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Synthesis and structure of an unprecedented heterometallic tetra-
nuclear cluster [Gd2Co2(�4-O)(�-H2O)(CDTA)2(H2O)6]�10H2O
(H4CDTA � trans-1,2-cyclohexanedinitrilotetraacetic acid)
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A novel tetranuclear lanthanide-transition metal cluster
[Gd2Co2(�4-O)(�-H2O)(CDTA)2(H2O)6]�10H2O has been
synthesized, in which the cluster core is held together
through �4-O

2�, �-H2O and �-carboxylate bridges.

Polynuclear complexes containing both 4f and 3d ions have
attracted great interest in view of their magnetic and electronic
properties.1–10 The studies were mainly focused on the Gd–Cu
pair, since the Gd, with an 8S7/2 single-ion ground state, does
not possess a first-order orbital moment and a ferromagnetic
interaction is often present between Gd and Cu. In contrast,
the investigations for other Ln–M systems are relatively rare.11

Of course, the synthetic difficulties are a critical factor in
restricting further study due to the large differences between
the chemical properties of lanthanide and transition metals.
Aminopolycarboxylic acids are demonstrated as a good choice
for the assembly of 4f–3d complexes owing to their numerous
coordination sites and flexible connection modes. Many fascin-
ating structures have been synthesized based on EDTA,12

DTPA (diethylenetriaminepentaacetic acid),13 NTA (nitrilotri-
acetic acid), IDA (iminodiacetic acid).14 Here, a novel tetra-
nuclear cluster [Gd2Co2(µ4-O)(µ-H2O)(CDTA)2(H2O)6]�10H2O
1 (H4CDTA = trans-1,2-cyclohexanedinitrilotetraacetic acid)
bridged by three different bridges, namely oxo, aqua, and
carboxylate is reported.

Compound 1 was prepared by mixing H4CDTA (3 mmol),
CoCO3 (3 mmol) and Gd(OH)3 (2 mmol) in 50 ml aqueous
solution under stirring and heating. When the suspension
became clear, 0.1 M NaOH aqueous solution was added
dropwise to adjust the pH value to 4.5 and the mixture was
continually heated for 0.5 h. Then, the resulting solution was
condensed and filtered. The filtrate was allowed to stand at
room temperature. After three months, pink needle-like crystals
were obtained.†

X-Ray analysis revealed that 1 consists of a tetranuclear
Gd2Co2 cluster bridged by µ4-O

2�, µ-H2O and carboxylate as
illustrated in Fig. 1.‡ Two pairs of crystallographically-related
Gd and Co ions are connected through a central oxo sitting on
a C2 axis to give rise to a tetrahedral structure with Gd1–O1
and Co1–O1 bond lengths being 2.346(13) and 2.226(8) Å,
respectively. Meanwhile, the two Gd() ions are also bridged by
one aqua ligand (O2) lying on a C2 axis with Gd1–O2 distance
2.352(13) Å, which is in the range for the coordinated aqua
ligands.15 The adjacent Gd and Co ions are linked by two differ-
ent types of connection mode. Gd1 and Co1 are connected
by two carboxyl groups, see Scheme 1 mode c [Gd1–O3 =
2.421(18), Gd1–O7 = 2.456(9), Co1–O7 = 2.18(2), Co1–O3 =
2.395(16) Å], in addition to the central oxo group. Whereas
Gd1a and Co1 are only bridged by one carboxyl group in the
same mode as Gd1 [Gd1a–O9 = 2.339(19), Co1–O9 = 2.40(2)
Å]. Thus, the Gd2Co2O tetrahedral core is further stabilized by
these bridging groups as depicted in Fig. 2. It is noteworthy
that the bridging mode of µ-O for the carboxylate is the first

observed for 4f–3d complexes. In most cases, the carboxyl
groups serve as a bridge as shown in Scheme 1a and 1b.12,16 For
lanthanide complexes, connection mode 1c is less common.17

Each Gd ion is eight coordinated by one central oxo, one bridg-
ing aqua ligand, three carboxyl atoms, and three terminal water
molecules, forming a distorted square antiprism coordination

Fig. 1 The structure of complex 1 and selected bond lengths (Å) and
angles (�): Co(1)–O(5) = 2.01(2), Co(1)–N(2) = 2.165(14), Co(1)–O(7) =
2.18(2), Co(1)–N(1) = 2.201(17), Co(1)–O(1) = 2.226(8), Co(1)–O(9) =
2.40(2), Co(1)–O(3) = 2.395(16), Gd(1)–O(9a) = 2.339(19), Gd(1)–
O(1) = 2.346(13), Gd(1)–O(2) = 2.352(13), Gd(1)–O(12) = 2.386(16),
Gd(1)–O(13) = 2.404(11), Gd(1)–O(3) = 2.421(18), Gd(1)–O(11) =
2.44(2), Gd(1)–O(7) = 2.456(9); Co(1)–O(1)–Co(1a) = 143.0(11),
Co(1)–O(1)–Gd(1a) = 105.9(2), Co(1)–O(1)–Gd(1) = 95.4(2), Gd(1a)–
O(1)–Gd(1) = 109.0(9), Gd(1)–O(2)–Gd(1a) = 108.5(9). Symmetry code
a: �x � 1, y, �z � 2.

Fig. 2 Schematic view of the Gd2Co2 cluster core.

Scheme 1
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environment, in which the top and bottom planes are occupied
by O7, O11, O3, O13 and O2, O1, O12, O9a, respectively, with a
dihedral angle of 8.9�. The Co() ion completes its coordin-
ation sphere by one central oxo [Co1–O1 = 2.226(8) Å], two
nitrogen atoms [Co1–N1 = 2.201(17), Co1–N2 = 2.165(14) Å],
three bridging carboxyl oxygen atoms [Co1–O7 = 2.18(2),
Co1–O9 = 2.40(2), Co1–O3 = 2.395(16) Å] and one terminal
carboxyl atom [Co1–O5 = 2.01(2) Å], leading to a mono-
capped trigonal prism, in which the central oxo takes up the
side face position. The neighboring Gd � � � Gd and Co � � � Co
separations are 3.8180(11) and 4.2217(54) Å, respectively. The
distance between Gd � � � Co connected through double carb-
oxyl bridges is 3.3826(29) Å, shorter than that bridged by one
carboxyl group [3.6505(30) Å]. It is noted that the Ln � � � M
separations connected by the single atom carboxylate bridges
(Scheme 1c) are the shortest among the three bridging modes,
for example, in Ln2M3(EDTA)(H2O)11�12H2O

12 (Scheme 1b,
4.8–4.9 Å) and in {[GdMn(H2O)5(DTPA)]�H2O}∞ (Scheme 1a,
5.6 Å).13 The shorter distance may favor the magnetic coupling.

In compound 1, the transition metal Co ion is chelated by the
CDTA ligand and the Gd ion is hydrated, similar to that
observed in 2-D Ln2M3(EDTA)(H2O)11�12H2O, but different
from the {[GdMn(H2O)5(DTPA)]�H2O}∞ complex in which Gd
and Mn ions are surrounded by the DTPA and aqua ligands,
respectively.

Reported Ln2M2 cluster cores are relatively rare. The known
[Dy(hfac)3Cu(Satn)(OH)]2 (hfac = hexafluoroacetylacetone,
Satn = N-(3-aminopropyl)salicylaldiminato) exhibits a stepped
geometry,18 in which two µ3-OH groups link the Dy and Cu.
In the other three complexes, Cu2Gd2(mhp)4(OMe)2(NO3)4-
(Hmhp)2(MeOH)2, [Co2Dy2(OH)(chp)6(NO3)5]

2� and Cu2La2-
(chp)8(Hchp)2(NO3)2]�2(Hchp)�2MeCN,19 the four metals are
arranged in a butterfly fashion (Hmhp = 6-methyl-2-hydroxy-
pyridine, chp = 6-chloro-2-pyridonate). Another case is
[Fe2(CN)4(phen)4Yb2Cl6(H2O)2]�2H2O�2CH3OH (phen = 1,10-
phenanthroline) in which Fe and Yb ions are connected
through cyanide to produce a rhombus structure.20

Compound 1 is remarkably different from those mentioned
above. It has a unique feature that two Gd and two Co ions are
held together via a µ4-O

2�, leading to a tetrahedron motif. To
the best of our knowledge, it serves as the first case of Ln–M
complexes bridged by µ4-O

2�. In addition, it is somewhat
unusual to find µ4-O

2�, µ-H2O and µ-carboxylate bridges simul-
taneously within the same structure. Moreover, the single µ-O
of carboxylate firstly observed in this case supplies a new mag-
netic coupling mode for the 4f–3d heterometallic compounds
and might be expected to show interesting magnetic inter-
actions due to shorter metal–metal separations. Further
investigation on the magnetic properties of this compound is in
progress.

Acknowledgements

Financial support by the National Natural Science Foundation
of China (No. 29771001, 29831010), National Key Project for
Fundamental Research (G1998061306).

Notes and references
† Elemental analysis for compound 1: Calc. for C28H70Co2Gd2N4O34: C,
23.35; H, 4.86; N, 3.89. Found: C, 23.79; H, 4.70; N, 3.97%. UV-Vis
spectrum of the pink aqueous solution for compound 1 shows a band at
539 nm, indicative of a �2 oxidation state for the cobalt ions.21

‡ Crystal data: C28H70Co2Gd2N4O34, M = 1439.24, monoclinic, C2,
a = 24.940(2), b = 9.7718(8), c = 10.1941(6) Å, β = 109.640(5)�,
U = 2339.9(3) Å3, Z = 2, Dc = 2.043 Mg m�3, µ = 3.604 mm�1,
F(000) = 1440, GoF = 1.173. The final R1 and wR2 are 0.0712 and
0.1821 for 301 parameters and 3777 reflections [I > 2σ(I)]. CCDC
reference number 186/1861. See http://www.rsc.org/suppdata/dt/b0/
b000490l/ for crystallographic files in .cif format.
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