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Pore-forming proteins, peptides, and their remodeled struc-
tures perform diverse biological and biologically inspired
functions. These include the formation of viral helical coats[1a]

and transmembrane channels,[1b,c] mediation of protein fol-
ding,[1d] reversible encapsulation,[1e] stochastic sensing,[1f] as
well as pathogenic[1g] and antibacterial[1h] activity. Synthetic
strategies to obtain porous or tubular supramolecular assem-
blies have been elaborated.[2] However, only several synthetic
supramolecular pore structures are stable in solution and in
solid state.[3] Recently, we reported a class of amphiphilic
dendritic dipeptides (amphiphilic dendrons functionalized at
their apex with a dipeptide) that self-assemble both in
solution and in bulk into supramolecular helical pores.[4a] A
trans conformation of the dendron is required to mediate self-
assembly and to provide a new hydrogen-bonding mechanism
of a parallel and partially interdigitated array of dipeptides.
This conformation is selected by a solvophobic solvent[4a] or in
solid state by the microsegregation of the aliphatic and
aromatic parts of the dendron. It has also been suggested that
the stereochemistry of the peptide determines the sense of the
helical pore.[4]

Herein, we report that the structure of the helical porous
structure self-assembled from dendritic dipeptides is pro-
grammed by the stereochemistry encoded in the dipeptide. A
combination of solution and solid-state analysis techniques
together with molecular modeling has been used to provide
the sequential pathway to this self-assembly process that
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seems to operate by allosteric[5] control. The dendritic
dipeptide used in these investigations is (4-3,4-3,5)12G2-
CH2-X, in which X=Boc–l-Tyr–l-Ala–OMe, Boc–d-Tyr–d-
Ala–OMe, Boc–l-Tyr–d-Ala–OMe and Boc–d-Tyr–l-Ala–
OMe, and Boc= tert-butoxycarbonyl.

In a previous communication,[4a] we reported the
self-assembly of an l-l dendritic dipeptide in solvo-
phobic solvents[2f, 6a,6b] such as cyclohexane and deuter-
ated cyclohexane by a combination of 1H NMR
spectroscopy, UV/Vis and circular dichroism (CD)
techniques. Small- and wide-angle X-ray diffraction
(XRD) experiments were carried out on powder and
oriented fibers obtained from the porous structures
assembled from l-l, d-d, l-d, d-l, and from the
racemic dendritic dipeptides. The pore diameter
(dpore) was computed for all samples from XRD
data[4a,b] at temperatures between 71 and 75.4 8C in
their 2D hexagonal columnar liquid-crystal phase.
XRD experiments on oriented fibers concluded that
the amphiphilic dendron mediates the self-assembly
into a helical structure, the helical sense of which is
endowed by the stereochemistry of the Tyr residue.
This mechanism is related to other examples in which a
stereocenter determines the twist sense of racemic
helical structures,[6a–e] as suggested by the ground-
breaking work of Green et al.[6e] However, the assem-
bly of our system differs from published examples in

which a stereocenter induces helicity in an achiral tubular
assembly[2g] and in other supramolecular structures.[6f] It is
also the dipeptide part of the dendron apex that directs the
self-assembly into porous[4a] rather than closed supramolec-
ular columnar structures.[7] However, the role of the stereo-
chemistry of Ala, the potential cooperativity between the
stereochemistry of Ala and Tyr, the structure of the dendron
in the supramolecular assembly, and the stability of the
porous structure at various temperatures are important
mechanistic questions that were not previously addressed.[4a]

The CD data of l-l, d-d, l-d, and d-l dendritic dipeptides
obtained at different temperatures during their self-assembly
in cyclohexane are compared in Figure 1. In all cases, only the
weak positive or negative Cotton effect associated with the
molecular solution of a dendritic dipeptide[4a] is observed
above 30 8C (inset in Figure 1). Below 30 8C the dendritic
dipeptides self-assemble into helical porous columns, and
their CD data are associated with the aromatic part of the
helical supramolecular dendrimer as demonstrated by wide-
angle XRD on oriented fibers[4a] (Figure 2), and by CD and

Figure 1. CD spectra (1.6 @ 10�4
m in cyclohexane) of a) (4-3,4-3,5)12G2–CH2–Boc–l-Tyr–

l-Ala–OMe; b) (4-3,4-3,5)12G2–CH2–Boc–d-Tyr–d-Ala–OMe; c) (4-3,4-3,5)12G2–CH2–
Boc–l-Tyr–d-Ala–OMe; d) (4-3,4-3,5)12G2–CH2–Boc–d-Tyr–l-Ala–OMe. The arrows indi-
cate temperature increases. Insets: 30–60 8C.
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UV/Vis spectra of model dendrons with and without dipep-
tide stereocenters (Supporting Information). The CD data of
l-l with d-d, and of l-d with d-l dendritic dipeptide
assemblies show respective mirror-image Cotton effects.
However, the CD results of l-l and d-d are different from
those of l-d and d-l. This structural difference observed by
CD is supported by the XRD patterns obtained from aligned
samples (Figure 2). The XRD of l-l is similar with that of d-d
while that of l-d to that of d-l derived porous structures. The
k diffraction of l-d and d-l is sharper than that of l-l and d-
d. In l-l and d-d, k is most likely overlapped with the
i diffraction (Figure 2).
The difference between the CD of the l-l/d-d pair and

those of the l-d/d-l pair indicates that the stereochemistry of
Ala also plays an important role in the programming of the
supramolecular pore structure. These different CD data are
generated by various modes of intramolecular and intermo-
lecular dendron arrangements in the helical porous structure
that are induced by dipeptide stereochemistry.
To quantify the role of the stereochemistry of Tyr and Ala

we used both small- and wide-angle XRD to investigate the
structure of the supramolecular pore. The temperature-
dependence of the column (dcol) and pore (dpore) diameters

[4a,b]

is shown in Figure 3 for all combinations of dipeptide
stereochemistry (XRD data provided in the Supporting
Information). Regardless of the dipeptide stereochemistry,
the supramolecular assemblies exhibit a glass transition (Tg)
at 57 to 60 8C, followed by the 2D columnar hexagonal phase
that becomes an isotropic liquid at 94 8C for l-d and d-l, and
at 96 8C for l-l and d-d.[4a] Within experimental error, both

dcol and dpore are temperature-dependent above Tg and
temperature-independent below Tg (Supporting Informa-
tion). There are two messages provided in Figure 3. The
large slopes of dcol and dpore temperature-dependence above
Tg and below the isotropic state introduce large errors in the
estimation of the role of stereochemistry on pore structure in
this temperature range. However, the constant values of dpore
and dcol below Tg provide access to a quantitative structure
analysis in the temperature range of interest for practical
applications. As can be observed in Figure 3b, the stereo-
chemistry of the dipeptide influences dpore. Within the
experimental error of the XRD method[4a,b] and of the
enantiomeric purity of the Tyr and Ala used (Supporting
Information), dcol and dpore of l-l are equal to d-d and the
respective values for l-d are equal to d-l.A combination of
small- and wide-angle XRD results, molecular modeling, and
simulation experiments together with density data[4a] was used
to create the structure of the porous columns below Tg.
Figure 4 indicates that the helical sense of each column is
determined by the stereochemistry of Tyr. The cross-section
of the porous columns is illustrated in Figure 5. These cross-
sections show that within experimental error, the internal
structure obtained from l-l is identical to that obtained from

Figure 2. X-ray diffraction patterns of aligned fibers collected at 23 8C
from the dendritic dipeptides l-l, d-d, l-d, and d-l. i= short-range hel-
ical feature of dendron at �4.5 F, j=dendron tilt �608, k=5-F regis-
try along the column axis feature.

Figure 3. Influence of dipeptide stereochemistry and temperature on
a) column diameter and b) pore diameter.

Zuschriften

6676 www.angewandte.de � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2005, 117, 6674 –6679

http://www.angewandte.de


the d-d dendritic dipeptide, whereas that of l-d is similar to
d-l. In all cases, the internal structure of the pore is
hydrophobic.
The mechanism responsible for the construction of the

pore can be envisioned by inspecting the dendritic dipeptide
conformations from the supramolecular structures presented
in Figure 4 and 5. Fragments of these dendritic dipeptide
conformations containing only the benzyl ether dendritic unit
attached to Tyr are compared in Figure 6 (the complete
dendritic dipeptide conformations are in the Supporting
Information). In all stereoisomers, the hydroxyphenyl group
of Tyr is in an anti conformation with respect to the Boc
group, whereas the dendron is syn. The orientation of the
tetrahedral carbon atom of the Tyr stereocenter determines
the dendron sense and therefore the handedness of the helix.
To create a larger pore size with the stereochemistry of l-Tyr–
d-Ala and d-Tyr–l-Ala, the methyl group of Ala must be
located in the inner part of the pore, whereas in the case of l-
Tyr–l-Ala and d-Tyr–d-Ala the methyl ester group of Ala is
in the inner part of the pore. This model suggests that the
stereochemistry of the dipeptide influences the conformation
of the dendron, which in turn determines the conformation of
the Ala part of the dipeptide. This cooperative process[4a]

resembles a primitive allosteric control mechanism.[5]

The cooperativity between the stereochemistry of Tyr and
Ala seems to be required to switch the overall conformation
of the dendritic dipeptide and therefore, to determine the
internal hydrophobic structure of the pore below Tg. The
parallel and partially interdigitated arrangement of peptides
in the pore[4a] facilitates the formation of the hydrogen-
bonding network structure shown in Figure 7. This structure

can be divided in two main types of hydrogen-bonding
networks. The first is the bonding network inside one layer
indicated by j–k or l–m. This is the most important for the
stability and order of the supramolecular assembly. These
directional in-layer hydrogen bonds are responsible for the
translation along the column axis from one unit to the
proximal neighbors. This translation step is controlled both by
the dipeptide and by the dendron size. The in-layer network is
independent on dipeptide stereochemistry and creates a j–k–
j–k–j–k… or l–m–l–m–l–m… helical pattern (Supporting
Information). The second hydrogen-bonding network is
programmed by dipeptide stereochemistry containing the
hydrogen bonds between nth to n� 12th units. For l-Tyr–l-Ala
and d-Tyr–d-Ala, the oxygen atoms of Ala do not participate
in any hydrogen bond, whereas for l-Tyr–d-Ala and d-Tyr–l-
Ala, the Ala oxygen atoms create the second cross-layer
network of hydrogen bonds.

l-Tyr–l-Ala and d-Tyr–d-Ala supramolecular structures
have a smaller pore size than l-Tyr–d-Ala and d-Tyr–l-Ala,
which indicates that the Ala stereochemistry affects the pore

Figure 4. Molecular models of the helical porous columns constructed
from XRD, molecular modeling, and density data showing the influ-
ence of dipeptide stereochemistry on the helical sense of the column.
For simplicity, the alkoxy groups of the dendrons were replaced with
methoxy groups.

Figure 5. Influence of dipeptide stereochemistry on the cross-section
structure of the hydrophobic pore and dpore below Tg: l-l,
dpore=13.4�1.2 F; d-d, dpore=14.0�1.2 F; l-d, dpore=14.6�1.4 F; d-l,
dpore=15.6�1.4 F (white=methyl groups of Ala, blue=methyl groups
of Boc, red=oxygen atoms, green=N�H of dipeptides, gray=other
carbon atoms). These structures were obtained as cross-sections of
the columns from Figure 4. For simplicity, the dendrons are not
shown.
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size. At the same time, there is a slightly larger distance
between layers for the latter two (see the 5-A registry feature
in Figure 2). These two results are reflected in dipeptide
conformation (Figure 7), with the Ala upper region oriented
perpendicular to the column axis for the l-Tyr–l-Ala or d-
Tyr–d-Ala, and parallel to the column axis for l-Tyr–d-Ala or
d-Tyr–l-Ala. The supramolecular helical hydrogen-bonded
structure between k–j and l–m is shown in Supporting
Information together with the inner and outer regions of
the pore (the other cross-layer hydrogen bonds have been
omitted for simplicity).
In conclusion, we report herein the first synthetic example

of a helical porous supramolecular structure self-assembled
from a hybrid dendritic dipeptide in which the internal
structure is programmed by the stereochemistry of the
dipeptide. The amphiphilic dendron is responsible for the
assembly of the dipeptide into a parallel and partially
interdigitated porous structure.[4a] The stereochemistry of
Tyr selects the sense of the helical porous structure. However,
the stereochemistry of the entire dipeptide determines the
overall arrangement of the dendron in the supramolecular
structure, which in turn determines the conformation of the
dipeptide and the structure and diameter of the pore in a
cooperative process. This supramolecular porous structure is
stable over a broad range of temperatures, has a constant dpore
below Tg and represents the first example of a supramolecular
dendronized tubular polymer[7,8] exhibiting a 3D structure[9]

that is stereochemically programmed. Allosteric regulation[5]

seems to be operating in this process. This self-assembly

concept expands the synthetic capabilities of dendrimers and
dendrons.[10]
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