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Because transition metals exhibit numerous oxidation
states and coordination geometries as well as a wide range
of photochemical and magnetic properties, the design and
preparation of coordination polymers, which may be regarded
as metalloorganic networks, are topics of current interest.[1]

Most of the known coordination polymers contain bis-
monodentate ligands.[1, 2] Examples of coordination polymers
based on bis-bidentate[3] and bis-tridentate ligands have also
been reported.[4] Furthermore, there are numerous discrete
polynuclear complexes with helical arrangements,[5] but only a
few infinite helical coordination polymers.[6]

Using the molecular tectonics approach, which involves the
self-assembly of complementary molecular building blocks
(ªtectonsº),[7, 8] we have prepared compounds that exist as
molecular networks in the solid state. These networks are
based on weak van der Waals interactions between convex
connectors and concave receptors[9] or on a combination of
electrostatic and hydrogen bonding.[10] A further step in our
strategy is the use of coordinative bonds for assembling metals
and organic ligands into molecular networks. Here we report
the design, synthesis, and structural analysis of a helical
coordination polymer obtained by self-assembly of the ligand
7 with silver cations.

The overall topology of coordination polymers can be
controlled by means of the coordination preferences of the
metal center and the structure of the bridging ligand. Thus, for
bis-bidentate exo ligands and metal cations that adopt a
tetrahedral coordination geometry, one can envisage the
formation of discrete cyclic or infinite linear polynuclear
species. Depending on the structure of the ligand, one of these
possibilities may be favored. With bis-bidentate exo ligands
that adopt a planar conformation, only one-dimensional
linear coordination polymers are conceivable (Figure 1a).
With nonplanar bis-bidentate exo ligands that adopt a ªroof-
shapedº conformation, in addition to discrete cyclic polynu-
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Figure 1. Schematic representation of different types of arrangements that
can be obtained by self-assembly of exoditopic ligands and tetrahedrally
coordinated metal cations: a) linear, c) ªstair-typeº, d) helical coordination
polymer and b) discrete tetranuclear species.

clearspecies such as the tetranuclear complex shown in
Figure 1b, infinite one-dimensional networks of the ªstair
typeº (Figure 1c), or single-stranded helical species (Fig-
ure 1d) may be formed. However, when constraints such as
steric hindrance are imposed, one of the alternative structures
may be favored.

The conformational motion can be restricted, and the
location of the metal centers and the distance between them
controlled by using exo ligands based on macrocyclic frame-
works.[11±14] We prepared exo ligands 1 ± 7, in which two 2,2'-
bipyridine units are linked at the 4- and 4'-positions by
different spacers.[14] Silver(i) was chosen as the metal because
it forms kinetically labile complexes with 2,2'-bipyridine and
can adopt a tetrahedral coordination geometry. We then
attempted to synthesize a one-dimensional coordination
polymer by the self-assembly of AgI and the exo-ditopic bis-
chelate ligand 7 (Figure 2).

Treatment of 7 with 1.2 equivalents of AgPF6 in CH3CN at
25 8C for about 12 h gave a colorless, clear solution, which was
evaporated to dryness. The solid thus obtained was redis-
solved in CH3CN, and slow diffusion of toluene/hexane (1/1)
into the solution gave morphologically uniform single crystals.
The same type of crystals could also be grown without the
evaporation step.

The solid-state structure of the coordination polymer was
elucidated by an X-ray structure analysis,[15] which revealed
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Figure 2. Infinite coordination polymer obtained by the self-assembly of
the exo-ditopic ligand 7 and silver ions.

that the cationic component of the structure is a single-
stranded helical network formed by alternate silver atoms and
ligand 7, which are mutually bridging (Figure 3). The helix

Figure 3. X-ray structure of the infinite single-stranded helical coordina-
tion polymer obtained by self-assembly of ligand 7 and silver cation.
Projection of the cationic array along (top left) and normal (bottom left) to
the polymer axis. For the sake of clarity, the same projections without the
Ph groups at the 6 and 6' positions are also shown on the right. Hydrogen
atoms, anions, and CH3CN molecules are omitted in both representations.
The different colors of the ligands are merely intende to more clearly reveal
the pitch of the helix.

extends along the crystallographic a axis, and two crystallo-
graphic twofold axes pass perpendicularly through the non-
crystallographic axis. The fragment that determines the pitch
of the single helix is composed of four Ag atoms and four
ligand molecules. The interior of the helix is not empty, but
occupied by phenyl groups (Figure 3). The interstices in the
solid were occupied to different extents by CH3CN molecules
and PFÿ6 anions.

The observed helical structure is derived from the primary
structure of 7, which adopts a roof-shaped conformation in the
complex. However, since 7 is not chiral, a racemic mixture of
both the right- and left-handed helical coordination polymers
was obtained, as expected. The infinite network crystallized in
the centrosymmetric space group C2/c. The roof-shaped
conformation adopted by 7 was previously observed in the
solid state for the exo-binuclear RuII complex of the analogous

ligand 1.[14b] This conformation was due to the shortness of the
ethylene bridges connecting the two 2,2'-bipyridine units at
the 4- and 4'-positions. Indeed, X-ray structural studies on
RuII exo-binuclear complexes with ligands 3[14d] and 5[14e]

showed that when the length of the spacer group is increased,
both ligands adopt a planar conformation. In the trinuclear
RuII ± CuI ± RuII complex with two macrocycle 6, both ligands
also adopt a roof-shaped conformation.[14f]

In the one-dimensional network of Ag� and 7, three
crystallographically nonequivalent Ag atoms (Ag1, Ag2,
Ag3) and two slightly different roof-shaped conformers of
the ligands (L1 and L2) were identified (Figure 4), of which

Figure 4. A section of the structure showing the crystallographically
nonequivalent L1 (left) and L2 (right) conformers and three silver ions (see
text for definition). For the sake of clarity, hydrogen atoms are omitted.

Ag2 and Ag3 are located on the crystallographic twofold axes.
Ligands L1 and L2 differ in the conformation of the ethylene
bridges (CCH2CH2C dihedral angles of 40.0 and 68.58 for L1;
and ÿ67.7 and ÿ70.08 for L2). Consequently, two different
Ag ± Ag distances of 8.8 (Ag1 ± Ag2) and 9.8 � (Ag1 ± Ag3)
are present. For both L1 and L2, the two pyridine rings of each
bipyridine unit were not coplanar. The average tilt angle of L1
is 20.58, and that of L2 21.48.

All silver atoms are coordinated to two sets of bipyridine
units to give a AgN4 coordination sphere in which the N-Ag-N
angles range from 73.5 to 139.58 for Ag1, from 74.4 to 149.78
for Ag2, and from 73.6 to 153.98 for Ag3. For all three silver
atoms, the Ag ± N distances range from 2.30 (estimated
standard deviation (esd): 0.8) to 2.47 (esd: 0.2) �, and the
bite angles of the ligands from 73.5(9) to 74.4(6)8. The
interplanar (N2Ag/AgN2) dihedral angles are 70(1), 65.2(7),
and 68(1)8.

Inspection of CPK models revealed that the formation of
the helical structure with ligand 7 was probably due to the
presence of phenyl groups at the 6- and 6'-positions. Indeed,
for both discrete cyclic polynuclear species such as the
tetranuclear complex (Figure 1b), and the infinite stair-type
network (Figure 1c), the substitution of hydrogen atoms at the
6- and 6'-positions in ligand 1 by phenyl groups in ligand 7
could generate severe steric hindrance between phenyl groups
of consecutive ligands. This assumption is supported by
electrospray mass spectrometric studies on the CuI coordina-
tion polymer formed with ligand 7, in which no peak
corresponding to the cyclic tetranuclear complex was detected.

In conclusion, we have synthesized a single-stranded helical
coordination polymer as a racemic mixture of left- and right-
handed helices by self-assembly of an exo-ditopic ligand and
silver. The structure of the infinite network was established by
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Alternating Ethene/Propene Copolymerization
with a Metallocene Catalyst**
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Metallocene catalysts have introduced an element of design
into the construction of polyolefins of defined architecture.[1]

Correlation of the catalyst structure with the structure of the
resulting polymers has provided considerable insight into the
mechanism of polymerization. For example, the syndiospe-
cific polymerization of propene with [{(Cp)(Me2C)-
(Flu)}ZrCl2]-based catalysts strongly implicates a Cossee-type
mechanism[2] in which the olefin inserts at alternating
enantiotopic coordination sites with each insertion (Cp� cy-
clopentadienyl, Flu� fluorenyl).[3] Differentiation of the co-
ordination sites by methyl substitution on the Cp ring in these
systems yields hemiisotactic polypropene,[4±6] in which olefin
insertion occurs alternately at an aspecific and isospecific
coordination site; substitution of the Cp ring with the larger
tert-butyl substituent yields isotactic polypropylene.[7,8] The
latter result has been interpreted by invoking a ªchain-
skippingº mechanism in which the polymer chain ªskipsº out
of the more sterically hindered site prior to olefin insertion,
resulting in polyinsertions at only one isospecific coordination
site.[9]

Metallocene catalysts have also proven useful for olefin
copolymerization as copolymers produced with metallocene
catalysts tend to have more random comonomer distributions
and better compositional homogeneity than copolymers
produced with heterogeneous catalysts.[1] However, metal-
locene catalysts also offer the possibility to design catalyst

single-crystal X-ray structure analysis. With the same combin-
ation of ligand and metal, the generation of optically pure left-
or right-handed helices by using chiral anions is currently
under investigation. Furthermore, the formation of linear
coordination polymers (Figure 1a) with ligands such as 3 and 5
and silver or copper is also being studied.
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