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Amphiphilic heptapyrenotides (Py,) assemble into supramolecular polymers. Here we present a
comprehensive spectroscopic study of aggregates and co-aggregates of the non-chiral Py, and its
mono- or di-substituted nucleotide analogs (Py,-N and N-Py,-N"). The data show that the formation
of supramolecular polymers from oligopyrenotides is highly sensitive to the nature of the attached,
chiral auxiliary. A single natural nucleotide may be sufficient for the fine tuning of the aggregates’
properties by changing the mechanism of aggregation from an isodesmic to a nucleation—elongation
process, which results in a high degree of amplification of chirality in the formed supramolecular
polymers. Watson—Crick complementarity does not play a significant role, since co-aggregates of
oligomers modified with complementary nucleotides show no signs of supramolecular polymerization.
Depending on the nucleotide, the helical sense of the polymers is shifted to an M-helix or a P-helix.
The findings demonstrate the value of oligopyrenotides as oligomeric building blocks for the generation

of optically active supramolecular polymers.

Introduction

Due to its self-assembling properties, DNA is one of the most
prominent biological molecules used to build multidimensional
nanostructures and nanomaterials."> Possible medical and
materials applications may be limited by the chemical and physi-
cal properties of the natural DNA building blocks. Not surpri-
singly, the quest for modified building blocks with novel
structural and electronic features is increasing.® > The control of
the structural organization of the synthetic, functional building
blocks still resides in the double helical structure. Thus, DNA
serves as a versatile scaffold in the development of different
types of materials.® '® Previous results from our group showed
that an entirely artificial section of twelve or more pyrene
2,8-dicarboxamide units embedded in a double-stranded DNA
adopts a helical organization.'”'” The negatively charged phos-
phate backbone and the DNA parts guarantee solubility in an
aqueous medium of the chimeric oligomers, despite the high
lipophilicity of the pyrene residues. In these constructs, the DNA
part facilitates the structural organization of the pyrene segments.
On the other hand, these amphiphilic oligopyrenotides®® also
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have their own, intrinsic structural features and form aggregates
via directional self-assembly.>' This observation prompted us to
carry out further investigations reducing the DNA part to a
minimum, namely one nucleotide pair, to explore if the pyrene
units still adopt a defined structure and if transfer of chirality
occurs from the nucleotide to the pyrene stacks. Heptapyreno-
tides (Py,)*> assemble into supramolecular polymers.” >’
Doping with a cytidine modified oligopyrene (Py;-C) has a
significant influence on the optical activity of helical aggregates
via a mechanism of chiral amplification.’®>? In general,
preferential helicity of columnar stacks can be realized through
the introduction of chiral peripheral substituents of the aromatic
stacking units or by use of chiral external factors, such as the
solvent, ligands or templates.?’>*’

In this article we present an extended study of aggregates and
co-aggregates of the non-chiral pyrene oligomer (Py;) and its
mono- or di-substituted nucleotide analogs (Py;-N and N-Py;-
N’). We demonstrate that a single nucleotide may be sufficient
for the fine tuning of the aggregates’ properties by changing the
mechanism of aggregation from isodesmic to nucleation—
elongation, which results in amplification of chirality in the
supramolecular polymers (Scheme 1).

Results and discussion

To investigate the influence of a single nucleotide on the forma-
tion of supramolecular assemblies, oligomers containing seven
pyrene units and one or two of the four natural nucleotides were
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Scheme 1 Influence of single nucleotides on the aggregation of oligo-
mers Py; and on amplification of chirality.
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Fig. 1 Oligomers used in the present study. Nucleotides are attached to
the oligopyrenotide via their 5'- or 3'-ends, e.g. 2, 3, 4 are cytidine-
containing oligomers (for more details see also Table 1).

synthesized (oligomers 1-13, Fig. 1 and Table 1). The nucleo-
tides were attached either via their 5'-oxygen (2, 5, 8, 11) or their
3’-oxygen (3, 6, 9, 12); oligomers 4, 7, 10 and 13 have the same
kind of nucleotide attached on each end of the heptapyrenotide.
The oligomers were investigated by absorbance, fluorescence
and CD-spectroscopy.'® Information about the degree of stacking
of pyrenes in the oligomers is provided by UV-Vis spectroscopy.
Vibronic structures are a result of reduced rotational freedom of
the pyrene molecules and are observed if the pyrene molecules
are stacked in an ordered way. Fluorescence spectra give an indi-
cation about the twisting of the pyrene units within stacks, which
appears as a characteristic blue shift of pyrene excimer emission.
The most common technique to examine chiral systems is CD-
spectroscopy. In the present case, it provides information about
the effect of a nucleotide on the formation of non-racemic, chiral
pyrene assemblies in contrast to non-chiral aggregates with a

Table 1 Pyrene oligomers wused in the study; spectroscopic
characteristics of self-aggregates and co-aggregates with oligomer 1

Aggregation
process” self/ CD-type®  Remarks”
No.  Oligomer H%“ co self/co self/co
1 Py 43 nucl. — —  —
2 Py,-C 13 isod. nucl. — 2
3 C-Py; 23 isod. nucl. 1 2
4 C-Py,-C 16 isod. nucl. — —
5 Py;-G 26 isod.  nucl. — 2™
6 G-Py, 17 isod. nucl. 2 — mf mf
7 G-Py;-G 17 isod.  nucl. 1 2m mf
8 Py;-T 28 isod. nucl. 1 —
9 T-Py;, 14 isod. isod. — @—
10 T-Py;-T 12 isod. nucl. — @ —
1 Py;-A 21 isod.  nucl. — 27
12 A-Py- 15 isod. nucl. 1 — mf mf
13 A-Py;-A 12 isod.  isod. —

“ At 245 nm upon aggregation; sodium phosphate buffer pH = 7.0,
1.0 M NaCl; 5 uM total oligomer concentration. ” Classification of
apparent process; self = self-aggregation; co indicates co-aggregation
with oligomer 1; isod. = isodesmic, nucl. = nucleation—elongation.  CD-
type 1 (see Fig. 3); CD-type 2 (see Fig. 3); CD-type 2™ (mirror image of
CD-type 2, see Fig. 3). “mf indicates that partial pyrene monomer
fluorescence was observed in addition to excimer fluorescence.

random orientation of building blocks, or a racemic mixture of
chiral aggregates.

Formation of supramolecular polymers upon aggregation of 1
was described recently.”” Self-association of the oligomers
(2-13) was studied to elucidate the influence of modification
(chiral aromatic molecules) on aggregation/assembly. Associa-
tion of oligomers with complementary bases 2*6, 3%5, 4%7,
8*%12, 9*11, 10*13 was tested by mixing the oligomers ina 1: 1
ratio in analogy to self-assembly of complementary strands in
DNA. Moreover, co-aggregation of unmodified 1 with all of its
base-modified derivatives 2—-13 was investigated. The findings
are described below.

Cytidine-modified oligomers (2, 3 and 4)

Fig. 2 shows the normalized absorbance spectra in the range of
300-425 nm for oligomers 14 (left) and the co-aggregates 1*2,
1*3 and 1*4. Vibronic structures in the absorbance spectra are
most pronounced in the case of oligomer 1, indicating that the
stacking interactions between pyrene units are strongest in this
oligomer. Co-aggregation of oligomer 1 with oligomers 2—4
shows some degree of vibronic structure. Among them, co-
aggregate 1*3 seems to be the most ordered, but less than 1
alone (1 > 1*3 > 1*2 > 1*4). In addition to exhibiting the most
resolved vibronic structure, oligomer 1 also shows the highest
hypochromism upon cooling (Table 1).

The reduction of vibronic structures after addition of one of
the nucleotide-modified oligomers indicates a decrease of the
fraction of ordered pyrene stacks. Self-aggregation of oligomer 2
shows the smallest hypochromism, meaning that attachment of a
3’-cytidine nucleotide does not support organization within the
pyrene stacks.

Temperature-dependent fluorescence spectra show a gradual
loss in pyrene excimer emission with increasing temperature
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Fig. 2 Normalized absorbance (top) and fluorescence (bottom) spectra;
left: oligomers 1 (Py5), 2 (Py;-C), 3 (C-Py~) and 4 (C-Py;-C); right: co-
aggregates of the cytidine-derived oligomers with 1 in a 1: 1 ratio. Con-
ditions: sodium phosphate buffer, pH = 7.0, 1.0 M NacCl, 20 °C; 5 uM
total oligomer concentration.

(ESI, Fig. S18%) for oligomers 2—4. In Fig. 2 (bottom) the nor-
malized fluorescence spectra of pyrene emission at 20 °C are
presented. Self-association of 1 (498 nm) and 3 (497 nm) shows
a more pronounced blue shift than 2 (503 nm) and 4 (503 nm)
relative to the excimer signals of the co-aggregates 1*2, 1*3,
1*#4, which occur at similar wavelength between 503 and
507 nm. Based on the vibronic structures (see above) and the
blue shift in pyrene excimer emission, self-aggregates of oligo-
mer C-Py- (3) seem to be most organized in the cytidine series.

The CD spectrum of oligomer 3 indicates the formation of a
chiral structure. A bisignate signal for the pyrene band centred at
340 nm is observed, with a positive Cotton effect at A = 348 nm,
followed by a minimum at A = 328 nm. At A = 270 nm, a nega-
tive signal appears followed by a more pronounced positive
signal at 240 nm. This type of CD-curve will be called CD-type
1, Fig. 3 top. Co-aggregate 1*3 shows a similar CD-effect as
described for 1*2, i.e. a bisignate signal for the pyrene band
centred at 360 nm with a positive Cotton effect at A = 373 nm
and a negative Cotton effect at 1 = 345 nm. Two negative signals
were observed at A =238 nm and A = 208 nm (called CD-type 2,
Fig. 3 bottom). Co-aggregate 1*3 showed a more intense signal
than 1%2, suggesting that a S5'-cytidine stabilizes the pyrene
aggregate better than a 3'-cytidine. Obviously, the site of attach-
ment of the nucleotide plays a role in the formation of aggre-
gates. If the pyrene oligomer is modified with a cytidine on both
sides (4), no CD-signal is observed (Fig. 3, bottom).

The cooling profiles of self-aggregates of 2—4 all fit an iso-
desmic model (Fig. 4). However, if the oligomers are combined
with oligomer 1, two stages are observed upon decreasing the
temperature: formation of a nucleus, followed by an elongation
process below 60 °C.**>? Thus, co-aggregates 1¥2, 1*3, 1%4 all
exhibit cooperative aggregation behaviour.

Guanosine-modified oligomers (5, 6 and 7)

Apart from oligomer 5, absorbance spectra of self-aggregates of
guanosine-modified oligomers show little or no vibronic

15 CD-Type 1
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CD/mdeg

CD-Type 2 1

40 |

-50
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Fig. 3 CD-spectra of cytidine-modified oligomers 2 (Py;-C), 3
(C-Pyy) and 4 (C-Py;-C); self-aggregates (top) and co-aggregates with
oligomer 1 in a 1 : I ratio. Conditions: see Fig. 2.
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TI°C
Fig. 4 Cooling profiles of cytidine-modified oligomers 2 (Py;-C), 3
(C-Py) and 4 (C-Py;-C) alone and as co-aggregates with oligomer 1 in

a 1:1 ratio. Conditions: 5 uM pyrene oligomer, sodium phosphate
buffer, pH = 7.0, 1.0 M NaCl.

structure. The resolution of the vibronic structures observed for
the co-aggregates is in the order 1%6 > 1*7 ~ 1*5 (Fig. 5).

Upon thermal melting, the fluorescence spectra show a
gradual reduction of the pyrene excimer emission intensities,
except for 7 and co-aggregate 1*6 (ESI, Fig. S19%). The
self-aggregate of oligomer 6 shows, in addition to excimer
fluorescence, a considerable pyrene monomer emission
(370420 nm, Fig. 5). A possible explanation could be that the
nucleobase guanine, when attached at the 5'-end, can displace
one of the pyrene units from the stack, which leads then to an
unassociated pyrene and monomer emission. The maxima of the
pyrene excimer bands of 5, 6, 7, as well as in their co-aggregates
with 1, are in the narrow range of 503—508 nm.

CD-spectra reveal interesting patterns for the guanosine-
modified oligomers. This nucleotide has a positive effect on the
chiral organization of the pyrene units if attached to the 5’-end or

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Normalized absorbance (top) and fluorescence (bottom) spectra;
left: oligomers 1 (Py7), 5 (Py;-G), 6 (G-Py) and 7 (G-Py;-QG); right: co-
aggregates of the guanosine-modified oligomers with 1 in a 1:1 ratio.
Conditions: see Fig. 2.
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Fig. 6 CD-spectra of guanosine-modified oligomers 5 (Py;-G), 6

(G-Py7) and 7 (G-Py;-G); self-aggregates (top) and co-aggregates with

oligomer 1 in a 1 : 1 ratio. Conditions: see Fig. 2.

at both ends of the oligopyrenotide. Apart from oligomer 5 (G
attached at the 3'-end) all aggregates are CD-active. Oligomer 6
shows the signal, which was observed for co-aggregates 1*2 and
1*3 (CD-type 2), while oligomer 7 exhibits CD-type 1. Co-
aggregate 1*5 shows a quite intense CD with a bisignate signal
centered again at 360 nm (negative Cotton effect at 1 = 373 nm,
positive Cotton effect at A = 345 nm) and two positive signals at
A =238 nm and A = 208 nm. Interestingly, this spectrum (called
CD-type 2™) corresponds to the exact mirror image of the spec-
trum CD-type 2 described above. This aspect will be discussed
later in more detail. Co-aggregate 1*7 shows the same character-
istics, though of lesser intensity, and co-aggregate 1*6 showed
no defined shape (Fig. 6).

Absorption norm.

0 20 3 40 0 60 70 8 %0
Tice
Fig. 7 Cooling profiles of pyrene oligomer modified with guanosine 5
(Py;-G), 6 (G-Py,) and 7 (G-Py;-G), self-aggregates or co-aggregates
with oligomer 1 in a 1 : 1 ratio. Conditions: see Fig. 4.
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Fig. 8 Normalized absorbance (top) and fluorescence (bottom) spectra;
left: oligomers 1 (Py~), 8 (Py;-T), 9 (T-Py;) and 10 (T-Py,-T); right: co-
aggregates of the thymidine-modified oligomers with 1 in a 1:1 ratio.
Conditions: see Fig. 2.

The cooling profile clearly follows an isodesmic pattern for
the self-aggregate of oligomer 7 (Fig. 7). All G-containing co-
aggregates with oligomer 1 show a well-defined transition in the
range between 50 and 60 °C, indicating the formation of a
nucleation/elongation process.

Thymidine-modified oligomers (8, 9 and 10)

Self-association of oligomer 8, but not of oligomers 9 and 10,
leads to some degree of vibronic structure in absorbance spectra
(Fig. 8). Among the co-aggregates, 1*8 exhibits the most pro-
nounced vibronic structure. Pyrene excimer fluorescence is very
similar in all self- and co-aggregates of the thymidine-modified
oligomers (maxima at 502-507 nm), except for the self-
aggregate of oligomer 8, which is blue shifted (498 nm, see also
ESI, Fig. S20%).

Oligomer 8 shows a strong CD signal (Fig. 9, CD-type 1),
whereas oligomers 9 and 10 or their co-aggregates with oligomer
1 showed no distinct Cotton effects. According to the cooling
profiles of co-aggregates 1*8 and 1*10 (Fig. 10), assembly-
formation follows a nucleation—elongation process, as suggested
by the sharp transition points observed at 60 °C (1*10) and 47 °C
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aggregates with oligomer 1 in a 1 : 1 ratio. Conditions: see Fig. 2.

Absorption norm.

Fig. 10 Cooling profiles of pyrene oligomer modified with thymidine
8 (Py;-T), 9 (T-Py;) and 10 (T-Py;-T), self-aggregates and co-aggregates
with oligomer 1 in a 1 : 1 ratio. Conditions: see Fig. 4.

(1*8) upon change of temperature.”' Self-aggregates 8, 9, 10 and
co-aggregate 1*9 generally follow an isodesmic pattern.

Adenosine-modified oligomers (11, 12 and 13)

The self-aggregates of oligomers 11, 12 and 13 reveal no pro-
nounced vibronic structures in the UV-Vis spectra. In co-aggre-
gate 1*12 they are more pronounced than in 1*11 or 1¥13. Upon
self-association of oligomer 12, some pyrene monomer emission
at 370-420 nm is present (Fig. 11, see also ESL, Fig. S21%).

CD spectroscopy reveals no distinct signals for self-aggregates
11 and 13 (Fig. 12) and a weak signal for 12. Co-aggregates
1#12 and 1*13 show no Cotton effects but 1*11 exhibits strong
CD signals. Co-aggregation of 1*11 and 1*%12 (Fig. 13) proceeds
by a nucleation—elongation mechanism. For oligomers 11, 12
and 13 alone, the assembly/disassembly process follows an iso-
desmic pattern.
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Fig. 11 Normalized absorbance (top) and fluorescence (bottom)
spectra; left: oligomers 1 (Py;), 11 (Py;-A), 12 (A-Py;) and 13
(A-Py;-A); right: co-aggregates of the adenosine-modified oligomers
with 1 in a 1: 1 ratio. Conditions: see Fig. 2.
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Fig. 12 CD-spectra of pyrene oligomer modified with adenosine 11
(Py7-A), 12 (A-Py;) and 13 (A-Py;-A); self-aggregates (top) and co-
aggregates with oligomer 1 in a 1 : 1 ratio. Conditions: see Fig. 2.

Supramolecular polymers

Supramolecular polymers are dynamic, polymeric aggregates of
monomeric units, held together by reversible and directional,
non-covalent interactions.”***® The lengths of the chains are
related to the strength of the non-covalent interactions and the
concentration of the monomers.>” Furthermore, the reversibility
of non-covalent bond formation ensures the self-healing of
initially formed defective sites during polymer assembly under
equilibrium conditions. The self-assembly process can be
described by two main models. In an isodesmic process, the
assembly is non-cooperative and the association is identical at
any step of the polymerization process, which is characterized by

This journal is © The Royal Society of Chemistry 2012
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Fig. 13 Cooling profiles of pyrene oligomer modified with adenosine
11 (Py;-A), 12 (A-Py;) and 13 (A-Py;-A), self-aggregates and co-
aggregates with oligomer 1 in a 1 : 1 ratio. Conditions: see Fig. 4.

a single binding constant.*’ The characteristics of a nucleated
mechanism are a rather slow pre-aggregation of a certain number
of building blocks forming a nucleus (nucleation), which is then
followed by a rapid process of chain propagation.”® The latter
mechanism usually takes place in the growth of ordered supra-
molecular polymers.’” By changing external parameters, e.g. the
temperature, information may be obtained on the mechanism by
which the self-assembly proceeds.

It was found previously that supramolecular polymerization of
oligomer 1 occurs via a nucleated process.”> The data presented
here extend these preliminary studies and show that the self-
association of all nucleotide-modified pyrene oligomers 2-13
follows an isodesmic model. In the formation of co-aggregates
with oligomer 1, however, significant differences are observed.
All co-aggregations with oligomers modified by the nucleotides
cytidine (1*2, 1*3, 1*4) and guanosine (1*5, 1*6, 1*7) proceed
in a nucleated self-assembly process. Also, for the co-aggregates
1*8 (with Py;-T) and 1*10 (with T-Py,-T) the formation of a
nucleus is observed. In the adenosine series, a nucleation process
is not observed for 1*13 (A-Py;-A), but when adenosine is
attached at only one of the two sides (1*11 and 1*12) formation
of a nucleus is observed. Thus, it can be concluded that, even
though the modified oligomers interact among themselves in a
non-cooperative way, they form supramolecular polymers in
combination with the heptapyrenotide Py, (1). The interaction,
however, is dependent on the nature and position of the attached
nucleotide. While some of the described oligomers completely
prevent the formation of a nucleus (oligomers 9 T-Py; and 13
A-Py;-A), most of them proceed via a nucleation process in the
co-aggregation with oligomer 1.

Helical chirality of supramolecular polymers

Helical chirality originates from the unidirectional twist of build-
ing blocks along the propagation axis.”® Natural helical poly-
mers, such as DNA and proteins, are composed of
enantiomerically pure, chiral building blocks. The adopted
helical sense corresponds, thus, to the thermodynamically
favored diastereomer. The heptapyrenotide 1, however, is achiral.
Consequently, its folding into a helical conformation will lead to
a racemic mixture of right- and left-handed helices in the
absence of external, symmetry breaking factors. The presence of
a chiral inductor, however, may lead to the preferential formation

CD/ mdeg

200 250 300 350 400 450

Wavelength / nm

Fig. 14 CD-spectra of co-aggregates between pyrene oligomers 2
(Py;-C), 3 (C-Py»), 5 (Py;-G), 7 (G-Py;-G) and 11 (Py;-A) with oligo-
mer 1 in a 1 : 1 ratio; note the mirror-inverted shape of the curves. Con-
ditions: see Fig. 2.

of one type of helix.**>’ In the present case, the chiral inductor
is a heptapyrenotide bearing one or two terminally attached
nucleotides (C, G, T or A, oligomers 2—13). Oligomer 1 forms
supramolecular polymers under conditions of high ionic strength
in aqueous medium. The polymerization process proceeds
through a nucleation step. The effect of copolymerization
with all of the chiral oligomers 2-13 was systematically investi-
gated. Most of the co-aggregates were found to form supramole-
cular polymers. The attached nucleotides, however, are not in all
cases able to shift the equilibrium towards one of the two enan-
tiomeric helices, as evidenced by the absence of a CD-signal.
CD-inactive co-aggregates were observed with oligomers 4
(C-Py;-C), 6 (G-Py,), 8 (Py;-T), 10 (T-Py;-T) and 12 (A-Py;
Fig. 3, 6, 9 and 12).

Oligomers 2 (Py;-C), 3 (C-Py,), 5 (Py;-G), 7 (G-Py;-G) and
11 (Py;-A) are most suitable to shift the equilibrium in either
direction. The formation of the assemblies occurs via supramole-
cular polymerization (see Fig. 4, 7, 10 and 13) and the appear-
ance of a characteristic CD signal is observed. All CD curves are
shown in combination in Fig. 14. The shapes correspond to CD-
type 2 or its mirror image CD-type-2™. Oligomers 2, 3, 5, 7, and
11 are modified with nucleotides cytidine, guanosine or adeno-
sine. Depending on the nucleotide the helical sense of the poly-
mers can be shifted towards either form, i.e. 5, 7 and 11 induce
the M-helix, 2 and 3 the P-helix. Thymidine seems not suitable
to favor one enantiomer of the supramolecular polymers.

Self-aggregates of 3, 7, 8 and 12 show a third type of signal
(CD-type 1). The fact that the cooling follows an isodesmic
pattern strongly suggests that smaller complexes are formed
rather than supramolecular polymers by these oligomers. The
nature of these complexes is still under investigation.

Amplification of chirality

Amplification of chirality was first described in the pioneering
work by Green and coworkers studying polyisocyanates.®*!
This phenomenon is not limited to covalently linked polymers
but occurs also in non-covalent supramolecular assemblies.?’
Minute amounts of a chiral seed compound may be sufficient to
render the polymers homochiral.***? The fact that some of the
oligomers showed very intense Cotton effects in the co-aggre-
gates with 1 prompted us to study the amplification of the
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(C-Py»), 5 (Py;-G), 7 (G-Py;-G) or 11 (Py;-A). Conditions: see Fig. 1.

chirality effect, using 10% of the corresponding chiral oligomer
(Fig. 15). The development of the signals was monitored over a
period of 4 weeks. Growth of the CD signals, and thus amplifica-
tion of chirality, was observed with oligomers 3, 5, 7 and 11.

In Fig. 16, the calculated g-factors are shown for the 9 : 1 ratio
of oligomer 1 with either oligomer 2, 3, 5, 7 or 11 (correspond-
ing to a 70 : 1 pyrene—nucleobase ratio). Guanosine attached at
the 3’-end has the highest impact on the amplification of chiral-
ity. The pyrene oligomers are highly sensitive to the chiral nature
of the nucleoside guanosine. Further it could be shown that in
the case of the nucleotide cytidine the point of attachment has a
remarkable impact on the g-factor: the amplification of chirality
is much more pronounced if the nucleotide is located at the
5'-end (3) rather than at the 3’-end (2).

The effect of Watson—Crick complementarity

Association of oligomers with complementary nucleobases 2*6,
3*5, 4*7, 8*12, 9*11, 10*13 was tested by mixing the oligomers
in a 1 :1 ratio in analogy to the self-assembly of complementary
strands in DNA. Fluorescence and CD-spectra (ESI, Fig. S24—
S27%) allow no clear conclusions regarding the interactions
between the nucleobases of two types of oligomers in the corres-
ponding mixtures. Most likely, mixtures of self- and mixed
aggregates are formed in these cases. This is supported by the
observation that the mixtures show partially the same

characteristics as the corresponding self-aggregates, but to a
smaller degree. All melting profiles of the aggregates 2*6, 3*5,
4*7, 8*12 and 10*13 indicate no formation of extended supra-
molecular polymers (ESI, Fig. S281%).

Conclusions

Formation of supramolecular polymers via aggregation of oligo-
mer 1 was recently communicated. An extended study of self-
and co-aggregation of the achiral heptapyrenotide Py; (1) and its
nucleotide-modified derivatives Py;-N and N-Py;-N (2-13) was
conducted to investigate the influence of the chiral modification
on the polymerization behaviour. Self-association of the nucleo-
tide-modified oligomers 2—13 was shown in all cases to follow
an isodesmic model; the formation of long assemblies is absent.
Co-aggregation of 1 with the large majority of nucleotide-
modified oligomers follows a nucleation—elongation process,
which is characteristic of the formation of supramolecular
polymers.

The supramolecular polymers formed by aggregation of 1 are
present as a racemic mixture of helical aggregates. A single
nucleotide present in oligomers 2—13 can favor one of the two
enantiomeric helices in co-aggregates with oligomer 1. Oligo-
mers 2 (Py;-C), 3 (C-Py;), 5 (Py;-G), 7 (G-Py;-G) and 11
(Py7-A) induce preferential formation of one of the enantiomers.
Amplification of chirality could be observed in the presence of
10% of these oligomers. Aggregates of oligomers with comple-
mentary nucleotides (2*6, 3*5, 4*7, 8%12 and 10*13) show no
signs of supramolecular polymerization.

The data demonstrate that the formation of supramolecular
polymers from oligopyrenotides is very sensitive to the nature of
chiral auxiliaries. Supramolecular polymerization follows a
nucleation—elongation mechanism and leads to amplification of
chirality. Oligopyrenotides are, thus, valuable oligomeric build-
ing blocks for the generation of optically active polymeric
materials.
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