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ThepolynuclearCuIIcomplexes[Cu4Cl2(bpy)4(PCh–)2](ClO4)4·
H2O (1) and [Cu6(bpy)6(PMEAPy–)4](ClO4)8·2H2O (2), where
bpy = 2,2�-bipyridine, PCh– = phosphocholine {[2-(phospho-
nooxy)ethyl]trimethylammonium} and PMEDAPy– = 1-[2-
(phosphonomethoxy)ethyl]-2,4-diaminopyrimidine, have
been synthesized and characterized by X-ray single-crystal
analysis. Compound 1 crystallizes in the triclinic system (P-1
space group) and consists of tetranuclear CuII units, which
are threefoldly bridged by µ3-O,O�,O��-phosphate groups in
a square arrangement around the copper atoms. Complex 2
crystallizes in the monoclinic system (P21/c space group) and

Introduction

Solid metal phosphates and phosphonates are receiving
much attention[1,2] because of their interesting magnetic and
electronic properties.[3] They also have promising potential
for applications in different areas: supports for catalysts,[4]

as sensors[5], and in nonlinear optics.[6] This diversity in ap-
plications is a reflection of their diversity in structure and
composition which is characteristic for these compounds.

Moreover, the two phosph(on)ate ligands considered in
this study are also of biological relevance: phosphocholine
(PCh–), also known as 2-(trimethylammonio)ethyl phos-
phate and [2-(phosphonooxy)ethyl]trimethylammonium
(Figure 1), is a fundamental cell metabolite.[7] The quater-
nary 1-[2-(phosphonomethoxy)ethyl] derivative of 2,4-di-
aminopyrimidine (Figure 1) is also named 1-[2-(phospho-
nomethoxy)ethyl]-2,4-diaminopyrimidine (PMEDAPy–)[8]

to indicate its structural relationship to several other acyclic
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consists of hexanuclear CuII units containing the same kind
of µ3-phosph(on)ate bridges like 1 and in addition µ4-
O,O�,O��,O��-phosphonate bridges. The topology of com-
pound 2 can be envisaged as two triangular subunits linked
by means of a double Cu–O–Cu bridge provided by the µ4-
phosphonate unit. Magnetic susceptibility measurements of
the two complexes in the temperature range of 2–300 K show
weak antiferromagnetic couplings mediated by the phos-
ph(on)ate bridges.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

nucleotide analogues which show antiviral properties.[9–11]

Metal ion complexes of both phosph(on)ate ligands (Fig-
ure 1), or at least close relatives, have already been studied
in aqueous solution and their corresponding isomeric equi-
libria were quantified.[8,11,12] Indeed, for the ternary com-
plexes of PMEDAPy– with Cu2+ and 2,2�-bipyridine (bpy)
or 1,10-phenanthroline (phen) intramolecular stacking in-
teractions in solution could be established.[8] Knowledge of
such weak interactions is important in order to understand
biological interactions better, e.g. in structures of proteins,
active-site cavities and in many low-molecular-weight

Figure 1. Chemical structures of the anions of phosphocholine
(PCh–) and 2,4-diamino-1-[2-(phosphonomethoxy)ethyl]pyrimidine
(PMEDAPy–; see also the second paragraph of the Introduction).
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mixed-ligand complexes,[13] also their relevance for the sta-
bility of DNA, which depends much on the stacking inter-
actions of the nucleobases.[14]

Of course, the biological role of copper is nowadays well
established: copper-containing enzymes and proteins are
widely distributed in plants and animals,[15] the metal ion
being present in the form of ternary or polynuclear com-
plexes.[15,16] For example, exchange-coupled polynuclear
CuII complexes are of relevance in biological processes in-
volving laccase, a metalloprotein which belongs to the fam-
ily of multicopper oxidases. Laccase contains four copper
ions which are coupled to four one-electron substrate oxi-
dations, i.e. the reduction of dioxygen to water.[17,18]

For the various reasons indicated above, we studied ter-
nary CuII complexes of the phosph(on)ate ligands (Fig-
ure 1) in the solid state by employing 2,2�-bipyridine as the
second ligand. The syntheses, X-ray crystal structure analy-
ses and magnetic properties of two polynuclear CuII

complexes, [Cu4Cl2(bpy)4(PCh–)2](ClO4)4·H2O (1) and
[Cu6(bpy)6(PMEDAPy–)4](ClO4)8·2H2O (2), are now pre-
sented. In 1 PCh– acts as tridentate µ3-O,O�,O��-bridging
ligand, whereas in 2 one half of the PMEDAPy– ligands
acts in a similar way, but the other half forms a tetradentate
µ4-O,O�,O��,O��-phosphonate bridge. It needs to be em-
phasized that these coordination modes are quite unusual
for phosph(on)ate bridges.

Complexes with large M–O–X–O–M bridges formed by
tetrahedral anions like sulfate or phosphate show typically
weak magnetic interactions[19] and indeed, compounds 1
and 2, containing exclusively M–O–P–O–M phosph(on)ato
bridges, show a moderately weak antiferromagnetic coup-
ling. In the last few years there is a growing interest in this
kind of structural units because of their ability to generate
high nuclearity cages with a variety of first row transition
cations. Phosph(on)ato ligands can bind up to six metallic
centers and, combined with other bridges (mainly hydroxo
or alkoxo derivatives), they are able to give high nuclearity
systems containing, e.g. Co13, Mn12, Fe9, Co8 or Mn6.[20]

Interesting magnetic properties such as the single molecule
magnet (SMM) response have been characterized for some
of them.

Results and Discussion
The reaction of [Cu(ClO4)2]·6H2O with 2,2�-bipyridine

(bpy) and phosphocholine (PCh–) or 1-[2-(phosphonometh-
oxy)ethyl]-2,4-diaminopyrimidine (PMEDAPy–) in water
with addition of HCl afforded crystals of the complexes
[Cu4Cl2(bpy)4(PCh–)2](ClO4)4·H2O (1) and [Cu6(bpy)6-
(PMEDAPy–)4](ClO4)8·2H2O (2) after two or four weeks of
evaporation at room temperature, respectively. The crystals
were suitable to be studied by X-ray diffraction.

Crystal Structures

[Cu4Cl2(bpy)4(PCh–)2](ClO4)4·H2O (1)
A labeled ORTEP plot of the structure is shown in Fig-

ure 2. Selected bond lengths and angles are reported in
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Table 1 and Table 2, respectively. The structure of the com-
pound consists of a tetranuclear centrosymmetric ternary
CuII complex with bpy and PCh– as ligands. There are two
nonequivalent complexes with the same structure and sim-
ilar bond parameters in the asymmetric unit of 1; the fol-
lowing description corresponds to one of them. The Cu1
atoms are pentacoordinated, with a polyhedral arrange-
ment close to a square-pyramidal geometry, where the
equatorial plane is defined by two nitrogen (bpy) atoms and
two oxygen (phosphate) atoms; one chloride is in the apical
position. For Cu2 the main plane is defined by two nitrogen
(bpy), one chloride and one oxygen (phosphate) with a
water molecule in the axial position. In both cases, the
metal ion is above the equatorial plane (see Table 2 for bond
angles). The equatorial bond lengths to the O-phosphate
atoms lie within the short range between 1.899(5) and
1.960(4) Å.

Figure 2. Labeled ORTEP plot (ellipsoid probability 30%) for one
of the two nonequivalent units of [Cu4Cl2(bpy)4(PCh–)2](ClO4)4·
H2O (1).

Table 1. Selected bond lengths [Å] [Cu4Cl2(bpy)4(PCh–)2](ClO4)4·
H2O (1).[a]

Cu1–N3 2.026(6) Cu3–N7 2.021(6)
Cu1–N4 1.947(6) Cu3–N6 1.974(6)
Cu1–O3 1.925(5) Cu3–O7 1.911(5)
Cu1–O4#1** 1.920(5) Cu3–O8#2* 1.960(4)
Cu1–Cl1#1** 2.677(2) Cu3–Cl2 2.666(2)
Cu2–N1 2.002(6) Cu4–N8 1.977(6)
Cu2–N2 2.020(7) Cu4–N9 1.982(6)
Cu2–O1 1.899(5) Cu4–O5 1.926(5)
Cu2–Cl1 2.269(3) Cu4–Cl2 2.319(2)
Cu2–O1w 2.64(1) Cu4–O8#2* 2.350(5)

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

The four CuII ions of the tetranuclear unit define a ring
(Figure 3) which is held together by threefold bridged µ3-
O,O�,O��-phosphate groups. The Cu1···Cu1#1 distance is
4.9967(15) Å, whereas the side-ring distances are 3.8573(15)
and 3.5830(13) Å, and thus smaller than the Cu···Cu dis-
tances in related dinuclear complexes.[21,22]
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Table 2. Selected angles [°] for[Cu4Cl2(bpy)4(PCh–)2](ClO4)4·H2O
(1).[a]

O3A–Cu2A–O4A* 94.0(2) C15A–N3A–Cu1A 112.6(5)
O3A–Cu2A–N1A 90.0(2) C16A–N4A–Cu1A 112.7(5)
O4A*–Cu2A–N1A 172.8(3) C20A–N4A–Cu1A 126.9(5)
O3A–Cu2A–N2A 166.2(3) O4**–Cu1–O3 94.0(2)
O4A*–Cu2A–N2A 94.1(2) O4**–Cu1–N4 165.8(2)
N1A–Cu2A–N2A 80.9(3) O3–Cu1–N4 90.8(2)
O3A–Cu2A–Cl1A 92.5(1) O4**–Cu1–N3 91.9(2)
O4A*–Cu2A–Cl1A 82.2(2) O3–Cu1–N3 166.1(2)
N1A–Cu2A–Cl1A 103.6(2) N4–Cu1–N3 80.6(3)
N2A–Cu2A–Cl1A 99.6(2) O4**–Cu1–Cl1** 100.4(2)
O1A–Cu1A–N3A 170.2(2) O3–Cu1–Cl1** 86.4(1)
O1A–Cu1A–N4A 91.2(2) N4–Cu1–Cl1** 93.3(2)
N3A–Cu1A–N4A 81.3(3) N3–Cu1–Cl1** 104.9(2)
O1A–Cu1A–Cl1A 94.0(1) O1–Cu2–N1 170.9(3)
N3A–Cu1A–Cl1A 95.5(2) O1–Cu2–N2 92.7(3)
N4A–Cu1A–Cl1A 153.0(2) N1–Cu2–N2 82.2(3)
O1A–Cu1A–O4A* 88.8(2) O1–Cu2–Cl1 90.6(2)
N3A–Cu1A–O4A* 90.2(2) N1–Cu2–Cl1 96.1(2)
N4A–Cu1A–O4A* 123.9(2) N2–Cu2–Cl1 166.6(2)
Cl1A–Cu1A–O4A* 82.7(1) Cu2–Cl1–Cu1** 92.5(9)
Cu1A–Cl1A–Cu2A 84.1(7) P1–O1–Cu2 126.8(3)
P1A–O1A–Cu1A 129.7(3) P1–O3–Cu1 125.9(3)
P1A–O3A–Cu2A 126.5(3) P1–O5–Cu1** 135.9(3)
P1A–O4A–Cu2A* 125.7(3) C1–N1–Cu2 130.2(6)
P1A–O4A–Cu1A* 121.3(2) C5–N1–Cu2 111.5(5)
Cu2A*–O4A–Cu1A* 101.5(2) C6–N2–Cu2 116.4(6)
C1A–N1A–Cu2A 123.0(5) C10–N2–Cu2 124.2(5)
C5A–N1A–Cu2A 114.0(5) C15–N3–Cu1 115.3(5)
C6A–N2A–Cu2A 113.5(5) C11–N3–Cu1 125.7(6)
C10A–N2A–Cu2A 123.9(5) C20–N4–Cu1 127.4(6)
C11A–N3A–Cu1A 126.2(5) C16–N4–Cu1 115.7(5)

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

Figure 3. Plot of the Cu4 arrangement for the core of the two non-
equivalent units of 1.

The distances between the two planes defined by the bi-
pyridine ligands are in the range of 4.499(5) to 5.085(4) Å;
this is longer than the distances for stacking interactions,
which are usually between 3.3 and 3.8 Å.[23] Thus, the exis-
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tence of a stacking interaction must be ruled out in this
case. In Figure 3 a schematic representation of the four-cop-
per atom core is shown for the two nonequivalent units.

[Cu6(bpy)6(PMEDAPy–)4](ClO4)8·2H2O (2)

A labeled ORTEP plot of the structure is shown in Fig-
ure 4. Selected bond lengths and angles are reported in
Table 3 and Table 4, respectively. The structure of the com-
pound consists of a hexanuclear CuII ternary complex with
bpy and PMEDAPy– as ligands. Two of the copper atoms
are pentacoordinated, with a polyhedral arrangement close
to a square-pyramidal geometry, where the equatorial posi-
tions are occupied by two nitrogen (bpy) and two oxygen
(phosphonate) atoms, and the apical position by one oxygen
(phosphonate) atom or one water molecule. The bond
lengths for the equatorial position are in the range of
1.887(2)–1.993(2) Å (typical bond lengths), and the bond
lengths for the apical position are 2.220(2) Å for Cu3–O8
and 2.486(4) Å for Cu2–O1w. In both cases, the copper

Figure 4. Labeled ORTEP plot (ellipsoid probability 30%) for the
asymmetric unit of [Cu6(bpy)6(PMEDAPy–)4](ClO4)8·2H2O (2).
Oxygen atoms above Cu3 and Cu2 are omitted for clarity.

Table 3. Selected bond lengths [Å] for [Cu6(bpy)6(PMEDAPy–)4]-
(ClO4)8·2H2O (2).[a]

Cu1–O6 1.887(2) P1–O2 1.519(2)
Cu1–O2 1.919(2) P1–O3 1.524(2)
Cu1–N6 1.986(3) P1–O4 1.516(2)
Cu1–N5 1.990(3) O1–C6 1.445(5)
Cu2–O3 1.917(2) O1–C7 1.416(4)
Cu2–O7 1.918(2) P2–O6 1.512(2)
Cu2–N12 1.997(6) P2–O8 1.528(2)
Cu2–N11 2.003(2) P2–O7 1.497(2)
Cu3–O4 1.941(2) O5–C23 1.402(4)
Cu3–N14 1.977(3) O5–C24 1.420(4)
Cu3–O8 1.993(2)
Cu3–N13 2.002(3)
Cu3–O8* 2.220(2)

[a] Symmetry transformations used to generate equivalent atoms:
* –x, –y, –z.
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atoms are always above the equatorial plane. Cu1 atom is
placed in a distorted square planar environment.

Table 4. Selected angles [°] for [Cu6(bpy)6(PMEDAPy–)4](ClO4)8·
2H2O (2).[a]

O6–Cu1–O2 96.09(10) O8–Cu3–O8* 84.54(08)
O6–Cu1–N6 165.97(12) N13–Cu3–O8* 101.50(09)
O2–Cu1–N6 94.53(11) P1–O2–Cu1 128.14(15)
O6–Cu1–N5 89.84(11) P1–O3–Cu2 135.76(15)
O2–Cu1–N5 169.39(10) P1–O4–Cu3 124.86(13)
N6–Cu1–N5 81.16(11) P2–O6–Cu1 142.93(16)
O3–Cu2–O7 93.79(10) P2–O7–Cu2 143.31(15)
O3–Cu2–N12 91.14(11) P2–O8–Cu3* 136.44(13)
O7–Cu2–N12 171.26(10) Cu3–O8–Cu3* 95.46(08)
O3–Cu2–N11 170.44(11) C8–N5–Cu1 125.00(02)
O7–Cu2–N11 93.81(11) C12–N5–Cu1 115.70(02)
N12–Cu2–N11 80.61(11) C17–N6–Cu1 127.10(03)
O4–Cu3–N14 92.14(11) C13–N6–Cu1 113.60(02)
O4–Cu3–O8 92.02(09) C29–N11–Cu2 114.40(02)
N14–Cu3–O8 170.80(10) C25–N11–Cu2 125.00(02)
O4–Cu3–N13 159.69(10) C34–N12–Cu2 126.20(02)
N14–Cu3–N13 80.38(12) C30–N12–Cu2 114.20(02)
O8–Cu3–N13 92.97(10) C39–N13–Cu3 113.90(02)
O4–Cu3–O8* 98.57(08) C35–N13–Cu3 125.30(02)
N14–Cu3–O8* 102.94(10) C40–N14–Cu3 115.70(02)

C44–N14–Cu3 125.40(03)

[a] Symmetry transformations used to generate equivalent atoms:
* –x, –y, –z.

The compound can be envisaged as two trinuclear sub-
units linked by means of a double oxido bridge. The
Cu3···Cu3* distance is 3.1218(6) Å, whereas the distance
between the metal ions Cu2 and Cu3 (see Figure 5) is
3.3268(6) Å; it means that this distance is shorter than the
Cu···Cu distances in dinuclear complexes.[21,22] A schematic
representation of the core environment for the six copper
atoms of 2, including the bridging phosphonate groups, is
shown in Figure 5.

This compound exhibits both intra and intermolecular
π–π interactions. Intramolecular stacking can be observed
for the heteroaromatic rings including N11 and N13, where
the distance between the centroids is 3.57 Å (see Figure 4);
this distance is in the expected order.[13,24] Intermolecular
interactions are found between the pyridine ring including

Figure 6. Plot of two Cu6 units showing the π–π stacking between one of the bpy and one of the diaminopyrimidine rings. For clarity,
the noninteracting aromatic rings are not plotted.
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Figure 5. Plot of the core environment for the Cu6 unit of com-
pound 2.

N6 and the diaminopyrimidine ring including N7/N8 of the
neighboring hexanuclear unit with the distance between the
centroids of 3.51 Å. These interactions give a supramolec-
ular 1D arrangement of the Cu6 molecules along the [010]
direction (Figure 6). Hence, these observations in the solid
state confirm the results obtained in aqueous solution for
the ternary Cu(bpy)(PMEDAPy)+ and Cu(phen)(PMED-
APy)+ complexes; the formation degree of the intramolecu-
lar stacks amounts in these species in solution to about 69
and 77%, respectively.[8] It is not surprising that in the solid
state stacking between bpy and the pyrimidine ring occurs
in an inter- and not in an intramolecular fashion; crystal
packing affects such weak interactions.[24] Indeed, similar
differences between the stacking properties in solution and
in the solid state have been observed before.[13,24]

Magnetic Behavior

Experimental susceptibility data indicate that the χM·T
product for both compounds exhibits a quasi constant
value between room temperature and 100 K. Below this
temperature it decreases, approaching zero at very low tem-
peratures, which indicates a weak antiferromagnetic coup-
ling. For compound 1 the χM·T value at room temperature
is 1.73 cm3·K·mol–1 and in good agreement with four iso-
lated CuII ions (the expected value for g = 2.00 is



New Ternary Complexes of Copper(II) FULL PAPER
1.5 cm3·K·mol–1). The χM vs. T plot shows a maximum of
susceptibility around 4 K (see Figure 7). The χM·T value of
2.67 cm3·K·mol–1 at room temperature for compound 2 is
slightly greater than the spin only value of
2.25 cm3·K·mol–1 expected for six CuII ions (see Figure 8).

Figure 7. Plot of χM·T vs. T (open squares) and χM vs. T (open
circles) for compound [Cu4Cl2(bpy)4(PCh–)2](ClO4)4·H2O (1). Solid
lines show the best fit of the experimental data.

Figure 8. Plot of χM·T vs. T (open circles) and χM vs. T (open
squares) for compound [Cu6(bpy)6(PMEDAPy–)4] (ClO4)8·2H2O
(2). Solid lines show the best fit obtained (see text).

A fit of the experimental susceptibility data for 1 was
performed on the basis of the three coupling constants seen
in the interaction Scheme 1.

Scheme 1.

J1 corresponds to the double OPO bridge with medium
torsion angles, J2 to the single bridge with low torsion
angles, and J3 to the single bridge with large torsion. The
same Scheme is common for the two nonequivalent mole-
cules present in the structure, which show only a minor dif-
ference in the torsion related to J2. The best fit obtained by
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means of the CLUMAG program, based in the irreducible
tensor operator formalism (ITO) on the Hamiltonian H =
–J1(S1·S1�) – J2(S1S2 + S1�·S2�) – J3(S1�·S2� + S1�·S2), gives
the values J1 = –9.7 cm–1, J2 = –4.2 cm–1, J3 = –7.5 cm–1,
and g = 2.157. A second fit performed assuming J2 = J3

gives a similar J1 value (J1 = –8.7 cm–1) and an average
value for J2 = J3 of 6.3 cm–1.

The interaction Scheme for compound 2 consists of
seven different interactions (Scheme 2). A negligible or very
weak interaction can be expected for the superexchange
pathway J4 which relates the CuII centers by means of an
axial–equatorial double oxido bridge. Also, intermolecular
interactions mediated by the π–π stacking should be negligi-
ble, because the rings involved in this interaction are placed
far from the copper atoms.

Scheme 2.

The three remaining interactions correspond to doubly
Cu–(OPO)2–Cu bridged fragments, which display large dif-
ferences within the bond parameters, specially for the Cu–
O–O–Cu torsion angles. Trying to fit a weakly coupled sys-
tem (without susceptibility maximum) with four coupling
constants does not make mathematical sense, because many
local minima can be found in the least-squares process.
Therefore, to avoid overparametrization the experimental
data for this compound were fitted assuming an average J
value and neglecting the axial–equatorial interaction be-
tween the triangular units. The best fit under these condi-
tions, performed by applying the Hamiltonian H = –J(S1S2

+ S2S3 + S1S3), gives the values J = –4.1 cm–1 and g =
2.180. Fits including the interaction between the two tri-
angular units gave negligible values for this constant, which
is closer to the χM·T value at low T of two independent
CuII ions rather than an S = 0 ground state.

These results are in good agreement with related com-
pounds containing the phosphonato ligand in its η3-
O,O�,O�� coordination mode, for which superexchange in-
teractions are typically in the range of –5 to –10 cm–1.[25]

Experimental Section
Caution! Perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only a small amount of the material should
be prepared and it should be handled with extreme care.

[Cu4Cl2(bpy)4(PCh–)2](ClO4)4·H2O (1): [Cu(ClO4)2]·6H2O
(1 mmol), 2,2�-bipyridine (1 mmol) and [2-(phosphonooxy)ethyl]-
trimethylammonium chloride (= phosphocholine; PCh–)
(0.5 mmol), obtained from Fluka (Buchs, Switzerland), were mixed
in distilled water (20 mL) and stirred for 48 h at room temperature.
A few drops of 1  HCl were then added to the solution. Single
dark-blue crystals of 1 suitable for X-ray crystallography were
formed by evaporation at room temperature after two weeks.
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Table 5. Crystal data and summary of data collection and refinement for [Cu4Cl2(bpy)4(PCh–)2](ClO4)4·H2O (1) and [Cu6(bpy)6(PMED-
APy–)4](ClO4)8·2H2O (2).

1 2

Empirical formula C50H60Cl6Cu4N10O25P2 C88H100Cl8Cu6N28O52P4

Wavelength [Å] 0.71069 0.71073
T [K] 293(2) 293(2)
θ range [°] 1.64 to 31.65 1.73 to 31.57
hkl ranges –16 to 16, –15 to 13, 0 to 33 –25 to 23, 0 to 17, 0 to 41
Crystal system, space group triclinic, P1̄ monoclinic, P21/c
Crystal dimensions [mm] 0.1�0.1�0.2 0.1�0.1�0.2
a [Å] 12.4230(10) 17.5970(10)
b [Å] 12.7080(10) 13.2460(10)
c [Å] 22.7730(10) 28.5280(10)
α [°] 98.534(8) 90
β [°] 99.296(8) 115.076(8)
δ [°] 98.303(8) 90
Volume [Å3] 3456.1(4) 6022.8(9)
Absorption coefficient [mm–1] 1.576 1.377
Reflections collected/unique 15246/9819 [R(int) = 0.0370] 52896/17121 [R(int) = 0.0259]
Data/restraints/parameters 9819/222/846 17121/0/839
Goodness-of-fit on F2 0.988 1.073
Final R indices [I�2σ(I)] R1 = 0.0701, wR2 = 0.2103 R1 = 0.0538, wR2 = 0.1680
R indices (all data) R1 = 0.1271, wR2 = 0.2353 R1 = 0.0746, wR2 = 0.2244
Extinction coefficient 0.0034(10) 0.0022(6)
Largest diff. peak and hole/e·Å–3 0.633 and –0.554 0.794 and –0.744

(Yield: 64%). Calculated for C50H60Cl6Cu4N10O25P2: C 34.68, N
8.09, H 3.47; found C 35.60, N 8.29, H 3.27%.

[Cu6(bpy)6(PMEDAPy–)4](ClO4)8·2H2O (2): [Cu(ClO4)2]·6H2O
(1 mmol), 2,2�-bipyridine (1 mmol) and 2,4-diamino-1-[2-(phos-
phonomethoxy)ethyl]pyrimidine·HCl (0.5 mmol), which was syn-
thesized as described in the literature,[26] were mixed in distilled
water and acetonitrile (15 mL:10 mL) and stirred for 24 h at room
temperature. A few drops of 1  HCl were then added to the solu-
tion. Single blue crystals of 2 suitable for X-ray crystallography
were formed by evaporation at room temperature after four weeks.
(Yield: 73%). Calculated for C88H100Cl8Cu6N28O52P4: C 33.31, N
12.36, H 3.15; found C, 33.82, N 12.47, H 3.06%.

Magnetic Measurements: Magnetic susceptibility measurements
were carried out for 1 and 2 on microcrystalline samples with a
Quantum Design SQUID MPMS5 magnetometer working in the
range of 2–300 K under magnetic fields of 7000 G. Application of
Pascal’s constant was used for diamagnetic corrections. The mag-
netic measurements were carried out by the Magnetochemistry Ser-
vices of the University of Barcelona.

Crystal-Structure Determination: The X-ray single-crystal data for
1 and 2 were collected on a MAR345 diffractometer with an image
plate detector. Crystal size: 0.1�0.1�0.2 mm. The crystallo-
graphic data, conditions used for the intensity data collection, and
some features of the structure refinement are listed in Table 5. Unit-
cell parameters were determined from 8505 reflections (3 � θ �

30°) in the case of complex 1 and 42513 reflections (3 � θ � 31°)
for complex 2. Both cases were refined by the least-squares method.
Intensities were collected with graphite-monochromatized Mo-Kα

radiation. 15246 reflections were measured in the range
1.64�θ�31.65 and 52896 reflections were measured in the range
1.73�θ�31.57 for complex 1 and 2, respectively. 9819 (complex 1)
and 17121 (complex 2) reflections were nonequivalent by symmetry
[R(int) (on I) = 0.037 and 0.025 for complex 1 and 2, respectively].
For complex 1 5385 reflections were assumed as observed applying
the condition I � 2σ(I). In the case of complex 2, 13652 reflections
were assumed as observed applying to the condition I � 2σ(I). The
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Lorentz polarization was corrected but no absorption corrections
were made in both cases.

The structures were solved by direct methods with the SHELXS
computer program[27] and refined by the full-matrix least-squares
method (SHELX97 program[27]) using 9819 reflections for complex
1 and 17121 reflections for complex 2 (very negative intensities were
not assumed). The minimized function was Σw||Fo|2 – |Fc|2|2, where
w = [σ2(I) + (0.1582P)2]–1, and P = (|Fo|2 + 2|Fc|2)/3 in the case of
complex 1. For complex 2 w = [σ2(I) + (0.1630P)2 + 1.6389P]–1,
and P = (|Fo|2 + 2|Fc|2)/3. In both cases, f, f�, and f�� were taken
from ref.[28].

All H atoms were computed and refined by a riding model, with
an isotropic thermal parameter equal to 1.2 times the equivalent
thermal parameter of the C linked to H. The final R (on F) factor
was 0.070 and 0.054, wR (on |F|2) = 0.210 and 0.168 and goodness
of fit was 1.017 and 1.073 for complexes 1 and 2, respectively, for
all observed reflections. For complex 1, the number of refined pa-
rameters was 846. As the ratio number of observed reflections/
number of refined parameters was low, oxygen atoms of perchlorate
ions were only refined isotropically with bond lengths and angles
constrained to have the same value. Max. shift/esd. = 0.00, mean
shift/esd. = 0.00. Max. and min. peaks in the final difference syn-
thesis was 0.633 and –0.554 e·Å–3, respectively. For complex 2, the
number of refined parameters was 839. Max. shift/esd. = 0.00,
mean shift/esd = 0.00. Max. and min. peaks in the final difference
synthesis was 0.794 and –0.744 e·Å–3, respectively.

CCDC-624676 and -624677 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data@request/cif.
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