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A 1 : 1 mixture of the homoleptic double helicates [MII(L1)2] and

[MII(L2)2] [M = Cu, Zn; (L1)2� and (L2)2� are bis-bidentate

ligands containing two pyrazolyl-phenolate termini but with

different spacers separating them] affords the mixed ligand

complexes [M(L1)(L2)] in high yield, indicative of a favourable

inter-ligand interaction in the mixed-ligand complexes. Whereas

[Cu(L1)(L2)] is a double helicate, [Zn(L1)(L2)] is a mesocate with

a ‘face to face’ arrangement of the two ligands.

Helicate complexes have become relatively common in the

field of coordination chemistry and arise when a long, flexible

bridging ligand is partitioned into distinct binding domains in

a way such that two (or three) ligand strands can wrap around

a spine of central metal ions whose stereoelectronic preference

for a particular geometry matches the binding pockets pro-

vided by the ligand array. They have been of interest for the

study of the metal–ligand assembly and recognition processes

which lead to their formation as much as for their appealing

architecture which has obvious biological echoes.1 Related

achiral assemblies in which the two ligands are ‘side by side’

rather than twisted around one another have been termed

‘meso-helicates’ or ‘mesocates’.2

In all but a very few cases helicate complexes are homoleptic

with all ligands being the same. Notable exceptions arise for a

few quite distinct reasons. Lehn and co-workers showed that

Cu(II) ions reacted with a mixture of ligands based on bipyr-

idyl or terpyridyl binding sites to give the heteroleptic complex

in which each Cu(II) is in a five-coordinate bipy þ terpy

environment, because of the unusual preference of Cu(II) for

this coordination number (compared to the alternative geo-

metries of tetrahedral and octahedral).3 Rice and co-workers

likewise showed how a mixed-ligand helicate could be fa-

voured or disfavoured compared to the mixture of homoleptic

helicates according to the stereoelectronic preferences of the

metal ion concerned.4 In both of these cases, therefore, the

recognition of different ligands for one another in the assembly

is driven by the metal ions, rather than by a favourable ligand–

ligand interaction which is absent in the homoleptic com-

plexes. Both Constable and co-workers5 and Cohen and co-

workers6 detected mixed-ligand double helicates in solution

which arose from redistribution reactions between the ligands

of two different homoleptic helical complexes. The converse of

this behaviour is shown in helicates where ligand–ligand self-

recognition occurs, such that heteroleptic assemblies are ac-

tively disfavoured.7

We describe here unusual examples of mixed-ligand helicate/

mesocate complexes based on bridging ligands H2L
1 and H2L

2

which both have bidentate N,O-donor pyrazolylphenol termini.

These ligands both form conventional 2 : 2 double helicates with

Co(II), Cu(II) and Zn(II) in which the metal ions are four

coordinate.8 A 1 : 1 mixture of H2L
1 and H2L

2 in dichloro-

methane, with a stoichiometric amount of triethylamine present to

deprotonate the phenol donors, was treated with an appropriate

metal salt [Co(BF4)2 � 6H2O, Cu(OAc)2.H2O or Zn(BF4)2 �H2O]

in methanol. The resulting mixture was stirred for 4 h, and the

product filtered off and analysed by mass spectrometry to deter-

mine the distribution of the three possible products.

For Co(II) and Cu(II) the FAB mass spectrum of the product

mixture showed a predominance of the mixed ligand system

[M2(L
1)(L2)] (M ¼ Co, Cu). For the Cu(II) system we observed

Fig. 1 (a) Molecular structure of [Cu2(L
1)(L2)]; (b) a space-filling

picture (L1 is coloured dark and L2 is light).
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a 1 : 5 : 1 ratio of signal intensities at m/z 968, 1044 and 1120,

corresponding to the species [Cu2(L
1)2], [Cu2(L

1)(L2)] and

[Cu2(L
2)2], respectively. A similar distribution was obtained

with electrospray mass spectra; the good agreement between

the product distributions shown by FAB and electrospray

mass suggests that both techniques provide a reliable picture

of the product distribution. With Zn(II) the preference for the

mixed ligand complex was even higher with very little of the

two homoleptic complexes formed (ratio E 1 : 10 : 1 of the

three species in the mass spectra, at m/z 972, 1047, 1123). In

order to determine the speed with which the system comes to

equilibrium an equal amount of [Cu2(L
1)2] and [Cu2(L

2)2] were

mixed together in dichloromethane, and the solution was

examined by FAB mass spectrometry. Formation of the mixed

ligand complex [Cu2(L
1)(L2)] was observed in the time it took

to take a sample and record the mass spectrum, which was

similar in appearance to that obtained from direct mixing of

the ligands with Cu(OAc)2 �H2O, i.e. the system had reached

equilibrium in about 2 min or less. No further change in the

mass spectrum was observed over two days.

The predominance of the mixed ligand complexes

[M2(L
1)(L2)] suggested that crystallisation may be possible.

Crystals of [Cu2(L
1)(L2)] were obtained from diisopropyl ether

diffusion into a dichloromethane solution of the mixture of

complexes; the structure is in Fig. 1 and reveals a double

helicate.w The average Cu–O bond length of 1.88 Å and the

average Cu–N bond length of 1.97 Å are similar to those

observed for the homoleptic complexes characterised earlier.8

The Cu(II) centres are in irregular four-coordinate environ-

ments with angles of 51.9 and 41.21 between the two coordi-

nating units (as defined by the two CuNO planes at each

metal). Angles of 01 and 901 would be expected for planar and

tetrahedral geometries, respectively. The Cu� � �Cu distance of

7.72 Å is significantly shorter than in [Cu2(L
2)2] (10.7 Å) and

slightly longer than in [Cu2(L
1)2] (7.2 Å). The biphenyl unit is

not coplanar, with a twist angle of 421 between the two phenyl

rings. The biphenyl-spaced ligand (L2)2� twists around the two

copper(II) ions such that a cavity is formed between the two

pyrazolylphenolate termini, which are approximately copla-

nar, and the phenyl spacer of (L1)2� sits inside this cavity and

is sandwiched between, and undergoing p–p stacking with,

both phenyl-pyrazole units of (L2)2�. Significantly, no such

stacking was observed in the structures of either [Cu2(L
1)2] or

[Cu2(L
2)2]. Fig. 1(b) shows a space-filling view which illus-

trates the complementarity between the two ligands in this

structure, and we suggest that this favourable ligand–ligand

stacking interaction, which is present in neither of the homo-

leptic Cu(II) complexes, favours formation of the mixed-ligand

complex.

Crystals of [Zn2(L
1)(L2)] � 4MeOH were obtained by slow

evaporation of the solution arising from reaction of

Zn(BF4)2 �H2O with a mixture of H2L
1 and H2L

2.w X-ray

crystallography (Fig. 2) showed the structure to be an achiral

mesocate with a ‘face to face’ arrangement of the two ligands,

in contrast to the helical structures observed for [Cu2(L
1)(L2)]

and for both the Cu(II) and Zn(II) complexes of L1 and L2. The

average Zn–O bond length of 1.90 Å and the average Zn–N

bond length of 1.99 Å are similar to those observed for the

homoleptic helicate complexes.8 The Zn(II) centres are in

distorted four-coordinate geometries with angles of of 57.1

and 69.61 between the two ZnNO planes at Zn(1) and Zn(2).

While this distortion from ideal tetrahedral geometry is less

Fig. 2 (a) Molecular structure of [Zn2(L1)(L2)] � 4MeOH, with solvent

molecules omitted; (b) a space-filling picture (L1 is coloured dark and

L2 is light).

w Crystal data for [Cu2(L
1)(L2)]: C58H44Cu2N8O4, Mr ¼ 1044.09,

orthorhombic, space group Pcba, a ¼ 11.4252(7) Å, b ¼ 25.7105(16)
Å, c¼ 31.2552(19) Å, V¼ 9181.1(10) Å3, Z¼ 8, rcalc ¼ 1.511 Mg m�3,
F(000)¼ 4304. A total of 47835 reflections was measured at T¼ 100 K
in the range 5.61 r 2y r 100.21 giving 4713 unique reflections (Rint ¼
0.3191). The structure was solved by Patterson methods (SHELXS)
and refined against all F2 data to wR2 ¼ 0.0844 (all data), R1 ¼ 0.0471
[selected data with I 4 2s(I)]. All non-hydrogen atoms were assigned
anisotropic displacement parameters and refined without positional
constraints. All hydrogen atoms were constrained to ideal geometries
and refined with fixed isotropic displacement parameters. Data were
measured on a Bruker PROTEUM CCD area-detector diffractometer
with Cu Ka radiation (l ¼ 1.54187 Å). Crystal data for
[Zn2(L

1)(L2)] � 4MeOH: C62H60Zn2N8O8, Mr ¼ 1175.92, orthorhom-
bic, space group Pbca, a ¼ 14.0294(14) Å, b ¼ 28.052(3) Å, c ¼
28.125(3) Å, V ¼ 11068.8(19) Å3, Z ¼ 8, rcalc ¼ 1.411 Mg m�3, F(000)
¼ 4896. A total of 70930 reflections was measured at T ¼ 150 K in the
range 2.901 r 2y r 48.01, giving 8680 unique reflections (Rint ¼
0.1822). The structure was solved by Patterson methods (SHELXS)
and refined against all F2 data to wR2 ¼ 0.233 (all data), R1 ¼ 0.0721
[selected data with I 4 2s(I)]. All non-hydrogen atoms were assigned
anisotropic displacement parameters and refined without positional
constraints, except for a disordered methanol molecule which was
refined isotropically. Restraints were applied to the disordered metha-
nol molecule to ensure stable refinement. All hydrogen atoms were
constrained to ideal geometries and refined with fixed isotropic
displacement parameters. Data were measured on a Bruker-SMART
diffractometer with Mo Ka radiation, l ¼ 0.710 73 Å). CCDC
reference numbers 289194 and 289195. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b515154f
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than that of the copper(II) complex, it is significantly greater

than that of the homoleptic complexes [Zn2(L
1)2] and

[Zn2(L
2)2]. The Zn� � �Zn distance of 9.05 Å is significantly

shorter than in [Zn2(L
2)2] (10.53 Å) but similar to [Zn2(L

1)2]

(9.05 Å). In contrast to [Cu2(L
1)(L2)], the biphenyl spacer of

(L2)2� is almost coplanar with a twist angle of 51. Aromatic p–
p stacking between the ligands is again observed, in two places:

the central phenyl group of L1 stacks with a pyrazolylpheno-

late group of L2, and one of the phenyl rings from the biphenyl

spacer of L2 [C(127)–C(132)] is stacked with one of the

pyrazolyl groups of L1 [N(13), N(14), C(28)–C(30)]. In this

case however stacking between the central phenyl or biphenyl

units of the ligands in the homoleptic complexes [Zn2(L
1)2]

and [Zn2(L
2)2] was also in evidence in the crystal structures.

The reason for the preference for the mixed-ligand complex

with both Cu(II) and Zn(II) is not clear, especially in view of the

fact that the structures are quite different. For the equilibrium

in eqn (1), a 1 : 2 : 1 distribution of [M2(L
1)2], [M2(L

1)(L2)] and

[M2(L
2)2] is only expected when two conditions are met: (i) the

two homoleptic complexes [M2(L
1)2] and [M2(L

2)2] have the

same energy, and (ii) there is no favourable cooperative

interaction between the two ligands in the mixed-ligand com-

plex that is absent for the two homoleptic complexes. The

homoleptic complexes [M2(L
1)2] and [M2(L

2)2] may be differ-

ent in energy to start with, because of e.g. different metal–

metal separations leading to different electrostatic contribu-

tions to the overall energy; different metal coordination geo-

metries leading to different extents of ligand-field stabilisation

energy (an issue for Cu21, but not of course for Zn21); or

differing inter-ligand stacking interactions. If this is the case

than there is no reason to expect a 1 : 2 : 1 product distribu-

tion, but one of the homoleptic complexes will be more

abundant than the other. If there is some feature of the

mixed-ligand complex which favours it over either of the

homoleptic complexes, then it will dominate the equilibrium,

as we see here.

[M2(L
1)2] þ [M2(L

2)2] " [M2(L
1)(L2)] (1)

[Cu2(L
1)(L2)] clearly shows inter-ligand aromatic stacking

interactions which are absent for the homoleptic complexes,

and this may be a significant factor. For the Zn(II) complexes

all three complexes (two homoleptic, one heteroleptic) show

evidence of some inter-ligand stacking, and the factors favour-

ing its formation are less obvious; it is interesting however that

this complex is a mesocate whereas the two homoleptic com-

plexes are helicates. The central phenyl ring of L1 is involved in

face-to-face stacking with one of the pyrazolylphenol units of

L2, and two of the H atoms of this phenyl ring are directed

towards the p-electron cloud of ring C(111)–C(116) (from L2)

in an ‘edge-to-face’ arrangement. Solution 1H NMR studies to

examine these interactions in more detail are unfortunately

precluded by the poor solubility of the complexes. However

the product distributions in both cases indicate that the

heteroleptic complexes are significantly stabilized compared

to the homoleptic ones to an extent which allows them to be

isolated by simple crystallization. The observation of these

product distributions in solution by ESMS indicates that

stabilization of the heteroleptic complexes is related to some

favourable feature of the individual complex molecules, and

not to e.g. ‘crystal packing effects’.

Polynuclear complexes based on labile metal ions, in which

a mixture of ligands is selected, remain very rare compared to

the huge numbers of homoleptic complexes of varying archi-

tectures, principally for the simple reason that mixtures of

ligands have scarcely been investigated in self-assembly pro-

cesses.3–5,9 Mixed-ligand complexes can however form easily

in favourable circumstances and offer access to a new range of

self-assembled structures.

Acknowledgements

We thank the New Zealand Tertiary Education Commission

for a Top Achiever Doctoral scholarship to T. K. R, and one

of the referees of an earlier draft of the manuscript for some

constructive suggestions.

References

1 (a) C. Piguet, G. Bernardinelli and G. Hopfgartner, Chem. Rev.,
1997, 97, 2005; (b) E. C. Constable, Polynuclear Transition Metal
Helicates, in Comprehensive Supramolecular Chemistry, ed. J.-P.
Sauvage, Elsevier, Oxford, 1996, vol. 9, p. 213; (c) M. Albrecht,
Chem. Rev., 2001, 101, 3457; (d) M. J. Hannon and L. J. Childs,
Supramol. Chem., 2004, 16, 7.

2 (a) A. M. Garcia-Deibe, J. S. Metalobos, M. Fondo, M. Vazquez
and M. R. Bermejo, Inorg. Chim. Acta, 2004, 357, 2561; (b) X. Sun,
D. W. Johnson, K. N. Raymond and E. H. Wong, Inorg. Chem.,
2001, 40, 4504; (c) Y. P. Cai, C. Y. Su, C. L. Chen, Y. M. Li, B. S.
Kang, A. S. C. Chan andW. Kaim, Inorg. Chem., 2003, 42, 163; (d)
W. Schuh, H. Kopacka, K. Wurst and P. Peringer, Eur. J. Inorg.
Chem., 2002, 2202; (e) M. Albrecht, I. Janser, H. Houjou and R.
Frohlich, Chem.–Eur. J., 2004, 10, 2839; (f) M. Albrecht, Chem.–
Eur. J., 1997, 3, 1466.

3 B. Hasenknopf, J.-M. Lehn, G. Baum and D. Fenske, Proc. Natl.
Acad. Sci. U. S. A., 1996, 93, 1397.

4 C. R. Rice, C. J. Baylies, L. P. Harding, J. C. Jeffrey, R. L. Paul
and M. D. Ward, J. Chem. Soc., Dalton Trans., 2001, 3039.

5 G. Baum, E. C. Constable, D. Fenske, C. E. Housecroft and T.
Kulke, Chem.–Eur. J., 1999, 5, 1862.

6 (a) M. Greenwald, D. Wessley, E. Katz, I. Willner and Y. Cohen,
J. Org. Chem., 2000, 65, 1050; (b) M. Shaul and Y. Cohen, J. Org.
Chem., 1999, 64, 9358.

7 (a) L. P. Harding, J. C. Jeffery, T. Riis-Johannessen, C. R. Rice
and Z. T. Zeng, Chem. Commun., 2004, 654; (b) M. A. Masood, E.
J. Enemark and T. D. P. Stack, Angew. Chem., Int. Ed., 1998, 37,
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