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ABSTRACT: An efficient nickel-catalyzed intramolecular direct arylation of imines with challenging aryl chlorides has been
developed. The versatile nickel catalysis made use of easily accessible imines and delivered diversely decorated 2-arylindoles of
considerable importance to biological and medicinal chemistry.

he indole core is one of the most abundant and relevant
heterocycles in natural products and pharmaceuticals.'
Specifically, the 2-arylindole derivatives are widely found in
pharmaceutical compounds with a broad spectrum of bio-
logical activities.” For example, compound A (Figure 1) was
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Figure 1. Examples of bioactive 2-arylindole derivatives.

identified as an effective agonist of the thrombopoietin
receptor.”® Compounds B and C were reported to act as a
nonpeptidyl GnRH receptor antagonist’” and a al adreno-
ceptor subtype selective antagonist,” respectively. Compound
D showed good biochemical activities of p97 inhibitors.”
Moreover, compounds E and F were identified as having an

effective antifungal activity”® and an antimicrobial activity,”

respectively. Therefore, the efficient synthetic strategies for the
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synthesis of 2-arylindole derivatives continue to be in high
demand.

The Mizoroki—Heck reaction is an invaluable coupling
reaction of olefins with halides for C—C bond formation. In
recent years, significant effort has been directed toward the
development of intramolecular Mizoroki—Heck reactions by
palladium catalysts.”* Indeed, aryl chlorides would be more
attractive substrates than the corresponding bromides, iodides,
and triflates due to their lower cost and the significantly wider
diversity of available compounds.*> However, a major
limitation of the palladium-catalyzed Heck reaction is the
low reactivity of aryl chlorides; therefore, sterically bulky
electron-rich phosphines,” N-heterocyclic carbenes,”” or
carbocyclic carbenes® ligands are required for the palladium
catalytic system. In contrast to palladium, nickel is an
abundant, low cost, and sustainable metal. Moreover, nickel
catalysts can easily insert into unactivated aryl chlorides and
allow them to participate in coupling reactions.” Recent studies
have established the utility of nickel-catalyzed Heck reaction in
the activation of aryl halides and pseudohalides.'”"" However,
intramolecular nickel(Il)-catalyzed Heck reaction needs a
reducing reagent to promote the reaction, such as manganese12
(Scheme 1, eq 1). Thus, Desrosiers'*” disclosed that
manganese is probably involved in the catalytic cycle, while
the direct use nickel(0) catalysts for the intramolecular Heck
reaction is still scarce.'> On the other hand, use of imine
substrates which are prepared by condensation of the
corresponding inexpensive and readily available anilines and
ketones as starting materials is highly attractive because their

Received: February 17, 2019

DOI: 10.1021/acs.orglett.9b00600
Org. Lett. XXXX, XXX, XXX—XXX


pubs.acs.org/OrgLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.9b00600
http://dx.doi.org/10.1021/acs.orglett.9b00600

Organic Letters

Scheme 1. Nickel-Catalyzed Intramolecular Heck Reaction
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structures are useful bulldmg blocks in the synthesis of
nitrogen heterocycles.'* Herein, we envisioned that we could
further exploit this ability to address the challenge of
developing a method for a Heck cyclization of imines using
the simple catalytic system (Scheme 1, eq 2).

At the outset of our studies, we optimized reaction
conditions for the envisioned nickel-catalyzed Heck cyclization
of imine 1a. The product 2a was obtained in moderate yield in
the presence of Ni(cod), (cod = 1,5-cyclooctadiene) as the
catalyst in toluene at 80 °C (Table 1, entry 1). Utilizing ligand

Table 1. Optimization Studies for the Nickel-Catalyzed
Intramolecular Heck Reaction of Imine”

Ni(cod); (10 mol %)
L© a0 oo [ ) o
N
H

base (2 equiv) PhyP PPh;
toluene, 80 °C, 16 h 2a DPEphos
entry catalyst ligand base yield” (%)
1 Ni(cod), bipyridine KOtBu 37
2 Ni(cod), 1,10-phenanthroline KOtBu S8
3 Ni(cod), PCy, KOtBu 30
4 Ni(cod), PCy, LiOtBu 8
S Ni(cod), dppe KOtBu 8
6 Ni(cod), dppf KOtBu 87
7 Ni(cod), DPEphos KOtBu 90 (80)°
8 Ni(cod), DPEphos KOtBu 62
9 Ni(cod), DPEphos NaOtBu 54
10  (DME)NiCl,  DPEphos KOtBu s
11 Ni(OTf), DPEphos KOtBu 5

“Reactions performed on a 0.25 mmol scale over 16 h using catalyst
(10 mol %), ligand (20 mol %), base (2 equiv) and [1a], = 0.25 M in
toluene at 80 °C. “Yield determined by 'H NMR using 1,3,5-
trimethoxybenzene as the internal standard “The values in
parentheses refer to the isolated yield. 9Reactions carried out at
100 °C.

1,10-phenanthroline increased the reactivity of the catalytic
system (entry 2). A series of representative phosphorus ligands
were also analyzed (entries 3—7), revealing that phosphorus
ligand could be used as an additional handle for modulating
reaction efficiency. In particular, the DPEphos ligand delivered
the desired product 2a in good isolated yield (entry 7). A
subsequent investigation on the effect of temperature revealed
that the reaction gave the best result at 80 °C, while the weak
base NaOtBu reduced the reactivity (entry 9). Different
nickel(IT) catalysts were also explored, but no better results
were obtained (entries 10 and 11). Finally, the best reaction

conditions were eventually finalized with 10 mol % of Ni(cod),
as the catalyst and 20 mol % of DPENphos as the ligand.
With the optimization conditions in hand, we set out to
investigate the scope of the transformation. As shown in
Scheme 2, the presence of a range of substituents is compatible

Scheme 2. Scope of the Nickel-Catalyzed Intramolecular
Heck Reaction
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with the reaction. Para- or meta-substituted compounds with
electron-donating groups on the acetophenone-derived moi-
eties were well tolerated, affording the corresponding products
in moderate to good yields (2b—i). However, an electron-
withdrawing substituent at the 4-position was sluggish in this
reaction, resulting in a low yield (2j). Substitution with 1-
naphthyl at the 2-position gave better results than with 2-
naphthyl, probably due to steric effects (21,m). In addition, the
reaction was compatible with heteroaryl frameworks, as shown
in the synthesis of the furyl- and thiophenyl-substituted
indoles, although the formation of 2n and 20 was slightly
more sluggish. Remarkably, the chemistry can be successfully
extended to synthes1ze biological tetracyclic core indole
derivatives compounds'” in a single step with good yields
and high regioselectivities (2p,q). Furthermore, the scope of
the reaction with respect to the aniline-derived moieties was
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also explored. The presence of an electron-donating group of
substituents were well tolerated (2r—v). However, an attempt
to generate substituted 4-azaindole derivative was not
successful (2x).

To demonstrate the utility of the current procedure, a
transformation was performed. As shown in Scheme 3,

Scheme 3. Derivatization of the Cyclization Product
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cyclization of substrate 1y proceeded under the standard
conditions to afford the product 2y. Subsequently, demethy-
lation of 2y produced 2z with moderate yield, which could
serve as an inhibitor of carbononic anhydrase.' >

A plausible mechanism based on literature precedence
and our mechanistic studies (Supporting Information) is
proposed in Scheme 4. Initially, the nickel(0) catalyst attacks

9,16

Scheme 4. Proposed Mechanism
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the enamine 1’, which is generated in situ by tautomerization
of imine 1, affording intermediate G. Subsequently, an
intramolecular carbonickelation generates species H, which
undergoes subsequent f-hydride elimination to furnish the
desired product 2, followed by a base-mediated reductive
elimination regenerates the catalytically competent nickel(0)
species.

In summary, we have discovered a nickel-catalyzed intra-
molecular Mizoroki—Heck direct arylation of imines with
challenging aryl chlorides. The direct arylation proceeded
under mild conditions with tolerance for various functional
groups, providing synthetically meaningful building blocks for
the synthesis of 2-arylindole scaffolds.

Bl ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acs.or-
glett.9b00600.

Experimental procedures, characterization data, and 'H
and *C NMR spectra for all products (PDF)

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: wubo@gzhmu.edu.cn.
*E-mail: xtian@gzhmu.edu.cn.

ORCID

Bo Wu: 0000-0002-5921-7197

Xu Tian: 0000-0002-4508-8347

Lutz Ackermann: 0000-0001-7034-8772
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful for the support provided for this study by the
National Science Foundation of China (21702035), GDUPS
(2017), and the Science and Technology Program of
Guangzhou (201804010455).

B REFERENCES

(1) (a) Humphrey, G. R.; Kuethe, J. T. Chem. Rev. 2006, 106, 2875.
(b) Ackermann, L. Synlett 2007, 2007, 0507. (c) Bronner, S. M,;
Goetz, A. E; Garg, N. K. Synlett 2011, 2599. (d) Inman, M.; Moody,
C. J. Chem. Sci. 2013, 4, 29.

(2) (a) Alper, P. B.; Marsilje, T. H.; Mutnick, D.; Lu, W.; Chatterjee,
A.; Roberts, M. J.; He, Y,; Karanewsky, D. S.; Chow, D.; Lao, J;
Gerken, A,; Tuntland, T.; Liu, B,; Chang, J.; Gordon, P.; Seidel, H.
M.,; Tian, S.-S. Bioorg. Med. Chem. Lett. 2008, 18, 5255. (b) Chu, L.;
Lo, J.-L.; Yang, Y.-T.; Cheng, K.; Smith, R. G.; Fisher, M. H.; Wyvratt,
M. J; Goulet, M. T. Bioorg. Med. Chem. Lett. 2001, 11, SIS.
(c) Bremner, J. B.; Coban, B.; Griffith, R.; Groenewoud, K. M.; Yates,
B. F. Bioorg. Med. Chem. 2000, 8, 201. (d) Burnett, J. C; Lim, C,;
Peyser, B. D.; Samankumara, L. P.; Kovaliov, M.; Colombo, R.; Bulfer,
S. L.; LaPorte, M. G.; Hermone, A. R.; McGrath, C. F.; Arkin, M. R;
Gussio, R,; Huryn, D. M.; Wipf, P. Org. Biomol. Chem. 2017, 15, 4096.
(e) Gu, W.; Wang, S. Eur. J. Med. Chem. 2010, 45, 4692. (f) Rossello,
A.; Orlandini, E.; Nuti, E.; Rapposelli, S.; Macchia, M.; Modugno, E
D.; Balsamo, A. Il Farmaco 2004, 59, 691. (g) Karaaslan, C.; Kadri,
H.; Coban, T.; Suzen, S.; Westwell, A. D. Bioorg. Med. Chem. Lett.
2013, 23, 2671. (h) Prior, A. M; Yu, X,; Park, E.-J.; Kondratyuk, T.
P,; Lin, Y.; Pezzuto, J. M.; Sun, D. Bioorg. Med. Chem. Lett. 2017, 27,
5393.

(3) For selected reviews, see: (a) Beletskaya, L. P.; Cheprakov, A. V.
Chem. Rev. 2000, 100, 3009. (b) Dounay, A. B.; Overman, L. E. Chem.
Rev. 2003, 103, 2945. (c) Zeni, G.; Larock, R. C. Chem. Rev. 2006,
106, 4644. (d) McCartney, D.; Guiry, P. Chem. Soc. Rev. 2011, 40,
5122.

(4) For selected examples, see: (a) Ackermann, L. Organometallics
2003, 22, 4367. (b) Ackermann, L.; Kaspar, L. T.; Gschrei, C. J.
Chem. Commun. 2004, 2824. (c) Ackermann, L.; Althammer, A.
Synlett 2006, 2006, 3125. (d) Newman, S. G.; Lautens, M. J. Am.
Chem. Soc. 2011, 133, 1778. (e) Seashore-Ludlow, B.; Somfai, P. Org.
Lett. 2012, 14, 3858. (f) Liu, X.;; Ma, X.; Huang, Y.; Gu, Z. Org. Lett.
2013, 1S, 4814. (g) Zhou, M.-B.; Huang, X.-C,; Liy, Y.-Y.; Song, R.-J.;
Li, J.-H. Chem. - Eur. ]. 2014, 20, 1843. (h) Packer, G.; Lepre, K;
Kankanala, J.; Sridharan, V. RSC Adv. 2014, 4, 3457. (i) Shen, C.; Liu,
R-R;; Fan, R- J,; Li, Y.-L; Xu, T.-F.; Gao, J.-R; Jia, Y.-X. J. Am. Chemn.
Soc. 2018, 137, 4936. (j) Vachhani, D. D.; Butani, H. H.; Sharma, N,;
Bhoya, U. C,; Shah, A. K; Van der Eycken, E. V. Chem. Commun.
2015, SI, 14862. (k) Marelli E.; Corpet, M.; Minenkov, Y.;
Neyyappadath, R. M.; Bismuto, A.; Buccolini, G.; Curcio, M,;
Cavallo, L.; Nolan, S. P. ACS Catal. 2016, 6, 2930. (1) Schempp, T
T.; Daniels, B. E.; Staben, S. T.; Stivala, C. E. Org. Lett. 2017, 19,
3616. (m) Yuan, K; Liu, L.; Chen, J.; Guo, S.; Yao, H.; Lin, A. Org.
Lett. 2018, 20, 3477.

(5) () Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 2002, 41, 4176.
(b) Srinivas, P.; Likhar, P. R; Maheswaran, H.; Sridhar, B;

DOI: 10.1021/acs.orglett.9b00600
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00600/suppl_file/ol9b00600_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00600
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00600
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00600/suppl_file/ol9b00600_si_001.pdf
mailto:wubo@gzhmu.edu.cn
mailto:xtian@gzhmu.edu.cn
http://orcid.org/0000-0002-5921-7197
http://orcid.org/0000-0002-4508-8347
http://orcid.org/0000-0001-7034-8772
http://dx.doi.org/10.1021/acs.orglett.9b00600

Organic Letters

Ravikumar, K,; Kantam, M. L. Chem. - Eur. ]. 2009, 15, 1578.
(c) Rohlich, C.; Kohler, K. Chem. - Eur. ]. 2010, 16, 2363.

(6) (a) Shaughnessy, K. H.; Kim, P.; Hartwig, J. F. J. Am. Chem. Soc.
1999, 121, 2123. (b) Ehrentraut, A.; Zapf, A.; Beller, M. Synlett 2000,
1589. (¢) Li, G.; Zheng, G.; Noonan, A. F. J. Org. Chem. 2001, 66,
8677.

(7) (a) Selvakumar, K.; Zapf, A.; Beller, M. Org. Lett. 2002, 4, 3031.
(b) Yen, S. K; Koh, L. L,; Hahn, F. E.; Huynh, H. V;; Hor, T. S. A.
Organometallics 2006, 25, 5105. (c) Lee, J.-Y.; Cheng, P.-Y.; Tsai, Y.-
H,; Lin, G.-R;; Liu, S.-P.; Sie, M.-H.; Lee, H. M. Organometallics 2010,
29, 3901.

(8) (a) Herrmann, W. A,; Ofele, K.; Schneider, S. K.; Herdtweck, E.;
Hoffmann, S. D. Angew. Chem., Int. Ed. 2006, 45, 3859. (b) Yao, Q;
Zabawa, M.; Woo, J.; Zheng, C. J. Am. Chem. Soc. 2007, 129, 3088.

(9) Lin, B.-L; Liu, L; Fu, Y,; Luo, S.-W.; Chen, Q.; Guo, Q.-X.
Organometallics 2004, 23, 2114.

(10) For selected reviews, see: (a) Rosen, B. M.; Quasdorf, K. W.;
Wilson, D. A.; Zhang, N.; Resmerita, A.-M.; Garg, N. K,; Percec, V.
Chem. Rev. 2011, 111, 1346. (b) Mc Cartney, D.; Guiry, P. J. Chem.
Soc. Rev. 2011, 40, 5122. (c) Moragas, T.; Correa, A.; Martin, R.
Chem. - Eur. ]. 2014, 20, 8242. (d) Tasker, S. Z; Standley, E. A;
Jamison, T. F. Nature 2014, 509, 299. (e) Richmond, E.; Moran, J.
Synthesis 2018, 50, 499.

(11) For selected examples, see: (a) Boldrini, G. P.; Savoia, D.;
Tagliavini, E.; Trombinni, C.; Umani Ronchi, A. J. Organomet. Chem.
1986, 301, 62. (b) Inamoto, K; Kuroda, J.-L; Hiroya, K; Noda, Y.;
Watanabe, M.; Sakamoto, T. Organometallics 2006, 25, 309S.
(c) Ehle, A. R;; Zhou, Q.; Watson, M. P. Org. Lett. 2012, 14, 1202.
(d) Gegsig, T. M.; Kleimark, J.; Nilsson Lill, S. O.; Korsager, S.;
Lindhardt, A. T.; Norrby, P.-O.; Skrydstrup, T. J. Am. Chem. Soc.
2012, 134, 443. (e) Liu, C; Tang, S.; Liu, D.; Yuan, J.; Zheng, L;
Meng, L.; Lei, A. Angew. Chem., Int. Ed. 2012, §1, 3638. (f) Tasker, S.
Z.; Gutierrez, A. C.; Jamison, T. F. Angew. Chem., Int. Ed. 2014, S3,
1858. (g) Vandavasi, J. K; Hua, X,; Halima, H. B.; Newman, S. G.
Angew. Chem., Int. Ed. 2017, 56, 15441.

(12) (a) Lhermet, R.;; Durandetti, M.; Maddaluno, J. Beilstein J. Org.
Chem. 2013, 9, 710. (b) Desrosiers, J.-N.; Hie, L.; Biswas, S.;
Zatolochnaya, O. V.; Rodriguez, S.; Lee, H.; Grinberg, N.; Haddad,
N.; Yee, N. K,; Garg, N. K; Senanayake, C. H. Angew. Chem., Int. Ed.
2016, 55, 11921. (c) Desrosiers, J.-N.; Wen, J; Tcyrulnikov, S.;
Biswas, S.; Qu, B.; Hie, L.; Kurouski, D.; Wu, L.; Grinberg, N,;
Haddad, N.; Busacca, C. A; Yee, N. K; Song, J. J; Garg, N. K;
Zhang, X.; Kozlowski, M. C.; Senanayake, C. H. Org. Lett. 2017, 19,
3338. (d) Qin, X; Lee, M. W. Y,; Zhou, J. S. Angew. Chem., Int. Ed.
2017, 56, 12723. (e) Kwiatkowski, M. R.; Alexanian, E. J. Angew.
Chem., Int. Ed. 2018, 57, 16857.

(13) (a) Solé, D.; Cancho, Y.; Llebaria, A.; Moretd, J. M.; Delgado,
A. J. Am. Chem. Soc. 1994, 116, 12133. (b) Li, Y.; Wang, K;; Ping, Y.;
Wang, Y.; Kong, W. Org. Lett. 2018, 20, 921.

(14) (a) Sundberg, R. J. In Comprehensive Heterocyclic Chemistry II;
Katritzky, A. R, Rees, C.W,, Scriven, E. F. V., Eds.; Pergamon:
Oxford, 1996; Vol. 2, pp 119—206. (b) Fan, H.; Peng, J.; Hamann, M.
T.; Hu, J.-F. Chem. Rev. 2008, 108, 264.

(15) (a) Brown, D. W.; Graupner, P. R; Sainsbury, M.; Shertzer, H.
G. Tetrahedron 1991, 47, 4383. (b) Joseph, B.; Chapellier, V.; Merour,
J--Y.; Leonce, S. Heterocycles 1998, 48, 1423. (c) Talaz, O.; Giilcin, L;
Goksu, S.; Saracoglu, N. Bioorg. Med. Chem. 2009, 17, 6583.
(d) Ekinci, D.; Cavdar, H,; Durgagi, S.; Talaz, O.; Sentiirk, M. Eur.
J. Med. Chem. 2012, 49, 68. (e) Tian, X.; Hofmann, N.; Melchiorre, P.
Angew. Chem., Int. Ed. 2014, 53, 2997.

(16) (a) Menezes da Silva, V. H.; Braga, A. A. C; Cundari, T. R.
Organometallics 2016, 3S, 3170. (b) Weber, J. M.; Longstreet, A. R;
Jamison, T. F. Organometallics 2018, 37, 2716. (c) Jutana, A. In The
Mizoroki—Heck Reaction; Oestreich, M., Ed.; Wiley: Hoboken, 2009;

pl

DOI: 10.1021/acs.orglett.9b00600
Org. Lett. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.orglett.9b00600

