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A cooperative catalytic system, consisting of CuI and pyrroli-
dine, has been developed for an efficient synthesis of 2-sub-
stituted quinolines. A combination of both the catalysts is
necessary; the use of either catalyst alone does not give the
product.

In recent years, the concept of combining transition-metal
catalysis with organocatalysis has emerged as a promising
strategy for developing unique transformations.1 In particular,
a multicatalytic cascade involving an alkyne functionality,

wherein soft transition-metal ions2 are employed, would be
considered a difficult task. Kirsch and co-workers developed a
cooperative catalytic system consisting of a combination of a
Au(I) complex and a secondary amine.3 Dixon et al. found
a mutually compatible combination of pyrrolidine and Cu-
(OTf)2-PPh3 for the synthesisof cyclopentenes.

4 Jørgensenet al.
developed a route to cyclopentene carbaldehydes under
cooperative catalysis by Cu(I)/Au(I) and a secondary amine.5

A sequential procedure for the synthesis of substituted cyclic
ether based on a secondary amine and Au(I) complexes has
been reported by Krause and Alexakis.6 Ding and Wu devel-
oped a binary catalytic system, consisting of AgOTf and a
secondary amine, for the synthesis of 1,2-dihydroisoquino-
lines.7

Keeping inmind theabove literature andour recent results on
π-activation,8 we considered a cooperative catalytic system,
consisting of a metal and a secondary amine, as a potentially
useful tool to access 2-substituted quinolines 3 from 2-amino-
benzaldehydes 1 and terminal alkynes 2 (Scheme 1). Notably,
2-substituted quinolines are one of the most ubiquitous struc-
tural motifs found in numerous naturally occurring9 and phar-
macologically important compounds.10Herein, we report our
findings on this study.11

(1) Reviews: (a) Zhou, J. Chem.-Asian J. 2010, 5, 422–434. (b) Hashmi,
A. S. K.; Hubbert, C. Angew. Chem., Int. Ed. 2010, 49, 1010–1012. (c) Duschek,
A.;Kirsch, S.F.Angew.Chem., Int.Ed.2008,47, 5703–5705. (d) Park,Y. J.; Park,
J.-W.; Jun, C. H. Acc. Chem. Res. 2008, 41, 222. For other examples, see:
(e) Ikeda, M.; Miyake, Y.; Nishibayashi, Y. Angew. Chem., Int. Ed. 2010, DOI:
10.1002/anie.201002591. (f)Wang,C.;Han, Z.-Y.; Luo,H.-W.;Gong, L.-Z.Org.
Lett. 2010, 12, 2266–2269. (g) Chercheja, S.; Rothenb€ucher, T.; Eilbracht, P.Adv.
Synth. Catal. 2009, 351, 339–344. (h) Terada, M.; Toda, Y. J. Am. Chem. Soc.
2009, 131, 6354–6355. (i) Yang, T.; Ferrali, A.; Sladojevich, F.; Campbell, L.;
Dixon, D. J. J. Am. Chem. Soc. 2009, 131, 9140–9141. (j) Sorimachi, K.; Terada,
M. J. Am. Chem. Soc. 2008, 130, 14452–14453. (k) Hu,W.; Xu,X.; Zhou, J.; Liu,
W.-J.; Huang, H.; Hu, J.; Yang, L.; Gong, L.-Z. J. Am. Chem. Soc. 2008, 130,
7782–7783. (l) Rueping, M.; Antonchick, A. P.; Brinkmann, C. Angew. Chem.,
Int. Ed. 2007, 46, 6903–6906. (m) Chercheja, S.; Eilbracht, P. Adv. Synth. Catal.
2007, 349, 1897–1905. (n) Mukherjee, S.; List, B. J. Am. Chem. Soc. 2007, 129,
11336–11337. (o) Komanduri, V.; Krische, M. J. J. Am. Chem. Soc. 2006, 128,
16448–16449. (p)Kanayama,T.;Yoshida,K.;Miyabe,H.; Takemoto,Y.Angew.
Chem., Int. Ed. 2003, 42, 2054–2056. (q) Jellerichs, B. G.; Kong, J.-R.; Krische,
M. J. J. Am. Chem. Soc. 2003, 125, 7758–7759. (r) Nakoji, M.; Kanayama, T.;
Okino, T.; Takemoto, Y. J. Org. Chem. 2002, 67, 7418–7423. (s) Chen, G.; Deng,
Y.; Gong, L.; Mi, A.; Cui, X.; Jiang, Y.; Choi, M. C. K.; Chan, A. S. C.
Tetrahedron: Asymmetry 2001, 12, 1567–1571. (t) Nakoji, M.; Kanayama, T.;
Okino, T.; Takemoto, Y.Org. Lett. 2001, 3, 3329–3331.

(2) Selected recent reviews: (a) F€urstner, A. Chem. Soc. Rev. 2009, 38,
3208–3221. (b) Patil, N. T.; Yamamoto,Y.Chem.Rev. 2008, 108, 3395–3442.
(c) Kirsch, S. F. Synthesis 2008, 3183–3204. (d) Gorin, D. J.; Sherry, B. D.;
Toste, F. D.Chem. Rev. 2008, 108, 3351–3378. (e) Li, Z.; Brouwer, C.; He, C.
Chem. Rev. 2008, 108, 3239–3265. (f) Arcadi, A. Chem. Rev. 2008, 108,
3266–3325. (g) Bongers, N.; Krause, N. Angew. Chem., Int. Ed. 2008, 47,
2178–2181. (h) F€urstner, A.; Davies, P. W. Angew. Chem., Int. Ed. 2007, 46,
3410–3449. (i) Hashmi, A. S. K.Chem. Rev. 2007, 107, 3180–3211. (j) Gorin,
D. J.; Toste, F. D. Nature 2007, 446, 395–403.

(3) Binder, J. T.; Crone, B.;Haug, T. T.;Menz,H.;Kirsch, S. F.Org. Lett.
2008, 10, 1025–1028.

(4) Yang, T.; Ferrali, A.; Campbell, L.; Dixon, D. J. Chem. Commun.
2008, 2923–2925.

(5) Jensen, K. L.; Franke, P. T.; Arr�oniz, C.; Kobbelgaard, S.; Jørgensen,
K. A. Chem.-Eur. J. 2010, 16, 1750–1753.

(6) Belot, S.; Vogt, K. A.; Besnard, C.; Krause, N.; Alexakis, A. Angew.
Chem., Int. Ed. 2009, 48, 8923–8926.

(7) Ding, Q.; Wu, J. Org. Lett. 2007, 9, 4959–4962.
(8) (a) Patil, N. T.; Mutyala, A. K.; Lakshmi, P. G. V. V.; Gajula, B.;

Sridhar, B.; Pottireddygari, G. R.; Rao, T. P. J. Org. Chem. 2010, 75,
5963–5975. (b) Patil, N. T.; Lakshmi, P. G. V. V.; Singh, V. Eur. J. Org.
Chem. 2010, 4719–4731. (c) Patil, N. T.; Kavthe, R. D.; Shinde, V. S.;
Sridhar, B. J. Org. Chem. 2010, 75, 3371–3380. (d) Patil, N. T.; Mutyala,
A. K.; Lakshmi, P. G. V. V.; Raju, P. V. K.; Sridhar, B. Eur. J. Org. Chem.
2010, 1999–2007. (e) Patil, N. T.; Singh, V.; Konala, A.; Mutyala, A. K.
Tetrahedron Lett. 2010, 51, 1493–1496. (f) Patil, N. T.; Kavthe, R. D.; Raut,
V. S.; Shinde, V. S.; Sridhar, B. J. Org. Chem. 2010, 75, 1277–1280. (g) Patil,
N. T.; Kavthe, R. D.; Raut, V. S.; Reddy, V. V. N. J. Org. Chem. 2009, 74,
6315–6318. (h) Patil, N. T.; Raut, V. S.; Kavthe, R. D.; Reddy, V. V. N.;
Raju, P. V.K.Tetrahedron Lett. 2009, 50, 6576–6579. (i) Patil, N. T.;Konala,
A.; Singh, V.; Reddy, V. V. N. Eur. J. Org. Chem. 2009, 5178–5184.

(9) Reviews: (a) Michael, J. P. Nat. Prod. Rep. 2007, 24, 223–246. (b)
Michael, J. P. Nat. Prod. Rep. 2005, 22, 627–646. For other references, see:
(c)Michael, J. P.Nat. Prod. Rep. 1997, 14, 605–618. (d)Vieira, P. C.; Kubo, I.
Phytochemistry 1990, 29, 813–815. (e) Fournet, A.; Vagneur, B.; Richomme,
P.; Bruneton, J. Can. J. Chem. 1989, 67, 2116–2118.

(10) (a) Vieira, N. C.; Herrenknecht, C.; Vacus, J.; Fournet, A.; Bories,
C.; Figad�ere, B.; Espindola, L. S.; Loiseau, P. M. Biomed. Pharmacother.
2008, 62, 684–689. (b) Nakayama, H.; Loiseau, P. M.; Bories, C.; de Ortiz,
S. T.; Schinini, A.; Serna, E.; de Arias, A. R.; Fakhfakh, M. A.; Franck, X.;
Figad�ere, B.; Hocquemiller, R.; Fournet, A. Antimicrob. Agents Chemother.
2005, 49, 4950–4956. (c) Fournet, A.; Mahieux, R.; Fakhfakh, M. A.;
Franck, X.; Hocquemiller, R.; Figad�ere, B. Bioorg. Med. Chem. Lett. 2003,
13, 891–894. (d) Zouhiri, F.; Desmaele, D.; d’Angelo, J.; Ourevitch, M.;
Mouscadet, J.-F.; Leh, H.; Le Bret, M. Tetrahedron Lett. 2001, 46, 8189–
8192. (e) Zwaagstra,M. E.; Timmerman,H.; van de Stolpe, A. C.; deKanter,
F. J. J.; Tamura,M.;Wada, Y.; Zhang,M.-Q. J.Med. Chem. 1998, 41, 1428–
1438. (f) Gantier, J. C.; Fournet, A.;Munos,M. H.; Hocquemiller, R.Planta
Med. 1996, 62, 285–286. (g) Fournet, A.; Ferreira,M. E.; DeArias, A. R.; De
Ortiz, S. T.; Fuentes, S.; Nakayama, H.; Schinini, A.; Hocquemiller, R.
Antimicrob. Agents Chemother. 1996, 40, 2447–2451. (h) Fournet, A.;
Gantier, J. C.; Gautheret, A.; Leysalles, L.; Munos, M. H.; Mayrargue, J.;
Moskowitz, H.; Cav�e, A.; Hocquemiller, R. J. Antimicrob. Chemother. 1994,
33, 537–544. (i) Fournet, A.; Barrios, A. A.; Mu~noz, V.; Hocquemiller, R.;
Cav�e, A.; Bruneton, J. Antimicrob. Agents Chemother. 1993, 37, 859–863.



6962 J. Org. Chem. Vol. 75, No. 20, 2010

JOCNote Patil and Raut

Proof of principle studies were carried out using 1a and
1-octyne 2a as model substrates in acetonitrile. At first, we
explored copper-based catalysts because they are highly toler-
ant toward basic amines and they are superior catalysts for
alkynylation. To begin with, 1a and 2a were treated with
10 mol% of CuCl and 25 mol% of pyrrolidine in acetonitrile
at 100 �C. Pleasingly, the reaction proceeded well, and the
desired product 3a was obtained in 71% yield (Table 1, entry
1). Next, various Cu(I) and Cu(II) catalysts were examined
(entries 2-5); among them,CuI proved to be the best (entry 3).
Using CuI as a catalyst, a variety of secondary amines were
examined; however, the outcome turned out to be unsatisfac-
tory (6-11) comparedwith the results described in entry 3.The
other metal catalysts such as Ag(I) and Au(I) also gave prod-
ucts, albeit in moderate yields (entries 12-14). As can be

judged from entries 15 and 16, the use of either of catalyst
(CuI or pyrrolidine) alone does not give 3a.

With the optimized reaction conditions in hand, we then
extended the reaction range to include 2-aminobenzalde-
hydes (Table 2). As illustrated in Table 2, 1-octyne was
reacted with functionalized 2-aminobenzaldehydes bear-
ing ortho, meta, and para substitutions on the aryl ring to
give the corresponding products in moderate to good yields.
Particularly noteworthy is the fact that halo substituents
were well tolerated (entries 6-8); therefore, the products
obtained have potential for further functionalization by
conventional palladium-catalyzed cross-coupling reactions.
Another advantage of this method is that even electron-
withdrawing substituents, such as -COOMe, -CN, and
-NO2, in the 2-aminobenzaldehydes were tolerated,
although longer reaction times were needed for the comple-
tion of the reaction (entries 9-12). It should be noted that the
reaction is not applicable to the ketone, i.e., 2-aminoaceto-
phenone or 2-aminobenzophenone.

To further explore the generality and scope of this ap-
proach, a variety of terminal alkynes were investigated
(Table 3). The aryl alkynes 2b and 2c on reaction with 1a

gave the expected product 3n and 3o in 61% and 67% yields,
respectively (entries 1 and 2). Interestingly, enynes 2d and 2e

also worked well to afford 3p and 3q in 85% and 60% yields,
respectively (entries 3 and 4).Aliphatic terminal alkynes 2f-i

(entries 5-8) and cycloalkyl acetylenes 2j-k (entries 9 and 10)
were also found to be good substrates, giving the correspond-
ing products 3r-w inmoderate to good yields. The reaction of
heteroaromatic alkynes 2l and 2m with 1a under the standard
reaction conditions afforded 3xand 3y in 90%and86%yields,
respectively (entries 11 and 12).

A mechanistic hypothesis based on the dual activation
concept in which an organocatalyst is combined with π-acid,
is proposed in Figure 1. At first, aldehyde 1 would condense
in situ with the pyrrolidine to give an iminium ion 4.12 The
iminium ion 4 on reaction with CuI and 1-octyne 2a would

SCHEME 1. Concept of Cooperative Catalysis for the

Synthesis of 2-Substituted Quinolines

TABLE 1. Catalysts Screening Studiesa

entry M amine yieldb (%)

1 CuCl pyrrolidine 71
2 CuBr pyrrolidine 56
3 CuI pyrrolidine 85

4 [Cu(CH3CN)4]PF6 pyrrolidine 82
5 Cu(OTf)2 pyrrolidine 56
6 CuI morpholine 82
7 CuI piperidine 80
8 CuI Et2NH 50
9 CuI iPr2NH c
10 CuI Cy2NH 25
11 CuI Bn2NH 20
12 AgOTf pyrrolidine 70
13 AuCl pyrrolidine 50
14 PPh3AuOTf pyrrolidine 75
15 Cul c
16 pyrrolidine c
aA solution of the 1a (0.30 mmol), 1-octyne 2a (0.36 mmol), metal

catalyst (10mol%), and secondary amine (25mol%) in CH3CN (2mL)
was heated at 100 �C for 12 h. bIsolated yields. cRecovery of 1a in
70-80% yield.

TABLE 2. Scope with 2-Aminobenzaldehydesa

entry 1 3 yieidb (%)

1 1b, R1 = R2 = R3 = H 3b 94
2 1c, R1 = Me, R2 = R3 = H 3c 82
3 1d, R1 = R3 = Me, R2 = H 3d 76
4 1e, R1 = OMe, R2 = R3 = H 3e 78
5 1f, R1 = R2 = OMe, R3 = H 3f 78
6 1g, R1 = R3 = H, R2 = Cl 3g 80
7 1h, R1 = Cl, R2 = H, R3 = Me 3h 90
8 1i, R1 = Br, R2 = R3 = H 3i 72
9 1j, R1 = COOMe, R2 = R3 = H 3j 62c

10 1k, R1 = R3 = H, R2 = COOMe 3k 67c

11 1l, R1 = CN, R2 = R3 = H 3l 72d

12 1m, R1 = NO2, R
2 = R3 = H 3m 58e

aA solution of the 1 (0.30 mmol), 1-octyne 2a (0.36 mmol), CuI (10 mol
%), and pyrrolidine (25mol%) inCH3CN (2mL) was heated at 100 �C for
12 h. bIsolated yields. cReaction mixture was heated for 18 h. dReaction
mixture was heated for 36 h. eReaction mixture was heated for 48 h.

(11) A conceptually different process for the synthesis of quinolines has
been reported. However, none of the processes is known to give 2-substituted
(4-unsubstituted) quinolines; see: (a) Liu, X.-Y.; Ding, P.; Huang, J.-S.; Che,
C.-M. Org. Lett. 2007, 9, 2645–2648. (b) Jiang, B.; Si, Y.-G. J. Org. Chem.
2002, 67, 9449–9451. (c) Tokunaga, M.; Eckert, M.; Wakatsuki, Y. Angew.
Chem., Int. Ed. 1999, 38, 3222–3225.

(12) 2-Aminoacetophenone and 2-aminobenzophenonemight have failed
to undergo this reaction because of their reluctance to form iminium ion
compared to corresponding aldehydes.
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produce intermediate 5 with expulsion of water. A union of
copper acetylide and iminium ion in 5would then lead to the
formation of copper-coordinated propargylamine deriva-
tive 6.13 The intermediate 6 would then undergo 6-endo-dig
cyclization to form 7. A protonation and aromatization
would then occur to give 3a with the liberation of CuI and
pyrrolidine.Togain insight into themechanism, an experiment
was conducted using benzaldehyde as a substrate. Accord-
ingly, a solution of benzaldehyde, 1-octyne, and pyrrolidine in
acetonitrile was heated at 100 �C for 12 h in the presence of

10 mol % of CuI. The reaction afforded the corresponding
three-component coupling product in 90% yield.14

Another possible mechanism involving hydroamination
between 1a and 2a, which triggers cycloisomerization (cf. 8
and 9) to form 3a (Figure 2), can be completely ruled out.
None of the reactions produced C-2- and C-3-disubstituted
regioisomeric quinolines, not even in trace amounts.11a In
addition, the reaction between aniline and 1-octyne under
the standard conditions did not afford the corresponding
hydroamination product.

As a further demonstration of the utility of a cooperative
catalytic system, we thought of synthesizing some biologi-
cally active compounds/natural products.9d,e Accordingly,
when 2-aminobenzaldehyde 1b was treated with 2b, 1-
pentyne, 1-heptyne, and 2h independently, under standard
conditions, quinolines 3z, 3aa, 3ab, and 3acwere obtained in
70%, 93%, 94%, and 92% yields, respectively (Figure 3).
Remarkably, 2-propylquinoline 3aa is currently undergoing
clinical trials.10a

In conclusion, we have developed a practical strategy to
access 2-substituted quinolines from 2-aminobenzaldehyde

TABLE 3. Scope with Terminal Alkynesa

aA solution of the 1a (0.30 mmol), terminal alkynes 2 (0.36 mmol),
CuI (10 mol %), and pyrrolidine (25 mol %) in CH3CN (2 mL) was
heated at 100 �C for 12 h. bIsolated yields. c3 equiv of 2j was used.

FIGURE 1. Proposed mechanism for cooperative catalysis.

FIGURE 2. Alternative mechanism.

FIGURE 3. Application to the synthesis of biologically active
compounds/natural products.

(13) Cu(I)-catalyzed three-component coupling reactions of aldehydes,
terminal alkynes, and amines is a well-known process; for selected examples,
see: (a) Nakamura, S.; Ohara, M.; Nakamura, Y.; Shibata, N.; Toru, T.
Chem.-Eur. J. 2010, 16, 2360–2362. (b) Gommermann, N.; Knochel, P.
Chem.-Eur. J. 2006, 12, 4380–4392. (c) Bisai, A.; Singh, V. K. Org. Lett.
2006, 8, 2405–2408. (d) Wei, C.; Mague, J. T.; Li, C. J. Proc. Natl. Acad. Sci.
U.S.A. 2004, 101, 5749–5754. (e) Shi, L.; Tu, Y. Q.;Wang,M.; Zhang, F.M.;
Fan, C. A.Org. Lett. 2004, 6, 1001–1003. (f) Kn€opfel, T. F.; Aschwanden, P.;
Ichikawa, T.;Watanabe, T.; Carreira, E.M.Angew. Chem., Int. Ed. 2004, 43,
5971–5973. (g) Gommermann, N.; Koradin, C.; Polborn, K.; Knochel, P.
Angew. Chem., Int. Ed. 2003, 42, 5763–5766. (h) Wei, C.; Li, C.-J. J. Am.
Chem. Soc. 2002, 124, 5638–5639. (i) Brannock, K. C.; Burpitt, R. D.;
Thweatt, J. G. J. Org. Chem. 1963, 28, 1462–1464. (14) See the Supporting Information for details.
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and terminal alkynes through a tandem addition/cyclo-
isomerization cascade catalyzed by a pyrrolidine and copper(I)
iodide co-operative catalyst system. The developed method
has been found to be applicable for the synthesis of natu-
rally occurring and pharmaceutically important com-
pounds. Since the enantioselective transfer hydrogenation
of 2-substituted quinolines is known in the literature,15 the
present protocol may find use in the preparation of appro-
priately substituted quinolines, which can further be tran-
sformed into enantiopure tetrahydroquinoline natural prod-
ucts and their analogues.16 As far as regioselectivitive
synthesis of 2-substituted quinolines is concerned, the pre-
sent protocol constitutes an advanced complement to
Friedl€ander synthesis of quinolines.17

Experimental Section

General Procedure. To a screw-cap vial containing a stir
bar were added 2-aminobenzaldehydes (0.3 mmol), terminal
alkynes (0.36 mmol, 1.2 equiv), CuI (10 mol %), dry CH3CN
(2 mL), and pyrrolidine (25 mol%). The reaction vial was fitted
with a cap, evacuated, and filled with nitrogen and heated at
100 �C for 12 h. The reaction mixture was allowed to warm to
ambient temperature. The reaction mixture was diluted with

ethyl acetate and filtered through a plug of silica gel. The filtrate
was concentrated under reduced pressure, and the resulting
residue was purified by column chromatography (silica gel,
hexane/EtOAc) to give the desired products 3.

6-Hexyl[1,3]dioxolo[4,5-g]quinoline (3a): 85% yield; mp =
105-107 �C; pale yellow solid; Rf 0.50 (hexane/EtOAc = 80/20);
1H NMR (300 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 1H), 7.29
(s, 1H), 7.08 (d, J=8.3 Hz, 1H), 6.96 (s, 1H), 6.06 (s, 2H), 2.85 (t,
J=7.5 Hz, 2H), 1.77 (pent, J=7.5 Hz, 2H), 1.45-1.25 (m, 6H),
0.89 (t,J=7.5Hz,3H); 13CNMR(75MHz,CDCl3) δ160.8,150.4,
147.0, 146.0, 135.0, 123.2, 119.4, 105.5, 102.6, 101.4, 39.0, 31.7, 30.1,
29.2, 22.5, 14.0; IR (KBr): νmax 3041, 2920, 1618, 1503, 1462, 1240
cm-1; MS (ESI)m/z 258 (Mþ þH); HRMS calcd for C16H19NO2

(Mþ þ H) 258.1494, found 258.1506.
2-Hexylquinoline (3b): 94% yield; pale yellow oil; Rf 0.64

(hexane/EtOAc = 80/20); 1H NMR (300 MHz, CDCl3) δ 8.00
(d, J=8.3Hz, 2H), 7.72 (dd, J=8.3, 1.5 Hz, 1H), 7.64 (td, J=
8.3, 1.5 Hz, 1H), 7.43 (td, J = 8.3, 1.5 Hz, 1H), 7.24 (d, J =
8.3 Hz, 1H), 2.94 (t, J = 7.5 Hz, 2H), 1.81 (pent, J = 7.5 Hz,
2H), 1.46 - 1.23 (m, 6H), 0.89 (t, J = 7.5 Hz, 3H); 13C NMR
(75MHz,CDCl3) δ 162.9, 147.8, 136.0, 129.1, 128.7, 127.3, 126.6,
125.4, 121.2, 39.3, 31.6, 29.9, 29.1, 22.4, 13.9; IR (film) νmax 3053,
2926, 2857, 1601, 1502 cm-1; MS (ESI) m/z 214 (Mþ þ H);
HRMS calcd for C15H19N (Mþ þH) 214.1595, found 214.1589.
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