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ABSTRACT: A CuSO4-catalyzed tandem benzylic C−H
insertion cyclization of toluene derivatives and isonitriles is
described. The naturally abundant salt CuSO4 serves as a low-
cost ligand-free redox catalyst. This reaction provides a
practical modular synthesis of N-aryl indoles from isonitriles.

The transition-metal-promoted cleavage of inert bonds
such as C−H and C−C bonds has been well-established

in recent years. The noble metals including Rh, Pd, Ru, Ir, and
so on have been widely used as catalysts with special strategies
using directing groups or Haller−Bauer-type cleavage for the
activation of these inert bonds.1 The cleavage of undirected
and unactivated C−H bonds remains a challenge in organic
synthesis. The base-assisted C−H cleaving [3 + 2] addition−
elimination has been a powerful method for the construction
of five-membered heterocycles.2,3 In this work, isonitriles have
been found to be a remarkable C−N donor for N-aryl
indoles.4,5 The combination of base-promoted benzylic C−H
cleavage6 and copper-catalyzed carbanion-radical redox relay7

enables this reaction. Catalytic inexpensive naturally abundant
CuSO4 promotes the modular synthesis of N-aryl indoles from
toluene derivatives and isonitriles.
The reaction conditions have been explored by using the

conversion of 1a and 2a to 3a as the model reaction (Table 1).
Initially, various copper salts were screened as catalysts.
Cu(OAc)2, CuI, CuCl2, Cu(acac)2, and Cu(NCCH3)4PF6
were all found to be less active in comparison with CuSO4,
an inexpensive naturally abundant copper salt (entries 1−6).
Further investigation shows that either a lower temperature or
a lower amount of isonitrile 2a can increase the reaction yields
(entries 6−11). Dehalogenation and intramolecular cyclization
side products were noticed at higher temperatures with more
base. No conversion was observed for reactions in the absence
of a base or CuSO4 (entries 12 and 13). The reaction
conditions identified in entry 11 were chosen as the standard
conditions for further investigations.
The isonitrile scope was explored using the reaction of 1 to 3

(Scheme 1). Several N-aryl isonitriles bearing representative
halo, alkyl, aryl, and hetero substituents were subjected to the
standard reaction conditions, and the corresponding indoles
were obtained.
Bromo and iodo groups were found to be tolerant of the

reaction conditions (3c, 3g, 3j, and 3m). The structure of
indole product was confirmed by the X-ray analysis of 3m. The
scope of 2-iodotoluenes was examined using isonitrile 2a as the

reactant (Scheme 1). Both arylthio- and alkylthio-substituted
toluenes were substrates for this reaction (3n−q and 3r−v).
Other substituents such as phenyl and heteroatom-containing
groups were found to be less reactive (3w−y). The
outstanding reactivity of arylthio- or alkylthio-substituted
toluenes is a reflection of the possible radical reaction pathway
due to the stability of the thio groups to adjacent radicals. The
gram-scale synthesis afforded 2.25 g of 3b in 84% yield.
The general scope for toluene derivatives and isonitriles is

demonstrated (Scheme 1). Toluenes bearing removable
protecting groups such as TIPSO (3z), MOMO (3B), and
MeSCH2O (3C) were converted to corresponding indoles
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Table 1. Reaction Conditions

entrya [Cu] 2a (equiv) temp (°C) 3a (%)b

1 Cu(OAc)2 3 90 6
2 CuI 3 90 10
3 CuCl2 3 90 24
4 Cu(acac)2 3 90 28
5 Cu(NCCH3)4PF6 3 90 36
6 CuSO4 3 90 44
7 CuSO4 3 70 61
8 CuSO4 3 60 45
9 CuSO4 3 75 56
10 CuSO4 2 70 80
11b CuSO4 2 70 81
12b none 2 70 0
13c CuSO4 2 70 0

aConditions: 1a (0.5 mmol), 2a (2− to 3 equiv), tBuOK (5 equiv),
dioxane (2 mL), argon, 5 h, isolated yields. btBuOK (3 equiv). cNo
tBuOK.
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Scheme 1. Reaction Scopea

aConditions: 1 (0.5 mmol), 2 (1 mmol), tBuOK (1.5 mmol), dioxane (2 mL), isolated yield. bIsonitrile (1.25 mmol). c[Cu] (20 mol %).
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without altering these protecting groups. Carboxylic acid is also
tolerated (3A). Other substituents including iodo, bromo, and
chloro groups were also tolerated (3D−J). The structure of the
representative indole 3G was confirmed by X-ray analysis.
The thio groups are removable in most indole products. For

example, the alkylthio group in indole 3s is reduced to C3−H
indole 4 in 73% (Scheme 2). In another case, 3a was oxidized
to 3-sulfonyl indole 5. 3-Alkylthioindoles can be directly used
for cross-coupling.8

To explore the reaction mechanism, control experiments
were performed. In the radical trapping experiment, 1a-
OTEMP adduct 6 was isolated in 49% yield (eq 1), indicating

that a benzylic radical might be involved. Benzyl radical
addition to nitriles and carbonyls has been proposed.2,3 The
isotope labeling experiment shows 88% D-incorporation at C2
(eq 2).

The reaction mechanism is proposed in Scheme 3. The
tBuOK-promoted C−H cleavage affords carbanion A, which
can possibly pass either an anionic addition to isonitrile or a
redox anion-radical relay to radical B. The control experiment
is consistent with this reaction passing through a radical
pathway (eq 1).3 The detailed mechanism for the redox anion-
radical relay has been previously reported. The oxidation of A
by Cu(II) affords radical B, followed by the addition to
isonitrile to form C, followed by the 1,2-D-shift to D (eq 2).
The D-shift step should not be involved with the transfer of the
deuterium atom by tBuOD because the formation of a more
active oxygen radical from carbon radical C is not allowed. The
addition−elimination via either D affords 3. The detailed
reaction mechanism is unclear and still underway.
In conclusion, we have developed a CuSO4-catalyzed indole

synthesis from the C(sp3)−H cleaving cyclization of toluene

derivatives and isonitriles. The combination of the base-
promoted benzylic C−H cleavage and the copper-catalyzed
carbanion−radical redox relay enables this reaction. Catalytic
amount of inexpensive naturally abundant CuSO4 ensure the
modular synthesis of N-aryl indoles from abundant toluene
derivatives and isonitriles.
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Scheme 2. Synthetic Applicationsa

aConditions A: NiCl2 (6.8 equiv), NaBH4 (6.8 equiv), EtOH, reflux,
12 h. Conditions B: mCPBA (3 equiv), CH2Cl2, r.t., 5 h.

Scheme 3. Proposed Mechanism
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Delord, J.; Dröge, T.; Liu, F.; Glorius, F. Towards mild metal-
catalyzed C−H bond activation. Chem. Soc. Rev. 2011, 40, 4740−
4761. (c) Khan, M. S.; Haque, A.; Al-Suti, M. K.; Raithby, P. R.
Recent advances in the application of group-10 transition metal based
catalysts in C−H activation and functionalization. J. Organomet. Chem.
2015, 793, 114−133. (d) Su, B.; Cao, Z.-C.; Shi, Z.-J. Exploration of
earth-abundant transition metals (Fe, Co, and Ni) as catalysts in
unreactive chemical bond activations. Acc. Chem. Res. 2015, 48, 886−
896. (e) Lyons, T. W.; Sanford, M. S. Palladium-catalyzed ligand-
directed C−H functionalization reactions. Chem. Rev. 2010, 110,
1147−1169. (f) Murakami, M.; Matsuda, T. Metal-catalysed cleavage
of carbon−carbon bonds. Chem. Commun. 2011, 47, 1100−1105.
(g) Balcells, D.; Clot, E.; Eisenstein, O. C−H bond activation in
transition metal species from a computational perspective. Chem. Rev.
2010, 110, 749−823.
(2) Zheng, H.-X.; Shan, X.-H.; Qu, J.-P.; Kang, Y.-B. Strategy for
overcoming full reversibility of intermolecular radical addition to
aldehydes: tandem C−H and C−O bonds cleaving cyclization of
(Phenoxymethyl)arenes with carbonyls to benzofurans. Org. Lett.
2018, 20, 3310−3313.
(3) Shan, X.-H.; Zheng, H.-X.; Yang, B.; Tie, L.; Fu, J.-L.; Qu, J.-P.;
Kang, Y.-B. Copper-catalyzed oxidative benzylic C-H cyclization via
iminyl radical from intermolecular anion-radical redox relay. Nat.
Commun. 2019, 10, 908.
(4) (a) Frayne, G. L.; Green, G. M. Investigation of the N-arylation
of various substituted indoles using microwave-assisted technology.
Tetrahedron Lett. 2008, 49, 7328−7329. (b) He, L.; Pian, J.-X.; Shi, J.-
F.; Du, G.-F.; Dai, B. Transition-metal-free synthesis of multi-
substituted N-arylindoles via reaction of arynes and α-amino ketones.
Tetrahedron 2014, 70, 2400−2405. (c) Chemler, S.; Liwosz, T.
Copper-catalyzed synthesis of N-aryl and N-sulfonyl indoles from 2-
vinylanilines with O2 as terminal oxidant and TEMPO as cocatalyst.
Synlett 2015, 26, 335−339.
(5) (a) Leemans, E.; D’hooghe, M.; De Kimpe, N. Ring expansion of
cyclobutylmethylcarbenium ions to cyclopentane or cyclopentene
derivatives and metal-promoted analogous rearrangements. Chem.
Rev. 2011, 111, 3268−3333. (b) Mack, D. J.; Njardarson, J. T. Recent
advances in the metal-catalyzed ring expansions of three-and four-
membered rings. ACS Catal. 2013, 3, 272−286. (c) Njardarson, J.
Catalytic ring expansion adventures. Synlett 2013, 24, 787−803.
(d) Donald, J. R.; Unsworth, W. P. Ring-expansion reactions in the
synthesis of macrocycles and medium-sized rings. Chem. - Eur. J.
2017, 23, 8780−8799.
(6) (a) Zhai, D.-D.; Zhang, X.-Y.; Liu, Y.-F.; Zheng, L.; Guan, B.-T.
Potassium amide-catalyzed benzylic C−H bond addition of
alkylpyridines to styrenes. Angew. Chem., Int. Ed. 2018, 57, 1650−
1653. (b) Liu, Y.-F.; Zhai, D.-D.; Zhang, X.-Y.; Guan, B.-T.
Potassium-zincate-catalyzed benzylic C−H bond addition of diaryl-
methanes to styrenes. Angew. Chem., Int. Ed. 2018, 57, 8245−8249.
(c) Yamashita, Y.; Suzuki, H.; Sato, I.; Hirata, T.; Kobayashi, S.
Catalytic direct-type addition reactions of alkylarenes with imines and
alkenes. Angew. Chem., Int. Ed. 2018, 57, 6896−6900. (d) Wang, Z.;
Zheng, Z.; Xu, X.; Mao, J.; Walsh, P. J. One-pot aminobenzylation of
aldehydes with toluenes. Nat. Commun. 2018, 9, 3365−3372.
(e) Frensch, G.; Hussain, N.; Marques, F. A.; Walsh, P. J.
Palladium-catalyzed direct α-arylation of benzyl thioethers with aryl
bromides. Adv. Synth. Catal. 2014, 356, 2517−2524. (f) Liu, Y.-F.;
Zheng, L.; Zhai, D.-D.; Zhang, X.-Y.; Guan, B.-T. Dimeric potassium
amide-catalyzed α-alkylation of benzyl sulfides and 1,3-dithianes. Org.
Lett. 2019, 21, 5351−5356.
(7) (a) Rathke, M. W.; Lindert, A. Reaction of ester enolates with
copper(II) salts. Synthesis of substituted succinate esters. J. Am. Chem.
Soc. 1971, 93, 4605−4606. (b) Ito, Y.; Konoike, T.; Saegusa, T.
Reaction of ketone enolates with copper dichloride. Synthesis of 1,4-
diketones. J. Am. Chem. Soc. 1975, 97, 2912−2914. (c) Ito, Y.;
Konoike, T.; Harada, T.; Saegusa, T. Synthesis of 1,4-diketones by

oxidative coupling of ketone enolates with copper(II) chloride. J. Am.
Chem. Soc. 1977, 99, 1487−1493. (d) Paquette, L. A.; Bzowej, E. I.;
Branan, B. M.; Stanton, K. J. Oxidative coupling of the enolate anion
of (1R)-(+)-verbenone with Fe(III) and Cu(II) salts. Two modes of
conjoining this bicyclic ketone across a benzene ring. J. Org. Chem.
1995, 60, 7277−7283. (e) Baran, P. S.; Richter, J. M. Direct coupling
of indoles with carbonyl compounds: short, enantioselective, gram-
scale synthetic entry into the hapalindole and fischerindole alkaloid
families. J. Am. Chem. Soc. 2004, 126, 7450−7451. (f) Baran, P. S.;
DeMartino, M. P. Intermolecular oxidative enolate heterocoupling.
Angew. Chem., Int. Ed. 2006, 45, 7083−7086. (g) Guo, F.; Konkol, L.
C.; Thomson, R. J. Enantioselective Synthesis of Biphenols from 1,4-
Diketones by Traceless Central-to-Axial Chirality Exchange. J. Am.
Chem. Soc. 2011, 133, 18−20. (h) Heiba, E.-A. I.; Dessau, R. M.
Oxidation by metal salts. XI. formation of dihydrofurans. J. Org. Chem.
1974, 39, 3456−3457. (i) Frazier, R. H.; Harlow, R. L. Oxidative
coupling of ketone enolates by ferric chloride. J. Org. Chem. 1980, 45,
5408−5411. (j) Baran, P. S.; Guerrero, C. A.; Ambhaikar, N. B.;
Hafensteiner, B. D. Short, Enantioselective total synthesis of
stephacidin A. Angew. Chem., Int. Ed. 2005, 44, 606−609.
(k) Baran, P. S.; Hafensteiner, B. D.; Ambhaikar, N. B.; Guerrero,
C. A.; Gallagher, J. D. Enantioselective total synthesis of
avrainvillamide and the stephacidins. J. Am. Chem. Soc. 2006, 128,
8678−8693.
(8) Li, J.; An, Y.; Li, J.; Yang, S.; Wu, W.; Jiang, H. Palladium-
catalyzed C−S bond activation and functionalization of 3-
sulfenylindoles and related electron-rich heteroarenes. Org. Chem.
Front. 2017, 4, 1590−1594.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b03751
Org. Lett. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.orglett.9b03751

