@ Combined Catalysis Jgld W74

13264 Wiley Online Library

Angewandte

Communications

DOI: 10.1002/anie.201405478

Synthesis of Indoles Using Visible Light: Photoredox Catalysis for
Palladium-Catalyzed C—H Activation™*

Jochen Zoller, David C. Fabry, Meria A. Ronge, and Magnus Rueping*

Abstract: A combined palladium- and photoredox-catalyzed
C—H olefination enables the synthesis of indoles. By using
visible light, the direct C—H activation of aromatic enamines
can be achieved and a variety of indole derivatives can be
obtained in good yields under mild reaction conditions.

The indole motif is one of the most common building blocks
among bioactive compounds and natural products and has
therefore been a target of numerous methodology develop-
ments."! In addition to the Fischer indole syntheses,” many
different synthetic approaches using modern transition-metal
catalysis are known. Typically starting from ortho-halogen-
ated aniline derivatives, most of the methodologies thus still
suffer from the restricted availability or high costs of starting
materials.”! In the field of C—H activation, reactions relying
on oxidative palladium(IT) chemistry have become a versatile
and powerful tool for the synthesis of complex structural
motifs. The oxidative Heck reaction, also known as the
Fujiwara—Moritani reaction,”! is a well-understood and
broadly applicable transformation in organic synthesis. The
use of variable and removable directing groups on the
aromatic or heteroaromatic substrate allows ortho-olefina-
tions in generally high yields and excellent regioselectivities."!

In 2002, van Leeuwen and co-workers reported on the
oxidative coupling of anilides with olefins.®! The use of
Pd(OAc), in combination with stoichiometric amounts of
benzoquinone (BQ) (1 equiv) resulted in successful olefina-
tions. The carbonyl group served as a directing group in these
reactions. Furthermore, Lu and co-workers presented an
intramolecular Fujiwara—Moritani reaction employing the
same Pd/BQ system for the synthesis of carbazoles starting
from 3-(3'-alkenyl)indole derivatives.”" Indoles have also
been shown to be suitable substrates for intermolecular
olefination reactions. Stoichiometric amounts of Cu(OAc),
(2 equiv) together with PdCl, (10 mol %) led to the efficient
coupling of N-protected indoles with highly substituted
olefins.’! However, oxidative Heck reactions and related
transformations involving different metals, including ruthe-
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nium and rhodium, share the same major drawback since the
metal-H species that is formed after reductive elimination
must be reoxidized by an external oxidant. In recent years
many improvements have reduced the amount of stoichio-
metric metal-based additives, such as copper and silver salts,”!
through use of molecular oxygen.['”l However, still relatively
large amounts of oxidants have to be present.

Based on our experience in the field of photoredox
catalysis and the recent results of Sanford and co-workers on
the coupling of diazonium and iodonium salts with
arenes, ' we decided to investigate the palladium-catalyzed
C—H olefination of aromatic enamines for the synthesis of
indoles. Small amounts of photoredox catalyst™! in the
presence of visible light should facilitate the reoxidation of
the Pd catalyst (Scheme 1), thereby obviating the use of an
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Scheme 1. Combination of photoredox and Pd" catalysis for the syn-
thesis of indoles.

excess of oxidants or metal salts. This method could be
considered a highly atom-efficient reaction. Herein, we report
on the development of an indole synthesis using a new
combination of palladium and photoredox catalysis in the
presence of visible light.

We started our investigations with the intramolecular
cyclization of aromatic enamines that had previously been
described using Pd(OAc), and three equivalents of Cu-
(OAC),.'" The replacement of the copper additive with just
1 mol % of the photoredox catalyst led indeed after reaction
optimization to the desired product 2a in 46 % yield (Table 1,
entry 1). The finding that the photoredox catalyst can be used
to regenerate the palladium catalyst encouraged us to test
a variety of palladium catalysts in the cyclization reaction, and
we found that Pd(OAc), led to higher yields than other Pd"
precursors. Additional acetonitrile ligands on the palladium
with strong or weak coordinating counterions, for example, Cl
and BF, (Table 1, entries 2 and 3), resulted in only insufficient
formation of the desired product.
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Table 1: Screening of catalyst precursors for the cyclization reaction of
arylenamide 1.
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Table 2: Screening of reactions conditions for the cyclization reaction.

Pd(OAc), (10 mol%)

. CO,Me
catalyst (10 mol%) @ K,CO5 (3 equiv)
KoCO3 (3 equiv) CO,Me N photocatalyst (1 mol%) A\
NJ\ [Ru(bpy)s](PFe), (1 mol%) N\ H  CoMe  solvent 24h, 11 Wlamp N
H CO,Me DMF, 12 h, 11 W lamp ” 1a 2a
1a 2a
B CF3 "|(PFg) _ T|(PFe)
fal ield™ ro |
Entry’ Catalyst Yield™ [%)] Sy ~ {Bu
1 Pd(OA 46 N A
) (OAq), | ! tBu l/N 7
[Pd(MeCN),Cl,] 27 N | N Ir
3 Ir / \ =
[Pd(MeCN),(BF,),] 24 ~ Z N N |
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5 [{Cp*RhCl,},]/AgSbF, el FsC Ny S
6 AgSbF _ldg) | tBu
7 [{Cp*RhCl,},]/AgSbFs — - — -
8 AngFe _[f Ir-A Ir-B
[a] Reaction conditions: 0.1 mmol substrate 1, 3 equiv K,CO;, T mol % Entry® Photoredox catalyst Solvent Yield® [%]
Phothgdox catalyst, 10 m9|% Pd cataly.st in DMF at 120°C with 1 [Ru(bpy)s] (PFo): DME 46
irradiation from an 11 W lightbulb. [b] Yield after column chromatog- ) [Ru(bpy):] (PF) PhC] -
raphy. [c] 1 mol % Rh catalyst, 4 mol % AgSbF, 1 equiv K,CO;. 3 [Ru(bpy)s](PFe)z DCE _
[d] 5 mol % AgSbF,. [e] T mol % Rh catalyst and 4 mol % AgSbF, in PhCl, 4 [Ru(bgi)z](PFe)z MeCN B
80°C. [f] 4 mol % AgSbF in PhCl, 80°C. [g] Decomposition of substrate. ¢ [Ru(bpy)Z](PF:)z EtOH ~
6 [Ir(bpy) (PPY)2]PFs DMF 66
7 [Ir(bpy) (PPY)2]PFs PhCl -
8 [Ir(bpy) (PPY)2IPFs DCE -
When [Pd(PPh;),(OAc),] was applied in the reaction, only ?O H :EEEQ EEEQ%EES EE}CHN -
decomposition of the starting material could be observed Ir-A e DME 55
(Table 1, entry 4), showing that the reaction is highly depen- 12 Ir-B DMF 71
dent on the electronic and steric character of the palladi- 13 [Ir(bpy) (pPY).]PF¢ DMF 95
um(II) catalyst. Since rhodium was also reported as a catalyst 14 [Ir(bpy) (PPY)2]PFs DMF 421
to activate aryl C-H bonds, the commonly used !° [Ir(bpy) (PPY)2]PFs DMF 321
[{Cp*RhCl,},]/AgSbF, catalyst system was also tested in the 16 - DMF o
L . .. 17 [Ir(bpy) (PpY)2]PFs DMF traces!
cyclization reaction. However, only decomposition of the ¢ [Ir(by) (ppY). PF DME e
starting material was observed in DMF or chlorobenzene g [Ir(bpy) (ppy)z]pF: DMF _thl
when either [{Cp*RhCL},]/AgSbF; or only AgSbF, was 20 - DMF _
present in the reaction (Table 1, entries 5-8). 21 - DMF b
Our previous research on Ru and Ir complexes in 22 [Ir(bpy) (PPY)2lPFs DMF 46;”]
photoredox catalysis showed a dramatic dependence on the 23 - DMF -
24 - DMF 53im

solvent system. Thus we not only screened different
photoredox catalysts but also examined their behavior in
a variety of solvents. Again, the performance of the catalyst
system was solvent dependent. Conversions were only
observed in DMF, and using the iridium-based photoredox
catalyst [Ir(bpy)(ppy).]PFs an yield of 66 % for the expected
indole was achieved (Table 2, entry 6). Chlorinated solvents,
such as DCE and chlorobenzene, as well as polar-aprotic and
-protic solvents, such as acetonitrile and ethanol (Table 2,
entries 4, 5, 9, and 10) did not lead to any conversion.

Next, the electronic and steric properties of [Ir(bpy)-
(ppy).]JPF; were analyzed. A change to electron-deficient
ligands (Ir-A, Table 2, entry 11) led to decreased yields of
55%, whereas with electron-rich ligands (Ir-B, Table 2,
entry 12) indole 2a was obtained in slightly higher yields of
71 % . Finally, with the standard photoredox catalyst, 3 mol %
of [Ir(bpy)(ppy),]JPFs resulted in 95% yield (Table 2,
entry 13).

In order to investigate the role of the inorganic base,
reactions with lower amounts of K,CO; (Table 2, entries 14
and 15) were conducted. The use of less base led to lower
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[a] Reaction conditions: 0.1 mmol substrate 1, 3 equiv K,COs, 1 mol %
photoredox catalyst, 10 mol % Pd catalyst in DMF at 120°C with
irradiation from an 11 W lightbulb. [b] Yield after column chromatog-
raphy [c] 3 mol % photoredox catalyst, O,>~ was detected during the
reaction. [d] 1 equiv K,CO;. [e] No base. [f] Ar atmosphere. [g] No Pd
catalyst. [h] No Pd, no base. [] No Pd. [j] O, atmosphere. [k] Ar
atmosphere, photoredox catalyst. [I] 1.5 equiv KO,, Ar atmosphere.
[m] 0.5 equiv KO,, Ar atmosphere. [n] Decomposition of substrate.

yields and showed that 3 equivalents are crucial for an
efficient reaction. Afterwards, control experiments, which
might also provide information regarding the mechanism of
the reaction, were undertaken.

First, leaving out the photoredox catalyst (Table 2,
entry 16) led to no formation of product, showing that no
other oxidant is present or formed during the reaction. When
no oxygen was present, only minimal conversion could be
observed (Table 2, entry 17), leading to the conclusion that
the photoredox catalyst can function as an external oxidant.
This is further verified when 100 mol% of the photoredox
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catalyst was used under an argon atmosphere. In this case the
corresponding product could be isolated in 46% yield
(Table 2, entry 22).1'1 This means that the palladium catalyst
can be reoxidized by the photoredox catalyst in the absence of
oxygen.

However, it cannot be excluded that peroxy species, which
are formed by photoredox processes and could be detected as
0,*" anions during the reaction,'™! simultaneously serve as an
external oxidant and have therefore beneficial effects on the
reaction. In order to prove this hypothesis, potassium super-
oxide was used as an oxidant source under an argon
atmosphere in the absence of a photoredox catalyst. A yield
of 53% for the reaction conducted with 0.5 equivalents of
KO, confirmed that the in situ formed superoxide anion
serves as an external oxidant. When more than stoichiometric
amounts of KO, were used, decomposition of both starting
material and product was observed.

To exclude the possibility that oxygen acts as an external
oxidant, the reaction was performed under oxygen atmos-
phere in the absence of the photoredox catalyst (Table 2,
entry 21). Here, only decomposition of the starting material
was observed. In order to analyze any background reaction,
the ring-closing reaction was performed once without palla-
dium catalyst, without palladium and base, and without any
additive (Table 2, entries 18-20). In all cases, no conversion of
starting material 1 could be observed, allowing the conclusion
that only the complete catalyst system—palladium, photo-
redox catalyst, and base—is active in the reaction.

Based on this information, we propose the following
mechanism: in the first step, C—H activation of the olefin of
1a takes place, followed by the activation of the arene
(Scheme 2). After reductive elimination, indole 2a is pro-
duced and the resulting Pd’ can now be reoxidized by either
the photoredox catalyst or the in situ formed superoxide
anion yielding the catalytically active Pd" species.

With the optimal reaction conditions and a general
understanding of the mechanism in hand, we evaluated the
substrate scope of the ring-closing olefination reaction
(Table 3). Different electron-donating groups in para position

[021% H.__CO,Me
Pd(OAC), ©\ ]/\
N
0, H
1a
[0a]
AcO
Pd"l co,Me
[P hv |
N
H
CO,Me
1l
D [PdT co,me
N | HOAc
2a N
H

Scheme 2. Proposed mechanism for the Pd-catalyzed intramolecular
olefination reaction.
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led to slightly lower yields of 80 %, 73 %, and 79 % for the p-
OMe, p-OPh, and p-Me derivatives 2b-d, respectively. The
substrate with an electron-deficient p-Cl substituent (1e) gave
the corresponding product in very good 83 % yield. Opposite
results were obtained when variations in the ortho position

Table 3: Substrate scope of the cyclization reaction.l!

Pd(OAc), (10 mol%) CO.R®
RIS R? [Ir((bpy)(PPY)2I(PFe) B Mol%) N,
T K,COs3 (3 equiv) R'¢ R
N Z N
H 3 DMF, 24 h, 11 W lamp H
CO,R
1 2
CO,Me CO,Me
MeO
A\ A\
N N
H H
2a: 95% 2b: 80%
CO,Me CO,Me
PhO
A\ N
N N
H H
2¢: 73% 2d: 79%
CO,Me CO,Me
cl
N\ A\
N N
H H
OMe
2e: 83% 2f: 78%
CO,Me CO,Me
Cri- Cry
N N
H H
cl
2g: 78% 2h: 65%
CO,Me CO,Me
CLy- -
N N
N MeO H
F
2i: 60% 2j: 57%
CO,Me CO,Me

e

2k: 71%(1:1.3)

CO,Me CO,Bn
A
N
H

O,
Iz />>\

(
o

Iz />>\

21: 71% 2m: 74%
CO,tBuU CO,Et
N N
H H

2n: 80% 20: 91%

[a] Reaction conditions: 0.2 mmol substrate 1, 3 equiv K,CO;, 3 mol %
[Ir(bpy) (ppy)]PFs 10 mol % Pd catalyst in DMF at 120°C with irradiation
from an 11 W lightbulb; yield after column chromatography.
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were investigated. The substrate with an electron-rich donat-
ing OMe group provided indole 2f in 78 % yield, whereas
a chloro-substituted indole 2h could only be isolated in
moderate yield of 65%. The lowest yields were obtained
when o-F- (1i) and m-OMe-based (1j) anilines were applied
in the olefination reaction. Also, multisubstituted anilines 1k
and 11 were tested in this reaction. The tricylic compound 2k
was isolated as a mixture of regioisomers in 71 % yield.
Furthermore, different enamine esters were successfully
applied in the reaction and the corresponding products were
isolated in moderate yield (74 % ) for the benzyl ester (2m) to
good yield (80%) for the fert-butyl ester (2m). A very good
yield of 91% could be obtained for compound 20 which
shows that the electronic or steric character in the C2 or C3
position does not have any significant influence on the
reaction.

In conclusion, we have reported on a new combined
photoredox- and palladium-catalyzed system for the synthesis
of highly functionalized indoles. Using catalytic amounts of
a photoredox catalyst in the presence of visible light, the
typical high loadings of external oxidants could be avoided.
Mechanistic studies revealed for the first time that either
a) the photoredox catalyst in the absence of oxygen or b) the
in situ formed superoxide anions in the presence of oxygen
and photoredox catalyst function as the external oxidant.
Notably, the safe and practical method described herein
represents an alternative!’” to common procedures involving
peroxo species. Since only small amounts of the oxidant are
generated that are furthermore immediately consumed, side
reactions of substrate or product can be avoided. Thus,
oxidant-sensitive substrates can be used and this makes this
method highly suitable for syntheses.

Received: May 23, 2014
Published online: October 3, 2014

Keywords: C—H functionalization - Heck reaction -
photocatalysis - superoxide

[1] a) G. W. Gribble, J. Chem. Soc. Perkin Trans. 1 2000, 1045 -1075;
b) W. Gul, M. T. Hamann, Life Sci. 2005, 78, 442-453; c¢) D. F.
Taber, P. K. Tirunahari, Tetrahedron 2011, 67, 7195-7210;
d) M. V. Leskinen, K.-T. Yip, A. Valkonen, P. M. Pihko, J. Am.
Chem. Soc. 2012, 134, 5750-5753; ) Y. Wei, D. Zhao, D. Ma,
Angew. Chem. Int. Ed. 2013, 52, 12988 -12991; Angew. Chem.
2013, 725, 13226-13229; f) M. Inman, C.J. Moody, Chem. Sci.
2013, 4,29-41; g) M. Chen, C.-L. Shao, X.-M. Fu, R.-F. Xu, J.-J.
Zheng, D.-L. Zhao, Z.-G. She, C.-Y. Wang, J. Nat. Prod. 2013, 76,
547-553;h) J. Qu, L. Fang, X.-D. Ren, Y. Liu, S.-S. Yu, L. Li, X.-
Q. Bao, D. Zhang, Y. Li, S.-G. Ma, J. Nat. Prod. 2013, 76, 2203 -
22009.
E. Fischer, F. Jourdan, Ber. Dtsch. Chem. Ges. 1883, 16, 2241 -
2245.
[3] a) L. Shen, M. Zhang, Y. Wu, Y. Qin, Angew. Chem. Int. Ed.
2008, 47, 3618-3621; Angew. Chem. 2008, 120, 3674-3677,
b) D.R. Stuart, M. Bertrand-Laperle, K. M. N. Burgess, K.
Fagnou, J. Am. Chem. Soc. 2008, 130, 16474-16475; c) T.
Vlaar, E. Ruijter, R. V. A. Orru, Adv. Synth. Catal. 2011, 353,
809-841.

2

—

Angew. Chem. Int. Ed. 2014, 53, 13264-13268

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

[4] a) I. Moritani, Y. Fujiware, Tetrahedron Lett. 1967, 8, 1119-
1121; b)Y. Fujiwara, 1. Noritani, S. Danno, R. Asano, S.
Teranishi, J. Am. Chem. Soc. 1969, 91, 7166—7169.

[5] a) The Mizoroki-Heck Reaction (Ed.: M. Oestreich), Wiley-
VCH, Weinheim, 2009, pp. 345-382; b) J. Le Bras, J. Muzart,
Chem. Rev. 2011, 111, 1170-1214.

[6] a) M. D. K. Boele, G.P. F. van Strijdonck, A.H.M. de Vries,
P. C.J. Kamer, J. G. de Vries, P. W. N. M. van Leeuwen, J. Am.
Chem. Soc. 2002, 124, 1586—1587.

[7] A.D. Kong, X. L. Han, X. Y. Lu, Org. Lett. 2006, 8, 1339-1342.

[8] a) T. Itahara, M. lkeda, T. Sakakibara, J. Chem. Soc. Perkin
Trans. 1 1983, 1361 -1363; b) T. Itahara, K. Kawasaki, F. Ouseto,
Synthesis 1984, 236 —237.

[9] a) C. Jia, T. Kitamura, Y. Fujiwara, Acc. Chem. Res. 2001, 34,

633-639; b) Y. Fujiwara, C. Jia, Pure Appl. Chem. 2001, 73,

319-324;c) N. P. Grimster, C. Gauntlett, C. R. A. Godfrey, M. J.

Gaunt, Angew. Chem. Int. Ed. 2005, 44, 3125-3129; Angew.

Chem. 2005, 117, 3185-3189; d) T. Nishikata, B. H. Lipshutz,

Org. Lett. 2010, 12,1972-1975; ¢) J. Wencel-Delord, T. Droge, F.

Liu, F. Glorius, Chem. Soc. Rev. 2011, 40, 4740-4761; f) Y.-Y.

Yu, M. J. Niphakis, G. I. Georg, Org. Lett. 2011, 13, 5932 -5935.

a) X. Ji, H. Huang, Y. Li, H. Chen, H. Jiang, Angew. Chem. Int.

Ed. 2012, 51,7292-7296; Angew. Chem. 2012, 124, 7404 —7408;

b) Z. Shi, C. Zhang, C. Tang, N. Jiao, Chem. Soc. Rev. 2012, 41,

3381-3430; c) W. Wu, H. Jiang, Acc. Chem. Res. 2012, 45,1736 —

1748; d) Z. Shi, M. Suri, F. Glorius, Angew. Chem. Int. Ed. 2013,

52, 4892-4896; Angew. Chem. 2013, 125, 4992-4996; e) L.

Meng, K. Wu, C. Liu, A. Lei, Chem. Commun. 2013, 49, 5853 —

5855; f) X. Ji, H. Huang, W. Wu, H. Jiang, J. Am. Chem. Soc.

2013, 735, 5286-5289; g) B. Liu, H.-Z. Jiang, B.-F. Shi, J. Org.

Chem. 2014, 79, 1521 -1526.

[11] a) Y. Ye, M. S. Sanford, J. Am. Chem. Soc. 2012, 134,9034-9037,
b) S. R. Neufeldt, M. S. Sanford, Adv. Synth. Catal. 2012, 354,
3517-3522; For recent examples of combined transition metal
and photoredox catalysis, see: ¢) M. Rueping, R. M. Koenigs, K.
Poscharny, D. C. Fabry, D. Leonori, C. Vila, Chem. Eur. J. 2012,
18,5170-5174; d) B. Sahoo, M. N. Hopkinson, F. Glorius, J. Am.
Chem. Soc. 2013, 135, 5505-5508.

[12] For a review on combined photoredox and metal catalysis, see:

N. Hoffmann, ChemSusChem 2012, 5, 352-371.

Selected articles on photocatalysis: a) N. Hoffmann, Chem. Rev.

2008, 708, 1052-1103; b) V. Balzani, A. Credi, M. Venturi,

ChemSusChem 2008, 1, 26-58; c¢) M. Fagnoni, D. Dondi, D.

Ravelli, A. Albini, Chem. Rev. 2007, 107, 2725-2756; d) D.

Ravelli, D. Dondi, M. Fagnoni, A. Albini, Chem. Soc. Rev. 2009,

38,1999-2011; e) Handbook of Synthetic Photochemistry (Eds.:

A. Albini, M. Fagnoni), Wiley-VCH, Weinheim, 2010; f) CRC

Handbook of Organic Photochemistry and Photobiology (Eds.:

A. Griesbeck, M. Oelgemdller, F. Ghetti), CRC, Boca Raton,

FL, 2012; g) D. Ravelli, M. Fagnoni, A. Albini, Chem. Soc. Rev.

2013, 42, 97-113; h) Chemical Photocatalysis (Ed.: B. Konig),

de Gruyter, Berlin, 2013; i) M. Reckenthiler, A. Griesbeck, Adv.

Synth. Catal. 2013, 355, 2727 -2744.

[14] a) S. Wiirtz, S. Rakshit, J.J. Neumann, T. Droge, F. Glorius,
Angew. Chem. Int. Ed. 2008, 47, 7230—7233; Angew. Chem.
2008, 120, 7340-7343; b) Z. Shi, F. Glorius, Angew. Chem. Int.
Ed. 2012, 51, 9220-9222; Angew. Chem. 2012, 124, 9354 —9356.

[15] Selected articles from our group: a) M. Rueping, C. Vila, R. M.
Koenigs, K. Poscharny, D. C. Fabry, Chem. Commun. 2011, 47,
2360-2362; b) M. Rueping, S. Zhu, R. M. Koenigs, Chem.
Commun. 2011, 47, 8679-8681; c) M. Rueping, D. Leonori, T.
Poisson, Chem. Commun. 2011, 47, 9615-9617; d) M. Rueping,
S. Zhu, R. M. Koenigs, Chem. Commun. 2011, 47, 12709-12711,
e) M. Rueping, J. Zoller, D. C. Fabry, K. Poscharny, R. M.
Koenigs, T. E. Weirich, J. Mayer, Chem. Eur. J. 2012, 18, 3478—
3481; f) M. Rueping, C. Vila, A. Szadkowska, R. M. Koenigs, J.
Fronert, ACS Catal. 2012, 2, 2810-2815; g) S. Zhu, A. Das, L.

[10

—

—_
—
OS]

—

www.angewandte.org

13267


http://dx.doi.org/10.1039/a909834h
http://dx.doi.org/10.1016/j.lfs.2005.09.007
http://dx.doi.org/10.1016/j.tet.2011.06.040
http://dx.doi.org/10.1021/ja300684r
http://dx.doi.org/10.1021/ja300684r
http://dx.doi.org/10.1002/anie.201307788
http://dx.doi.org/10.1002/ange.201307788
http://dx.doi.org/10.1002/ange.201307788
http://dx.doi.org/10.1039/c2sc21185h
http://dx.doi.org/10.1039/c2sc21185h
http://dx.doi.org/10.1021/np300707x
http://dx.doi.org/10.1021/np300707x
http://dx.doi.org/10.1021/np4005536
http://dx.doi.org/10.1021/np4005536
http://dx.doi.org/10.1002/cber.188301602141
http://dx.doi.org/10.1002/cber.188301602141
http://dx.doi.org/10.1002/anie.200800566
http://dx.doi.org/10.1002/anie.200800566
http://dx.doi.org/10.1002/ange.200800566
http://dx.doi.org/10.1021/ja806955s
http://dx.doi.org/10.1002/adsc.201000979
http://dx.doi.org/10.1002/adsc.201000979
http://dx.doi.org/10.1021/ja01053a047
http://dx.doi.org/10.1021/cr100209d
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ja0176907
http://dx.doi.org/10.1021/ol060039u
http://dx.doi.org/10.1039/p19830001361
http://dx.doi.org/10.1039/p19830001361
http://dx.doi.org/10.1055/s-1984-30787
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1021/ol100331h
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1021/ol202677g
http://dx.doi.org/10.1002/anie.201202412
http://dx.doi.org/10.1002/anie.201202412
http://dx.doi.org/10.1002/ange.201202412
http://dx.doi.org/10.1039/c2cs15224j
http://dx.doi.org/10.1039/c2cs15224j
http://dx.doi.org/10.1021/ar3000508
http://dx.doi.org/10.1021/ar3000508
http://dx.doi.org/10.1002/anie.201300477
http://dx.doi.org/10.1002/anie.201300477
http://dx.doi.org/10.1002/ange.201300477
http://dx.doi.org/10.1039/c3cc42307g
http://dx.doi.org/10.1039/c3cc42307g
http://dx.doi.org/10.1021/ja401034g
http://dx.doi.org/10.1021/ja401034g
http://dx.doi.org/10.1021/jo4027403
http://dx.doi.org/10.1021/jo4027403
http://dx.doi.org/10.1021/ja301553c
http://dx.doi.org/10.1002/adsc.201200738
http://dx.doi.org/10.1002/adsc.201200738
http://dx.doi.org/10.1002/chem.201200050
http://dx.doi.org/10.1002/chem.201200050
http://dx.doi.org/10.1021/ja400311h
http://dx.doi.org/10.1021/ja400311h
http://dx.doi.org/10.1002/cssc.201100286
http://dx.doi.org/10.1021/cr0680336
http://dx.doi.org/10.1021/cr0680336
http://dx.doi.org/10.1021/cr068352x
http://dx.doi.org/10.1039/b714786b
http://dx.doi.org/10.1039/b714786b
http://dx.doi.org/10.1039/c2cs35250h
http://dx.doi.org/10.1039/c2cs35250h
http://dx.doi.org/10.1002/adsc.201300751
http://dx.doi.org/10.1002/adsc.201300751
http://dx.doi.org/10.1002/anie.200802482
http://dx.doi.org/10.1002/ange.200802482
http://dx.doi.org/10.1002/ange.200802482
http://dx.doi.org/10.1002/anie.201205079
http://dx.doi.org/10.1002/anie.201205079
http://dx.doi.org/10.1002/ange.201205079
http://dx.doi.org/10.1039/c0cc04539j
http://dx.doi.org/10.1039/c0cc04539j
http://dx.doi.org/10.1039/c1cc12907d
http://dx.doi.org/10.1039/c1cc12907d
http://dx.doi.org/10.1039/c1cc13660g
http://dx.doi.org/10.1039/c1cc15643h
http://dx.doi.org/10.1002/chem.201103242
http://dx.doi.org/10.1002/chem.201103242
http://dx.doi.org/10.1021/cs300604k
http://www.angewandte.org

Angewandte

Communications

Bui, H. Z. Zhou, D. P. Curran, M. Rueping, J. Am. Chem. Soc. progress. First results already showed that this will not be an easy

2013, 735, 1823-1829; h) M. Rueping, C. Vila, Org. Lett. 2013, task because of their low solubility in chlorobenzene and DCE.

15, 2092-2095; i) C. Vila, M. Rueping, Green Chem. 2013, 15,  [17] This is in accordance to the theory as only one electron per

2056-2059; j) M. Rueping, C. Vila, T. Bootwicha, ACS Catal. photoredox catalyst molecule can be transferred.

2013, 3,1676-1680; k) H. Hou, S. Zhu, F. Pan, M. Rueping, Org. [18] Hydrogen peroxide was detected with the aid of colorimetric

Lett. 2014, 16, 2872-2875; 1) M. Nakajima, Q. Lefebvre, M. assay reagents both in undiluted reaction media as well as after

Rueping, Chem. Commun. 2014, 50, 3619-3622; m) D. C. Fabry, dilution with water.

J. Zoller, S. Raja, M. Rueping, Angew. Chem. Int. Ed. 2014, 53, [19] For another elegant method, see: D. P. Kranz, A. G. Griesbeck,

10228 -10231; Angew. Chem. 2014, 126, 10392 -10396. R. Alle, R. Perez-Ruiz, J. M. Neudorfl, K. Meerholz, H.-G.
[16] Thisimplies that the redox potentials of the photoredox catalysts Schmalz, Angew. Chem. Int. Ed. 2012, 51, 6000-6004; Angew.

differ from known potentials recorded in water or acetonitrile. Chem. 2012, 124, 6102-6106.

Experiments in order to record their potentials are currently in

13268 www.angewandte.org © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 13264-13268


http://dx.doi.org/10.1021/ja309580a
http://dx.doi.org/10.1021/ja309580a
http://dx.doi.org/10.1021/ol400317v
http://dx.doi.org/10.1021/ol400317v
http://dx.doi.org/10.1039/c3gc40587g
http://dx.doi.org/10.1039/c3gc40587g
http://dx.doi.org/10.1021/cs400350j
http://dx.doi.org/10.1021/cs400350j
http://dx.doi.org/10.1021/ol500893g
http://dx.doi.org/10.1021/ol500893g
http://dx.doi.org/10.1039/c4cc00753k
http://dx.doi.org/10.1002/anie.201400560
http://dx.doi.org/10.1002/anie.201400560
http://dx.doi.org/10.1002/ange.201400560
http://dx.doi.org/10.1002/anie.201201222
http://dx.doi.org/10.1002/ange.201201222
http://dx.doi.org/10.1002/ange.201201222
http://www.angewandte.org

