doi.org/10.1002/anie.201305151
http://dx.doi.org/10.1002/ange.201305151
http://dx.doi.org/10.1002/ange.201305151
http://dx.doi.org/10.1002/chem.201301409
http://dx.doi.org/10.1002/anie.201202466
http://dx.doi.org/10.1002/ange.201202466
http://dx.doi.org/10.1021/ja1099853
http://dx.doi.org/10.1021/ja108809u
http://dx.doi.org/10.1021/jo501361k
http://dx.doi.org/10.1021/jo501361k
http://dx.doi.org/10.1021/ar400270x
http://dx.doi.org/10.1021/ar400270x
http://dx.doi.org/10.1039/C4CC10284C
http://dx.doi.org/10.1039/C4CC10284C
http://dx.doi.org/10.1021/ja5008432
http://dx.doi.org/10.1002/adsc.201301110
http://dx.doi.org/10.1002/adsc.201301110
http://dx.doi.org/10.1002/chem.201301505
http://dx.doi.org/10.1002/anie.201209226
http://dx.doi.org/10.1002/anie.201209226
http://dx.doi.org/10.1002/ange.201209226
http://dx.doi.org/10.1002/anie.201409247
http://dx.doi.org/10.1002/anie.201409247
http://dx.doi.org/10.1002/ange.201409247
http://dx.doi.org/10.1021/acscatal.5b00322
http://dx.doi.org/10.1021/ja511011m
http://dx.doi.org/10.1021/ja5116452
http://dx.doi.org/10.1021/ja5116452
http://dx.doi.org/10.1021/cs501860b
http://dx.doi.org/10.1021/ol503680d
http://dx.doi.org/10.1002/anie.201409751
http://dx.doi.org/10.1002/anie.201409751
http://dx.doi.org/10.1002/ange.201409751
http://dx.doi.org/10.1021/ol502005g
http://dx.doi.org/10.1002/anie.201404579
http://dx.doi.org/10.1002/anie.201404579
http://dx.doi.org/10.1002/ange.201404579
http://dx.doi.org/10.1002/anie.201411808
http://dx.doi.org/10.1002/ange.201411808
http://dx.doi.org/10.1002/anie.201311024
http://dx.doi.org/10.1002/anie.201311024
http://dx.doi.org/10.1002/ange.201311024
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/ol801078r
http://dx.doi.org/10.1021/ol801078r
http://dx.doi.org/10.1016/j.inoche.2004.09.005
http://dx.doi.org/10.1016/j.inoche.2004.09.005
http://dx.doi.org/10.1039/C3CC47028H
http://dx.doi.org/10.1039/C3CC47028H
http://dx.doi.org/10.1002/cber.189002302232
http://dx.doi.org/10.1021/cr100412j
http://dx.doi.org/10.1002/anie.200902458
http://dx.doi.org/10.1002/anie.200902458
http://dx.doi.org/10.1002/ange.200902458
http://dx.doi.org/10.1002/ange.200902458
http://dx.doi.org/10.1021/ol800773x
http://dx.doi.org/10.1021/ol800773x
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15083a
http://www.angewandte.org

