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The new croconato-bridged copper() compounds [Cu2(terpy)2(H2O)2(C5O5)](NO3)2�H2O (1) and [Cu3(phen)5-
(C5O5)2](CF3SO3)2 (2) (C5O5

2� = croconate, dianion of 4,5-dihydroxycyclopent-4-ene-1,2,3-trione; terpy =
2,2�:6�,2�-terpyridine; phen = 1,10-phenanthroline) have been prepared, and their crystal structures and variable
temperature magnetic susceptibilities determined. The structure of complex 1 consists of croconato-bridged
dinuclear [Cu2(terpy)2(H2O)2(C5O5)]

2� complex ions, nitrate counter ions and water of hydration. The croconato
ligand exhibits an asymmetrical bis-bidentate coordination mode through four of its five oxygen atoms. The two
crystallographically independent copper atoms have similar coordination geometries: elongated, distorted octahedral
with three terpyridyl nitrogen atoms and one croconate oxygen atom in the equatorial plane, and a second croconate
oxygen atom and a water molecule in the axial positions, the stronger axial interaction in each case being to the water
molecule. The intramolecular copper–copper separation across the croconate bridge is 6.852(1) Å. The structure of
complex 2 is built of croconato-bridged trinuclear [Cu3(phen)5(C5O5)2]

2� complex ions and triflate counter ions.
The terminal copper atoms [Cu(1) and Cu(1a)] have, to the first approximation, a square pyramidal coordination
geometry with one croconate oxygen and three phen nitrogen atoms in equatorial positions, and a fourth phen
nitrogen atom in the apical position. A second semi-coordinated croconate oxygen atom is located in the remaining
axial position. The central copper atom [Cu(2)] is elongated octahedral with two croconate oxygen and two phen
nitrogen atoms in equatorial positions, and two oxygen atoms, one from each croconate group, in axial positions.
The croconate ligands in 2 adopt an unusual asymmetrical bis-bidentate bridging mode involving three adjacent
oxygen atoms, the copper–copper separation across this bridge being 4.177(1) Å. Variable temperature magnetic
susceptibility measurements show the occurrence of weak [J = �2.94 cm�1 (1)] and intermediate [J = �47.1 cm�1 (2)]
intramolecular antiferromagnetic interactions across the bridging croconato. These values are analyzed in the light of
their structures and compared with those previously reported for the parent compounds.

Introduction
Although diprotic croconic acid (H2C5O5, 4,5-dihydroxycyclo-
pent-4-ene-1,2,3-trione) and its potassium salt were first isol-
ated in 1825 by Gmelin,1 the crystal structure of the potassium
croconate dihydrate was only published 175 years later.2 The
predictions made on the formation of sandwich complexes with
ring-bonding from croconate to transition metal ions, based
on the close to D5h symmetry which the croconate exhibits
in its potassium,2 lithium 3 and ammonium 4 salts, were not
realised.5–7 In fact, recent theoretical calculations have revealed
the very low aromatic character of the croconate dianion.8

Studies of complex formation between croconate and the pre-
formed copper() complexes [CuL](2 � l)� (L = bi- and tridentate
nitrogen donors) in dimethyl sulfoxide solution,9 which were
also extended to the related oxalate (C2O4

2�) 10–12 and squarate
(C4O4

2�) 13 ligands, identified a closer similarity between crocon-
ate and oxalate than between the two cyclic oxocarbon di-
anions. So, whereas the squarato complexes are much less stable
and their stability constants suggest monodentate coordination
of this ligand, those of the croconato and oxalato complexes
are several orders of magnitude higher, supporting a chelating
coordination mode for them. X-Ray studies on single crystals
of these complexes 9–17 confirmed the conclusions obtained
from the solution studies; the high bite parameter for the
squarate causes this difference in the coordinating behaviour of
squarate versus that of croconate and oxalate.14

The structural data of the croconate complexes with transi-
tion metal ions show that this ligand can coordinate to the
metal ions as a terminal bidentate (I, Scheme 1),9,16,18–23 bridging

bidentate/monodentate (II, Scheme 1) 6,7,24 or bridging bis-
bidentate ligand through either four (III, Scheme 1) 15,25 or three
adjacent (IV, Scheme 1) 26,27 croconate oxygen atoms.

Monodenate and bis-monodentate coordination modes of
croconate were observed, in addition to I, III and IV, in its
complexes with rare-earth cations.28–31
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In the present work, we focus on two croconato-bridged
copper() compounds of formulae [Cu2(terpy)2(H2O)2(C5O5)]-
(NO3)2�H2O (1) (dinuclear) and [Cu3(phen)5(C5O5)2](CF3SO3)2

(2) (trinuclear) (terpy = 2,2�:6�,2�-terpyridine and phen = 1,10-
phenanthroline) which were grown from aqueous solutions
containing croconate and the preformed [Cu(terpy)]2� and
[Cu(phen)2]

2� species. The rare bridging modes III (1) and IV
(2) are observed in these compounds. The syntheses, crystal
structure determinations and magnetic susceptibility studies of
1 and 2 have been performed.

Experimental

Materials

1,10-Phenanthroline monohydrate, 2,2�:6�,2�-terpyridine, cop-
per() nitrate trihydrate and copper() triflate were purchased
from commercial sources and used as received. Anhydrous
potassium croconate was prepared by reported procedures.32

Elemental analyses (C, H, N) were conducted by the Micro-
analytical Service of the Universidad Autónoma de Madrid.

Preparations

[Cu2(terpy)2(H2O)2(C5O5)](NO3)2�H2O (1). 1 mmol of terpy
(0.233 g), 1 mmol of Cu(NO3)2�3H2O (0.296 g) and 3 mmol of
NaNO3 (0.255 g) were dissolved in 75 cm3 of hot water with
stirring. The addition of 0.5 mmol of potassium croconate
(0.109 g, 0.5 mmol) dissolved in the minimum amount of water
was accompanied by a colour change of the solution from blue
to green. Green polyhedral crystals of 1 suitable for X-ray dif-
fraction analysis were obtained from this solution by slow
evaporation at room temperature. The yield was 90% (Found:
C, 45.93; H, 3.01; N, 12.15; calc. for C35H28Cu2N8O14: C, 46.12;
H, 3.07; N, 12.29%).

[Cu3(phen)5(C5O5)2](CF3SO3)2 (2). 1.66 mmol of phen
(0.300 g) dissolved in 150 cm3 of ethanol were added to a warm
aqueous solution of 1 mmol of copper() triflate (0.213 g,
50 cm3). The addition of 0.66 mmol of potassium croconate
(0.145 g) was accompanied by a colour change of the solution
from blue to green and by subsequent formation of a green
powder. Green polyhedral crystals of 2 suitable for X-ray
analysis were obtained as the main product from the remaining
solution by slow evaporation at room temperature. A small
amount of blue crystals of the tris-chelated [Cu(phen)3]-
(CF3SO3)2�H2O

33 compound were also obtained. The yield was
60% (Found: C, 51.45; H, 2.36; N, 8.31; calc. for C72H40Cu3F6-
N10O16S2: C, 51.76; H, 2.40; N, 8.38%).

Physical techniques

Infrared spectra were recorded on a Perkin–Elmer 1750 FTIR
spectrophotometer from KBr pellets in the 4000–400 cm�1

region. The magnetic susceptibilities of polycrystalline samples
were measured over the temperature range 1.8–290 K with a
Quantum Design SQUID susceptometer using an applied
magnetic field of 0.1 T. Mercury tetrakis(thiocyanato)-
cobaltate() was used as a susceptibility standard. Diamagnetic
corrections of the constituent atoms were estimated from
Pascal’s constants and found to be �413 × 10�6 (1) and �851 ×
10�6 cm3 mol�1 (2) per two (1) and three (2) copper() ions,
respectively.34 A value of 60 × 10�6 cm3 mol�1 was used for the
temperature independent paramagnetism of the copper() ion.

Crystallography

Diffraction data for compound 1 were collected at 293 K using
an Enraf-Nonius CAD-4 diffractometer and for compound 2 at
173 K using a SMART 2K CCD area detector diffractometer,
equipped with an Oxford Cryostream N2 cooling device.35

Crystal parameters and refinement results are summarized in
Table 1. In the case of 1, a decay amounting to in average 4%
was observed during data collection and was corrected for.
Empirical absorption corrections were carried out based on
ψ-scan measurements of 7 reflections for 1,36 and by SADABS
for 2.37 The structures were solved by direct methods and
refined by full matrix least squares based on F 2, including all
reflections. In the case of compound 1, all non-hydrogen atoms
were refined anisotropically, whereas, for compound 2, carbon
atoms were refined isotropically. The latter choice was made
because one of the carbon atoms obtained a none positive
definite temperature factor, and that the introduction of a
large number of extra refinement prameters led to an increase
in standard deviations in bond lengths and angles. Hydrogen
atoms bound to carbon were included in the model at idealized
positions, while, in the case of 1, hydrogen atoms bound to
coordinated oxygen (water) were located in Fourier difference
maps and were refined according to the riding model. Hydrogen
atoms of the non-coordinated water molecule could not be
located.

Data collection and data reduction for 1 were carried out
with the CAD4-Express and XCAD programs,38 whereas, for 2,
the SMART and SAINT programs 39 were used. All other calcu-
lations were performed with the SHELXS 86, SHELXL/PC
and XP programs.40 Selected bond distances and angles are
listed in Tables 2–3.

CCDC reference numbers 178404 and 178405.
See http://www.rsc.org/suppdata/dt/b2/b201090a/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion

Structures

[Cu2(terpy)2(H2O)2(C5O5)](NO3)2�H2O (1). The structure of
1 consists of croconato-bridged dinuclear [Cu2(terpy)2(H2O)2-
(C5O5)]

2� cations (Fig. 1), nitrate counter ions and water of

hydration. Cations separated by a unit cell translation along the
a-axis are connected through a hydrogen bond between the
coordinated water molecule O(6) and the croconate oxygen
O(4) [2.932(4) Å for O(6) � � � O(4a); (a) x � 1, y, z]. The nitrate
ions form hydrogen bonds to the coordinated water molecules,
the O � � � O distances varying in the range 2.720(8)–3.077(7) Å
(see end of Table 2).

The two crystallographically independent copper atoms have
similar coordination geometries: elongated, distorted octa-
hedral with terpyridyl nitrogen atoms and one croconate
oxygen atom in the equatorial plane {Cu–N bond distances in
the ranges 1.937(3)–2.047(4) [Cu(1)] and 1.944(3)–2.038(3) Å
[Cu(2)] and Cu–O bond lengths of 1.959(3) [Cu(1)] and
1.955(3) Å [Cu(2)]}, and a second croconate oxygen atom
{Cu–O = 2.529(3) [Cu(1)] and 2.597(3) Å [Cu(2)]} and a water
molecule {Cu–O = 2.425(3) [Cu(1)] and 2.350(3) Å [Cu(2)]} in

Fig. 1 The dinuclear complex unit [Cu2(terpy)2(H2O)2(C5O5)]
2� in 1.

Thermal ellipsoids are plotted at the 30% probability level.
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Table 1 Summary of crystallographic data and structure refinement for [Cu2(terpy)2(H2O)2(C5O5)](NO3)2�H2O (1) and [Cu3(phen)5(C5O5)2]-
(CF3SO3)2 (2)

 1 2

Formula C35H28Cu2N8O14 C72H40Cu3F6N10O16S2

M 911.73 1669.88
Temperature/K 293(2) 173
λ/Å 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P1̄ C2/c
a/Å 9.5413(14) 28.2425(6)
b/Å 13.473(2) 10.9029(5)
c/Å 15.059(2) 21.8194(9)
α/� 86.678(12) 90
β/� 72.591(12) 102.604(2)
γ/� 79.610(12) 90
V/Å3 1816.9(5) 6556.8(4)
Z 2 4
ρ/g cm�3 1.667 1.692
µ/mm�1 1.254 1.127
Max 2θ/� 47.9 50
Reflections collected 6037 19107
Independent reflections (Rint) 5648 (0.0172) 5762 (0.1339)
Reflections with I > 2σ(I ) 4484 2392
Data/restraints/parameters 5648/0/532 5691/0/312
R [I > 2σ(I )] 0.0444 0.0873
Rw [I > 2σ(I )] 0.1102 0.1464
S 1.018 0.997

the axial positions, the stronger axial interaction in each case
being to the water molecule. The Cu–N bond of the central
pyridyl ring of the terpy ligand is significantly shorter than
those of the outer pyridyl rings, as previously observed in other
terpyridyl-containing copper() complexes.12,14,41–44 The values
of the angles subtended by the tridentate terpy at each copper
atom [79.68(15) and 80.04(15)� at Cu(1) and 79.79(14) and

Table 2 Selected bond lengths (Å) and angles (�) for [Cu2(terpy)2-
(H2O)2(C5O5)](NO3)2�H2O (1), with e.s.d.s in parentheses

Copper coordination spheres

Cu(1)–N(2) 1.937(3) Cu(2)–N(5) 1.944(3)
Cu(1)–O(1) 1.959(3) Cu(2)–O(5) 1.955(3)
Cu(1)–N(3) 2.024(4) Cu(2)–N(4) 2.036(3)
Cu(1)–N(1) 2.047(4) Cu(2)–N(6) 2.038(3)
Cu(1)–O(6) 2.425(3) Cu(2)–O(7) 2.350(3)
Cu(1)–O(2) 2.529(3) Cu(2)–O(4) 2.597(3)
 
N(2)–Cu(1)–O(1) 174.66(13) N(5)–Cu(2)–O(5) 178.56(13)
N(2)–Cu(1)–N(3) 80.04(15) N(5)–Cu(2)–N(4) 79.79(14)
O(1)–Cu(1)–N(3) 100.80(13) O(5)–Cu(2)–N(4) 99.92(13)
N(2)–Cu(1)–N(1) 79.68(15) N(5)–Cu(2)–N(6) 79.64(13)
O(1)–Cu(1)–N(1) 99.94(13) O(5)–Cu(2)–N(6) 100.74(12)
N(3)–Cu(1)–N(1) 158.89(14) N(4)–Cu(2)–N(6) 159.05(13)
N(2)–Cu(1)–O(6) 88.56(13) N(5)–Cu(2)–O(7) 90.18(13)
O(1)–Cu(1)–O(6) 86.16(11) O(5)–Cu(2)–O(7) 88.42(12)
N(3)–Cu(1)–O(6) 90.21(13) N(4)–Cu(2)–O(7) 91.36(13)
N(1)–Cu(1)–O(6) 95.07(12) N(6)–Cu(2)–O(7) 92.63(13)
N(2)–Cu(1)–O(2) 108.49(12) N(5)–Cu(2)–O(4) 105.55(12)
O(1)–Cu(1)–O(2) 76.82(11) O(5)–Cu(2)–O(4) 75.85(10)
N(3)–Cu(1)–O(2) 90.57(13) N(4)–Cu(2)–O(4) 91.67(12)
N(1)–Cu(1)–O(2) 90.34(13) N(6)–Cu(2)–O(4) 90.04(12)
O(6)–Cu(1)–O(2) 162.80(11) O(7)–Cu(2)–O(4) 164.27(11)

Hydrogen bonds a, b

D H A D � � � A/Å H � � � A/Å D–H � � � A/�

O(6) H(62) O(4a) 2.932(4) 1.99 172
O(6) H(61) O(10a) 2.888(8) 2.12 155
O(7) H(71) O(8b) 2.720(8) 1.77 172
O(7) H(72) O(12c) 2.973(7) 2.18 149
O(7) H(72) O(13c) 3.077(7) 2.29 149
a D = donor and A = acceptor. b Symmetry operations used to generate
equivalent atoms: (a) x � 1, y, z; (b) 1 � x, 1 � y, 1 � z; (c) 1 � x, 1 � y,
1 � z. 

79.64(13)� at Cu(2)] deviate significantly from the ideal value of
90� due to the small bite size of the five-membered planar che-
late rings. The dihedral angle between the planes defined by the
equatorial ligand atoms of Cu(1) and Cu(2) is 18.8�, the copper
atoms deviating by only 0.004 [Cu(1)] and 0.020 Å [Cu(2)] from
their equatorial planes [in the direction of the axial water ligand
in the case of Cu(2)].

The individual pyridine rings of the terpy ligand are planar
[maximum deviation 0.012 Å at C(3) and C(28)]. However, the
ligand as a whole is not planar, showing dihedral angles of 4.1
and 3.3� [terpy bound at Cu(1)], and 5.1 and 0.3� [terpy bound
at Cu(2)] between its two outer rings and the central ring.
Average C–C bond distances within the rings [1.379(8) Å],
C–N bonds [1.345(8) Å] and inter-ring C–C bonds [1.480(3) Å]
compare well with previously reported data.12,14,41–44 Two of the
pyridine rings of each terpy ligand partially overlap with corre-
sponding rings in centrosymetrically related neighbour mole-
cules, giving a certain degree of π–π interaction (see Fig. 2)
[average distance between overlapping rings at the Cu(1) side

Table 3 Selected bond lengths (Å) and angles (�) for [Cu3(phen)5-
(C5O5)2](CF3SO3)2 (2), with e.s.d.s in parentheses

Copper coordination spheres a

Cu(1)–O(1) 1.970(5) Cu(1)–O(5) 2.875(7)
Cu(1)–N(4) 2.009(7) Cu(2)–O(2) 1.974(6)
Cu(1)–N(2) 2.015(7) Cu(2)–N(5) 2.002(7)
Cu(1)–N(1) 2.016(7) Cu(2)–O(1) 2.484(5)
Cu(1)–N(3) 2.241(7)  
 
O(1)–Cu(1)–N(4) 92.3(3) N(1)–Cu(1)–O(5) 91.4(2)
O(1)–Cu(1)–N(2) 167.5(3) N(3)–Cu(1)–O(5) 162.5(2)
N(4)–Cu(1)–N(2) 93.1(3) O(2a)–Cu(2)–O(2) 92.1(3)
O(1)–Cu(1)–N(1) 92.8(3) O(2a)–Cu(2)–N(5a) 94.8(3)
N(4)–Cu(1)–N(1) 174.8(3) O(2)–Cu(2)–N(5a) 163.9(3)
N(2)–Cu(1)–N(1) 82.0(3) O(2)–Cu(2)–N(5) 94.8(3)
O(1)–Cu(1)–N(3) 93.8(2) N(5a)–Cu(2)–N(5) 82.4(4)
N(4)–Cu(1)–N(3) 79.4(3) O(2a)–Cu(2)–O(1) 82.1(2)
N(2)–Cu(1)–N(3) 98.3(3) O(2)–Cu(2)–O(1) 77.6(2)
N(1)–Cu(1)–N(3) 99.4(3) N(5a)–Cu(2)–O(1) 117.8(2)
O(1)–Cu(1)–O(5) 71.9(2) N(5)–Cu(2)–O(1) 85.2(2)
N(4)–Cu(1)–O(5) 91.0(2) O(1)–Cu(2)–O(1a) 150.6(3)
N(2)–Cu(1)–O(5) 96.8(2)  
a Symmetry transformations used to generate equivalent atoms: (a) �x,
y, �z � 0.5. 
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being 3.54 Å (rings at x, y, z and �x, 1 � y, 2 � z) and at the
Cu(2) side being 3.46 Å (rings at x, y, z and 2 � x, �y, 1 � z)].
The bridging croconate group is essentially planar and makes
angles of 89.4 and 89.1�, respectively, with the equatorial planes
of Cu(1) and Cu(2). This ligand exhibits close to two-fold
symmetry. The pattern of its C–O bond distances is markedly
different: long when O is equatorially coordinated to Cu
[1.272(5) and 1.274(5) Å for C(31)–O(1) and C(35)–O(5),
respectively], short when O forms a long axial bond to Cu
[1.233(5) and 1.239(5) Å for C(32)–O(2) and C(34)–O(4),
respectively] and the shortest value for uncoordinated O
[1.209(5) Å for C(33)–O(3)]. These structural features were also
observed in the bis-chelating croconato group of the copper()
dimer [Cu2(bpca)2(H2O)2(C5O5)]�3H2O (3).15

The intramolecular Cu(1) � � � Cu(2) separation across the
croconato bridge is 6.852(1) Å [6.824(1) Å in 3], a value which is
somewhat shorter than the shortest intermolecular copper–
copper distance [7.019(1) Å for Cu(1) � � � Cu(2a); (a) x � 1,
y, z].

[Cu3(phen)5(C5O5)2](CF3SO3)2 (2). The structure of complex
2 is built of croconato-bridged trinuclear [Cu3(phen)5(C5O5)2]

2�

complex ions (Fig. 3 and Table 3) and triflate counter ions which

are held together by electrostatic forces. Chains of neighbour-
ing trinuclear units related by centres of symmetry are arranged
such that pairs of phenanthroline groups N(1)–C(12) overlap to
a considerable extent, the average interplanar spacing between
phen groups in positions x, y, z and 0.5 � x, 0.5 � y, 1 � z
being 3.33 Å, indicating a significant π–π interaction (Fig. 4).
This arrangement is also stabilized by an O � � � H–C inter-
action between croconate and the stacked phen group [2.33 Å
for O(5) � � � H(8b); (b) 0.5 � x, 0.5 � y, 1 � z]. A two-fold
rotation axis runs through the central copper atom and its
coordinated phen ligand.

Fig. 2 A view of the π–π interactions between neighbouring terpy
ligands in 1.

Fig. 3 The trinuclear complex unit [Cu3(phen)5(C5O5)2]
2� in 2.

Thermal ellipsoids are plotted at the 30% probability level. Hydrogen
atoms have been omitted for clarity.

The terminal copper atom [Cu(1)] has, to the first approxim-
ation, a square pyramidal coordination geometry with one
croconato oxygen [O(1)] and three phen nitrogen atoms [N(1),
N(2) and N(4)] in equatorial positions [Cu(1)–O(1) = 1.970(5),
Cu–N in the range 2.009(7)–2.016(7) Å], and a fourth phen
nitrogen [N(3)] in the apical position [Cu(1)–N(3) = 2.241(7) Å].
A second, semi-coordinated croconate oxygen atom [O(5)] is
situated in the remaining axial position [Cu(1)–O(5) = 2.875(6)
Å]. The central copper atom [Cu(2)] has elongated octahedral
geometry with two croconate oxygen atoms [O(2) and O(2a)]
and two phen nitrogen atoms [N(5) and N(5a)] in equatorial
positions [Cu(2)–O(2) = 1.974(6), Cu(2)–N(5) = 2.002(7) Å],
and oxygen atoms from the two croconate groups [O(1) and
O(1a)] in axial positions [Cu–O(1) = 2.484(5) Å]. The equatorial
plane of the terminal copper, Cu(1), has a slight tetrahedral
distortion (atomic deviations from mean plane being 0.105–
0.115 Å) with the copper atom displaced 0.086 Å from the plane
towards the apical nitrogen atom. The central copper, Cu(2),
displays a much more pronounced tetrahedral distortion
(atomic deviations 0.254–0.276 Å). The dihedral angle between
the equatorial planes of the two metal atoms is 74.6�.

The phen groups are all approximately planar and the bond
lengths and angles within them are as expected. They act as
bidentate ligands, the values of the angles subtended the copper
atoms being 82.0(3) and 79.4(3)� [at Cu(1)] and 82.4(4)� [at
Cu(2)]. The triflate ions are in the staggered conformation and
their bond distances are also as expected [C–F 1.310(11)–
1.340(11), S–O 1.413(7)–1.466(7) and S–C 1.810(11) Å]. The
croconate ligand is planar and it makes dihedral angles of 88.6
and 88.9� with the two copper equatorial planes. It acts as a
bridging ligand through three [O(1), O(2) and O(5)] of its five
oxygen atoms. O(1) of the croconate forms a mono-atomic
bridge between the two copper atoms, binding in an equatorial
position to Cu(1) and in an axial position to Cu(2) [the Cu(1)–
O(1)–Cu(2) angle being 139.1(3)�]. At the same time, however,
the croconate bridges in the µ-1,2 mode, providing a Cu(1)–
O(1)–C(31)–C(32)–O(2)–Cu(2) pathway between the two
copper atoms in which both oxygen atoms bind in equatorial
positions. Finally, O(5) is weakly coordinated to Cu(1). This
bridging mode of croconate was recently observed in two
copper() compounds, the tetranuclear complex [Cu2(L

1)-
(C5O5)]2

26 and the sheetlike polymer [Cu4(L
2)(C5O5)2]�6H2O

27

(L1 and L2 are bis-terdentate oxamidate ligands). However, in
these two cases, the monoatomic bridge O(1) fills an axial pos-
ition of each copper atom and the O(2) and O(5) atoms occupy
equatorial positions. The carbonyl bonds of the free O(3) and
O(4) atoms, and that of the weakly coordinated O(5) atom, are
significantly shorter [1.219(10), 1.222(10) and 1.235(10) Å for
C(33)–O(3), C(34)–O(4) and C(35)–O(5), respectively] than
those of the oxygen atoms coordinated to copper in equatorial
positions [1.296(9) and 1.270(9) Å for C(31)–O(1) and C(32)–
O(2), respectively]. The lengthening of the C(33)–C(34)
[1.518(12) Å] and C(34)–C(35) [1.511(12) Å] intra-ring crocon-
ate bonds as compared to the remaining carbon–carbon bond
distances [values varying in the range 1.434(11)–1.449(12) Å] is
in agreement with a greater bond order for the free carbonyl
bonds.

Fig. 4 Arrangement of neighbouring molecules in 2, depicting the
possible π–π interactions between phen groups. The pattern is repeated
within chains of molecules.
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The intramolecular Cu(1) � � � Cu(2) separation across the
croconate bridge is 4.177(1) Å, a value much shorter than
that observed in 1 because of the different bridging modes of
croconate in 1 and 2. The two terminal copper atoms in 2 are
separated by 8.350(1) Å, the angle Cu(1)–Cu(2)–Cu(1a) being
177.0(1)�. The shortest intermolecular copper–copper distance
is 8.148(2) Å [Cu(1) � � � Cu(1b)].

Infrared spectra

In addition to the bands attributable to the presence of terpy
(1470m, 1450m, 1415m, 770m) and uncoordinated nitrate
anions (1380s) (1), and phen (3070w, 2910w, 1425m, 1220m,
850m, 725m) and uncoordinated triflate anions (1270s,br,
1030m, 770w, 635m, 520w) (2), the infrared spectra of com-
plexes 1 and 2 exhibit a very strong and broad absorption
centered at 1550 cm�1 which is due to a combination of C–O
and C–C bond stretching vibrations of croconate. This type of
absorption occuring in the range 1600–1500 cm�1 is character-
istic of the salts of CnOn

2� ion (n = 4–6).45 Additional weak
bands are observed above 1700 cm�1 [1720 cm�1 in 1 and 1735,
1725 and 1710 cm�1 in 2] which are taken as evidence for the
presence of uncoordinated carbonyl groups of the croconate
entity.5,9,15,19 The occurrence of coordinated carbonyl
groups 9,15,19,22 is characterized by medium strength absorptions
at 1665 cm�1 in the spectrum of 1, and at 1660 cm�1 with a
shoulder at 1650 cm�1 for 2. These spectroscopic features sup-
port different coordination modes for croconate in 1 and 2, as
confirmed by the X-ray structural characterisation.

Magnetic properties

The magnetic properties of complexes 1 and 2 in the form of
χMT  [χM being the magnetic susceptibility per two (1) and three
(2) copper() ions] are shown in Fig. 5 and 6, respectively. At

room temperature, χMT  for 1 is 0.84 cm3 K mol�1, a value which
is as expected for two magnetically isolated spin doublets. The
value of χMT  for 1 remains practically constant when cooling
and decreases sharply at T  < 25 K, reaching a value of 0.30 cm3

K mol�1 at 1.9 K. A maximum in the susceptibility is observed
at 2.6 K in the χM versus T  curve (see insert of Fig. 5). These
magnetic features of complex 1 are typical of a weak intra-
molecular antiferromagnetic coupling between two spin doub-
lets. χMT  for 2 at 300 K is 1.07 cm3 K mol�1, a value somewhat
below that expected for three non-interacting spin doublets.
Upon cooling, the value of χMT  continuously decreases,

Fig. 5 Thermal dependence of χMT  (o) for complex 1; the solid line is
the best fit (see text). The insert shows the susceptibility curve (∆) in the
low temperature region.

reaches a plateau in the temperature range 5 ≤ T  ≤ 12 K with
χMT  = 0.42 cm3 K mol�1 and slightly decreases at lower tem-
peratures (see insert of Fig. 6). This curve is typical of an
intermediate intramolecular antiferromagnetic coupling in a
copper() trimer, the low-lying spin doublet (plateau of χMT )
being fully populated at T  ≤ 12 K. The slight decrease in χMT  at
T  < 5 K is due to the occurrence of very weak intermolecular
magnetic interactions.

In the light of these considerations, the magnetic data for 1
were analysed through a simple Bleaney–Bowers expression for
a copper() dimer [eqn (1)] which is derived from the isotropic
Hamiltonian in eqn. (2)

where N, g and β have their usual meanings, and J is the
exchange coupling parameter. Best-fit parameters are: J =
�2.9 cm�1, g = 2.11 and R = 1.7 × 10�5 {R is the agreement
factor defined as Σi[(χM)obs(i) � (χM)calc(i)]

2/Σi[(χM)obs(i)]
2}. The

calculated curve reproduces the magnetic data very well.
The magnetic data for complex 2 were analysed through the
expression for a copper() trimer [eqn. (3)–(7)] 46

with

and

which was derived from the isotropic Hamiltonian in eqn. (8)

Fig. 6 Thermal dependence of χMT  for complex 2: (o) experimental
data; (—–) best fit (see text). The insert shows the χMT  curve in the low
temperature range.

χM = (2Nβ2g2/kT)[3 � exp(�J/kT)]�1 (1)

H = �JS1�S2 (2)

(3)

g|1/2,1> = (4g2 � g1)/3 (4)

g|1/2,0> = g1 (5)

g|3/2,1> = (g1 � 2g2)/3 (6)

x = J/2kT (7)

H = �J12S1�S2 � J13S1�S3 (8)
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J = J12 = J13 is the exchange coupling parameter between
adjacent copper() ions within the trimer, θ is the parameter
accounting for the intermolecular interactions and g1 (central)
and g2 = g3 (peripheral) are the local Landé factors. The
magnetic coupling between the peripheral copper() ions (J23),
which are separated by 8.350(1) Å [Cu(1) � � � Cu(1a)], was not
considered in eqn (8). Best-fit parameters through eqn (3) are:
J = �47.1 cm�1, g1 = 2.06, g2 = 2.11, θ = �0.16 K and R = 4.1 ×
10�5 (R is the agreement factor defined as Σi[(χMT )obs(i) �
(χMT )calc(i)]

2/Σi[(χMT )obs(i)]
2). The calculated curve (solid line in

Fig. 6) matches the magnetic data very well.
We conclude this contribution with some comments concern-

ing firstly, the ability of croconato to mediate magnetic inter-
actions between magnetic centers when acting as a bis-chelating
bridge and secondly, the different magnitude of the antiferro-
magnetic coupling through bridging croconato in 1 and 2. The
weak antiferromagnetic coupling observed in 1 can be rational-
ized on the basis of a simple magnetic orbital picture. The
unpaired electron on each copper atom in 1 is mainly delocal-
ized in the equatorial plane and it is described by a dx2 � y2

magnetic orbital [the x and y-axes being roughly defined by the
Cu–N bonds]. The admixture of the dz

2 orbital in the dx2 � y2

ground state is assumed to be weak because of the long axial
distances around each copper atom. The overlap integral (S )
between the magnetic orbitals centered on each copper atom
through the O(1)C(31)C(35)O(5) σ-type exchange pathway
(copper–copper separation larger than 6.8 Å) is expected to be
very weak. Consequently, in the approximation where J ∝ S 2,47

the magnetic interaction would be very small, as observed. Previ-
ous molecular orbital calculations on the parent compound
[Cu2(bpca)2(H2O)2(C5O5)]�3H2O (3),15 with the same coordin-
ation mode for the croconato, have substantiated these points. In
spite of the structural similarity between 1 and 3, a somewhat
larger antiferromagnetic coupling (J = �9.6 cm�1) is observed in
this latter compound, which cannot be explained only in terms of
its slightly shorter copper–copper separation across croconato
[6.852(1) Å in 1 versus 6.824(1) Å in 3]. Most likely, subtle factors
such as the different electronegativity of the amidate nitrogen
of bpca and the inner pyridyl nitrogen of terpy modify the spin
density on the atoms of the bridge and, thus, change the value
of the magnetic coupling. Examples of the fine influence
exerted by the electronegativity of the peripheral donors on the
value of the magnetic coupling between first-row transition
metal ions across oxalato and oxalato-type bridges are known.48

The antiferromagnetic coupling in 2 (J = �47.1 cm�1) is the
strongest reported to date dealing with croconato-bridged
complexes. An inspection of the structure of 2 shows that two
exchange pathways are operative: one involves the mono-
atomic O(1) atom (µ-1,1) and the other the O(1)C(31)C(32)O(2)
skeleton (µ-1,2). Given that O(1) is equatorially bound to
Cu(1), but axially to Cu(2), and that O(2) is equatorially bound
to Cu(2), the latter pathway seems to be better adapted to
mediate magnetic interactions between the spins of Cu(1) and
Cu(2). However, the significant tetrahedral distortion of the
environment of Cu(2) would cause a non-negligible admixture
of dz

2 orbital [the z-axis being defined by the Cu(2)–O(2) axial
bond] in the dx2 � y2 ground state of this atom. This feature and
the large angle at the O(1) bridge [139.1(3)�] allows us to assume
that it could be as efficient as the more extended pathway. This
assumption is confirmed by the magneto-structural study of
the copper() dimer of formula [Cu2(phen)4(C4O4)](CF3SO3)2�
3H2O (4),49 which can be taken as a good model for the
polyatomic bridging pathway in 2. In compound 4, the squar-
ato adopts the µ-1,2-bridging mode, the bridging squarate
oxygen atoms being equatorially bound to each copper atom,
as are O(1) and O(2) in 2. The magnetic coupling in 4 is J =
�26.4 cm�1 and, consequently, the difference between this value
and that observed in 2 (J = �47.1 cm�1) would measure the
contribution of the monoatomic bridging pathway. With the
lack of magneto-structurally characterised examples of these

asymmetric µ-1,1-croconato-bridged systems, the present study
demonstrates that it could mediate significant magnetic
interactions.
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