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ABSTRACT

To expand the potential conformational space available to the polypyrroline structural motif, an open chain, D,L-alternating hexapyrrolinone was
designed and synthesized. Structural studies, including solution NMR and X-ray crystallographic analysis, revealed that the hexapyrrolinone adopts
a turn conformation both in solution and in the solid state, with aggregation in solution and a nanotube-like quaternary structure in the crystal.

A major achievement in the field of nonpeptide peptidomi-
metics would comprise the design and synthesis of biologi-
cally relevant mimics, capable of adopting conformations
similar to the three principal secondary structures accessible
to peptides and proteins (e.g., �-turns, �-strands, or R-heli-
ces), with conformational control manifested simply via
structural modification of the side-chains and/or the stereo-
genicity of the constituent monomers. To date, only a limited
number of conformationally versatile nonpeptide peptido-
mimetics have been reported.1

In 1992, the Hirschmann-Smith collaboration reported
the design and synthesis of a new class of peptidomimetics
based on the pyrrolinone scaffold (Figure 1).2 Computational
studies suggested that oligomers based on this repeating
vinylogous amide motif held the promise of adopting
structures similar, but not identical, to the three secondary

structures of peptides and proteins.2,3 As such, the polypyr-
rolinones constituted early examples of foldamers as defined
by Gellman4,1a,b and elegantly demonstrated for �-peptides
by both Seebach5,1c and Gellman.4b,1a,b Pleasingly, initial
studies demonstrated that homochiral polypyrrolinones (e.g.,
all D),6 such as (-)-1, can adopt extended parallel (1a, Figure
1) or antiparallel (1b) �-strand/�-sheet mimics, depending
on the presence or absence of a Boc C-terminus.2,3,7 This
observation led to the design and synthesis of a series of
potent pyrrolinone-based enzyme inhibitors,8 requiring the
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�-strand/�-sheet motif, including metalloproteases,9 and
orally bioavailable HIV-1 protease inhibitors,10 as well as a
peptide-pyrrolinone hybrid ligand for the class II MHC
protein HLA-DR1.11

With these initial achievements, a central theme of the
pyrrolinone-based peptidomimetic program became the
expansion, by design, of the diverse conformational space
accessible to the polypyrrolinone structural motif for peptide/
protein mimicry. We recognized that the ability to control
the various possible conformations, via simple modulation
of the side-chain structure and/or R-stereogenicity, would
significantly enhance the opportunities for the polypyrroli-
none construct in biologically relevant mimics.

The well-recognized principle that D-amino acids stabilize
�-turns,12 in conjunction with the pioneering reports by
Karle13 and De Santis,14 later extended by the Lorenzi,15

Ghadiri,16 and Ciufolini17 laboratories, demonstrating that
peptides embodying alternating D- and L-amino acids can
adopt turn conformations, and in some cases assemble into
nanotubes, suggested that a sequence of alternating D,L-linked
pyrrolinones might also preferentially adopt a turn structure.
That this scenario proved correct was demonstrated by the
synthesis of the alternating D,L-tetra-pyrrolinone (-)-2,
shown by NMR studies, in conjunction with molecular
modeling, to adopt a low-energy turn conformation in
solution.3c Importantly, control over the conformation of
(-)-2 was achieved by alternating the building block
configuration along the sequence. An equally important issue
concerned the biological relevance of such polypyrrolinone
turn mimics. Toward this end, we designed and synthesized
several mimics [cf. (-)-3] of the neuropeptide hormone
somatostatin-14 (SRIF), known to incorporate a �-turn as
the pharmacophore structural element.18 Importantly, a
heterochiral tetrapyrrolinone proved to be a functional mimic
of SRIF.19

Having achieved both bioactive �-strand and �-turn
mimics with designed polypyrrolinones, we turned to larger
congeners, with an eye toward the possibility of helix
mimics.3b We first selected alternating D,L-hexapyrrolinone
(-)-4 (Figure 1) and carried out a 10 000-step Monte Carlo
conformational search20 employing the MMFFS force field.21

The calculations rendered a set of low energy conformations,
typified by a turn motif with four intramolecular hydrogen
bonds among neighboring residues and one hydrogen bond
spanning the cleft between the terminal residues (Figure 2a).

The computationally predicted ability of the pyrrolinone-
derived turn to draw the termini of the hexapyrrolinone
oligomer close together confirmed our interest in 4 as a
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Figure 1. Designed �-strand/�-sheet trispyrrolinones (-)-1a,b; �-turn
tetrapyrrolinones (-)-2 and (-)-3; and hexapyrrolinone (-)-4.
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synthetic target. To access 4, we turned to our iterative
pyrrolinone synthetic protocol, beginning with aldehyde
(-)-5 (Figure 2c) and building the pyrrolinone chain in the
C to N direction (see Supporting Information). Yields for
the two-step iterative sequences were in general good.

To establish the solution conformation of (-)-4, a series
of ROESY NMR experiments in CDCl3 [1 mM in (-)-4],
similar to those exploited with (-)-2,3c were conducted. Ten
critical long-range NOEs were observed (Figure 2d). The
ROE NMR data were then employed as a constraint file in
a 10 000-step Monte Carlo conformational search; the result
revealed (-)-4 to exist in solution in a flat, G-shaped turn
conformation similar to that previously reported for (-)-2
(Figure 2b).3c

Crystallization of (-)-4 from CHCl3 via vapor-phase
equilibration with hexane furnished single crystals (mp
195-197 °C) suitable for X-ray analysis.22 Pleasingly, the
derived ORTEP diagram (Figure 3a) reveals a flat G-shaped
structure similar to the low energy conformation observed
in solution. Importantly, overlay of the solution structure with
the crystal structure provided excellent atom-to-atom cor-
respondence (Figure 3b; root-mean-square value of 0.508
Å). Of equal importance, the unit cell structure possesses
four (-)-4 monomers that self-assemble into a nanotube-
like quaternary structure (Figure 3c-e), with the monomers
arrayed in an antiparallel fashion.

A crystallographic 3-fold rotation axis, parallel to the c
axis, passes through the center of the best molecular plane.
The tubular structure is best revealed by removing the
internal and external side-chains (Figure 3e). In this way,
the intermolecular hydrogen bonds, which stabilize the
molecular assembly, are more clearly visible. To ascertain
the possibility of self-assembly of (-)-4 in solution, we

Figure 2. (a) Computational model of (-)-4 in CHCl3 arising from a
10 000-step Monte Carlo conformational search. (b) The solution
structure of the alternating D,L-hexapyrrolinone (-)-4. (c) Synthesis
of hexapyrrolinone (-)-4. (d) Ten critical long-range NOEs, color
coded by their interactions with the prenyl side chain.

Figure 3. (a) ORTEP diagram of the D,L-mixed hexapyrrolinone (-)-4. (b) Overlay of the crystal structure (blue) and the solution structure (red)
of (-)-4. (c) and (d) Stereoviews illustrating the nanotube-like assembly of (-)-4 in the crystal packing diagram, side view and top view, respectively,
with intermolecular hydrogen bonding illustrated. (e) Stereoview with side-chains removed to highlight the nanotube-like assembly.
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performed a variable concentration 1H NMR analysis to
define the lowest concentration at which intermolecular
interactions occur (Figure 4). A significant change in the
proton resonance at δ 5.50 ppm (1 × 10-4 M), highly
indicative of solvent exposure, was observed with increasing
concentration (ca. 1 × 10-4 M to 3 × 10-2 M). We therefore
assigned this resonance to the N-terminal pyrrolinone
N-H(6), the only pyrrolinone N-H that cannot form an
intramolecular hydrogen bond with the carbonyl oxygen of
an adjacent pyrrolinone. The internal pyrrolinone N-Hs

[NH(1-5)], which resonate in the hydrogen bonded N-H
region (ca. δ 6.95-8.00 ppm), displayed modest shifts
(0.06-0.41 ppm, 3.5 × 10-3 M to 2.6 × 10-2 M) consistent
with self-assembly.

Taken together, these results suggest that the lowest
concentration at which intermolecular hydrogen bonding
occurs is ca. 10-3 M.

In summary, the design, synthesis, and structural analysis
of an alternating D,L-hexapyrrolinone (-)-4 has been achieved.
Structural analysis, involving solution NMR studies and
X-ray crystallography, reveals that (-)-4 adopts a turn
conformation both in solution and in the solid state, with
aggregation occurring in solution and nanotube-like structures
in the solid state. Further extension of the D,L-alternating
pyrrolinone motif holds the promise of additional novel
chemical and structural properties (e.g., helices). Studies to
this end continue in our Laboratory.
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Figure 4. Concentration dependence of the N-H chemical shifts
in CDCl3 for the D,L-mixed hexapyrrolinone (-)-4. N-Terminal
N-H(6) (O). Internal N-Hs (NH(1-5) (∆)029)).
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