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Summary 

 The research presented in this thesis lies within the area of coordination 

chemistry and the study of polynuclear metal complexes. More specifically, this project 

involves the synthesis and structural and magnetic (for some examples) 

characterisation of novel polynuclear d-block metal complexes, featuring either 

C3-symmetric tripodal Schiff base ligands or small tridentate ligands. 

 Chapter 2 details the attempts at the complexation of the C3-symmetric tripodal 

hexadentate Schiff base ligands, cis,cis- and cis,trans-tris(salicylideneamino)cyclo-

hexane (H3L2a and H3L2b), which consist of phenol groups appended to a 

1,3,5-triaminocyclohexane (L1) backbone. The crystal structure of L1a.3HBr and H3L2a 

are described and show the formation of 3D networks through hydrogen bonding. 

Linear trinuclear d-block metal complexes (L2a)2M3 (M(II) = Cd (1), Mn (2), Ni (solvates 

3 and 4), Zn (5), Co (solvates 6 and 7), as well as (HL2b)2Co3(OAc)2·CHCl3 (8) were 

isolated and structurally characterised. Moreover, the complexation of H3L2a and 

H3L2b with Cu(II) was studied, resulting in the isolation of the tetranuclear complex 

(L2b)2Cu4 (solvates 9 and 10) and the mononuclear complex (HL2a)Cu (11), even 

though a 2:3 ligand-to-metal ratio was used. However, no trinuclear Cu(II) complex was 

isolated. Single crystals of all these complexes were isolated and structurally 

characterised. Magnetic measurements for the Mn(II) and Ni(II) trinuclear complexes 

revealed an antiferromagnetic coupling for the former and a ferromagnetic coupling for 

the latter. 

 Chapter 3 describes the synthesis and structural characterisation of 

paramagnetic first row transition metal complexes incorporating 2,6-pyridinedimethanol 

(H2L3) or 2,6-bis(hydroxymethyl)-4-methylphenol (H3L6). A discrete novel manganese 

undecanuclear cluster incorporating H2L4, [Mn11(L4)2(OAc)13O6(H2O)4]·MeOH·3.8H2O 

(12), was synthesised. It is a mixed-valence MnII
4MnIII

7 compound. The most 

remarkable feature of this reaction is the in situ formation of H2L4 from the reaction of 

two molecules of H2L3. A mononuclear manganese complex featuring H2L4, 

[Mn(H2L4)(OAc)(H2O)](OAc) (13), was also isolated from the same reaction, whose 

noticeable feature is the presence of two enantiomers in the non-chiral space group 

P-1. Moreover, hydrogen bonding of the mononuclear complex of H2L4 with an acetate 

molecule led to the formation of a pseudo-macrocycle, which is then further hydrogen 

bonded into 2D sheets. H2L3 also yielded a tetranuclear manganese and nickel  

complex, [Mn4(HL3)4(OAc)4(OMe)2]·1.6MeOH·3.4H2O (14) incorporating a mixed 

valence MnII
2MnIII

2 planar diamond core and [Ni4(HL3)3(OAc)5(HOMe)2]·3H2O·MeOH 

(15) featuring a novel open cubane core due to a µ3-bridging acetate. However, 

attempts to get a similar nickel complex to 14 featuring the bidentate ligand 



 xi 

pyridine-2-methanol (HL5) failed, only mononuclear complex Ni(HL5)2(OAc)2 (16) was 

isolated. Furthermore H3L6 led to the isolation of the novel 1D linear copper(II) polymer 

{Cu3(HL6)2(OAc)2(MeOH)}n (17), whose crystal structure was determined. The chains 

result from the bridging of adjacent Cu(II) centres via two µ2-oxygen atoms and then 

assemble into 2D sheets via hydrogen bonding interactions. 

Chapter 4 contains results of the synthesis and complexation of C3-symmetric 

tripodal Schiff base ligands, heptadentate H3L7 and L8, and hexadentate L9a and L9b. 

These ligands incorporate either an L1 or a tren backbone, to which are appended 

three phenol or pyridine groups. The crystal structure of the ligand H3L7 is described 

herein. A linear trinuclear complex (L7)2Cd3 (18), whose structure is very similar to 

complex 1, was isolated. Futhermore, L8 formed both a trinuclear and a mononuclear 

complex featuring Ag(I), [(L8)2Ag3](PF6)3 (19) and [(L8)Ag](PF6) (20). Finally, 

complex 20, along with mononuclear complexes [(L8)Cu](PF6)2 (21)  and 

[(L9a)Fe](PF6)2 (22), whose structures are described herein, exist as two enantiomers 

due to the ability of L8 and L9a to form a twist towards the left or towards the right by 

coordination. 

Chapter 5 provides the experimental details for the synthesis of the compounds 

described herein. 
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Chapter 1 

 

Introduction. 
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1.1 Preamble. 

The study of polynuclear d-block metal complexes encompasses an extensive 

and extremely diverse range of modern coordination chemistry. Polynuclear metal 

complexes known to date include from 2 to 84 and above metal centres in a discrete 

assembly,1 or to an infinite number of metal centres in polymers, the most common 

nuclearity being 2, 3, 4, 5 and 6.2 The number of reported polynuclear complexes is, of 

course, enormous. The sheer enormity of the subject area renders the possiblity of an 

adequate survey of the known multimetallic complexes outside the scope of the 

current thesis. Hence the present discussion will be limited to polynuclear compounds 

containing three, four and eleven metal atoms, as well as infinite chains. 

The aim of this chapter is firstly to give an overview of the inspirations and 

driving forces behind the research reported herein, followed by an account of some 

polydentate ligand groups featured in such assemblies, with the emphasis made on 

ligands related to the one used in this body of work. A non exhaustive overview of 

reported complexes will then introduce the different polynuclear geometries known for 

the nuclearity encountered throughout this work, followed by an account about the 

aggregation of metal centres and ligand species via self-assembly. Finally, the work 

described in this thesis will be introduced. 

1.2 Potential applications for polynuclear metal complexes. 

The synthesis of large cluster-aggregates has been of interest not only for their 

aesthetic beauty but also for their unusual physical and magnetic properties. The 

account below gives an overview of the different potential applications for the work 

reported in this thesis. 

1.2.1 Polynuclear complexes as models for active sites of enzymes. 

A current driving force behind the synthesis of polynuclear transition metal 

complexes is to develop synthetic models to reproduce the spectroscopic features, 

and ultimately the function, of the metalloprotein active site in a low-molecular-weight 

complex of known structure. Metalloproteins are simply metal complexes but with 

remarkably intricate and complex ligands. For most of the metalloproteins, the metal 

ion and its environment are key to the chemistry as they constitute the active site, 

which may be used in catalysis. The aim of this process is to understand the structure 

and function of the metalloprotein and ultimately to duplicate its function for use in 

catalysis. However, there is a difference between mimicking the structure and 

spectroscopic properties of a metalloprotein’s active site and reproducing its function in 

a synthetic complex. Both objectives require a good understanding of the factors that 



 3 

control the properties of the natural site, but a functional model may not necessarily 

mimic the structure very accurately.3 Attempts to model the metal sites in proteins 

featuring nickel,4 copper,5,6 and zinc7 have been reviewed, as well as the use of 

macrocyclic complexes as models, first by Godeken in 19798 and then by McKee in 

1993.3  

Photosynthesis uses light energy to drive the oxidation of water at an 

oxygen-evolving catalytic site within photosystem II. Molecular dioxygen is released as 

a by-product. Given the essential role of photosystem II in maintaining the biosphere, it 

is of considerable importance to elucidate its catalytic mechanisms, particularly those 

involved in the water oxidation process.9-11 The structure of the oxygen-evolving centre 

(OEC) is illustrated in figure 1.1,10 knowing that 3.0 Å is the best resolution to date 

obtained for the structure of photosystem II. It contains a cubane-like {Mn3CaO4} 

cluster linked to a fourth Mn by a mono-µ-oxo bridge.   

 

 

Figure 1.1 – Schematic view of the oxygen-evolving centre (OEC)10 showing the Mn4Ca cluster 

and the side-chain ligands. Surrounding amino-acids are represented in yellow, orange and 

green. X1, X21, and X22 are possible substrate water binding positions to Mn4 (X1) and to Ca2+ 

(X21 and X22). Possible water molecules, which are not visible at the current resolution, are 

indicated as W. Possible hydrogen bonds are shown as light-blue dotted lines. 

1.2.2 Polynuclear transition metal clusters as molecule-based magnets. 

Metal-metal interactions between paramagnetic metal centres through bridging 

atoms in polynuclear complexes have been studied extensively in order to understand 

the fundamental factors controlling the exchange interactions, due to the interesting 

resulting magnetic properties they display.12 Magnetic materials are currently used in a 

wide range of devices including magnetomechanical applications (e.g., refrigerator 

magnets, medical implants), acoustic devices (e.g., loud-speakers, microphones, 

headphones), information-telecommunications devices (e.g., switches, sensors, fax 

machines, magnetic disks), electrical motors and generators and in magnetic shielding 

(e.g., for high-voltage electrical lines and communication equipment).13 These 
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materials can be characterised by the critical temperature (Curie temperature), the 

temperature below which a material behaves like a magnet. Molecule-based magnets 

are “new magnets based on molecules as building blocks” as defined by Miller and 

Epstein.13 These new magnets present several attributes unavailable in conventional 

metal/intermetallics and metal-oxide magnets, like low density, mechanical flexibility, 

low-temperature processability, high strength, high magnetic susceptibilities, high 

magnetisations and remanent magnetisations. Moreover, molecule-based magnets 

can be prepared in much less extreme conditions using conventional organic and 

inorganic synthetic methods. Miller et al.14 discovered the first molecule-based material 

with a critical temperature above room temperature. This discovery encouraged 

interest in this area as it envisioned a direct application to future technologies. 

Molecule-based magnets exhibit a wide variety of bonding and structural motifs, these 

include isolated molecules, molecules with extended bonding within chains (1D), 

layers (2D) and 3D network structures.13 

The essential component of any magnetic material is the presence of unpaired 

electrons in d- or f-orbitals on the metal ions.15 If the electron is paired with another in 

the same orbital, the combined magnetic effect of the two electrons is zero because 

the opposite spins and the magnetic moments cancel each other out. Materials whose 

atoms contain only filled orbitals and hence no unpaired electrons are termed 

diamagnetic. Materials that contain unpaired electrons are termed paramagnetic.2 

Compounds that are paramagnetic include d- or f-block transition metal ions, organic 

radicals and other special cases (e.g. O2 and B2). Compounds in which the 

paramagnetic centres are separated from one another by numbers of diamagnetic 

atoms (from ligands…) are said to be magnetically dilute. If the ligands or other 

diamagnetic species allow the neighbouring paramagnetic centres to interact with one 

another, the compound is magnetically concentrated.16 Antiferromagnets contain an 

antiparallel alignment of spins of equal magnitude and hence complete cancellation of 

spins results in net zero moment (see figure 1.2). These interactions between unpaired 

electrons can also give rise to ferromagnetism, albeit not so common, by alignment of 

the spins in a solid in the same direction at low temperature, resulting in a net 

magnetic moment (see figure 1.2).15 

 



   

a)       b)         c) 

Figure 1.2 – Schematic illustration of spin coupling behaviour: a) paramagnetically disordered 

spins, b) antiferromagnetically ordered (opposed) spins, c) ferromagnetically ordered (aligned 

spins).15 

1.2.3 Polynuclear transition metal clusters: towards single-molecule magnets. 

The synthesis and characterisation of discrete polynuclear clusters of 

paramagnetic metal ions has attracted intense study since the discovery that such 

molecules can display the phenomenon of single-molecule magnetism. Indeed, 

Gatteschi, Christou, Hendrickson et al.17 discovered in 1993 that single molecules of 

[Mn12O12(O2CR)16(H2O)4] (Mn12Ac) (R = CH3 or Ph) are superparamagnets and thus 

behave as magnets at temperatures below their blocking temperature TB. Since then, 

there has been great interest in trying to better understand this new phenomenon of 

single-molecule magnetism and to synthesise new polynuclear clusters of 

paramagnetic metal ions displaying the same phenomenon. These single molecules 

behaving as magnets have been simply called single-molecule magnets (SMMs) or 

molecular nanomagnets. The Mn12-O core for [Mn12O12(O2CR)16(H2O)4] (R = CH3 or 

Ph) is represented in figure 1.3. The core of the dodecanuclear complexes can be 

described as a central {MnIV
4O4} cubane held within a nonplanar ring of eight additional 

manganese(III) atoms, displaying typical Jahn-Teller distortion, by eight µ3-oxygen 

atoms. 
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Figure 1.3 – Mn-O core of the single molecules [Mn12O12(O2CR)16(H2O)4] (Mn12Ac) (R = CH3 or 

Ph).17 The Mn-core has been highlighted as yellow bonds. Purple atoms represent Mn(IV) 

centres, whereas orange atoms represent Mn(III) centres and red atoms represent oxygen 

atoms. 

 Currently it is a problem to make really small, nanoscale magnetic particles 

from iron, iron oxide, or the other magnetic materials known to date. However, these 

new magnets based on manganese, are much smaller than the magnetic particles 

currently used in information storage, but nevertheless are magnets at low 

temperatures. So each molecule can be considered as an ultra-small magnetic 

particle, promising access to high-density information storage devices.18 

 In order to show single-molecule magnetism, a molecule must display slow 

magnetisation relaxation below its blocking temperature, TB. This behavior results from 

a large ground spin state (S) combined with a large and negative Ising (or easy-axis) 

type of magnetoanisotropy, as measured by the axial zero-field splitting parameter, D. 

This combination leads to a significant energy barrier (U) to magnetisation reversal, 

whose maximum value is given by S2D or (S2-1/4)D for integer and half-integer 

spin, respectively, leading to the slow relaxation of magnetisation, which is the 

characteristic behaviour of a SMM.19 Figure 1.4 represents the double-well potential for 

a Mn12Ac molecule and shows the energy barrier.20 
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Figure 1.4 – Plot of potential-energy versus magnetisation direction, called double-well 

potential, for a single Mn12Ac molecule in zero applied field with a S = 10 ground-state.20 

Experimentally, a SMM shows superparamagnet-like properties, exhibiting both 

a frequency-dependent out-of-phase AC magnetic susceptibility signal, and hysteresis 

in a plot of magnetisation versus applied DC magnetic field. Figure 1.5a represents the 

magnetisation hysteresis loops of a Mn18 SMM,21 and shows that hysteresis loops 

were observed below 1 K, whose coercivities increase with decreasing temperature as 

expected for a SMM. In addition, SMM do not only display the classical property of 

magnetisation hysteresis but also the quantum property of quantum tunnelling of the 

magnetisation (QTM) through the anisotropy barrier to magnetisation relaxation. Figure 

1.5b represents the magnetisation hysteresis loop measured for a Mn12 SMM,22 and 

shows the steplike features indicative of QTM. The loops represented in figure 1.5a do 

not show the steplike features indicative of QTM, but it is possible that steps are 

present but smeared out by broadening effects. QTM23 takes place where there is an 

alignment of energy levels in the two parts of the double-well potential, the latter 

representing the change in potential energy as the molecules convert from the spin up 

to the spin down state. 

 



 

 

 

a)           b) 

Figure 1.5 – Magnetisation hysteresis loops a) for a Mn18 SMM21, b) for a Mn12 SMM22, the 

steplike features in the latter showing quantum tunnelling of the magnetisation (QTM). 

 Although complexes displaying SMM behavior are known for several other 

metals,24-37 manganese carboxylate clusters have to date proven to be the most fruitful 

source of SMMs. Examples include the archetypal [Mn12O12(O2CR)16(H2O)4] family,17 

Mn2,38 Mn4,39-47 Mn6,48,49 Mn9,50 Mn12,51-53 Mn16,49,54,55 Mn18,21 Mn21,56,57 Mn22,58 Mn25,59 

Mn26,60 Mn30,61,62 Mn32,63 and Mn84
1 clusters. Christou recently published a short review 

about the latest advances in the domain of SMMs.19 Mn12Ac was the first SMM 

discovered, and the most studied to date22,64-68 (only the latest papers are mentioned) 

due to its large spin (S = 10) and high symmetry (S4). The Mn12 family also possesses 

the lowest blocking temperature (TB ~ 3 K) against magnetisation relaxation of any 

SMM. Hence Mn12Ac and the Mn12 family remain an attractive and productive area for 

further research. 

An important challenge is now to find better SMMs that function at higher 

temperatures.18 Another challenge is to obtain synthetic control over obtained species, 

as well as to develop new synthetic methodologies to transition metal clusters of 

various nuclearities and structural types.19 Powell et al.69 reported an attempt to design 

and synthesise a SMM, a Fe4 propeller compound, with the surprising result that the 

molecule specifically designed to display SMM behaviour proves not to. Thus, there is 

no guarantee that a designed cluster will show SMM behaviour. 

1.3 Ligands incorporated in polynuclear metal complexes. 

Several types of polydentate ligands have been reported to date to be 

precursors to the preparation of polynuclear metal complexes. The following account 

gives an overview of different types of polydentate chelating ligands that have been 

used in these assemblies. 
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1.3.1 Bi- and tripodal Schiff base ligands. 

Bi- and tripodal Schiff base ligands, formed by the condensation of a bi- or 

tripodal amine with two or three equivalents of an aldehyde, lead to polydentate 

ligands (as represented in figure 1.6), if aldehydes like pyridine-2-carboxyaldehyde or 

salicylaldehyde are used. Many polynuclear metal complexes have been prepared by 

using these well-designed ligands. Several tripodal hexadentate ligands70-72 have been 

used as a building block for either linear trinuclear complexes incorporating a wide 

range of transition metal centres (Mn(II), Co(II), Ni(II), Cu(II) or Zn(II)) or trinuclear 

V-shaped complexes73 incorporating Mn(II), Zn(II) or Cd(II), as they are pre-oriented 

for coordination with metal centres. Bipodal tetradentate ligands have also been used 

in the formation of linear trinuclear complexes incorporating Ni(II),74 Cu(II),75-77 Zn(II),78 

Cd(II),79 or mixed metal Ni2Mn1,80 or Cu2Zn1,81 even though these bipodal ligands are 

less pre-oriented to form these linear trinuclear assemblies than tripodal ones. An 

example of a bipodal hexadentate ligand leading to a linear mixed oxidation Co(III/II/III) 

complex has also been reported.82 Moreover, tetranuclear manganese(III) complexes 

of formula [Mn4O2(L)2]2+ (as [MnCl4]2-, ClO4
-, CF3SO3

-, Ph4B- or PF6
- salts) incorporating 

the tripodal heptanuclear ligand tris[2-salicylideneamino)ethyl]amine (H3L) and 

displaying a planar Mn4 diamond core (see section 1.3.2) have been reported.83,84 

 

N N

OH OH

P

NN
N

S

N
NN

CH3CH3

CH3

OH OH
OH

 
a)           b) 

Figure 1.6 – An example of a) a tetradentate bipodal Schiff base ligand,79-81 b) an hexadentate 

tripodal Schiff base ligand.70,73 

1.3.2 Small chelating ligands (bi-, tri- or tetradentate). 

The use of small tripodal alcohol ligands as shown in figure 1.7 is an extremely 

successful way of synthesising polynuclear clusters ranging in nuclearity from two to 

thirty-two,63 that display high spin ground states and SMM behaviour.58,85,86 
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Figure 1.7 – Tripodal ligands incorporated in SMMs: [A] 1,1,1-tris(hydroxymethyl)ethane, 

[B] 1,1,1-tris(hydroxymethyl)propane, [C] pentaerythritol, [D] 1,1,1-tris(hydroxymethyl)toluene, 

[E] cis,cis-1,3,5-cyclohexanetriol. 

 These ligands are excellent candidates for use in paramagnetic cluster 

synthesis as they have the ability to act as both terminal and bridging ligands 

depending on their degree of protonation. Figure 1.8 represents the different bridging 

modes displayed by the ligands tripod3-, Htripod2- and H2tripod- (where tripod = triply 

deprotonated alcohols [A], [B], [C] and [E] from figure 1.7) in SMMs incorporating 

different transition metal centres.85 It shows that these ligands are versatile and can 

display a large number of chelating and bridging modes for coordination to metal 

centres leading to different topologies.  

 

 

Figure 1.8 – The different bridging modes displayed by the tripodal ligands tripod3- 

(tripod = triply deprotonated alcohols [A], [B], [C] and [E] from figure 1.7) (top two rows), 

Htripod2- and H2tripod- (bottom row) in SMM incorporating different transition metal centres. 

Colour scheme, metal = yellow; oxygen = red; carbon = grey.85 

µ6 µ5 µ5 

 µ µ4 

µ3 µ2 µ3 
µ3 

µ4 µ4  µ3 
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 Numerous other small chelating ligands have been used to prepare polynuclear 

transition metal complexes incorporating Mn, Ni or Fe ions, most of them displaying 

SMM behaviour: bidentate ligands like pyridine-2-methanol,43,87-91 6-methyl-

2-hydroxymethyl-pyridine,42 pyridine-2-ethanol,57,92 dibenzoylmethane;45 tridentate 

ligands like 2,6-pyridinedimethanol,40,41,59,93 2-nitro-2-methyl-1,3-propanediol,94 

N-methyldiethanol-amine,52,95 bis(2-pyridyl)amine;96 tetradentate ligands like 

triethanolamine,44,49 m-phenylenedipropionic acid,97 phthalic acid.98 Hendrickson et al. 

reported a one-dimensional chain of tetranuclear manganese SMMs including 

pyridine-2-methanol.99 

1.4 Polynuclear metal complexes reported in the literature. 

Here we aim to give an overview of the polynuclear geometries known for the 

different nuclearities encountered in the work presented in this thesis, as well as the 

reported examples most pertinent to this thesis, knowing that it is not an exhaustive 

overview. 

1.4.1 Nuclearity 3. 

The formation of trinuclear complexes, both linear and V-shaped, incorporating 

transition metal complexes is not uncommon. The following is an account of such 

assemblies reported in the literature, showing the different types of ligand leading to 

the formation of those type of complexes. 

A study by Chandrasekhar et al.70 appeared during the course of the present 

study, in which the hexadentate tris hydrazone Schiff base ligand 

P(S)[N(Me)N=CH-C6H4-2-OH]3 (H3L) is shown to be an efficient ligand for the 

assembly of linear homometallic trinuclear complexes M3L2 (M = Mn(II), Co(II), Ni(II) or 

Zn(II)), which have been characterised structurally and magnetically. The molecular 

structure of the Mn3L2 complex is shown in figure 1.9; Co(II), Ni(II) and Zn(II) also 

leading to similar coordination complexes. A similar hexadentate Schiff base ligand 

leads to a linear Ni(II) trinuclear complex.71 
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Figure 1.9 – Molecular structure of Mn3L2 (H3L = P(S)[N(Me)N=CH-C6H4-2-OH]3).
70 Colour 

code: purple, Mn(II) atoms; green, phosphorus atoms; yellow, sulfur atoms; blue, nitrogen 

atoms; red, oxygen atoms; black, carbon atoms. (Hydrogen atoms have been omitted for 

clarity.) 

Chandrasekhar et al.73 recently reported the structural characterisation of 

homometallic trinuclear V-shaped complexes incorporating the tris hydrazone ligand 

P(S)[N(Me)N=CH-C6H4-2-OH]3 (H3L): Cd3L2(H2O)2 and M3L2(CH3OH) (M = Mn(II) or 

Zn(II)). Figure 1.10 represents Cd3L2(H2O)2; the two other trinuclear complexes having 

a very similar coordination sphere, except that the two coordinated water molecules 

are replaced by a single coordinated methanol molecule whose oxygen atom is 

disordered over two positions. Figure 1.10 shows that only two phenolate oxygen 

atoms of each ligand molecule behave as µ2-bridges between the Cd(II) centres, the 

third phenolate oxygen atom being coordinated to only one Cd(II) centre and hydrogen 

bonded to one of the two coordinated water molecule completing the octahedral 

environment around the central Cd(II) centre. The coordination of these two water 

molecules (or the methanol molecule) leads to the V-shape of the assembly 

(153.71(3)° for Cd1-Cd2-Cd3 in Cd3L2(H2O)2, 161.51(4)° for Mn1-Mn2-Mn3 in 

Mn3L2(CH3OH) and 161.87(3)° for Zn1-Zn2-Zn3 in Zn3L2(CH3OH)).  
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Figure 1.10 – Molecular structure of V-shaped complex Cd3L2(H2O)2 

(H3L = P(S)[N(Me)N=CH-C6H4-2-OH]3).
73 Colour code: dark blue, Cd(II) atoms; green, 

phosphorus atoms; yellow, sulfur atoms; red, oxygen atoms; pale blue, nitrogen atoms; black, 

carbon atoms. (Hydrogen bonds are shown as dashed blue and white bonds. Hydrogen atoms 

have been omitted for clarity.) 

 Some bipodal Schiff base ligands also lead to the formation of linear trinuclear 

complexes, even though their pre-orientation towards these assemblies is not as 

strong as in tripodal ligands. Figure 1.11 represents the Cd(II)-trinuclear complex 

incorporating propane-1,3-diylbis(salicylideneimine),79 and shows that the two 

phenolate oxygen atoms of each ligand molecule, as well as an acetate ligand behave 

as µ2-bridges between central and terminal Cd(II) centres. This ligand can also lead to 

similar assemblies, both homometallic incorporating Cu(II)75 or Zn(II)78 and 

heterometallic featuring ZnCu2,81 or MnNi2.80 Similar bipodal Schiff base ligands also 

lead to the formation of trinuclear linear complexes including Co(II),82 Ni(II),74 or 

Cu(II).74,76,77 

Cd2 

Cd3 
Cd1 
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Figure 1.11 – Molecular structure of Cd3L2(OAc)2 

(H2L = propane-1,3-diylbis(salicylideneimine)).79 (Hydrogen atoms have been omitted for 

clarity.) 

 Even though tripodal ligands are pre-oriented to form linear trinuclear 

complexes as shown in figure 1.9, they can coordinate differently to the metal centres 

leading to a different kind of linear trinuclear complexes. Ligands [H2A] and [B] of 

figure 1.12 are good examples of such ligands. 
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Figure 1.12 – Two tripodal ligands leading to the formation of Cu(II) linear trinuclear complexes. 

[H2A] is hexadentate, [B] is heptadentate. 

 Figure 1.13 represents the Cu(II) linear trinuclear complex72 incorporating 

ligand [H2A] of figure 1.12 and shows that each ligand forms a distorted square-planar 

N3O coordination polyhedron for one of the terminal Cu(II) ions using the phenolate 

oxygen and imino nitrogen of one arm, the pyridyl nitrogen, and the tertiary amine 

[H2A] [B] 
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nitrogen. The third arm of each ligand forms a bridge to the central Cu(II) centre 

leading to a square planar coordination geometry. 

 

Figure 1.13 – Molecular structure of the cation of [Cu3[A]2](BPh4)2 (see figure 1.12 for [H2A]).72 

(Hydrogen atoms have been omitted for clarity.) 

Figure 1.14 represents the Cu(II) linear trinuclear complex100 incorporating 

ligand [B] of figure 1.12 and shows that each of the terminal Cu(II) centres adopts a 

distorted square-pyramidal geometry. Four nitrogen atoms from two pyridinyl groups, 

from one secondary-amine function, and from the tertiary-amine function form the base 

of a square pyramid, and the donor nitrogen atom of one of the three secondary-amine 

functions occupies the apical position. The third arm of each ligand forms a bridge to 

the central Cu(II) centre, by coordination of the pyridinyl nitrogen atoms and the 

secondary amine nitrogen atoms, giving an octahedral geometry with two perchlorate 

anions occupying the axial positions.  
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Figure 1.14 – Molecular structure of the cation of [Cu3[B]2(ClO4)2](ClO4)4·2H2O (see figure 1.12 

for [B]).100 Colour code: darker green, Cu(II) atoms; lighter green, Cl- anions. (Hydrogen atoms 

have been omitted for clarity.) 

 Moreover, ligands that are not pre-arranged for the formation of linear trinuclear 

complexes, also lead to these assemblies. The tridentate ligand di(2-pyridyl)amine 

leads to the Co(II) linear trinuclear complex as shown in figure 1.15.101 The syn-syn 

conformation of the four ligand molecules allows each nitrogen atom to coordinate to a 

separate Co centre. The central Co(II) adopts a square planar geometry, while the 

terminal Co(II) centres adopt a square-pyramidal geometry, the apical position 

occupied by a chloride anion, leading to a paddle-wheel type architecture when the 

complex is viewed down the Cl-Co-Co-Co-Cl axis. Isostructural complexes were 

obtained with Ni(II)102 and Cu(II).103 A propeller type architecture is obtained by 

complexation of four tetradentate ligands N,N’-bis(pyridine-2-yl)formamidine around 

three linear Cu(II) centres,104 as shown in figure 1.16. Numerous other examples of 

linear trinuclear complexes incorporating ligands that do not show any 

pre-arrangement for these assemblies, have been reported. However, they will not be 

further discussed as the present account is limited to examples most relevant to the 

work described herein. 
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Figure 1.15 – Molecular structure of Co3(dpa)4Cl2 (where dpa represents the anion of 

di(2-pyridyl)amine).101 Colour code: green, Cl- anions; yellow, Co(II) atoms. (Hydrogen atoms 

have been omitted for clarity.) 

 

Figure 1.16 – Molecular structure of the cation of [Cu3(pdf)4](CF3SO3)2(EtOH)1.5 (where pdf 

represents the anion of N,N’-bis(pyridine-2-yl)formamidine).104 (Hydrogen atoms have been 

omitted for clarity.) 
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1.4.2 Nuclearity 4. 

A common core for tetranuclear complexes is the cubane core of general 

formula [M4(µ3-X)4]n+, which consists of four metal ions M occupying four non-adjacent 

corners of a cube and four µ3-bridging atoms occupying the remaining four 

non-adjacent corners of the cube. An example of a [Ni4(µ3-O)4]4+ cubane core105 is 

shown in figure 1.17. Other examples of cubane cores include {Mn4O4},105 

{Fe4S4},106,107 {Ni4N4},108 {Co4O4}, {Zn4O4}, {Cd4O4}.109-112 Moreover, cubane cores can 

be found in complexes featuring a wide range of chelating ligands, either 

bidentate,89,91,113-115 tridentate,86,116-118 pentadentate ligands,119 or macrocycles.120,121 

Considerable research effort has been focused on studies of cubane-type polynuclear 

complexes due to their potential behaviour as SMMs.86,91 

 

 

Figure 1.17 – [Ni4(µ3-O)4]
4+ cubane core.105 Colour code: green, Ni(II) atoms; red, oxygen 

atoms. 

 The planar diamond core of general formula [M4(µ2-O)4(µ3-O)2]n+ is another 

common core for tetranuclear complexes. It consists of two incomplete, face-sharing 

cubanes. An example of a [MnII
2MnIII

2(µ2-O)4(µ3-O)2]4+ planar diamond core40,41 is 

shown in figure 1.18. This type of core has been reported for homometallic MnII
4,122 

MnIII
4,84 FeIII

4,123,124 CoII
4,125 NiII4,126 CuII

4,127,128 ZnII
4,129,130 and heterometallic ZnII

2NiII2,111 

MnIII
2NiII2,131 MnIII

2MII
2 (M = Zn(II), Cu(II), Ni(II), and Mn(II))132 assemblies. Moreover, 

planar diamond cores can be found in complexes featuring a wide range of chelating 

ligands, either bidentate,43 tridentate,52 tetradentate,44 pentadentate,111,122 or 

heptadentate ligands.83,84 Considerable research effort has been focused on studies of 

tetranuclear complexes featuring a planar diamond core due to their potential 

behaviour as SMMs.42,131 
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Figure 1.18 – [MnII
2MnIII

2(µ2-O)4(µ3-O)2]
4+ planar diamond core.40,41 Colour code: pink, Mn(II) 

centres; orange, Mn(III) centres; red, oxygen atoms. 

 Tetranuclear complexes can also display other core-geometries, as shown in 

figure 1.19. The butterfly core (see figure 1.19a) consists of four metal centres bridged 

by two µ3-bridging atoms. Examples of butterfly-like core include CuII
4,133 or MnIII

4
96 

clusters. Examples of tetranuclear adamantane-like complexes (see figure 1.19b) 

include MnIV
4, MnIIIMnIV

3,134,135 FeIII
4,136,137  clusters. However, the “dimer of dimers” 

core (see figure 1.19c) is not very common; the four metal ions are arranged as two 

dimers bridged by two oxygen atoms and form an almost planar rectangle.138,139 
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a)     b)        c) 

Figure 1.19 – Potential cores displayed by tetranuclear complexes (M = metal centre, 

X = bridging atom): a) butterfly core, b) adamantane core, c) “dimer of dimers” core. 

1.4.3 Nuclearity 11. 

Only a handful of examples of undecanuclear clusters have been reported to 

date, either mixed-valence manganese or iron(III). 

 Christou et al.140 reported in 1991 the undecanuclear cluster 

[Mn11O10Cl2(OAc)11(bpy)2(MeCN)2(H2O)2](ClO4)2·8MeCN (bpy = 2,2’-bipyridine). 

Figure 1.20 represents the molecular structure of its cation, the Mn-O core being 

highlighted as yellow bonds. The cation lies on a mirror plane bisecting the molecule 

and contains two [Mn4O3Cl]6+ cubane-like units (Mn1 to Mn4), which are held together 

by the central {Mn3O4} unit (Mn5 to Mn7) via linkages to O4 and O5 and two acetate 

groups [O10, O11, O12, O13]. Mn4 is assigned as a Mn(IV) centre, whereas all the 

remaining Mn centres are Mn(III) displaying typical Jahn-Teller distortion, thus leading 
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to a mixed valence MnIII
9MnIV

2 aggregate. Moreover, atoms Mn5, Mn6 and Mn7 are not 

linear but slightly V-shaped with an angle of ca. 163° (Mn5-Mn6-Mn7). 

 

Figure 1.20 – Molecular structure of the [Mn11O10Cl2(OAc)11(bpy)2(MeCN)2(H2O)2]
2+ cation,140 

the Mn-core highlighted as yellow bonds. Colour code: purple, Mn(IV) atoms; orange, Mn(III) 

atoms; pale green, chloride ions. (Hydrogen atoms have been omitted for clarity.) 

 In 2003, Brechin et al.141 reported the undecanuclear cluster 

[Fe11O4(O2CPh)10(thme)4(dmhp)2Cl4](NEt4) (H3thme = 1,1,1-tris(hydroxymethyl)ethane, 

dmhp = 4,6-dimethyl-2-hydroxypyrimidine). Figure 1.21 represents the molecular 

structure of its cation, the Fe-O core being highlighted as yellow bonds. Fe3 sits on an 

inversion centre. The cation contains two [Fe4O6]6+ units displaying a planar diamond 

core (Fe2, Fe4, Fe5, Fe6), which are held together by the central Fe3O4 unit (Fe1, Fe3 

and Fe1A) via linkages to O1 and O15 and three carboxylate groups [O2, O3, O4, O5, 

O8, O18]. All the iron centres in the assembly are Fe(III). The Fe11 core is similar to the 

Mn11 cluster reported by Christou as described above, but in this case the peripheral 

units are planar diamond motives not cubes. Another difference is the perfect linear 

arrangement of the central Fe1, Fe3, Fe1A unit contrary to the slight V-shape 

arrangement in the Mn assembly. Two other undecanuclear iron(III) clusters have 

been reported, [Fe11O6(OH)6(O2CPh)15]142 and [Fe11(O)6(OH)6(mbpa)15]143 

(Hmbpa = 3-(4-methyl-benzoyl)-propionic acid); however they have no structural 

resemblance to the Fe11 cluster previously described, their core is based on a 

pentacapped trigonal prism. Hydrolytic polymerisation of iron(III) occurs in many 

reactions in vivo, for example, the synthesis of the Fe-O core of the iron-storage 
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protein ferritin.2 The ferritin core contains aggregates of up to 4,500 oxygen-bridged, 

octahedrally coordinated, high-spin iron(III) centres and is attached to the protein shell 

through carboxylate groups of amino-acid side chains. The synthesis of these Fe11 

aggregates has been investigated in order to elucidate the mechanism of formation of 

this protein and to find a model for its Fe-O core. These aggregates have also more 

recently been investigated for SMM behaviour.2 

 

Figure 1.21 – Molecular structure of the [Fe11O4(O2CPh)10(thme)4(dmhp)2Cl4]
+ cation,141 the 

Fe-core highlighted as yellow bonds. Orange atoms represent Fe(III) centres; red, oxygen 

atoms and pale green, Cl- ions. (Hydrogen atoms have been omitted for clarity.) 

 

 Christou et al.94 recently reported the undecanuclear cluster 

[Mn11O2(OH)2(nmpd)(HL3)5(L3)5Cl6]·4MeCN (nmpdH2 = 2-nitro-2-methyl-1,3-propane-

diol; for HL3- and L32- see figure 1.26). Figure 1.22 represents the molecular structure 

of the cluster. It is of mixed-valence MnII
4MnIII

7 and has an unusual undecanuclear 

cage structure; seven central manganese ions are held together by two µ4-oxygen 

atoms. Their coordination bonds are represented as yellow and purple dashed bonds, 

whereas the resulting central Mn7-core is highlighted as yellow bonds. Two dinuclear 

Mn(III)-Mn(II) units are linked to each end of the Mn7-core via µ3-alkoxide oxygen 

atoms, represented as yellow and red dashed bonds. This Mn11 aggregate displays 

SMM behaviour. 
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Figure 1.22 – Molecular structure of the [Mn11O2(OH)2(nmpd)(HL3)5(L3)5Cl6] cluster.94 The 

coordination bonds of the two µ4-oxygen atoms bridging the seven central Mn centres are 

represented as yellow and purple dashed bonds; the central Mn7-core is highlighted as yellow 

bonds. The two terminal dinuclear Mn(III)-Mn(II) units, bridged to the Mn7-core via µ3-alkoxide 

oxygen atoms, are represented as yellow and red dashed bonds. Colour code: pink, Mn(II) 

atoms; orange, Mn(III) atoms; pale green, chloride ions. (Hydrogen atoms have been omitted 

for clarity.) 

1.4.4 One-dimensional linear coordination polymers. 

Coordination polymers are “infinite” metal-organic assemblies that extend into 

one, two or three dimensions via metal-ligand bonding.144 Only 1D linear coordination 

polymers are relevant to the work presented in this thesis and will be discussed here. 

Despite the great interest in this area, the development of widely applicable, rational 

methods for the synthesis of desired metal chain complexes remains elusive. 

One-dimensional chains of metal complexes are of particular interest due to the 

interesting magnetic properties resulting from the mutual interaction of two or more 

paramagnetic metal centres.145 

1D linear polymers can be formed either through bridging of adjacent metal 

ions by ligand molecules146-149 or through bridging of polynuclear subunits. Murray et 

al.150 recently reported a covalently bonded polymeric chain of mixed valence 

[CoII
3CoIII] tetranuclear clusters incorporating the diisopropanolamine ligand. Each Co4 

core adopts a chair conformation of the common {M4O2} butterfly motif. Lobana et al.151 

reported three different Cu(I) linear polymers, formed by bridging for one of them of 
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hexanuclear central cores, for the two other of trinuclear central cores. Hendrickson et 

al.99 recently reported a one-dimensional chain of interconnected tetranuclear 

manganese SMMs, with a planar diamond core, incorporating pyridine-2-methanol. 

Kahn et al. have been successful in the use of bis-chelating oxamide-related ligands 

as it led to the isolation of one-dimensional oxamato-bridged mixed-metal Mn(II) and 

Cu(II) compounds as seen in figure 1.23,152-154 that behave like molecule-based 

magnets. Lloret et al.155 recently reported a similar novel Co(II)-Cu(II) bimetallic chain 

as a new class of single-chain magnets. 

 

Figure 1.23 – One-dimensional chain of {[MnCu(opba)(H2O)2]DMSO}n 

(opba = o-phenylenebis(oxamate))152 Colour code: green, Cu(II) atoms; pink, Mn(II) atoms. 

(DMSO molecules and hydrogen atoms have been omitted for clarity.) 

1.5 Self-assembly. 

There have been several attempts in the literature to define the term 

“self-assembly”. Hamilton et al.,156 in 1990, described it as “the non-covalent 

interaction of two or more molecular subunits to form an aggregate whose novel 

structure and properties are determined by the nature and positioning of the 

components”. Whitesides et al.157 then defined self-assembly, in 1991, as “the 

spontaneous association of molecules under equilibrium conditions into stable, 

structurally well-defined aggregates joined by non-covalent bonds”. Self-assembly is 

present in both natural and unnatural systems and has been largely reviewed over the 

years.158,159 

As far as this thesis is concerned, it will deal with self-assembling systems 

incorporating ligands and metal centres, that are both crucial in determining the overall 

structure of the complexes. The geometry of the complex results from a compromise 

between two extreme positions: on one hand, the metal ion may impose its preferred 

geometry on the ligand; on the other hand, the ligand may impose its preferred 

geometry on the metal. In most cases some degree of compromise is reached 

between the preferred geometry of the ligand and that of the metal. These 

self-assembled structures represent thermodynamic minima and result from the 

molecular recognition of ligands and metals in solution under mild conditions. 
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1.6 Present study. 

Previous work within the Kruger group involved research in the areas of 

polynuclear metal complexes as well as coordination polymers. In particular, much 

attention has been given to the synthesis and characterisation of helicate complexes 

featuring C2-symmetric Schiff base ligands,160 as well as to the use of a C3-symmetric 

ligand (L) based around a planar triphenylamine bridging unit, to which are appended 

three bidentate coordination sites leading to the formation of a trinuclear double 

helicate complex named the Trinity helix. Its formula is [Ag3L2]3+ as shown in 

figure 1.24.161,162 Considerable effort has been given to the synthesis of coordination 

polymers149 featuring 4,4’-dicarboxy-2,2’-bipyridine144,163 or 4,4’-bipyridine.162 Transition 

metal complexes149 incorporating p-block oxo-anions164 have also been extensively 

studied, and more particularly tetranuclear copper(II) complexes possessing butterfly 

cores that exhibit supramolecular isomerism.133 This body of work is intended to both 

extend and develop previous work carried out within the Kruger group, as well as open 

new routes of research in the area of polynuclear metal complexes.  

 

Figure 1.24 – Proposed structure of [Ag3L2]
3+, the Trinity helix, showing the helical nature of 

each strand.161,162 

The main aim of this project is the synthesis, structural and magnetic (for some 

examples) characterisation of new polynuclear metal complexes through self-assembly 

and molecular recognition, incorporating two different types of ligands. Firstly, 

hexadentate or heptadentate Schiff base ligands, H3L7, L8, H3L2a, H3L2b, L9a and 

L9b, were used, as represented in figure 1.25. These ligands are pre-oriented for 

coordination to the metal centres and tris-bidentate with a C3-symmetry as was the 

ligand incorporated in the Trinity helix, with a difference in the flexibility of the 
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backbone, the present ligands being more flexible. Secondly, two small tridentate 

ligands, H2L3 and H3L6, were used, as shown in figure 1.26. 
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Figure 1.25 – The tripodal Schiff base ligands used in this body of work: H3L7, L8, H3L2a, 

H3L2b, L9a and L9b. 
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Figure 1.26 – 2,6-pyridinedimethanol (H2L3) on the left, 

2,6-bis(hydroxymethyl)-4-methylphenol (H3L6) on the right. 
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Chapter 2 details the attempt at the formation of complexes similar to the Trinity 

helix by complexation of the tripodal hexadentate Schiff base ligands, cis,cis- and 

cis,trans-tris(salicylideneamino)cyclohexane (H3L2a and H3L2b), which consist of 

phenol groups appended to a 1,3,5-triaminocyclohexane (L1) backbone. However, this 

resulted in the synthesis of novel linear trinuclear complexes incorporating a wide 

range of metal(II) ions, along with a Cu(II)-tetranuclear complex, which were 

structurally and magnetically (for some examples) characterised as reported herein. 

Chapter 3 focuses on the complexation of two small tridentate chelating 

ligands, the versatile 2,6-pyridinedimethanol (H2L3) and 2,6-bis(hydroxymethyl)-

4-methylphenol (H3L6), which can adopt a wide range of coordination modes, with 

various paramagnetic transition metal ions in order to build new polynuclear cores. A 

discrete novel undecanuclear Mn cluster, as well as discrete Mn and Ni tetranuclear 

complexes were isolated, all of them incorporating interesting metal-cores. The 

interesting in situ formation of the ligand H2L4 from H2L3 during the synthesis of the 

undecanuclear Mn cluster is also presented herein. Moreover, a novel 1D linear 

copper-coordination polymer was characterised, featuring an unprecedented motif for 

a Cu(II) polymer, thus highlighting the contribution of this work in the area of 

coordination polymer research. 

Chapter 4 concentrates on the attempts at the formation of complexes similar 

to the Trinity helix, as previously mentioned for the work carried out in chapter 2, by 

complexation of three tripodal Schiff base ligands, heptadentate H3L7 and L8, and 

hexadentate L9a, incorporating either an L1 or a tren backbone to which are 

appended three phenol or pyridine groups. However, this resulted in the synthesis of 

several mononuclear and polynuclear metal complexes, whose structures are 

described herein. 

Chapter 5 provides the experimental details for the synthesis of the compounds 

described herein. 
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Chapter 2 

 

d-Block Metal Complexes Incorporating 

1,3,5-Tris(salicylideneamino)cyclohexane. 
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2.1 Introduction. 

The aim of the present chapter is to prepare new polynuclear d-block metal 

complexes of the Schiff base ligands cis,cis- and cis,trans-1,3,5-tris(salicylideneamino)-

cyclohexane165-171 (figure 2.1) called respectively H3L2a and H3L2b. These ligands are 

tripodal hexadentate ligands constituted of phenol groups appended to a 

1,3,5-triaminocyclohexane (tach, L1) backbone and are thus {N3} face-capping tri-imine 

ligands. 1,3,5-tris(salicylideneamino)cyclohexane exists as two isomers,  cis,cis- and 

cis,trans-, as it results from the condensation of salicylaldehyde with cis,cis- and 

cis,trans-1,3,5-triaminocyclohexane called respectively L1a and L1b. 

H3L2a and H3L2b are thought to be a good choice of ligands for the formation of 

polynuclear d-block metal complexes, because they contain six potential sites for 

interacting with metal ions as shown in figure 2.1: three acidic phenolic sites and three 

imino nitrogen centres. Moreover, the flexibility of their three arms is restricted by the 

rigidity of the cyclohexane backbone, which limits their movements, and potential 

coordination. 

N

N
N

OH

OH
OH N

OH

N

N

OH

OH

 

Figure 2.1 – 1,3,5-Tris(salicylideneamino)cyclohexane ligand, cis,cis-isomer on the left (H3L2a), 

cis,trans-isomer on the right (H3L2b). 

To date, no complexes of H3L2b have been reported; only mononuclear 

complexes of H3L2a using its {N3} face-capping property have been structurally 

characterised in the literature. Walton et al.167 have structurally characterised Mn(III) 

and Mn(IV) complexes of H3L2a with a metal-to-ligand ratio of 1:1 ([L2a]MnIII⋅CH2Cl2 

and [L2a]MnIV⋅PF6). Lions and Martin169 reported in 1957 the synthesis of the Co(III) 

complex of H3L2a with a metal-to-ligand ratio of 1:1 ([L2a]CoIII). Wentworth et al.168 then 

reproduced the same synthesis and reported the structural characterisation of [L2a]CoIII 

in 1975. They also reported the synthesis of the Fe(III) complex of H3L2a with a 

metal-to-ligand ratio of 1:1 ([L2a]FeIII) as well as the synthesis of [L2a]2Ni3, a possible 
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structure for the latter was mentioned, however single crystal X-ray diffraction was not 

performed in order to verify the proposed structure. 

However, no studies have been directed towards the preparation and structural 

characterisation of polynuclear complexes of H3L2a or H3L2b. Thus, polynuclear 

complexes of both isomers of this ligand were synthesised and studied from a structural 

and magnetic perspective.  

2.2 Synthesis and structural characterisation of 1,3,5-triamino-

cyclohexane. 

2.2.1 Synthesis of cis,cis- and cis,trans-1,3,5-triaminocyclohexane (respectively L1a 

and L1b). 

 1,3,5-Triaminocyclohexane (L1) was synthesised either via the Birch reduction 

of phloroglucinol trioxime169,172 giving a mixture of cis,cis- and cis,trans-

triaminocyclohexane (figure 2.2) respectively called L1a and L1b or from 

cis,cis-1,3,5-cyclohexanetricarboxylic acid173 giving only L1a. 

NH2

NH2

NH2
NH2

NH2

NH2

 

Figure 2.2 - 1,3,5-Triaminocyclohexane (L1), cis,cis-isomer on the left (L1a), cis,trans-isomer on 

the right (L1b). 

The mixture of L1a and L1b was synthesised according to Lions et al.,169 via the 

Birch reduction of phloroglucinol trioxime, which was prepared from phloroglucinol 

dihydrate by the procedure reported by Grimes et al.172 as shown in scheme 2.1. For 

analysis and storage L1a and L1b, which exist as a pale red oil, were converted into 

their tris-hydrochloride salts L1a.3HCl and L1b.3HCl.166,174 

OH

OH

OH

N

N

N
OH

OH

OH

NH2

NH2

NH2

NH2

NH2

NH2
H2O2

NH2OH.HCl

K2CO3

Birch reduction

Na/NH3/ethanol
+.

 

Scheme 2.1 – Synthesis of L1a and L1b from phloroglucinol dihydrate via Birch reduction.169,172 

Lions et al.169 only reported the synthesis of L1a from the Birch reduction. 

However, the study of Wentworth et al.175 shows that the Birch reduction can produce 

both isomers of L1 in about equal proportions. Figure 2.3 shows the 1H NMR spectrum 
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of the trihydrochloride salt of the compound obtained following Birch reduction, along 

with the peak assignment. It contains the same peaks as those reported in the literature 

for L1a.3HCl,166 however some more peaks are present, which correspond to L1b.3HCl 

proving that a mixture of L1a and L1b was produced via the Birch reduction.  

(ppm)

1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5

 

Figure 2.3 – 1H NMR (D6-DMSO) spectrum and peak assignment for L1a.3HCl and L1b.3HCl. 

(* and # denote respectively residual DMSO and H2O) 

The two methylene hydrogen atoms of L1a.3HCl are called “c” and those of 

L1b.3HCl are called “c’ ” in figure 2.3, one of these hydrogen atoms for each isomer is 

in equatorial position whereas the other one is in axial position, thus those two 

hydrogen atoms are not equivalent and give two distinct peaks in the 1H NMR 

spectrum. Figure 2.3 shows that a doublet and a quartet were observed for the two “c” 

methylene hydrogen atoms of L1a.3HCl and that a doublet and a triplet were observed 

for the two “c’ ” methylene hydrogen atoms for L1b.3HCl. However, it is understood that 

the coupling is in reality more complicated. Particularly, there are not three equivalent 

protons to which one of these hydrogens could be coupled. The observed quartet for 

L1a.3HCl may result from the overlap of a doublet of triplets. 
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The 1H NMR spectrum also provides a means to determine the relative 

proportions of the two isomers in the mixture obtained via the Birch reduction. The 

relative proportions calculated using the doublets observed at δ 2.35 and 2.22 for a 

methylene hydrogen atom of L1a.3HCl and L1b.3HCl is respectively 67:33. This is the 

most accurate ratio that could be obtained, the other peaks could not be used as they 

are overlapping: (a) The triplet and quartet corresponding to the other methylene 

hydrogen atom for L1a.3HCl and L1b.3HCl are overlapping with each other. (b) The 

multiplet corresponding to the methine hydrogen atom of L1a.3HCl is overlapping with 

the peak corresponding to residual H2O. 

Pure L1a.3HBr was synthesised from cis,cis-1,3,5-cyclohexanetricarboxylic acid 

via a Curtius-Schmidt reaction as shown in scheme 2.2. A slight modification of the 

procedure reported by Bowen et al.173 was used for the transformation of 

cis,cis-1,3,5-cyclohexanetricarboxylic acid into the N,N’,N”-tris(benzyl)carbamate of 

cis,cis-1,3,5-triaminocyclohexane, followed by deprotection of the benzyl carbamate 

applying the procedure reported by Ben-Ishai et al.,176 which consists of adding dry 

hydrogen bromide in glacial acetic acid yielding to L1a.3HBr. 
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Scheme 2.2 – Synthesis of L1a.3HBr from cis,cis-1,3,5-cyclohexanetricarboxylic acid via a 

Curtius-Schmidt reaction.173,176 (DPPA is diphenylphosphoryl azide, (PhO)2PON3) 

As the starting material was pure cis,cis-1,3,5-cyclohexanetricarboxylic acid only 

the isomer L1a.3HBr should be synthesised. Figure 2.4 shows the 1H NMR spectrum of 

L1a.3HBr, along with the peak assignment. It contains only peaks attributed to 

L1a.3HBr, which proves that only one isomer was synthesised. Peaks of L1a.3HBr are 

slightly shifted compared to the peaks of L1a.3HCl mentioned above and previously 

reported.166 
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(ppm)
1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5

 

Figure 2.4 – 1H NMR (D6-DMSO) spectrum and peak assignment for L1a.3HBr. (* and # denote 

respectively residual DMSO and H2O) 

As mentioned above for L1a.3HCl and L1b.3HCl, the two methylene hydrogen 

atoms of L1a.3HBr called “c” in figure 2.4 are not equivalent and give two distinct peaks 

in the 1H NMR spectrum. Moreover, the observed quartet for one of these hydrogen 

atoms may result from the overlap of a doublet of triplets.  

2.2.2 Structural characterisation of the trihydrobromic salt of cis,cis-1,3,5-triamino-

cyclohexane (L1a.3HBr). 

 Colourless needles of L1a.3HBr suitable for a structure determination by single 

crystal X-ray diffraction were obtained within a few days by layering methanol on top of 

a solution of L1a.3HBr in water. The structure was refined in the hexagonal P6(3)mc 

space group and crystallographic data are shown in table 2.1. Figure 2.5 shows the 

asymmetric unit as well as the atomic labelling and occupancy diagram for L1a.3HBr.  
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Figure 2.5 – Asymmetric unit and atomic labelling and occupancy diagram for 

(L1aH3)
3+·3.5Br -·0.5H3O

+. (Br2’ is shown in darker green than the other Br anions for clarity as 

partially hidden behind Br2.) 

The asymmetric unit includes two separate thirds of neighbouring protonated 

cis,cis-1,3,5-triaminocyclohexane fragments, which are both half occupancy as they sit 

on mirror planes. C1, H1, N1 and H1A sit on the same mirror plane, however H1B is full 

occupancy as it does not sit on a special position and its mirror image gives the third 

ammonium hydrogen atom of N1. C2, H2A and H2B sit on another mirror plane. The 

same applies for the other third of protonated cis,cis-1,3,5-triaminocyclohexane 

included in the asymmetric unit (C1’, H1’, C2’, H2’A, H2’B, N1’, H1’A and H1’B). The 

asymmetric unit thus consists of two carbon atoms and one nitrogen atom in total, along 

with four bromide ions with partial occupancy (Br1, Br2, Br2’ and Br3; Br2 and Br2’ 

being the same bromide anion disordered over two positions), yielding to 1.14 bromide 

anions in total and a protonated water molecule (O1) with 17 % occupancy. This gives a 

ratio of 3.5 bromide anions and 0.5 hydronium cation for a protonated 

cis,cis-1,3,5-triaminocyclohexane yielding the neutral formula: (L1aH3)3+·3.5Br --

·0.5H3O+, that formula being consistent with the CHN results. With O1 sitting on a 

three-fold rotation axis, the image of one of its hydrogen atoms gives three hydrogen 

atoms, thus proving that the water molecule is protonated. However, the hydronium 

protons were not found in the residual peaks of electron density and could thus not be 
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added to the structure. The ammonium protons, however, were found in these residual 

peaks during the refinement of the crystal structure and their thermal parameters were 

fixed along with their distance to the nitrogen atom. Some hydrobromic acid traces were 

probably left in the solid L1a.3HBr from the dry hydrogen bromide in glacial acetic acid 

used for the deprotection of the N,N’,N”-tris(benzyl)carbamate of cis,cis-1,3,5-

triaminocyclohexane as well as its protonation yielding to L1a.3HBr as described above 

in section 2.2.1. These acid traces then probably led to the protonation of some water 

molecules when the solid L1a.3HBr was dissolved in water for the recrystallisation and 

also provided excess bromide anion. 
 

Table 2.1 – Crystal data and structure refinement for (L1aH3)
3+·3.5Br -·0.5H3O

+. 

 

Empirical formula     C6H19.50Br3.50N3O0.50 

Formula weight      421.43 g/mol 

Temperature      153(2) K 

Wavelength      0.71073 Å 

Crystal system      Hexagonal 

Space group      P6(3)mc 

Unit cell dimensions    a = 10.4504(3) Å α = 90° 

      b = 10.4504(3) Å β = 90° 

      c = 13.8718(7) Å γ = 120° 

Volume      1311.99(8) Å3 

Z      6 

Density (calculated)    2.134 g/cm3 

Absorption coefficient    10.718 mm-1 

F(000)      812 

Crystal size     0.42 x 0.13 x 0.11 mm3 

Theta range for data collection   2.25 to 27.49° 

Index ranges     -13<=h<=13, -13<=k<=13, -17<=l<=18 

Reflections collected    12146 

Independent reflections    1174 [R(int) = 0.0355] 

Completeness to theta = 27.49°   100.0 %  

Absorption correction    Empirical 

Max. and min. transmission   1.0000 and 0.4313 

Refinement method    Full-matrix least-squares on F2 

Data / restraints / parameters   1174 / 11 / 75 

Goodness-of-fit on F2    1.095 

Final R indices [I>2sigma(I)]   R1 = 0.0240, wR2 = 0.0631 

R indices (all data)    R1 = 0.0270, wR2 = 0.0646 

Largest diff. peak and hole   0.636 and -0.640 e.Å-3 
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Figure 2.6 shows the molecular structure and numbering scheme for (L1aH3)3+. 

The cyclohexane ring adopts a chair conformation. The three ammonium substituents 

occupy the equatorial positions of the 1,3 and 5 positions adopting a cis,cis- 

conformation between each other, thus yielding a three-fold rotation axis passing 

through the centre of the cyclohexane ring. 

 

Figure 2.6 – Molecular structure and atomic labelling diagram for (L1aH3)
3+. (Methylene and 

methine hydrogen atoms as well as bromide and hydronuim ions omitted for clarity.) 

There are seven unique hydrogen bonds in (L1aH3)3+·3.5Br -·0.5H3O+ between 

ammonium hydrogen atoms and bromide ions. Distances and angles for the seven 

unique hydrogen bonds are shown in table 2.2. Potential hydrogen bonding between 

hydronium anions and bromide anions could not be found as the hydronium hydrogen 

atoms could not be added to the structure as discussed above. 

 

Table 2.2 – Parameters of hydrogen bonding interactions for (L1aH3)
3+·3.5Br -·0.5H3O

+ 

[Å] and [°]. 
 

D-H...A    d(D-H)  d(H...A)  d(D...A)  <(D-H…A) 

N(1')-H(1'A)...Br(1)i  0.848(14) 2.56(2)  3.362(2) 159(4) 

N(1')-H(1'B)...Br(2')ii  0.846(14) 2.52(4)  3.277(10) 148(7) 

N(1')-H(1'B)...Br(2)ii  0.846(14) 2.68(5)  3.408(7) 145(7) 

N(1')-H(1'B)...Br(3)i  0.846(14) 2.95(7)  3.528(5) 127(6) 

N(1)-H(1A)...Br(1)iii  0.843(14) 2.496(19) 3.333(5) 172(8) 

N(1)-H(1B)...Br(2')  0.847(14) 2.431(18) 3.273(8) 173(4) 

N(1)-H(1B)...Br(2)  0.847(14) 2.564(17) 3.404(3) 171(5) 

Symmetry transformations used to generate equivalent atoms:  

i = x, y-1, z; ii = -y+1, x-y, z; iii = -y+1, x-y+1, z. 

 

 Figure 2.7 represents the packing diagram of (L1aH3)3+·3.5Br -·0.5H3O+ viewed 

along the c-axis and shows the hydrogen bonding network formed between the 
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ammonium hydrogen atoms and the bromide anions as purple dotted lines. The 63 

screw axis down c at the coordinates a = 0 and b = 0 yields a star-shaped hydrogen 

bonding network. Moreover, the three-fold rotation axes down c at the coordinates 

(1/3, 2/3, z) and (2/3, 1/3, z) lead to a hexagonal hydrogen bonding pattern. This 

hydrogen bonding pattern constituted of stars and hexagons then repeats in the ab 

plane by unit cell translation. 

 

Figure 2.7 – Packing diagram of (L1aH3)
3+·3.5Br -·0.5H3O

+, viewed along the c-axis. (Bromide 

ions are shown in green and hydronium ions in red. Purple dotted lines indicate hydrogen bonds 

between ammonium hydrogen atoms and bromide ions.) 

Figure 2.8 represents the packing diagram of (L1aH3)3+·3.5Br -·0.5H3O+ as 

viewed along the a-axis (the packing diagram viewed along the b-axis being the same). 

It shows how the hydrogen bonding network extends into the third dimension. Hydrogen 

bonding between ammonium hydrogen atoms and bromide ions forms sheets in the ab 

plane as shown in figure 2.8, those sheets then extend into a three-dimensional 

network by further hydrogen bonding along z. 
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Figure 2.8 – Packing diagram of (L1aH3)
3+·3.5Br -·0.5H3O

+, viewed along the a-axis. (Bromide 

ions are shown in green and hydronuim ions in red. Purple dashed lines indicate hydrogen 

bonds between ammonium hydrogen atoms and bromide ions.) 

2.3 Synthesis and structural characterisation of 1,3,5-tris(sali-

cylideneamino)cyclohexane. 

2.3.1 Synthesis of cis,cis- and cis,trans-1,3,5-tris(salicylideneamino)cyclohexane 

(respectively H3L2a and H3L2b). 

The 1,3,5-tris(salicylideneamino)cyclohexane Schiff base ligand was 

synthesised by condensation of 1,3,5-triaminocyclohexane (L1) with three equivalents 

of salicylaldehyde as shown in scheme 2.3. 
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Scheme 2.3 – Synthesis of H3L2a (and H3L2b) by condensation of the triamine(s) L1a (and L1b) 

with salicylaldehyde.177 

The mixture of H3L2a and H3L2b was synthesised by applying the condensation 

reported by Walton et al.177 for the reaction of the tris(dihydrogensulfate) salt of L1a with 

cinnamaldehyde. A solution of three equivalents of salicylaldehyde in diethyl-ether was 

added to a solution of the mixture of L1a.3HCl and L1b.3HCl and sodium hydroxide in 

water. The yield reported in the literature for this synthesis was over 90 %.167 However, 

the best yield obtained in the present study was only 50 %.  

Figure 2.9 shows the 1H NMR spectrum of the mixture of H3L2a and H3L2b, 

along with the peak assignment. It contains the same peaks as those reported in the 

literature for H3L2a,166 however some more peaks are present, which correspond to 

H3L2b, thus a mixture of both isomers of the Schiff base ligand was prepared. In 

figure 2.9 the two methylene hydrogen atoms of H3L2a are called “a” and those of 

H3L2b are called “a’ ”. One of these hydrogen atoms for each isomer is in an equatorial 

position whereas the other one is in an axial position, thus those two hydrogen atoms 

are not equivalent and give two distinct peaks in the 1H NMR spectrum. 

The 1H NMR spectrum also provides a means to determine the relative 

proportion of the two isomers of the Schiff base ligand in the product. The relative 

proportion of H3L2a and H3L2b is respectively 70:30. 
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Figure 2.9 – 1H NMR (D6-DMSO) spectrum and peak assignment for H3L2a and H3L2b. (* and # 

denote respectively residual DMSO and H2O.) 

Pure H3L2a was synthesised in methanol by the addition of three equivalents of 

salicylaldehyde to a solution of pure L1a in methanol, obtained from L1a.3HBr being 

previously neutralised with sodium hydroxide. The condensation gave a yield of 56 %, 

which is slightly higher than the yield of 50 % obtained for the synthesis of the mixture 

of H3L2a and H3L2b in water/diethyl-ether as described above. 

As the starting material was pure L1a.3HBr only the isomer H3L2a of the Schiff 

base ligand should be synthesised. The 1H NMR spectrum of H3L2a only contains the 

peaks reported in the literature for H3L2a,166 thus pure H3L2a was prepared.  
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2.3.2 Structural characterisation of cis,cis-1,3,5-tris(salicylideneamino)cyclohexane 

(H3L2a). 

  A diffusion of diethyl-ether into a solution of pure H3L2a in chloroform gave, after 

a few days, yellow needles, which were characterised by single crystal X-ray diffraction. 

The structure of H3L2a was refined in the monoclinic P2(1)/c space group and 

crystallographic data are shown in table 2.3. 

  The asymmetric unit contains a whole molecule of H3L2a. Figure 2.10 shows the 

molecular structure and atomic numbering scheme for H3L2a. The most noticeable 

feature of this molecule is the arrangement of the phenol group of each arm (O1-H1, 

O2-H2 and O3-H3), which are involved in intramolecular hydrogen bonding to the 

respective imino-nitrogen atoms (N1, N2 and N3) leading to the formation of a 

six-membered ring for each arm (N1-C7-C8-C9-O1-H1 for the arm including O1-H1 and 

N1). This accounts for the orientation of the OH groups, which are cis to the 

imino-nitrogen atoms. Full details of the hydrogen bonding are given in table 2.4. The 

metric parameters involved in these interactions are in keeping with the hydrogen 

bonding trends observed in such types of interacting units.70,178-180 

  Figure 2.11 represents H3L2a from another orientation and shows that the 

cyclohexane backbone of the ligand adopts the chair conformation. The three arms of 

the ligand occupy the equatorial positions of the 1, 3 and 5 positions of the cyclohexane 

ring adopting a cis,cis- conformation between each other. However, the three phenolic 

rings adopt different orientations compared to the cyclohexane ring. Selected torsion 

angles for H3L2a are listed in table 2.5. The torsion angles between the imino group of 

each arm and the cyclohexane backbone shows the different twisting of the three arms: 

the arms including N1 and N3 have their aromatic rings approximately parallel to the 

planes C1-C3-C5 and C2-C4-C6 of the cyclohexane ring, whereas the arm including N2 

has its aromatic ring almost perpendicular to these planes. The different twisting of 

each arm explains the absence of a three-fold rotation axis passing through the centre 

of the cyclohexane ring contrary to what was observed for (L1aH3)3+ above. The torsion 

angles between the imino group and the phenolate aromatic ring for each arm shows 

that the imino groups present a slight twisting relative to the aromatic rings. Moreover, 

the ligand is chiral due to the different orientation of each of the three phenol groups. 

However, the structure is achiral as both enantiomers are present in equal quantities. 
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Figure 2.10 – Molecular structure and atomic labelling diagram for H3L2a. (Hydrogen atoms not 

involved in hydrogen bonding have been omitted for clarity. Intramolecular hydrogen bonds are 

shown as purple dashed bonds.) 

 

Figure 2.11 – Molecular structure for H3L2a showing the chair conformation of its cyclohexane 

backbone. (Intramolecular hydrogen bonds are shown as purple dashed bonds.) 
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Table 2.3 – Crystal data and structure refinement for H3L2a. 

Empirical formula  C27H27N3O3 

Formula weight  441.52 g/mol 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/c 

Unit cell dimensions a = 6.0202(3) Å α = 90° 

 b = 24.6113(14) Å β = 91.5550(10)° 

 c = 15.3818(9) Å γ = 90° 

Volume 2278.2(2) Å3 

Z 4 

Density (calculated) 1.287 g/cm3 

Absorption coefficient 0.085 mm-1 

F(000) 936 

Crystal size 0.50 x 0.12 x 0.06 mm3 

Theta range for data collection 1.56 to 22.50° 

Index ranges -6<=h<=6, -26<=k<=26, -16<=l<=16 

Reflections collected 16662 

Independent reflections 2984 [R(int) = 0.0341] 

Completeness to theta = 22.50° 100.0 %  

Absorption correction Empirical 

Max. and min. transmission 1.000 and 0.779 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2984 / 3 / 307 

Goodness-of-fit on F2 1.211 

Final R indices [I>2sigma(I)] R1 = 0.0489, wR2 = 0.0997 

R indices (all data) R1 = 0.0571, wR2 = 0.1032 
Largest diff. peak and hole   0.175 and -0.165 e.Å-3 

 

 

Table 2.4 – Parameters of hydrogen bonding interactions for H3L2a [Å] and [°]. 
  

 D-H...A   d(D-H)  d(H...A)  d(D...A)  <(D-H…A) 

 O(1)-H(1)...N(1)  0.98(2)  1.70(2)  2.594(2) 149(3) 

 O(2)-H(2)...N(2)  0.96(2)  1.71(2)  2.584(2) 149(2) 

 O(3)-H(3)...N(3)  0.97(2)  1.69(2)  2.589(2) 153(2) 
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Table 2.5 – Selected torsion angles [°] for H3L2a. 

 

C(7)-N(1)-C(1)-C(2)   14.1(3)   N(1)-C(7)-C(8)-C(9)        1.5(4) 

C(7)-N(1)-C(1)-C(6)  141.4(2)  N(1)-C(7)-C(8)-C(13)        173.8(3) 

C(14)-N(2)-C(3)-C(2)  105.5(2)  N(2)-C(14)-C(15)-C(16)        2.3(3) 

C(14)-N(2)-C(3)-C(4)  133.4(2)  N(2)-C(14)-C(15)-C(20)        179.3(2) 

C(21)-N(3)-C(5)-C(4)  151.3(2)  N(3)-C(21)-C(22)-C(23)        1.9(3) 

C(21)-N(3)-C(5)-C(6)  27.4(3)   N(3)-C(21)-C(22)-C(27)        177.5(2) 

 

The packing of H3L2a is shown in figure 2.12 as viewed down the a-axis, along 

with hydrogen-bonding between molecules represented by green and white dashed 

lines. The ligand has four different orientations related by symmetry. Ligands with the 

same orientation can be related by unit cell translations. CH-to-π-interactions281 occur 

between the imino-hydrogen atom H14 and the aromatic ring of an adjacent ligand 

[H14···centre of the ring = 2.95(3) Å, C-H···centroid angle = 146.40(5)°]. Further weak 

CH-to-π-interactions occur between the methylene hydrogen H2B of the cyclohexane 

backbone and the aromatic ring of an adjacent ligand (not shown in figure 2.15) 

[H2B···centre of the ring = 3.29(3) Å, C-H···centroid angle = 156.76(5)°]. Moreover, two 

unique edge-to-face π-π-interactions occur between aromatic rings of adjacent ligands 

[H25···centre of the ring = 2.90(3) Å, C-H···centroid angle = 129.13(5)°; H11···centre of 

the ring = 3.26(3) Å, C-H···centroid angle = 134.36(5)°, the latter being much weaker]. 

The above interactions connect the ligands to give 2D-sheets in the ac-plane. There are 

two orientations of the sheets related to each other by glide plane symmetry, with 

alternate sheets related by unit cell translations along b. These 2D-sheets are 

connected in the third dimension by further edge-to-face π-π-interactions 

[H18···centre of the ring = 2.98(3) Å, C-H···centroid angle = 133.28(5)°].  
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Figure 2.12 – Packing diagram of H3L2a, viewed along the a-axis showing hydrogen-bonding 

between molecules. (H3L2a molecules are shown in blue, hydrogen atoms shown in red. Green 

and white dashed bonds indicate hydrogen-bonding; blue dotted lines indicate cell. Hydrogen 

atoms not involved in hydrogen bonding have been omitted for clarity.) 

2.4 d-Block metal complex syntheses and structural 

characterisation. 

2.4.1 d-Block metal complex syntheses. 

Complexes 1 to 11 were synthesised by layering a methanolic solution 

containing three equivalents of metal-salt on top of a chloroform solution containing two 

equivalents of the Schiff base ligand: either a mixture of H3L2a and H3L2b or pure 

H3L2a. Metal acetates were chosen for the syntheses as the three phenol groups of 

each ligand need to be deprotonated before complexation. Thus, reaction occurs by 

elimination of acetic acid and generation of the phenolate anions in situ. For all the 

syntheses, identical synthetic procedures were adopted (same concentration and same 

metal-salt). The metals used were Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and Cd(II); all of 

which have the same oxidation state. Thus, the only difference between the different 

syntheses is the size and the nature of the metal used, which have different d-electron 

configurations, from d5 to d10. Crystals of complexes 1 to 11 were obtained directly from 

the solutions after several days. 
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2.4.2 Structural characterisation of isostructural complexes (L2a)2M3 where M = Cd(II) 

(Structure 1) and Mn(II) (Structure 2). 

 Pale yellow prisms of complex 1 and yellow prisms of complex 2 were obtained 

from layering, which were suitable for a structure determination by single crystal X-ray 

diffraction. Trinuclear complexes (L2a)2Cd3 (1) and (L2a)2Mn3 (2) were first synthesised 

using the mixture of H3L2a and H3L2b and were then also obtained using pure H3L2a. 

However, no crystals of complex including H3L2b were obtained for either Cd(II) or 

Mn(II). Crystallographic details for 1 and 2 are given in table 2.6. 1 and 2 are 

isostructural, their crystal structure determination revealed the same asymmetric unit 

except for the metal (Cd(II) for 1 and Mn(II) for 2), they crystallise in the same 

monoclinic space group (P2(1)/n) and their unit cell dimensions are very similar as 

shown in table 2.6, although the cell of 1 is slightly bigger than the cell of 2, Cd(II) being 

a bigger cation than Mn(II). Figure 2.13 shows the molecular structure and atomic 

numbering scheme for 1, the same atomic labelling being used for 2. 

 

 
 

Figure 2.13 – Molecular structure and atomic labelling diagram for 1. (Hydrogen atoms omitted 

for clarity) 

C7 C8 
C9 

C13 
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Table 2.6 – Crystal data and structure refinement for 1 and 2. 

 

Compound    1    2 

Empirical formula    C54H48Cd3N6O6   C54H48Mn3N6O6 

Formula weight     1214.18 g/mol   1041.80 g/mol 

Temperature     153(2) K   153(2) K 

Wavelength     0.71073 Å   0.71073 Å 

Crystal system     Monoclinic   Monoclinic 

Space group     P2(1)/n    P2(1)/n 

Unit cell dimensions   a = 11.5213(8) Å  a = 11.3899(6) Å 

     b = 11.3256(7) Å  b = 11.2192(6) Å 

     c = 18.1298(12) Å  c = 18.1853(9) Å 

     α = 90°    α = 90° 

     β = 100.9920(10)°  β = 100.9420(10)° 

     γ = 90°    γ = 90° 

Volume     2322.3(3) Å3   2281.6(2) Å3 

Z     2    2 

Density (calculated)   1.736 g/cm3   1.516 g/cm3 

Absorption coefficient   1.421 mm-1   0.879 mm-1 

F(000)     1212    1074 

Crystal size    0.2 x 0.16 x 0.09 mm3  0.15 x 0.1 x 0.05 mm3 

Theta range for data collection  1.94 to 28.35°   1.96 to 25.00° 

Index ranges    -12<=h<=14   -13<=h<=13 

     -15<=k<=12   -13<=k<=13 

     -20<=l<=23   -21<=l<=21 

Reflections collected   13918    20790 

Independent reflections   5326 [R(int) = 0.0308]  4017 [R(int) = 0.0375] 

Completeness to theta    = 28.35°, 91.8 %   = 25.00°, 100.0 % 

Absorption correction   Empirical   Empirical 

Max. and min. transmission  1.0000 and 0.6963  1.0000 and 0.7909 

Refinement method        Full-matrix least-squares on F2 

Data / restraints / parameters  5326 / 0 / 313   4017 / 0 / 313 

Goodness-of-fit on F2   1.061    1.085 

Final R indices [I>2sigma(I)]  R1 = 0.0424   R1 = 0.0421 

     wR2 = 0.0945   wR2 = 0.1128 

R indices (all data)   R1 = 0.0527   R1 = 0.0535 

     wR2 = 0.0989   wR2 = 0.1189 

Largest diff. peak and hole  1.565 and -0.453 e.Å-3                   0.763 and -0.209 e.Å-3 
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Isostructural complexes 1 and 2 include three metal(II) centres as well as two 

deprotonated ligand molecules of L2a, so that the whole trinuclear complex is neutral. 

Thus, each molecule of ligand L2a behaves as a tris-chelating, trianionic hexadentate 

ligand (L2a)3- supplying three imino nitrogen atoms and three phenolate oxygen atoms 

for coordination to the metal ions, thus Cd1 (or Mn1) have an {O3N3} trigonal prismatic 

coordination environment. However, the asymmetric unit for 1 and 2 consists of only 

half of a trinuclear complex and thus includes one and a half metal ions and one 

molecule of L2a, the whole trinuclear complex then being obtained by applying the 

inversion centre on which Cd2 (or Mn2) sit. Cd2 (or Mn2) occupy the other metal site 

and are coordinated to the three phenolate oxygen atoms from each L2a, thus have an 

{O6} trigonal antiprismatic coordination environment. Because of coordination to both 

terminal and central metal ions, each phenolate oxygen atom of the ligand acts as a 

bridging ligand in a µ2 mode; the imino nitrogen and phenolate oxygen atoms of each 

arm of the ligand being both coordinated to the terminal metal centre they act as a 

chelating ligand in a η2 mode. The three arms of L2a are situated on the axial positions 

of the cyclohexane ring to allow their complexation to the metal centres, contrary to 

what was described above for the structure of H3L2a, where the three arms are situated 

on the equatorial positions of the cyclohexane backbone. Selected bond lengths and 

angles for 1 and 2 are listed in table 2.7. 

The linearity of the trinuclear array can be gauged by the M1-M2-M1A angle. 

That angle is 180.00° because Cd2 and Mn2 sit on an inversion centre, showing that 

the trinuclear complexes 1 and 2 present a perfect linear arrangement. Cd-O and Cd-N 

distances in 1 are slightly longer than the corresponding distances in 2. Moreover, 

Cd1-Cd2 distance is slightly longer than Mn1-Mn2, which is due to Cd(II) being a bigger 

cation than Mn(II) as mentioned before for the unit cell dimensions. Cd-O and Cd-N 

distances in 1 are very similar, contrary to the corresponding distances in 2, Mn-N 

distances are indeed significantly longer than Mn-O distances. 
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Table 2.7 – Selected bond lengths [Å] and angles [°] for 1 and 2. 

 

Compound 1      Compound 2 

Cd(1)-N(1)  2.286(3)   Mn(1)-N(1)  2.233(3) 

Cd(1)-N(2)  2.275(3)   Mn(1)-N(2)  2.221(3) 

Cd(1)-N(3)  2.277(3)   Mn(1)-N(3)  2.234(3) 

Cd(1)-O(1)  2.256(3)   Mn(1)-O(1)  2.153(2) 

Cd(1)-O(2)  2.259(3)   Mn(1)-O(2)  2.159(2) 

Cd(1)-O(3)  2.245(3)   Mn(1)-O(3)  2.157(2) 

Cd(2)-O(1)  2.279(3)   Mn(2)-O(1)  2.188(2) 

Cd(2)-O(2)  2.266(3)   Mn(2)-O(2)  2.163(2) 

Cd(2)-O(3)  2.295(3)   Mn(2)-O(3)  2.177(2) 

Cd(1)-Cd(2)  3.1765(3)   Mn(1)-Mn(2)  3.0390(4) 

Cd(1)-Cd(2)-Cd(1)i 180.00    Mn(1)-Mn(2)-Mn(1)i 180.00 

Symmetry transformations used to generate equivalent atoms:  

i = -x, -y, -z. 

 

Figure 2.14 represents the trinuclear linear complex 1 viewed down the 

Cd1-Cd2 axis (complex 2 viewed down the Mn1-Mn2 axis gives a very similar picture) 

and shows that the regular orientation of the phenolate aromatic rings yields to a 

pseudo three-fold rotation axis along the Cd1-Cd2 axis with a paddle-wheel type of 

architecture. However, it is only a pseudo rotation axis due to the slightly twisted 

arrangement of the arms of the two molecules of L2a around the imino group. The 

imino nitrogen and carbon atoms are not in the same plane as the phenolate aromatic 

ring of the same arm but are slightly twisted relative to that plane. The phenolate 

oxygen atoms are also slightly twisted compared to the phenolate aromatic ring; this 

twisting being slightly different for each arm. The slight twisting of the arms of L2a can 

be quantified by torsion angles between the imino nitrogen and carbon atoms and the 

phenolate aromatic ring and oxygen atom. Selected torsion angles for 1 and 2 are listed 

in table 2.8, showing that the slight twisting is unique for each arm of L2a inside each 

complex as the corresponding torsion angles for the three arms are slightly different 

and that the twisting also slightly differs between 1 and 2. Figure 2.14 also shows that 

the carbon atoms of the cyclohexane ring of the two L2a molecules present in the 

trinuclear complex superimpose when the trinuclear complex is viewed down the 

Cd1-Cd2 axis. However, the angle between the arms including N3 and N2A is 

64.39(12)° for 1 and 57.33(11)° for 2, which corresponds to the rotation of one ligand 

molecule compared to the other in the trinuclear complexes, as a carbon of the 

cyclohexane backbone substituted by an imino group superimpose with a methylene 

carbon of the other ligand. 
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Figure 2.14 – Trinuclear complex 1 viewed down the Cd1-Cd2 axis. (Hydrogen atoms omitted for 

clarity) 

Table 2.8 – Selected torsion angles [°] for 1 and 2. 

 

Compound 1     Compound 2 

N(1)-C(7)-C(8)-C(9)  7.8(7)  N(1)-C(7)-C(8)-C(9)  1.4(5) 

C(13)-C(8)-C(9)-O(1)  177.7(4) C(13)-C(8)-C(9)-O(1)  179.7(3) 

C(7)-C(8)-C(9)-O(1)  6.5(7)  C(7)-C(8)-C(9)-O(1)  0.3(5) 

N(2)-C(14)-C(15)-C(16)  1.4(7)  N(2)-C(14)-C(15)-C(16)  2.0(5) 

C(20)-C(15)-C(16)-O(2)  178.0(4) C(20)-C(15)-C(16)-O(2)  179.4(3) 

C(14)-C(15)-C(16)-O(2)  0.6(7)  C(14)-C(15)-C(16)-O(2)  0.7(5) 

N(3)-C(21)-C(22)-C(23)  3.8(7)  N(3)-C(21)-C(22)-C(23)  5.9(6) 

C(27)-C(22)-C(23)-O(3)  178.0(4) C(27)-C(22)-C(23)-O(3)  180.0(3) 

C(21)-C(22)-C(23)-O(3)  1.7(7)  C(21)-C(22)-C(23)-O(3)  3.3(5) 

 
 As can be seen in table 2.6 there is a residual peak of electron density worth of 

1.565 electron for 1 situated at 0.86 Å of Cd1 despite the good refinement for that 

structure (R1 = 0.0424). It was tried to refine Cd1 as disordered over two positions by 

calling the residual peak Cd1’. The refinement improved slightly and there was no more 

residual peak of electron density above one. However, Cd1 and Cd1’ then refined as 
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being very close to each other and nearly superimposing (Cd1-Cd1’ < 0.1 Å), thus it 

was decided to delete Cd1’ and to keep the residual electron density peak. Crystals of 1 

and 2 are air-stable. However, they are insoluble in water and common organic 

solvents, thus ESMS or 1H NMR (for 1) could not be performed. 

2.4.3 Structural characterisation of the solvates (L2a)2Ni3⋅4CHCl3 (Structure 3) and 

(L2a)2Ni3⋅2CHCl3⋅2CH3OH⋅1.8H2O (Structure 4). 

Green needles of complex 3 and yellow/green plates of complex 4 were 

obtained from layering, which were suitable for a structure determination by single 

crystal X-ray diffraction. Trinuclear complexes (L2a)2Ni3⋅4CHCl3 (structure 3) and 

(L2a)2Ni3⋅2CHCl3⋅2CH3OH⋅1.8H2O (structure 4) were first synthesised using the mixture 

of H3L2a and H3L2b and were then also obtained using pure H3L2a. However, no 

crystals of complexes including H3L2b were obtained for Ni(II). Crystallographic details 

for 3 and 4 are given in table 2.9. The crystal structure determination of 3 and 4 reveals 

the same Ni trinuclear complex crystallising in two different space groups which leads to 

different packing: complex 3 crystallises in the monoclinic space group P2(1)/c, 

whereas 4 crystallises in the orthorhombic space group Pnna. However, 3 and 4 include 

different solvent molecules. Therefore, they are solvates. The ratio of crystals 3:4 in the 

sample is ca. 10:1. The yellow/green plates of 4 are air-stable, however the green 

needles of 3 gradually lose the solvent of crystallisation on exposure to air. Figure 2.15 

shows the molecular structure and numbering scheme for the trinuclear complex in 3. 

The complex in 4 presents a very similar molecular structure, however the atomic 

labelling used is the same as 1 shown in figure 2.13. Wentworth et al.168 reported the 

synthesis of (L2a)2Ni3 in 1975 and mentioned a possible structure; however single 

crystal X-ray diffraction was not performed in order to verify the proposed structure. 

As expected the structures of the trinuclear complexes in 3 and 4 are very 

similar to isostructural complexes 1 and 2: they include three Ni(II) centres as well as 

two deprotonated ligand molecules of L2a, the coordination sphere of the two Ni sites 

being the same as in 1 and 2. The asymmetric unit consists of a whole trinuclear 

complex in 3 (omitting the solvent of crystallisation), whereas the asymmetric unit in 4 

consists of only half of a trinuclear complex as for 1 and 2, the whole trinuclear complex 

then being obtained by applying the two-fold rotation axis along the a-axis at the 

coordinates (x, 0.75, 0.25) on which Ni2 sits. 
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Table 2.9 – Crystal data and structure refinement for 3 and 4. 

 

Compound   3    4 

Empirical formula   C58H52Cl12N6Ni3O6  C58H61.65Cl6N6Ni3O9.82 

Formula weight    1530.59 g/mol   1388.81 g/mol 

Temperature    153(2) K   153(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Monoclinic   Orthorhombic 

Space group    P2(1)/c    Pnna 

Unit cell dimensions  a = 18.4179(12) Å  a = 28.989(2) Å 

    b = 15.8666(10) Å   b = 12.6737(9) Å 

    c = 21.1933(14) Å  c = 16.1459(11) Å 

    α = 90°    α = 90° 

    β = 101.2430(10)°  β = 90° 

    γ = 90°    γ = 90° 

Volume    6074.5(7) Å3   5932.1(7) Å3 

Z    4    4 

Density (calculated)  1.674 g/cm3   1.555 g/cm3 

Absorption coefficient  1.505 mm-1   1.276 mm-1 

F(000)    3112    2865 

Crystal size   0.5 x 0.13 x 0.13 mm3  0.38 x 0.28 x 0.025 mm3 

Theta range for data collection 1.13 to 25.00°   1.44 to 25.02° 

Index ranges   -21<=h<=21   -34<=h<=34 

    -18<=k<=18   -15<=k<=15 

    -25<=l<=25   -19<=l<=19 

Reflections collected  44941    44708 

Independent reflections  10684 [R(int) = 0.0570]  5243 [R(int) = 0.0478] 

Completeness to theta  = 25.00°, 99.9 %  = 25.02°, 99.8 % 

Absorption correction  Empirical    Empirical 

Max. and min. transmission 1.0000 and 0.7256  1.0000 and 0.8032 

Refinement method        Full-matrix least-squares on F2 

Data / restraints / parameters 10684 / 0 / 444   5243 / 0 / 348 

Goodness-of-fit on F2  1.095    1.115 

Final R indices [I>2sigma(I)] R1 = 0.0729   R1 = 0.0406 

    wR2 = 0.1537   wR2 = 0.0922 

R indices (all data)  R1 = 0.1285   R1 = 0.0508 

    wR2 = 0.1731   wR2 = 0.0960 

Largest diff. peak and hole 0.661 and -0.439 e.Å-3  0.533 and -0.495 e.Å-3 
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Figure 2.15 – Molecular structure and atomic labelling diagram for the trinuclear complex in 3. 

(Hydrogen atoms and chloroform molecules omitted for clarity) 

 Selected bond lengths and angles for the trinuclear complexes in 3 and 4 are 

listed in table 2.10. The Ni1-Ni2-Ni1A angle in 4 is 179.94(3)° and the Ni1-Ni2-Ni3 angle 

in 3 is 179.08(4)° showing that the trinuclear complexes in 3 and 4 present a nearly 

perfect linear arrangement. Ni-Ni, Ni-O and Ni-N distances are very similar both within a 

trinuclear complex and when comparing the solvates 3 and 4, but are significantly 

shorter than the corresponding Cd and Mn distances in 1 and 2 as shown in table 2.7. 
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Table 2.10 – Selected bond lengths [Å] and angles [°] for 3 and 4. 

 

Compound 3      Compound 4 

Ni(1)-N(1)  2.083(6)   Ni(1)-N(1)  2.060(2) 

Ni(1)-N(2)  2.043(6)   Ni(1)-N(2)  2.065(2) 

Ni(1)-N(3)  2.072(6)   Ni(1)-N(3)  2.086(2) 

Ni(1)-O(1)  2.088(5)   Ni(1)-O(1)  2.1038(19) 

Ni(1)-O(2)  2.096(5)   Ni(1)-O(2)  2.0847(19) 

Ni(1)-O(3)  2.151(5)   Ni(1)-O(3)  2.0882(19) 

Ni(1)-Ni(2)  2.9226(14)   Ni(1)-Ni(2)  2.9083(4) 

Ni(2)-O(1)  2.058(5)   Ni(2)-O(1)  2.0704(19) 

Ni(2)-O(2)  2.050(5)   Ni(2)-O(2)  2.0641(19) 

Ni(2)-O(3)  2.051(5)   Ni(2)-O(3)  2.0904(18) 

Ni(2)-O(4)  2.100(5)    Ni(1)-Ni(2)-Ni(1)i 179.94(3) 

Ni(2)-O(5)  2.085(5) 

Ni(2)-O(6)  2.131(5) 

Ni(2)-Ni(3)  2.9313(14) 

Ni(3)-N(4)  2.108(6) 

Ni(3)-N(5)  2.062(6) 

Ni(3)-N(6)  2.085(7) 

Ni(3)-O(4)  2.087(5) 

Ni(3)-O(5)  2.106(5) 

Ni(3)-O(6)  2.013(5) 

Ni(1)-Ni(2)-Ni(3)  179.08(4) 

Ni(1)-Ni(3)  5.8538(10) 

Symmetry transformations used to generate equivalent atoms:  

i = x, -y+3/2, -z+1/2. 

 

 3 and 4 also contain different amounts of solvent within the lattice. For 3 two 

molecules of chloroform with full occupancy were refined in the asymmetric unit. The 

lattice contains also a number of severely disordered chloroform molecules; attempts to 

model these were only partially successful so the PLATON SQUEEZE v 1.08181,182 

procedure was used instead. Voids of total volume 1159.3 Å3 were located in the cell, 

representing 19.1 % of the cell volume. The electron density accounts for 455 electrons 

in the voids per cell, which corresponds to two molecules of chloroform per asymmetric 

unit (Z = 4), giving the formula (L2a)2Ni3·4CHCl3 for structure 3. For 4 one molecule of 

chloroform with full occupancy was refined in the asymmetric unit. The lattice contains 

also a number of severely disordered methanol and water molecules; attempts to model 

these were only partially successful so the PLATON SQUEEZE v 1.08181,182 procedure 

was used instead. Voids of total volume 887.1 Å3 were located in the cell, representing 
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15.0 % of the cell volume. The electron density accounts for 217 electrons in the voids 

per cell, which corresponds to one molecule of methanol and 0.9 molecule of water (a 

molecule of water present in 90 % of the unit cells in the crystal) per asymmetric unit 

(Z = 4 trinuclear complexes and 8 asymmetric units present per cell), giving the formula 

(L2a)2Ni3·2CHCl3·2CH3OH·1.8H2O for two asymmetric units in structure 4. 

Figure 2.16 presents the trinuclear linear complex in 3 viewed down the 

Ni1-Ni2-Ni3 axis (the complex in 4 viewed down the Ni1-Ni2 axis gives a very similar 

picture) and is significantly different from the view of 1 down the Cd1-Cd2 axis as seen 

in figure 2.17 (complex 2 viewed down the Mn1-Mn2 axis giving a very similar picture) 

in the following ways: 

(a) The twisting of the arms of the ligands in 3 and 4 is much more obvious than 

the slight twisting in 1 and 2. The planes including the arms of the ligands in 1 and 2 

more or less include the Cd1-Cd2 (or Mn1-Mn2) axis, however it is not true in 3 and 4; 

(b) The regular orientation of the phenolate aromatic rings in 3 and 4 yields to a 

pseudo three-fold rotation axis along the Ni1-Ni2-Ni3 (or Ni1-Ni2) axis as was observed 

for 1 and 2 with however a propeller type of architecture; 

(c) Figure 2.16 shows that Ni2 has an {O6} trigonal antiprismatic coordination 

environment like for 1 and 2; however, Ni1 and Ni3 have an {O3N3} trigonal antiprismatic 

coordination environment contrary to what was observed in 1 and 2 due to the different 

twisting of the ligands arms in solvates 3 and 4. This is due to the preference of Ni(II) to 

have a coordination environment as close as possible to octahedral; 

(d) Figure 2.16 also shows that the carbon atoms of the cyclohexane ring of the 

two L2a molecules superimpose when the trinuclear complex is viewed down the 

Ni1-Ni2-Ni3 axis. However, contrary to 1 and 2 there is no rotation of one ligand 

compared to the other one in the trinuclear complexes in 3 and 4, as a carbon of the 

cyclohexane backbone substituted by an imino group superimpose with another carbon 

substituted by an imino group of the other ligand, methylene carbons of the two ligands 

also superimpose.  
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Figure 2.16 – The trinuclear complex in 3 viewed down the Ni1-Ni2-Ni3 axis. (Hydrogen atoms 

and chloroform molecules omitted for clarity) 

As in 1 and 2 the arms of the two molecules of L2a are twisted around the imino 

group, the imino nitrogen and carbon atoms not being in the same plane than the 

phenolate aromatic ring of the same arm but being twisted relative to that plane, the 

phenolate oxygen atom being also slightly twisted compared to the phenolate aromatic 

ring; these twistings being slightly different for each arm. The twisting of the arms of L2a  

can be quantified by torsion angles between the imino nitrogen and carbon atoms and 

the phenolate aromatic ring and oxygen atom. Selected torsion angles in 3 and 4 are 

listed in table 2.11, showing that the twisting is unique for each arm of L2a inside each 

solvate and that the twisting also slightly differs between 3 and 4.  
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Table 2.11 – Selected torsion angles [°] in 3 and 4. 

 

Compound 3     Compound 4 

N(1)-C(7)-C(8)-C(9)  8.4(13)  N(1)-C(7)-C(8)-C(9)  10.6(5) 

C(13)-C(8)-C(9)-O(1)  172.1(8) C(13)-C(8)-C(9)-O(1)  178.1(3) 

C(7)-C(8)-C(9)-O(1)  3.5(12)  C(7)-C(8)-C(9)-O(1)  8.9(4) 

N(2)-C(14)-C(15)-C(16)  0.9(14)  N(2)-C(14)-C(15)-C(16)  10.5(5) 

C(20)-C(15)-C(16)-O(2)  164.5(7)  C(20)-C(15)-C(16)-O(2)  179.2(3) 

C(14)-C(15)-C(16)-O(2)  2.4(13)  C(14)-C(15)-C(16)-O(2)  5.4(4) 

N(3)-C(21)-C(22)-C(23)  8.0(14)  N(3)-C(21)-C(22)-C(23)  14.7(5) 

C(27)-C(22)-C(23)-O(3)  179.0(7)  C(27)-C(22)-C(23)-O(3)  179.0(3) 

C(21)-C(22)-C(23)-O(3)  0.9(11)  C(21)-C(22)-C(23)-O(3)  5.0(4) 

N(4)-C(34)-C(35)-C(36)  20.5(13) 

C(40)-C(35)-C(36)-O(4)  167.4(7) 

C(34)-C(35)-C(36)-O(4)  6.8(12) 

N(5)-C(41)-C(42)-C(43)  10.2(16) 

C(47)-C(42)-C(43)-O(5)  174.3(8) 

C(41)-C(42)-C(43)-O(5)  0.2(13) 

N(6)-C(48)-C(49)-C(50)  8.9(12) 

C(54)-C(49)-C(50)-O(6)  177.0(6)  

C(48)-C(49)-C(50)-O(6)  9.8(12) 

 

Crystals of 3 and 4 are slightly soluble in chloroform, thus a mixture of these 

crystals was analysed by ESMS. The mass spectrum indicates the presence of a 

[(L2a)(HL2a)Ni3]+ species. The unique peak of the spectrum is at m/z = 1053.09 with a 

spacing of m/z 1 between the peaks within the complex corresponding to the presence 

of a +1 charged complex, and the overall pattern of the isotopic distribution is consistent 

with that predicted by the MassLynxTM program183 for the species [(L2a)(HL2a)Ni3]+. 

2.4.4 Structural characterisation of isostructural complexes (L2a)2Zn3⋅8.8H2O 

(Structure 5) and (L2a)2Co3⋅3.8H2O (Structure 6). 

 Pale yellow blocks of complex 5 and red needles of complex 6 were obtained 

from layering, which were suitable for a structure determination by single crystal X-ray 

diffraction. Trinuclear complexes (L2a)2Zn3⋅8.8H2O (structure 5) and (L2a)2Co3⋅3.8H2O 

(structure 6) were first synthesised using the mixture of H3L2a and H3L2b and were 

then also obtained using pure H3L2a. No crystals of Zn-complex including H3L2b were 

obtained, however crystals of a Co-complex including H3L2b were synthesised and 

described in 2.4.6, as well as other Co-crystals including H3L2a as described in 2.4.5. 

Crystallographic details for 5 and 6 are given in table 2.12. 
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Table 2.12 – Crystal data and structure refinement for 5 and 6. 

 

Compound   5    6 

Empirical formula   C54H65.54N6O14.77Zn3  C54H55.57Co3N6O9.78 

Formula weight    1231.11 g/mol   1121.93 g/mol 

Temperature    153(2) K   293(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Cubic    Cubic 

Space group    Ia-3d    Ia-3d 

Unit cell dimensions  a = 39.911(3) Å   a = 39.878(5) Å 

    b = 39.911(3) Å   b = 39.878(5) Å 

    c = 39.911(3) Å   c = 39.878(5) Å 

    α = 90°    α = 90° 

    β = 90°    β = 90° 

    γ = 90°    γ = 90° 

Volume    63572(8) Å3   63417(13) Å3 

Z    48    48 

Density (calculated)  1.544 g/cm3   1.410 g/cm3 

Absorption coefficient  1.422 mm-1   0.993 mm-1 

F(000)    30706    27880 

Crystal size   0.25 x 0.25 x 0.13 mm3  0.35 x 0.07 x 0.07 mm3 

Theta range for data collection 1.25 to 19.96°   1.44 to 19.58° 

Index ranges   -38<=h<=38   -34<=h<=35 

    -38<=k<=16   -35<=k<=34 

    -35<=l<=37   -31<=l<=33 

Reflections collected  67716    59831 

Independent reflections  2478 [R(int) = 0.1761]  2203 [R(int) = 0.1907] 

Completeness to theta   = 19.96°, 100.0 %   = 19.58°, 94.3 % 

Absorption correction  Empirical   Empirical 

Max. and min. transmission 1.0000 and 0.3163  1.0000 and 0.7219 

Refinement method      Full-matrix least-squares on F2 

Data / restraints / parameters 2478 / 30 / 114   2203 / 191 / 230 

Goodness-of-fit on F2  1.284    1.237 

Final R indices [I>2sigma(I)] R1 = 0.1362   R1 = 0.1940 

    wR2 = 0.3368   wR2 = 0.3982 

R indices (all data)  R1 = 0.1905   R1 = 0.2298 

    wR2 = 0.3701   wR2 = 0.4173 

Largest diff. peak and hole 1.169 and -0.615 e.Å-3  1.015 and -0.819 e.Å-3 
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5 and 6 are isostructural, their crystal structure determination revealed the same 

asymmetric unit except for the metal centres (Zn(II) for 5 and Co(II) for 6) and amount of 

solvent molecules, they crystallise in the same cubic space group (Ia-3d) which is the 

space group with highest symmetry among the 230 existing space groups and their unit 

cell dimensions are very similar as shown in table 2.12, although the cell of 5 is slightly 

bigger than the one of 6, Zn(II) being a slightly bigger cation than Co(II). A direct 

consequence of the relatively poor data obtained from these crystals is that the 

refinement is very poor. This, combined with the problems associated with modelling 

highly disordered moieties, means that a satisfactory refinement is difficult to achieve 

despite many attempts (R1 = 0.1362 for 5 and 0.1940 for 6) and a residual peak of 

electron density remains for each structure (worth 1.169 electrons for 5 at 0.93 Å of Zn1 

and worth 1.015 electrons for 6 at 1.10 Å of Co1). 

Figure 2.17 shows the molecular structure and numbering scheme for the 

trinuclear complex in 5, the same atomic labelling being used in 6. As expected the 

structures of isostructural complexes 5 and 6 are very similar to the structures of the 

trinuclear complexes in 1 to 4: three metal(II) centres coordinated to two deprotonated 

ligand molecules of L2a, the coordination sphere of the Zn(II) or Co(II) centres being 

the same as for the trinuclear complexes in 1 to 4. The asymmetric unit in 5 and 6 

consists of only a half of a trinuclear complex (omitting the solvent of crystallisation), the 

whole trinuclear complex then being generated by applying the two-fold rotation axis 

(on which Zn2 or Co2 sit) passing through the diagonal joining (1/8, 1, 1/4) and 

(1/8, 1/4, 1) for 5 and (1/4, 1, 1/8) and (1, 1/4, 1/8) for 6. 
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Figure 2.17 – Molecular structure and atomic labelling diagram for the trinuclear complex in 5. 

(Hydrogen atoms and water molecules omitted for clarity) 

  

Selected bond lengths and angles for 5 and 6 are listed in table 2.13. Due to the 

relatively poor quality of the data and refinement, the errors on the coordination 

distances are on the second digit and on the third digit for the metal-metal distances 

contrary to the distances listed for structures 1 to 4, whose errors are on the third or 

fourth digit. Metal-metal, metal-oxygen and metal-nitrogen distances are very similar 

both within a trinuclear complex and when comparing isostructural complexes in 5 and 

6. Trinuclear complexes in 5 and 6 present a nearly perfect linear arrangement 

(178.09(14)° for Zn1-Zn2-Zn1A in 5 and 178.86(24)° for Co1-Co2-Co1A in 6).  
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Table 2.13 – Selected bond lengths [Å] and angles [°] for 5 and 6. 

 

Compound 5      Compound 6 

Zn(1)-N(1)  2.138(15)   Co(1)-N(1)  2.17(2) 

Zn(1)-N(2)  2.119(15)   Co(1)-N(2)  2.07(2) 

Zn(1)-N(3)  2.129(18)   Co(1)-N(3)  2.13(2) 

Zn(1)-O(1)  2.143(12)   Co(1)-O(1)  2.094(18) 

Zn(1)-O(2)  2.133(10)   Co(1)-O(2)  2.092(18) 

Zn(1)-O(3)  2.162(14)   Co(1)-O(3)  2.106(16) 

Zn(1)-Zn(2)  2.987(2)   Co(1)-Co(2)  2.964(3) 

Zn(2)-O(1)  2.057(12)   Co(2)-O(1)  2.081(15) 

Zn(2)-O(2)  2.121(11)   Co(2)-O(2)  2.067(18) 

Zn(2)-O(3)  2.085(13)   Co(2)-O(3)  2.110(16) 

Zn(1)-Zn(2)-Zn(1)i 178.09(14)   Co(1)-Co(2)-Co(1)ii 178.86(24) 

Symmetry transformations used to generate equivalent atoms:  

i = -x+1/4, -z+5/4, -y+5/4; ii = -y+5/4, -x+5/4, -z+1/4. 

 

 The lattice of 5 contains a number of severely disordered water molecules; 

attempts to model these were only partially successful so the PLATON SQUEEZE 

v 1.08181,182 procedure was used instead. Voids of total volume 13515 Å3 were located in 

the cell, representing 21.3 % of the cell volume. The electron density accounts for 

4210 electrons in the voids per cell, which corresponds to 4.4 water molecules per 

asymmetric unit (Z = 48 trinuclear complexes and 96 asymmetric units present per cell), 

giving the formula (L2a)2Zn3·8.8H2O for two asymmetric units in structure 5. The lattice 

of 6 also contains a number of severely disordered water molecules; these were 

however successfully modelled: four water molecules with partial occupancy, two of 

which are disordered over two positions each. These accounts for a total of 1.9 water 

molecules per asymmetric unit, giving the formula (L2a)2Co3·3.8H2O for two asymmetric 

units in structure 6. 

 Figure 2.18 presents the trinuclear linear complex in 5 viewed down the Zn1-Zn2 

axis with a propeller type of architecture (the complex in 6 viewed down the Co1-Co2 

axis gives a very similar picture) and is significantly different from the view down the 

metal-metal axis of the trinuclear complexes in 1 to 4 as seen in figures 2.14 and 2.16 

in the following ways: 

 (a) The most noticeable feature of isostructural complexes in 5 and 6 is that the 

carbon atoms of the cyclohexane ring of the two L2a molecules do not superimpose 

when the trinuclear complex is viewed down the Zn1-Zn2 (or Co1-Co2) axis contrary to 

what was observed in structures 1 to 4. The rotation of one ligand compared to the 

other in the trinuclear complex is obtained by measuring the angle between the plane 
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including C1, C4 and Zn1 (or Co1) and the plane including C1A, C4A and Zn1A (or 

Co1A), which is 21.02(50)° in 5 and 38.64(68)° in 6; 

 (b) There is no pseudo three-fold rotation axis along the Zn1-Zn2 axis contrary 

to what was observed for the trinuclear complexes in 1 to 4, due to the 

non-superposition of the carbon atoms of the cyclohexane ring of the two L2a 

molecules; 

 (c) Zn1 (or Co1) has an {O3N3} pseudo trigonal prismatic coordination 

environment, whereas Zn2 (or Co2) has an {O6} trigonal antiprismatic coordination 

environment. 

 

 

Figure 2.18 – The trinuclear complex in 5 viewed down the Zn1-Zn2 axis. (Hydrogen atoms and 

water molecules omitted for clarity) 

 As was observed above for the trinuclear complexes in 1 to 4 the arms of the 

L2a molecules are twisted around the imino group, the phenolate oxygen atom being 

also slightly twisted compared to the phenolate aromatic ring. These twistings are 

quantified by torsion angles between the imino nitrogen and carbon atoms and the 

phenolate aromatic ring and oxygen atom. Selected torsion angles in 5 and 6 are listed 

in table 2.14. Crystals of 5 and 6 are air-stable. However, they are insoluble in water 

and common organic solvents, thus ESMS could not be performed. 
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Table 2.14 – Selected torsion angles [°] in 5 and 6. 

 

Compound 5      Compound 6 

N(1)-C(7)-C(8)-C(9)  3(3)   N(1)-C(7)-C(8)-C(9)  7(5) 

C(13)-C(8)-C(9)-O(1)  178.6(6)  C(13)-C(8)-C(9)-O(1)            178(2) 

C(7)-C(8)-C(9)-O(1)  1.7(11)   C(7)-C(8)-C(9)-O(1)  0(3) 

N(2)-C(14)-C(15)-C(16)  8(3)   N(2)-C(14)-C(15)-C(16)  10(7) 

C(20)-C(15)-C(16)-O(2)  172.6(16)  C(20)-C(15)-C(16)-O(2)            172(3) 

C(14)-C(15)-C(16)-O(2)  9(3)   C(14)-C(15)-C(16)-O(2)  6(5) 

N(3)-C(21)-C(22)-C(23)  8(3)   N(3)-C(21)-C(22)-C(23)  4(4) 

C(27)-C(22)-C(23)-O(3)  174.3(7)  C(27)-C(22)-C(23)-O(3)             175(2) 

C(21)-C(22)-C(23)-O(3)  7.5(12)   C(21)-C(22)-C(23)-O(3)  3(4) 

 

2.4.5 Structural characterisation of (L2a)2Co3 (Structure 7). 

 Orange/red prisms of complex 7 were obtained from layering, which were 

suitable for a structure determination by single crystal X-ray diffraction. Three types of 

crystals were obtained from the layering with Co(OAc)2: two trinuclear complexes 

including L2a, (L2a)2Co3⋅3.8H2O (structure 6, described in 2.4.4) and (L2a)2Co3 

(structure 7, which will be described in this section) and a trinuclear complex including 

L2b, (HL2b)2Co3(OAc)2⋅CHCl3 (structure 8, which will be described in 2.4.6). Crystals of 

complexes 6, 7 and 8 were first synthesised using the mixture of H3L2a and H3L2b; 

crystals of complexes 6 and 7 were then also obtained using pure H3L2a. A few single 

crystals of 6, 7 and 8 were isolated to perform X-ray diffraction, however the crystals of 

the whole batch could not be separated as they were “fused” together and it was not 

possible to determine the ratio of these three types of crystals in the sample. Crystals of 

6, 7 and 8 are air-stable, but are insoluble in water and common organic solvents, thus 

ESMS could not be performed. Complex 7 is a solvate of complex 6: their crystal 

structure determination reveals the same Co trinuclear complex crystallising in two 

different space groups, which leads to a different packing; 6 includes solvent molecules 

contrary to 7. Crystallographic details for 7 are given in table 2.15. The structure was 

refined in the triclinic space group P-1. The unit cell dimensions of 7 are very similar to 

the unit cell dimensions of isostructural complexes 1 and 2 (see table 2.6) except that 

β ≠ 90º for 7, thus the cell is not monoclinic but triclinic and 7 is not isostructural with 1 

and 2. 

 As expected the structure of 7 is very similar to the structure of trinuclear 

complexes 1 to 6: three Co(II) centres coordinated to two deprotonated ligand 

molecules of L2a, the coordination sphere of the two Co sites being the same as in 
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trinuclear complexes 1 to 6, as can be seen in figure 2.19 showing the molecular 

structure and atomic numbering scheme for one of the two unique trinuclear complexes 

in structure 7. The most noticeable feature of 7 is indeed that its asymmetric unit 

consists of two unique halves of trinuclear complex, the two whole unique trinuclear 

complexes then being generated by applying the inversion centres on which Co2 and 

Co4 sit. Figure 2.19 represents only the unique trinuclear complex including Co1, Co2 

and Co1A, the other unique trinuclear complex including Co3, Co4 and Co3A being 

omitted for clarity as the two trinuclear complexes are very similar. There is no solvent 

of crystallisation in that structure. The two unique half trinuclear complexes of the 

asymmetric unit initially appeared to be the same and thus the structure to have higher 

symmetry, but analysis with the ADDSYMM feature of the PLATON program181 

revealed none. 

 

 
 

Figure 2.19 – Molecular structure and atomic labelling diagram for one of the two unique 

trinuclear complex in structure 7. (Hydrogen atoms omitted for clarity) 
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Table 2.15 – Crystal data and structure refinement for 7 and 8. 

 

Compound   7    8 

Empirical formula   C54H48Co3N6O6   C59H57Cl3Co3N6O10 

Formula weight    1053.77 g/mol   1293.25 g/mol 

Temperature    153(2) K   153(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Triclinic    Triclinic 

Space group    P-1    P-1 

Unit cell dimensions  a = 11.1578(5) Å  a = 9.0061(6) Å 

    b = 11.2826(5) Å  b = 10.8314(8) Å 

    c = 18.1988(8) Å  c = 16.0478(11) Å 

    α = 101.1920(10)°  α = 107.659(2)° 

    β = 90.7070(10)°  β = 95.756(2)° 

    γ = 90.0410(10)°  γ = 90.199(2)° 

Volume    2247.28(17) Å3   1483.21(18) Å3 

Z    2    1 

Density (calculated)  1.557 g/cm3   1.448 g/cm3 

Absorption coefficient  1.156 mm-1   1.026 mm-1 

F(000)    1086    665 

Crystal size   0.25 x 0.1 x 0.04 mm3  0.18 x 0.05 x 0.04 mm3 

Theta range for data collection 1.83 to 25.02°   1.97 to 25.01° 

Index ranges   -13<=h<=13   -10<=h<=10 

    -13<=k<=13   -12<=k<=12 

    -21<=l<=21   -19<=l<=19 

Reflections collected  18022    11806 

Independent reflections  7887 [R(int) = 0.0361]  5200 [R(int) = 0.0354] 

Completeness to theta  = 25.02°, 99.2 %   = 25.01°, 99.5 % 

Absorption correction  Empirical   Empirical 

Max. and min. transmission 1.0000 and 0.8222  1.0000 and 0.7618 

Refinement method        Full-matrix least-squares on F2 

Data / restraints / parameters 7887 / 0 / 625   5200 / 0 / 365 

Goodness-of-fit on F2  1.101    1.144 

Final R indices [I>2sigma(I)] R1 = 0.0496   R1 = 0.0776 

    wR2 = 0.1032   wR2 = 0.1714 

R indices (all data)  R1 = 0.0657   R1 = 0.0976 

    wR2 = 0.1093   wR2 = 0.1813 

Largest diff. peak and hole 0.475 and -0.343 e.Å-3  0.893 and -0.629 e.Å-3  
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 Selected bond lengths and angles for the two unique half trinuclear complexes 

of 7 are listed in table 2.16. The two angles Co1-Co2-Co1A and Co3-Co4-Co3A are 

180.00º due to the inversion centres on which Co2 and Co4 sit, showing that the two 

unique trinuclear complexes in the structure present a perfect linear arrangement. 

Although Co-N distances are slightly longer than Co-O distances in 7, Co-Co, Co-N and 

Co-O distances are very similar for the two unique half trinuclear complexes and are 

consistent with the distances observed in solvate 6 (see table 2.13). 

 

Table 2.16 – Selected bond lengths [Å] and angles [°] for 7. 

 

Co(1)-N(1)  2.141(3)  Co(3)-N(4)  2.149(3) 

Co(1)-N(2)  2.134(3)  Co(3)-N(5)  2.125(3) 

Co(1)-N(3)  2.147(3)  Co(3)-N(6)  2.130(3) 

Co(1)-O(1)  2.120(2)   Co(3)-O(4)  2.112(2) 

Co(1)-O(2)  2.123(2)  Co(3)-O(5)  2.115(2) 

Co(1)-O(3)  2.112(2)   Co(3)-O(6)  2.119(2)  

Co(2)-O(1)  2.072(2)  Co(4)-O(4)  2.106(2) 

Co(2)-O(2)  2.118(2)  Co(4)-O(5)  2.086(2) 

Co(2)-O(3)  2.087(2)  Co(4)-O(6)  2.084(2) 

Co(1)-Co(2)  2.9729(5)  Co(3)-Co(4)  2.9709(4) 

Co(1)-Co(2)-Co(1)i 180.00   Co(3)-Co(4)-Co(3)ii 180.00 

Co(1)-Co(3)  9.7147(7)  Co(2)-Co(3)  9.1818(6) 

Co(1)-Co(4)  11.2154(6)  Co(2)-Co(4)  11.1590(3) 

Symmetry transformations used to generate equivalent atoms:  

i = -x+1, -y+1, -z+1; ii = -x, -y, -z. 

 

 Figure 2.20 representing one of the unique trinuclear linear complex in 

structure 7 viewed down the Co1-Co2 axis (the other unique trinuclear complex viewed 

down the Co3-Co4 axis gives a very similar picture) is significantly different from the 

view down the metal-metal axis of the trinuclear complexes in 1 to 6 as seen in figures 

2.14, 2.16 and 2.18 in the following ways: 

 (a) Contrary to the solvate 6, the carbon atoms of the cyclohexane ring of the 

two L2a molecules superimpose when the trinuclear complex is viewed down the 

Co-Co axis, however a carbon atom of the cyclohexane backbone substituted by an 

imino group superimpose with a methylene carbon of the other ligand; 

 (b) Co1 (and Co3) has an {O3N3} pseudo trigonal prismatic coordination 

environment, whereas Co2 (and Co4) has an {O6} trigonal antiprismatic coordination 

environment; 

 (c) There is a pseudo three-fold rotation axis along the Co-Co axis contrary to 

what was observed for the solvate 6, with a propeller type of architecture. 
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Figure 2.20 – One of the two unique trinuclear complexes in structure 7 viewed down the 

Co1-Co2 axis. (Hydrogen atoms omitted for clarity) 

 As was observed above for the trinuclear complexes in 1 to 6, the arms of the 

two molecules of L2a are twisted around the imino group, the phenolate oxygen atom 

being also slightly twisted compared to the phenolate aromatic ring. These twistings are 

quantified by torsion angles between the imino nitrogen and carbon atoms and the 

phenolate aromatic ring and oxygen atom. Selected torsion angles for structure 7 are 

listed in table 2.17, showing that the arms of the ligand in the two unique half trinuclear 

complexes have a slightly different twisting and are thus crystallographically different. 

The angle between the aromatic rings of the arms including N3 and N2A is 64.69(11)º 

for the half trinuclear complex including Co1 and Co2, whereas the angle between the 

aromatic rings of the arms including N4 and N6A is 71.57(12)º for the half trinuclear 

complex including Co3 and Co4. 
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Table 2.17 – Selected torsion angles [°] in 7. 

 

Torsion angles for the trinuclear complex Corresponding torsion angles in the trinuclear 

including Co1 and Co2:    complex incorporating Co3 and Co4: 

N(1)-C(7)-C(8)-C(9)  2.7(7)  N(4)-C(34)-C(35)-C(36)  6.9(6) 

C(13)-C(8)-C(9)-O(1)  177.9(3) C(40)-C(35)-C(36)-O(4)  178.4(3) 

C(7)-C(8)-C(9)-O(1)  0.9(6)  C(34)-C(35)-C(36)-O(4)  6.0(6)  

N(2)-C(14)-C(15)-C(16)  11.0(6)  N(5)-C(41)-C(42)-C(43)  5.3(6)  

C(20)-C(15)-C(16)-O(2)  178.6(3) C(47)-C(42)-C(43)-O(5)  176.9(3) 

C(14)-C(15)-C(16)-O(2)  1.4(5)  C(41)-C(42)-C(43)-O(5)  1.9(6)  

N(3)-C(21)-C(22)-C(23)  2.6(6)  N(6)-C(48)-C(49)-C(50)  5.3(6)  

C(27)-C(22)-C(23)-O(3)  179.0(3) C(54)-C(49)-C(50)-O(6)  177.9(3) 

C(21)-C(22)-C(23)-O(3)  4.1(5)  C(48)-C(49)-C(50)-O(6)  1.6(5)  

 

2.4.6 Structural characterisation of (HL2b)2Co3(OAc)2·CHCl3 (Structure 8). 

Yellow needles of complex 8 were obtained from layering, which were suitable 

for a structure determination by single crystal X-ray diffraction. As explained in 2.4.5 

three types of crystals were obtained from the layering with Co(OAc)2. Crystallographic 

details for 8 are given in table 2.15. The structure was refined in the triclinic space 

group P-1. Figure 2.21 shows the molecular structure and atomic numbering scheme 

for the trinuclear complex in 8. 

The structure of the complex in 8, although a trinuclear complex, is different from 

the general structure of the trinuclear complexes in 1 to 7 because contrary to these it 

includes the cis,trans ligand L2b instead of the cis,cis ligand L2a. Complex in 8 includes 

three cobalt(II) centres, to which are coordinated two ligand molecules with only two 

deprotonated phenolate oxygen atoms (HL2b) as well as two bridging acetate 

molecules, so that the whole trinuclear complex is neutral. Thus, contrary to L2a in the 

trinuclear complexes in 1 to 7, each molecule of ligand HL2b behaves as a dichelating, 

dianionic tetradentate ligand (HL2b)2-, supplying two imino nitrogen atoms and two 

phenolate oxygen atoms from the two cis-arms for coordination to the metal ions, the 

imino nitrogen and phenolate oxygen atoms of the trans-arm being situated too far 

away from the metal centres to be able to coordinate. The asymmetric unit in 8 consists 

of only half of a trinuclear complex and thus includes one and a half Co, one molecule 

of HL2b and a bridging acetate molecule; the whole trinuclear complex then being 

obtained by applying the symmetry operation of the inversion centre on which Co2 sits. 

The asymmetric unit in 8 also contains a chloroform molecule with half occupancy 

which was successfully modelled. 
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Figure 2.21 – Molecular structure and atomic labelling diagram for the trinuclear complex in 8. 

(Hydrogen atoms not involved in hydrogen bonding and chloroform molecule have been omitted 

for clarity. Intramolecular hydrogen bonds are shown as purple dashed bonds.) 

Co1 has an {O3N2} coordination environment with a slightly distorted square 

based pyramidal geometry, the basal plane occupied by the phenolate oxygen atom 

and the imino nitrogen atom of the two chelating cis-arms of HL2b, and the apical 

position occupied by O4 of the bridging acetate molecule. Slight distortion from ideal 

square pyramidal geometry arises from the large O4-Co1-N1 and O4-Co1-N2 angles 

(respectively 103.92(17)° and 101.60(17)°) compared to the O4-Co1-O1 and 

O4-Co1-O2 angles (respectively 99.45(16)° and 97.34(15)°) as seen in table 2.18 listing 

selected bond lengths and angles in 8, which is due to the constraint applied by the 

acetate bridging Co1 and Co2. Further distortion from square pyramidal geometry 

arises from the short O1-Co1-O2 angle (79.77(14)°). Co2 occupies the other metal site 

and is coordinated to the phenolate oxygen atom of the two cis-arms of HL2b in the 

asymmetric unit and of its image by application of the inversion centre, as well as being 

coordinated to O5 from the bridging acetate in the asymmetric unit and of its image by 

the inversion centre, thus having an {O6} coordination environment with a slightly 

distorted octahedral geometry (the four phenolate oxygen atoms occupying the 

equatorial positions, the two acetate oxygen atoms the axial positions). As seen in 

table 2.18, axial and equatorial bond lengths are very similar, however distortion from 

octahedral symmetry can be seen in the cis coordination bond angles which range from 

C7 
C8 

C9 
C13 
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76.01(14)° (O1-Co2-O2) to 103.99(14)° (O2-Co2-O1A and O1-Co2-O2A), the trans 

coordination bond angles being 180.00° due to the inversion centre on which Co2 sits. 

The angle O1-Co2-O2 is significantly shortened due to the constraint applied by the two 

chelating cis-arms of the ligand. Because of coordination to both terminal and central 

metal ions, each phenolate oxygen of the two cis-arms of the ligand acts as a bridging 

ligand in a µ2 mode; the imino nitrogen and phenolate oxygen atoms of these two 

cis-arms being both coordinated to the terminal metal centre they act as a chelating 

ligand in a η2 mode. The acetate ligand bridges central and terminal Co centres in a µ2 

mode. These two arms of the ligand occupy the axial positions of the cyclohexane ring 

to allow their complexation to the Co centres, whereas the trans-arm is situated on the 

equatorial position of the cyclohexane ring.  

 

Table 2.18 – Selected bond lengths [Å] and angles [°] for 8. 

 

Co(1)-O(1)  2.021(4)   Co(2)-O(1)  2.114(3) 

Co(1)-O(2)  2.022(3)   Co(2)-O(2)  2.098(3) 

Co(1)-O(4)  2.009(4)   Co(2)-O(5)  2.067(3) 

Co(1)-N(1)  2.055(4)   Co(1)-Co(2)  3.0744(7) 

Co(1)-N(2)  2.046(4)   Co(1)-Co(2)-Co(1)i 180.00(0) 

O(4)-Co(1)-O(1)  99.45(16)   O(1)-Co(2)-O(2)  76.01(14) 

O(4)-Co(1)-O(2)  97.34(15)   O(1)-Co(2)- O(2)i 103.99(14) 

O(4)-Co(1)-N(1)  103.92(17)   O(2)-Co(2)-O(1)i 103.99(14) 

O(4)-Co(1)-N(2)  101.60(17)    O(1)-Co(2)-O(5)  88.71(14) 

O(1)-Co(1)-O(2)  79.77(14)   O(2)-Co(2)-O(5)  89.42(14) 

N(1)-Co(1)-N(2)  93.98(18)   O(5)-Co(2)-O(1)i 91.29(14) 

O(1)-Co(1)-N(1)  89.46(17)   O(5)-Co(2)-O(2)i 90.58(14) 

O(2)-Co(1)-N(2)  88.81(16)    O(5)i-Co(2)-O(1) 91.29(14) 

O(1)-Co(1)-N(2)  157.16(16)    O(5)i-Co(2)-O(2) 90.58(14) 

O(2)-Co(1)-N(1)  157.50(18)  

Symmetry transformations used to generate equivalent atoms: 

i = -x+1, -y+1, -z+1. 

 

As seen in table 2.18 the Co1-Co2-Co1A angle is 180.00° due to the inversion 

centre on which Co2 sits, showing that the trinuclear complex in 8 presents a perfect 

linear arrangement. The Co1-Co2 distance in 8 (3.0744(7) Å) is slightly longer than the 

corresponding distance in the trinuclear complexes including the L2a ligand 

(2.9729(5) Å for Co1-Co2 and 2.9709(4) Å for Co3-Co4 in 7, see table 2.16; 2.964(3) Å 

for Co1-Co2 in 6, see table 2.13), however the Co-N and Co-O distances in these three 

structures are very similar. 
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 The phenol group of the trans-arms of the ligand molecule (O3) is still 

protonated and another noticeable feature of this trinuclear complex is the arrangement 

of that phenol group (O3-H3A), which is involved in intramolecular hydrogen bonding to 

the respective imino nitrogen atom N3, leading to the formation of a six-membered ring 

(N3-C21-C22-C23-O3-H3A) as shown in figure 2.21. This accounts for the orientation of 

the O-H group, which is cis to the imino nitrogen atom. Similar intramolecular hydrogen 

bonding is observed in the crystal structure of the cis ligand HL2a as described above 

in section 2.3.2. Full details of hydrogen bonding in 8 are given in table 2.19. The metric 

parameters involved in this interaction are in keeping with the hydrogen bonding trends 

observed in such types of interacting units.70,178-180 

 

Table 2.19 – Parameters of hydrogen bonding interactions in 8 [Å] and [°]. 

 

  

 D-H...A   d(D-H)  d(H...A)  d(D...A)  <(D-H…A) 

 

 O(3)-H(3A)...N(3) 0.84  1.84  2.584(7) 147.3 

 

 Figure 2.22 presents the trinuclear linear complex in 8 viewed down the 

Co1-Co2 axis and shows that contrary to the trinuclear complexes in 1 to 7 the 

cyclohexane ring of the two ligand molecules do not superimpose due to the fact that 

the Co centres are only coordinated to the two chelating cis-arms of the ligand and thus 

the Co-Co axis does not pass through the middle of the cyclohexane ring of the two 

ligand molecules. As was observed above for the trinuclear complexes in 1 to 7, the 

arms of the ligand molecules are twisted around the imino group, the phenolate oxygen 

atom being also slightly twisted in respect to the phenolate aromatic ring. As in 1 to 7 

these twistings can be quantified by torsion angles between the imino nitrogen and 

carbon atoms and the phenolate aromatic ring and oxygen atom. Selected torsion 

angles in 8 are listed in table 2.20. 

 

Table 2.20 – Selected torsion angles [°] in 8. 

 

N(1)-C(7)-C(8)-C(9)  10.9(10) C(14)-C(15)-C(16)-O(2)  0.3(8) 

C(13)-C(8)-C(9)-O(1)  179.5(6)  N(3)-C(21)-C(22)-C(23)  6.1(9) 

C(7)-C(8)-C(9)-O(1)  3.5(9)   C(27)-C(22)-C(23)-O(3)  176.7(6) 

N(2)-C(14)-C(15)-C(16)  11.0(9)  C(21)-C(22)-C(23)-O(3)  2.2(9) 

C(20)-C(15)-C(16)-O(2)  179.7(5) 
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Figure 2.22 – The trinuclear complex in 8 viewed down the Co1-Co2 axis. (Hydrogen atoms not 

involved in hydrogen bonding and chloroform molecule have been omitted for clarity. 

Intramolecular hydrogen bonds are shown as purple dashed bonds.) 

2.4.7 Trinuclear linear homometallic complexes in 1 to 8. 

 As seen in sections 2.4.2 to 2.4.6 trinuclear linear metal complexes including 

both isomers of the ligand, L2a and L2b, were synthesised and structurally 

characterised. Cd(II), Mn(II), Ni(II), Zn(II) only formed trinuclear complexes with L2a, 

whereas Co(II) formed trinuclear complexes with both isomers L2a and L2b giving a 

total of seven different structures: isostructural complexes Cd(II) and Mn(II) 

(respectively structures 1 and 2), Ni(II)-solvates in 3 and 4, Zn(II)- and 

Co(II)-isostructural complexes in 5 and 6, the latter being solvate of Co(II)-trinuclear 

complex 7, all of them including L2a and Co(II)-complex in 8 including L2b. The 

structure of the complexes in 1 to 7 are all very similar by the coordination sphere of 

both terminal and central metal centres and their picture down the metal-metal axis 

shows a propeller-type architecture, but they also present differences as highlighted 

above in sections 2.4.2 to 2.4.6. However, the structure of the complex in 8 including 

L2b is very different from the other trinuclear complexes because the trans-arm of the 

ligand is situated too far away from the metal centres to be able to coordinate to them, 

thus leading to a different coordination sphere for the three Co centres and to the 

introduction of two bridging acetate ligands in the assembly. 

Several examples of trinuclear linear complexes including tripodal ligands similar 

to L2a with structures similar to the complexes in 1 to 7 are known in the literature: 
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Chandrasekhar et al.70 reported during the course of the present study the structural 

characterisation of the Mn(II), Co(II), Ni(II) and Zn(II) linear trinuclear complexes 

including the phosphorus-based ligand P(S)[N(Me)N=CH-C6H4-o-OH]3 as detailled 

within Chapter 1, and Kojima et al.71 reported the structure of the Ni(II) linear trinuclear 

complex including the ligand 1,1,1-tris(N-salicylideneaminomethyl)ethane. Both ligands 

include three acidic phenolic sites and three imino nitrogen centres for coordination to 

the metal centres. As for the structures in 1 to 7, three metal centres are coordinated to 

two deprotonated ligand molecules, their terminal metal centres are coordinated to the 

three imino nitrogen and to the three phenolate oxygen atoms of one ligand molecule, 

whereas their central metal atom is coordinated to the three phenolate oxygen atoms of 

each ligand molecule. The picture of these trinuclear complexes down the metal-metal 

axis also shows a propeller-type architecture. Thus, these reported structures are very 

similar to the structures in 1 to 7, the corresponding metal-metal, metal-oxygen and 

metal-nitrogen distances in all these assemblies being also very similar. 

2.4.8 Structural characterisation of the solvates (L2b)2Cu4(OAc)2⋅CHCl3⋅2MeOH 

(Structure 9) and (L2b)2Cu4(OAc)2⋅1.7CHCl3⋅1.6MeOH⋅2/3H2O (Structure 10). 

 Green prisms of complex 9 and green plates of complex 10 were obtained from 

layering, which were suitable for a structure determination by single crystal X-ray 

diffraction. Tetranuclear complexes (L2b)2Cu4(OAc)2⋅CHCl3⋅2MeOH (structure 9) and 

(L2b)2Cu4(OAc)2⋅1.7CHCl3⋅1.6MeOH⋅2/3H2O (structure 10) were the only two types of 

crystals synthesised using the mixture of H3L2a and H3L2b; no crystals of complexes 

including H3L2a were obtained. Tetranuclear complexes including L2b were 

synthesised even though the ratio of metal-to-ligand used is 3:2. Crystallographic 

details for 9 and 10 are given in table 2.21. The crystal structure determination of 9 and 

10 reveals the same Cu tetranuclear complex crystallising in two different space groups 

which leads to a different packing: complex 9 crystallises in the triclinic space group 

P-1, whereas 10 crystallises in the trigonal space group P-3. However, 9 and 10 include 

different solvent molecules. Therefore, they are solvates. The ratio of crystals 9:10 in 

the sample is ca. 10:1. The green plates of 10 are air-stable, however the green prisms 

of 9 gradually lose the solvent of crystallisation on exposure to air. Crystals of 9 and 10 

are insoluble in water and common organic solvents, thus ESMS could not be 

performed. Figure 2.23 shows the molecular structure and numbering scheme for the 

tetranuclear complex in 10. Complex in 9 presents a very similar molecular structure 

and the same atomic labelling than in 10 was used. 
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Table 2.21 – Crystal data and structure refinement for 9 and 10. 

 

Compound   9    10 

Empirical formula   C61H63Cl3Cu4N6O12  C61.33H63.47Cl5.20Cu4N6O12.27 

Formula weight    1432.68 g/mol   1519.41 g/mol 

Temperature    153(2) K   153(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Triclinic    Trigonal 

Space group    P-1    P-3 

Unit cell dimensions  a = 9.5115(14) Å  a = 22.1424(5) Å 

    b = 11.6684(17) Å  b = 22.1424(5) Å 

    c = 16.310(2) Å   c = 11.1551(5) Å 

    α = 90.789(2)°   α = 90° 

    β = 93.442(2)°    β = 90° 

    γ = 100.752(2)°    γ = 120° 

Volume    1774.6(4) Å3   4736.5(3) Å3 

Z    1    3 

Density (calculated)  1.341 g/cm3   1.590 g/cm3 

Absorption coefficient  1.353 mm-1   1.607 mm-1 

F(000)    734    2316 

Crystal size   0.28 x 0.15 x 0.06 mm3  0.18 x 0.13 x 0.05 mm3 

Theta range for data collection 1.78 to 25.00°   1.83 to 25.01° 

Index ranges   -11<=h<=11   -26<=h<=26 

    -13<=k<=13   -26<=k<=26 

    -19<=l<=19   -13<=l<=13 

Reflections collected  12442    35079 

Independent reflections  6156 [R(int) = 0.0438]  5596 [R(int) = 0.0801] 

Completeness to theta   = 25.00°, 98.7 %   = 25.01°, 99.9 % 

Absorption correction  Empirical    Empirical 

Max. and min. transmission 1.0000 and 0.7274  1.0000 and 0.7647 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters 6156 / 0 / 352   5596 / 2 / 392 

Goodness-of-fit on F2  0.975    1.089 

Final R indices [I>2sigma(I)] R1 = 0.0556   R1 = 0.0660 

    wR2 = 0.1334   wR2 = 0.1548 

R indices (all data)  R1 = 0.0797   R1 = 0.0958 

    wR2 = 0.1414   wR2 = 0.1677 

Largest diff. peak and hole 0.850 and -0.376 e.Å-3  0.730 and -0.340 e.Å-3 
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Figure 2.23 – Molecular structure and atomic labelling diagram for the tetranuclear complex       

in 10. (Hydrogen atoms, chloroform, methanol and water molecules have been omitted for 

clarity.) 

Solvates in 9 and 10 consist of two dimeric pairs of Cu(II) atoms linked together. 

Indeed, contrary to the complex in 8 including L2b as described above in section 2.4.6, 

they include four metal centres of oxidation +2, to which are coordinated two 

deprotonated ligand molecules (L2b)3- as well as two bridging acetate molecules, so 

that the whole tetranuclear complex is neutral. Contrary to the structure in 8, both 

cis-arms as well as the trans-arm of L2b are coordinated to the Cu centres which is 

made possible due to the non-linear arrangement of the four Cu(II) centres in the 

assembly. Each molecule of ligand L2b behaves as a tris chelating, trianionic 

hexadentate ligand (L2b)3-, supplying three imino nitrogen atoms and three phenolate 

oxygen atoms for coordination to the metal ions. The asymmetric unit in 9 and 10 

consists of only half of a tetranuclear complex (omitting the solvent of crystallisation) 

and thus include two Cu centres, one molecule of L2b and a bridging acetate molecule; 

the whole tetranuclear complex then being obtained by applying the symmetry 

operation of the inversion centre at the coordinates (1, 1/2, 0) for 9 and (1/2, 1/2, 1/2) 

for 10, which is situated at the centre of the “cavity” of the tetranuclear complex. 

 Cu1 has an {O3N2} coordination environment with a slightly distorted square 

based pyramidal geometry, the basal plane occupied by the phenolate oxygen atoms 

and the imino nitrogen atoms of the two cis-arms of the L2b molecule of the asymmetric 
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unit, and the apical position occupied by O4 of the bridging acetate molecule. Selected 

bond lengths and angles in 9 and 10 are listed in table 2.22. Bond lengths around Cu1 

show that typical Jahn-Teller distortion is displayed by the complexes in both 9 and 10 

with equatorial bond lengths ranging from 1.934(3) Å for Cu1-O2 to 1.992(3) Å for 

Cu1-O1 in 9 and from 1.950(3) Å for Cu1-O1 to 1.993(4) Å for Cu1-N2 in 10, and an 

axial bond length of 2.221(3) Å in 9 and of 2.200(4) in 10 (Cu1-O4). Slight distortion 

from ideal square based pyramidal geometry in 9 and 10 arises from the short 

O1-Cu1-O2 angle (80.15(12)° in 9, 78.87(14)° in 10). In 9 further slight distortion 

compared to 10 arises in the basal plane from the large N2-Cu1-O4 angle 

(104.77(13)°), and this gives a mean plane deviation of 0.523(7) Å for N2 compared to 

the plane including N1, O1 and O2. 

Cu2 occupies the other metal site and has an {O4N} coordination environment 

with a distorted trigonal bipyramidal geometry, the axial positions occupied by the 

phenolate oxygen atom of the two cis-arms of the L2b molecule of the asymmetric unit 

and the phenolate oxygen atom of the trans-arm of the image of L2b by the inversion 

centre (O3A), and the equatorial positions occupied by the imino nitrogen atom of the 

trans-arm of the image of L2b by the inversion centre (N3A) and by O5 from the 

bridging acetate. As expected, bonding about the Cu2 centre is very similar in solvates 

9 and 10. Slight distortion from ideal trigonal bipyramidal geometry arises from the short 

O1-Cu2-O2 angle (73.42(11)° in 9, 71.48(12)° in 10) as well as from the constraint 

applied on the O5-Cu2-O3A angle (83.18(14)° in 9, 81.03(18)° in 10) by the bridging 

acetate and by the trans-arm of the image of the ligand by the inversion centre. 

Because of coordination to both Cu atoms in the dimeric unit, the phenolate oxygen 

atoms of the two cis-arms of the ligand act as a bridging ligand in a µ2 mode. Moreover, 

the imino nitrogen and phenolate oxygen atoms of the three arms of the ligand being 

both coordinated to the same metal centre they act as a chelating ligand in a η2 mode. 

The acetate ligand bridges the two Cu centres in the dimeric unit in a µ2 mode. 

As expected, Cu-Cu, Cu-O and Cu-N distances are very similar when comparing 

the corresponding distances between the solvates in 9 and 10. The metal-to-metal 

distances of the dimeric unit are 3.1034(8) Å in 9 and 3.1203(9) Å in 10. The 

metal-to-metal distances across the dimeric connections are 4.6588(11) Å in 9 and 

4.4310(11) Å in 10 (Cu1-Cu1A). As was observed for the L2b ligand in structure 8, the 

two cis-arms of the ligand occupy the axial positions of the cyclohexane ring, whereas 

the trans-arm is situated on the equatorial position of the cyclohexane ring. Contrary to 

the structure in 8, there is no intramolecular hydrogen bonding between the phenolate 

oxygen atom and the imino nitrogen atom of the trans-arm of the ligand molecule in 9 

and 10 as these atoms are coordinated to the Cu centre.  
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Table 2.22 – Selected bond lengths [Å] and angles [°] in 9 and 10. 

 

Compound 9      Compound 10 

Cu(1)-N(1)  1.991(4)   Cu(1)-N(1)  1.991(4) 

Cu(1)-N(2)  1.981(4)   Cu(1)-N(2)  1.993(4) 

Cu(1)-O(1)  1.992(3)   Cu(1)-O(1)  1.950(3) 

Cu(1)-O(2)  1.934(3)   Cu(1)-O(2)  1.979(3) 

Cu(1)-O(4)  2.221(3)   Cu(1)-O(4)  2.200(4) 

Cu(2)-O(1)  2.051(3)   Cu(2)-O(1)  2.155(3) 

Cu(2)-O(2)  2.174(3)   Cu(2)-O(2)  2.118(3) 

Cu(2)-O(5)  1.972(3)   Cu(2)-O(5)  1.957(4) 

Cu(2)-O(3)i  1.903(3)   Cu(2)-O(3)ii  1.892(4) 

Cu(2)-N(3)i  1.972(4)   Cu(2)-N(3)ii  1.964(4) 

Cu(1)-Cu(2)  3.1034(8)   Cu(1)-Cu(2)  3.1203(9) 

Cu(1)-Cu(1)i  4.6588(11)   Cu(1)-Cu(1)ii  4.4310(11) 

N(1)-Cu(1)-O(4)  92.51(13)   N(1)-Cu(1)-O(4)  95.04(15) 

N(2)-Cu(1)-O(4)  104.77(13)   N(2)-Cu(1)-O(4)  93.05(16) 

O(1)-Cu(1)-O(4)  91.74(12)   O(1)-Cu(1)-O(4)  93.80(15) 

O(2)-Cu(1)-O(4)  89.13(12)   O(2)-Cu(1)-O(4)  94.05(14) 

N(1)-Cu(1)-O(1)  91.71(14)   N(1)-Cu(1)-O(1)  91.40(16) 

N(2)-Cu(1)-O(2)  90.65(13)   N(2)-Cu(1)-O(2)  91.53(15) 

N(1)-Cu(1)-N(2)  96.74(15)   N(1)-Cu(1)-N(2)  97.10(18) 

O(1)-Cu(1)-O(2)  80.15(12)   O(1)-Cu(1)-O(2)  78.87(14) 

O(2)-Cu(1)-N(1)  171.75(14)   O(2)-Cu(1)-N(1)  167.10(16) 

O(1)-Cu(1)-N(2)  161.03(13)   O(1)-Cu(1)-N(2)  168.57(15) 

O(1)-Cu(2)-O(2)  73.42(11)   O(1)-Cu(2)-O(2)  71.48(12) 

O(3)i-Cu(2)-O(1) 165.59(15)   O(3)ii-Cu(2)-O(1) 134.77(17) 

O(3)i-Cu(2)-O(2) 119.28(15)   O(3)ii-Cu(2)-O(2) 152.41(18) 

O(5)-Cu(2)-O(1)  89.14(12)   O(5)-Cu(2)-O(1)  93.01(17) 

O(5)-Cu(2)-O(2)  95.06(12)   O(5)-Cu(2)-O(2)  90.48(15) 

O(5)-Cu(2)-O(3)i 83.18(14)   O(5)-Cu(2)-O(3)ii 81.03(18) 

N(3)i-Cu(2)-O(3)i 92.70(15)   N(3)ii-Cu(2)-O(3)ii 92.56(18) 

N(3)i-Cu(2)-O(1) 92.92(14)   N(3)ii-Cu(2)-O(1) 93.94(15) 

N(3)i-Cu(2)-O(2) 94.71(14)   N(3)ii-Cu(2)-O(2) 93.73(15) 

N(3)i-Cu(2)-O(5) 170.20(15)   N(3)ii-Cu(2)-O(5) 172.74(19) 

Symmetry transformations used to generate equivalent atoms: 

i  = -x+2,-y+1,-z; ii = -x+1,-y+1,-z+1. 

 

9 and 10 also contain different amounts of solvent within the lattice. For 9 it 

contains a number of severely disordered chloroform and methanol molecules, attempts 

to model these were only partially successful so the PLATON SQUEEZE v 1.08181,182 
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procedure was used instead. Voids of total volume 624.6 Å3 were located in the cell, 

representing 35.2 % of the cell volume. Electron density accounts for 95 electrons in the 

voids per cell, which corresponds to half a chloroform and one methanol molecule per 

asymmetric unit (Z = 1 tetranuclear complex and 2 asymmetric units present per cell), 

giving the formula (L2b)2Cu4(OAc)2·CHCl3·2MeOH for two asymmetric units in structure 

9. For 10 the lattice also contains a number of severely disordered chloroform, 

methanol and water molecules. Water and methanol molecules were successfully 

modelled. A methanol molecule with 80 % occupancy (a molecule of methanol present 

in 80 % of the unit cells in the crystal) has its oxygen atom disordered over two 

positions and a water molecule with 1/3 occupancy disordered over two positions in the 

asymmetric unit: O1W (1/6 occupancy) sits on a three-fold rotation axis along the c-axis 

at the coordinates (1/3, 2/3, z) and O2W (1/6 occupancy), which gives by application of 

the three-fold rotation symmetry a water molecule with 100 % occupancy disordered 

over four positions. However, attempts to model the chloroform molecule were not 

successful so the PLATON SQUEEZE v 1.08181,182 procedure was used instead. Voids 

of total volume 750.2 Å3 were located in the cell, representing 15.8 % of the cell volume. 

Electron density accounts for 302 electrons in the voids per cell, which corresponds to 

0.87 chloroform molecule per asymmetric unit (Z = 3 tetranuclear complexess and 6 

asymmetric units present per cell), giving the formula 

(L2b)2Cu4(OAc)2·1.7CHCl3·1.6MeOH·2/3H2O for two asymmetric units in structure 10. 

 Figures 2.24 and 2.25 representing respectively the tetranuclear complexes in 

10 and 9 viewed down the Cu1-Cu2 axis show the slight distortion in 9 compared to 10 

due to the more pronounced distortion around the two metal centres in 9 as discussed 

above with the selected angles in 9 and 10 (listed in table 2.22), which leads to a 

different orientation of the phenolate aromatic rings in each solvate. As was observed 

above for the trinuclear linear complexes in 1 to 8, the arms of the ligand molecules are 

twisted around the imino group, the phenolate oxygen atom being also slightly twisted 

with respect to the phenolate aromatic ring. These twistings can be quantified by torsion 

angles between the imino nitrogen and carbon atoms and the phenolate aromatic ring 

and oxygen atom. Selected torsion angles in 9 and 10 are listed in table 2.23. 
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Figure 2.24 – The tetranuclear complex in 10 viewed down the Cu1-Cu2 axis. (Hydrogen atoms, 

chloroform and methanol molecules have been omitted for clarity.) 

 

Figure 2.25 – The tetranuclear complex in 9 viewed down the Cu1-Cu2 axis. (Hydrogen atoms, 

chloroform, methanol and water molecules have been omitted for clarity.) 
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Table 2.23 – Selected torsion angles [°] in 9 and 10. 

 

Compound 9     Compound 10 

N(1)-C(7)-C(8)-C(9)  0.1(8)  N(1)-C(7)-C(8)-C(9)  4.4(9) 

C(13)-C(8)-C(9)-O(1)  179.5(4) C(13)-C(8)-C(9)-O(1)  179.4(4) 

C(7)-C(8)-C(9)-O(1)  5.0(7)  C(7)-C(8)-C(9)-O(1)  5.4(7) 

N(2)-C(14)-C(15)-C(16)  8.4(7)  N(2)-C(14)-C(15)-C(16)  2.9(8) 

C(20)-C(15)-C(16)-O(2)  179.3(4) C(20)-C(15)-C(16)-O(2)  179.7(4) 

C(14)-C(15)-C(16)-O(2)  9.1(6)  C(14)-C(15)-C(16)-O(2)  4.0(7) 

N(3)-C(21)-C(22)-C(23)  5.8(9)  N(3)-C(21)-C(22)-C(23)  5.3(10) 

C(27)-C(22)-C(23)-O(3)  178.5(5) C(27)-C(22)-C(23)-O(3)  177.8(6) 

C(21)-C(22)-C(23)-O(3)  2.3(9)  C(21)-C(22)-C(23)-O(3)  0.6(9) 

 

 As a tetranuclear complex was obtained with Cu(II) the synthesis of novel 

tetranuclear complexes was attempted by reacting by the layering technique four 

equivalents of metal acetates (Mn(II), Co(II), Ni(II), Zn(II) or Cd(II)) to two equivalents of 

a mixture of H3L2a and H3L2b. However, no novel tetranuclear complexes including 

these metal centres were isolated; crystals of the same trinuclear linear complexes as 1 

to 8 were obtained. Thus, changing the stoichiometric ratio of the reactants does not 

lead to the isolation of any new products. 

2.4.9 Structural characterisation of (HL2a)Cu (Structure 11). 

 As mentioned above in section 2.4.8, only crystals of the two tetranuclear 

solvates 9 and 10 including two molecules of L2b were obtained from the layering with 

Cu(OAc)2 and the mixture of H3L2a and H3L2b; no crystals of complexes including L2a 

were synthesised. Thus the same procedure was then followed using pure H3L2a to 

see if a trinuclear linear complex like in structures 1 to 7 could be obtained with Cu(II). 

Blue/green prisms of complex 11 were obtained from layering, which were suitable for a 

structure determination by single crystal X-ray diffraction. However, complex 11 is not a 

trinuclear complex but a mononuclear complex including L2a of formula (HL2a)Cu. 

Crystallographic details for 11 are given in table 2.24. The structure was refined in the 

monoclinic space group P2(1)/c. Blue/green prisms of complex 11 are air-stable, 

however they are insoluble in water and common organic solvents, thus ESMS could 

not be performed. Figure 2.26 shows the molecular structure and atomic numbering 

scheme for 11. There is no solvent of crystallisation in this structure. 

 

 



80 

Table 2.24 – Crystal data and structure refinement for 11. 

 

Empirical formula     C27H25Cu N3O3 

Formula weight      503.04 g/mol 

Temperature      153(2) K 

Wavelength      0.71073 Å 

Crystal system      Monoclinic 

Space group      P2(1)/c 

Unit cell dimensions    a = 10.7865(7) Å α = 90° 

      b = 19.7557(12) Å  β = 93.9020(10)° 

      c = 10.5680(7) Å γ = 90° 

Volume      2246.8(2) Å3 

Z      4 

Density (calculated)    1.487 g/cm3 

Absorption coefficient    1.008 mm-1 

F(000)      1044 

Crystal size     0.18 x 0.13 x 0.04 mm3 

Theta range for data collection   1.89 to 25.04° 

Index ranges     -12<=h<=12, -23<=k<=23, -12<=l<=12 

Reflections collected    14779 

Independent reflections    3967 [R(int) = 0.0379] 

Completeness to theta     = 25.04°, 99.6 %  

Absorption correction    Empirical 

Max. and min. transmission   1.0000 and 0.7651 

Refinement method    Full-matrix least-squares on F2 

Data / restraints / parameters   3967 / 1 / 311 

Goodness-of-fit on F2    1.071 

Final R indices [I>2sigma(I)]   R1 = 0.0463, wR2 = 0.1077 

R indices (all data)    R1 = 0.0579, wR2 = 0.1129 

Largest diff. peak and hole   0.580 and -0.254 e.Å-3 

 
Table 2.25 – Parameters of hydrogen bonding interactions for 11 [Å] and [°]. 

2 

 

 D-H...A   d(D-H)  d(H...A)  d(D...A)  <(D-H…A) 

 

  O(3)-H(3A)...O(2)i 0.859(19) 1.79(2)  2.646(3) 174(5) 

Symmetry transformations used to generate equivalent atoms:  

i = -x,-y,-z. 
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Figure 2.26 – Molecular structure and atomic labelling diagram for 11. (Hydrogen atoms non 

involved in hydrogen bonding have been omitted for clarity.) 

 The asymmetric unit of the mononuclear complex 11 consists of one copper(II) 

centre and one ligand molecule L2a with two phenolate oxygen atoms (O1 and O2), O3 

still being protonated so that the whole assembly is neutral. Thus, the molecule of 

ligand L2a behaves as a dichelating, dianionic pentadentate ligand (HL2a)2-, supplying 

three imino nitrogen atoms and two phenolate oxygen atoms for coordination to the 

metal centre. Cu1 has an {O2N3} coordination environment with a distorted square 

based pyramidal geometry, the basal plane occupied by the nitrogen and oxygen atoms 

of the two dichelating arms of the ligand, and the apical position occupied by the imino 

nitrogen atom of the protonated arm (N3). Selected bond lengths and angles for 11 are 

listed in table 2.26. Bond lengths around the Cu(II) centre show that typical Jahn-Teller 

distortion is displayed with equatorial bond lengths ranging from 1.933(2) Å for Cu1-O1 

to 1.996(3) Å for Cu1-N1, and an axial bond length of 2.334(3) Å (Cu1-N3). Distortion in 

the basal plane arises from O2 not sitting on the same plane as N1, N2 and O1, and 

this gives a mean plane deviation of 0.453(5) Å for O2 compared to the plane including 

N1, N2 and O1. Further distortion from the ideal square pyramidal geometry around the 

Cu(II) centre arises from the “bending” of the apex of the pyramid N3 towards N1 and 

N2, resulting in larger O1-Cu1-N3 and O2-Cu1-N3 angles (respectively 113.70(10)º and 

100.94(9)º) compared to the N1-Cu1-N3 and N2-Cu1-N3 angles (respectively 

87.44(10)º and 89.05(10)º). This “bending” of the apex of the pyramid is due to the 

C16 

C15 

C14 

C20 
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constraint applied by the ligand molecule. The imino nitrogen and phenolate oxygen 

atoms of the two deprotonated coordinated arms being both coordinated to the metal 

centre they act as a chelating ligand in a η2 mode. The three arms of L2a are situated 

on the axial positions of the cyclohexane ring to allow their complexation to the Cu 

centre, as was observed above for the trinuclear complexes including L2a (in structures 

1 to 7). 

 

Table 2.26 – Selected bond lengths [Å] and angles [°] for 11. 

 

Cu(1)-N(1)  1.996(3)   N(1)-Cu(1)-N(3)  87.44(10) 

Cu(1)-N(2)  1.990(3)   N(2)-Cu(1)-N(3)  89.05(10) 

Cu(1)-N(3)  2.334(3)   O(1)-Cu(1)-N(3)  113.70(10) 

Cu(1)-O(1)  1.933(2)    O(2)-Cu(1)-N(3)  100.94(9) 

Cu(1)-O(2)  1.972(2)   O(1)-Cu(1)-N(1)  90.68(10) 

Cu(1)-Cu(1)i  9.2535(9)   O(2)-Cu(1)-N(2)  87.76(10) 

       O(1)-Cu(1)-O(2)  87.40(9) 

       N(1)-Cu(1)-N(2)  90.83(11) 

       O(1)-Cu(1)-N(2)  157.25(11) 

       O(2)-Cu(1)-N(1)  171.47(10) 

Symmetry transformations used to generate equivalent atoms:  

i = -x,-y,-z. 

 

 The phenol group {O3H3A} is involved in hydrogen bonding to the symmetry 

equivalent of O2 generated by the symmetry operator -x, -y, -z as seen in figure 2.26. 

This accounts for the orientation of the phenol O3-H3A group, which is trans to the 

imino nitrogen atom N3. Full details of hydrogen bonding for 11 are given in table 2.25. 

This hydrogen bonding is responsible for O2 not sitting on the same plane as N1, N2 

and O1, but stretching towards O3 generated by the symmetry operator -x, -y, -z and is 

thus responsible for the distortion in the basal plane from ideal square pyramid around 

the Cu(II) centre. This hydrogen bonding leads to the formation of a dimeric unit of the 

mononuclear complex as shown in figure 2.27. The metal-to-metal distance inside the 

dimeric unit is 9.2535(9) Å (Cu1-Cu1A). The arms of the ligand molecule are twisted 

around the imino group, the phenolate oxygen atom also being slightly twisted with 

respect to the phenolate aromatic ring. These twistings can be quantified by torsion 

angles between the imino nitrogen and carbon atoms and the phenolate aromatic ring 

and oxygen atom. Selected torsions angles for 11 are listed in table 2.27. 
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Figure 2.27 – Dimeric unit formed by the hydrogen bonding of the mononuclear complex 11. 

(Hydrogen atoms non involved in hydrogen bonding have been omitted for clarity. Hydrogen 

bonds are shown as dashed blue and white bonds.) 

 
Table 2.27 – Selected torsion angles [°] for 11. 

 

N(1)-C(7)-C(8)-C(9)  11.4(5)  C(14)-C(15)-C(16)-O(2)  11.8(5)  

C(13)-C(8)-C(9)-O(1)  176.0(3) N(3)-C(21)-C(22)-C(23)  159.4(3) 

C(7)-C(8)-C(9)-O(1)  9.6(5)  C(27)-C(22)-C(23)-O(3)  178.6(3) 

N(2)-C(14)-C(15)-C(16)  13.1(5)  C(21)-C(22)-C(23)-O(3)  4.5(5)  

C(20)-C(15)-C(16)-O(2)  178.0(3)   

 

 The most noticeable feature for Cu(II) is the formation of a tetranuclear complex 

including L2b (in solvates 9 and 10, see section 2.4.8) and the formation of a 

mononuclear complex including L2a (structure 11, described above) even though a 

ligand-to-metal ratio of 2:3 was used. Contrary to Mn(II), Co(II), Ni(II), Zn(II) and Cd(II) 

(in structures 1 to 8), no trinuclear linear complex was obtained with Cu(II) for either 

isomer of the ligand. The trigonal prismatic or antiprismatic coordination geometry of the 

metal centres in the trinuclear linear complexes including L2a (in structures 1 to 7) is 

indeed energetically unfavorable for a Cu(II) centre, a square based pyramidal 
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geometry displaying Jahn-Teller distortion or a trigonal bipyramidal geometry as 

observed in the Cu-tetranuclear complexes in 9 and 10 and in monomer 11 are much 

more energetically favorable for Cu(II). The square based pyramid as well as the 

octahedral geometry adopted by the Co(II) centres in the trinuclear linear complex in 8 

including L2b would also be energetically favorable for a Cu(II) centre, both of them 

presenting the possibility of displaying Jahn-Teller distortion. However, surprisingly no 

crystals of such a Cu(II) complex were obtained. 

Several examples of linear trinuclear homometallic Cu(II) complexes are known 

in the literature as was already mentioned in chapter 1.77,104,184-189 Analysis of these 

reveal that their central Cu ion adopt a square planar geometry, whereas their terminal 

Cu centres adopt either an octahedral or a square based pyramidal geometry both of 

which display Jahn-Teller distortion. The central Cu(II) thus seems to prefer adopting a 

square planar geometry, which is probably energetically favorable for these assemblies. 

This might explain why a similar structure than for the Co(II) complex in 8 is not 

obtained with Cu(II). 

Amongst the trinuclear linear Cu(II) complexes reported in the literature none 

includes a tripodal ligand with dichelating arms which would apply too much strain on 

the geometry of the Cu(II) centres. The trinuclear linear Cu(II) complex reported during 

the course of the present study by Reedijk et al.77 includes two molecules of the bipodal 

ligand bis(2-hydroxybenzyl)-1,3-diamino-2-propanol with dichelating arms, each arm 

providing an amino nitrogen centre and an acidic phenolic site for coordination to the 

metal centres, thus very similar to L2a except for the number of arms. In this assembly 

the two terminal Cu atoms are coordinated by two amino nitrogen and four oxygen 

atoms (two phenolate oxygens, one methanol oxygen and one oxygen from a ClO4
-) 

with an octahedral geometry displaying Jahn-Teller distortion and the central Cu atom is 

coordinated by four phenolate oxygen atoms with a square planar geometry. The 

coordination sphere of the three Cu centres in this assembly is thus very similar to the 

one in the trinuclear complexes in 1 to 7. The two dichelating arms of the ligand are 

coordinated and the missing third arm is replaced by coordination of oxygens provided 

by anions or solvent molecules, which allows an octahedral or square planar geometry 

energetically favorable for Cu(II) and thus applying less strain on the Cu centres than a 

tripodal ligand would. 

Another noticeable Cu trinuclear linear complex reported by Walton et al.189 

includes the tripodal ligand cis,cis-1,3,5,-tri-(E,E)-3-(2-furyl)prop-2-en-1-ylidene-

aminocyclohexane, which is similar to L2a in that it has three arms and includes three 

imino nitrogen atoms as well as three furyl oxygen atoms for coordination to the metal 

centres. However, the most noticeable difference compared to L2a is the fact that each 

arm includes an extra alkene group between the imino and furyl groups stretching them 
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much further apart. In the trinuclear linear Cu complex, including two molecules of this 

ligand, the terminal Cu centres are coordinated to the three face-capping nitrogen 

atoms of the ligand and to two methoxide ions in a square pyramidal geometry 

displaying Jahn-Teller distortion, the central Cu atom is coordinated to four methoxide 

ions in a square planar geometry. However, the three furyl oxygen atoms of each ligand 

molecule are not coordinated to the Cu centres because it is situated too far away from 

them due to that extra rigid alkene group. They might have coordinated to the Cu 

centres if the alkene group had been replaced by a less rigid alkane group; thus none of 

the three arms of the ligand is dichelating. 

2.5 Variable temperature magnetic susceptibility 

measurements on (L2a)2Mn3 (in Structure 2) and (L2a)2Ni3 

(in Structures 3 and 4). 

To ascertain the existence, nature and degree of coupling between the metal 

centres in the trinuclear complexes in 2 (Mn(II)) and in 3 and 4 (Ni(II)), a variable 

temperature magnetic susceptibility study was carried out by Prof. Keith Murray 

(Monash University, Australia) on powdered samples of 2 and 3, 4 over the temperature 

range 4.2–300 K by using a SQUID magnetometer and an applied external field of 

1.0 T. The plots of µeff vs. T (µeff being the magnetic moment per three metal ions) are 

shown in figures 2.28 and 2.29 for 2 and 3, 4, respectively.  

The resultant moment for 2 decreases from 9.15 µB to 5.05 µB at 300 and 4.2 K, 

respectively. The observed µeff value at 300 K is slightly reduced from the calculated 

spin-only value of 10.25 µB for a system of three uncoupled Mn(II) ions. The further 

reduction in µeff with decreasing temperature is indicative of a weak net 

antiferromagnetic interaction operating between the three Mn(II) centres. Clearly there 

are magnetically viable exchange pathways in 2, involving the bridge linkages that 

connect the Mn(II) magnetic lobes. This behaviour is analogous to that observed for 

similar linear Mn(II) trinuclear complexes reported in the literature.190-194 Indeed, the plot 

of µeff vs. T for 2 has almost an identical profile as that for a structurally related linear 

trinuclear Mn(II) complex, [Mn3L’], reported by Wieghardt et al.,195 which featured similar 

µ2-phenoxy bridging derived from L’ = 1,4,7-tris(3,5-dimethyl-2-oxybenzyl)-1,4,7-

triazacyclononane. These authors assumed that the coupling between the terminal 

metal ions (via the central metal ion) was zero and determined a value of J (where J is 

the exchange coupling parameter between adjacent metal ions) to be –2.5 cm–1 i.e. 

weakly antiferromagnetic. As the behaviour of 2 is very similar to that reported by 

Wieghardt, we would anticipate coupling of a similar nature and magnitude to be 

operative in the current example, and that an S = 5/2 ground state would result. 
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Figure 2.28 – Temperature dependence of the magnetic moment of complex 2. Note: the solid 

line is intended as a guide only and does not represent calculated fit of the data. 

 

In contrast to the behaviour for 2, the complexes in 3 and 4 display 

ferromagnetic behaviour. The resultant moment for 3 and 4 increases from 5.40 µB at 

300 K to a maximum 6.35 µB at ca. 15 K before decreasing to 4.85 µB at 4.2 K. The 

magnetic behaviour for 3 and 4 is similar to that observed for [Ni(acac)2]3 

(acac = acetylacetonate),196 the Ni(II) trinuclear complex reported by Chandrasekhar et 

al.70 and again closely matches that reported by Wieghardt et al.197 for the [Ni3L’] 

complex. Indeed these authors successfully fit their data using a Heisenberg-Dirac-van 

Vleck-type Hamiltonian formalism incorporating a dominant ferromagnetic exchange 

coupling between adjacent Ni(II) ions (ca. +15 cm–1) and a weak antiferromagnetic 

coupling (ca. –6 cm–1) between the terminal Ni(II) ions across the central nickel atom. 

Inclusion of a single-ion zero-field splitting parameter, D, was also required to model the 

low-temperature data. As the magnetic behaviour for 3, 4 is similar to other nickel 

trinuclear complexes in the literature we might reasonably anticipate similar phenomena 

are operative here and that the trinuclear complex in 3 and 4 would have an S = 3 

ground state which is attained by spin alignment of three octahedral Ni(II) ions. 
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Figure 2.29 – Temperature dependence of the magnetic moment of the trinuclear complex in 3 

and 4. Note: the solid line is intended as a guide only and does not represent calculated fit of the 

data. 

2.6 Conclusions. 

As a result of this study several novel homometallic trinuclear and tetranuclear 

d-block metal complexes including cis,trans- or cis,cis-1,3,5-tris(salicylideneamino)-

cyclohexane with interesting structures have been synthesised, the metal centres being 

coordinated to the phenolate oxygen atoms and to the imino nitrogen atoms of the 

ligand. The use of the layering technique has proved successful in the formation of 

crystalline products, however it has negative aspects too: most of the crystals obtained 

from that technique are insoluble in water and common organic solvents, which prevent 

performing solution studies, such as electrospray mass spectrometry or nuclear 

magnetic resonance spectroscopy for complexes including non-paramagnetic metal 

centres. 

Cd(II), Mn(II), Ni(II) and Zn(II) only form trinuclear linear complexes including the 

cis isomer L2a, whereas Co(II) gives trinuclear linear complexes with both isomers L2a 

and L2b. The seven linear trinuclear complexes including L2a (Cd(II)- and 

Mn(II)-isostructural complexes, respectively structures 1 and 2, Ni(II)-solvates in 3 and 

4, Zn(II)- and Co(II)-isostructural complexes, in 5 and 6, the latter being a solvate of the 

Co(II)-trinuclear complex 7) are all very similar by the coordination sphere of the metal 

centres, however they present both subtle or marked differences to each other. The 

Co(II)-trinuclear complex including L2b (in structure 8) present major differences 

compared to the trinuclear complexes including L2a, due mainly to the fact that the 

trans-arm of the ligand is situated too far away from the metal centres and is unable to 

coordinate to them. 
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The most noticeable feature for Cu(II) is the formation of a tetranuclear complex 

including the trans isomer L2b, even though the ratio of ligand-to-metal used is 2:3, 

which crystallised as two solvates (in structures 9 and 10). The reaction of pure L2a did 

not give however the same trinuclear linear complex as that obtained with Cd(II), Mn(II), 

Ni(II), Zn(II), Co(II), but gave a mononuclear complex of L2a (structure 11). In the 

Cu(II)-tetranuclear complexe in 9 and 10 the three arms of the ligand are coordinated to 

the metal centres which is made possible due to the non-linear arrangement of the four 

Cu(II) centres in the assembly, contrary to what is observed in the trinuclear complex 

in 8. Cu(II) does not form a trinuclear linear complex due to the unfavorable trigonal 

prismatic or antiprismatic geometry for Cu(II) in this assembly; a square based 

pyramidal geometry displaying Jahn-Teller distortion or trigonal bipyramidal geometry 

as observed for the complexes in 9, 10 and 11 being much more energetically favorable 

for Cu(II). Moreover, attempts to synthesise other novel homometallic tetranuclear 

complexes including Mn(II), Co(II), Ni(II), Zn(II) or Cd(II) were not successful, these 

metal centres preferring to adopt linear trinuclear assemblies. 

Magnetic measurements were performed for the Mn(II) trinuclear linear complex 

(structure 2) as well as for the two Ni(II)-solvates (in structures 3 and 4), which reveal 

an antiferromagnetic coupling for 2 whereas the trinuclear complex in 3 and 4 displays 

a ferromagnetic coupling. 

In summary, this study shows that cis,trans- and cis,cis-1,3,5-tris(salicyli-

deneamino)cyclohexane is a versatile ligand, which can adopt different coordination 

modes and is capable of forming different assemblies depending on the nature of the 

metal used, when the same solvents, metal salt, concentration of metal salt and ligand 

solutions are being used for all the reactions. 
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Chapter 3 

 

Transition Metal Complexes Incorporating 

2,6-Pyridinedimethanol or 2,6-Bis(hydroxy-

methyl)-4-methylphenol. 
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3.1 Introduction. 

As mentioned in Chapter 1, the interest in the synthesis of large 

cluster-aggregates including paramagnetic transition metal ions, which can potentially 

behave as single-molecule magnets (SMMs), has grown considerably in the last few 

years. The use of small chelating ligands for the formation of new SMMs has been 

exploited to great success by many chemists. In this chapter, the complexation of two 

small tridentate chelating ligands, 2,6-pyridinedimethanol (H2L3) combining both 

nitrogen and oxygen-donor sites and 2,6-bis(hydroxymethyl)-4-methylphenol (H3L6) 

including only oxygen-donor sites, as shown in figure 3.1, with different paramagnetic 

transition metal ions has been studied in order to generate new core topologies. 

 

N

OH OH OH OHOH

CH3

L3H2 L6H3  

Figure 3.1 – 2,6-pyridinedimethanol (H2L3) on the left, 

2,6-bis(hydroxymethyl)-4-methylphenol (H3L6) on the right. 

H2L3198 is of particular interest due to the number of possible binding modes 

that it may display and due to its commercial availability. Christou et al. showed how 

H2L3 provided access to manganese clusters with high-spin ground states, 

[Mn4(O2CMe)2(HL3)6]2+ with S = 9,40,41 [Mn9(O2CEt)12(L3)(HL3)2(L4)2] with S = 11/2,93 

[Mn11O2(OH)2(nmpd)(HL3)5(L3)5Cl6] (nmpdH2 = 2-nitro-2-methyl-1,3-propanediol) with 

S = 10,94  and [Mn25O18(OH)2(N3)12(L3)6(HL3)6]2+ with S = 51/2,59 all of which are 

SMMs. Mononuclear complexes of H2L3 incorporating paramagnetic transition metal 

ions, like Co,199-201 Ni,200,202 or Cu,199,203-207 have also been reported. It is interesting to 

note that in these complexes, both mononuclear and polynuclear, a variety of binding 

modes are observed for H2L3, (HL3)-, or (L3)2- ligands, which function as tridentate or 

bidentate chelating ligands or as monodentate ligands binding only through the 

nitrogen atom. However, a search of the Cambridge Structural Database208 for H3L6 

revealed that much less work has been done with this ligand, with only the crystal 

structure of the ligand209 as well as a tetranuclear Ti(IV) complex210 being reported. 

One synthetic methodology that has proved to be extremely useful for the 

synthesis of new polynuclear complexes is the reaction of a chelating ligand with a 

preformed Mn-carboxylate cluster that does not incorporate any other chelate ligands 
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than carboxylate molecules, like [Mn3O(O2CR)6(py)3]n+ (n = 0,1) (py = pyridine)211 

(R = Me,40,41,57,92,212 CHPh2,49 or Et44,93), which have afforded a variety of new 

complexes ranging in wide nuclearity. The same strategy has also been used for 

Ni-clusters, although not as commonly as for Mn, using for example as starting 

material [Ni2(H2O)(piv)4(Hpiv)4] (Hpiv = pivalic acid).115 

3.2 Manganese complexes incorporating 2,6-pyridinedi-

methanol (H2L3). 

3.2.1 Reaction of 2,6-pyridinedimethanol with Mn(OAc)2. 

A methanolic solution of Mn(OAc)2·4H2O was added to a methanolic solution of 

H2L3 in a 1:1 ligand-to-metal ratio giving an orange solution, which turned dark brown 

when heated, indicating some oxidation of the Mn(II) centres to Mn(III) had occurred. 

Reflux of the resulting solution for 4 hours lead to its progressive decolouration until 

colourless, indicating either decomplexation or presence of a d5 high spin Mn(II) 

complex in solution. The solution then turned back progressively to dark brown when 

the heating was stopped. A diethyl-ether diffusion into this brown solution gave, after a 

week, brown blocks/plates of complex 12 in 51 % isolated yield, and within these 

crystals a few colourless plates of complex 13, in a ca. 10:1 ratio. However, crystals of 

12 and 13 were obtained only on two separate occasions and subsequent repetition of 

the exact same procedure then lead to the formation of crystals of 14 (see below). 

Moreover, reflux for 3 days of the brown methanolic solution obtained by dissolution of 

crystals of 12 did not lead to any decolouration of the solution, meaning that the 

decolouration of the solution, as described above, involves other species present in 

the original solution. The same procedure was followed using a 4:11 ligand-to-metal 

ratio, which is the exact ratio in cluster 12 (as derived by single crystal X-ray 

diffraction), however crystals of 14 were obtained again. The discussion about this 

reaction will be continued in section 3.2.4. 

3.2.2 Structural characterisation of [Mn11(L4)2(OAc)13O6(H2O)4]·MeOH·3.8H2O 

(Structure 12). 

Automatic cell indexing for a brown block/plate of 12 failed and inspection of 

the raw frames indicated that non-merohedral twinning might be present. This was 

confirmed by the GEMINI program213 which was able to index two twin domains to the 

data. Moreover, a direct consequence of the relatively poor data obtained from these 

crystals is that the integrated data is not very consistent (Rint = 0.1568). The structure 

solution was obtained using the data from only one component of the twin using the 
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XM program,214 the usual Patterson or XS program215 did not work to solve the 

structure. 

As expected the refinement was relatively poor (R1 = 0.0878, with high errors 

on the cell parameters and volume, and on the bond lengths and angles) since it did 

not take into account the overlapping peaks from the other domain; surprisingly, there 

is no high peaks of residual electron density. An absorption correction was performed 

using the TWINABS program216 of the Bruker SAINT integrating program217, 

generating a HKLF5-type data file, which contains the assignment of each reflection to 

either or both twin domain. We then tried to refine the initial solution using this HKLF5 

data file, however the refinement was not stable, thus the structure was refined using 

the initial HKLF4 data file. 

Crystallographic details for this structure are given in table 3.1. The structure 

was refined in the monoclinic space group C2/c. Figure 3.2 shows the molecular 

structure of the undecanuclear manganese cluster in 12, the Mn-O core being 

highlighted as yellow bonds. Mn(II) atoms are represented as pink atoms, whereas 

Mn(III) centres are represented as orange atoms, this will be used in all the pictures 

representing the complex in 12. Figure 3.3 shows the core of the undecanuclear 

cluster viewed down the same direction as the whole complex in figure 3.2, as well as 

the atomic numbering scheme. 

 The asymmetric unit consists of one-half of the undecanuclear manganese 

cluster, as well as disordered solvent molecules: two molecules of methanol with 25 % 

occupancy each, four water molecules of total occupancy 1.9. Mn6 lies on a two-fold 

rotation axis down the b axis at the coordinates (0.50, y, 0.25). Application of this 

rotation gives the whole undecanuclear cluster. 
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Figure 3.2 – Molecular structure of the undecanuclear cluster in 12, MnII
4 MnIII

7, the Mn-O core 

highlighted as yellow bonds. (Disordered oxygen atoms are shown as translucent atoms. 

Hydrogen atoms, water and methanol of crystallisation have been omitted for clarity.) 

 

 
 

Figure 3.3 – Mn11-O core of the complex in 12 viewed down the same direction as in figure 3.2 

and atomic labelling diagram. Pink atoms represent Mn(II), orange atoms Mn(III) and red 

oxygen atoms. 
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Table 3.1 – Crystal data and structure refinement for 12 and 13. 

 
Compound    12     13 

Empirical formula   C55H86.6Mn11N4O48.8   C18H24MnN2O9 

Formula weight    2189.02 g/mol   467.33 g/mol 

Temperature    153(2) K   153(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Monoclinic   Triclinic 

Space group    C2/c    P-1 

Unit cell dimensions  a = 30(4) Å   a = 7.4172(6) Å 

    b = 16(2) Å   b = 11.0663(10) Å 

    c = 23.7(10) Å   c = 13.0450(12) Å 

    α = 90°    α = 70.403(2)° 

    β = 124(4)°   β = 86.205(2)° 

    γ = 90°     γ = 87.435(2)° 

Volume    9431(1769) Å3   1006.22(15) Å3 

Z    4    2 

Density (calculated)  1.513 g/cm3   1.542 g/cm3 

Absorption coefficient  1.511 mm-1   0.710 mm-1 

F(000)    2161    486 

Crystal size   0.16 x 0.08 x 0.04 mm3  0.18 x 0.09 x 0.05 mm3 

Theta range for data collection 1.55 to 22.50°   1.66 to 25.00° 

Index ranges   -32<=h<=32   -8<=h<=8 

    -15<=k<=17   -13<=k<=13 

    -25<=l<=16   -15<=l<=15 

Reflections collected  12011    8116 

Independent reflections  6168 [R(int) = 0.1568]  3547 [R(int) = 0.0540] 

Completeness to theta   = 22.50°, 100.0 %  = 25.00°, 99.9 % 

Absorption correction  Empirical   Empirical 

Max. and min. transmission 1.0000 and 0.7568  1.0000 and 0.7618 

Refinement method          Full-matrix least-squares on F2  

Data / restraints / parameters 6168 / 0 / 526   3547 / 4 / 288 

Goodness-of-fit on F2  0.934    1.055 

Final R indices [I>2sigma(I)] R1 = 0.0878   R1 = 0.0639 

    wR2 = 0.2060   wR2 = 0.1342 

R indices (all data)  R1 = 0.1875   R1 = 0.0928 

    wR2 = 0.2492   wR2 = 0.1457 

Largest diff. peak and hole 1.047 and -1.073 e.Å-3  0.694 and -0.444 e.Å-3 
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The structure of the complex in 12 contains a {MnII
4MnIII

7(µ3-O)12} core 

(figure 3.3), where six of the µ3-O atoms are O2- ligands (O21, O22, O23, O21A, O22A 

and O23A), four µ3-O atoms are from (L4)2- ligands (O1, O3, O1A and O3A) and the 

two other µ3-O atoms are from CH3COO- ligands (O19 and O19A). The core contains 

two {Mn4O4} cubane-like units (Mn1 to Mn4 and Mn1A to Mn4A), which are held 

together by the central {Mn3O4} unit (Mn5, Mn6, Mn5A). Atoms Mn5, Mn6 and Mn5A 

are not arranged in a linear fashion but in a slight V-shape as seen in figure 3.4 

representing the Mn11 core from a different direction than figure 3.3, with a 

Mn5-Mn6-Mn5A angle of 161(3)º. Table 3.2 lists selected bond lengths and angles 

in 12.  

 

 

Figure 3.4 – Mn11-O core of the complex in 12 showing the non-linear arrangement of Mn5, 

Mn6 and Mn5A. Pink atoms represent Mn(II), orange atoms Mn(III) and red oxygen atoms. 

 Due to the complexity of the structure, descriptions of the [Mn4O4]5+ cubane 

(Mn1 to Mn4) and of the Mn3O4 unit (Mn5, Mn6, Mn5A) will be separated and 

discussed on an individual basis. 

 The full coordination spheres and numbering scheme of the Mn atoms in the 

[Mn4O4]5+ cubane containing Mn1 to Mn4 are shown in figures 3.5 and 3.7. As seen in 

figure 3.5 the complex in 12 features a pentadentate ligand, (L4)2-, coordinated to the 

Mn centres and formed in situ from two molecules of H2L3, the ligand H2L4 being 

shown in figure 3.6. 
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Figure 3.5 – Coordination sphere of the Mn atoms in the MnII
2MnIII

2 cubane in 12 including 

(L4)2-, acetal ligand formed from two molecules of H2L3, the Mn-core highlighted as yellow 

bonds. Pink atoms represent Mn(II), orange atoms Mn(III). (Disordered oxygen atoms O4’ and 

O4” of (L4)2- are shown as translucent atoms. Coordinated acetates are shown as green atoms 

(or translucent green for disordered oxygen atom). Hydrogen atoms, water and methanol of 

crystallisation have been omitted for clarity.) 

 

N

OH

O
N

OHOH

L4H2  

Figure 3.6 – Pentadentate ligand H2L4 formed in situ from two molecules of H2L3. 

The most remarkable feature of this reaction is indeed the in situ formation of 

the pentadentate ligand (L4)2-, the dianion of (6-hydroxymethylpyridin-2-yl)-(6-hydroxy-

methylpyridin-2-yl-methoxy)methanol from the reaction of two H2L3 molecules. The 

orange solution obtained from the addition of a Mn(OAc)2 solution to a solution of H2L3 

C1 

C2 
C6 C7 

C8 

C9 

C13 
C14 
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turned dark brown when heated, which indicates some oxidation of the Mn(II) centres 

to Mn(III) or Mn(IV). The reduction of some of the Mn(III) centres to Mn(II) is 

associated with oxidation of some of the H2L3, presumably to the corresponding 

aldehyde, 6-(hydroxymethyl)-2-pyridinecarboxaldehyde as shown in scheme 3.1 

representing the mechanism of formation of H2L4. This subsequently undergoes 

nucleophilic attack from the alcohol moiety of some of the remaining H2L3 to yield the 

hydroxy ether or hemiacetal, (L4)2-. Typically the addition of an alcohol to an aldehyde 

or ketone to form a hemiacetal and ultimately an acetal occurs slowly in neutral 

conditions, but more rapidly in the presence of acid, where protonation of the carbonyl 

group activates it to nucleophilic attack. In the present case the medium is acidic and 

the Mn complex may also help to catalyse the reaction in addition to oxidising H2L3. 

 

N

OHOH

N

OOH

N

OHO

N

OOH

N

OH

O
N

OHOH

Oxidation

L4H2

associated to 
the reduction of

Mn(III) centres to Mn(II)

Nucleophilic

attack

 

Scheme 3.1 – Mechanism of the formation of the pentadentate ligand H2L4 from two molecules 

of H2L3. Some of the H2L3 is oxidised to the corresponding monoaldehyde, which then 

undergoes nucleophilic attack from the alcohol moiety of some of the remaining H2L3 to yield 

the hemiacetal H2L4. 

 The in situ formation of H2L4 from two molecules of H2L3 has been reported by 

Christou et al.93 in 2002 for the synthesis of a Mn8 cluster, 

[MnII
6MnIII

2O2(py)4(O2CEt)8(L4)2]2+, and a Mn9 cluster, [MnII
7MnIII

2(O2CEt)12-

(L3)(HL3)2(L4)2], by reacting the chelating ligand H2L3 with the trinuclear µ3-oxido 

complex [Mn3O(O2CEt)6(py)3]+ in acetonitrile at room temperature. It should be noted 

that the Mn9 cluster includes L4 along with L3 and HL3, whereas the Mn8 cluster only 

includes L4 but does not include the tridentate ligand H2L3, as was observed for the 

complex in 12. 

 Figure 3.5 shows the crystallographic disorder in the non coordinated hydroxy 

group of the (L4)2- ligand, with O4 disordered over three sites: O4 (40 % occupancy), 

O4’ (40 %) and O4” (20 %), O4’ and O4” being shown as translucent red atoms.  
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Figure 3.7 – Coordination sphere of the Mn atoms in the MnII
2MnIII

2 cubane in 12, the Mn-O 

core highlighted as yellow bonds, showing the different acetate-bridges between Mn centres. 

Pink atoms represent Mn(II), orange atoms Mn(III). (Disordered oxygen atom O20’ is shown as 

a translucent atom. (L4)2-, acetal ligand formed from two molecules of H2L3, is shown as green 

atoms (or translucent green for disordered oxygen atoms). Hydrogen atoms, water and 

methanol of crystallisation have been omitted for clarity.) 

 The cubane unit in 12 is mixed valence MnII
2MnIII

2, Mn1 and octahedral Mn3 

are assigned as Mn(II) centres on the basis of metric parameters and the absence of a 

Jahn-Teller (JT) elongation expected for high-spin Mn(III) and observed for the 

octahedral Mn2 and Mn4 (see table 3.2), with the JT axis lying respectively on O8, 

O19 and O10, O19 from CH3COO- ligands. Due to the relatively poor quality of the 

data and refinement, the errors on the coordination distances are quite high. However, 

we clearly see the tendency for the oxidation state of the Mn centres. The bond 

lengths are similar to those of typical Mn(II) complexes218 for Mn1 and Mn3, and of 

typical Mn(III) complexes219 for Mn2 and Mn4, and longer than those of the Mn(IV) 

complexes.220 
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Table 3.2 – Selected bond lengths [Å], angles and torsion angles [°] in 12. 

 
Mn(1)-O(1) 2.25(11) 

Mn(1)-N(1) 2.3(2) 

Mn(1)-O(2) 2.4(2) 

Mn(1)-N(2) 2.26(12) 

Mn(1)-O(3) 2.3(3) 

Mn(1)-O(5) 2.18(17) 

Mn(1)-O(19) 2.5(2) 

Mn(1)-O(20) 2.5(3) 

Mn(2)-O(1) 1.98(18) 

Mn(2)-O(11) 1.95(16) 

Mn(2)-O(21) 1.85(14) 

Mn(2)-O(22) 1.91(18) 

Mn(2)-O(8) 2.17(19) 

Mn(2)-O(19) 2.38(15) 

Mn(3)-O(1) 2.29(18) 

Mn(3)-O(3) 2.27(18) 

Mn(3)-O(6) 2.06(19) 

Mn(3)-O(7) 2.14(12) 

Mn(3)-O(9) 2.1(2) 

Mn(3)-O(21) 2.12(16) 

Mn(4)-O(3) 2.0(2) 

Mn(4)-O(13) 1.96(12) 

Mn(4)-O(21) 1.83(11) 

Mn(4)-O(23) 1.92(17) 

Mn(4)-O(10) 2.22(19) 

Mn(4)-O(19) 2.4(2) 

Mn(5)-O(12) 2.0(3) 

Mn(5)-O(22) 1.86(8) 

Mn(5)-O(23)i  1.9(3) 

Mn(5)-O(14)i  1.98(8) 

Mn(5)-O(17) 2.2(2) 

Mn(5)-O(18) 2.2(3) 

Mn(6)-O(22) 1.9(3) 

Mn(6)-O(23) 1.89(9) 

Mn(6)-O(15) 2.3(3) 

Mn(6)-O(16) 2.3(3) 

Mn(1)-Mn(2) 3.5(2) 

Mn(1)-Mn(3) 3.3(3) 

Mn(1)-Mn(4) 3.7(5) 

Mn(2)-Mn(3) 3.1(2) 

Mn(2)-Mn(4) 3.1(2) 

Mn(3)-Mn(4) 3.1(3) 

Mn(5)-Mn(6) 2.8(2) 

Mn(2)-Mn(5) 3.4(2) 

Mn(2)-Mn(6) 3.4(5) 

Mn(4)-Mn(6) 3.4(2) 

Mn(4)-Mn(5)i 3.4(5) 

Mn(5)-Mn(6)-Mn(5)i  161(3) 

O(1)-C(1)-C(2)-N(1)  29(2) 

N(1)-C(6)-C(7)-O(2)  20(3) 

O(2)-C(8)-C(9)-N(2)  17(3) 

N(2)-C(13)-C(14)-O(3)  37(4) 

 

Symmetry transformations used to generate equivalent atoms: 

i = -x+1, y, -z+0.5. 

 

 The peripheral ligation around the {Mn4O4} unit is provided by one (L4)2- ligand, 

and six OAc-; three of them bind in the usual µ2 mode to two Mn centres of the cubane, 

two of them bind in the µ2 mode to the [Mn4O4]5+ cubane with the central {Mn3O4} unit, 

and the last one binds in a monodentate fashion. The (L4)2- group ligates Mn1 in a 

pentadentate manner through two N atoms and three O atoms, which occupy the five 

equatorial sites of a distorted pentagonal bipyramid, as was reported by Christou et 

al.93 for (L4)2- included in the Mn8 and Mn9 clusters; however pentagonal bipyramid 

geometry around a Mn(II) centre had been reported before.221 Within the equatorial 

plane, the Mn-O and Mn-N distances vary from 2.2(1) to 2.4(2) Å. Although the 

pyridine rings of (L4)2- are individually planar, the pentadentate ligand itself is 

non-planar, with intra-annular torsion angles of the four five-membered chelate rings 

varying from 17 to 37° (see table 3.2). In addition, the two pyridine rings are distinctly 

tilted with respect to each other, however due to the poor quality of the data it was not 

possible to determine the angle between the two pyridine rings. The axial sites of the 

coordination sphere of Mn1 are occupied by O atoms from OAc- ligands (O5 and O19). 
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The “dangling” O atom of the monodentate OAc- ligand, O20, is situated close to Mn1 

(Mn1-O20 2.5(3)º, Mn1-O19 2.5(2)º), however it does not seem to be coordinated to 

Mn1 as it is disordered over two positions, O20 (55 % occupancy) and O20’ (45 %), as 

shown in figure 3.7. 

Figure 3.8 shows the coordination spheres and atomic numbering of the Mn 

atoms in the central {Mn3O4} unit in 12. The two [Mn4O4]5+ cubanes are held together 

by the central {Mn3O4} unit (Mn5, Mn6, Mn5A) via linkages to two oxo-ligands (O22 

and O23) and two acetate groups (O11, O12 and O13, O14). Oxo-ligands O22 and 

O23 are thus triply bridging (Mn2, Mn5 and Mn6 for O22 and Mn4, Mn6 and Mn5A for 

O23) and only slightly out of their respective Mn3 planes (O22 and O23 are 0.25(3) and 

0.20(3) Å, respectively, out of their Mn3 planes). As mentioned above, Mn5, Mn6 and 

Mn5A are arranged in a slight V-shape fashion (161(3)º for Mn5-Mn6-Mn5A). 

 

 

Figure 3.8 – Coordination sphere of the Mn atoms in the central MnIII
3 unit (Mn5, Mn6 and 

Mn5A) of 12, the Mn-O core highlighted as yellow bonds, the Mn(III) centres represented as 

orange atoms, showing the different acetate bridges between Mn(III) centres. (The disordered 

acetate molecule is rendered translucent. Hydrogen atoms, water and methanol of 

crystallisation have been omitted for clarity.)  

Metric parameters (see table 3.2), compared with the bond distances observed 

in the literature for Mn(II),218 Mn(III)219 and Mn(IV)220 complexes, indicate octahedral 

Mn5 and Mn6 to be Mn(III) centres with the JT axis lying respectively on O17, O18 and 

O15, O16 (see figure 3.9), thus lying on the two-fold rotation axis for the latter. The 
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equatorial sites of Mn5 and Mn6 are occupied by oxide and oxygen atoms from OAc- 

ligands. 

Figure 3.9 represents the coordination sphere and atomic numbering of the Mn 

atoms for the central {Mn3O4} unit in 12 viewed down the O22-O23A axis and shows 

the bridge between Mn5 and Mn6 formed by the acetate containing the atoms O15, 

O18, C25 and C26, and the disorder of this acetate ligand represented by translucent 

carbon atoms. Mn5 and Mn6 are bridged by this acetate in 50 % of the unit cells 

incorporated in the crystal, Mn5A is then coordinated to the water molecule O18A, 

whereas in the remaining 50 % of the unit cells Mn5A and Mn6 are bridged by the 

image of the acetate by the two-fold rotation symmetry (O15, O18A, C25A and C26A), 

Mn5 is then coordinated to the water molecule O18, these acetate and water 

molecules occupying one of the axial site of Mn5 and Mn6. Thus, O18 and O18A are 

full occupancy, but are in 50 % of the unit cells from an acetate and in the remaining 

50 % of the unit cells incorporated in a water molecule, whereas C25, C26, C25A and 

C26A from the acetates are only half occupancy. O15 is incorporated in an acetate in 

all the unit cells (either with C25, C26, O18 or C25A, C26A, O18A), however as it sits 

on the two-fold rotation axis, its occupancy in the asymmetric unit is 50 %. Figure 3.9 

also shows the strain applied by the bridging acetates O18, O15 and O15, O18A, in 

the common µ2-mode, on the Mn centres, leading to the slight V-shape arrangement of 

Mn5, Mn6, Mn5A as well as driving the water molecules O17 and O16, respectively 

occupying the other axial site of Mn5 and Mn6, further apart. 
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Figure 3.9 – Coordination sphere of the Mn atoms in the central MnIII
3 unit (Mn5, Mn6 and 

Mn5A) in 12, presenting a non-linear arrangement, and showing the acetate-bridge between 

Mn5 and Mn6. The Mn-O core is highlighted as yellow bonds, the Mn(III) centres represented 

as orange atoms. (The disordered acetate molecule is rendered as translucent. Hydrogen 

atoms, water and methanol of crystallisation have been omitted for clarity.) 

 The undecanuclear cluster [Mn11O10Cl2(OAc)11(bpy)2(MeCN)2(H2O)2](ClO4)2-

·8MeCN (bpy = 2,2’-bipyridine) reported by Christou et al.140 in 1991 (see Chapter 1, 

figure 1.20) from the reaction of [Mn4O2(OAc)7(bpy)2](ClO4)·3H2O with Me3SiCl 

includes a very similar Mn11 core as the complex in 12, two [Mn4O3Cl]6+ cubane units 

bridged by a nearly linear [Mn3O4]+ moiety, with however a difference in the oxidation 

state of the Mn centres: MnIII
9MnIV

2, the two Mn(IV) centres corresponding to Mn3 and 

Mn3A in figure 3.3. Furthermore, the Mn84 torus reported by Christou et al.1 in 2004 

alternates near-linear [Mn3O4] and cubic [Mn4O2(OMe)2] subunits, thus the repeating 

unit includes the core of the complex in 12, the difference being that all the Mn centres 

in the Mn84 assembly are six-coordinate and in the Mn(III) oxidation state.  

 Christou et al.94 recently reported the undecanuclear cluster 

[Mn11O2(OH)2(nmpd)(HL3)5(L3)5Cl6]·4MeCN (see Chapter 1, figure 1.22), including 

both the tridentate chelate ligand H2L3 and 2-nitro-2-methyl-1,3-propanediol (nmpdH2), 

from the reaction of MnCl2·4H2O with H2L3, nmpdH2 and NMe4OH in a 3:10:3:1 

molar ratio in a mixture of MeCN/MeOH (7:1 in volume). The cluster is a MnIII
7MnII

4, 

like the complex in 12, but has an unusual undecanuclear cage structure, with seven 

central manganese ions held together by two µ4-O atoms. Two dinuclear Mn(III)-Mn(II) 
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units are linked to each end of the Mn7 core via µ3-alkoxide oxygen atoms provided by 

(L3)2- ligands. However, this undecanuclear cluster does not include the pentadentate 

ligand (L4)2-. 

Thus, the complex in 12 joins the family of discrete aggregates of nuclearity 

eleven, and more particularly the family of undecanuclear clusters including H2L3. 

However, to date no other undecanuclear species include the exact same MnII
4MnIII

7 

core. The presence of two cubane units in 12, together with the presence of additional 

Mn(III) sites, makes magnetochemical characterisation of the complex in 12 an 

important future objective. Although, needless to say, the formation of this complex 

was totally unpredictable, and its mechanism of formation is unclear and difficult to 

ascertain. 

3.2.3 Structural characterisation of [Mn(H2L4)(OAc)(H2O)](OAc) (Structure 13). 

A few colourless plates of complex 13 were found with the crystals of 12, which 

were suitable for a structure determination by single crystal X-ray diffraction. 

Crystallographic details for 13 are given in table 3.1. The structure was refined in the 

triclinic space group P-1. Figure 3.10 shows the asymmetric unit and numbering 

scheme for 13.  

 

 

Figure 3.10 – Asymmetric unit and atomic labelling diagram for 13. (Hydrogen atoms except for 

protonated hydroxy groups have been omitted for clarity.) 

C1 

C2 

C6 

C7 
C8 

C9 

C14 

C13 
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Complex 13 is a mononuclear manganese complex including the pentadentate 

ligand (6-hydroxymethylpyridin-2-yl)-(6-hydroxymethylpyridin-2-yl-methoxy)methanol, 

H2L4. Its asymmetric unit consists of a manganese centre, to which a molecule of 

H2L4, an acetate (which binds in a monodentate fashion) and a water molecule are 

coordinated. It also includes a non-coordinated acetate molecule. 

As for the complex in 12, complex 13 features the pentadentate ligand H2L4, 

coordinated to the Mn centre and formed in situ from two molecules of H2L3, the ligand 

H2L4 being shown in figure 3.6 of section 3.2.2. The mechanism of formation of H2L493 

from two molecules of H2L3 is detailed above in section 3.2.2. and shown in 

scheme 3.1. Some of the H2L3 is oxidised to the corresponding monoaldehyde, which 

then undergoes nucleophilic attack from the alcohol moiety of some of the remaining 

H2L3 to yield the hemiacetal H2L4. 

The H2L4 group ligates Mn1 in a pentadentate manner through two nitrogen 

atoms and three oxygen atoms, which occupy the five equatorial sites of a distorted 

pentagonal bipyramid, as was observed for (L4)2- and Mn1 in 12. Within the equatorial 

plane, the Mn-O and Mn-N distances vary from 2.247 to 2.388 Å. The axial sites of the 

pentagonal bipyramid are occupied by O6 from the monodentate acetate ligand and by 

the oxygen atom of a water molecule, O5. Considering the comparison with the bond 

lengths observed in the literature for Mn(II),218 Mn(III)219 and Mn(IV)220 complexes, and 

the absence of a Jahn-Teller elongation expected for high-spin Mn(III), Mn1 can be 

assigned as a Mn(II) centre on the basis of the metric parameters. Selected bond 

lengths and angles for 13 are listed in table 3.3. Although the pyridine rings of H2L4 

are individually planar, the pentadentate ligand itself is non-planar, with intra-annular 

torsion angles of the four five-membered chelate rings varying from 8.3 to 23.9°, as 

seen in table 3.4. In addition, the two pyridine rings are distinctly tilted with respect to 

each other, at an angle of 8.3(3)°. 

 

Table 3.3 – Selected bond lengths [Å] and angles [°] for 13. 

Mn(1)-O(1)  2.249(3) 

Mn(1)-O(3)  2.388(3) 

Mn(1)-O(4)  2.247(3) 

Mn(1)-N(1)  2.255(4) 

Mn(1)-N(2)  2.250(4) 

Mn(1)-O(5)  2.247(3) 

Mn(1)-O(6)  2.136(3) 

O(5)-Mn(1)-O(6) 177.15(13) 

 
  

There is no crystallographic disorder in the non coordinating hydroxy group 

{O2H2} of H2L4 in the complex in 13, contrary to the same group of (L4)2- in 12, which 

is disordered over three sites. The two other oxygen atoms O1 and O4 of H2L4 in 13 
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are protonated: {O1H1} and {O4H4A}. As the monodentate acetate ligand is 

deprotonated, the coordination compound has a +1 charge, but the neutrality of the 

assembly is assured by the deprotonated non-coordinated acetate, thus giving the 

formula [Mn(H2L4)(OAc)(H2O)](OAc) for 13. 

 

Table 3.4 – Selected torsion angles [°] for 13. 

  
O(1)-C(1)-C(2)-N(1)  8.3(6) 

N(1)-C(6)-C(7)-O(3)  23.9(5) 

O(3)-C(8)-C(9)-N(2)  23.5(5) 

N(2)-C(13)-C(14)-O(4)  12.8(6) 

 
 

Two enantiomers were obtained for the complex in 13, which are shown in 

figures 3.11 and 3.12. The two enantiomers are represented with the pentadentate 

ligand having the same orientation and showing that for the enantiomer represented in 

figure 3.11, the axial water molecule is above the pseudo-plane formed by the ligand 

and the axial monodentate acetate is below, whereas for the enantiomer in figure 3.12, 

the axial monodentate acetate is above and the axial water molecule is below that 

same pseudo-plane. The enantiomer in figure 3.11 is the isomer incorporated in the 

asymmetric unit (figure 3.10). The image obtained by application of the symmetry 

operation of the inversion centre situated at the coordinates (0.5, 0.5, 0.5) to the 

asymmetric unit appears to be the mirror image of the mononuclear complex of the 

asymmetric unit and thus is its enantiomer as shown in figure 3.12. Both enantiomers 

are present in equal quantities because their presence is due to the symmetry of the 

space group, the overall structure is thus achiral. 

A search of the Cambridge Structural Database208 for seven-coordinate 

manganese centre with a broad choice of coordinated atoms (N, O, F, Cl, Br, I, S or P) 

revealed 275 hits. However, a detailed analysis of all those hits revealed that only one 

of them, a seven-coordinate Mn(II) mononuclear complex,221 

[Mn(Habh)(H2O)2Cl]Cl·H2O (abh = 2-aminobenzoylhydrazone), also crystallised in the 

P-1 space group, presents the same remarkable feature as complex 13, even though 

the authors in the paper did not highlight this characteristic. The Mn(II) centre is in a 

distorted pentagonal bipyramidal environment with two nitrogen and two oxygen atoms 

of the ligand and a water molecule occupying the pentagonal girdle and a second 

water molecule and a chloride ion in the axial positions. Contrary to the complex in 13 

only four of the equatorial positions are occupied by atoms of the ligand; however the 

fact that the axial positions are occupied by molecules of different nature leads to two 

enantiomers of the mononuclear complex by application of the inversion centre of the 

space group P-1. 
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Figure 3.11 – Coordination sphere of the Mn(II) centre for the ∆-enantiomer in 13. Dashed 

circles represent the subdivision of H2L4 into two groups in order to determine the chirality of 

the enantiomer. (The non-coordinated acetate molecule and the hydrogen atoms, except for 

the hydroxy groups, have been omitted for clarity.) 

 

Figure 3.12 – Coordination sphere of the Mn(II) centre for the Λ-enantiomer in 13. (The 

non-coordinated acetate molecule and the hydrogen atoms, except for the hydroxy groups, 

have been omitted for clarity.) 
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Finding a nomenclature for the enantiomers in 13 revealed quite challenging as 

textbooks222 about stereochemistry of coordination compounds only deal with 

complexes of up to six-coordinate. The review about chirality at metal centres by 

von Zelewsky et al.223 reports the complexation of a chiral pentadentate ligand forming 

an open macrocycle like H2L4; however it coordinates to give an octahedral 

coordination environment around the metal centre, five coordinates being occupied by 

atoms from the ligand, ∆ and Λ enantiomers then being easily determined. This 

example could thus not be applied to the present case. The Cahn, Ingold, Prelog (CIP) 

rules222 could not be applied either as the environment around the Mn centre is not 

tetrahedral. However, by looking at the distorted plane of the pentagonal bipyramid 

coordination geometry formed by the ligand H2L4, a slight twist of the atoms 

coordinated to the Mn centre appears. The enantiomer represented in figure 3.11 

presents a slight twist towards the right and is thus attributed to ∆-enantiomer, 

whereas the one represented in figure 3.12 presents a slight twist towards the left and 

is thus attributed to the Λ-enantiomer. 

There are five unique hydrogen bonds in 13 between hydrogen atoms of the 

alkoxy groups, {O1H1}, {O2H2} and {O4H4A}, or hydrogens of the coordinated water 

molecule (O5, H5A, H5B) and non-coordinated oxygen atoms of the acetate molecules 

(“dangling” oxygen atom of the monodentate acetate ligand, O7, oxygen atoms O8 and 

O9 of the non-coordinated acetate). Distances and angles for the five unique hydrogen 

bonds are shown in table 3.5. Comparison of these parameters with the one reported 

by Steiner224 shows that these hydrogen bonds are of moderate strength. 

 

Table 3.5 – Parameters of hydrogen bonding interactions for 13 [Å and °]. 

 

D-H...A    d(D-H)  d(H...A)  d(D...A)  <(DHA) 

  
O(1)-H(1)...O(9)i  0.83(2)  1.82(2)  2.641(4) 174(5) 

O(2)-H(2)...O(7)ii  0.84  1.83  2.657(5) 168.2 

O(4)-H(4A)...O(8)i  0.84(2)  1.78(2)  2.602(4) 169(5) 

O(5)-H(5A)...O(9)iii  0.83(2)  2.02(3)  2.822(5) 161(5) 

O(5)-H(5B)...O(9)  0.82(2)  1.99(2)  2.808(4) 171(5) 

Symmetry transformations used to generate equivalent atoms:  

i = x+1, y, z; ii = -x+1, -y, -z+1; iii = -x+1, -y+1, -z. 

 

 The acycle formed by the pentadentate ligand H2L4 in the Mn(II) mononuclear 

complex is stabilised by the O1-H1…O9i and O4-H4A…O8i (i = x+1, y, z) hydrogen 

bonds, which leads to the formation of a pseudo-macrocycle, as shown in figure 3.13 

for the ∆-enantiomer, the Λ-enantiomer also forming a similar pseudo-macrocycle. 
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These two hydrogen bonds also lead to the formation of an eight-membered ring 

including Mn1. However, as the Mn(II) centre is bulky, it may prevent the mechanism 

of formation of the hemiacetal group of H2L4 (shown in scheme 3.1) of happening 

again and forming a second hemiacetal function to close the ring yielding a 

macrocycle. 

 

 

Figure 3.13 – Pseudo-macrocycle formed by hydrogen bonds between the acyclic ligand H2L4 

in the Mn(II) mononuclear complex and the acetate O8A, O9A, for the ∆-enantiomer in 13. 

(Hydrogen bonds are shown as blue and white dashed bonds. Hydrogen atoms, except for the 

hydroxy groups, have been omitted for clarity.) 

 

 Moreover, figure 3.14 shows how these pseudo-macrocycles further hydrogen 

bond to form two-dimensional sheets. It should be noted that both enantiomers are 

present within this 2D sheet; the ∆-enantiomer is highlighted in red, while the 

Λ-enantiomer is highlighted in green. Complexes of the same chirality form chains 

along the a axis as seen in figure 3.14, the 2D sheet then being formed by alternate 

chains of opposite chirality. 
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Figure 3.14 – Two-dimensional sheet formed in 13 by hydrogen bonding between mononuclear 

complexes and non-coordinated acetate molecules. The 2D sheet is constitued of alternate 

chains of opposite chirality. The ∆-enantiomer is highlighted in red, while the Λ-enantiomer is 

highlighted in green. (Hydrogen bonds are shown as blue dashed lines; purple dotted lines 

indicate cell. Hydrogen atoms have been omitted for clarity.) 

Because the (L4)2- group ligates Mn1 in the same pentadentate manner in the 

complexes in 12 and 13, the latter probably results from the former by the collapse of 

the Mn11 core, (L4)2- remaining coordinated to the Mn(II) centre and thus yielding 

complex 13. Crystals of 13 remained colourless when left sitting in air for a few days, 

thus they do not oxidise into a Mn(III)-complex. 

Christou et al.93 have reported the synthesis and structural characterisation of a 

Mn8 and a Mn9 cluster including H2L4 formed in situ from H2L3. However, a search of 

the chemical literature208,225 reveals that neither the ligand H2L4 as a discrete molecule 

nor a mononuclear complex including this ligand has yet been reported. Synthesis and 

structural characterisation of a mononuclear complex of H2L4 is thus unprecedented. 
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3.2.4 Reaction of 2,6-pyridinedimethanol with Mn(OAc)2 and Na(OAc). 

A methanolic solution of Mn(OAc)2·4H2O was added to a methanolic solution of 

H2L3, followed by the addition of a methanolic solution of Na(OAc) in a 1:1:1 ratio 

giving an orange solution, which turned dark brown when heated, indicating oxidation 

of the Mn(II) centres to Mn(III) or Mn(IV). Reflux of the resulting solution for 4 hours led 

to its progressive decolouration until colourless, indicating either decomplexation or 

presence of a d5 high-spin Mn(II) complex in solution. Then the solution turned 

progressively back to dark brown when the heating was stopped. A diethyl-ether 

diffusion into this brown solution gave, after a week, brown blocks/plates, which are 

dichroic brown/green, contrary to crystals of 12, thus indicating that a different complex 

was formed: complex 14 in 60 % isolated yield. This reaction was performed many 

times and each time the same observations concerning the colour change of the 

solution were made and each time crystals of 14 were obtained. 

Crystals of 14 were synthesised for the first time following the synthesis 

described above. However, the three following syntheses then also led to these 

crystals: 

a) The same procedure as for the reaction of Mn(OAc)2·4H2O and H2L3 in a 1:1 ratio 

(see above) was followed using a 4:11 ratio, leading to the same observations as 

above and crystals of 14 were obtained from the diethyl-ether diffusion. 

b) Layering of a methanolic solution containing Mn-acetate on top of a 1:1 

chloroform:methanol solution containing H2L3 in a 1:1 ligand-to-metal ratio, followed by 

diethyl-ether diffusion into the dark brown solution obtained, also led to crystals of 14. 

c) Stirring of the solution obtained by addition of a methanolic solution of Mn-acetate to 

a methanolic solution of H2L3 in a 1:1 ratio, at room temperature, for a few hours, led 

to a dark brown solution. Further stirring of this solution for 18 days at room 

temperature did not lead to any colour change. A diethyl-ether diffusion into the dark 

brown solution also led to crystals of 14.  

Reflux for 3 days of the brown methanolic solution obtained by dissolution of 

crystals of 14 did not lead to any decolouration of the solution, meaning that the 

decolouration of the solution, as described above, involves other species present in 

the original solution. 

Moreover, it should be noted that colourless plates of complex 13 were never 

found in any of the samples of crystals of 14, thus indicating, as mentioned above, that 

complex 13 results from the collapse of the Mn11-O core in 12. It is thus impossible to 

know what happens in solution, both for the formation of crystals of 12 and 13 and for 

the formation of crystals of 14. It is not possible to know if complexes in 12 and 14 are 

the species present in the brown solution before its decolouration or to know if 

complex 13 is the species present in the colourless solution, or if these species only 
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form during the cooling down of the solutions. Moreover, any attempts to monitor the 

colour change during the cooling down of the colourless solutions through UV-Vis 

titration failed, as no distinct peak was obtained for either of the solutions. However, 

the Mn4-cluster 14 seems more stable than the Mn11-cluster in 12 as the procedure 

that led twice to 12 then led to 14.  

3.2.5 Structural characterisation of [Mn4(HL3)4(OAc)4(OMe)2]·1.6MeOH·3.4H2O 

(Structure 14). 

Brown blocks/plates of 14, which are brown/green dichroic, were obtained and 

were suitable for a structure determination by single crystal X-ray diffraction. 

Crystallographic details for 14 are given in table 3.6. The structure was refined in the 

triclinic space group P-1. Figure 3.15 shows the molecular structure and numbering 

scheme for the tetranuclear manganese cluster in 14, the Mn-O core being highlighted 

as yellow bonds. Mn(II) atoms are represented as pink atoms, whereas Mn(III) centres 

are represented as orange atoms, which will be used in all the pictures representing 

complex in 14. Figure 3.16 shows the core of the tetranuclear cluster viewed down the 

same direction as the whole complex in figure 3.15, as well as the atomic numbering 

scheme. 

The asymmetric unit consists of one-half of the tetranuclear manganese 

cluster, as well as disordered solvent molecules: 0.8 MeOH and 1.7 H2O. The whole 

tetranuclear complex is obtained by application of the symmetry operation of the 

inversion centre situated at the centre of the square formed by Mn2, O9, Mn2A and 

O9A at the coordinates (0.5, 1, 0.5). 
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Figure 3.15 – Molecular structure and atomic numbering scheme of the tetranuclear MnII
2 MnIII

2 

cluster in 14, the Mn-core highlighted as yellow bonds. (Disordered oxygen atoms are shown 

as translucent atoms. Hydrogen atoms, water and methanol of crystallisation have been 

omitted for clarity.) 

 

Figure 3.16 – Mn4-O core of the complex in 14 along with the acetate bridges, viewed down the 

same direction as in figure 3.15 and atomic labelling diagram. Pink atoms represent Mn(II), 

orange atoms Mn(III) and red oxygen atoms. 
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Table 3.6 – Crystal data and structure refinement for 14 and 15. 

  
Compound    14     15 

Empirical formula   C39.6H63.2Mn4N4O23   C34H57N3Ni4O22 

Formula weight    1183.10 g/mol   1094.67 g/mol 

Temperature    153(2) K   153(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Triclinic    Triclinic 

Space group    P-1     P-1 

Unit cell dimensions  a = 8.8454(6) Å   a = 10.0773(5) Å 

    b = 12.3146(8) Å  b = 14.3318(7) Å 

    c = 12.9669(9) Å   c = 16.1531(8) Å 

    α = 90.2130(10)°   α = 91.9710(10)° 

    β = 90.1430(10)°   β = 95.5680(10)° 

    γ = 90.6050(10)°   γ = 90.7950(10)° 

Volume    1412.36(16) Å3   2320.2(2) Å3 

Z    1    2 

Density (calculated)  1.386 g/cm3   1.564 g/cm3 

Absorption coefficient  0.949 mm-1   1.679 mm-1 

F(000)    609    1136 

Crystal size   0.22 x 0.16 x 0.08 mm3  0.37 x 0.2 x 0.15 mm3 

Theta range for data collection 1.57 to 25.00°   1.27 to 25.00° 

Index ranges   -10<=h<=10   -11<=h<=11 

    -14<=k<=14   -17<=k<=17 

    -15<=l<=15   -19<=l<=19 

Reflections collected  11183    18489 

Independent reflections  4951 [R(int) = 0.0305]   8114 [R(int) = 0.0237] 

Completeness to theta   = 25.00°, 99.5 %  = 25.00°, 99.7 % 

Absorption correction  Empirical    Empirical 

Max. and min. transmission 1.0000 and 0.7552  1.0000 and 0.7854 

Refinement method      Full-matrix least-squares on F2 

Data / restraints / parameters 4951 / 0 / 327   8114 / 0 / 470 

Goodness-of-fit on F2  1.173    1.052 

Final R indices [I>2sigma(I)] R1 = 0.0824    R1 = 0.0637 

    wR2 = 0.2159    wR2 = 0.1683 

R indices (all data)  R1 = 0.0955    R1 = 0.0730 

    wR2 = 0.2247   wR2 = 0.1751 

Largest diff. peak and hole 1.096 and -0.493 e.Å-3  3.303 and -3.107 e.Å-3 
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 The structure of the complex in 14 contains a [MnII
2MnIII

2(µ2-O)4(µ3-O)2]4+ core 

(figure 3.16), where the four µ2-O atoms are from (HL3)- ligands (O1, O3, O1A and 

O3A), and the two µ3-O are from methoxy ligands (O9 and O9A). The cluster consists 

of an exactly planar Mn4 diamond as shown in figures 3.16 and 3.17, the latter 

representing the Mn4-core from a different direction than the former. 

 

 

Figure 3.17 – Mn4-O core of the complex in 14 showing the planar arrangement of the four Mn 

atoms. Pink atoms represent Mn(II), orange atoms Mn(III) and red oxygen atoms. 

 Each Mn3 triangular unit is µ3-bridged by the oxygen atom O9 from the methoxy 

group. Two of the (HL3)- groups act as bidentate ligand, with O3 bridging Mn1 and 

Mn2 and O4 not ligated and protonated, however the remaining two (HL3)- groups are 

tridentate with protonated O2 terminally coordinated to Mn1 and O1 bridging Mn1 and 

Mn2A. Coordination of both O2 and N1 of these two (HL3)- to Mn1 leads to the 

formation of a five-membered chelate ring. Two acetates (the molecule featuring O5, 

O6 and its symmetry equivalent) bind in a monodentate fashion. Two µ2-bridging 

MeCO2
- groups (bridging Mn1 and Mn2, and Mn1A and Mn2A) complete the ligation 

and make Mn1 and Mn2 seven- and six-coordinate, respectively. Figure 3.15 shows 

the crystallographic disorder in the unbound protonated O4 of the two bidentate 

ligands (HL3)-, with O4 disordered over three positions, O4, O4’ and O4”, each having 

a third of occupancy, O4 and O4” being shown as translucent red atoms. 

 Inspection of structural parameters and comparison with bond lengths 

observed in the literature for Mn(II),218 Mn(III)219 and Mn(IV)220 complexes, identifies 

Mn1 and Mn2 as Mn(II) and Mn(III), respectively, thus leading to a mixed valence 

MnII
2MnIII

2 core. Mn2 displays a Jahn-Teller distortion as expected for high-spin d4 ion 

in near-octahedral geometry, taking the form of an elongation of the O9-Mn2-N2 and 

symmetry-related O9A-Mn2A-N2A axes, as seen in table 3.7 listing selected bond 
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lengths and angles in 14. The geometry around Mn1 is distorted pentagonal 

bipyramidal, with O5-Mn1-O3 being the axis, and three of the equatorial sites occupied 

by O1, O2 and N1 from the tridentate ligand (HL3)-. The “dangling” oxygen atom of the 

monodentate OAc- ligand, O6, is probably hydrogen bonded, however, the hydroxy 

protons were not found in the peaks of residual electron density and were thus not 

added. 

 

Table 3.7 – Selected bond lengths [Å] and angles [°] in 14. 

  
Mn(1)-N(1)  2.294(5) 

Mn(1)-O(1)  2.257(4) 

Mn(1)-O(2)  2.373(4) 

Mn(1)-O(7)  2.292(4) 

Mn(1)-O(9)  2.298(4) 

Mn(1)-O(3)  2.167(4) 

Mn(1)-O(5)  2.124(5) 

Mn(1)-Mn(2)  3.238(1) 

Mn(2)-O(1)i  1.888(4) 

Mn(2)-O(3)  1.891(4) 

Mn(2)-O(8)  1.944(4) 

Mn(2)-O(9)i  1.937(4) 

Mn(2)-O(9)  2.320(4) 

Mn(2)-N(2)  2.338(5) 

Mn(2)-Mn(2)i  3.239(2) 

O(5)-Mn(1)-O(3) 169.09(18)

 

Symmetry transformations used to generate equivalent atoms: 

i = -x+1, -y+2, -z+1. 

  

Christou et al.40,41 reported the preparation and characterisation of a new class 

of SMM, the cationic complex in [Mn4(O2CMe)2(HL3)6](ClO4)2·2MeCN·Et2O, obtained 

from the reaction of [Mn3O(O2CMe)6(py)3](ClO4) with H2L3 in a 1:3 ratio in either 

acetonitrile or dichloromethane at room temperature. It has a ground state of either 

S = 8 or S = 9, depending upon whether the complex is free of solvate molecules or 

hydrated, respectively. Figure 3.18 represents the cation [Mn4(O2CMe)2(HL3)6]2+ of this 

tetranuclear cluster, the MnII
2MnIII

2-core highlighted as yellow bonds, and shows its 

surprisingly high similarity with the complex in 14 (see figure 3.15): it includes the 

exact same Mn4-core with two µ2-bridging acetates as represented in figure 3.16, as 

well as the exact same coordination of the (HL3)- ligands including N1 and N3 (see 

figure 3.18), respectively tridentate and bidentate; the only structural difference being 

that the monodentate acetate, O5, O6, and methoxy group including O9 in 14 is 

replaced by another bidentate (HL3)- ligand, O5 replacing the oxygen of the methoxy 

group and N2 replacing O5 from the monodentate acetate, O6 being unbound and 

protonated, thus making Mn1 and Mn2 six- and seven-coordinate, respectively. The 

angle between the two axial sites for the seven-coordinate Mn is much shorter in 

Christou’s cluster than in 14 (143.15(21)º compared to 169.09(18)º). The cluster in 14 

is neutral, contrary to Christou’s cluster, due to the substitution of an acetate and 
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methoxy group by an (HL3)- group, thus leading to deficiency in negative charges and 

to a 2+ cation, couterbalanced by two perchlorate anions. Moreover, it should be noted 

that different synthetic methods were used for these two clusters, Christou using the 

[Mn3O(O2CMe)6(py)3]+ unit to build upon, whereas H2L3 was simply reacted with the 

Mn(OAc)2 salt in the present study.  

 

 

Figure 3.18 – Molecular structure and numbering scheme for the [Mn4(O2CMe)2(HL3)6]
2+ cation 

of the tetranuclear cluster reported by Christou et al.,40, 41 the MnII
2MnIII

2-core highlighted as 

yellow bonds. Pink atoms represent Mn(II) and orange atoms Mn(III). (Hydrogen atoms, 

perchlorate anions, acetonitrile and diethyl-ether of crystallisation have been omitted for clarity.) 

 Some examples of MnII
2MnIII

2 clusters with a planar diamond core as shown in 

figure 3.16 have been reported in the literature; some of them without the µ2-bridging 

acetates, featuring ligands like pyridine-2-methanol,42,43,87,88 triethanolamine,44 some of 

them including µ2-carboxylate bridges, incorporating ligands like N-methyldiethanol-

amine52 (PhCO2
- µ2-bridges), H2L340,41 (MeCO2

- µ2-bridges), triethanolamine44 (PhCO2
- 

or EtCO2
- µ2-bridges). 
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3.3 Nickel complexes incorporating 2,6-pyridinedimethanol 

(H2L3) or pyridine-2-methanol (HL5). 

3.3.1 Reaction of 2,6-pyridinedimethanol with Ni(OAc)2. 

Layering of a methanolic solution containing three equivalents of 

Ni(OAc)2·4H2O on top of a chloroform:methanol (1:1) solution containing two 

equivalents of the H2L3 ligand at room temperature leads to a green solution after a 

few days. A diethyl-ether diffusion into this green solution gave, after a week, green 

blocks of 15 in 78 % isolated yield, which gradually lose the solvent of crystallisation 

on exposure to air. Crystals of 15 were obtained for the first time following this 

procedure. Repetition of the same procedure using a 3:4 ratio, which is the exact 

ligand-to-metal ratio in 15, gave the same green blocks of 15 in 86 % isolated yield. 

3.3.2 Structural characterisation of [Ni4(HL3)3(OAc)5(HOMe)2]·3H2O·MeOH 

(Structure  15). 

Green blocks of 15 were obtained, which were suitable for a structure 

determination by single crystal X-ray diffraction. Crystallographic details for 15 are 

given in table 3.6. The structure was refined in the triclinic space group P-1. 

Figure 3.19 shows the molecular structure and numbering scheme of the tetranuclear 

nickel(II) cluster in 15, the Ni-O core being highlighted as yellow bonds. The 

asymmetric unit consists of the whole tetranuclear complex. 
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Figure 3.19 – Molecular structure and numbering scheme of the tetranuclear Ni(II) cluster in 15, 

the Ni-O core highlighted as yellow bonds. (Intramolecular hydrogen bond is shown as a blue 

and white dashed bond. Disordered atoms are shown as translucent atoms. Hydrogen atoms, 

water and methanol of crystallisation have been omitted for clarity.) 

 The structure of the complex in 15 contains a distorted [Ni4(µ3-O)3(µ2-O)]4+ 

open cubane core, where the three µ3-O bridges involve an hydroxy group of (HL3)- 

ligands (O1, O3 and O6), and the µ2-O atom is from an acetate ligand (O7). The open 

core of the cubane is shown in figure 3.20, whereas a [Ni4(µ3-O)4]4+ cubane core105 is 

shown in chapter 1 (section 1.4.2, figure 1.17) for comparison. 
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Figure 3.20 – Ni4 core of the complex in 15 showing the opening of the cubane due to the 

µ3-acetate bridge. 

 The peripheral ligation around [Ni4O4]4+ in 15 is provided by three (HL3)- ligand 

molecules, five acetate ligands and two methanol molecules. Two of the three (HL3)- 

ligand molecules act as a bidentate ligand, with O1 bridging Ni2, Ni3, Ni4 and O3 

bridging Ni1, Ni2, Ni3, and the remaining oxygen atoms of the ligands, O2 and O4, not 

ligated and protonated. However the remaining (HL3)- group acts as a tridentate ligand 

with protonated O5 terminally coordinated to Ni4 and O6 bridging Ni1, Ni2 and Ni4. 

Coordination of both O5 and N3 of this ligand molecule to Ni4 leads to the formation of 

a five-membered chelate ring. Two acetates (O13, O14 and O15, O16) bind in 

monodentate fashion, whereas O9, O10 and O11, O12  behave as µ2-bridging acetate 

groups, bridging Ni2, Ni3, and Ni1, Ni2, respectively. The µ3-bridging acetate ligand, 

with O7 bridging Ni3 and Ni4 and O8 coordinated to Ni1, leading to the opening of the 

cubane core (see figure 3.20), as well as two monodentate methanol molecules (O17 

and O18), complete the ligation and make the four six-coordinate Ni centres 

octahedral. A search of the Cambridge Structural Database208 for a µ3-bridging acetate 

ligand, one oxygen atom being coordinated to one Ni(II) centre and the other oxygen 

atom bridging two Ni(II) centres revealed that this is a well-precedented bridging mode 

incorporated in non-cubane cores.226-233 Figure 3.21 represents the whole tetranuclear 

cluster viewed down the same direction than the Ni4-core in figure 3.20, showing the 

crystallographic disorder in the aromatic ring and of the terminally coordinated hydroxy 

group of the tridentate (HL3)- ligand over two positions in a 56:44 ratio, the latter 

represented as translucent red and black atoms. The unbound protonated O2 of one of 

the bidentate (HL3)- ligands also displays crystallographic disorder over two positions, 
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O2 and O2’, both with equal occupancy, O2’ being shown as a translucent red atom in 

figures 3.19 and 3.21. 

 

 

Figure 3.21 – Molecular structure of the tetranuclear Ni(II) cluster in 15, viewed down the same 

direction than the Ni4-core in figure 3.20, the Ni-core highlighted as yellow bonds. 

(Intramolecular hydrogen bond is shown as a blue and white dashed bond. Disordered atoms 

are shown as translucent atoms. Hydrogen atoms, water and methanol of crystallisation have 

been omitted for clarity.) 

The open cubane as seen in figure 3.20 includes four cubic faces, the two 

remaining faces being “open” faces due to the µ3-bridging acetate (O7, O8). For the 

four cubic faces the internal cube angles at the metal (OR-Ni-OR) average 84.3º as 

seen in table 3.8 (listing selected bond lengths and angles in 15), whereas the 

analogous angles at the alkoxy-type corners (Ni-OR-Ni) are much larger averaging 

101.0º, as observed for a [Ni4(µ3-O)4]4+ cubane core.105 The Ni-Ni distances on these 

four cubic faces are very similar and range from 2.938(1) to 3.157(1) Å, which are 

typical distances for a [Ni4(µ3-O)4]4+ cubane core,105 whereas the Ni-Ni distances on 

the two “open” faces are much longer (Ni1-Ni4 3.429(1) Å and Ni1-Ni3 3.638(1) Å), the 
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geometric strain inherent to cubic faces not applying for these two “open” faces. 

Average Ni-O and Ni-N bond lengths for the four Ni centres of 2.07(1) Å and 2.03(1) Å, 

respectively, lie well within the range of reported values for the corresponding bond 

lengths of tetranuclear cubane Ni(II) clusters.105 However, it should be noted that the 

Ni4-N3 distance (1.803(1) Å) is significantly shorter, due to the fact that the (HL3)- 

ligand including N3 acts as a tridentate ligand, thus applying a limit on that distance. 

 

Table 3.8 – Selected bond lengths [Å] and angles [°] in 15. 

  
Ni(1)-O(3)  2.030(3) 

Ni(1)-O(6)  2.076(3) 

Ni(1)-O(8)  2.083(3) 

Ni(1)-O(11)  2.048(3) 

Ni(1)-O(18)  2.055(4) 

Ni(1)-N(2)  2.115(4) 

Ni(2)-O(1)  2.021(4) 

Ni(2)-O(3)  2.060(3) 

Ni(2)-O(6)  2.134(4) 

Ni(2)-O(10)  2.059(4) 

Ni(2)-O(12)  2.011(4) 

Ni(2)-N(1)  2.167(4) 

Ni(3)-O(1)  2.029(4) 

Ni(3)-O(3)  2.071(3) 

Ni(3)-O(7)  2.117(4) 

Ni(3)-O(9)  2.011(4) 

Ni(3)-O(13)  2.026(4) 

Ni(3)-O(17)  2.096(4) 

Ni(4)-O(1)  2.049(4) 

Ni(4)-O(5)  2.23(2) 

Ni(4)-O(5')  2.185(15) 

Ni(4)-O(6)  2.049(3) 

Ni(4)-O(7)  2.034(4) 

Ni(4)-O(15)  2.065(4) 

Ni(4)-N(3)  1.8030(8) 

 

Ni(1)-Ni(2) 3.0611(9) 

Ni(1)-Ni(3) 3.6378(9) 

Ni(1)-Ni(4) 3.4290(9) 

Ni(2)-Ni(3)  2.9384(9) 

Ni(2)-Ni(4) 3.1175(9) 

Ni(3)-Ni(4) 3.1570(9) 

 

Ni(2)-O(1)-Ni(3)  93.05(15) 

Ni(2)-O(1)-Ni(4)  99.98(16) 

Ni(3)-O(1)-Ni(4)  101.45(15) 

Ni(1)-O(3)-Ni(2)  96.91(13) 

Ni(1)-O(3)-Ni(3)  125.01(16) 

Ni(2)-O(3)-Ni(3)  90.68(13) 

Ni(4)-O(6)-Ni(1)  112.46(15) 

Ni(4)-O(6)-Ni(2)  96.34(15) 

Ni(1)-O(6)-Ni(2)  93.28(13) 

O(1)-Ni(2)-O(3)  84.98(14) 

O(1)-Ni(2)-O(6)  81.06(14) 

O(3)-Ni(2)-O(6)  78.75(13) 

O(1)-Ni(3)-O(3)  84.50(13) 

O(1)-Ni(3)-O(7)  78.29(15) 

O(3)-Ni(3)-O(7)  89.24(13) 

O(6)-Ni(4)-O(1)  82.46(14) 

O(7)-Ni(4)-O(1)  79.75(15) 

O(7)-Ni(4)-O(6)  100.05(13) 

 

 
Three residual peaks of electron density worth 3.30, 1.86 and 1.14 electrons 

remain, despite the good refinement for that structure (R1 = 0.0637), which are due to 

the disorder of the aromatic ring and the terminally coordinated hydroxy group of the 

tridentate (HL3)- ligand. The lattice contains a number of severely disordered water 

and methanol molecules; attempts to model these were only partially successful so the 

PLATON SQUEEZE v 1.08181,182 procedure was used instead. Voids of total volume 

413.8 Å3 were located in the cell, representing 17.8 % of the cell volume. Electron 

density accounts for 96 electrons in the voids per cell, which corresponds to three 
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molecules of water and one molecule of methanol per asymmetric unit (Z = 2), giving 

the formula [Ni4(HL3)3(OAc)5(HOMe)2]·3H2O·MeOH for 15. 

There are three unique hydrogen bonds in 15, an “intracluster” hydrogen bond 

between the hydrogen atom of the methanol molecule including O17 and the 

“dangling” oxygen atom O14 of a monodentate acetate ligand (as seen in figures 3.19 

and 3.21), as well as two “intercluster” hydrogen bonds between the hydrogen atom of 

the methanol molecule including O18 or the protonated hydroxy group O4 of the 

bidentate (HL3)- ligand and the “dangling” oxygen atoms O14 and O16 of the 

monodentate acetate ligands. Distances and angles for the three unique hydrogen 

bonds are shown in table 3.9. Comparison of these parameters with the ones reported 

by Steiner224 shows that these hydrogen bonds are of moderate strength. Figure 3.22 

represents a linear chain formed along a by the “intercluster” hydrogen bonds. 

 

Table 3.9 – Parameters of hydrogen bonding interactions in 15 [Å] and [°]. 

 
D-H...A    d(D-H)  d(H...A)  d(D...A)  <(DHA) 

 
O(4)-H(4)...O(16)i  0.84  1.91  2.740(7) 169.8 

O(17)-H(17)...O(14)  0.81(9)  1.82(10) 2.614(7) 167(7) 

O(18)-H(18)...O(14)ii  0.71(7)  1.91(7)  2.613(6) 172(8) 

Symmetry transformations used to generate equivalent atoms:  

i = -x+2, -y, -z; ii = x-1, y, z. 

H(4) was not found in the residual peaks of electron density and was thus assigned to a 

calculated position using a riding model with an isotropic thermal parameter fixed at 1.5 times 

that of the adjoining oxygen atom, O(4). H(17) and H(18), however, were located from 

difference maps and their positions as well as isotropic thermal parameters refined. 
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Figure 3.22 – A linear chain formed by hydrogen bonding between tetranuclear clusters in 15. 

(Hydrogen bonds, both “intracluster” and “intercluster”, are shown as dashed blue bonds. 

Hydrogen atoms, water and methanol of crystallisation have been omitted for clarity.) 

 The first example of a [Ni4(µ3-O)4]4+ cubane structure reported involved terminal 

salicylaldehyde and ethanol ligands.234 Since that date, many other examples have 

been reported, which include a wide variety of terminal ligands attached to the 

[Ni4(µ3-O)4]4+ core: acetylacetonate,235 dibenzoylmethanate,108,236 6-chloro-2-pyrido-

nate,237 pyridine-2-methanol,90,91,238 both pyridine-2-methanol and 1,5-bis[(2-pyridyl-

methyl)amino]pentane-3-ol,89 1,1,1-trihydroxymethylethane,86 2,4,6-trichlorophenol,239 

2-methyl-8-hydroxyquinoline,105,115 2,5-dimethyl-2,5-diisocyanohexane,240 1-(hydroxy-

methyl)-3,5-dimethylpyrazole,241 salicylidene-2-ethanolamine,116-118 N,N’-tetraethyl-

N”-benzoylphosphortriamide,242 7-hydroxy-4-methyl-5-azahept-4-en-2-one,243 1,3-thi-

azo-lidine-2-thionate,244 2,4-pentanedione,114 1,3,5-cis,cis-triaminocyclohexane,245 

di-2-pyri-dylmethandiol105,109,110 and pivalate,113 glycosylamine,246 macrocyclic,120,121 

sulfur- or selenium-containing247 or pentadentate phenol-containing Schiff base119 

ligands. However, no tetranuclear nickel(II) cubane incorporating H2L3 is known to 

date. Moreover, although a [Ni4(µ3-O)4]4+ cubane core is not uncommon, a search of 

the Cambridge Structural Database208 for the present [Ni4(µ3-O)3(µ2-O)]4+ open cubane 

core as shown in figure 3.20 revealed no hit. 

3.3.3 Reaction of pyridine-2-methanol (HL5) with Ni(OAc)2. 

As seen above, the Ni4-cluster 15 incorporates three (HL3)- ligand molecules; 

only one of them is a tridentate ligand, the two other being bidentate chelates with the 

protonated oxygen not bound. It was thus investigated if a similar Ni4-cluster, 
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incorporating pyridine-2-methanol (HL5), could be obtained, where a bidentate 

deprotonated (L5)- ligand would replace the bidentate (HL3)- chelates, and a bidentate 

(L5)- ligand as well as a methanol molecule would replace the tridentate (HL3)- ligand. 

The reaction was performed using an HL5-to-metal ratio of 3:4, which is the ratio of 

(HL3)--to-metal in 15. 

Layering of a methanolic solution containing four equivalents of Ni(OAc)2·4H2O 

on top of a chloroform solution containing three equivalents of the HL5 ligand at room 

temperature leads to a blue solution after a few days. A diethyl-ether diffusion into this 

blue solution gave, after a week, pale blue prisms of 16 in 70 % isolated yield. 

3.3.4 Structural characterisation of Ni(HL5)2(OAc)2 (Structure 16). 

Pale blue prisms of 16 were obtained, which were suitable for a structure 

determination by single crystal X-ray diffraction. Crystallographic details for 16 are 

given in table 3.10. The structure was refined in the triclinic space group P-1. However, 

no crystals of the expected Ni4-cluster incorporating HL5 were obtained; complex 16 is 

a mononuclear Ni complex of HL5. Figure 3.23 shows the molecular structure and 

atomic numbering scheme of the mononuclear Ni complex 16. The asymmetric unit 

consists of half of the mononuclear complex, the Ni centre sitting on an inversion 

centre. Two bidentate HL5 ligand molecules are coordinated to the octahedral Ni(II) 

centre, these four atoms occupying the equatorial sites, as well as two monodentate 

acetate ligands occupying the axial sites. Coordination of both O1 and N1 of the 

bidentate HL5 ligands to Ni1 leads to the formation of two five-membered chelate 

rings. Selected bond lengths and angles for 16 are listed in table 3.11. 
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Table 3.10 – Crystal data and structure refinement for 16 and 17. 

 

Compound    16     17 

Empirical formula   C16H20N2NiO6   C11.50H15Cu1.50O5.50 

Formula weight    395.05 g/mol   336.55 g/mol 

Temperature    153(2) K   153(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Triclinic    Monoclinic 

Space group    P-1    C2/c 

Unit cell dimensions  a = 7.8093(4) Å   a = 21.3412(19) Å 

    b = 7.9468(4) Å   b = 8.4376(8) Å 

    c = 8.4512(4) Å   c = 14.7598(13) Å  

    α = 114.947(1)°   α = 90° 

    β = 100.406(1)°   β = 106.108(2)° 

    γ = 108.496(1)°   γ = 90° 

Volume    419.74(4) Å3   2553.4(4) Å3 

Z    1    8 

Density (calculated)  1.563 g/cm3   1.751 g/cm3 

Absorption coefficient  1.191 mm-1   2.535 mm-1 

F(000)    206    1372 

Crystal size   0.28 x 0.21 x 0.1 mm3  0.08 x 0.07 x 0.03 mm3 

Theta range for data collection 2.86 to 29.97°   1.99 to 25.01° 

Index ranges   -10<=h<=10   -25<=h<=25 

    -11<=k<=11   -10<=k<=9 

    -11<=l<=11   -17<=l<=17 

Reflections collected  4616    9800 

Independent reflections  2315 [R(int) = 0.0144]  2249 [R(int) = 0.1014] 

Completeness to theta   = 29.97°, 94.8 %   = 25.01°, 99.7 % 

Absorption correction  Empirical   Empirical 

Max. and min. transmission 1.0000 and 0.7929  1.0000 and 0.7139 

Refinement method          Full-matrix least-squares on F2 

Data / restraints / parameters 2315 / 1 / 118   2249 / 0 / 177 

Goodness-of-fit on F2  1.094    1.012 

Final R indices [I>2sigma(I)] R1 = 0.0269   R1 = 0.0579 

    wR2 = 0.0719   wR2 = 0.1111 

R indices (all data)  R1 = 0.0272    R1 = 0.0979 

    wR2 = 0.0721    wR2 = 0.1243 

Largest diff. peak and hole 0.436 and -0.506 e.Å-3  0.781 and -0.503 e.Å-3 
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Figure 3.23 – Molecular structure and atomic labelling diagram for 16. (Intramolecular hydrogen 

bonds are shown as blue and white dashed bonds. Hydrogen atoms not involved in hydrogen 

bond formation have been omitted for clarity.) 

 

Table 3.11 – Selected bond lengths [Å] and angles [°] for 16. 

 
Ni(1)-N(1)  2.0438(11) 

Ni(1)-O(1)  2.0693(9) 

Ni(1)-O(2)  2.0972(10) 

N(1)-Ni(1)-O(1)  81.35(4) 

O(1)-Ni(1)-O(2)  88.55(4) 

N(1)-Ni(1)-O(2)  87.91(4) 

N(1)i-Ni(1)-O(1)  98.65(4) 

N(1)-Ni(1)-O(2)i  92.09(4) 

O(1)-Ni(1)-O(2)i  91.45(4) 

 

 
Symmetry transformations used to generate equivalent atoms:  

i = -x+1, -y, -z. 

 

The most noticeable feature of this complex is the intramolecular hydrogen 

bonding of the “dangling” oxygen atom of the two monodentate acetate ligands (O3 

and O3A) to the protonated alkoxy group O1-H1 of HL5 and symmetry equivalent, 

leading to the formation of two six-membered rings (Ni1-O1-H1-O3A-C7A-O2A and 

symmetry equivalent). Full details of hydrogen bonding are given in table 3.12. 

Figure 3.24 represents the mononuclear complex viewed down the O1-Ni1-O1A axis 

and shows its propeller-type architecture due to the intramolecular hydrogen bonding 
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and the resulting six-membered rings, with inter-blade angles of 90º between the four 

blades. However, two blades bridge O1 and Ni1, whereas the remaining two bridge 

O1A and Ni1; the complex thus presents a pseudo-propeller-type architecture, 

because the four blades do not all bridge the same two atoms of the O1-Ni1-O1A axis. 

The four blades are almost planar, the hydroxy oxygen atom of HL5 being only slightly 

twisted at 13.7(2)º with respect to the pyridyl ring. 

 

Table 3.12 – Parameters of hydrogen bonding interactions for 16 [Å] and [°]. 

  
D-H...A    d(D-H)  d(H...A)  d(D...A)  <(DHA) 

  
O(1)-H(1)...O(3)i  0.881(14) 1.618(15) 2.4923(15) 172(2) 

Symmetry transformations used to generate equivalent atoms:  

i = -x+1, -y, -z. 

 

 
 

Figure 3.24 – Mononuclear complex 16 viewed down the O1-Ni1-O1A axis showing the 

pseudo-propeller-type architecture. (Intramolecular hydrogen bonds are shown as blue and 

white dashed bonds. Hydrogen atoms not involved in hydrogen bond formation have been 

omitted for clarity.) 
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3.4 Copper coordination polymer incorporating 2,6-bis-

(hydroxymethyl)-4-methylphenol (H3L6). 

3.4.1 Synthesis of 2,6-bis(hydroxymethyl)-4-methylphenol. 

H3L6 was synthesised from 4-methylphenol (p-cresol) by a procedure based on 

Gagné’s method248 as shown in scheme 3.2, consisting of adding two equivalents of 

formaldehyde to a golden brown solution obtained by the addition of one equivalent of 

4-methylphenol to an aqueous solution containing one equivalent of NaOH. The 

mixture obtained was then allowed to stand for up to two days until an off-white solid 

precipitated, which was filtered and washed with a saturated NaCl solution, the filtrate 

being allowed to stand to obtain a second crop of off-white solid. Acidification of the 

sodium salt of 2,6-bis(hydroxymethyl)-4-methylphenolate with acetic acid then led to 

the precipitation of the pure ligand H3L6 as a white powder in 34 % isolated yield. 

 

OH O OHOH OH OHOH
Na+

Acetic acidNaOH
+ 2 HCHO

H3L6
 

Scheme 3.2 – Synthesis of the chelating ligand H3L6 from 4-methylphenol.248 

3.4.2 Reaction of 2,6-bis(hydroxymethyl)-4-methylphenol with Cu(OAc)2. 

Layering of a methanolic solution containing one equivalent of Cu(OAc)2·H2O 

and one equivalent of Na(OAc) on top of a 1:1 chloroform:methanol solution containing 

one equivalent of H3L6 ligand leads to green blocks of complex 17 after a week, in 

53 % isolated yield, which gradually lose the solvent of crystallisation on exposure to 

air. One equivalent of Na(OAc) was added as three acetate molecules are required to 

deprotonate the three hydroxy groups of the ligand. Crystals of 17 were obtained for 

the first time following this procedure. Repetition of the same procedure using a 2:3 

ligand-to-copper ratio, which is the exact ligand-to-metal ratio in 17 (no Na(OAc) being 

required for this ratio as there are as many acetate molecules as hydroxy groups), 

gave the same green blocks of 17 in 69 % isolated yield. Repetition of the same 

procedure using a 2.5:1 ligand-to-copper ratio and thus having an excess of ligand (5.5 

equivalents of Na(OAc) being required for this ratio in order to deprotonate the hydroxy 

groups of H3L6), leads to the same green blocks of 17 in 49 % isolated yield.  
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3.4.3 Structural characterisation of {Cu3(HL6)2(OAc)2(MeOH)}n (Structure 17). 

Green blocks of 17 were obtained, which were suitable for a structure 

determination by single crystal X-ray diffraction. Crystallographic details for 17 are 

given in table 3.10. The structure was refined in the monoclinic space group C2/c. The 

structure of 17 consists of a 1D coordination polymer extending along the 

crystallographic b axis. The atomic labelling and atom connectivity for the repeat unit 

of the Cu(II)-polymer in 17 are shown in figure 3.25. The asymmetric unit consists of 

one (HL6)2- ligand, one and a half Cu(II) centres, one monodentate µ2-bridging acetate 

as well as a half occupancy methanol molecule. The repeat unit consists of two 

asymmetric units and is obtained from the latter by application of the symmetry 

operation of the inversion centre on which Cu2 sits. 

 

 

Figure 3.25 – Molecular structure and atomic numbering scheme for the repeat unit of 17. 

(Weak coordination of the methanol oxygen atoms O6 and O6A to the Cu2 centre is shown as 

dashed purple and white bonds. Hydrogen bonds, both intra- and inter-repeat unit, are shown 

as dashed blue bonds. Atoms from adjacent units are shown as translucent atoms. Hydrogen 

atoms not involved in hydrogen bond formation have been omitted for clarity.) 
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The geometry around the Cu1 centre is square pyramidal, with the basal plane 

occupied by four oxygen atoms (the protonated oxygen atom O1 of the methanol 

group of the (HL6)2- ligand molecule and its phenolate oxygen atom, O2, the 

deprotonated methoxy group of the symmetry equivalent of the ligand, O3A, and O4 

from the monodentate acetate), and the apical position occupied by O4B from the 

acetate. Selected bond lengths, angles and torsion angles for 17 are listed in 

table 3.13. Slight distortion arises from the fact that the apical atom O4B is bent 

towards O4, which is due to the coordination of O4B to Cu1B, resulting in the large 

O2-Cu1-O4B angle (106.76(16)°) and smaller O4-Cu1-O4B angle (77.86(18)°). Cu1 

displays typical Jahn-Teller distortion with an average equatorial bond length of 

1.961 Å and an axial bond length of 2.294(4) Å (Cu1-O4B). The Cu2 centre adopts a 

perfect square planar geometry due to the fact that it sits on an inversion centre, with 

the four positions occupied by the phenolate oxygen atom, O2, and the deprotonated 

alkoxo oxygen atom, O3, of the (HL6)2- ligand and symmetry equivalents. Moreover, 

the half occupancy methanol, C12-O6, and symmetry equivalent are weakly 

coordinated to Cu2 as shown in figure 3.25 as purple and white dashed bonds, the 

Cu2-O6 distance (2.527(9) Å) being significantly longer than the Cu2-O2 and Cu2-O3 

distances (respectively 1.965(4) Å and 1.882(4) Å). 

 

Table 3.13 – Selected bond lengths [Å], angles and torsion angles [°] for 17. 

  
Cu(1)-O(1)   1.958(4) 

Cu(1)-O(2)   1.997(4) 

Cu(1)-O(3)i  1.915(4) 

Cu(1)-O(4)   1.972(4) 

Cu(1)-O(4)ii   2.294(4) 

O(1)-Cu(1)-O(4)ii 91.07(17) 

O(2)-Cu(1)-O(4)ii 106.76(16) 

O(3)i-Cu(1)-O(4)ii 97.85(16) 

O(4)-Cu(1)-O(4)ii 77.86(18) 

Cu(2)-O(2)   1.965(4) 

Cu(2)-O(3)   1.882(4) 

Cu(2)-O(6)  2.527(9) 

O(3)-Cu(2)-O(2)  97.80(17) 

O(3)i-Cu(2)-O(2) 82.20(17) 

Cu(1)-Cu(2)   2.8110(8) 

Cu(1)-Cu(1)ii  3.3242(15) 

Cu(1)-Cu(2)-Cu(1)i 180.0 

C(6)-C(1)-C(7)-O(1) 59.6(8) 

C(6)-C(5)-C(8)-O(3) -59.7(8) 

 

Symmetry transformations used to generate equivalent atoms:  

i = -x+1, -y+1, -z; ii = -x+1, -y, -z. 

 

The trinuclear repeat unit presents a perfect linear arrangement as Cu2 sits on 

an inversion centre. The alkoxy groups O1 and O3 of (HL6)2- ligand are not coplanar 

with respect to the aromatic phenol ring to which they are attached, however they are 

both twisted at ca. 60° in respect to the ring. Coordination of both O1 and O2 of the 
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(HL6)2- ligand molecule to Cu1 and coordination of both O2 and O3 to Cu2 leads to the 

formation of two six-membered chelate rings. Moreover, the phenolate oxygen atom 

O2 and the methoxy oxygen atom O3 being both coordinated to two Cu centres (Cu1, 

Cu2, and Cu2, Cu1A, respectively) they act as a bridging ligand in a µ2-mode and are 

thus deprotonated, whereas O1 being only terminally coordinated to Cu1 is 

protonated. Coordination of the monodentate acetates, O4 and O4B, to both Cu1 and 

Cu1B leads to two µ2-bridges between adjacent repeat units, thus forming an infinite 

1D linear chain running down the b direction, as shown in figure 3.26, adjacent units 

[Cu3(HL6)2(OAc)2(MeOH)] in the polymer being related by unit cell translation. Two 

consecutive Cu centres within the chain are thus bridged by two oxygen atoms from 

either of the (HL6)2- ligand (O2, O3) or O4 from the monodentate acetate. The 

Cu1-Cu2 distance inside the repeat unit is 2.8110(8) Å, whereas the Cu1-Cu1B 

distance, between adjacent units, is significantly longer (3.3242(15) Å), which is due to 

the longer apical bond length around the Cu1 centre.  

 

 

Figure 3.26 – A single 1D linear chain of the Cu(II)-polymer 17, viewed parallel to the chain. 

(Weak coordination of the methanol oxygen atoms to the Cu centres is shown as dashed 

purple and white bonds. Hydrogen bonds within the chain are shown as dashed blue bonds. 

Hydrogen atoms not involved in intra-chain hydrogen bond formation have been omitted for 

clarity.) 

There are two unique hydrogen bonds in the structure of 17, as shown in 

table 3.14 listing distances and angles for these interactions. The “dangling” oxygen 

atom O5 of the monodentate acetate is hydrogen bonded to the hydrogen atom (H6) of 

the adjacent methanol molecule within the same 1D polymeric chain as seen in 

figures 3.25 and 3.26 as dashed blue bonds. Moreover, the 1D chains of Cu-polymer 

are then linked into 2D sheets along the crystallographic bc plane, as shown in 

figure 3.27, through further hydrogen bonding between the “dangling” oxygen atom O5 
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of the monodentate acetate and the hydrogen atom (H1) of the alkoxy function of a 

(HL6)2- ligand molecule within an adjacent 1D polymeric chain and represented as 

dashed purple bonds in figure 3.27. Adjacent chains within a 2D sheet are related by 

two-fold rotation symmetry along b. 

 

Table 3.14 – Parameters of hydrogen bonding interactions for 17 [Å] and [°]. 

 

D-H...A   d(D-H)  d(H...A)  d(D...A)  <(DHA) 

  
O(1)-H(1)...O(5)i 0.82(7)  1.78(8)  2.601(6) 177(8) 

O(6)-H(6)...O(5)  0.85  1.94  2.789(10) 179.3 

Symmetry transformations used to generate equivalent atoms:  

i = -x+1, y, -z+1/2. 

 

 

Figure 3.27 – A single 2D sheet formed along the bc plane in 17, by linking of the 1D chains 

through hydrogen bonding. (Chains of Cu(II)-polymer are highlighted in green, while the two 

half occupancy positions of each methanol molecules are highlighted in red and blue. Only 

either the blue or red position are occupied for each methanol molecule. Hydrogen bonds within 

a 1D chain are shown as dashed green bonds, whereas hydrogen bonds linking the 1D chains 

are shown as dashed purple bonds. Hydrogen atoms have been omitted for clarity.) 
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 The carbon atom of the methanol molecule, C12, sits on a two-fold rotation axis 

which runs down the b axis, at the coordinates (0.50, y, 0.25), leading to the disorder 

of its oxygen atom, O6, over two positions with half occupancy each, by application of 

this symmetry. The molecule thus flicks between two positions with half occupancy 

each, leading to the weak coordination of O6 to either of the Cu2 of two adjacent 

chains within a 2D sheet, related to each other by the two-fold rotation symmetry, as 

seen in figure 3.27. The two half occupancy positions of the methanol molecule are 

highlighted with different colours (red and blue) in figure 3.27, knowing that either of 

the positions are occupied (as the carbon atom is not disordered) and that contrary to 

what could be seen in figure 3.27, it does not act as a bridge between the Cu-chains. 

Due to the inversion centre on which Cu2 sits, a methanol molecule with half 

occupancy is present both above and below the coordination plane around Cu2 (see 

figure 3.25) as an average. As X-ray crystallography provides a model of the structure 

and represents an average of the content of the totality of the cells of the crystal, some 

Cu2 centres will have a square planar geometry, an equal number of Cu2 centres (as 

there is only, in average, one molecule of methanol per repeat unit and each molecule 

can only occupy either half occupancy position) will have a pseudo-octahedral 

geometry displaying Jahn-Teller distortion along the O6-Cu2-O6A axis, and the 

remaining Cu2 centres will have a square pyramidal geometry displaying Jahn-Teller 

distortion along the Cu2-O6 axis. In average only half of the blue and red positions 

represented in figure 3.27 for the methanol molecule will be occupied for the whole 

structure. 

A search of the Cambridge Structural Database208 for Cu-coordination polymer 

resulting from the bridging of consecutive Cu centres via two µ2-oxygen atoms, as 

observed in 17, revealed no hit. Complex 17 thus includes two ligand molecules 

coordinated around the linear trinuclear Cu unit. As mentioned in section 3.4.2, H3L6 

was reacted with Cu(OAc)2 in a 2.5:1 ligand-to-metal ratio, using an excess ligand, in 

an attempt to get three ligand molecules (instead of two) coordinated to the linear 

trinuclear Cu unit, thus forming a paddle-wheel type of architecture. However, this 

attempt failed as crystals of 17 were obtained from this reaction.  
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3.5 Conclusions. 

As a result of this study several novel polynuclear complexes incorporating 

paramagnetic transition metal complexes and H2L3, H2L4 or H3L6 have been 

synthesised from the reaction of the chelating ligands H2L3 or H3L6 with Mn(II), Ni(II) 

or Cu(II) salts rather than using the common methodology consisting of building 

around a preformed metal-carboxylate cluster. The undecanuclear manganese cluster 

12 includes a unique MnII
4MnIII

7 core. Moreover, the most noticeable feature of the 

reaction leading to 12 is the in situ formation and trapping within the Mn11 product of 

the pentadentate ligand (L4)2- from the reation of two H2L3 molecules. This ligand has 

only been identified previously in a Mn8 and Mn9 cluster.93 However, isolation and 

structural characterisation of the mononuclear manganese complex 13 including H2L4 

has allowed the first mononuclear complex of the pentadentate ligand to be identified. 

Another noticeable feature of complex 13 is that it exists as two enantiomers, as two 

non-superimposable forms of the complex are obtained by application of the inversion 

centre inherent to the space group. Only one reported example of a seven-coordinate 

manganese centre,221 also crystallising in the P-1 space group, presents the same 

remarkable feature as complex 13, however the authors in the paper did not highlight 

this characteristic. We are currently trying to reproduce crystals of complexes 12, in 

order to study the magnetic properties of 12. 

The tetranuclear mixed-valence manganese cluster 14 is a new member of 

only a handful of examples of polynuclear clusters including H2L3 reported by 

Christou et al., [Mn4(O2CMe)2(HL3)6]2+,40,41 [Mn9(O2CEt)12(L3)(HL3)2(L4)2],93 [Mn11O2-

(OH)2(nmpd)(HL3)5(L3)5Cl6],94  and [Mn25O18(OH)2(N3)12(L3)6(HL3)6]2+,59 all of which 

are SMMs. Future work about cluster 14 includes the study of its magnetic properties, 

to see if like the similar [Mn4(O2CMe)2(HL3)6]2+ cation,40,41 it behaves as a SMM. H2L3 

also formed the tetranuclear nickel complex 15 incorporating an open cubane core that 

has never been reported. However, attempts to reproduce the same Ni4 cluster 

incorporating HL5 were not successful, only mononuclear complex 16 was isolated. 

H2L3 has thus proven to be a versatile (N,O,O) chelating and bridging ligand in the 

manganese- and nickel-cluster chemistry, being either singly (HL3)- or doubly (L3)2- 

deprotonated and behaving either as a tridentate ligand or as a bidentate chelate with 

the protonated oxygen not bound. Beside the discrete polynuclear complexes 

incorporating H2L3 and H2L4, a novel Cu(II) coordination polymer, 17, incorporating 

H3L6 has been isolated, resulting from the bridging of the consecutive Cu centres via 

two µ2-oxygen atoms from either the (HL6)2- ligand or acetate molecules. Such a 

Cu-coordination polymer is unprecedented. These 1D chains then assemble into 2D 

sheets via hydrogen bonding interactions. Preliminary magnetic studies on compounds 
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15 and 17 were performed. However, there were not described in this thesis as they 

were not fitted due to time constraint. 

The work presented in this chapter represents how serendipitous discoveries 

change the direction of scientific research. Initially, work was to focus on the synthesis 

and structural characterisation of dinuclear complexes of H2L3 or H3L6. In summary, 

this study shows that H2L3 is a versatile ligand, which can adopt a wide range of 

coordination modes, and is capable of forming a wide variety of polynuclear 

complexes, and that H3L6 can behave as a bridging ligand. Indeed, the formation of 

complexes 12, 13, 14, 15 and 17 was totally unpredictable, and their mechanism of 

formation unclear and difficult to ascertain. 
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Chapter 4 

 

d-Block Metal Complexes Incorporating Tripodal 

Schiff Base Ligands. 
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4.1 Introduction. 

Chapter 2 described the synthesis of cis,cis- and cis,trans-1,3,5-tris-

(salicylideneamino)cyclohexane (H3L2a and H3L2b) as well as the structure of various 

polynuclear d-block metal complexes including the two isomers of this ligand. The 

current chapter presents the synthesis and complexation of several tripodal Schiff 

base ligands similar to H3L2a and H3L2b. These three ligands are shown in figure 4.1: 

H3L7 and L8 both including a tren backbone, to which are respectively attached three 

phenol groups and three pyridine groups through an imine function, whereas H3L2 and 

L9 both include an L1 backbone, to which are respectively attached three phenol 

groups and three pyridine groups through an imine function. As was already 

mentioned in Chapter 2, L1 exists as two isomers, cis,cis and cis,trans, which give two 

isomers for each tripodal ligands: H3L2a and H3L2b, L9a and L9b.  
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Figure 4.1 – The tripodal Schiff base ligands used in this chapter: H3L7, L8, L9a-L9b.  
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These ligands contain either three acidic phenolic sites or three pyridyl nitrogen 

atoms as well as three imino nitrogen centres for interaction with metal ions; each arm 

including two potential centres for coordination, they can act as chelating ligands. As 

the tren backbone also includes a central nitrogen atom, H3L7 and L8 can potentially 

behave as heptadentate ligands, whereas H3L2 and L9 can only behave as 

hexadentate ligands. 

H3L7 has been extensively used in the preparation of mononuclear complexes 

of formula [(L7)MIII], MIII being either any lanthanide of the series except Pm249-254 or 

transition metals (Co,255 Ru,256 Mn,257-259 or Fe260). Tetranuclear manganese(II) clusters 

incorporating two molecules of (L7)3- have also been reported.83,84,257 Extensive work 

has also been carried out with L8 to form mononuclear complexes [(L8)M]2+(X)2 

(M(II) = Mn, Co, Fe, Cu, Ni, Zn, Tc; X = ClO4
-, PF6

-, BF4
-)261-269 or [(L8)Cr]3+(ClO4)3.270 

Mononuclear complexes incorporating L9a of formula [(L9a)M]2+(ClO4
-)2 where 

M(II) = Co271, Zn271,272 or Ni273 have been reported. However, no complexes 

incorporating L9b have been reported to date. 

As mentioned in Chapter 1, previous work within the Kruger group involved the 

C3-symmetric tris-bidentate ligand, L, featuring a triphenylamine core appended by 

pyridylimine coordination sites. This was reacted with Ag(I) to form the trinuclear 

double helicate complex [Ag3L2]3+: the Trinity helix (see figure 1.24 in Chapter 1).161,162 

Initially, the aim of the synthesis and complexation of the ligands used in the present 

body of work was to investigate the influence of the flexibility of the ligand on the 

formation of such assemblies, the tren or L1 backbone incorporated in these ligands 

being much more flexible than the planar tertiary amine featured in L. However, the 

work presented in the following chapter represents how serendipitous discoveries 

change the direction of scientific research. This study developped into the synthesis 

and structural characterisation of various trinuclear and mononuclear d-block metal 

complexes, which are reported herein. 

In this chapter it will be interesting to compare the complexes incorporating 

these four ligands and to see what differences are observed on the complexation when 

the phenol groups in the ligand are replaced by pyridine groups. Moreover, the tren 

backbone being much more flexible than the rigid L1 backbone, their influence on the 

structure of the corresponding metal complexes will be discussed. 

4.2 Preparation and characterisation of Schiff base ligands. 

The tripodal Schiff base ligands H3L7, L8, L9a and L9b were synthesised by 

condensation of one equivalent of either L1 or tren with three equivalents of either 

salicylaldehyde or pyridine-2-carboxaldehyde as shown in scheme 4.1. 
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Scheme 4.1 – Synthesis of the tripodal Schiff base ligands H3L7, L8, L9a and L9b by 

condensation of tren (top) or L1 (bottom) with salicylaldehyde (top) or 

pyridine-2-carboxaldehyde (bottom). 

4.2.1 Synthesis and structural characterisation of tris[2-(2’-hydroxybenzylidene)-

ethyl]amine (H3L7). 

H3L7 was synthesised by modifying the procedure reported by Mukherjee et 

al.274 by adding three equivalents of salicylaldehyde to a solution of tren in ethanol. 

The condensation gave the pure ligand as a yellow powder in 81 % isolated yield. 

Yellow prisms of H3L7 were obtained by slow evaporation of a methanolic solution of 

the ligand, which were suitable for a structure determination by single crystal X-ray 

diffraction. The crystal structure of H3L7 was previously reported in 1985.275 The data 

collection had been carried out at room temperature, whereas the present study was 

carried out at the lower temperature of 153K giving a slightly better refinement 

(R1 = 0.062 instead of 0.073) and, more significantly, lower thermal-parameters for the 

atoms. Figure 4.2 represents the molecular structure for H3L7 showing the 

intramolecular hydrogen bonding of the phenol group to the respective imino nitrogen 

atoms as was already observed in chapter 2 for the crystal structure of H3L2a. No 

crystallographic data for H3L7 are presented here as they are coherent with the data 

previously reported. The ligand is chiral due to the different orientation of each of the 

three phenol groups, resulting in the absence of a C3-symmetry. However, the 

structure is achiral as both enantiomers are present in equal quantities. This was not 

previously noted.275 
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Figure 4.2 – Molecular structure for H3L7. (Hydrogen atoms not involved in hydrogen bond 

formation have been omitted for clarity. Intramolecular hydrogen bonds are shown as dashed 

purple bonds.) 

4.2.2 Synthesis of tris[2-(2’-pyridylmethyleneamino)ethyl]amine (L8). 

L8 was synthesised by addition of three equivalents of 

pyridine-2-carboxaldehyde to a solution of tren in methanol. The condensation gave 

the pure ligand as an orange oil in 75 % yield. Attempts to get the ligand as a 

precipitate rather than an oil were not successful as described in Chapter 5 

section 5.4.2, however the oil is the pure ligand as shown by the 1H NMR. 

4.2.3 Synthesis of cis,cis- and cis,trans-1,3,5-tris-(2-pyridylmethyleneamino)-

cyclohexane (respectively L9a and L9b). 

The mixture of L9a and L9b was synthesised by addition of three equivalents 

of pyridine-2-carboxaldehyde to a solution of the mixture of L1 (L1a and L1b) in 

methanol, L1a.3HCl and L1b.3HCl being previously neutralised with sodium 

hydroxide. The condensation gave a brown oil, which contains L9a as the main 

component (80 %) as shown by the 13C NMR. Moreover, the 1H NMR of the brown oil 

cannot be readily interpreted. Attempts both to purify the ligand and to get it as a 

precipitate rather than an oil were not successful as described in Chapter 5 

section 5.4.3. 
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4.3 Complexation of the Schiff base ligands with metal ions. 

4.3.1 Synthesis and structural characterisation of (L7)2Cd3 (Structure 18). 

Complex 18 was synthesised by layering a methanolic solution containing three 

equivalents of Cd(OAc)2·2H2O on top of a chloroform solution containing two 

equivalents of the Schiff base ligand H3L7 at room temperature. The acetate salt was 

chosen as the three phenol groups of each ligand need to be deprotonated before 

complexation. Thus, reaction occurs by elimination of acetic acid and generation of the 

phenolate anions in situ. Crystals of complex 18 were obtained directly from solution 

after several days. Pale yellow prisms of complex 18 obtained from layering were 

suitable for a structure determination by single crystal X-ray diffraction. 

Crystallographic details for 18 are given in table 4.1. The structure was refined in the 

trigonal space group R-3. Figure 4.3 shows the molecular structure and atomic 

numbering scheme for 18. 

 Complex 18 includes three cadmium(II) centres as well as two deprotonated 

ligand molecules of (L7)3-, rendering the whole trinuclear complex neutral. Thus, each 

molecule of ligand (L7)3- behaves as a tris chelating, trianionic hexadentate ligand 

(L7)3-, supplying three imino nitrogen atoms and three phenolate oxygen atoms for 

coordination to the metal ions. However, the asymmetric unit consists of only a sixth of 

a trinuclear complex and thus includes half a cadmium and a third of ligand molecule, 

the whole trinuclear complex then being obtained by applying the three-fold rotation 

axis along c followed by the inversion centre on which Cd1 sits. The trinuclear complex 

18 is therefore very similar to trinuclear complex 1 including H3L2a as described in 

Chapter 2 section 2.4.2. 
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Figure 4.3 – Molecular structure and atomic labelling diagram for 18. (Hydrogen atoms omitted 

for clarity. Weak coordination of N1 to Cd2 is shown as dashed blue and white bonds.) 

Cd1 is coordinated to the three phenolate oxygen atoms of the two (L7)3- 

molecules included in the trinuclear complex, therefore having an {O6} trigonal 

antiprismatic coordination environment. Cd2, occupying the other metal site, is 

coordinated to the three phenolate oxygen atoms and to the three imino nitrogen 

atoms of one molecule of (L7)3-, thus having an {O3N3} trigonal antiprismatic 

coordination environment. Moreover, the central nitrogen atom of the tren backbone of 

(L7)3-, N1, is weakly coordinated to Cd2 as shown in figure 4.3 as blue and white 

dashed bonds. Indeed, table 4.2 (listing selected bond lengths and angles for 18) 

shows that the Cd2-N2 and Cd2-O1 distances (respectively 2.305(3) and 2.329(3) Å) 

are significantly shorter than the Cd2-N1 distance (2.692(5) Å). A shorter Cd2-N1 bond 

and consequently a stronger coordination between Cd2 and N1 would apply too much 

strain on the three arms of (L7)3-. 
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Table 4.1 – Crystal data and structure refinement for 18 and 19. 

 
Compound    18     19 

Empirical formula   C54H54Cd3N8O6   C96H108Ag6F36N28P6 

Formula weight    1248.25 g/mol   3171.14 g/mol 

Temperature    153(2) K   153(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Trigonal   Monoclinic 

Space group    R-3    P2(1)/c 

Unit cell dimensions  a = 13.0570(10) Å  a = 26.7502(18) Å  

    b = 13.0570(10) Å  b = 12.6037(9) Å 

    c = 25.783(2) Å   c = 35.250(2) Å 

    α  = 90°    α  = 90° 

    β  = 90°    β  = 91.8830(10)° 

    γ = 120°   γ = 90° 

Volume    3806.7(5) Å3   11878.0(14) Å3 

Z    3    4 

Density (calculated)  1.634 g/cm3   1.773 g/cm3 

Absorption coefficient  1.304 mm-1   1.165 mm-1 

F(000)    1878    6304 

Crystal size   0.12 x 0.09 x 0.05 mm3  0.3 x 0.13 x 0.13 mm3 

Theta range for data collection 1.97 to 24.99°   1.16 to 25.00° 

Index ranges   -15<=h<=12   -31<=h<=31 

    -15<=k<=15   -14<=k<=14 

    -30<=l<=29   -41<=l<=41 

Reflections collected  6589    109763 

Independent reflections  1496 [R(int) = 0.0317]   20882 [R(int) = 0.0570] 

Completeness to theta   = 24.99°, 99.7 %   = 25.00°, 99.9 % 

Absorption correction  Empirical   Empirical 

Max. and min. transmission 1.0000 and 0.7519  1.0000 and 0.8573 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters 1496 / 0 / 108   20882 / 0 / 1069 

Goodness-of-fit on F2  1.331    1.131 

Final R indices [I>2sigma(I)] R1 = 0.0397   R1 = 0.1856 

    wR2 = 0.0736   wR2 = 0.4072 

R indices (all data)  R1 = 0.0448   R1 = 0.1999 

    wR2 = 0.0752   wR2 = 0.4172 

Largest diff. peak and hole 0.722 and -0.794 e.Å-3  4.290 and -6.294 e.Å-3 
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Table 4.2 – Selected bond lengths [Å] and angles [°] for 18. 

 

Cd(1)-O(1)  2.276(3) 

Cd(1)-Cd(2)  3.2755(5) 

Cd(2)-N(2)  2.305(3) 

Cd(2)-O(1)  2.329(3) 

Cd(2)-N(1)  2.692(5) 

N(1)-Cd(2)-Cd(1) 180.00 

 
 

 Because of coordination to both terminal and central metal ions, each 

phenolate oxygen of the ligand acts as a bridging ligand in a µ2 mode; the imino 

nitrogen atoms and phenolate oxygen atoms of each arm of the ligand being both 

coordinated to the terminal metal centre they act as a chelating ligand in a η2 mode. As 

Cd1 sits on an inversion centre, the angle Cd2-Cd1-Cd2A is 180°, showing that the 

trinuclear complex presents a perfect linear arrangement. Moreover, as N1, Cd2 and 

Cd1 all sit on the c axis, the angle N1-Cd2-Cd1 is 180°, thus N1 is situated on the 

Cd1-Cd2 axis. Figure 4.4 represents the linear trinuclear complex 18 viewed down the 

N1-Cd2-Cd1 axis showing the three-fold rotation along the same axis and the propeller 

type architecture. 

 

 

Figure 4.4 – Trinuclear complex 18 viewed down the N1-Cd2-Cd1 axis. (Hydrogen atoms 

omitted for clarity) 

 As was observed in Chapter 2 for trinuclear complex 1, the arms of (L7)3- in the 

trinuclear array are twisted around the imino group. The twisting of the six arms of 
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(L7)3- inside the trinuclear complex is the same as the asymmetric unit consists of a 

sixth of trinuclear complex. The twisting is quantified by torsion angles between the 

imino nitrogen and carbon atoms and the phenolate aromatic ring and oxygen atom. 

Selected torsion angles for 18 are listed in table 4.3. Crystals of 18 are air-stable. 

However, they are insoluble in water and common organic solvents, thus neither 

ESMS nor 1H NMR could be performed. 

 

Table 4.3 – Selected torsion angles [°] for 18. 

 

N(2)-C(3)-C(4)-C(9)  5.9(7) 

C(5)-C(4)-C(9)-O(1)  179.7(4) 

C(3)-C(4)-C(9)-O(1)  0.9(6) 

 

 
 Structure of complex 18 is thus very similar to the structure of complex 1 

described in chapter 2. (L7)3- and (L2a)3- both include three phenol arms but differ in 

their backbone: tren for (L7)3- is much more flexible than the rigid L1 backbone in 

(L2a)3-, which pre-orients the three phenolate arms for coordination to the Cd centres. 

However, in 18 the three flexible arms of (L7)3- are brought together towards the three 

metal centres even without the pre-orientation of its arms. 

4.3.2 Synthesis and structural characterisation of [(L8)2Ag3](PF6)3 (Structure 19) and 

[(L8)Ag](PF6) (Structure 20). 

4.3.2.1 Reaction of AgPF6 with L8. 

To an acetonitrile solution of L8 was added an acetonitrile solution of AgPF6 in 

a 2:3 ligand-to-metal ratio giving an orange solution which was stirred at room 

temperature overnight. The addition of a saturated solution of NH4PF6 in H2O to the 

concentrated solution led to the precipitation of a yellow powder of complex 19 in 39 % 

isolated yield. A diethyl-ether diffusion into an acetonitrile solution of the complex gave 

yellow prisms of complex 19. Repetition of the same procedure using a 1:1 

ligand-to-metal ratio led to the precipitation of a yellow powder of complex 20 in 26 % 

isolated yield. A diethyl-ether diffusion into an acetonitrile solution of the complex gave 

pale yellow plates of complex 20. 

4.3.2.2 Structural characterisation of [(L8)2Ag3](PF6)3 (Structure 19). 

Yellow prisms of complex 19, which were suitable for a structure determination 

by single crystal X-ray diffraction, were obtained from a diethyl-ether diffusion into a 

solution of the complex in acetonitrile. Crystallographic details for 19 are given in 

table 4.1. The structure was refined in the monoclinic space group P2(1)/c. A direct 
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consequence of the relatively poor data obtained from the crystal is that the refinement 

is very poor, despite the integrated data being very consistent (Rint = 0.057). This, 

combined with the problems associated with modelling highly disordered moieties and 

the presence of high residual peaks of electron density worth up to 4.290 electrons 

situated around the silver centres, means that a satisfactory refinement is difficult to 

achieve despite many attempts (R1 = 0.1856). These silver centres have been refined 

disordered over two or three positions each to take into account the residual peaks of 

electron density, however more peaks kept appearring during the refinement and a 

better model could not be found for them despite many attempts. Furthermore, 

attempts to solve the structure as a non-merohedral twin were not successful as both 

poor refinement (ca. 20 %) and high residual peaks of electron density worth up to 5 

electrons remained. The final refinement was thus performed using the single-crystal 

method. 

Complex 19 includes three silver(I) centres, two molecules of ligand L8 as well 

as three hexafluorophosphate counter-anions. Thus, each molecule of ligand L8 

behaves as a tris chelating, neutral hexadentate ligand, supplying three imino nitrogen 

atoms and three pyridyl nitrogen atoms for coordination to the metal ions. However, 

the asymmetric unit consists of two of these trinuclear complexes and six 

hexafluorophosphate anions. The two unique trinuclear complexes of the asymmetric 

unit initially appeared to be the same and thus a higher symmetry would have been 

expected for the structure, but analysis with the ADDSYMM feature of the PLATON 

program181 revealed none. It is due to the non-regular three-dimensional position of the 

six hexafluorophosphate anions in the asymmetric unit. Figure 4.5 shows the 

molecular structure and atomic numbering scheme for the unique trinuclear complex 

including Ag1, Ag2 and Ag3 in 19 (Ag1 being disordered over three positions: Ag1; 

Ag1’ and Ag1” not shown), the other unique trinuclear complex including Ag4, Ag5 and 

Ag6 (these three silver centres being disordered over two positions each: Ag4 and 

Ag4’, Ag5 and Ag5’, Ag6 and Ag6’) being omitted for clarity as the two trinuclear 

complexes are very similar. 
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Figure 4.5 – Molecular structure and atomic labelling diagram for one of the two unique 

trinuclear complex in structure 19. (Hydrogen atoms, PF6
- anions and disordered Ag1’ and Ag1” 

have been omitted for clarity.) 

 Ag1 is coordinated to the imino and pyridyl nitrogen atoms of two arms of one 

ligand molecule, Ag3 being coordinated to the corresponding nitrogen atoms of the 

second ligand molecule in the trinuclear complex, whereas Ag2 is coordinated to the 

imino and pyridyl nitrogen atoms of the third arm of each ligand molecule. Thus all 

three silver atoms have an {N4} distorted tetrahedral coordination environment and 

each arm of the ligand molecules act as a chelating ligand in a η2 mode. That same 

description applies for the trinuclear complex including Ag4 to Ag6. However, contrary 

to what was observed for complex 18, the central nitrogen atom of the tren backbone 

of each ligand L8 is not weakly coordinated to the adjacent silver centre(s). Indeed, 

table 4.4 listing selected bond lengths and angles for the two unique trinuclear 

complexes of 19 shows that the average Ag-N coordination distance for the two unique 

trinuclear complexes (2.37 Å) is significantly shorter than the average Ag-N of the tren 

backbone distance (3.38 Å). A weak coordination of the central nitrogen of the tren 

backbones to the adjacent silver centres and thus shorter corresponding Ag-N 

distances would probably apply too much strain on the three arms of the ligands. 
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Table 4.4 – Selected bond lengths [Å] and angles [°] for 19. 

 

Ag(1)-N(2) 2.24(2) 

Ag(1’)-N(2) 2.42(2) 

Ag(1”)-N(2) 2.45(2) 

Ag(1)-N(3) 2.37(2) 

Ag(1’)-N(3) 2.32(2) 

Ag(1”)-N(3) 2.30(2) 

Ag(1)-N(4) 2.27(2) 

Ag(1’)-N(4) 2.27(2) 

Ag(1")-N(4) 2.31(2) 

Ag(1)-N(5) 2.62(2) 

Ag(1’)-N(5) 2.59(2) 

Ag(1")-N(5) 2.29(2) 

Ag(1)-N(1) 2.82(2) 

Ag(1’)-N(1) 2.88(2) 

Ag(1")-N(1) 3.17(2) 

 

Ag(2)-N(6) 2.26(2) 

Ag(2)-N(7) 2.55(2) 

Ag(2)-N(9) 2.34(2) 

Ag(2)-N(10) 2.38(2) 

Ag(2)-N(1) 3.77(2) 

Ag(2)-N(8) 3.82(2) 

 

Ag(3)-N(11) 2.28(2) 

Ag(3)-N(12) 2.46(2) 

Ag(3)-N(13) 2.28(2) 

Ag(3)-N(14) 2.46(2) 

Ag(3)-N(8) 3.16(2) 

 

Ag(1)-Ag(2) 3.412(8) 

Ag(1’)-Ag(2) 3.178(6) 

Ag(1”)-Ag(2) 3.525(9) 

Ag(2)-Ag(3) 3.636(2) 

Ag(1)-Ag(3) 6.849(7) 

Ag(1’)-Ag(3) 6.591(5) 

Ag(1”)-Ag(3) 6.878(9) 

 

Ag(4)-N(16) 2.10(3) 

Ag(4’)-N(16) 2.88(3) 

Ag(4)-N(17) 2.36(2) 

Ag(4)-N(17) 2.79(3) 

Ag(4)-N(18) 2.30(2) 

Ag(4’)-N(18) 1.89(2) 

Ag(4)-N(19) 2.66(3) 

Ag(4’)-N(19) 1.93(2) 

Ag(4)-N(15) 2.82(3) 

Ag(4’)-N(15) 3.32(3) 

 

Ag(5)-N(20) 2.23(2) 

Ag(5’)-N(20) 2.47(2) 

Ag(5)-N(21) 2.37(2) 

Ag(5’)-N(21) 2.61(2) 

Ag(5)-N(23) 2.42(2) 

Ag(5’)-N(23) 2.08(2) 

Ag(5)-N(24) 2.45(2) 

Ag(5’)-N(24) 2.34(2) 

Ag(5)-N(15) 3.80(3) 

Ag(5’)-N(15) 3.98(3) 

Ag(5)-N(22) 3.95(2) 

Ag(5’)-N(22) 3.65(2) 

 

Ag(6)-N(25) 2.40(2) 

Ag(6’)-N(25) 1.98(2) 

Ag(6)-N(26) 2.45(2) 

Ag(6’)-N(26) 2.37(2) 

Ag(6)-N(27) 2.22(2) 

Ag(6’)-N(27) 2.40(2) 

Ag(6)-N(28) 2.44(2) 

Ag(6’)-N(28) 2.74(3) 

Ag(6)-N(22) 3.20(2) 

Ag(6’)-N(22) 2.98(2) 

 

Ag(4)-Ag(5) 3.309(6) 

Ag(4’)-Ag(5) 3.175(8) 

Ag(4)-Ag(5’) 3.612(9) 

Ag(4’)-Ag(5’) 3.433(9) 

Ag(5)-Ag(6) 3.58(2) 

Ag(5’)-Ag(6) 3.37(2) 

Ag(5)-Ag(6’) 3.76(2) 

Ag(5’)-Ag(6’) 3.52(2) 

Ag(4)-Ag(6) 6.667(9) 

Ag(4’)-Ag(6) 6.394(9) 

Ag(4)-Ag(6’) 6.91(2) 

Ag(4’)-Ag(6’) 6.61(2) 

Ag(3)-Ag(4) 12.196(3) 

Ag(3)-Ag(4’) 12.035(6) 

 

 

Ag(1)-Ag(2)-Ag(3) 152.7(2) 

Ag(1’)-Ag(2)-Ag(3) 150.5(2) 

Ag(1”)-Ag(2)-Ag(3) 147.7(2) 

Ag(4)-Ag(5)-Ag(6) 151.1(2) 
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The linearity of the trimetallic array can be gauged by the Ag-Ag-Ag angle. The 

angles Ag1-Ag2-Ag3 (average 150.3(2)°) and Ag4-Ag5-Ag6 (151.1(2)°) show that the 

trinuclear complexes are not linear as seen in table 4.4, contrary to what was observed 

for complex 18 and for complexes 1 to 8 (in sections 2.4.2 to 2.4.6 of chapter 2). 

Moreover table 4.4 shows that the Ag-Ag and Ag-N distances within the two unique 

trinuclear complexes of the asymmetric unit are within the same range, they have 

relatively high errors due to the high refinement of the structure. The presence of weak 

CH-to-fluoride interactions from PF6
- can be noted in the three-dimensional packing. 

 Complex 19 thus forms a different trinuclear complex than 18. The coordination 

of the pyridyl nitrogen atoms of L8 with silver in 19 brings the pyridine rings towards 

each other, making it impossible for the pyridyl nitrogen atoms to coordinate to a 

second silver centre, whereas the extra bond between the oxygen and the aromatic 

ring in the phenol group of H3L7 enables coordination of the phenolic oxygen atoms to 

two metal centres, thus forming a linear trinuclear complex. 

4.3.2.3 Structural characterisation of [(L8)Ag](PF6) (Structure 20). 

Pale yellow plates of complex 20, which were suitable for a structure 

determination by single crystal X-ray diffraction, were obtained from a diethyl-ether 

diffusion into a solution of the complex in acetonitrile. Crystallographic details for 20 

are given in table 4.5. The structure was refined in the triclinic space group P-1. 

Figure 4.6 shows the molecular structure and atomic numbering scheme for the cation 

[(L8)Ag]+ in 20. The asymmetric unit of complex 20 consists of a silver(I) centre, to 

which a molecule of ligand L8 is coordinated, as well as a hexafluorophosphate anion. 

Ag1 is coordinated to the three imino nitrogen and to two pyridyl nitrogen atoms 

only of the ligand molecule. It adopts an {N5} distorted trigonal bipyramidal 

coordination environment, the equatorial positions occupied by two imino (N4 and N6) 

and a pyridyl (N3) nitrogen atoms, and the axial positions occupied by the imino 

nitrogen atom N2 and the pyridyl nitrogen atom N5. The angle between the two axial 

positions is 151.59(9)° (N2-Ag1-N5) as seen in table 4.6 listing selected bond lengths 

and angles for 20. Moreover, contrary to what was observed for complex 19, the 

central nitrogen N1 of the tren backbone of L8 is weakly coordinated to the silver 

centre, the pyridyl nitrogen atom N7 of the non-chelating arm being also weakly 

coordinated to the silver centre. Indeed, table 4.6 shows that the average Ag-N 

coordination distance (2.479(5) Å) is significantly shorter than Ag1-N1 (2.882(3) Å) and 

Ag1-N7 (2.974(3) Å). Therefore, the molecule of ligand L8 behaves as a bichelating, 

pentadentate ligand; the two arms which have both their nitrogen atoms coordinated to 

the silver centre act as a chelating ligand in a η2 mode.  
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Figure 4.7 represents the cation [(L8)Ag]+ of 20 viewed down the N1-Ag1 axis 

and shows the absence of a pseudo three-fold rotation down the same axis due to the 

longer N7-Ag1 distance. Both ∆ and Λ enantiomers are present, due to the two 

possible twists adopted by the pyridine rings around the Ag(I) centre. Both 

enantiomers are present in equal quantities because their presence is due to the 

symmetry of the space group, the overall structure is therefore achiral. The same 

remarkable feature of having two enantiomers in the non-chiral space group P-1 by 

application of its inversion centre was observed for complex 13 in section 3.2.3 of 

Chapter 3. The enantiomer represented in figure 4.7 present an anticlockwise twist of 

the pyridine rings when viewed down the N1-Ag1 axis, and is consequently attributed 

as the Λ enantiomer. The presence of weak CH-to-fluoride interactions from PF6
- can 

be noted in the three-dimensional packing. Adjacent complexes in the ab plane are of 

identical hand; adjacent layers along c being of opposite chirality. 

 

 

Figure 4.6 – Molecular structure and atomic labelling diagram for the Λ enantiomer of the cation 

[(L8)Ag]+ in 20. (Weak coordination of N1 and N7 to Ag1 is shown as dashed blue and white 

bonds. Hydrogen atoms and PF6
- anion have been omitted for clarity.) 
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Table 4.5 – Crystal data and structure refinement for 20 and 21. 

 
Compound    20    21 

Empirical formula   C24H27AgF6N7P   C24H27CuF12N7P2  

Formula weight    666.37 g/mol   767.01 g/mol  

Temperature    153(2) K   153(2) K 

Wavelength    0.71073 Å   0.71073 Å 

Crystal system    Triclinic    Monoclinic 

Space group    P-1    P2(1)/c  

Unit cell dimensions  a = 10.5502(6) Å  a = 15.1440(7) Å 

    b = 11.0785(6) Å  b = 10.4834(5) Å 

    c = 12.6064(7) Å  c = 19.6949(9) Å 

    α = 108.4020(10)°  α = 90° 

    β = 106.5410(10)°  β = 109.4850(10)° 

    γ = 91.8630(10)°  γ = 90° 

Volume    1328.05(13) Å3   2947.7(2) Å3 

Z    2    4 

Density (calculated)  1.666 g/cm3   1.728 g/cm3  

Absorption coefficient  0.890 mm-1   0.956 mm-1 

F(000)    672    1548 

Crystal size   0.14 x 0.14 x 0.04 mm3  0.35 x 0.28 x 0.13 mm3 

Theta range for data collection 1.96 to 24.99°   2.18 to 30.02° 

Index ranges   -12<=h<=12   -20<=h<=20 

    -13<=k<=13   -14<=k<=14 

    -14<=l<=14   -19<=l<=27 

Reflections collected  10571    27703 

Independent reflections  4661 [R(int) = 0.0199]  8377 [R(int) = 0.0310] 

Completeness to theta   = 24.99°, 99.6 %  = 30.02°, 97.2 %  

Absorption correction  Empirical    Empirical 

Max. and min. transmission 1.0000 and 0.7706  1.0000 and 0.8330 

Refinement method   Full-matrix least-squares on F2 

Data / restraints / parameters 4661 / 0 / 352   8377 / 0 / 415 

Goodness-of-fit on F2  1.051    1.042 

Final R indices [I>2sigma(I)] R1 = 0.0357   R1 = 0.0460 

    wR2 = 0.0829   wR2 = 0.1118 

R indices (all data)  R1 = 0.0423   R1 = 0.0636 

    wR2 = 0.0859   wR2 = 0.1209 

Largest diff. peak and hole 1.669 and -0.611 e.Å-3  0.751 and -0.572 e.Å-3 
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Figure 4.7 – Λ enantiomer of the cation [(L8)Ag]+ in 20 viewed down the N1-Ag1 axis. (Weak 

coordination of N7 to Ag1 is shown as dashed blue and white bonds. Hydrogen atoms and PF6
- 

anion have been omitted for clarity.) 

 

Table 4.6 – Selected bond lengths [Å] and angles [°] for 20. 

 

Ag(1)-N(2)  2.449(3) 

Ag(1)-N(3)  2.556(3) 

Ag(1)-N(4)  2.408(3) 

Ag(1)-N(5)  2.603(3) 

Ag(1)-N(6)  2.378(3) 

Ag(1)-N(1)  2.882(3) 

Ag(1)-N(7)  2.974(3) 

N(2)-Ag(1)-N(5)  151.59(9) 

N(4)-Ag(1)-N(3)  117.51(8) 

 

 

As can be seen in table 4.5 there is a residual peak of electron density worth of 

1.669 electron for 20 situated at 0.95 Å of Ag1 despite the good refinement for that 

structure (R1 = 0.0357). It was tried to refine Ag1 as disordered over two positions by 

calling the residual peak Ag1’. However the refinement was not stable and more 

residual peaks worth about 5 electrons appeared. Thus, it was decided to delete Ag1’ 

and to keep the residual electron density peak. 

4.3.3 Synthesis and structural characterisation of [(L8)Cu](PF6)2 (Structure 21). 

A degassed solution of Cu(CH3CN)4·PF6 in acetonitrile was added under 

nitrogen to a degassed solution of L8 in acetonitrile in a 2:3 ligand-to-metal ratio giving 
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a dark brown solution of a Cu(I) complex which was stirred under nitrogen at room 

temperature overnight. Addition of a few drops of a saturated solution of NH4PF6 in 

H2O to the concentrated dark brown solution in an attempt to induce precipitation 

resulted in a colour change from brown to green which indicates oxidation of Cu(I) to 

Cu(II) and precipitation of a green powder of Cu(II) complex 21 in 32 % isolated yield. 

A diethyl-ether diffusion into an acetonitrile solution of the Cu(II) complex gave green 

prisms of complex 21. The reaction was then repeated. Even though both the 

concentrated solution of the Cu(I) complex and the saturated solution of NH4PF6 in 

H2O were degassed under nitrogen for 15 minutes and the latter canulated under 

nitrogen to the former, the oxidation of the Cu(I) complex could not be prevented. The 

same green prisms of complex 21 were obtained by diethyl-ether diffusion into the 

acetonitrile solution of Cu(II) complex. 

Green prisms of complex 21 obtained from diethyl-ether diffusion into a solution 

of the complex in acetonitrile were suitable for a structure determination by single 

crystal X-ray diffraction. Crystallographic details for 21 are given in table 4.5. The 

structure was refined in the monoclinic space group P2(1)/c. Figure 4.8 shows the 

molecular structure and atomic numbering scheme for the cation [(L8)Cu]2+ in 21. 

 

Figure 4.8 – Molecular structure and atomic labelling diagram for the Λ enantiomer of the cation 

[(L8)Cu]2+ in 21. (Hydrogen atoms and PF6 anions have been omitted for clarity.) 

 The asymmetric unit of complex 21 consists of a copper(II) centre, to which a 

molecule of ligand L8 is coordinated, as well as two hexafluorophosphate anions. 

Thus, even though a 2:3 ligand-to-metal ratio was used a 1:1 complex was 
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synthesised. There is no solvent of crystallisation in this structure. Cu1 is coordinated 

to the three imino nitrogen and three pyridyl nitrogen atoms of the ligand molecule, 

thus having an {N6} coordination environment with a distorted octahedral geometry, the 

axial positions occupied by the imino nitrogen atom N4 and pyridyl nitrogen atom N3, 

and the equatorial positions occupied by two imino nitrogen atoms, N2 and N6, and 

two pyridyl nitrogen atoms, N5 and N7, in a cis arrangement. The Cu1 centre displays 

Jahn-Teller distortion as seen in table 4.7 listing selected bond lengths for 21, with the 

two axial bonds (Cu1-N3 2.402(2) Å; Cu1-N4 2.243(2) Å) being longer than the 

equatorial ones (average 2.051(5) Å). Moreover, the coordination is labelled fac as the 

three imino nitrogen atoms (and also the three pyridyl nitrogen atoms) are arranged so 

as to define one face of the octahedron.2 Thus the ligand molecule L8 behaves as a 

tris chelating, hexadentate ligand; the two nitrogen atoms of each arm being 

coordinated to Cu1, all three arms act as a chelating ligand in a η2 mode. Figure 4.9 

representing the cation [(L8)Cu]2+ of 21 viewed down the N1-Cu1 axis shows the 

pseudo three-fold rotation down the N1-Cu1 axis due to the octahedral environment 

around the Cu1 centre. Both Λ and ∆ enantiomers are present, due to the two possible 

twists adopted by the pyridine rings around the Cu(II) centre. The enantiomer 

represented in figure 4.9 presents an anticlockwise twist of the pyridine rings when 

viewed down the N1-Cu1 axis, and is thus attributed as the Λ enantiomer. The 

presence of weak CH-to-fluoride interactions from PF6
- can be noted in the 

three-dimensional packing. Adjacent complexes in the ab plane are of identical hand; 

adjacent layers along c being of opposite hand. 

 

Table 4.7 – Selected bond lengths [Å] for 21. 

 

Cu(1)-N(2)  2.024(2) 

Cu(1)-N(6)  2.041(2) 

Cu(1)-N(7)  2.065(2) 

Cu(1)-N(5)  2.074(2) 

Cu(1)-N(4)  2.243(2) 

Cu(1)-N(3)  2.402(2) 

Cu(1)-N(1)  3.131(2) 
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Figure 4.9 – Λ enantiomer of the cation [(L8)Cu]2+ in 21 viewed down the N1-Cu1 axis. 

(Hydrogen atoms and PF6 anions have been omitted for clarity.) 

Crystal structures of complexes 20 and 21 show how the flexibility of the ligand 

L8 enables its arms to adopt different configurations around the metal centre it is 

coordinated to, according to the nature and electronic configuration of the metal, in 

order to behave as a pentadentate ligand in complex 20 around Ag(I) or as a 

hexadentate ligand with a distorted octahedral environment around Cu(II) displaying 

Jahn-Teller distortion in complex 21. However, contrary to what was expected, no 

Cu-complex similar to the Trinity helix has been isolated, even though a 2:3 

ligand-to-metal ratio was used. Complex 21 is probably more energetically favorable 

than a Trinity helix-type complex. 

 Structure 11 described in section 2.4.9 of Chapter 2 is a Cu(II) monomer 

incorporating (HL2a)2- of neutral formula (HL2a)Cu, the Cu1 centre having an {O2N3} 

square pyramidal coordination environment and a phenolate oxygen being protonated. 

The comparison between structures 11 and 21 shows the influence of the modification 

of the acidic phenolic groups of H3L2a by pyridine groups in L8. Two of the phenol 

groups of H3L2a in 11 are coordinated to the Cu centre and deprotonated in order to 

keep the complex neutral and no further charge balance is needed, however the third 

phenol group is still protonated and not coordinated, thus making the ligand 

pentadentate instead of hexadentate. However, as L8 is a neutral ligand, two 

hexafluorophosphate anions are needed as counter-anions and the ligand behaves as 
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hexadentate. However, neither H3L2a nor L8 led to the isolation of crystals of a 

trinuclear assembly. 

4.3.4 Synthesis and structural characterisation of [(L9a)Fe](PF6)2 (Structure 22). 

To a methanolic solution of L1a and L1b obtained by neutralisation of a mixture 

of L1a.3HCl and L1b.3HCl with NaOH was added three equivalents of 

pyridine-2-carboxaldehyde. The resulting solution was refluxed for 5 hours yielding to 

L9a and L9b. A solution of FeCl2·4H2O in methanol was added in a 1:1 ligand-to-metal 

ratio giving a purple solution which was refluxed for another hour. The addition of a 

saturated solution of NH4PF6 in H2O to the concentrated purple solution yielded to the 

precipitation of a purple powder of complex 22 in 43 % isolated yield. A diethyl-ether 

diffusion into an acetonitrile solution of the complex gave dark purple needles of 

complex 22. 

Dark purple needles of complex 22 obtained from diethyl-ether diffusion into a 

solution of the complex in acetonitrile were suitable for a structure determination by 

single crystal X-ray diffraction. Crystallographic details for 22 are given in table 4.9. 

The structure was refined in the monoclinic space group Cc. Figure 4.10 shows the 

molecular structure and atomic numbering scheme for the cation [(L9a)Fe]2+ in 22. The 

asymmetric unit of complex 22 consists of an iron centre of oxidation +2, to which a 

molecule of ligand L9a is coordinated, which corresponds to the 1:1 ligand-to-metal 

ratio used, as well as two hexafluorophosphate anions. 

 

Figure 4.10 – Molecular structure and atomic labelling diagram for the Λ enantiomer of the 

cation [(L9a)Fe]2+ in 22. (Hydrogen atoms and PF6
- anions have been omitted for clarity.) 
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 Fe1 is coordinated to the three imino nitrogen and to the three pyridyl nitrogen 

atoms of the ligand molecule, thus having an {N6} slightly distorted octahedral 

coordination environment. Moreover, the coordination is labelled fac as the three imino 

nitrogen atoms (and also the three pyridyl nitrogen atoms) are arranged so as to define 

one face of the octahedron.2 Selected bond lengths and angles for 22 are listed in 

table 4.8. Although the Fe-imino nitrogen distances (average 1.920(5) Å) are slightly 

shorter than the Fe-pyridyl nitrogen distances (average 1.998(4) Å) it is not obvious 

which atoms occupy the axial or equatorial positions. Moreover, the three angles 

between trans bonds being all very similar (164.3(2), 164.9(2) and 165.9(2)º) there is 

no definitive way to determine which atoms occupy the axial positions. The molecule of 

ligand L9a behaves as a tris chelating, hexadentate ligand; the two nitrogen atoms of 

each arm being coordinated to Fe1, all three arms act as a chelating ligand in a η2 

mode. The three arms of the ligand L9a are situated on the axial positions of the 

cyclohexane ring to allow their complexation to the metal centre. Figure 4.11 

representing the cation [(L9a)Fe]2+ of 22 viewed down the Fe1-centre of the 

cyclohexane ring of the L1 backbone axis shows the pseudo three-fold rotation down 

this axis due to the octahedral geometry around the Fe centre. Both Λ and ∆ 

enantiomers are present, due to the two possible twists adopted by the pyridine rings 

around the Fe(II) centre. The enantiomer represented in figure 4.11 present an 

anticlockwise twist of the pyridine rings when viewed down the Fe1-centre of the 

cyclohexane ring of the L1 backbone axis, and is thus attributed as the Λ enantiomer. 

The presence of weak CH-to-fluoride interactions from PF6
- can be noted in the 

three-dimensional packing. Adjacent complexes in the ab plane are of identical hand; 

adjacent layers along c being of opposite hand. 
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Table 4.8 – Selected bond lengths [Å] and angles [°] for 22. 

 
Fe(1)-N(1)  1.910(5) 

Fe(1)-N(2)  1.922(4) 

Fe(1)-N(3)  1.927(4) 

Fe(1)-N(4)  1.991(4) 

Fe(1)-N(5)  1.995(5) 

Fe(1)-N(6)  2.007(5) 

N(1)-Fe(1)-N(5)  165.9(2) 

N(2)-Fe(1)-N(6)  164.9(2) 

N(3)-Fe(1)-N(4)  164.3(2) 

N(2)-Fe(1)-N(3)  89.6(2) 

N(3)-Fe(1)-N(6)  80.7(2) 

N(4)-Fe(1)-N(6)  91.0(2) 

N(2)-Fe(1)-N(4)  101.0(2) 

N(1)-Fe(1)-N(2)  90.1(2) 

N(1)-Fe(1)-N(3)  87.8(1) 

N(1)-Fe(1)-N(4)  80.7(2) 

N(1)-Fe(1)-N(6)  101.0(2) 

N(5)-Fe(1)-N(2)  80.7(2) 

N(5)-Fe(1)-N(3)  102.8(2) 

N(5)-Fe(1)-N(4)  90.4(2) 

N(5)-Fe(1)-N(6)  90.1(2) 

 
 

 

Figure 4.11 – Λ enantiomer of the cation [(L9a)Fe]2+ in 22 viewed down the Fe1-centre of the 

cyclohexane ring of the L1 backbone axis. (Hydrogen atoms and PF6 anions have been omitted 

for clarity.) 
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Table 4.9 – Crystal data and structure refinement for 22. 

 
Compound     22 

Empirical formula     C24H24F12FeN6P2 

Formula weight      742.28 g/mol 

Temperature      153(2) K 

Wavelength      0.71073 Å 

Crystal system      Monoclinic 

Space group      Cc 

Unit cell dimensions    a = 17.6047(14) Å  α = 90° 

      b = 9.8847(8) Å  β = 105.288(2)° 

      c = 16.6395(14) Å γ = 90° 

Volume      2793.1(4) Å3 

Z      4 

Density (calculated)    1.765 g/cm3  

Absorption coefficient    0.764 mm-1 

F(000)      1496 

Crystal size     0.45 x 0.15 x 0.05 mm3 

Theta range for data collection   2.38 to 25.00° 

Index ranges     -20<=h<=16, -11<=k<=9, -18<=l<=19  

Reflections collected    6965 

Independent reflections    4330 [R(int) = 0.0245] 

Completeness to theta     = 25.00°, 99.3 % 

Absorption correction    Empirical 

Max. and min. transmission   1.0000 and 0.6137  

Refinement method    Full-matrix least-squares on F2 

Data / restraints / parameters   4330 / 100 / 395 

Goodness-of-fit on F2    1.047 

Final R indices [I>2sigma(I)]   R1 = 0.0475, wR2 = 0.1117 

R indices (all data)    R1 = 0.0506, wR2 = 0.1138 

Largest diff. peak and hole   0.818 and -0.496 e.Å-3 

 

 From those observations we can conclude that complex 22 featuring L9a and 

Fe(II) is very similar to complex 21 incorporating L8 and Cu(II). Thus, the substitution 

of the flexible tren backbone by the more rigid L1 backbone in L9a does not lead to the 

isolation of any new coordination sphere. 
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4.4 Conclusions. 

As a result of this study several novel coordination compounds featuring 

different d-block metal ions, both trinuclear and mononuclear complexes, with 

interesting structures have been synthesised. They show the influence on the 

complexation of the tren or L1 backbone as well as the influence of the phenol or 

pyridine groups of the different tripodal chelating Schiff base ligands used, and 

compared to H3L2a used in Chapter 2. 

The linear trinuclear complex 18, (L7)2Cd3, is very similar to complex 1, 

(L2a)2Cd3, all three metal centres having the same coordination sphere in both 

structures and both complexes presenting a propeller type architecture when viewed 

down their Cd-Cd axis. Both ligands H3L7 and H3L2a include phenol groups, their only 

difference being their backbone, rigid L1 for H3L2a or flexible tren for H3L7. Thus, the 

backbone does not seem to have much influence on the complexes formed, even 

though the cis,cis-L1 (L1a) backbone pre-orients the arms of the ligands for 

complexation. The tren or L1 backbone does not seem to have any influence either 

when comparing monomers 20, 21 and 22, the different metal centres, Ag(I), Cu(II), 

Fe(II), having very similar coordination spheres. 

As expected, the replacement of phenol groups by pyridine groups led to the 

isolation of different species. H3L7 yielded the linear trinuclear complex 18, whereas 

L8 led to trinuclear complex 19 featuring a different structure and coordination sphere 

as well as to mononuclear complex 21 when a 2:3 ligand-to-metal ratio was used. 

Indeed, the phenolate oxygen atoms in 18 are coordinated to two metal centres, which 

is impossible for the pyridyl nitrogen atoms of L8. This is due to the presence of the 

“extra” bond between the oxygen and the aromatic ring provided by the phenol groups 

of H3L7. 

A trinuclear complex featuring L8 has been isolated, 19, however it does not 

have a Trinity helix-type structure. Moreover, no Cu-complex similar to the Trinity helix 

incorporating L8 has been isolated, even though a 2:3 ligand-to-metal ratio was used. 

Instead mononuclear complex 21 was isolated. It is probably more energetically 

favorable than a Trinity helix-type complex. Furthermore, all three mononuclear 

complexes described, 20, 21 and 22, feature two enantiomers both present in equal 

proportions, due to the ability of the pyridine groups of the ligands L8 or L9a to 

coordinate to the metal centres forming a twist towards either the left or the right. 

Therefore, contrary to what was expected, no trinuclear assembly similar to the 

Trinity helix, and incorporating the C3-symmetric tripodal Schiff base ligands H3L2a 

(see Chapter 2), H3L7, L8 and L9a, has been isolated. The rigidity of the central atom 

of the ligand thus plays a crucial role in the formation or non-formation of such an 
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assembly. It appears that a rigid planar central atom is necessary, and even an L1 

backbone as incorporated in H3L2a and H3L7 does not bring enough rigidity to the 

ligand, as their three arms still have some degree of freedom by occupying either the 

equatorial or axial positions of the cyclohexane ring. 

 

 

 



162 

 

Chapter 5 

 

Materials & Methods. Experimental. 
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5.1 Materials and methods. 

5.1.1 Reagents. 

All chemicals and solvents were of reagent grade (unless otherwise stated) and 

purchased from Aldrich Chem. Co. Ltd., Fluka Chemika-Biochemica (U.K.), Lancaster 

Synthesis Ltd. or local solvent suppliers, and were used as received, unless otherwise 

stated. Water was deionised in house before use. 

5.1.2 Elemental analysis. 

Elemental Analysis was carried out at University College Dublin by Ms. Ann 

Connelly using a Carlo Erba 1006 automatic analyser. Expected range C, N ± 0.3 %,  

H ± 0.5 %. 

5.1.3 Nuclear magnetic resonance spectroscopy. 

NMR spectra were carried out by Dr. John O’Brien and recorded on a Bruker 

DPX 400 machine operating at 400.14 MHz for 1H, 100.63 MHz for 13C. Samples were 

run in deuterated solvents as listed for each spectrum. Standard abbreviations for 

spectra: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. 

5.1.4 Infrared spectroscopy. 

Infrared spectra were recorded in the range 4000 – 400 cm-1 on a Mattson 

Genesis II FTIR. Samples were run as 8 mm diameter potassium bromide pellets 

prepared under vacuum. The following abbreviations were used to describe the 

intensities: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; 

br, broad; vbr, very broad.  

5.1.5 Single crystal X-ray diffraction. 

X-Ray analyses for all the crystals were performed by Dr. Paul Jensen and 

Dr. Sandrine Goetz within the Kruger group at Trinity College, Dublin, with a Bruker 

SMART APEX CCD diffractometer. The candidate was involved in all aspects of 

structure determination. The final refinements were performed by the candidate, with 

assistance provided by Dr. Sandrine Goetz where necessary. 

The diffractometer utilised graphite-monochromated Mo-Kα radiation  

(λ = 0.71073 Å). The omega scan method was used to collect either a full sphere or 

hemisphere of data for each crystal with detector-to-crystal distance of either 5 or 6 cm 

at temperatures of 153 or 293 K. Data were collected, processed, and corrected for 

Lorentz and polarisation effects using SMART and SAINT-NT software.276, 217 

Absorption corrections for single crystals were applied using SADABS.277 The 
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structures were solved using either Patterson or direct methods and refined on HKLF4 

data with the SHELXTL program package.278 Data for the non-merohedral twinned 

crystal of 12 were indexed using the GEMINI program213 rather than the usual SMART 

routine. The twinned data were processed using the twin output option of SAINT217 and 

corrected for absorption using TWINABS.216 The twinned structure 12 was solved as for 

the single crystals using HKLF4 data for the main domain, however attempts to refine 

this structure using HKLF5 data were not successful. 

All non-hydrogen atoms were refined anisotropically except for some atoms 

which were ”non-positive definite” and thus refined isotropically or their isotropic thermal 

parameters were fixed to 0.08 when too high. Hydrogen atoms for CH, CH2 and CH3 

were assigned to calculated positions using a riding model with appropriately fixed 

isotropic thermal parameters. Hydrogen atoms of alcohol or ammonium functions, 

however, were located from difference maps and their positions refined with O-H or N-H 

distance restraints (DFIX 0.84 Å, SAME, SADI)278 and isotropic thermal parameters 

either fixed at 1.5 or 1.2 times that of the adjoining oxygen or nitrogen atom or refined 

isotropically. The hydrogen atom of the phenolic function in 8 was assigned to a 

calculated position using a riding model with appropriately fixed isotropic thermal 

parameter. Hydrogen atoms of some disordered water or methanol molecules were not 

added. 

The CrystalMaker software282 was used to generate all the pictures of crystal 

structures included in this thesis, by reading the ‘cif’ files of either previously reported 

structures, whose reference was listed for each picture, or crystal structures resulting 

from the research carried out by the candidate and presented within this thesis. The 

colour code used is that from IUPAC: black represents carbon atoms; blue, nitrogen 

atoms; red, oxygen atoms; cream, hydrogen atoms; green, Ni(II) or Cu(II); pink, Mn(II); 

orange, Mn(III); purple, Mn(IV). Where specifically needed the colour codes were listed 

for each picture. 

5.1.6 Magnetic susceptibility measurements. 

Variable temperature magnetic measurements for crystalline samples of 

complex 2, the mixture of complexes 3 and 4, complexes 15 and 17 were performed by 

Dr. Boujemaa Moubaraki (School of Chemistry, Monash University, Clayton, Victoria, 

Australia) using a Quantum Design MPMS 5 SQUID (Superconducting Quantum 

Interference Device) magnetometer in the range 4-300 K with an applied magnetic field 

of 1 Tesla. The machine was calibrated by use of a standard palladium sample 

(Quantum Design) of accurately known magnetisation or by use of magnetochemical 

calibrants such as CuSO4·5H2O and [Ni(en)3]S2O3. Crystalline samples of the 

complexes (typically 40 mg) were air-dried, powdered in a mortar and used for the 
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measurements. Samples were contained in gelatine capsules held at the end of a 

plastic straw, which was fixed to the end of the sample rod. Prof. Keith Murray is 

thanked for his assistance with the interpretation of the magnetic data. 

5.1.7 Electrospray mass spectrometry. 

Electrospray mass spectrometry was carried out by Dr. Martin Feeney on a 

Micromass LCT Electrospray mass spectrometer. Samples were dissolved in HPLC 

grade solvent which are listed for each spectrum at a concentration of ~2 ng/L. Spectra 

are reported in the following manner: m/z and assignment. 

5.2 Experimental for Chapter 2. 

5.2.1 Synthesis of cis,cis- and cis,trans-1,3,5-triaminocyclohexane (L1a and L1b) 

(route 1). 

Synthesis of phloroglucinol trioxime. 

  Phloroglucinol trioxime was prepared from 

phloroglucinol dihydrate by a procedure based on Baeyer’s 

method279 reported by Grimes et al.,172 involving the addition of 

phloroglucinol dihydrate to a mixture of hydroxylamine 

hydrochloride and potassium carbonate in water in a darkened 

polythene container, that mixture then being left in a 

refrigerator for seven days. The filtered precipitate was leached with boiling ethanol and 

then purified by recrystallisation from methanol, giving the pure phloroglucinol trioxime 

as a dark brown powder in 17 % yield. dH (D6-DMSO): 10.85 (s, 1H, Ha), 10.78 (s, 1H, 

Ha), 10.75 (s, 1H, Ha), 3.49 (s, 2H, Hb), 3.28 (s, 2H, Hb), 3.07 (s, 2H, Hb), which is 

consistent with that reported by Muramatsu et al.280 

 

Synthesis of the mixture of cis,cis- and cis,trans-1,3,5-triaminocyclohexane (L1a 

and L1b). 

  The mixture of L1a and L1b was prepared by the 

procedure reported by Lions et al.,169 involving the Birch 

reduction of phloroglucinol trioxime by dissolution of the 

starting material in liquid ammonia followed by addition 

of absolute ethanol and thinly-sliced sodium. The 

reaction was complete after 15 minutes and water was 

cautiously added. The precipitated solid was filtered and 

disgarded. The filtrate was evaporated and the dark 

aqueous residue made strongly alkaline with sodium 

N

N

N
OH

OH

OH
b
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hydroxide. It was then continuously extracted with chloroform for 4 hours (instead of 

ether as reported in the literature). After drying over anhydrous magnesium sulfate, the 

solvent was evaporated giving a mixture of L1a and L1b as a pale red oil (yield: 63 %). 

For analysis and storage it was converted into its tris-hydrochloride166,174 by addition of 

concentrated HCl to a solution of L1a and L1b in ethanol, the white precipitate then 

being filtered and washed with diethyl-ether. The mixture of L1a.3HCl and L1b.3HCl 

was obtained in 32 % yield from phloroglucinol trioxime as a white powder. From the 1H 

NMR spectrum it was deduced that L1a.3HCl was predominant in the mixture 

compared to L1b.3HCl, the most accurate calculated ratio indicates that 67 % of the 

product was L1a.3HCl and 33 % was L1b.3HCl. dH (D6-DMSO) for the mixture of 

tach.3HCl: a) L1a.3HCl, 8.55 (br s, 9H, Ha), 3.26 (m, 3H, Hb), 2.35 (d [observed]#, 3H, J 

= 10.5 Hz, Hc), 1.51 (q [observed]#, 3H, J = 11.4 Hz, Hc), which is consistent with that 

reported for L1a.3HCl by Bollinger et al.166 b) L1b.3HCl, 8.63 (s, 9H, Ha’), 3.73 (m, 3H, 

Hb’), 2.22 (d [observed]$, 3H, J = 13.7 Hz, Hc’), 1.68 (t [observed]$, 3H, J = 13.3 Hz, Hc’). 

5.2.2 Synthesis of cis,cis-1,3,5-triaminocyclohexane (L1a) (route 2). 

Synthesis of the N,N’,N”-tris(benzyl)carbamate of L1a. 

  The N,N’,N”-tris(benzyl)carbamate of L1a 

was prepared by modifying the procedure 

reported by Bowen et al.173 Benzene (187.5 mL) 

was added to cis,cis-1,3,5-cyclohexanetricar-

boxylic acid (5.000 g, 23.13 mmol) while stirring. 

Et3N (9.8 mL, 70.00 mmol) was added followed 

by DPPA (diphenylphosphoryl azide) (15.6 mL, 

70.00 mmol). The mixture was stirred for 0.5 hour 

                                                
# For the cis,cis isomers (L1a.3HCl, L1a.3HBr, N,N’,N”-tris(benzyl)carbamate of L1a 

and H3L2a) a doublet and a quartet were observed on the 1H NMR spectra for the two 

methylene hydrogen atoms, as well as a triplet for the methine hydrogen atom of 

H3L2a. However it is understood that the coupling is in reality more complicated. 

Particularly, there are not three equivalent protons to which one of these hydrogens 

could be coupled. The observed quartet may result from the overlap of a doublet of 

triplets. 

 
$ For the cis,trans isomers (L1b.3HCl and H3L2b) a doublet and a triplet were observed 

on the 1H NMR spectra for the two methylene hydrogen atoms. See footnote for cis,cis 

isomers. 
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at room temperature and then refluxed for 0.5 hour. Benzyl alcohol (8.1 mL, 77.20 

mmol) was added and the solution was refluxed for 24 hours. Contrary to what was 

reported in the paper,173 no precipitate appeared. Thus, the mixture was stirred at room 

temperature for 4 days during which time a white precipitate formed, which was 

collected by vacuum filtration, washed with minimal cold benzene and dried under 

vacuum for a few hours to leave 3.1 g (25 %) of the N,N’,N”-tris(benzyl)carbamate of 

cis,cis-1,3,5-triaminocyclohexane as a white powder. dH (D6-DMSO): 7.35 (m, 15H, Ha), 

5.00 (s, 6H, Hb), 3.38 (m, 3H, Hc), 1.89 (d [observed]#, 3H, J = 10.1 Hz, Hd), 1.06 

(q [observed]#, 3H, J = 12.0 Hz, Hd), which is consistent with that reported.173  

Synthesis of pure cis,cis-1,3,5-triaminocyclohexane (L1a.3HBr) by deprotection 

of its N,N’,N”-tris(benzyl)carbamate. 

  The procedure for the deprotection of the benzyl 

carbamate of an amine reported by Ben-Ishai et al.,176 

which consists in adding a solution of dry hydrogen 

bromide in glacial acetic acid to the benzyl carbamate to 

give the amine hydrobromide, was applied to the 

deprotection of the N,N’,N”-tris(benzyl)carbamate of cis,cis-1,3,5-triaminocyclohexane 

to give L1a.3HBr. A solution of HBr in AcOH (45 % w/v) (13.6 mL) was added to the 

N,N’,N”-tris(benzyl)carbamate of cis,cis-1,3,5-triaminocyclohexane (3.050 g, 5.7 mmol) 

in a reaction flask protected with a calcium chloride tube. The mixture was stirred for 2 

hours at room temperature and 50 mL of diethyl-ether was then added to precipitate the 

amine hydrobromide formed. The cream precipitate was filtered under vacuum, washed 

with diethyl-ether and dried, providing L1a.3HBr in 100 % yield (2.1 g) as an off-white 

solid. dH (D6-DMSO) for L1a.3HBr: 8.22 (br s, 9H, Ha), 3.32 (m, 3H, Hb), 2.28 

(d [observed]#, 3H, J = 11.2 Hz, Hc), 1.45 (q [observed]#, 3H, J = 12.0 Hz, Hc). 

Colourless needles of L1a.3HBr, which were characterised by single crystal X-ray 

diffraction, were obtained, after a few days, by layering methanol on top of an aqueous 

solution of L1a.3HBr. The crystals are air-stable and redissolve in H2O. Found for 

crystals of L1a.3HBr: C, 17.80; H, 4.83; N, 10.64 %. [C6H18N3]3+·3.5Br -·0.5H3O+ 

requires C, 17.57; H, 4.79; N, 10.25 %. 

5.2.3 Synthesis of cis,cis- and cis,trans-1,3,5-tris(salicylideneamino)cyclohexane 

(H3L2a and H3L2b) (route 1). 

 Walton et al.177 reported the synthesis of a Schiff base ligand by reaction of the 

tris(dihydrogensulfate) salt of L1a with cinnamaldehyde. This procedure was adapted to 

synthesise H3L2a and H3L2b from L1a and L1b by condensation with salicylaldehyde. 

                                                
#  See footnote previous page. 
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L1a.3HCl and L1b.3HCl (400 mg, 1.68 mmol) and sodium hydroxide (200 mg, 

5.04 mmol) were dissolved in water (4.4 mL) and to this a solution of salicylaldehyde 

(0.531 mL, 5.04 mmol) in diethyl-ether (4.4 mL) was added. The mixture was stirred 

vigorously, in a sealed vessel for 48 hours. The yellow precipitate was filtered and 

washed with water, providing the mixture of ligands in 50 % yield (370 mg). From the 
1H NMR spectrum it was deduced that 70 % of the product was H3L2a and 30 % was 

H3L2b. dH (D6-DMSO) for the mixture of H3L2a and H3L2b: a) H3L2a, 13.44 (br s, 3H, 

Hh), 8.66 (s, 3H, Hc), 7.46 (d, 3H, J = 7.8 Hz, Hd), 7.34 (t, 3H, J = 7.8 Hz, Hf), 6.90 

(m [observed], 6H, He and Hg), 3.70 (t [observed]#, 

3H, J = 11.5 Hz, Hb), 2.03 (d [observed]#, 3H, 

J = 10.0 Hz, Ha), 1.80 (q [observed]#, 3H, J = 11.5 

Hz, Ha), which is consistent with that reported for 

H3L2a.166 b) H3L2b, 13.57 (s, 3H, Hh’), 8.70 (s, 3H, 

Hc’), 7.50 (m [observed], 3H, Hd’), 7.40 

(m [observed], 3H, Hf’), 6.95 (m [observed], 6H, He’ 

and Hg’), 4.05 (m, 3H, Hb’), 3.85 (t [observed]#, 3H, 

J = 11.5 Hz, Ha’), 1.93 (d [observed]# 3H, 

J = 10.0 Hz, Ha’). ESMS (chloroform) for the 

mixture of H3L2a and H3L2b: 442.21 [C27H28O3N3]+ 

or [H4L2]+, 242.12 [C27H27O3N3Na2]2+ or 

[(H3L2)Na2]2+, 221.61 [C27H29O3N3]2+ or [H5L2]2+. 

5.2.4 Synthesis of cis,cis-1,3,5-tris(salicylideneamino)cyclohexane (H3L2a) (route 2). 

  To a suspension of L1a.3HBr (2.136 g, 

5.7 mmol) in methanol (8 mL) was added a 

solution of NaOH (0.690 g, 17.2 mmol) in 

methanol (4 mL). The mixture was sonicated for 

about 15 minutes after which time L1a was 

neutralised and NaBr precipitated. NaBr was 

filtered and washed with methanol. To the yellow solution of L1a in methanol (24 mL) 

was added salicylaldehyde (1.814 mL, 17.2 mmol). A yellow precipitate formed after a 

few minutes. The suspension was stirred at room temperature overnight. The yellow 

precipitate was filtered, washed with the minimum amount of methanol and dried. The 
1H NMR spectrum in D6-DMSO indicated that the ligand is not pure. Thus, to the yellow 

solid was added methanol, the suspension was stirred and the remaining precipitate 

was filtered and dried, providing pure H3L2a in 56 % yield (1.4 g). dH (D6-DMSO) for 

                                                
# See footnote previous page. 
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H3L2a: 13.44 (br s, 3H, Hh), 8.66 (s, 3H, Hc), 7.46 (d, 3H, J = 7.8 Hz, Hd), 7.34 (t, 3H, 

J = 7.8 Hz, Hf), 6.91 (t, 3H, J = 7.8 Hz, He), 6.89 (d, 3H, J = 7.8 Hz, Hg), 3.69 

(t [observed]#, 3H, J = 11.5 Hz, Hb), 2.04 (d [observed]#, 3H, J = 10.0 Hz, Ha), 

1.78 (q [observed]#, 3H, J = 11.5 Hz, Ha), which is consistent with that reported.166 

dC (D6-DMSO): 164.7 (Cc=N), 160.5 (CqAr-OH), 132.4 (CfAr), 131.8 (CdAr), 118.7 (CqAr-Cc), 

118.6 (CeAr), 116.5 (CgAr), 62.8 (Cb(CH)), 40.3 (Ca(CH2)). ESMS (chloroform) for pure 

H3L2a: 442.21 [C27H28O3N3]+ or [H4L2]+, 242.12 [C27H27O3N3Na2]2+ or [(H3L2)Na2]2+, 

221.61 [C27H29O3N3]2+ or [H5L2]2+. Yellow needles of H3L2a, which were characterised 

by single crystal X-ray diffraction, were obtained, after a few days, by diffusion of 

diethyl-ether into a chloroform solution of pure H3L2a. The crystals are air-stable and 

redissolve in chloroform. Found for yellow needles of H3L2a: C, 67.85; H, 5.93; N, 8.41 

%. C27H27O3N3·0.35CHCl3 requires C, 68.02; H, 5.71; N, 8.71 %. 

5.2.5 Synthesis of (L2a)2Cd3 (Structure 1). 

  A solution of the mixture of H3L2a and H3L2b (30 mg, 0.07 mmol) in chloroform 

(2 mL) was placed in a long narrow tube (18 mm × 73 mm) at room temperature. A 

layer of chloroform (0.3 mL) was then added slowly over the ligand-layer followed by a 

layer of methanol (0.3 mL). Finally, a solution of Cd(OAc)2·2H2O (28 mg, 0.11 mmol) in 

methanol (2 mL) (ligand-to-metal ratio 2:3) was added dropwise over the other layers. 

The sample tube was then sealed and left undisturbed for slow diffusion. Pale yellow 

prisms of complex 1 were obtained after a few days in 53 % yield (22 mg), which were 

characterised by single crystal X-ray diffraction. The crystals are air-stable and insoluble 

in water and common organic solvents. The same pale yellow prisms were obtained 

using a 2:4 ratio. The same procedure was also followed using pure H3L2a (30 mg, 

0.07 mmol) and Cd(OAc)2·2H2O (28 mg, 0.11 mmol) (ratio 2:3). Pale yellow prisms of 

complex 1 were also obtained after a few days in 78 % yield (32 mg). IR ν (cm-1) (KBr): 

3447(vbr w), 3083(vw), 3017(vw), 2913(w), 2855(m), 2802(w), 1726(br w), 1619(vs), 

1604(sh s), 1541(vs), 1468(vs), 1442(vs), 1409(vs), 1337(s), 1312(vs), 1290(sh s), 

1187(m), 1157(m), 1135(vs), 1116(sh s), 1038(m), 984(vw), 926(br m), 895(m), 827(m), 

749(s), 580(s), 527(m), 476(w), 415(m). Found: C, 51.54; H, 3.77; N, 6.39 %. 

C54H48O6N6Cd3-·0.5CHCl3 requires C, 51.21; H, 3.83; N, 6.58 %. 

5.2.6 Synthesis of (L2a)2Mn3 (Structure 2). 

  The same synthesis as for [(L2a)2Cd3] was followed (see above) using 30 mg 

(0.07 mmol) of the mixture of H3L2a and H3L2b and 26 mg of Mn(OAc)2·4H2O 

(0.11 mmol) (ratio 2:3). Yellow prisms of complex 2 were obtained after a few days in 

42 % yield (15 mg), which were characterised by single crystal X-ray diffraction. The 
                                                
#  See footnote previous page. 
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crystals are air-stable and insoluble in water and common organic solvents. The same 

yellow prisms were obtained using a 2:4 ratio. The same procedure than above was 

also followed using pure H3L2a (30 mg, 0.07 mmol) and Mn(OAc)2·4H2O (26 mg, 

0.11 mmol) (ratio 2:3). Yellow prisms of complex 2 were also obtained after a few days 

in 62 % yield (22 mg). IR ν (cm-1) (KBr): 3434(vbr s), 2928(m), 2872(m), 1719(br w), 

1617(vs), 1543(s), 1473(s), 1445(s), 1413(s), 1317(s), 1134(s), 1115(sh m), 1038(w), 

938(w), 836(w), 751(m), 735(sh m), 581(m), 419(m). Found: C, 58.88; H, 4.34; N, 

7.29 %. C54H48O6N6Mn3·0.5CHCl3·0.5H2O requires C, 58.96; H, 4.50; N, 7.58 %. 

5.2.7 Synthesis of (L2a)2Ni3·4CHCl3 (Structure 3) and (L2a)2Ni3·2CHCl3·2CH3OH-

1.8H2O (Structure 4). 

  The same synthesis as for [(L2a)2Cd3] was followed (see above) using 30 mg 

(0.07 mmol) of the mixture of H3L2a and H3L2b and 26 mg of Ni(OAc)2·4H2O 

(0.11 mmol) (ratio 2:3). Two types of crystals were obtained after a few days: green 

needles for complex 3 and yellow/green plates for complex 4 in 53 % yield (19 mg), 

which were both characterised by single crystal X-ray diffraction. The ratio of crystals 

3:4 in the sample is ca. 10:1. The crystals of 4 are air-stable, however the crystals of 3 

gradually lose the solvent of crystallisation on exposure to air. Crystals of 3 and 4 are 

slightly soluble in chloroform. The same two types of crystals were obtained using a 2:4 

ratio. The same procedure as above was also followed using pure H3L2a (30 mg, 

0.07 mmol) and Ni(OAc)2·4H2O (26 mg, 0.11 mmol) (ratio 2:3). Green needles of 

complex 3 and yellow/green plates of complex 4 were also obtained after a few days in 

75 % yield (27 mg). IR ν (cm-1) (KBr) for the mixture of crystals 3 and 4: 3439(vbr m), 

3046(br vw), 2881(br m), 1617(vs), 1543(s), 1470(s), 1445(s), 1414(s), 1315(s), 

1200(m), 1134(s), 1035(w), 938(w), 900(vw), 846(w), 753(s), 730(sh m), 584(m), 

434(w). Found for the mixture of crystals 3 and 4: C, 51.94; H, 3.59; N, 6.32 %. 

C54H48O6N6Ni3·2CHCl3 requires C, 52.26; H, 3.92; N, 6.53 %. ESMS (chloroform) for the 

mixture of crystals of 3 and 4: 1053.09 [C54H49O6N6Ni3]+, which corresponds to 

[(L2a)(HL2a)Ni3]+. 

5.2.8 Synthesis of (L2a)2Zn3·8.8H2O (Structure 5). 

  The same synthesis as for [(L2a)2Cd3] was followed (see above) using 30 mg 

(0.07 mmol) of the mixture of H3L2a and H3L2b and 23 mg of Zn(OAc)2·2H2O 

(0.11 mmol) (ratio 2:3). Pale yellow blocks of complex 5 were obtained after a few days 

in 50 % yield (21 mg), which were characterised by single crystal X-ray diffraction. The 

crystals are air-stable and insoluble in water and common organic solvents. The same 

pale yellow blocks were obtained using a 2:4 ratio. The same procedure as above was 

also followed using pure H3L2a (30 mg, 0.07 mmol) and Zn(OAc)2·2H2O (23 mg, 

0.11 mmol) (ratio 2:3). Pale yellow blocks of complex 5 were also obtained after a few 
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days in 74 % yield (31 mg). IR ν (cm-1) (KBr): 3449(vbr m), 3006(w), 2930(br m), 

2889(br m), 1619(vs), 1577(s), 1547(s), 1474(s), 1446(s), 1406(s), 1306(s), 1198(m), 

1134(m), 1076(w), 1036(w), 978(w), 909(w), 857(br w), 757(s), 668(m), 588(m), 532(m), 

459(w), 421(w). Found: C, 57.32; H, 4.15; N, 7.21 %. C54H48O6N6Zn3·0.5CHCl3·H2O 

requires C, 57.11; H, 4.44; N, 7.34 %. 

5.2.9 Synthesis of (L2a)2Co3·3.8H2O (Structure 6), (L2a)2Co3 (Structure 7),  and 

(HL2b)2Co3(OAc)2·CHCl3 (Structure 8). 

  The same synthesis as for [(L2a)2Cd3] was followed (see above) using 30 mg 

(0.07 mmol) of the mixture of H3L2a and H3L2b and 26 mg of Co(OAc)2·4H2O 

(0.11 mmol) (ratio 2:3). Three types of crystals were obtained after a few days: red 

needles of complex 6, orange/red prisms of complex 7 and yellow needles of 

complex 8, which were all characterised by single crystal X-ray diffraction. The overall 

yield for the crystals of 6, 7 and 8 is 70 % (25 mg). The crystals are air-stable and 

insoluble in water and common organic solvents. A few single crystals of each type 

were isolated to perform X-ray diffraction, however the crystals of the whole batch could 

not be separated as they were ‘fused’ together. The same three types of crystals were 

obtained using a 2:4 ratio. The same procedure as above was also followed using pure 

H3L2a (30 mg, 0.07 mmol) and Co(OAc)2·4H2O (26 mg, 0.11 mmol) (ratio 2:3). Red 

needles of complex 6 and orange/red prisms of complex 7 were obtained after a few 

days in 67 % yield (24 mg). IR ν (cm-1) (KBr) for the mixture of crystals 6, 7 and 8: 

3437(vbr vs), 2920(br w), 2877(br w), 1619(vs), 1547(s), 1474(s), 1437(s), 1416(s), 

1318(s), 1202(br w), 1135(m), 1038(w), 941(w), 900(vw), 845(w), 775(sh m), 741(sh m), 

582(m), 426(w). Found for the mixture of crystals 6, 7 and 8: C, 58.08; H, 4.22; N, 7.25 

%. C54H48O6N6Co3·0.5CHCl3·H2O requires C, 57.87; H, 4.50; N, 7.43 %. 

5.2.10 Synthesis of (L2b)2Cu4(OAc)2·CHCl3·2MeOH (Structure 9) and (L2b)2Cu4(OAc)2-

1.7CHCl3·1.6MeOH·2/3H2O (Structure 10). 

  The same synthesis as for [(L2a)2Cd3] was followed (see above) using 30 mg 

(0.07 mmol) of the mixture of H3L2a and H3L2b and 21 mg of Cu(OAc)2·H2O 

(0.11 mmol) (ratio 2:3). Two types of crystals were obtained after a few days in 27 % 

yield (9 mg): green prisms of complex 9 and green plates of complex 10, which were 

both characterised by single crystal X-ray diffraction. The two types of crystals were 

separated, however only a small amount of crystals of 10 were isolated, the ratio of 

9:10 in the sample being ca. 10:1. The crystals of 10 are air-stable, however the 

crystals of 9 gradually lose the solvent of crystallisation on exposure to air. Crystals of 9  

and 10 are insoluble in water and common organic solvents. IR ν (cm-1) (KBr) for the 

mixture of crystals 9 and 10: 3434(vbr m), 2902(m), 1619(vs), 1537(s), 1470(sh s), 
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1448(s), 1409(s), 1327(sh s), 1303(s), 1201(s), 1138(s), 1031(br w), 981(w), 928(m), 

850(w), 756(vs), 662(w), 589(m), 559(sh w), 455(m). Found for the mixture of crystals 9 

and 10: C, 52.08; H, 4.15; N, 6.28 %. C58H54O10N6Cu4·CHCl3 requires C, 51.91; H, 4.06; 

N, 6.16 %. 

5.2.11 Synthesis of (HL2a)Cu (Structure 11). 

  The same synthesis as for [(L2a)2Cd3] was followed (see above) using 30 mg 

(0.07 mmol) of pure H3L2a and 21 mg of Cu(OAc)2·H2O (0.11 mmol) (ratio 2:3). 

Blue/green prisms of complex 11 were obtained after a few days in 60 % yield (21 mg), 

which were characterised by single crystal X-ray diffraction. The crystals are air-stable 

and insoluble in water and common organic solvents. IR ν (cm-1) (KBr): 3436(vbr w), 

3056(vw), 2902(m), 1621(vs), 1544(sh m), 1536(m), 1467(sh m), 1456(s), 1444(sh m), 

1410(m), 1380(w), 1346(m), 1327(w), 1302(sh m), 1293(m), 1268(m), 1201(m), 

1155(w), 1140(s), 1124(m), 930(w), 757(s), 742(sh m), 579(w), 561(w), 455(w). Found: 

C, 63.20; H, 4.95; N, 8.14 %. C27H25O3N3Cu·0.5H2O requires C, 63.39; H, 5.13; N, 

8.22 %. (Crystals are hygroscopic.) 

5.3 Experimental for Chapter 3. 

5.3.1 Synthesis of [Mn11(L4)2(OAc)13O6(H2O)4]·MeOH·3.8H2O (Structure 12) and 

[Mn(H2L4)(OAc)(H2O)](OAc) (Structure 13). 

  To a solution of H2L3 (200 mg, 1.41 mmol) in methanol (15 mL) was added a 

solution of Mn(OAc)2·4H2O (349 mg, 1.41 mmol) in methanol (10 mL). The orange 

solution became dark brown when the solution was heated. The solution was then 

refluxed for 4 hours during which it became progressively paler until colourless. The 

heating was then stopped and within a few minutes the solution became dark brown 

again. A diethyl-ether diffusion into the brown solution gave, after a week, brown 

blocks/plates of 12 in 51 % yield (140 mg) and within these brown crystals, a few 

colourless plates of 13, which were both characterised by single crystal X-ray 

diffraction. The ratio of crystals 12:13 in the sample is ca. 10:1. The small amount of 

crystals of 13 produced did not allow for any further analysis other than single crystal 

X-ray diffraction. Both types of crystals are air-stable. Crystals of 12 are slightly soluble 

in methanol. A few crystals of 13 left sitting in air for a few days remained colourless. 

This reaction was performed many times and each time the same observations 

concerning the colour changes of the solution were made. However, crystals of 12 and 

13 were obtained only twice; subsequent repetitions of the exact same procedure then 

led to crystals of 14. IR ν (cm-1) (KBr) for the crystals of 12: 3369(vbr s), 3073(br m), 

3008(m), 2973(m), 2921(m), 2860(m), 2813(s), 2690(br m), 1847(vbr m), 1616(vs), 

1604(vs), 1580(vs), 1554(br vs), 1467(sh s), 1429(br vs), 1376(vs), 1356(sh s), 
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1324(vs), 1165(w), 1154(w), 1110(vs), 1071(vs), 1031(s), 1011(sh s), 929(br w), 777(s), 

688(s), 665(s), 652(s), 626(m), 616(m), 573(s), 547(m), 523(m), 473(m). ESMS 

(methanol) for crystals of 12: the compound does not appear on the electrospray mass 

spectrometry. 

  A suspension of crystals of 12 (110 mg, 0.05 mmol) in methanol (10 mL) was 

heated to reflux. A dark brown solution was obtained within a few minutes, which was 

refluxed for 3 days: no colour change occurred, the solution did not become colourless. 

5.3.2 Synthesis of [Mn4(HL3)4(OAc)4(OMe)2]·1.6MeOH·3.4H2O (Structure 14). 

  To a solution of H2L3 (200 mg, 1.41 mmol) in methanol (10 mL) was added a 

solution of Mn(OAc)2·4H2O (349 mg, 1.41 mmol) in methanol (10 mL) followed by the 

addition of a solution of Na(OAc) (116 mg, 1.41 mmol) in methanol (5 mL). The orange 

solution became dark brown when the solution was heated. The solution was then 

refluxed for 4 hours during which it became progressively paler until colourless. The 

heating was then stopped and within a few minutes the solution became dark brown 

again. A diethyl-ether diffusion into the brown solution gave, after a week, brown 

blocks/plates of 14 in 60 % yield (250 mg), which are dichroic (brown/green) contrary to 

crystals of 12 indicating that a different complex was formed. Crystals of 14 were thus 

characterised by single crystal X-ray diffraction. They are air-stable and slightly soluble 

in methanol. That reaction was performed many times and each time the same 

observations concerning the colour change of the solution were made. IR ν (cm-1) (KBr) 

for the crystals of 14: 3373(vbr s), 2920(m), 2860(m), 2813(m), 2643(vbr w), 1617(vs), 

1604(sh vs), 1579(sh vs), 1559(vs), 1509(m), 1467(sh s), 1439(sh vs), 1431(br vs), 

1376(vs), 1356(sh m), 1324(vs), 1261(br w), 1237(w), 1207(w), 1154(m), 1110(s), 

1072(vs), 1030(s), 1011(sh s), 872(br w), 778(m), 688(m), 664(sh m), 653(m), 625(m), 

618(sh m), 573(m), 548(m), 522(m), 473(br m), 419(w). Found for crystals of 14: C, 

42.91; H, 4.88; N, 5.01 %. C38H46O18N4Mn4 requires C, 42.78; H, 4.35; N, 5.25 %. 

(Crystals lost the solvent of crystallisation: 1.6 CH3OH and 3.4 H2O.) ESMS (methanol) 

for crystals of 14: the compound does not appear on the electrospray mass 

spectrometry.  

  The dichroic brown/green crystals of 14 were obtained for the first time following 

the procedure described above. However, the three following syntheses then also 

yielded these crystals: a) The same procedure as for the reaction of H2L3 with 

Mn(OAc)2·4H2O giving crystals of 12 and 13 (see above) was followed using 120 mg of 

2,6-pyridinedimethanol (0.85 mmol) and 575 mg of Mn(OAc)2·4H2O (2.34 mmol) 

(ligand-to-metal ratio 4:11). The solution was colourless after having been refluxed for 

4 hours and became brown again within a few minutes when left to cool down. A 

diethyl-ether diffusion into the brown solution gave dichroic brown/green blocks/plates 
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of 14 after a week. b) A solution of H2L3 (50 mg, 0.35 mmol) in 2 mL of a 1:1 

chloroform:methanol mixture was placed in a long narrow tube (18 mm × 73 mm) at 

room temperature. A layer of chloroform (0.3 mL) was then added slowly over the 

ligand-layer followed by a layer of methanol (0.3 mL). Finally, a solution of 

Mn(OAc)2·4H2O (88 mg, 0.35 mmol) in methanol (2 mL) was added dropwise over the 

other layers. The sample tube was then sealed and left undisturbed for slow diffusion. A 

diethyl-ether diffusion into the brown solution obtained after a week from the layering 

gave dichroic brown/green blocks/plates of 14 after a week. c) To a solution of H2L3 

(200 mg, 1.41 mmol) in methanol (15 mL) was added a solution on Mn(OAc)2·4H2O 

(349 mg, 1.41 mmol) in methanol (10 mL). The orange solution was stirred at room 

temperature and became dark brown within a few hours, it was stirred for 18 days 

during which time no colour change occurred. A diethyl-ether diffusion into the brown 

solution gave dichroic brown/green blocks/plates of 14 after a week. A suspension of 

crystals of 14 (118 mg, 0.10 mmol) in methanol (10 mL) was heated to reflux. A dark 

brown solution was obtained within a few minutes, which was refluxed for 3 days: no 

colour change occurred, the solution did not become colourless. 

5.3.3 Synthesis of [Ni4(HL3)3(OAc)5(HOMe)2]·3H2O·MeOH (Structure 15). 

  A solution of H2L3 (50 mg, 0.35 mmol) in 2 mL of a 1:1 chloroform:methanol 

mixture was placed in a long narrow tube (18 mm × 73 mm) at room temperature. A 

layer of chloroform (0.3 mL) was then added slowly over the ligand-layer followed by a 

layer of methanol (0.3 mL). Finally, a solution of Ni(OAc)2·4H2O (132 mg, 0.53 mmol) in 

methanol (2 mL) (ligand-to-metal ratio 2:3) was added dropwise over the other layers. 

The sample tube was then sealed and left undisturbed for slow diffusion. A diethyl-ether 

diffusion into the green solution obtained after a week from the layering gave green 

blocks of 15 in 78 % yield (100 mg) after a week. The latter were characterised by 

single crystal X-ray diffraction. The crystals gradually lose the solvent of crystallisation 

on exposure to air. They are slightly soluble in methanol. The same procedure than 

above was also followed using 50 mg of H2L3 (0.35 mmol) and 117 mg of 

Ni(OAc)2·4H2O (0.47 mmol) (ratio 3:4). A diethyl-ether diffusion into the green solution 

obtained after a week from the layering gave green blocks of 15 after a week in 86 % 

yield (110 mg). IR ν (cm-1) (KBr) for crystals of 15: 3386(vbr s), 3012(sh m), 2926(sh m), 

2848(sh m), 1590(vs), 1552(vs), 1418(vs), 1343(m), 1330(sh m), 1162(w), 1110(sh w), 

1085(sh m), 1059(sh s), 1046(s), 983(w), 902(w), 880(w), 786(m), 761(sh m), 661(s), 

623(sh m), 500(vw), 419(w). Found for crystals of 15: C, 36.62; H, 4.20; N, 3.69 %. 

C34H55O22N3Ni4·0.5CHCl3 requires C, 36.06; H, 4.87; N, 3.66 %. 
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5.3.4 Synthesis of Ni(HL5)2(OAc)2 (Structure 16). 

  A solution of HL5 (40 µL, 0.40 mmol) in 2 mL of chloroform was placed in a long 

narrow tube (18 mm × 73 mm) at room temperature. A layer of chloroform (0.3 mL) was 

then added slowly over the ligand-layer followed by a layer of methanol (0.3 mL). 

Finally, a solution of Ni(OAc)2·4H2O (132 mg, 0.53 mmol) in methanol (2 mL) 

(ligand-to-metal ratio 3:4) was added dropwise over the other layers. The sample tube 

was then sealed and left undisturbed for slow diffusion. A diethyl-ether diffusion into the 

blue solution obtained after a week from the layering gave pale blue prisms of 16 after a 

week in 70 % yield (55 mg). The latter were characterised by single crystal X-ray 

diffraction. The crystals are air-stable and slightly soluble in methanol. IR ν (cm-1) (KBr) 

for the crystals of 16: 3065 (vw), 2966 (w), 2927 (vw), 2659(vbr w), 1943(vbr s), 

1608(s), 1574(s), 1508(s), 1487(s), 1440(sh vs), 1414(vs), 1363(s), 1340(s), 1288(s), 

1221(w), 1156(s), 1137(s), 1099(m), 1063(s), 1043(vs), 1017(m), 998(m), 914(m), 

820(w), 763(vs), 727(w), 667(vs), 650(sh m), 622(m), 471(m), 421(s). Found for crystals 

of 16: C, 48.65; H, 5.10; N, 6.99 %. C16H20O6N2Ni requires C, 48.72; H, 5.11; N, 7.11 %. 

ESMS (methanol) for crystals of 16: 396.14 [C16H21O6N2Ni]+, which corresponds to 

[(HL5)2Ni(OAc)2H]+. 

5.3.5 Synthesis of 2,6-bis(hydroxymethyl)-4-methylphenol (H3L6). 

  2,6-Bis(hydroxymethyl)-4-methylphenol was prepared from 

4-methylphenol (p-cresol) by a procedure based on Gagné’s 

method.248 To a solution of NaOH (20.000 g, 0.500 mol) in water 

(80 mL) was added 4-methylphenol (54.070 g, 0.500 mol). The 

mixture was stirred for up to 20 minutes until a golden brown 

solution was formed. Then, 85 mL of formaldehyde (37 % wt, 

1.000 mol) was added while stirring. The mixture was left to stand 

for up to 2 days until an off-white solid precipitated. The solid was collected by filtration 

and the filtrate was left to stand to obtain a second crop of off-white solid. The 

precipitate was washed once with 50 mL of a saturated NaCl solution. (Caution! Excess 

washing dissolves the white solid.) The off-white solid was fully dissolved in water 

(~500 mL), then acidified to pH ~5 with acetic acid while stirring, causing a fine powder 

to precipitate. After stirring for 10 minutes the white powder was collected by filtration 

and dried under vacuum for a few hours giving pure 2,6-bis(hydroxymethyl)-4-

methylphenol (H3L6) in 34 % yield (28.5 g). dH (D6-DMSO): 8.32 (br s, 1H, He), 6.94 (s, 

2H, Hb), 5.26 (br s, 2H, Hd), 4.52 (s, 4H, Hc), 2.20 (s, 3H, Ha). 
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5.3.6 Synthesis of {Cu3(HL6)2(OAc)2(MeOH)}n (Structure 17). 

  A solution of H3L6 (25 mg, 0.15 mmol) in 1.5 mL of a 1:1 chloroform:methanol 

mixture was placed in a long narrow tube (10 mm × 75 mm) at room temperature. A 

layer of chloroform (0.3 mL) was then added slowly over the ligand-layer followed by a 

layer of methanol (0.3 mL). Finally, a solution of Cu(OAc)2·H2O (30 mg, 0.15 mmol) 

(ligand-to-metal ratio 1:1) and Na(OAc) (13 mg, 0.15 mmol) in methanol (2.5 mL) was 

added dropwise over the other layers. The sample tube was then sealed and left 

undisturbed for slow diffusion. Green blocks of complex 17, which were characterised 

by single crystal X-ray diffraction, were obtained in 53 % yield (18 mg) from the layering 

after a week. The crystals gradually lose the solvent of crystallisation on exposure to air 

and turn into a green powder, which is insoluble in water and common organic solvents. 

The same procedure than above was also followed using 25 mg of H3L6 (0.15 mmol) 

and 45 mg of Cu(OAc)2·H2O (0.23 mmol) (ligand-to-metal ratio 2:3). Green blocks of 

complex 17 were obtained from the layering after a week in 69 % yield (35 mg). The 

same procedure than above was also followed using 57 mg of H3L6 (0.34 mmol), 27 mg 

of Cu(OAc)2·H2O (0.14 mmol) (ligand-to-metal ratio 2.5:1) and 61 mg of Na(OAc) 

(0.74 mmol). Green blocks of complex 17 were obtained from the layering after a week 

in 49 % yield (15 mg). IR ν (cm-1) (KBr) for the crystals of 17: 3570(m), 3406(vbr m), 

3003(br m), 2925(br m), 2848(br m), 1562(vs), 1509(sh m), 1470(vs), 1438(s), 

1420(vs), 1405(s), 1335(m), 1301(m), 1268(s), 1235(s), 1178(vw), 1161(m), 1126(vw), 

1044(s), 1001(sh m), 862(m), 813(m), 702(vw), 678(w), 613(m), 568(vw), 518(m). 

Found for crystals of 17: C, 37.05; H, 3.93 %. C23H30O11Cu3·CHCl3 requires C, 36.51; H, 

3.96 %. 
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5.4 Experimental for Chapter 4. 

5.4.1 Synthesis of tris[2-(2’-hydroxybenzylidene)ethyl]amine (H3L7). 

Tris[2-(2’-hydroxybenzylidene)ethyl]amine 

(H3L7) was synthesised by modifying the procedure 

reported by Mukherjee et al.274 To a solution of 

tris(2-aminoethyl)amine (tren) (0.468 mL, 3 mmol) in 

ethanol (10 mL) was added 0.948 mL of 

salicylaldehyde (9 mmol). The solution was heated at 

~60ºC for 5 hours and then stirred at room temperature 

overnight during which time a yellow product 

precipitated. The precipitate was filtered under 

vacuum, washed with cold ethanol and dried under vacuum for a few hours yielding 

tris[2-(2’-hydroxybenzylidene)ethyl]amine (H3L7) as a yellow powder in 81 % yield. 

dH (CDCl3): 13.80 (br s, 3H, Hh), 7.84 (s, 3H, Hc), 7.29 (t, 3H, J = 8.0 Hz, Hf), 6.95 (d, 

3H, J = 8.0 Hz, Hg), 6.62 (t, 3H, J = 7.5 Hz, He), 6.12 (d, 3H, J = 7.5 Hz, Hd), 3.56 

(t, 6H, J = 5.0 Hz, Hb), 2.86 (t, 6H, J = 5.0 Hz, Ha), which is consistent with that 

reported.274 dC (CDCl3): 165.7 (Cc=N), 160.7 (CqAr-OH), 131.4 (CfAr), 131.3 (CdAr), 

118.2 (CqAr-Cc), 118.1 (CeAr), 116.3 (CgAr), 57.5 (Cb), 55.4 (Ca). IR ν (cm-1) (KBr): 3439(br 

w), 3055(m), 2938(s), 2916(sh m), 2893(s), 2837(sh s), 2817(s), 1728(m), 1631(vs), 

1655(sh vs), 1581(sh vs), 1498(vs), 1459(vs), 1430(vs), 1373(m), 1336(s), 1278(vs), 

1243(sh s), 1198(s), 1148(s), 1116(s), 1068(s), 1040(s), 1025(s), 954(sh m), 935(sh s), 

903(s), 872(sh s), 853(s), 770(vs), 755(vs), 738(sh s), 638(s), 575(m), 551(m), 533(m), 

464(s). Yellow prisms of H3L7, which were characterised by single crystal X-ray 

diffraction, were obtained, after a few days, by slow evaporation of a methanolic 

solution of H3L7. The crystals are air-stable and redissolve in methanol. Found for 

crystals of H3L7: C, 70.66; H, 6.57; N, 12.13 %. C27H30O3N4 requires C, 70.71; H, 6.60; 

N, 12.22 %. ESMS (acetonitrile) for crystals of H3L7: 355.20 [C20H27O2N4]+, which 

corresponds to the breaking of one of the imine to give a protonated amine. 

5.4.2 Synthesis of tris[2-(2’-pyridylmethyleneamino)ethyl]amine (L8). 

To a solution of tris(2-aminoethyl)amine (tren) (936 µL, 6 mmol) in distilled 

methanol (150 mL) was added a solution of pyridine-2-carboxaldehyde (1.730 mL, 

18 mmol) in distilled methanol (30 mL). The resulting yellow solution was stirred at room 

temperature overnight. The solvent was then evaporated to dryness giving the crude 

product as an orange oil. It was redissolved in chloroform, dried with MgSO4, and 

evaporated to dryness yielding tris[2-(2’-pyridylmethyleneamino)ethyl]amine (L8) as an 

orange oil in 75 % yield (1.8 g). dH (D6-DMSO) for the orange oil: 8.59 (d, 3H, J = 5.0 

OH
N

N
N

N
OH

OH

a b

c d
e

f

g
h



 178 

Hz, Hg), 8.30 (s, 3H, Hc), 7.89 (d, 3H, J = 8.0 Hz, Hd), 

7.80 (t, 3H, J = 8.0 Hz, He), 7.40 (dd, 3H, J = 5.0, 8.0 

Hz, Hf), 3.71 (t, 6H, J = 6.5 Hz, Hb), 2.89 (t, 6H, 

J = 6.5 Hz, Ha). dC (D6-DMSO): 162.4 (Cc=N), 

154.2 (CqAr), 149.2 (CgAr), 136.7 (CeAr), 124.9 (CfAr), 

120.3 (CdAr), 59.0 (Cb), 54.6 (Ca). The spectrum shows 

that L8 obtained is very pure even though it is an oil. In 

order to get L8 as a solid further experiments were 

performed: a) Diethyl-ether was added to a solution of 

the orange oil in methanol, however L8 did not 

precipitate. b) Some of the orange oil was further dried under high vacuum to remove 

any other potential solvents left, however the product remained an oil. 

5.4.3 Synthesis of cis,cis- and cis,trans-1,3,5-tris-(2’-pyridylmethyleneamino)cyclo-

hexane (respectively L9a and L9b). 

To a suspension of a mixture of L1a.3HCl 

and L1b.3HCl (200 mg, 0.84 mmol) in methanol 

(10 mL) was added a solution of NaOH (101 mg, 

2.52 mmol) in methanol (10 mL). The mixture was 

sonicated for about 15 minutes after which time 

L1a and L1b were neutralised and NaCl 

precipitated. NaCl was filtered and washed with methanol (5 mL). A solution of pyridine-

2-carboxaldehyde (240 µL, 2.52 mmol) in methanol (5 mL) was added dropwise to the 

solution of L1a and L1b in methanol. The resulting yellow solution was then refluxed for 

3 hours yielding L9a and L9b after which time it was evaporated to dryness giving the 

crude product as a brown oil. It was redissolved in chloroform, dried with MgSO4, and 

evaporated to dryness yielding cis,cis- and cis,trans-1,3,5-tris-(2’-pyridylmethylene-

amino)cyclohexane (L9a and L9b) as a brown oil. Some of the brown oil was further 

dried under high vacuum to remove any other potential solvents left, however it 

remained an oil. The 1H NMR spectrum in CDCl3 of the brown oil cannot be readily 

interpreted. dC (CDCl3) for the brown oil: 160.0 (Cc=N), 154.7 (CqAr), 148.5 (CgAr), 

136.6 (CeAr), 122.3 (CfAr), 120.4 (CdAr), 64.2 (Cb(CH)), 38.4 (Ca(CH2)), which is consistent 

with that reported for L9a,173 indicating that L9a has been synthesised and is the main 

compound (80 %) present in the oil. However there is a lot of noise which hides peaks 

corresponding to other products present in the oil. In order to get L9a as a solid and 

thus to purify it, further experiments were performed: a) Diethyl-ether or 

dichloromethane were added to a solution of the brown oil in toluene, however L9a did 

not precipitate. b) The same synthesis of L9a and L9b than above was then tried in 
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dichloromethane with molecular sieves also yielding a brown oil, whose 1H NMR 

spectrum gave the same results as above. c) The same procedure as for the synthesis 

of H3L2a and H3L2b was then applied to synthesise L9a and L9b using the same 

quantity of starting materials as above. The mixture of L1a.3HCl and L1b.3HCl and 

sodium hydroxide was dissolved in water and to this a solution of pyridine-2-

carboxaldehyde in diethyl-ether was added. The mixture was stirred vigorously, in a 

sealed vessel for 48 hours. As no precipitate had appeared after that time ethanol was 

added to mix the water phase with the ether phase. This solution was then stirred 

overnight after which time ether and ethanol were evaporated as still no precipitate had 

appeared. The aqueous phase left was extracted with chloroform, the chloroform phase 

then being dried with MgSO4 and evaporated to dryness yielding once again a brown 

oil, whose 1H NMR spectrum gave the same results as above. d) Column 

chromatography of the brown oil obtained from the synthesis in water/diethyl-ether 

described above was performed on silica using a mixture of dichloromethane/methanol 

(98:2 v/v), which is the mixture of solvents that gives the best separation of the different 

products by thin-layer chromatography. Nine different fractions were separated from 

column chromatography, for which an 1H NMR spectrum in CDCl3 was performed. 

However, each of these fractions still seem a mixture of products whose 1H NMR 

spectrum cannot be readily interpreted and none of them showed a singlet that could be 

attributed to an imine. 

5.4.4 Synthesis of (L7)2Cd3 (Structure 18). 

  A solution of tris[2-(2’-hydroxybenzylidene)ethyl]amine (H3L7) (50 mg, 

0.11 mmol) in chloroform (2 mL) was placed in a long narrow tube (18 mm × 73 mm) at 

room temperature. A layer of chloroform (0.3 mL) was then added slowly over the 

ligand-layer followed by a layer of methanol (0.3 mL). Finally, a solution of 

Cd(OAc)2·2H2O (44 mg, 0.17 mmol) in methanol (2 mL) was added dropwise over the 

other layers. The sample tube was then sealed and left undisturbed for slow diffusion. 

Pale yellow prisms of complex 18, which were characterised by single crystal X-ray 

diffraction, were obtained in 81 % yield (55 mg) after a few days. The crystals are air-

stable and insoluble in water and common organic solvents. IR ν (cm-1) (KBr): 3448(vbr 

m), 2949(w), 2847(m), 1631(vs), 1599(sh s), 1535(s), 1468(vs), 1447(vs), 1404(s), 

1348(s), 1323(m), 1280(m), 1213(w), 1185(m), 1150(m), 1122(m), 1030(m), 894(m), 

761(s), 734(m), 639(w), 588(m), 569(m), 522(vw), 448(w). Found: C, 49.67; H, 4.26; N, 

8.83 %. C54H54O6N8Cd3·0.5CHCl3 requires C, 49.88; H, 4.19; N, 8.54 %. 



 180 

5.4.5 Synthesis of [(L8)2Ag3](PF6)3 (Structure 19) and [(L8)Ag](PF6) (Structure 20). 

To a solution of tris[2-(2’-pyridylmethylene-amino)ethyl]amine (L8) (372 mg, 

0.90 mmol) in acetonitrile (60 mL) was added dropwise 

a solution of AgPF6 (341 mg, 1.35 mmol) in acetonitrile 

(10 mL) (ligand-to-metal ratio 2:3). Caution! The round-

bottomed flask was wrapped in aluminium foil as silver 

is light sensitive. The orange solution obtained was 

stirred at room temperature overnight during which time 

it turned brown. To the concentrated solution of the 

complex was added a saturated solution of NH4PF6 in 

H2O (a few drops) yielding the precipitation of a yellow 

powder which was filtered and dried in 39 % yield 

(280 mg). A diethyl-ether diffusion into an acetonitrile solution of the complex gave 

yellow prisms of complex 19 after a few days. The latter were characterised by single 

crystal X-ray diffraction. The crystals are air-stable and are slightly soluble in 

acetonitrile. IR ν (cm-1) (KBr) for crystals of 19: 3429(br vw), 2952(w), 2915(w), 2859(w), 

2813(w), 1655(m), 1590(m), 1475(w), 1459(sh w), 1440(m), 1381(vw), 1308(w), 

1224(vw), 1158(vw), 1050(vw), 1006(vw), 920(sh w), 839(vs), 771(s), 741(m), 557(vs), 

504(w). Found for crystals of 19: C, 36.21; H, 3.41; N, 12.19 %. C96H108N28Ag6P6F36 

requires C, 36.41; H, 3.44; N, 12.39 %. ESMS (acetonitrile) for crystals of complex 19: 

520.14 [C24H27N7Ag]+, which corresponds to [(L8)Ag]+. dH (CD3CN) for the crystals of 

complex 19: 8.43 (s, 3H, Hc), 8.34 (m, 3H, Hg), 7.89 (m, 3H, Hd), 7.58 (m, 3H, He), 7.48 

(m, 3H, Hf), 3.85 (m, 6H, Hb), 2.97 (m, 6H, Ha). 

The same procedure as for complex 19 was also followed using 372 mg 

(0.90 mmol) of L8 and 227 mg (0.90 mmol) of AgPF6 (ligand-to-metal ratio 1:1), leading 

to the precipitation of a yellow powder of complex 20 in 26 % yield (158 mg). A diethyl-

ether diffusion into an acetonitrile solution of the complex gave pale yellow plates of 

complex 20, which were characterised by single crystal X-ray diffraction. The crystals 

are air-stable and are soluble in acetonitrile. IR ν (cm-1) (KBr) for crystals of 20: 

3079(vw), 2948(w), 2900(w), 2880(sh w), 2845(sh w), 2802(s), 2730(w), 1657(m), 

1646(sh w), 1585(s), 1568(w), 1471(sh m), 1464(m), 1437(s), 1374(m), 1339(m), 

1324(w), 1303(m), 1281(m), 1155(m), 1075(w), 1044(m), 997(m), 933(m), 895(m), 

876(sh m), 838(vs), 774(s), 742(m), 625(m), 557(vs), 503(m), 495(sh w), 403(w). Found 

for crystals of 20: C, 43.38; H, 4.05; N, 14.61 %. C24H27N7AgPF6 requires C, 43.30; H, 

4.09; N, 14.74 %. ESMS (acetonitrile) for crystals of complex 20: 520.13 [C24H27N7Ag]+, 

which corresponds to [(L8)Ag]+. dH (CD3CN) for the crystals of complex 20: 8.51 (m, 3H, 

Hg), 8.48 (s, 3H, Hc), 7.84 (m, 6H, Hd and He), 7.48 (m, 3H, Hf), 3.79 (m, 6H, Hb), 2.97 

(m, 6H, Ha). 
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5.4.6 Synthesis of [(L8)Cu](PF6)2 (Structure 21). 

To a degassed solution of tris[2-(2’-pyridylmethyleneamino)ethyl]amine (L8) 

(372 mg, 0.90 mmol) in acetonitrile (50 mL) was added dropwise under nitrogen a 

degassed solution of Cu(CH3CN)4·PF6 (503 mg, 1.35 mmol) in acetonitrile (10 mL) 

(ligand-to-metal ratio 2:3). The dark brown solution obtained was stirred at room 

temperature overnight under nitrogen. To the concentrated solution of the complex of 

Cu(I) was added a saturated solution of NH4PF6 in H2O (a few drops) leading to the 

oxidation of Cu(I) to Cu(II) and to the precipitation of a green powder of a Cu(II) 

complex, which was filtered and dried, in 32 % yield (220 mg). A diethyl-ether diffusion 

into an acetonitrile solution of the complex gave green prisms of complex 21, after a few 

days. The latter were characterised by single crystal X-ray diffraction. The crystals are 

air-stable and are slightly soluble in acetonitrile. The same procedure as above was 

also followed under an atmopshere of nitrogen using the same quantity of starting 

materials. The concentrated acetonitrile solution of the complex of Cu(I) and a saturated 

aqueous solution of NH4PF6 were both put under nitrogen and degassed for 15 minutes. 

The latter was then canulated under nitrogen to the former leading again to the 

oxidation of Cu(I) to Cu(II) and to the precipitation of a green powder of a Cu(II) 

complex in the same yield as above. A diethyl-ether diffusion into an acetonitrile 

solution of the complex gave green prisms of complex 21, after a few days. IR ν (cm-1) 

(KBr) for crystals of 21: 3429(vbr w), 2931(w), 2863(m), 2841(w), 1654(m), 1602(m), 

1478(w), 1448(m), 1377(w), 1308(m), 1078(w), 1051(m), 1020(vw), 837(vs), 773(s), 

741(w), 557(vs), 504(vw). Found for crystals of 21: C, 37.29; H, 3.53; N, 12.52 %. 

C24H27N7CuP2F12 requires C, 37.59; H, 3.55; N, 12.80 %. 

5.4.7 Synthesis of [(L9a)Fe](PF6)2 (Structure 22). 

  To a suspension of a mixture of L1a.3HCl and L1b.3HCl (60 mg, 0.25 mmol) in 

methanol (5 mL) was added a solution of NaOH (30 mg, 0.75 mmol) in methanol 

(2 mL). The mixture was sonicated for about 15 minutes after which time L1a and L1b 

were neutralised and NaCl precipitated. NaCl was filtered and washed with methanol 

(3 mL). To this solution of L1a and L1b in methanol was added 

pyridine-2-carboxaldehyde (73 µL, 0.75 mmol) and the solution was refluxed for 5 hours 

yielding L9a and L9b. A solution of FeCl2·4H2O (50 mg, 0.25 mmol) in methanol (5 mL) 

was then added through the reflux condenser giving a purple solution which was 

refluxed for another hour. To the concentrated solution of the complex was added a 

saturated solution of NH4PF6 in H2O (a few drops) yielding to the precipitation of a 

purple powder which was filtered and dried in 43 % yield (80 mg). A diethyl-ether 

diffusion into an acetonitrile solution of the complex gave dark purple needles of 

complex 22 after a few days. The latter were characterised by single crystal X-ray 
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diffraction. The crystals are air-stable and are 

slightly soluble in acetonitrile. IR ν (cm-1) (KBr) for 

crystals of 22: 3666(w), 3589(vw), 3447(vbr w), 

3086(vw), 2924(w), 1608(m), 1550(vw), 1469(s), 

1442(m), 1298(w), 1258(w), 1131(m), 1077(w), 

1020(w), 839(vs), 767(s), 747(sh m), 557(s), 

521(w). Found for crystals of 22: C, 37.98; H, 

3.20; N, 11.02 %. C24H24N6FeP2F12·H2O requires C, 37.89; H, 3.45; N, 11.05 %. 

(Crystals are hygroscopic) ESMS (acetonitrile) for crystals of 22: 225.99 [C24H24N6Fe]2+, 

which corresponds to [(L9a)Fe]2+. dH (CD3CN) for crystals of complex 22: 9.05 (s, 3H, 

Hc), 8.28 (d, 3H, J = 7.5 Hz, Hg), 8.16 (t, 3H, J = 7.5 Hz, Hf), 7.51 (t, 3H, J = 7.5 Hz, He), 

6.68 (d, 3H, J = 7.5 Hz, Hd), 4.80 (m, 3H, Hb), 2.64 (d [observed], 3H, J = 14.4 Hz, Ha), 

1.88 (d [observed], 3H, J = 14.4 Hz, Ha). 
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Ligands used in this thesis. 
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Ligands used in this thesis. 
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Attached CD-ROM. 

 

The CD-ROM attached to this thesis contains electronic versions of various files 

for the structures given in this thesis. There are 2 folders that contain these files. (This 

information is also given in the ReadMe.txt file on the CD.) 

 

The CIF folder contains all the crystallographic information files (*.cif). The 

naming of each file corresponds to the structure as given in the thesis (e.g. Struct1 

corresponds to Structure 1). CIFs can be viewed in the Mercury program, which is a 

program available as a free download from the CCDC website (www.ccdc.cam.ac.uk). 

 

The PDF folder contains a PDF type file of this entire thesis, should the reader 

require an electronic copy. PDF files can be viewed in the Adobe Acrobat Reader 

program, which is available as a free download from the Adobe website 

(www.adobe.com/products/acrobat/readermain.html). 
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