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a b s t r a c t

A copper(II)-catalyzed, sequential Michael addition-aldol condensation reaction of N-carboxybenzyl
-protected aminobenzaldehyde with various a,b-unsaturated N-acyl pyrroles is described. Substrate
scope was found to include both aryl and aliphatic N-acyl pyrroles as the Michael acceptors, and isolated
product yields as high as 93% were observed. The use of acetonitrile as the reaction solvent proved to be
crucial for catalysis, both to function as a labile ligand for copper, as well as an agent to minimize hydro-
lytic catalyst poisoning.

� 2011 Elsevier Ltd. All rights reserved.
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Introduction

1,2-Dihydroquinolines have received considerable attention
due to their proven biological activity against a wide range of phar-
maceutical targets.1 These compounds also have utility as versatile
synthons for a range of biologically active alkaloids.2 In addition to
medicinal applications, derivatives of these compounds can
function as pesticides,3 corrosion inhibitors,4 fabric dyes,5 and
components in photographic and digital recording devices.6 Due
to the importance of this compound class, the development of
inexpensive synthetic routes toward their preparation is of intrin-
sic value. To date, several methods for the construction of 1,2-dihy-
droquinoline rings have been reported,7–9 some of which are
enantioselective.8a–c,9a,b,10 These methods are limited to specific
substrate classes, however, and the lack of a general synthetic
methodology leaves considerable room for further reaction
development.

Of the possible routes for the preparation of 1,2-dihydroquino-
lines, one reaction holds particular promise for further elaboration:
a sequential Michael addition-aldol condensation reaction for the
preparation of 1,2-dihydroquinoline-3-carboxylic acid derivatives
(Scheme 1).8 In the envisioned reaction, the nitrogen atom of a 2-
(aminophenyl)carbonyl compound attacks the b-position of an
a,b-unsaturated carbonyl compound (Michael acceptor) to generate
the corresponding enolate, which can then react intramolecularly to
ll rights reserved.

: +1 909 621 8588.
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afford the corresponding aldol condensation product. Operationally
simple, this strategy benefits from its modular design and the use of
readily accessible starting materials. Previously reported Michael–
aldol reactions have achieved these types of products via the use
of strong magnesium bases,8f biphasic base catalysis,8e and iminium
ion catalysis.8a–d In these examples, the selection of an appropriate
amine protecting group for the 2-(aminophenyl)carbonyl com-
pound is important, as insufficient substitution at R1 can lead to
unfavorable side reactions, a feature that has previously proven
problematic.

Protecting the amine functionality as either a carbamate or sul-
fonamide is a simple strategy to eliminate these side reactions, and
this tactic was successfully employed by Wang and Hamada.8b,c

However, N-protection makes the amine considerably less nucleo-
philic, which results in the formidable synthetic challenge of suffi-
ciently activating the Michael acceptor to enable amine conjugate
addition. Herein, we report the use of copper(II) in acetonitrile as
Michael Addition

Scheme 1. Sequential Michael–aldol reaction for the preparation of 1,2-dihydro-
quinoline-3-carboxylic acid derivatives.
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an effective catalyst for activating the Michael acceptor in such
reactions.

Results and discussion

The N-protected, 2-(aminophenyl)carbonyl compounds 1a–c11

were selected for investigation with a variety of Michael acceptors
(e.g., 2a–8a; Scheme 2). As the initial conjugate addition sequence
was anticipated to be the rate-limiting step of this reaction, our
lead discovery investigations focused primarily on the use of metal
sources known to catalyze Michael addition reactions,12 particu-
larly those involving the use of aza-nucleophiles.13 Chiral phospho-
ric acid catalyst 1014 was included in our studies to investigate the
possibility of Brønsted acid catalysis. Trifluoromethanesulfonic
acid (TfOH) was also tested to rule out the possibility of triflate
counterion catalysis when metal triflate salts were examined.

After extensive investigation, only three Michael acceptor/me-
tal source combinations were found to generate appreciable con-
version of starting material to 9 at room temperature (Table 1).
Of these, only Cu(OTf)2 in acetonitrile with the N-carboxybenzyl
(N-Cbz)-protected 1b and the a,b-unsaturated N-acyl pyrrole 6a
demonstrated significant catalyst turnover. The absence of reactiv-
ity with TfOH and CuOTf indicate that this reaction is copper(II)
catalyzed. Interestingly, no reaction was observed with the phenyl
ketone 3a, although N-acyl pyrroles have been reported to display
similar properties as phenyl ketones.15 For example, in 2002, Wab-
nitz and Spencer reported the addition of benzyl carbamate to a,b-
unsaturated ketones in the presence of Cu(OTf)2 (10 mol %).16

When these conditions were adapted to the reactions of 3a or 6a
with benzyl carbamate, both Michael acceptors displayed compa-
rable reactivity. This indicates that the different reactivity of 3a
and 6a observed in the Michael–aldol reaction is due to prefer-
ences associated with the interaction between the Michael accep-
tors and 1b.

The electron-donating character of the solvent was found to
strongly correlate with reaction conversion (Table 2). For example,
the best results (38% conversion to 9) were observed when acetoni-
trile was used as the reaction solvent, whereas only 11% conversion
was observed with nitromethane, a poor donor solvent with a sim-
ilar dielectric constant to acetonitrile. However, solvent donicity is
not the sole determining factor: tetrahydrofuran and diethyl ether
were among the strongest donor solvents investigated, yet these
solvents resulted in lower yields relative to acetonitrile.

The benefits of acetonitrile in the copper(II) catalysis of the
Michael–aldol reaction appear to be twofold. First, acetonitrile is
likely serving as an effective ligand for copper, conveying unique
reactivity to the metal center. When alternative ligands, such
as BINOL and bisoxazolines, were introduced in the place of
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Scheme 2. Lead discovery investigation of catalysts and Michael acceptors.
acetonitrile, no conversion to product was observed. Second, the
high polarity and hydrophilicity of acetonitrile may also play a role
in sequestering water away from the copper complex coordination
sphere. As 1 equiv of water is generated during the aldol condensa-
tion step of the Michael–aldol reaction, we investigated whether
water could promote catalyst decomposition. When 1 equiv of
water was added to the reaction mixture in acetonitrile, reaction
conversion was reduced from 38% to 13%. Accordingly, we ex-
pected that reaction performance could be improved and catalyst
decomposition circumvented by the addition of a suitable desic-
cant. Indeed, such an improvement was observed when 4 Å pow-
dered sieves were added to the In(OiPr)3-catalyzed reaction of 6a
with 1b (Table 1, entry 3). Unfortunately, the use of desiccants
(4 Å sieves, K2CO3, Na2SO4, barium hydroxide, etc.) in the
Cu(OTf)2-catalyzed reaction in acetonitrile had the opposite ef-
fect—conversion to product was reduced by ca. 30%.

The ability of acetonitrile to ameliorate the effects of water and
promote reactivity in copper(II)-catalyzed reactions has previously
been observed in polymerization reactions of 2,6-dimethylphe-
nol.17,18 Reedijk and coworkers reported a spectacular increase in
reaction rate and conversion when acetonitrile was employed as
the reaction solvent. As with the Michael–aldol reaction, water is a
co-product of this polymerization reaction, yet increasing the
amount of water by just 3% in acetonitrile led to a 75% drop in cata-
lyst activity.17 The hydrophilicity of acetonitrile plays a noticeable
role in minimizing catalyst decomposition in both reactions. Indeed,
this ‘acetonitrile effect’ was not as efficient with other nitriles. De-
creased catalyst performance was observed when propionitrile, a
less hydrophilic nitrile, was employed as the reaction solvent (Table
2).

Further reaction optimization was achieved via heating (82 �C
was optimal), coupled with a small increase in catalyst loading. In
the reaction of 6a with 1b in the presence of Cu(OTf)2 (15 mol %),
the Michael–aldol product was isolated in 81% yields after 24 h;
additional conversion (product yield 93%) was attained upon
extending reaction time to 48 h. Interestingly, conventional heat
proved to be more effective than microwave heating: when micro-
wave heat was employed in the reaction of 6a with 1b, yields no
higher than 57% could be attained. Despite this, broad substrate
scope for the N-acyl pyrrole used as the Michael acceptor was
observed, with both aromatic and aliphatic substrates being well-
tolerated (Table 3). In addition, both electron-deficient and
electron-rich aryl rings performed similarly (Table 3, entries 2–4).
One of the attractive features of this methodology was the tolerance
observed toward some Lewis basic substrates, enabling the
preparation of furyl- and thienyl-substituted dihydroquinolines.
However, one limitation that must be noted was observed when
the 3-quinolinyl-substituted Michael acceptor 6h was employed
(Table 3, entry 8). Instead of the typical brown color of these reac-
tions, a blue–green color was observed, and negligible conversion
to 9 occurred. Presumably, in this case, the strong donor properties
of the pyridyl ring have overridden the weak donor properties of
acetonitrile as a ligand for copper(II), leading to a breakdown of
the ‘acetonitrile effect’.
Conclusions

Copper(II) triflate combined with acetonitrile is a surprisingly
robust catalyst system, allowing for reactions to proceed despite
the generation of water as a reaction co-product. When applied
to the sequential Michael–aldol reaction of N-carboxybenzyl (N-
Cbz)-protected aminobenzaldehyde with a,b-unsaturated N-acyl
pyrroles, the corresponding 1,2-dihydroquinoline-3-carboxylic
acid derivatives were prepared in high yields. The N-acyl pyrrole
moiety can be readily transformed into various functional groups,



Table 2
Effect of solvent on reaction performancea

Solvent Dielectric constant19 (e; 20 �C) Donor number20 (kcal mol-1) Conversion to 9b (%)

MeCN 37.5 14.1 38
MeNO2 35.9 2.7 11
Propionitrile 26.5 16.1 25
CH2Cl2 9.1 0.0 —
THF 7.6 20.0 26
Et2O 4.3 19.2 17
Toluene 2.4 0.1 —

a Reactions were carried out with 0.66 mmol of 1b, 1.0 mmol of 6a and Cu(OTf)2 (10 mol %) in 1.0 mL of solvent.
b Determined via GC relative to dodecane (0.2 equiv) as an internal standard and by 1H NMR.

Table 3
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Entry Michael acceptor R Yield of 9b (%)

After 24 h After 48 h

1 6a Ph 81 93
2 6b p-MeC6H4 80 90
3 6c p-OMeC6H4 81 90
4 6d p-FC6H4 80 92
5 6e 2-Naphthyl 73 82
6 6f 2-Furyl 80 92
7 6g 2-Thienyl 59 72
8 6h 3-Quinolinyl — —
9 6i Butyl 60 72
10 6j Isopropyl 67 73

a Reactions were carried out with 0.66 mmol of 1b, 1.0 mmol of 6 and Cu(OTf)2

(15 mol %) in 1.0 mL of MeCN.
b Isolated via flash chromatography on silica gel.

Table 1
Lead discovery investigation—conditions resulting in the formation of 9a

Entry Amino aldehyde Michael acceptor Catalyst Solvent Conversion to 9b (%)

1 1b 2a Cu(OTf)2 MeCN 12
2 1b 6a Cu(OTf)2 MeCN 38
3 1b 6a In(OiPr)3 THF 13 (20)c

a Reactions were carried out with 0.66 mmol of 1b, 1.0 mmol of 2a or 6a and catalyst (10 mol %) in 1.0 mL of solvent.
b Determined via GC relative to dodecane (0.2 equiv) as an internal standard and by 1H NMR.
c Reaction run in the presence of 4 Å molecular sieves (80 mg).
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enabling the broader utility of these reaction products.15,21 In
addition, this methodology highlights the effectiveness of acetoni-
trile as both a weakly donating ligand to induce strong Lewis acid-
ity of the metal as well as an additive for the minimization of
catalyst decomposition under hydrolytic conditions.

Acknowledgments

Acknowledgment is made to the donors of the American Chem-
ical Society Petroleum Research Fund (PRF#46492-GB 1) for partial
support of this research. J.L.W. was supported by a summer re-
search grant from the Rose Hills Foundation (Claremont McKenna
College); C.E.K. and A.M.W. were funded by Keck Foundation Sum-
mer Research Grants; V.L.S. was supported by a Norris Summer Re-
search Grant (Scripps College). KSD NMR instrumentation funding
was provided by NSF (CHE 0922393). The authors additionally wish
to thank Pomona College and Harvey Mudd College for the occa-
sional use of their NMR spectrometers. Dr. Mona Shahgholi at the
Caltech Mass Spectrometry Facility is gratefully acknowledged.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2011.12.017.

References and notes

1. (a) Neitzel, M. L.; Aubele, D. L.; Hom, R.; Konradi, A. W.; Probst, G.; Semko, C.
M.; Truong, A. P.; Garofalo, A. W. Patent WO 2007-US70176, 2007; (b) Lockhart,
B.; Bonhomme, N.; Roger, A.; Dorey, G.; Casara, P.; Lestage, P. Eur. J. Pharmacol.
2001, 416, 59–68; (c) Maeda, M. Chem. Pharm. Bull. 1990, 38, 2577–2580; (d)
Uchida, M.; Chihiro, M.; Morita, S.; Yamashita, H.; Yamasaki, K.; Kanbe, T.;
Yabuuchi, Y.; Nakagawa, K. Chem. Pharm. Bull. 1990, 38, 534–537; (e)
Danishefsky, S. J.; Shair, M. D.; Yoon, T.; Chou, T.; Mosny, K. K. U.S. Patent US
1994-347952, 1994.

2. (a) Kariba, R. M.; Houghton, P. J.; Yenesew, A. J. Nat. Prod. 2002, 65, 566–569; (b)
Rakotoson, J. H.; Fabre, N.; Jacquemond-Collet, I.; Hannedouche, S.; Fouraste, I.;
Moulis, C. Planta Med. 1998, 64, 762–763; (c) 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, 6682–6685.

3. (a) Walter, H. Eur. Pat. EP 555183, 1993; Chem. Abstr. 1994, 120, 54551v.; (b)
Tsushima, K.; Osumi, T.; Matsuo, N.; Itaya, N. Agric. Biol. Chem. 1989, 53, 2529–
2530.

4. Shikhaliev, Kh. S.; Shmyreva, Zh. V.; Gurova, E. M. Izv. Vyssh. Uchebn. Zaved.,
Khim. Khim. Tekhnol. 1989, 32, 85–89. Chem. Abstr. 1990, 112, 216659a.

5. (a) For example, see: Moser, P. Ger. Pat. DE 3540090, 1986; Chem. Abstr. 1987,
106, 19954t.; (b) Hahn, E.; Kraeh, C.; Mayer, U. Ger. Pat. DE 4215391, 1993;
Chem. Abstr. 1994, 120, 301123f.; (c) Knuebel, G.; Konrad, G.; Hoeffkes, H.;
Lieske, E. Ger. Pat. DE 4319646, 1994; Chem. Abstr. 1995, 122, 89081k.

6. (a) For example, see: Tanaka, A.; Miura, T. Jpn. Pat. JP 62133453, 1987; Chem.
Abstr. 1988, 108, 29333v.; (b) Kojima, K.; Nakanishi, H.; Hioki, T. Jpn. Pat. JP
62231795, 1987; Chem. Abstr. 1988, 109, 64433v.; (c) Oono, S.; Okada, M.;
Adachi, K. Jpn. Pat. JP 0190442, 1989; Chem. Abstr. 1989, 111, 184096a.; (d)
Hioki, T.; Tomioka, A. Jpn. Pat. JP 01157944, 1989; Chem. Abstr. 1990, 112,
14344h.

7. (a) Jeganmohan, M.; Bhuvaneswari, S.; Cheng, C.-H. Chem. Asian J. 2010, 5, 153–
159; (b) Martinez-Estibalez, U.; Sotomayor, N.; Lete, E. Tetrahedron Lett. 2007,
48, 2919–2922; (c) Reddy, C. R.; Vijeender, K.; Bhusan, P. B.; Madhavi, P. P.;
Chandrasekhar, S. Tetrahedron Lett. 2007, 48, 2765–2768; (d) Ryu, J.-S. Bull.
Korean Chem. Soc. 2006, 27, 631–632; (e) Arisawa, M.; Terada, Y.; Takahashi, K.;
Nakagawa, M.; Nishida, A. J. Org. Chem. 2006, 71, 4255–4261; (f) Rosillo, M.;
Domínguez, G.; Casarrubios, L.; Amador, U.; Pérez-Castells, J. J. Org. Chem. 2004,
69, 2084–2093; (g) Tokuyama, H.; Sato, M.; Ueda, T.; Fukuyama, T. Heterocycles
2001, 54, 105–108; (h) Arisawa, M.; Theeraladanon, C.; Nishida, A.; Nakagawa,
M. Tetrahedron Lett. 2001, 42, 8029–8033; (i) Akila, S.; Selvi, S.;
Balasubramanian, K. Tetrahedron 2001, 57, 3465–3469; (j) Kobayashi, K.;
Nagato, S.; Kawakita, M.; Morikawa, O.; Konishi, H. Chem. Lett. 1995, 575–576;
(k) Pearson, W. H.; Fang, W.-K. Isr. J. Chem. 1997, 37, 39–46; (l) Williamson, N.

http://dx.doi.org/10.1016/j.tetlet.2011.12.017


836 A. M. Wagner et al. / Tetrahedron Letters 53 (2012) 833–836
M.; March, D. R.; Ward, A. D. Tetrahedron Lett. 1995, 36, 7721–7724; (m)
Grignon-Dubois, M.; Diaba, F.; Grellier-Marly, M.-C. Synthesis 1994, 800–804.

8. For previous reports of the Michael–aldol reaction for the preparation of 1, 2-
dihydroquinoline-3-carboxylic acid derivatives, see: (a) Yoshitomi, Y.; Arai, H.;
Makino, K.; Hamada, Y. Tetrahedron 2008, 64, 11568–11579; (b) Li, H.; Wang, J.;
Xie, H.; Zu, L.; Jiang, W.; Duesler, E. N.; Wang, W. Org. Lett. 2007, 9, 965–968; (c)
Sundén, H.; Rios, R.; Ibrahem, I.; Zhao, G.-L.; Eriksson, L.; Córdova, A. Adv. Synth.
Catal. 2007, 349, 827–832; (d) Ibrahem, I.; Sundén, H.; Rios, R.; Zhao, G.-L.;
Córdova, A. Chimia 2007, 61, 219–223; (e) Makino, K.; Hara, O.; Takiguchi, Y.;
Katano, T.; Asakawa, Y.; Hatano, K.; Hamada, Y. Tetrahedron Lett. 2003, 44,
8925–8929; (f) Kobayashi, K.; Nakahashi, R.; Shimizu, A.; Kitamura, T.;
Morikawa, O.; Konishi, H. J. Chem. Soc., Perkin Trans. 1 1999, 1547–1552.

9. For previous reports of the Michael–aldol reaction for the preparation of 3-
nitro-1, 2-dihydroquinolines, see: (a) Liu, X.; Lu, Y. Org. Biomol. Chem. 2010, 8,
4063–4065; (b) Wang, Y.-F.; Zhang, W.; Luo, S.-P.; Li, B.-L.; Xia, A.-B.; Zhong, A.-
G.; Xu, D.-Q. Chem. Asian J. 2009, 4, 1834–1838; (c) Yan, M.-C.; Tu, Z.; Lin, C.; Ko,
S.; Hsu, J.; Yao, C.-F. J. Org. Chem. 2004, 69, 1565–1570.

10. (a) Nunez-Rico, J. L.; Fernandez-Perez, H.; Benet-Buchholz, J.; Vidal-Ferran, A.
Organometallics 2010, 29, 6627–6631; (b) Wang, Z.-J.; Zhou, H.-F.; Wang, T.-L.;
He, Y.-M.; Fan, Q.-H. Green Chem. 2009, 11, 767–769; (c) Takamura, M.;
Funabashi, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2000, 122, 6327–6328.

11. (a) Nugent, B. M.; Williams, A. L.; Prabhakaran, E. N.; Johnston, J. N. Tetrahedron
2003, 59, 8877–8888; (b) Fonseca, M. H.; Eibler, E.; Zabel, M.; Konig, B.
Tetrahedron: Asymmetry 2003, 14, 1989–1994; (c) Jones, G. B.; Moody, C. J. J.
Chem. Soc. Perkin Trans. 1 1989, 12, 2455–2462.

12. For reviews, see: (a) Ji, J.-X.; Chan, A. S. C. In Catalytic Asymmetric Synthesis;
Ojima, I., Ed., 3rd ed.; John Wiley & Sons, Inc.,: Hoboken, N. J., 2010; pp 439–
495; (b) Alexakis, A. In Transition Metals for Organic Synthesis; Wiley-VCH
Verlag GmbH: Weinheim, Germany, 1998; Vol. 1, pp 504–513.

13. Krishna, P. R.; Sreeshailam, A.; Srinivas, R. Tetrahedron 2009, 65, 9657–9672.
14. Storer, R. I.; Carrera, D. E.; Ni, Y.; MacMillan, D. W. C. J. Am. Chem. Soc. 2006, 128,

84–86.
15. (a) Matsunaga, S.; Qin, H.; Sugita, M.; Okada, S.; Kinoshita, T.; Yamagiwa, N.;

Shibasaki, M. Tetrahedron 2006, 62, 6630–6639; (b) Evans, D. A.; Borg, G.;
Scheidt, K. A. Angew. Chem. Int. Ed. 2002, 41, 3188–3191.

16. Wabnitz, T. C.; Spencer, J. B. Tetrahedron Lett. 2002, 43, 3891–3894.
17. Gamez, P.; Simons, C.; Steensma, R.; Driessen, W. L.; Challa, G.; Reedijk, J. Eur.

Polym. J. 2001, 37, 1293–1296.
18. For related studies, see: (a) Li, Y.; Voon, L. T.; Yeong, H. Y.; Hijazi, A. K.;

Radhakrishnan, N.; Köhler, K.; Voit, B.; Nuyken, O.; Kühn, F. E. Chem. Eur. J.
2008, 14, 7997–8003; (b) Gamez, P.; Arends, W. C. E.; Sheldon, R. A.; Reedijk, J.
Adv. Synth. Catal. 2004, 346, 805–811.

19. (a) Furniss, B.; Vogel, A. Vogel’s Practical Organic Chemistry, 5th ed.; Prentice
Hall: London, 1989; (b) Schlundt, S. On the Dielectric Constants of Pure Solvents;
University of Wisconsin-Madison, 1901. p 381.

20. (a) Wypych, G. Handbook of Solvents; ChemTec Publishing: Ontario, Canada,
2000. p 577; (b) Kadish, K. M.; Anderson, J. E. Pure Appl. Chem. 1987, 59, 703–
714; (c) Jensen, W. B. The Lewis Acid-Base Concepts: An Overview; Wiley-
Interscience: New York, 1980; (d) Gutmann, V. The Donor–Acceptor Approach to
Molecular Interaction; Plenum Press: New York, 1978. p 20.

21. (a) Yamagiwa, N.; Qin, H.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2005,
127, 13419–13427; (b) Mita, T.; Sasaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem.
Soc. 2005, 127, 514–515; (c) Matsunaga, S.; Kinoshita, T.; Okada, S.; Shibasaki,
M. J. Am. Chem. Soc. 2004, 126, 7559–7570.


	A copper(II)-catalyzed, sequential Michael–aldol reaction for the preparation  of 1,2-dihydroquinolines
	Introduction
	Results and discussion
	Conclusions
	Acknowledgments
	Supplementary data
	References and notes


