
MICROREVIEW

DOI: 10.1002/ejic.201000525
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This review describes the preparation and structures of ferro-
cene-containing coordination polymers with a focus on li-
gand design. Neutral ligands such as heteroaryl ferrocenes
and anionic ligands such as ferrocenyl carboxylates can be
used to construct one-dimensional coordination polymers of
various structural types. The main-chain and side-chain

Introduction

In the last decade, the design and construction of coordi-
nation polymers has become an increasingly important area
of coordination chemistry.[1] Coordination polymers can be
obtained by the reaction of metal salts with bridging li-
gands, usually in high yields, and their guest-inclusion and
magnetic properties, as well as their structural variety, have
drawn particular interest. Ferrocene-containing coordina-
tion polymers can be constructed by using ferrocene-based
ligands. The structural variety of these polymers originates
from flexible ligand design as well as the conformational
flexibility of ferrocenes. Ferrocenes are well known for their
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polymer structures are designed, and the conformational
flexibility of ferrocenes leads to structural variety. The use of
additional bridging ligands along with the anionic ligands
leads to extended one- to three-dimensional structures.
These complexes exhibit various properties, including char-
acteristic redox activities.

synthetic diversity, redox and magnetic properties, and
other features.[2] The cyclopentadienyl (Cp) rings of ferro-
cene can be easily functionalized,[3a] and their properties
can be controlled by the choice of substituents.

Even before the recent development of ferrocene-con-
taining coordination polymers, ferrocene-containing poly-
mers consisting of covalently linked ferrocenes had been
studied extensively.[3] These polymers have drawn attention
from synthetic chemists with regard to their possible appli-
cations.[2,3] The electrochemical properties of ferrocene-con-
taining polymers are of particular interest. For example, po-
lyferrocenyl compounds often exhibit a mixed-valent state,
leading to changes in physical properties such as electrical
conductivity.[3] Although these ferrocene-containing poly-
mers are interesting, structural information on them is
rather limited. In contrast to these pristine covalently linked
polymers, ferrocene-containing coordination polymers form
as brittle solids, a disadvantage for mechanical applications,
and they do not maintain their structure in solution. How-
ever, their assembled structures can be designed, and their
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periodic, stereoregular structures in the solid state are ad-
vantageous in terms of structural determination and elec-
tronic properties.[1]

Similar to conventional ferrocene-containing polymers,
main-chain[4a] and side-chain[4b] structures of ferrocene-
containing coordination polymers can be designed (Fig-
ure 1). The former contain ferrocenes in the polymer back-
bone, while the latter contain them as pendant ligands.
Furthermore, high-dimensional coordination polymers can
be formed by the introduction of an additional bridging
ligand. Even the building units of the coordination poly-
mers are isolated in some cases. For example, the reaction
of ferrocene-containing ligands with metal ions sometimes
affords discrete clusters, analogous to dimers or oligomers
in polymer chemistry.[5] The design of assembled structures
for ferrocene-containing coordination polymers is interest-
ing from the viewpoint of supramolecules and crystal
engineering.[1,2]

Figure 1. Schematic illustration of the structures of ferrocene-con-
taining coordination polymers.

To date, a number of ferrocene-based ligands and their
corresponding metal complexes have been prepared in stud-
ies investigating areas such as synthesis, catalysis, and sup-
ramolecules, and several books and reviews have been pub-
lished.[2] This review focuses particularly on the design of
ferrocene-containing coordination polymers, offering a
novel account of ferrocene-based coordination chemistry.
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One of the attractive features of these coordination poly-
mers is the structural variety originating from the flexibility
of the ligands. This feature, however, makes prediction of
the resulting assembled structures difficult, in contrast to
the case of coordination polymers with rigid linear bridging
ligands. This review covers coordination polymers with ba-
sic bidentate ligands such as ferrocenyl pyridines and carb-
oxylates. The design of the ligands and their assembled
structures are described in the following section, and the
structures and properties of the coordination polymers are
described in subsequent sections. A classification of repre-
sentative ferrocene-containing coordination polymers is
given in Tables 1, 2, 3, and 4.

Table 1. Main-chain polymer complexes from neutral ligands.

Ligand Topology Complex Ref.

DPPF 1D [AuCl(DPPF)]n (1) [6]

[AuCl(DPPF)]n (1�) [7]

[AuCl(DPPF)]n (1��)
[(AuCl)2(DPPF)]n (2) [8]

[Ag(tfa)(DPPF)]n (3) [9a]

[Ag2(tfa)2(DPPF)2·H2O·2CH3CN]n (3�) [9b]

[(AuSC6H4{C(=O)N(H)CH3})2(DPPF)]n (4) [10]

L1 1D [Ag2(L1)(dppmS2)2·2ClO4]n (5) [11]

L2 1D [CoI2(L2)]n (6) [12]

L3 1D [Cu(hfac)2(L3)]n (7) [5a]

[Mn(hfac)2(L3)]n (8)
[Zn(hfac)2(L3)]n (9)
[Ag(L3)·PF6·2CH3CN]n (10)

L4 1D [Cu(L4)·PF6]n (11)
L5 1D [CuCl2(L5)]n (12) [58]

[HgBr2(L5)]n (13)
[Ag(CF3SO3)(L5)]n (14)

L6 1D [Ag(L6)·ClO4]n (15) [15]

L7 1D [Cu2(PhCOO)4(L7)]n (16) [19]

[Cu2(C5H11COO)4(L7)]n (17)
2D [Cu2(CH3COO)4(L7)·{Cu2(CH3COO)4·

2H2O}]n (18)
L9 1D [CdBr2(L9)·CH3OH]n (26) [21]

L10 2D [HgCl2(L10)2]n (27) [22a]

L11 1D [Cu2(L11)2Cl·BF4]n (28) [23]

L12 1D [Ag(L12)·PF6]n (29) [24]

[Ag(L12)·PF6·0.5Et2O]n (30)
L24 1D [CdBr2(L24)]n (89) [55a]

L25 1D [(CdBr2)2(L25)2]n (90) [55b]

Table 2. Side-chain polymer complexes from neutral ligands.

Ligand Topology Complex Ref.

L8 1D [Cu(hfac)2(L8)]n (19) [5b]

[Mn(hfac)2(L8)]n (20)
[Ni(hfac)2(L8)]n (21)
[Zn(hfac)2(L8)]n (22)
[Cu2(PhCOO)4(L8)]n (23) [4b]

[Cu2(C5H11COO)4(L8)·(CH3CN)]n (24)
2D [CuI(L8)]n (25) [5b]

L9 1D [CdBr2(L9)]n (31) [21]

L12 1D [Ag2(L12)2·(tfa)2·2CH3CN·C6H6]n (32) [22a]

2D [Ag2(L12)2·2CF3SO3·3H2O]n (33)
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Table 3. Main-chain polymer complexes from anionic ligands.

Ligand Topology Complex Ref.

L13 1D [Cd(L13)(H2O)3·4H2O]n (34) [26]

[Cd(L13)(DMF)2(H2O)]n (35) [27]

[Zn2(L13)2(pyridine)4]n (36) [28]

[(SnPh3)2(L13)(bpy)]n (39) [29]

[(SnPh3)2(L13)(bpe)]n (40)
[(SnPh3)2(L13)(bpp)]n (41)
[Cu(tmeda)(L13)]n (42) [30]

[Cd(L13)(pebbm)(H2O)·2H2O]n (52)
2D [(Sn(CH3)3)2(L13)]n (37) [29]

[(Sn(nBu)3)2(L13)]n (38)
[Y2(L13)3(H2O)4·H2O]n (43) [26]

[Eu2(L13)3(H2O)4·H2O]n (44) [31,32]

[Eu2(L13)3(H2O)4·2H2O]n (45) [26]

[Tb2(L13)3(H2O)4·2H2O]n (46)
[Sm2(L13)3(H2O)4·H2O]n (47) [33]

[Gd2(L13)3(CH3OH)4·3H2O]n (48) [31]

[Ce2(L13)3(H2O)2(CH3OH)2·H2O]n (49) [34]

[La2(L13)3(CH3OH)4]n (50) [31]

[Cd(L13)(prbbm)(H2O)·3H2O]n (53) [36]

3D [Cu2(L13)2(bbim)3·6H2O]n (51) [35]

Table 4. Side-chain polymer complexes from anionic ligands.

Ligand Topology Complex Ref.

L14 1D [Sn(o-fluorobenzyl)3(L14)]n (54) [37]

[Na2Cd(L14)4(CH3OH)2]n (55) [38]

[Pb4(L14)8(CH3OH)2·3CH3OH·2H2O]n (56) [39]

[Zn(L14)2(bpp)]n (57)
[Zn(L14)2(bbbm)·2H2O]n (58) [40]

[Zn2(L14)4(bpt)2·5H2O]n (59) [39]

[Pb(L14)2(bpe)]n (60)
[{Mn2(L14)4}{Mn(L14)2(CH3OH)4}]n (61) [41]

2D [{Mn2(L14)4}{Mn(L14)2(bpy)(H2O)2}]n (62) [41,42]

L15 1D [UO2(L15)(THF)·(ferrocene)] (63) [43]

L16 1D [Cd(L16)2(H2O)2·4H2O]n (64) [44]

[Cd(L16)2(bbbm)·H2O]n (65)
[Pb(L16)2(phen)]n (69)

2D [Cd2(L16)4(bix)2·4CH3OH]n (66) [45]

[Cd2(L16)4(btx)2·4CH3OH]n (67)
[Cd2Cl2(L16)2(bbbm)3·3H2O]n (68) [44]

L17 1D [Pb(L17)2·CH3OH]n (70) [46]

[Zn(L17)2]n (71) [47]

[Zn2(L17)4(bpa)·2CH3OH]n (72)
L18 1D [Pb(L18)2·2CH3OH]n (73) [48]

[Zn(L18)2(bpe)]n (74)
[Mn(L18)2(bpy)]n (75)

L19 1D [Mn(L19)2(μ2-OH2)2(H2O)2·H2O]n (76) [49]

[Mn(L19)2(phen)]n (77)
[Cd(L19)2(prbbm)(H2O)·H2O]n (78) [45]

[Cd(L19)2(bpp)·CH3OH]n (79) [49]

[Zn(L19)2(bbbm)·3CH3OH]n (80) [45]

L20 1D [Cd(L20)2(bpe)(CH3OH)2·2(H2O)]n (81) [46]

[Zn(L20)2(bpy)(H2O)2·2(CH3OH·H2O)]n (82)
[Pb(L20)2(bpe)]n (83)
[Zn(L20)2(pebbm)]n (84) [50]

L21 1D [Zn(L21)2(bpe)]n (85) [51]

L22 2D [Cd(L22)(bpp)2·2CH3OH·6H2O]n (86) [52]

3D [Cd(L22)(bpy)2·4CH3OH]n (87)
L23 2D [Zn(L23)2(bpy)2]n (88) [53]

Ferrocene-Containing Ligands and Modes of
Assembly
Ferrocene-Containing Ligands for Coordination Polymers

This section reviews the design and features of basic fer-
rocene-containing ligands that provide coordination poly-
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mers. The ligands include 1,1�-disubstituted and monosub-
stituted ferrocenes with P-, N-, S-, and O-donor substitu-
ents (Figure 2). In 1,1�-disubstituted ferrocenes, the torsion
angle τ is used to express the conformation (Figure 3), and
the conformational flexibility of the Cp rings provides the
coordination polymers with structural variety. The param-
eter τ is defined as the torsion angle of X1–Cp1–Cp2–X2,
where X1 and X2 are carbon atoms bearing substituents,
and Cp1 and Cp2 are the centroids of the Cp rings.[2]

1,1�-Bis(diphenylphosphanyl)ferrocene, abbreviated as
DPPF (Figure 2a), is a well-known example of a ferrocene-
containing bidentate ligand.[2] The ligand usually chelates
to metal ions to give discrete complexes, but several coordi-
nation polymers with DPPF and related ligands are
known.[6–10] DPPFE2 [E = S (L1), O (L2)] can coordinate
to metal ions via the chalcogen atoms, providing a building
block for coordination polymers.[11,12] DPPF was one of the
first ligands used in a ferrocene-containing coordination
polymer, reported as early as 1989.[9] Most complexes with
other ligands have been reported since 2002.

Ferrocenes with bis(thioether) substituents can be pre-
pared conveniently by the reaction of 1,1�-dilithioferrocene
with disulfides.[4a,13–16] Ligands L3, L4, and L5 link metal
ions via the N-donor moiety,[5a,13,14] while L6 bridges them
via the thioketone moiety, to form 1D coordination poly-
mers.[15] Derivatives with no such additional donor sites,
such as 1,1�-bis(phenylthio)ferrocene, lead to discrete com-
plexes in which the thioether moieties coordinate to metal
ions.[16] Ligand L3 cannot chelate to a metal ion via the N-
donor moiety, but L4 can coordinate in chelate fashion to
form discrete complexes.[14]

Ferrocene derivatives with heteroaryl substituents are
known to be versatile ligands. For example, pyridylferro-
cenes[17] and 1,1�-bis(pyridyl)ferrocenes[18] are well-known
ligands, but their coordination polymers have not been re-
ported. 1,1�-Bis(2-pyridyl)ferrocene[18a,18b] affords chelate
complexes governed by steric hindrance around the donor
atom, while 1,1�-bis(4-pyridyl)ferrocene[18c] affords macro-
cyclic metal complexes in which the ligand adopts a syn-
periplanar conformation (τ ≈ 0°), exhibiting an intramolec-
ular π···π interaction between the substituents. In contrast,
1,1�-bis(pyrazinyl)ferrocene (L7) provides coordination
polymers as well as macrocyclic complexes, because the two
pyrazine rings may lie in either the same direction or dif-
ferent directions (Figure 4).[19] Ferrocenylpyrimidine (L8) is
a monosubstituted ferrocene carrying a bidentate moiety,
which was designed to produce side-chain coordination
polymers, as pyrimidine gives 1D coordination poly-
mers.[4b,5b,19]

Even though 1,1�-bis(azaheterocyclic) ferrocenes carry-
ing flexible spacer groups tend to produce discrete metalla-
cyclic complexes;[20] several coordination polymers have
been reported. Complexes derived from L9[21] and L10[22]

show structural diversity due to the conformational flexibil-
ity and hydrogen-bonding ability of the spacer groups. Li-
gand L10 is less flexible and its substituents tend to be
parallel with each other, as also observed in complexes with
1,1�-bis(4-pyridyl)ferrocene and L7. Ligand L11[23] behaves
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Figure 2. Ferrocene-containing ligands used for the preparation of ferrocene-containing coordination polymers: (a) neutral ligands, (b)
anionic ligands, and (c) unsymmetrical neutral ligands.

as a chelate-bridging ligand. Ligand L12,[24] which carries
bis(pyrazolyl)methane coordination sites, is an important
chelate-bridging ligand, affording typical 1D main-chain
coordination structures.

In addition to the neutral ligands described above, an-
ionic ligands with O-donor substituents are also versatile
(Figure 2b). Carboxylated ferrocenes L13–L20 produce co-
ordination polymers with more complicated structures, be-
cause of the multidentate character of the carboxylate moi-
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ety.[25] These anionic ligands lead to higher-dimensional
structures when an additional bridging ligand is intro-
duced.[26–50] Coordination polymers are also obtained from
chelating ligand L21 and sulfonated ferrocenes L22 and L23
in the presence of additional bridging ligands.[51–53] Ligand
L22 behaves not as a chelating ligand but as a bridging
one. These anionic ligands may also behave as counter-
anions, giving structural versatility to the coordination
polymers.
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Figure 3. Conformational freedom in 1,1�-disubstituted ferrocenes.
The torsion angle X1–Cp1–Cp2–X2 is defined as τ.

Figure 4. Conformations of synperiplanar 1,1�-bis(pyrazinyl)ferro-
cene in its metal complexes: (a) coordination polymers and (b)
metallamacrocycles.

While we have discussed symmetrical ferrocene ligands,
1,1�-unsymmetrically substituted ferrocenes L24 and L25
(Figure 2c) also form main-chain coordination polymers.
Such ligands are particularly interesting, because they carry
donor atoms with different donor abilities, and may lead to
different coordination structures depending on the hardness
of the metal ions. Although there are many unsymmetrical
ferrocene ligands with mixed donor atoms, examples of
their coordination polymers are limited, because such li-
gands generally adopt a chelate coordination mode, gener-
ating discrete complexes with metal salts.[54,55a]

Many of the ligands shown above afford not only coordi-
nation polymers but also hydrogen-bonded network com-
plexes when combined with hydrogen-bond donors or ac-
ceptors instead of metal salts.[2a,56] These hydrogen-bonded
assemblies are interesting and structurally relevant to coor-
dination polymers, but they are outside the scope of this
review.
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Design and Structures of Ferrocene-Containing
Coordination Polymers

Ferrocene-containing coordination polymers are mostly
one-dimensional (1D). In this section, the design of the as-
sembled structures of ferrocene-based coordination poly-
mers is discussed in comparison with conventional ferro-
cene-containing polymers.

Conventional main-chain ferrocene polymers are often
prepared by condensation polymerization. For example, the
reaction of 1,1�-difunctionalized ferrocenes containing leav-
ing groups with an appropriate diol produces main-chain
polymers (Scheme 1a).[3f] Preparation of the correspon-
ding main-chain coordination polymers is analogous
(Scheme 1b): 1,1�-disubstituted ferrocenes carrying donor
moieties (DPPF, L1–L7, L9–L13, L22, L24, L25) react with
metal ions with two coordination sites to give main-chain
coordination polymers. The shape of the 1D chain in the
coordination polymer varies from linear to zigzag with
decreasing torsion angle τ (Figure 5). Therefore, ferrocene-
containing coordination polymers are more flexible than

Scheme 1. Preparation of main-chain ferrocene-containing poly-
mers. Examples of (a) a conventional polymer and (b) a coordina-
tion polymer.

Figure 5. Structural variations in 1D main-chain ferrocene-contain-
ing coordination polymers depending on the torsion angle τ.
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other types of coordination polymers, in that they can bend
not only at the metal nodes but also at the bridging ferro-
cenyl moieties. In addition, variation in the torsion angle
between the substituents and the Cp rings adds further
structural diversity.[6–10,22]

Conventional side-chain ferrocene polymers are generally
prepared by polymerization of monosubstituted ferro-
cenes.[3] Scheme 2a shows an example of radical polymeri-
zation, which affords homopolymers and copolymers. The
tacticity of the product is usually not regular, and the
monomer sequence is random.[3g] In contrast, stereoregular
ferrocene-containing side-chain coordination polymers are
obtained by the reaction of metal salts and monosubsti-
tuted ferrocenes with bidentate sites (L8, L14, L16–L21,
L23) (Scheme 2b).

Scheme 2. Preparation of side-chain ferrocene-containing poly-
mers. Examples of (a) a conventional polymer and (b) a coordina-
tion polymer.

In addition to these coordination polymers, higher-di-
mensional coordination polymers can be formed by intro-
ducing an additional bis(N-donor) bridging ligand (Fig-
ure 6) for the carboxylate complexes.[29,35,36,39–42,44–50]

When the additional ligand is introduced, the carboxylate
anion changes coordination mode, and the metal center ac-
cepts the additional ligand, leading to a high-dimensional
coordination polymer (Figure 1).[29]

The preparation of these coordination polymers is mostly
straightforward. Those with neutral ligands (DPPF, L1–
L12, L24, L25) are prepared by reactions of the ligands and
metal salts, while those with anionic ligands (L13–L23) are
prepared by metathesis reactions between the alkaline salt
of the ligand and transition metal salts such as halides, ni-
trates, and acetates. Mixed-ligand coordination polymers
are obtained either by adding bridging ligands to these
complexes or by the reaction of free acid ligands, metal
salts, and additional ligands. It is to be noted that metal
complexes sometimes undergo transformations in solution,
producing solvent-dependent products.[4b,5a,6,7,21]
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Figure 6. Bis(N-donor) bridging ligands that act as additional li-
gands.

Coordination Polymers from
Diphenylphosphanylferrocenes

DPPF and related ligands produce main-chain coordina-
tion polymers. Among these, [AuCl(DPPF)]n complexes are
an example of supramolecular isomerism[57] associated with
the conformational flexibility of the ferrocenyl ligand. The
complex has three crystal modifications. Polymorph 1 is
prepared by conversion of a 2:1 M/L complex, [(AuCl)2-
(DPPF)]n, in CDCl3 (Figure 7a).[6] Polymorphs 1� (Fig-
ure 7b) and 1�� (Figure 7c) are prepared by the same reac-
tion in CH2Cl2.[7] These are 1D coordination polymers
composed of alternating DPPF and AuCl units, in which
the AuI metal centers exhibit planar trigonal coordination
geometries. The values of τ are around 150°, 180°, and 130°
for 1, 1�, and 1��, respectively, accompanied by varying in-
trachain Au···Au separations of 6.58, 8.36, and 8.55 Å,
respectively. Thus, the flexibility of the 1D chain leads to
structural differences. Interestingly, the 2:1 M/L complex
[(AuCl)2(DPPF)]n (3) is also a 1D coordination polymer
(Figure 7d).[8] In this complex, two crystallographically in-
dependent (AuCl)2(DPPF) units with different τ values (τ ≈
180° and 150°) alternate. The (AuCl)2 unit features an
Au···Au interaction distance of 3.08 Å.
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Figure 7. 1D chain structures of (a) [AuCl(DPPF)]n (1), (b)
[AuCl(DPPF)]n (1�), (c) [AuCl(DPPF)]n (1��), and (d) [(AuCl)2-
(DPPF)]n (3).

Silver complexes [Ag(tfa)(DPPF)]n (3)[9a] and [Ag2(tfa)2-
(DPPF)2·H2O·2CH3CN]n (3�)[9b] (tfa = trifluoroacetate) are
structurally similar to 1� and 1��, respectively. The major
differences between 3 and 3� are in the τ values of DPPF
(180° for 3 and 123° for 3�) and the coordination environ-
ments around the AgI center. The AgI ion in 3 adopts a
tetrahedral geometry, coordinated by two phosphorus
atoms from two different DPPF ligands and two oxygen
atoms from chelating tfa molecules, while that in 3� pos-
sesses a T-shaped geometry formed by two phosphorus
atoms and one monodentate tfa. [Ag(tfa)(DPPF)]n (3) is
prepared by the reaction of the discrete [Ag2(tfa)2(DPPF)]
complex with 1 mol equiv. of DPPF.[9a]

The DPPF derivative L1 produces a 1D coordination
polymer, [Ag2(L1)(dppmS2)2·2ClO4]n (5) [dppmS2 = bis(di-
phenylthiophosphanyl)methane] (Figure 8a), in which the
Ag2(dppmS2)2 units are linked by the antiperiplanar L1 li-
gand (τ ≈ 180°).[11] The reaction of L1 with AgClO4 gives
1:1, 1:2, and 2:1 M/L complexes, and compound 5 is pro-
duced by the reaction of the 1:1 complex [Ag(L1)·ClO4]
with dppmS2. Another 1D coordination polymer worth
mentioning is [CoI2(L2)]n (6) (Figure 8b), which contains
antiperiplanar L2 (τ ≈ 180°).[12] This complex is obtained
by air oxidation of [(Cp)CoI2(DPPF)]+I– and not by direct
reaction of L2 with CoI2.
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Figure 8. 1D chain structure of (a) [Ag2(L1)(dppmS2)2·2ClO4]n (5)
and (b) [CoI2(L2)]n (6).

Coordination Polymers from Ferrocenes with
Thioether Substituents

Main-chain coordination polymers can be prepared from
thioether-substituted ferrocenes L3–L6. In complexes with
L3, the twist of the 1D chain is affected by the M···M inter-
action of the bridging metals. [M(hfac)2(L3)]n [MII = Cu
(7), Mn (8), Zn (9)] (hfac = 1,1,1,5,5,5-hexafluoroacetyl-
acetonate) consists of alternate arrangements of anti-
periplanar L3 (τ ≈ 180°) and trans-[M(hfac)2], forming
straight-chain coordination polymers (Figure 9a).[4a]

[Ag(L3)·PF6·2CH3CN]n (10) is also a 1D coordination
polymer (Figure 9b), but the ferrocene moieties are located
on one side of the chain (τ = 40°).[4a] This is associated with
the “argentophilic” intrachain Ag···Ag interaction. The AgI

ion adopts a linear geometry, coordinated with two nitrogen
atoms from two L3 ligands. In addition, these complexes
show interesting physical properties such as redox activity.

Figure 9. 1D straight-chain structures of (a) [Cu(hfac)2(L3)]n (7),
(b) [Ag(L3)·PF6·2CH3CN]n (10), and (c) 1D twisted zigzag struc-
ture of [Cu(L4)·PF6]n (11). Dashed lines in (b) indicate Ag···Ag
argentophilic interactions.
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Solid-state cyclic voltammograms for 7 and 10 show redox
waves at 0.39 and 0.42 V (vs. ferrocene-ferrocenium),
respectively, which may be ascribed to the redox processes
of the ferrocenyl moiety.[4a] Complexes 7 and 8 are para-
magnetic as a result of the presence of magnetic ions.

Comparison of these complexes of L3 with those of L4
shows how the twist in the chain structure depends on the
ligand positional isomer. Although the complexes with L3
(7–10) exhibit straight-chain structures, isomer L4 forms a
highly twisted chain complex [Cu(L4)·PF6]n (11) with τ =
38° (Figure 9c).[4a] This complex is obtained as air-sensitive
crystals by the reaction of L4 and [Cu(CH3CN)4]PF6. The
CuI ions are arranged linearly and are separated from each
other by approximately 4.0 Å.

[CuCl2(L5)]n (12), [HgBr2(L5)]n (13), and [Ag(CF3SO3)-
(L5)]n (14) form different structures (Figure 10) due to the
conformational flexibility of the substituents and the dif-
ferent coordination environments of the metal ions.[58] In
these complexes, the ligand acts as a bridging bidentate li-
gand (τ ≈ 180°), coordinating to the “hard” and “soft”
metal ions through the “hard” N-donor atoms. Complex 12
shows a zigzag structure in which the CuII center adopts a
square-planar geometry (Figure 10a), while 13 consists of a
twisted zigzag structure in which the HgII center is in a
highly distorted tetrahedral geometry (Figure 10b).
[ZnCl2(L5)]n exhibits a structure similar to that of 13. The
chain structure of 14 is highly twisted, containing two con-
formationally different L5 ligands in the chain (Figure 10c).

Figure 10. 1D chain structure of (a) [CuCl2(L5)]n (12), (b)
[HgBr2(L5)]n (13), and (c) [Ag(CF3SO3)(L5)]n (14). Dashed lines in
(c) indicate Ag···π interactions.
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The silver center in 14 is coordinated with two nitrogen
atoms from the ligands and one oxygen atom from the
counteranion and has an additional contact with the cyclo-
pentadienyl ring in a η2 fashion (Ag···C ≈ 2.9 Å), forming
a trinuclear sandwiched coordination structure.

Ligand L6 exhibits an interesting coordination mode in
[Ag(L6)·ClO4]n (15), which contains an alternating arrange-
ment of antiperiplanar L6 (τ ≈ 180°) and AgI ions (Fig-
ure 11).[15] The silver centers are coordinated with two sul-
fur atoms of different ferrocene moieties and also with the
cyclopentadienyl rings in a η2 fashion, giving a double-
sandwich assembled structure.

Figure 11. 1D double-sandwich assembled structure of [Ag(L6)·
ClO4]n (15). Dashed lines indicate Ag···π interactions.

Coordination Polymers from Heteroaryl
Ferrocenes

Main-Chain Coordination Polymers

Ligand L7 produces main-chain coordination polymers
as well as discrete complexes, and these examples show how
the bulkiness of the bridging metal-containing species af-
fects the assembled structures. AgI complexes with L7 are
macrocyclic discrete complexes with τ ≈ 0°, as shown in
Figure 12a,[19] but CuII carboxylate complexes with L7,
[Cu2(RCOO)4(L7)]n [R = Ph (16) (Figure 12b), C5H11 (17)],
are 1D coordination polymers with step-like structures,
composed of an alternating arrangement of Cu dinuclear
lantern units and synperiplanar L7 (τ ≈ 0°).[19] [Cu2(CH3-
COO)4(L7)·{Cu2(CH3COO)4·2H2O}]n (18) contains the
same step-like [Cu2(RCOO)4(L7)]n chains, which are further
hydrogen-bonded via the additional dinuclear lantern unit
[Cu2(CH3COO)4(H2O)] to form a 2D sheet structure (Fig-
ure 12c). There is a hydrogen bond between the non-coordi-
nating N-donor moiety of L7 in the chain and the coordi-
nating water molecule of the interchain dinuclear unit.[19]

In these CuII complexes, the steric hindrance of the dinu-
clear unit prevents the formation of macrocyclic complexes,
leading to the formation of coordination polymers.

Side-Chain Coordination Polymers

Ligand L8 gives ideal 1D side-chain polymers based on
its rational design. These are interesting from the point of
view of magnetism. The polymers [M(hfac)2(L8)]n [MII =
Cu (19), Mn (20), Ni (21), and Zn (22)] are isomorphous
coordination polymers comprising a 1D chain structure
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Figure 12. (a) Macrocyclic structure of AgI complexes with L7; 1D
step-like structures of (b) [Cu2(PhCOO)4(L7)]n (16) and (c)
[Cu2(CH3COO)4(L7)·{Cu2(CH3COO)4·2H2O}]n (18).

that contains an alternating arrangement of trans-[M-
(hfac)2] and L8 (Figure 13a).[4b] Lantern-like dinuclear cop-
per carboxylates also give 1D coordination polymers
[Cu2(RCOO)4(L8)·(guest)]n [R = Ph, guest = none (23)
(Figure 13b); R = C5H11, guest = CH3CN (24)].[5b] The use
of a copper halide leads to an extended structure. The reac-
tion of L8 with CuI gives a 2D network complex [CuI-
(L8)]n (25), in which [Cu2I2] units connect the ligands (Fig-
ure 13c).[4b] Investigation of the magnetic properties of 19
shows that the CuII ions (s = 1/2) are at equal separation,
forming a 1D chain structure with a Cu···Cu distance of
6.0 Å. Coordination polymers of pyrimidine derivatives are
of interest due to their potential for molecular magnetism,
because the magnetic interaction between the copper ions
becomes ferromagnetic for axial–axial and axial–equatorial
coordination modes.[59] In 19, weak antiferromagnetic inter-
actions (2J = –6.3 K) are observed between the CuII ions.
In this complex, the pyrimidine moiety coordinates to one
CuII ion in equatorial–equatorial and to the other in axial–
axial fashion, which is the origin of the antiferromagnetic
behavior. Although small, this intrachain interaction is
significant when compared with the negligible intermo-
lecular magnetic interactions in the main-chain coordina-
tion polymer [Cu(hfac)2(L3)]n (7) (Weiss temperature θ =
–0.06 K).[4a] In addition, these coordination complexes have
been shown to exhibit redox processes in the solid state
based on the redox activity of the ferrocenyl group.

The choice of solvent is crucial for the complexion of L8
with [M(hfac)2]. The reaction in pentane gives a 1:1 M/L
coordination polymer, while the reaction in diethyl ether
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Figure 13. 1D chain structures of (a) [Cu(hfac)2(L8)]n (19), (b)
[Cu2(PhCOO)4(L8)·(guest)]n (23), (c) 2D sheet structure of
[CuI(L8)]n (25), and (d) 1:2 M/L discrete complex with L8.

affords discrete 1:2 M/L complexes (Figure 13d), regardless
of the amount of ligand present.[5a] In these discrete com-
plexes, L8 acts as a monodentate ligand, coordinating to
the metal ion through one of the two nitrogen atoms and
leaving the other one free. Interestingly, this corresponds to
isolation of the local structure of the 1:1 M/L coordination
polymer.

Coordination Polymers from Azaheterocyclic
Ferrocenes with Spacer Groups

Main-Chain Coordination Polymers

The reaction of L9 and CdBr2 in a methanol solution
gives rise to [CdBr2(L9)·CH3OH]n (26), which exhibits a re-
peated rhomboidal structure (Figure 14).[21] The rhomboid
is composed of two CdII ions with a distorted octahedral
geometry and two L9 molecules with an anticlinal confor-
mation. The structures of [MX2(L10)2]n (M = Zn, Cd, Hg;
X = Cl, Br, SCN, N3, NO3) are similar to each other.[22a]
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The structure of [HgCl2(L10)2]n (27) is shown in Figure 15
as a representative example. The complex has a waved 2D
structure, composed of a macrocyclic unit [Hg4(L10)4], in
which the HgII ion exhibits an octahedral geometry, coordi-
nated with two axial chloride ligands and four equatorial
nitrogen atoms from four L10 ligands. The ligand adopts a
synperiplanar conformation (τ ≈ 0°), the nitrogen atoms of
the pyridine rings pointing in different directions to serve as
a bridging module.[22a] Complexes with L11 exhibit chelate
coordination. [Cu2(L11)2Cl·BF4]n (28) exhibits a double-
helicate structure (Figure 16), in which dimeric [Cu2(L11)2]
units are bridged by μ2 chloride ions.[23] The dimer unit is
composed of two CuII ions with trigonal bipyramidal ge-
ometry and two L11 ligands with an anticlinal conforma-
tion, stabilized by intermolecular π···π interactions between
the pyridine ring and the Cp ring.

Figure 14. 1D repeated rhomboidal structure of [CdBr2(L9)·
CH3OH]n (26).

Figure 15. 2D sheet structure of [HgCl2(L10)2]n (27); (a) along the
a axis and (b) along the c axis.

Figure 16. 1D chain structure of [Cu2(L11)2Cl·BF4]n (28).

L12 acts as a chelate-bridging ligand. The reactions of
L12 and AgI salts lead to 1D coordination polymers
[Ag(L12)·X·(solvent)]n (X = BF4

–, PF6
–, CF3SO3

–, or
SbF6

–; solvent = none, 0.5Et2O, or 1.5C6H6).[24] The com-
plexes with and without solvent molecules possess zigzag
and helical chain structures, respectively. As examples,

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 5355–53715364

structures of the helical complex [Ag(L12)·PF6]n (29) and
the zigzag complex [Ag(L12)·PF6·0.5Et2O]n (30) are shown
in Figures 17a and 17b, respectively. The difference in their
structure originates from the axial chirality[1c] of the ligand
around the Cp1–Fe–Cp2 axis: the helical chain in 29 con-
sists of ligands with the same chirality, while the zigzag
chain in 30 is composed of an alternate arrangement of the
R and S enantiomers.

Figure 17. 1D chain structures of (a) [Ag(L12)·PF6]n (29) and (b)
[Ag(L12)·PF6·0.5Et2O]n (30).

Side-Chain Coordination Polymers

The reaction of L9 and CdBr2 in DMF/Et2O solution
leads to a side-chain polymer [CdBr2(L9)]n (31) (Fig-
ure 18),[21] in contrast to the main-chain polymer 29
([CdBr2(L9)·CH3OH]n). The polymer backbone in 31 con-
sists of [CdBr2]n, which are chelated by L9. Each chain in-
volves two different L9 ligands that are mirror images of
each other. The ligand exhibits intramolecular NH···O=C
hydrogen bonding between the 1- and 1�-substituents.

Figure 18. 1D chain structure of [CdBr2(L9)]n (31).

Metal complexes with L10 tend to adopt metallamacro-
cyclic structures similar to those found in 1,1�-bis(4-pyrid-
yl)ferrocene and L7, which are linked by additional interac-
tions to construct 1D coordination polymers. [Ag2(L10)2·
(tfa)2·2CH3CN·C6H6]n (32) (Figure 19a) is a ladder-like co-
ordination polymer, in which the macrocyclic dimers are
linked via an interdimer Ag–O bond. Ligand L10 adopts a
synperiplanar conformation (τ ≈ 0°) with the N-donor moi-
eties of each pyridine ring arranged in the same direc-
tion.[22a] [Ag2(L10)2·2CF3SO3·3H2O]n (33) (Figure 19b) is a
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2D coordination polymer, in which the macrocyclic dimers
are linked via interdimer Ag···Cp interactions, giving a
double sandwich structure.[22a]

Figure 19. 1D ladder-like structures of (a) [Ag2(L10)2·(tfa)2·
2CH3CN·C6H6]n (32) and (b) [Ag2(L10)2·2CF3SO3·3H2O]n (33).
Dashed lines in (b) indicate Ag···π interactions.

Coordination Polymers from Carboxylated
Ferrocenes

Main-Chain Coordination Polymers

Because of the multidentate coordination properties of
the carboxylate moiety, L13 produces 1D main-chain coor-
dination polymers with rather complicated local structures.
[Cd(L13)(H2O)3·4H2O]n (34) and [Cd(L13)(DMF)2(H2O)]n
(35) exhibit zigzag chain structures, twisted differently de-
pending on τ (τ = 60° for 34 and 133° for 35) (Figures 20a
and 20b).[26,27] [Zn2(L13)2(pyridine)4]n (36) exhibits a 1D
ribbon-like structure (τ = 113°) (Figure 20c), in which one
of the two carboxylate groups of L13 coordinates to the
ZnII center in a monodentate fashion while the other brid-
ges two ZnII ions in a syn-anti bridging mode.[28]

Complexes [(SnR3)2(L13)]n [R = Me (37; Figure 21a),
nBu (38)] exhibit 2D sheet structures and are isostructural
with each other, while [(SnPh3)2(L13)] is a discrete com-
plex.[29] These are interesting examples with organometallic
components. The 2D sheet structure in 37 and 38 is com-
posed of repeated macrocycles with four SnR3 and four L13
units, in which L13 adopts an anticlinal conformation (τ =
109°) and links four Sn atoms in a syn-anti bridging mode.
Addition of N-donor ligands lead to 1D coordination poly-
mers [(SnPh3)2(L13)(L–L)]n [L–L = bpy (39), bpe (40; Fig-
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Figure 20. 1D zigzag structures of (a) [Cd(L13)(H2O)3·4H2O]n (34),
(b) [Cd(L13)(DMF)2(H2O)]n (35), and (c) 1D ribbon-like structure
of [Zn2(L13)2(pyridine)4]n (36).

ure 21b), bpp (41)], which are composed of an alternate ar-
rangement of (Ph3Sn)–μ-L13–(SnPh3) and L–L units.[29] In
these complexes, L13 adopts an antiperiplanar conforma-
tion (τ ≈ 180°) and coordinates to the metal in a mono-
dentate mode, while that in precursor [(SnPh3)2(L13)] has a
synclinal conformation (τ = 71°) with a bidentate coordina-
tion mode.

Figure 21. (a) 2D sheet structure of [(Sn(CH3)3)2(L13)]n (37) and
(b) 1D chain structure of [(SnPh3)2(L13)(bpe)]n (40).

The reaction of [Cu(tmeda)(NO3)2·H2O] (tmeda =
N,N,N�,N�-tetramethylethylenediamine) and ferrocenedicar-
boxylic acid (L13·2H+) in the presence of (nBu4N)OH gen-
erates a 1D zigzag chain complex [Cu(tmeda)(L13)]n (42)
(Figure 22a).[30] This is in contrast to the corresponding Co
and Ni complexes, which form 2:2 M/L discrete macrocyclic
structures.[30] A related complex, [Cu(pmdta)(L13)(H2O)·
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CH3OH] (pmdta = 1,1,4,7,7-N,N,N�,N��,N��-pentamethyl-
diethylenetriamine), exhibits a discrete structure, in which
one of the carboxylate groups in L13 coordinates to the
metal, while the other forms hydrogen bonds with a coordi-
nation water of an adjacent unit and a solvate molecule
CH3OH (Figure 22b).[30] The latter carboxylate group acts
as a non-coordinating anion.

Figure 22. (a) 1D zigzag chain structure of [Cu(tmeda)(L13)]n (42)
and (b) discrete molecular [Cu(pmdta)(L13)(H2O)·CH3OH].
Dashed lines in (b) indicate hydrogen bonds.

Through the use of LnIII salts, the dimensionality of the
resulting coordination polymers increases because of the
high coordination number of the lanthanide ions. [Y2-
(L13)3(H2O)4·H2O]n (43) (Figure 23) and related complexes
(44–50) are 2D coordination polymers.[26,31–34] The metal
center in 43 is coordinated with nine oxygen atoms from
four L13 ligands and two water molecules. Two L13 ligands
(τ = 62°) bridge two metal ions to construct a metallama-
crocycle, which is further linked by L13 (τ ≈ 180°) to form
a 2D brick-wall structure. A weak ferromagnetic interaction
(Weiss temperature θ = 0.93 K) is present between the EuIII

ions in 44.[26]

Figure 23. 2D sheet structures of [Y2(L13)3(H2O)4·H2O]n (43). A
schematic illustration of the structure is also shown.
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The introduction of additional bridging ligands leads to
higher-dimensional structures. [Cu2(L13)2(bbim)3·6H2O]n
(51) is a 3D coordination polymer (Figure 24a).[35] The as-
sembled structure can be regarded as a pillared layer, with
2D brick walls formed by the CuII ion and bbim and linked
by L13 (τ = 131°). The pillared-layer structures are further
interpenetrated. The local structure of [Cd(L13)(L–L)-
(H2O)·mH2O]n [L–L = pebbm, m = 2 (52); L–L = prbbm,
m = 3 (53)] is composed of a macrocycle containing two
CdII ions and two L13 ligands (τ = 54° for 52 and 56° for
53).[36] Despite their similar local structures, the assembled
structures of 52 and 53 depend on the additional ligands:
52 has a 1D necklace-like chain structure, while 53 exhibits

Figure 24. (a) 3D pillared-layer structure of [Cu2(L13)2(bbim)3·
6H2O]n (51), (b) 1D necklace-like chain structure of
[Cd(L13)(pebbm)(H2O)·2H2O]n (52), and (c) 2D sheet structure of
[Cd(L13)(prbbm)(H2O)·3H2O]n (53). Schematic illustrations of the
structures of 52 and 53 are also shown.
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a 2D sheet structure (Figures 24b and 24c). Several coordi-
nation polymers derived from L13 (43, 45, 46, 52, and 53)
show broad luminescence around 390 nm in the solid state,
which is assignable to intraligand fluorescent emis-
sions.[26,36]

Side-Chain Coordination Polymers

Ligands L14–L21 give rise to 1D side-chain coordination
polymers, often with complicated coordination structures,
similar to complexes containing L13. The use of additional
bridging ligands leads to chain structures, in which metal-
centered clusters with carboxylate ligands are further linked
by bridging ligands. The carboxylated ferrocenes in such
complexes act mostly as pendants and not as bridging li-
gands. In this section, we mainly focus on complexes with
L14, which are typical.

[Sn(o-fluorobenzyl)3(L14)]n (54) is a simple zigzag 1D
side-chain polymer, composed of repeating units of Sn(o-
fluorobenzyl)3 and L14 (Figure 25a).[37] This organometal-
lic complex is obtained by the reaction of [SnCl(o-fluo-
robenzyl)3]2 with ferrocenecarboxylic acid (L14·H+). Li-

Figure 25. (a) 1D zigzag structure of [Sn(o-fluorobenzyl)3(L14)]n
(54), (b) 1D necklace-like chain structure of [Na2Cd(L14)4-
(CH3OH)2]n (55), and (c) 1D ribbon structure of [Pb4(L14)8-
(CH3OH)2·3CH3OH·2H2O]n (56). A schematic illustration of the
structure of 55 is also shown.
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gand L14 coordinates to the axial positions of the SnIV cen-
ter and links the metal ions with a syn-anti bridging mode.
[Na2Cd(L14)4(CH3OH)2]n (55) (Figure 25b) is a 1D neck-
lace-like chain complex, in which Cd(L14)4 units are linked
by two NaI ions.[38] This is an example of a mixed-metal
complex. [Pb4(L14)8(CH3OH)2·3CH3OH·2H2O]n (56) exhi-
bits a 1D ribbon-like structure, containing alternating units
of Pb2O2 and Pb2O4 rhomboids with ferrocenyl pendants
(Figure 25c).[39] The complex contains four L14 ligands
with different coordination modes: monodentate, bidentate,
tridentate, and tetradentate.[39] As can be seen from the
structural variety of these and similar complexes, the as-
sembled structures of complexes with carboxylate ligands
are rather unpredictable, in contrast to those with neutral
ligands.

The use of N-donor bridging ligands together with L14
leads to 1D polymers, which contrasts with the tendency of
L14 to form 2D structures. The assembled structures of the
complexes, as well as their guest inclusion properties, vary
depending on the additional ligand. [Zn(L14)2(bpp)]n (57)
is a zigzag chain complex in which Zn(L14)2 is joined by
bpp (Figure 26a).[39] The use of bbbm instead of bpp leads
to the helical-chain complex [Zn(L14)2(bbbm)·2H2O]n (58)
(Figure 26b).[40] [Zn2(L14)4(bpt)2·5H2O]n (59) is also a 1D

Figure 26. (a) 1D zigzag structure of [Zn(L14)2(bpp)]n (57), (b) heli-
cal structure of [Zn(L14)2(bbbm)·2H2O]n (58), and 1D ladder-like
structures of (c) [Zn2(L14)4(bpt)2·5H2O]n (59) and (d) [Pb(L14)2-
(bpe)]n (60). A schematic illustration of the structure of 60 is also
shown.
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chain polymer, but due to the presence of the NH group in
bpt, two adjacent chains are linked by NH···Oligand hydro-
gen bonds to form a ladder-like structure (Figure 26c),
which is stacked to produce a large porous assembled struc-
ture containing guest water molecules.[39] [Pb(L14)2(bpe)]n
(60) exhibits a ladder-like structure with an alternating ar-
rangement of a [Pb2(L14)4] rhomboid and two bpe ligands
(Figure 26d).[39]

Ligand L14 can form lantern-type dinuclear complexes,
as is characteristic of carboxylates. A 1D linking of the di-
nuclear units leads to a side-chain polymer. [{Mn2(L14)4}-
{Mn(L14)2(CH3OH)4}]n (61) is a 1D coordination polymer
(Figure 27) in which lantern-like Mn2 dimer units are
bridged by Mn(L14)2 units.[41] The addition of bpy to 61
leads to the formation of the 2D sheet complex [{Mn2-
(L14)4}{Mn(L14)2(bpy)(H2O)2}]n (62), in which the dinu-
clear unit is highly deformed and the 1D chains are further
linked by bpy.[41,42] Complex 61 exhibits an antiferromag-
netic interaction (J ≈ –41 K) between the Mn ions (S = 5/2)
within the dinuclear unit, while the corresponding inter-
action in 62 is much smaller (J ≈ –2 K). The difference is
mainly due to the structural difference in the Mn2(L14)4

units.[41]

Figure 27. 1D chain structure of [{Mn2(L14)4}{Mn(L14)2-
(CH3OH)4}]n (61). A schematic illustration of the structure is also
shown.

[UO2(L15)(THF)·(ferrocene)] (63) exhibits a 1D ribbon
structure (Figure 28).[43] The UVI center is coordinated with
seven oxygen atoms from four carboxylate groups, two ox-
ido groups, and THF. The linear chain consists of an alter-
nating arrangement of a [UO2(THF)] unit and two carb-
oxylate groups from the ligand. The two carboxylate groups
of the ligand adopt a syn-anti bridging mode and are al-
most coplanar. The interstices between the linear chains are
occupied by free ferrocene. This complex is an unprece-
dented product of a reaction involving L14. Formation of
this complex involves the formation of [UO2(L14)2], cleav-
age of the carboxylate group from L14, and subsequent for-
mation of L15 and free ferrocene.

Ligands L16–L20 contain spacer groups between the
ferrocenyl moiety and the carboxylate group. In contrast
to L13, most of the complexes reported involve additional
bridging ligands. This tendency may be ascribed to in-
creased flexibility in the ligands. Because the structural
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Figure 28. 1D linear chain structure of [UO2(L15)(THF)·
(ferrocene)] (63).

tendencies of such complexes are similar to those of com-
plexes with L14, we will limit our discussion to certain
interesting complexes. The structure of the 2D sheet com-
plex [Cd2(L16)4(bix)2·4CH3OH]n (66) is unique (Fig-
ure 29).[45] The local structure around the dimer unit can be
regarded as a Möbius-like Cd4(L–L)4 strip surrounding a
windmill-like Cd(L16)4 unit. Another interesting example is
the structural change of 1D polymer [Mn(L19)2(μ2-OH2)2-
(H2O)2·H2O]n (76) to a 1D ribbon polymer [Mn(L19)2-
(phen)]n (77) by the addition of phen, along with elimi-
nation of the coordinating water molecule (Figure 30).[49]

Both MnII complexes exhibit antiferromagnetic interactions
between the MnII ions (Curie–Weiss temperature θ =
–26.5 K for 76, –16.0 K for 77).[49] The assembled structures

Figure 29. 2D sheet structure of [Cd2(L16)4(bix)2·4CH3OH]n (66).
A schematic illustration of the structure is also shown.

Figure 30. 1D chain structure of [Mn(L19)2(μ2-OH2)2(H2O)2·
H2O]n (76) (top) and 1D ribbon structure of [Mn(L19)2(phen)]n
(77) (bottom).
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and guest inclusion properties of [M(L20)2(L–L)(sol.)2·
2(guest)]n (M = Cd, Zn, Pb; L–L = bpe, bpy, pebbm; sol.
or guest = CH3OH, H2O) (81–84), which depend on the
shape of the additional ligand, are notable.[46,50] Several
complexes with ferrocene carboxylate derivatives show non-
linear optical refraction effects with self-focusing behav-
ior.[44,48]

The structurally related β-diketonate ligand L21 affords
the linear chain complex [Zn(L21)2(bpe)]n (85) by addition
of a secondary ligand (Figure 31).[51] In this complex, ZnII

ions chelated by L21 are further linked by bpe. This exam-
ple demonstrates a useful method of preparing side-chain
coordination polymers by using chelating ligands.

Figure 31. 1D linear structure of [Zn(L21)2(bpe)]n (85).

Coordination Polymers from Sulfonated
Ferrocenes

Ligand L22 affords high-dimensional main-chain coordi-
nation polymers in combination with N-donor bidentate li-
gands, for which characteristic properties such as gas ad-
sorption and ion exchange have been demonstrated.
[Cd(L22)(bpp)2·2CH3OH·6H2O]n (86) is a 2D sheet com-
plex, in which rhomboids composed of CdII ions and two
bpp molecules are bridged by antiperiplanar L22 (τ ≈ 180°)
(Figure 32a).[52] The 2D layers are stacked, and the struc-
ture contains large cavities. [Cd(L22)(bpy)2·4CH3OH]n (87)
possesses an interpenetrated pillared-layer structure com-
posed of 2D sheets of CdII and two bpy molecules, which
are linked by L22 (τ ≈ 180°) (Figure 32b).[52] Both 86 and 87
show marked gas absorption properties due to their porous
structures. In addition, 87 undergoes unique ion exchange
reactions when immersed in aqueous solutions containing
divalent metal ions, while maintaining its single-crystal
state. The rate of exchange depends on the metal ion and
the counteranion.

Complexation of L23 with ZnII in the presence of bpy
produces a pillared-layer 2D complex [Zn(L23)2(bpy)2]n
(88) with a side-chain structure.[53] This complex exhibits a
2D sheet structure in which the ZnII ion and two bpy mole-
cules form a 2D lattice with L23 ligands located above and
below the sheet (Figure 33). This complex participates in
ion exchange reactions, as observed in complexes with L22
(86 and 87). When single crystals of 88 are impregnated
with a methanol solution of M(NO3)2 (M = Cd, Pb, and
Cu), an ion exchange reaction takes place to produce single
crystals of [Zn1–xMx(L23)2(bpy)2]n.[53]
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Figure 32. (a) 2D sheet structure of [Cd(L22)(bpp)2·2CH3OH·
6H2O]n (86) and (b) 3D pillared-layer structure of [Cd(L22)(bpy)2·
4CH3OH]n (87).

Figure 33. 2D sheet structure of [Zn(L23)2(bpy)2]n (88).

Coordination Polymers from Unsymmetrical
Ferrocenes

L24 and L25 are probably the only examples of 1,1�-di-
substituted unsymmetrical ferrocene ligands that afford
main-chain coordination polymers, and to the best our
knowledge, there are no side-chain coordination polymers
with unsymmetrical ferrocene ligands. Ligand L24 produces
1D coordination polymers [MBr2(L24)]n [M = Cd (89; Fig-
ure 34a), Hg], in which both the P and N atoms of the li-
gand coordinate to the metal ions.[55a] The ferrocene moiety
in 89 adopts an anticlinal conformation (τ = 157°). The
presence of “hard” and “soft” donor atoms in the ligand is
particularly interesting. When metal complexation is carried
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out under acidic conditions, a discrete metal complex is
produced, in which the P donor atom coordinates to the
metal ion, while the N atom is protonated.[55a] The combi-
nation of L25 and CdBr2 produces a 1D coordination poly-
mer [(CdBr2)2(L25)2]n (90) (Figure 34b), in which L25 acts
as an O1, P2-bridging ligand. In the structure, macrocycles,
constructed of two anticlinal L25 ligands and two CdII ions,
are linked by a halogen bridge.[55b] This is in contrast with
related ZnII and HgII complexes, which show 1:1 and 2:2
M/L discrete structures, respectively.[55b] The structure of
the HgII complex closely resembles the local structure of
90.

Figure 34. 1D structures of (a) [CdBr2(L24)]n (89) and (b) [(Cd-
Br2)2(L25)2]n (90).

Summary and Perspectives

This review has illustrated that main-chain and side-
chain ferrocene-containing polymers can be synthesized on
the basis of rational ligand design. These polymers exhibit
a structural diversity that is based on conformational flexi-
bility and various coordination modes of the ferrocene-
based ligands. The structures are mostly one-dimensional,
but characteristic structural changes result from the use of
additional bridging ligands in complexes with anionic li-
gands. These studies may be extended to other metallocene
systems, and the strategy can also be applied to other metal-
containing ligands.

As described above, coordination polymers derived from
ferrocene-based ligands show characteristic physical prop-
erties, such as redox, magnetism, luminescence, nonlinear
optical properties, and ion-exchange. These properties,
however, are not unprecedented in coordination polymers,
and exploring unique properties characteristic to ferrocene
or metallocene coordination polymers is of significant inter-
est. From this viewpoint, unsymmetrical ferrocene ligands
carrying different donor moieties are interesting with regard
to their potential to generate chemically and physically
interesting heteronuclear and hemilabile complexes. The de-
velopment of porous metallocene-containing coordination
polymers is also an interesting research target, and various
functions such as catalytic activity, multistep redox activity,
and magnetic properties may be realized. Additionally,
magnetic coordination polymers containing metallocenium

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 5355–53715370

cations, which are interesting from the viewpoint of molecu-
lar magnetism, have yet to be developed. The studies dis-
cussed in this review are also useful as a foundation for the
construction and analysis of functional 2D assemblies on
surfaces.
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[55] a) P. Štĕpnička, I. Císařová, R. Gyepes, Eur. J. Inorg. Chem.
2006, 926–938; b) J. Kühnert, I. Císařová, M. Lamač, P. Štĕp-
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