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Copper-catalyzed oxidative benzylic C-H
cyclization via iminyl radical from intermolecular
anion-radical redox relay
Xiang-Huan Shan1, Hong-Xing Zheng1, Bo Yang1, Lin Tie1, Jia-Le Fu1, Jian-Ping Qu2 & Yan-Biao Kang 1

Base-promoted C-H cleavage without transition metals opens a practical alternative for the

one based on noble metals or radical initiators. The resulting carbanion can pass through

radical addition to unsaturated bonds like C-N or C-C triple bonds, in which stoichiometric

oxidants are needed. When in situ C-H cleavage meets catalytic carbanion-radical relay, it

turns to be challenging but has not been accomplished yet. Here we report the combination

of base-promoted benzylic C-H cleavage and copper-catalyzed carbanion-radical redox relay.

Catalytic amount of naturally abundant and inexpensive copper salt, such as copper(II)

sulfate, is used for anion-radical redox relay without any external oxidant. By avoiding using

N-O/N-N homolysis or radical initiators to generate iminyl radicals, this strategy realizes

modular synthesis of N-H indoles and analogs from abundant feedstocks, such as toluene and

nitrile derivatives, and also enables rapid synthesis of large scale pharmaceuticals.
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Base-promoted C-H cleavage in the absence of transition
metal catalysts, especially, without noble metals, such as
rhodium, palladium, and iridium, has emerged near

recently (Fig. 1a)1–4. This approach opens a practical and cheap
alternative for previously established C-H cleavage based on
noble metals or radical initiators. It has been well known that
carbanion can pass through radical addition to unsaturated bonds
like C-N or C-C triple bonds using a metal oxidant such as Cu(II)
(Fig. 1b)5–15. Stoichiometric oxidants are needed for high turn-
overs5. The catalytic copper-mediated anion-radical relay is not
possible unless an extra oxidant is presented. Thus problem
emerges when in situ C-H cleavage meets carbanion-radical relay
without stoichiometric high oxidation state metals or oxidants.
To the best of our knowledge, the example of anion-radical oxi-
dative relay using catalytic amount of copper salt has not been
accomplished yet5.

On the other hand, iminyl radical has been well-established as
intermediates for the construction of N-containing 5- and 6-
membered heterocycles including indoles and pyridines16–21.
Iminyl radical is normally generated from N-O bond cleavage
using either light or initiators (Fig. 1c), which has attracted high
interests of chemists with the renaissance of radical reactions in
organic synthesis17,22–25. It has been barely reported that inter-
molecular carbanion-radical relay can furnish iminyl radical by
catalytic transition metals. Therefore a strategy needs to be
established for aforementioned challenges.

As a typical 5-memebrered N-containing rings, indoles are
among the most widely existing skeletons in natural products as
well as in pharmaceuticals. Despite that the approaches for the
synthesis indoles have been well established26–31, actually, most
methods are based on the derivatives of anilines26,32–64, where the
C-N bonds have been generally preinstalled. Therefore, we
envision that a strategy through benzylic C-H addition and
iminyl radical relay can enable the cyclization of toluenes and
nitriles to indoles. Herein, we report our recent results (Fig. 1d).

Herein, we report our recent results in the probe of the copper-
catalyzed anion-radical redox relay, we initialize the reaction by a
base-promoted benzylic C-H cleavage to generate the benzyl
anion A, which passes through a Cu(II)-mediated oxidation to
radical B5. The intermolecular radical addition of B to PhCN
generates iminyl radial C, which is trapped by aryl ring to form
D65–67. D is reduced by Cu(I) to indoles with the regeneration of
Cu(II) (Fig. 2a). The reaction in the presence of 2 mol% CuSO4

affords 85% of 3a (Fig. 2b), whereas the radical trapping
experiment shows that TEMPO totally inhibits the reaction with
the observation of 1a-OTEMP adduct (Fig. 2c), suggesting the
radical pathway should be rational. No Ullmann-type intramo-
lecular cyclization further proves the radical pathway (Fig. 2d).
Further investigation using palladium instead of copper salts
proves no promotion effect. Therefore, CuSO4 herein plays a
crucial role of redox catalyst to generate benzylic radical from
benzylic anion and enables the efficient synthesis of N-H indoles
and analogs from toluene and nitrile derivatives.

Results
Investigations of reaction conditions and scope. The reaction
conditions were optimized. First, various copper salts were
investigated as catalysts in the cyclization of toluene 1a with
nitrile 2a (Table 1). CuO and Cu2O afford similar yields (entries 2
and 3), indicating that either Cu(II) or Cu(I) might be involved in
this reaction. CuSO4 gives the best yield as 77% (entry 6). The
reaction in octane is better than that in other solvents, such as
dioxane, toluene, and DMF (entries 6, 9–11). Increasing the
concentration results in the slight increase of yield to 81% (entries
6 and 12). Reducing the catalyst loading from 10 to 2 mol % also

gives rise to the increase of yields (entries 12–13). The unreacted
nitrile 2a was recovered almost quantitatively (entry 13). Palla-
dium catalysts do not promote this reaction (entries 16–18). The
reaction condition in entry 13 was chosen for the standard
reaction conditions where 2 mol % of CuSO4 was used as catalyst.

With the standard reaction conditions in hand, the scope of
this method was investigated. Various 2-halotoluenes were
subjected to the standard conditions and the corresponding
indole products were obtained (Fig. 3). Halogen can survive
under basic conditions (3b, 3c, 3d, 3i, and 3l). Such indoles are
useful intermediates for further functionalization via cross
coupling reactions. Starting materials with hydroxyl and carboxyl
groups can directly undergo cyclization without protecting
groups (3f and 3g). 7-Azoindoles 3q and 3r could also be
achieved by these reactions. Functional groups and protecting
groups, such as halogen (3b-d, 3j, 3l, 3u), (Ar)OH (3f), COOH
(3g), MOM (3p), amide (3l), and ester (3t), are all tolerable in
this reaction.

Application in the synthesis of BACE1 inhibitor. This indoles
synthesis from nitriles and toluenes is a synthetically practical and
scalable method. By this method, a BACE1 inhibitor68 is syn-
thesized from benzonitrile and 2-iodotoluene by our method in
three steps in gram scale (Fig. 4).

Investigations of C3-substituted indoles and applications. C3-
substituted indoles can also be synthesized by this method.
Reaction conditions were further optimized on the basis of
Table 1 (Table 2). Despite of the fact that even 1.5 equiv of nitrile
affords 85% of 6d (entry 5), the conditions listed in entry 2 were
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b Two steps/pots anion-radical relay using stoichiometric metal salts (ref 5–15)
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Fig. 1 Formation of iminyl radical from anion/radical redox relay other than
N-O cleavage or initiators. a Base-promoted benzylic C-H cleavage in the
absence of transition metal catalysts followed by an addition to alkenes.
b Two steps/pots anion-radical relay using metal oxidants. c Methods for
the generation of iminyl radicals. d This work: naturally abundant copper
salt catalyzed redox C-H cyclization via iminyl radical from intermolecular
anion-radical relay
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Fig. 2 Iminyl radical from anion-radical redox relay. a Pathway for the copper-catalyzed anion-radical redox relay. b The anion-radical redox relay of 1a and
2a in the presence of 2 mol% CuSO4 affords 85% of 3a. c TEMPO inhibits the anion-radical redox was confirmed by the observation of 1a-OTEMP adduct.
d No Ullmann-type intramolecular cyclization was observed

Table 1 Reaction conditions

N
HI

Me

+

N

1a 2a 3a

Entrya [cat](mol %) Base Solvent 3a(%)c

1 CuTC (10) tBuOK octane 48
2 Cu2O (10) tBuOK octane 62
3 CuO (10) tBuOK octane 68
4 CuCl (10) tBuOK octane 57
5 CuCl2 (10) tBuOK octane 63
6 CuSO4 (10) tBuOK octane 77
7 CuSO4 (10) tBuONa octane 0
8 CuSO4 (10) KOH octane 0
9 CuSO4 (10) tBuOK dioxane 70
10 CuSO4 (10) tBuOK toluene 45
11 CuSO4 (10) tBuOK DMF 22
12b CuSO4 (10) tBuOK octane 81
13b, d CuSO4 (2) tBuOK octane 85
14 Cu(300 mesh) tBuOK octane 54
15 none tBuOK octane 11
16 Pd2(dba)3 (5) tBuOK octane 0
17 Pd(PPh3)4 (10) tBuOK octane 17
18 Pd(OAc)2 (10) tBuOK octane 15

aConditions: 1a (1 mmol), 2a (5 mmol), [cat] (x mol %), tBuOK (4mmol), solvent (1 mL), 15 h, 90 °C, argon
bOctane (0.75 mL)
cDetermined by 1H NMR
dBy column purification, 4.1 out of 5 equiv of nitriles 2a was recovered
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chosen for the balance of yields and amounts of the base and
nitriles.

Indoles bearing both C3-substituents, such as phenyl, hetero-
aryl, phenoxyl, and phenylthio, were readily obtained (Figs. 5,
6a–d). These functionalized indoles are useful synthons or

intermediates and are normally synthesized via C3-
functionalization of indoles. For example, 2,3-diphenyl indole
6a is a key intermediate of a BACE1 inhibitor68. What should be
mentioned is that the method for the synthesis of 3-
sulfenylindoles is still limited69–73. Current method provides a
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Fig. 3 Scope of methyl (het)arenes and nitriles. Reaction conditions: CuSO4 (2mol%), 1 (1 mmol), 2 (5mmol), tBuOK (5mmol), octane (0.75mL). Extra
1 mmol tBuOK was used for 3f and 3g. a2 (1.5 mL) was used as solvent. bOctane (3 mL). cCuSO4 (20mol %) was used. a 2-Iodomethyl arenes were
subjected to the standard conditions. b 2-Bromomethyl arenes were subjected to the standard conditions. c 2-Chloromethyl arenes were subjected to the
standard conditions
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powerful route to 3-sulfenylindoles (6d-6p, 6s-6t). Either aryl or
alkyl substituted 3-sulfenylindoles could be achieved. C5-C7
bromo indoles are useful intermediates in organic synthesis,
which were obtained in moderated to good yields (6m-6o). Plus
the results in Fig. 4, most functional groups, such as halogen, OH,
COOH, amide, ester, silyl protecting group, MOM, CF3, nitrile,
pyridine, etc, have been tolerated in this reaction. Besides 2-
halogen toluenes, 2-iodo ethyl benzene is also reactive to afford
the desired 3-methyl indole 6r in 55% yield. Alkyl substituted 3-
sulfenylindoles are normally difficult to generate due to the
instability of aliphatic nitriles under strong basic conditions. To
our delight, C2-alkyl indoles could also be prepared in moderate
to good yields (Fig. 6, 6u–6z). The yields seem dependent on the
steric hindrance of nitriles (6u, 6v vs 6w). Nevertheless, this
reaction provides an efficient route to either aromatic or aliphatic
substituted indoles.

C3-phenylthio can be easily removed in the presence of 2-
mercaptobenzoic acid and CF3CO2H74. Thus PhS-group can be
used as a leaving group in organic synthesis. In Fig. 6, a one-pot
cyclization-deprotection synthesis of 3 either from 5 or 1 is
demonstrated. Both indoles 3a and 3b were obtained in high
yields via both routes, whereas indoles 3v and 3w could only be
afforded by route 1 in high yields. The radical addition to nitrile is
a nucleophilic process, thus the electron rich nitriles are normally
less reactive. If the stability of radical intermediates are better, it
gives more chance. Thio-groups are better stabilizer for adjacent
carbon radicals. As a result, thio-substrate 5 is much better than 1
and some unavailable indoles from 1 and 2 can be achieved via 5.

Compound 3v is a key intermediate for a potential anti-breast
cancer medicine.

A potential anti-breast cancer reagent 8 is synthesized through
three steps from 5f via the removal of the phenylthio in more
than 10 gram-scale with overall 85% yield (Fig. 7)75.

Preliminary investigations of reaction mechanism. The reaction
mechanism has been investigated with experimental evidence. In
the reaction model in Fig. 2a, a Cu-catalyzed reaction cycle has
been presented. The XPS experiments for the reaction using
CuSO4 as catalyst demonstrated both Cu(II) and Cu(I), indicating
that Cu-salts have been involved in the reaction (Fig. 8). The
iodometric determination of Cu(II) in the reaction mixture was
performed using a chloro-substrate to avoid the interruption of
KI generated from the reaction. By the above titration, 65% Cu(II)
was determined. Therefore the reaction could possibly pass
through Fig. 1a via an iminyl radical addition to aryl rings.

Discussion
In conclusion, we have developed a catalytic approach for the
in situ generation of iminyl radicals via an intermolecular
carbanion-radical redox relay using a naturally abundant copper
salt as catalyst. This strategy is realized by combining a base-
promoted C-H cleavage and CuSO4-catalyzed carbanion-radical
redox relay, where CuSO4 is a cheap and naturally abundant
inorganic salt and as low as only 2 mol% catalyst loading is
needed. By avoiding using N-O/N-N homolysis or radical
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Fig. 4 Gram-scale synthesis of pharmaceuticals. a BACE1 inhibitor is synthesized from 2-iodotoluene 1a and benzonitrile 2a in gram scale using anion-
radical redox relay as the key step

Table 2 Reaction conditions for the synthesis of 6

SPh

I

+ CN
CuSO4 (2 mol%)

tBuOK (1.5-5 equiv)
dioxane

N
H

SPh

5d 2a 6d

Entrya PhCN (equiv) tBuOK (equiv) t (h) 6d (%)

1b 5 4 11 93
2 2.5 2.5 24 92
3 2 2 36 75
4 2 3 24 91
5 1.5 3 24 85

aConditions: 5d (1 mmol), 2a (1.5–5mmol), CuSO4 (2mol%), tBuOK (2–5mmol), dioxane (0.75 mL), argon. Yields were determined by 1H NMR
bAt 60 °C
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initiators to generate iminyl radicals, this reaction provides a
practical and noble metal-free access to indoles. What should be
mentioned is that this method directly affords N-H indoles
without any N-protecting groups, avoiding the irremovable or
hard removable protecting groups in organic synthesis. This
method is also a synthetically practical method, which has been
readily applied in the modification of the large-scale pharma-
ceutical synthesis from abundant feedstocks using cheap and
“green” reagents (CuSO4 and tBuOK).

Methods
General procedure. The Schlenk tube charged with tBuOK (2.5–5 mmol) and
CuSO4 (0.02 mmol, 3.2 mg) was dried under high vacuum for 15 min. Octane

(0.75 mL), 1 or 5 (1 mmol), and 2 (2.5–5 mmol) were added under argon and
stirred at 90 °C. The resulting reaction mixture was monitored by TLC. Upon
completion of the starting materials, the reaction mixture was directly purified by
silica gel column to give the desired product.

Procedure for XPS experiments. A Schlenk tube charged with tBuOK (4 mmol,
449 mg) and CuSO4 (0.1 mmol, 16 mg) was dried under high vacuum for 15 min.
Octane (0.75 mL), 1 (1 mmol), and 2a (5 mmol) were added under argon and
stirred at 90 °C for 8 h. The mixture was concentrated under vacuum and the solid
was measured by XPS tests.

Iodometric determination of Cu(II) in the reaction mixture. A Schlenk tube
charged with tBuOK (4 mmol, 449 mg) and CuSO4 (0.1 mmol, 16 mg) was dried
under high vacuum for 15 min. Octane (0.75 mL), 1u (1 mmol) and 2a (5 mmol)
were added under argon and stirred at 90 °C. The reaction was stirred for 8 h and
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Fig. 5 Scope of C3-functionalized indoles. Reaction conditions: 5 (1 mmol), 2 (2.5 mmol), CuSO4 (2mol %), tBuOK (2.5 mmol), dioxane (0.75mL). a2
(5 mmol), tBuOK (4mmol), octane (0.75mL) instead of dioxane. b2 (1.5 mL) was used as solvent. cCuSO4 (10mol %) was used. dDioxane (1.5 mL). e2
(15 mL) was used as solvent. fCuSO4 (20mol %) was used. gDioxane (20mL). htBuOK (4mmol). itBuOK (4mmol), no extra solvent. Brsm yield refers to
the yield based on recovered starting material
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quenched by CH2Cl2 and extracted with H2O. The aqueous phase were combined.
When the pH was adjusted to 7–8, KI (8 mmol) and 5 ml of 0.5 wt% starch
solution were sequentially added. Sodium thiosulfate standard titration solution
[c(Na2S2O3)= 0.05 mol/L] was used to titrate until the solution blue disappeared.
Cu(II) was determined as 0.065 mmol (65% based on 10 mol% CuSO4).

Data availability
The authors declare that the data supporting this study are available within the Article
and its Supplementary Information files.
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of indoles from imines ando-dihaloarenes oro-chlorosulfonates by a Pd-
catalyzed cascade process. J. Am. Chem. Soc. 131, 4031–4041 (2009).

62. Kim, J. H. & Lee, S. Palladium-catalyzed intramolecular trapping of the blaise
reaction intermediate for tandem one-pot synthesis of indole derivatives. Org.
Lett. 13, 1350–1353 (2011).

63. Clagg, K. et al. Synthesis of indole-2-carboxylate derivatives via palladium-
catalyzed aerobic amination of aryl C–H bonds. Org. Lett. 18, 3586–3589
(2016).

64. For Cu-catalyzed intramolecular Ullmann-type cyclization:, Melkonyan, F. S.,
Kuznetsov, D. E., Yurovskaya, M. A. & Karchava, A. V. One-pot synthesis of
substituted indoles via titanium(iv) alkoxide mediated imine
formation–copper-catalyzed N-arylation. RSC Adv. 3, 8388–8397 (2013).

65. Leardini, R., McNab, H., Minozzi, M. & Nanni, D. Thermal decomposition of
tert-butyl ortho-(phenylsulfanyl)- and ortho-(phenylsulfonyl)
phenyliminoxyperacetates: the reactivity of thio-substituted iminyl radicals. J.
Chem. Soc., Perkin Trans. 1, 1072–1078 (2001).

66. Li, X., Fang, X., Zhuang, S., Liu, P. & Sun, P. Photoredox catalysis:
construction of polyheterocycles via alkoxycarbonylation/addition/cyclization
sequence. Org. Lett. 19, 3580–3583 (2017).

67. Leardini, R., Nanni, D., Pareschi, P., Tundo, A. & Zanardi, G. α-(Arylthio)
imidoyl radicals: [3+ 2] radical annulation of aryl isothiocyanates with 2-
cyano-substituted aryl radicals. J. Org. Chem. 62, 8394–8399 (1997).

68. Asso, V. et al. α-Naphthylaminopropan-2-ol derivatives as BACE1 inhibitors.
ChemMedChem 3, 1530–1534 (2008).

69. Wang, F.-X., Zhou, S.-D., Wang, C. & Tian, S.-K. N-hydroxy sulfonamides as
new sulfenylating agents for the functionalization of aromatic compounds.
Org. Biomol. Chem. 15, 5284–5288 (2017).

70. Rahaman, R. & Barman, P. Iodine-catalyzed mono- and disulfenylation of
indoles in PEG400 through a facile microwave-assisted process. Eur. J. Org.
Chem. 42, 6327–6334 (2017).

71. He, Y., Jiang, J., Bao, W., Deng, W. & Xiang, J. TBAI-mediated regioselective
sulfenylation of indoles with sulfonyl chlorides in one pot. Tetrahedron Lett.
58, 4583–4586 (2017).

72. Yi, S. et al. Metal-free, iodine-catalyzed regioselective sulfenylation of indoles
with thiols. Tetrahedron Lett. 57, 1912–1916 (2016).

73. Sang, P., Chen, Z., Zou, J. & Zhang, Y. K2CO3 promoted direct sulfenylation of
indoles: a facile approach towards 3-sulfenylindoles. Green. Chem. 15,
2096–2100 (2013).

74. Hamel, P., Zajac, N., Atkinson, J. G. & Girard, Y. Nonreductive
desulfenylation of 3-indolyl sulfides. Improved syntheses of 2-substituted
indoles and 2-indolyl sulfides. J. Org. Chem. 59, 6372–6377 (1994).

75. Gastpar, R., Goldbrunner, M., Marko, D. & von Angerer, E. Methoxy-
substituted 3-formyl-2-phenylindoles inhibit tubulin Polymerization. J. Med.
Chem. 41, 4965–4972 (1998).

Acknowledgements
We thank the National Natural Science Foundation of China (21672196, 21602001,
21831007) and the Strategic Priority Research Program of the Chinese Academy of
Sciences (XDB20000000) for financial support.

Author contributions
X-H.S., H-X.Z., B.Y., L.T. and J-L.F. performed experiments and characterization. Y-B.K.
and J-P.Q. conceived and supervised the project and research plan. Y-B.K. and J-P.Q.
wrote the manuscript and secured funding.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08849-z.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08849-z ARTICLE

NATURE COMMUNICATIONS |          (2019) 10:908 | https://doi.org/10.1038/s41467-019-08849-z | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-019-08849-z
https://doi.org/10.1038/s41467-019-08849-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Copper-catalyzed oxidative benzylic C-H cyclization via iminyl radical from intermolecular anion-radical redox relay
	Results
	Investigations of reaction conditions and scope
	Application in the synthesis of BACE1 inhibitor
	Investigations of C3-substituted indoles and applications
	Preliminary investigations of reaction mechanism

	Discussion
	Methods
	General procedure
	Procedure for XPS experiments
	Iodometric determination of Cu(II) in the reaction mixture

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




