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The synthesis of substituted benzimidazoles, 2-aminobenzimidazoles, 2-aminobenzothiazoles, and
benzoxazoles is described via intramolecular cyclization of o-bromoaryl derivatives using copper(II)
oxide nanoparticles in DMSO under air. The procedure is experimentally simple, general, efficient,
and free from addition of external chelating ligands. It is a heterogeneous process and the copper(II)
oxide nanoparticles can be recovered and recycled without loss of activity.

Introduction

Benzimidazoles,' 2-aminobenzimidazoles,”> 2-aminobenzo-
thiazoles,> and benzoxazoles® are privileged organic
compounds due to their recognition in biological and
therapeutic activities (Figure 1). Recent medicinal chemistry
applications of these heterocyclic compounds include
5-lipoxygenase inhibitor,”® poly(ADP-ribose)polymerase

(1) For examples, see: (a) Alamgir, M.; Black, D. St. C.; Kumar, N.
Synthesis, Reactivity and Biological Activity of Benzimidazoles. In Topics In
Heterocyclic Chemistry; Springer: Berlin, Germany, 2007; Vol. 9, pp 87—118
and references cited therin. (b) Skalitzky, D. J.; Marakovits, J. T.; Maegley, K. A.;
Ekker, A.; Yu, X.-H.; Hostomsky, Z.; Webber, S. E.; Eastman, B. W.; Almassy, R.;
Li, J.; Curtin, N. J.; Newell, D. R.; Calvert, A. H.; Griffin, R. J.; Golding, B. T.
J. Med. Chem. 2003, 46, 210. (c) Rao, A.; Chimirri, A.; De Clercq, E.; Monforte,
A. M.; Monforte, P.; Pannecouque, C.; Zappala, M. I/ Farmco 2002, 57, 819. (d)
Valdez, J.; Cedillo, R.; Hernandez-Campos, A.; Yepez, L.; Hernandez-Luis, F.;
Navarrete-Vazques, G.; Tapia, A.; Cortes, R.; Hernandez, M.; Castillo, R. Bioorg.
Med. Chem. Lett.2002, 12,2221. (¢) Horton, D. A.; Bourne, G. T.; Smythe, M. L.
Chem. Rev. 2003, 103, 893. (f) Yamamoto, Y.; Mizuno, H.; Tsuritani, T.; Mase, T.
J. Org. Chem. 2009, 74, 1394. (g) Bahrami, K.; Khodaei, M. M.; Naali, F. J. Org.
Chem. 2008, 73, 6835. (h) Shen, M.; Driver, T. G. Org. Lett. 2008, 10, 3367. (i)
Coffinier, D.; El Kaim, L.; Grimaud, L. Org. Lett. 2009, 11, 995. (j) Goossen,
L. J.; Knauber, T. J. Org. Chem. 2008, 73, 8631.
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(PARP) inhibitor,>® factor Xa(FXa) inhibitor,> histamine
H,-receptor,’d™" 5-HT5-receptor agonist 2, HIV reverse

(2) For examples, see: (a) Ellingboe, J. W.; Spinelli, W.; Winkley, M. W.;
Nguyen, T. T.; Parsons, R. W.; Moubarak, I. F.; Kitzen, J. M.; Von Engen,
D.;Bagli,J. F. J. Med. Chem. 1992, 35, 705. (b) Janssens, F.; Torremans, J.;
Janssen, M.; Stokbroekx, R. A.; Luyckx, M.; Janssen, P. A.J. J. Med. Chem.
1985, 28, 1943. (c) Janssens, F.; Torremans, J.; Janssen, M.; Stokbroesks,
R. A.; Luyckx, M.; Janssen, P. A. J. Med. Chem. 1985, 28, 1934. (d) Janssens,
F.; Torremans, J.; Janssen, M.; Stokbroekx, R. A.; Luyckx, M.; Janssen,
P. A.J. J. Med. Chem. 1985, 28, 1925. (¢) Jung, F.; Boucherot, D.; Delvare,
C.; Olivier, A.; Davies, G. M.; Betts, M. J.; Brown, R.; Stevenson, R.; Joseph,
M.; Kingston, J. F.; Pittam, J. D. J. Antibiot. 1993, 46, 992. (f) Ozden, S.;
Atabey, D.; Yildiz, S.; Goker, H. Eur. J. Med. Chem. 2008, 43, 1390. (g)
Zhang, G.; Ren, P.; Gray, N. S.; Sim, T.; Liu, Y.; Wang, X.; Che, J.; Tian,
S.-S.; Sandberg, M. L.; Spalding, T. A.; Romeo, R.; Iskander, M.; Chow, D.;
Seidel, H. M.; Karanewsky, D. S.; He, Y. Bioorg. Med. Chem. Lett. 2008, 18,
5618. (h) Shao, B.; Huang, J.; Sun, Q.; Valenzano, K. J.; Schmid, L.; Nolan,
S. Bioorg. Med. Chem. Lett. 2005, 15, 719. (i) Ognyanov, V. I.; Balan, C.;
Bannon, A. W.; Bo, Y.; Dominguez, C.; Fotsch, C.; Gore, V. K.; Klionsky,
L.; Ma, V. V.; Qian, Y.-X.; Tamir, R.; Wang, X.; Xi, N.; Xu, S.; Zhu, D;
Gavva, N. R.; Treanor,J.J.S.; Norman, M. H. J. Med. Chem. 2006, 49,3719.
(j) Bonfiant, J.-F.; Meyer, C.; Doublet, F.; Fortin, J.; Muller, P.; Queguiner,
L.; Gevers, T.; Janssens, P.; Szel, H.; Willebrords, R.; Timmerman, P.;
Wauyts, K.; van Remoortere, P.; Janssesn, F.; Wigerinck, P.; Andries, K.
J. Med. Chem. 2008, 51, 875. (k) Wu, Y.- Q.; Hamilton, S. K.; Wilkinson,
D. E.; Hamilton, G. S. J. Org. Chem. 2002, 67, 7553.
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FIGURE 1. Examples of some biologically active compounds.

transcriptase inhibitor L-697,695,°¢ anticancer agent NSC-
693638, and orexin-1 receptor antagonist SB-334867.°"
Other applications of these compounds include their use
as anti-inﬂammatoryf"‘ antibacterial,21 antimicrobial,6b and

(3) For some examples, see: (a) Young, R. C.; Mitchell, R. C.; Brown,
T. H.; Ganellin, C. R.; Griffiths, R.; Jones, M.; Rana, K. K.; Saunders, D.;
Smith, I. R.; Sore, N. E.; Wilks, T. J. J. Med. Chem. 1988, 31, 656. (b) Paget,
C.J.; Kisner, K.; Stone, R. L.; DeLong, D. C. J. Med. Chem. 1969, 12, 1016.
(c) Jordan, A. D.; Chi, L.; Reitz, A. B. J. Org. Chem. 2003, 68, 8693. (d)
Armenise, D.; De Laurentis, N.; Reho, A.; Rosato, A.; Morlacchi, F.
J. Heterocycl. Chem. 2004, 41, 771. (e) Suter, H.; Zutter, H. Helv. Chim.
Acta 1967, 50, 1084. (f) Pattan, S. R.; Suresh, Ch.; Pujar, V. D.; Reddy, V. V.
K.; Rasal, V. P.; Koti, B. C. Indian J. Chem. 2005, 44B, 2404.

(4) For examples, see: (a) Easmon, J.; Purstinger, G.; Thies, K.-S.;
Heinisch, G.; Hofmann, J. J. Med. Chem. 2006, 49, 6343. (b) Sun, L.-Q;
Chen, J.; Bruce, M.; Deskus, J. A.; Epperson, J. R.; Takaki, K.; Johnson, G.;
Iben, L.; Malhe, C. D.; Ryan, E.; Xu, C. Biorg. Med. Chem. Lett. 2004, 14,
3799. (¢) Kumar, D.; Jacob, M. R.; Reynolds, M. B.; Kerwin, S. M. Bioorg.
Med. Chem. 2002, 10, 3997. (d) McKee, M. L.; Kerwin, S. M. Bioorg. Med.
Chem. 2008, 16, 1775. (e) Oksuzoglu, E.; Tekiner-Gulbas, B.; Alper, S.;
Temiz-Arpaci, O.; Ertan, T.; Yildiz, I.; Diril, N.; Sener-Aki, E.; Yalcin, I. J.
Enzyme Inhib. Med. Chem. 2008, 23, 37. (f) Potashman, M. H.; Bready, J.;
Coxon, A.; DeMelfi, T. M. Jr.; DiPietro, L.; Doerr, N.; Elbaum, D.; Estrada,
J.; Gallant, P.; Germain, J.; Gu, Y.; Harmange, J.-C.; Kaufman, S. A.;
Kendall, R.; Kim, J. L.; Kumar, G. N.; Long, A. M.; Neervannan, S.; Patel,
V. F.; Polverino, A.; Rose, P.; van der Plas, S.; Whittington, D.; Zanon, R.;
Zhao, H.J. Med. Chem. 2007, 50,4351. (g) Huang, S.-T.; Hsei, I.-J.; Chen, C.
Bioorg. Med. Chem. 2006, 14, 6106.

(5) For examples in medicinal chemistry, see: (a) Nakano, H.; Inoue, T.;
Kawasaki, N.; Miyataka, H.; Matsumoto, H.; Taguchi, T.; Inagaki, N;
Nagai, H.; Satoh, T. Bioorg. Med. Chem. 2000, 8, 373. (b) White, A. W_;
Almassy, R.; Calvert, A. H.; Curtin, N. J.; Griffin, R. J.; Hostomsky, Z.;
Maegley, K.; Newell, D. R.; Srinivasan, S.; Golding, B. T. J. Med. Chem.
2000, 43, 4084. (c) Zhao, Z.; Arnaiz, D. O.; Griedel, B.; Sakata, S.; Dallas,
J. L.; Whitlow, M.; Trinh, L.; Post, J.; Liang, A.; Morrissey, M. M.; Shaw,
K. J. Bioorg. Med. Chem. Lett. 2000, 10, 963. (d) Yoshida, S.; Shiokawa, S.;
Kawano, K.; Tto, T.; Murakami, H.; Suzuki, H.; Sato, Y. J. Med. Chem.
2005, 48, 7075. (e) Iemura, R.; Kawashima, T.; Fukuda, T.; Ito, K
Tsukamoto, G. J. Med. Chem. 1986, 29, 1178. (f) Lorenzi, S.; Mor, M.;
Bordi, F.; Rivara, S.; Rivara, M.; Morini, G.; Bertoni, S.; Ballabeni, V.;
Barocelli, E.; Plazzi, P. V. Bioorg. Med. Chem. 2005, 13, 5647. (g) Grobler,
J. A.; Dornadula, G.; Rice, M. R.; Simcoe, A. L.; Hazuda, D. J.; Miller,
M. D. J. Biol. Chem. 2007, 282, 8005. (h) Rasmussen, K.; Hsu, M.-A.; Yang,
Y. Neuropsychopharmacology 2007, 32, 786.

(6) For some examples, see: (a) Blythin, D.J.; Kaminski, J. J.; Domalski,
M. S.; Spitler, J.; Salomon, D. M.; Conn, D. J.; Wong, S. C.; Verbiar, L. L
Bober, L. A.; Chiu, P. I. S.; Watnick, A. S.; Siegel, M. 1.; Hilbert, J. M.;
McPhail, A. T. J. Med. Chem. 1986, 29, 1099. (b) Weidner-Wells, M. A_;
Ohemeng, K. A.; Nguyen, V. N.; Fraga-Spano, S.; Macielag, M. J;
Werblood, H. M.; Foleno, B. D.; Webb, G. C.; Barrett, J. F.; Hlasta, D. J.
Bioorg. Med. Chem. Lett. 2001, 11, 1545.

(7) (a) Preston, P. N. Benzimidazoles and Congeneric Tricyclic Compounds.
In The Chemistry of Heterocyclic Compounds; Weissberger, A., Taylor, E. C.,
Eds.; John Wiley and Sons: New York, 1981; Vol. 40, pp 6—60. (b) Grimment, M.
R. Imidazoles and their Benzo Derivatives. In Comprehensive Hetereocyclic
Chemistry; Katritzky, A. R., Rees, C. W., Eds.; Pergamon: Oxford, UK, 1984;
Vol. 5, pp 457—487. (c) Benincori, T.; Sannicolo, F. J. Heterocycl. Chem. 1988,
25,1029.

(8) (a) Couture, A.; Grandclaudon, P. Heterocycles 1984, 22, 1383. (b)
Tale, R. H. Org. Lett. 2002, 4, 1641. (c) Alagille, D.; Baldwin, R. M.;
Tamagnan, G. D. Tetrahedron Lett. 2005, 46, 1349. (d) Itoh, T.; Mase, T.
Org. Lett. 2007, 9, 3687.
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antiviral®™* agents. Development of general methods for the
synthesis of these compounds is thus highly relevant for drug
discovery.

The classical methods used for the preparation of these
compounds framework starts from either o-aminoaniline,’
o-aminothiophenol,® or o-aminophenol,” and often they
imply the use of either toxic reagents or harsh reaction
conditions such as those involving strong acids in combina-
tion with high temperature. Some of these drawbacks are
recently overcome by the development of more sustainable
cross-coupling reactions, which allow the efficient assembly
of the target heterocycles under comparatively milder reac-
tion conditions.'®!" The cyclization of o-haloarylamidines to
benzimidazoles is accomplished via intramolecular cross-
coupling reaction with palladium(0) under thermal'* and
microwave'>® conditions. Copper(I)/(IT) complexes are stu-
died for benzimidazole synthesis via intramolecular'*® and
intermolecular followed by intramolecular cross-coupl-
ing reactions.'*® Copper(I) complexes are reported as effec-
tive catalysts compared to palladium(0) complexes for the

(9) (a) Varma, R. S.; Kumar, D. J. Heterocycl. Chem. 1998, 35, 1539. (b)
Chang, J.; Zhao, K.; Pan, S. Tetrahedron Lett. 2002, 43, 951. (c) Terashima,
M.; Ishii, M.; Kanaoka, Y. Synthesis 1982, 484. (d) Bougrin, K.; Loupy, A.;
Soufiaoui, M. Tetrahedron 1998, 54, 8055. (e) Pottorf, R. S.; Chadha, N. K.;
Katkevics, M.; Ozola, V.; Suna, E.; Ghane, H.; Regberg, T.; Player, M. R.
Tetrahedron Lett. 2003, 44, 175.

(10) (a) Ullman, F. Ber. Dtsch. Chem. Ges. 1903, 36, 2382. (b) Goldberg, I.
Ber. Dtsch. Chem. Ges. 1906, 39, 1691.

(11) For some examples of copper-catalyzed carbon—heteroatom cross-
coupling reactions see: (a) Corbet, J.-P.; Mignani, G. Chem. Rev. 2006, 106,
2651. (b) Evano, G.; Blanchard, N.; Toumi, M. Chem. Rev. 2008, 108, 3054.
(c) Kondo, T.; Mitsudo, T.-A. Chem. Rev. 2000, 100, 3205. (d) Beletskaya,
1. P.; Cheprakov, A. V. Coord. Chem. Rev. 2004, 248, 2337. (e) Ley, S. V;
Thomas, A. W. Angew. Chem., Int. Ed. 2003, 42, 5400. (f) Delhi, J. R.; Legros,
J.; Bolm, C. Chem. Commun. 2005, 973. (g) Gujadhur, R. K.; Bates, C. G.;
Venkataraman, D. Org. Lett. 2001, 3,4315. (h) Zhang, H.; Cai, Q.; Ma, D. J.
Org. Chem. 2005, 70, 5164. (i) Rao, H.; Jin, Y.; Fu, H.; Jiang, Y.; Zhao, Y.
Chem.—Eur. J. 2006, 12, 3636. (j) Kwong, F. Y.; Klapars, A.; Buchwald,
S. L. Org. Lett. 2002, 4, 581. (k) Kwong, F. Y.; Buchwald, S. L. Org. Lett.
2003, 5, 793. (1) Shafir, A.; Lichtor, P. A.; Buchwald, S. L. J. Am. Chem. Soc.
2007, 129,3490. (m) Yang, M.; Liu, F. J. Org. Chem. 2007, 72, 8969. (n) Fang,
Y.; Li,C.J. Org. Chem. 2006, 71,6427. (o) Shafir, A.; Buchwald, S. L. J. Am.
Chem. Soc. 2006, 128, 8742. (p) Altman, R. A.; Shafir, A.; Choi, A.; Lichtor,
P. A.; Buchwald, S. L. J. Org. Chem. 2008, 73,284.(q) Lv, X.; Bao, W. J. Org.
Chem. 2007, 72, 3863. (r) Ouali, A.; Spindler, J.-F.; Cristau, H.-J.; Taillefer,
M. Adv. Synth. Catal. 2006, 348,499. (s) Benyahya, S.; Monnier, F.; Taillefer,
M.; Wong Chi Man, M.; Bied, C.; Ouazzani, F. Adv. Synth. Catal. 2008, 350,
2205. (t) Bates, C. G.; Gujadhur, R. K.; Venkataraman, D. Org. Lett. 2002, 4,
2803. (u) Kwong, F. Y.; Buchwald, S. L. Org. Lett. 2002, 4, 3517. (v)
Sperotto, E.; van Klink, G. P. M.; de Vries, J. G.; van Koten, G. J. Org.
Chem. 2008, 73, 5625. (w) Jammi, S.; Sakthivel, S.; Rout, L.; Mukherjee, T.;
Mandal, S.; Mitra, R.; Saha, P.; Punniyamurthy, T. J. Org. Chem. 2009, 74,
1971. (x) Rout, L.; Sen, T. K.; Punniyamurthy, T. Angew. Chem., Int. Ed.
2007, 46, 5583. (y) Rout, L.; Jammi, S.; Punniyamurthy, T. Org. Lett. 2007, 9,
3397. (z) Zhang, J.; Zhang, Z.; Wang, Y.; Zheng, X.; Wang, Z. Eur. J. Org.
Chem. 2008, 5112.



Saha et al.

formation of 2-aminobenzimidazoles'* and 2-aminobenzo-
thiazoles'® via inter- as well as intramolecular cross-coupling
reactions. The synthesis of benzoxazoles is reported using
copper(I)/(II) complexes via intramolecular or inter-
followed by intramolecular cross-coupling reactions.'® More
recently, iron(IIT) complex has been employed for the cycli-
zation of o-bromoanilides to afford 2-arylbenzoxazoles.'”
Most of these reactions function under homogeneous con-
ditions and the ligands chelated with the metals play a crucial
role in the catalysis. Among these studies, the cyclizations via
intramolecular cross-coupling reactions provide a straight-
forward route with wide substrate scope for the synthesis of
these target heterocycles in high yield.

Recently, we and others reported the intermolecular cross-
coupling reactions of aryl iodides with nitrogen, oxygen, and
sulfur nucleophiles using copper(II) oxide nanoparticles'®
under ligand-free conditions.' "™ ~*Since the copper(II) oxide
nanoparticles are readily accessible, air stable, recyclable,
and free from addition of external chelating ligands, we
became further interested to investigate them for the synth-
esis of important organic compounds. In this contribution,
we wish to describe a general method for the synthesis of
substituted benzimidazoles, 2-aminobenzimidazoles, 2-ami-
nobenzothiazoles, and benzoxazoles by intramolecular cy-
clization in the presence of the copper(I) oxide nano-
particles under air. The procedure is experimentally simple
and efficient to afford the heterocyclic compounds in high
yield. The reaction involves a heterogeneous process and the
copper(I) oxide nanoparticles can be recovered and recycled
without loss of activity. From an industrial standpoint, these
studies are attractive since the cost and environmental im-
pact of the process (E-factor) can be further lowered. "

Results and Discussion

The optimized reaction conditions for the formation of
benzimidazoles 2a—p, 2-aminobenzimidazoles 4a—I, 2-amino-
benzothiazoles 6a—j, and benzoxazoles 8a—n via intra-
molecular cross-coupling reactions are presented in Table 1.
Both o-iodoaryl and o-bromoaryl derivatives readily under-
went cyclization to afford the heterocyclic compounds in
high yield. In contrast, o-chloroaryl derivatives were less
reactive providing the target molecules in <28% yield.

(12) (a) Brain, C. T.; Brunton, S. A. Tetrahedron Lett. 2002, 43, 1893. (b)
Brain, C. T.; Steer, J. T. J. Org. Chem. 2003, 68, 6814. (c) Zou, B.; Yuan, Q.;
Ma, D. Angew. Chem., Int. Ed. 2007, 46, 2598.

(13) (a) Brasche, G.; Buchwald, S. L. Angew. Chem., Int. Ed. 2008, 47,
1932. (b) Deng, X.; McAllister, H.; Mani, N. S. J. Org. Chem. 2009, 74, 5742.

(14) (a) Hong, Y.; Tanoury, G. J.; Wilkinson, H. S.; Bakale, R. P.; Wald,
S. A.; Senanayake, C. H. Tetrahedron Lett. 1997, 38, 5607. (b) Evinder, G.;
Batey, R. A. Org. Lett. 2003, 5, 133. (c) Lv, X.; Bao, W. J. Org. Chem. 2009,
74, 5618.

(15) (a) Benedi, C.; Bravo, F.; Uriz, P.; Fernandez, E.; Claver, C.;
Castillon, S. Tetrahedron Lett. 2003, 44, 6073. (b) Joyce, L. L.; Evindar,
G.; Batey, R. A. Chem. Commun. 2004,446. (c) Joyce, L. L.; Batey, R. A. Org.
Lett. 2009, 71, 2792. (d) Ding, Q.; He, X.; Wu, J. J. Comb. Chem. 2009, 11,
587. () Monguchi, D.; Fujiwara, T.; Furukawa, H.; Mori, A. Org. Lett.
2009, /1, 1607.

(16) (a) Altenhoff, G.; Glorius, F. Adv. Synth. Catal. 2004, 346, 1661. (b)
Barbero, N.; Carril, M.; SanMartin, R.; Dominguez, E. Tetrahedron 2007,
63, 10425. (c) Evindar, G.; Batey, R. A. J. Org. Chem. 2006, 71, 1802. (d)
Viirre, R. D.; Evinder, G.; Batey, R. A. J. Org. Chem. 2008, 73, 3452. (e)
Ueda, S.; Nagasawa, H. Angew. Chem., Int. Ed. 2008, 47, 6411.

(17) Bonnamour, J.; Bolm, C. Org. Lett. 2008, 10, 2665.

(18) Copper oxide nanoparticles are highly toxic, see: Karlsson, H. L.;
Cronholm, P.; Gustafsson, J.; Moller, L. Chem. Res. Toxicol. 2008, 21, 1726.

(19) (a) Sheldon, R. A. Pure Appl. Chem. 2000, 72, 1233. (b) Punniyamurthy,
T.; Rout, L. Coord. Chem. Rev. 2008, 252, 134.
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TABLE 1.  Optimization of the Reaction Conditions
N. v Rcuo nanoparticles N\
e
Z=NBn, S, O

R = Me, Ph, BnNH,
pyrrolidine

Y=BnNH, S, 0

entry substrate X time(h) conversion(%)®

H 24 nr

X
1 (i/N\\r Me Cl 24 nr
HN\Bn Br 6 >99
| 3 >99
H 24 nr

X
NYN Cl 24 nr
2b HN.g, Br 24 78

| 7 98

H 24 nr

X v H
N\n/N‘Bn c 24 28
30
s Br 10  >99

[ 3 >99
X H H 24 nr
N Ph ¢ 24 nr
a T
4 C( 0 Br 16 >99
[ 7 >99

“Substrate (0.5 mmol), CuO nanoparticles (5 mol %), and KOH
(1 mmol) were stirred at 110 °C in DMSO (1 mL) under air. *Substarte
(0.5 mmol), CuO nanoparticles (5 mol %), and KOH (0.75 mmol) were
stirred at 110 °C in DMSO (1 mL) under air. “Substrate (0.5 mmol), CuO
nanoparticles (2.5 mol %), and K,COs (0.25 mmol) were stirred at 80 °C
in DMSO (1 mL) under air. “Substrate (0.5 mmol), CuO nanoparticles
(5 mol %), and K,CO; (0.75 mmol) were stirred at 110 °C in DMSO
(1 mL) under air. “Determined by 'H NMR.

Under these conditions, the cyclization via C—H activa-
tion did not occur. The cyclization of o-haloarylamidines
and -guanidines provided the best results in the presence
of KOH, while the formation of benzothiazoles and benzox-
azoles could be accomplished with K,CO;3 or Cs,CO;. The
cyclizations occurred at 80—110 °C in DMSO under air.
Solvents such as DMF (15—85%), toluene (5—10%), and
dioxane (10—66%) were less effective. Control experiments of
these reactions without copper(II) oxide nanoparticles showed
no reaction.

Synthesis of Benzimidazoles. o-Bromoarylamidines la—p
were prepared from the readily accessible o-bromoanilines
and amides in the presence of POCl; in high yield.'** The
amidines la—p were then investigated for the cyclization
reaction under the optimized conditions, using 5 mol %
copper(Il) oxide nanoparticles at 110 °C in the presence of
KOH in DMSO under air (Table 2). The reactions occurred
in an intramolecular manner to provide the corresponding
substituted benzimidazoles 2a—p in 80—97% yield. The
substrates with R* = aryl groups 1j—p exhibited enhanced
reactivity compared to that having R* = alkyl substituents
la—i. These results clearly suggest that this protocol could be
used for the synthesis of the substituted 2-alkyl and 2-aryl
benzimidazoles in high yield.
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TABLE 2.  CuO Nanoparticles-Catalyzed Synthesis of Substituted
Benzimidazoles

R R R! !
| N HN CuO nanoparticles ' XX N\ " R'=H, Br, Cl, Me, OMe
A, ————— »—R? R?=Me, Ph
N”R? KOH, DMSO,110 °C N R? = alkyl, aryl Bn

Br fap 2a-p R?
entry substrate time(h) product yield (%)
Br
N
oo o Oy .
HN{ p
gr 12 Bn 2a Bn
N
Ny, -Me /@ \>7Me
2 8 Me N 93
HNL :
Me” 27 1ben Me 2P Bn
N _Me N
3 e 15 H—Me 88°
M AN, Me N
° Br 1cMe 2c Bn
N._Me Me N
4 e 13 j@[ H—Me 920
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“o-Bromoarylamidine (0.5 mmol), CuO nanoparticles (5 mol %), and
KOH (1 mmol) were stirred at 110 °C in DMSO (1 mL) under air.
b3 equiv of KOH was used.

Synthesis of 2-Aminobenzimidazoles. Reaction of o-halo-
anilines with isothiocyanate gave thioureas which were
treated with amines in the presence of HgCl, to provide
o-haloarylguanidines 3a—/ in high yield.'*® Using the above
reaction conditions described for benzimidazole formation,
the intramolecular cross-coupling reaction of o-bromoaryl-
guanidines 3a—/ was studied (Table 3). The cyclization
reactions proceeded efficiently to afford the substituted
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TABLE 3.  CuO Nanoparticles-Catalyzed Synthesis of Substituted
2-Aminobenzimidazoles

RS R R! 3 R!
|\\ HN CuO nanoparticles XN, R® R'=H, Me
A J g YN R?=anylBn
N N KOH, DMSO, 110 °C = N\ R* NR3R* = pyrrolidine, morpholine
2

Br 3al R* 4a-l R piperazine

entry substrate time(h) product yield (%)?

N,
O s
3a Bn 4a Bn

(D N
2 /@NYN 14 /©:\>—N(:| 89
N
Me FN-gq Ve 4b Bp
N Co-C
N N ©
3 @;{B 18 N>_ 88
n

3c \Bn
4c
Br o Me
NN N
4 /@i :N( 12 /C[,?—NG 90
. Me ‘
Me’ Me Bn 4d Bn
Br 3d
NN N
5 e 5 >N 95
HN. !
e Ph 4e Ph
Br Q N
A\
C-C
6 HN 5 o 78

Br . D N OMe
. Oy . oo,
= CL,, )

95

Me
Br (\ NBoc N 7\
N._N D
o T OO

HN. ;
3 Ph 4 PR

“o-Bromoarylguanidine (0.5 mmol), CuO nanoparticles (5 mol %),
and KOH (0.75 mmol) were stirred at 110 °Cin DMSO (1 mL) under air.

2-aminobenzimidazoles 4a—I in 73—95% yield. Both the sub-
strates having alkyl and aryl substituents were compatible
affording the cyclized compounds with 100% selectivity. The
substrates 3a—/ with R? = aryl substituents exhibited greater
reactivity (4—5 h) compared to those containing R* = alkyl
groups (12—24 h). This could be due to lower pK,, of NH-aryl
substituents in comparison to N H-alkyl moieties.

Synthesis of 2-Aminobenzothiazoles. The preparation of
the cyclization precursors, o-bromoaryl thioureas 5a—j, was
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TABLE 4. CuO Nanoparticles-Catalyzed Synthesis of 2-Aminoben-
zothiazoles
RS N
B ~r2 CuO nanoparticles X 1=
R R —.R1_(\/E S—NH-R? R2 H, Br, Me, OMe
A g S K,CO3, DMSO, 80 °C Z =5 R?=Bn, Ar, CgH11, C4Hg
5a- 6a-j
entry substrate time (h) product yield (%)?
RN N
1 g 10 ©: %NHO 90
S S
Br
5 6a
2 10 N 97
Y Cns
Br S
5b 6b
NN N
oL o O e
Br s
5y H 6c
N N\Bn /@[N\>—
NH-Bn
4 /©: s 0 s 98
Me dBr o 6d
Br5 Br
NN N
5 /C[ Y Ben 14 S—NH-Bn 85
S S
Me
Me’ 50 Br . 6e
r
oo LI s SRR
S S
MeO
MeO’ 5f Br " 6f
e
7 /@ \[S]/ “Bn 10 H—NH-Bn 82
Me Br Me S
59 6g
NN N
()
. LY . O .
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ZT
2]

H
N N
LY e
9 S 8 S 34
Brsi Me 6i
H H
N__N
cLre, e
Br OMe
5j

N
Lo »
s
“o-Bromoarylthiourea (0.5 mmol), CuO nanoparticles (2.5 mol %),

6j
and K,CO; (0.25 mmol) were stirred at 80 °C in DMSO (1 mL) under air.

accomplished from o-bromoaniline and isothiocynate in
high yield. The intramolecular cyclization reactions of the
substituted o-bromoaryl thioureas Sa—j were pursued at
80 °C in the presence of K,CO3; in DMSO under air
(Table 4). The cross-coupling reactions occurred readily to
afford the corresponding substituted 2-aminobenzothia-
zoles. The substrates 5Sa—g having R* = alkyl groups
proceeded well to give the cyclized products 6a—g selectively
in 82—98% yield. In contrast, the substrates Sh—j containing
R? = aryl groups were not selective affording the desired
cyclized products 6h—j in 27—37% vyield.*® These reaction

(20) The substrates undergo decomposition to give 2-bromoaniline as a
byproduct.

(21) (a) Inamoto, K.; Hasegawa, C.; Hiroya, K.; Doi, T. Org. Lett. 2008,
10, 5147. (b) Gurupadaiah, B. M.; Jayachandran, E.; Kumar, B. S.; Nagappa,
A. N.; Nargund, L. V. G. Indian J. Heterocycl. Chem. 1998, 7, 213. (c)
Kashiyama, E.; Hutchinson, I.; Chua, M. S.; Stinson, S. F.; Phillips, L. R.;
Kaur, G.; Sausville, E. A.; Bradshaw, T. D.; Westwell, A. D.; Stevens, M. F. G.
J. Med. Chem. 1999, 42,4172. (d) Boger, D. L. J. Org. Chem. 1978, 43, 2296. (¢)
Ben-Alloum, A.; Bakkas, S.; Soufiaoui, M. Tetrahedron Lett. 1997, 38, 6395. (f)
Bowman, W. R.; Heaney, H.; Smith, P. H. G. Tetrahedron Lett. 1982, 23, 5093.
(g) Ma, H. C.; Jiang, X. Z. Synlett 2008, 1335.
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conditions were further examined for the cyclization of o-
bromophenyl benzothioamide (Scheme 1). However, both

SCHEME 1.
thioamide

Cyclization Reaction of /N-(2-Bromophenyl)benzo-

S N
Q\NJ\Ph ©:S\>_Ph

Br H
Reaction Conditions yield
1.5 equiv K,CO3, 80 °C, 5h 73 %

2.5 mol % CuO nanoparticles, > 99 %
1.5 equiv K,CO3,80°C, 5 h

TABLE 5.
azoles

CuO Nanoparticles-Catalyzed Synthesis of 2-Arylbenzox-

R2
<

N
.
o o

CuO nanopamcles

K,COjs, DMSO, 110 °c

R R = H, Br, Cl, Me, OMe
R? = H, Br, Me, NO,

Ta-h 8a-h
entry substrate time(h) product yield (%)?
H
1 N\”/© 16 ©:N\ 95
(I o o C
Br 7a 8a
H Br
i cegalENes o T
(¢]
Br7p 8 o,

Br Me
Br 7 Br 8f
C[“ \
7 12 >_© 91
cl 8O cl sg
7g
Br H Br
N
Y e O
MeO B MeO o
7h 8h

“o-Bromoanilide (I mmol), CuO nanoparticles (5 mol %), and
K»CO; (1.5 mmol) were stirred at 110 °C in DMSO (1 mL) under air.

the blank reaction as well as the reaction with copper(II)
oxide exhibited the cyclization to afford the 2-phenylben-
zothiazole in 73% and >99% vyield, respectively.?!
Synthesis of Benzoxazoles. The substituted o-haloanilides
7a—o were prepared from the readily available o-haloanilines
and acid chlorides. The cyclization reactions of o-haloani-
lides 7a—o were studied at 110 °C in the presence of either
K,COj; or Cs,CO3 in DMSO under air (Tables 5 and 6). The
reactions proceeded efficiently to afford the substituted
benzoxazoles in high yield. N-(o-Bromophenyl)benzamides
7a—e having 3-Br, 3-NO,, 4-Br, and 4-Me substituents
underwent reactions with 60—92% yield. Under these con-
ditions, o-bromoanilides 7f—h substituted with Br, Cl, OMe,
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TABLE 6.
azoles

CuO Nanoparticles-Catalyzed Synthesis of 2-Alkylbenzox-

H

N._R? CuO nanoparticles 1=
SN \_p2 R'=H, Me
Y e ma s MLy

ANgO €003 DMSO, 110 °C R2 = alkyl
7i-n 8i-n
entry substrate time(h) product yield (%)?
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e
1 N 15 @[ S Me 79
(0]
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7 8l

@:jo]/\/\/ 16 @Nw 80

(o]
7m 8m
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“o-Bromoanilide (I mmol), CuO nanoparticles (5 mol %), and
Cs,CO5 (1.5 mmol) were stirred at 110 °C in DMSO (1 mL) under air.

and Me groups cyclized with 61—91% yield. Similarly, N-(o-
bromophenyl)alkylamides 7i—m underwent cyclization to
afford the corresponding benzoxazoles in 67—84% yield.
These results clearly reveal that the present method is general
and can be used for the synthesis of substituted 2-aryl- and 2-
alkylbenzoxazoles in high yield.

Mechanism. To reveal the leaching of the catalyst, the
copper(Il) oxide nanoparticles were stirred at the reaction
temperature (110 °C) for 10 h in the presence of K,CO; in
DMSO. The solution was then cooled to room temperature
and subjected to centrifugation. The particles were recovered
and the clear solution was investigated for the cyclization of o-
bromophenylbenzamide 7a in the presence of fresh K,COs.
No reaction was, however, obtained and the starting o-bro-
mophenylbenzamide 7a was recovered intact. Furthermore,
atomic absorption spectroscopy (AAS) showed the amount of
copper species present in the clear solution was below the
detection limit (<0.25%). These studies suggest that the
reaction involves a heterogeneous process and the leaching
of the copper(Il) oxide nanoparticles has not occurred under
these conditions. Thus, the DMSO stabilized copper(II) oxide
nanoparticles a may undergo reaction with the substrate on
their surface to generate intermediate b and the positive charge
developed could be shared among the copper oxide nanopar-
ticles present on the surface of the cluster (Scheme 2). The
intermediate b can then transform to intermediate ¢ in the
presence of base that can complete the catalytic cycle by the
reductive elimination of the cross-coupled product.

Recyclability Experiment. The copper(II) oxide nanopar-
ticles can be recovered and recycled (Table 7). After the
cyclization of the o-bromophenylbenzamide 7a, the reaction
mixture was treated with ethyl acetate and water. The copper(I)
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SCHEME 2. Proposed Catalytic Cycle for Intramolecular
Cyclization Reactions

X2
R R
(;[N)_ Q\ . J\

DMSO stablllzed X Y=BnNH,S,0
CuO nanopartlcles Z=NBn, S, 0
R = Me, Ph, BnNH,
pyrolidine
R1 H, Me, OMe, CI

o )
BH + X B

TABLE 7. Recyclability of CuO Nanoparticles
Br .
0 CuO nanoparticles N
Ji{ Ly
N~ >ph KyCOz; DMSO (o]
7a 110°C 8a
run catalyst recoverability (%) product conversion(%)®”
1 >99 100
2¢ >99 100
3¢ 99 >99
4¢ 98 99
5¢ 98 97

“Substrate 7a (2.5 mmol), CuO nanoparticles (5 mol %), and K,COj3
(3.75 mmol) were stirred at 110 °C in DMSO (2.5 mL) under air.
’Determined by "H NMR. “Recovered used.

oxide nanoparticles were collected by centrifugation and
washed successively with water and acetone. After drying under
vacuum, the catalyst was reused for the cyclization of fresh o-
bromophenylbenzamide 7a. This process was repeated for five
runs and the reactions took place efficiently to afford the cross-
coupled product 8a with 97% conversion and >98% catalyst
recoverability. The TEM images and powder X-ray diffraction
peaks of the fresh and recovered copper(I1) oxide nanoparticles
were found to be similar, which suggests that the nanoparticles
do not undergo significant changes during the recycling process
(see the Supporting Information).”**

Conclusions

The synthesis of substituted benzimidazoles, 2-aminobenzi-
midazoles, 2-aminobenzothiazoles, and benzoxazoles is de-
scribed using copper(Il) oxide nanoparticles under ligand-free
conditions. The reactions are simple, general, and efficient and
the catalyst can be recovered and recycled without loss of
activity and selectivity. It is a clean technological process and
a wide range of substrates can undergo reactions in high yield.

Experimental Section

General Procedure for the Synthesis of 2-Aryl- and Alkylben-
zimidazoles. o-Bromoarylamidine (0.5 mmol), CuO nanoparti-
cles (5 mol %, 2 mg), and KOH (1 mmol, 56 mg) were stirred at

(22) (a) Pachon, L. D.; Rothenberg, G. Appl. Organomet. Chem. 2008, 22,
288. (b) Gaikwad, A. V.; Holuigue, A.; Thathagar, M. B.; ten Elshof, J. E.;
Rothenberg, G. Chem.—Eur. J. 2007, 13, 6908. (c) Wang, W.; Zhan, Y.;
Wang, G. Chem. Commun. 2001, 727.

(23) (a) Yamamoto, H.; Maruoka, K. J. Am. Chem. Soc. 1981, 103, 4186.
(b) Nardi, D.; Pennini, R.; Tajana, A. J. Heterocycl. Chem. 1975, 12, 825.
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110 °C in DMSO (1 mL) for the appropriate time (Table 2). The
progress of the reaction was monitored by TLC, using ethyl
acetate and hexane as eluent. The reaction mixtures were then
cooled to room temperature and diluted with ethyl acetate (20
mL). The organic layer was washed successively with brine (1 x
SmL) and water (3 x 5mL). Drying (Na,SO,) and evaporation
of the solvent gave a residue that was purified on silica gel
column chromatography, using ethyl acetate and hexane as
eluent.

1-Benzyl-2-methyl-1H-benzo[d]imidazole (2a):**. analytical
TLC onssilica gel, 1:2 ethyl acetate/hexane R,0.28; yellow solid;
yield 95%; mp 67 °C (lit.*® mp 68—69 °C); '"H NMR (400 MHz,
CDCl3) 6 7.73 (d, J = 8.0 Hz, 1H), 7.32—7.19 (m, 6H), 7.05 (d,
J = 8.0Hz, 2H), 5.31 (s, 2H), 2.56 (s, 3H); '*C NMR (100 MHz,
CDCl3) 6 152.1, 142.8, 136.0, 135.6, 129.1, 128.0, 126.4, 122.4,
122.1, 119.2, 109.5, 47.2, 14.1; FT-IR (KBr) 3060, 2929, 1655,
1618, 1518, 1454, 1404, 1355, 1330, 1286, 1251, 1143, 1029 cm ™.
Anal. Calcd for C;sH4N»: C, 81.05; H, 6.35; N, 12.60. Found:
C,81.14; H, 6.31; N, 12.55.

General Procedure for the Synthesis of 2-Aminobenzimida-
zoles. o-Bromoarylguanidine (0.5 mmol), CuO nanoparticles (5
mol %, 2 mg), and KOH (0.75 mmol, 42 mg) were stirred at 110 °C
in DMSO (1 mL) for the appropriate time (Table 3). The progress
of the reaction was monitored by TLC, using ethyl acetate and
hexane as eluent. The reaction mixture was then cooled to room
temperature and treated with ethyl acetate (25 mL). The organic
layer was washed successively with brine (1 x 5 mL) and water
(3 x 5mL). Drying (Na,SO,) and evaporation of the solvent gave
a residue that was purified on silica gel column chromatography,
using ethyl acetate and hexane as eluent.

1-(Phenylmethyl)-2-(1-pyrrolidinyl)-1 H-benzo[d]imidazole (4a):.
analytical TLC on silica gel, 1:1 ethyl acetate/hexane R, 0.42;
yellow solid; yield 73%; mp 133 °C; '"H NMR (400 MHz, CDCls)
0 7.54 (d, J = 8.0 Hz, 1H), 7.32—7.27 (m, 3H), 7.16—7.12 (m,
2H), 7.02—6.95 (m, 3H), 5.27 (s, 2H), 3.54 (s, 4H), 1.91 (s, 4H);
3C NMR (100 MHz, CDCly) 6 157.3, 142.5, 137.1, 136.3,
129.0, 127.6, 1259, 121.9, 120.1, 116.7, 108.4, 50.6, 47.9,
25.8; FT-IR (neat) 3027, 2958, 2924, 2868, 1606, 1594, 1552,
1484, 1455, 1406, 1361, 1349, 1285, 1008 cm ™ '. Anal. Calcd for
CigsH9N3: C, 77.95; H, 6.90; N, 15.15. Found: C, 78.13, H, 6.87;
N, 15.00.

General Procedure for the Synthesis of 2-Aminobenzothiazole.
N-(2-Bromoaryl)thiourea (0.5 mmol), CuO nanoparticles (2.5
mol %, 1 mg), and K,CO; (0.25 mmol, 34.5 mg) were stirred at
80 °C in DMSO (1 mL) for the appropriate time (Table 4). The
progress of the reaction was monitored by TLC, using ethyl
acetate and hexane as eluent. The reaction mixture was cooled to
room temperature and diluted with ethyl acetate (10 mL). The
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organic layer was successively washed with brine (1 x SmL)and
water (3 x 5 mL). Drying (Na,SO,4) and evaporation of the
solvent gave a residue that was purified on silica gel column
chromatography, using ethyl acetate and hexane as eluent.

N-Cyclohexylbenzo[d]thiazol-2-amine  (6a):'>%. analytical
TLC onsilica gel, 1:4 ethyl acetate/hexane R,0.43; yellow liquid;
yield 90%:; "H NMR (CDCls, 400 MHz) 6 7.55 (d, J = 8.0 Hz,
1H),7.49(d,J = 8.0 Hz, 1H), 7.25(dt, J = 1.2 Hz, 7.2 Hz, 1H),
7.04 (dt,J = 1.2 Hz, 7.6 Hz, 1H), 5.39 (s, 1H), 3.54 (s, 1H), 2.11
(d,J = 3.2Hz, 2H), 1.80—1.61 (m, 4H), 1.45—1.13 (m, 4H); *C
NMR (CDCls, 100 MHz) 6 167.1, 152.5, 130.3, 126.0, 121.3,
120.9, 118.6, 54.8, 33.4, 25.6, 24.9; FT-IR (neat) 2927, 2851,
1596, 1544, 1440, 1251, 1033 cm " Anal. Calcd for C13H gN>S:
C,67.20; H,6.94; N, 12.06; S, 13.80. Found: C, 67.30; H, 6.91; N,
12.09; S, 13.70.

General Procedure for the Synthesis of Benzoxazoles. o-Ha-
loanilide (1 mmol), CuO nanoparticles (5 mol %, 4 mg), and
K>CO; (1.5 mmol, 207 mg) were stirred at 110 °C in DMSO
(1 mL) for the appropriate time (Tables 5 and 6). The progress of
the reaction was monitored by TLC, using ethyl acetate and
hexane as eluent. The reaction mixture was then cooled to room
temperature and diluted with ethyl acetate (20 mL). The organic
layer was washed successively with brine (1 x 5 mL) and water
(2 x 5mL). Drying (Na,SO,4) and evaporation of the solvent
gave a residue that was purified on silica gel column chroma-
tography, using ethyl acetate and hexane as eluent.

2-Phenylbenzoxazole (8a):'®. analytical TLC on silica gel,
1:20 ethyl acetate/hexane R,0.47; white solid; yield 95%; mp 101
°C (Iit."* mp 101—102 °C); '"H NMR (CDCls, 400 MHz) 6
8.26—8.24 (m, 2H), 7.77—7.75 (m, 1H2, 7.58—7.56 (m, 1H),
7.53—7.49 (m, 3H), 7.35—7.33 (m, 2H); *C NMR (CDCl;, 100
MHz) 6 163.2, 150.9, 142.2, 131.7, 129.1, 127.8, 127.3, 125.3,
124.7,120.2, 110.8; FT-IR (KBr) 3060, 2961, 1616, 1552, 1472,
1447, 1344, 1318, 1241, 1196, 1052, 1022 cm ™ '. Anal. Calcd for
C3HoNO: C, 79.98; H, 4.65; N, 7.17. Found: C, 80.12; H, 4.59;
N, 7.08.
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