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Cyclic metal arrays containing multiples of spin-coupled
paramagnetic metal centers are frequently synthesized from a
large number of components in an uncontrolled assembly
process that employs relatively simple bridging ligands in
conjunction with smaller bridging fragments, such as hydrox-
ide, oxide, halide, and methoxide.[1] A controlled approach
that excludes these extraneous bridging fragments can be
adopted when designed polytopic ligands are employed, as
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then a self-assembly process proceeds through an algorithm
defined by the coordination preferences of the metal ion and
the steric information contained within the ligand structure.[2]

Cyclic metal arrays formed using this latter approach are a
relatively rare class of supramolecular coordination com-
pound.[3] Consequently, they have yet to offer the high
nuclearities, the variety of metal centers, or the attractive
magnetic phenomena that are associated with those formed
from simple bridging ligands.[4] One route to bridge the gap
between these two extremes is to use flexible polytopic
bridging ligands that exclude the need for extraneous bridging
fragments whilst maintaining enough flexibility to explore the
potential-energy hypersurface of a system before the forma-
tion of a thermodynamically stable metal array. Polytopic
diazine ligands with alternating sequences of rigid and flexible
bridging groups, previously employed in self-assembly pro-
cesses,[5] can be readily synthesized to meet these criteria, as
exemplified by the recent isolation of a unique Cu12 picture-
frame assembly.[6] We describe herein the preparation and
characterization of the first spin-coupled circular array to be
formed from a single-stranded ligand.

The circular motif is formed through the self-assembly of
the polytopic diazine ligand L with each of Cu(ClO4)2·6H2O,

Cu(BF4)2·6H2O, and Cu(CF3SO3)2 in high yields to give
[Cu8L4(H2O)8](X)16: X=ClO4

� (1), BF4
� (2), and CF3SO3

�

(3) respectively. Ligand L (for its preparation see the
Supporting Information) is structurally comparable to a
pyridazine analogue that has been successfully employed to
generate a series of spin-coupled [M4L3] tetranuclear triple
helicates.[7] However, substitution of the pyridazine for the
pyrimidine heterocycle confers a bowed arrangement of
bridging bidentate binding sites on the ligand framework.
This conformation precludes a linear arrangement of metal
ions, as illustrated in the structure[8] of the cation in 2
(Figure 1). The circular array possesses an S4 axis and can be
best described as a circular single-stranded side-by-side
complex[9] or as a circular single-stranded mesocate.[10] It
holds eight copper(ii) centers in a bowl-shaped, octagonal
array that is composed of two bowed pairs of parallel ligands
and eight coordinated water molecules; it has an external
dimension of approximately 20 = and a central cavity with a
4–5 = diameter. The cavity has a sheath of hydrogen-bonding
donors appropriate for the encapsulation of anions and/or
solvent molecules, which is quite common for structures of
this type.[11] In this particular case, an anion lies at the center
of the cavity, and two others above and below this; further
anions and uncoordinated water molecules are hydrogen
bonded to other NH2 groups of the cation. Each ligand L
coordinates four adjacent copper centers through the con-
tiguous bridging bidentate binding sites (N-Ndiazine and N-

Npyrimidine), to give Cu···Cu separations of 3.742 = and 6.594 =,
respectively. Each copper ion is coordinated by two chelating
subunits, one terminal Npy-Ndiazine (py= pyridine) and one
central Ndiazine-Npyrimidine, belonging to two different ligand
strands. This arrangement of ligands forms four equivalent
dinuclear double-helical units located at the corners of the
cyclic octagonal array that are related to each other through
fourfold inversion–rotation symmetry (S4 or 4̄). The ligands
experience a significant amount of twist (Figure 2) within the

dinuclear unit, as defined by the two Cu-N-N-Cu torsion
angles of 47.08 and 46.38, which orients the pyridine rings
almost perpendicular to the central rigid pyrimidine ring.
These rigid rings form the sides of the octagon and bridge the
dinuclear units generating the cyclic array, with adjacent
essentially coplanar N-Npyrimidine bridged Cu centers. Each
copper(ii) center adopts a square-based pyramidal geometry
with the basal sites occupied by a diazine and pyridine
nitrogen pair from one ligand, a pyridine nitrogen from a
second ligand, and an oxygen donor atom from a coordinated
water molecule; the in-plane bond lengths are short (< 2.0 =).
Longer axial bonds (2.253 and 2.269 =) to pyrimidine nitro-
gen atoms complete the five-coordinate environment.

Figure 1. POV-Ray representation of the X-ray structure of the
[Cu8(L)4(H2O)8]

16+ ion in 2 (hydrogen atoms are omitted for clarity).
Gray C, red O, blue N, green [CuII] .

Figure 2. Displacement ellipsoid plot (ellipsoids set at 50% probabil-
ity) of the dinuclear asymmetric unit in 2. Selected bond lengths [F]:
Cu(1)-N(1) 1.977(5), Cu(1)-N(3) 1.992(4), Cu(1)-N(7A) 2.253(4),
Cu(1)-N(9A) 1.998(4), Cu(1)-O(1) 1.970(5), Cu(2)-N(4) 1.999(4),
Cu(2)-N(6) 2.269(4), Cu(2)-N(10A) 1.994(4), Cu(2)-N(12A) 1.985(5),
Cu(2)-O(2) 1.996(4).
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The structure of 2 could be determined successfully only
with the use of synchrotron radiation facilities, because of the
small crystal size and the weak scattering resulting from a high
degree of disorder of the anions and solvent molecules. Data
were also obtained for the perchlorate analogue 1, with a
rotating-anode X-ray source, but the diffraction pattern was
much weaker, leading to a structure of low precision. The
results, however, are sufficient to indicate that the two
structures are isomorphous, that the octanuclear cation is
essentially identical, and that the packing and hydrogen-bond
arrangement is very similar.

Variable-temperature magnetic susceptibility data (Sup-
porting Information) were collected on a single polycrystal-
line sample of 1 over the range 2–290 K and a fit of these data
to the Curie–Weiss law gave c= 0.510(2) cm3Kmol�1 and q=

+ 0.273(9) K, suggestive of a weak ferromagnetic interaction
between CuII centers. Structurally we may expect the
behavior of 1 to approximate that of simple exchange-coupled
dimers. Fitting the data to the Bleaney–Bowers equation[12]

gave a good fit with g= 2.15(1) and �2J=�6.6(2) cm�1. This
ferromagnetic exchange interaction is in broad agreement
with other structures that possess two and three Cu-N-N-Cu
linkages with dihedral angles below approximately 808.[13–16]

The formation of the circular array is quite remarkable as
it requires four octadentate ligands and the inclusion of eight
solvent molecules to satisfy the coordination algorithm of the
eight five-coordinate copper(ii) centers. Compounds 1–3 also
represent a rare example of a polynuclear copper(ii) circular
array containing more than six copper(ii) centers.[17] Exami-
nation of a solution of redissolved crystals of 1 and 2 in
acetonitrile by electrospray mass spectroscopy, at various
cone voltages, displayed four sets of peaks that correspond to
the species [Cu8L4(X)n]

16�n (X=ClO4
� , BF4

� ; n= 10–13)
together with their acetonitrile adducts. No other discernible
peaks were observed; this suggests that, once the circular
motif is formed, it is preserved in solution. A similar
breakdown pattern was observed for the triflate analogue 3
and implies the formation of the circular motif is dominated
by metal–ligand interactions[18] and not templated about a
central anion, in contrast to some circular systems.[19] The
isolation of 1–3 in high yields opens up exciting opportunities
to build larger arrays through the substitution of the labile
water or other solvent molecules with coordination com-
plexes bearing suitable bridging units.

Experimental Section
L : See Supporting Information.

1: Reaction of L with Cu(ClO4)2·6H2O (1:2) in aqueous
acetonitrile gave a green precipitate in 70–75% yield when the
solution was left to stand for one week. Elemental analysis (%) calcd
for [Cu8(C18H18N12)4(H2O)8](ClO4)16·6H2O·CH3CN: C 22.2, H 2.6, N
17.2; found (vacuum-dried sample): C 21.9, H 2.7, N 17.5; IR (nujol
mull): ñ= 3425 (nH2O), 3344, 3177 (nNH2

), 1679 (nCO), 1656 (nCN),
1062 cm�1. Crystals suitable for X-ray diffraction were grown by slow
evaporation of a concentrated solution of the precipitate in aqueous
acetonitrile. 2 and 3 were obtained in similar yields using the same
experimental conditions as 1.

Magnetic susceptibility measurements were made on 1 using a
Quantum Design MPMS SQUID magnetometer between 2–290 K in

an applied field of 200 G. A diamagnetic correction of �226K
10�6 cm3mol�1 was estimated from Pascal's constants.[20]

Received: August 4, 2003
Revised: January 13, 2004 [Z52554]

.Keywords: cluster compounds · copper · helical structures ·
magnetism · N ligands · self-assembly

[1] R. E. P. Winpenny, Adv. Inorg. Chem. 2001, 52, 1 – 111.
[2] J.-M. Lehn, Supramlecular Chemistry, VCH, Weinheim, 1995.
[3] R. W. Saalfrank, B. Demleitner, Perspectives in Supramolecular

Chemistry, Vol. 5 (Ed.: J.-P. Sauvage), Wiley, Chichester, 1999,
pp. 1 – 51.

[4] a) A. L. Dearden, S. R. Parsons, R. E. P. Winpenny, Angew.
Chem. 2001, 113, 155 – 158;Angew. Chem. Int. Ed. 2001, 40, 151 –
154; b) C. Cadiou, M. Murrie, C. Paulsen, V. Villar, W.
Wernsdorfer, R. E. P. Winpenny, Chem. Commun. 2001, 2666 –
2667.

[5] S. T. Onions, A. M. Frankin, P. N. Horton, M. B. Hursthouse,
C. J. Matthews, Chem. Commun. 2003, 2864 – 2865.

[6] C. J. Matthews, S. T. Onions, G. Morata, M. B. Salvia, M. R. J.
Elsegood, D. J. Price, Chem. Commun. 2003, 320 – 321.

[7] C. J. Matthews, S. T. Onions, G. Morata, L. J. Davis, S. L. Heath,
D. J. Price, Angew. Chem. 2003, 115, 3274 – 3277; Angew. Chem.
Int. Ed. 2003, 42, 3166 – 3169.

[8] Crystal data for 2 : [C72H88Cu8N48O8](BF4)16·8H2O (including
only the modeled ordered solvent), Mr= 3795.3, tetragonal,
space group I4̄2d, a= 19.8207(12), c= 38.220(5) =, V=
15015(2) =3, Z= 4, 1calcd= 1.679 gcm�3, synchrotron radiation
(l= 0.6888 =, m= 1.26 mm�1), T= 120 K, R= 0.064 (F2> 2s),
Rw= 0.191 (for all F2 values) for 10585 data and 511 refined
parameters. Some of the anions are disordered, and refinement
included partial substitution by other species with a heavier
central atom (possibly perchlorate or chloride). Constrained H
atoms were included on C and N atoms. Two uncoordinated
water molecules were located in the asymmetric unit and refined
(without H atoms). Other disordered solvent molecules and 3/16
of the anions lie in regions of diffuse electron density, which were
treated by the PLATON/SQUEEZE procedure (A. L. Spek,
University of Utrecht, The Netherlands). CCDC-216472 (2)
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge CB21EZ,
UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.ac.uk).

[9] C. Piguet, G. Bernardinelli, G. Hopfgartner,Chem. Rev. 1997, 97,
2005 – 2062.

[10] M. Albrecht, Chem. Rev. 2001, 101, 3457 – 3497.
[11] D. P. Funeriu, J.-M. Lehn, G. Baum, D. Fenske, Chem. Eur. J.

1997, 3, 99 – 104.
[12] B. Bleaney, D. Bowers, Proc. R. Soc. London Ser. A 1952, 214,

451 – 465.
[13] L. K. Thompson, Z. Xu, A. E. Goeta, J. A. K. Howard, H. J.

Clase, D. O. Miller, Inorg. Chem. 1998, 37, 3217 – 3229.
[14] Z. Xu, L. K. Thompson, D. O. Miller, Inorg. Chem. 1997, 36,

3985 – 3995.
[15] Z. Xu, L. K. Thompson, C. J. Matthews, D. O. Miller, A. E.

Goeta, C. Wilson, J. A. K. Howard, M. Ohba, H. Okawa, J.
Chem. Soc. Dalton Trans. 2000, 69 – 77.

[16] Z. Xu, L. K. Thompson, D. A. Black, C. Ralph, D. O. Miller,
M. A. Leech, J. A. K. Howard, J. Chem. Soc. Dalton Trans. 2001,
204 – 2048.

[17] C.-H. Chang, K. C. Hwang, C.-S. Liu, Y. Chi, A. J. Carty, L.
Scoles, S.-M. Peng, G.-H. Lee, J. Reedijk, Angew. Chem. 2001,
113, 4787 – 4789; Angew. Chem. Int. Ed. 2001, 40, 4651 – 4653;

Zuschriften

1852 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2004, 116, 1850 –1853

http://www.angewandte.de


G. A. Ardizzoia, M. A. Angaroni, G. La Monica, F. Cariati, M.
Moret, N. Masciocchi, J. Chem. Soc. Chem. Commun. 1990,
1021 – 1023.

[18] O. Mamula, A. von Zelewsky, G. Bernardinelli, Angew. Chem.
1998, 110, 301 – 305; Angew. Chem. Int. Ed. 1998, 37, 290 – 292.

[19] a) P. L. Jones, K. Byrom, J. C. Jeffrey, J. A. McCleverty, M. D.
Ward, Chem. Commun. 1997, 1361 – 1362; b) B. Hasenknopf, J.-
M. Lehn, B. O. Kneisel, G. Baum, D. Fenske, Angew. Chem.
1996, 108, 1987 – 1990; Angew. Chem. Int. Ed. Engl. 1996, 35,
1838 – 1840.

[20] For diamagnetic corrections (Pascal's constants) see for exam-
ple: R. L. Carlin,Magnetochemistry, Springer, Heidelberg, 1986.

Angewandte
Chemie

1853Angew. Chem. 2004, 116, 1850 –1853 www.angewandte.de � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.de

