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ABSTRACT: The atroposelective desymmetrization of N-
arylmaleimides was realized by means of a primary amine
catalyzed Diels−Alder reaction of enones. The chiral axis as
new element of chirality is generated under the remote control
of the catalyst that selectively drives the formal Diels−Alder
reaction through an exclusive stereochemical outcome.

Recent applications of organocatalysis to the synthesis of
atropisomers1 have demonstrated the great advances

reached by this important branch of catalysis. Since the seminal
report by Zhu on the atroposelective synthesis of cyclophanes
through an intramolecular cycloetherification catalyzed by
chiral quaternary ammonium salt,2 different reactions that
control the chirality of stereogenic axis have been realized using
various organocatalytic strategies.3 Recently, our group
reported the first synthesis of atropisomeric succinimides
through the primary amine catalyzed vinylogous Michael
addition−desymmetrization reaction of N-arylmaleimides
(Scheme 1).3i

The Diels−Alder (DA) reaction stands out as one of the
most explored reactions for the synthesis of cyclic compounds
and has found many applications in organic chemistry.4

Maleimides are one of the most powerful dienophiles, and
the corresponding succinimides are precious products for
biological and pharmaceutical applications.5 However, organo-
catalytic enantioselective DA reactions of maleimides have been
explored mainly using anthrone and with particular attention to
the control of chiral centers but rarely a stereogenic axis.6 In
2009, Melchiorre reported the highly stereoselective organo-
cascade reaction of α,β-unsaturated ketones and N-aryl/
benzylmaleimides catalyzed by a Cinchona alkaloid primary

amine in which formal DA cycloadducts were formed.7 Merging
the ability of this organocatalyst8 to activate enones and to
realize atroposelective transformations,3i we present here the
results on the atroposelective desymmetrization9 of N-(2-tert-
butylphenyl)maleimides through a DA reaction of α,β-
unsaturated enamines.10 The presence of a tert-butyl group
on N-arylmaleimide 2a restricts the rotation along the N−CAr
single bond,11,3i giving rise to two nonequivalent faces of the
plane of symmetry, which can be defined atropotopic (Scheme
2a). In fact, the substitution of one of the hydrogen atoms of
the double bond with a different group engenders atropisomers
since a stereogenic axis is revealed in the resulting molecule.12

The Re and Si descriptors can be assigned to the atropotopic
faces in analogy with the case of trigonal centers.13 By
arbitrarily viewing the maleimide 2a from the right side
(projection A) or from above after 90° rotation (projection B),
the assignment of the following priority to the groups around
the prochiral axis, N > tert-butyl > o-HAr, determines a
clockwise rotation which defines this face as the Re face. In light
of this definition, the central core of the desymmetrization
reaction is the ability of catalyst to distinguish between the two
atropotopic Re and Si faces of the maleimide while approaching
the diene. In this way, it is possible to realize the cyclization
process with a simultaneous generation of a stereogenic axis
and three stereocenters (Scheme 2b).
Initially, we reacted (E)-4-phenylbut-3-en-2-one 1a with N-

(2-tert-butylphenyl)maleimide 2a using 20 mol % of 9-
amino(9-deoxy)-epi-hydroquinine C and 40 mol % of 2-
hydroxybenzoic acid in toluene at 40 °C.
The desired succinimides were obtained as single diaster-

eoisomers in good yield and excellent enantioselectivity (Table
1, entry 1). Among all the amines tested, 9-amino(9-deoxy)-epi-
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Scheme 1. Atroposelective Vinylogous Desymmetrization of
N-(2-tert-Butylphenyl)maleimide
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quinine E provided the highest yield and enantiocontrol and
was employed to test different solvents and acidic cocatalysts
(entries 2−4). Toluene was the optimal medium to conduct the
reaction, and tetrahydrofuran (THF) and ethyl acetate
(EtOAc) gave comparable results (entries 5 and 6). The use
of acetic acid derivatives did not lead to high conversions
(entries 7−9), so we focused on different benzoic acids and
found that 1-hydroxy-2-naphthoic acid ensured the best results

in terms of yields and enantioselectivity (entries 10−15). With
the optimized reaction conditions identified, we explored the
scope of different α,β-unsaturated ketones 1a−n (Table 2,

entries 1−17). Essentially, all α,β-unsaturated ketones gave the
corresponding products in excellent diastereo- and enantiose-
lectivity and in moderate to good yields. The presence of
halogen atoms on the phenyl group of the ketone was well
tolerated (entries 2−7), and electron-withdrawing or -releasing
and heteroaromatic substituents gave the corresponding
products in moderate yields (entry 8−13). Interestingly, the
use of 9-amino(9-deoxy)-epi-quinidine F gave access to the
opposite enantiomer of the cycloadducts (entries 3, 7, and 14).
The reactivity was suppressed by an o-bromo substituent in the
aryl group of the enone and also when an alkyl chain and an
ester substituent were employed (entries 15−17).
We next examined the scope of different maleimides 2b−g.

As highlighted in Table 3, halogen and electrodonating groups
proved ideal, ensuring good yields of product (entries 1−4).
However, when a nitro group or a further tert-butyl substituent
was employed, no conversion was observed, suggesting that
spherical substituents placed below the horizontal plane of the
maleimide hamper approach of the diene to the double bond
(entry 5 and 6). Nevertheless, these reactions proceed in good
yields and excellent enantioselectivity in the presence of a
NHCbz group that can adopt different conformations (entries
7 and 8).14 The absolute configuration of ent-3o has been
determined to be M,3aS,7R,7aR by single-crystal X-ray
diffraction analysis.15

The structure obtained allowed us to propose the endo-TS-1
as the favored transition state (Scheme 3). According to our
initial hypothesis, catalyst F selected exclusively the atropotopic
Si face of 2b by means of a hydrogen-bond interaction with the
carbonyl group that accounts for the exclusive control over

Scheme 2. Topic Relationships between Faces and Atoms of
N-(2-tert-Butylphenyl)maleimide and Design Plan for the
Desymmetrization Reaction

Table 1. Screening of the Reaction Conditionsa

entry catalyst acid 3a yieldb (%) drc eed (%)

1 C 2-OH-BA 61 >19:1 98
2 D 2-OH-BA 50 >19:1 97g

3 E 2-OH-BA 65 >19:1 >99
4 F 2-OH-BA 53 >19:1 >99g

5e E 2-OH-BA 64 >19:1 >99
6f E 2-OH-BA 64 >19:1 >99
7 E CH3COOH 40 >19:1 >99
8 E ClCH2COOH 33 >19:1 >99
9 E Cl2CHCOOH 20 >19:1 >99
10 E 2-NO2-BA 53 >19:1 >99
11 E 4-NO2-BA 27 >19:1 n.d.
12 E 2-F-BA 48 >19:1 98
13 E 2-I-BA 52 >19:1 >99
14 E 2-SH-BA 27 >19:1 >99
15 E 1-OH-2-NA 70 >19:1 >99

aReactions performed with 1a (0.4 mmol) and 2a (0.2 mmol).
bIsolated yield. cDetermined by 1H NMR of the crude mixture.
dDetermined by HPLC on chiral stationary phase. eTHF was used.
fEtOAc was used. gent-3a was obtained.

Table 2. Scope of α,β-Unsaturated Ketonea

entry catalyst product R yieldb (%) drc eed (%)

1 E 3a Ph 70 >19:1 >99
2 E 3b 4-Cl-Ph 63 >19:1 >99
3 F ent-3b 4-Cl-Ph 71 >19:1 >99
4 E 3c 3-Cl-Ph 58 >19:1 95
5 E 3d 3,4-Cl-Ph 65 >19:1 98
6 E 3e 4-F-Ph 48 >19:1 >99
7 F ent-3e 4-F-Ph 75 >19:1 99
8 E 3f 4-NO2-Ph 40 >19:1 >99
9 E 3g 4-OMe-Ph 45 >19:1 >99
10 E 3h 4-Me-Ph 46 >19:1 >99
11e E 3i 3-OH-Ph 36 >19:1 99
12 E 3j 2-naphthyl 34 >19:1 >99
13 E 3k thienyl 42 >19:1 >99
14 F ent-3k thienyl 50 >19:1 >99
15 E 3l 2-Br-Ph
16 E 3m pentyl
17 E 3n COOEt

aReactions performed with 1a−n (0.4 mmol) and 2a (0.2 mmol).
bIsolated yield. cDetermined by 1H NMR of the crude mixture.
dDetermined by HPLC on chiral stationary phase. eTHF was used.
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central and axial chirality observed for ent-3o. The enantiomeric
transition state endo-TS-2 where the latter interaction was
absent proved to be less favored. Interestingly, a comparison
between compound 3a and the analogue 5 prepared by
Melchiorre7 showed an opposite absolute configuration for the
stereocenters even though 3a and 5 were obtained from
catalysts with the same absolute configuration (Scheme 4).
Evidently, the presence of the tert-butyl substituent has a deep
impact on the mechanism of the reaction highlighting the
ability of the primary amine to adapt to the particular
maleimide employed and preferentially drive the reaction
through a site specific desymmetrization. In both reactions, the
stereochemical outcome observed depends on the way that the
α,β-unsaturated enamine and the maleimide approach each
other. In the Melchiorre reaction (Scheme 4a) the stereo-
chemistry obtained requires that the Si face of the diene Cβ

approaches the Re face of one of the maleimide’s carbons.
Despite the fact that in our reactions, no intermediates from the
first Michael addition could ever be isolated, they always
provide single diastereomers. Following the same tandem
enamine−iminium ion sequence would result in the tert-butyl
group bumping into the quinuclidine ring of the catalyst
(Scheme 4b, route a). Thus, when 2a is used, the α,β-

unsaturated enamine approaches from the maleimide side that
is not shielded by the tert-butyl group (Scheme 4b, route b).
In conclusion, we have developed an organocatalytic

atroposelective formal DA desymmetrization reaction for the
synthesis of new succinimides bearing a chiral axis and three
stereogenic centers. The desymmetrization highlights the role
of 9-amino(9-deoxy)-epi-quinine in simultaneously controlling
all of the elements of chirality and directing the reaction
mechanism down a specific path. Calculations are in progress to
provide further insights into the potential reaction mechanism.

■ ASSOCIATED CONTENT
*S Supporting Information

Experimental procedures; NMR, HPLC, and X-ray analysis.
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: giorgio.bencivenni2@unibo.it.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
University of Bologna is gratefully acknowledged for financial
support.

■ REFERENCES
(1) (a) Christie, G. H.; Kenner, J. H. J. Chem. Soc. 1922, 121, 614.
(b) Miyashita, A.; Yasuda, A.; Takaya, H.; Toriumi, K.; Ito, T.; Souchi,
T.; Noyori, R. J. Am. Chem. Soc. 1980, 102, 7932. (c) Rosini, C.;
Franzini, L.; Raffaelli, A.; Salvadori, P. Synthesis 1992, 6, 503.
(d) Clayden, J. Angew. Chem., Int. Ed. 1997, 36, 949. (e) Clayden,
J.; Johnson, P.; Pink, J. H.; Helliwell, M. J. Org. Chem. 2000, 65, 7033.
(f) Bringmann, G.; Mortimer, A. J. P.; Keller, P. A.; Gresser, M. J.;
Garner, J.; Breuning, M. Angew. Chem. Int. Ed 2005, 44, 5384.
(g) Clayden, J.; Moran, W. J.; Edwards, P. J.; LaPlante, S. R. Angew.
Chem. Int. Ed 2009, 48, 6398. (h) Kozlowski, M. C.; Morgan, B. J.;
Linton, E. C. Chem. Soc. Rev. 2009, 38, 3193. (i) Clayden, J.; Fletcher,
S. P.; McDouall, J. J. W.; Rowbottom, S. J. M. J. Am. Chem. Soc. 2009,
131, 5331. (j) LaPlante, S. R.; Edwards, P. J.; Fader, L. D.; Jakalian, A.;

Table 3. Scope of Maleimidea

entry catalyst product R yieldb (%) drc eed (%)

1e E 3o 4-Br 50 >19:1 >99
2e F ent-3o 4-Br 47 >19:1 >99
3 F ent-3p 4-Cl 71 >19:1 >99
4 E 3q 4-OMe 71 >19:1 >99
5 E 3r 5-NO2

6 E 3s 5-t-butyl
7 E 3t 5-NHCbz 62 >19:1 94
8 F ent-3t 5-NHCbz 55 >19:1 >99

aReactions performed with 1a (0.4 mmol) and 2b−g (0.2 mmol).
bIsolated yield. cDetermined by 1H NMR of the crude mixture.
dDetermined by HPLC on chiral stationary phase. eTHF was used.

Scheme 3. X-ray Structure of ent-3o and Possible TS for the
DA Desymmetrization with Catalyst F

Scheme 4. Plausible Reaction Mechanisms for Maleimide 4
Pathway a and Maleimide 2a Pathway b

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b00509
Org. Lett. 2015, 17, 1728−1731

1730



Hucke, O. ChemMedChem 2011, 6, 505. (k) Bringmann, G.; Gulder,
T.; Gulder, T. A. M.; Breuning, M. Chem. Rev. 2011, 111, 563.
(2) Islas-Gonzalez, G.; Bois-Choussy, M.; Zhu, J. Org. Biomol. Chem.
2003, 1, 30.
(3) (a) Chan, V.; Kim, J. G.; Jimeno, C.; Carroll, P. J.; Walsh, P. J.
Org. Lett. 2004, 6, 2051. (b) Brandes, S.; Bella, M.; Kjœrsgaard, A.;
Jørgensen, K. A. Angew. Chem., Int. Ed. 2006, 45, 1147. (c) Gustafson,
J. L.; Lim, D.; Miller, S. J. Science 2010, 328, 1251. (d) Shirakawa, S.;
Liu, K.; Maruoka, K. J. Am. Chem. Soc. 2012, 134, 916. (e) Li, G.-Q.;
Gao, H.; Keene, C.; Devonas, M.; Ess, D. H.; Kurti, L. J. Am. Chem.
Soc. 2013, 135, 7414. (f) Mori, K.; Ichikawa, Y.; Kobayashi, M.;
Shibata, Y.; Yamanaka, M.; Akiyama, T. J. Am. Chem. Soc. 2013, 135,
3964. (g) Armstrong, R. J.; Smith, M. D. Angew. Chem., Int. Ed. 2014,
53, 12822. (h) Link, A.; Sparr, C. Angew. Chem., Int. Ed. 2014, 53,
5458. (i) Di Iorio, N.; Righi, P.; Mazzanti, A.; Mancinelli, M.; Ciogli,
A.; Bencivenni, G. J. Am. Chem. Soc. 2014, 136, 10250.
(4) (a) Corey, E. J. Angew. Chem., Int. Ed. 2002, 41, 1650.
(b) Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis,
G. Angew. Chem., Int. Ed. 2002, 41, 1668. (c) Jiang, X.; Wang, R. Chem.
Rev. 2013, 113, 5515.
(5) (a) Crider, A. M.; Kolczynski, T. M.; Yates, K. M. J. Med. Chem.
1980, 23, 324. (b) Curtin, M. L.; Garland, R. B.; Heyman, H. R.; Frey,
R. R.; Michaelides, M. R.; Li, J.; Pease, L. J.; Glaser, K. B.; Marcotte, P.
A.; Davidsen, S. K. Bioorg. Med. Chem. Lett. 2002, 12, 2919. (c) Isaka,
M.; Rugseree, N.; Maithip, P.; Kongsaeree, P.; Prabpai, S.;
Thebtaranonth, Y. Tetrahedron 2005, 61, 5577. (d) Uddin, J.; Ueda,
K.; Siwu, E. R. O.; Kita, M.; Uemura, D. Bioorg. Med. Chem. 2006, 14,
6954.
(6) (a) Riant, O.; Kagan, H. B. Tetrahedron Lett. 1989, 30, 7403.
(b) Tokioka, K.; Masuda, S.; Fujii, T.; Hata, Y.; Yamamoto, Y.
Tetrahedron: Asymmetry 1997, 8, 101. (c) Uemae, K.; Masuda, S.;
Yamamoto, Y. J. Chem. Soc., Perkin Trans. 1 2001, 1002. (d) Shen, J.;
Nguyen, T. T.; Goh, Y.-P.; Ye, W.; Fu, X.; Xu, J.; Tan, C.-H. J. Am.
Chem. Soc. 2006, 128, 13692. (e) Zea, A.; Valero, G.; Alba, A.-N. R.;
Moyano, A.; Rios, R. Adv. Synth. Catal. 2010, 352, 1102. For examples
of organocatalytic DA of maleimide, see: (f) Gioia, C.; Hauville, A.;
Bernardi, L.; Fini, F.; Ricci, A. Angew. Chem., Int. Ed. 2008, 47, 9236.
(g) Soh, J. Y.-T.; Tan, C.-H. J. Am. Chem. Soc. 2009, 131, 6904.
(h) Mukherjee, S.; Corey, E. J. Org. Lett. 2010, 12, 632. (i) Halskov, K.
S.; Johansen, T. K.; Davis, R. L.; Steurer, M.; Jensen, F.; Jørgensen, K.
A. J. Am. Chem. Soc. 2012, 134, 12943. (j) Xiong, X.-F.; Zhou, Q.; Gu,
J.; Dong, L.; Liu, T.-Y.; Chen, Y.-C. Angew. Chem., Int. Ed. 2012, 51,
4401. (k) Tian, X.; Hofmann, N.; Melchiorre, P. Angew. Chem., Int. Ed.
2014, 53, 2997. (l) Chauhan, P.; Kaur, J.; Chimni, S. S. Chem.Asian
J. 2013, 8, 328.
(7) Wu, L.-Y.; Bencivenni, G.; Mancinelli, M.; Mazzanti, A.; Bartoli,
G.; Melchiorre, P. Angew. Chem., Int. Ed. 2009, 48, 7196.
(8) (a) Melchiorre, P. Angew. Chem., Int. Ed. 2012, 51, 9748.
(b) Huang, H.; Jin, Z.; Zhu, K.; Liang, X.; Ye, J. Angew. Chem., Int. Ed.
2011, 50, 3232. (c) Yu, F.; Hu, H.; Gu, X.; Ye, J. Org. Lett. 2012, 14,
2038. (d) Wu, W.; Yuan, X.; Hu, J.; Wu, X.; Wei, Y.; Liu, Z.; Lu, J.; Ye,
J. Org. Lett. 2013, 15, 4524.
(9) (a) La, D. S.; Sattely, E. S.; Ford, J. G.; Schrock, R. R.; Hoveyda,
A. H. J. Am. Chem. Soc. 2001, 123, 7767. (b) Shintani, R.; Okamoto,
K.; Otomaru, Y.; Ueyama, K.; Hayashi, T. J. Am. Chem. Soc. 2005, 127,
54. (c) Wadamoto, M.; Phillips, E. M.; Reynolds, T. E.; Scheidt, K. A.
J. Am. Chem. Soc. 2007, 129, 10098. (d) Mori, K.; Katoh, T.; Suzuki,
T.; Noji, T.; Yamanaka, M.; Akiyama, T. Angew. Chem., Int. Ed. 2009,
48, 9652. (e) Aikawa, K.; Okamoto, T.; Mikami, K. J. Am. Chem. Soc.
2012, 134, 10329. (f) Wu, W.; Li, X.; Huang, H.; Yuan, X.; Lu, J.; Zhu,
K.; Ye, J. Angew. Chem., Int. Ed. 2013, 52, 1743. (g) Wang, Z.; Chen,
Z.; Sun, J. Angew. Chem., Int. Ed. 2013, 52, 6685. (h) Manna, M. S.;
Mukherjee, S. Chem. Sci. 2014, 5, 1627. (i) Manna, M. S.; Mukherjee,
S. J. Am. Chem. Soc. 2015, 137, 130.
(10) To the best of our knowledge, only two limited examples by
Corey and Yamamoto have been reported on the DA reaction of 2a,
and they do not discuss about axial chirality: (a) Corey, E. J.; Sarshar,
S.; Lee, D.-H. J. Am. Chem. Soc. 1994, 116, 12089. (b) See ref 6c..

(11) (a) Curran, D. P.; Qi, H.; Geib, S. J.; DeMello, N. C. J. Am.
Chem. Soc. 1994, 116, 3131. (b) Curran, D. P.; Geib, S. J.; DeMello, N.
C. Tetrahedron 1999, 55, 5681. (c) Bennet, D. J.; Pickering, P. L.;
Simpkins, N. S. Chem. Commun. 2004, 1392. (d) Duan, W.-L.;
Imazaki, Y.; Shintani, R.; Hayashi, T. Tetrahedron 2007, 63, 8529.
(e) Kumarasamy, E.; Raghunathan, R.; Jockusch, S.; Ugrinov, A.;
Sivaguru, J. J. Am. Chem. Soc. 2014, 136, 8729.
(12) The substitution of any atom of the five-membered cycle of 2a,
except nitrogen, generates axial chirality and can be defined as
prochiral. The two carbon atoms of the double bond of 2a are
prochiral both for central and axial chirality, Ca is pro-M and Cb is
pro-P.
(13) Hanson, K. R. J. Am. Chem. Soc. 1966, 88, 2731.
(14) The reactions were run for 96 h. Prolonged reaction times did
not improve the conversions; thus, we believe that moderate yields
were caused by deactivation of the catalytic system.
(15) CCDC-1044082 for ent-3o. See the Supporting Information

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b00509
Org. Lett. 2015, 17, 1728−1731

1731


