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Abstract: The supramolecular aggregation properties of new prototypes of artificial amphi-
philes consisting of fullerene or calixarene building blocks serving as platforms for the con-
nection of hydrophobic and dendritic hydrophilic groups are reported. Very water-soluble
monoadducts of Cg carrying a defined number of negative charges at a given pH were hy-
bridized with cationic porphyrins including cyctochrome C and investigated with respect to
photoinduced electron transfer. Fullerene adducts with dendritic deprotected sugar addends
self-assemble to supramolecular sugar balls in water with a narrow size distribution of the
micelles of around 4 nm. Various examples of cone- or T-shaped amphiphiles involving cal-
ixarene and fullerene cores self-organize to the first examples of shape-persistent micelles
whose supramolecular arrangement in water has been determined with unprecedented preci-
sion based on the analysis of cryo-transmission electron microscopy (TEM) investigations.
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Within the last 15 years, molecular carbon allotropes such as the fullerenes have been established as
valuable building blocks for the construction of new molecular and supramolecular architectures and as
components for functional materials [1]. The most intensively studied representative is buckminster-
fullerene Cg,, which can be produced on the ton scale. The highly symmetrical 1t-conjugated carbon
cage (Fig. 1) exhibits a variety of unprecedented structural, electronic, chemical, and biomedical prop-
erties [1]. Exohedral addition chemistry provides a means for further modification of the property pro-
file and for its combination with those of other compound classes. A large number of exohedral func-
tionalization methods such as additions of nucleophiles and radicals as well as cycloadditions to the
[6,6]-double bonds of the fullerene framework have been discovered [1]. It is especially important to
achieve control over the regioselectivity of multiple additions by applying, for example, template- or
tether-controlled functionalization concepts [2—13]. As a consequence, a large number of fullerene de-
rivatives with stereochemically defined architectures can be made available. Many of these systems
have been used in various applications such as the development of neuroprotective drugs and as com-
ponents for photovoltaic devices [1].

*Paper based on a presentation at the 12! International Symposium on Novel Aromatic Compounds (ISNA-12), 22-27 July 2007,
Awaji Island, Japan. Other presentations are published in this issue, pp. 411-667.
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Fig. 1 Schematic representation of Cg, tube model (top) and VB structure (bottom) with length of the two types
of bonds ([6,6]-double bonds and [5,6]-single bonds).

One or several successive nucleophilic cyclopropanations of the [6,6]-double bonds represent an
especially attractive method for the chemical functionalization of fullerenes (Scheme 1) [14]. Like in
all addition reactions, the driving force is the reduction of strain energy introduced by the pyramidal-
ization of the “sp%”-C-atoms of the parent fullerenes [2]. The advantage nucleophilic cyclopropanations
have over many other exohedral functionalization methods is that mild reaction conditions tolerating
many functional groups can be applied and in most cases the reaction products can easily be isolated
and structurally characterized [1,14].

Scheme 1 Nucleophilic cyclopropanation of a [6,6]-double bond of Cg,.
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Water-soluble adducts of Cg, are of interest because of their interesting biomedical properties
such as high reactivity against toxic reactive oxygen species (ROS) and anti-HIV activity [15-18]. In
order to achieve water-solubility of mono-cyclopropanated fullerenes, very polar hydrophilic side-
chains have to be introduced [19-20]. An example is dendrofullerene 1, which is the most water-solu-
ble (254 mg/mL at pH = 10) fullerene adduct synthesized so far [21]. It contains two Newkome-type
2G-dendrons in the side-chains bearing altogether 18 carboxy termini. Upon changing the pH value, the
degree of deprotonation can be tuned. Titration experiments reveal that at pH = 7.4 a total of 16 nega-
tive charges are present. Dendrofullerene 1 as well as related water-soluble adducts like 2-12 exhibit
pronounced neuroprotective properties both in vitro and in vivo as exemplified by extensive investiga-
tions using zebrafish embryo models [22]. Next to biomedical properties of water-soluble fullerene de-
rivatives, photophysical and materials properties are of interest, since a derivative such as 1 can be con-
sidered as an amphiphilic redox-active oligo-electrolyte. The redox-activity is provided by the Cg, core,
whose monoaddition pattern still resembles the remarkable electronic properties of the parent fullerene.
At the same time, the fullerene framework serves as the hydrophobic part of the amphiphilic architec-
ture. The hydrophilic dendritic part provides a defined number of negative charges at given pH.
Demonstration of the photophysical properties of 1 was provided by the formation of electrostatically
assembled donor—acceptor dyads, where cytochrome C, an eightfold positively charged redox-protein
involving a heme-group, served as the electron donor (Fig. 2). The association constant K, = 3.1 X 103
M-! of the electrostatic binding to the oppositely charged redox-systems was determined by fluores-
cence titration experiments [23]. After irradiation, photoinduced electron transfer from the cytochrome
C to the fullerene takes place. The lifetime of the charge-separated state 7= 1,8 s was determined by
time-resolved absorption spectroscopy. This concept of electrostatically assembled donor—acceptor hy-
brids was extended for the hierarchical build-up of redox-active oligoelectrolytes by the layer-by-layer
(LBL) assembly method [24-25]. Using cytochrome C or charged tetraphenyl porphirins as electron
donors and 1 or related fullerenes as electron acceptors, it was possible to generate photovoltaic devices,
where both a redox- and photonic gradient was established for efficient light-harvesting and subsequent
generation of charge-separated states.
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Fig. 2 Schematic representation of a photoinduced electron transfer in an electrostatic complex between 1 and
cytochrome C formed at pH = 7.4.

The first example for a very water-soluble, fullerene-based amphiphile carrying non-ionic ad-
dends is the Cg glycoconjugate 13 [26]. This fullerene sugar contains two dendritic mannopyranosides
that are connected through two adjacent imino bridges to the all-carbon framework. In this adduct type
of Cg, which represents a 1,9-dihydro-1a-aza-1(2)a-homo(Cgy-1;) [5,6]fullerene derivative, the entire
60-mt-electron system of the fullerene core is retained. The amphiphilic nature of 13 with its cone-
shaped structure forces the formation of small supramolecular aggregates in aqueous solutions to shield
the hydrophobic fullerene units from the water subphase. Diffusion-ordered NMR spectroscopy
(DOSY) and transmission electron microscopy (TEM) investigations reveal micellar sugar balls with an
extremely narrow size distribution of around 4 nm.
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The concept of amphiphilic fullerenes can considerably be extended, taking advantage of multi-
ple additions in a geometrically defined way. An appealing motif is represented by hexakis adducts of
Cyp involving a T} -symmetrical octahedral addition pattern (Fig. 3) [27]. Considering that numerous
constitutional isomers could in principle be formed during the sixfold addition, the one-pot synthesis of
such highly symmetric C, derivatives in remarkably high yields was a major breakthrough in exo-
hedral fullerene chemistry. The key point was the pretreatment of Cy, with dimethylanthracene, which
undergoes reversible [4+2]-cycloadditions to the fullerene core favoring the thermodynamically pre-
ferred octahedral addition patterns [3]. Binding of malonates to the preferred unoccupied octahedral
sites and replacement of dimethylanthracene addends is the second step in the reaction sequence. In this
way, many examples of hexakisadducts, including those containing a combination of different kinds of
malonates, have been prepared in high yields and large quantities.

K
<y’¥>

Fig. 3 Schematic representation of the 7} -symmetrical addition pattern realized in an octahedral hexakisadduct of

Cqo-

One example is the amphiphilic mixed [5:1]-hexakisadduct 14 with C, -symmetry (Fig. 4), where
one hydrophilic malonate addend is bound to the north-pole and five apolar malonates containing
C12-chains are connected to the equator and the south-pole [29]. The aggregation behavior of these ar-
tificial lipids in water was studied by freeze-fracture- and cryo-electron microscopy revealing a wide
variety of objects, the fine structure of which is invariably based upon the same structural principle,
namely, the formation of double-layer membranes. The dominant structures are vesicles (“bucky-
somes”) of dimensions ranging between 50 and 400 nm. The overall thickness of the corresponding
double-layers was determined as about 7 nm.

5:1
C2V

Fig. 4 Addition motif in a mixed C, -symmetrical [5:1]-hexakisadduct of Cy,.
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Compared to normal vesicles composed of glycerol-based lipids, the buckysomes are character-
ized by the presence of a large number of peripheral carboxylic groups, which can be further function-
alized without losing the aggregation properties. Moreover, the assembly and disassembly can be in-
fluenced by the pH value. As shown, for example, with monolayers of 14 assembly to membranes is
favored at low pH and disfavored at high pH, where electrostatic repulsion between the deprotonated
carboxylic groups and incorporation of solvated counterions into the dendritic branches is getting im-
portant [29]. Both features, facile membrane functionalization (e.g., biocompatibilization) and pH-de-
pendent assembly and disassembly, make these buckysomes interesting candidates for new drug-deliv-
ery vehicles.

As pointed out above, when dissolved in water the fullerene sugar 13 leads to the formation of
small micelles with a narrow size distribution, whereas the amphifullerene 14 predominantly afforded
double-layer liposomes. The major geometrical difference between these two amphiphiles is the over-
all shape. Whereas 13 has a conical shape, the hexakisadduct 14 exhibits a much more balanced struc-
ture. Here, the hydrophobic and -philic parts occupy similar space, which allows for an even alignment
of the molecules in extended double-layer membrane arrangements. The conical shape of 13, however,
forces the amphiphile to self-organize into small micelles. Only in this way can a dense packing opti-
mizing all kinds of contributing noncovalent interaction (in particular, solvophobic and van der Waals
interactions) be realized. Indeed, it has been predicted that very small aggregates of high curvature re-
quire cone-shaped amphiphiles that involve sterically demanding and charged head-groups and a con-
siderably smaller hydrophobic part [30]. All micelles investigated so far are loose, mostly spherical ag-
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gregates. They are short-lived dynamic species, which rapidly disassemble and reassemble. Only the av-
erage shape and aggregation number (n) could have been determined in classical micelles. The design
of new artificial amphiphiles that give rise to precisely defined and stable micelles is a challenge. The
information determining the specific assembly must be encoded in the molecular structure of the am-
phiphiles. Our idea was to develop an amphiphile with a rather unusual T-shaped structure, which at the
same time is comparatively rigid. A rigid T-shaped amphiphile would not have the possibility to form
extended double-layer membranes, because no dense packing of the molecules optimizing, for exam-
ple, van der Waals interactions can be achieved. Instead, the formation of rather curved micellar object
is expected. Moreover, these objects should be comparatively rigid since the uneven shape of the con-
stituting amphiphiles will not allow free and unrestricted motion within and in-between micelles.

These structural requirements are combined in the amphiphilic dendro-calixarene 15, which was
obtained in a multistep synthesis from readily available starting materials [31]. It readily dissolves in
water (23 mg/mL at pH 7.2) at room temperature. The aggregation behavior of 15 was investigated by
pulse gradient spin-echo (PGSE) NMR spectroscopy, by encapsulation experiments, and by cryo-TEM.
Most importantly, cryo-TEM micrographs of 15 (Fig. 5) revealed a very defined internal structural pat-
tern, which was even amenable for advanced image-processing procedures (alignment, classification),
as well as 3D reconstruction (Fig. 6). This is an established method for the 3D structure determination,
for example, of proteins [32]. Extracted images of individual single aggregates corresponding to iden-
tical spatial orientations (identical Euler angles) could thus be identified, extracted, aligned, and
summed up to eventually yield class-sum images with an enhanced signal-to-noise-ratio.

Fig. 5 Representative electron micrograph of micelles of 15 in vitreous ice (bar is 50 nm). M. Kellermann et al.
Angew. Chem., Int. Ed. 43, 2959 (2004). Copyright Wiley-VCH Verlag GmBH & Co. KGaA, reproduced with
permission.

© 2008 IUPAC, Pure and Applied Chemistry 80, 571-587



580 A. HIRSCH

15

Figure 6 (top) shows a gallery of selected class-sum images out of a total of 180, which were used
for the final 3D reconstruction. It turned out indeed that a micellar structure of unprecedented defini-
tion has been found. The reconstruction appears as a hollow spherical cage of about 7.5 nm diameter
with a specific pattern of surface penetrations (Fig. 6). The head-groups are homogeneously distributed
over the micelle surface as a result of nonlinear repulsive forces. It has been proven that the hydrophobic
chains of amphiphiles tend to be disordered in supramolecular aggregates [33]. This fact might explain
why density information in the reconstruction, corresponding to the interior hydrophobic core, is aver-
aged out by the image-processing procedure. Structural information from flexible nonisomorphic apo-
lar hydrocarbon chains is, therefore, lacking in the reconstruction. The reconstructed structure infor-
mation is assumed to exclusively correspond to the spatially defined comparatively rigid head-groups
of the calixarenes. Visual 3D fitting by using the low-energy conformer of the calixarene head-group
(Fig. 6) showed that exactly seven molecules can be precisely accommodated in the reconstructed den-
sity map. The best fit revealed a surprisingly unusual packing of seven molecules with C, symmetry:
Two molecules are intercalated in such a way that one polar wing of the T-shaped molecule is located
between the two polar wings of a second molecule. Two such “dimers” are almost exactly oriented op-
posite to each other. The distance corresponds to a typical bi-layered arrangement (6.7 nm). Three more
molecules form additional clip-like connections in such a manner that the hydrophobic edges of the
dimers are shielded. The structure is so robust and stable that if the solvent is entirely removed from the
sample before imaging, the structural pattern can still be reconstructed in exactly the same manner as
described above. Next to the T-shaped structure of the amphiphiles which induces pronounced back-
folding, the specific arrangement of the partially intercalated charged head-groups reduces flexibility
within the aggregate, for example, by hydrogen bonding, which is probably solvent-mediated. Specific
directional interactions of the head-groups thus stabilize a defined structural pattern with typical surface

© 2008 IUPAC, Pure and Applied Chemistry 80, 571-587



Shape-persistent micelles 581

“front” —_— “side” — “bottom”

Fig. 6 (Top) Row 1 shows class averages representing different spatial views of the micelles of 15. Reprojections
(row 2) into the 3D volume (row 3) illustrate the fit with the experimental data (bar is 5 nm); (middle) stereo view
of the iso-surface rendered 3D structure (bar is 2.5 nm); (bottom) C,-symmetrical arrangement of seven molecules
15 (head-groups) fitted into the EM density map. M. Kellermann et al. Angew. Chem., Int. Ed. 43, 2959 (2004).
Copyright Wiley-VCH Verlag GmBH & Co. KGaA, reproduced with permission.

penetrations, in contrast to classical detergent micelles, in which nonlinear repulsion forces determine
a fluid-like molecular organization.

In order to develop a second example of a comparatively rigid amphiphile, which is suitable for
the formation of shape-persistent micelles, we modified the molecular architecture of the amphi-
fullerene 14, which prefers to form buckysomes instead of micelles. It turned out that just a minor mod-
ification caused significantly different self-assembly properties in water. Instead of connecting the polar
dendritic head-groups via ester linkages, we synthesized the related amphifullerene 16 involving the
corresponding amide connections, resulting in enhanced rigidity [34].

© 2008 IUPAC, Pure and Applied Chemistry 80, 571-587
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16

When 16 was examined by cryo-TEM at neutral pH in water (phosphate buffer, pH 7.2), pre-
dominantly rod-shaped aggregates with a double-layer ultra-structure were found. The diameter of
these rods is 6.5 nm, whereas the length is strongly variable and exceeds the diameter considerably. In
addition, a few globular aggregates with a diameter of about 8.5 nm were found. Significantly, when the
pH of the neutral solution was increased to roughly 9 (borate buffer, pH 9.2), those globular micelles
with a diameter of about 8.5 nm were found exclusively. Now, these globular micelles also show a dis-
tinct internal structure, and it was possible to determine the 3D organization from the image data. Based
on a simulated conformation of 16 in its completely deprotonated form (Fig. 7), the globular micellar
structure was constructed from eight molecules in a C,-symmetrical arrangement. The molecular or-
ganization of this aggregate can be described best by considering two planar U-shaped structures con-
sisting of four molecules each. This molecular organization ensures a nearly spherical shape overall and
thus very efficient shielding of all hydrophobic molecule parts from the aqueous environment. As was
the case for the structurally persistent micelles derived from 15, the innermost core area of the micelle
formed by the hydrophobic alkyl chains is not reproduced in the reconstruction. Only the head-groups,
which are located easily due to the high-contrast fullerene entity, prove to be sterically persistent, thus
yielding the found structural pattern. The significant structural change when the pH is increased is ex-
plained by electrostatic repulsion of the completely deprotonated carboxy groups. Enhanced solvation
of the dendritic branches is a secondary effect.

© 2008 IUPAC, Pure and Applied Chemistry 80, 571-587
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Fig. 7 Arrangement of eight molecules of 16 in the micelle (a,b). (c) Schematic representation of the head-group
assembly: Two planar U-shaped assemblies consisting of four molecules each are displayed by 90° along their
longitudinal axes and are inserted into each other at their open ends. (d) View of (c) tilted by 90° toward the front
side. S. Burghardt et al. Angew. Chem., Int. Ed. 44, 2976 (2005). Copyright Wiley-VCH Verlag GmBH & Co.
KGaA, reproduced with permission.

In order to receive further insight into the factors that determine structural persistence, we devel-
oped the [3:3]-hexakis adduct 17 [35,36], which in contrast to the amphiphiles 15 and 16 contains three
instead of one pair of dendritic carboxylate branches. Moreover, also in contrast to 15 and 16, G1-den-
drons were employed, which results in only three instead of nine carboxylates per dendritic branch. The
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total number of charges, however, is still equal to that in compounds 15 and 16. The hydrophobic part
of 17 is represented by the trifunctional cyclo-[3]-octylmalonate addend, thus occupying only very lit-
tle space. When studying the aggregation properties of 17 by TEM, uniform spherical objects with a
diameter of about 5 nm were found (Fig. 8), which is significantly smaller than the diameter of aggre-
gates of the fullerene derivative 16 (about 8.5 nm).

Fig. 8 3D structure determination of micelles of 17. (Top) Negative staining preparation of 17 (scale bar: 50 nm).
(First row) Typical spatial views to the micelles. (Second row) The surface views show the corresponding
orientation in space as determined from class-sum images in the above representations. (Third row) Back-
projection images. B. Schade et al. Angew. Chem., Int. Ed. 46, 4393 (2007). Copyright Wiley-VCH Verlag GmBH
& Co. KGaA, reproduced with permission.

The reconstructed structure of a stained sample of 17 showed no significant differences to that
from vitrified samples (obtained by classical cryo-TEM) even upon completely removal of the water in
the vacuum of the TEM (no cryofixation). Analysis of the data revealed the existence of an inherent
ultra-structure. Volume calculations based on molecular modeling investigations indicated that rela-
tively small aggregates were formed. The 3D reconstruction, which was determined from 3973 single
particles, revealed Dy symmetry. These spherical micelles consist of three identical S-shaped motifs, in
keeping with the inherent symmetry (Fig. 9). The interpretation of the structures turned out to be un-
ambiguous owing to the combination of the assemblies’ restricted size and distinct structural features.
Based on the structural features obtained from the reconstruction, two molecules can be very well fit-
ted into each of the three S-shaped patterns. Interestingly, each dendritic branch interacts with only one
nearest-neighboring branch. This is facilitated by the slightly tilted arrangement of the three repeat mo-
tifs. In this way, an overall spherical structure is generated, whose supramolecular arrangement allows
for the optimal efficient shielding of the hydrophobic core from the aqueous surrounding. The six

© 2008 IUPAC, Pure and Applied Chemistry 80, 571-587
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Fig. 9 Two perpendicular orientations of the electron density maps of 3D structure determination of the micelles
of 17 (top). CPK representations of the arrangement of six molecules of 17 in the micelles.

fullerene cages are organized in a compact arrangement, probably not very different from a dense
sphere packing but also includes the interacting malonic acid adducts (Fig. 9).

The new amphiphilic architectures 15-17 give rise to the formation of the first shape-persistent
micelles, whose supramolecular arrangement could be determined with unprecedented precision. We
are currently investigating the basic requirements for achieving shape persistence by synthesizing fur-
ther model amphiphiles related to 15-17 but having simpler structures. These studies will be comple-
mented by theoretical investigations. A very important task is to provide insight into the organization
of the water molecules and solvated counterions located around the micelles. All micelles contain very
large pores on the surface, but no water is located inside the micelles. This means that water itself forms
probably a very ordered structure around the pores serving as a barrier for solvent penetration. The
structural ordering might be facilitated by the solvated Na* counterions of the carboxylic groups. The
results of these systematic investigations will be reported in due course.
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