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One-handed helical double stranded polybisnorborneness
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Helical double stranded polymers incorporated with a covalently
bound chiral ferrocene linker are synthesised and characterized
by CD spectra and STM images and molecular dynamics
simulations.

There have been ever burgeoning interests in artificial double
stranded oligomers, polymers as well as supramolecular sys-
tems to mimic DNA chemistry.!”’” Chelation to metal ions,'
complexation through hydrogen-bonding,? n—n stacking,® or
inclusion complexes® are typical strategies for the construction
of the helical double stranded oligomers. Ladder-like organic
polymers with two strands connected by covalent, dative or
ionic bonds have been briefly explored.”’ Only a handful of
double stranded polymers has been identified unambiguously
to be helical.¥”® Stereoselective controls of the chirality of
polymers leading to one-handed helical morphology can read-
ily be achieved by incorporating a chiral auxiliary. Coopera-
tive phenomena with an amplification of chirality have been
shown to offer a powerful platform for the formation of helical
polymers or supramolecules of single chirality.” We recently
reported the synthesis and characterisation of a double
stranded bisnorbornene polymer 1 by ring opening metathesis
polymerisation (ROMP)'? of the corresponding monomer 2.’
The characteristics of 1 includes a rapid equilibrium among
helical, supercoil and ladder conformations. Preliminary
molecular dynamics—molecular mechanics calculations suggest
that the helical conformation in 1 might be more strained than
the supercoil and ladder structures. The spacing between each
monomeric unit in 1 is about 5.5 A.” Electrochemical oxida-
tion of 1 and related polymers suggested that all neighbouring
monomeric units in these polymers may strongly interact with
each other.!! It is envisaged that incorporation of substitu-
ent(s) onto the covalently bound ferrocene linker in 1 may lead
to a conformational change so that the morphology of the
polymers may be defined due to cooperative interactions
between neighbouring monomeric units. Indeed, we recently
found that unsymmetrical double stranded polymer 3, where
the two polymeric strands are complimentary to each other,
has a ladder-like structure, neither a helical nor supercoil
structure being observed.® Rational design and synthesis of
double stranded polymers or supramolecular systems with
predictable helicity remain to be a challenge.'? In this paper,
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we wish to report a systematic tuning of the chiral substituents
in the ferrocene linker leading to morphological changes in the
behaviour of double stranded bisnorbornene polymers.
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In our previous work, we used an ester linkage to connect the
ferrocene-carboxylic acid moiety to the 4-aminobenzyl group to
construct the double stranded bis-polynorbornene 1. It is note-
worthy that the 4-aminobenzyl ester is very labile towards nucleo-
philes'"? so that the double stranded 1 can be easily transformed
into two equivalents of the corresponding single stranded poly-
mer.” In order to increase the stability of the double stranded
polymer, we swapped the ester group by coupling aminobenzoic
acid with ferrocene-methanol derivatives 4. Optically active diols 4
were prepared according to literature procedures.'* Reactions of
acid chloride Sb with 4 afforded the corresponding mono-
meric bisnorbornene derivative 6 (eqn (1), [¢]p> in CHCl;
(¢ 001 g mL™"): RR6a —1242, S,S-6a +1232, R.R-6b
—37.0, S,5-6b +39.0).f ROMP of 6 with Grubbs I catalyst
afforded the corresponding double stranded polymers 7 (eqn (1),
M, (PDI): R,R-7a 16300 (1.4), S,S-7a 17500 (1.5), R,R-7b 16 300
(1.4), S,5-7b 15000 (1.3)).7 The '*C NMR spectra of 6 and 7 are
compared in Fig. 1. It is noteworthy that the olefinic carbons in 6
at 0 135 ppm shifted to ca. 6 132 ppm as a shoulder in 7 and the
weak broad signals at ca. 6 37 ppm were characteristic of the
absorption of C; in 7.%7 All other peaks for 7 matched nicely those
for 6. Hydrolysis of 7b gave 8b and the corresponding isotactic
single stranded polymer 9 which was converted into a methyl ester
10 (eqn (2), M,, (PDI): 5500 (1.2)).%" These results were consistent
with the double stranded structure for 7.

6158 | Chem. Commun., 2008, 6158-6160

This journal is © The Royal Society of Chemistry 2008



(@)

|

T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 €0 50 40 30 20 10 0 ppm

Fig. 1 '>C NMR spectra (a) 6a in CDCls, (b) 7a in CD,Cl, (c) 6b in
CDCls, (d) 7b in CD,Cl,.

The enantiomeric pairs of 6 and 7 exhibited mirror-imaged CD
profiles in the UV region (200-360 nm). As shown in Fig. 2a,
when R was Me, both 6a and 7a showed single transition in
their CD spectra. The relative intensities of the CD curves for
the monomers 6a were even higher than those of 7a. The phenyl
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Fig. 2 CD curves of enantiomeric pairs (R,R- and S,S-) of (a) 6a
(7.5mg L™ " and 7a (15.0 mg L', or 2.0 x 107> M monomer units),
and (b) 6b (21 mg L") and 7b (21 mg L™", or 2.4 x 107> M monomer
units) in CH,Cl, at 25 °C.

substituted polymers 7b exhibited five-fold enhancement of the
Cotton effects in comparison with that of the corresponding
monomers 6b (Fig. 2b). Such enhancement may arise from either
the helical (or supercoil) structure of 7b or the induced circular
dichroitic property due to interaction between the neighbouring
chiral moieties in 7b. The intensities of the CD curves for S,S-7b
decreased with increasing temperature. For example, the ampli-
tude of the CD curve dropped by 70% when the measurement
was recorded at 80 °C, in comparison with that obtained at 0 °C,
and the process was irreversible.

A scanning tunneling microscope (STM) was utilised to
characterise the chirality and the helical parameters of 7b.
Panels a and b of Fig. 3, respectively, display images of single
polymers for R,R-7b and S,S-7b. The polymers appeared
9~11 nm in length and exhibit 2~3 turns with a nominal
diameter of ~3 nm. The brighter regimes of the supercoil
images were segments intact with the substrate and the darker
half turns were closer to the STM tip. The latter had the
tunnelling probability decayed more rapidly due to the pre-
sence of two tunnelling gaps'® of substrate-to-polymer and
polymer-to-tip. The depicted coils obtained from simulations
(vide infra) illustrate the chiral helicity for R,R-7b and S,S-7b
with 4.5~4.8 nm per pitch and a pitch angle of ca. 40°.

It is worthy of note that the features of single polymers 7b
could only be obtained from very diluted samples (< 100 nM).
Unlike for other ladder-like analogues (e.g. 3),%7 it was
difficult to acquire high quality images of individual 7b even
when the dropcast samples were prepared from diluted
solutions. The images of single polymers appeared mobile or
sometimes translated by the STM tip (e.g. the polymer rotated
at the lower half of Fig. 3b during the course of imaging). Such
imaging difficulty was attributed to the relatively low

Fig. 3 STM images of (a) R,R-7b, (b) S,5-7b, and (c) R,R-7b on
HOPG (highly oriented pyrolytic graphite). Imaging conditions of
Ebiass lwunneliing: and image size for panels a, b, and ¢ were 0.73 V,
14 pA, 10 x 20 nm, and 0.76 V, 11 pA, 10 x 20 nm, and 0.68 V, 19 pA,
80 x 80 nm (inset: 12 x 12 nm), respectively.
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Fig. 4 Schematic representation of molecular modeling and stacking
behavior of R,R-7b and S,S-7b. a, B, and y represent the ferrocene
residue, aminobenzoate fragment, and phenyl substituent, respec-
tively, at the chiral center of 7b.

molecular weights of 7b and the supercoil nature which
resulted in weak adsorbate—substrate interactions.

When the dropcast solution (0.5 M) was subjected to shear
alignment, a close-packed film was assembled on HOPG and
the long axis of R,R-7b was in parallel with the flow direction
(Fig. 3c). It is noteworthy that the end groups in 7 were vinyl
and styryl because the Grubbs-I catalyst was employed and
the reaction was quenched with ethyl vinyl ether. It seems
likely that a strong interaction between these terminal groups
of 7b might take place. Such interaction may develop the
extraordinarily long features leading to indiscernible bound-
aries between neighbouring polymers as depicted in Fig. 3c.
The supercoil nature of 7b was retained in this aggregate. This
kind of polymer can be considered as a helical tecton that
represents a preorganized chiral nanoscaled building block
and allows the facile assembly to form a two-dimensional
patterned array through interactions between the terminal
groups of the polymers.

Molecular dynamics simulations by a universal force field!”
on R,R-7b and S,S-7b of 36-mers showed that 7b would adopt
supercoil structures (diameter = 3.1 nm, pitch length =
4.9 nm and 12 monomeric units per pitch) with a trans double
bond and isotactic stereochemistry in the backbones.f The
relevant structural parameters are closely matched with the
STM image of polymers R,R-7d and S,S-7d (Fig. 3). A slight
counter-clockwise oriented stacking of the chiral monomeric
units leading to the secondary structures of R,R-7d would be
relatively more stable than the clockwise one by 3.7 kcal mol ™!
per monomer (Fig. 4). In a similar manner, S,S-7d would
preferentially have the clockwise supercoil structure.

It is known that the ROMP of norbornene derivatives having
fused 5,6-endo-N-arylpyrrolidine moiety is highly stereoselective
(trans double bonds and homogeneous tacticity), most likely due
to interactions between the pending aryl groups.®”!® Within this
context, it seems likely that the presence of chiral substituents on
the ferrocene linker as in 6b may yield the corresponding
supercoil polymer (e.g. 7b) which could be the kinetic product.
Upon heating, a change of conformation of 7b may result in

decrease in amplitude of the CD curves. Presumably, the barrier
for the reverse process to regenerate the original supercoil
conformation of 7b may be unfavourable.

We thank the National Science Council and the National
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