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An efficient synthesis of hexahydropyrrolo[3,2-c]quinolin-2-ones and hexahydropyridino[3,2-c]quinolin-
2-ones has been developed in moderate to high yields by one-pot two-step aza-Diels–Alder reactions of
N-arylimines, formed in situ from anilines and benzaldehydes, with cyclic enamides, formed in situ from
5-hydroxypyrrolidin-2-ones and 6-hydroxypiperidin-2-ones by BF3�OEt2-promoted dehydration in
dichloromethane at room temperature. The hexahydropyrrolo[3,2-c]quinolin-2-ones were formed as a
single exo-stereoisomer in most cases and hexahydropyridino[3,2-c]quinolin-2-ones were formed as a
mixture of exo- and endo-isomers favoring the endo-diastereomer.

� 2011 Elsevier Ltd. All rights reserved.
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The tetrahydroquinoline moiety is present in a number of natu-
ral products and many of these molecules have been found to pos-
sess a wide spectrum of biological activities, such as antitumoral,
antimicrobial, antibacterial, insecticide, analgesic, antipyretic, anti-
platelet, and cytotoxic activities.1 Owing to their relevant biologi-
cal properties, synthesis of new tetrahydroquinoline derivatives
is an active and rewarding research area. Among different ways
for constructing tetrahydroquinolines, aza-Diels–Alder reaction
between N-arylimines and dienophiles is an easy entry to these
compounds.2 Although numerous tetrahydroquinoline derivatives
have been afforded by this established method, reports about the
construction pyrrolidino- and piperidinoquinolinones are scarce.3

Pyrroloquinolines form the core structure unit in a number of bio-
logically interesting molecules, such as the natural products marti-
nelline and martinellic acid.4 Recently, Stevenson reported the
synthesis of hexahydropyrrolo[3,2-c]quinolines by indium trichlo-
ride catalyzed aza-Diels–Alder reactions of N-arylimines with
N-acyl-2,3-dihydropyrrole;5a and Lavilla reported the synthesis of
hexahydropyridino[3,2-c]quinolin-2-ones by Sc(OTf)3 catalyzed
aza-Diels–Alder reactions of N-arylimines with tetrahydropyrin-
2-one.5b Despite these achievements, more concise approaches
are still required. Recently, we reported a mild procedure for
the construction of isoindolo[2,1-a]quinolin-11-ones and
pyrrolidino[1,2-a]quinolin-1-ones by the [4+2] reactions of
ll rights reserved.

ang).
N-acyliminium ions, produced from 3-hydroxy-2-arylisoindol-
1-one and 5-hydroxy-1-arylpyrrolidin-2-ones in the presence of
BF3�OEt2, with olefins.6 In this Letter, we report a concise approach
to the synthesis of pyrrolidino[3,2-c]quinolin-2-ones (5) and pip-
eridino[3,2-c]quinolin-2-ones (6) by the one-pot aza-Diels–Alder
reactions of arylimines, formed in situ from the condensation of
aniline (1) and benzaldehyde (2), with cyclic enamides, formed
in situ from 5-hydroxypyrrolidin-2-ones (3) and 6-hydroxypiperi-
din-2-ones (4) by BF3�OEt2 promoted dehydration (Scheme 1).
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Scheme 1. One-pot three-component aza-Diels–Alder reactions.
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Initially, we tried to synthesize hexahydropyrrolo[3,2-c]quino-
lin-2-one 5a by a one-pot reaction of 4-nitrobenzaldehyde, aniline,
and 5-hydroxypyrrolidin-2-one in the presence of a dehydration
agent and an acid catalyst, hoping that N-arylimine could be
formed in situ by the condensation of aniline (1a) and 4-nitrobenz-
aldehyde (2a) and the cyclic enamide could be generated in situ
by the dehydration of 3a and the subsequent cycloaddition of
N-arylimine and cyclic enamide catalyzed by the same acid to give
the product 5a. We found, however, the main product was not 5a
but 7, which appeared to be generated from coupling of 3a and
aniline (1a) under catalysis of either Lewis acids in the presence
of 4 Å molecular sieves or Brønsted acid with azeotropic
distillation dehydration (Scheme 2).

Then, we carried out the reaction by a one-pot two-step proce-
dure: N-arylimine was prepared by the condensation of aniline
(1a) and 4-nitrobenzaldehyde (2a) either in the presence of 4 Å
molecular sieves in anhydrous dichloromethane (DCM) at room
temperature for 2 h or in refluxing benzene (azeotropic distilla-
tion) for 2 h until the reaction was completed; next 3a and an acid
were added into the DCM solution and stirring was continued for
another 2 h at room temperature or 3a and an acid were added
to the benzene solution and azeotropic distillation was continued
for another 2 h. We found that 5a could be obtained in both cases
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Scheme 2. Acid-catalyzed coupling reaction of 1a with 3a.

Table 1
Optimization of reaction conditions for synthesis of 5a
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Entry Solvent/additive Catalyst

1 CH2Cl2/MSa 0.5 equiv BF3�Et2O
2 CH2Cl2/MSa 0.8 equiv BF3�Et2O
3 CH3CN/MSa 0.8 equiv BF3�Et2O
4 CH2Cl2/MSa 0.8 equiv Yb(OTf)3

5 CH2Cl2/MSa 0.8 equiv InCl3

6 Benzeneb 0.5 equiv TsOH
7 Benzeneb 0.5 equiv CF3CO2H
8 Benzeneb 0.5 equiv CF3SO3H

a 1.1 mmol 4-nitrobenzaldehyde and 1.0 mmol aniline were dissolved in anhydrous
temperature for 2 h. Then 1.0 mmol 3a and 0.5–0.8 mmol Lewis acid were added, respe

b 1.1 mmol 4-nitrobenzaldehyde and 1.0 mmol aniline were dissolved in benzene. Th
0.5 mmol acid were added. The mixture was refluxed for another 2 h.

c Yield of isolated product based on consumed 3a.
in different yields. Among various acid catalysts examined, such as
BF3�Et2O, Yb(OTf)3, InCl3, TsOH and TfOH, BF3�Et2O was found to
give the best result in DCM at room temperature (Table 1). How-
ever, in the absence of acid, the reactions did not proceed even
after long reaction times (12 h).

Under the optimized conditions, the reaction of N-arylimine
(formed in situ from anilines and 4-nitrobenzaldehydes in DCM)
with 3a in the presence of 0.8 equiv of BF3�OEt2 for 2 h at room
temperature in DCM afforded the corresponding pyrrolidino[3,2-
c]quinoline-2-ones 5a as a mixture of endo- and exo-5a isomers
in 82% total yield,7 favoring the exo-diastereomer.

The diastereomers could be easily separated by column chro-
matography on silica gel. In a similar manner, the reactions of
other N-arylimines (formed in situ from anilines 1a–c and aromatic
aldehydes 2a–d in DCM) were tested and it was found they could
be reacted smoothly with 5-hydroxypyrrolidin-2-ones 3a–c to
afford the corresponding pyrrolidino[3,2-c]quinolines 5a–o in
12–85% yield (Table 2, entries 1–15). In most cases, the product
was obtained as a single exo-stereoisomer. This high stereoselec-
tivity was much different from the InCl3-catalyzed results in which
the ratios of exo- and endo-isomers were nearly 1:1 as reported by
Stevenson.3a The results were listed in Table 2. All products were
fully identified by 1H, 13C NMR, and HRMS.7 The stereoconfigura-
tion of endo- and exo-5d was determined by NOE experiments
(Fig. 1)8 and the structure of exo-5b was further confirmed by X-
ray crystallography (Fig. 2).9

Encouraged by the results obtained with 5-hydroxypyrrolidin-
2-ones, we turned our attention to 6-hydroxypiperidin-2-one
under similar reaction conditions, the produced N-arylimines
reacted smoothly with 6-hydroxypiperidin-2-ones to produce
piperidin[3,2-c]quinolin-2-ones 6 in high yields. Similar to the
five-membered cyclic enamide intermediates, the reaction of
six-membered cyclic enamide intermediates with the preformed
N-arylimines also gave the products as a mixture of endo- and
exo-isomers. However, the reactions of six-membered cyclic ena-
mide favored endo-selectivity as compared with five-membered
cyclic enamides (Table 2).
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Table 2
Synthesis of hexahydropyrrolo[3,2-c]quinolin-2-ones and hexahydropyridino[3,2-c]quinolin-2-ones by one-pot aza-Diels–Alder reaction catalyzed by BF3�OEt2
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Entry Substrate n Time (h) Yielda (%) Ratio

R1 R2 R3 exo/endo

1 1a H 2a NO2 3a Ph 1 4 5a 82 10/1
2 1b CH3 2a NO2 3a Ph 1 4 5b 85 1/-
3 1c Cl 2a NO2 3a Ph 1 6 5c 57 1/-
4 1a H 2b CN 3a Ph 1 4 5d 72 7/1
5 1b CH3 2b CN 3a Ph 1 4 5e 80 1/-
6 1c Cl 2b CN 3a Ph 1 6 5f 37 1/-
7 1a H 2c H 3a Ph 1 4 5g 30 1/-
8 1a H 2a NO2 3b Bn 1 4 5h 60 1/-
9 1b CH3 2a NO2 3b Bn 1 4 5i 80 1/-

10 1c Cl 2a NO2 3b Bn 1 6 5j 45 1/-
11 1a H 2b CN 3b Bn 1 4 5k 72 1/-
12 1b CH3 2b CN 3b Bn 1 4 5l 77 1/-
13 1a H 2c H 3b Bn 1 4 5m 36 1/-
14 1b CH3 2d OCH3 3b Bn 1 4 5n 12 1/-
15 1b CH3 2a NO2 3c Me 1 4 5o 55 1/1
16 1a H 2a NO2 4a Bn 2 4 6a 75 1/1
17 1b CH3 2a NO2 4a Bn 2 4 6b 84 1/4
18 1a H 2b CN 4a Bn 2 4 6c 73 1/1
19 1b CH3 2b CN 4a Bn 2 4 6d 82 1/2
20 1a H 2c H 4a Bn 2 4 6e 40 1/1
21 1b CH3 2d OCH3 4a Bn 2 4 6f 28 1/3

a Yield of isolated product based on consumed 3 or 4.

Figure 2. X-ray crystal structure of exo-5b.
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Figure 1. NOE assignments for endo- and exo-5d.
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It was also observed from Table 2 that the substituents have great
influence to the cycloaddition reactions of N-arylimines formed
from 1 and 2 with 3 or 4. The electron-donating group on
aniline (R1 = Me) promoted the reactions and higher yields and
exo-selectivity of 5 could be reached; In contrast, the electron-
attracting group on aniline (R1 = Cl) retarded the reactions and the
yields of 5 decreased; Meanwhile, it was found that the yields of
5b, 5i, and 5o decreased gradually, indicating that R3 (R3 = Ph, Bn,
and Me) in 3 has great effect on the formation and reactivity of cyclic
enamides. On the other hand, R2 being an electron-withdrawing
group like nitro or cyano group in 2 was helpful to both the forma-
tion and stability of arylimines, and the yields of 5 and 6 formed from
these stable arylimines were relatively higher. Comparatively, reac-
tions of the unstable N-phenylimine from 1a and 2c (R1 = R2 = H)
with 3a, 3b, or 4a gave cyclization product 5g, 5m, or 6e in much
low yields, especially in the reactions of unstable N-arylimine
produced from 1b and electron-donating group-substituted benzal-
dehyde 2d with 3b or 4a, the yields of the products 5n and 6f were
decreased greatly. All these results were derived from the formation
of the coupling products like 7 from the reactions of N-acyliminium
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Scheme 3. Dehydration reactions of 3b and 4a promoted by BF3�OEt2.
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ions with anilines produced by the hydrolysis of unstable N-
arylimine.

In order to confirm the formation of cyclic enamides, the dehy-
dration reactions of 3b and 4a promoted by BF3�OEt2 were per-
formed in anhydrous DCM at room temperature. It was found
that the cyclic enamides could be produced slowly under these
conditions. Differently, the cyclic enamide separated from the reac-
tion of 3b was 2,5-dihydropyrrol-2-one 10, but the cyclic enamide
separated from the reaction of 4a was 1,2,3,4-tetrahydropyridin-2-
one 9. (Scheme 3).

Next, the reactions of the separated 9 or 10 with in situ gener-
ated arylimine from 1a and 2a were examined in DCM at room
temperature in the presence of BF3�OEt2 (Scheme 4). It was found
that both exo-5h or endo- and exo-6a could be produced, but the
reaction of 10 was much slower (12 h) than the reaction of 9
(2 h). These results indicated that the isomerization of 10–8 was
reversible but difficult. Moreover, the one-pot reaction of 1a, 2a
with 10 was also much slower than the one-pot reaction of 1a,
2a with 3b (4 h) (Table 2).

According to these results, a plausible mechanism was proposed
for the formation of 5a by the one-pot reaction of aniline 1a and
benzaldehyde 2a with 3a (Scheme 5). Firstly, both N-arylimine
and cyclic enamide were produced in situ by molecular sieves-
promoted condensation of 1a and 2a, and by BF3�OEt2-promoted
dehydration; then the BF3�OEt2-catalyzed aza-Diels–Alder reaction
of the N-arylimine and cyclic enamide gave the product 5a.
In conclusion, we have developed an efficient method for the
synthesis of hexahydropyrrolo[3,2-c]quinolin-2-ones and
hexahydropyridino[3,2-c]quinolin-2-ones by one-pot two-step
aza-Diels–Alder reactions of N-arylimines, produced in situ by the
condensation of anilines and benzaldehydes, with the cyclic ena-
mides, produced in situ from BF3�OEt2-promoted dehydration of
5-hydroxypyrrolidin-2-ones and 6-hydroxypiperidin-2-ones. The
reaction afforded hexahydropyrrolo[3,2-c]quinolin-2-ones as a sin-
gle exo-diastereomer in most cases and afforded hexahydropyridi-
no[3,2-c]quinolin-2-ones as a mixture of endo- and exo-isomers
favoring the endo-diastereomer.

Acknowledgment

We are grateful to the National Nature Science Foundation of
China (Grant No. 20872056) for the financial support.

Supplementary data

Supplementary data associated with this Letter can be found, in
the online version, at doi:10.1016/j.tetlet.2011.09.021.

References and notes

1. (a) Michael, J. P. Nat. Prod. Rep. 2007, 24, 223; (b) Musiol, R.; Jampilek, J.; Kralova,
K.; Richardson, D. R.; Kalinowski, D.; Podeszwa, B.; Finster, J.; Niedbala, H.; Palka,
A.; Polanski, J. Bioorg. Med. Chem. 2007, 15, 1280; (c) Chilin, A.; Marzano, C.;
Guiotto, A.; Baccichetti, F.; Carlassare, F.; Bordin, F. J. Med. Chem. 2002, 45, 1146;
(d) Xia, Y.; Yang, Z.-Y.; Xia, P.; Bastow, K. F.; Tachibana, Y.; Kuo, S.-C.; Hamel, E.;
Hackl, T.; Lee, K. H. J. Med. Chem. 1998, 41, 1155; (e) Paris, D.; Cottin, M.;
Demonchaux, P.; Augert, G.; Dupassieux, P.; Lenoir, P.; Peck, M. J.; Jasserand, D. J.
Med. Chem. 1995, 38, 669; (f) Carling, R. W.; Leeson, P. D.; Moseley, A. M.; Smith,
J. D.; Saywell, K.; Trickelbank, M. D.; Kemp, J. A.; Marshall, G. R.; Foster, A. C.;
Grimwood, S. Bioorg. Med. Chem. Lett. 1993, 3, 65; (g) Carling, R. W.; Leeson, P. D.;
Moseley, A. M.; Baker, R.; Foster, A. C.; Grimwood, S.; Kemp, J. A.; Marshall, G. R.
J. Med. Chem. 1992, 35, 1942; (h) Johnson, J. V.; Rauckman, S.; Baccanari, P. D.;
Roth, B. J. Med. Chem. 1989, 32, 1942.

2. For leading recent references, see: (a) Xu, H.; Zuend, S. J.; Woll, M. G.; Tao, Y.;
Jacobsen, E. N. Science 2010, 327, 986; (b) Xie, M.; Chen, X.; Zhu, Y.; Gao, B.; Lin,
L.; Liu, X.; Feng, X. Angew. Chem., Int. Ed. 2010, 49, 3799; (c) Bergonzini, G.;
Gramigna, L.; Mazzanti, A.; Fochi, M.; Bernardi, L.; Ricci, A. Chem. Commun. 2010,
46, 327; (d) Burai, R.; Ramesh, C.; Shorty, M.; Curpan, R.; Bologa, C.; Sklar, L. A.;
Oprea, T.; Prossnitz, E. R.; Arterburn, J. B. Org. Bio. Chem. 2010, 8, 2252; (e) Liu,
H.; Dagousset, G.; Masson, G.; Retailleau, P.; Zhu, J. J. Am. Chem. Soc. 2009, 131,
4598; (f) Desimoni, G.; Faita, G.; Mella, M.; Toscanini, M.; Boiocchi, M. Eur. J. Org.
Chem. 2009, 2627; (g) Kouznetsov, V. V. Tetrahedron 2009, 65, 2721; (h)
Barluenga, J.; Mendoza, A.; Rodriguez, F.; Fananas, F. J. Chem. Eur. J. 2008, 14,
10892; (i) Shindoh, N.; Tokuyama, H.; Takemoto, Y.; Takasu, K. J. Org. Chem.
2008, 73, 7451.

3. (a) Hadden, M.; Nieuwenhuyzen, M.; Osborne, D.; Stevenson, P. J.; Thompson,
N.; Walker, A. D. Tetrahedron 2006, 62, 3977; (b) Powell, D. A.; Batey, R. A. Org.
Lett. 2002, 4, 2913; (c) Yadav, J. S.; Subba Reddy, B. V.; Sunitha, V.; Srinivasa
Reddy, K.; Ramakrishna, K. V. S. Tetrahedron Lett. 2004, 45, 7947.

4. Witherup, K. M.; Ransom, R. W.; Graham, A. C.; Bernard, A. M.; Salvatore, M. J.;
Lumma, W. C.; Anderson, P. S.; Pitzenberger, S. M.; Varga, S. L. J. Am. Chem. Soc.
1995, 117, 6682.

5. (a) Hadden, M.; Stevenson, P. J. Tetrahedron 2001, 57, 5615; (b) Vicente-Garcıá,
E.; Catti, F.; Ramon, R.; Lavilla, R. Org. Lett. 2010, 12, 860.

6. (a) Zhang, W.; Zheng, A.; Liu, Z.; Yang, L.; Li, Z. L. Tetrahedron Lett. 2005, 46, 5691;
(b) Zhang, W.; Huang, L.; Wang, J. Synthesis 2006, 2053.

http://dx.doi.org/10.1016/j.tetlet.2011.09.021


6126 W. Zhang et al. / Tetrahedron Letters 52 (2011) 6122–6126
7. Synthesis of exo- and endo-5a: Anilines 1a (1.0 mmol) and aromatic aldehyde 2a
(1.1 mmol) were dissolved in anhydrous CH2Cl2 (20 mL), and 0.5 g 4 Å molecular
sieves was added. The mixture was stirred at room temperature for 2 h, and
1.0 mmol 3a and 0.8 mmol BF3�OEt2 were added, respectively. The mixture was
stirred for another 2 h. Upon completion monitored by TLC, 10 mL water was
added and the resulting mixture was extracted with CH2Cl2 (3 � 20). The
organic phase was dried over Na2SO4, filtered, and concentrated in vacuo. The
residue was separated by flash chromatography (hexane/acetone 10:1 v/v) to
give the products. Compound enco-5a: mp 244–246 �C; 1H NMR (400 MHz,
CDCl3): d 8.24 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.36 (t, J = 6.8 Hz, 3H),
7.07 (d, J = 7.2 Hz, 3H), 6.64 (d, J = 8.0 Hz, 1H), 6.48–6.40 (m, 2H), 5.04 (d,
J = 5.6 Hz, 1H), 4.38 (d, J = 9.2 Hz, 1H), 4.31 (s, 1H), 2.83–2.79 (m, 1H), 2.72 (dd,
J = 7.6, 16.8 Hz, 1H), 2.34 (dd, J = 2.4, 16.8 Hz, 1H) ppm. 13C NMR (100 MHz,
CDCl3): d 173.2, 148.5, 147.9, 137.0, 131.8, 129.5, 129.2, 128.9, 128.2, 127.7,
124.0, 117.9, 116.5, 114.9, 50.5, 56.2, 38.7, and 34.9 ppm. ESI-HRMS: m/z Calcd
for C23H19N3O3+H+: 385.1500, found 385.1510. Compound exo-5a: mp 253–
255 �C; 1H NMR (400 MHz, CDCl3): d 8.28 (d, J = 8.8 Hz, 2H), 7.66 (d, J = 8.8 Hz,
2H), 7.43 (t, J = 8.0 Hz, 2H), 7.35 (d, J = 7.6 Hz, 2H), 7.29 (d, J = 7.2 Hz, 1H), 7.11–
7.07 (m, 1H), 6.72 (d, J = 8.0 Hz, 1H), 6.61–6.54 (m, 1H), 5.66 (d, J = 8.0 Hz, 1H),
4.75 (d, J = 2.4 Hz, 1H), 3.96 (s, 1H), 3.28–3.21 (m, 1H), 3.08 (dd, J = 11.6, 16 Hz,
1H), 2.02 (dd, J = 8.0, 16.0 Hz, 1H) ppm. 13C NMR (100 MHz, CDCl3): d 172.4,
147.8, 147.8, 144.3, 138.3, 129.3, 128.9, 127.4, 126.4, 125.6, 124.2, 120.9, 119.6,
116.3, 59.9, 57.5, 40.6, and 30.5 ppm. ESI-HRMS: m/z Calcd for C23H19N3O3+H+:
385.1500, found 385.1512.

8. The NOE experiments were also performed for endo-6a.
9. Crystal data for exo-5b (recrystallized from acetone–hexane). C24H19 3O3,

Mr = 399.44, monoclinic, space group P2 (1)/n, a = 6.881 (13), b = 15.11 (3),
c = 19.58 (4) Å, b = 98.67 (3)�, V = 2013 (7) Å3, colorless plates, Dc = 1.318 g cm�3,
T = 296 (2) K, Z = 4, l(Mo-Ka) = 0.71073 mm�1, 2hmax = 50.4�, 7313 reflections
measured, 3581 unique (Rint = 0.0741) which were used in all calculations. The
final wR(F2) was 0.1416 (for all data), R1 = 0.0687. CCDC 799818.
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