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Keywords: Copper / Nickel / Amides / Polynuclear complexes / Magnetic properties

New homo- and heterometallic hexanuclear complexes of
formula {[Cu(tmen)(H2O)]2[Cu(tmen)]2[Cu2L](H2O)}(ClO4)4 ⋅
2 H2O [Cu6-tmen] {[Cu(pmdien)]4[Cu2L]}(ClO4)4 ⋅ 4 H2O
[Cu6-pmdien] and {[Ni(cyclam)]4[Cu2L]}(ClO4)4 ⋅ 4 H2O
[Cu2Ni4-cyclam] [H8L = tetrakis(aminomethylene)methane-
tetrakis(oxamic acid), tmen = N,N,N9,N9-tetramethylethylene-
diamine, pmdien = N,N,N’,N’,N’’-pentamethyldiethylenetri-
amine, and cyclam = 1,4,8,11-tetraazacyclotetradecane] have
been synthesized. The crystal structure of [Cu6-tmen] has
been determined by single-crystal X-ray diffraction. The
structure consists of cationic {[Cu(tmen)(H2O)]2[Cu(tmen)]2-
[Cu2L](H2O)}4+ hexanuclear units. The hexanuclear cation is
made up of two symmetry-related oxamato-bridged trinu-
clear units connected through the central carbon atom C(6) of
the L8– ligand. Variable-temperature magnetic susceptibility

Introduction

One of the current challenges for inorganic chemists is
the design and synthesis of high nuclearity complexes of the
first row transition metal ions in a controlled fashion.[1–2]

The pathways used to obtain these intriguing species are
based, essentially, on the following synthetic schemes: i) the
self-assembly method,[3–10] ii) the use of polynucleating li-
gands,[11–12] or iii) the use of complexes as ligands.[13–18] In
the former case, the nature of the final products cannot be
determined a priori. In contrast, the latter two methods
proceed step by step. Hence they provide an alternative
route to gain control of both the nuclearity and the dimen-
sionality of the polymetallic edifice and, furthermore, allow
the preparation of species containing metal ions of different
natures, i.e. heterometallic complexes.

In a previous paper,[19] we described the synthesis of a
new dinuclear copper(II) complex [Cu2L]4– (Figure 1),
where L8– is the bis-tetradentate chelating ligand
N,N9,N99,N999-tetramethylenemethanetetrakis(oxamato).
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measurements (1.8–300 K) have been performed for these
series of complexes including the dinuclear precursors of for-
mula Na4[Cu2L] ⋅ 10.5 H2O [Cu2-Na], (NMe4)4[Cu2L] ⋅ 4 H2O
[Cu2-NMe4] and (PPh4)4[Cu2L] ⋅ 6 H2O [Cu2-PPh4]. The mag-
netic data have been interpreted. Evidence of a weak intram-
olecular ferromagnetic interaction between the two CuII ions
in [Cu2L]4– has been observed. For the hexanuclear species,
the interaction through the oxamato bridge was found to be
equal to –6790, –2650, and –1643 yJ (–342, –133, and –82 cm–1)
for [Cu6-tmen], [Cu6-pmdien], and [Cu2Ni4-cyclam], re-
spectively. In these complexes, the weak intramolecular fer-
romagnetic coupling between the two CuII ions within the
dinuclear synthon was masked by intermolecular interac-
tions or local anisotropy.

This dinuclear complex can be used as a building block for
the synthesis of high nuclearity complexes or extended net-
works, following the strategy of ‘‘complexes as ligands’’.
The design of this molecular synthon fulfils several import-
ant criteria. Firstly, [Cu2L]4– is potentially a tetrakis-bident-
ate ligand that can coordinate to four other metal ions
through the external oxygen atoms. The use of ancillary li-
gands on these metal ions avoids polymerisation, and leads
to polynuclear species instead of extended networks. Also,
the chelating nature of the oxamate groups ensures high
values for the stability constants of the polynuclear com-
plexes. Secondly, from a topological point of view, the con-
nectivity number of four of this ligand is favourable for the
construction of high-spin dendrimer-like molecules, and
also for the synthesis of molecular-based magnets, since the
critical temperature TC is related to the number of neigh-
bours of each magnetic centre.[20] Furthermore, the geo-
metry of the ligand with non-coplanarity between the two
planes containing the copper ions, as shown in Figure 1,
has been designed with the aim of inducing a ferromagnetic
coupling between the two CuII ions.[21] Such a coupling
should, therefore, lead to a molecular synthon with an S 5
1 ground state. Polynuclear complexes or extended net-
works built with this dinuclear complex are expected to
have attractive magnetic properties.

This ‘‘complexes as ligands’’ strategy has been success-
fully applied in the preparation of the homometallic hexa-
nuclear complexes {[Cu(tmen)(H2O)]2[Cu(tmen)]2[Cu2L]}-
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Figure 1. Perspective view of the anionic dinuclear unit [Cu2L]4– of
[Cu2–Na] (hydrogen atoms have been omitted for clarity); crystallo-
graphic data of this compound are reported in reference[19]

(H2O)}(ClO4)4 ⋅ 2 H2O [Cu6-tmen] (tmen 5 N,N,N’,N’-
tetramethylethylenediamine) and {[Cu(pmdien)]4[Cu2L]}-
(ClO4)4 ⋅ 4 H2O [Cu6-pmdien] (pmdien 5 N,N,N9,N9,N99-
pentamethyldiethylenetriamine), and a heterometallic hexa-
nuclear complex {[Ni(cyclam)]4[Cu2L]}(ClO4)4 ⋅ 4 H2O
[Cu2Ni4-cyclam]. We report herein their synthesis and mag-
netic characterisations as well as the magnetic properties of
their dinuclear precursors Na4[Cu2L] ⋅ 10.5 H2O [Cu2-Na],
(NMe4)4[Cu2L] ⋅ 4 H2O [Cu2-NMe4] and (PPh4)4[Cu2L] ⋅
6 H2O [Cu2-PPh4], and the X-ray structural determination
of [Cu6-tmen].

Results and Discussion

Synthesis of the Complexes

The dinuclear precursors were obtained by reaction of
the tetraethyl ester derivative of the ligand (Et4H4L) with
NaOH or NMe4OH, for [Cu2-Na] and [Cu2-NMe4] respect-
ively, followed by addition of Cu21. The tetraphenylphos-
phonium derivative [Cu2-PPh4] was then obtained by suc-
cessive metatheses with Ag1 and PPh4

1. The hexanuclear
compounds were synthesised by adding four equivalents of
an external complex to the dinuclear [Cu2-Na] precursor
and isolated as microcrystalline powders after slow evap-
oration of the solvent. External complexes were Ni(cyclam)-
(ClO4)2(H2O)2, or in situ generated Cu(tmen)(ClO4)2 or
Cu(pmdien)(ClO4)2.

Crystal Structure Analysis

The structure of [Cu6-tmen] consists of hexameric cop-
per(II) complex cations, {[Cu(tmen)(H2O)]2[Cu(tmen)]2-
[Cu2L](H2O)}41 (Figure 2), perchlorate anions and crys-
tallisation water molecules. The hexanuclear cation is made
up of two symmetry-related oxamato-bridged trinuclear un-
its (I 5 1 – x, y, –z) connected through the central carbon
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atom C(6) which lies on a crystallographic twofold axis, in
accordance with the C2 space group.

Figure 2. Perspective view of the cationic hexanuclear unit
{[Cu(tmen)(H2O)]2[Cu(tmen)]2Cu2L(H2O)}41 of [Cu6-tmen] with
the atom-numbering scheme (hydrogen atoms have been omitted
for clarity); selected bond lengths [pm] and angles [°] with standard
deviations in parentheses: Cu(1)–N(1) 192.6(5), Cu(1)–N(2)
191.7(5), Cu(1)–O(3) 196.1(4), Cu(1)–O(6) 196.3(4), Cu(2)–N(3)
192.9(5), Cu(2)–N(4) 191.9(5), Cu(2)–O(9) 196.6(4), Cu(2)–O(12)
198.2(4); N(2)–Cu(1)–N(1) 96.7(2), O(3)–Cu(1)–N(1) 84.3(2),
O(6)–Cu(1)–N(1) 173.4(2), N(2)–Cu(1)–O(3) 176.8(2), N(2)–Cu(1)–
O(6) 84.2(2), O(6)–Cu(1)–O(3) 95.1(2), N(3)–Cu(2)–N(4) 95.2(2),
O(9)–Cu(2)–N(3) 84.4(2), O(12)–Cu(2)–N(3) 179.0(2), N(4)–
Cu(2)–O(9) 172.4(2), N(4)–Cu(2)–O(12) 83.9(2), O(12)–Cu(2)–
O(9) 96.4(2)

Within each trinuclear fragment, the terminal Cu(2) and
Cu(3) atoms are (4 1 1) and (4 1 2) coordinated, respect-
ively. Their basal planes are formed by two amino nitrogen
atoms from the tmen ligand and two oxygen atoms from
the oxamato bridge. The apical positions are filled by the
oxygen atom O(8) from the water molecule (234 pm) in the
former, and the O(10) and O(13) atoms from two weakly
bound perchlorate anions (272 pm) in the latter. The central
Cu(1) atom has a (4 1 1) coordination environment, with
an equatorial plane occupied by two deprotonated amido
nitrogen atoms and two carboxylate oxygen atoms from the
oxamato groups. The fifth axial position is occupied by the
water oxygen atom O(7) (250 pm). The metal atoms Cu(1)
and Cu(2) are displaced from the least-square basal plane
toward the apical water molecule by 15 and 20 pm, respect-
ively, while the Cu(3) atom shows no deviation from the
mean plane. The basal planes of the three copper(II) ions
in the trinuclear unit are almost coplanar [dihedral angles
of 7(2), 6(2), and 5(2)° for Cu(1)–Cu(2), Cu(1)–Cu(3), and
Cu(2)–Cu(3), respectively], in contrast to those of the cent-
ral copper(II) ions from the [Cu2L] fragment [43.2(8)° for
Cu(1)–CuI(1)].

In the crystal, two neighbouring hexanuclear entities
(II 5 1 – x, y, 1 – z) are linked through the oxygen atom
O(7) from apical water which acts as a bridge between the
central copper(II) ions, thus leading to a chain along the c
axis (Figure 3). The Cu(1)–O(7)–CuII(1) angle is 124(2)°.
The intramolecular metal–metal separations Cu(1)⋅⋅⋅Cu(2),
Cu(1)⋅⋅⋅Cu(3), Cu(2)⋅⋅⋅Cu(3), and Cu(1)⋅⋅⋅CuI(1) are 514,
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513, 1024, and 591 pm, respectively, whereas the intermol-
ecular one Cu(1)⋅⋅⋅CuII(1) is 442 pm.

Figure 3. View of two symmetry-related hexanuclear complexes (II:
1 – x, y, 1 – z) belonging to the chain which runs along the c axis;
the carbon atoms of the tmen ligands and the oxygen atoms of
coordinated water and perchlorate molecules have been omitted
for clarity

Magnetic Properties of Dinuclear Precursors

The magnetic properties of [Cu2-Na], [Cu2-NMe4] and
[Cu2-PPh4] (SQUID, 1.8–300 K) are depicted in Figure 4.
The magnetic properties of the dinuclear copper(II) com-
plexes strongly depend on the nature of the counter-cation.
As can be seen for [Cu2-Na], the χMT curve smoothly de-
creases upon cooling below 5 K, showing that the dominant
interaction between CuII ions is antiferromagnetic. On the
contrary, upon cooling [Cu2-NMe4] and [Cu2-PPh4], the in-
crease of the χMT product indicates that the coupling be-
tween the CuII ions is ferromagnetic. The best fits are ob-
tained using the following parameters J 5 –4.6 yJ
(–0.23 cm–1), g 5 2.10, 5.4 yJ (0.27 cm–1), g 5 2.05 and
23.8 yJ (1.2 cm–1), g 5 2.02 for [Cu2-Na], [Cu2-NMe4] and
[Cu2-PPh4], respectively (H 5 –JS1·S2).[22] The agreement
factors R defined as Σ(χMTexp–χMTtheo)2/Σ(χMTexp)2 are
then equal to 4.6⋅10–5, 7⋅10–6, and 4⋅10–5 for [Cu2-Na], [Cu2-
NMe4], and [Cu2-PPh4], respectively.

Figure 4. Thermal variation of the magnetic susceptibility of
[Cu2Na] ((), [Cu2NMe4] (h) and [Cu2PPh4] (∆) in the form of χMT
versus T plot; the lines are the calculated curves
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The antiferromagnetic interaction obtained for [Cu2Na]
can be explained in light of its crystal structure. The dinuc-
lear units are not isolated within the crystal, as the oxygen
atoms of oxamato groups of [Cu2L]4– are coordinated to
the NaI ions leading to an extended 3D network.[19] The
antiferromagnetic coupling between the CuII ions is prob-
ably due to the interaction through the NaI ions and not
from the interaction through the carbon atoms linking the
two CuII ions. This analysis is reinforced by the magnetic
behaviour of [Cu2-NMe4] and [Cu2-PPh4]. For these two
compounds, where organic cations are present and cannot
be coordinated to the external oxygen atoms of the oxamato
group, the coupling is, as expected, ferromagnetic. More-
over, the magnitude of the coupling seems to be related to
the size of the counter-cation, i.e. the bulkier the counter-
cation, the more pronounced the coupling. Even though no
crystallographic structures of these compounds are yet
available, the stronger ferromagnetic interaction is observed
for the PPh1

4 salt where the intermolecular interactions are
expected to be the smallest.

Magnetic Properties of Hexanuclear Species

The magnetic properties of the hexanuclear complexes
[Cu6-tmen] and [Cu6-pmdien] are shown in Figure 5. At
room temperature, χMT is equal to 14.9 µm3 K mol–1

(1.19 cm3 K mol–1) and 24.6 µm3 K mol–1 (1.96 cm3 K mol–1)
for [Cu6-tmen] and [Cu6-pmdien], respectively. These
values are lower than expected for six noninteracting cop-
per(II) ions (31.2 µm3 K mol–1). For both compounds, χMT
decreases upon cooling to reach a constant value of 10.0
µm3 K mol–1 (0.798 cm3 K mol–1) around 100 K for [Cu6-
tmen] and 10.2 µm3 K mol–1 (0.811 cm3 K mol–1) around
20 K for [Cu6-pmdien]. Upon further cooling, χMT de-
creases abruptly below 20 K for [Cu6-tmen] and 8 K for
[Cu6-pmdien]. At 1.8 K, χMT values are equal to 6.36 µm3

K mol–1 (0.506 cm3 K mol–1) and 9.31 µm3 K mol–1

(0.741 cm3 K mol–1) for [Cu6-tmen] and [Cu6-pmdien], re-
spectively. In the high temperature region, these observed
trends are typical of strongly coupled trinuclear CuII com-
plexes and the plateaux correspond to temperature ranges
where the S 5 1/2 ground states of the trinuclear units are
the only populated states.

The rapid decrease in the χMT products at low temper-
ature is interpreted as arising from a weak interaction be-
tween the trinuclear units. To take this into account, the
effective spin Hamiltonian shown in Equation 1 has been
used where SA 5 SB 5 1/2 correspond to the two ground-
state doublets of the CuII

3 trimeric units, defined as A and
B in this perturbational treatment.[23]

H 5 – J (SA1SA2 1 SA1SA3 1 SB1SB2 1 SB1SB3) – jeffSASB 1
(1)

gβ (SA1 1 SA2 1 SA3 1 SB1 1 SB2 1 SB3)⋅B

Over the whole temperature range, the theoretical curves
derived from the above Hamiltonian closely follow the ex-
perimental data for both compounds. The best fits are ob-
tained using the following parameters J 5 –6790 yJ
(–342 cm–1), jeff 5 –31.8 yJ (–1.6 cm–1), g 5 2.07 and J 5
–2650 yJ (–133 cm–1), jeff 5 –10.7 yJ (–0.54 cm–1), g 5
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Figure 5. Thermal variation of the magnetic susceptibility of [Cu6-
tmen] (∆) and [Cu6-pmdien] (Ο) in the form of χMT versus T plot;
the lines are the calculated curves

2.10 for [Cu6-tmen] and [Cu6-pmdien], respectively (solid
lines in Figure 5). The agreement factors R are then equal
to 1.91⋅10–4 and 7.4⋅10–5, respectively. In [Cu6-tmen], the ex-
change interaction parameter J between Cu(1) and Cu(2)
or equivalently, Cu(1) and Cu(3) (J 5 J12 5 J13) through
the oxamato bridge is in excellent agreement with that of
the related trinuclear complex {[Cu(tmen)]2Cu(pba)}-
(ClO4)2,[24] where J is equal to –7530 yJ (–379 cm–1). As
for the effective interaction parameter jeff between the two
trinuclear units, it may be related to the exchange parameter
JCu–Cu between the two central CuII ions by the expression
jeff 5 1/9⋅ JCu–Cu, i.e. JCu–Cu 5 –278 yJ (–14 cm–1).[25] This
value may be associated with two different pathways for
the interaction between the trinuclear units. The first is an
intramolecular coupling between the two trinuclear units of
the same molecule, through the N–C–C–C–N σ-bond moi-
ety. The other takes place between units of two different
molecules, due to the Cu(1) ions which are connected by
the apical O(7) oxygen (Figure 3). The latter pathway takes
preference as coupling occurs through only one atom. This
preference is also supported by a comparison between the
value of –278 yJ for this interaction and those of the dinuc-
lear units [Cu2-NMe4] and [Cu2-PPh4] (15.4 and 123.8 yJ).
It is noteworthy that there is no improvement in the quality
of the fit for the low temperature data by using an alternat-
ing S 5 1/2 chain model. In other words, it is not possible
to determine from the magnetic data the respective contri-
bution of the intra- and intermolecular interactions.

The lack of crystallographic structure renders the thor-
ough analysis of the magnetic behaviour of [Cu6-pmdien]
difficult. Nevertheless, the J value through the oxamato
bridge (–2650 yJ) is also in very good agreement with that
of the related trinuclear complex {[Cu(pmdien)]2Cu(pba)}-
(PPh4)2,[24] where J is equal to –3020 yJ (–152 cm–1). In
[Cu6-pmdien], the jeff value of –10.7 yJ is likewise associated
to intermolecular interaction. The weaker interaction
through the oxamato bridge for [Cu6-pmdien] than for [Cu6-
tmen] stems from the relative orientation of the magnetic
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orbitals in these complexes. In the latter compound, all
magnetic orbitals lie almost in the same plane, ensuring a
maximum overlap between them. On the contrary, in [Cu6-
pmdien] the magnetic orbitals of the CuII ions are not copla-
nar, and hence leads to a decrease in the orbital overlap-
ping.[24][26][27]

Figure 6. Thermal variation of the magnetic susceptibility [Cu2Ni4-
cyclam] in the form of χMT versus T plot: (Ο) experimental data,
calculated curve (line)

The magnetic properties of [Cu2Ni4-cyclam] are depicted
in Figure 6. At room temperature χMT is equal to 66.6 µm3

K mol–1 (5.3 cm3 K mol–1) which is close to 71.3 µm3 K
mol–1, the expected value for noninteracting ions (for gCu 5
2.1 and gNi 5 2.2). The χMT product first decreases upon
cooling, reaches a minimum around 80 K, then increases to
a maximum at about 15 K with χMT equal to 66.6 µm3 K
mol–1, and finally decreases again upon cooling to 2 K.

The expected behaviour of [Cu2Ni4-cyclam] is that of
[NiCuNi] heterotrinuclear species, with a weak interaction
between the trinuclear units in the low temperature region.
In fact, the experimental curve can be fitted using the theor-
etical law of a trinuclear [NiCuNi] complex.[13][28] In this
model, the decrease of χMT at low temperature is attributed
to the zero field splitting in the S 5 3/2 ground state of the
[NiCuNi] trinuclear unit. The best fit of the experimental
data is obtained using the following parameters J 5 –1704
yJ (–85 cm–1), D 5 –69.6 yJ (–3.5 cm–1), gNi 5 2.30 and
gCu 5 2.15. The agreement factor R is then equal to 5.2⋅10–4.
On the other hand, the experimental data can also be
fitted to a hexanuclear model using the effective spin Ham-
iltonian (1) with SA 5 SB 5 3/2 being the two quadruplets
ground states of the [NiCuNi] trimeric units, defined as A
and B. For this model, the best fit of the data is obtained
with the following parameters J 5 –1643 yJ (–82 cm–1),
jeff 5 –1.4 yJ (–0.068 cm–1), gNi 5 2.30 and gCu 5 2.15. The
agreement factor R is then equal to 4.5⋅10–4. The effective
interaction parameter jeff between the two trinuclear units
may be related to the exchange parameter JCu–Cu between
the two central CuII ions by the expression jeff 5 1/25⋅JCu–Cu
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i.e. JCu–Cu 5 –34 yJ (–1.7 cm–1). For both models, the inter-
action through the oxamato bridge is smaller than that of
the related [NiCuNi] trinuclear complexes. Recently, the
role of peripheral ligand on the coupling constant has been
studied in oxalato-bridged nickel(II) complexes.[29] With
four nitrogens as donor atoms, the peripheral cyclam ligand
is expected to induce a coupling close to that of the cth
ligand (cth 5 2,4,4,9,9,11-hexamathyl-1,5,8,12-tetraazacy-
clotetradacane), that is –2470 yJ (–124.5 cm–1).[13] This is
not observed experimentally, but in the absence of an X-
ray analysis of the compound, it is not possible to give a
satisfactory explanation to this relatively small value of the
exchange interaction through the oxamato bridge.

It should be noted that the theoretical curves for the two
alternative models are almost indistinguishable, showing
that the D and jeff parameters are strongly correlated. This
renders impossible an unambiguous determination of D
and jeff by a fit of the magnetic data with a theoretical
model including the two parameters. Nevertheless, [Cu2Ni4-
cyclam] is EPR silent indicating that both effects are not
negligible. First, the weak interaction jeff between two trinu-
clear subunits leads to integer spin values for the hexanuc-
lear species. Second, the large value for the NiII single ions
zero field splitting makes the low lying integer spin states
EPR silent. Unfortunately, neither the magnetic data nor
the EPR spectra are able to give the relative values of D
and jeff. Hence, we cannot rule out the possibility of the
weak ferromagnetic coupling between the trinuclear subun-
its associated with large values of the zero field splitting in
the low lying states in [Cu2Ni4-cyclam].

Conclusion

We have obtained three new hexanuclear species with a
new dinuclear CuII molecular synthon. The non-coplanar-
ity of the CuII’s coordination environment favours a ferro-
magnetic coupling between the two ions as shown by the
magnetic properties of [Cu2-NMe4] and [Cu2-PPh4]. How-
ever, the ferromagnetic coupling between the two CuII ions
within the dinuclear synthon is weak and often masked by
intermolecular interactions, as in [Cu2-Na] and [Cu6-tmen],
or local anisotropy as in [Cu2Ni4-cyclam]. To overcome this
problem, we are presently working on new polynuclear syn-
thons with different spacers that should induce larger ferro-
magnetic couplings. To the best of our knowledge, only li-
gands allowing the synthesis of homo-hexanuclear[12] or
hetero-tetranuclear species have been described in the liter-
ature.[30][31] The tetrakis-bidentate molecular synthon
[Cu2L]4– reported here, is a unique example of a building
block allowing the synthesis of homo- and heterometallic
hexanuclear complexes in a rational fashion. Taking ad-
vantage of the design of [Cu2L]4–, high-spin (S 5 9) hetero-
metallic hexanuclear species with MnII or FeIII ions are in
the process of being synthesised. We are also using this
tetrakis-bidentate complex as a ligand to obtain extended
networks. The non-coplanar connectivity of four should

Eur. J. Inorg. Chem. 2000, 9512957 955

lead to both a graphite-like hexagonal 2D array and a dia-
mond like 3D network, and possibly to high-temperature
molecular-based magnets.

Experimental Section

General: All reagents were obtained from commercial sources and
used as received. The tetraethyl ester derivative Et4H4L of the li-
gand was synthesed following a literature procedure.[19] – Elemental
analyses were performed by the Microanalytical Service of ICNS
(CNRS). – IR spectra were carried out on a Spectrum 1000 FT-IR
spectrophotometer (Perkin–Elmer). – Magnetic measurements in
the 1.8–300 K temperature range were carried out with a MPMS5
SQUID susceptometer (Quantum Design Inc). – EPR measure-
ments were performed at 100 K on a Bruker ER 200 E at X-band
on solid samples.

Syntheses and General Physical Properties of the Dinuclear Com-
plex: The dicopper(II) complex was obtained by reaction of the
tetraethyl ester derivative of the ligand (Et4H4L) with Cu21 in basic
aqueous media and isolated as its sodium, tetramethylammonium,
and tetraphenylphosphonium salts.

[Cu2-Na]: The synthesis and characterisation of the sodium salt
Na4[Cu2L] ⋅ 10.5 H2O have previously been described.[19]

[Cu2-NMe4]: The tetramethylammonium derivative (NMe4)4-
[Cu2L] ⋅ 4 H2O was synthesised and isolated in a similar manner to
that of [Cu2-Na]: To a suspension of the tetraethyl ester derivative
Et4H4L (1.33 g, 2.5 mmol) in water (50 mL) was added NMe4OH
(8.9 mL of a 25% methanolic solution, 22 mmol). After stirring for
5 min at room temperature, an aqueous solution (25 mL) of
Cu(NO3)2 ⋅ 3 H2O (1.20 g, 5 mmol) was added dropwise. The deep-
blue solution was then filtered and the solvent volume was reduced
to 10 mL on a rotary evaporator. Slow addition of absolute ethanol
to the mother liquor gave a hygroscopic purple solid which was
collected by filtration, washed with ethanol and ether, and dried
under vacuum (74%). – C13H8Cu2N4O12[N(C4H12)4]4 ⋅ 4 H2O
(1629.7): calcd. C 38.36, H 7.10, Cu 13.9, N 12.34; found C 37.88,
H 6.79, Cu 13.6, N 12.26. – IR (KBr): ν̃ 5 1635 and 1602 cm–1

(C5O).

[Cu2-PPh4]: The tetraphenylphosphonium derivative (PPh4)4-
[Cu2L] ⋅ 6 H2O was synthesised from [Cu2-Na] by successive meta-
theses with Ag1 and PPh4

1: To a solution of [Cu2-Na] (140 mg,
0.17 mmol) in water (10 mL) was added solid silver nitrate (31 mg,
0.18 mmol). After stirring for 5 min, the purple precipitate that
formed in a quantitative yield was collected by filtration, washed
successively with water, ethanol and ether, and then dried under
vacuum. To a suspension of this solid (152 mg, 0.16 mmol) in water
(5 mL) was added an aqueous solution (10 mL) of tetraphenylphos-
phonium chloride (235 mg, 0.63 mmol). Silver chloride appeared as
a white solid. After stirring for 15 min, the purple blue solution
was filtered and evaporated to dryness. The solid residue was dis-
solved in the minimum amount of acetonitrile and 5 mL of acetone
was added. Addition of ether allowed the isolation of a hygroscopic
purple precipitate which was collected by filtration, washed with
ether and kept in a dessicator (94%). –
C13H8Cu2N4O12[P(C6H5)4]4 ⋅ 6 H2O (2005): calcd. C 65.30, H 5.03,
Cu 6.34, N 2.79; found C 65.54, H 5.04, Cu 6.26, N 2.87. – IR
(KBr): ν̃ 5 1634 and 1603 cm–1 (C5O).

Syntheses and General Physical Properties of the Hexanuclear Com-
plexes: These compounds were synthesised in a straightforward
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manner from the dinuclear copper(II) complex [Cu2-Na] and the
appropriate external complex.

[Cu6-tmen]: The hexacopper complex {[Cu(tmen)(H2O)]2-
[Cu(tmen)]2[Cu2L](H2O)}(ClO4)4 ⋅ 2 H2O was synthesed in the fol-
lowing way with [Cu(tmen)]21 prepared in situ from a 1:1 mixture
of Cu21 and the corresponding diamine: To a solution of cop-
per(II) perchlorate (0.74 g, 2.0 mmol) and N,N,N’,N’-tetramethyl-
ethylenediamine (302 µL, 2 mmol) in water (20 mL) was added un-
der stirring an aqueous solution (10 mL) of [Cu2-Na] (0.39 g,
0.5 mmol). Slow evaporation at room temperature of the deep-blue
filtered solution gave, after a few days, a microcrystalline deep-blue
powder which was filtered off and air-dried. – C37H82Cl4Cu6N12O33

(1746.2): calcd. C 25.45, H 4.73, N 9.63; found C 25.72, H 4.83, N
9.58. – IR (KBr): ν̃ 5 1634 and 1600 cm–1 (C5O), 1120 and
1086 cm–1 (Cl–O; ClO4

–). A single crystal of [Cu6-tmen] of low
quality but good enough for a complete structure determination
was selected. Up to now, attempts to obtain single crystals of
higher quality by recrystallization from various solvents (water,
methanol, acetonitrile) have been unsuccessful.

[Cu6-pmdien]: The other hexacopper complex {[Cu(pmdien)]4-
[Cu2L]}(ClO4)4 ⋅ 4 H2O was formed by the same procedure with
N,N,N9,N9,N99-pentamethyldiethylenetriamine (418 µL, 2 mmol) in
place of N,N,N9,N9-tetramethylethylenediamine. After slow evapora-
tion, a deep-blue microcrystalline powder formed, but no well-
shaped crystals of a sufficient quality for X-ray analysis were ob-
tained. – C49H100Cl4Cu6N16O28 ⋅ 4 H2O (1956.6): calcd. C 30.08, H
5.56, Cl 7.25, N 11.45; found C 29.92, H 5.58, Cl 7.33, N 11.41. – IR
(KBr): ν̃ 5 1620 cm–1 (C5O), 1121 and 1089 cm–1 (Cl–O; ClO4

–).

[Cu2Ni4-cyclam]: The polymetallic complex {[Ni(cyclam)]4[Cu2L]}-
(ClO4)4 ⋅ 4 H2O was obtained as follows: To a solution of Ni(cy-
clam)(H2O)2(ClO4)2 (198 mg, 0.4 mmol) in 1:1 water/acetonitrile
(6 mL) was added solid [Cu2-Na] (82 mg, 0.1 mmol). After stirring
for 30 min at 40 °C all the solid had dissolved to give a purple-red
solution. Slow evaporation at room temperature afforded crystal-
line material of very low quality for X-ray analysis. All attempts at
isolating crystals of good quality by recrystallisation were unsuc-
cessful. – C53H104Cl4Cu2N20Ni4O28 ⋅ 4 H2O (2045.3): calcd. C
31.12, H 5.52, Cl 6.93, N 13.70; found C 30.98, H 5.51, Cl 7.06, N
13.73. – IR (KBr): ν̃ 5 1614 cm–1 (C5O), 1114 and 1086 (Cl–O;
ClO4

–), 2925 and 2869 (N–H; cyclam).

X-ray Crystallographic Study: Crystal structure analysis of the se-
lected crystal of [Cu6-tmen]: Enraf–Nonius CAD-4 diffractometer,
Mo-Kα radiation, λ 5 71.069 pm, graphite monochromator, 293 K.
Data collection solution and refinement: w-2θ, Lorentz and polar-
isation effects and absorption correction, standard Patterson
methods with subsequent full-matrix least-squares method refine-
ment SHELX86, SHELX93.[32,33] C37H82Cl4Cu6N12O33, mono-
clinic, space group C2, a 5 2807.1(10), b 5 1430.4(6), c 5 872.1(7)
pm, β 5 95.28(2)°, V 5 3.487(3) nm3, Z 5 4, rcalcd 5 1.65 g cm–3,
m 5 2.04 mm–1, 1 # θ # 25°, crystal size 0.10 3 0.10 3 0.10 mm.
2395 Unique reflections, and 2344 assumed as observed with I .

2σ(I). The hydrogen atoms were not found or calculated. Refine-
ment of 363 variables with anisotropic thermal parameters for all
atoms except for the O(5) atom which was refined with an overall
isotropic thermal parameter gave R 5 0.105 and Rw 5 0.251 with
Σ 5 1.09. The crystal drawings were carried out with the CRYS-
TAL MAKER[34] program. Crystallographic data (excluding struc-
ture factors) for the structure reported in this paper have been de-
posited with the Cambridge Crystallographic Data Centre as sup-
plementary publication no. CCDC-101561. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union

Eur. J. Inorg. Chem. 2000, 9512957956

Road, Cambridge CB21EZ, UK [fax: (internat.) 1 44-1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk].
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Rivière, B. Cervera, C. Muñoz, Eur. J. Inorg. Chem. 1999, 2,
209–212.

[20] R. Ruiz, C. Surville-Barland, Y. Journaux, J.-C. Colin, I. Cas-
tro, B. Cervera, M. Julve, F. Lloret, F. Sapiña, Chem. Mater.
1997, 9, 201–209.

[21] H. Oshio, T. Watanabe, A. Ohto, T. Ito, T. Ikoma, S. Tero-
Kubota, Inorg. Chem. 1997, 36, 3014–3021.

[22] This paper uses the SI units. The molar magnetic susceptibility
χM is expressed in m3 mol–1. The conversion factor to the irra-
tional emu quantity χM

(ir) is 106/4π. The energies are expressed
in 10–24 Joule. The submultiple prefix for 10–24 is yocto, its sym-
bol is y. Therefore 1 yJ means 10–24 Joule. The conversion fac-
tor to cm–1 is 5.034 10–2 (1 cm–1 ø 20 yJ).

[23] Y. Journaux, J. Sletten, O. Kahn, Inorg. Chem. 1986, 25, 439–
447.

[24] R. Costa, A. Garcia, J. Ribas, T. Mallah, Y. Journaux, J.
Sletten, X. Solans, Inorg. Chem. 1993, 32, 3733–3742.

[25] The effective intertrinuclear interaction parameter jeff can be
related to the local interaction parameter Jij between metal
centres from each trinuclear unit through the relation



Rational Design of Homo and Hetero Hexanuclear Coordination Compounds FULL PAPER
where Jij is the interaction between the ions i and j belonging
to the two different trinuclear units, S* and S# are the interme-
diate spin values in the trinuclear unit in the chosen coupling
scheme.

[26] M. Julve, M. Verdaguer, A. Gleizes, M. Philoche-Levisalles, O.
Kahn, Inorg. Chem. 1984, 23, 3808–3818.

[27] Y. Journaux, J. Sletten, O. Kahn, Inorg. Chem. 1985, 24,
4063–4069.

[28] J. Ribas, C. Diaz, R. Costa, Y. Journaux, C. Mathonière, O.
Kahn, A. Gleizes, Inorg. Chem. 1990, 29, 2042.

[29] P. Román, C. Guzmán-Miralles, A. Luque, J. Beitia, J. Cano,
M. Julve, F. Lloret, S. Alvarez, Inorg. Chem. 1996, 35, 3741–
3751.

Eur. J. Inorg. Chem. 2000, 9512957 957

[30] C. Krebs, M. Winter, T. Weyhermüller, E. Bill, K. Wieghardt,
P. Chaudhuri, Chem. Commun. 1995, 1913–1915.

[31] Y. Journaux, R. Ruiz, A. Aukauloo, P. Yu, Mol. Cryst. Liq.
Cryst. 1997, 305, 193–202.

[32] G. M. Sheldrick, SHELX-86 A Program for Crystal Structure
Determination, Göttingen, 1986.

[33] G. M. Sheldrick, SHELXL-93 Program for the Refinement of
Crystal Structures, Göttingen, 1993.

[34] D. Palmer, CrystalMaker, Bicester, 1993.
Received July 13, 1999

[I99257]


