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Pre-programmed Self-Assembly of Polynuclear Clusters 

Takuya Shiga,a,* Graham N. Newtona,b,* and Hiroki Oshioa,* 

This perspective reviews our recent efforts towards the self-assembly of polynuclear clusters with ditopic and tritopic 

multidentate ligands HL1 (2-phenyl-4,5-bis{6-(3,5-dimethylpyrazol-1-yl)pyrid-2-yl}-1H-imidazole) and H2L2 (2,6-bis-[5-(2-

pyridinyl)-1H-pyrazole-3-yl]pyridine), both of which are planar and rigid molecules.  HL1 was found to be an excellent support 

for tetranuclear [Fe4] complexes, [FeII
4(L1)4](BF4)4 ([FeII

4]) and [FeIII
2FeII

2(L1)4](BF4)6 ([FeIII
2FeII

2]).  The homovalent system was 

found to exhibit multistep spin crossover (SCO), while the mixed-valence [FeIII
2FeII

2] complex shows wavelength-dependent 

tuneable light-induced excited spin state trapping (LIESST).  For H2L2, a variety of polynuclear complexes were obtained 

through complexation with different transition metal ions, allowing the isolation of rings, grids, and helix structures.  The 

rigidity of the ligand, difference in its coordination sites, and affinity for different metal ions dictates its coordination 

behaviour.  In this paper, we summarise these ligand pre-programmed self-assembled clusters and their diverse physical 

properties. 

1. Introduction 

Polynuclear coordination complexes have captured the 

imagination of chemists thanks to their potential applications as 

molecular catalysts and nanomagnets. 1   Polynuclear 

coordination compounds are nanoscale systems (usually less 

than 3 nm) typically constructed from a fixed number of 

transition metal ions and a combination of capping and bridging 

ligands.  This sets them apart from nano-particles, which can 

have similar sizes, but tend not to have fixed numbers of 

atoms.2  Polynuclear complexes based on the combination of 

organic ligands and metal ions, are usually synthesised by self-

assembly.  And while there often remains a substantial degree 

of serendipity in the discovery of new polynuclear systems, 

molecular design approaches have been employed in the 

development of clusters in the field of supramolecular 

chemistry. 3   The use of directing, functional ligands can 

introduce a degree of control and predictability into the 

syntheses of multinuclear complexes, and move the area 

towards the targeted isolation of bespoke molecular systems 

with desirable, tuneable physical properties. 

J. M. Lehn and co-workers were pioneers in the modern area 

of multinuclear transition metal cluster science, and showed 

how polypyridine-type multidentate ligands can form 

interesting polynuclear complexes with well-aligned metal ions, 

such as grids, racks, chains, and rings. 4   Less pre-directed 

assembly-techniques have also been extensively studied by 

many chemists5 and a vast range of cluster shapes and sizes 

have been isolated, from low nuclearity systems to giant 

superstructures, such as the oxo-bridged manganese clusters 

reported by G. Christou et al. 6   The identification of the 

appropriate synthetic conditions, including the choice of 

capping ligands, solvents, basicity, atmosphere, and counter 

ions, is key to the discovery of polynuclear complexes, and 

therefore trial and error approaches can be the most fruitful. 

Nano-scale architectures exhibit a range of structural motifs, 

including spheres, 7  polyhedra, 8  cages, 9  wires, 10  rings, 11 

wheels,12 and grids13.  Multinuclear clusters can also replicate 

structural features associated with homologous bulk materials.  

For example, oxo- and cyanide-bridged clusters tend to 

resemble fragments of inorganic metal oxides14 and Prussian 

blue analogues15 respectively. 

Ligand design is the key factor in the controlled syntheses of 

coordination complexes, both in terms of backbone rigidity, 

number and orientation of binding sites and nature of donor 

atoms.  Previously, we studied the syntheses of coordination 

compounds supported by Schiff-base ligands with alkoxo 

functional groups. 16   Polynuclear clusters, such as cubanes, 

wheels, and rings, some of which showed single molecular 

magnetism, 17  were obtained and their magnetic properties 

were investigated.  In these examples, the synthesis was not 

fully ‘directed’ and sometimes gave interesting structures by 

accident, but the conditions were optimised following a trial 

and error approach.  The use of rigid multidentate ligands can 

facilitate the isolation of clusters with ordered arrays of metal 

ions, and this can be coupled with control over the electronic 

structure and valences of metal ions and the nature of the 

electronic interactions between neighbouring ions.  To further 

develop our work, we aimed to synthesise polynuclear 

compounds using multidentate rigid ligands, HL1 (2-phenyl-4,5-

bis{6-(3,5-dimethylpyrazol-1-yl)pyrid-2-yl}-1H-imidazole) and 

H2L2 (2,6-bis-[5-(2-pyridinyl)-1H-pyrazole-3-yl]pyridine).  HL1 
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was found to stabilise tetranuclear [Fe4] complexes, while H2L2, 

formed a range of multinuclear coordination compounds with 

unique regular arrays of metal ions.  In this review, we 

summarize and focus on the complexation reactions of the 

multidentate polypyridine ligands HL1 and H2L2 and the physical 

properties of the obtained cluster molecules. 

2. Structural features of HL1 and H2L2 

HL1 has two tridentate N3 coordination sites, which lend 

themselves to providing a meridional coordination geometry 

for metal ions.  The planar, rigid nature of HL1 regulates the 

placement of bridged metal ions.  The similarity of HL1 to the 

ligands used by Lehn et al. to isolate a [2 x 2] tetranuclear grid 

complex18 led us to attempt to isolate similar systems, pursuing 

redox active functional molecules.  On the other hand, H2L2 acts 

as a tritopic bridging ligand, with two bidentate pyridine-

pyrazole coordination sites and one tridentate pyrazole-

pyridine-pyrazole coordination sites (Fig. 1).  The ligand is rigid 

and flat, but can twist along the single bonds between pyridine 

and pyrazole groups, giving the ligand moderate flexibility.  The 

ligand, H2L2, is a diacid base, with two acidic protons on the 

pyrazole moieties.  Under acidic conditions, the ligand is 

therefore protonated, but when synthesis is performed under 

basic conditions, it can coordinate to three metal ions.  In 

addition, the two different coordination sites provide different 

coordination environments for metal ions.  This was expected 

to be a key directing factor in the construction of heterometallic 

polynuclear complexes. 

 
Fig. 1  Ligand HL1 (top) and H2L2 (bottom); arrows indicate coordination directions, red 

and blue for bidentate and tridentate, respectively. 

The ditopic bridging ligand HL1 was synthesized from 2,6-

dibromopyridine, 3,5-dimethyl-1H-pyrazole and benzaldehyde 

by way of an -diketone precursor. 19  In the case of H2L2, the 

precursor compound H2L’, 2,6-bis[3-(2-pyridine)-1,3-

dioxopropyl]pyridine, of the ligand H2L2 can be easily 

synthesized by the Claisen condensation of 2-acetylpyridine and 

diethyl 2,6-pyridinedicarboxylate.  The heptadentate ligand 

H2L2 was obtained by the ring closing reaction of H2L’ with 

hydrazine monohydrate.20, 22 

3. Tetranuclear iron grid complexes: multistep 
thermal- and tuneable photo-induced spin 
crossover  

The reaction of the multidentate ligand HL1 with Fe(BF4)2
.6H2O 

in acetonitrile yielded a homovalent tetranuclear iron grid 

complex [FeII
4(L)4](BF4)4

.2CH3CN, ([FeII
4]).19  Its mixed-valence 

homologue, [FeIII
2FeII

2(L)4](BF4)6·6CH3NO2·(C2H5)2O·4H2O 

([FeIII
2FeII

2]) was obtained though oxidation of [FeII
4] with AgBF4.  

The molecular structures of the homovalent and mixed-valence 

grids were determined by single crystal X-ray structural analyses 

at various temperature (Fig. 2), and their magnetic properties 

were investigated in detail.   

 
Fig. 2  Molecular structure of [FeII

4] at 293 K (left) and [FeIII
2FeII

2] at 100 K (right) Grid-

type complexes.  Colour code: C, grey; N, light blue; FeII(HS), green; FeIII(LS), orange; 

FeII(LS), blue. 

[FeII
4] has a tetranuclear [2 x 2] grid-like core consisting of four 

crystallographically independent iron ions and four mono-

deprotonated ligands.  Four tetrafluoroborate anions are 

associated with the cluster, and therefore charge balance 

suggests that all iron ions are divalent.  The ligands adopt bis-

tridentate coordination modes, bridging the iron ions through 

their central imidazolate moieties, ensuring that all four iron 

ions are coordinated by two tridentate binding sites, resulting 

in N6 coordination environments.  The electrochemical 

properties of [FeII
4] were investigated by cyclic voltammetry.  

Four quasi-reversible redox processes were observed (Fig. 3 

inset).  The large comproportionation constant (9.8 x 104) 

suggests that the two electron oxidized species, which 

corresponds to the [FeIII
2FeII

2] mixed valence state, is relatively 

stable.  The existence of the mixed-valence state in solution was 

confirmed by the growth of an inter-valence charge transfer 

(IVCT) band during spectroelectrochemical analysis (Fig. 3).  

[FeIII
2FeII

2] has a similar [2 x 2] grid type structure with six BF4
- 

counteranions.  The oxidation and spin states of the iron ions 

were determined by structural analyses, Mössbauer 

spectroscopy and SQUID magnetometry.  [FeII
4] has two low-

spin (LS) Fe(II) ions and two high-spin (HS) Fe(II) ions at 100 K, 

and four HS-Fe(II) ions at 293 K.  On the other hand, [FeIII
2FeII

2] 

has two LS-Fe(II) and two Fe(III) ions at 100 K. 

The spin crossover (SCO) behaviour of [FeII
4] and [FeIII

2FeII
2] was 

elucidated by magnetic susceptibility measurements.  While 
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[FeII
4] showed hysteretic multi-step thermal SCO behaviour 

from its 2HS-2LS state to a high-temperature 4HS phase, 

[FeIII
2FeII

2] remained in its 4LS state below 200 K, and showed 

little thermal SCO up to 300 K (Fig. 4).  In complementary 

research, Sato and Meyer and their respective co-workers 

reported SCO-active Fe(II) grid complexes, in which the spin 

state changed from 2HS/2LS to 4HS.13  The intermediate 

2HS/2LS state is thought to be stabilised in [2x2] grid systems 

due to the favourable combination of structurally and 

geometrically rigid LS-Fe(II) and more flexible HS-Fe(II) centres.  

The photo-switching of the magnetic properties was studied by 

irradiating the systems with lasers at low temperature, and 

monitoring their magnetic properties.  For [FeII
4], the light-

excited state was trapped at low temperature by both green 

(532 nm) and red (808 nm) lasers, giving the four HS-Fe(II) state 

of  [(LS-FeIII)2(HS-FeII)2], called as light-induced excited spin state 

trapping (LIESST).  However, cryogenic photo-irradiation 

experiments to [FeIII
2FeII

2] proved the selective spin conversions 

with different lights.  The green light irradiation, an MLCT band 

for FeII species, generated [(LS-FeIII
2)(HS-FeII

2)(LS-FeII)2] , while 

the red light irradiataion, an LMCT band for FeIII species, lead to 

the formation of [(LS-FeIII
1/4)(HS-FeIII) 3/4(HS-FeII)2].  It should be 

noted that the incompleteness of the spin conversion was due 

to the overlapped LMCT and MLCT bands. 

 
Fig. 3  Spectroelectrochemical analysis and cyclic voltammogram (inset) of [FeII

4] 

measured in acetonitrile at 293 K. 

The integration of multiple metal ions in different electronic 

states is an important goal in the development of advanced 

switching materials due to the cooperativity between structures 

and electronic states mediated by rigid frameworks.  This study 

on the observation of multi-bistability in an iron grid compound 

shows how many stable (spin and redox) states can be accessed 

reversibly in polynuclear transition metal clusters and hints at 

the future applications of such systems in molecular devices. 

 
Fig. 4  Magnetic data of [FeII

4] (empty markers) and [FeIII
2FeII

2] (filled markers).  Heating 

process; dark blue.  Cooling process; light blue.   

4. Structural diversity of polynuclear compounds 
supported by H2L2  

We studied the complexation reactions of the ligand H2L2 with 

the first row transition metal ions, such as manganese, iron, 

cobalt, nickel, copper and zinc ions, and depending on the 

synthetic conditions, a range of different polynuclear 

complexes were obtained.  These clusters can be categorized 

into three types, rings, helices, and grids.  All obtained 

complexes were summarized in Fig. 5. 

 

Fig. 5  Summary of obtained polynuclear compounds with H2L2. 

The grid complexes consist of six ligands and nine metal ions 

and have [3 x 3] type grid-like structures.  The helices have 

pseudo-three-fold symmetric structures with oxo or chloride 

bridging atoms.  The ring complex is composed of four ligands 

and eight metal ions. 

4-1. Grid complexes 

Considering its tritopic nature, one ligand can coordinate to 

three metal ions.  If six ligands coordinate nine metal ions in a 

parallel fashion, a [3 x 3] type grid complex can be constructed.  

A schematic illustration of the cluster topology is depicted in Fig. 

6. 
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Fig. 6  Schematic drawing of the [3 x 3] Grid-type complexes obtained with H2L2. 

A [CuII
9] grid complex, [CuII

9(L2)6](BF4)6
.3CH3CN.1-

PrOH.13H2O, was synthesized by the reaction of Cu(BF4)2
.nH2O 

with H2L2 and Et3N in a 1-propanol/acetonitrile solution (3:7).21  

This [3 x 3] grid-like structure is composed of six ligands and nine 

copper ions (Fig. 7).  There are three kinds of copper centre in 

the nonanuclear grid complex, categorized as central, edge, and 

corner ions.  The central copper ion has an elongated octahedral 

geometry with six nitrogen atoms coordinating from two 

tridentate coordination sites of two deprotonated ligands (L2)2-

.  The four copper ions on the edges have square-pyramidal 

coordination environments with one tridentate coordination 

site of the ligand and one bidentate coordination site.  The four 

copper ions located at the corner sites have distorted 

tetrahedral coordination environments coordinated by two 

bidentate coordination sites.  Although from the top view, the 

cluster appears to be a perfect planar array of metal ions, the 

nine copper ions are not on the same plane.  All copper ions 

were found to be divalent, based on charge balance and their 

coordination bond lengths.  The electrochemical properties of 

the [CuII
9] grid complex in acetonitrile solution were 

investigated and showed four quasi-reversible redox processes 

(Fig. 8 left), suggesting the possible formation of mixed valence 

species.   It should be noted that no intervalence band was 

observed in the spectroelectrochemical measurement.  .   

 
Fig. 7  Molecular structure of the [CuII

9] Grid-type complex.  Top view (left) and side 

view (right).  Colour code: C, grey; N, light blue; CuII, blue. 

A mixed-valence [CuI
2CuII

7] grid complex, 

[CuI
2CuII

7(L2)6](PF6)4
.4CH3CN.2MeOH.2H2O, was synthesized by 

the reaction of [CuI(CH3CN)4](BF4) with H2L2, Et3N and NH4PF6.  

The [CuI
2CuII

7] grid has a similar [3 x 3] grid structure, but the 

overall grid shape is distorted relative to that of the [CuII
9] grid 

(Fig. 8 right).   

 
Fig. 8  Cyclic voltammogram of [CuII

9] Grid-type complex (left).  Top view of molecular 

structure of [CuI
2CuII

7] grid (right).  Colour code: C, grey; N, light blue; CuII, blue; CuI, 

khaki. 

A [CoII
8CoIII] grid, [CoII

8CoIII(L2)6](BF4)7, was obtained by the 

reaction of Co(BF4)2
.6H2O with H2L2 and trimethylamine in 

methanol/acetonitrile solution under air. 22   The molecular 

structure is similar to that of the [CuII
9] grid complex, with a 

regular square framework.  Interestingly, the cobalt ions in the 

grid are found to possess three discrete spin states, which were 

assigned based on charge balance, coordination bond lengths, 

and magnetic data.  The cobalt ion in the central coordination 

site can be assigned as a trivalent low spin (S = 0) centre, due to 

its short average bond length (av. 1.92 Å).  The cobalt ions at the 

edge and corner sites have slightly longer average coordination 

bond lengths (1.95 and 1.99 Å, respectively), assumed to 

correspond to divalent LS and HS states, respectively.  

Cryomagnetic studies reveal that the [CoII
8CoIII] grid complex 

behaves as single-molecule magnet with an effective activation 

energy of E = 12.7 K, which is confirmed by alternating-current 

magnetic susceptibility measurements.   

In the case of the grid clusters, there are three different 

coordination sites.  If the metal ions are stable in tetrahedral 

coordination environments, the self-assembly process will 

promote the formation of this grid-type structure and integrate 

nine metal ions into an ordered array.  This system is a very rare 

example of the one-pot self-assembly of polynuclear complexes 

with transition metals in three different electronic states.   

4-2. Helix complexes 

The products of complexation reactions with H2L2 vary 

depending on synthetic conditions.  It was found that the use of 

iron or manganese sources favoured the helical structure type.   

Three helical iron complexes with three-fold rotation axes were 

obtained, all of which can be synthesized selectively under 

different conditions. 23   The molecular structure of the 

pentanuclear iron complex [FeII
2FeIII

3], [FeII
2FeIII

3(L2)3(μ3-O)(μ2-

OMe)(OAc)2]Cl2·6MeOH·2H2O, is shown in Fig. 9 left.  Three 

doubly-deprotonated ligands coordinate five iron ions in a spiral 

manner.  All iron ions have octahedral coordination 

environments, but there are two distinct types of iron ions, one 

located in the central triangular core and the other isolated at 

the terminal tip of the helix.  The cluster has a 3-oxo bridge in 

the central Fe3O core, and the iron ions of central triangular unit 

are coordinated by N3O3 donor atoms from one tridentate 

ligand, two acetate or methoxide oxygen atoms and the central 
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3-oxo ion.  The iron ions at the tip of helix have N6 coordination 

environments from three bidentate pyridyl-pyrazole moieties of 

the ligand.  Considering the bond lengths, bond valence sum 

calculations (BVS) and charge balance, it is suggested that the 

three central iron ions and the two terminal iron ions are 

trivalent and divalent, respectively, which was confirmed by the 

Mössbauer spectrum.  Similar pentanuclear [Fe5] or [M5] 

clusters have been reported, and have been found to show 

interesting catalytic, electrochemical and magnetic 

properties. 24   A heptanuclear iron complex 

[FeII
4FeIII

3(HL2)(H2L2)5(μ2-OH)6(OH)6](BF4)4·8.5MeOH·8H2O, 

[FeII
4FeIII

3], was obtained using Fe(BF4)2
.6H2O as the iron source.  

The molecular structure of [FeII
4FeIII

3] is shown in Fig. 9 right.  

The complex consists of six ligands and seven iron ions with 

twelve hydroxide anions.  The iron ions can be categorized by 

their position in the cluster, sitting in either a central 

pentanuclear unit or one of two terminal mononuclear 

locations.  The central pentanuclear core has a trigonal 

bipyramidal structure consisting of five iron ions and six -oxo 

bridges. The triangular mixed-valence FeIIFeIII
2 core in the 

central sites was connected to two FeIII ions in the apical sites 

through oxo bridges.  The iron ions in the central sites have N4O2 

donor sets from the two bidentate pyridine-pyrazole units and 

the bridging oxygen atoms.  In contrast, the iron ions in the 

central coordination sites have O6 coordination geometries 

from three hydroxo groups and three bridging oxygen atoms.  

The terminal iron ions have N6 coordination environments from 

three bidentate pyridine-pyrazole ligand moieties.  Considering 

the charge balance and coordination bond lengths, the 

heptanuclear complex has a mixture of valence states with 

protonated ligands interacting with hydroxo groups through the 

pyrazole moieties.  The structure is stabilized by - stacking 

interactions between neighbouring ligands. 

 
Fig. 9  Molecular structure of [FeII

2FeIII
3] (left) and [FeII

4FeIII
3] (right) helix-type complex.  

Color code: C, grey; N, light blue; O, red; FeIII, orange; FeII, green. 

Electrochemical studies on [FeII
2FeIII

3] and [FeII
4FeIII

3] reveal 

these clusters to show three and five reversible redox processes, 

respectively (Fig. 11).  These systems may have use in electron 

sink-type applications. 

 
Fig. 10  Electrochemical properties of the [FeII

2FeIII
3] (left) and [FeII

4FeIII
3] (right) helix-

type complexes. 

Reaction of H2L2 with FeCl2.4H2O in the presence of triazole 

and NH4PF6 in methanol/acetonitrile solution allows the 

isolation of a giant [FeIII
17] cluster, [FeIII

17(L2)9(3-O)13(3-

OH)](PF6)6
.2H2O.8CH3CN, was obtained.  The [FeIII

17] cluster 

consists of seventeen iron ions, nine ligands, and thirteen oxo 

and one hydroxo bridges (Fig. 11).  There are five iron cluster 

layers perpendicular to a three-fold axis, which can be classified 

into three layer types, the central layer A, the middle layers B, 

and the terminal layers C, leading to an overall CBABC 

arrangement.  The central layer A is a triangular trinuclear unit 

connected to layer B through oxo atoms.  The B layers have 

triangular tetranuclear structures with a ‘Mitsubishi’ logo-like 

shape, while the terminal C layers are triangular trinuclear units 

bridged by one oxo or hydroxo group.  The helix is stabilised by 

- stacking between neighbouring ligands.  All iron ions of 

[FeIII
17] are in their trivalent state (as confirmed by coordination 

bond lengths) with distorted octahedral coordination 

geometries.   

 
Fig. 11  The molecular structure of the [FeIII

17] helix-type complex.  (a) Side view, (b) 

core structure, (c) top view, and (d) ‘Mitsubishi’ logo-like shape in layer B (right).  

Colour code: C, grey; N, light-blue; O, red; FeIII, orange. 
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The reaction of H2L2 with manganese sources leads to 

isolation of pentanuclear [MnII
3MnIII

2] and octanuclear [MnII
8] 

complexes, [MnII
3MnIII

2(L2)3(3-

O)(NO3)(OMe)2(MeOH)](NO3).4MeOH.H2O and [MnII
8(L2)6(3-

Cl)2]Cl2.3C2H4Cl2.60H2O.2DMF.25  The pentanuclear manganese 

helix [MnII
3MnIII

2] has a similar core structure to the [FeII
2FeIII

3] 

helix.  However, their valence states are different and the spin 

states were elucidated by detailed analysis of magnetic 

properties and the existence of Jahn-Teller distortions.  

[MnII
3MnIII

2] cluster consists of five manganese ions, three 

deprotonated ligands, one 3-oxo atom, two 2-methoxo 

groups and a capping monodentate nitrate anion (Fig. 12 left).  

Considering charge balance and coordination bond lengths, two 

of three central manganese ions in the triangular core can be 

assigned as trivalent, the other is divalent.  The terminal 

manganese ions exist in N6 donor environments from three 

pyridine-pyrazole bidentate ligands groups and are in their 

divalent state.  In the octanuclear [MnII
8] cluster, doubly - 

stacked ligands stabilize a three-fold symmetric helix.  This 

[MnII
8] helix includes eight manganese ions, six ligands, and two 

3- chloride ions (Fig. 12 right).  There are two terminal 

mononuclear moieties and two triangular Mn3Cl layers 

perpendicular to the three-fold axis.  It is likely that the long 

coordination bond lengths between manganese ions and 

chloride anions allow the formation of manganese-to-

manganese ion bridges by pyrazole moieties, retaining the 

trigonal symmetric metal assembly.  Cyclic voltammetry 

conducted in DMF showed no reversible redox processes. 

In the iron and manganese helix-type clusters, the systems 

are stabilized by oxo- or hydroxo bridges and metal ions with 

distorted coordination environments.  Trivalent iron and 

divalent manganese ions are d5 transition metal ions in the HS 

state, with isotropic electronic configurations.  The lack of 

ligand field stabilization energy barriers allows both systems to 

exist in highliy distorted coordination environments.  It is 

proposed that this is one of the key determinants in the 

formation and stabilization of the helix-type clusters.   

 
Fig. 12  Molecular structures of [MnII

3MnIII
2] (left) and [MnII

8] (right) helix-type 

complexes.  Colour code: C, grey; N, light blue; O, red; MnII, pink; MnIII, olive. 

4-3. Ring complexes 

A [CoII
8] ring complex, [CoII

8(L2)4(OH)4(MeOH)16](BF4)4, was 

synthesized by the reaction of Co(BF4)2
.6H2O with H2L2 and 

trimethylamine in methanol under anaerobic conditions.  In the 

section 4-1, the Co grid [CoII
8CoIII] was presented.  The synthesis 

was performed under inert conditions, preventing the oxidation 

of the CoII ions by oxygen.  The octanuclear cobalt ring [CoII
8] 

consists of eight cobalt ions, four ligands and sixteen methanol 

molecules.  There are two kinds of cobalt ion in the ring (Fig. 13).  

Four of the eight cobalt ions have N3O3 donor environments 

from one tridentate coordination site of L2, two methanol 

molecules, and one hydroxide ion.  The remaining four cobalt 

ions have N4O2 coordination geometries coordinated by two 

pyridyl-pyrazole bidentate coordination sites and two methanol 

molecules.  These two kinds of cobalt ions are alternately 

bridged by pyrazolate groups of the deprotonated ligands.  

Previously reported ring complexes have very symmetric 

structures.11  The asymmetric ring complex is topologically 

interesting in comparison to the previously reported systems.  

The arrangement of metal ions appears oval when viewed from 

above the ring, but from the side it can be seen that the cobalt 

ions are not located in the same plane.  The [CoII
8] ring shows 

intermolecular antiferromagnetic interactions between 

neighbouring cobalt ions through pyrazolate groups.  Many 

examples of antiferromagnetic ring complexes have been 

reported, but this asymmetric ring can be considered as a new 

magnetic system due to the difference in coordination 

environments and electronic states of the constituent metal 

ions.   

Preliminary studies reveal that [CuII
8], [NiII8], and [MnII

8] ring 

clusters can be obtained, all of which have been characterized 

by single crystal X-ray structural analyses and cryomagnetic 

studies.  These magneto-structural correlations will be 

published in due course.   

 
Fig. 13  Structure of [Co8] ring. Side view (left) and Top view (right). Colour code: C, 

grey; N, light blue; O, red; CoII, blue. 

5. Heterometallic cluster self-assembly with H2L2 

The self-assembly of polynuclear clusters will be affected by the 

redox states and coordination affinities of the metal ions.  We 

investigated the self-assembly of heterometallic systems by 

mixing iron and cobalt sources with H2L, and monitored the self-

assembly behaviour by time-resolved ESI-MS.  Two structurally 

characterized complexes, a [FeIII
2CoII

5] helix and a [FeII
4FeIIICoII

4] 

oxo-bridged grid, [CoIII
2CoII

5(H2L2)6(O)6(H2O)6](BF4)4 and 
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[FeII
4FeIIICoII

4(H2L2)6(OH)12(H2O)6](BF4)7, were obtained by the 

reaction of Fe(BF4)2.6H2O and Co(BF4)2
.6H2O in a 1:8 or 1:1 

Fe/Co ratio respectively, with H2L2 and trimethylamine in a 2:1 

mixture of MeOH and MeCN.26  

The [FeIII
2CoII

5] helix has a similar helical structure to the 

heptanuclear iron complex [FeII
4FeIII

3].  The locations and 

valence states of the metal ions were decided by coordination 

environments, total charge balance, ICP and Mössbauer data.  

The structure of the [FeII
4FeIIICoII

4] oxo-bridged grid is different 

to the above-mentioned grid-type structures (Fig. 14).  This oxo-

bridged grid has a [3 x 3] grid structure and is comprised of six 

ligands coordinating five iron and four cobalt ions in a 

bis(bidentate) manner via pyridine-pyrazole coordination sites.  

The central, typically tridentate, N3 coordination sites remain 

non-interacting.  All metal ions are bridged by 2-hydroxo 

moieties, where the central ion has four bridges to 

neighbouring metal ions, the edge ions have three, and the 

corner ions two.  The metal ions and bridging hydroxo oxygen 

atoms are almost co-planar, forming an ideal grid arrangement.  

The hydroxo groups are stabilized by hydrogen bonds with the 

protonated ligands.   

 

    
Fig. 14  The molecular structure of the oxo-bridged grid [FeII

4FeIIICoII
4].  Top view (left) 

and side view (right). Colour code: C, grey; N, light blue; O, red; CoII, blue; FeIII, FeII, 

orange. 

Time-resolved ESI-MS experiments conducted on the 

[FeII
4FeIIICoII

4] reaction mixture suggested that the [FeIII
2CoII

5] 

helix was formed in the initial reaction period, and that the 

expected [FeII
4FeIIICoII

4] oxo-bridged grid only appeared after 

the oxidation of the system on exposure to air.  Such 

complicated self-assembly processes can be investigated by 

time-resolved ESI-MS technique and related characterization 

methods.  This combination of reaction monitoring and a trial 

and error synthetic approach may be a key aspect of the search 

for the next generation of functional molecular materials.   

The potential to combine different metal ions in heterometallic 

grid compounds is currently under investigation, motivated by 

the existence of the three different coordination sites in 

systems.  Recently we have found that the combination of, iron 

and copper ions led to the isolation of a mixed valence 

[CuI
2CuII

6FeIII] grid, which shows five reversible redox processes 

based on the oxidation of Cu(I) and the reduction of Fe(III) ions.  

Our studies on the system will be reported in due course.   

6. Conclusions 

This short review has discussed the factors influencing the self 

assembly of polynuclear clusters synthesized from ditopic and 

tritopic multidentate ligands, HL1 (2-phenyl-4,5-bis{6-(3,5-

dimethylpyrazol-1-yl)pyrid-2-yl}-1H-imidazole) and H2L2 (2,6-

bis-[5-(2-pyridinyl)-1H-pyrazole-3-yl]pyridine).  Using HL1, 

tetranuclear homovalent [FeII
4] and mixed-valence [FeIII

2FeII
2] 

grid systems were synthesized, and were found to exhibit multi-

stable spin states based on thermal and photo-induced spin 

crossover phenomena.  For H2L2, a range of polynuclear 

complexes were obtained with grid, helix, and ring structures, 

and extensive studies have been carried out on the electronic 

structure, redox behaviour and magnetic properties of the 

different systems.  From a synthetic stand point, the driving 

forces of cluster formation correlate to the flexibility of the 

ligand, differences in available coordination sites, and the 

nature of the donor atoms and their specific affinities for 

different metal ions.  The self-assemby processes discussed in 

this review provide useful information for the targeted 

development of novel polynuclear complexes with unique 

regular arrays of metal ions.  In future studies, modification of 

the coordination sites and flexibility of the bridging ligands will 

afford previously-unreported clusters, and this approach can be 

considered pre-programmed self-assembly.  The combination 

of molecular design and exploration of experimental conditions 

underpins the continued search for novel cluster molecules 

with unique topologies and tuneable electronic states towards 

the development of functional molecular materials for 

applications in future technologies. 

 

Fig. 15  Summary of clusters obtained with the two planar multidentate ligands. 
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