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Considerable current interest revolves around the chemistry and
biochemistry associated with polyphosphate anions because they
are ubiquitous in biology. They participate in a diverse series of
bioenergetic processes ranging from oxidative phosphorylation
including ATP (adenosine 5′-triphosphate) production,1 through
nucleic acid mediated information processing, to energy storage
and transduction.2 A pivotal intermediate within this family is
pyrophosphate, P2O7

4-. It is somewhat surprising then that its
coordination chemistry remains practically unexplored as metal
ions are heavily involved in phosphate metabolism.3 This relative
dearth may be a consequence of its ready hydrolysis as exempli-
fied by those bioinorganic reactions catalyzed by the inorganic
pyrophosphatases.4 As far as we are aware, the molecular
structures of only two coordination compounds containing bridg-
ing pyrophosphate have been reported, namely, [(CuL)4P2O7]‚
nH2O (HL ) 2-formylpyridinethiosemicarbazone;n ) 9-12)5

and (C8H11NH)4[(VO)4(P2O7)2(OCH3)4].6

We have begun a study of pyrophosphate-bridged coordination
compounds to investigate its ability to mediate electronic interac-
tions between paramagnetic metal centers. We present here our
initial magnetostructural investigations concerning the novel
compounds{[(bipy)Cu(H2O)]2(µ-P2O7)‚7H2O} (1) and its related
dehydrated products{[(bipy)Cu(H2O)]2(µ-P2O7)} (2) and{[(bipy)-
Cu]2(µ-P2O7)} (3).

Compound1 is obtained in good yield (ca. 90%) as sky blue
parallelepipeds by slow evaporation of concentrated aqueous
solutions containing stoichiometric amounts of Cu(NO3)2‚3H2O,
2,2′-bipyridine, and Na4P2O7‚4H2O. The structure7 of 1 consists
of neutral{[(bipy)Cu(H2O)]2(µ-P2O7)} dinuclear copper(II) units
and seven waters of crystallization linked by an extensive network
of hydrogen bonding, Figure 1. The geometry of the copper atoms
is distorted square pyramidal with two bipy nitrogens and two
pyrophosphate oxygen atoms building the basal plane. They are
shifted by 0.226 [Cu(1)] and 0.190 Å [Cu(2)] from the mean basal
plane toward the axially coordinated water molecules O(1w) and
O(2w), respectively. Hydrogen bonds involving the cis-coordi-

nated O(1w) and O(2w) water molecules [2.913 Å and 154.1°,
for O(1w)‚‚‚O(2w) and O(1w)-H(1w1)‚‚‚O(2w), respectively]
and O(2w) and O(13p) [2.767 Å and 169.0° for O(2w)‚‚‚O(13p)
and O(2w)-H(2w2)‚‚‚O(13p); p ) 1 - x, 1 - y, -z] are
highlighted in Figure 1. The pyrophosphate group acts as a bis-
bidentate ligand forming two six-membered chelate rings with
an envelope conformation. The Cu(1)‚‚‚Cu(2) distance is 4.646
Å whereas the shortest interdimer Cu‚‚‚Cu separations are 5.899
[Cu(2)‚‚‚Cu(2p)] and 6.057 Å [Cu(1)‚‚‚Cu(1q);q ) 1 - x, 1 -
y, 1 - z]. Intermolecular π-π interactions from adjacent
H-bonded chains (interplanar distance between adjacent bipy’s
is 3.5 Å) through an interleaving of bipy ligands in theyzplane
leads to a layer containing Cu(II) dimers. Furtherπ-π interactions
are also present along they-axis (Figure 1), which results in the
formation of a three-dimensional network.
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Figure 1. Packing diagram of complex1 showing the 3-D intermolecular
H-bonding andπ-π interactions; waters of crystallization have been
omitted for clarity.
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The thermal decomposition of1 shows that it loses the seven
lattice water molecules in the temperature range 25-68 °C, the
resulting dihydrated phase (2) being stable for 68° < T < 86 °C.
The loss of the two coordinated water molecules starts at 86°C,
giving the fully anhydrous compound (3) at T > 120 °C, which
decomposes atT > 250 °C.8

The magnetic behavior9 of 1-3 is shown in Figure 2. TheøM

versusT curves are characteristic of antiferromagnetic coupling
with susceptibility maxima at 19 K for1 and2, and 90 K for3.
From a magnetic point of view,1 can be described to a first
approximation as a Cu(II) chain with regular alternation of two
kinds of bridges (pyrophosphato and hydrogen-bonded pathways).
The analysis of the susceptibility data of1 through the Hamil-
tonianH ) -J ∑i(Ŝi-1‚Ŝi - RŜi-1‚Ŝi+1) (R being the alternating
parameter andŜi the local spin) leads to value ofR practically
equal to zero. In other words,1 behaves magnetically as an
isolated copper(II) dimer withJ ) -20 cm-1, g ) 2.09, andR )
1.2× 10-6.10 Inspection of the structure shows that the magnetic
orbital on each copper atom is of the dx2-y2 type with thex andy
axes being roughly defined by the bonds from copper to bipy
nitrogen. The poor overlap between the two non-coplanar copper
centered magnetic orbitals through the equatorial O(11)-P(1)-
O(14) and O(21)-P(2)-O(23) bridging networks accounts for
the weak antiferromagnetic coupling observed. Although there
is possibly an additional exchange pathway in1, that involving
the axially coordinated waters through hydrogen bonding, it would
be expected to be much less efficient than the bis-chelating
pyrophosphate in mediating exchange interactions. The loss of
seven lattice water molecules from1 to yield 2 (Scheme S1,
Supporting Information) causes a decrease in the height of the
susceptibility curve while leaving the temperature at which the
maximum occurs unchanged. These features are typical of a higher
magnetic dimensionality in2, indicating thatR is now nonzero.
It is likely that the loss of lattice water molecules makes easier

the approximation of the adjacent pyrophosphate-bridged di-
nuclear units, reinforcing theπ-π overlap and introducing
additional H-bonding to give an alternating two-dimensional
magnetic system. The pyrophosphate-bridged copper(II) fragment
would remain essentially unchanged (indeed the temperature at
which the maximum occurs remains the same), so the magnetic
coupling through this bridge is maintained and the additional
weaker coupling is assigned to the hydrogen-bonded pathway.
Further dehydration leads to compound3. Its susceptibility curve
exhibits a maximum at 90 K indicating that a stronger antifer-
romagnetic coupling occurs in3 and suggesting the formation of
a polymeric compound upon dehydration (Scheme S1). This
conclusion is further supported by a shift toward lower frequencies
of the strongest P-O stretching vibration (ca. 20 cm-1) in the IR
spectrum11 when going from1 to 2 to 3. The exchange coupling
through the “oxo” bridge (P-O) would be expected to be
dominant and strongly antiferromagnetic in nature. Consequently,
the magnetic behavior of3 would be typical of a relatively
strongly coupled copper(II) dimer, and this is consistent with the
shift of the susceptibility maximum from 19 (1) to 90 K (3). The
analysis of the magnetic behavior of3 through a simple Bleaney-
Bowers expression leads to an excellent fit withJ ) -110 cm-1,
g ) 2.08, andR ) 5.0× 10-5. This relatively strong coupling is
in agreement with the proposed “oxo”-bridging pathway (Scheme
S1). We recall here that strong antiferromagnetic coupling of up
to -300 cm-1 has been reported for singly hydroxo bridged
copper(II) complexes.12

The present work illustrates for the first time the profound
influence of pyrophosphate-assisted water loss on magnetic
properties and demonstrates that controlled dehydration leads to
an increase in magnetic dimensionality.13 Similar examples of
spectacular magnetostructural effects caused by carboxylate-
assisted water loss in polynuclear compounds have been reported
previously.14 Extension of this work to incorporate bridging
pyrophosphate ligands into other polynuclear assemblies is
currently underway.
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Figure 2. Thermal dependence oføM for the compounds1-3 [øM being
the magnetic susceptibility per two copper(II) ions]. The solid lines are
the best fit (see text).
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