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Abstract: Room-temperature azole C—H arylations were
accomplished with inexpensive copper(l) compounds by
means of photoinduced catalysis. The expedient copper
catalysis set the stage for site-selective C—H arylations of
non-aromatic oxazolines under mild reaction conditions, and
provides step-economical access to the alkaloid natural
products balsoxin and texamine.

Catalyzed C—H activation has emerged as a power-
ful platform for the step-economical diversification
of heteroarenes."! Particular progress in C—H acti-
vation chemistry was accomplished using earth-
abundant copper catalysts,? with early contributions
to copper(I)-catalyzed C—H arylations by the groups
of Daugulis®! Miura, and Gaunt,” as well as
Ackermann®® among others.”) Despite these undis-
puted advances, copper(I)-catalyzed C—H arylations
with easily accessible aryl halides continue to face
major limitations in that they require rather harsh
reaction conditions with typical reaction temper-
atures ranging from 120 to 160°C.

In recent years, photocatalysis'” has been recognized as an
increasingly viable tool to realize one-electron-transfer cross-
coupling reactions, with key contributions by the groups of
Reiser,’! Konig” and Glorius,"”! among others."'" The
photocatalysis reaction manifold was also merged with pre-
cious second-row transition-metal C—H activation catalysts,
such as palladium, ruthenium, and rhodium complexes, as
elegantly elaborated by among others Sanford™ and Ruep-
ing,"! exploiting entropically favored intramolecular reac-
tions"®*! or Lewis-basic directing groups.’>!%**! In contrast,
photoinduced copper-catalyzed
C—H arylations with organic halides have thus far proven
elusive. Within our program on sustainable C—H activation by
base-metal catalysis,'”) we have now devised a protocol for
unprecedented photoinduced C—H arylation by copper(I)
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catalysis, on which we report herein. Notable features of our
approach include a) photoinduced base-metal™¥ catalysis for
C—H activation, b) copper-catalyzed C—H arylations at room
temperature, c)ligand acceleration by amino acids!" in
photoinduced C—H activation, and d) versatile copper cata-
lysts that proved effective for aromatic azole and nonaromatic

oxazoline substrates—key structural motifs of chiral
ligands™® and natural products (Figure 1).
hv Room temperature

Inexpensive copper
No directing group
Photoinduced
C—H activation:
Non-aromatic oxazolines
Bioactive alkaloids
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Figure 1. Photoinduced copper-catalyzed C—H activation.

We initiated our studies by probing reaction conditions for
the envisioned C—H activation on the substrate 1a by using
photoinduced copper catalysis (Table 1; and see Tables S-
1 and S-2 in the Supporting Information).”"! Preliminary
experiments revealed Cul and Et,O to be the catalyst and
solvent of choice, respectively (entries 1-5). While the photo-
assisted C—H arylation occurred under ligand-free reaction
conditions (entries 4-6), here a higher catalyst loading was
required to ensure a satisfactory performance (entry 5).
Among a set of representative ligands, a significant rate
acceleration was exerted by amino acid derivatives (entries 7—
12), and the best results were obtained with the aid of N,N-
dimethylglycine (entries 11 and 12). Control experiments
confirmed the essential role of the copper catalyst (entry 13),
and unambiguously illustrated the photocatalytic nature of
the C—H functionalization process (entry 14).

With the optimized reaction conditions in hand, we tested
the versatility of the photoassisted C—H arylation with
benzannulated heteroarenes 1 (Scheme 1). Thus, the broadly
applicable copper(I) catalyst enabled efficient C—H function-
alizations of benzothiazoles and benzoxazoles 1 which were
devoid of directing groups. The chemoselectivity of the robust
catalyst was reflected by its tolerance of valuable functional
groups, such as chloro or ester substituents.

The versatile copper catalyst was not limited to the
benzannulated substrates 1. Indeed, the azoles 4 bearing
various aromatic C—H bonds proved to be amenable for site-
selective C—H arylations (Scheme 2a). Hence, we were
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Table 1: Validation of photoinduced copper-catalyzed C—H arylation.! a) Azole scope of photoinduced C-H arylation
Me Me cat. Cul
cat. Cul
-N -N
N . N Z cat. Me;,NCH,COL,H Z
@[ S=H IO _ otlend | @[ \>—© P Lot EfO el
s LiOtBu, Et,0 s RTY h' R#’ en RY
hv, RT, 16 h 4 2 M 5
1a 2a 3aa
i i o411b!
Entry Ligand Solvent Yield [%] ): >_<:> I 3 <:> \>—Ph
1 - DMA 37 =
2 - 1,4-dioxane 100 R
3 - THF 300 R = 3-Me (5aa): 78% 5bi: 63% = 3-OMe (5cb): 68%
4 - Et,O 481 R = 4-CF (5ah): 64% =4F (5db) 62%
5 - Et,O 80" R
6 - Et,0 57 I N /=R NN
7 TMEDA Et,0 36 ): >_<\j// )\
8 bpy Et,0 39 Ph” O o
9 L-Pro-OH Et,0 62 R=H(5eb):  74% R Me (5fa): 54%
R = 3-Me (5ea): 78% R=CI(5ff): 51%
10 L-Ala-OH Et,O 67 Ro3F (seey T0%
11 Me,NCH,CO,H Et,O 67 R = 4-Cl (5ei): 70%
12 Me,NCH,CO,H Et,Of! 73
13 Me,NCH,CO,H Et,0 ot b) Synthesis of alkaloid natural products
14 Me,NCH,CO,H Et,O otl

[a] Reaction conditions: Ta (0.25 mmol), 2a (1.25 mmol), Cul (20 mol
%), ligand (30 mol %), 254 nm, LiOtBu (0.75 mmol), Et,O (1.5 mL).
[b] Yield of isolated product. [c] 50°C. [d] Cul (10 mol %). [e] Conversion
determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as
the internal standard. [f] Cul (50 mol %). [g] Et,O (1.0 mL). [h] Without
Cul. [i In the dark. bpy =4,4"-bipyridine, DMA = N,N-dimethyl acet-
amide, RT =room temperature (25-27°C),”" THF =tetrahydrofuran,
TMEDA = N,N,N’,N'-tetramethylethylenediamine.

cat. Cul

XN cat. Me,NCH,CO,H XN
R S=H + I=Ar IR RE S=Ar
7Y LiOtBu, Et,0 A~y
hv, RT, 16 h
1 2 3

OO0 OO O0C

R=H (3ab):  70% R=OMe (3ag): 63% R =H (3bb): 64%
R=Me (3aa): 73% R=CF;(3ah):  70% R = Me (3ba): 59%

R = OMe (3ac): 70% R = ClI (3ai): 63%

R =CF3(3ad): 60% R = CO,tBu (3aj): 46% Me C
R =F (3ae): 79% \CE
R=Cl(3af:  80%

3ca: 72%

Scheme 1. Photoinduced copper-catalyzed C—H arylation of benzoxa-
zoles 1.

delighted to observe that a set of differently decorated
thiazoles, oxazoles, and oxadiazoles 4a—f was converted with
comparable catalytic efficacy. It is particularly noteworthy
that the photoinduced C—H arylation strategy provided step-
economical access to the alkaloid natural products balsoxin
(5gb) and texamine (5hb)? at room temperature (Sche-
me 2b). Thus far, the syntheses of these natural products by
C—H functionalization technology largely called for either
palladium or nickel catalysts, typically at reaction temper-
atures between 120 and 150°C, or stoichiometric amounts
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Scheme 2. Photoinduced C—H arylation of azoles 4. a) Scope with
respect to azoles 4. b) Synthesis of alkaloids.

of copper compounds at 160°C,*" thus reflecting the unique
potential of the photoinduced copper-catalysis approach.
Accomplishing C—H arylations of non-aromatic sub-
strates is difficult, because these substrates lack the aromatic
moiety which engages in attractive interactions with the
transition metal.’ Hence, we were particularly delighted to
observe that the photoinduced copper(I)-catalyzed C—H
arylation strategy proved applicable to the diversification of
non-aromatic oxazolines 6 (Scheme 3), which are important
structural motifs in various chiral ligands.”” It is noteworthy
that the inexpensive photoinduced copper catalysis compares
favorably with the previously reported C—H arylation of
oxazolines (6) by expensive palladium catalysts at a reaction
temperature of 100°C.**! Moreover, our approach is comple-
mentary to outer-sphere radical-based catalysts, which target

R cat. Cul R

N cat. Me;NCH,COLH N

t S=H + I=Ar e \[ S—Ar
o LiOtBu, Et,0 o
6 2 hv, RT, 16 h 7

w5 Bnt@ t@

R =3-Me (7aa): 74%
R = 4-OMe (7ag): 51%
R =3-Cl (7af): 69%

7ba: 72% 7ca: 62%

Scheme 3. Photoinduced copper-catalyzed C—H arylation of non-aro-
matic oxazolines 6.

Angew. Chem. 2016, 128, 4837-4840


http://www.angewandte.de

GDCh
~~

the weakest benzylic C—H bond in proximity to the nitrogen
atom in the substrates 6b,c.

Interestingly, the photoassisted C—H arylation could be
achieved by using visible light (Scheme 4), provided that an

Cul (20 mol %)
@N\* [Ir(ppy)s] (2.0 mol %) @[N\
H o+ | T
S @ LiOtBu, DMF S>—Q
blue LED
Me 35°C, 16 h Me

1a 2a 3aa: 50%

Scheme 4. Visible-light photoredox-catalyzed C—H arylation.

iridium photoredox catalyst was employed in a hetero-
bimetallic cooperative catalysis regime (see Table S-3).

Given the versatility of the photoinduced copper-cata-
lyzed C—H arylation, we became intrigued by performing
preliminary mechanistic studies to delineate its mode of
action.” To this end, intermolecular competition experi-
ments highlighted electron-rich electrophiles to be preferen-
tially converted (Scheme 5), thereby rendering an oxidative
C—I addition unlikely to be operative as the kinetically
relevant elementary step.

L~
A\
s
| cat. Cul 3ac: 43% OMe
N cat. Me,NCH,COoH
L+ CL T Y '
s 1 u, tz
OMe/CFy  \'RT 16h @[N\
S

3ad: 30% CF3

1a 2c/2d
(2.5 equiv each)

Scheme 5. Competition experiment between aryl iodides 2¢c and 2d.

Finally, we probed an SET-type reaction regime by the
addition of the representative radical scavenger galvinoxyl
(Scheme 6), and it resulted in a significant inhibition of the
catalytic performance.

In summary, we have reported on the first photo-
induced® C—H arylation by the action of inexpensive
copper catalysts. Thus, C—H functionalization with organic
electrophiles enabled direct arylations of various aromatic
and non-aromatic heterocycles with ample scope. The C—H
arylation process is operative on substrates being devoid of
directing groups under exceedingly mild reaction condi-
tions”! at room temperature. Furthermore, our studies
reveal the notable rate acceleration of amino acid ligands

2a
cat. Cul N Me
©[N>_H cat. Me,NCH,CO,H ©[ \>_©
s LiOtBu, Et,0 S
hv, RT, 16 h

1a 3aa
standard conditions: 73%
galvinoxyl (1 equiv): 44%
galvinoxyl (3 equiv): 0%

Scheme 6. Probing an SET-type mechanism.
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for photoinduced copper catalysis, which set the stage for the
efficient synthesis of the naturally occurring alkaloids bal-
soxin and texamine by room-temperature C—H arylation.

Acknowledgements

Generous support by the European Research Council under
the European Community’s Seventh Framework Program
(FP7 2007-2013)/ERC Grant agreement no. 307535, and the
Chinese Scholarship Program (fellowship to F.Y.) is gratefully
acknowledged.

Keywords: alkaloids - C—H activation - copper - photocatalysis -
total synthesis

How to cite: Angew. Chem. Int. Ed. 2016, 55, 4759-4762
Angew. Chem. 2016, 128, 4837-4840

[1] Representative reviews on C—H activation: a) B. Ye, N. Cramer,
Acc. Chem. Res. 2015, 48, 1308 -1318; b) J. Li, S. De Sarkar, L.
Ackermann, Top. Organomet. Chem. 2016, 55, 217-257; c) O.
Daugulis, J. Roane, L. D. Tran, Acc. Chem. Res. 2015, 48, 1053 —
1064; d) Y. Segawa, T. Maekawa, K. Itami, Angew. Chem. Int.
Ed. 2015, 54, 66— 81; Angew. Chem. 2015, 127,68 -83;¢) J. Li, L.
Ackermann, Nat. Chem. 2015, 7, 686-687; f) N. Kuhl, N.
Schroeder, F. Glorius, Adv. Synth. Catal. 2014, 356, 1443 -
1460; g) H. Bonin, M. Sauthier, F.-X. Felpin, Adv. Synth. Catal.
2014, 356, 645—-671; h) J. Wencel-Delord, F. Glorius, Nat. Chem.
2013, 5, 369-375; i) S. R. Neufeldt, M. S. Sanford, Acc. Chem.
Res. 2012, 45, 936-946; j) T. Satoh, M. Miura, Chem. Eur. J.
2010, 76, 11212-11222; k) T. W. Lyons, M. S. Sanford, Chem.
Rev. 2010, 110, 1147-1169; 1) L. Ackermann, R. Vicente, A.
Kapdi, Angew. Chem. Int. Ed. 2009, 48, 9792—-9826; Angew.
Chem. 2009, 121, 9976-10011; m) R. G. Bergman, Nature 2007,
446, 391 -393, and references therein.
a) S. D. McCann, S. S. Stahl, Acc. Chem. Res. 2015, 48, 1756 -
1766; b) X.-X. Guo, D.-W. Gu, Z. Wu, W. Zhang, Chem. Rev.
2015, 7115,1622-1651; c) K. Hirano, M. Miura, Chem. Lett. 2015,
44, 868—-873; d) O. Daugulis, H. Q. Do, D. Shabashov, Acc.
Chem. Res. 2009, 42, 10741086, and references therein.
[3] H.-Q. Do, O. Daugulis, J. Am. Chem. Soc. 2007, 129, 12404 -
12405.
[4] T. Yoshizumi, H. Tsurugi, T. Satoh, M. Miura, Tetrahedron Lett.
2008, 49, 1598 -1600.
[5] R.J. Phipps, N. P. Grimster, M. J. Gaunt, J. Am. Chem. Soc. 2008,
130, 8172 -8174.
[6] L. Ackermann, H. K. Potukuchi, D. Landsberg, R. Vicente, Org.
Lett. 2008, 10, 3081 -3084.
[7] a) S. Protti, M. Fagnoni, D. Ravelli, ChemCatChem 2015, 7,
1516-1523; b) M. D. Karkas, B. S. Matsuura, C. R. J. Stephen-
son, Science 2015, 349, 1285-1286; ¢) R. Brimioulle, D. Lenhart,
M. M. Maturi, T. Bach, Angew. Chem. Int. Ed. 2015, 54, 3872 —
3890; Angew. Chem. 2015, 127,3944-3963; d) C. K. Prier, D. A.
Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322 -5363;
e) D. Ravelli, M. Fagnoni, A. Albini, Chem. Soc. Rev. 2013, 42,
97-113.
a) 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; b) M. Pirtsch, S. Paria, T.
Matsuno, H. Isobe, O. Reiser, Chem. Eur. J. 2012, 18, 7336 —7340.
[9] a) D. P. Hari, T. Hering, B. Konig, Angew. Chem. Int. Ed. 2014,
53,725-1728; Angew. Chem. 2014, 126,743 -747;b) D. P. Hari, B.
Konig, Angew. Chem. Int. Ed. 2013, 52, 4734—4743; Angew.

2

—_—

[8

[

www.angewandte.de

An dte

Chemie

4839


http://dx.doi.org/10.1021/acs.accounts.5b00092
http://dx.doi.org/10.1021/ar5004626
http://dx.doi.org/10.1021/ar5004626
http://dx.doi.org/10.1002/anie.201403729
http://dx.doi.org/10.1002/anie.201403729
http://dx.doi.org/10.1002/ange.201403729
http://dx.doi.org/10.1002/adsc.201400197
http://dx.doi.org/10.1002/adsc.201400197
http://dx.doi.org/10.1002/adsc.201300865
http://dx.doi.org/10.1002/adsc.201300865
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1021/ar300014f
http://dx.doi.org/10.1021/ar300014f
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1038/446391a
http://dx.doi.org/10.1038/446391a
http://dx.doi.org/10.1021/acs.accounts.5b00060
http://dx.doi.org/10.1021/acs.accounts.5b00060
http://dx.doi.org/10.1021/cr500410y
http://dx.doi.org/10.1021/cr500410y
http://dx.doi.org/10.1246/cl.150354
http://dx.doi.org/10.1246/cl.150354
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1021/ja075802+
http://dx.doi.org/10.1021/ja075802+
http://dx.doi.org/10.1016/j.tetlet.2008.01.042
http://dx.doi.org/10.1016/j.tetlet.2008.01.042
http://dx.doi.org/10.1021/ja801767s
http://dx.doi.org/10.1021/ja801767s
http://dx.doi.org/10.1021/ol801078r
http://dx.doi.org/10.1021/ol801078r
http://dx.doi.org/10.1002/cctc.201500125
http://dx.doi.org/10.1002/cctc.201500125
http://dx.doi.org/10.1126/science.aad0193
http://dx.doi.org/10.1002/anie.201411409
http://dx.doi.org/10.1002/anie.201411409
http://dx.doi.org/10.1002/ange.201411409
http://dx.doi.org/10.1021/cr300503r
http://dx.doi.org/10.1039/C2CS35250H
http://dx.doi.org/10.1039/C2CS35250H
http://dx.doi.org/10.1002/anie.201501880
http://dx.doi.org/10.1002/ange.201501880
http://dx.doi.org/10.1002/chem.201200967
http://dx.doi.org/10.1002/anie.201210276
http://dx.doi.org/10.1002/ange.201210276
http://www.angewandte.de

4840

Chem. 2013, 125, 4832-4842; see also: c¢) I. Ghosh, T. Ghosh,
J. 1. Bardagi, B. Konig, Science 2014, 346, 725-728.

[10] a) M. N. Hopkinson, B. Sahoo, J. L. Li, F. Glorius, Chem. Eur. J.
2014, 20, 3874-3886; b) B. Sahoo, M. N. Hopkinson, F. Glorius,
J. Am. Chem. Soc. 2013, 135, 5505-5508.

[11] a)J. A. Terrett, J. D. Cuthbertson, V. W. Shurtleff, D. W. C.
MacMillan, Nature 2015, 524, 330-334; b)L. Chu, J. M.
Lipshultz, D. W. C. MacMillan, Angew. Chem. Int. Ed. 2015,
54,7929-7933; Angew. Chem. 2015, 127, 8040—-8044; c) Z. Zuo,
D.T. Ahneman, L. Chu, J. A. Terrett, A. G. Doyle, D. W. C.
MacMillan, Science 2014, 345, 437 —440.

[12] a) Y. Tan, J. M. Muiioz-Molina, G. C. Fu, J. C. Peters, Chem. Sci.
2014, 5, 2831-3835; b) H.-Q. Do, S. Bachman, A. C. Bissember,
J. C. Peters, G. C. Fu, J. Am. Chem. Soc. 2014, 136, 2162-2167;
c¢) C. Uyeda, Y. Tan, G. C. Fu, J. C. Peters, J. Am. Chem. Soc.
2013, 135,9548-9552; d) S. E. Creutz, K. J. Lotito, G. C. Fu, J. C.
Peters, Science 2012, 338, 647 -651.

[13] a) M. ElKhatib, R. A. M. Serafim, G. A. Molander, Angew.
Chem. Int. Ed. 2016, 55,254 -258; Angew. Chem. 2016, 128,262 —
266; b) J. C. Tellis, D. N. Primer, G. A. Molander, Science 2014,
345, 433 - 430.

[14] Recent examples: a) A. Sagadevan, A. Ragupathi, K. C. Hwang,
Angew. Chem. Int. Ed. 2015, 54, 13896—-13901; Angew. Chem.
2015, 127, 14102 -14107; b) X.-J. Tang, J. W. R. Dolbier, Angew.
Chem. Int. Ed. 2015, 54, 4246—4249; Angew. Chem. 2015, 127,
4320-4323; ¢) W.-J. Yoo, T. Tsukamoto, S. Kobayashi, Org. Lett.
2015, 17, 3640-3642; d) G. Zhang, C. Liu, H. Yi, Q. Meng, C.
Bian, H. Chen, J.-X. Jian, L.-Z. Wu, A. Lei, J. Am. Chem. Soc.
2015, 137,9273-9280; ¢) W.-J. Yoo, T. Tsukamoto, S. Kobayashi,
Angew. Chem. Int. Ed. 2015, 54, 6587-6590; Angew. Chem.
2015, 127, 6687 —-6690; f) J. Xuan, T.-T. Zeng, Z.-J. Feng, Q.-H.
Deng, J.-R. Chen, L.-Q. Lu, W.-J. Xiao, H. Alper, Angew. Chem.
Int. Ed. 2015, 54, 1625-1628; Angew. Chem. 2015, 127, 1645—
1648; g) S. Z. Tasker, T. F. Jamison, J. Am. Chem. Soc. 2015, 137,
9531-9534; h) A. Honraedt, M.-A. Raux, E. L. Grognec, D.
Jacquemin, E.-X. Felpin, Chem. Commun. 2014, 50, 5236 —5238;
i) M. S. Winston, W. J. Wolf, F. D. Toste, J. Am. Chem. Soc. 2014,
136, 7777-7782; j) X. Z. Shu, M. Zhang, Y. He, H. Frei, F. D.
Toste, J. Am. Chem. Soc. 2014, 136, 5844 —5847, and references
therein.

[15] a) D. Kalyani, K. B. Mcmurtrey, S. R. Neufeldt, M. S. Sanford, J.
Am. Chem. Soc. 2011, 133, 18566-18569; b) Y. Ye, M.S.
Sanford, J. Am. Chem. Soc. 2012, 134, 9034 -9037.

[16] a) D. C. Fabry, M. A. Ronge, J. Zoller, M. Rueping, Angew.
Chem. Int. Ed. 2015, 54, 2801 -2805; Angew. Chem. 2015, 127,
2843-2847; b) D. C. Fabry, J. Zoller, S. Raja, M. Rueping,
Angew. Chem. Int. Ed. 2014, 53, 10228 -10231; Angew. Chem.
2014, 726, 10392-10396; ¢) J. Zoller, D. C. Fabry, M. A. Ronge,
M. Rueping, Angew. Chem. Int. Ed. 2014, 53, 13264-13268;

Zuschriften

An dte

Chemie

Angew. Chem. 2014, 126, 13480-13484; d) For metal-free
radical arylations, see: A. U. Meyer, T. Slanina, C.-J. Yao, B.
Konig, ACS Catal. 2016, 6, 369-375; e) D. P. Haria, B. Konig,
Chem. Commun. 2014, 50, 6688 — 6699; f) D. P. Hari, P. Schroll, B.
Konig, J. Am. Chem. Soc. 2012, 134, 2958 —2961, and references
therein.

[17] a) L. Ackermann, J. Org. Chem. 2014, 79, 8948—-8954; b) R.
Jeyachandran, H. K. Potukuchi, L. Ackermann, Beilstein J. Org.
Chem. 2012, 8, 1771-1777.

[18] Reviews on the use of inexpensive first-row transition-metal
catalysts for C—H functionalization: a) M. Moselage, J. Li, L.
Ackermann, ACS Catal. 2016, 6, 498—-525; b) J. Yamaguchi, K.
Muto, K. Itami, Eur. J. Org. Chem. 2013, 19-30; ¢) N. Yoshikai,
Synlett 2011, 1047 -1051; d) Y. Nakao, Chem. Rec. 2011, 11,242 -
2515 e) A. A. Kulkarni, O. Daugulis, Synthesis 2009, 4087 —41009.

[19] D. Ma, Q. Cai, Acc. Chem. Res. 2008, 41, 1450 —1460.

[20] a) G. Desimoni, G. Faita, K. A. Jgrgensen, Chem. Rev. 2006, 106,
3561-3651; b) J. S. Johnson, D. A. Evans, Acc. Chem. Res. 2000,
33, 325-335.

[21] For detailed information, see the Supporting Information.

[22] a) X. A. Dominguez, G. d. 1. Fuente, A. G. Gonzidlez, M. Reina,
I. Tim6n, Heterocycles 1988, 27, 35-38; b) B. Burke, H. Parkins,
A. M. Talbot, Heterocycles 1979, 12, 349 -351.

[23] a) K. Muto, J. Yamaguchi, K. Itami, J. Am. Chem. Soc. 2012, 134,
169-172; b) F. Besselievre, F. Mahuteau-Betzer, D. S. Grierson,
S. Piguel, J. Org. Chem. 2008, 73, 3278 —3280; c) For palladium-
catalyzed C—H arylations with H,O at 60°C, see: S. A. Ohn-
macht, P. Mamone, A.J. Culshaw, M.F. Greaney, Chem.
Commun. 2008, 1241-1243; d) For the synthesis in seven steps
by traditional cross-coupling chemistry, see: K. J. Hodgetts, M. T.
Kershaw, Org. Lett. 2002, 4, 2905-2907.

[24] T. Yoshizumi, T. Satoh, K. Hirano, D. Matsuo, A. Orita, J. Otera,
M. Miura, Tetrahedron Lett. 2009, 50, 3273 -3276.

[25] O. Baudoin, Chem. Soc. Rev. 2011, 40, 4902 -4911.

[26] a) T. Xi, Y. Mei, Z. Lu, Org. Lett. 2015, 17, 5939-5941; b) L.
Ackermann, S. Barfiiler, C. Kornhaal3, A. R. Kapdi, Org. Lett.
2011, 73, 3082-3085.

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

[28] The photoinduced C—H arylations were performed in a Luzchem
LZC-ICH2 photoreactor equipped with a temperature control
unit. We have recorded a reaction temperature range of 25-27°C
throughout the entire C—H transformations (see Figure S-1).

Received: December 30, 2015
Revised: January 29, 2016
Published online: March 9, 2016

www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2016, 128, 4837-4840


http://dx.doi.org/10.1002/ange.201210276
http://dx.doi.org/10.1126/science.1258232
http://dx.doi.org/10.1002/chem.201304823
http://dx.doi.org/10.1002/chem.201304823
http://dx.doi.org/10.1021/ja400311h
http://dx.doi.org/10.1038/nature14875
http://dx.doi.org/10.1002/anie.201501908
http://dx.doi.org/10.1002/anie.201501908
http://dx.doi.org/10.1002/ange.201501908
http://dx.doi.org/10.1126/science.1255525
http://dx.doi.org/10.1039/c4sc00368c
http://dx.doi.org/10.1039/c4sc00368c
http://dx.doi.org/10.1021/ja4126609
http://dx.doi.org/10.1021/ja404050f
http://dx.doi.org/10.1021/ja404050f
http://dx.doi.org/10.1126/science.1226458
http://dx.doi.org/10.1126/science.1253647
http://dx.doi.org/10.1126/science.1253647
http://dx.doi.org/10.1002/anie.201506579
http://dx.doi.org/10.1002/ange.201506579
http://dx.doi.org/10.1002/ange.201506579
http://dx.doi.org/10.1002/anie.201412199
http://dx.doi.org/10.1002/anie.201412199
http://dx.doi.org/10.1002/ange.201412199
http://dx.doi.org/10.1002/ange.201412199
http://dx.doi.org/10.1021/acs.orglett.5b01645
http://dx.doi.org/10.1021/acs.orglett.5b01645
http://dx.doi.org/10.1021/jacs.5b05665
http://dx.doi.org/10.1021/jacs.5b05665
http://dx.doi.org/10.1002/anie.201500074
http://dx.doi.org/10.1002/ange.201500074
http://dx.doi.org/10.1002/ange.201500074
http://dx.doi.org/10.1002/anie.201409999
http://dx.doi.org/10.1002/anie.201409999
http://dx.doi.org/10.1002/ange.201409999
http://dx.doi.org/10.1002/ange.201409999
http://dx.doi.org/10.1021/jacs.5b05597
http://dx.doi.org/10.1021/jacs.5b05597
http://dx.doi.org/10.1039/C3CC45240A
http://dx.doi.org/10.1021/ja503974x
http://dx.doi.org/10.1021/ja503974x
http://dx.doi.org/10.1021/ja500716j
http://dx.doi.org/10.1021/ja208068w
http://dx.doi.org/10.1021/ja208068w
http://dx.doi.org/10.1021/ja301553c
http://dx.doi.org/10.1002/anie.201408891
http://dx.doi.org/10.1002/anie.201408891
http://dx.doi.org/10.1002/ange.201408891
http://dx.doi.org/10.1002/ange.201408891
http://dx.doi.org/10.1002/anie.201400560
http://dx.doi.org/10.1002/ange.201400560
http://dx.doi.org/10.1002/ange.201400560
http://dx.doi.org/10.1002/anie.201405478
http://dx.doi.org/10.1002/ange.201405478
http://dx.doi.org/10.1021/acscatal.5b02410
http://dx.doi.org/10.1039/C4CC00751D
http://dx.doi.org/10.1021/ja212099r
http://dx.doi.org/10.1021/jo501361k
http://dx.doi.org/10.3762/bjoc.8.202
http://dx.doi.org/10.3762/bjoc.8.202
http://dx.doi.org/10.1021/acscatal.5b02344
http://dx.doi.org/10.1002/ejoc.201200914
http://dx.doi.org/10.1055/s-0030-1259928
http://dx.doi.org/10.1002/tcr.201100023
http://dx.doi.org/10.1002/tcr.201100023
http://dx.doi.org/10.1021/ar8000298
http://dx.doi.org/10.1021/cr0505324
http://dx.doi.org/10.1021/cr0505324
http://dx.doi.org/10.1021/ar960062n
http://dx.doi.org/10.1021/ar960062n
http://dx.doi.org/10.1021/ja210249h
http://dx.doi.org/10.1021/ja210249h
http://dx.doi.org/10.1021/jo7027135
http://dx.doi.org/10.1039/b719466h
http://dx.doi.org/10.1039/b719466h
http://dx.doi.org/10.1021/ol0262800
http://dx.doi.org/10.1016/j.tetlet.2009.02.039
http://dx.doi.org/10.1039/c1cs15058h
http://dx.doi.org/10.1021/acs.orglett.5b03041
http://dx.doi.org/10.1021/ol200986x
http://dx.doi.org/10.1021/ol200986x
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15083a
http://www.angewandte.de

