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AbstractÐThe reaction of glycinatocopper complexes with cinnamaldehydes under mildy basic aqueous conditions, a�ords poly-
substituted prolines, which can be systematically modi®ed in a number of chemoselective transformations. # 2000 Elsevier Science
Ltd. All rights reserved.

Pyrrolidines and their substituted derivatives ®gure
prominently in the structures of a large number of
bioactive molecules (see, for example, refs 1 and 2). The
presence of an a-carboxy group as in the ubiquitous
proteinogenic amino acid l-proline,3 extends the
importance of the pyrrolidine ring into the realm of
proteins with important consequences.4±6

There are a plethora of methods for the stereocontrolled
synthesis of substituted pyrrolidines and prolines (for
recent reviews see refs 7 and 8). Proline and pyro-
glutamic acid have been commonly used in conjunction
with the synthesis of natural products (for selected
examples, see refs 9±12), or compounds with pharma-
cological activities13 (see also refs 14 and 15), such as
enzyme inhibitors, agonists, and antagonists of receptors.
The involvement of l-proline as a pivotal amino acid
that confers conformational rigidity in peptide sequen-
ces has also instigated extensive studies in search of
peptidomimetics16±19 with improved biological pro®les.

In spite of the large number of reported syntheses of
pyrrolidines and prolines, few have addressed poly-
functionality (for selected syntheses of polysubstituted
prolines, see refs 20±25) and diversity (for the genera-
tion of polyfunctional pyrrolidine libraries, see, for
example, refs 26 and 27). We considered the pyrrolidine
ring as an ideal template upon which to deploy diverse

functional groups and pharmacophores. The resulting
polyfunctionalized pyrrolidines could be viewed as a
cogwheel-type sca�old with potential for interaction
with biological receptors in a multivectorial dimension.

The condensation of glycinatocopper complexes with
various electrophilic species under weakly basic condi-
tions has been known for many years.28 For example,
the enolate generated from N-pyruvylideneglycinato
copper II reacts with aldehydes to give b-hydroxy-a-
amino acids.29,30 Asymmetric versions of this reaction
are also known.31,32

A lesser exploited reaction is the condensation of glyci-
nato metal complexes with a,b-unsaturated carbonyl
compounds. Casella and co-workers33,34 reported
cycloadditions of such complexes with activated ole®ns
such as acrylonitrile, acrylates, and acrolein, to give
substituted prolines as a mixture of diastereomers.
Grigg and co-workers35,36 also studied related cycload-
ditions with Cu(II), Zn(II) and Cd(II) complexes of N-
pyruvylideneglycine, and concluded that the enolate
formed under basic conditions constituted a metallo-
1,3-dipole. They argued in favor of a concerted 4p+2p
cycloaddition with monosubstituted ole®ns, rather than
a two-step Michael addition sequence as originally pro-
posed33,34 (for reviews on related cycloadditions, see refs
37±41) (Fig. 1).

We report our studies on the synthesis, characterization,
and further functionalizations of tetra-substituted pro-
lines arising from the reaction ofN-pyruvylideneglycinato
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copper II complex with a variety of a,b-unsaturated
aldehydes. Scheme 1 shows the generality of the cyclo-
condensation for a series of substituted cinnamalde-
hydes. Because the products are polyfunctional, we
chose to study a number of chemoselective transforma-
tions that would di�erentiate the functional appendages
and o�er opportunities for further modi®cation. Thus,
each cycloadduct 3 was reduced to the corresponding
alcohol, which was in turn esteri®ed to the lactone esters
5. With few exceptions, yields for each step were excel-
lent and the isolation of intermediates was facile. The
relative con®guration of the cycloadducts was proven
by detailed NOE studies and by an X-ray crystal struc-
ture of a derivative.

Subsequent chemical transformations were done with
the phenyl analogue 6 as illustrated in Scheme 2.
N-Methylation under Clarke±Eschweiler conditions
led initially to the N-methyl lactone 7, which could
be esteri®ed to 8. In an e�ort to maintain the basic

pyrrolidine NH intact, the lactone 9 was transformed
into the allyl ester 10 and the latter reduced to the triol
11.

In order to di�erentiate the carboxyl group from the
vicinal bis-hydroxymethyl appendage, 6 was trans-
formed into the N-Cbz derivative with concomitant
lactonization to give 12. Esteri®cation and chemoselective
reduction of the lactone gave the diol 13, which could be
successfully converted to the diol ester 14, in which one
of the original carboxyl groups was maintained.

The active ester derivative of 12 could in turn be che-
moselectively reduced to the hydroxymethyl lactone 15,
which was easily functionalized as the phenylcarbamate
16 and the tosylate 17, simply to demonstrate the
potential for functionalization with the aim of introdu-
cing diversity. Surprisingly reduction of the active ester
12 at ÿ78 �C led to an unusual tricyclic lactone acetal 18
in excellent yield (Scheme 2).

Figure 1. Concerted and stepwise reactions.

Scheme 1.
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The availability of intermediates in which the carbonyl
groups of the original diacid could be di�erentiated
allowed us to explore diversity with amide appendages
(Scheme 3). Thus, the free carboxylic group in 12
was readily transformed into the benzylamide 19,
which was subjected to lactone ring opening with other
amines to give the mixed amides and their acetate esters
20±23. Alternatively, esteri®cation of the diol 24 result-
ing from the reduction of the lactone group in 19 led, as
expected, to the diacetates 25±26. The Cbz-group in
19 was removed to give the lactone amide analogue
29 cleanly. An X-ray crystal structure of 29 con®rmed
the con®gurational assignment of the cycloaddition
products.

The order of amide formation could be changed by ®rst
opening the lactone in 12 with benzylamine to give 27
after esteri®cation (Scheme 3). Transformation of the
primary alcohol to the MOM ether and hydrogenolysis
gave the pyrrolidine analogue 28.

The presence of an aldehyde group in the original
cycloadduct, suggested the exploration of a Wittig
reaction with the aim of extending the substitution at

that position. Indeed, treatment of 3 under conditions
of the Wittig reaction in aq THF,42,43 followed by
esteri®cation, gave the adduct 30 as a mixture of E/Z
isomers (Scheme 4). Reductive amination on the other
hand, followed by esteri®cation led to the g-lactam
analogue 31 in excellent overall yield.

Taken individually, each of the transformations shown
in the Schemes 2±4, represents a routine operation.
However, the possibility to e�ect chemoselective reac-
tions utilizing multiple functionality on the pyrrolidine
sca�old o�ers a unique opportunity to explore diversity.
Given the generality of the cycloaddition reaction
(Scheme 1), many of these transformations can be done
in a combinatorial protocol. Already, the products
shown in Schemes 2±4 represent unique sca�olds
deployed with a variety of functional groups as poten-
tial pharmacophores (amides, esters, ethers, carbamates,
sulfonates, etc.) that may exhibit enzyme or receptor-
based activity. Libraries of related pyrrolidines20±25 can
now be envisaged since the issues of compatibilities,
chemoselectivities, and optimizations have been
demonstrated in this work.44 The synthesis and screen-
ing of a library of highly functionalized pyrrolidines

Scheme 2.
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Scheme 3.

Scheme 4.
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through cycloadditions on solid phase has been repor-
ted by the A�ymax group.26,27

Acknowledgement

We thank NSERCC for ®nancial assistance through the
Medicinal Chemistry Chair Program.

References and Notes

1. Hamilton, G. S.; Steiner, J. P. Current Pharmaceutical
Design 1997, 3, 405.
2. Yaron, A.; Naider, F. Current Rev. Biochem. Mol. Biol.
1993, 28, 31.
3. Creighton, T. E. Proteins: Structure and Molecular Princi-
ples; W. H. Freeman: New York, 1984.
4. Dumy, P.; Keller, M.; Ryan, D. E.; Rohwedder, B.; WoÈ hr,
T.; Mutter, M. J. Am. Chem. Soc. 1997, 119, 918.
5. Hourry, W. A.; Scheraga, H. A. Biochemistry 1996, 11719.
6. MuÈ ller, G.; Gurrath, M.; Kessler, H. Proteins: Struc. Funct.,
Genet. 1993, 15, 235.
7. Gothelf, K. V.; Jùrgensen, K. A. Chem. Rev. 1998, 98, 863.
8. Pichou, M.; FrigadeÁ re, B. Tetrahedron: Asymmetry 1996, 7,
927 (see also refs 33±41).
9. NaÂ jera, C.; Yus, M. Tetrahedron: Asymmetry 1999, 10,
2245.
10. O'Hagan, D. Nat. Prod. Rep. 1997, 637
11. Sardina, F. J.; Rapoport, H. Chem. Rev. 1996, 96, 1825.
12. Remuzon, P. Tetrahedron 1996, 52, 13803.
13. For a classic example relating to the discovery of captopril
and angiotensin converting enzyme, see Cushman, D. W.;
Ondetti, M. A. Prog. Med. Chem. 1980, 17, 41
14. Krapcho, J.; Turk, C.; Cushman, D. W.; Powell, J. R.;
Deforrest, J. M.; Spitzmiller, E. R.; Karanewsky, D. S.; Dug-
gan, M.; Rovnyak, G.; Schwentz, J.; Natrajan, S.; Godfrey, J.
D.; Ryono, D. E.; Neubeck, R.; Atwal, K. S.; Petrillo, Jr., E.
W. J. Med. Chem. 1988, 31, 1148.
15. For glutamate receptor related examples, see Hansen, J. J.;
Krogsgaard-Larsen, P. Med. Res. Rev. 1990, 10, 55.
16. Hanessian, S.; McNaughton-Smith, G.; Lombart, H.-G.;
Lubell, W. D. Tetrahedron 1997, 53, 12789.
17. Gillespie, P.; Cicariello, J.; Olson, G. L. Biopolymers 1997,
42, 191.
18. Gante, J. Angew. Chem., Int. Ed. Engl. 1994, 33, 1699.
19. Adang, A. D. P.; Hermkens, P. H. H.; Linders, J. T. M.;
Ottenheijm, H. C. J.; Van Stavern, C. J. Rec. Trav. Chim. Pays
Bas 1994, 113, 63.
20. Ayerbe, M.; Arrieta, A.; Cossio, F. P.; Linden, A. J. Org.
Chem. 1998, 63, 1795.

21. Jones, R. C. F.; Howard, K. J.; Sanith, J. S. Tetrahedron
Lett. 1997, 38, 1647.
22. Wittland, C.; FloÈ rke, U.; Nikolaus, R. Synthesis 1997,
1291
23. Galley, G.; Liebsher, J.; PaÈ tzel, M. J. Org. Chem. 1995, 60,
5005.
24. Barr, D. A.; Dorrity, M. J.; Grigg, R.; Hargreaves, S.;
Malone, J. F.; Montgomery, J.; Redpath, J.; Stevenson, P.;
Thornton-Pett, M. Tetrahedron 1995, 51, 273.
25. Annunziata, R.; Cinquini, M.; Cozzi, F.; Raimondi, L.;
Pilati, T. Tetrahedron: Asymmetry 1991, 2, 1329.
26. MacLean, D.; Schullek, J. R.; Murphy, M. M.; Ni, Z.;
Gordon, E. M.; Gallop, M. A. Proc. Natl. Acad. Sci. USA
1997, 94, 2805.
27. Murphy, M. M.; Schullek, J. R.; Gordon, E.; Gallop, M.
A. J. Am. Chem. Soc. 1995, 117, 7029.
28. Sato, M.; Okawa, K.; Akabori, S. Bull. Chem. Soc. Japan
1957, 30, 937.
29. Ishido, Y.; Araki, Y.; Okamoto, T.; Maeda, S.; Ichikawa,
I. Chem. Soc. Japan 1971, 44, 2279.
30. Ishido, Y.; Araki, Y.; Maeda, S.; Ichikawa, I. J. Am.
Chem. Soc. 1970, 92, 5514.
31. Belokon, N. Y. Pure Appl. Chem. 1992, 64, 1917.
32. Owa, T.; Otsuka, M.; Ohno, M. Chem. Lett. 1988, 83.
33. Casella, L.; Gullotti, M.; Melani, E. J. Chem. Soc. Perkin.
Trans 1 1982, 1827
34. Casella, L.; Gullotti, M.; Pasini, A.; Ciani, G.; Manassero,
M.; Sansoni, M.; Sironi, A. Inorganica. Chimica. Acta. 1976,
20, L31.
35. Grigg, R.; Sridharan, V.; Thianpatanagul, S. J. Chem. Soc.
Perkin Trans. 1 1986, 1669
36. Grigg, R.; Gunaratne, H. Q. N.; Kemp, J. J. Chem. Soc.
Perkin Trans. 1 1984, 41.
37. Tsuge, O.; Kanemasa, S. Adv. Heterocyclic Chem. 1989,
45, 231.
38. Grigg, R. Chem. Soc. Rev. 1987, 16, 89.
39. Kanemasa, S.; Tsuge, O. In Advances in Cycloaddition;
Curran, D. P., Ed.; Jai Press: Greenwich 1993, Vol. 3, pp 99±
159
40. Vedejs, E. In Advances in Cycloaddition, Curran, D. P.,
Ed.; Jai Press: Greenwich, 1988; Vol. 1, pp 33±51
41. Lowin, J. W. In 1,3-Dipolar Cycloaddition Chemistry,
Padwa, A., Ed.; J. Wiley & Sons: New York, 1984; Vol. 1, pp
653±732 (see also ref 8).
42. Villieras, J.; Rambaud, M.; Gra�, M. Tetrahedron Lett.
1985, 26, 53.
43. Buchanan, J. G.; Edgar, A. R.; Power, M. J.; Theaker, P.
D. Carbohydrate Research 1974, 38, C22.
44. We have also carried out cyclocondensations in organic
solvents in the presence of bases such as pyridine or triethyla-
mine (see refs 33±36). Adaptation of our methods to solid
phase is possible.

S. Hanessian, M. Bayrakdarian / Bioorg. Med. Chem. Lett. 10 (2000) 427±431 431


