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ABSTRACT

The self-assembly in the crystal state of the terminally protected, linear dipeptide Boc-( S,S)c3diPhe-( R,R)c3diPhe-NH iPr (1) through intermolecular
hydrogen bonds leads to the formation of a supramolecular helix of large diameter (18 Å), internally decorated with phenyl rings. As a result,
a hollow helical channel large enough to accommodate guest molecules is observed. This supramolecular structure differs from previous
examples of peptide nanotubes. Compound 1 incorporates a highly restricted cyclopropane phenylalanine analogue (c 3diPhe) with remarkable
conformational properties.

The synthesis and characterization of 3D structures based
on the supramolecular assembly of oligopeptide-based
organic molecules has become a research area of increasing
interest. In particular, supramolecular structures known as
peptide nanotubes have been the subject of numerous recent
studies1 because of their potential utility2 in chemical,
biological, and materials science fields, having proven useful
in the design of porous materials3 and size-selective trans-

membrane channels4 and in the fabrication of inorganic
nanocluster composites.5 Another distinctive feature of these
supramolecular architectures lies in the chiral character of
their building blocks, which could result in their application
in chiral recognition or separation.6

The feasible arrangement of a cyclic peptide in a hollow
tubular structure was suggested in 1974 on the basis of
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theroretical analysis,7 although the first crystalline structure
showing a nanotube formation was described by Ghadiri and
co-workers in 1993, by ring stacking of cyclic peptides
incorporating alternatingD- and L-R-amino acids.3c Since
then, the self-association of cyclic peptides into open-ended
nanotubes has been studied in great detail. In these structures,
the oligopeptide backbone adopts an essentially flat shape,
allowing the stacking of successive rings through intermo-
lecular hydrogen bonding between amide bonds. In recent
years, nanotubes have been obtained from cyclic peptides
incorporating alsoâ- or γ-amino acids, or pseudopeptide
units.4c,8

The other category of peptide nanotubes described in the
literature is formed by linear peptides. These can be classified
into two subtypes, based on whether their terminal groups
are protected or free, i.e., the peptides are charged or not.
Almost all of the examples reported refer to non-protected
dipeptides incorporating hydrophobic amino acids such as
Ala, Val, Ile, Leu, or Phe.9 In these supramolecular structures
the peptide chains are interconnected through hydrogen bonds
involving the terminal COO- and NH3

+ groups. The self-
assembly of the Phe-Phe dipeptide in nanotubes9b,d,h is of
particular interest as this sequence is the core recognition
element in theâ-amyloid polypeptide that forms amyloid
fibrils in Alzheimer’s disease.

In contrast, there are very few examples of peptide
nanotubes formed by terminally protected linear peptides.
A recent report10 describes the X-ray crystalline structure of
Boc-Tyr-Xaa-Tyr-OMe (Xaa) Val or Ile). Both tripeptides
self-assemble into tubular structures, with intermolecular
hydrogen bonds involving the phenolic OH groups from the
tyrosine residues. Despite its acyclic character, the supramo-
lecular organization giving rise to the nanotube formation
resembles that of cyclic peptides. Thus, each peptide
molecule adopts a flat open-ring shape, the CO and NH

groups being oriented nearly perpendicular to the plane
defined by this ring. The stacking of these peptide subunits
through intermolecular hydrogen bonds to generate the
cylindrical structure is therefore equivalent to the assembly
of cyclic peptides described above.

As part of our ongoing study of the conformational
preferences of the restricted Phe analogue c3diPhe (1-amino-
c-2,t-3-diphenylcyclopropane-r-1-carboxylic acid),11 the het-
erochiral dipeptide Boc-(S,S)c3diPhe-(R,R)c3diPhe-NHiPr (1,
Figure 1) was synthezised. The stereochemical properties of

this cyclopropaneR-amino acid are peculiar in that it bears
two phenyl substituents on adjacent side-chainâ-carbons in
a transrelative disposition and is therefore characterized by
an achiralR-carbon and two chiralâ-carbons, with two
enantiomeric forms being possible: (R,R)- and (S,S)c3diPhe.

Dipeptide1 was obtained in excellent yield after 4 days
of reaction between Boc-(S,S)c3diPhe-OH (Boc,tert-butyl-
oxycarbonyl) and H-(R,R)c3diPhe-NHiPr (iPr, isopropyl)
using HOAt (1-hydroxy-7-azabenzotriazole)/HATU{N-
[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-yl-meth-
ylene]-N-methylmethanaminium hexafluorophosphateN-ox-
ide} as coupling agents12 (see Supporting Information).

Single crystals of1 suitable for X-ray diffraction analysis13

were obtained from a hexanes-dichloromethane solvent
mixture and were stable in the absence of mother liquor.
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Figure 1. Dipeptide Boc-(S,S)c3diPhe-(R,R)c3diPhe-NHi Pr (1).
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The 3D structure of this compound in the crystal state is
depicted in Figure 2. The molecule is folded in a type-I′
â-turn conformation (Table 1), stabilized by a weak intramo-

lecular (Boc) CdO‚‚‚H-N (NHiPr) hydrogen bond, which
closes a 10-membered atom ring (Table 2).

In the crystal, the peptide molecules are connected by
intermolecular hydrogen bonds between the [(S,S)c3diPhe]
N-H and the [(R,R)c3diPhe] CdO groups. The self-assembly
of the peptide molecules through this intermolecular hydrogen-
bonding scheme results in a supramolecular, left-handed,
helical structure, the screw axis of which is the crystal-
lographicc-axis (a 65 axis). This helical assembly generates

an open-ended cylinder of an average diameter of 18 Å
(Figure 3), with a turn of the helix being completed every
six peptide molecules, that is 12.9 Å.

One of the phenyl groups of the (R,R)c3diPhe residue is
directed toward the inner part of the helix, which as a result
has a hydrophobic, electron-rich character. Due to the
remarkable high diameter of the supramolecular helix and
despite the bulkiness of the aromatic rings it hosts, the interior
of the tube shows a hollow cylinder of an approximate
diameter of 7 Å. Furthermore, as the edge-to-edge distance
between phenyl rings spaced by one complete helical turn
is 8.3 Å, additional room to accommodate guest molecules
is located along the helical path surrounding the central
hollow cylinder.15 Nevertheless, the crystal structure deter-
mination showed no residual electron density from solvent
molecules inside the channel.

Another remarkable feature of this crystalline structure is
its calculated density (0.996 g/cm3), which is significantly
low in comparison to the values usually encountered for
organic crystal structures of similar composition. This finding
provides evidence for the high percentage of free space
available in the crystal, that is, for the great porosity of the
solid.

The tubular structure formed by dipeptide1 may be
considered somewhat unique, showing distinctive features
that make it different from all of the categories of peptide
nanotubes described so far. Compound1 incorporates two
hydrophobic residues, similarly to the previously studied
linear, non-protected dipeptides containing Ala, Val, Ile, Leu,
or Phe.9 However, the intermolecular hydrogen-bonding
scheme that supports the supramolecular structure of1 is
clearly different, since both termini are blocked, so that the
peptide molecules are connected through hydrogen bonds
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non-hydrogen atoms per unit cell (8 atoms per peptide molecule).

Figure 2. X-ray diffraction structure of peptide1 with atom
numbering. The intramolecular H-bond is shown as a dashed line.

Table 1. Selected Torsion Anglesa for Peptide1

torsion angles (deg) peptide 1

θ1 -173.1(6)
ω0 162.5(4)
φ1 64.7(5)
ψ1 33.4(5)
ω1 176.4(4)
φ2 88.8(5)
ψ2 -16.3(5)
ω2 -170.6(4)

a Ideal values for a type I′â-turn: (φ,ψ)1 ) (60,30); (φ,ψ)2 ) (90,0).14

Table 2. Hydrogen Bond Parameters for Peptide1

D-H‚‚‚A H‚‚‚A (Å) D‚‚‚A (Å) D-H‚‚‚A (deg)

NT-HT···O0 2.41 3.246(5) 164
N1-H1···O2a 2.15 2.971(4) 158

a Symmetry equivalence x- y, x, z - 1/6.

Figure 3. Top view of the nanotubular ensemble of the crystalline
structure of peptide1.
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involving the backbone amide groups. Thus, the hydrogen-
bonding network in1 is somehow reminiscent of that of
cyclic peptides and of the protected tripeptides presented by
Banerjee and co-workers.10 However, at variance with the
aforementioned examples, the supramolecular structure
generated by dipeptide1 gives rise to ahelical, hollow
channel with a left-handed screw sense. In principle, this
property may make it possible to exploit this material as a
nanosolenoid, provided that charged species of suitable size
can be forced to travel along the helical, aromatic channel.

The singularity of the supramolecular self-assembly of
dipeptide1 molecules, together with the unusually large
diameter of the supramolecular helix and the high porosity
of the crystal, make this 3D structure very significant. Quite
recently, the non-protected Phe-Phe sequence has been
shown to form nanostructures in the solid state,16 highlighting
the ability of aromatic homo-dipeptides to self-assemble into
well-ordered structures in the nanometric scale. The results
described herein on the terminally protected, heterochiral,

homo-dipeptide1, incorporating a restricted Phe analogue
with two phenyl groups,11 further support the view that
aromaticity might be instrumental in dictating peculiar self-
assembling properties to short peptides.
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