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ABSTRACT

Highly enantio- and diastereoselective three-component inverse electron-demand aza-Diels�Alder reaction of aldehydes, anilines, and
isoeugenol derivatives catalyzed by a chiral phosphoric acid catalyst are reported. A wide variety of 2,3,4-trisubstituted tetrahydroquinolines
containing an aryl group at the 4-position were obtained in a one-pot process with good to high yields and excellent stereoselectivities (>95:5 dr
and up to >99% ee).

The inverse electron-demand aza-Diels�Alder reaction
(IEDDA reaction) is an important acid-catalyzed cycload-
dition allowing access to 2,3,4-trisubstituted tetrahydro-
quinolines fromN-aryl imines and electron-rich alkenes.1,2

The development of a catalytic enantioselective version of

this so-called Povarov reaction has recently received con-
siderable attention due to the prevalence of these structural
motifs in many natural products and pharmaceutically
promising compounds.3 Therefore, awide variety of dieno-
philes such as enol ethers, enecarbamates, and cyclo-
pentadienes have been successfully used in an enantio-
selective IEDDA reaction.4 Despite recent developments,
the use of simple acyclic alkenes as dienophiles for the
enantioselective formation of tetrahydroquinolines has
met with limited success. Ricci et al.5a reported the first
two-component Povarov reaction using vinylindoles as
alkene dienophiles catalyzed by a chiral phosphoric acid.5

Very recently, Feng et al.5b have disclosed that a chiral N,
N-dioxide-Sc(OTf)3 complex catalyzed an enantioselective
IEDDA reaction employing R-alkyl styrenes as dieno-
philes and N-arylimines derived from ortho-hydroxyani-
lines as dienes. Despite the aforementioned advances, no
example of an IEDDA reaction using unsymmetrically
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β-substituted alkenes for the preparation of optically
active tetrahydroquinolines with three contiguous stereo-
centers has been reported yet.
The past decade has witnessed the emergence of chiral

phosphoric acids, pioneered by Akiyama and Terada’s
groups,6 as efficient catalysts for numerous enantioselective

transformations using imines as electrophiles.7 These bi-
functional catalysts are generally known to cooperatively
activate both the electrophilic imine and the nucleophile via
H-bonding to ensure high enantioselectivities.7 Based on
this, we hypothesized that an alkene with a H-bond donor
would be a suitable dienophilic partner for an enantioselec-
tive catalytic IEDDA reaction.8 Accordingly, we selected
isoeugenol derivatives bearing a free phenol functional
group as dienophiles. In addition, this approach would
result in the efficient synthesis of optically enriched trisub-
stituted 4-aryltetrahydroquinoline derivatives possessing
potential antiparasitic and anticancer activities.3,8d,9Herein,
we present a highly diastereo- and enantioselective one-pot,
three-component catalytic route to the synthesis of tetra-
hydroquinolines having an aryl group at the 4-position.
We initiated our investigations using (E)-isoeugenol

(1a), preformed arylimine 2a, and 10 mol % of chiral
phosphoric acid derived from (R)-BINOL 4 in CH2Cl2 at
rt in the presence of 3 Å molecular sieves (Table 1). All
catalysts tested afforded high diastereoselectivity (95:5) in
favor of 2,3- and 3,4-trans tetrahydroquinoline 3a. Cata-
lyst 4g, with a bulky 2,4,6-triisopropyl phenyl group in the
3,30-position of (R)-BINOL,10 furnished the cycloadduct
with the highest enantioselectivity but with a low yield. To
further optimize the procedure, this IEDDA reaction was
chosen for a survey of different solvents and temperatures.

Table 1. Chiral Phosphoric Acid Catalyzed IEDDA Reaction
between Isoeugenols 1a and Imine 2aa

entry R temp

2a/1a

ratio solvent

yield

(%)b
ee

(%)c

1 C6H5 (4a) 25 1:1.5 CH2Cl2 16 37

2 2-naphthyl (4b) 25 1:1.5 CH2Cl2 16 47

3 1-naphthyl (4c) 25 1:1.5 CH2Cl2 21 87

4 9-anthracenyl

(4d)

25 1:1.5 CH2Cl2 13 79

5 4-ClC6H4 (4e) 25 1:1.5 CH2Cl2 15 33

6 4-FC6H4 (4f) 25 1:1.5 CH2Cl2 27 59

7 2,4,6-(iPr)3C6H5

(4g)

25 1:1.5 CH2Cl2 35 93

8 4g 25 1:10 CH2Cl2 50 93

9 4g 50 1:10 CHCl3 51 85

10 4g 50 1:10 1,2-DCE 80 95

11 4g 50 1:10 toluene 43 86

12 4g 70 1:10 1,2-DCE 80 95

aGeneral conditions: (E)-Isoeugenol 1a, imine 2a (0.10 mmol),
catalyst 4 (0.01 mmol) in solvent (1.0 mL) with 3 Å MS (50 mg) for 48
to 96 h. bYields referred to chromatographically pure 2,3-and 3,4-trans-
isomer 3a. In each case, the ratio of “all trans”/“all cis” stereomers was
higher than 95/5 by 1H NMR. cEe was determined by chiral HPLC
analysis.

Table 2. Catalytic Enantioselective Three-Component IEDDA
Reactiona

entry

1a/6a

ratio 3 Å MS

yield

(%)b ee (%)c,d

1 10:1 50 mg 80 95

2 10:1 no 80 96

3 2:1 no 72 96

4 3:1 no 75 94

5 4:1 no 81 96

6 4:1 no tracee NDf

aGeneral conditions: (E)-Isoeugenol 1a, benzaldehyde (5a) (0.12
mmol), 4-anisidine 6a (0.10 mmol), catalyst 4g (0.01 mmol) in 1,2-
DCE (1.0 mL) for 24 to 72 h. bYields referred to chromatographically
pure 2,3- and 3,4-trans-isomer 3a. c Ee was determined by chiral HPLC
analysis. dDr (>95:5) was determined by 1H NMR analysis. eCatalyst
[4g]2Ca (10 mol %) used. fNot determined.
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3, 516. (d)Kampen,D.;Reisinger, C.M.; List, B.Top.Curr. Chem. 2010,
291, 395. For recent reviews on chiral phosphoric acid catalysis, see:
(e) Akiyama, T.; Itoh, J.; Fuchibe, K. Adv. Synth. Catal. 2006, 348, 999.
(f) Akiyama, T. Chem. Rev. 2007, 107, 5744. (g) Terada, M. Chem.
Commun. 2008, 4097. (h)Terada,M.Synthesis 2010, 1929. (i) Terada,M.
Bull. Chem. Soc. Jpn. 2010, 83, 101. (j) Kampen, D.; Reisinger, C. M.;
List, B. Top. Curr. Chem. 2010, 291, 395. (k) Terada, M. Curr. Org.
Chem. 2011, 15, 2227. (l) Rueping,M.;Kuenkel, A.; Atodiresei, I.Chem.
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Ruı́z, F. A.; Kouznetsov, V. V. Tetrahedron Lett. 2011, 52, 1388.
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(a)Akiyama, T.U.S. Patent 0276329A1,Dec 7, 2006. (b) Klussmann,M.;
Ratjen, L.; Hoffmann, S.;Wakchaure, V.; Goddard, R.; List, B. Synlett 2010,
2189.



3160 Org. Lett., Vol. 14, No. 12, 2012

To our delight, when the reaction was carried out at 50 �C
in 1,2-dichloroethane (1,2-DCE), the desired tetrahydro-
quinoline 3a was isolated in 80% yield and with 95% ee

(entry 10).When higher temperatures were used, however,
no improvement in the final yield was observed (entry 12).
To simplify the process and to avoid the use of a

preformed N-arylimine, a three-component reaction of
benzaldehyde (5a), 4-methoxyaniline (6a), and isoeugenol
(1a) was investigated next.11 To our pleasure, the reaction
proceeded smoothly to afford 3awith 80% yield and 95%
ee (Table 2, entry 1). In addition, the presence ofmolecular
sieves was not essential for this cycloaddition.12 In an
attempt to reduce the amount of isoeugenol dienophile
1a, we found that 4 equiv of 1a gave the best result in terms
of yield and enantioselectivity (entry 5). Chiral BINOL
phosphate salts have proven to be the catalysts of choice
for some transformations since their initial report by
Ishihara et al.13 and later exploited by others.14 This result
led us to examine the chiral calcium phosphate [4g]2Ca at
50 �C in 1,2-DCE. However, only trace amounts of the
desired product was isolated after 96 h (Table 2, entry 6).
This showed that only metal-free chiral phosphoric acid
appears able to catalyze the Povarov reaction.
With the reaction parameters for the IEDDA reaction

optimized, we extended it to a selection of aldehydes,
arylamines, and isoeugenol derivatives. The results of the
enantioselective multicomponent IEDDA reaction are
shown in Table 3. Gratefully, aromatic aldehydes with
electronwithdrawing substituents (entries 1�10), aswell as
electrondonating substituents (entries 11, 14, 15, and 17) in
ortho- meta-, and para-positions were appropriate sub-
strates, affording the products in good yields with excellent
diastereo- and enantioselectivity (up to 99% ee). Cyclo-
hexanecarboxaldehyde gave the three-component product
3m in 61% yield and 90% ee (entry 12). However, a
complex mixture was observed with linear aliphatic alde-
hydes. Both electron-rich (entries l�12) and -deficient
(entries 13�23) para-substituted anilines participated with
good yield and enantioselectivity. Interestingly, when a
substituent in themeta-position was present on the aniline,
the cycloaddition led only to the formation of the more
congested regioisomer 3y (entry 24). The absolute config-
uration of 3p was unequivocally determined to be 2S, 3S,
4R by single-crystal X-ray diffraction experiments (cf.
Supporting Information (SI)).15 As the IEDDA reaction

Table 3. Chiral Brønsted Acid Catalyzed IEDDA Reactiona

entry R1 R2 1 3

yield

(%)b
ee

(%)c

1 4-BrC6H4 4-OMe 1a 3b 79d 97

2 4-NO2C6H4 4-OMe 1a 3c 92 98

3 4-CNC6H4 4-OMe 1a 3d 70 96

4 4-FC6H4 4-OMe 1a 3e 66 94

5 3-FC6H4 4-OMe 1a 3f 86 96

6 3-ClC6H4 4-OMe 1a 3g 71 96

7 3-NO2C6H4 4-OMe 1a 3h 93 96

8 3-BrC6H4 4-OMe 1a 3i 83 96

9 2-FC6H4 4-OMe 1a 3j 74 96

10 2-BrC6H4 4-OMe 1a 3k 93 96

11 4-iPrC6H4 4-OMe 1a 3l 65 94

12 Cyclohexyl- 4-OMe 1a 3m 61e 90

13 3-CF3C6H4 4-Cl 1a 3n 73 91

14 1-naphthyl 4-Cl 1a 3o 70 94

15 4-PhC6H4 4-Cl 1a 3p 79 >99

16 4-ClC6H4 4-Cl 1a 3q 72 93

17 4-CH3C6H4 4-Cl 1a 3r 79 96

18 4-CF3C6H4 4-Cl 1a 3s 89 96

19 C6H5 4-Cl 1a 3t 81 96

20 C6H5 4-Br 1a 3u 74 96

21 C6H5 4-NO2 1a 3v 82 97

22 C6H5 4-CF3 1a 3w 75 95

23 C6H5 4-F 1a 3x 77 95

24 C6H5 3-Cl 1a 3y 91 96

25 C6H5 H 1a 3z 75 94

26 C6H5 4-CH3 1a 3aa 78 97

27f C6H5 4-OMe 1b 3ab <10 91

28 C6H5 H 1c 3z 11 85g

29 C6H5 4-OMe 1d 3ac 61 73

30 C6H5 4-OMe 1e 3ad 53 45h

aGeneral conditions: Isoeugenol derivatives 1 (0.40mmol), aldehyde
5 (0.12 mmol), arylamine 6 (0.10 mmol), catalyst 4g (0.01 mmol) in 1,2-
DCE (1.0 mL) for 24 to 96 h. bYields referred to chromatographically
pure product, and the ratio of “all trans”/“all cis” stereomers was higher
than 95/5 unless indicated otherwise. cEe was determined by chiral
HPLC analysis. d 15/1 dr. e 10/1 dr. fReaction at 70 �C. g 2/1 dr in favor
of “all cis-isomer”. h 7/1 dr.

(11) (a) Seayad, J.; List, B. Catalytic Asymmetric Multicomponent
Reactions. In Multicomponent Reaction; Zhu, J., Bienaym�e, H., Eds.;
Wiley-VCH: Weinheim, 2005; p 227. (b) Ram�on, D. J.; Yus, M. Angew.
Chem., Int. Ed. 2005, 44, 1602. (c) Enders, D.; Grondal, C.; H€uttl,
M. R. M. Angew. Chem., Int. Ed. 2007, 46, 1570. (d) Guillena, G.;
Ram�on,D. J.; Yus,M.Tetrahedron: Asymmetry 2007, 18, 693. (e)Gong,
L.-Z.; Chen, X.-H.; Xu, X.-Y. Chem.;Eur. J. 2007, 13, 8920.
(f) Dandapani, S.; Marcaurelle, L. A. Curr. Opin. Chem. Biol. 2010,
14, 362. (g) Yu, J.; Shi, F.; Gong, L.-Z. Acc. Chem. Res. 2011, 44, 1156.
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M.;Ratjen,L.;Hoffmann,S.;Wakchaure,V.;Goddard,R.;List, B.Synlett
2010, 2189. (c) Zheng, W.; Zhang, Z.; Kaplan, M. J.; Antilla, J. C. J. Am.
Chem. Soc. 2011, 133, 3339. (d) Larson, S. E.; Li, G.; Rowland, G. B.;
Junge, D.; Huang, R.; Woodcock, H. L.; Antilla, J. C.Org. Lett. 2011, 13,
2188. (e) Zhang, Z.; Zheng, W.; Antilla, J. C.Angew. Chem., Int. Ed. 2011,
50, 1135. (f) Drouet, F.; Lalli, C.; Liu, H.; Masson, G.; Zhu, J. Org. Lett.
2011, 13, 94. (g) Terada, M.; Kanomata, K. Synlett 2011, 1255. For
examples of phosphoramide/calcium complex, see: (h) Rueping, M.;
Theissmann, T.; Kuenkel, A.; Koenigs, R. M. Angew. Chem., Int. Ed.
2008, 47, 6798. (i) Rueping, M.; Nachtsheim, B. J.; Koenigs, R. M.;
Ieawsuwan, W. Chem.;Eur. J. 2010, 16, 13116. For recent reviews, see:
(j) Zhong, C.; Shi, X. Eur. J. Org. Chem. 2010, 2999. (k) Rueping, M.;
Koenigs,R.M.;Atodiresei, I.Chem.;Eur. J. 2010, 16, 9350. For a general
review on the calcium complex in homogeneous catalysis, see: (l)Harder, S.
Chem. Rev. 2010, 110, 3852.

(15) See the Supporting Information for details.
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can be sensitive to dienophile geometry, we examined the
reactionwithaZ-dienophile. (Z)-1cgenerated the cycload-
duct as a 2:1 mixture of diastereomer with only an 11%
yield (entry 28). In this case, the major 2,3- and 3,4-cis
cycloadductwas isolated as a racemic product, whereas the
minor all trans product was obtained with 85% ee. Mean-
while, the (Z)-1d afforded the 2,3- and 3,4-trans product
3ac with 73% ee (cf. SI).
The IEDDA reactions16 proceed through either a

concerted4g,17 or stepwise mechanism4d,h,i,18,19 via a catio-
nic intermediate according to the nature of the dienophile
used. As the possibility of isomerization of Z-dienophiles
(entries 28�29,Table 3), occurring under our experimental
conditions, had been ruled out by control experiments (cf.
SI), we thought that a stepwise mechanism could account
for the nonstereoselective issue of the reaction involving
Z-dienophiles (1c�d).Thus, the reactionwouldbeviewedas
a nucleophilic-type attack of isoeugenol to the N-arylimine
with a concomitant cyclization with formation of zwitter-
ionic intermediates.
Based on the above experimental results, a tentative

transition statemodel 7wherein the phosphoric acid forms
H-bonds with the phenol and imine was proposed to
explain the stereochemical outcome of the enantioselective
IEDDAreaction (Scheme1). Then the cycloadditionoccurs
to form (2S,3S,4R)-tetrahydroquinoline 3 exclusively. The

importance of the position of phenol on the isoeugenol
derivatives was supported by the low enantioselectivity in
the case of (E)-2-hydroxystyrene 1e (45% ee, entry 30). In
addition, a control experiment, in which (E)-1-methoxy-4-
propenylbenzene 1b (Table 3, entry 27) was subjected to this
three-component reaction, afforded the corresponding pro-
duct 3ab in very low yield (<10%) but with good enantio-
selectivity (91% ee). This indicates that the free hydroxyl
group in the para-position of the dienophile appears to be
crucial for reactivity, but not for enantioselectivity.

In summary, we have developed an efficient enantiose-
lective IEDDA reaction with isoeugenol derivatives as the
dienophiles catalyzed by chiral phosphoric acids. This
cycloaddition is applicable to a wide range of aldehydes
and anilines, providing a highly diastereo- and enantiose-
lective method to 2,3,4-trisubstituted 4-aryl-tetrahydro-
quinolines.3,8d,9 Further investigations into themechanism
of the IEDDA reaction, as well as application to the
synthesis of biologically active compounds, are currently
underway in our laboratory.
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Scheme 1. ActivationModel and Possible ReactionMechanism
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