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Photoinduced Heterogeneous C@H Arylation by a Reusable
Hybrid Copper Catalyst
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Abstract: Heterogeneous copper catalysis enabled photo-
induced C@H arylations under exceedingly mild conditions

at room temperature. The versatile hybrid copper catalyst
provided step-economical access to arylated heteroarenes,

terpenes and alkaloid natural products with various aryl
halides. The hybrid copper catalyst could be reused with-

out significant loss of catalytic efficacy. Detailed studies in
terms of TEM, HRTEM and XPS analysis of the hybrid
copper catalyst, among others, supported its outstanding

stability and reusability.

The activation of otherwise inert C@H bonds has emerged as a
transformative tool for the step-economical diversification in

molecular sciences.[1] Although C@H activation has to date pre-
dominantly exploited precious, toxic 4d transition metals, sig-
nificant progress has been recently realized with the aid of

earth-abundant and cost effective 3d metal catalysts.[2] Particu-
larly, copper-catalyzed[3] C@H arylation has recently witnessed a

considerable impetus, with notable contributions by Daugu-
lis,[4] Miura[5] and Ackermann,[6] among others.[3] Despite these

major advances, copper-catalyzed C@H activation with aryl hal-
ides has been severely restricted by their harsh reaction condi-

tions with reaction temperatures ranging from 120 to 160 8C.
In recent years, photocatalysis[7] has been identified as an in-

creasingly powerful approach towards various sustainable or-

ganic syntheses,[8] such as C@N bond formations extensively
elaborated by Fu,[9] MacMillan,[10] and Kobayashi.[11] Thus, pho-

toredox C@H functionalizations proved viable, although pre-
dominantly relying on precious transition metals, such as rho-

dium, palladium, and ruthenium complexes.[12] In contrast, we
have very recently devised photoinduced C@H arylations and

chalcogenations by less toxic base metal catalysts (Fig-

ure 1 a).[13] In spite of notable progress, photoinduced organo-

metallic C@H activations were thus far limited to homogeneous
catalysis, often leading to undesired trace metal impurities in

the target products, and, more importantly, inherently prevent-
ing catalysts from reuse.[14] Although selected silica-supported

catalysts[15] with non-excited-state reactivity were elegantly de-
veloped by Jones/Davies[16] and Sawamura,[17] heterogeneous

catalysis for photoinduced C@H activation has thus far unfortu-
nately proven elusive.

Figure 1. Photoinduced hybrid copper catalyzed C@H arylation.

[a] I. Choi, V. Meller, Prof. Dr. L. Ackermann
Institut fer Organische und Biomolekulare Chemie
Georg-August-Universit-t
Tammanstrasse 2, 37077 Gçttingen (Germany)
E-mail : lutz.ackermann@chemie.uni-goettingen.de
Homepage: http ://www.ackermann.chemie.uni-goettingen.de

[b] G. Lole, Prof. Dr. C. Jooss
Institut fer Materialphysik, Georg-August-Universit-t
Friedrich-Hund-Platz 1, 37077 Gçttingen (Germany)

[c] R. Kçhler, Prof. Dr. W. Viçl
University of Applied Sciences and Arts
Laboratory of Laser and Plasma Technologies
Von-Ossietzky-Strasse 99, 37085 Gçttingen (Germany)

[d] Dr. V. Karius
Geowissenschaftliches Zentrum, Georg-August-Universit-t
Goldschmidtstrasse 3, 37077 Gçttingen (Germany)

[e] Prof. Dr. L. Ackermann
Woehler Research Institute for Sustainable Chemistry (WISCh)
Georg-August-Universit-t Gçttingen
Tammannstrasse 2, 37077 Gçttingen (Germany)

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under :
https ://doi.org/10.1002/chem.202000192.

T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons At-
tribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Chem. Eur. J. 2020, 26, 3509 – 3514 T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3509

CommunicationDOI: 10.1002/chem.202000192

http://orcid.org/0000-0002-9207-4845
http://orcid.org/0000-0002-9207-4845
http://orcid.org/0000-0001-7034-8772
http://orcid.org/0000-0001-7034-8772
https://doi.org/10.1002/chem.202000192


Within our program on sustainable C@H activation,[18] we
have now unraveled the first photoinduced heterogeneous

copper-catalyzed C@H arylation, on which we report herein
(Figure 1 b). Salient features of our strategy include a) photoin-

duced C@H arylation by hybrid copper catalyst under exceed-
ingly mild conditions, b) broadly applicable and reusable

hybrid copper catalyst for photoinduced C@H arylation, and
c) detailed mechanistic studies for photoinduced heterogene-

ous catalysis and spectroscopic analysis of the reusable hybrid

copper catalyst.
We initiated our studies by probing representative reaction

conditions for the envisioned C@H arylation of heteroarenes by
using tailor-made, silica-supported hybrid copper catalyst

(Table 1).[19] Thus, the desired C@H arylated product 3 aa was
obtained with the reusable hybrid copper catalyst under mild

photoinduced conditions (entry 1). The sole use of copper

iodide fell short in efficiently delivering the desired product
(entry 2). Control experiments verified the essential role of the

Hybrid-Cu catalyst (entries 3–5).

With the optimal reaction conditions in hand, we explored
the versatility of the hybrid copper catalysis for the photoin-
duced C@H arylation of thiazoles 1 or oxazoles 4 with diversely

substituted aryl iodides 2 (Scheme 1). Thus, the robust hybrid
copper catalyst smoothly enabled the photoinduced C@H ary-
lation with high functional group tolerance, featuring electron-
rich and electron-deficient aryl halides 2, including sensitive
aryl chlorides and bromides. The photoinduced C@H arylation
of azoles occurred with high levels of site selectivity, exclusive-
ly delivering C2 arylated products.

The versatile photoinduced heterogeneous C@H arylation
was not limited to the heterocycles 1 and 4 with relatively

acidic C@H bonds,[20] but N-methyl benzimidazoles 6 were also
found to be viable substrate (Scheme 2).[19] Indeed, the hetero-

geneous photocatalysis for C@H arylation of N-methyl benzimi-
dazoles 6 were likewise accomplished with a set of diversely

decorated aryl iodides 2. Valuable functionalities, featuring hal-

ides, ketones, and esters were fully accepted, whereas a steroid
derivative was smoothly converted without racemization by

the photoinduced heterogeneous copper-catalyzed C@H aryla-
tion.

Interestingly, the photoinduced heterogeneous C@H aryla-
tion manifold was not restricted to the functionalizations of

Table 1. Establishing photoinduced C@H arylation by the hybrid copper
catalyst.

Entry Deviation from standard conditions Yield [%][a]

1 standard conditions 93 (85)[b,c]

2 CuI instead of Hybrid-Cu 58
3 Hybrid-Support instead of Hybrid-Cu traces
4 without Hybrid-Cu traces
5 reaction in the dark traces

[a] Reaction conditions: 1 a (0.25 mmol), 2 a (1.25 mmol), Hybrid-Cu
(11 mol %), LiOtBu (0.75 mmol), Et2O (0.5 mL), 254 nm, RT, 24 h, isolated
yield. [b] Average yield of two runs. [c] The yield in parentheses is the
result with the reused Hybrid-Cu.

Scheme 1. Photoinduced heterogeneous C@H arylation.

Chem. Eur. J. 2020, 26, 3509 – 3514 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3510

Communication

http://www.chemeurj.org


aryl iodides 2, but more cost-effective aryl bromides 8 were
also identified as suitable substrates under slightly modified

conditions (Scheme 3).[19] Thereby, aryl bromides 8 bearing

electron-rich and electron-deficient functional groups were
fully tolerated by the heterogeneous photocatalysis. The ro-

bustness of the photoinduced C@H arylation by the hybrid
copper catalyst was reflected by mild and sustainable catalysis.

Thereafter, we performed mechanistic studies to rationalize

the mode of action of the hybrid catalyst.[19] To this end, an in-
termolecular competition experiment revealed that the elec-

tron-deficient aryl iodide 2 e underwent faster direct arylation,
being suggestive of the oxidative addition the aryl halide onto

the copper(I) intermediate to be rate-determining
(Scheme 4 a).[21] Furthermore, we probed a SET-type regime

(SET = single-electron transfer) by the representative radical

scavenger 2,2,6,6-tetramethylpiperidine N-oxide (TEMPO), re-
sulting in a significant inhibition of the photoinduced hybrid

copper catalysis for C@H arylation (Scheme 4 b). A stoichiomet-
ric reaction with well-defined copper(I) complex 8 further re-

flected the importance of the C@H arylation step in the photo-
induced C@H arylation (Scheme 4 c).

Finally, we tested the photoinduced C@H arylation by on–off

experiments, highlighting that the Hybrid-Cu-catalyzed C@H ar-
ylation is fully suppressed in the absence of light, and showing

that constant irradiation is required for effective product for-
mation (Scheme 5).[22] A quantum yield of 12 % was deter-

mined, thus rendering a radical chain reaction unlikely to be of

relevance.[19] Additionally, we monitored the conversion profile
of the photoinduced C@H arylation by Hybrid-Cu catalyst.[19]

Considering the efficacy of the versatile and robust photoin-

duced C@H arylation by the hybrid copper catalyst, we became
intrigued to probe its potential reusable nature.[19] We were

hence delighted to observe that the Hybrid-Cu featured reusa-

bility, providing facile access to the alkaloid natural product
texamine 5 hb (Scheme 6).[23] It is worth noting that less than

4 ppm of copper was detected by detailed inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis of the

reaction mixture, reflecting negligible leaching of the transition
metal.

Scheme 2. Photoinduced C@H arylation of imidazole derivatives 6 by using
the hybrid copper catalyst.

Scheme 3. Photoinduced heterogeneous C@H arylation with aryl bro-
mides 8.

Scheme 4. Key mechanistic studies. a) Competition experiment. b) Probing
an SET-type mechanism by TEMPO scavenger. c) Stoichiometric reaction
with copper complex 8.

Scheme 5. On–off light experiments for the photoinduced Hybrid-Cu-cata-
lyzed C@H arylation.
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The robust reusability was probed in a gram-scale reaction
(Scheme 7 a). The heterogeneous nature of the hybrid photo-

catalyst was reflected by a filtration test and three-phase reac-
tions with immobilized substrates, rendering homogeneous

catalysis highly unlikely to be operative (Scheme 7 b,c).

Given the unique features of the reusable hybrid copper cat-
alyst, we intended to determine its morphological and atomic

properties (Figure 2).[19] To this end, we performed detailed
transmission electron microscopy (TEM) and high-resolution

transmission electron microscopy (HRTEM) studies of SBA-15,
the Hybrid-Support, Hybrid-Cu and the reused Hybrid-Cu. TEM

images of the SBA-15 and the Hybrid-Support showed homo-

genously ordered mesoporous structures (Figure 2 a, I–VI).

HRTEM and TEM images of Hybrid-Cu and of the reused
Hybrid-Cu delineated highly ordered one-dimensional mesopo-

rous channels without morphological agglomeration (Fig-

ure 2 a, VII–XII),[24] indicating outstanding reusability and stabili-
ty of hybrid copper catalyst for photoinduced C@H arylation.

Subsequently, X-ray photoelectron spectroscopy (XPS) studies
indicated that both Hybrid-Cu and the reused Hybrid-Cu are

copper(I) species, based on Cu 2p3/2 and Cu LMM-Auger peaks
(Figure 2 b).[25]

On the basis of our detailed mechanistic studies and the

characterization of the hybrid copper catalyst, a plausible cata-
lytic cycle for the photoinduced heterogeneous C@H arylation

was proposed (Scheme 8). The mechanism rationale commen-
ces with hybrid copper(I) catalyst and benzothiazole, forming

copper complex A by the aid of a base. Irradiation of copper
complex A leads to a photoexcited state B, followed by a SET

Scheme 6. Reuse of the hybrid copper catalyst for photoinduced C@H aryla-
tion.

Scheme 7. Heterogeneity tests. a) Scale-up reuse test. b) Filtration test.
c) Three-phase test.

Figure 2. Physical and chemical analysis. a) TEM and HRTEM studies of SBA-
15 (I-III), Hybrid-Support (IV-VI), Hybrid-Cu (VII-IX) and reused Hybrid-Cu (X-
XII). All images are recorded with electron beam perpendicular to axis of pe-
riodic silica pores. b) XPS studies of Hybrid-Cu and reused Hybrid-Cu.
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process involving aryl iodides 2 generating intermediate C. Fi-

nally, subsequent reductive elimination affords arylated prod-
uct 3 and simultaneously regenerates hybrid copper(I) catalyst,

as confirmed by XPS analysis.
In summary, we have reported a photoinduced C@H aryla-

tion by heterogeneous copper catalysis under exceedingly
mild reaction conditions at room temperature.[26] The modular

hybrid copper catalyst featured remarkable catalytic power to-

wards site-selective C@H arylations with ample scope. The het-
erogeneous catalyst was reusable without significant loss of

catalytic efficacy. Mechanistic studies showed strong evidence
for photoinduced, excited-state copper catalysis enabled by a

reusable hybrid regime. Detailed microscopic and spectroscop-
ic analysis illustrated excellent physical and chemical stability

of the hybrid copper catalyst for photoinduced C@H arylation,

providing a good agreement with experimental studies.

Acknowledgements

The research leading to these results has received funding

from the NMBP-01–2016 Program of the European Union Hori-
zon 2020 Framework Program H2020/2014–2020/ under grant

agreement no [720996]. Generous support by the DFG (Gott-

fried-Wilhelm-Leibniz-Preis to LA and SPP1807), the Kwanjeong
Educational Foundation (fellowship to I.C.), DFG (INST 196/8-1

to R.K. and W.V.) and SFB 1073 project C02 (C.J.) is gratefully
acknowledged. We also thank Judit Dunklne-Nagy and Irina Ot-

tenbacher for support with the ICP analysis.

Conflict of interest

The authors declare no conflict of interest.

Keywords: C@H arylation · copper catalysis · heterogeneous
catalysis · hybrid catalysis · photocatalysis

[1] a) P. Gandeepan, L. Ackermann, Chem 2018, 4, 199 – 222; b) J. C. K. Chu,
T. Rovis, Angew. Chem. Int. Ed. 2018, 57, 62 – 101; Angew. Chem. 2018,
130, 64 – 105; c) J. He, M. Wasa, K. S. L. Chan, Q. Shao, J.-Q. Yu, Chem.
Rev. 2017, 117, 8754 – 8786; d) J. F. Hartwig, M. A. Larsen, ACS Cent. Sci.
2016, 2, 281 – 292; e) B. Ye, N. Cramer, Acc. Chem. Res. 2015, 48, 1308 –

1318; f) O. Daugulis, J. Roane, L. D. Tran, Acc. Chem. Res. 2015, 48,
1053 – 1064; g) L. Ackermann, J. Li, Nat. Chem. 2015, 7, 686; h) S. R. Neu-
feldt, M. S. Sanford, Acc. Chem. Res. 2012, 45, 936 – 946; i) T. Satoh, M.
Miura, Chem. Eur. J. 2010, 16, 11212 – 11222; j) R. Giri, B.-F. Shi, K. M.
Engle, N. Maugel, J.-Q. Yu, Chem. Soc. Rev. 2009, 38, 3242 – 3272; k) O.
Daugulis, H.-Q. Do, D. Shabashov, Acc. Chem. Res. 2009, 42, 1074 – 1086;
l) L. Ackermann, R. Vicente, A. R. Kapdi, Angew. Chem. Int. Ed. 2009, 48,
9792 – 9826; Angew. Chem. 2009, 121, 9976 – 10011.

[2] a) J. Loup, U. Dhawa, F. Pesciaioli, J. Wencel-Delord, L. Ackermann,
Angew. Chem. Int. Ed. 2019, 58, 12803 – 12818; Angew. Chem. 2019, 131,
12934 – 12949; b) P. Gandeepan, T. Meller, D. Zell, G. Cera, S. Warratz, L.
Ackermann, Chem. Rev. 2019, 119, 2192 – 2452; c) M. Moselage, J. Li, L.
Ackermann, ACS Catal. 2016, 6, 498 – 525; d) G. Cera, L. Ackermann, Top.
Curr. Chem. 2016, 374, 57; e) L. C. M. Castro, N. Chatani, Chem. Lett.
2015, 44, 410 – 421; f) K. Gao, N. Yoshikai, Acc. Chem. Res. 2014, 47,
1208 – 1219; g) J. Yamaguchi, K. Muto, K. Itami, Eur. J. Org. Chem. 2013,
19 – 30; h) Y. Nakao, Chem. Rec. 2011, 11, 242 – 251.

[3] a) X. Zhu, S. Chiba, Chem. Soc. Rev. 2016, 45, 4504 – 4523; b) K. Hirano,
M. Miura, Chem. Lett. 2015, 44, 868 – 873; c) X.-X. Guo, D.-W. Gu, Z. Wu,
W. Zhang, Chem. Rev. 2015, 115, 1622 – 1651; d) A. E. Wendlandt, A. M.
Suess, S. S. Stahl, Angew. Chem. Int. Ed. 2011, 50, 11062 – 11087; Angew.
Chem. 2011, 123, 11256 – 11283; e) X. Chen, X.-S. Hao, C. E. Goodhue, J.-
Q. Yu, J. Am. Chem. Soc. 2006, 128, 6790 – 6791.

[4] a) H.-Q. Do, R. M. K. Khan, O. Daugulis, J. Am. Chem. Soc. 2008, 130,
15185 – 15192; b) H.-Q. Do, O. Daugulis, J. Am. Chem. Soc. 2008, 130,
1128 – 1129; c) H.-Q. Do, O. Daugulis, J. Am. Chem. Soc. 2007, 129,
12404 – 12405.

[5] T. Yoshizumi, H. Tsurugi, T. Satoh, M. Miura, Tetrahedron Lett. 2008, 49,
1598 – 1600.

[6] L. Ackermann, H. K. Potukuchi, D. Landsberg, R. Vicente, Org. Lett. 2008,
10, 3081 – 3084.

[7] a) L. Marzo, S. K. Pagire, O. Reiser, B. Kçnig, Angew. Chem. Int. Ed. 2018,
57, 10034 – 10072; Angew. Chem. 2018, 130, 10188 – 10228; b) K. L.
Skubi, T. R. Blum, T. P. Yoon, Chem. Rev. 2016, 116, 10035 – 10074; c) O.
Reiser, Acc. Chem. Res. 2016, 49, 1990 – 1996; d) D. C. Miller, K. T. Taranti-
no, R. R. Knowles, Top. Curr. Chem. 2016, 374, 30; e) M. D. K-rk-s, J. A.
Porco, C. R. J. Stephenson, Chem. Rev. 2016, 116, 9683 – 9747; f) I. Ghosh,
L. Marzo, A. Das, R. Shaikh, B. Kçnig, Acc. Chem. Res. 2016, 49, 1566 –
1577; g) D. C. Fabry, M. Rueping, Acc. Chem. Res. 2016, 49, 1969 – 1979;
h) R. Brimioulle, D. Lenhart, M. M. Maturi, T. Bach, Angew. Chem. Int. Ed.
2015, 54, 3872 – 3890; Angew. Chem. 2015, 127, 3944 – 3963; i) S. Paria,
O. Reiser, ChemCatChem 2014, 6, 2477 – 2483; j) D. Ravelli, M. Fagnoni,
A. Albini, Chem. Soc. Rev. 2013, 42, 97 – 113; k) C. K. Prier, D. A. Rankic,
D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322 – 5363.

[8] a) J. He, C. Chen, G. C. Fu, J. C. Peters, ACS Catal. 2018, 8, 11741 – 11748;
b) G. J. Choi, Q. Zhu, D. C. Miller, C. J. Gu, R. R. Knowles, Nature 2016,
539, 268 – 271; c) T. R. Blum, Z. D. Miller, D. M. Bates, I. A. Guzei, T. P.
Yoon, Science 2016, 354, 1391 – 1395; d) T. S. Ratani, S. Bachman, G. C.
Fu, J. C. Peters, J. Am. Chem. Soc. 2015, 137, 13902 – 13907; e) D. B.
Bagal, G. Kachkovskyi, M. Knorn, T. Rawner, B. M. Bhanage, O. Reiser,
Angew. Chem. Int. Ed. 2015, 54, 6999 – 7002; Angew. Chem. 2015, 127,
7105 – 7108; f) J. Du, K. L. Skubi, D. M. Schultz, T. P. Yoon, Science 2014,
344, 392 – 396; g) D. P. Hari, B. Kçnig, Angew. Chem. Int. Ed. 2013, 52,
4734 – 4743; Angew. Chem. 2013, 125, 4832 – 4842; h) J. D. Nguyen, E. M.
D’Amato, J. M. R. Narayanam, C. R. J. Stephenson, Nat. Chem. 2012, 4,
854; i) D. P. Hari, P. Schroll, B. Kçnig, J. Am. Chem. Soc. 2012, 134, 2958 –
2961.

[9] a) W. Zhao, R. P. Wurz, J. C. Peters, G. C. Fu, J. Am. Chem. Soc. 2017, 139,
12153 – 12156; b) C. D. Matier, J. Schwaben, J. C. Peters, G. C. Fu, J. Am.
Chem. Soc. 2017, 139, 17707 – 17710; c) J. M. Ahn, T. S. Ratani, K. I. Han-
noun, G. C. Fu, J. C. Peters, J. Am. Chem. Soc. 2017, 139, 12716 – 12723;
d) Q. M. Kainz, C. D. Matier, A. Bartoszewicz, S. L. Zultanski, J. C. Peters,
G. C. Fu, Science 2016, 351, 681 – 684; e) S. E. Creutz, K. J. Lotito, G. C.
Fu, J. C. Peters, Science 2012, 338, 647 – 651.

[10] Y. Liang, X. Zhang, D. W. C. MacMillan, Nature 2018, 559, 83 – 88.
[11] W.-J. Yoo, T. Tsukamoto, S. Kobayashi, Org. Lett. 2015, 17, 3640 – 3642.
[12] a) P. Gandeepan, J. Koeller, K. Korvorapun, J. Mohr, L. Ackermann,

Angew. Chem. Int. Ed. 2019, 58, 9820 – 9825; Angew. Chem. 2019, 131,
9925 – 9930; b) D. C. Fabry, M. A. Ronge, J. Zoller, M. Rueping, Angew.
Chem. Int. Ed. 2015, 54, 2801 – 2805; Angew. Chem. 2015, 127, 2843 –
2847; c) J. Zoller, D. C. Fabry, M. A. Ronge, M. Rueping, Angew. Chem.

Scheme 8. Proposed catalytic cycle.

Chem. Eur. J. 2020, 26, 3509 – 3514 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3513

Communication

https://doi.org/10.1016/j.chempr.2017.11.002
https://doi.org/10.1016/j.chempr.2017.11.002
https://doi.org/10.1016/j.chempr.2017.11.002
https://doi.org/10.1002/anie.201703743
https://doi.org/10.1002/anie.201703743
https://doi.org/10.1002/anie.201703743
https://doi.org/10.1002/ange.201703743
https://doi.org/10.1002/ange.201703743
https://doi.org/10.1002/ange.201703743
https://doi.org/10.1002/ange.201703743
https://doi.org/10.1021/acs.chemrev.6b00622
https://doi.org/10.1021/acs.chemrev.6b00622
https://doi.org/10.1021/acs.chemrev.6b00622
https://doi.org/10.1021/acs.chemrev.6b00622
https://doi.org/10.1021/acscentsci.6b00032
https://doi.org/10.1021/acscentsci.6b00032
https://doi.org/10.1021/acscentsci.6b00032
https://doi.org/10.1021/acscentsci.6b00032
https://doi.org/10.1021/acs.accounts.5b00092
https://doi.org/10.1021/acs.accounts.5b00092
https://doi.org/10.1021/acs.accounts.5b00092
https://doi.org/10.1021/ar5004626
https://doi.org/10.1021/ar5004626
https://doi.org/10.1021/ar5004626
https://doi.org/10.1021/ar5004626
https://doi.org/10.1038/nchem.2334
https://doi.org/10.1021/ar300014f
https://doi.org/10.1021/ar300014f
https://doi.org/10.1021/ar300014f
https://doi.org/10.1002/chem.201001363
https://doi.org/10.1002/chem.201001363
https://doi.org/10.1002/chem.201001363
https://doi.org/10.1039/b816707a
https://doi.org/10.1039/b816707a
https://doi.org/10.1039/b816707a
https://doi.org/10.1021/ar9000058
https://doi.org/10.1021/ar9000058
https://doi.org/10.1021/ar9000058
https://doi.org/10.1002/ange.200902996
https://doi.org/10.1002/ange.200902996
https://doi.org/10.1002/ange.200902996
https://doi.org/10.1002/anie.201904214
https://doi.org/10.1002/anie.201904214
https://doi.org/10.1002/anie.201904214
https://doi.org/10.1002/ange.201904214
https://doi.org/10.1002/ange.201904214
https://doi.org/10.1002/ange.201904214
https://doi.org/10.1002/ange.201904214
https://doi.org/10.1021/acs.chemrev.8b00507
https://doi.org/10.1021/acs.chemrev.8b00507
https://doi.org/10.1021/acs.chemrev.8b00507
https://doi.org/10.1021/acscatal.5b02344
https://doi.org/10.1021/acscatal.5b02344
https://doi.org/10.1021/acscatal.5b02344
https://doi.org/10.1246/cl.150024
https://doi.org/10.1246/cl.150024
https://doi.org/10.1246/cl.150024
https://doi.org/10.1246/cl.150024
https://doi.org/10.1021/ar400270x
https://doi.org/10.1021/ar400270x
https://doi.org/10.1021/ar400270x
https://doi.org/10.1021/ar400270x
https://doi.org/10.1002/ejoc.201200914
https://doi.org/10.1002/ejoc.201200914
https://doi.org/10.1002/ejoc.201200914
https://doi.org/10.1002/ejoc.201200914
https://doi.org/10.1002/tcr.201100023
https://doi.org/10.1002/tcr.201100023
https://doi.org/10.1002/tcr.201100023
https://doi.org/10.1039/C5CS00882D
https://doi.org/10.1039/C5CS00882D
https://doi.org/10.1039/C5CS00882D
https://doi.org/10.1246/cl.150354
https://doi.org/10.1246/cl.150354
https://doi.org/10.1246/cl.150354
https://doi.org/10.1021/cr500410y
https://doi.org/10.1021/cr500410y
https://doi.org/10.1021/cr500410y
https://doi.org/10.1002/anie.201103945
https://doi.org/10.1002/anie.201103945
https://doi.org/10.1002/anie.201103945
https://doi.org/10.1002/ange.201103945
https://doi.org/10.1002/ange.201103945
https://doi.org/10.1002/ange.201103945
https://doi.org/10.1002/ange.201103945
https://doi.org/10.1021/ja061715q
https://doi.org/10.1021/ja061715q
https://doi.org/10.1021/ja061715q
https://doi.org/10.1021/ja805688p
https://doi.org/10.1021/ja805688p
https://doi.org/10.1021/ja805688p
https://doi.org/10.1021/ja805688p
https://doi.org/10.1021/ja077862l
https://doi.org/10.1021/ja077862l
https://doi.org/10.1021/ja077862l
https://doi.org/10.1021/ja077862l
https://doi.org/10.1021/ja075802+
https://doi.org/10.1021/ja075802+
https://doi.org/10.1021/ja075802+
https://doi.org/10.1021/ja075802+
https://doi.org/10.1016/j.tetlet.2008.01.042
https://doi.org/10.1016/j.tetlet.2008.01.042
https://doi.org/10.1016/j.tetlet.2008.01.042
https://doi.org/10.1016/j.tetlet.2008.01.042
https://doi.org/10.1021/ol801078r
https://doi.org/10.1021/ol801078r
https://doi.org/10.1021/ol801078r
https://doi.org/10.1021/ol801078r
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1002/ange.201709766
https://doi.org/10.1002/ange.201709766
https://doi.org/10.1002/ange.201709766
https://doi.org/10.1021/acs.chemrev.6b00018
https://doi.org/10.1021/acs.chemrev.6b00018
https://doi.org/10.1021/acs.chemrev.6b00018
https://doi.org/10.1021/acs.accounts.6b00296
https://doi.org/10.1021/acs.accounts.6b00296
https://doi.org/10.1021/acs.accounts.6b00296
https://doi.org/10.1021/acs.chemrev.5b00760
https://doi.org/10.1021/acs.chemrev.5b00760
https://doi.org/10.1021/acs.chemrev.5b00760
https://doi.org/10.1021/acs.accounts.6b00229
https://doi.org/10.1021/acs.accounts.6b00229
https://doi.org/10.1021/acs.accounts.6b00229
https://doi.org/10.1021/acs.accounts.6b00275
https://doi.org/10.1021/acs.accounts.6b00275
https://doi.org/10.1021/acs.accounts.6b00275
https://doi.org/10.1002/anie.201411409
https://doi.org/10.1002/anie.201411409
https://doi.org/10.1002/anie.201411409
https://doi.org/10.1002/anie.201411409
https://doi.org/10.1002/ange.201411409
https://doi.org/10.1002/ange.201411409
https://doi.org/10.1002/ange.201411409
https://doi.org/10.1002/cctc.201402237
https://doi.org/10.1002/cctc.201402237
https://doi.org/10.1002/cctc.201402237
https://doi.org/10.1039/C2CS35250H
https://doi.org/10.1039/C2CS35250H
https://doi.org/10.1039/C2CS35250H
https://doi.org/10.1021/cr300503r
https://doi.org/10.1021/cr300503r
https://doi.org/10.1021/cr300503r
https://doi.org/10.1021/acscatal.8b04094
https://doi.org/10.1021/acscatal.8b04094
https://doi.org/10.1021/acscatal.8b04094
https://doi.org/10.1038/nature19811
https://doi.org/10.1038/nature19811
https://doi.org/10.1038/nature19811
https://doi.org/10.1038/nature19811
https://doi.org/10.1126/science.aai8228
https://doi.org/10.1126/science.aai8228
https://doi.org/10.1126/science.aai8228
https://doi.org/10.1021/jacs.5b08452
https://doi.org/10.1021/jacs.5b08452
https://doi.org/10.1021/jacs.5b08452
https://doi.org/10.1002/anie.201501880
https://doi.org/10.1002/anie.201501880
https://doi.org/10.1002/anie.201501880
https://doi.org/10.1002/ange.201501880
https://doi.org/10.1002/ange.201501880
https://doi.org/10.1002/ange.201501880
https://doi.org/10.1002/ange.201501880
https://doi.org/10.1126/science.1251511
https://doi.org/10.1126/science.1251511
https://doi.org/10.1126/science.1251511
https://doi.org/10.1126/science.1251511
https://doi.org/10.1002/anie.201210276
https://doi.org/10.1002/anie.201210276
https://doi.org/10.1002/anie.201210276
https://doi.org/10.1002/anie.201210276
https://doi.org/10.1002/ange.201210276
https://doi.org/10.1002/ange.201210276
https://doi.org/10.1002/ange.201210276
https://doi.org/10.1038/nchem.1452
https://doi.org/10.1038/nchem.1452
https://doi.org/10.1021/ja212099r
https://doi.org/10.1021/ja212099r
https://doi.org/10.1021/ja212099r
https://doi.org/10.1021/jacs.7b07546
https://doi.org/10.1021/jacs.7b07546
https://doi.org/10.1021/jacs.7b07546
https://doi.org/10.1021/jacs.7b07546
https://doi.org/10.1021/jacs.7b09582
https://doi.org/10.1021/jacs.7b09582
https://doi.org/10.1021/jacs.7b09582
https://doi.org/10.1021/jacs.7b09582
https://doi.org/10.1021/jacs.7b07052
https://doi.org/10.1021/jacs.7b07052
https://doi.org/10.1021/jacs.7b07052
https://doi.org/10.1126/science.aad8313
https://doi.org/10.1126/science.aad8313
https://doi.org/10.1126/science.aad8313
https://doi.org/10.1126/science.1226458
https://doi.org/10.1126/science.1226458
https://doi.org/10.1126/science.1226458
https://doi.org/10.1038/s41586-018-0234-8
https://doi.org/10.1038/s41586-018-0234-8
https://doi.org/10.1038/s41586-018-0234-8
https://doi.org/10.1021/acs.orglett.5b01645
https://doi.org/10.1021/acs.orglett.5b01645
https://doi.org/10.1021/acs.orglett.5b01645
https://doi.org/10.1002/anie.201902258
https://doi.org/10.1002/anie.201902258
https://doi.org/10.1002/anie.201902258
https://doi.org/10.1002/ange.201902258
https://doi.org/10.1002/ange.201902258
https://doi.org/10.1002/ange.201902258
https://doi.org/10.1002/ange.201902258
https://doi.org/10.1002/anie.201408891
https://doi.org/10.1002/anie.201408891
https://doi.org/10.1002/anie.201408891
https://doi.org/10.1002/anie.201408891
https://doi.org/10.1002/ange.201408891
https://doi.org/10.1002/ange.201408891
https://doi.org/10.1002/ange.201408891
https://doi.org/10.1002/anie.201405478
http://www.chemeurj.org


Int. Ed. 2014, 53, 13264 – 13268; Angew. Chem. 2014, 126, 13480 –
13484; d) D. C. Fabry, J. Zoller, S. Raja, M. Rueping, Angew. Chem. Int. Ed.
2014, 53, 10228 – 10231; Angew. Chem. 2014, 126, 10392 – 10396; e) D.
Kalyani, K. B. McMurtrey, S. R. Neufeldt, M. S. Sanford, J. Am. Chem. Soc.
2011, 133, 18566 – 18569.

[13] a) P. Gandeepan, J. Mo, L. Ackermann, Chem. Commun. 2017, 53, 5906 –
5909; b) F. Yang, J. Koeller, L. Ackermann, Angew. Chem. Int. Ed. 2016,
55, 4759 – 4762; Angew. Chem. 2016, 128, 4837 – 4840.

[14] a) F. Ferlin, S. R. Yetra, S. Warratz, L. Vaccaro, L. Ackermann, Chem. Eur. J.
2019, 25, 11427 – 11431; b) S. Warratz, D. J. Burns, C. Zhu, K. Korvorapun,
T. Rogge, J. Scholz, C. Jooss, D. Gelman, L. Ackermann, Angew. Chem.
Int. Ed. 2017, 56, 1557 – 1560; Angew. Chem. 2017, 129, 1579 – 1582; c) F.
Ferlin, S. Santoro, L. Ackermann, L. Vaccaro, Green Chem. 2017, 19,
2510 – 2514; d) X. Tian, F. Yang, D. Rasina, M. Bauer, S. Warratz, F. Ferlin,
L. Vaccaro, L. Ackermann, Chem. Commun. 2016, 52, 9777 – 9780; e) S.
Santoro, S. I. Kozhushkov, L. Ackermann, L. Vaccaro, Green Chem. 2016,
18, 3471 – 3493; f) D. Rasina, A. Kahler-Quesada, S. Ziarelli, S. Warratz, H.
Cao, S. Santoro, L. Ackermann, L. Vaccaro, Green Chem. 2016, 18, 5025 –
5030.

[15] a) R. Ye, J. Zhao, B. B. Wickemeyer, F. D. Toste, G. A. Somorjai, Nat. Catal.
2018, 1, 318 – 325; b) C. Xie, W. Sun, H. Lu, A. Kretzschmann, J. Liu, M.
Wagner, H.-J. Butt, X. Deng, S. Wu, Nat. Commun. 2018, 9, 3842; c) D.
Rackl, C.-J. Yoo, C. W. Jones, H. M. L. Davies, Org. Lett. 2017, 19, 3055 –
3058; d) M. Opanasenko, P. Štěpnička, J. Čejka, RSC Adv. 2014, 4,
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