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Abstract: C7�H-functionalized indoles are ubiquitous struc-
tural units of biological and pharmaceutical compounds for
numerous antiviral agents against SARS-CoV or HIV-1. Thus,
achieving site-selective functionalizations of the C7�H position
of indoles, while discriminating among other bonds, is in high
demand. Herein, we disclose site-selective C7�H activations of
indoles by ruthenium(II) biscarboxylate catalysis under mild
conditions. Base-assisted internal electrophilic-type substitu-
tion C�H ruthenation by weak O-coordination enabled the
C7�H functionalization of indoles and offered a broad scope,
including C�N and C�C bond formation. The versatile
ruthenium-catalyzed C7�H activations were characterized by
gram-scale syntheses and the traceless removal of the directing
group, thus providing easy access to pharmaceutically relevant
scaffolds. Detailed mechanistic studies through spectroscopic
and spectrometric analyses shed light on the unique nature of
the robust ruthenium catalysis for the functionalization of the
C7�H position of indoles.

Introduction

Indoles are key structural motifs in a plethora of
biorelevant compounds, drugs, and pharmaceuticals.[1] In
particular, C7-functionalized indole scaffolds exhibit a num-
ber of antiviral activities such as inhibitors of SARS-CoV,
HIV-1, influenza virus A/Hanfang/359/95 (H3N2), and
HSV II.[2] As a consequence, there is a continued high
demand for general strategies that provide easy access to
C7-substituted indoles in a sustainable fashion.[3] Major
advances in C�H activation have been witnessed in recent
years.[4] In particular, carboxylate-assisted[5] ruthenium(II)
catalysis[6] has emerged as a robust tool for a broad variety of
C�H functionalizations, including alkylation,[7] alkenyla-

tion,[8] arylations,[9] alkyne annulations,[10] amidation,[11] hy-
drogen-isotope exchange,[12] and meta-C�H functionaliza-
tions.[13] Despite the recent advances in versatile and cost-
effective ruthenium catalysis, the challenging C7�H function-
alization[14] of indoles has thus far remained elusive, which
mainly stems from the formation of unfavorable six-mem-
bered metallacycles.[15] Pioneering contributions in iridium,
rhodium, and palladium catalysis have been made by the
groups of Chang,[16] Ma,[17] Shi,[18] and others (Figure 1).[19]

Within our program on sustainable C�H activation, we
have now developed the first ruthenium(II) biscarboxylate
catalyzed C7�H bond activation of indoles by a weakly
coordinating[20] pivaloyl directing group via the formation of
unfavorable six-membered ruthenacycles. Notable features of
our strategy include a) unprecedented carboxylate-assisted
ruthenium-catalyzed C7�H activation of indoles, b) expedi-
ent C7�H activations enabling amidations and alkenylations
under exceedingly mild conditions, c) deep mechanistic in-
sight, which provides solid evidence for the site-selective[21]

formation of six-membered ruthenacycles over common five-
membered ruthenacycles, d) detailed kinetic studies by spec-
troscopic and spectrometric techniques that elucidate the
formation of a ruthenium amide in a key step prior to C�H
scission (Figure 2).

Results and Discussion

We initiated our studies by probing various reaction
conditions for the envisioned ruthenium(II)-catalyzed C7�H
activation of N-pivaloylindole 1a with tosylazide 2a (Table 1
and Table S1 in the Supporting Information). We were
delighted to observe that the desired C7�H-amidated product
3aa was exclusively obtained in TFE as the solvent by using
the cationic ruthenium(II) complex generated in situ from
Ru(OAc)2(p-cymene) and a silver salt (entry 1). Interestingly,

Figure 1. Selected antiviral compounds bearing C7�functionalized
indoles.
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the C7�H-amidated product 3aa was selectively formed as
the sole product, while the C2�H bond remained entirely
unmodified. The commercially available ruthenium(II) cata-
lyst [RuCl2(p-cymene)]2 fell short in providing the desired
product (entry 2), clearly highlighting the importance of the
ruthenium(II) biscarboxylate catalysis regime. We addition-
ally employed other well-defined ruthenium complexes, and
sterically demanding ligands proved to be less effective
(entries 3–5). Reactions conducted in HFIP or DCE as the
solvent gave unsatisfactory results (entries 6 and 7). Control
experiments revealed the essential role of the silver salt for
solely forming a cationic ruthenium(II) carboxylate
(entries 8–10).

Thereafter, we probed the effect of changing the indole N-
substituent in substrates 1 (Scheme 1). Hence, a variety of
ketones, amides, esters, phosphine oxides, sulfones, and
pyridines were subjected to the established reaction condi-
tions for the C7�H activation of indoles. Interestingly, only
the N-pivaloylindole 1a underwent the C7�H amidation

process. In contrast, other groups fell short in delivering the
corresponding amidated products 3, thus illustrating the
importance of steric and electronic effects of the N-substitu-
ent for inducing the C7�H activation of indoles.

With the optimal reaction conditions in hand, we next
explored the versatility of the C7�H amidation with a set of
representative indoles 1 and azides 2 (Scheme 2). Differently
substituted indoles 1 bearing alkyl, alkoxy, and halogen
groups at the C3-, C4-, C5-, and C6-positions were site-
selectively transformed into the desired C7�H products. The
ruthenium(II)-catalyzed C7�H activation also tolerated var-
ious azides 2 bearing arenesulfonyl and alkanesulfonyl
groups.

The robustness of the ruthenium(II) biscarboxylate cata-
lyzed C7�H activation was further reflected by the C7�H
alkenylation of N-pivaloylindoles 1 with acrylates 4 through
a redox-active process (Scheme 3). Thus, the site-selective
alkenylated products 5 proved to be viable. In contrast,
attempted fluorinations and trifluoromethylations have led
thus far to less satisfactory results. However, a variety of
substituted indoles 1 and acrylates 4 were tolerated, thus
efficiently transforming into the desired indole-7-alkenyl
derivatives 5 with excellent site selectivity.

Figure 2. Ruthenium(II) biscarboxylate catalyzed C7�H activations of
indoles.

Table 1: Optimization studies for the C7�H activation of indoles.[a]

Entry Deviation from standard conditions Yield
[%]

1 none 78
2 [RuCl2(p-cymene)]2 instead of Ru(OAc)2(p-cymene) 0
3 Ru(OPiv)2(p-cymene) instead of Ru(OAc)2(p-cymene) 60
4 Ru(O2CMes)2(p-cymene) instead of Ru(OAc)2(p-cym-

ene)
52

5 Ru(O2CAd)2(p-cymene) instead of Ru(OAc)2(p-cym-
ene)

48

6 HFIP instead of TFE 63
7 DCE instead of TFE 25
8 8 mol% instead of 20 mol% of AgSbF6 56
9 NaSbF6 instead of AgSbF6 7
10 AgCl instead of AgSbF6 0

[a] Reaction conditions: 1a (0.25 mmol), 2a (0.75 mmol), catalyst
(10 mol%), AgSbF6 (20 mol%), TFE (1.0 mL), 40 8C, 24 h; yield of
isolated product is given.

Scheme 1. Examination of the N-substitution pattern.

Scheme 2. Scope of the C7�H amidation of indoles 1.
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The practical utility of the established carboxylate-assist-
ed ruthenium(II)-catalyzed C7�H activation was next sub-
stantiated by the traceless removal of the N-pivaloyl motif at
room temperature (Scheme 4). It is noteworthy that the
traceless removal of the N-pivaloyl directing group could also
proceed sequentially in a one-pot strategy.

Indeed, the ruthenium(II)-catalyzed C7�H amidation and
alkenylation could be easily conducted on a gram scale
without significant loss of the catalytic efficacy, thereby
highlighting the robustness of the ruthenium(II) biscarbox-
ylate catalysis (Scheme 5).

Flow technology provides an avenue for increasing the
capability of chemical transformations in terms of improved
heat and mass transfer.[22] Thus, the scalability of the C7�H
activation of indoles 1 was substantiated in a flow set-up,
whereby the desired amidated product 3 aa was obtained
without loss of efficiency or selectivity (Scheme 6).[23]

Given the unique features of the unprecedented carbox-
ylate-assisted ruthenium(II)-catalyzed C7�H activation, we
became intrigued to delineating its mode of action
(Scheme 7). To this end, intermolecular competition experi-
ments with differently substituted N-pivaloylindoles 1 were
conducted (Scheme 7a-I).[23] The competition experiment
showed that the electron-rich substrate possessed an inherent
higher reactivity, thus suggesting that a concerted metalation/
deprotonation (CMD) was less likely,[24] while providing
support for a base-assisted internal electrophile-type substi-
tution (BIES) manifold.[25] Additionally, a Hammett correla-
tion was found in electronically differentiated substrates with
a substituent in the meta-position to the reaction center,
thereby indicating that an electrophilic mechanism might
occur in the C�H bond scission step (Scheme 7a-II).[23]

Furthermore, we performed the C7�H activation in the
presence of isotopically labeled TFE (Scheme 7a-III).[23] H/D
scrambling in the C7- and C2-positions was observed in the
absence of substrate 2a, which indicates the reversible nature
of the C�H bond cleavage event. In sharp contrast, a H/D
exchange experiment in the presence of 2a provided evidence
of the facile and irreversible formation of a new C�N bond, in
agreement with the excellent site selectivity of the ruthenium-
catalyzed C7�H activation of indoles.

Scheme 3. Scope of the C7�H olefination of indoles 1.

Scheme 4. Traceless removal of the N-pivaloyl group in a one-pot
fashion.

Scheme 5. Gram-scale reaction for the C7�H activation of indoles.

Scheme 6. Scalable flow reaction for the C7�H amidation of indoles.
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Subsequently, a reaction performed with substrate 1a and
isotopically labeled compound [D]4-1a showed a primary

kinetic isotope effect (KIE) of kH/kD� 1.1, thus providing
support for a fast C7�H scission (Scheme 7a-IV).[23] In good

Scheme 7. Detailed experimental and analytical mechanistic investigations.
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agreement with this finding, detailed kinetic experiments
unraveled a zero-order dependence of the reaction rate on the
N-pivaloylindole 1a, but a first-order dependence was
observed for the concentration of the tosylazide 2 a and
Ru(OAc)2(p-cymene) (Scheme 7a-V).[23]

Furthermore, in operando NMR studies revealed the
consumption of substrate 1a and 2a with concomitant
formation of the desired product 3aa, accompanied by a small
induction period (Scheme 7 b-I).[23] The successive formation
and consumption of three ruthenium species were also
observed in the 1H NMR spectra during catalysis, one of
which potentially corresponds to the catalyst resting state.
Therefore, the catalytic experiment was also monitored by
high-resolution electrospray ionization-mass spectrometry as
an attempt to obtain further insight into the ruthenium
speciation during the catalysis (Scheme 7b-II).[23] Further-
more, X-ray diffraction analysis showed the ruthenium
species to be a dimeric ruthenium complex (Ru2-I), with an
exact mass of 728.0533, which is likely part of a deactivation
pathway rather than a catalytic intermediate (Scheme 7 b-
III).[23]

On the basis of our experimental mechanistic studies,
a plausible catalytic cycle for the carboxylate-assisted
ruthenium(II)-catalyzed C7�H indole activation was pro-
posed (Scheme 8). The mechanistic rationale commences
with the coordination of substrate 2a to active ruthenium
catalyst A to form ruthenium amide intermediate B,[26] which
has often been described as the subsequent step to C�H
activation. Presumably, C�H activation occurs through
a base-assisted internal electrophilic-type substitution (BIES)
mechanism, which preferentially leads to ruthenium(II)
species D rather than D’. The intermediate D is transformed
into ruthenium(II) amido intermediate E by amido inser-
tion.[11c,27] Finally, a proto-demetalation affords product 3aa
and regenerates the active catalyst A.

Conclusion

In summary, we have reported the first well-defined
carboxylate-assisted ruthenium-catalyzed C7�H activation of
indoles via the formation of challenging six-membered
ruthenacycles. Thus, the ruthenium(II) biscarboxylate catalyst
enabled C�N and C�C bond formation with excellent levels
of site selectivity under exceedingly mild conditions. The
robustness and selectivity of the ruthenium catalysis were
reflected by the traceless removal of the directing group and
gram-scale reactions. Detailed kinetic studies, including by
NMR spectroscopy and mass spectrometry, highlighted the
importance of ruthenium nitrenoid intermediates for the
unique selectivity for the C7 indole position.
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Maseras, C. Bruneau, P. H. Dixneuf, J. Am. Chem. Soc. 2008, 130,
1156 – 1157; i) L. Ackermann, R. Vicente, A. Althammer, Org.
Lett. 2008, 10, 2299 – 2302; j) L. Ackermann, Org. Lett. 2005, 7,
3123 – 3125; k) F. Kakiuchi, S. Kan, K. Igi, N. Chatani, S. Murai,
J. Am. Chem. Soc. 2003, 125, 1698 – 1699; l) S. Oi, S. Fukita, N.
Hirata, N. Watanuki, S. Miyano, Y. Inoue, Org. Lett. 2001, 3,
2579 – 2581.

[10] a) L. Ackermann, Acc. Chem. Res. 2014, 47, 281 – 295; b) L.
Ackermann, A. V. Lygin, N. Hofmann, Angew. Chem. Int. Ed.
2011, 50, 6379 – 6382; Angew. Chem. 2011, 123, 6503 – 6506;
c) R. K. Chinnagolla, M. Jeganmohan, Chem. Commun. 2012,
48, 2030 – 2032; d) R. K. Chinnagolla, S. Pimparkar, M. Jegan-
mohan, Org. Lett. 2012, 14, 3032 – 3035.

[11] a) C. Chen, M. H. Kim, S. H. Hong, Org. Chem. Front. 2015, 2,
241 – 247; b) V. S. Thirunavukkarasu, K. Raghuvanshi, L. Ac-
kermann, Org. Lett. 2013, 15, 3286 – 3289; c) J. Kim, J. Kim, S.
Chang, Chem. Eur. J. 2013, 19, 7328 – 7333; d) S. Murahashi, T.
Naota, E. Saito, J. Am. Chem. Soc. 1986, 108, 7846 – 7847.

[12] a) V. M�ller, R. Weck, V. Derdau, L. Ackermann, ChemCatCh-
em 2020, 12, 100 – 104; b) A. Bechtoldt, L. Ackermann, Chem-
CatChem 2019, 11, 435 – 438.

[13] a) G. Li, C. Jia, X. Cai, L. Zhong, L. Zou, X. Cui, Chem.
Commun. 2020, 56, 293 – 296; b) K. Korvorapun, N. Kaplaneris,
T. Rogge, S. Warratz, A. C. St�ckl, L. Ackermann, ACS Catal.
2018, 8, 886 – 892; c) B. Li, S.-L. Fang, D.-Y. Huang, B.-F. Shi,
Org. Lett. 2017, 19, 3950 – 3953; d) C. J. Teskey, A. Y. W. Lui,
M. F. Greaney, Angew. Chem. Int. Ed. 2015, 54, 11677 – 11680;
Angew. Chem. 2015, 127, 11843 – 11846; e) N. Hofmann, L.
Ackermann, J. Am. Chem. Soc. 2013, 135, 5877 – 5884; f) O.
Saidi, J. Marafie, A. E. W. Ledger, P. M. Liu, M. F. Mahon, G.
Kociok-Kçhn, M. K. Whittlesey, C. G. Frost, J. Am. Chem. Soc.
2011, 133, 19298 – 19301.

[14] T. Fukuda, R. Maeda, M. Iwao, Tetrahedron 1999, 55, 9151 –
9162.

[15] a) Q. Bu, T. Rogge, V. Kotek, L. Ackermann, Angew. Chem. Int.
Ed. 2018, 57, 765 – 768; Angew. Chem. 2018, 130, 773 – 776; b) P.
Gandeepan, J. Koeller, L. Ackermann, ACS Catal. 2017, 7, 1030 –
1034; c) R.-Y. Zhu, M. E. Farmer, Y.-Q. Chen, J.-Q. Yu, Angew.
Chem. Int. Ed. 2016, 55, 10578 – 10599; Angew. Chem. 2016, 128,
10734 – 10756; d) Y. Jaiswal, Y. Kumar, R. Thakur, J. Pal, R.
Subramanian, A. Kumar, J. Org. Chem. 2016, 81, 12499 – 12505;
e) P.-X. Shen, X.-C. Wang, P. Wang, R.-Y. Zhu, J.-Q. Yu, J. Am.
Chem. Soc. 2015, 137, 11574 – 11577; f) A. Deb, S. Bag, R.
Kancherla, D. Maiti, J. Am. Chem. Soc. 2014, 136, 13602 – 13605;
g) J. Park, M. Kim, S. Sharma, E. Park, A. Kim, S. H. Lee, J. H.
Kwak, Y. H. Jung, I. S. Kim, Chem. Commun. 2013, 49, 1654 –
1656; h) L. Ackermann, E. Diers, A. Manvar, Org. Lett. 2012, 14,
1154 – 1157; i) C. S. Yeung, X. Zhao, N. Borduas, V. M. Dong,
Chem. Sci. 2010, 1, 331 – 336.

[16] a) Y. Kim, Y. Park, S. Chang, ACS Cent. Sci. 2018, 4, 768 – 775;
b) Y. Kim, J. Park, S. Chang, Org. Lett. 2016, 18, 1892 – 1895.

[17] L. Xu, C. Zhang, Y. He, L. Tan, D. Ma, Angew. Chem. Int. Ed.
2016, 55, 321 – 325; Angew. Chem. 2016, 128, 329 – 333.

[18] a) A. J. Borah, Z. Shi, J. Am. Chem. Soc. 2018, 140, 6062 – 6066;
b) Y. Yang, X. Qiu, Y. Zhao, Y. Mu, Z. Shi, J. Am. Chem. Soc.
2016, 138, 495 – 498.

[19] Z. Song, A. P. Antonchick, Org. Biomol. Chem. 2016, 14, 4804 –
4808.

[20] a) J. Kalepu, L. T. Pilarski, Molecules 2019, 24, 830; b) S.
De Sarkar, W. Liu, S. I. Kozhushkov, L. Ackermann, Adv. Synth.
Catal. 2014, 356, 1461 – 1479; c) K. M. Engle, T.-S. Mei, M. Wasa,
J.-Q. Yu, Acc. Chem. Res. 2012, 45, 788 – 802.

[21] a) S. C. Fosu, C. M. Hambira, A. D. Chen, J. R. Fuchs, D. A.
Nagib, Chem 2019, 5, 417 – 428; b) K. Liao, Y.-F. Yang, Y. Li, J. N.
Sanders, K. N. Houk, D. G. Musaev, H. M. L. Davies, Nat. Chem.
2018, 10, 1048 – 1055; c) K. Hirano, M. Miura, Chem. Sci. 2018, 9,
22 – 32; d) T. Brandhofer, O. Garc�a MancheÇo, Eur. J. Org.
Chem. 2018, 6050 – 6067; e) W. Ma, P. Gandeepan, J. Li, L.
Ackermann, Org. Chem. Front. 2017, 4, 1435 – 1467; f) W. Song,
S. I. Kozhushkov, L. Ackermann, Angew. Chem. Int. Ed. 2013,
52, 6576 – 6578; Angew. Chem. 2013, 125, 6706 – 6708; g) S. R.
Neufeldt, M. S. Sanford, Acc. Chem. Res. 2012, 45, 936 – 946;
h) H. M. L. Davies, D. Morton, Chem. Soc. Rev. 2011, 40, 1857 –
1869; i) R. J. Phipps, N. P. Grimster, M. J. Gaunt, J. Am. Chem.
Soc. 2008, 130, 8172 – 8174.

[22] S. Santoro, F. Ferlin, L. Ackermann, L. Vaccaro, Chem. Soc. Rev.
2019, 48, 2767 – 2782.

[23] For detailed information, see the Supporting Information.
[24] a) L. Wang, B. P. Carrow, ACS Catal. 2019, 9, 6821 – 6836; b) D.

Lapointe, K. Fagnou, Chem. Lett. 2010, 39, 1118 – 1126; c) D.
Garc�a-Cuadrado, A. A. C. Braga, F. Maseras, A. M. Echavar-
ren, J. Am. Chem. Soc. 2006, 128, 1066 – 1067.

[25] a) K. Naksomboon, J. Poater, F. M. Bickelhaupt, M. �. Fern�n-
dez-Ib�Çez, J. Am. Chem. Soc. 2019, 141, 6719 – 6725; b) E. Tan,
O. Quinonero, M. Elena de Orbe, A. M. Echavarren, ACS Catal.

Angewandte
ChemieResearch Articles

12539Angew. Chem. Int. Ed. 2020, 59, 12534 – 12540 � 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

https://doi.org/10.1002/ange.201301451
https://doi.org/10.1039/c3cs60020c
https://doi.org/10.1039/c3cs60020c
https://doi.org/10.1002/chem.201201329
https://doi.org/10.1002/chem.201201329
https://doi.org/10.1039/b816707a
https://doi.org/10.1002/ange.200902996
https://doi.org/10.1021/cr100412j
https://doi.org/10.1021/acscatal.7b01645
https://doi.org/10.1021/acscatal.7b01645
https://doi.org/10.1039/C7CS00496F
https://doi.org/10.1039/C7CS00496F
https://doi.org/10.1007/3418_2015_134
https://doi.org/10.1007/3418_2015_134
https://doi.org/10.1039/C3CS60318K
https://doi.org/10.1007/3418_2014_85
https://doi.org/10.1007/3418_2014_85
https://doi.org/10.1021/cr300153j
https://doi.org/10.1007/128_2009_9
https://doi.org/10.1021/ol402037f
https://doi.org/10.1002/anie.201208446
https://doi.org/10.1002/anie.201208446
https://doi.org/10.1002/ange.201208446
https://doi.org/10.1039/c3sc50310k
https://doi.org/10.1002/anie.200902458
https://doi.org/10.1002/anie.200902458
https://doi.org/10.1002/ange.200902458
https://doi.org/10.1021/ol902115f
https://doi.org/10.1038/366529a0
https://doi.org/10.1021/ja00270a036
https://doi.org/10.1021/ja00270a036
https://doi.org/10.1021/acscatal.5b02218
https://doi.org/10.1021/acscatal.5b02218
https://doi.org/10.1002/anie.201507801
https://doi.org/10.1002/anie.201507801
https://doi.org/10.1002/ange.201507801
https://doi.org/10.1021/ol401779h
https://doi.org/10.1021/ol401779h
https://doi.org/10.1039/C2SC21524A
https://doi.org/10.1039/C2SC21524A
https://doi.org/10.1246/cl.2012.151
https://doi.org/10.1021/ol300579m
https://doi.org/10.1021/ol300579m
https://doi.org/10.1021/ol203251s
https://doi.org/10.1021/ol802262r
https://doi.org/10.1038/s41557-018-0062-3
https://doi.org/10.1039/C7SC00156H
https://doi.org/10.1039/C7SC00156H
https://doi.org/10.1021/acscatal.6b01360
https://doi.org/10.1002/chem.201405931
https://doi.org/10.1002/chem.201405931
https://doi.org/10.1039/C2SC21506C
https://doi.org/10.1021/ja201462n
https://doi.org/10.1021/ja201462n
https://doi.org/10.1021/ol102187e
https://doi.org/10.1021/ol102187e
https://doi.org/10.1021/ja710276x
https://doi.org/10.1021/ja710276x
https://doi.org/10.1021/ol800773x
https://doi.org/10.1021/ol800773x
https://doi.org/10.1021/ol051216e
https://doi.org/10.1021/ol051216e
https://doi.org/10.1021/ja029273f
https://doi.org/10.1021/ol016257z
https://doi.org/10.1021/ol016257z
https://doi.org/10.1021/ar3002798
https://doi.org/10.1002/anie.201101943
https://doi.org/10.1002/anie.201101943
https://doi.org/10.1002/ange.201101943
https://doi.org/10.1039/c2cc16916a
https://doi.org/10.1039/c2cc16916a
https://doi.org/10.1021/ol301091z
https://doi.org/10.1039/C4QO00319E
https://doi.org/10.1039/C4QO00319E
https://doi.org/10.1021/ol401321q
https://doi.org/10.1002/chem.201301025
https://doi.org/10.1021/ja00284a066
https://doi.org/10.1002/cctc.201902051
https://doi.org/10.1002/cctc.201902051
https://doi.org/10.1002/cctc.201801601
https://doi.org/10.1002/cctc.201801601
https://doi.org/10.1039/C9CC08624B
https://doi.org/10.1039/C9CC08624B
https://doi.org/10.1021/acscatal.7b03648
https://doi.org/10.1021/acscatal.7b03648
https://doi.org/10.1021/acs.orglett.7b01529
https://doi.org/10.1002/anie.201504390
https://doi.org/10.1002/ange.201504390
https://doi.org/10.1021/ja401466y
https://doi.org/10.1021/ja208286b
https://doi.org/10.1021/ja208286b
https://doi.org/10.1016/S0040-4020(99)00487-1
https://doi.org/10.1016/S0040-4020(99)00487-1
https://doi.org/10.1002/anie.201711108
https://doi.org/10.1002/anie.201711108
https://doi.org/10.1002/ange.201711108
https://doi.org/10.1021/acscatal.6b03236
https://doi.org/10.1021/acscatal.6b03236
https://doi.org/10.1002/anie.201600791
https://doi.org/10.1002/anie.201600791
https://doi.org/10.1002/ange.201600791
https://doi.org/10.1002/ange.201600791
https://doi.org/10.1021/acs.joc.6b02353
https://doi.org/10.1021/jacs.5b08914
https://doi.org/10.1021/jacs.5b08914
https://doi.org/10.1021/ja5082734
https://doi.org/10.1039/c3cc38764j
https://doi.org/10.1039/c3cc38764j
https://doi.org/10.1021/ol3000876
https://doi.org/10.1021/ol3000876
https://doi.org/10.1039/c0sc00231c
https://doi.org/10.1021/acscentsci.8b00264
https://doi.org/10.1021/acs.orglett.6b00662
https://doi.org/10.1002/anie.201508117
https://doi.org/10.1002/anie.201508117
https://doi.org/10.1002/ange.201508117
https://doi.org/10.1021/jacs.8b03560
https://doi.org/10.1021/jacs.5b11569
https://doi.org/10.1021/jacs.5b11569
https://doi.org/10.1039/C6OB00926C
https://doi.org/10.1039/C6OB00926C
https://doi.org/10.3390/molecules24050830
https://doi.org/10.1002/adsc.201400110
https://doi.org/10.1002/adsc.201400110
https://doi.org/10.1021/ar200185g
https://doi.org/10.1016/j.chempr.2018.11.007
https://doi.org/10.1038/s41557-018-0087-7
https://doi.org/10.1038/s41557-018-0087-7
https://doi.org/10.1039/C7SC04509C
https://doi.org/10.1039/C7SC04509C
https://doi.org/10.1002/ejoc.201800896
https://doi.org/10.1002/ejoc.201800896
https://doi.org/10.1039/C7QO00134G
https://doi.org/10.1002/anie.201302015
https://doi.org/10.1002/anie.201302015
https://doi.org/10.1002/ange.201302015
https://doi.org/10.1021/ar300014f
https://doi.org/10.1039/c0cs00217h
https://doi.org/10.1039/c0cs00217h
https://doi.org/10.1021/ja801767s
https://doi.org/10.1021/ja801767s
https://doi.org/10.1039/C8CS00211H
https://doi.org/10.1039/C8CS00211H
https://doi.org/10.1021/acscatal.9b01195
https://doi.org/10.1246/cl.2010.1118
https://doi.org/10.1021/ja056165v
https://doi.org/10.1021/jacs.9b01908
https://doi.org/10.1021/acscatal.7b04395
http://www.angewandte.org


2018, 8, 2166 – 2172; c) D. Zell, M. Bursch, V. M�ller, S. Grimme,
L. Ackermann, Angew. Chem. Int. Ed. 2017, 56, 10378 – 10382;
Angew. Chem. 2017, 129, 10514 – 10518; d) W. Ma, R. Mei, G.
Tenti, L. Ackermann, Chem. Eur. J. 2014, 20, 15248 – 15251.

[26] S. Y. Hong, Y. Park, Y. Hwang, Y. B. Kim, M.-H. Baik, S. Chang,
Science 2018, 359, 1016 – 1021.

[27] S. H. Park, J. Kwak, K. Shin, J. Ryu, Y. Park, S. Chang, J. Am.
Chem. Soc. 2014, 136, 2492 – 2502.

Manuscript received: April 28, 2020
Revised manuscript received: June 1, 2020
Accepted manuscript online: June 2, 2020
Version of record online: June 29, 2020

Angewandte
ChemieResearch Articles

12540 www.angewandte.org � 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 12534 – 12540

https://doi.org/10.1021/acscatal.7b04395
https://doi.org/10.1002/anie.201704196
https://doi.org/10.1002/ange.201704196
https://doi.org/10.1002/chem.201404604
https://doi.org/10.1126/science.aap7503
https://doi.org/10.1021/ja411072a
https://doi.org/10.1021/ja411072a
http://www.angewandte.org

