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Coordination Polymers with p-Stacked Metalloparacyclophane Motifs:
F-Shaped Mixed-Coordination Dinuclear Connectors**
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The design and construction of coordination poly-
mers (CPs) composed of metal-ion connectors and
linear organic p-conjugated linkers are of great
interest, owing to their use as functional materi-
als.[1] One way in which their potential may be
expanded is to prepare CPs having new structural
motifs. With this idea in mind, face-to-face p-
stacked assemblies, such as paracyclophanes, are
appealing building blocks for CPs, owing to their
unique electronic properties arising from p-orbital
overlap.[2] Since the structural motifs of CPs are
controlled by the number and orientation of the
connector binding sites, the construction of the
desired paracyclophane based CP frameworks
requires the discovery of connectors with specific
coordination characteristics. Herein, we describe a
dinuclear connector having an unprecedented
F shape, which arises from the close association
of isovalent metal atoms with different coordina-
tion numbers and geometries. The propagation of
the coordination geometry imposed by the “mixed-
coordination” connector by using p-conjugated
linkers gives CP frameworks with p-stacked metal-
loparacyclophanes as structural motifs. Further-
more, we show that these complex CP architectures
can be obtained directly from their molecular
components in a one-pot multicomponent
approach, and we propose a mechanism for their
construction.

The p-stacked metalloparacyclophanes C1,2 (that is, Cn

with n= 1 or 2) can be synthesized by self-assembly of the
U-shaped CuI dimer A, which bears a rigid tridentate NPN
ligand, with the cyano-capped p-conjugated systems B1,2
(Scheme 1).[3] To prepare CPs having the metalloparacyclo-
phanes C1,2 as repeating units, we investigated the use of the
bis(diphenylphosphino)methane (dppm) capped CuI dimer
D,[4] which has the U topology of A, as well as additional
labile coordination sites (Scheme 1). The reaction of D with

the rigid ditopic linkers B1,2 was conducted in CH2Cl2 solution
at room temperature with aD/B1,2 molar ratio of 1:2. After 4–
5 h, single crystals grew from the homogeneous solutions
(yields> 85%). X-ray diffraction studies[5] revealed that these
compounds are the CPs E1,2 (Scheme 1), which are composed
of nanosized p-stacked metalloparacyclophane units[6]

(lengths 18.3–25.0 =) connected by the rigid ditopic linkers
B1,2 (Figures 1a and 2). These novel CP frameworks are based
on {Cu2(m2-dppm)2} connectors, which have a unique F shape,
owing to the close association (Cu···Cu ca. 3.2 =) of a
tricoordinated CuI center with a trigonal-planar geometry and
a tetracoordinated CuI center with a tetrahedral geometry
(Figure 1b). To our knowledge, this type of mixed-coordina-
tion dinuclear node is unprecedented in CP skeletons. The
Cu�P (2.24–2.25 =) and Cu�N (1.96–2.08 =) bond lengths of
this {Cu2(m2-dppm)2} connector are comparable with those of
the dimer D. Note that no significant differences between the
exo- and endocyclic Cu(1)�N bond lengths are observed in
the CPs E1,2. The Cu(1)NN and Cu(1)PP planes are perpen-
dicular, as expected for a tetrahedral geometry, and the sums
of the angles about the tricoordinated Cu(2) centers are
greater than 3558 (Figure 1b). These data and the fact that the
endocyclic Cu-N-C fragments are nearly linear indicate that

Scheme 1. Synthesis of the CPs E1,2 from well-defined CuI dimers.
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the metalloparacyclophane units are strain-free, probably
because of the flexibility of the dppm-capped CuI nodes. The
coordinated N atoms of the organic linkers lie almost in the
Cu4 plane (N-Cu-Cu-N 3.5–6.98). The fully planar aromatic
moieties are parallel (Figures 1a and 2b) with interplane
distances of 3.6–3.7 =, revealing p–p interactions.[2] The four
Cu atoms connected by the two linkers define a rhombus
(endocyclic N-Cu-Cu 65.4–66.7, 115.5–116.28), and the two
p systems adopt a parallel-displaced arrangement (lateral
offset 1.4–1.5 =; Figure 2a), which is an energetically favored
stacking.[2c] This organization differs notably from the face-to-
face p stacking imposed by the rigid CuI clips in the discrete
rectangles C1,2 (Scheme 1). In fact, the flexible mixed-
coordination {Cu2(m2-dppm)2} connector can adapt its struc-
ture (that is, shape and Cu···Cu distance) to maximize weak
p–p interactions.[7]

The F-shaped connectors
based on coordinatively
saturated and unsaturated
CuI centers are particularly
striking (Figure 1b). The for-
mation of CPs based on
these intriguing nodes is
extremely favored, as
revealed by the following
experiments. All the basic
molecular constituents of
the CPs E1,2 (CuI/dppm/B1,2
in a molar ratio of 4:4:3)
were dissolved in a CH2Cl2
solution at room tempera-
ture (Scheme 2). Note that

the counteranion used in this one-pot procedure is PF6
� , as

was the case in the experiments involving the precursor D
(Scheme 1). The 31P{1H} NMR spectra of the homogeneous
crude reaction mixtures showed one broad signal at
�8.0 ppm, a chemical shift typical for CuI–phosphine com-
plexes (for free dppm, d =�21.1). This signal, which is not
due to the CuI dimer D (sharp singlet at d =�8.4 ppm), splits
into two broad singlets (d =�6.3, �9.1 ppm) at 5 8C. These
data indicate that the crude reaction mixtures contain several
CuI complexes in equilibrium at room temperature, owing to
multiple and reversible CuI–ligand (dppm, B1,2) exchanges.[8]

After 4–5 h, single crystals grew from the solutions, and X-ray
diffraction studies revealed that the obtained compounds
were the CPs E1,2 (yields > 75%; Scheme 2). It is remarkable
that the spontaneous self-organization of these sets of
elemental building blocks leads to the same supramolecular
structures as obtained by using the well-defined and preor-
ganized molecular clip D (Scheme 1). Note that the CPs E1,2
are obtained in excellent yields with different original CuI/
dppm/B1,2 ratios.[9] Hence, the three simple building blocks
CuI, dppm, and B1,2 can self-assemble into large and complex
CP architectures from a library of interconverting CuI

complexes, irrespective of the original stoichiometry.
An evaluation of the scope of this straightforward one-pot

synthetic method for the formation of CPs having p-stacked
metallocyclophane motifs was then undertaken. The cyano-
capped p-conjugated building blocks F and G, which have a
biphenyl core or a 2,5-distyrylthiophene core, respectively
(Scheme 2), were selected, since their structures differ
markedly from those of the para-phenylene vinylene based

Figure 1. a) A cationic chain of the CP E1 (H atoms are omitted for clarity). b) Enlargement of an F-shaped
node (phenyl rings on P atoms are omitted for clarity).

Figure 2. a) Top and b) side views of a metallocyclophane unit of the
CP E2 (H atoms are omitted for clarity).

Scheme 2. One-pot synthesis of the CPs E1,2, H, and I.
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linkers B1,2. These compounds were used in the one-pot
procedure (CuI/dppm/F,G in a molar ratio of 4:4:3) and
afforded single crystals of the CPs H,I (yield 77–82%;
Scheme 2), which have a gross structure similar to that of
E1,2 (Figure 3).[5] The metalloparacyclophane units of the CPs

H,I contain F-shaped mixed-coordination {Cu2(m
2-dppm)2}

nodes. The four Cu atoms connected by two linkers define a
nanoscale rhombus. The biphenyl cores of H are twisted
(23.9–24.98), and the distances between the aromatic frag-
ments are at the upper accepted limits for p stacking (ca.
3.8 =). In contrast, the fully planar 2,5-distyrylthiophene
moieties of I lie in parallel planes separated by only 3.6 =, and
as observed for E1,2, they adopt a displaced arrangement
(lateral offset 1.4 =).

These results highlight the simplicity and versatility of our
approach to CPs based on p-stacked metallocyclophane
motifs. The formation of these complex CP frameworks in
the one-pot method clearly involves multilevel self-assembly
processes. A plausible scenario can be proposed, following an
experiment conducted with the biphenyl based linker F and
[Cu(CH3CN)4]BF4 in place of [Cu(CH3CN)4]PF6. This change
in the counteranion affects the solubility of the CuI species:
[Cu(CH3CN)4]PF6 gives polymer H (Scheme 2, Figure 3),
while [Cu(CH3CN)4]BF4 affords the discrete metalloparacy-
clophane J, which was characterized by an X-ray diffraction
study (Figure 4). The rhombohedral metalloparacyclophane J
features mixed-coordination {Cu2(m

2-dppm)2} connectors in
which the remaining coordination site of the tetracoordinated
CuI atoms is occupied by a labile acetonitrile ligand. The
tetracationic derivative J is, thus, the metallocyclophane
repeat unit of the polymer H (Figure 3) obtained using the
[Cu(CH3CN)4]PF6 salt (Scheme 2). The isolation of this
potential intermediate supports the following mechanism
for the construction of the metallocyclophane based CPs. The
first step is very probably the self-assembly of the mixed-
coordination CuI dimers and the organic linkers into metal-
loparacyclophanes of type J (primary structure). Then, these
nanosized rhombohedra self-assemble into CP networks
(secondary structure) through the stepwise displacement of
the acetonitrile ligands by the ditopic organic linkers. In other

words, the CPs described herein are obtained by the self-
assembly of self-assembled nanostructures.

In conclusion, we have shown that nodes having an
unprecedented topology can be obtained by associating two
isovalent metal centers with different coordination geome-
tries. These mixed-coordination CuI connectors organize
nanosized p-conjugated systems into CPs having p-stacked
metallocyclophane motifs. The potential functionalities
afforded by the presence of paracyclophane like motifs and
unsaturated CuI centers in these CPs are under active
investigation.

Experimental Section
E2 : [Cu(CH3CN)4]PF6 (0.040 g, 0.107 mmol), dppm (0.041 g,
0.107 mmol), and the linker B2 (0.047 g, 0.080 mmol) were introduced
into a Schlenk tube as solids. CH2Cl2 (60 mL) was then added, and the
solution was stirred for 10 min at room temperature. Yellow single
crystals of E2 appeared from the homogeneous solution after 4–5 h.
The crystals were collected, washed with Et2O (3J 10 mL), and dried
under vacuum for 48 h at 40 8C (0.067 g, 75% yield).
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