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Ein k�nstliches Polymer, das, "hn-
lich wie DNA, gleiche Gangh(hen und
Zahl an Monomereinheiten pro Windung aufweist, wurde
durch Ring(ffnungsmetathesepolymerisation erhalten und mit Raster-
tunnelmikroskopie untersucht. Als Monomer diente ein Bisnorbornen-
derivat mit starrer Ferrocenbr�cke. Einzelheiten zur Synthese, experi-
mentellen Charakterisierung und Modellierung finden Sie in der
folgenden Zuschrift von T.-Y. Luh et al.
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Biopolymers provide unique structural features and fascinat-
ing chemical and biological properties that artificial polymers
are still far from matching. In DNA, the linking base pairs are
perpendicular to the deoxyribose phosphate backbones and
p–p stacking between base-pair layers is characteristic of the
double-helical structure. Much effort has focused on the
helical double-stranded oligomers in which the two single
chains are chelated to metal ions,[1] complexed through
hydrogen bonding,[2] p–p stacked,[3] or form inclusion com-
plexes.[4] Ladderlike organic polymers that have two strands
connected by covalent dative or ionic bonds have been briefly
explored.[5] The synthesis of polymers structurally comparable
to those of DNA remains a challenge. Herein we report the
molecular architecture of the first helical double-stranded
polymer. Our design involves a suitable monomer that
contains two polymerizable groups linked by a rigid spacer.
The control of the orientation of the linkers during polymer-
ization is indispensable for the synthesis of double-stranded
polymers.

It has been shown that polymers 1, obtained from ring-
opening metathesis polymerization (ROMP) of norbornenes
with rigid pendant groups by using the Grubbs I catalyst,[6]

exhibit second-order nonlinear optical hyperpolarizability

that is molecular-weight dependent.[7] Such a relationship
implies that these polymers may adopt a brushlike structure
with relatively uniform stereochemistry and conformation.
The spacing of each monomeric unit in 1 was 5–6 7 as
revealed by the X-ray crystal structure of 2.[7b] It is envisaged
that the introduction of another norbornene moiety at the end
of this pendant group may furnish a useful entry for double-
stranded polymers.

The bisnorbornene derivative, 3, was synthesized accord-
ing to Scheme 1. The ferrocene moiety was incorporated as
part of the linker as it has a certain rigidity but is somewhat
flexible. It is interesting to note that the closest Fe–Fe
interatomic distances in single-crystal ferrocene and its
derivatives range from 5.5 to 5.9 7.[8] This spacing occupied
by the ferrocene moiety appears to be within the limit of span
for the vinylcyclopentane monomeric unit in polynorbor-
nenes. Moreover the benzylic moiety and the ester linkage in
3 provide additional flexibility in this linker. Treatment of 3
with 10 mol% of the Grubbs I catalyst afforded, in 90% yield,
4, which is soluble in CHCl3, CH2Cl2, and THF. The 13C NMR
spectrum of 4matched nicely that of 3 and the signals of 4 are
relatively sharp, which is consistent with it having a double-
stranded structure. Temperature-dependent 1H NMR spectra
of 4 in CD2Cl2 suggest that the polymer is very fluxional and
the barrier for this conformational equilibrium is very low.
The UVabsorption for 4 is at lmax= 261 nm (e= 45.9 g�1 cm2),
which is blue-shifted in comparison with that of 3 (lmax=

267 nm; e= 55.8 g�1 cm2). In addition, a decrease in e for 4
suggests that there might be some kind of interaction between
the linking chromophores.[9]

Treatment of 3 with 10% NaOH in a mixture of MeOH/
CHCl3 at room temperature afforded 5 and 6 in essentially
quantitative yield. Under the same conditions, methanolysis
of 4 gave the corresponding single-stranded polymer, 7a
(M̄n= 7330 gmol�1, PDI= 1.46; M̄n is the number-average
molecular weight, PDI is the polydispersity index) in 89%
yield in addition to 5 in 66% yield. Polymer 7b (M̄n=

3540 gmol�1, PDI= 1.28) was also obtained from the reaction
of 6with the Grubbs I catalyst in 89% yield. It is interesting to
note that 7a showed the same spectroscopic properties as 7b.
These results imply that 4 has a molecular weight of M̄n=

21000 gmol�1 and on average about 29 repetitive units. More-
detailed experimental methods and spectroscopic properties
are found in the Supporting Information.

Both 3 and 4 exhibit reversible redox peaks that corre-
spond to the ferrocene moiety. The formal potentials of 3 and
4 were 385 and 439 mV (versus Fc/Fc+), respectively. There
was an additional redox pair with a formal potential of
506 mV for 3 arising from the para-substituted aniline moiety.
This oxidation was not observed with 4. Presumably the peak
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might merge with the oxidation of the ferrocene moiety in the
polymer.

Scanning tunneling microscopy (STM) was employed to
characterize the structure of 4. Helical, supercoil, and ladder
structures were observed (Figure 1). The length of these
features in Figure 1 is longer than what was estimated based
on the average molecular weight. It seems likely that weak
adsorbate–substrate interactions may result in only those that

have large molecular weights or exhibit
strongly lateral attractions were imaged.
Figure 1a shows a helical structure A on a
flat graphite substrate (highly ordered pyro-
lytic graphite, HOPG). The lengths of the
stripes range from 1.2 to 2.4 nm and are
shorter for bright stripes (crossover regions)
and longer for dim stripes. The average
spacing between stripes is 0.45� 0.04 nm,
the average pitch length is 5.2� 0.2 nm, and
each pitch consists of twelve or thirteen
monomeric units.

For the supercoil structure B (Figure 1b)
the average spacing per turn, the apparent
height, and the nominal width are about 7.1,
3.2, and 3.0 nm, respectively, which is consis-
tent with the structure being a hollow coil.
Attempts to observe molecularly resolved
images for supercoils were unsuccessful. Pre-
sumably, half of the coil per turn is not in
contact with the graphite substrate, which
results in enhanced thermal motion and
makes imaging difficult.

The ladder structures C shown in Fig-
ure 1c display an apparent uniform width
throughout and exhibit parallel lines or bright
spots, for example, going from the upper right
to the lower left corner in Figure 1c. Vertical
to these parallel lines are fine rows; together
these lines and rows create a ladderlike
image. The width of these ladders ranges
from 2.2 to 2.4 nm and the spacing between

the rows falls between 0.45 and 0.55 nm, which is consistent
with the proposed ladder structure although the ferrocene
diester, benzene ring, and the backbone moieties cannot be
unambiguously identified at this stage.

The observation of three different images of 4 on HOPG
appears to be consistent with the fluxional behavior of 4 as
revealed by the variable-temperature NMR spectroscopy
study. Molecular-mechanics calculations were carried out to

Scheme 1. Synthetic routes of molecules used in this work. DMAP=4-dimethylaminopyridine.

Figure 1. STM images of 4 on HOPG at a flat terrace rather than at a step edge or domain boundaries.[10] The values in parentheses are the
corresponding imaging sizes and conditions: a) helical structure (16.8C16.8 nm, Ebias=0.19 V, itunneling=200 pA); b) supercoil (58C58 nm,
Ebias=0.19 V, itunneling=20 pA); c) ladder (clockwise from the upper left one: 35C28 nm, 5.0C6.5 nm, 7.0C7.4 nm, 7.2C5.3 nm; Ebias=0.24 V,
itunneling=20 pA). Ebias is the applied bias potential, itunneling is the tunneling current.

Zuschriften

742 www.angewandte.de � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 740 –744



simulate the structures of 4 (with different molecular weights)
and 3 by using a modified version of universal force field
found in molecular-modeling programs.[11] The 3D topologies
of the secondary structures of 4 were established by varying
both the conformation of 3 and the tacticity of the backbone
of 4. The two carboxy groups on the cyclopentadienyl
moieties in 3 were anti relative to the ferrocene moiety and
this zigzag structure (Figure 2a) was used as a basis for
estimating the secondary structure of 4. The double bonds in 4
were all trans according to the NMR results. With these
constraints and extensive exploration of the potential surface
by combining geometrical optimization and molecular simu-
lation, we conclude that 4 is more stable in the isotactic than
in the syndiotactic form. To account for the STM results
described above, three major secondary structures of 4 in the
isotactic form were obtained: double-stranded helix A’,
supercoil B’, and ladder C’. Local structure A’ (Figure 2c)
had a diameter of 2.2 nm and 12 monomeric units in a pitch.
These data closely matched the results from the STM image
of A. Structure B’ appeared to be more flexible, and the
modeled supercoil with 25 monomeric units per pitch had a
diameter of 3.1 nm, which is consistent with the experimental
structure, B (Figure 1b).

Figure 2c shows a schematic map based on the simulated
energies of three local structures,A’, B’, and C’. The supercoil

form,B’, was the most stable whereas the helical structure,A’,
had the highest energy among these three structures. The
most important feature of these structures is the strong
coupling between the dihedral angles in the backbone and the
space occupied by the linkers. The shear-induced twist–writhe
transition (Figure 2c) results in the translation from one form
to another.[12] It is interesting to note that a slight change in
torsion angles may provoke such a profound influence on the
secondary structure. The detailed calculations are described
in the Supporting Information.

In summary, we have described an unprecedented syn-
thesis of a DNA-like double-stranded polymer obtained by
ROMP of a bisnorbornene derivative. The polymer structur-
ally resembles DNA by having a comparable width, a similar
number of monomeric units per pitch, five-membered rings in
the polymeric frame, perpendicular linkers to the backbones,
and similar spacing between neighboring monomeric units.
The fluxional behavior of the polymer and its ability to
dissociate hydrolytically into two single-stranded polymers
make it further resemble DNA molecules. The oxidation-
labile ferrocene linkers in this polymer are aligned coherently
along the polymer axis. Insight into the structural features of
such a polymer might pave the way to tailor other polymers
that simulate biological systems.
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