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Abstract: A conceptually new and synthetically valuable cross-
dehydrogenative benzylic C(sp3)–H amination reaction is
reported by visible-light photoredox catalysis. This protocol
employs DCA (9,10-dicyanoanthracene) as a visible-light-
absorbing photoredox catalyst and an amide as the nitrogen
source without the need of either a transition metal or an
external oxidant.

Direct amination of a saturated C¢H bond is emerging as an
important methodology for C¢N bond formation.[1] The
nitrogen source in the majority of these reactions is a metal-
catalyzed nitrenoid that inserts into the C(sp3)–H bond using
either organic azides,[2] iminoiodanes[3] or haloamine deriva-
tives (ZNNaX)[4] as nitrene precursors. While non-selectivity,
low yield, and employment of a highly electrophilic nitrene
source typically marked the former processes, use of hyper-
valent iodine reagents and the generation of a stoichiometric
amount of environmentally non-benign iodobenzene remains
a major drawback of the later approaches. Although, an
alternative approach of generating nitrene and its insertion
into the C¢H bond by rhodium-catalyzed decomposition of
N-tosyloxycarbamates[5] overcomes some of these problems,
the high costs of the rhodium metal and its non-recyclability
limit its use. Furthermore, hypervalent N-trifluoromethylsul-
fonylimino-l3-bromane[6] has also been used as an active
organo nitrenoid species for the C–H amination reaction but
this strategy produces a stoichiometric amount of trifluoro-
methylbromobenzene as a by-product. A divergent regiose-
lectivity of intramolecular C–H amination has also been
reported by generating nitrenoid species from two differently
engineered variants of P450BM3 where one is favoring
amination of benzylic C¢H bonds and the other is favoring
homo-benzylic C¢H bonds,[7] but this approach is highly
substrate specific. Apart from using metal/organo nitrenoids,
another interesting methodology in this area is reported by
directed metal-catalyzed inter- and intramolecular amination
of C¢H bonds.[8] However, use of a directing group as an
appendage limits its scope. Efforts have also been directed to
replace costly transition metals in C–H amination reactions
by developing catalytic cross-dehydrogenative couplings

(CDC) using more environmental friendly metal salts[9,10] or
metal-free conditions,[11] but these strategies require strong
oxidizing agents. Radical-based cross-coupling reactions[12]

are also reported in this area but selectivity remains the
main issue in these approaches. Sarpong and co-workers have
reported an interesting strategy for intramolecular nitrogen
incorporation by oxidation of a benzylic C,N-di-anion using
iodine as an oxidant[13] but the major constraint of this
strategy remains functional group tolerance owing to the use
of an excess of strong base.

It becomes apparent from the above introduction that
during the last decade several fundamental reactions have
been discovered for direct C–H amination but the majority of
them either uses costly and toxic transition-metal catalysts or
requires strong oxidizing agents and the majority of them also
suffers from regio- and chemoselectivity issues. Therefore, it
was felt necessary that there is an urgent requirement of
developing an entirely new chemistry for the C–H amination
reaction which should overcome all the problems associated
with earlier methods and would also address environmental
issues (see Scheme 1). In the context of fulfilling this

challenge, our attention was drawn towards one of our own
recent reports wherein a benzylic C¢H bond was functional-
ized for C¢O bond formation by photoredox catalysis.[14]

However, when the same protocol was attempted for C¢N
bond formation, the reaction failed due to competitive
electron-transfer processes between amine and alkyl aryl
groups.

Therefore, we envisioned an entirely new strategy to
generate first the benzylic radical 6 by H abstraction from
a captodative aminyl radical 5,[15] which was perceived to be
generated by a one-electron photoredox oxidation of 2a using
a singlet excited state of 9,10-dicyanoanthracene (DCA) as an
electron acceptor[16] followed by one electron oxidation of 6

Scheme 1. Intermolecular cross-dehydrogenative benzylic C(sp3)-H
amination reactions.
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by DCA to form the benzylic cation 7. Reaction of this cation
7 with 2a was envisaged to give the C–H aminated product 3
directly by following the catalytic cycle as shown in Figure 1.
Towards accomplishing our proposed goal, a mixture of alkyl

aryl 1a (2 mmol), amine 2a (3 mmol), and DCA (3 ×
10¢4 moldm¢3) in 50 mL (0.75 mol%) acetonitrile (MeCN)
was photolyzed using a visible-light (410 nm) source. Visible
light (410 nm) was obtained by using a combination of Pyrex
and a CuSO4 :NH3 solution filter[17] from a 450-W Hanovia
medium pressure lamp.[18] Care was taken that all the light was
absorbed by DCA only in the present experimental setup.
Consumption of 1a was monitored by GC. No significant loss
in the concentration of DCA was noticed by GC even after
12–15 h of photolysis.

The reaction mixture was concentrated and purified by
column chromatography to produce 3a in 58 % yield (the
yield is based on the consumption of 1a) along with 8a (10%)
and 2aa (25%; Scheme 2). Some amount of amide was always
recovered from our reaction mixture as expected from the
proposed mechanistic cycle (Figure 1). The optimized study
showed that this is the best reaction condition for this
reaction.[19]

No further improvement in product formation was
observed even after prolonged irradiation. Formation of 2aa
in this reaction suggests the involvement of a radical inter-
mediate 5. In order to support the formation of 5 as an

intermediate, 2a (2 mmol) was photolyzed in the presence of
DCA (3 × 10¢4 moldm¢3, 0.75 mol%) alone, under identical
reaction conditions as described above, which gave 2aa
exclusively (Scheme 3 A).

Compound 8a is likely to have
formed either by the reaction of benzyl
radical 6 with atmospheric oxygen or by
further oxidation of the corresponding
alcohol 1-phenylethanol. However, our
attempt to detect 1-phenylethanol in the
above reaction has so far been in vain.
The formation of the benzylic radical
intermediate was confirmed by trapping
with 2,2,6,6-tetramethylpiperidinyloxy
(TEMPO; Scheme 3D).[19] Evidence
for the involvement of benzylic carbo-
cation for the formation of 3a is
obtained by carrying out an identical
photolysis experiment in a mixture of
acetic acid: acetonitrile (1:9) which pro-
duced 3a along with 9a (Scheme 3B).
Further support for the involvement of
carbocationic species in the amination
reaction was obtained by isolating 10
and 3a’’ by exposing isochroman 1a’’
under the identical reaction conditions

as described above for 1a (Scheme 3C). To better understand
the mechanism of this benzylic C(sp3)–H amination, DFT
calculations were performed for the reaction of 2a with 7
(DH� = 10.7 kcalmol¢1 and DG� = 24.5 kcalmol¢1) compared
with the reaction of 5 with 6 (DH� = 25.5 kcalmol¢1 and
DG� = 39.2 kcal mol¢1). The value for the reaction 2a with 7
was found less. The calculated reaction Gibbs free-energies
(DrG) for the cation and free radical pathways are ¢28.5 kcal
mol¢1 and ¢64.1 kcalmol¢1, respectively.[19]

Figure 1. Concept of cross-dehydrogenative benzylic C(sp3)–H amination reaction by photoredox
catalysis.

Scheme 2. Cross-dehydrogenative benzylic C(sp3)–H amination reac-
tion.

Scheme 3. Dimerization of the amine by radical formation and support
for the involvement of benzylic carbocation and radical in the
amination reaction.
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To optimize this C–H amination reaction, several amides
(2a–e) were evaluated along with ethyl benzene (1a) and
results are summarized in Table 1.

From the above results, it can be noted that anomeric
amides only produced C–H aminated products and non-
anomeric amides such as 2d and 2e were recovered as such

from the reaction mixture and no isolable amounts of any
product were formed. Since 2a was found to be relatively
better in initiating cross-dehydrogenative coupling with aryl
alkyls, it was used for studying the generality of the reaction
with several alkyl aryls and results are given in Table 2. From
the above results, it is interesting to note that alkyl aryls
having both electron-withdrawing and donating substituents
on the aromatic ring reacted equally well. Reaction with
various p-halotoluenes suggested a reactivity order as F>
Cl>Br (Table 2, entries 3s–u,). Furthermore, reaction with
differently substituted benzylic substrates were also studied
and the reactivity order was found to be 288> 188 = 388 (Table 2,
entries 3 f–i). When the industrial raw material p- and m-
xylenes were studied, exclusively mono-aminated products 3j
and 3 k were obtained in good yields (72 % and 70 %,
respectively).

In this series, mesitylene, indane, and tetralene also
provided only mono-aminated products 3 l, 3m and 3 n,
respectively, in good yields. This method was also found to
be quite wide-ranging with other aromatics such as methyl-
naphthalene, fluorene, 4-methyl-biphenyl producing corre-
sponding aminated products 3o–r, respectively, (Table 2).
Protected phenol gave corresponding aminated product 3v in
comparable yield. Reaction with allylbenzene was also quite
successful in generating the corresponding allyl-aminated
product 3x (Table 2), though, in moderate yield (50%). It
may be interesting to mention that the Pd-catalyzed allylic
amination reaction is reported to form a rearranged prod-
uct.[20]

These interesting results prompted us to explore further
the regioselectivity of this reaction as well. Towards this end,
reaction of 4-ethyl toluene (1y) was studied in detail which
gave 3y (56%) exclusively. Formation of exclusive 3y is
explained by considering the stability of the corresponding
secondary benzylic radical in comparison to the primary
benzylic radical by at least 3.87 kcalmol¢1. Similar calcula-

Table 1: Optimization of the amination reaction using different
amines.[a,b,c]

Amine Product Yield[b]

58% (75%)

56% (70%)

52% (72%)

0

0

[a] Reaction conditions: 1a (2 mmol), 2 (3 mmol), DCA (0.75 mol%) in
acetonitrile 50 mL. [b] Isolated yields based on the consumption of 1a.
Conversion of the reaction based on 1a given in parentheses.

Table 2: Study of substrates scope.[a,b]

[a] Reaction conditions: 1 (2 mmol), 2 (3 mmol), DCA (0.75 mol%) in acetonitrile 50 mL. [b] Isolated yields based on consumption of 1.
[c] Conversion of the reaction based on 1.

Angewandte
Chemie

14877Angew. Chem. Int. Ed. 2015, 54, 14875 –14879 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


tions for relative stability of corresponding radicals from 1z
and 1aa responsible for the formation of 3z and 3aa were also
carried out and results indicated that corresponding radicals
responsible for the formation of these products were found
stable by 0.71 kcalmol¢1 and 7.08 kcalmol¢1, respectively
(Scheme 4).[19]

The application of this CDC coupling reaction was further
extended for the synthesis of amino acid derivatives from
direct benzylic C–H amination of corresponding phenyl
alkanoic acids. Different types of a-, b-, and g-amino acid
derivatives 3ab–3ad (Table 2) were synthesized by carrying
out identical irradiation as mentioned earlier for 1a. This
strategy was also found successful for intramolecular benzylic
C(sp3)–H amination[21] of 1 ae and 1af to give 3ae and 3af,
respectively (Scheme 5).

In conclusion, we have developed a conceptually new
metal-free and external oxidant-free protocol for selective
incorporation of nitrogen into a benzylic C(sp3)¢H bond by
an atom-economic cross-dehydrogenative coupling initiated
by visible-light photoredox catalysis. This protocol has
a broad substrate scope and regioselectivity. This method
can possibly be useful to transform industrial raw materials,
such as toluene, xylene and mesitylene into value-added
corresponding monoaminated products.

Acknowledgements

We thank DST, New Delhi for financial support (J.C. Bose
Fellowship to G.P.) and R.L. thanks CSIR, New Delhi for

award of a research fellowship. We also thank Dr. P. Mondal
(Assam University, Silchar) and Dr. S. Ghosal (BITS Pilani,
Hyderabad campus) for the theoretical calculation.

Keywords: amination · C–H functinalization · cross-coupling ·
photoredox catalysis · synthetic methods

How to cite: Angew. Chem. Int. Ed. 2015, 54, 14875–14879
Angew. Chem. 2015, 127, 15088–15092

[1] a) K. Godula, D. Sames, Science 2006, 312, 67 – 72; b) H. M. L.
Davies, J. R. Manning, Nature 2008, 451, 417 – 424; c) F. Collet,
R. H. Dodd, P. Dauban, Chem. Commun. 2009, 5061 – 5074;
d) O. V. Zatolochnaya, V. Gevorgyan, Nat. Chem. 2014, 6, 661 –
663.

[2] a) D. Intrieri, P. Zardi, A. Caselli, E. Gallo, Chem. Commun.
2014, 50, 11440 – 11453; b) N. Wang, R. Li, L. Li, S. Xu, H. Song,
B. Wang, J. Org. Chem. 2014, 79, 5379 – 5385; c) A. Sharma, J. F.
Hartwig, Nature 2015, 517, 600 – 604; d) E. T. Hennessy, T. A.
Betley, Science 2013, 340, 591 – 595; e) M. J. B. Aguila, Y. M.
Badiei, T. H. Warren, J. Am. Chem. Soc. 2013, 135, 9399 – 9406;
f) Q. Nguyen, K. Sun, T. G. Driver, J. Am. Chem. Soc. 2012, 134,
7262 – 7265; g) T. Kang, Y. Kim, D. Lee, Z. Wang, S. Chang, J.
Am. Chem. Soc. 2014, 136, 4141 – 4144; h) Y. Nishioka, T.
Uchida, T. Katsuki, Angew. Chem. Int. Ed. 2013, 52, 1739 – 1742;
Angew. Chem. 2013, 125, 1783 – 1786; i) T. G. Driver, Org.
Biomol. Chem. 2010, 8, 3831 – 3846.

[3] a) F. Collet, C. Lescot, P. Dauban, Chem. Soc. Rev. 2011, 40,
1926 – 1936; b) J. L. Roizen, M. E. Harvey, J. Du Bois, Acc.
Chem. Res. 2012, 45, 911 – 922; c) C. M. Che, V. K. Y. Lo, C. Y.
Zhou in Comprehensive Organic Synthesis II, 2nd ed. (Ed.: P.
Knochel), Elsevier, Amsterdam, 2014, pp. 26 – 85; d) E. N. Bess,
R. J. DeLuca, D. J. Tindall, M. S. Oderinde, J. L. Roizen, J.
Du Bois, M. S. Sigman, J. Am. Chem. Soc. 2014, 136, 5783 – 5789;
e) G.-H. Huang, J.-M. Li, J.-J. Huang, J.-D. Lin, G. J. Chuang,
Chem. Eur. J. 2014, 20, 5240 – 5243; f) J. M. Alderson, A. M.
Phelps, R. J. Scamp, N. S. Dolan, J. M. Schomaker, J. Am. Chem.
Soc. 2014, 136, 16720 – 16723; g) M. E. Harvey, D. G. Musaev, J.
Du Bois, J. Am. Chem. Soc. 2011, 133, 17207 – 17216; h) R. T.
Gephart, T. H. Warren, Organometallics 2012, 31, 7728 – 7752.

[4] a) R. Bhuyan, K. M. Nicholas, Org. Lett. 2007, 9, 3957 – 3959;
b) B. Kalita, A. A. Lamar, K. M. Nicholas, Chem. Commun.
2008, 4291 – 4293; c) J. D. Harden, J. V. Ruppel, G.-Y. Gao, X. P.
Zhang, Chem. Commun. 2007, 4644 – 4646; d) H. Wang, Y. Li, Z.
Wang, J. Lou, Y. Xiao, G. Qiu, X. Hu, H.-J. Altenbach, P. Liu,
RSC Adv. 2014, 4, 25287 – 25290; e) Z. Ni, Q. Zhang, T. Xiong, Y.
Zheng, Y. Li, H. Zhang, J. Zhang, Q. Liu, Angew. Chem. Int. Ed.
2012, 51, 1244 – 1247; Angew. Chem. 2012, 124, 1270 – 1273.

[5] a) H. Lebel, K. Huard, S. Lectard, J. Am. Chem. Soc. 2005, 127,
14198 – 14199; b) K. Huard, H. Lebel, Chem. Eur. J. 2008, 14,
6222 – 6230; c) R. P. Reddy, H. M. L. Davies, Org. Lett. 2006, 8,
5013 – 5016.

[6] a) M. Ochiai, K. Miyamoto, T. Kaneaki, S. Hayashi, W.
Nakanishi, Science 2011, 332, 448 – 451; b) K. Miyamoto, T.
Ota, M. M. Hoque, M. Ochiai, Org. Biomol. Chem. 2015, 13,
2129 – 2133.

[7] T. K. Hyster, C. C. Farwell, A. R. Buller, J. A. McIntosh, F. H.
Arnold, J. Am. Chem. Soc. 2014, 136, 15505 – 15508.

[8] a) S. M. Paradine, M. C. White, J. Am. Chem. Soc. 2012, 134,
2036 – 2039; b) G. He, Y. Zhao, S. Zhang, C. Lu, G. Chen, J. Am.
Chem. Soc. 2012, 134, 3 – 6; c) G. He, S.-Y. Zhang, W. A. Nack,
Q. Li, G. Chen, Angew. Chem. Int. Ed. 2013, 52, 11124 – 11128;
Angew. Chem. 2013, 125, 11330 – 11334; d) E. T. Nadres, O.
Daugulis, J. Am. Chem. Soc. 2012, 134, 7 – 10; e) X. Ye, Z. He, T.
Ahmed, K. Weise, N. G. Akhmedov, J. L. Petersen, X. Shi,
Chem. Sci. 2013, 4, 3712 – 3716; f) Q. Zhang, K. Chen, W. Rao, Y.

Scheme 4. Regioselective dehydrogenative benzylic C–H amination

Scheme 5. Intramolecular cross-dehydrogenative benzylic C(sp3)–H
amination reaction by photoredox catalysis.

..Angewandte
Communications

14878 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 14875 –14879

http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1039/b905820f
http://dx.doi.org/10.1038/nchem.2018
http://dx.doi.org/10.1038/nchem.2018
http://dx.doi.org/10.1039/C4CC03016H
http://dx.doi.org/10.1039/C4CC03016H
http://dx.doi.org/10.1021/jo5008515
http://dx.doi.org/10.1038/nature14127
http://dx.doi.org/10.1126/science.1233701
http://dx.doi.org/10.1021/ja400879m
http://dx.doi.org/10.1021/ja301519q
http://dx.doi.org/10.1021/ja301519q
http://dx.doi.org/10.1021/ja501014b
http://dx.doi.org/10.1021/ja501014b
http://dx.doi.org/10.1002/anie.201208906
http://dx.doi.org/10.1002/ange.201208906
http://dx.doi.org/10.1039/c005219c
http://dx.doi.org/10.1039/c005219c
http://dx.doi.org/10.1039/c0cs00095g
http://dx.doi.org/10.1039/c0cs00095g
http://dx.doi.org/10.1021/ar200318q
http://dx.doi.org/10.1021/ar200318q
http://dx.doi.org/10.1021/ja5015508
http://dx.doi.org/10.1002/chem.201304633
http://dx.doi.org/10.1021/ja5094309
http://dx.doi.org/10.1021/ja5094309
http://dx.doi.org/10.1021/ja203576p
http://dx.doi.org/10.1021/om300840z
http://dx.doi.org/10.1021/ol701544z
http://dx.doi.org/10.1039/b805783d
http://dx.doi.org/10.1039/b805783d
http://dx.doi.org/10.1039/b710677g
http://dx.doi.org/10.1039/c4ra02240h
http://dx.doi.org/10.1002/anie.201107427
http://dx.doi.org/10.1002/anie.201107427
http://dx.doi.org/10.1002/ange.201107427
http://dx.doi.org/10.1021/ja0552850
http://dx.doi.org/10.1021/ja0552850
http://dx.doi.org/10.1002/chem.200702027
http://dx.doi.org/10.1002/chem.200702027
http://dx.doi.org/10.1021/ol061742l
http://dx.doi.org/10.1021/ol061742l
http://dx.doi.org/10.1126/science.1201686
http://dx.doi.org/10.1039/C4OB02160F
http://dx.doi.org/10.1039/C4OB02160F
http://dx.doi.org/10.1021/ja509308v
http://dx.doi.org/10.1021/ja211600g
http://dx.doi.org/10.1021/ja211600g
http://dx.doi.org/10.1021/ja210660g
http://dx.doi.org/10.1021/ja210660g
http://dx.doi.org/10.1002/anie.201305615
http://dx.doi.org/10.1002/ange.201305615
http://dx.doi.org/10.1021/ja210959p
http://dx.doi.org/10.1039/c3sc51211h
http://www.angewandte.org


Zhang, F.-J. Chen, B.-F. Shi, Angew. Chem. Int. Ed. 2013, 52,
13588 – 13592; Angew. Chem. 2013, 125, 13833 – 13837; g) J. J.
Neumann, S. Rakshit, T. Drçge, F. Glorius, Angew. Chem. Int.
Ed. 2009, 48, 6892 – 6895; Angew. Chem. 2009, 121, 7024 – 7027;
h) Z. Wang, J. Ni, Y. Kuninobu, M. Kanai, Angew. Chem. Int. Ed.
2014, 53, 3496; i) A. Iglesias, R. Alvarez, A. R. de Lera, K.
Muniz, Angew. Chem. Int. Ed. 2012, 51, 2225 – 2228; Angew.
Chem. 2012, 124, 2268 – 2271; j) T. Xiong, Y. Li, Y. Lv, Q. Zhang,
Chem. Commun. 2010, 46, 6831 – 6833; k) J. Pan, M. Su, S. L.
Buchwald, Angew. Chem. Int. Ed. 2011, 50, 8647 – 8651; Angew.
Chem. 2011, 123, 8806 – 8810; l) M. Yang, B. Su, Y. Wang, K.
Chen, X. Jiang, Y.-F. Zhang, X.-S. Zhang, G. Chen, Y. Cheng, Z.
Cao, Q.-Y. Guo, L. Wang, Z.-J. Shi, Nat. Commun. 2014, 5, 4707.

[9] a) Q. Li, Y. Huang, T. Chen, Y. Zhou, Q. Xu, S.-F. Yin, L.-B. Han,
Org. Lett. 2014, 16, 3672 – 3675; b) H. Chen, S. Sanjaya, Y.-F.
Wang, S. Chiba, Org. Lett. 2013, 15, 212 – 215; c) X. Liu, Y.
Zhang, L. Wang, H. Fu, Y. Jiang, Y. Zhao, J. Org. Chem. 2008, 73,
6207 – 6212; d) B. L. Tran, B. Li, M. Driess, J. F. Hartwig, J. Am.
Chem. Soc. 2014, 136, 2555 – 2563; e) G. Pelletier, D. A. Powell,
Org. Lett. 2006, 8, 6031 – 6034; f) H. Chen, S. Chiba, Org.
Biomol. Chem. 2014, 12, 42 – 46.

[10] a) Q. Xia, W. Chen, H. Qiu, J. Org. Chem. 2011, 76, 7577 – 7582;
b) Y. Cheng, W. Dong, L. Wang, K. Parthasarathy, C. Bolm, Org.
Lett. 2014, 16, 2000 – 2002; c) F. Jia, Z. Li, Org. Chem. Front.
2014, 1, 194 – 214.

[11] a) H. J. Kim, J. Kim, S. H. Cho, S. Chang, J. Am. Chem. Soc. 2011,
133, 16382 – 16385; b) R. Fan, W. Li, D. Pu, L. Zhang, Org. Lett.
2009, 11, 1425 – 1428; c) L. Mao, Y. Li, T. Xiong, K. Sun, Q.
Zhang, J. Org. Chem. 2013, 78, 733 – 737; d) H.-M. Guo, C. Xia,
H.-Y. Niu, X.-T. Zhang, S.-N. Kong, D.-C. Wang, G.-R. Qu, Adv.
Synth. Catal. 2011, 353, 53 – 56; e) X. Zhang, M. Wang, P. Li, L.
Wang, Chem. Commun. 2014, 50, 8006 – 8009; f) X.-F. Wu, J.-L.
Gong, X. Qi, Org. Biomol. Chem. 2014, 12, 5807 – 5817; g) K.
Sun, X. Wang, G. Li, Z. Zhu, Y. Jiang, B. Xiao, Chem. Commun.
2014, 50, 12880 – 12883; h) Q. Xue, J. Xie, H. Li, Y. Cheng, C.
Zhu, Chem. Commun. 2013, 49, 3700 – 3702; i) J. Xie, H. Jiang, Y.

Cheng, C. Zhu, Chem. Commun. 2012, 48, 979 – 981; j) L. Dian,
S. Wang, D. Zhang-Negrerie, Y. Du, K. Zhao, Chem. Commun.
2014, 50, 11738 – 11741; k) D. Zhao, T. Wang, J.-X. Li, Chem.
Commun. 2014, 50, 6471 – 6474; l) R. Xia, H.-Y. Niu, G.-R. Qu,
H.-M. Guo, Org. Lett. 2012, 14, 5546 – 5549; m) Y. Takeda, J.
Hayakawa, K. Yano, S. Minakata, Chem. Lett. 2012, 41, 1672 –
1674.

[12] a) Y. Amaoka, S. Kamijo, T. Hoshikawa, M. Inoue, J. Org. Chem.
2012, 77, 9959 – 9969; b) L. Zhou, S. Tang, X. Qi, C. Lin, K. Liu,
C. Liu, Y. Lan, A. Lei, Org. Lett. 2014, 16, 3404 – 3407; c) Q.
Michaudel, D. Thevenet, P. S. Baran, J. Am. Chem. Soc. 2012,
134, 2547 – 2550.

[13] J. L. Jeffrey, E. S. Bartlett, R. Sarpong, Angew. Chem. Int. Ed.
2013, 52, 2194 – 2197; Angew. Chem. 2013, 125, 2250 – 2253.

[14] G. Pandey, S. Pal, R. Laha, Angew. Chem. Int. Ed. 2013, 52,
5146 – 5149; Angew. Chem. 2013, 125, 5250 – 5253.

[15] S. A. Glover, Tetrahedron 1998, 54, 7229 – 7271.
[16] a) G. Pandey, Mol. Supramol. Photochem. 1997, 1, 245 – 294;

b) “Photoinduced Electron Transfer (PET) in Organic Syn-
thesis”: G. Pandey, Top. Curr. Chem. 1993, 168, 175 – 221.

[17] J. G. Calvert, J. N. Pitts, Photochemistry Wiley, New York, 1966,
p. 736.

[18] This setup was used in the absence of a commercially available
LED source in this wavelength range. Any lamp emitting at
410 nm with appropriate intensity (ca. 6.0 × 1015 photons per
second) can be used.

[19] For detailed studies please see the supporting information.
[20] a) S. A. Reed, A. R. Mazzotti, M. C. White, J. Am. Chem. Soc.

2009, 131, 11701 – 11706.
[21] C. Zhu, Y. Liang, X. Hong, H. Sun, W.-Y. Sun, K. N. Houk, Z.

Shi, J. Am. Chem. Soc. 2015, 137, 7564 – 7567.

Received: September 7, 2015
Published online: October 16, 2015

Angewandte
Chemie

14879Angew. Chem. Int. Ed. 2015, 54, 14875 –14879 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/anie.201306625
http://dx.doi.org/10.1002/anie.201306625
http://dx.doi.org/10.1002/ange.201306625
http://dx.doi.org/10.1002/anie.200903035
http://dx.doi.org/10.1002/anie.200903035
http://dx.doi.org/10.1002/ange.200903035
http://dx.doi.org/10.1002/anie.201311105
http://dx.doi.org/10.1002/anie.201311105
http://dx.doi.org/10.1002/anie.201108351
http://dx.doi.org/10.1002/ange.201108351
http://dx.doi.org/10.1002/ange.201108351
http://dx.doi.org/10.1039/c0cc02175j
http://dx.doi.org/10.1002/anie.201102880
http://dx.doi.org/10.1002/ange.201102880
http://dx.doi.org/10.1002/ange.201102880
http://dx.doi.org/10.1038/ncomms5707
http://dx.doi.org/10.1021/ol501454j
http://dx.doi.org/10.1021/ol303302r
http://dx.doi.org/10.1021/jo800624m
http://dx.doi.org/10.1021/jo800624m
http://dx.doi.org/10.1021/ja411912p
http://dx.doi.org/10.1021/ja411912p
http://dx.doi.org/10.1021/ol062514u
http://dx.doi.org/10.1039/C3OB41871E
http://dx.doi.org/10.1039/C3OB41871E
http://dx.doi.org/10.1021/jo201253m
http://dx.doi.org/10.1021/ol500573f
http://dx.doi.org/10.1021/ol500573f
http://dx.doi.org/10.1039/c3qo00087g
http://dx.doi.org/10.1039/c3qo00087g
http://dx.doi.org/10.1021/ja207296y
http://dx.doi.org/10.1021/ja207296y
http://dx.doi.org/10.1021/ol900090f
http://dx.doi.org/10.1021/ol900090f
http://dx.doi.org/10.1021/jo302144w
http://dx.doi.org/10.1002/adsc.201000682
http://dx.doi.org/10.1002/adsc.201000682
http://dx.doi.org/10.1039/c4cc01189a
http://dx.doi.org/10.1039/C4OB00276H
http://dx.doi.org/10.1039/C4CC06003B
http://dx.doi.org/10.1039/C4CC06003B
http://dx.doi.org/10.1039/c3cc41558a
http://dx.doi.org/10.1039/C2CC15813B
http://dx.doi.org/10.1039/C4CC05758A
http://dx.doi.org/10.1039/C4CC05758A
http://dx.doi.org/10.1039/c4cc02648a
http://dx.doi.org/10.1039/c4cc02648a
http://dx.doi.org/10.1021/ol302640e
http://dx.doi.org/10.1246/cl.2012.1672
http://dx.doi.org/10.1246/cl.2012.1672
http://dx.doi.org/10.1021/jo301840e
http://dx.doi.org/10.1021/jo301840e
http://dx.doi.org/10.1021/ol501485f
http://dx.doi.org/10.1021/ja212020b
http://dx.doi.org/10.1021/ja212020b
http://dx.doi.org/10.1002/anie.201209591
http://dx.doi.org/10.1002/anie.201209591
http://dx.doi.org/10.1002/ange.201209591
http://dx.doi.org/10.1002/anie.201210333
http://dx.doi.org/10.1002/anie.201210333
http://dx.doi.org/10.1002/ange.201210333
http://dx.doi.org/10.1016/S0040-4020(98)00197-5
http://dx.doi.org/10.1007/3-540-56746-1_11
http://dx.doi.org/10.1021/ja903939k
http://dx.doi.org/10.1021/ja903939k
http://dx.doi.org/10.1021/jacs.5b03488
http://www.angewandte.org

