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ABSTRACT: Isoindolinone derivatives were prepared in a
step-economical fashion by a C−H/N−H functionalization
process with a catalytic system composed of Co(OAc)2 and
Mn(OAc)2 or AgOPiv. The oxidative annulation by
benzamides occurred efficiently with differently substituted
electron-deficient alkenes. Mechanistic studies were indicative
of a kinetically relevant, carboxylate-assisted C−H cobaltation.
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Selectively substituted isoindolin-1-ones are key structural
motifs found in numerous compounds of relevance to

biology and medicinal chemistry.1 Their syntheses by
transition-metal catalysis largely rely on the prefunctionalization
of starting materials,2−4 which leads to undesired byproduct
and waste formation. In recent years, oxidative functionaliza-
tions of otherwise unreactive C−H bonds have emerged as
increasingly powerful tools for the atom-economical synthesis
of decorated heterocycles.5 Particularly, oxidative annulations of
alkynes or alkenes by C−H/N−H functionalizations have
proven to be useful.6 Although the vast majority of oxidative
alkene annulations was accomplished with precious 4d or 5d
transition-metal complexes, the focus has recently shifted
toward developing catalysts of earth-abundant first row
transition metals.7 In this context, considerable recent progress
has been accomplished with versatile cobalt catalysts.8−10 In an
elegant very recent example, Daugulis and Grigorjeva reported
on a cobalt-catalyzed annulation of electron-rich alkenes,
regioselectively leading to six-membered heterocycles.11 During
our ongoing independent studies on cobalt-catalyzed C−H
functionalization,8,12−14 we identified a complementary oxida-
tive coupling with electron-deficient olefins that provides
expedient access to synthetically useful isoindolin-1-ones.
Herein, we wish to describe the unprecedented cobalt-catalyzed
oxidative annulation of electron-deficient alkenes, along with
first mechanistic insights on the cobalt-catalyzed C−H/N−H
functionalization process with olefins.
Our study commenced with probing various solvents for the

envisioned cobalt-catalyzed oxidative alkenylation of N-
quinolinyl (Q)-substituted15,16 benzamide 1a to furnish
isoindolinone 3aa (Table 1). Unfortunately, the C−H/N−H
functionalization was not viable when using a representative set
of common solvents, including apolar arenes (entries 1 and 2),
or polar DMF, DMSO, and DMPU (entries 3−5). Likewise,
DCE, 1,4-dioxane or CF3CH2OH proved ineffective (entries
6−8), the latter of which highlights the significant difference to
transformations of electron-rich alkenes.11 In stark contrast,

more promising results were obtained with PEG 400 (entry 9),
a reaction medium that we had previously exploited for
palladium- and ruthenium-catalyzed C−H arylations.17 Nota-
bly, PEG 400 was found to be advantageous as compared to
glycerol or ethylene glycol (entries 10−12). Improved catalytic
activities proved viable with a solvent mixture comprising of
PEG 400 and CF3CH2OH (entry 13). Among a set of
representative terminal oxidants (entries 13−16), silver(I) salts
were beneficial, with optimal results being accomplished with
AgNO3 or AgOPiv (entries 17−24). It is noteworthy that the
C−H functionalization did not occur in the absence of the
cobalt catalyst, whereas additional metal acetates were not
required under the optimized reaction conditions (entries 25−
27). The robustness of the cost-effective cobalt(II) catalyst was
reflected by a high catalytic efficacy under an ambient
atmosphere of air.
With an optimized catalytic system in hand, we examined its

versatility in the annulation with substituted amides 1 (Scheme
1). The most user-friendly cobalt catalyst allowed for the
efficient transformation of various para- and sterically hindered
ortho-substituted arenes 1. The excellent chemoselectivity of
the high-valent cobalt catalyst was illustrated by successful C−
H/N−H functionalizations with substrates bearing a range of
reactive electrophilic functional groups, such as chloro, bromo,
iodo, cyano, or nitro substituents. Intramolecular competition
experiments with meta-substituted benzamides 1 were largely
governed by repulsive steric interactions, leading to the
preferential formation of isomers 3na and 3oa.
Subsequently, we explored the pool of viable electron-

deficient alkenes 2 (Scheme 2). Thereby, we found the cobalt
catalyst to enable the C−H/N−H functionalization with
differently substituted vinyl esters 2a/b, ketones 2c, or nitriles
2d.
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Given the unusual selectivity features of the cobalt(II)
catalyst, we became intrigued by delineating its mode of action.
To this end, intermolecular competition experiments between
amides 1c and 1g were performed, which selectively delivered
chloro-substituted product 3ga as the sole product (Scheme 3).
Mechanistic studies with deuterated solvent [D4]-MeOH or

isotopically labeled substrate [D5]-1b indicated that a H/D
scrambling was not occurring (Scheme 4). This observation is
in good agreement with the C−H cobaltation being irreversible.
Cobalt-catalyzed C−H alkenylations with amide 1b and

isotopically labeled substrate [D5]-1b revealed a considerable
intermolecular kinetic isotope effect (KIE) of kH/kD ≈ 1.4
(Scheme 5a), whereas the intramolecular KIE with substrate
[D1]-1b was determined to be kH/kD ≈ 1.6 (Scheme 5b).
On the basis of our mechanistic studies, we propose the

oxidative alkene annulation to proceed by a kinetically relevant,
carboxylate-assisted18,19 C−H cobaltation (Scheme 6), which
also rationalizes the preferential functionalization of electron-
deficient arenes 1 within the intermolecular competition
experiments (vide supra). Subsequent migratory insertion of

the olefin 2, along with β-hydride-elimination, delivers the
alkenylated benzamide 6, which finally undergoes an intra-
molecular alkene hydroamidation20 to furnish the desired
isoindolinones 3.
In summary, we have reported on the development of cobalt-

catalyzed C−H/N−H functionalizations to furnish isoindoli-
nones in an atom- and step-economical fashion. A high-valent
cobalt catalyst generated in a solvent mixture consisting of PEG

Table 1. Optimization of Cobalt-Catalyzed Isoindolinone
Synthesisa

entry solvent oxidant 3aa

1 PhMe Mn(OAc)2 <5%b

2 PhCl Mn(OAc)2 ---
3 DMF Mn(OAc)2 <5%b

4 DMSO Mn(OAc)2 --
5 DMPU Mn(OAc)2 <5%b

6 1,4-dioxane Mn(OAc)2 ---
7 DCE Mn(OAc)2 ---
8 CF3CH2OH Mn(OAc)2 <5%b

9 PEG 400 Mn(OAc)2 37%
10 PEG 1000 Mn(OAc)2 <5%b

11 glycerol Mn(OAc)2 ---
12 ethylene glycol Mn(OAc)2 <5%b

13 PEG 400/CF3CH2OH (4:1) Mn(OAc)2 60%
14 PEG 400/CF3CH2OH (4:1) Cu(OAc)2·H2O --
15 PEG 400/CF3CH2OH (4:1) Zn(OAc)2 --
16 PEG 400/CF3CH2OH (4:1) PhI(OAc)2 <5%b

17 PEG 400/CF3CH2OH (4:1) AgOAc 48%
18 PEG 400/CF3CH2OH (4:1) Ag2O 22%b

19 PEG 400/CF3CH2OH (4:1) Ag2SO4 39%
20 PEG 400/CF3CH2OH (4:1) Ag2CO3 47%
21 PEG 400/CF3CH2OH (4:1) AgO2CCF3 51%
22 PEG 400/CF3CH2OH (4:1) AgNO3 61%
23 PEG 400/CF3CH2OH (4:1) AgOPiv 65%
24c PEG 400/CF3CH2OH (4:1) AgOPiv 49%
25d PEG 400/CF3CH2OH (4:1) -- <5%b

26d,e PEG 400/CF3CH2OH (4:1) -- <5%b

27d PEG 400/CF3CH2OH (4:1) AgOPiv 73%
aReaction conditions: 1a (0.25 mmol), 2a (0.50 mmol), Co(OAc)2
(20 mol %), NaOAc (2.0 equiv), solvent (2.5 mL), 100 °C, 18 h. bGC
conversion. c60 °C. dWithout NaOAc. eWithout Co(OAc)2. Q = 8-
quinolinyl.

Scheme 1. Scope of Cobalt-Catalyzed Isoindolinone
Synthesis

aMajor regioisomer shown, isolated yields of minor C-2 isomers in
parentheses.

Scheme 2. Cobalt-Catalyzed Annulation with Alkenes 2

Scheme 3. Competition Experiments between Amides 1
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400 and CF3CH2OH allowed for the efficient oxidative
annulation of electron-deficient alkenes by benzamides. The
C−H functionalization occurred with ample substrate scope,
using a removable bidentate auxiliary.21 Mechanistic studies

were supportive of a kinetically relevant, carboxylate-assisted
C−H cobaltation.

■ ASSOCIATED CONTENT
*S Supporting Information
The following file is available free of charge on the ACS
Publications website at DOI: 10.1021/acscatal.5b00322.

Experimental procedures, characterization data, and 1H
and 13C NMR spectra for new compounds (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: Lutz.Ackermann@chemie.uni-goettingen.de.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
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 Council (fellowship to W.M.) is gratefully
acknowledged.

■ REFERENCES
(1) For selected recent examples, see: (a) Zhao, Y.; Aguilar, A.;
Bernard, D.; Wang, S. J. Med. Chem. 2015, 58, 1038−1052.
(b) Grimm, R. H., Jr.; Flack, J. M. J. Clin. Hypertens. 2011, 13, 654−
657. (c) Kurtz, T. W. Hypertension 2010, 56, 335−337. (d) Chatterjee,
A.; Santra, M.; Won, N.; Kim, S.; Kim, J. K.; Kim, S. B.; Ahn, K. H. J.
Am. Chem. Soc. 2009, 131, 2040−2041. (e) Zhang, X.; Xiao, Y.; Qian,
X. Angew. Chem., Int. Ed. 2008, 47, 8025−8029. (f) Yang, Y.-K.; Yook,
K.-J.; Tae, J. J. Am. Chem. Soc. 2005, 127, 16760−16761. (g) Kwon, J.
Y.; Jang, Y. J.; Lee, Y. J.; Kim, K. M.; Seo, M. S.; Nam, W.; Yoon, J. J.
Am. Chem. Soc. 2005, 127, 10107−10111 and references cited therein .
(2) Alvarez-Builla, J.; Vaquero, J. J.; Barluenga, J. Modern Heterocyclic
Chemistry; Wiley-VCH: Weinheim, 2011.
(3) Eicher, T.; Hauptmann, S. The Chemistry of Heterocycles, 2nd ed.;
Wiley-VCH: Weinheim, 2003.
(4) Joule, J. A.; Mills, K. Heterocyclic Chemistry, 4th ed.; Blackwell
Science Ltd: Oxford, 2000.
(5) Representative recent reviews on C−H activation: (a) Acker-
mann, L. Org. Process Res. Dev. 2015, 18, 260−269. (b) Mesganaw, T.;
Ellman, J. A. Org. Process Res. Dev. 2014, 18, 1097−1104. (c) Tani, S.;
Uehara, T. N.; Yamaguchi, J.; Itami, K. Chem. Sci. 2014, 5, 123−135.
(d) Kakiuchi, F.; Kochi, T.; Murai, S. Synlett 2014, 25, 2390−2414.
(e) Girard, S. A.; Knauber, T.; Li, C.-J. Angew. Chem., Int. Ed. 2014, 53,
74−100. (f) Thirunavukkarasu, V. S.; Kozhushkov, S. I.; Ackermann,
L. Chem. Commun. 2014, 50, 29−39. (g) Zhang, X.-S.; Chen, K.; Shi,
Z.-J. Chem. Sci. 2014, 5, 2146−2159. (h) Wencel-Delord, J.; Glorius, F.
Nat. Chem. 2013, 5, 369−375. (i) Rouquet, G.; Chatani, N. Angew.
Chem., Int. Ed. 2013, 52, 11726−11743. (j) Engle, K. M.; Mei, T.-S.;
Wasa, M.; Yu, J.-Q. Acc. Chem. Res. 2012, 45, 788−802. (k) Hickman,
A. J.; Sanford, M. S. Nature 2012, 484, 177−185. (l) Schipper, D. J.;
Fagnou, K. Chem. Mater. 2011, 23, 1594−1600. (m) Daugulis, O. Top.
Curr. Chem. 2010, 292, 57−84. (n) Ackermann, L.; Vicente, R.; Kapdi,
A. Angew. Chem., Int. Ed. 2009, 48, 9792−9826. (o) Daugulis, O.; Do,
H.-Q.; Shabashov, D. Acc. Chem. Res. 2009, 42, 1074−1086.
(p) Alberico, D.; Scott, M. E.; Lautens, M. Chem. Rev. 2007, 107,
174−238. (q) Bergman, R. G. Nature 2007, 446, 391−393.
(6) Recent reviews: (a) Ackermann, L. Acc. Chem. Res. 2014, 47,
281−295. (b) Song, G.; Wang, F.; Li, X. Chem. Soc. Rev. 2012, 41,
3651−3678. (c) Satoh, T.; Miura, M. Chem. - Eur. J. 2010, 16, 11212−
11222.
(7) Recent authoritative reviews on the use of inexpensive first-row
transition metal catalysts for C−H bond functionalization: (a) Naka-

Scheme 4. Studies with Isotopically Labeled Compounds

Scheme 5. Kinetic Isotope Effect (KIE) Studies

Scheme 6. Proposed Catalytic Cycle

ACS Catalysis Letter

DOI: 10.1021/acscatal.5b00322
ACS Catal. 2015, 5, 2822−2825

2824

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acscatal.5b00322
http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00322/suppl_file/cs5b00322_si_001.pdf
mailto:Lutz.Ackermann@chemie.uni-goettingen.de
http://dx.doi.org/10.1021/acscatal.5b00322


mura, E.; Hatakeyama, T.; Ito, S.; Ishizuka, K.; Ilies, L.; Nakamura, M.
Org. React. 2014, 83, 1−209. (b) Yamaguchi, J.; Muto, K.; Itami, K.
Eur. J. Org. Chem. 2013, 19−30. (c) Yoshikai, N. Synlett 2011, 1047−
1051. (d) Nakao, Y. Chem. Rec. 2011, 11, 242−251. (e) Nakamura, E.;
Yoshikai, N. J. Org. Chem. 2010, 75, 6061−6067. (f) Kulkarni, A.;
Daugulis, O. Synthesis 2009, 4087−4109 and references cited therein .
(8) Ackermann, L. J. Org. Chem. 2014, 79, 8948−8954.
(9) Gao, K.; Yoshikai, N. Acc. Chem. Res. 2014, 47, 1208−1219.
(10) Examples of cobalt-catalyzed C−H functionalizations: (a) Patel,
P.; Chang, S. ACS Catal. 2015, 5, 853−858. (b) Yu, D.-G.; Gensch, T.;
de Azambuja, F.; Vasquez-Cespedes, S.; Glorius, F. J. Am. Chem. Soc.
2014, 136, 17722−17725. (c) Pawar, A. B.; Chang, S. Org. Lett. 2015,
17, 660−663. (d) Hummel, J. R.; Ellman, J. A. J. Am. Chem. Soc. 2015,
137, 490−498. (e) Zhang, L.; Hao, X.; Zhang, S.; Liu, Z.; Zheng, X.;
Gong, J.; Niu, J.; Song, M. Angew. Chem., Int. Ed. 2015, 54, 272−275.
(f) Grigorjeva, L.; Daugulis, O. Angew. Chem., Int. Ed. 2014, 53,
10209−10212. (g) Grigorjeva, L.; Daugulis, O. Org. Lett. 2014, 16,
4688−4690. (h) Wu, B.; Santra, M.; Yoshikai, N. Angew. Chem., Int.
Ed. 2014, 53, 7543−7546. (i) Ikemoto, H.; Yoshino, T.; Sakata, K.;
Matsunaga, S.; Kanai, M. J. Am. Chem. Soc. 2014, 136, 5424−5431.
(j) Yamamoto, S.; Saga, Y.; Andou, T.; Matsunaga, S.; Kanai, M. Adv.
Synth. Catal. 2014, 356, 401−405. (k) Ding, Z.; Yoshikai, N. Angew.
Chem., Int. Ed. 2013, 52, 8574−8578. (l) Lee, P.-S.; Yoshikai, N.
Angew. Chem., Int. Ed. 2013, 52, 1240−1244. (m) Andou, T.; Saga, Y.;
Komai, H.; Matsunaga, S.; Kanai, M. Angew. Chem., Int. Ed. 2013, 52,
3213−3216. (n) Yoshino, T.; Ikemoto, H.; Matsunaga, S.; Kanai, M.
Angew. Chem., Int. Ed. 2013, 52, 2207−2211. (o) Ding, Z.; Yoshikai, N.
Angew. Chem., Int. Ed. 2012, 51, 4698−4701. (p) Lee, P.-S.; Fujita, T.;
Yoshikai, N. J. Am. Chem. Soc. 2011, 133, 17283−17295. (q) Chen, Q.;
Ilies, L.; Nakamura, E. J. Am. Chem. Soc. 2011, 133, 428−429. (r) Gao,
K.; Lee, P.-S.; Fujita, T.; Yoshikai, N. J. Am. Chem. Soc. 2010, 132,
12249−12251. (s) Gao, K.; Yoshikai, N. J. Am. Chem. Soc. 2011, 133,
400−402. (t) Gao, K.; Lee, P.-S.; Fujita, T.; Yoshikai, N. J. Am. Chem.
Soc. 2010, 132, 12249−12251. (u) Chen, Q.; Ilies, L.; Yoshikai, N.;
Nakamura, E. Org. Lett. 2011, 13, 3232−3234. (v) Gao, K.; Yoshikai,
N. J. Am. Chem. Soc. 2011, 133, 400−402. (w) Kim, J. Y.; Cho, S. H.;
Joseph, J.; Chang, S. Angew. Chem., Int. Ed. 2010, 49, 9899−9903.
(x) Lenges, C. P.; Brookhart, M. J. Am. Chem. Soc. 1997, 119, 3165−
3166. (y) Halbritter, G.; Knoch, F.; Wolski, A.; Kisch, H. Angew.
Chem., Int. Ed. Engl. 1994, 33, 1603−1605. A very recent oxidative
alkenylation: (z) Suzuki, Y.; Sun, B.; Yoshino, T.; Kanai, M.;
Matsunaga, S. Tetrahedron 2015, DOI: 10.1016/j.tet.2015.02.032.
(11) Grigorjeva, L.; Daugulis, O. Org. Lett. 2014, 16, 4684−4687.
(12) Li, J.; Ackermann, L. Angew. Chem., Int. Ed. 2015, 54, 3635−
3638.
(13) Punji, B.; Song, W.; Shevchenko, G. A.; Ackermann, L. Chem. -
Eur. J. 2013, 19, 10605−10610.
(14) Song, W.; Ackermann, L. Angew. Chem., Int. Ed. 2012, 51,
8251−8254.
(15) Nadres, E. T.; Santos, G. I. F.; Shabashov, D.; Daugulis, O. J.
Org. Chem. 2013, 78, 9689−9714.
(16) Zaitsev, V. G.; Shabashov, D.; Daugulis, O. J. Am. Chem. Soc.
2005, 127, 13154−13155.
(17) (a) Ackermann, L.; Vicente, R. Org. Lett. 2009, 11, 4922−4925.
See also: (b) Kavitha, N.; Sukumar, G.; Kumar, V. P.; Mainkar, P. S.;
Chandrasekhar, S. Tetrahedron Lett. 2013, 54, 4198−4201. (c) Cola-
cino, E.; Martinez, J.; Lamaty, F.; Patrikeeva, L. S.; Khemchyan, L. L.;
Ananikov, V. P.; Beletskaya, I. P. Coord. Chem. Rev. 2012, 256, 2893−
2920.
(18) Ackermann, L. Chem. Rev. 2011, 111, 1315−1345.
(19) Lapointe, D.; Fagnou, K. Chem. Lett. 2010, 39, 1118−1126.
(20) For selected examples with precious palladium or ruthenium
catalysts, see: (a) Liu, Y.-J.; Xu, H.; Kong, W.-J.; Shang, M.; Dai, H.-X.;
Yu, J.-Q. Nature 2014, 515, 389−393. (b) Ackermann, L.; Wang, L.;
Wolfram, R.; Lygin, A. V. Org. Lett. 2012, 14, 728−731. (c) Wriggles-
worth, J. W.; Cox, B.; Lloyd-Jones, G. C.; Booker-Milburn, K. I. Org.
Lett. 2011, 13, 5326−5329 and references cited therein .
(21) Daugulis, O.; Roane, J.; Tran, L. D. Acc. Chem. Res. 2015,
DOI: 10.1021/ar5004626.

ACS Catalysis Letter

DOI: 10.1021/acscatal.5b00322
ACS Catal. 2015, 5, 2822−2825

2825

http://dx.doi.org/10.1021/acscatal.5b00322

