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We report herein the discovery of a new class of noncovalent
polymers[1] that form helical nanotubes in nonpolar solution
and in the solid state. These structures are simple to prepare,
they possess a uniform core with the potential to bind a
variety of guests, and they display externally a range of side
chains that currently are derived from amino acid residues.
The structural requirements defined by the results detailed
below are simply a N,N’-dimethylnaphthalenediimide with a
pendant carboxylic acid.

The synthesis of compounds 1–7 was carried out by using
microwave dielectric heating of reaction mixtures containing
1,4,5,8-naphthalenetetracarboxylic anhydride and the corre-
sponding amino acid under the conditions previously
reported by us (see Scheme 1 and the Supporting Informa-
tion).[2]

Structural proof for compound l-1 came from X-ray
diffraction analysis of the crystals grown by slow evaporation
from a dichloromethane solution of l-1 (Figure 1).[3] This
compound crystallizes in the P31 space group in which the
amino acid side chains adopt a syn geometry with respect to
the naphthalenediimide (NDI) plane. This geometry allows
three S-trityl groups of three different molecules to interdig-
itate and the carboxylic groups of l-1 to dimerize through two
strong intermolecular hydrogen bonds (O1’H···O2’’, 2.61 3,
1618 and O1’’H···O2’, 2.63 3, 1618). Closer inspection of the
crystal structure reveals that l-1 assembles in a hydrogen-
bonded nanotubular supramolecular structure, in which NDI
cores i and i+ 3 are coplanar with each other, forming the
walls of the nanotube (Figure 2, Scheme 2). This structure is
reinforced by two weak C�H···O hydrogen-bond interactions
(C10H···O2, 3.16 3, 1428 and C4H···O4, 3.15 3, 1438) per

unit, again formed between NDIs i and i+ 3 that form the
walls of the nanotube. In this arrangement, the angle between
the central N1–N2 axis of the NDI core and the central axis of
the nanotube is 608, whereas the distance between two
sequential aromatic cores is on average 4.8 3. The inner
diameter of the nanotube is on average 12.4 3 and it contains
diffused water molecules.

An important feature of this assembly is the uniform
supramolecular stereochemistry of the nanotubes. As
depicted in Scheme 2, compound l-1 has the R,R absolute
stereochemistry at the two stereocenters provided by the
amino acid side chains, and it assembles in the solid state
uniformly into M-helical nanotubes throughout the crystal-
line lattice. Chiroptical solution studies of l-1 confirm that the
helical structure observed in the solid state was maintained in
aprotic solvents such as chloroform. Comparing the CD
spectra (Figure 3), it can be seen that although l-1 (blue

Scheme 1. Amino acid NDI derivatives. Boc= tert-butyloxycarbonyl,
Bzl=benzyl, Trt= trityl.

Figure 1. Side and top views of the crystal packing of l-1. Thermal
ellipsoids are scaled at the 50% probability level. Most of the hydrogen
atoms and water molecules have been removed for clarity.

Figure 2. Side and top views of the hydrogen-bonded nanotubular
structure formed by l-1. Thermal ellipsoids are scaled at the 50%
probability level. Most of the hydrogen atoms, water molecules (a, b),
and CH2Cl2 molecules (a) have been removed for clarity.
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trace) and 4 (orange trace) have similar behavior between
250–300 nm, l-1 displays a strong Cotton effect above 300 nm
that corresponds to the UV/Vis absorption of the NDI core.
This can be ascribed to the formation of a chiral supramolec-
ular structure like that observed in the solid state, in which the
NDI units are arranged in such a way that gives rise to an
induced Cotton effect (ICD) with a maximum at 383 nm.

Furthermore the R,R (l-1) and the S,S (d-1, red trace)
enantiomers have opposite CD behavior, indicating the
formation of a supramolecular structure with similar geom-
etry but opposite chirality. The molar ellipticities of l-1 and
d-1 in anhydrous CHCl3 were around �9.5 < 104 and + 9.5 <
104 degcm2dmol�1 at 383 nm, respectively.

The chiroptical properties of compounds l-2, d-2, l-3, and
d-3 were also examined by CD measurements (see the
Supporting Information). The molar ellipticites in anhydrous
CHCl3 at the maximum ICD are 3 < 104 and
4< 104 degcm2dmol�1 for l-2 and l-3, respectively, and �3 <
104 and �4< 104 degcm2dmol�1 for d-2 and d-3, respectively.

Proof for the hydrogen-bonded supramolecular nature of
the helical nanotubes came from the CD spectrum of a CHCl3
solution l-1 in the presence of 500 equivalents of methanol
(green trace): this is identical with the spectrum of 4, a
reference compound that cannot form hydrogen-bonded
structures (see the Supporting Information). This indicates
the destruction of the supramolecular structure upon addition
of a protic solvent capable of hydrogen-bond interactions.
Similar results were obtained for compounds d-1, l-2, d-2, l-3,
and d-3. This supports the idea that regardless of the nature of
the amino acid side chain, these compounds form supramolec-
ular nanotubes through a network of hydrogen bonds.

The formation of the helical nanotubular structures is
independent of the symmetry of the substitution pattern on
the NDI core as demonstrated by the CD spectra of the three
unsymmetrical derivatives, 5–7 (Figure 4). The molar elliptic-
ities for the unsymmetrical compounds are
8 < 104 degcm2dmol�1 for 5, 2 < 104 degcm2dmol�1 for 6 in
the presence of 300 equivalents acetone, and
4.5 < 103 degcm2dmol�1 for 7 in the presence of 1000 equiv-
alents acetone, in dry CDCl3; the acetone was added for
solubility reasons.

There is consistency in the supramolecular chiral induc-
tion: l-1, l-2, l-3, and 5–7 all give CD spectra of the same
sense, showing that an l-amino acid derivative of NDI will
form, in aprotic solvents, an M-helical nanotube, whereas the
d derivative will form the P nanotube. The persistence of ICD
at concentrations as low as 7.4 < 10�6

m confirms that carbox-
ylic acid hydrogen bonding is augmented by additional
interactions, presumably those observed in the solid state.

Scheme 2. Representation of self-assembled nanotubes composed of NDI units.
The arrows indicate the direction of the nanotube assembly.

Figure 3. CD spectra of l-1, d-1, and 4 in CHCl3 solution and of l-1 in
CHCl3 in the presence of 500 equivalents of MeOH (green trace).
Black trace: UV/Vis spectrum of l-1 in CHCl3 (4.6G10�5

m).

Figure 4. CD spectra of 5 and 6 in the presence of 300 equivalents of
acetone in CHCl3 solution.
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The unsymmetrical compounds 5–7 were probed by
2D NMR spectroscopy. Figure 5 shows a section of the
ROESY spectra of [D8]toluene (a) and [D4]methanol (b)
solutions of 5. In [D8]toluene, the CH3 signal of the cysteine S-
tert-butyl group (1.2 ppm) is connected with the phenyl CH
protons (7.2–7.1 ppm) of the O-benzyl group of the serine

residue; this indicates spatial proximity of the two protons,
which is possible only if in the supramolecular structure a
hetero cysteine–serine carboxylic dimer is formed (Figure 5).
Of the two possible arrangements in which such interactions
appear, the unsymmetrical formation is most likely to be
present in solution as the cysteine S-tert-butyl CH3 protons are
split into two singlets in a 2:1 ratio.[4] In [D4]methanol, the CH3–
phenyl CH connectivity was not present and the cysteine S-tert-
butyl CH3 signal appeared as a singlet, supporting an isotropic
environment for these protons. These two observations provide
a strong evidence for the presence of a monomeric species in
protic solvent. Similar results were obtained from the ROESY
spectra of 6 and 7 in [D6]acetone and [D4]methanol, respec-
tively (see the Supporting Information).

We have demonstrated the formation of amino acid
derived NDI hydrogen-bonded supramolecular organic nano-
tubes both in solution and in solid state. The chirality of the
nanotubes is determined by the constituent amino acid, but is
independent of the nature of the side chains. The field of
nanotube research that has so far embraced single-walled
carbon nanotubes,[5] organic nanotubes based on cyclic
peptide oligomers,[6] nucleobases,[7] ureas,[8] carbohydrates,[9]

calix[4]hydroquinones,[10] calixarenes,[11] and p-stacked
assemblies[12] is expanded by these new easy-to-synthesize

helical nanotubes. These compounds represent a major
advance in this field, not only through their synthesis and
formation independent of the amino acid sidechains, but also
by being versatile in their room for structural variation and
side chain decoration on the surface in a manner reminiscent
of phage display. Currently we are investigating possible
applications for these new materials.
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Figure 5. Section of the ROESY spectra of [D8]toluene (a) and
[D4]methanol (b) solutions of 5. The top graphic depicts the top view
of the two possible 5 nanotube arrangements.
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