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Reaction of a rigid conjugated clamp-like multi-pyridine
ligand N,N�-bis(pyridin-3-yl)-2,6-pyridinedicarboxamide
(H2L) with CuSO4·5H2O or Cu(OAc)2 resulted in the forma-
tion of two high-nuclearity, discrete molecular copper(II)
complexes, namely [Cu10(H2L)5(SO4)8(µ3-OH)4(H2O)2]·4CH3-
CH2OH·7H2O (1) and [Cu6(L)4(CH3COO)4]·2DMF·6H2O (2).
In 1, ten copper atoms are engaged by five H2L ligands, eight
SO4

2– and four µ3-OH groups to form a novel decanuclear
copper complex which sits on a crystallographic twofold axis
passing through the centre of the complex. The structure of
2 features a hexanuclear copper cage and a crystallographic
centre of inversion is at the mid-point of the compound. The
rigid conjugated clamp-like H2L ligands, polydentate in na-
ture, form a “coordination pocket” arising from their “arms”

Introduction

High-nuclearity, discrete molecular copper(II) com-
pounds have attracted a substantial amount of research
interest due to their possible utility in modelling the
multimetal active sites of metalloproteins,[1] in molecular
magnets,[2] with a special emphasis on single-molecule mag-
nets (SMM) and for devising nanometre-sized materials for
potential use in nanoscience.[3] Unfortunately, though some
high-nuclearity, discrete molecular copper(II) compounds
have been reported in the literature,[2,4] there are few reports
on their applications as catalysts.[5] In particular, their util-
ity as heterogeneous catalysts has rarely been reported to
date.[6] However, we think that catalysis should have been
one of the most promising applications of such materials
not only because they are generally thermally stable but
also because the assembly of a large number of CuII ions
having a d9 electronic configuration in a single molecule
generates unusual reactivities based on cooperativity or
electron transfer between metal centres.[5] In addition, they
are readily tuneable and, as a result, heterogenised size- and
shape-selective catalysts can be achieved by a judicious
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to entrap the copper atoms and play an important role in the
assembly of discrete molecular high-nuclearity complexes 1
and 2. Applications of 1 and 2 as heterogeneous catalysts for
the oxidative polymerisation of 2,6-dimethylphenol showed
very promising results at ambient temperature and these
novel catalytic systems are very mild, efficient, regioselective
and easily recyclable. The interesting catalytic properties of
1 and 2 can be attributed to their particular structural charac-
teristics and their unusual reactivities based on cooperativity
or electron transfer between multicopper centres. Magnetic
studies of these copper(II) cages indicate antiferromagnetic
behaviour.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

choice of bridging ligands. Hence, intensive studies on high-
nuclearity copper compounds should be undertaken in-
stantly to develop new complexes with useful catalytic per-
formance and to elucidate the relationship between struc-
ture and reactivity of the natural active sites.

How then can we find a simple synthetic method to gen-
erate discrete molecular high-nuclearity copper(II) com-
plexes with N,O-polydentate ligands ? In most cases, among
the factors that induce the self-assembly processes, the li-
gand plays a crucial role in deciding between polynuclear
vs. extended structures of the metal complexes. One of the
popular strategies of fabricating discrete molecular high-nu-
clearity structures is to design ligands which have the ability
to bind the metal centres together within a limited area by
utilising their coordination sites. In addition, the anions,
such as SO4

2– and OAc–, also play a very important role in
the assembly of discrete molecular high-nuclearity struc-
tures because of their bridging effect. Our approach used
here is to utilise a rigid conjugated clamp-like multi-pyr-
idine ligand, N,N�-bis(pyridin-3-yl)-2,6-pyridinedicarbox-
amide (H2L), which is polydentate in nature and can form
a “coordination pocket” arising from its “arms” to entrap
the coordinated metal centres.

In addition, the copper(II)-catalysed oxidative coupling
of 2,6-dimethylphenol (DMP) constitutes a broad and
interesting research topic both from a biological and a syn-
thetic point of view.[7] This oxidative reaction provides a



Catalysts for Oxidative Coupling Polymerisation

convenient and industrial method of preparing poly(phenyl-
ene ether) (PPE), a valuable amorphous high-performance
thermoplastic in engineering. Moreover, this polymerisation
proceeds at room temperature and is an ideal atom-eco-
nomical reaction that does not require any leaving groups
(Scheme 1).[7b] Since this reaction was first found by Hay et
al. in 1959,[8] many homogeneous catalytic systems includ-
ing heteropolyacids, Schiff base complexes of CoII, MnII,
FeII, NiII and CuII as well as transition metal salts of Fe,
Cu, Ru, Mo, etc., have been extensively employed to ac-
complish this transformation.[7] Recently, considerable ef-
fort has been made by our group concerning the corre-
lations between the structural and chemical factors of some
CuII-containing complexes with the activities and selectivi-
ties of the oxidative reaction.[9] Although it has been gen-
erally observed that some CuII-containing complexes based
on N-heterocyclic ligands with coordinatively unsaturated
metal sites showed very promising results for the reaction
because they can afford competent size- or shape-selective
homogeneous or heterogeneous catalysts for the reaction,
the systematic structure-reactivity relationship still remains
elusive. Furthermore, to the best of our knowledge, there
are few heterogeneous catalysts for this reaction[7b] and the
use of high-nuclearity copper(II) complexes still remains an
unexplored area of research.

Scheme 1. Overall reaction scheme for the oxidative coupling of
DMP to PPE and DPQ.

Herein, through direct reaction of the H2L ligand with
CuSO4·5H2O or Cu(OAc)2, we acquired two novel discrete
molecular high-nuclearity copper(II) complexes, namely
[Cu10(H2L)5(SO4)8(µ3-OH)4(H2O)2]·4CH3CH2OH·7H2O (1)
and [Cu6(L)4(CH3COO)4]·2DMF·6H2O (2). Preliminary
application of these polynuclear CuII complexes as hetero-
geneous catalysts showed very promising results for the oxi-
dative polymerisation of DMP at ambient temperature and
as novel catalytic systems they are very mild, efficient, re-
gioselective and easily recyclable. Furthermore, the mag-
netic properties of 1 and 2 have been investigated.

Results and Discussion

Structure of [Cu10(H2L)5(SO4)8(µ3-OH)4(H2O)2]·4CH3-
CH2OH·7H2O (1)

X-ray diffraction reveals that 1 belongs to the monoclinic
space group C2/c. In 1, ten copper atoms are engaged by
five H2L ligands, eight SO4

2– and four µ3-OH groups to
form a novel decanuclear copper complex which sits on a
crystallographic twofold axis passing through Cu2 and Cu6
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(Figure 1 top). Six crystallographically independent copper
atoms are present (Figure 1 bottom). Cu1, Cu3, Cu4, and
Cu5 reside in distorted trigonal bipyramidal coordination
environments with the N atoms from the H2L ligands and
the O atoms from the H2O, SO4

2– or µ3-OH groups. Cu2 is
six-coordinate by binding four O atoms (O7, O7A, O18,
and O18A) from four SO4

2– groups (with Cu–O = 2.17 Å)
and two O atoms (O23 and O23A) from two µ3-OH groups
(with Cu–O = 2.00 Å). This gives a tetragonally elongated
octahedral environment derived from the Jahn–Teller effect
of the electronic configuration of CuII. The Cu6 atom exhi-
bits a square-planar geometry with four O atoms from two
SO4

2– and two µ3-OH groups.

Figure 1. Molecular structure of the decanuclear copper complex 1
(top). Diamond representation of 1 emphasising the polymerisation
of [Cu10] cages through SO4

2– and µ3-OH bridges (bottom).

In 1, the five clamp-like H2L groups, polydentate in na-
ture, form a “coordination pocket” arising from their
“arms” and the copper atoms are entrapped in the “pocket”
forming a [Cu10] cage. Moreover, each SO4

2– or µ3-OH
group bridges three Cu atoms and plays a very decisive role
in the assembly of the oxido-bridged [Cu10] aggregate. The
Cu–O distances range from 1.901(5) to 2.366(5) Å and the
neighbouring Cu···Cu distances are in the range of 3.169 to
3.610 Å.

The structure of the decacopper(II) core in 1 is different
from that in the previous reports. For example, Kajiwara et
al. have reported a decacopper(II) complex supported by
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hexaanionic p-(tert-butyl)thiacalix[6]arene.[10] The complex
has a crystallographic twofold axis which divides the com-
plex into two pentacopper(II) units and the ten coppers are
connected by hydroxido, oxido and acetate groups. Abbati
et al. have reported a decacopper(II) complex obtained by
expansion of a hexacopper(II) cage through the addition
of four [Cu(tmpa)CN]+ [tmpa = tris(2-pyridylmethyl)amine]
units. The complex comprises an almost planar Cu6 array,
plus four peripheral Cu(tmpa) units linked to the central
core through cyanide bridges.[11] Recently, Yang et al. have
reported a sandwich-type hexacopper(II) cage incorporat-
ing a unique hybrid hexanuclear copper complex.[12] Com-
pared with these structures, the ten copper(II) atoms in 1
are bridged by eightSO4

2– groups and four µ3-OH groups.
The novel oxido-bridged [Cu10] aggregate with rigid conju-
gated H2L ligands will generates unusual cooperativity or
electron transfer between multimetal centres.

Structure of [Cu6(L)4(CH3COO)4]·2DMF·6H2O (2)

Compound 2 crystallises in the space group P1̄ and its
structure features a hexanuclear copper cage (Figure 2 top).
There is a crystallographic centre of inversion at the mid-
point of the compound. The asymmetric unit consists of

Figure 2. Molecular structure of the hexanuclear copper complex
2 (top). Diamond representation of 2 emphasising the [Cu6] cages
through OAc– bridges (bottom).
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three Cu atoms, two H2L ligands and two CH3COO–

anions. Cu2 is coordinated by six donors in a slightly dis-
torted octahedral geometry. The donors include four N
atoms (N1, N5, N6, and N10) from four H2L ligands and
two O atoms (O9 and O10) from water. The four rigid H2L
ligands are bridged by Cu2 and Cu2A to form a cage. Cu1
is four-coordinate in a slightly distorted square planar envi-
ronment by binding three N atoms (N2, N3 and N4) from
one H2L ligand and one O atom (O5) from the CH3COO–

anion inside the cavity. The Cu3 atom exhibits a distorted
octahedral geometry with three N atoms (N7, N8 and N9)
form one H2L ligand and three O atoms (O6, O7 and O8)
form two CH3COO– anions.

These four H2L ligands form a “coordination pocket”
arising from their “arms” and play a very decisive role in
the assembly of the [Cu6] aggregate. Cu1, Cu1A, Cu3 and
Cu3A are entrapped in the “pocket”. The Cu···Cu distances
in 2 are in the range of 5.831 to 9.261 Å. All the four H2L
ligands in 2 are completely deprotonated which is different
from in 1. In addition, we note that the CH3COO– anions
exhibit two types of coordination mode with different con-
formations in this unit. One CH3COO– anion adopts a µ2-
bridging coordination mode to bridge Cu1 and Cu3
whereas the O atoms in the other CH3COO– anion coordi-
nate with Cu3 in a η2-chelating coordinated mode (Fig-
ure 2, bottom).

Catalytic Properties

The copper(II)-catalysed oxidative coupling of DMP in
the homogeneous system has been studied intensively. After
years of investigation, a two-electron transfer mechanism is
now generally accepted for the phenol oxidation step of the
reaction, with the formation of a dinuclear phenolate-
bridged copper(II) complex as the key intermediate cata-
lyst.[7a,13] The dinuclear phenolate-bridged species un-
dergoes two one-electron transfers from one bridging phe-
nolate to the copper ions resulting in a dinuclear copper(I)
species and a phenoxonium cation. The cation can be at-
tached by a phenol resulting in the formation of a bisphenol
that will be oxidised to afford diphenoquinone (DPQ). An-
other reaction is the C–O coupling of a phenoxonium cat-
ion and a phenolate, affording dimeric phenol which may
react further and will ultimately afford polymeric PPE
(Scheme 2). CuI is reoxidised to CuII by dioxygen.

In order to obtain more insight into the correlations be-
tween the structural and chemical factors with the activities
and selectivities of the oxidative reaction and with the ob-
jective of also optimising the catalytic polymerisation pro-
cess, our interest centred on investigating the catalytic ac-
tivity of complexes 1 and 2 for the oxidative coupling reac-
tion in a heterogeneous system, ascertaining the influencing
factors involved.

When DMP and a catalytic amount of 1 or 2 were stirred
in a mixture of acetonitrile (5 mL) and methanol (1 mL)
at room temperature under 100% dioxygen at atmospheric
pressure for 24 h, PPE and DPQ are formed. As shown in
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Scheme 2. Mechanistic pathways proposed for the oxidative coupling of DMP.

Table 1, we found that in acetonitrile and methanol (5:1),
compounds 1 and 2 are high active heterogeneous catalysts
for the coupling reaction of DMP and the reaction was se-
lective to PPE, although there was some DPQ produced in
the system. Specifically, the conversion of DMP and the
PPE selectivity are 86% and 96% for 1, and 76% and 91%
for 2, respectively (entry 3 and 9, Table 1).

Table 1. Catalytic activity of compounds 1 and 2 during the poly-
merisation of DMP at room temp.[a]

Entry Catalyst Additive Conversion Selectivity
of DMP[b] of PPE[c]

1 CuCl2 none trace
2 CuO none trace
3 1 none 86 96
4 1 NaOMe[d] 76 74
5 1 Imidazole[e] 87 95
6 1 DMS[f] 83 94
7 1 NaOMe + imidazole 84 89
8 1 Imidazole + DMS 83 93
9 2 none 76 91
10 2 NaOMe 86 95
11 2 Imidazole 79 88
12 2 DMS 72 87
13 2 Imidazole + DMS 77 85
14 2 NaOMe + imidazole 88 91
15 2 NaOMe + imidazole + DMS 85 89

[a] Standard conditions: DMP (1 mmol), catalyst (0.005 mmol) in
CH3CN (5 mL) and CH3OH (1 mL) for 24 h under 1 atm of molec-
ular oxygen at room temp. [b] Isolated yields, based on the amount
of DMP used, average of two runs. [c] Selectivity = ([PPE]�100)/
([PPE] + [DPQ]). [d] NaOMe (0.08 mmol). [e] Imidazole
(0.5 mmol). [f] DMS (2 mL).

To ascertain the influencing factors, NaOMe was added
to test the influence of the basic cocatalyst on the reaction
because NaOMe is believed to have the power to remove
protons from the phenol substrate and thus facilitate the
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oxidation of the phenol in homogeneous systems.[14]

Furthermore, Reedijk et al. have reported that the NaOMe
and phenol can bridge two copper atoms to form a mixed
µ-methoxido-µ-phenoxido-bridged dinuclear copper spe-
cies, namely neocuproine which is the key intermediate of
the reaction.[13a] As shown in Table 1, when NaOMe was
added as the cocatalyst, the PPE selectivity decreases for
both 1 and 2 and the conversion of DMP for 1 decreases.
However, the conversion of DMP for 2 increases dramati-
cally (entry 4 and 10, Table 1). This may due to the fact
that, for the long Cu···Cu distance in 2, the methoxide and
phenolate may bridge two copper(II) ions from two adja-
cent compounds to form a dicopper species as the key reac-
tion intermediate. However for 1, the oxido-bridged
multicopper species already exists, each dicopper species of
which can be coordinated by a phenolate to form the key
reaction intermediate directly. This may explain why the ad-
dition of the NaOMe exerts a favourable influence on the
catalytic activity of 2 and an unfavourable influence on that
of 1.

In addition, some groups have reported that the actual
mechanism involves the radical pathway with respect to the
phenol coupling step in the homogeneous system. There-
fore, some small heterocyclic ligands (imidazole or oxazol-
ine) will improve the copper-catalysed oxidative coupling of
DMP to PPE because they are believed to have the ability
to stabilise the phenoxy radicals by forming an intermediate
complex and thus facilitate the C–O coupling process.[7f] In
order to check whether there are phenoxy radicals formed
in the heterogeneous system, imidazole was added as a co-
catalyst. However, with the addition of imidazole as the co-
catalyst, there is no notable change in the conversion of
DMP and the PPE selectivity in this heterogeneous system
(entries 5 and 11, Table 1). These results clearly indicate
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that there are no phenoxy radicals formed in the presence
of imidazole in the reaction. This conclusion was further
verified with the use of the radical scavenger dimethyl sul-
fide (DMS). When the radical scavenger DMS was added,
the conversion of DMP for both 1 and 2 (entries 8 and 14,
Table 1) change slightly. Taking into account the fact that
the addition of imidazole as a cocatalyst cannot facilitate
the oxidative coupling reaction, we can deduce that the
phenoxonium cations rather than phenoxy radicals seem to
be very likely candidates for the key intermediate species
in this heterogeneous system. The conclusion is entirely in
agreement with that from the unrestricted Hartree–Fock ab
initio calculations with a 6-32G* basis set.[8]

More importantly, to the best of our knowledge, com-
pounds 1 and 2 are the first examples of heterogeneous cat-
alysts for the oxidative coupling of DMP and show high
catalytic activity with novel production-discrimination
functions. We think the interesting catalytic oxidative cou-
pling of DMP to PPE and DPQ with 1 and 2 is closely
associated with their particular structural characteristics.
The structure of compound 1 shows a novel decanuclear
copper cage entrapped in the “coordination pocket”. The
ten copper atoms bridged by O atoms from SO4

2– and µ3-
OH groups are favourable to cooperativity or electron
transfer between metal centres. As far as 2 is concerned, its
structure features a hexanuclear copper cage and the copper
atoms are coordinatively unsaturated or coordinated with
facile leaving groups (H2O). The configuration of catalytic
sites and the cage structure will facilitate the contact be-
tween the substances with catalytically active centres.

The remarkable advantage of the self-supported hetero-
geneous catalysts over their homogeneous counterparts was
exemplified by the facile recovery and recycling of the cata-
lyst. After completion of the polymerisation, simple fil-
tration of the reaction mixture allowed the separation of
the solid-state catalyst from the product-containing solu-
tion. After washing with CHCl3, the isolated solids could
be reused for the next run. As shown in Table 2, catalysts 1
and 2 could be used for at least four cycles in the reaction

Table 2. Recycling and reuse of the heterogeneous catalysts 1 and
2 in the polymerisation of DMP.[a]

Entry Catalyst % Conv.[b] Selectivity[c] PPE
Mw/(103) Mw/Mn

1 1 85 96 10.7 2.04
2 1 85 91 10.7 2.07
3 1 83 90 10.7 2.05
4 1 76 96 10.7 2.04
5 2 83 97 10.4 2.09
6 2 82 90 10.4 2.02
7 2 77 92 10.4 2.07
8 2 71 91 10.4 2.03

[a] All of the reactions for 1 were carried out under the reaction
conditions of entry 3, Table 1. All of the reactions for 2 were car-
ried out under the reaction conditions of entry 10, Table 1. DMP
(0.5 mmol), catalyst (0.005 mmol), CH3CN (5 mL), CH3OH
(1 mL), NaOMe (0.08 mmol) (for catalyst 2), 298 K, 24 h, under
1 atm of molecular oxygen. [b] Isolated yields, based on the amount
of DMP used. [c] Selectivity = ([PPE]�100)/([PPE] + [DPQ]).
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without significant loss of selectivity but at a cost of re-
duced activity in the last two runs. The decrease of catalytic
activity can be attributed to the deposition, physisorption
or chemisorption of organic substances on the surface of
the catalyst.[15]

Magnetic Properties

Magnetic susceptibility data for complex 2 were collected
in the range of 300 to 1.8 K in an applied field of 2 kOe, the
χM and χMT product vs. T plots are depicted in Figure 3. As
the system was cooled, the χM gradually increases and
reaches a maximum of 0.13 emumol–1 at 6 K, below which
χM decreases to 0.11 emumol–1 at 1.8 K. This is indicative
of an overall antiferromagnetic coupling between the CuII

centres. Thus, χMT decreases with the lowered temperature
in the whole temperature range. The χMT value at room
temperature is 2.35 emuKmol–1, close to the spin-only
value of 2.36 emuKmol–1 based on Cu6 unit (SCu = ½ and
assuming g = 2.05). According to the crystal structure of 2,
Cu2 is linked to Cu1 and Cu3 by the clamp-like H2L ligand
which usually mediates weak magnetic coupling. While Cu1
is linked to Cu3 by acetate, so a classical dimer mode (H =
–2JS1S2) with additional paramagnetic Cu ions can be used
in the complex and this gives the van Vleck Equation (1).

(1)

Figure 3. Plots of χM
–1 vs. T and χMT vs. T for compound 2.

When the mean-field correction was taken into account,
the best fitting results gave g = 2.07(1) and –6.8(4) cm�1

(magnetic coupling between Cu2 and Cu3) and zj� =
–0.8(1) cm–1 (intermolecular interaction) with R =
∑[(χMT)calc – (χMT)obs]2/∑(χMT)obs

2 = 7.0�10–3. The J
value indicates that weak antiferromagnetic coupling be-
tween Cu ions dominates the magnetic properties in this
system.

Magnetic susceptibility data for complex 1 were also col-
lected in the range of 300 to 1.8 K at an applied field of
2 kOe and they shows an overall antiferromagnetic cou-
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pling between the ten CuII centres (Figure S1). However
because of the complication of the low symmetry of com-
pound 1, we were unable to find a model with appropriate
analytical expression for it.

The magnetic properties of 1 and 2 due to the assembly
of a large number of CuII ions having a d9 electronic config-
uration in a single molecule generates unusual reactivities
based on cooperativity or electron transfer between metal
centres.

Conclusions

In conclusion, we have shown that two novel high-nu-
clearity, discrete molecular copper(II) complexes 1 and 2
can be designed and synthesised with the use of a rigid con-
jugated clamp-like ligand H2L. Furthermore, we have also
reported for the first time that the novel discrete molecular
high-nuclearity copper(II) complexes 1 and 2 are environ-
mentally friendly, highly active heterogeneous catalysts for
the polymerisation of DMP to PPE. The interesting cata-
lytic properties of 1 and 2 are closely associated with their
particular structural characteristics. In 1, ten copper atoms
are linked by five H2L ligands, eight SO4

2– and four µ3-OH
groups to form a novel oxido-bridged [Cu10] aggregate, thus
generating unusual cooperativity or electron transfer be-
tween multimetal centres. The structure of compound 2 fea-
tures a hexanuclear copper cage and the copper atoms in 2
are coordinatively unsaturated or coordinated with facile
leaving groups which facilitate the contact between the sub-
stances with catalytically active centres. These catalysts
could be easily recovered by a simple filtration and used
repeatedly. These catalysts, when used for the polymerisa-
tion of DMP, appear to be efficient, mild and easily recycla-
ble.

Experimental Section
Materials and Physical Techniques: All chemicals were of reagent-
grade quality obtained from commercial sources and were used
without further purification. H2L was prepared by literature meth-
ods.[16] IR data were recorded on a Nicolet NEXUS 470-FTIR
spectrophotometer with KBr pellets in the 400–4000 cm–1 region.
UV/Vis spectra were obtained on an HP 8453 spectrophotometer.
NMR spectra were recorded on a Bruker DPX-400 spectrometer.
Elemental analyses (C, H and N) were carried out with a FLASH
EA 1112 analyser. Molecular weights of the PPE were determined
on a Waters 150C gel permeation chromatography (GPC) instru-
ment. Magnetic susceptibility data were obtained on a microcrys-
talline sample using a Quantum Design MPMS-XL7 SQUID mag-
netometer.

Preparation of Complex 1: The ligand H2L (0.05 mmol, 0.016 g) in
DMF (5 mL) was added dropwise to a solution of CuSO4·5H2O
(0.1 mmol, 0.025 g) in alcohol (3 mL). The precipitate was filtered
and the resultant green solution was allowed to stand at room tem-
perature in the dark. After one week green crystals were obtained
which were further used for single-crystal analysis and physical
measurements. Yield 21.8 mg (64%) based on Cu.
C93H111Cu10N25O59S8 (3414.952): calcd. C 32.71, H 3.28, N 10.25,
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S 7.51; found C 32.48, H 3.35, N 10.11, S 7.47. IR data (KBr): ν̃
= 3435 [s ν(N–H)], 3183 [m ν(C–H)], 1624 [m ν(C=O)], 1546 [w
ν(Py)], 1484 [w ν(Py)], 1399 [s ν(C–N)], 1125 [s δ(Py–H)], 619 [m
δ(Py–H)] cm–1.

Preparation of Complex 2: The ligand H2L (0.05 mmol, 0.016 g)
in DMF (5 mL) was added dropwise to a solution of Cu(OAc)2

(0.1 mmol, 0.020 g) in methanol (3 mL). The precipitate was fil-
tered and the resultant green solution was allowed to stand at room
temperature in the dark. After one week good quality dark-green
crystals were obtained and dried in air. Yield 26.8 mg (75%) based
on Cu. C41H41Cu3N11O12 (1070.47): calcd. C 46.00, H 3.83, N
14.39; found C 46.73, H 3.85, N 14.77. IR data (KBr): ν̃ = 3425 [s
ν(NH)], 2364 (w), 1583 [s ν(Py)], 1483 [w ν(Py)], 1426 [w ν(Py)],
1386 [w ν(C–N)], 1114 [s δ(Py–H)], 700 [w δ(Py–H)], 653 [m δ(Py–
H)], 620 [m δ(Py–H)] cm–1.

Both complexes 1 and 2 are insoluble in common organic solvent
such as MeOH, EtOH, MeCN and THF but are only very slightly
soluble in highly polar solvents such as dimethylsulfoxide (DMSO)
and dimethylformamide (DMF).

A Typical Procedure for the Oxidative Coupling Polymerisation of
2,6-Dimethylphenol: A solution of NaOMe (0.004 g, 0.08 mmol) in
methanol (1 mL) was added to a solution of DMP (0.122 g,
1 mmol) in acetonitrile (5 mL). The solid-state catalyst
(0.005 mmol) was added to the solution and the resultant hetero-
geneous mixture was stirred vigorously in oxygen at room tempera-
ture for 24 h. The mixture was then diluted with chloroform
(50 mL). After the isolation of the solid-state catalyst by filtration,
the filtrate was put into 100 mL measuring flask.

In addition, we analysed the filtrate by atom adsorption and the
results showed that there was a tiny amount of CuII ions (ca.
10–4 ) in the filtrate. The filtrate could not catalyse the reaction
and, as a result, the catalytic activities observed are not due to the
“soluble” copper ions.

UV/Vis spectroscopic detection of DPQ: a 1 mL sample was re-
moved and diluted with chloroform. This solution gave a UV/Vis
absorption with a maximum at 421 nm which was ascribed to DPQ.
The molar extinction coefficient ε was determined in chloroform
using pure DPQ. The amount of formed DPQ is given as a percen-
tage of the feed amount of DMP.

The filtrate was concentrated and the residue was submitted to
layer chromatography on silica gel with petroleum ether/ethyl ace-
tate (4:1) as the mobile phase to give the PPE as an off-white solid.
We could also get the polymeric materials by a reprecipitation pro-
cedure (chloroform as solvent, methanol as cosolvent). 1H NMR
(400 MHz, CDCl3): δ = 2.10 (s, 6 H, CH3), δ = 6.45 (s, 2 H,
HAr) ppm. 13C NMR (100 MHz, CDCl3): δ = 16.8 (CH3), 114.5
(CH), 132.7 (C), 145.6 (C), 154.5 (C) ppm. IR (KBr): ν̃ = 3429
(m), 2922 (w), 1607 (s), 1471 (s), 1306 (s), 1189 (s), 1022 (s), 858
(m) cm–1.

The insoluble catalyst was washed with chloroform and dried for
the next run. The elemental analyses on the filtered catalysts after
reaction revealed the same compositions as the original catalysts.
Elemental analysis (%) after catalytic reaction for 1:
C93H111Cu10N25O59S8: found C 32.51, H 3.19, N 10.45, S 7.39. For
2: C41H41Cu3N11O12: found C 46.61, H 3.77, N 14.59.

Structure Determination: Suitable single crystals with dimensions of
0.20�0.18�0.17 mm for 1 and 0.22�0.15�0.11 mm for 2 were
selected for single-crystal X-ray diffraction analysis. Data collection
was performed on a Bruker SMART APEX CCD diffractometer
using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å)
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at room temperature. The numbers of collected and observed inde-
pendent [I � 2σ(I)] reflections are 37667 and 14475 (Rint = 0.089)
for 1, and 13037 and 8613 (Rint = 0.061) for 2. The data were
integrated using the Siemens SAINT program. Absorption correc-

Table 3. Crystal and structure refinement data for complexes 1 and
2.

Compounds 1 2

Formula C93H111Cu10N25O59S8 C41H41Cu3N11O12

Formula weight 3414.952 1070.47
Space group C2/c P1̄
a [Å] 33.22(2) 13.7000(14)
b [Å] 21.673(15) 14.1454(14)
c [Å] 25.820(18) 14.6372(14)
α [°] 90.00 85.813(2)
β [°] 116.971(11) 72.453(2)
γ [°] 90.00 67.187(2)
V [Å3] 16567(20) 2489.9(4)
Z 4 2
ρcalcd. [Mgm–3] 1.368 1.428
Temperature [K] 273(2) 273(2)
λ(Mo-Kα) [Å] 0.71073 0.71073
Final R1,[a] wR2

[b] 0.0898, 0.2326 0.0609, 0.1680
R indices (all data) 0.2278, 0.2641 0.0958, 0.1870

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σw(|Fo
2| – |Fc

2|)2/Σw|Fo
2|2]1/2.

w = 1/[σ2(Fo)2 + 0.0297P2 + 27.5680P], where P = (Fo
2 + 2Fc

2)/3.

Table 4. Selected bond lengths [Å] and angles [°] for 1.[a]

O(6)–Cu(3) 1.990(7) O(7)–Cu(2) 2.176(7)
O(7)–Cu(3)#1 2.366(7) O(8)–Cu(1) 1.963(7)
O(10)–Cu(1) 1.972(8) O(11)–Cu(5) 2.172(7)
O(12)–Cu(4) 2.041(7) O(14)–Cu(4) 2.033(8)
O(15)–Cu(6) 1.901(8) O(16)–Cu(5) 1.995(7)
O(18)–Cu(2) 2.172(7) O(19)–Cu(4) 2.200(7)
O(20)–Cu(5)#1 1.964(7) O(22)–Cu(4) 1.998(7)
O(22)–Cu(6) 1.998(6) O(22)–Cu(5) 2.025(6)
O(23)–Cu(2) 2.000(6) O(23)–Cu(1) 2.021(6)
O(23)–Cu(3) 2.047(7) O(24)–Cu(1) 2.345(9)
N(1)–Cu(3)#1 2.004(9) N(10)–Cu(5)#1 2.003(9)
N(5)–Cu(1) 2.016(9) N(6)–Cu(4) 2.003(9)
N(11)–Cu(3) 2.041(11) Cu(2)–O(23)#1 2.000(6)
Cu(2)–O(18)#1 2.172(7) Cu(2)–O(7)#1 2.176(8)
Cu(3)–N(1)#1 2.004(9) Cu(3)–O(7)#1 2.366(7)
Cu(5)–O(20)#1 1.964(7) Cu(5)–N(10)#1 2.003(8)
Cu(6)–O(15)#1 1.901(8) Cu(6)–O(22)#1 1.998(6)
O(8)–Cu(1)–O(10) 168.6(3) O(8)–Cu(1)–N(5) 90.0(4)
O(10)–Cu(1)–N(5) 93.3(4) O(8)–Cu(1)–O(23) 92.3(3)
O(10)–Cu(1)–O(23) 90.2(3) N(5)–Cu(1)–O(23) 150.9(3)
O(8)–Cu(1)–O(24) 87.9(3) O(10)–Cu(1)–O(24) 80.8(3)
N(5)–Cu(1)–O(24) 116.0(4) O(23)–Cu(1)–O(24) 93.1(3)
O(23)–Cu(2)–O(23)#1 173.2(4) O(23)–Cu(2)–O(18)#1 100.6(3)
O(23)#1�Cu(2)–O(18)#1 84.6(3) O(23)–Cu(2)–O(18) 84.6(3)
O(23)#1�Cu(2)–O(18) 100.6(3) O(18)#1�Cu(2)–O(18) 81.8(4)
O(23)–Cu(2)–O(7) 91.3(3) O(23)#1�Cu(2)–O(7) 84.0(3)
O(18)#1�Cu(2)–O(7) 92.2(3) O(18)–Cu(2)–O(7) 171.9(3)
O(23)–Cu(2)–O(7)#1 84.0(3) O(6)–Cu(3)–N(11) 88.1(4)
O(6)–Cu(3)–O(23) 89.4(3) N(11)–Cu(3)–O(23) 175.6(3)
O(22)–Cu(4)–N(6) 174.9(3) O(22)–Cu(4)–O(14) 90.8(3)
N(6)–Cu(4)–O(14) 87.5(3) O(22)–Cu(4)–O(12) 88.6(3)
N(6)–Cu(4)–O(12) 96.2(3) O(14)–Cu(4)–O(12) 128.5(3)
O(22)–Cu(4)–O(19) 83.2(3) N(6)–Cu(4)–O(19) 93.1(4)
O(14)–Cu(4)–O(19) 115.4(3) O(12)–Cu(4)–O(19) 115.6(3)
O(16)–Cu(5)–O(22) 90.6(3) O(16)–Cu(5)–O(11) 92.5(3)
O(22)–Cu(5)–O(11) 95.9(3) O(15)–Cu(6)–O(22) 90.0(3)

[a] Symmetry transformations used to generate equivalent atoms:
#1 – x, y, –z + ½
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tions were applied. The structures were solved by direct methods
and refined on F2 by using full-matrix least-squares in
SHELXTL.[17] Crystallographic and refinement details are listed in
Table 3 with selected bond lengths and angles given in Tables 4 and
5.

Table 5. Selected bond lengths [Å] and angles [°] for 2.[a]

N(1)–Cu(2) 2.028(4) N(3)–Cu(1) 1.924(5)
N(4)–Cu(1) 2.006(5) N(5)–Cu(2)#1 2.049(4)
N(6)–Cu(2) 2.029(4) N(7)–Cu(3) 2.017(4)
N(8)–Cu(3) 1.930(4) N(9)–Cu(3) 2.008(4)
N(10)–Cu(2)#1 2.018(4) O(5)–Cu(1) 1.904(4)
O(7)–Cu(3) 1.947(4) Cu(2)–N(10)#1 2.018(4)
Cu(2)–N(5)#1 2.049(4) O(5)–Cu(1)–N(4) 100.61(19)
O(5)–Cu(1)–N(3) 176.4(2) N(3)–Cu(1)–N(4) 80.5(2)
O(5)–Cu(1)–N(2) 98.66(19) N(3)–Cu(1)–N(2) 80.1(2)
N(4)–Cu(1)–N(2) 160.57(19) N(10)#1�Cu(2)–N(1) 90.29(18)
N(10)#1�Cu(2)–N(6) 179.52(18) N(1)–Cu(2)–N(6) 89.25(18)
N(10)#1�Cu(2)–N(5)#1 90.05(18) N(1)–Cu(2)–N(5)#1 177.81(18)
N(6)–Cu(2)–N(5)#1 90.41(17) N(8)–Cu(3)–O(7) 164.24(19)
N(8)–Cu(3)–N(9) 79.19(18) O(7)–Cu(3)–N(9) 100.33(18)
N(8)–Cu(3)–N(7) 79.90(17) O(7)–Cu(3)–N(7) 99.40(17)
N(9)–Cu(3)–N(7) 159.04(18)

[a] Symmetry transformations used to generate equivalent atoms:
#1 –x + 1, –y + 1, –z + 2.

CCDC-640706 (for 1) and -640707 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data request/cif..

Supporting Information (see also the footnote on the first page of
this article): Crystallographic and refinement details for 1 and 2.
Plots of χM

–1 vs. T and χMT vs. T for compound 1.
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