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The formation of helical structures by the assembly of metal
coordination species has received a great deal of attention in
recent years. The field of helicates has recently been reviewed
by Piguet et al.,[1] and several observations of infinite
coordination helices have been reported.[2±13] Most of these
infinite helices are formed from achiral ligands,[2±9] conse-
quently yielding racemates of P and M helices. In a few cases
chiral predetermination is achieved by the use of enantiopure
ligands.[10±13]

Here we describe a self-assembled coordination polymer
that is chirally predetermined and represents, to the best of
our knowledge, the first example for intertwining of two
single-stranded helicates to form an infinite, highly symmetric
double helix. The two strands of this double helix are
connected neither by chemical bonds nor through attractive
intermolecular forces, except unspecific van der Waals inter-
actions.

We have shown recently that CHIRAGEN-type ligands[14]

can give rise to the formation of self-assembled helicates that
are predetermined in their chirality. With metals that give
octahedral coordination, 4,5-CHIRAGEN[m-xylyl] (L1)
yields dinuclear species of M2L3 stoichiometry.[15] This 2:3
stoichiometry seems to be fairly common, since several other
ligands in which two bidentate units are connected through a
bridge provide such assemblies.[1, 16±19] The use of the 5,6-
CHIRAGEN L2 containing a para-xylylidene bridge with

metals that form tetrahedral coordination species, such as Ag�

and Cu�, yielded highly symmetric, circular, hexanuclear
single-stranded helicates; the chirality is again totally prede-
termined by the chiral pinene groups present in these
ligands.[20] To investigate further the influence of the ligand
geometry on the molecular assembly, we varied the bridge in
the 5,6-CHIRAGEN ligand. Here we report the structural
properties of the species obtained with the ligand L3, in which
the bridge has been derived from 1,5-dimethylnaphthalene.

The ligand L3 was synthesized following the general
procedure (Scheme 1) that has been applied for several other
ligands of the CHIRAGEN family.[14, 21, 22] The ligand was
completely characterized, and its NMR spectra show the
symmetry expected owing to the C2 axis perpendicular to the
naphthalene plane and passing through its center. As a
consequence of the high stereoselectivity in its synthesis, the
ligand is isomerically pure within NMR analytical accuracy.
According to the NMR spectra, a self-assembled species with
high symmetry is formed upon addition of Ag�, as in the case
of L2.[20] Figure 1 shows the aromatic part of the 1H NMR
spectra of the free ligand L3 (b) and of the silver complex (a).
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Scheme 1. Synthesis of the ligand L3 and numbering of the atoms. bpy�
2,2'-bipyridine, LDA� lithium diisopropylamide.

Figure 1. Aromatic part of the 1H NMR spectra (500 MHz) of a) the AgI

compound in CD3CN and b) L3 in chloroform (*). The spectrum of L3 in
CD3CN is almost identical, but much less intense owing to very low
solubility.

The preservation of C2 symmetry for the ligand in the complex
on the NMR time scale, combined with the observation of
oligonuclear species in the electrospray (ES) mass spectrum,
can be explained either by the formation of circular helicates,
similar to those observed with L2, or by rapid dynamic

equilibria between fragments.
Redissolution of the crystals does
not result in a change in the
NMR spectra, indicating a com-
pletely reversible behavior of the
compound upon the solid/solu-
tion transition.

Crystals suitable for X-ray
analysis were obtained by slow
diffusion of diethyl ether into a
solution of the 1:1 complex, with
PF6

ÿ as anion, in acetonitrile. The
analysis of the diffraction data
shows an infinite double helix.
The helical pitch, given by the
distance between equivalent
atoms generated by one full ro-
tation of the sixfold screw axis, is
3.417 nm (two times the crystal-
lographic c axis).

Figure 2 presents a side view of
the cationic polymer, Figure 3 a
projection in the direction of the
sixfold screw axis, and Figure 4

Figure 3. Perspective view of the double-stranded helix along the C4
6 screw

axis.

Figure 4. Molecular packing as seen along the crystallographic c axis. The
PF6

ÿ anions occupy the channels between three adjacent double helices.

the packing as seen along the crystallographic c axis. In the
following, the various, quite unusual features of this structure
will be discussed. All metal centers have a strongly distorted
tetrahedral coordination geometry, and their chirality is
predetermined by the pinene groups in the ligands. Thus,
the metal centers show homochiral coordination with abso-
lute configuration L.[23] The nitrogen ± silver distance of
2.28(3) � is quite normal. The local coordination geometry
is therewith very similar in the circular helicate with L2 and in
the double-stranded helix with L3. The angle between the
planes defined by the two N-Ag-N chelate rings at one metal
center is 67.5(4)8, and the bite angle of each bipyridine unit is
71.3(9)8. The chirality of the double helix is P. P helicity
combined with local L configuration at each tetrahedral metal
center was already observed in related structures.[20, 24]

An exceptional feature of this cationic polymer is the high
degree of symmetry (D4

6) of its double-helical arrangement. In
addition to the C4

6 axis parallel to the main direction of the
helix, the Ag� ions and the naphthalenes are located on
twofold axes. These C2 axes are perpendicular to the direction

Figure 2. Side view of the
cationic polymer (one and a
half turns).
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of the helix, and, on account of the conformation of the ligand
in the helical structure, such an arrangement is in contra-
diction to the intrinsic molecular symmetry of the 1,5-
disubstituted naphthalene moiety. Indeed, the crystal struc-
ture shows a disorder of the naphthalene bridge. This disorder
has been resolved by two distinct orientations of the 1,5-
substituted naphthalene (Figure 5 a).

Figure 5. a) Stereoview of the two distinct orientations of the disordered
naphthalene bridge. b) Stereoview emphasizing the p-stacking interactions
between the bpy moieties of neighboring double helices.

If an isolated double-stranded helix is considered, no
obvious reason for the intertwining can be recognized. A
detailed analysis shows that there is no p stacking between the
aromatic parts of the complexes. Moreover, the nature of the
ligand precludes hydrogen-bond interactions between the
strands, as observed in the DNA double helix. Nevertheless,
the two intertwined strands are topologically inseparable
(except by an ªunscrewingº along the axis of the helix).

An analysis of the molecular packing reveals almost perfect
p-stacking interactions involving four bipyridine moieties
between neighboring double helices (parallel mean planes
separated by 3.68 �, Figure 5 b). Thus, 12 p ± p interactions
per one full turn of the double helix, as well as the electro-
static attraction between the cationic polymer and the anions,
are undoubtedly responsible for the cohesion of the crystal.

They consequently contribute to the driving force for the
formation of the double helix itself. These p-stacking inter-
actions lead to a closest approach of 4.694(4) � for two silver
centers from neighboring double helices, which is much closer
than the silver ± silver distances within one strand
(11.003(9) �). The channels between the infinite double
helices are filled with the counterions PF6

ÿ, which are located
on twofold crystallographic axes. The low calculated density
for the crystal (1calcd� 1.102 g cmÿ3) is significant of a loosely
packed structure (probably due to the nonexistence of specific
attractive interactions between the two strands), yet there are
no cavities that are large enough to accommodate guest
molecules. This is in agreement with the thermochemical
investigations, which show no weight loss and no DSC signal
(DSC� differential scanning calorimetry) for a sample up to
250 8C, and also with the fact that no solvent molecules have
been detected in the crystallographic analysis.

In conclusion, the highly symmetrical solid-state structure
reported here is another example for the versatility of the
CHIRAGEN ligands in forming configurationally predeter-
mined self-assembled structures. The relatively small varia-
tion of the bridging group leads from a highly fragile solid
containing discrete molecular ions (L2 as ligand) to a
thermally remarkably stable crystalline material with linear
double helices of nanometer-sized diameter (2.46 nm) and
ªinfiniteº length (L3 as ligand). The absolute configuration of
the natural product (ÿ)-a-pinene used in ligand synthesis
determines the chirality of the final structure. Thus, this class
of ligands seems to be highly appropriate for applications in
molecular and crystal engineering.[25, 26]

Experimental Section

1,5-Bis(bromomethyl)naphthalene (BBMN) was prepared by standard
methods.

Ligand L3 was synthesized according to published procedures.[27] Starting
from (ÿ)-5,6-pinene-bpy (1107 mg, 4.42 mmol) and BBMN (694 mg,
2.21 mmol), pure L3 (826 mg, 1.27 mmol, yield 57 %) was obtained after
column chromatography (SiO2; hexanes/Et2O/NEt3 16/4/1) and recrystal-
lization from hot MeCN. The product was characterized by NMR
spectroscopy (the 1H and 13C signals were fully assigned), FAB-MS, UV/
Vis, and elemental analysis. All data confirm the structure of the
enantiomerically pure ligand L3.

{[Ag(L3)]PF6}21 : Ligand L3 (80.0 mg, 122.5 mmol) and AgOSO2CF3

(31.5 mg, 122.5 mmol) were placed in MeOH (5 mL). The mixture was
stirred for 3 h, when all solids had dissolved, and than concentrated to
about 2 mL. NH4PF6 (300 mg) in MeOH (2 mL) was then added dropwise.
The precipitate obtained was filtered off and washed with MeOH and Et2O.
It was dissolved in a few milliliters of MeCN, and traces of unchanged
ligand were filtered off. The solvent was removed, and the resulting yellow
powder dried under high vacuum. Yield: 98%. 1H NMR (500 MHz, 25 8C,
CDCl3, TMS): d� 8.52 (dm, 2H, H(1), 3J1,2� 4.9 Hz), 8.04 (d, 2 H, H(4),
3J4,3� 8.2 Hz), 7.94 (d, 2H, H(7), 3J7,8� 8.1 Hz), 7.73 (dd, br, 2H, H(3),
3J3,4� 7.5 Hz, 3J3,2� 7.2 Hz), 7.64 ± 7.60 (m, 4 H, H(8), H(22)), 7.29 (dd, 2H,
H(2), 3J2,1� 5.0 Hz, 3J2,3� 7.1 Hz), 6.75 ± 6.68 (m, 4 H, H(20), H(21)), 4.22
(dm, 2H, H(18a), 2J18a,18b� 14.8 Hz), 3.47 (dm, 2 H, H(11), 3J11,18b�
11.5 Hz), 3.23 (dd, 2H, H(18b), 2J18b,18a� 14.8 Hz, 3J11,18b� 11.4 Hz), 2.95
(dd, 2H, H(14), 3J14,13a� 5.6 Hz, 4J14,12� 5.6 Hz), 2.56 (ddd, 2H, H(13a),
2J13a,13b� 10.3 Hz, 3J13a,14� 5.6 Hz, 3J13a,12� 5.5 Hz), 1.83 (dd, broad, 2H,
H(12)), 1.54 (d, 2H, H(13b), 2J13b,13a� 10.0 Hz), 1.27 (s, 6H, H(17)), 0.60 (s,
6H, H(16)); the 13C NMR signals were fully assigned; elemental analysis
calcd for C46H44AgN4F6P: C 61.00, H 4.90, N 6.19; found: C 60.57, H 4.89, N
6.51.
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Crystal structure determination of {[Ag(L3)](PF6)}1; Mr� 905.7 (for one
unit of Ag(L3)PF6 in two asymmetric units) ; m� 3.658 mmÿ1, F(000)�
2784, 1calcd� 1.102 gcmÿ3, hexagonal, space group P6222 (no. 180), Z� 6,
a� 23.524(2), c� 17.086(2) �, V� 8188(2) �3, from 25 reflections (22<
2q< 338); colorless prism, 0.26� 0.34� 0.40 mm, mounted on a quartz
fiber with RS3000 oil. Cell dimensions and intensities were measured at
200 K on a Stoe Stadi4 diffractometer with graphite-monochromated CuKa

radiation (l� 1.5418 �), w-2q scans, scan width 1.058� 0.35 tgq, scan speed
0.068 sÿ1. Two reference reflections measured every 45 min showed no
variation. ÿ23< h< 23, 0< k< 23, 0< l< 16, and all antireflections of
these; of 11 176 measured reflections, 2812 were unique and of these 1957
were observed (jFo j> 4s> (Fo)); Rint� 0.17 for 8364 equivalent reflections.
Data were corrected for Lorentz and polarization effects and for
absorption[28] (min./max. absorption 2.121/3.641). The structure was solved
by direct methods using MULTAN 8,[29] and the XTAL[30] system was used
for all other calculations. The chirality of the structure was refined, and the
Flack parameter[31] converged to x� 0.13(6). Full-matrix least-squares
refinement based on F using a weighting of 1/(s2(Fo)� 0.0001(F 2

o )) gave
final values of R� 0.095, wR� 0.094, and S� 3.14(9) for 255 variables and
1957 contributing reflections. Hydrogen atoms were placed in calculated
positions. All atoms of the ligand, except for the methylene bridge (C18)
between the disordered naphthalene and the pinene moieties, were refined
with soft restraints (99) on bond lengths, bond angles, and, for the aromatic
fragments, torsional angles; max./min. residual electron density �0.74/
ÿ 0.49 e�ÿ3. The Ag and P atoms are located on special positions 6h and 6j,
respectively, and the two positions of the disordered naphthalene unit are
related by the symmetry operation x, xÿ yÿ 1, 4/3ÿ z (around the C2 axis
in the special position 6i). A majority of the crystals showed significant
disorders or cleavages, leading to poor diffraction, very large overall
displacement parameters, and enlarged or split diffraction profiles. A
refinement of the structure in the less symmetric space group P62 (loss of
the twofold axes perpendicular to the c axis) leads to the observation of the
same disorder and suggests the presence of C2 (pseudo)merohedral
twinning. The quality of the data does not allow a differentiation between
a twinned crystal in P62 and a disordered structure in P6222, but the overall
results could be considered as identical. Crystallographic data (excluding
structure factors) have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-119096.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�49) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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