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ABSTRACT: An enantioselective isomerization of 4-
iminocrotonates catalyzed by a rhodium(I)/phosphorami-
dite complex is described. This reaction uses widely
available amines to couple with 4-oxocrotonate to provide
a convenient access to a central chiral building block in
good yield and high enantioselectivity. Although the
mechanism of this new transformation remains unclear,
both Rh and the phosphoramidite play a central role.

As a source of optically active N-acyliminium ion
precursors,1,2 chiral 5-alkoxy-3-pyrrolin-2-ones are impor-

tant building blocks for the synthesis of biologically active
natural products and pharmaceuticals.3−5 Current strategies for
preparing enantiomerically enriched 5-alkoxy-3-pyrrolin-2-ones
rely heavily on derivatization of enantiopure starting materials
provided by nature (eq 1, Scheme 1)6 or enzymatic resolution

of racemic substrates (eq 2).7 While these methods are useful, a
catalytic asymmetric synthesis of this key building block
remains unreported. Herein, we describe that a rhodium(I)/
phosphoramidite complex catalyzes an intramolecular cycliza-
tion of 4-iminocrotonates to give 5-alkoxy-3-pyrrolin-2-ones in
good yields and high enantioselectivities (eq 3).
Our group has been interested in the development of

rhodium-catalyzed asymmetric syntheses of nitrogen-containing
heterocycles.8,9 In 2011, we reported an asymmetric [4 + 2]
cycloaddition of α,β-unsaturated imines and isocyanates
catalyzed by a rhodium(I)/phosphoramidite (L1) complex.9e

This reaction allows facile access to pyrimidinones in good
yields and high enantioselectivities. Surprisingly, when ethyl 4-
iminocrotonate (1a) is used as a substrate under the same
reaction conditions, the reaction gives no pyrimidinone
product. Instead, 5-ethoxy-3-pyrrolin-2-one 2a, formed from

intramolecular cyclization of 1a, is isolated in good yield (Table
1, entry 1). Although the enantioselectivity is low when Taddol

phosphoramidite ligand L1 is used, we recognized that
optimization of this reaction would offer a novel and promising
method to synthesize enantiomerically enriched 5-alkoxy-3-
pyrrolin-2-ones.
Investigation of the effect of the alkoxy group on reaction

enantioselectivity revealed that isopropyl 4-iminocrotonate
(3a) reacts with higher enantioselectivity than ethyl 4-
iminocrotonate, albeit in lower yield (entry 2 and Supporting
Information (SI)).
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Scheme 1. Access to 5-Alkoxy-pyrrolinones

Table 1. Reaction Optimizationa

entry product ligand yield (%)b ee (%)c

1 2a L1 79 20
2 4a L1 18 59
3 4a L2 15 85
4 4a L3 22 89
5 4a L4 20 66
6 4a L5 23 72
7 4a L6 20 94
8d 4a NA <1 ND
9e 4a L6 <1 ND
10f 4a L6 78 94

aConditions: 1a or 3a (0.2 mmol), [Rh(C2H4)2Cl]2 (0.01 mmol),
ligand (0.02 mmol), toluene, 110 °C, 12 h. bIsolated yield.
cEnantioselectivities determined by HPLC analysis on a chiral
stationary phase. Absolute configuration assigned by analogy (see
SI). dIn the absence of L6. eIn the absence of rhodium source.
f[Rh(C2H4)2Cl]2 (10 mol %), L6 (20 mol %), 24 h.
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The ligand was also found to have a profound effect on
reaction enantioselectivity. Use of previously developed
Guiphos (L2)9c,d gives a sharp increase in selectivity (entry
3). Moreover, substitution of the 3,3′-position in Guiphos with
more bulky silyl groups led to the discovery of an optimal
ligand, TIPS-Guiphos (L6), for this reaction. This TIPS-
substituted phosphoramidite further improves enantioselectiv-
ity to 94% ee for 4a (entry 7). It is noteworthy that neither
[Rh(C2H4)2Cl]2 nor TIPS-Guiphos alone gives product
(entries 8 and 9), which clearly demonstrates the catalytic
role of the rhodium(I)/phosphoramidite complex. Further
optimization of the reaction conditions (see SI) established that
treatment of 3a with 10 mol % [Rh(C2H4)2Cl]2 and 20 mol %
TIPS-Guiphos in toluene at 110 °C for 24 h (entry 10)
provides 4a in high yield and excellent enantioselectivity.
We propose a possible mechanism for the transformation in

Scheme 2. Upon coordination of 4-iminocrotonate 3 initially to

the rhodium(I)/phosphoramidite complex, 3 isomerizes from E
to Z configuration. At this point, the imine nitrogen is poised
for intramolecular attack on the carbonyl group, affording N-
acyliminium intermediate B.10 A resultant trapping of B by
alkoxide delivers 5-alkoxy-3-pyrrolin-2-one 4 and regenerates
catalyst. Rhodium precatalysts bearing norbornadiene or
cyclooctadiene ligands give no product (see SI). Presumably,
these strongly coordinating diene ligands impede coordination
of the 4-iminocrotonate, thereby preventing the catalyst from
entering into the catalytic cycle. Although 5-alkoxy-3-pyrrolin-
2-ones generally produce N-acyliminiums in the presence of a
Lewis acid catalyst, control experiments reveal that alkoxide
attack on acyliminium ion B is irreversible under the reaction
conditions (see SI). It is worth noting that intermediate B in
the absence of Rh coordination is putatively antiaromatic,
which may be a further role for Rh in this reaction.
The Rh(I)/TIPS-Guiphos catalyst promotes the enantiose-

lective synthesis of different 5-isopropoxy-3-pyrrolin-2-ones
very efficiently (Chart 1). 4-(Benzylimino)crotonates bearing a
wide range of functional groups including electron-donating
alkyl and alkoxy and electron-withdrawing trifluoromethyl and
methoxycarbonyl substituents all react smoothly to afford the
corresponding cyclization products 4b−4i in good yields and
high enantioselectivities. Electronic and steric modulations of
the N-benzyl substituents have no substantial effect on the
enantioselectivity of the transformation (4a−4l). Substrates
containing thiophene and furan give the desired product 4n and
4o in satisfactory yields with a prolonged reaction time. Not
surprisingly, primary alkyl-substituted 4-(imino)crotonates
participate in the cyclization reaction quite efficiently to
provide the corresponding products in good yields and high
enantioselectivities (4p, 4q, and 4s−4v). The use of 4-

(cyclohexylimino)crotonate 3r gives a moderate yield and
enantioselectivity comparable to primary alkyl-substituted
substrates. Aryl substituted 4-iminocrotonate compounds are
inert under these conditions.
The products obtained in this reaction can serve as useful

chiral synthons (Scheme 3). After dihydroxylation of 4e with
OsO4 and NMO, protection of the diol with 2,2-dimethox-
ypropane, and removal of the PMB group with CAN, amide 6
undergoes C−C bond forming reactions with indole and
allyltrimethylsilane in the presence of Lewis acids in excellent
diastereoselectivities and with no erosion of enantiopurity.
Direct removal of the PMB group of 4e and subsequent
acylation provides 9, which is an effective partner for
diastereoselective 1,3-dipolar cycloaddition3b and Diels−Alder
reactions.6d Compound 5v, which is obtained by dihydrox-
ylation of 4v and subsequent protection, undergoes an
intramolecular Friedel−Crafts reaction catalyzed by AuOTf to
furnish tetracycle 10 in moderate yield and excellent enantio-
and diastereoselectivity.
In conclusion, we have developed an enantioselective

rhodium(I)/phosphoramidite-catalyzed intramolecular cycliza-
tion reaction of 4-iminocrotonates. This process provides
convenient access to electronically and sterically diverse 5-
isopropoxy-3-pyrrolin-2-ones in good yield and high enantio-
selectivity. Further, this constitutes an example of a catalytic
asymmetric synthesis of an aminal, examples of which are still
relatively rare.11 The products obtained by this method are
useful chiral building blocks, and they are rapidly elaborated to

Scheme 2. Possible Mechanism

Chart 1. Reaction Scopea,b

aConditions: 3 (0.2 mmol), [Rh(C2H4)2Cl]2 (0.02 mmol), TIPS-
Guiphos (0.04 mmol), toluene, 110 °C, 24 h. bIsolated yield. c48 h.
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stereodefined amides in high enantio- and diastereoselectivity
by reactions with various carbon nucleophiles.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental procedures, additional experiments, and new
compounds’ characterization. This material is available free of
charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*rovis@lamar.colostate.edu
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank NIGMS (GM80442) for support. We thank Johnson
Matthey for a loan of rhodium salts. W.-Z.Z. is a visiting scholar
from Dalian University of Technology and was sponsored by
the China Scholarship Council (CSC) and the National Natural
Science Foundation of China (21172026). J.C.K.C. thanks the
Croucher Foundation for support.

■ REFERENCES
(1) (a) Speckamp, W. N.; Moolenaar, M. J. Tetrahedron 2000, 56,
3817. (b) Maryanoff, B. E.; Zhang, H. C.; Cohen, J. H.; Turchi, I. J.;
Maryanoff, C. A. Chem. Rev. 2004, 104, 1431. (c) Royer, J.; Bonin, M.;
Micouin, L. Chem. Rev. 2004, 104, 2311.
(2) (a) Raheem, I. T.; Thiara, P. S.; Peterson, E. A.; Jacobsen, E. N. J.
Am. Chem. Soc. 2007, 129, 13404. (b) Pin, F.; Comesse, S.; Garrigues,
B.; Marchalin, S.; Daich, A. J. Org. Chem. 2007, 72, 1181. (c) Muratore,
M. E.; Holloway, C. A.; Pilling, A. W.; Storer, R. I.; Trevitt, G.; Dixon,

D. J. J. Am. Chem. Soc. 2009, 131, 10796. (d) Othman, R. B.; Affani, R.;
Tranchant, M. J.; Antoniotti, S.; Dalla, V.; Dunach, E. Angew. Chem.,
Int. Ed. 2010, 49, 776. (e) Boiaryna, L.; Mkaddem, M. K. E.; Taillier,
C.; Dalla, V.; Othman, M. Chem.Eur. J. 2012, 18, 14192. (f) Maity,
A. K.; Roy, S. Adv. Synth. Catal. 2014, 356, 2627.
(3) (a) Koot, W.-J.; Hiemstra, H.; Speckamp, W. N. Tetrahedron Lett.
1992, 33, 7969. (b) Cooper, D. M.; Grigg, R.; Hargreaves, S.;
Kennewell, P.; Redpath, J. Tetrahedron 1995, 51, 7791. (c) Cuiper, A.
D.; Kellogg, R. M.; Feringa, B. L. Chem. Commun. 1998, 655.
(4) (a) Smith, A. B., III; Friestad, G. K.; Barbosa, J.; Bertounesque,
E.; Duan, J. J. W.; Hull, K. G.; Iwashima, M.; Qiu, Y.; Spoors, P. G.;
Salvatore, B. A. J. Am. Chem. Soc. 1999, 121, 10478. (b) Oba, M.;
Koguchi, S.; Nishiyama, K. Tetrahedron 2004, 60, 8089. (c) Snider, B.
B.; Neubert, B. J. J. Org. Chem. 2004, 69, 8952. (d) Muramatsu, T.;
Yamashita, S.; Nakamura, Y.; Suzuki, M.; Mase, N.; Yoda, H.; Takabe,
K. Tetrahedron Lett. 2007, 48, 8956. (e) Yamashita, S.; Mase, N.;
Takabe, K. Tetrahedron: Asymmetry 2008, 19, 2115. (f) Chen, J.;
Huang, P.-Q.; Queneau, Y. J. Org. Chem. 2009, 74, 7457. (g) Huo, H.-
H.; Xia, X.-E.; Zhang, H.-K.; Huang, P.-Q. J. Org. Chem. 2013, 78, 455.
(5) A Scifinder search reveals the pyrrolidine substructure is present
in >1500 antitumor agents, >1200 antiinfectives, >1100 CNS agents,
>900 anti-inflammatories, and >3000 others with documented
biological activities.
(6) (a) Chamberlin, A. R.; Chung, J. Y. L. J. Am. Chem. Soc. 1983,
105, 3653. (b) Thottathil, J. K.; Moniot, J. L.; Mueller, R. H.; Wong,
M. K. Y.; Kissick, T. P. J. Org. Chem. 1986, 51, 3140. (c) Hamada, Y.;
Kawai, A.; Kohno, Y.; Hara, O.; Shioiri, T. J. Am. Chem. Soc. 1989, 111,
1524. (d) Koot, W.-J.; Hiemstra, H.; Speckamp, W. N. J. Org. Chem.
1992, 57, 1059. (e) Lee, Y. S.; Kang, D. W.; Lee, S. J.; Park, H. J. Org.
Chem. 1995, 60, 7149. (f) Kotsuki, H.; Araki, T.; Miyazaki, A.; Iwasaki,
M.; Datta, P. K. Org. Lett. 1999, 1, 499. (g) Kaluza, Z.; Mostowicz, D.
Tetrahedron: Asymmetry 2003, 14, 225.
(7) (a) van der Deen, H.; Cuiper, A. D.; Hof, R. P.; van Oeveren, A.;
Feringa, B. L.; Kellogg, R. M. J. Am. Chem. Soc. 1996, 118, 3801.
(b) Cuiper, A. D.; Kouwijzer, M. L. C. E.; Grootenhuis, P. D. J.;
Kellogg, R. M.; Feringa, B. L. J. Org. Chem. 1999, 64, 9529.
(8) (a) Perreault, S.; Rovis, T. Chem. Soc. Rev. 2009, 38, 3149.
(b) Friedman, R. K.; Oberg, K. M.; Dalton, D. M.; Rovis, T. Pure Appl.
Chem. 2010, 82, 1353.
(9) (a) Yu, R. T.; Rovis, T. J. Am. Chem. Soc. 2006, 128, 2782. (b) Yu,
R. T.; Rovis, T. J. Am. Chem. Soc. 2006, 128, 12370. (c) Yu, R. T.; Lee,
E. E.; Malik, G.; Rovis, T. Angew. Chem., Int. Ed. 2009, 48, 2379.
(d) Dalton, D. M.; Oberg, K. M.; Yu, R. T.; Lee, E. E.; Perreault, S.;
Oinen, M. E.; Pease, M. L.; Malik, G.; Rovis, T. J. Am. Chem. Soc. 2009,
131, 15717. (e) Oberg, K. M.; Rovis, T. J. Am. Chem. Soc. 2011, 133,
4785. (f) Dalton, D. M.; Rappe, A. K.; Rovis, T. Chem. Sci. 2013, 4,
2062. (g) Perreault, S.; Rovis, T. Synthesis 2013, 45, 719. (h) Dalton,
D. M.; Rovis, T. Org. Lett. 2013, 15, 2346.
(10) For the base-promoted intramolecular cyclization of o-
iminobenzoate to give alkoxyisoindolone, see (a) Heaney, H.;
Shuhaibar, K. F. Tetrahedron Lett. 1994, 35, 2751. (b) Heaney, H.;
Shuhaibar, K. F. Synlett 1995, 47. (c) El Gihani, M. T.; Heaney, H.;
Shuhaibar, K. F. Synlett 1996, 871. (d) Lubbers, T.; Angehrn, P.;
Gmunder, H.; Herzig, S. Bioorg. Med. Chem. Lett. 2007, 17, 4708.
(e) Schulze, M.; Muller, F. K. U.; Mason, J. M.; Gorls, H.; Lehmann,
J.; Enzensperger, C. Bioorg. Med. Chem. 2009, 17, 6898.
(11) For prominent recent examples, see (a) Rowland, G. B.; Zhang,
H.; Rowland, E. B.; Chennamadhavuni, S.; Wang, Y.; Antilla, J. C. J.
Am. Chem. Soc. 2005, 127, 15696. (b) Li, G.; Fronczek, F. R.; Antilla, J.
C. J. Am. Chem. Soc. 2008, 130, 12216. (c) Coric, I.; List, B. Nature
2012, 483, 315. (d) Kim, J. H.; Coric, I.; Vellalath, S.; List, B. Angew.
Chem., Int. Ed. 2013, 52, 4474.

Scheme 3. Derivatization of the Productsa

aReaction conditions: (a) cat. OsO4, NMO, acetone/H2O, rt, 18 h.
(b) 2,2-Dimethoxypropane, cat. TsOH, acetone, rt, 18 h. (c) CAN,
CH3CN/H2O, 0 °C to rt, 1 h. (d) Cat. AuCl/AgOTf, indole, DCM,
40 °C, 24 h. (e) BF3·OEt2/TMSOTf, allyltrimethylsilane, DCM, 40
°C, 18 h. (f) Ac2O, pyridine, cat. DMAP, rt, 2 h. (g) Cat. AuCl/
AgOTf, CH3CN, 80 °C, 24 h.
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