GDCh
~~—

Trifluoromethylation

Communications

International Edition: DOI: 10.1002/anie.201906672
German Edition: DOI: 10.1002/ange.201906672

Aryl Sulfonium Salts for Site-Selective Late-Stage

Trifluoromethylation

Fei Ye, Florian Berger, Hao Jia, Joseph Ford, Alan Wortman, Jonas Borgel, Christophe Genicot,

and Tobias Ritter*

Abstract: Incorporation of the CF; group into arenes has
found increasing importance in drug discovery. Herein, we
report the first photoredox-catalyzed cross-coupling of aryl
thianthrenium salts with a copper-based trifluoromethyl
reagent, which enables a site-selective late-stage trifluorome-
thylation of arenes. The reaction proceeds with broad func-
tional group tolerance, even for complex small molecules on
gram scale. The method was further extended to produce
pentafluoroethylated derivatives.

The first mention of CF;-containing molecules to impact
pharmacology dates back as far as 1928.! Today, trifluoro-
methyl groups are often used advantageously in drug discov-
ery” because they can substantially alter the lipophilicity of
small molecules and increase their ability to penetrate the
blood-brain barrier,’! which can result in better in vivo
uptake and more desirable transport.’l The trifluoromethyl
substituent is unknown in nature, and conventionally pre-
pared by halogen exchange,”' the Halex reaction, with harsh
reaction conditions. Cross-coupling approaches from aryl
bromides or aryl boronic acid derivatives are much more
functional-group-tolerant but also require pre-functionalized
arenes, and late-stage halogenation and borylation, if suc-
cessful, often provide constitutional isomers that must be
separated.! Direct C-H trifluoromethylation does not
require pre-functionalization but cannot generally afford the
products regioselectively.” Herein, we report the first cross-
coupling of aryl thianthrenium salts to introduce trifluoro-
methyl groups. The two-step reaction sequence, thianthrena-
tion followed by cross-coupling, enables a site-selective
trifluoromethylation of arenes, even for complex small
molecules, which currently cannot be accomplished by other
methods. The reaction proceeds well with broad functional
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group tolerance, can be performed on gram scale, and was
extended to pentafluoroethylation.

Industrial syntheses of simple benzotrifluoride building
blocks are typically executed by radical chlorination of
toluene derivatives followed by fluorine—chlorine exchange
(Swarts reaction).’! The method has low functional group
tolerance and is therefore not appropriate for late-stage
functionalization. Several useful and practical functional
group interconversion reactions have been developed suc-
cessfully, such as the trifluoromethylation of aryl halides,®
boronic acids,”) and aniline derivatives,"”) but such starting
materials are often not accessible at a late stage in a selective
fashion unless the functional groups are already present in the
molecule. Additionally, trifluoromethylation of aryl iodonium
salts is well established, but introduction of hypervalent
iodine at a late stage is not.'!! Direct trifluoromethylation of
aromatic C—H bonds avoids the necessity for pre-functional-
ization, and appropriate directing groups, if present, can
effectively control the regioselectivity."”! For example, ortho-
selective aryl trifluoromethylations were reported by Yu and
Brise with pyridine, amide, or triazene directing groups.
C—H bond trifluoromethylation of arenes by CF; radical
addition does not require the presence of directing groups and
typically affords mixtures of constitutional isomers. For
example, MacMillan and Nagib employed CF;SO,Cl as
a CF; radical precursor for photoredox catalysis."¥! The
Langlois reagent (CF;SO,Na) combined with an oxidant was
utilized by Baran and co-workers as a CF; radical precursor to
accomplish C—H trifluoromethylations of heterocycles.['™?!
Subsequently, zinc sulfinates (Zn(SO,CF;),) were developed
as practical trifluoromethylating reagents with improved
reactivity.*>¢!

Furthermore, other reagents such as Tf,0, CF;l-
(OCOCEF;),, Togni’s reagent, CF;-containing sulfones, and
CF;X (X =1, Br) can be used for aromatic trifluoromethyla-
tion."! Our group developed an easily handled liquid source
of CF;l based on halogen bonding for direct aromatic
trifluoromethylation."”” With so many new modern methods,
trifluoromethylation chemistry has become more reliable
than ever, but one important challenge remains: No process is
available to generally introduce trifluoromethyl substituents
selectively at a late stage in the absence of specific substitu-
ents or directing groups. To fill this gap, we present here the
first cross-coupling of a trifluoromethyl nucleophile with aryl
thianthrenium salts, which can be accessed site-selectively,
even for complex small molecules (Scheme 1). For example,
the trifluoromethyl derivative of flurbiprofen methyl ester (2)
was obtained in 81 % yield on gram scale over two steps from
flurbiprofen methyl ester. In this case, the reactive position,
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Scheme 1. Site-selective C—H thianthrenation followed by trifluoro-
methylation.

which is susceptible to metabolic oxidation, can be selectively
blocked by a CF; group with our new method.!"®!

Despite the success of aryl-CF; bond formation through
Pd catalysis,”! aryl thianthrenium salts were not competent
coupling partners to efficiently obtain CF;-containing arenes
when using literature-reported conditions. Yet, we rational-
ized that photoredox catalysis, in conjunction with copper
complexes, was a promising approach for the desired chemis-
try, as facile reductive elimination from Cu™ complexes that
could be accessed from aryl thianthrenium salts could enable
the otherwise challenging C—CF; bond formation
(Figure 1).2%" Although oxidative addition to Cu' is slow,

<
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[Pcnm oxidative
[ P Cn] ligation
= .
Ar-TT s > Ar SET cul Ar-Cu''-CF,
fragmentation TMSCF3
” CsF reductive
_I@ reductive elimination
Ar-CF
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Figure 1. Reaction design.

oxidative ligation of aryl radicals to a Cu" species could
produce Cu™ complexes,®*! while the Cu' species is
available from oxidation of [Cu'CF;] reagents. Trifluoro-
methyl copper species have been widely used as trifluorome-
thylation reagents since they were first discovered by
Mcloughlin and Thrower in 1969.”'! Moreover, aryl sulfonium
salts can likely generate aryl radicals through single electron
transfer pathways and C—S bond fragmentation.””’ We thus
anticipated a photoredox process as shown in Figure 1.
Reductive quenching of the excited photoredox catalyst by
the [CuCF;] reagent followed by single electron transfer to
the aryl thianthrenium salt would generate an Ar—TT radical.
After C—S bond fragmentation, the ensuing Ar radical could
ligate to Cu" to form an aryl-Cu™—CF, intermediate, from
which reductive elimination could occur to furnish the
trifluoromethylated arene.”
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C—H functionalization proceeds regioselectively: In no
example of those shown in Table 1 were we able to isolate any
other constitutional isomer for any of the compounds shown.
Optimization of the trifluoromethylation (see the Supporting
Information, Table S1) revealed that it proceeds equally well
with thianthrenium and tetrafluorothianthrenium salts (see
the Supporting Information, Figure S1). Ru(bipy);(PFs), was
identified as the best photoredox catalyst of those evaluated.
The CuCF; reagent has to be prepared by mixing CuSCN,
CsF, and TMSCEF; at 23°C in DMF prior to addition of the
Ru" catalyst and the aryl thianthrenium salt for best results.
Otherwise, the yield of trifluoromethylated product is sub-
stantially lower because of the formation of undesired side
products such as hydrodefunctionalized arene. A higher
reaction temperature gave rise to the formation of penta-
fluoroethylated side products, presumably due to the forma-
tion of the [CuC,Fs] reagent from [CuCF;].?¥ Trifluorome-
thylation of aryl thianthrenium salts is successful on arenes
bearing electron-withdrawing (8), -neutral (3, 4, 9, 10, 14, 20),
and -donating (5, 13, 25, 28) groups, as well as substrates
bearing heterocycles (7, 15, 17, 21, 26, 27, 29, 30) as displayed
in Table 1. The reaction is tolerant towards electrophilic
functional groups, such as aldehydes (8), ketones (7, 30), and
esters (6, 12, 16, 27, 32), and also tolerates protic groups such
as alcohols (14). All halides (6, 7, 8, 25) and evaluated
pseudohalides (10, 15) are tolerated in both thianthrenation
and subsequent trifluoromethylation, which enables late-
stage introduction of trifluoromethyl groups even in the
presence of aryl iodides as illustrated for amiodarone (7).
Tertiary amines (7), amides (13, 17, 29, 32), and sulfonamides
(5) are compatible as well. Copper-mediated cross-coupling
reactions can be sensitive to bulky substituents.” Yet, for the
trifluoromethylation reported here, ortho substituents are
generally tolerated (6, 9, 12, 15, 16, 22, 27, 32). Even for
mesitylene, the trifluoromethylated product was obtained in
38% yield (19).”° Phenols and free carboxylic acid deriva-
tives only deliver the CF; derivatives in less than 5% yield;
nitro groups are not tolerated in the transformation, most
likely because of reduction by the Ru' intermediate. As late-
stage aromatic trifluoromethylation is desirable in drug
discovery, site-selective trifluoromethylation of a number of
pharmaceuticals was evaluated successfully, also on gram
scale. The protocol could be extended to the pentafluoro-
ethylation of arenes, as shown for 11, 23, and 24, by using
TMSC,F; as the pentafluoroethyl source. Furthermore, we
obtained a promising result towards the extension of this
chemistry to difluoromethylarenes: Difluoromethylbiphenyl
18 was obtained in 41 % yield. As [CuCF,H] is less stable than
[CuCF;],*" the difluoromethylation reaction is less powerful
than the trifluoromethylation reaction described above.

Preliminary experiments with respect to the mechanism of
the photoredox trifluoromethylation are consistent with our
design (Figure 1). A Stern—Volmer analysis revealed that the
photoexcited Ru" catalyst is quenched faster by the [CuCF;]
reagent than the aryl thianthrenium salt and tetrafluorothian-
threne (Figure 2). In the presence of 0.5 equiv of TEMPO, the
yield of 4-CF;-chlorobenzene (33) was only 6% lower than
that without the addition of TEMPO, and TEMPO-CF; (34)
was detected in less than 5% (Figure 3a). Together with the
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Table 1: Substrate scope of the site-selective trifluoromethylation of arenes.*"

TFAA, HBF,-Et,0 [CUCF3] in DMF
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16, CF3-gemfibrozil methyl ester
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21, CF3-pyriproxyfen
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[a] Reaction conditions for the first step: Arene (1.0 equiv), trifluoroacetic anhydride (3.0 equiv), HBF,-Et,

O or triflic acid or BF;-Et,0 or TMSOTf

(1.2 equiv), (tetrafluoro)thianthrene S-oxide (1.0 equiv) in MeCN (0.4 M to 1.0m), 0°C to 23°C, 3 h to 12 h. Reaction conditions for the second step:

CuSCN (1.5 equiv), CsF (2.0 equiv), TMSCF; (1.5 equiv) in DMF (¢=0.3 m) at 23 °C for 30 min, followed by

addition of aryl (tetrafluoro)thianthrenium

salts (0.2-0.3 mmol), Ru(bipy);(PFe), (2 mol %) in MeCN (c=0.2m), blue LED (34 W), 30°C, 3 h. [b] Yield of isolated product; yield in parentheses for

the first step. [c] TMSCF,H (1.5 equiv) instead of TMSCF;. [d] TMSC,F;s (1.5 equiv) instead of TMSCF;.
observation of 40% remaining [CuCF;] reagent after the
reaction, these results indicate that a CF; radical may not be
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involved in the trifluoromethylation pathway.**1*l We also
observed biaryl formation (36) under the standard conditions
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Figure 2. Stern-Volmer analysis.
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Figure 3. Control experiments. [a] TEMPO trapping experiments for
possible Radical intermediates. Yields determined by °F NMR analysis.
[b] Biaryl formation from aryl thianthrenium salt.

(Figure 3b), which could be derived from reductive elimina-
tion from Ar—Cu™-Ar after oxidative ligation of two aryl
radicals to Cu".

In conclusion, we have reported a site-selective late-stage
introduction of trifluoromethyl groups into arenes. The two-
step procedure entails exquisitely selective thianthrenation
followed by chemoselective photoredox-mediated trifluoro-
methylation of the aryl thianthrenium salts. Mechanistically,
the reaction can take advantage of the interplay between
facile bond formation mediated by copper complexes and
facile photoredox catalysis of aryl thianthrenium salts.
Preliminary results indicate that the approach may be more
general for the introduction of other fluoroalkyl groups such
as difluoromethyl or pentafluoroethyl groups.

Acknowledgements

We thank Dr. Matthew Plutschack for help with the Stern—
Volmer analysis, Samira Speicher for providing tetrafluoro-
thianthene S-oxide, and Ruocheng Sang for providing com-
pounds S4, 89, S13, S23, and S26. We thank Junting Chen and
Ruocheng Sang for help with NMR and HRMS analysis of
compounds S1, S6, S14, and S26. H.J. thanks the China
Scholarship Council for funding. We are grateful for the help

Communications

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

intemationaldition’y) Chemie

of the analytical departments of the MPI fiir Kohlenfor-
schung, and we thank the MPI fiir Kohlenforschung and UCB
Biopharma for funding.

Conflict of interest

A patent application (country of application: Germany,
application number: EP18204755.5) dealing with the use of
thianthrene and its derivatives for C—H functionalization, and
tetrafluorothianthren-S-oxide, has been filed. T.R. and E.B.
may benefit from thianthrene S-oxide sales.

Keywords: late-stage C—H functionalization -
photoredox catalysis - site selectivity - sulfonium salts -
trifluoromethylation

How to cite: Angew. Chem. Int. Ed. 2019, 58, 14615-14619
Angew. Chem. 2019, 131, 14757-14761

[1] F. Lehmann, Arch. Exptl. Path. Pharmakol. 1928, 130, 250 -255.
[2] a) H. L. Yale, J. Med. Pharm. Chem. 1959, 1, 121-133;b) A. I.
Elliott, Chemistry of organic fluorine compounds II: A critical
review (Eds.: M. Hudlicky, A. E. Pavlath), American Chemical
Society, Washington, 1995, pp. 1119-1125.
a) K. Miiller, C. Faeh, F. Diederich, Science 2007, 317, 1881 -
1886; b) S. Purser, P. R. Moore, S. Swallow, V. Gouverneur,
Chem. Soc. Rev. 2008, 37, 320-330.
a) Organofluorine compounds in medicinal chemistry and bio-
medical applications (Eds.: R. Filler, Y. Kobayashi, L. M.
Yagupolskii), Elsevier, Amsterdam, 1993; b) Biomedicinal
aspects of fluorine chemistry (Eds.: R. Filler, Y. Kobayashi),
Kodansha Ltd., Tokyo, 1982; c) “Biomedical frontiers of fluo-
rine chemistry”: ACS Symposium Series, Vol. 639 (Eds.: I. Ojima,
J.R. McCarthy, J.T. Welch), American Chemical Society,
Washington, 1996; d) J. T. Welch, S. Eswarakrishnan, Fluorine
in bioorganic chemistry, Wiley, New York, 1991; e) Organo-
fluorine chemistry: principles and commercial applications (Eds.:
R. E. Banks, B. E. Smart, J. C. Tatlow), Plenum Press, New York,
1994.
[5] F. Swarts, Bull. Akad. R. Med. Belg. 1898, 35, 375-420.
[6] F. Berger, M. B. Plutschack, J. Riegger, W. Yu, S. Speicher, M.
Ho, N. C. Frank, T. Ritter, Nature 2019, 567, 223 -228.
[7] For selected reviews, see: a) O. A. Tomashenko, V. V. Grushin,
Chem. Rev. 2011, 111, 4475-4521; b) T. Furuya, A. S. Kamlet, T.
Ritter, Nature 2011, 473, 470—477; c) A. Studer, Angew. Chem.
Int. Ed. 2012, 51, 8950-8958; Angew. Chem. 2012, 124, 9082 -
9090; d) T. Liang, C. N. Neumann, T. Ritter, Angew. Chem. Int.
Ed. 2013, 52, 8214-8264; Angew. Chem. 2013, 125, 83728423,
e) J. Charpentier, N. Frith, A. Togni, Chem. Rev. 2015, 115, 650 -
682; f) X. Liu, C. Xu, M. Wang, Q. Liu, Chem. Rev. 2015, 115,
683-730; g) C. Alonso, E. M. de Marigorta, G. Rubiales, F.
Palacios, Chem. Rev. 2015, 115, 1847-1935.
For selected trifluoromethylation reactions of aryl halides, see:
a) Q.Y. Chen, S.-W. Wu, J. Chem. Soc. Chem. Commun. 1989,
705-706; b) V. V. Grushin, A.J. Marshall, J. Am. Chem. Soc.
2006, 128, 12644-12645; c)B.R. Langlois, N. Roques, J.
Fluorine Chem. 2007, 128, 1318-1325; d) G. G. Dubinina, H.
Furutachi, D. A. Vicic, J. Am. Chem. Soc. 2008, 130, 8600—8601;
e) M. Oishi, H. Kondo, H. Amii, Chem. Commun. 2009, 1909 —
1911; f) E.J. Cho, T. D. Senecal, T. Kinzel, Y. Zhang, D. A.
Watson, S. L. Buchwald, Science 2010, 328, 1679-1681; g) N. D.
Ball, J. W. Kampf, M. S. Sanford, J. Am. Chem. Soc. 2010, 132,
2878-2879; h) K. A. Mcreynolds, R. S. Lewis, L. K. G. Acker-
mann, G. G. Dubinina, W. W. Brennessel, D. A. Vicic, J. Fluorine

3

[

(4

—_—

(8

—_

Angew. Chem. Int. Ed. 2019, 58, 14615-14619


https://doi.org/10.1007/BF01868192
https://doi.org/10.1021/jm50003a001
https://doi.org/10.1039/B610213C
https://doi.org/10.1038/s41586-019-0982-0
https://doi.org/10.1021/cr1004293
https://doi.org/10.1038/nature10108
https://doi.org/10.1002/anie.201202624
https://doi.org/10.1002/anie.201202624
https://doi.org/10.1002/ange.201202624
https://doi.org/10.1002/ange.201202624
https://doi.org/10.1002/anie.201206566
https://doi.org/10.1002/anie.201206566
https://doi.org/10.1002/ange.201206566
https://doi.org/10.1021/cr500223h
https://doi.org/10.1021/cr500223h
https://doi.org/10.1021/cr400473a
https://doi.org/10.1021/cr400473a
https://doi.org/10.1021/cr500368h
https://doi.org/10.1039/c39890000705
https://doi.org/10.1039/c39890000705
https://doi.org/10.1021/ja064935c
https://doi.org/10.1021/ja064935c
https://doi.org/10.1016/j.jfluchem.2007.08.001
https://doi.org/10.1016/j.jfluchem.2007.08.001
https://doi.org/10.1021/ja802946s
https://doi.org/10.1039/b823249k
https://doi.org/10.1039/b823249k
https://doi.org/10.1126/science.1190524
https://doi.org/10.1021/ja100955x
https://doi.org/10.1021/ja100955x
https://doi.org/10.1016/j.jfluchem.2010.04.005
http://www.angewandte.org

GDCh
~~—

[9

—

(10]

(1]

(12]

(13]

(14]
(15]

(16]

Angew. Chem. Int. Ed. 2019, 58, 14615-14619

Chem. 2010, 131, 1108-1112; i) C.-P. Zhang, Z.-L. Wang, Q.-Y.
Chen, C.-T. Zhang, Y.-C. Gu, J.-C. Xiao, Angew. Chem. Int. Ed.
2011, 50, 1896 —-1900; Angew. Chem. 2011, 123, 1936-1940;j) T.
Knauber, F. Arikan, G.-V. Roschenthaler, L. J. Goossen, Chem.
Eur. J. 2011, 17, 2689-2697; k) N. D. Ball, B. J. B. Gary, Y. Ye,
M. S. Sanford, J. Am. Chem. Soc. 2011, 133, 7577-7584; 1) H.
Morimoto, T. Tsubogo, N.D. Livinas, J. F. Hartwig, Angew.
Chem. Int. Ed. 2011, 50, 3793 -3798; Angew. Chem. 2011, 123,
3877-3882; m) A. Lishchynskyi, M. A. Novikov, E. Martin,
E. C. Escudero-Adan, P. Novak, V. V. Grushin, J. Org. Chem.
2013, 78, 11126-11146; n) M. Chen, S.L. Buchwald, Angew.
Chem. Int. Ed. 2013, 52, 11628 -11631; Angew. Chem. 2013, 125,
11842-11845; o) J. Zheng, J.-H. Lin, X.-Y. Deng, J.-C. Xiao,
Org. Lett. 2015, 17, 532-535; p) C. Le, T. Q. Chen, T. Liang, P.
Zhang, D. W. C. Macmillan, Science 2018, 360, 1010-1014.

For selected trifluoromethylation reactions of boronic acids, see:
a) L. Chu, F. L. Qing, Org. Lett. 2010, 12, 5060-5063; b) T. D.
Senecal, A. T. Parsons, S. L. Buchwald, J. Org. Chem. 2011, 76,
1174-1176; ¢) J. Xu, D.-F. Luo, B. Xiao, Z.-J. Liu, T.-J. Gong, Y.
Fu, L. Liu, Chem. Commun. 2011, 47, 4300-4302; d) T. Liu, Q.
Shen, Org. Lett. 2011, 13,2342 -2345; ¢) Y. Ye, M. S. Sanford, J.
Am. Chem. Soc. 2012, 134, 9034-9037; f) Y. Ye, S. A. Kiinzi,
M. S. Sanford, Org. Lett. 2012, 14,4979 -4981; g) Y. Li, L. Wu, H.
Neumann, M. Beller, Chem. Commun. 2013, 49,2628; h) X. Li, J.
Zhao, L. Zhang, M. Hou, L. Wang, J. Hu, Org. Lett. 2015, 17,
298-301.

For selected trifluoromethylation reactions of aniline deriva-
tives, see: a) J. J. Dai, C. Fang, B. Xiao, J. Yi, J. Xu, Z.-J. Liu, X.
Lu, L. Liu, Y. Fu,J. Am. Chem. Soc. 2013, 135, 8436-8439;b) X.
Wang, Y. Xu, F. Mo, G. Ji, D. Qiu, J. Feng, Y. Ye, S. Zhang, Y.
Zhang, J. Wang, J. Am. Chem. Soc. 2013, 135, 10330-10333;
¢) G. Danoun, B. Bayarmagnai, M. F. Griinberg, L. J. Goossen,
Angew. Chem. Int. Ed. 2013, 52, 7972-7975; Angew. Chem.
2013, 125, 8130-8133; d) A. Lishchynskyi, G. Berthon, V. V.
Grushin, Chem. Commun. 2014, 50, 10237 -10240; ¢) K. Zhang,
X.-H. Xu, E-L. Qing, J. Org. Chem. 2015, 80, 7658 —7665.

For selected trifluoromethylation reactions of iodonium com-
pounds, see: a) J.-Y. Yang, X.-H. Xu, F-L. Qing, J. Fluorine
Chem. 2015, 180, 175-180; b) V. K. Pankey, P. Anbarasan, RSC
Adv. 2016, 6, 18525-18529.

a) X.Mu, S. Chen, X. Zhen, G. Liu, Chem. Eur. J. 2011, 17,6039 —
6042; b) L. Chu, F. Qing, J. Am. Chem. Soc. 2012, 134, 1298 —
1304.

a) X. Wang, L. Truesdale, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132,
3648-3649; b) A. Hafner, S. Brise, Angew. Chem. Int. Ed. 2012,
51, 3713-3715; Angew. Chem. 2012, 124, 3773-3775; ¢) X.-G.
Zhang, H.-X. Dai, M. Wasa, J.-Q. Yu, J. Am. Chem. Soc. 2012,
134, 11948-11951; d) M. Shang, S.-Z. Sun, H.-L. Wang, B. N.
Laforteza, H.-X. Dai, J.-Q. Yu, Angew. Chem. Int. Ed. 2014, 53,
10439-10442; Angew. Chem. 2014, 126, 10607 -10610.

D. A. Nagib, D. W. C. Macmillan, Nature 2011, 480, 224 -228.
a) Y. Ji, T. Brueckl, R. D. Baxter, Y. Fujiwara, I. B. Seiple, S. Su,
D. G. Blackmond, P. S. Baran, Proc. Natl. Acad. Sci. USA 2011,
108,14411-14415; b) Y. Fujiwara, J. A. Dixon, F. O’Hara, E. D.
Funder, D. D. Dixon, R. A. Rodriquez, R. D. Baxter, B. Herlé,
N. Sach, M. R. Collins, Y. Ishihara, P. S. Baran, Nature 2012, 492,
95-100; c) A. G. O’Brien, A. Maruyama, Y. Inokuma, M. Fujita,
P.S. Baran, D. G. Blackmond, Angew. Chem. Int. Ed. 2014, 53,
11868 -11871; Angew. Chem. 2014, 126, 12062 —12065.

a)Y. Ye, S. H. Lee, M. S. Sanford, Org. Lett. 2011, 13, 5464 —
5467; b) G. Shi, C. Shao, S. Pan, J. Yu, Y. Zhang, Org. Lett. 2015,

Communications

(17]

(18]

(21]
[22]

(23]
[24]

[25]

[26]

[27]

17, 38-41; c) K. Natte, R. V. Jagadeesh, L. He, J. Rabeah, J.
Chen, C. Taeschler, S. Ellinger, F. Zaragoza, H. Neumann, A.
Briickner, M. Beller, Angew. Chem. Int. Ed. 2016, 55, 2782 —
2786; Angew. Chem. 2016, 128, 2832-2836; d) D. Wang, G.-J.
Deng, S. Chen, H. Gong, Green Chem. Green. Chem. 2016, 18,
5967-5970; e) L. Li, X. Mu, W. Liu, Y. Wang, Z. Mi, C.-J. Li, J.
Am. Chem. Soc. 2016, 138, 5809-5812; f) P. Liu, W. Liu, C.-J. Li,
J. Am. Chem. Soc. 2017, 139, 14315-14321; g) G.-L. Gao, C.
Yang, W. Xia, Chem. Commun. 2017, 53,1041 —1044; h) B. Yang,
D. Yu, X.-H. Xu, F.-L. Qing, ACS Catal. 2018, 8,2839-2843;1) Y.
Ouyang, X.-H. Xu, E-L. Qing, Angew. Chem. Int. Ed. 2018, 57,
6926-6929; Angew. Chem. 2018, 130, 7042 —-7045.

F. Sladojevich, E. McNeill, J. Borgel, S.-L. Zheng, T. Ritter,
Angew. Chem. Int. Ed. 2015, 54, 3712-3716; Angew. Chem.
2015, 127, 3783 -3787.

a) M. P. Knadler, S. D. Hall, J. Chromatogr. 1989, 494, 173-182;
b) L. Peretto, S. Radaelli, C. Parini, M. Zandi, L. F. Raveglia, G.
Dondio, L. Fontanella, P. Misiano, C. Bigogno, A. Rizzi, B.
Riccardi, M. Biscaioli, S. Marchetti, P. Puccini, S. Catinella, 1.
Rondelli, V. Cenacchi, T. T. Bolzoni, P. C. G. Villetti, F. Facchi-
netti, E. D. Giudice, N. Moretto, B. P. Imbimbo, J. Med. Chem.
2005, 48, 5705-5720.

See Refs. [8b,f-g, 13a,c].

a) A. Casitas, M. Canta, M. Sola, M. Costas, X. Ribas, J. Am.
Chem. Soc. 2011, 133, 19386-19392; b) A.J. Hick, M.S.
Sanford, Nature 2012, 484, 177-185; ¢)S.E. Creutz, K.I.
Lotite, G. C. Fu, J. C. Peters, Science 2012, 338, 647-651; d) A.
Casitas, X. Ribas, Chem. Sci. 2013, 4, 2301-2318; e) M. W.
Johnson, K. I. Hannoun, Y. Tan, G. C. Fu, J. C. Peters, Chem. Sci.
2016, 7, 4091-4100; f) H. Yi, G. Zhang, H. Wang, Z. Huang, J.
Wang, A. K. Singh, A. Lei, Chem. Rev. 2017, 117, 9016-9085;
¢) Z.Lu, H. Liu, S. Liu, X. Leng, Y. Lan, Q. Shen, Angew. Chem.
Int. Ed. 2019, 58, 8510-8514; Angew. Chem. 2019, 131, 8598 —
8602.

V. C. R. Mcloughlin, J. Thrower, Tetrahedron 1969, 25, 5921 -
5940.

S. Donck, A. Baroudi, L. Fensterbank, J. P. Goddard, C. Ollivier,
Adv. Synth. Catal. 2013, 355, 1477 - 1482, and references therein.
See Refs. [8d, 9e, 12b, 13d, 20¢].

a) D. M. Wiemers, D.J. Burton, J. Am. Chem. Soc. 1986, 108,
832-834; b) M. M. Kremlev, W. Tyrra, A. 1. Mushta, D. Nau-
mann, Y. L. Yagupolskii, J. Fluorine Chem. 2010, 131, 212-216;
¢) Q. Xie, L. Li, Z. Zhu, R. Zhang, C. Ni, J. Hu, Angew. Chem.
Int. Ed. 2018, 57,13211-13215; Angew. Chem. 2018, 130, 13395 -
13399.

J. Hassan, M. Sévignon, C. Gozzi, E. Schulz, M. Lemaire, Chem.
Rev. 2002, 102, 1359 -1470, and references therein.

The other chemoisomer of unexpected C—S bond fragmentation
product was observed; see the Supporting Information for
compound 37.

The freshly prepared [CuCF;] reagent is a yellowish DMF
solution and stable over 3 h (Ref. [24c]). The [CuCF,H] reagent
prepared with the same method formed visible black precipitate.

Manuscript received: May 29, 2019

Revised manuscript received: July 15, 2019
Accepted manuscript online: August 7, 2019
Version of record online: September 3, 2019

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

14619


https://doi.org/10.1016/j.jfluchem.2010.04.005
https://doi.org/10.1002/anie.201006823
https://doi.org/10.1002/anie.201006823
https://doi.org/10.1002/ange.201006823
https://doi.org/10.1002/chem.201002749
https://doi.org/10.1002/chem.201002749
https://doi.org/10.1021/ja201726q
https://doi.org/10.1002/anie.201100633
https://doi.org/10.1002/anie.201100633
https://doi.org/10.1002/ange.201100633
https://doi.org/10.1002/ange.201100633
https://doi.org/10.1021/jo401423h
https://doi.org/10.1021/jo401423h
https://doi.org/10.1002/anie.201306094
https://doi.org/10.1002/anie.201306094
https://doi.org/10.1002/ange.201306094
https://doi.org/10.1002/ange.201306094
https://doi.org/10.1021/ol503548s
https://doi.org/10.1126/science.aat4133
https://doi.org/10.1021/ol1023135
https://doi.org/10.1021/jo1023377
https://doi.org/10.1021/jo1023377
https://doi.org/10.1039/c1cc10359h
https://doi.org/10.1021/ol2005903
https://doi.org/10.1021/ja301553c
https://doi.org/10.1021/ja301553c
https://doi.org/10.1021/ol3022726
https://doi.org/10.1039/c2cc36554e
https://doi.org/10.1021/ol5034018
https://doi.org/10.1021/ol5034018
https://doi.org/10.1021/ja404217t
https://doi.org/10.1021/ja4056239
https://doi.org/10.1002/anie.201304276
https://doi.org/10.1002/ange.201304276
https://doi.org/10.1002/ange.201304276
https://doi.org/10.1039/C4CC04930F
https://doi.org/10.1021/acs.joc.5b01295
https://doi.org/10.1016/j.jfluchem.2015.09.015
https://doi.org/10.1016/j.jfluchem.2015.09.015
https://doi.org/10.1002/chem.201100283
https://doi.org/10.1002/chem.201100283
https://doi.org/10.1021/ja209992w
https://doi.org/10.1021/ja209992w
https://doi.org/10.1021/ja909522s
https://doi.org/10.1021/ja909522s
https://doi.org/10.1002/anie.201107414
https://doi.org/10.1002/anie.201107414
https://doi.org/10.1002/ange.201107414
https://doi.org/10.1021/ja305259n
https://doi.org/10.1021/ja305259n
https://doi.org/10.1002/anie.201404822
https://doi.org/10.1002/anie.201404822
https://doi.org/10.1002/ange.201404822
https://doi.org/10.1038/nature10647
https://doi.org/10.1073/pnas.1109059108
https://doi.org/10.1073/pnas.1109059108
https://doi.org/10.1038/nature11680
https://doi.org/10.1038/nature11680
https://doi.org/10.1021/ol202174a
https://doi.org/10.1021/ol202174a
https://doi.org/10.1021/ol503189j
https://doi.org/10.1021/ol503189j
https://doi.org/10.1002/anie.201511131
https://doi.org/10.1002/anie.201511131
https://doi.org/10.1002/ange.201511131
https://doi.org/10.1039/C6GC02000C
https://doi.org/10.1039/C6GC02000C
https://doi.org/10.1021/jacs.6b02782
https://doi.org/10.1021/jacs.6b02782
https://doi.org/10.1021/jacs.7b08685
https://doi.org/10.1039/C6CC08975E
https://doi.org/10.1021/acscatal.7b03990
https://doi.org/10.1002/anie.201803566
https://doi.org/10.1002/anie.201803566
https://doi.org/10.1002/ange.201803566
https://doi.org/10.1002/anie.201410954
https://doi.org/10.1002/ange.201410954
https://doi.org/10.1002/ange.201410954
https://doi.org/10.1016/S0378-4347(00)82666-3
https://doi.org/10.1021/jm0502541
https://doi.org/10.1021/jm0502541
https://doi.org/10.1021/ja2058567
https://doi.org/10.1021/ja2058567
https://doi.org/10.1126/science.1226458
https://doi.org/10.1039/c3sc21818j
https://doi.org/10.1039/C5SC04709A
https://doi.org/10.1039/C5SC04709A
https://doi.org/10.1021/acs.chemrev.6b00620
https://doi.org/10.1002/anie.201904041
https://doi.org/10.1002/anie.201904041
https://doi.org/10.1016/S0040-4020(01)83100-8
https://doi.org/10.1016/S0040-4020(01)83100-8
https://doi.org/10.1002/adsc.201300040
https://doi.org/10.1021/ja00264a043
https://doi.org/10.1021/ja00264a043
https://doi.org/10.1016/j.jfluchem.2009.10.011
https://doi.org/10.1002/anie.201807873
https://doi.org/10.1002/anie.201807873
https://doi.org/10.1002/ange.201807873
https://doi.org/10.1002/ange.201807873
https://doi.org/10.1021/cr000664r
https://doi.org/10.1021/cr000664r
http://www.angewandte.org

