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Abstract

Metal complexes of 1,4-dihydroxy-benzoquinone and its homologues (H2C6X2O4) are reviewed, focusing on assembled
structures based on their X-ray crystallographic structures reported so far. A wide variety of crystal structures based on
mononuclear, binuclear, polynuclear complexes and extended structures of coordination polymers or hydrogen bond linked
networks are listed in relation to the coordination modes such as the monodentate, bidentate, and bis-bidentate form of the
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ligands. Their physico-chemical properties such as redox, UV–vis, EPR and magnetic properties are described. The ligand,
H2C6X2O4, discussed here is one of the most useful multifunctional ligands, affording not only various self-assembled frameworks
via coordination, hydrogen, and coulomb linkages, but also unique electronic structures, which are accompanied by charged and
spin states. Their characteristics are mentioned in detail. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Chloranilate; 1,4-Dihydroxybenzoquinone; Coordination polymer; Layer structure; Hydrogen bond network; Redox and magnetic
properties

1. Introduction

Oxocarbon is one of the most useful multifunctional
ligand families [1,2], and a large number of metal
complexes have been synthesized to date. This article
focuses on metal complexes of 1,4-dihydroxy-benzo-

quinone (H2C6H2O4) and its homologues since they can
provide a variety of binding sites to metal cations and
charged states. For instance, the dianionic form has five
coordination modes shown in Scheme 1, which afford
intriguing crystal structures and physico-chemical prop-
erties. The derivatives are obtained by replacing a hy-
drogen atom with a substituent, X, which are
summarized as H2C6X2O4 in Table 1 [3–25]. With the
aid of these coordination modes, both finite and ex-
tended molecular assemblies have been developed. In
practice, the redox and/or magnetic properties have
added a new dimension to the coordination chemistry,
and therefore, this family is opening up a field of
compound-based materials [26–70]. In addition, the
crystal structures have afforded a variety of frameworks
together with voids. The frameworks are listed as
chains, ladders, grids, honeycomb, and so on (Fig. 1)
while voids are classified in cavities, channels and space
between layers, illustrating an alternative to inorganic
zeolites and clays [71]. There are two types of the solid
state structures: one is a supramolecular assembly of
low-molecular weight modules of metal complexes of
H2C6X2O4 while the other is an infinite extended struc-
ture constructed by coordination bonds, i.e. coordina-
tion polymers. The coordination polymers are prepared
from a monomeric unit with bis (1) or tris (2) coordina-
tion of C6X2O4. The bis form essentially provides a
one-dimensional (1D) framework, and a two-dimen-
sional (2D) one can be obtained when another linking
ligand is used. On the other hand, the tris form affords
2D honeycomb lattices and three-dimensional (3D)
structures (Fig. 1). For both monomer and coordina-
tion polymer motifs, hydrogen-bonds play an impor-
tant role to construct extended arrays. Assemblies of
1D polymers organized through hydrogen bonding in-
teractions between coordinated water molecules and
oxygen atoms of the ligands have been reported [72–
78]. Fig. 2 shows a conceptual scheme of hydrogen-
bonding, together with the intercalation of guest
molecules in the layer spacing. On the other hand, a
tris-type building block, i.e. octahedral M(C6X2O4)3

module, are interlinked by their own chelating dianions
to give a honeycomb-type sheet network. Interestingly,
adjacent layers tend to be connected by hydrogen
bonds of interstitial guest molecules such as water.

Scheme 1.

Table 1
Abbreviations of H2C6X2O4

X Abbreviation Reference

H2dhbq [12,13]H
H2faF [9]
H2ca [3–8,11,16]Cl
H2baBr [25]
H2iaI [24]
H2naNO2 [6,7,10,17]

CN H2(CN2dhbq) [10]
H2(thbq)OH [18,19]

CH3 H2(Me2dhbq) [15]
[20]C2H5 H2(Et2dhbq)

H2(Ph2dhbq)C6H5 [21]
iso-C3H7 [23]H2(Pr2dhbq)
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Fig. 1. Frameworks constructed from bis- and tris-coordination modules.

Fig. 2. Formations of sheet structures based on coordination bond and/or hydrogen-bonding frameworks, and intercalation of guest molecules.

This article begins with a survey of the structural
coordination chemistry of 1,4-dihydroxy-benzoquinone
and its homologues (H2C6X2O4), focusing on
supramolecular assemblies and coordination polymers,
and then, discusses physico-chemical properties in
relation not only to basic coordination chemistry but
also to material chemistry.

2. Structural classification of crystal structures

2.1. Lower nuclearity compounds

2.1.1. Mononuclear compounds
The monomeric compounds are usually obtained as

mono-, bis-, and tris-forms of C6X2O4 dianions, which
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are listed in Table 2. They are all considered as candi-
dates for a synthon of supramolecular assemblies be-
cause of the metal-free oxygen sites. Among the
mononuclear complexes, the chloranilate dianion pro-
vides three coordination modes, which are associated
with a linkage isomerism: (A) bis-carbanion, (B) p-qui-
none and (C) o-quinone chloranilate in transition metal
complexes (Fig. 3 and Table 2). This characteristic
coordination mode reflects the bonding nature of the
metal ion, whose steric and electronic factors influence
the interconversion of sp2- and sp3-hybridized C atoms
in the first coordination sphere.

A mononuclear species [MoO2(ca)(Hca)]− was ob-
tained from [Mo2O7]2− or [Mo8O26]4− [79,80]. Because
the complex is a monoanion, the chloranilate ligands
are inequivalent and have an o-quinone-like structure:
the mean C�O distance at uncoordinated sites in ca2−

is the normal benzoquinone distance for double bond
localization in the carbonyl group (1.21 A� ). In contrast,
that in Hca− is apparently longer (1.25 A� ). On this
basis, a broad peak at 3540 cm−1 in the IR spectrum
indicates the presence of an exchangeable proton on
one ligand site.

The bis-carbanion ligation (type A) through the C�Cl
carbon atoms is found in K2[Pd(ca)Cl2]·nH2O [81].
Some 16 [Pd(ca)L2] compounds were examined spectro-
scopically by changing L [82–85]. [Pd(ca){P(�-
C7H7)3}2] exhibits a distorted square-planar P2O2 ligand
field about the Pd(II) atom [86]. The coordinated chlo-
ranilate C�C and C�O bond lengths reveal a predomi-
nant o-quinone resonance form (type C), in contrast to
the delocalized p-quinone structure (type B) character-
istic of bridging chloranilate in transition metal com-
plexes [87]. In the compound, [Pd(ca)(CH3CN)2],
chloranilate ligates Pd(II) through both C�Cl carbon
atoms, with Pd�C bond lengths of 2.089(5) and 2.093(6)
A� , indicating that the chloranilate has the bis-carbanion
(type A) geometry (Fig. 4) [88].

2.1.2. Dinuclear compounds
There are two types of structural feature in the

dinuclear compounds. One is the bridged type,
[M2(L)2(C6X2O4)]n+ and the other is the terminal type,
[M2(L)(C6X2O4)2]n+. Discrete dimeric compounds,
[M2(L)2(ca)]n+ have a centrosymmetric structure of the
metal atoms bridged by ca2− dianions in a bis-biden-
tate fashion. The structural features of the bridging
dianion in the dimers can be divided into two types: (1)
delocalized structure and (2) localized structure. In the
former case, the dianions are essentially planar with
delocalization of �-electrons, and the latter type has
localized p-quinone structure (Scheme 2 and Table 2).
The structure of iron(III) chloranilate, [Fe2(C6Cl2O4)3-
(H2O)4]4H2O, has been determined by single crystal
X-ray diffraction, revealing a dinuclear structure with

one bridging chloranilate, two cis water ligands and one
chelating, ‘terminal’ chloranilate per iron(III) center
[89].

On the other hand, reduced C6X2O4
n− anions also

make dinuclear compounds. Cooperation of counter-
ligand, tripodal phosphane CH3C(CH2PPh2)3, and
cobalt ion affords a stable tetraanion L4 shown in
Scheme 2. Fig. 5 shows a dinuclear cobalt(III) dication
[Co2(dhbq)(tdpme)2](BF4)2·CH2Cl2[90]. The C�O dis-
tances (1.313(8) and 1.311(8) A� ), longer than those of
dhbq2−, indicate the absence of a delocalized quinoid
structure. The bridging ligand is best depicted as a
tetraanionic type, [cat,cat], form. On the other hand,
the trianion form [sq,cat] of L3 is realized in an iron
complex of a tetraazamacrocycle. Complexes [Fe2-
(dhbq)2(CTH)2]Y·nH2O (Y=ClO4

−, PF6
−) have a dinu-

clear structure of two iron(III) ions with one bridging
dhbq [91].

2.1.3. Oligomeric compounds
A centrosymmetric tetranuclear complex, [Rh4(ca)2-

(cod)4], displays a novel coordination mode of each ca
dianion in the o-quinone form, which interacts with
three rhodium atoms via three �-bonds through the
oxygen atoms and two �-bonds through two adjacent
double bonds (Fig. 6) [92]. The structure of {(n-
C4H9)4N}2[Mo4O10(dhbq)2] consists of discrete tetra nu-
clear dianionic units [Mo4O10(dhbq)2]2− (Fig. 7)
[79,80,93]. The dhbq ligands function as bis-bidentate
groups bridging two [Mo2O5]2+ units. The Mo coordi-
nation sites in the complex consist of two sets of two
distorted [MoO6] octahedra sharing a common face to
give a cofacial bioctahedral geometry. The dhbq ligands
coordinate formally as radical anions of L3 type in
Scheme 2, whose formulation is consistent with the
C�O bond lengths which average 1.29(1) A� , intermedi-
ate between values of 1.22 A� found for benzoquinones
and 1.38 A� for hydroquinones.

2.2. Hydrogen bond-linked layer compounds of discrete
molecules

[Cu2(ca)2(H2O)2(bpym)] shows a bpym-bridged di-
copper unit with the terminally coordinated o-quinone
form of chloranilate (Fig. 8) [94]. The chloranilate
shows symmetrical coordination with two equal Cu�O
distances (1.91 A� ). The apically coordinated water
molecules and the metal-free ca oxygen atoms are im-
portant for the hydrogen-bonded network; the two
nearest neighbor hydrogen bonds (2.75 and 2.78 A� ),
forming a 2D layer with the interlayer distance of 7.6
A� . This is representative of supramolecular assemblies
involving the dhbq family, where in principle, this type
of hydrogen-bonded link is operative.
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Table 2

C�O distance (A� ) ReferenceM�O distance (A� )TypeCompound

Mononuclear compounds
o-quinone 1.639, 1.620 1.296, 1.291, 1.220, 1.222 [154](C21H38N)2[Be(ca)2]

1.263, 1.234 [155]2.373o-quinoneNa2·[UO2(ca)2]
2.042, 2.202, 2.187, 2.031o-quinone 1.311, 1.292, 1.276, 1.315,[(C4H9)4N][MoO2(ca)(Hca)] [79,80]

1.241, 1.259, 1.225, 1.197
2.133o-quinone 1.272, 1.233 [156][C6H16N]3[In(ca)3]·2H2O

1.282, 1.284 1.227, 1.237 [157]2.007, 2.087[FeCl(ca)(H2O)3]·5H2O o-quinone
1.268, 1.273, 1.228, 1.232 [137][Cu(terpy)(ca)]2H2O o-quinone 2.042, 2.054
1.287, 1.303, 1.251, 1.240 [158]1.947, 1.928[Cu(dhbq)(bpym)(H2O)]·5H2O o-quinone

o-quinone[Cu(ca)(C14H12N2O4)(H2O)]· 1.938, 1.947 1.278, 1.273, 1.223, 1.235 [159]
0.5CH3CN

1.279, 1.290, 1.240,1.240o-quinone [158][Ni(dhbq)(Me2bpy)2]·H2O 2.056, 2.043
[Pd(ca){P(m-C7H7)3}2] 2.047, 2.054 1.284, 1.292, 1.230, 1.225 [86]o-quinone
[Pd(ca){P(n-C4H9)3}2] 2.045, 2.064 1.282, 1.291, 1.255, 1.196 [87]o-quinone

1.266, 1.268 [81]M�C (2.018, 2.069)[Pd(ca)Cl2] bis-carbanion
2.092, 2.089bis-carbanion 1.217, 1.213, 1.211, 1.210 [88][Pd(ca)(CH3CN)2]

Dinuclear compounds
1.265, 1.251[Ni2(tren)2(ca)](BPh4)2 [135]bis-bidentate (delocalized) 2.044, 2.129

bis-bidentate (delocalized) 2.196, 1.955 1.243, 1.257 [135][Cu2(Me5dien)2(ca)](BPh4)2

1.244, 1.266 [136]2.267, 1.943bis-bidentate (localized)[Cu2(terpy)2(ca)](PF6)2

1.940, 2.022bis-bidentate (delocalized) 1.262, 1.261 [138][Cu2(bipy)2(ca)(CH3OH)2](PF6)2

[Cu2(Me3-tacn)2(ca)](ClO4)2 1.999, 1.968 1.251, 1.268 [140]bis-bidentate (delocalized)
1.266, 1.263 [137]1.956, 1.952[Cu2(tmen)2(ia)(CH3OH)2](ClO4)2 bis-bidentate (localized)

[(n-C4H9)4N]2[Mo2O4Cl4(ca)]· 2.202, 2.042, 2.187, 2.031bis-bidentate (delocalized) 1.311, 1.292, 1.315, 1.276, [79,119]
1.241, 1.259, 1.225, 1.1970.5CH3CN
1.257, 1.283[Rh2(ca)(cod)2] [92]bis-bidentate (delocalized) 2.089, 2.100
1.269, 1.266 [160]2.090, 2.190bis-bidentate (delocalized)[Rh2(ca)Me2I2(CO)2(PPh3)2]

1.898, 1.884bis-bidentate (localized) 1.313, 1.312 [90][Co2(dhbq)(tdpme)2]2+

1.881, 1.876bis-bidentate (localized) 1.321, 1.311 [90][Co2(ca)(tdpme)2]2+

1.327, 1.312 [90]1.864, 1.863[Co2(ba)(tdpme)2]2+ bis-bidentate (localized)
1.273, 1.274 [161][Pt2(dhbq)(C6F5)4]2 bis-bidentate (delocalized) 2.107, 2.095
1.252, 1.251 [146]2.213, 2.154[Mn2(tpa)2(ca)](ClO4)2·3H2O bis-bidentate (delocalized)
1.255, 1.256[Mn2(tpa)2(ca)]·(ClO4)2·2CH3CN [146]bis-bidentate (delocalized) 2.149, 2.242

1.978, 1.995 1.254, 1.266 1.287, 1.291,[Fe2(ca)3(H2O)4] [89]bis-bidentate (delocalized),
1.223, 1.225o-quinone

M�C (2.015, 2.044)bis-carbanion 1.292, 1.291, 1.289, 1.284 [81][Pd2(ca)2Cl2]

Oligomeric compounds
o-quinone 2.105, 2.079 1.276, 1.282, 1.218, 1.215 [92][Rh4(ca)2(cod)4]

2.231, 2.003 1.299, 1.280[Mo4O10(dhbq)2]2− [79,80,93]bis-bidentate (delocalized),
radicals on them

Hydrogen bond-linked layer compounds of discrete molecules
o-quinone 1.907, 1.907 1.27, 1.26, 1.24, 1.23 [94][Cu2(ca)2(H2O)2(bpym)]

Chain structures: straight and zigzag chains
1.273 [74]1.960bis-bidentate (delocalized){[Cu(ca)(H2O)](ohphz)}n

2.238, 1.999bis-bidentate (localized) 1.237, 1.269 [95][Cu(dcmb)(ca)]n
1.257, 1.250 [96][Mn(bpy)(ca)]n bis-bidentate (delocalized) 2.180, 2.183
1.256, 1.250 [105]2.293, 2.188bis-bidentate (delocalized)[Mn(terpy)(ca)(H2O)]n
1.247, 1.239 [97][Ag2(ca)]n delocalized 2.468, 2.461, 2.442, 2.375
1.246, 1.252, 1.255, 1.259 [109]2.358, 2.399[Na2(ca)(H2O)3]n delocalized

[Na2(phen)(ca)]n(H2O)2 1.231, 1.241delocalized [109,162]2.436, 2.364
1.278, 1.232 [163]2.065{[Co(ca)(bpym)](H2O)2}n bidentate(o-quinone)

Sheet structures of 1D+1D
bis-bidentate (delocalized) 1.963, 2.005 1.262, 1.258 [98][Cu(ca)(CH3OH)2]n

1.995, 1.884bis-bidentate (localized) 1.305, 1.283 [74][Cu(ca)(H2O)2]n
1.268 [21]2.617, 2.532{[Sr(Ph2dhbq)2O4)]·4H2O}n bis-bidentate (delocalized)

{[Ba(Ph2dhbq)2O4)]·4H2O}n 1.238, 1.271bis-bidentate (delocalized) [21,22]2.766, 2.667

Hydrogen bond-supported 3D systems
[Zn(na)(H2O)2]n 1.236, 1.244bis-bidentate (delocalized) [99]2.133, 2.075

1.233, 1.237 [100]2.738, 2.575[Sr(na)(H2O)2]n bis-bidentate (delocalized)
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Table 2 (Continued)

M�O distance (A� ) C�O distance (A� )Type ReferenceCompound

bis-bidentate (delocalized)[Ca(na)(H2O)2]n 2.579, 2.435 1.245, 1.239 [100]
2.912, 2.730, 2.745, 2.741 1.319, 1.243, 1.262, 1.258bis-bidentate (delocalized) [20][Ba(Et2dhbq)(H2O)3]n

bis-bidentate (delocalized)[Ca(Et2dhbq)(H2O)3]n 2.547, 2.372, 2.426, 2.390 1.304, 1.267, 1.255, 1.272 [20,101]
[Sr(Et2dhbq)(H2O)3]n bis-bidentate (delocalized) 2.697, 2.556, 2.583, 2.551 1.302, 1.261, 1.239, 1.261 [20]

Honeycomb lattices
2.168 1.276 [102]{Na2(H2O)24[Mn2(dhbq)3]}n bis-bidentate (delocalized)
2.264 1.272bis-bidentate (delocalized) [102]{Na2(H2O)24[Cd2(dhbq)3]}n

{[Ce2(dhbq)3]·24H2O}n bis-bidentate (delocalized) 2.541, 2.482 1.270, 1.262 [103]
2.500, 2.400, 2.399, 2.389, 1.248, 1.241, 1.224, 1.245,bis-bidentate (delocalized){[Y2(ba)3(H2O)6]·6H2O}n [104]

1.240, 1.2372.348, 2.342
2.405, 2.393{[Y2(ca)3(H2O)6]·6.6H2O}n 1.251, 1.252bis-bidentate (delocalized) [104]

bis-bidentate (delocalized) 2.222, 2.304 1.246, 1.255 [105]{[Mn(ca)(bpym)0.5(H2O)]·
H2O·EtOH}n

Rectangular lattice
2.290, 1.955 1.233, 1.281bis-bidentate (delocalized) [98][Cu(ca)(pyz)]n

Other layers
2.422, 2.345, 2.273[Ca(Pr2dhbqH)]·2/3H2O 1.257, 1.244, 1.284, 1.342o-quinone [23]

{[Ba(ca)(H2O)2](H2O)}n o-quinone 2.787, 2.766 1.269, 1.250 [106]
2.792, 2.799 1.279, 1.248 [106]{[Ba(ba)(H2O)2](H2O)}n o-quinone
2.551, 2.553 1.263, 1.245o-quinone [107][Sr(ca)(H2O)4]n

o-quinone[Sr(ba)(H2O)4]n 2.571, 2.573 1.256, 1.249 [107]
2.441, 2.409 1.257, 1.252 [107][Ca(ca)(H2O)4]n o-quinone
2.438, 2.417 1.271, 1.253o-quinone [107][Ca(ba)(H2O)4]n

[Ba(ca)(H2O)4]n 2.553, 2.551o-quinone 1.245, 1.263 [107]

3D structures
2.50, 2.499 1.252, 1.249 [110]{[Pr2(ca)3(C2H5OH)6](C2H5OH)2}n bis-bidentate (delocalized)
2.819, 2.692 1.263, 1.264delocalized [12][K2(dhbq)]n

delocalized[K2(na)]n 3.021, 2.931, 2.777 1.219 [111]
2.424, 2.404 1.230, 1.227 [111][Na2(na)]n delocalized
2.300 1.250, 1.245, 1.248, 1.260delocalized [108][Na(ca)(H2O)]n

Host systems based on 1D polymers
2.228, 2.073 1.241, 1.275bis-bidentate (localized) [74]{[Cu(ca)(H2O)2](phz)}n

2.109, 2.083 1.248, 1.264 [73]{[Co(ca)(H2O)2](phz)}n bis-bidentate (localized)
2.183, 2.196 1.263, 1.252bis-bidentate (localized) [73]{[Mn(ca)(H2O)2](phz)}n

2.133, 2.148 1.274, 1.249{[Fe(ca)(H2O)2](phz)}n [73]bis-bidentate (localized)
2.225, 2.057 1.245, 1.270bis-bidentate (localized) [74]{[Cu(ca)(H2O)2](dmpyz)} (a)

bis-bidentate (localized){[Cu(ca)(H2O)2](dmpyz)} (b) 2.323, 1.982 1.250, 1.267 [74]
1.966, 2.265 1.279, 1.241bis-bidentate (localized) [72,164]{[Cu(ca)(H2O)2](H2O)}n

bis-bidentate (delocalized){[Fe(ca)(H2O)2](H2O)}n 2.123, 2.152 1.256, 1.258 [73,89]
bis-bidentate (delocalized){[Co(ca)(H2O)2](H2O)}n 2.118, 2.098 1.257, 1.258 [73]

2.193, 2.191 1.262, 1.252bis-bidentate (delocalized) [73]{[Mn(ca)(H2O)2](H2O)}n

Host systems based on monomer compounds
1.983 1.26, 1.22o-quinone [94]{[Fe(Cp)2][Fe(ca)2(H2O)2]}n

1.996{(Hphz)[Fe(ca)2(H2O)2]}n 1.281, 1.227o-quinone [77]
1.961, 2.021, 1.991, 1.982 1.284, 1.273, 1.285, 1.285,o-quinone{(Hpy)[Fe(ca)2(H2O)2]}n [76]

1.230, 1.236, 1.238, 1.242
o-quinone{(H2bpy)0.5[Fe(ca)2(H2O)2]}n 1.975, 2.005, 2.010, 1.992 1.293, 1.284, 1.295, 1.288, [76]

1.224, 1.225, 1.224, 1.232
{(4-pyOH2)0.5[Cu(ca)2(H2O)2]}n o-quinone 1.962, 1.937 1.274, 1.276, 1.232, 1.234 [75]

1.946, 1.944 1.275, 1.271, 1.229, 1.244o-quinone [75]{(3-pyOH2)0.5[Cu(ca)2(H2O)2]}n

{(3-pyOH2)0.5[Co(ca)2(H2O)2]}n 2.069, 2.125, 2.065, 2.114o-quinone 1.265, 1.278, 1.235, 1.250, [75]
1.262, 1.281, 1.232, 1.249

2.3. Coordination polymers

2.3.1. Chain structures: straight and zigzag chains
{[Cu(ca)(H2O)](ohphz)}n has an infinite chain formed

by Cu2+ ions and the bis-chelating chloranilate anions

(Fig. 9) [74]. The oxygen atoms of the dianion are
equally bound to Cu2+; all the Cu�O distances are 1.96
A� . The bond lengths in the dianion (C�C distances are
1.39 and 1.56 A� ) are typical of completely delocalized
�-electrons (p-quinone resonance form, L2) as illus-
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Fig. 3. (A) Bis-carbanion, (B) p-quinone (C) o-quinone chloranilate
forms in ca2−.

Fig. 5. Perspective view of the dianion of [Co2(dhbq)(tripod)2]2−

(original Fig. 4 from Ref. [90]).

Fig. 4. ORTEP view of [Pd(ca)(CH3CN)2] (original Fig. 1 from Ref.
[88]).

Fig. 6. View of [Rh4(ca)2(cod)4] (original Fig. 2 from Ref. [92]).

trated in Scheme 2. Interestingly, non-planar ohphz
molecules sit between the chains and are anchored by
the N(1)···O(1) and N(1�)···O(1�) hydrogen bonding in a
manner parallel to the chain direction, resulting in no
hydrogen bonding links between chains. [Cu(d-
cmb)(ca)]n has an infinite zigzag chain formed by
Cu(ca) module (Fig. 10) [95]. The oxygen atoms of the
dianion are not equally bound to Cu2+; the Cu�O
distances are 1.999(1) and 2.238(1) A� . The effect of the
asymmetrical coordination is also found in the different
C�O distances in the dianion (1.270(2) and 1.237(2) A� ),
indicating that the dianion has a p-quinone form. The
intermolecular Cu···Cu separation within a chain is
7.980(3) A� .

The crystal of [Mn(bpy)(ca)]n is built from infinite
chains of ca2−-bridged manganese(II) affording a
zigzag structure, with the bipyridine ligands being
stacked between the chains (Fig. 11) [96]. The man-
ganese atoms are coordinated in a distorted octahedral
arrangement by two nitrogen atoms of bpy and four
oxygen atoms of the bridging dianion with p-quinone

Fig. 7. ORTEP view of [Mo2O4Cl4(ca)]2− (original Fig. 3 from Ref.
[119]).

form. The distance between adjacent Mn(II) atoms
inside a chain is 8.142(1) A� , which is larger than that of
[Cu(dcmb)(ca)]n [95]. For an oxygen atom of ca, both

Scheme 2.
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bridging �2 and chelating types occur simultaneously in
[Ag2(ca)]n, resulting in an infinite chain (Fig. 12) [97].
Crossing chains are connected by Ag�O and Ag�Cl
contacts. The Ag�O distances are 2.37–2.47 A� and the
Ag�Cl distance is 2.81 A� .

2.3.2. Sheet structures based on 1D chains
Interestingly, there are several infinite chains, which

are linked together by hydrogen bonds to form 2D

Fig. 11. [100] projection of the [Mn(bpy)(ca)]n chain (original Fig. 2
from Ref. [96]).

Fig. 8. Crystal structure of [Cu2(ca)(H2O)2(bpym)]; view onto the ab
plane. The dashed lines denote the hydrogen bonds (original Fig. 6
from Ref. [94]).

Fig. 12. SCHAKAL drawing of the chain for [Ag2(ca)]n (original
figure from Ref. [97]).

Fig. 9. The relationship between the chain and ohphz molecules in
{[Cu(ca)H2O)](ohphz)n (original Fig. 5b from Ref. [74]).

Fig. 10. Stereo view of the zigzag chain along the c-axis for [Cu(d-
cmb)(ca)]n (original Fig. 3 from Ref. [95]).

sheets. Oxygen atoms of dhbq and its derivatives play
an important role in the hydrogen bonding network, as
do coordinated hydrogen donor ligands such as water
and methanol. A single crystal of [Cu(ca)(CH3OH)2]n
affords a 2D layer in which the straight 1D
[Cu(ca)(CH3OH)2]n chains are interlinked by two hy-
drogen bonds (O�O distance: 2.845(3) A� ) between api-
cally coordinated MeOH and the oxygen atom of the
dianion in the nearest neighbor chain (Fig. 13) [98]. A
2D layer is also found for [Cu(ca)(H2O)2]n in which the
straight 1D chains are interlinked by hydrogen bonds
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Fig. 13. Crystal structure of [Cu(ca)(CH3OH)2]n onto the ac plane (original Fig. 2 from Ref. [98]). Dotted lines show hydrogen bond link between
coordinated water and chloranilate.

between the apically coordinated water molecules and
the oxygen atoms of the dianions in the nearest neigh-
bor chain (Fig. 14) [74]. The geometry around the
copper atom is a distorted elongated octahedron. The
interlayer distance is 8.45 A� . An infinite corrugated
chain is found in {[M(Ph2dhbq)2O4]}·4H2O}n (M=
Sr2+, Ba2+) (Fig. 15) [21,22]. The coordination of
oxygen atoms for dhbq2− is unsymmetrical both for
Sr2+ and Ba2+; the distances of M�O are (2.47 and
3.11 A� ) and (2.680(3) and 2.769(3) A� ), respectively. In
both cases, the adjacent chains are interlinked by asym-
metric hydrogen bonds thus forming layers.

When a functional group with hydrogen bonding
capability is substituted in dhbq, additional hydrogen
bonds occur in the crystal structure. [Zn(na)(H2O)2]n
[99] has infinite corrugated chains of six coordinate
distorted-octahedral zinc motifs with the two water
molecules in cis-position (Fig. 16). These chains are
interlinked by hydrogen bonds between H2O and NO2

groups. The NO2 groups are twisted against the ring
plane. The dianions are asymmetrically coordinated to
the Zn atom, the distances of Zn�O being 2.075(2) and
2.133(3) A� , whereas the C�C distances are typical of
completely delocalized �-electrons. [M(na)(H2O)4]n
(M=Ca2+, Sr2+) [100] shows corrugated chains con-
sisting of M(na)(H2O)4 motifs. For both compounds
the adjacent chains are interlinked by hydrogen bonds.
The bond lengths in the dianion are also typical of
completely delocalized �-electrons. [M(Et2dhbq)-
(H2O)3]n (M=Ca2+, Sr2+, and Ba2+) [20,101] has
infinite corrugated chains formed by M2+ and the
bis-chelating anions. The structure of the dianion is
similar in all the three compounds. There is a very
slight tendency toward a system of alternating double
bonds. Adjacent chains are interlinked by hydrogen
bonds which involve oxygen atoms of the dianions and

coordinated water hydrogen atoms as proton acceptors
and donors, respectively.

2.3.3. Honeycomb lattices of tris-coordinate module
The infinite layers of complete coordination frame-

works are obtained by transition metal ions (M=
Mn2+ and Cd2+) in {Na2(H2O)24[M2(dhbq)3]}n [102].
The octahedral M(dhbq)3 modules are interlinked by
their own chelating dianions to give a honeycomb-type
sheet network. Adjacent layers are connected by hydro-
gen bonds of interstitial water molecules. The stacking
sequence of these layers (···AAA···) leads to channels
(Fig. 17), with hydrated Na+ ions, which are coordi-
nated in a distorted octahedral fashion with neighbor-
ing octahedra sharing common faces. The dianions in
both compounds are almost planar with C�O bond
(1.27 A� ) and the two C�C bond (1.38 and 1.52 A� ),
distances characteristic of resonance stabilization.
{[Ce2(dhbq)3]·24H2O} has infinite layers formed by
Ce3+ and the bis-chelating anions, where Ce3+ is nine
coordinate with three mutually cis water molecules and

Fig. 14. Crystal structure of [Cu(ca)(H2O)2]n (original Fig. S1 from
Ref. [74]).
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Fig. 15. Crystal structure of {[Ba(Ph2dhbq)·4H2O}n. Connection of
adjacent chains by asymmetric hydrogen bond (dashed lines). Phenyl
groups on Ph2dhbq dianions are omitted for clarity (original Fig. 2
from Ref. [22]).

Fig. 17. Channel structure of {Na2(H2O)24[Mn2(dhbq)3]}n. The layers
are stacked identically above each other, thus forming channels
parallel to c-axis (original Fig. 2 from Ref. [102]).

Fig. 18. Representation of a Ce2(H2O)18 unit of one diamond-related
framework passing through a Ce6(dhbq)6 ring of the other framework
and the hydrogen-bonded links between the two in
{[Ce2(dhbq)3]·24H2O}n (original Fig. 2 from Ref. [103]).

six oxygen atoms of the dianions [78,103]. Each Ce3+ is
interlinked by their own chelating dianions to give a
honeycomb-type sheet network. It contains gas hy-
drate-like pentagonal dodecahedral Ce2(H2O)18 cages
which link together hexagonal grid sheets to form a 3D
network (Fig. 18). A nine coordinate Y3+ module with
a tricapped trigonal prism affords two isostructural
compounds, {[Y2(ba)3(H2O)6]·6H2O} and {[Y2(ca)3-
(H2O)6]·6.6H2O} [104]. The connection of Y3+ with the
dianions leads to infinite corrugated layers, which are
interlinked by hydrogen bonds. The Y3+

cation is nine coordinate with three water molecules
and six oxygen atoms of the dianions. The layer stack-
ing yields cage-like cavities in which water molecules
are accommodated. Hydrogen bonds interlink adjacent
layers. Further hydrogen bonds involve the entrapped
water molecules.

{[Mn(CA)(bpym)0.5(H2O)](H2O)(C2H5OH)}n has a
different type of honeycomb layer structure, where each
hexagon consists of six Mn(II) ions, four ca2− and two
bipym ligands. Mn(II) ions in both the compounds are
unusually hepta-coordinated [105].

Fig. 16. Crystal structure of [Zn(na)(H2O)2]n (original Fig. 2 from Ref. [99]).
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Fig. 19. Crystal structure of [Cu(ca)(pyz)]n : view onto the bc plane
(original Fig. 1 from Ref. [98]).

2.3.4. Rectangular lattice
The crystal structure of [Cu(ca)(pyz)]n (pyz=pyra-

zine) shows parallel sheets, which consist of square
arrays of Cu2+ ions bridged by ca2− dianions and
pyrazine ligands (Fig. 19) [98]. The repeating unit
Cu(ca)(pyz) develops along the bc plane. All the copper
atoms of [Cu(ca)(pyz)] are linked by coordination
bonds giving a sheet structure. The distances between
the nearest neighbors Cu�ca�Cu and Cu�pyz�Cu are
7.99 and 6.98 A� , respectively. The geometry around the
copper atom is a distorted elongated octahedron. The
Cu�O distances are not identical (1.955(2) and 2.290(2)
A� ). The effect of the asymmetrical coordination is also
found in the different C�O distances in the dianion
(1.233(3) and 1.281(3) A� ), indicating that the dianion
has a p-quinone form structure (C�C distances:
1.369(3) and 1.537(4) A� ).

2.3.5. Other layers
Dark, hydrophobic single crystals of [Ca(Pr2dhbq)]·2/

3H2O are grown in aqueous silica gel [23]. Infinite
layers formed by Ca2+ and [H(Pr2dhbq)]− are the main
features of the crystal structure (Fig. 20). The dianion
seems to have an o-quinone form, whereas, in one half
of the anion, the bonding geometry resembles that of
the corresponding anions (mean C�O distance is 1.24
A� ), but in the other half the bond lengths are very
similar to those observed in free 2,5-dihydroxy-benzo-
quinones (mean C�O distance is 1.31 A� ). The remaining
H atom of the anion is involved in strong intramolecu-
lar hydrogen bonding as well as in an intermolecular
hydrogen bond.

The infinite layers are formed in {[Ba(L)(H2O)2]-
(H2O)}n (L=ca2− and ba2−) [106]. Four of the eight
oxygen atoms around Ba2+ belong to the two different
dianions, chelating Ba2+. In this way 1D corrugated
chains are formed, interlinked by two oxygen atoms of
neighboring chains, thus forming layers (Fig. 21). This
interconnection results from the bridging mode of the
oxygen atoms. The coordination number of 8 is com-
pleted by two water molecules. The latter and a further
water molecule sit between the layers. In the com-
pounds, {[M(L)(H2O)2](H2O)}n (M=Ca2+, Sr2+; L=
ca2− and ba2−) [107], the metal ions have an eight
coordination sphere of two L anions and four water
molecules. The bis-chelating dianions provide infinite
chains, which are interlinked to layers by bridging two
water molecules (Fig. 22). In [Na(ca)]·3H2O, the anions
make use of chlorine atoms to complete the six coordi-
nation of the sodium centers in the layer [108,109].
Bond lengths within the chloranilate anion are consis-
tent with the occurrence of two independent � systems.

2.3.6. 3D structures
A 3D network of alternating ca2− dianions and Pr3+

ions is prepared in {[Pr2(ca)3(C2H5OH)6](C2H5OH)2}n

Fig. 20. Layer structure of [Ca(Pr2dhbq)O4H)]·2/3H2O (original Fig.
2 from Ref. [23]).

Fig. 21. Layer structure {[Ba(ba)H2O)2](H2O)]n (original Fig. 2 from
Ref. [106]).
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Fig. 22. Crystal structure of {[Ca(ba)(H2O)2](H2O)}n. Chains consist-
ing of Ca2+ and ba2− are connected to layers by common water
molecules (original Fig. 2 from Ref. [22]).

relevant for various functions such as intercalation,
clathrate, and conducting and/or magnetic properties.
In order to functionalize coordination compounds a
rational synthesis is essential, by which tuning struc-
tures for function could be possible. The synthesis of
2D polymers greatly depends on the choice of multi-
dentate ligand. Chloranilate and its derivatives afford
one instance for this approach.

In order to synthesize 2D structures, the two step
synthesis is assumed as shown in Fig. 24. According to
this procedure, a 1D structure is obtained from linking
ligand L, which is followed by 2D construction by
another linking ligand L�. The square lattice 2D struc-
ture is obtained by using L=ca2− and L�=pyz, whose
structure is mentioned in the previous section. The
square array sheets of [Cu(ca)(pyz)] form the layered
structure shown in Fig. 19. The nearest neighbor dis-
tance of the copper atoms is 6.98 A� , indicating closely
packed layers.

On the other hand, hydrogen bonds are needed to
link 1D chains to provide various 2D structures. Inter-
estingly, the 1D motif of {Cu(ca)(ROH)2}n has hydro-
gen bonding sites, ca�O(acceptor of H) and
ROH(donor) [98]. Fig. 13 shows the layer structure
with coordination bond and hydrogen bond.
[Cu(ca)(H2O)2] also affords a layer structure and the
distance between the copper atoms in the different
sheets is 8.45 A� . Unfortunately, the compound ob-
tained, [Cu(ca)(H2O)2], is thermodynamically unstable
without intercalated molecules [74], which link layers
tightly. Between these sheets, small molecules can be
intercalated using a hydrogen-bonding interaction (Fig.
26). The first example is {[Cu(ca)(H2O)2](phz)}n where
phz molecules are intercalated to form a stacked
column with the distance of 3.18 A� (nearest neighbor
C···C distance) [74]. The layer distance (nearest neigh-
bor Cu···Cu distance) is 9.25 A� . Molecules of dmpyz
are also introduced in between the sheets, giving a
stacked column as well as phz. Interestingly, there are
two types of phases (� and �) in the compound,
{[Cu(ca)(H2O)2](dmpyz)}n. The stacking mode of
dmpyz is similar, whereas the coordination mode of
dmpyz is different between �- and �-phases, leading to
different colors for the compounds. This indicates the
flexibility of the layer spacing. By summarizing the
intercalated structures as shown in Fig. 25, the flexibil-
ity of the layer space is readily understood: the spacing
between the layers, {[Cu(ca)(H2O)2]n}m, ranges from
8.45 to 11.0 A� . Here a question arises, what are factors
governing intercalation of the molecules? When one
takes a careful look at the structure, the following
condition can be deduced. The intercalated molecule
has (1) �-electronic structure to form a stacked column,
and (2) hydrogen bonding sites in both the directions
link the layers. They are regarded as a pillar. When
condition (1) is lacking, e.g. ohphz, which has a non-

Fig. 23. Packing of the [Pr2(ca)3(C2H5OH)6] units. Hydrogen bonds
are drawn as dashed line (original Fig. 1 from Ref. [110]).

(Fig. 23) [101]. The coordination sphere of Pr3+

consists of six oxygen atoms of the dianions and three
ethanol oxygen atoms, indicating a tricapped trigonal
prism. A 3D network of alternating ca2− dianions and
K+ ions is prepared in [K2(ca)] [12,111]. The dianions
are stacked with each other with an interplanar distance
of ca. 3.42 A� along the c-axis.

3. Clathration and intercalation in hydrogen
bond-supported layers

3.1. Host systems based on 1D polymers

Although many coordination polymers have so far
been synthesized and characterized, those having 2D
structures are still limited and not readily available in
comparison with 1D polymers. The 2D structures are
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planar structure, the crystal obtained has no stacked
ohphz columns. The ohphz still has hydrogen bonding
capability and can hydrogen bond to the water
molecules in the same chain (Fig. 9). On this basis, the
pitch of the column should coincide with that of chain
link, and furthermore there are several structural
parameters, which are summarized in Fig. 27.

The iron(II), cobalt(II), and manganese(II) intercala-
tion compounds {[M(ca)(H2O)2](G)}n (M=Fe2+,
Co2+, Mn2+, G=H2O and phenazine) have also been
synthesized and characterized [73,89]. For {[M(ca)-
(H2O)2](H2O)}n, crystal structures consist of uncoordi-
nated guest water molecules and 1D zigzag [M(ca)-
(H2O)2]k chains. The adjacent chains are interlinked by
hydrogen bonds, thus forming layers (Fig. 28). Water

molecules are intercalated between the {[M(ca)-
(H2O)2]k}l layers. The intercalation mode of the water
molecules is different from those in {[M(ca)(H2O)2]-
(phz)}n (M=Fe2+, Co2+, Mn2+), which are iso-
morphous to {[Cu(ca)(H2O)2](phz)}n.

The molecular assemblies obtained here reveal three
key factors that control the crystal structures. The first
point is the construction of a hydrogen bond-supported
2D sheet, {[M(ca)(H2O)2]k}l, which is so flexible and
amenable to intercalation of various kinds of molecules
by using the hydrogen bonding interaction. The second
point is that the intercalated guest molecules affect the
sheet structure and dynamics of {[M(ca)(H2O)2]k}l. The
third point is that the selection of the metal mediates
the fine tuning of the sheet structure and the conforma-
tion of the guest molecules.

Fig. 24. Schematic illustration of construction of the 2D structure.

Fig. 25. Schematic illustration of the flexibility of the layer spacing.
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Fig. 26. Framework construction from 1D coordination polymer motifs.

Fig. 27. Structural parameters for well-suited intercaltated structure.
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Fig. 28. Projection of {[Fe(ca)(H2O)2](H2O)}n perpendicular to the
chain (original Fig. 1-b from Ref. [73]).

type monomer complexes. The inclusion mode of guest
molecules in the former case is classified into two types,
that is, (a) channel-included type and (b) cage-included
type. For type 1-a, guest molecules are stacked to form
a slipped stack column between the layers of
[M(ca)2(H2O)2]12−, which is built from the hydrogen
bonding and electrostatic interaction except for
{(Hpy)m [Fe(ca)2(H2O)2]}n. On the other hand, for type
1-b, guest molecules are trapped in the cage as a dimer.
The cage is constructed by the chlorine atoms of ca2−

dianions of the chains, and the guest molecules are
anchored by the hydrogen-bonding interaction. For
type 2, the geometry around the metal ion in the
building block is a distorted octahedron, but the two
water molecules are coordinated to iron ion in the cis
position relative to each other. The guest ions are
included as discrete molecules between the host layers.
The molecular assemblies obtained here reveal that
hydrogen bond-support host assemblies,
{[M(ca)2(H2O)2]k}l, are quite flexible, capable of includ-
ing various kinds of charged molecules. Both the elec-
trostatic interaction and the hydrogen-bonding
interaction are driving forces to introduce the guest
molecules in these assemblies. Especially, in the case of
type 1 compounds, the spacing between layers ranges
from 8.91 (G=Hpy+) to 14.57 A� (Hphz+).

4. Properties

4.1. Redox properties of compounds

H2dhbq undergoes either a one-electron oxidation or
two one-electron reduction processes, yielding species
with charges ranging from −4 to −1 as shown in

3.2. Host systems based on monomer compounds

1D and 2D hydrogen bond-supported inclusion com-
pounds which are constructed from the monomer and
charged guest molecules, {(G)m [M(ca)2(H2O)2]}n (M2+

=Fe3+, Cu2+, Co2+; G=Fc+ [94], Hphz+ [77], Hpy,
H2bpy [76], 4-pyOH2, 3-pyOH2 [75]) were investigated
(Fig. 29). The guest cations are introduced between the
[M(ca)2(H2O)2]n−

l chains or layers. Two types of build-
ing blocks are found in {(G)m [M(ca)2(H2O)2]}n for con-
structing host structures: (1) ‘trans ’ type and (2) ‘cis ’

Fig. 29. Schematic illustration of hydrogen bond-supported chains and layers and their guest molecules inclusion.
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Scheme 2 [91]. The species with charges −1 and −3
are radical ions. There are many transition metal com-
pounds of the non-radical dhbq2− form while those of
dhbqn− (n= −1, −3, and −4) are relatively sparse.
Binuclear complexes of transition metal bridged by the
ligand could in principle afford various valence states
on transition metal and/or ligand sites, accompanied by
different spin states.

Cyclic voltammograms of M2(cth)2(dhbq) type com-
plexes for manganese, iron and nickel show three re-
versible one-electron redox processes with the
formation of [M2(cth)2(dhbq)]n+ species (n=1–4). The
first process 1 in the range −1.30 to −1.42 V (vs
Fc+/Fc couple) is attributed to a ligand-centered elec-
tron transfer reaction while the other two processes 2
and 3 in the more positive region show a metal depen-
dence, indicative of a metal-centered electron transfer.
The E1/2 potentials are listed in Table 3. The difference
in E1/2 values for processes 2 and 3 are ca. 0.2 V for
manganese and nickel. The conproportionation con-
stant (Kc) regarding the equilibrium

[M2(cth)2(dhbq)]4+ + [M2(cth)2(dhbq)]2+

=2[M2(cth)2(dhbq)]3+

is ca. 103 for Mn and Ni, while the Fe compound has
well-separated redox processes (�E1/2=0.57 V) and the
value is 1010. According to the peak separation it is
quite difficult to isolate pure solids containing the
tripositive cation of the Mn and Ni derivatives. Inter-

estingly, the tripositive species of iron and chromium
derivatives have the formulation MIII(dhbq3−)MIII, in-
dicating that upon one-electron oxidation of the
iron(II) dimer the product is not a mixed-valence spe-
cies but the iron(III) dimer bridged by a dhbq radical,
i.e. both the metal ions are oxidized and the ligand is
reduced. A similar state is obtained in [Cr(cth)-
(dhbq)]3+, which can be formulated as Cr(III)(dhbq3)-
Cr(III). On the other hand, the ruthenium compound
[Ru(bpy)2(dhbq)](PF6)2 in contrast to the iron and
chromium complexes shows two reversible one-electron
oxidation processes (+0.36 and 0.70 V) in acetonitrile
solution, assigned to metal-based Ru(II)/Ru(III) cou-
ples [112]. The separation of 0.34 V between these
couples gives conproportionation constant Kc of ca.
6×105. The two-fold degeneracy of the mixed valence
Ru(II)/Ru(III) (class II) state, where the odd electron is
associated with either metal, could be lifted by an
unsymmetrical distortion involving a redistribution of
electron density in dhbq. There is also a reversible one
electron reduction wave at −1.05 V, which is on the
predominantly ligand-centered LUMO confirmed by
ESR results (g=2.063).

As shown in Scheme 2, the dhbq and its derivatives
can in principle bind to two metal ions as a bridge in
three different oxidation states; a dianion
(semiquinonate(sq), sq), a radical trianion (cat, sq), and
a tetraanion (cat,cat). Rh(I) compounds, [Rh2(cod)2(L)]
(L=dhbq2− and ca2−), are electrochemically reduced
by two stepwise, reversible one-electron transfer, which

Table 3
Electrochemical potentials

n E1/2 (v)Compounds Reference Reference electrode

−4/−3 −2/−1 +3/+4−3/−2 +2/+3+1/+20/+1−1/0

[M2(cth)2(dhbq)]n [91] a

Cr −1.04 −0.01 −
−1.30 0.17Mn 0.36

Fe −1.31 −0.22 0.35
Ni −1.42 0.68 0.88

b[92][Rh2(cod)2(dhbq)]n −0.55−1.17
−1.05 0.36[Ru2(bpy)4(dhbq)]n 0.70 [112] a

[Mo2O4(ca)Cl4]n −0.10 [119] c

[Mo4O10(dhbq)2]n c[80]−0.208−0.677
[90]−0.105−1.170 c[Co2(dhbq)(tdpme)2]n

[Co2(ca)(tdpme)2]n −1.000 0.010 [90] c

[Co2(ba)(tdpme)2]n −1.000 0.005 [90] c

−0.995[Co2(ia)(tdpme)2]n 0.000 [90] c

−0.750[Co2(na)(tdpme)2]n 0.170 [90] c

−1.250[Co2(Me2dhbq)(tdpme)2]n −0.165 [90] c

c[90]−0.155−1.245[Co2(Pr2dhbq)(tdpme)2]n

[Co2(Ph2dhbq)(tdpme)2]n −1.175 −0.130 [90] c

[Co2(dhbq)(tdtme)2]n c[90]−0.150
[Co2(dhbq)(tdxme)2]n [90]−1.125−0.105 c

a Fc+/Fc in MeCN.
b SCE in CH2Cl2.
c SCE in MeCN.
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are attributed to the (sq, sq)–(cat, sq) and to (cat,
sq)–(cat, cat) couples in agreement with the ligand
centered transfer processes [92]. When a tripodal phos-
phine ligand such as 1,1,1-tris(diphenylphosphano-
methyl)ethane (tdpme) is used, the binuclear cobalt
complex, [Co2(dhbq)(tdpme)2](BF4)2 has the (cat,cat)
state of the bridging dhbq ligand [90,113]. This complex
exhibits two reversible oxidation waves, the separation
between these reduction waves being over 1 V corre-
sponding to an equilibrium constant Kc for conpropor-
tionation of the neutral and the dicationic to the
monocationic complex of about 1018. This shows the
high stability of the monocationic complex, which
might be a result of delocalization of the additional
electron over the whole molecule that is over both
metal centers and to some extent over the bridging
ligand. In the Robin and Day classification of mixed
valence compounds, this complex would hence belong
to class III [114–116]. The results for binuclear com-
plexes shown here confirm that the tetraoxolene
molecule has frontier orbitals with energies comparable
to those of the transition-metal ions, and the nature of
the reduced and oxidized species depends on the addi-
tional ligands that are present in the coordination
environment.

The proximity in energy of the ligand � and metal d
orbitals, in particular 3d orbitals for first transition
series metal atoms, provides a new opportunity to study
transition metal ion–ligand interactions. The extent of
mixing of d-orbitals and ligand orbitals is evidence of
the close orbital energy match and good overlap. In the
case of ruthenium complexes with o-phenylenediamine
groups, similar phenomena involving metal–ligand
charge redistribution have been found. These were
studied by spectroscopic, CV, and ZINDO calculations.
Ruthenium complexes of 3,3�,4,4�-tetraminobiphenyl
[117] and 1,2,4,5-tetraamino-3,6-diketocyclohexane
[118] in the quinonediimine oxidation state show con-
siderable d orbital mixing with d� and LUMO and
LUMO+1 �* to much greater degrees than with 2,2�-
bipyridine.

(Bu4N)2[Mo4O10(dhbq)] exhibits two successive one-
electron reduction processes which meet the criteria for
diffusion-controlled reversible processes. Such processes
are characteristic of ligand-based redox, rather than
metal-centered processes. The EPR spectrum of the
one-electron reduced species, [Mo4O10(dhbq)]3−, ex-
hibits a sharp single line centered at g=1.999, charac-
teristic of an unpaired electron localized on a ligand
orbital. The solution and frozen sample of the two-elec-
tron reduced species, [Mo4O10(dhbq)]4−, are EPR inac-
tive, implying the additional electron pairs in the
ligand-based electron-acceptor orbital [80]. The
[Mo2O4Cl4(ca)]2− anion is electrochemically active, dis-
playing a one-electron reduction at −0.10 V, a process
which behaves reversibly only at sweep rates greater

than 2 V s−1 in CV and which shows characteristics
associated with reduction followed by an irreversible
chemical reaction [119].

4.2. Charge transfer salt compounds

Charge transfer type compounds have been synthe-
sized using of H2dhbq [120–125]. Bis(ethylene-
dioxy)tetrathiafulvalene (BEDO-TTF) reacts with H2ca,
H2ba and H2dhbq to give a 2:1 charge-transfer complex
[126]. The crystal structure of the chloranilate complex
consists of the 2D BEDO-TTF layer and the 1D stack
of ca− dianions [8]. The ionicity of the donor is esti-
mated as +0.5. The electrical conductivity is 0.03
S cm−1 with an activation energy of 0.05 eV. The
magnetic spin susceptibility is described in terms of a
1D antiferromagnet. The reaction of bis(pentamethyl-
cyclopentadienyl)iron and H2ca produces a 1D crys-
talline charge-transfer complex [Fe(C5Me5)]+-
(Hca)−(H2O). The crystal contains water molecules
that act as cohesive elements by connecting the Hca−

anions through O···H···O hydrogen bonds to form an
infinite 1D supramolecular structure along the b-axis
[127]. 4,4�-Bipyridine (bpy) and 1,2-bis(2-pyridyl)-
ethylene(pde) form bifurcated hydrogen bonds with
H2ca to afford (H2bpy)ca and (H2pde)ca. Their crystal
structures exhibit a supramolecular synthon and link as
molecular chains and zigzag tapes, respectively [128].

In the charge transfer complex prepared from
OMTTF and CN2dhbq, a trimer of the donor
molecules was formed and was surrounded by the
hydrogen bonded network consisted of monoanion,
HCN2dhbq [129]. The room temperature conductivity
of the single crystal was 3×10−8 S cm−1. Although
the exact ionicity on each OMTTF molecule could not
yet be determined, it is not erroneous to estimate the
averaged charge as +2/3 on each donor molecule. The
hydrogen bond units of the CN2dhbq2− in the charge
transfer complexes are classified into four categories to
characterize CN2dhbq2− as the synthon for crystal
engineering [130].

4.3. Magnetic properties of compounds

The design of coupled systems with strong magnetic
interactions between distant metal centers is an emerg-
ing field for inorganic chemists. The efficiency of the
C6X2O4-bridge in this respect must be mentioned. In
dinuclear and polynuclear copper(II) complexes bridged
by oxalato, squarate, and C6X2O4

2−, the largest ex-
change interaction is found for the �-oxalate complex
as expected on the basis of the Cu�Cu separation, and
the next largest interaction is found for the �-C6X2O4

2−

complexes [34,131–133]. The greater number of proper
symmetry orbitals and their energy proximity to the
copper (II) orbitals in the C6X2O4

2− dianion accounts
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Table 4
Magnetic parameters of discrete complexes

Compound J (cm−1)Metal ion ReferenceType

VO(IV) [VO2(Me-phen)2(ca)]SO4 15.8 [142]
[VO2(phen)2(ca)]SO4 8.75 [141]
[VO2(Me2-phen)2(ca)]SO4 10.6 [142]
[VO2(bpy)2(ca)]SO4 1.18 [141]

[Cu2(Me2dien)2(ca)]-ICu(II) 0.1 b [135]
(BPh4)2

[Cu2(Me2dien)2(dhbq)]- 0.1 b [135]
(BPh4)2

[Cu2(terpy)2(ca)](PF6)2 0.05–0.07 b [136]
[Cu2(terpy)2(ca)](ClO4)2 0.04–0.05 b [136]
[Cu2(dpt)2(ca)](BPh4)2 −2.0 [135]II
[Cu2(dpt)2(dhbq)](BPh4)2 −4.6 [135]

III [Cu2(bpy)2(ca)](ClO4)2 −14.0 [138]
[Cu2(bpy)2(ba)](ClO4)2 −14.3 [138]
[Cu2(phen)2(ca)](ClO4)2- −14.0 [138]
H2O
[Cu2(phen)2(ba)](ClO4)2- −14.1 [138]
H2O
[Cu2(bpy)2(ca)](PF6)2- −11.7 [138]
2CH3OH
[Cu2(bpy)2(ba)](PF6)22H2O −16.0 [138]
[Cu2(phen)2(ca)](PF6)2- −13.9 [138]
CH3OH
[Cu2(phen)2(ba)](PF6)2- −16.3 [138]
CH3OH
[Cu2(tmen)2(dhbq)](ClO4)2 −10.5 [137]
[Cu2(tmen)2(ca)](ClO4)2 −10.5 [137]
[Cu2(tmen)2(ba)](ClO4)2 −11.3 [137]
[Cu2(tmen)2(ia)](ClO4)2 −13.0 [137]
[Cu2(tmen)2(na)](ClO4)2 −8.7 [137]
[Cu2(Me3tacn)2(ca)](ClO4)2 −30 [139]VI
[Cu2(Me3tacn)2(ca)](ClO4)2 −12.3 [140]
[Cu2(Me3tacn)2(dhbq)]- −20 [139]
(ClO4)2

[Ni2(tren)2(ca)](BPh4)2Ni(II) −1.8 [135]
[Ni2(tren)2(dhbq)](BPh4)2 −1.1 [135]
[Ni2(cth)2(dhbq)](PF6)2 −2.5 [91]

Mn(II) [Mn2(cth)2(dhbq)](PF6)2 −0.20 [91]
[Mn2(tpa)2(ca)](ClO4)2 −0.12 [146]
[Mn2(bpy)4(ca)](ClO4)2 −2.8 [147]
[Mn2(phen)4(ca)](ClO4)2 −7.9 [147]

[Fe2(H2O)2(ca)3]4H2OFe(III) −0.95 [144]
−0.38 [89]

[Fe2(H2O)2(dhbq)3] −2.0 [144]
[Fe2(salen)2(dhbq)3]· −0.92 [143]
1.5H2O
[Fe2(ca)(bpy)4](ClO4)4 −2.1 [145]
[Fe2(ca)(phen)4](ClO4)4 −5.8 [145]

[Gd2(ca)(bpy)2]Gd(III) −1.9 [148]

a Calculated for Heisenberg type, H=−2 JS1S2.
b Absolute values obtained from S–T transitions.

clear and polymer copper complexes (Table 4). The J
values in these compounds are significantly beyond the
Jlimit value deduced from the empirical relation pro-
posed by Coffman and Buettner [134]

Jlimit (cm−1)= −1.35×107 exp(−1.80×R/A) (1)

From Eq. (1), Jlimit is found equal to −7.9 cm−1 for
R=7.59 A� .

Four types of C6X2O4-bridged dinuclear copper(II)
complexes have been reported (Table 5). The type I
compounds with a tridentate end-cap ligand show a
very weak magnetic interaction [135,136]. The type II
compound also has a tridentate end-cap ligand whereas
the J value falls in the range from −2 to −5 cm−1

[135]. The geometry about each copper in types I and II
is described as an intermediate between a trigonal
bipyramid (tbp) and a square pyramid (sp). When a
regular sp surrounding of each copper(II) ion is as-
sumed (the basal planes are perpendicular to the plane
of the bridging network), the coupling constant J be-
comes zero since the magnetic orbitals, x2–y2 type, are
essentially localized in the basal planes [34,136]. Be-
cause of the actual low symmetry for copper, the metal
contribution to the magnetic orbital is most purely
x2–y2 but involves a small admixture of z2, with a
resultant delocalization on the apical site (z-direction),
which allows a weak coupling. The type II compounds
have larger J values than those of type I, suggesting
that the coordination geometry around the copper is
distorted tbp.

On the other hand, a significant antiferromagnetic
interaction (−J=8.7–16.0 cm−1) is reported for type
III [137,138]. The crystal structures assume two types of
coordination geometries about each copper(II): a
square pyramidal or a square planar geometry with two
nitrogen atoms of the end-cap ligand and two oxygen
atoms of C6X2O4

2− (X=Cl and H) on the basal plane.
The two basal planes in the dinuclear unit are almost
coplanar. These structural features fulfill the require-
ments concerning the possibility of maximizing the
interaction between two copper(II) ions far away from
each other, that is, the HOMO of the bridge is largely
delocalized on the coordinating atoms and symmetry
adapted to interact with the singly occupied metal
orbitals. The two frontier orbitals of b1g and b2u sym-
metries, respectively, as derived from extended Hückel
calculation, are shown (Scheme 3) [135,137]. Both are
largely delocalized toward the oxygen atoms with an
orientation of the 2p oxygen orbitals favoring overlap
with the in-phase and out-of-phase combinations of
x2–y2 metal orbitals.

For the last class, with tridentate Me3tacn as the
end-cap ligand, unexpectedly strong antiferromagnetic
interactions are reported based on the magnetic data in
the limited temperature range (100–300 K). [139,140].

for the greater interaction as compared to the squarate
orbitals. In spite of an M···M separation of about 7.6
A� , rather large antiferromagnetic interactions (−J=
8–16 cm−1) were found in the C6X2O4

2− bridged dinu-
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Table 5
Magnetic parameters of infinite complexes

Compound J (cm−1)a ReferenceType Ion

[Cu(dhbq)]n1D −16.7 b,Cu(II) [30]
−9.8

[Cu(ca)]n −12.3 [33]
[Cu(ba)]n −11.2 [33]

[Cu(ca)(NH3)2]n −1.9 [33]
[Cu(ba)(NH3)2]n −1.9 [33]
[Cu(ca)(im)2]n −1.9 [33]
[Cu(ca)(py)2]n −0.9 [33]
[Cu(ca)(anil)2]n −0.9 [33]
[Cu(ca)(bzim)2]n −1.0 [33]
[Cu(ca)(2-Meim)2]n −0.75 [33]
[Cu(ca)(DCMB)]n −0.16 [95]
{[Cu(ca)(H2O)](ohphz)}n −10.93 [74]
[Fe(dhbq)(H2O)2]n −1.4Fe(II) [144]
[Fe(ca)(H2O)2]n −0.1 [144]
[Fe(ca)I]n −4.0 [144]
[Mn(ca)(bpy)2]n −0.20Mn(II) [96]
[Mn(ca)(terpy)2]n −0.50 [105]

{[Cu(ca)(H2O)2](H2O)}nH-2D c −2.04Cu(II) [72]
{[Cu(ca)(H2O)2](dmpyz)}n(1a) −1.83 [74]
{[Cu(ca)(H2O)2](dmpyz)}n(1b) −0.39 [74]
{[Cu(ca)(H2O)2](phz)}n −1.84 [74]
{[Mn(ca)(H2O)2](H2O)}n −0.74 [73]
{[Mn(ca)(H2O)2](phz)}n −0.65 [73]
{Fe(ca)(H2O)2](H2O)}n +0.17 [73,89]
{[Fe(ca)(H2O)2](phz)}n −0.65 [73]
{[Co(ca)(H2O)2](H2O)}n −0.45 [73]

Cu(II) [Cu(ca)(pyz)]n −2.86,2D [98]
−1.05 d

[Fe(dhbq)(pyz)2]n −2.55Fe(II) [144]
[Fe(ca)(pyz)2]n −0.54 [144]

a Calculated for Heisenberg type, H=−2 JS1S2.
b Calculated by using an Ising Hamiltonian.
c Hydrogen bonding framework.
d zJ � value.

�* orbital of dhbq3− with the t2g orbitals of both Cr(III)
and Fe(III) [91]. On the other hand, {[Co2(C6X2O4)-
(tdpme)2]2− is diamagnetic in solution and is described
as a dinuclear Co(III) complex bridged by a tetraanionic
C6X2O4

4− anion [90,113]. The EPR spectrum of the
electrochemically singly reduced complex shows two g
factors at gx=2.28 and gz=2.01 and coupling con-
stants to the 57Co nucleus (Ax=46 G and Az=33 G)
indicating that the additional electron is mainly local-
ized at the metal centers.

A tetranuclear complex, (Bu4N)2[Mo4O10(dhbq)2] has
two semiquinoid-type ligands, which stack in a parallel
staggered orientation [80]. Simple electron counting
requires that the ligands coordinate formally as trinega-
tive radical anions. The most interesting feature is the
short interplanar distance of 2.67 A� , between ligands
allowing magnetic coupling of the radical anion ligands,
which was confirmed by the observed diamagnetism.

The first structural and magnetic studies of polynu-
clear Cu(C6X2O4) compounds appeared in 1960 [27–30].
The authors noticed that two structures were possible
with X=H: either a layer structure or ribbon struc-
tures. The magnetic studies showed that these com-
pounds have ribbon structures compatible with the
X-ray diffraction pattern. They proposed two alterna-
tive values for the exchange parameter in Cu(dhbq), one
calculated by using an Ising Hamiltonian (J=
−16.7 cm−1) and the other by using a Heisenberg
Hamiltonian (J= −9.8 cm−1). EXAFS study have
revealed that the compounds Cu(C6X2O4) and
Cu(C6X2O4)L2, where X is Cl or Br and L a nitrogen-
containing ligand such as ammonia, pyridine, imidazole,
benzimidazole, 2-methyl-imidazole, or aniline, have rib-
bon structures [33]. The magnetic data are consistent
with a chain structure, the intrachain exchange parame-
ter J analyzed by a 1D Heisenberg-exchange model
being −12.3 and −11.2 cm−1 for Cu(ca) and Cu(ba),
respectively, and between −0.75 and −1.9 cm−1 for
the Cu(C6X2O4)L2 compounds. When two L ligands are
fixed per metallic center, the drastic decrease of the
coupling is interpreted as a result of a reversal of the
magnetic orbitals due to the rhombic distortion of the
copper sites: by fixing two nitrogen containing ligands
per Cu(II) ion on both sides of the C6X2O4 ribbon
plane, each Cu(II) will adopt an elongated rhombic
geometry with two short Cu�N distances, two short
Cu�O distances and two long Cu�O distances. This
drastic modification of the site of each metallic center
must induce a reversal of 90° around the O�Cu�O axis
of the magnetic orbital in such a way that the new
magnetic orbital points toward the nearest-neighbor
nitrogen and oxygen atoms.

An analogous phenomenon has been observed for
hydrogen bond supported layer compounds,
{[Cu(ca)(H2O)2](G)}n which were analyzed by a 1D
Heisenberg-exchange model to yield −J=0.4–2 cm−1

Two types of C6X2O4-bridged dinuclear oxovanadiu-
m(IV) complexes have been reported (−J=8.8–15.8
and 1.2 cm−1) [141,142]. Weak antiferromagnetic inter-
actions (−J=1.1−2.5 cm−1) are reported for dimeric
nickel(II) compounds [91,135]. Similar values of the
coupling constants were reported for iron(III) com-
plexes (−J=2.0–0.92 cm−1) [143–145]. Two types of
manganese(II) complexes have been reported (−J=
0.1–0.2 cm−1 [91,146] and −J=2–8 cm−1) [91,147]).
A weak antiferromagnetic interaction (−J=1.9 cm−1)
is reported for the gadolinium(III) compound [148].

The trianionic semiquinone form of C6X2O4
3− is

shown to mediate a strong magnetic interaction in
dinuclear complexes of chromium(III) and iron(III).
Magnetic data are consistent with a S=5/2 and a
S=9/2 ground state for the Cr(III) and Fe(III) deriva-
tives, respectively, as a result of a strong antiferromag-
netic coupling between the metal ions and the bridging
radical, that is, it can be justified with the overlap of the
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Scheme 3.

and are thus more likely to enforce an orientation of
molecules. Therefore it is easy to control the magnetic
interaction by tuning the 2D structure of
[Cu(ca)(H2O)2]n, which is supported by a hydrogen
bonding interaction. The J value of the five-coordinate
compound, {[Cu(ca)(H2O)2](ohphz)}n (J= −10.93
cm−1), is comparable to that of [Cu(ca)]n [74].

The EPR spectrum of a 2D lattice, [Cu(ca)(pyz)]n
consists of three g values (2.304, 2.082, and 2.068)
indicating that the magnetic orbital is formed mainly by
the x2–y2 orbital. The magnetic data were analyzed
using the Heisenberg linear chain theory with a mean
field approximation to give J= −2.86 cm−1, zJ �=
−1.05 cm−1. The exchange coupling constants are
smaller than that for [Cu(ca)]n, and comparable to that
for {[Cu(ca)(H2O)2](G)}n, which suggests that the mag-
netic orbital x2–y2 is no longer simply parallel to the
chloranilate plane but a plane formed by Cu�N(pyz)
and Cu�O vectors [98].

The magnetic behavior of the 1D compound,
[Cu(ca)(MeOH)]n is different from that of [Cu(ca)]n,
and discrepancies indicate that the polycrystalline com-
pound of [Cu(ca)(MeOH)]n is a new phase in copper/
chloranilate systems, such as a mixed valence state or a
partially reduced structure, and if so the coordinated
MeOH plays an important role to control physical
properties of the polymers [149].

Magnetic data obtained for the polymeric iron(II)
materials are fit to an S=2 Heisenberg linear-chain
model with J= − l.4 cm−1 for [Fe(dhbq)(H2O)2]n, and
J= −2.6 cm−1 for [Fe(ca)(pyz)]n. Corresponding val-
ues for the chloranilate-containing polymers are J�
−0.1 cm−1 and J� −0.5 cm−1, respectively [144].
The magnetic behavior of the mixed-valence polymer
[Fe(dhbq)I] (J= −4.0 cm−1) is dramatically different
from the above polymers [132]. The �MT value of the
straight 1D chain compound, {[Fe(ca)(H2O)2](phz)}n

shows a broad maximum at around 100 K [73]. This
behavior is typical of tetragonally distorted Fe(II) in
which the high temperature susceptibility is dominated
by a Boltzmann distribution between two terms sepa-

[72,74]. All the absolute values of J are smaller than the
value for [Cu(ca)]n (type 1 in Scheme 4), which has a
planar ribbon structure suggesting that the magnetic
orbital x2–y2 is not parallel to the chloranilate plane
but to the plane of Cu�O (H2O) and Cu�O (chlorani-
late), which has short bond distances. Thus, the coordi-
nated water molecules counter the reversal of the
magnetic orbital. According to the magnitude of J,
�-{[Cu(ca4)(H2O)2](dmpyz)}n and
{[Cu(ca)(H2O)2](phz)}n could be classified in the same
group. Owing to the actual site symmetry D2h for
copper, the metallic contribution to the magnetic or-
bital is not purely x2–y2 but involves an admixture of
z2 and the mixing of the z2 orbital of them is larger
than that of �-{[Cu(ca)(H2O)2](dmpyz)}n which is
demonstrated by the EPR spectra. Therefore, the spin
density on the oxygen atoms of ca2− in �-{[Cu(ca)-
(H2O)2](dmpyz)}n and {[Cu(ca)(H2O)2](phz)}n (type 2-A
in Scheme 4) is larger than �-{[Cu(ca)(H2O)2](dmpyz)}n

(type 2-B in Scheme 4); this accounts for the residual
coupling for �-{[Cu(ca)(H2O)2](dmpyz)}n and {[Cu(ca)-
(H2O)2](phz)}n. These features could arise from small
differences in the coordination strength of the addi-
tional ligands (L) which would control the mixing of
the magnetic orbital to modify the residual spin densi-
ties on the oxygen atoms of ca2− and hence the magni-
tude of the intrachain coupling. Interestingly, these
compounds exhibit the magnetic interactions tuned by
hydrogen bonding. Hydrogen bonds are directional,

Scheme 4.
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rated by about 400–700 cm−1. The data were analyzed
by using the infinite chain of classical spins approach
derived by Fisher [133,144,150], yielding J= −0.47
cm−1. The observed J value is the same order of
magnitude as that of {[Mn(ca)(H2O)2](phz)}n [73] and
can be compared with those of [Fe(ca)(H2O)2]n and
[Fe(dhbq)(H2O)2]n [132,144]. These features show that
the high spin ions exhibit a weak intrachain antiferro-
magnetic exchange interaction through chloranilate. On
the other hand, the �MT value of the zigzag 1D chain
compound {[Fe(ca)(H2O)2](H2O)}n exhibits a mini-
mum, but an increase (10–100 K, �=1.02 K) and a
rapid decrease (2–10 K) at lower temperature indicative
of a complicated exchange interaction [73,89].

The �MT in the manganese and cobalt complexes
decreases at lower temperature, indicative of antiferro-
magnetic exchange coupling. The temperature varia-
tions of the �MT for the manganese complexes were
analyzed by using the infinite chain of classical spin
approach, yield J= −0.74 cm−1 ({[Mn(ca)(H2O)2]-
(H2O)}n) and J= −0.65 cm−1 ({[Mn(ca)(H2O)2]-
(phz)}n) [73]. The EPR signals around the �Ms=1
region have sharp line-widths and the �Ms=2 absorp-
tion [151] were observed for both cases, indicative of
the existence of a spin-exchange interaction in the
chains as discussed in the cases of [Mn(bpy)(C2O4)]n
[152] and {[Cu(ca)(H2O)2](Guest)}n [74]. The J values
obtained for ({[Mn(ca)(H2O)2](H2O)}n and ({[Mn(ca)-
(H2O)2](phz)}n are similar to each other whereas their
chain structures are different. The high-spin mangane-
se(II) ion in an octahedral environment has a ground
state, 6A1g, which is the totally symmetric representa-
tion without first order orbital momentum. In such a
case, the linking geometry in the chain may not effi-
ciently affect the exchange interaction. However, the �J �
values obtained are higher than that of [Mn(ca)(bpy)]n
[96] which consists of zigzag chains of manganese
bridged by chloranilate and terminal bpy, whereas the
Mn�Mn distance of [Mn(ca)(bpy)]n (8.142 A� ) in the
chain is very close to those of {[Mn(ca)(H2O)2](H2O)}n

and [Mn(ca)(H2O)2](phz)}n. This discrepancy could
arise from a difference in the strength of the basicity
between H2O and bpy. The basicity of the terminal
ligands would modify the residual spin densities on the
bridging chloranilate and hence the magnitude of the
intrachain coupling [33,74].

5. Conclusions

Dhbq2− and its derivatives are considered a unique
multifunctional ligand system because they possess: (1)
coordination; (2) hydrogen bonding and (3) ionic inter-
action sites, together with redox active � electronic
structures, affording rich coordination chemistry. From

the spatial structural point of view, various types of
metal complexes, most of which are listed in this article,
have been synthesized. By taking advantage of the
ligand multifunctionality, one could create a wide vari-
ety of assembled structures, whose motifs range from
mononuclear, polynuclear to infinite forms. In particu-
lar, layered frameworks are rationally realized with the
aid of self-assembly processes. Building layered struc-
tures from this ligand system would open up a new
dimension to coordination chemistry as well as metal
oxides and phosphates [153]. From the electronic struc-
tural point of view, the polyoxocarbon molecules have
frontier orbitals with energies comparable to those of
the transition metal ions and the nature of the reduced
and oxidized species depends on the metal ions and the
coordination environment. The proximity in energy of
the ligand � and metal d orbitals, in particular 3d
orbitals for first transition series metal atoms, provides
a new aspect for coupling the anion radical and transi-
tion metal ion d orbitals, in the various redox isomers.
It is useful to estimate the extent of the mixing of
d-orbitals and the ligand orbitals since this is the evi-
dence of the close orbital energy match and the good
overlap. The recent ZINDO calculations of ruthenium
complexes with 3,3�,4,4�-tetraminobiphenyl [117] and
1,2,4,5-tetraamino-3,6-diketocyclohexane [118] afford a
hint for a quantitative interpretation of this sort of
system.

The redox isomerism based on the ligand and the
transition metal sites provide useful synthons to create
an assembled system, which would provide cooperative
charge and spin properties. Self-assembly processes of-
fer a particularly attractive approach for preparing such
entities. Especially, the generation of arrays by metal
complexes and guest molecules is interesting in this
respect, as the presence of guest molecules may endow
the resulting organic–inorganic hybrid architecture
with novel redox, optical, magnetic, and other proper-
ties enhanced by host–guest interaction. A still intrigu-
ing challenge is a doping for Fe(II)/dhbq complexes
where a mixed valence iron coordination polymer with
dhbq was obtained by solid-state I2 oxidation [132,144].
The basis of this chemistry is the formation of layer
compounds by using redox active transition metals such
as iron and dhbq derivatives. Structural chemistry now,
appears to have matured. In this context, new func-
tional chemistry for metal complexes of dhbq and its
derivatives have just begun and will provide us with
fruitful materials.
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