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Abstract
Supramolecular cage complexes are of great interest, not only for their structural elegance, but also for their applications.  Chapter 1 describes a collection of the many types of cage complexes based on three-dimensional polyhedral shapes and the host-guest chemistry that some cages complexes, enabled by their central cavities, are able to exhibit as they encapsulate small molecules.  

This thesis contains a number of studies, starting with an investigation into the host-guest chemistry of the tetrahedral cage complex [M4(Lbip)6⊃(BF4)](BF4)7 [where M = Co(II) or Cd(II)].  Anion exchange is able to take place in these complexes, replacing tetrafluoroborate counterions for 1-naphthyl sulfonate or tetraphenylborate molecules.  This is summarised in Chapter 2.
Chapter 3 details three experiments that look into the stability and the self-assembly process of tetrahedral cage complexes in solution.  Two experiments involve the use of electrospray mass spectrometry, one to monitor the exchange of ligands between two tetrahedral cages, and the other to monitor the exchange of metal(II) ions between two isostructural cages.  The third study follows the self-assembly of a tetrahedral cage by employing UV/vis spectroscopic titrations and uses equilibrium-restricted factor analysis to model the additive factors in the data as definite chemical species.
Chapters 4 and 6 describe new ligands and modifications to ligands by altering the pyrazolyl-pyridine binding units.  It has been discovered that using pyrazine in place of pyridine (Chapter 4) on the ligands has a dramatic effect on the construction of the final product.
The encapsulation of neutral molecules by the cubic cage complex [Co8(L1,5-nap)12](BF4)16 is investigated in Chapter 5 and it has been discovered that coumarin binds to the internal cavity of the cage.  The paramagnetic Co(II) metal centres cause the signals of the cage protons in the 1H NMR spectrum to be spread over a wide range (± 100 ppm).  This makes it easy to see the guest signals and to identify any changes due to host-guest binding.
Acknowledgments 
It’s been a great three years for me; I’ve made lots of friends and really enjoyed being in the lab with a wonderful bunch of people.  There were certain times when nothing seemed to be going right and I’d like to thank everyone who listened to me moan about how certain things weren’t working.  The group has changed a lot over three years but it’s important to remember the people that have left.  Sofia and Nick were a dedicated couple and Sofia was a real character.  Nick would have loved to have been around last year to see Crystal Phallus FC place in the top three of the Chemistry Summer Football Tournament.  Voirrey (Lee Mcleod) and Hazel were a nice pair of young ladies to work with, both very quirky, so I’ll say no more.  I would like to thank Ian Tidmarsh for his help with X-ray crystallography, but I think I earned that help by regularly picking up Bakewell tarts for him from the union shop.  The group as it is at the time of my departure is a wonderful collection of fabulous people and great scientific minds.  Dan (Ward and Brammer group go-karting champion 2011) has really helped the group with his expertise and by encouraging us to do more things together; he has time for everyone and can have a conversation about anything.  He puts aside his hatred of cyclists and is able to maintain a civil relationship with me.  Every time I cruise past queued cars in rush hour on my bicycle (the zero emission option!) I think of him and his swelling anger.  Alex (Slugger, A-Shell, Shelly, Chuckles, Two Shirts) is a fine upstanding American fellow who has done a great deal of tasks for the group to help it run smoothly, I merely wish he’d stop playing American rounders and take up a real sport.  I would also like to thank Martina and AJ for their support, friendship and the stream of sweets that they fed me and everyone else.  I don’t know how but I managed to avoid winding Martina up to the point physical violence.  Andy is an amazing footballer and an excellent chemist; it’s been great working with him, sharing problems of the crystallographic nature and talking about sport.  Shida is super lady and it’s always been nice to work in the lab with her.  She was also one of the best waste solvent partners anybody could ask for.  Adel was a great asset to the group and did some interesting things.  Emma was an amazing fourth year student, a joy to work with and very dedicated.  Methers the new member is likely to fit in well and his passion for chemistry and sport means that he is in good company.  Mike has been a brilliant supervisor to work for and I’d like to thank him for his enthusiasm, knowledge, patience and funny stories.  I would like to thank Simon Turaga, Chris Hunter, the Brammer group especially Lee, Inigo, John (for his friendship and for getting me into triathlon), Jamie, Jason, Ramida and Stefano.  Many thanks to Harry Adams, Sharon Spey, Simon Thorpe, Sue Bradshaw and Brian Taylor for their help and for letting me use the various instruments.   Additional thanks to everyone else in the department that knows me, has helped me or lent anything to me (especially Helene).  I’d also like to thank my wonderful girlfriend Marlous for her loving support and my parents who must have wondered if I’d ever leave university.

Contents
11 Introduction


31.1 2-Dimensional supramolecular structures


61.2 Helicates


111.3 Cages


121.4 Cage design


191.5 Host-guest studies


191.5.1 Cation encapsulation


211.5.2 Anion encapsulation


211.5.3 Neutral molecule encapsulation


251.6 Reactions and catalysis within cage complexes


271.7 Tailoring the internal cavity


291.8 Conclusion


312 Anion exchange experiments


312.1 Summary


322.2 Introduction


382.3 Complexes based on a mixture of two types of anion


382.3.1 Diphenyl phosphate as a guest anion


412.3.2 Anion exchange using 1-naphthyl sulfonate


452.3.3 Tetraphenylborate as a potential guest anion


492.4 Conclusion


502.5 Experimental


573 Tetrahedral cage stability and self-assembly experiments


573.1 Summary


583.2 Introduction


633.3 Ligand exchange between tetrahedral cages


703.4 Metal cation scrambling between cages


743.5 Self-assembly of [Co4(Lbip)6⊃(BF4)](BF4)7 in solution followed by spectroscopic titrations


773.6 Conclusions


783.7 Experimental


814 Complexes assembled using new bis-bidentate ligands


814.1 Summary


824.2 Introduction


864.3 Cages assembled using a bis-bidentate ligand with a 2,6-naphthyl spacer


874.3.1 [Co4(L2,6-nap)6](BF4)8 Tetrahedral cage


894.3.2 [Ni4(L2,6-nap)6](BF4)8 Tetrahedral cage


914.4 Cages assembled using ligands with two chelating pyrazolyl-pyrazine units


924.4.1 [Cu(L1,8-pza)(H2O)](BF4)2  Mononuclear complex


964.4.2 [Cd2(L1,8-pza)3⊃(H2O)](BF4)2(SiF6) capsule


1004.4.3 [Co4(L1,8-pza)6⊃(SiF6)](BF4)6 tetrahedral cage


1034.4.4 [Ni4(L1,8-pza)6⊃(SiF6)](BF4)6 tetrahedral cage


1044.4.5 Comparison of L1,8-pza structures


1054.4.6 [Co4(Lb-pza)6⊃(BF4)](BF4)7 tetrahedral cage


1074.4.7 [Cd4(Lb-pza)6⊃(BF4)](BF4)7 tetrahedral cage


1084.4.8 [Cu4(Lb-pza)6](BF4)8 tetrahedral cage


1104.5 Conclusions


1114.6 Experimental


1195 Specific binding of coumarin to a cubic cage


1195.1 Summary


1205.2 Introduction


1245.3 [Co8(L1,5-nap)12](BF4)16 Cubic cage


1285.4 Full spectroscopic assignment of [Co8(L1,5-nap)12](BF4)16 using T1 relaxation times


1325.5 [Co8(L1,5-nap)12](BPh4)16 Cubic cage


1365.6 Cage cavity volumes


1385.7 Guest molecule binding to [Co8(L1,5-nap)12](BF4)16


1435.8 Conclusions


1445.9 Experimental


1476 Oxygen containing ligands


1476.1 Summary


1486.2 Introduction


1506.3 Complex from ligand containing a methoxy  group


1536.4 Ligands functionalised on the binding unit


1586.5 Conclusions


1596.6 Experimental


1657 References





1 Introduction

Self-assembly is one of the most important, yet seemingly simple chemical processes to occur.  Indeed, the existence of complex life-forms relies completely upon the self-assembling arrangement of DNA and proteins.  It is believed some 70 %-80 % of all proteins are permanently oligomeric, composed of multiple protein subunits that are held together in a precise spatial organisation through non-covalent interactions.  These interactions are self-directed, requiring no external influence, and demonstrate the importance and the strength of self-assembly as a synthetic tool.1  The challenge lies with being able to fully understand and predict the processes before self-assembly can be fully exploited.
Supramolecular chemistry is described as “chemistry beyond the molecule” by Lehn in the respect that we can consider molecules as the subunits of a supramolecular structure much like atoms are the subunits of a molecule.2  The field of supramolecular chemistry has developed into its own highly interdisciplinary field of science with structures being reported that are highly organised and lend themselves to a variety of applications such as nano-scale flasks,3 catalysts,4 phase transfer agents,5 molecular receptors6 and polydispersity control agents.7
The discovery of crown ethers was an important early milestone in the development of supramolecular chemistry as the molecules are able to select metal ions based on their size and therefore display some of the first examples of selective reconition of guest species.8,9  Crown ethers are macrocylic ligands which have enough flexibility to be able to incorporate a number of different metal ions.10  Work in this area led to the discovery of cryptands,10,11 spherands12 and to the beginnings of the field of supramolecular chemistry. Both crown ethers and cryptands have found applications as phase transfer catalysts13,14 and cation chelators.15 
Since then, many types of interaction have been employed to construct supramolecular architectures.  Hydrogen bonds and other weak interactions such as π•••π interactions, van der Waals interactions, electrostatic and hydrophobic interactions can be used, often cooperatively, to assemble supermolecules.  However, the most suited type of interaction for this purpose is the metal-ligand coordination bond.  This type of interaction lies midway between the strength of traditional covalent bonds and weaker intermolecular interactions, producing bond energies in the region 60 – 200 kJmol-1.  A degree of directional control can also be applied through the choice of metal ion and its preferred coordination geometry.  The identity of the final product is therefore predetermined by the system, with the conformational preferences and binding directionality of the components dictating what happens.  If a suitable rigid ligand is used then a retrosynthetic approach can be employed with great effectiveness to produce a supramolecular structure through careful design.16
An essential characteristic of the metal-ligand coordination bonds used to hold together supermolecules is that they must be kinetically labile. The key feature of self-assembling systems is the kinetic reversibility of the processes that occur within them, as numerous association and dissociation steps need to take place to facilitate the formation of a stable structure.  This form of self-correction is critical and leads to the formation of a product that is thermodynamically more stable than the starting materials and any reaction intermediates.16  

The actual formation of closed supramolecular structures such as macrocycles or coordination cages, as opposed to extended polymers, is due to a balance between entropy and enthalpy.  Based on the number of binding interactions supramolecular complexes can be enthalpically more favourable than smaller, simpler complexes yet less favourable than polymers on.  The separate, free components of a system represent the most entropically favourable state and a polymer, the least favourable.  A system composed of discrete three-dimensional supramolecular structures is more entropically favourable than that of polymer chains due to the number of molecules present.16  
1.1 2-Dimensional supramolecular structures 
Two-dimensional metallocyclic complexes have been extensively studied, following the initial work by Fujita17 and Stang.18  Most examples are based on square-planar platinum(II) and palladium(II) complexes as they make effective directing units due to their well-defined coordination geometry.  Used in conjunction with suitable rigid, nitrogen-donor bridging ligands, these metal ions allow the rational design of squares, triangles, rhomboids, rectangles and rings.19 

The square complex produced by Fujita and co-workers shown in Scheme 1.1 was the first of its kind and consists of four palladium(II) vertices in which two coordination sites are cis-capped by the chelating ligand ethylenediamine.  Four electron-donating linear bridging ligands (4,4’-bipyridine) form links between the 90° palladium(II) corner units, spanning the edges of the square, to complete the closed structure.  The {Pd(en)2}2+ vertices are kinetically inert because of the chelating nature of the ethylenediamine, whilst the non-chelating 4,4’-bipyridine units form kinetically labile bonds to Pd(II) and are able to undergo rapid substitution.  These factors ensure the thermodynamic stability of the square as the {Pd(en)}2+ units remain intact but the lability of the 4,4’-bipyridine linkers allow a thermodynamic minimum to be slowly reached.20,21 
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This structure proved to be the first demonstration of a self-assembled square by use of a transition metal ion and the first use of an end-capped transition metal in molecular self-assembly.20  Everything about the structure is deliberate and the design is well thought out, using the building-block or “tectonic” approach employed in crystal engineering.22
The approach used for the formation of molecular triangles is not as obvious as it with squares as it is much more difficult to find a metal corner unit possessing the required 60° bite angle.23  This has been achieved with complexes of platinum(II) and palladium(II)24 but Newkome has devised a method that uses ligands to form the vertices, each ligand forming a tris-chelate with two of the three octahedral metal ions that sit on the edges of the triangle (Figure 1.1).25,26
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Iron(II) can be used as well as ruthenium(II) in an innovative way in which ligands and metal ions can cooperate to form desired complexes.  The bridging ortho-phenyl bridging unit produces the necessary 60° angle at the vertices of the triangle and the alkyne spacers prevent unfavourable steric interactions between terpyridine units.25
There are further cases of self-assembly of squares and triangles in which extended ligands are used to span the edges.27  This makes way for an alternative method of triangle formation where the 60° corner units are composed of metal ions and the ligands as well as the metal-ligand bonds become strained in order to become part of a thermodynamically favoured closed structure.28  In some cases this leads to a square/triangle equilibrium where the difference in stability between the two is marginal.29 
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A balance between entropy and enthalpy determines the relative proportion of each product (Scheme 1.2).  The formation of the square is driven by enthalpy as there is no conformational strain created in the ligands.  Entropy favours the formation of the triangle as more molecules are formed from the same number of components within the system compared to the square.  The relative concentrations can be controlled by observing Le Chatelier’s principle as an increase in overall concentration favours formation of a small number of larger molecules (squares) whereas increased temperature favours a larger number of smaller molecules (triangles).  This assumes that the conversion of squares to triangle is endothermic.16
An example by Fujita demonstrates that the square-triangle equilibrium system, using trans-1,2-bis(4-pyridyl)ethylene and [Pd(en)(NO3)2], can be influenced as an increase in concentration leads to higher proportion of the square (Scheme 1.3).30  Fujita was the first to realise that the nature of the ligand also has an effect on the square-triangle equilibrium as when longer, more flexible ligands are used, the equilibrium lies towards triangle formation as there is smaller degree of conformational strain associated with these assemblies.  
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1.2 Helicates
As a better understanding of self-assembly processes was achieved, research naturally progressed towards ways to mimic natural structures such DNA and other natural systems,31 leading to the development of supramolecular helicates.  The work of Lehn and co-workers on self-assembling helicates began with the copper(I) containing double stranded helicate shown in Figure 1.2.32,33  
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When copper(I) is combined with the quaterpyridine unit in a 1:1 ratio, the geometric constraints on the ligand and the stoichiometric and geometric requirements of the copper(I) ions ensure that each bipyridine unit forms a bis-chelate with two different metal ions.  Additionally, the methyl groups present on the central bipyridine units of the ligands impose a twist which helps the ligand partition into two separate bidentate units, as required for a helicate.  This complex is homochiral, as the ligands are arranged in an identical manner, and the two metal centres have the same absolute configuration. 

Combination of copper(I) with extended, modified iterations of the above ligand produced the series of double stranded helicates shown in Figure 1.3.  The flexibility of these ligands created by the CH2–O–CH2 bridges makes the R groups especially important as they prevent the formation of mononuclear species.34 
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The self-assembly processes leading to the formation of these double stranded helicates exhibit characteristics observed in biological systems such as positive cooperativity.  The complexation of the first metal ion to its two ligand strands is the rate limiting step of the process.  After that, each sequential metal complexation step is easier as the helicate become more organised.  The ligands also have the ability to self-recognise, for in a system composed of a mixture of ligands no polymers or mixed-ligand species form.  Instead, the system organises itself so that the only products are the various double stranded helicates, formed between matching ligands and copper(I) ions.

Other metal ion types can be used to construct similar structures and Figure 1.4 shows a triple stranded helicate formed from a mixture of nickel(II) ions and flexible bipyridine-containing ligand strands.34  
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When iron(II), a metal ion with an octahedral geometry, is used in place of nickel(II) a triple stranded helicate is not formed.  When the ligand is combined with iron(II) chloride, the compound shown in Figure 1.5 is produced; a circular double stranded helicate.35  The closed, ring-like pentanuclear complex consists of five iron(II) ions, five ligands and a chloride ion.  The bipyridine binding units of the ligands are arranged in a pseudo-octahedral geometry around the metal ions so that each unit binds to a different iron(II) ion.  As result the central bipyridine units of each ligand sit on the inner edge of the macrocycle, whilst the terminal bipyridine units, with their methyl groups, point outwards.36   
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The inclusion of the chloride ion in the centre of the structure suggested that it acts as a template for the assembly of the cyclic helicate.  This suspicion was confirmed as the use of larger counter ions such as sulphate, tetrafluoroborate and hexaflurosilicate leads to the formation of a hexanuclear circular helicate with a larger cavity to accommodate the larger ion.  When bromide is used, a counterion of intermediate size, a mixture of both hexanuclear and pentanuclear circular helicates is formed.37  The template-effect seen at work here shows how the helicate acts as a receptor and self-assembles in response to the substrate.  It was also found that the hexanuclear structure can be quantitatively converted to the pentanuclear circular helicate by exchanging the sulphate anion for chloride.  This system is therefore able to function as a virtual combinatorial library as different structures can be assembled from the same set of components.38  Each of the individual species available within the library represents all of the available products as they are able to disassemble and reassemble to form each other in dynamic combinatorial chemistry process.38
Structures requiring a mixture of specific metal types for self-assembly, such as the one shown in Figure 1.6, have also been reported.39,40  Ligand design ensures that coordinative saturation of the metal centres can only be achieved if the correct metal ions coordinate to certain chelating units from two identical ligands.  The best way for this system to achieve this is by the ligands wrapping themselves around the specific metal ions, forming a helix containing four-coordinate Cu(I) and six-coordinate Fe(II) centres.
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1.3 Cages

Coordination driven self-assembly has enabled the development of many three-dimensional supramolecular structures.  A huge variety of compounds with different size, shape and functionality have been reported and more are still being discovered.41  The fact that elaborate structures are constructed from relatively simple sub-units is one of the main attractions of the self-assembly of cage complexes.  As well as the five simple Platonic solids (Figure 1.7 top row), which have faces consisting of one type of polygon with all vertices equivalent, Archimedean solids42 (Figure 1.7 bottom row) (with two types of regular polygon faces), and other interesting shapes such as trigonal prisms,43 tetragonal prisms,44 adamantoids45 and trigonal bipyramids, can be produced.46 
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1.4 Cage design

One of the things that most cages have in common is the inclusion of bridging ligands to link together the metal ions present in the structure.  The simplest cage based on a platonic solid is the tetrahedron, possessing six edges and four vertices.  The first coordination case of this type was serendipitously discovered by Saalfrank47 and since then many cages based on various design principles have been developed.

The Ward group has developed many cationic M4L6 tetrahedral cages, assembled using flexible bis-(pyrazolyl-pyridine) ligands.  When the ligand Lo-ph, with an ortho-phenylene spacer, is combined with a cobalt(II) tetrafluoroborate, a tetrahedral cage [M4(Lo-ph)6]8+ (Scheme 1.4) is formed, with six ligands spanning the edges, each linking two metal ions.  Each octahedral cobalt ion is coordinated with one bidentate unit of three different ligands.  A tetrahedral counterion resides in the central cavity of the cage and is a necessary template for cage formation, its fit complementing the cavity shape as each fluorine atom points towards each triangular face.48  A study carried out using 11B and 19F NMR spectroscopy revealed that the counterion is trapped and does not exchange with the seven free tetrafluoroborate molecules.49 
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Another approach, used by Saalfrank, to construct a tetrahedral cage is by capping the faces with a tripodal, hexadenate ligand.  When the N-centred ligand shown in Scheme 1.5 is treated with caesium carbonate and indium(II) perchlorate a tetrahedral cage with a caesium cation encapsulated in the central cavity is assembled.50,51  In this case the use of face-capping ligands produces a different metal/ligand stoichiometry than that of the previous M4L6 tetrahedron (which uses edging-bridging ligands); an M4L4 structure with a 1:1 metal/ligand ratio.
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If just the ligand and indium salt are combined, with no caesium carbonate present, the ligand becomes protonated at the central nitrogen and a tetrahedral cage cation forms.  In this case no encapsulated ion is present within the central cavity showing that there is no need for a templating molecule.  Additionally, if this complex is then treated with triethylamine, a cage with a no overall charge exists.  The caesium-encapsulated complex can also be obtained from the N-protonated tetranuclear In(III) species by deprotonation using caesium carbonate.50    

Similarly, with cubic cages, two design strategies can be employed; edge-directed self-assembly and face-directed self-assembly.  Lm-ph, A positional isomer of Lo-ph synthesised by the Ward group, possessing a meta-phenylene spacer, assembles to form either an M8L12 cubic or an M6L9 ‘open book’ structure (Figure 1.8) in the presence of tetrafluoroborate or perchlorate salts of zinc(II) and cobalt(II).52  In both of these structures the ligands span the edges of the well-defined shapes as they each bridge two metal ions.  
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Figure 1.8 Structures of the cubic cage and the ‘open-book’ metal framework from metal(II) ions and Lm-ph.  
Whether or not these structures are in dynamic equilibrium or if they can be controlled by suitable guest molecules has not been determined.  The fact that two different structures can result from the same set of molecules shows behaviour similar to some of the virtual combinatorial libraries that have been developed.52,53  However, in one case, dissolution of crystals of an M8L12 cube gives a solution with an NMR spectrum consistent with the M6L9 open-book structure, implying complete rearrangement upon dissolution.54 

Face-directed self-assembly involves the linkers spanning some or all of the resulting faces of the cage compound and therefore connecting at least three metal ions.  In the example shown in Scheme 1.6

Scheme 1.6



Scheme 1.7
, 12 ditopic 90 º palladium-containing corner units self-assemble with 6 Co(II) complexes, each containing a tetrapyridyl ligand, to form an M12L6 cubic cage.55  This assembly occurs as the faces of the cube are capped with the tetrapyrdyl-containing units, whilst the angle between each face is defined by the palladium(II)-containing units.
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The second largest of the platonic solids is the dodecahedron, consisting of twelve regular pentagonal faces.  It is believed to be the most complicated to construct due to the 108º angle between its edges and the 50 subunits needed for its assembly; 20 tripodal subunits to lie on the vertexes and 30 linear bridging sub-units to lie along the edges (if an edge-directed strategy is used).  An example of the self-assembly of this polyhedron has been provided by the Stang group, using tris(4-pyridyl)methanol as the tripodal corner units and 1,4-[bis-(trans-Pt(PEt3)2OTf)]benzene (or 4,4’-[bis-(trans-Pt(PPh3)2OTf)]biphenyl) to lie along the edges, linking the tripyridyl units (Scheme 1.7).56  The fact that its formation requires the complimentary coordination of 50 building blocks highlights how powerful self-assembly can be as a synthetic tool.  In contrast, the hydrocarbon equivalent, C20H20, is made following 23 synthetic steps.57
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The cuboctahedron is an Archimedean polyhedron consisting of six square faces and eight equilateral triangular faces.  The Ward group has been able to synthesise cage complexes based on this three-dimensional shape, involving the use of two ligand types combined in a single complex (Scheme 1.8

Scheme 1.9
).  The tris-bidentate ligand L135 is combined with Lo-ph and either cobalt(II), cadmium(II) or copper(II) ions in a 1:3:3 ratio to allow the complex [M12(L135)4(Lp-ph)12](X)24 (where X = ClO4- or BF4-)  to self-assemble.  The tris-bidentate ligands cap three of the triangular faces, whilst the bis-bidentate ligands span the edges of the cuboctahedron and fill the remaining coordination sites of the metal(II) ions that lie on the vertices.  As a result of the two ligand types, there are two types of triangular faces present in the complex; those defined by one capping ligand L135 and those defined by three edge-spanning ligands Lo-ph.  Analysis of the complexes using electrospray mass spectrometry shows no evidence of any homoleptic cages in solution, even though Lo-ph is able to form a homoleptic cage complex with octahedral metal(II) ions.58 This shows that the cooperative effect of the two ligands makes the formation of the mixed-ligand structure more favourable than any of the possible homoleptic cages.  All of the metal centres have a meridional geometry, and all have the same chirality, suggesting that these features are a necessary requirement for the formation of a closed structure.
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The Fujita group has prepared pseudo-spherical cage structures, using an edge-directed self-assembly approach.  By using rigid, bent dipyridyl bridging ligands in conjunction with naked square-planar palladium(II) ions in a 2:1 ratio, a Pd12L24 cuboctahedron (where L = Lph, Lfur or Ltp in Scheme 1.9)  is achieved.  In this example, the ligands are each coordinated to two palladium(II) ions, which are each connected to four different ligands.59    
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When a bridging unit very similar to the furan-containing ligand Lfur, but possessing a thiophene spacer, is employed, a massive structure [Pd24(Lthi)48]48+ self-assembles.60  Whilst the previous structure was a cuboctahedron, this new cage with the ligand Lthi is a very rare Archimedean solid, a rhombicuboctahedron.  The shape consists of 8 triangular and 18 rectangular faces, with one triangle and three rectangles meeting at each vertex.  The connectivity within this 72-component structure is similar to that of the smaller 36-component molecular ball; the difference in assembly comes from the ligand bend angle created by the central spacer.  The furan spacer results in a bridging ligand with an angle between the pyridyl termini of 127º, whilst the angle in the thiophene-containing ligand is 146º.  The larger angle of the latter means that the ligand is less bent and a much larger structure able to assemble.  
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1.5 Host-guest studies

The host-guest behaviour exhibited by molecular cages is one of the most exciting aspects of supramolecular chemistry and takes it into the realm of nanotechnology.  One of the reasons the host-guest interaction is such an interesting characteristic of supramolecular cages is the likeness it has to enzyme-substrate binding.  In addition to cages acting as “molecular flasks”61 to contain specific guests, there have been reports of cages used as “micro-reactors”, speeding up the rate of certain reactions.20,62  As opposed to many smaller homogeneous catalysts where the substrate simply binds to a metal centre,63,64 cages have the potential to encapsulate the substrate, also employing a high degree of shape and size selectivity.65  The scope for this application is immense, as there are numerous reactions that have the potential to be catalysed through the use of an artificial enzyme.  There are a number of features that enzymes exhibit that need to be mimicked by a synthetic supramolecular cage in order for it to function in a similar role.  The size, shape and chemical environment of a cavity can be used in order to control the recognition and reactivity of a substrate.  The host may stabilise the transition state of a reactive species with appropriate inwardly directed functional groups.66,67  Also, an enzyme interior is often relatively hydrophobic, which will favour certain reactions and products.  

1.5.1 Cation encapsulation 
The research of Raymond has led to the development of a series of anionic M4L6 tetrahedral cage complexes that have the ability to encapsulate cations.  These cages are assembled in an edge-directed manner so that the bis-catecholate ligands (Lcat) bridge the metal cations that occupy the vertices.68,69  A large range of divalent and trivalent metal ions (Ga(III), Al(III), In(III), Fe(III), Ti (IV) and Sn (IV)) can be combined with the ligand to construct the tetrahedral cages (Scheme 1.10) and the 4- charge on the ligand results in an overall negative charge on the cage complex.  Despite the use of achiral components, these tetrahedral assemblies are intrinsically homochiral.  The cage [Ga4(Lcat)6]12-, composed of a bis-catacholate ligand with a naphthalene spacer, is thermodynamically stable and does not need a templating cation to assemble.  Other properties make this cage a suitable host such as its 450 Å internal cavity, its structural integrity during guest exchange, and non-interconvertable enantiomers.  The large negative charge associated with the cage makes it soluble in water, whilst the naphthalene spacers of the ligands endow it with a hydrophobic central cavity.  
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Studies have shown that the cage is able to encapsulate cations such as NMe4+, NEt4+, Me2Pr2N+, Pr4N+ and PEt4+.  The guest molecules vary in their affinity for the encapsulation by their differing size, hydrophobicity and enthalpy of desolvation.70  It has also been observed that the metal ions used to assemble the cage do not affect which guests can become encapsulated.  However, it has been discovered through the study of the crystal structures that the guest has a distorting effect on the size and shape of the cages.71  Raymond has also carried out analysis to show that the encapsulation process is entropy driven through guest desolvation and solvent liberation from the cage cavity.70  A 1H NMR kinetic study also proved that the steric effect of using a larger guest such as [Cp2*Co]+ affects the rate of exchange.72  This showed that the metal-ligand bonds of the cage structures are not broken as a guest enters the central cavity, indicating that the windows on the faces of the structure are able to expand.  Using different metal ions to vary the lability of the metal-ligand bonds in the structure, also suggests that the cage remains intact by showing that metal-ligand interactions have no effect on encapsulation.  This was confirmed through additional kinetic and computational studies.73
1.5.2 Anion encapsulation
Lindoy and co-workers have synthesised a tetrahedral cage from the combination of FeCl2 and a bis-bidenate quaterpyridine ligand Lqp.74  The complex is soluble in both acetonitrile and water, does not require a templating molecule for self-assembly and shows a preference for certain anions.  It has been discovered that the cage binds PF6- preferentially over BF4- and is even able to selectively extract [FeIIICl4]- from a mixture of [FeIIICl4]- and [FeIICl4]2-.75
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1.5.3 Neutral molecule encapsulation
The “molecular flask” shown in Scheme 1.12 developed by the Nitschke group is an M4L6 tetrahedron, using nitrogen donor, bis-bidentate ligands (Lso3) which span the edges to link iron(II) metal cations.76  The sulfonate substituent on each phenyl ring of each ligand results in the cage having an overall negative charge and enables the cage to be soluble in aqueous solutions.  It is possible to disassemble and reassemble the structure by subjecting it to certain pH levels.  By introducing p-toluenesulfonic acid to a solution of the cage, the structure breaks down due to the protonation of nitrogen atoms on the ligands.  In contrast, adding sodium bicarbonate to the same solution results in the reassembly of the cage’s tetrahedral structure.  This reversible self-assembly is a convenient way of releasing an encapsulated guest from the cavity and it has been reported that cyclohexane can be released in such a way from this cage.76
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Nitschke’s cage complex can also act as a container for highly unstable chemical species as shown in Scheme 1.13.  By simply leaving solid white phosphorus, a highly pyrophoric compound, sensitive to water and air, in contact with the cage, uptake of P4 occurs.77  This gives a host-guest complex in which P4 is stabilised, not by the exclusion of water and di-oxygen, but by having a cage cavity that is not large enough to hold the oxygen containing transition state which leads to the decomposition of P4.  The white phosphorus guest can be displaced by a competing guest however, and can be quantitatively replaced by benzene.  This leads to the decomposition of P4 to phosphoric acid.77
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Fujita has developed a series of trigonal prismatic cage complexes (Scheme 1.14) consisting of six square planar palladium(II) units, cis-capped by an ethylenediamine ligand, and two tritopic ligands Ltri, each possessing three pyridine rings around a triazine core.78  Both of the face-capping tritopic ligands bind to three 90° Pd(II) units, and three ‘pillars’ form bridges between these faces by binding to the remaining coordination sites of the Pd(II) ions.  The pillars can be either pyrazine, or longer bipyridine ligands, allowing the cavity size of the cage to be controlled.  The different assembles, depending on their size, are able to accommodate between one and three of the intercalating aromatic guests coronene,79 pyrene79 and porphine.80  The guests act as templates for the self-assembly of the cages but can be removed once formation has been achieved.  
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1.6 Reactions and catalysis within cage complexes
The Fujita group has been able to develop a very effective catalyst in the form of an M6L4 square-pyramidal bowl (Figure 1.10), consisting of cis end-capped palladium(II) ions and the triazine-cored tridentate ligand from the previous example.81  Diels-Alder reactions on anthracene rings generally involve the adduct bridging the central ring (9,10-position) of the anthracene framework.82  But by using the Fujita “nanobowl”, the selectivity of the reaction can be altered such that the adduct forms across the terminal ring (1,4-position).83  A recurring problem with these types of catalyst is product binding, resulting in a very poor catalytic turnover.84,85  This bowl, however, is able to work effectively due to its shape which is able to accommodate the anthracene starting material and the reaction transition state but not the final product.  This is because π-interactions and charge transfer-interactions hold the planar structure in place within the bowl, but once the reaction has taken place, the bent product does not interact with the host and therefore leaves it to be replaced by another unreacted anthracene molecule.83  Stabilisation of the transition state but not the final product is exactly how enzymes achieve such high catalytic efficiency.
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The tetrahedral cage [Ga4(Lcat)6]12- used by Raymond has been used extensively to catalyse a variety of reactions.86,87,88  One such example is a set of unimolecular azo-Cope rearrangements of enammonium cations that can take place within the cage in aqueous conditions (Scheme 1.15).89  As mentioned earlier, the cage has the ability to encapsulate a range of ammonium cations, partly due to its anionic charge.  In these reactions the substrate undergoes a sigmatropic [3,3] rearrangement which gives the corresponding iminium cation.  This is then transferred to a binding site on the external surface of the cage where hydrolysis leads to the formation the γ,δ-unsaturated aldehyde product.  Product inhibition is not a problem in this system as the cage complex favours cationic substrates and the neutral aldeheyde product is therefore readily displaced, giving TON (turnover numbers) of ca. 8.  The rate enhancement for this reaction compared to the uncatalysed process in the same conditions is >106.
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Of the range of enammonium substrates shown in Table 1.1, all show an increase in reactivity in the cage compared to in bulk solvent and all display first-order kinetics.  For example, the rate of reaction of substrate 7 (Table 1.1), one of the bulkier species, showed a 854-fold rate acceleration once encapsulated within the cage structure.  This catalytic effect can neither be attributed to the negative charge of the host nor its ability to shield the substrate from the environment.  Instead, it is the decrease in the entropic barrier of activation that the cage provides that allows the reaction to proceed at an advanced rate.  The encapsulation of the substrate minimises the entropic cost of the formation of the chair-like transition state and the tight fit within the cavity ensures that the alkyl chains are held in close proximity, negating repulsive steric effects between these chains.89
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1.7 Tailoring the internal cavity

Fujita has successfully tailored the interior surface of several coordination cages by functionalising the concave edge of a ligand.  This does not affect the self-assembly process as the same Pd12L24 pseudo-sphere is produced in all cases.  The ligands have a central phenyl ring possessing a functionalisable position and acetylene bridges link this ring to the terminal pyridine units which bind to the naked palladium(II) ions.  The design of the ligand backbone ensures that all aromatic rings in a ligand are co-planar, directing the functional groups inwards towards the cage cavity.  The acetylene spacers also lengthen the ligand in comparison to earlier examples and provide the cage with a large enough cavity to assemble itself around the large functional groups.  Spherical cages have been synthesised that contain pendent alkyl90 and perfluoroalkyl91 chains, allowing the central cavity of the cages to be tuned to solubilise particular guests.  Another interesting example involves lining the interior surface of a cage with coronene, an effective solvent for fullerenes, which are sparingly soluble in most other solvents (Scheme 1.16).92  Under ambient conditions however, coronene exists as a solid, but when incorporated into the internal surface of a DMSO-soluble Pd12L24 cage it provides the ideal environment for fullerenes to occupy the cavity within solution. 
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Azobenzene has also been used in these systems, attached to the inner surface of the cage molecules (Scheme 1.17).93  The reversible photoisomerisation of azobenzene between its cis and trans isomers allows the polarity and size of the central cavity of the Pd12L24 cage to be controlled.  Studies carried out by the Fujita group using 1-pyrenecarboxaldehyde show that this has an effect on the internal hydrophobicity of the cage and its ability to house the guest.
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Recently, another iteration of the nano-sphere has also shown the ability to control the size and shape of growing silica nanoparticles.  The sugar-lined inner surface provides the correct conditions for the growth of core-shell SiO2/TiO2 and SiO2/ZrO2 nanoparticles and the restrictive size of the cage’s central cavity ensures highly monodisperse molecular weight distributions (Mw/Mn < 1.01).94
1.8 Conclusion  

In this chapter we have described some of the earlier examples of the self-assembly of coordination driven structures, beginning with squares and triangles before moving on to helicates.  From there the self-assembly of polyhedral cages has been described, including the various synthesis concepts and some of the vast array of shapes achievable using the coordination chemistry of the labile metal-ligand bond.

As the field has matured many applications have been developed for these structures and some have been described here, mainly focusing on host-guest complexes.  Many cage structures have central cavities which are of the correct size and chemical environment to support the inclusion of small molecules.  Some structures do this by offering isolation from the bulk solvent, whilst others are able to stabilise certain compounds.  Many cages, especially those developed by Raymond and Fujita, are able to catalyse reactions, often by supporting the transition state of a reaction in their size restricting internal cavities.

Many cages have also been developed that possess functionalised internal cavities.  Fujita and co-workers have shown that the inner surface of the cage can be tuned to accept different guests.

This field, although only a couple of decades old, has much depth and is interdisciplinary, crossing over with biology and physics.  This chapter only touches upon a small area of the field, the host-guest applications are only a taste of the vast potential that supramolecular cage complexes have to offer.
2 Anion exchange experiments
2.1 Summary
One of the aims for the development of supramolecular cages is to find applications for which they can be used.  By looking towards nature and natural processes we can see that encapsulation of a guest molecule is a common occurrence and such guest binding is involved in a variety of enzymatic and protein functions.95  Examples of synthetic host-guest complexes were given in Chapter 1 and in this chapter we begin to investigate the properties of the Ward group’s cages within this capacity, many possessing characteristics that may allow them to accommodate guest molecules. 

In many cases it is believed that a template molecule is needed to induce the self-assembly process.96–98  It has been observed that a cage compound is not assembled from a 2:3 mixture of metal acetate and a bis-3-(2-pyridyl)pyrazole based ligand, possessing an ortho-phenylene spacer, in methanol until the addition of tetrafluoroborate or perchlorate ions.48  Many cage structures evolved from this family of ligands contain one counterion or more within their central cavity.  A potential guest molecule that is introduced to a system will need to have a much higher affinity for the internal cavity of the cage than the existing tetrafluoroborate or perchlorate molecule that it may need to replace.
2.2 Introduction
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The ligand Lbip, shown in Figure 2.1

Figure 2.1
, forms a tetrahedral cage when combined with the appropriate metal(II) salt in a 3:2 ratio.  The Ward group has previously carried out a study on [Co4(Lbip)6⊃(BF4)](BF4)7, using variable temperature 19F NMR spectroscopy to examine the dynamic behaviour of the tetrafluoroborate anions in solution.  It was determined that one anion at a time inhabits the cavity and exchange between free and encapsulated anions is fast on the NMR timescale at room temperature.  Upon cooling, the single signal seen on the spectrum at room temperature is replaced with two signals, with the one at ca. -65 ppm (caused by the encapsulated anion) getting sharper with cooling of the solution (Figure 2.2).99 
[image: image79.emf]
Figure 2.2 19F NMR spectra of [Co4(Lbip) 6⊃(BF4)](BF4)7, illustrating the dynamic exchange of free and encapsulated BF4- anions.99
The size of the central biphenyl spacer in the ligand gives a central cavity large enough to accommodate a small guest and windows large enough for small molecules to pass through.  Figure 2.3 shows a space filling diagram of the crystal structure of [Co4(Lbip)6⊃(ClO4)](ClO4)7 with the central perchlorate molecule (turquoise) clearly visible though the open window.  As the anions diffuse in and out it may be possible for a molecule with a higher binding affinity to occupy the central cavity in preference to a perchlorate or tetrafluoroborate molecule.  For this reason, this cage was thought to be a good candidate for the encapsulation of other molecules in solution, even though it is only a tetrahedron, the smallest of the platonic solids.  
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Cage complexes consisting of the Lbip ligand have previously been discovered that involve other anions besides tetrafluoroborate and perchlorate.  Nitrate can also act as a guest for the cage cavity and Figure 2.4 illustrates the CH•••O hydrogen bonds that form between its oxygen atoms and the CH2 protons to hold it in position.  Nitrate is the only anion present and this result shows that a tetrahedral central anion is not always necessary as a template for tetrahedral cage formation or structural stability.100 
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Other guests such as hexafluorophosphate and iodide, neither of which are tetrahedral, can also be incorporated into the central cavity.99  The iodide guest may actually be preferable to the tetrafluoroborate anion, for when tetrabutylammonium iodide is added to a sample of [Co4L6bip⊃(BF4)](BF4)7 in solution, crystals of the iodide-containing guest can be grown.  However, it may just be that the iodide containing species preferentially forms crystals. Either way, it can act as a competitive guest with tetrafluoroborate.  These examples are rather encouraging, suggesting that other, more interesting guest encapsulations are possible.
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The M12L18 truncated tetrahedral cage, assembled from the L1,8-nap ligand (Figure 2.5), is another good candidate for guest encapsulation as it has large central cavity.  The choice of guest anion is therefore less limited by the size of the cavity, which is large enough to hold four tetrafluoroborate anions.  However, the windows that give access to the cavity, which are estimated to have an area of 3.8 Å2, may be the limiting factor in determining which molecules may fit.  A window on the face of the crystal structure can be seen in Figure 2.6 along with a clear view of the central cavity.101  It is quite possible that the cage “breathes” via vibrational fluctuations, allowing certain windows to open up transiently and enabling larger molecules to pass through into the cavity.
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A similar NMR experiment to the previously mentioned one was carried out, using low temperature 11B NMR to show that the internal tetrafluoroborate anions are in fast exchange with the external anions at room tempertaure.101  

In the case of the truncated-tetrahedral and other cages formed from ligands with naphthalene spacers,102,103 it has been possible to monitor the cage assembly process using the luminescence properties of the naphthalene group incorporated into the bridging ligand.  When the ligand is incorporated into a cage, the luminescence undergoes a red-shift, much like the exciplex emission of aggregates, due to the extensive aromatic π-stacking between ligands (Figure 2.7).103 
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An experiment was carried out using the L1,8-nap ligand which shows the luminescence emission maximum of the naphthalene ligands red-shifting by up to 60-80 nm upon addition of [Zn(BF4)2] metal salt (Figure 2.8).  The reason for this lowering of emission energy is due to π-π stacking which allows a charge-transfer process to occur from the naphthyl units to the pyridyl-pyrazole units as the cage assembles in solution.103,104 
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2.3 Complexes based on a mixture of two types of anion
An investigation was carried out to see whether complexes based on these cage types could be generated that show preferential binding for certain guest anions within their central cavities.  Samples of [Co4(Lbip)6⊃(BF4)](BF4)7 and [Cd4(Lbip)6⊃(BF4)](BF4)7 containing an excess of either NaBPh4 or Na+(naphthyl-1-sulfonate)- were crystallised.  In both cases crystal structures of mixed-anion cages were obtained but with a tetrafluoroborate anion retained in the central cavity.
2.3.1 Diphenyl phosphate as a guest anion

[image: image92.emf]
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Diphenyl phosphate (Figure 2.9) was thought to be a suitable guest molecule as it is an anion possessing both aromatic rings and oxygen atoms.  It was hoped that it would be attracted electrostatically to the cationic cage and possibly form CH•••O hydrogen bonds with the inwardly pointing methylene protons of the cage’s central cavity.  It was also hoped that the phenyl rings may form aromatic π-interactions with the aromatic units of the superstructure, enabling complete or partial encapsulation.  There is also some structural flexibility associated with the molecule that would facilitate its inclusion to a cage complex.  However, the flexibility in this case turns out to be a problem as does the propensity of the anion for acting as a competitive ligand.  It became evident that diphenyl phosphate was a poor choice of molecule to act a as guest anion.  The negative charge is shared by only two oxygen atoms making the species behave as a good ligand.  When combined with cobalt(II) ions, coordination of diphenyl phosphate directly to metal ions occurs, preventing cage formation.   

When mixed with [Co12(L1,8-nap)18⊃(BF4)4](BF4)20, X-ray crystallography showed the diphenyl phosphate in the resulting crystalline product to be acting as a bridging ligand between two metal centres.  The inclusion of diphenyl phosphate results in degradation of the cage structure, leaving a dinuclear complex (Figure 2.10) with two bridging L1,8-nap ligands and two diphenyl phosphate molecules acting as bridging ligands.  1H NMR spectroscopy also showed that the cage complex had disassembled in favour of the smaller, mixed ligand complex.

[image: image94.emf]
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The crystal structure of the complex was solved in the space group P1 and two of these mixed-ligand structures are present in the asymmetric unit.  The cobalt(II) ions have an octahedral N4O2 coordination geometry but the ligands are slightly distorted in order to bind to them as the methylene carbon atoms are out of the plane of the naphthyl and pyrazolyl rings.  The Co–N bond lengths are unremarkable and lie in the range 2.092 – 2.191 Å and the Co–O bonds are in the range 2.025 – 2.130 Å (Table 2.1).  The Co•••Co separation is 5.023 Å.  Attempts to characterise the product in solution using 1H NMR and electrospray mass spectrometry were not successful.  No evidence using either method showed signs of the complex, suggesting that it is unstable in solution, only forming as it crystallises. 
Table 2.1  Selected bond lengths (Å) of the asymmetric unit of [Co2(L1,8nap)2(PO2(OPh)2](BF4)2.

	Co(1)–O(12P) 
	2.097(15)

	Co(1)–O(21P) 
	2.130(2)

	Co(1)–N(122) 
	2.131(13)

	Co(1)–N(222) 
	2.127(12)

	Co(1)–N(211) 
	2.152(13)

	Co(1)–N(111) 
	2.173(11)

	Co(2)–O(22P) 
	2.056(16)

	Co(2)–N(231) 
	2.092(11)

	Co(2)–N(131) 
	2.113(12)

	Co(2)–O(11P) 
	2.120(19)

	Co(2)–N(242) 
	2.149(12)

	Co(2)–N(142) 
	2.177(12)

	Co(3)–O(41P) 
	2.025(17)

	Co(3)–N(411) 
	2.103(11)

	Co(3)–O(31P) 
	2.120(18)

	Co(3)–N(321) 
	2.153(12)

	Co(3)–N(311) 
	2.141(13)

	Co(3)–N(421) 
	2.191(12)

	Co(4)–O(42P) 
	2.057(18)

	Co(4)–O(32P) 
	2.079(15)

	Co(4)–N(441) 
	2.101(13)

	Co(4)–N(341) 
	2.132(11)

	Co(4)–N(431) 
	2.120(13)

	Co(4)–N(331) 
	2.128(13)

	Co(1)–O(12P) 
	2.097(15)

	Co(1)–O(21P) 
	2.130(2)


2.3.2 Anion exchange using 1-naphthyl sulfonate 
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1-Naphthyl sulfonate (Figure 2.11) met the criteria for a potential guest counterion, possessing an aromatic group and a lower charge density on the oxygen atoms than diphenyl phosphate.  This means that there is a lower risk of it acting as a competing ligand and causing degradation of a cage structure.  It also has a planar naphthyl group making it possible for the molecule to form (-stacking interactions with the cage.

When the sodium salt of the anion is mixed with the tetrahedral cage [Co4(Lbip)6⊃(BF4)](BF4)7  in solution, counterion-exchange occurs, resulting in crystallisation of the complex [Co4(Lbip)6⊃(BF4)](BF4)5(C10H7SO3)2.  However, tetrafluoroborate still resides in the central cage cavity and can be clearly seen in the X-ray structure in Figure 2.12

 Figure 2.12
 (the other BF4- ions have been removed from the figure for clarity).  This has also been verified using 1H NMR spectroscopy, comparing the spectrum of the sodium salt of 1-naphthyl sulfonate with the complex to see no change in its chemical shift.  The 1-naphthyl sulfonate anions must therefore be too far away from the cobalt(II) metal centres in solution to be affected by their paramagnetism.
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Figure 2.12 Structure of [Co4(Lbip)6⊃(BF4)](BF4)5(C10H7SO3)2 showing the BF4 anion in the central cavity of the cage and the two naphthyl-sulfonate anions.  The other BF4 anions have been left out for clarity.100
[Co4(Lbip)6⊃(BF4)](BF4)7 Crystallises in the monoclinic crystal system with C2/c symmetry.99  With the inclusion of the 1-naphthyl sulfonate anions, this new compound now has much lower symmetry, triclinic P-1.  Much like the original cage, containing only tetrafluoroborate counterions, the Co•••Co separations are in the range of 11.33 – 12.28 Å.  The 1-naphthyl sulfonate anions occupy the spaces between the cage cations and interact with their surfaces.  Each cage cation actually interacts with six closely associated 1-naphthyl sulfonate anions, as shown in Figure 2.13.  
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Figure 2.13 Close-up view of the naphthyl-1-sulfonate anions in the structure of [Co4(Lbip)6⊃(BF4)](BF4)5(C10H7SO3)2, detailing the CH•••π and CH•••O interactions with the external surface of the cage.100
Atom O(2) from one of the sulfonate groups [containing S(1)] forms a weak CH•••O hydrogen-bond with an externally directed methylene proton attached to C(12) with a C•••O separation of 3.35 Å (Figure 2.13(a)).  The naphthyl ring also acts as an acceptor for two CH•••π interactions involving protons [H(253) and H(435)] from a different cage cation; these H atoms lie 2.64 and 2.65 Å from the mean plane of the naphthyl ring.  The second independent 1-naphthyl sulfonate anion behaves similarly (Figure 2.13(b)) as atom O(4) from this sulfonate group is involved in an H-bonding interaction with a pyrazolyl H5 proton attached to C(625) with a C•••O separation of 3.22 Å.  The same naphthyl group is involved in CH•••π interactions both as a donor and an acceptor, with protons from a nearby pyrazolyl-pyridine group [specifically atoms H(335) and H(344)] directed towards its π-cloud, and conversely the naphthyl proton H(17) lying over the face of a cage phenyl ring.  The distances of H(17), H(335) and H(344) from the mean plane of the aromatic group to which they are directed are 2.65, 3.01 and 2.67 Å respectively.100
Electrospray mass spectrometry was carried out on the sample to confirm its existence and stability in solution, showing signals corresponding to cationic complexes containing one naphthyl sulfonate anion.  Although no peak was observed corresponding to the species containing two naphthyl sulfonate anions, it was confirmed that two are associated with cage from the crystal structure.

Although this anion does interact in many ways with the cage cations, these interactions are only with the external surfaces.  This is most likely to be because the 1-naphthyl sulfonate anions are too large to be accommodated within the central cavity.  It should be noted that it has been previously observed that these highly cationic cage complexes are able to form strong ion pairs with aromatic anions via external surface binding.105
2.3.3 Tetraphenylborate as a potential guest anion
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Tetraphenylborate (Figure 2.14), despite its size, was chosen as a potential anionic guest due to its four phenyl rings.  It was believed that if the compound was able to fit into a cage cavity, the aromatic rings would arrange in such a way so that they were able to interact with the aromatic rings of the cage through π•••π interactions.
The sodium salt of tetraphenylborate was combined with [Cd4(Lbip)6⊃(BF4)](BF4)7 in solution to induce counterion exchange and crystals were allowed to grow slowly.  Upon analysis using X-ray crystallography it was shown that the tetraphenylborate ions were not residing within the cavity in the solid state, but interacting with the outer surface of the cage.  This was also true for the compound in solution and was confirmed using 1H NMR spectroscopy as no change in chemical shift was observed for the tetraphenylborate once added to the cage complex.

Figure 2.14 shows the structure of [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh4)1.5.  The stoichiometry of the anions in this complex arises from the fact that the cage cation lies on a threefold axis passing through Cd(1) (the apical Cd atom).  The asymmetric unit therefore contains 1.333 cations and two complete ligands, i.e. one third of the cage cation.  The BPh4– anion lies with its boron atom on a twofold axis such that the asymmetric unit contains half of a BPh4- anion.  Since three such asymmetric units complete the cage cation, this generates 1.5 BPh4- anions per cation, i.e. three half-anions which are all crystallographically equivalent.  
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Figure 2.14 Structure of part of the complex cation of [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh4)1.5, highlighting the six nearest neighbour tetraphenylborate anions.100
As in the previous complex containing 1-napthyl sulfonate anions, the BPh4- anions do not occupy the central cavity but lie outside the cage and are involved in a range of CH•••π interactions with its external surface.  Some of these CH•••π interactions are highlighted in Figure 2.15: for example H(213) from a pyridyl ring of the cage lies 2.59Å from the mean plane of the BPh4- ring C(67)(C(72), and H(65) from the BPh4- anion lies 2.95 Å from the mean plane of pyridyl ring N(211)(C(216) as well as 3.12 Å from the mean plane of pyridyl ring N(131)(C(136).100
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Figure 2.15 Structure of part of the complex cation of [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh4)1.5, highlighting the CH•••π interactions.100
The unit cell of the original cage, [Cd4(Lbip)6⊃(BF4)](BF4)7, analogous to [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh4)1.5, exists in the monoclinic crystal system and has C2/c symmetry.99  With the inclusion of the tetraphenylborate ions, this new compound now crystallises in the cubic space group I23.  Electrospray mass spectrometry was also carried out on the sample to confirm its existence and stability in solution.  

Although it would appear as though BPh4- would never fit into the internal cavity of an intact [Cd4(Lbip)6]8+ cage, it is reasonable to suggest that a large guest may gain access as thermal fluctuations occur in the cage structure.  It was initially hoped that the anion would reside within the cavity, but with the phenyl rings pertruding through the cage windows.  It is also possibly that a binding site of a ligand could temporarily dissociate, opening up the cavity and allowing access for a large guest molecule.  

Anion exchange with the central tetrafluoroborate anion is extremely difficult to achieve, as even though the anion is slightly too small to fully occupy the cavity, it is held in place via several H-bonding interactions.  Due to its size relative to the cage cavity volume it is located off-centre within the cavity, which is reflected in the Cd•••B separations.  This off-centre binding displaces the tetrafluoroborate towards Cd(1), allowing the anion to be involved in multiple C–H•••F hydrogen-bonding interactions with the cage superstructure, all involving inwardly-directed protons from the CH2 groups.  These H•••F separations, shown in Figure 2.16, lie within the range 2.5 – 2.6 Å, each fluorine atom interacting with two hydrogen atoms.  Each individual interaction will be weak but their co-operative effect will highly effective.
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2.4 Conclusion

The host-guest chemistry of two of the Ward group’s cages has been investigated with a small variety of anions.  It has been observed that the choice of anion must be made carefully as it must not act as a better ligand than the pyrazolyl-pyridine ligands.  Sulfonates have proven to be a useful species as the negative charge is spread over three oxygens and therefore they do not compete with the pyrazolyl-pyridine ligands for coordination sites on the metal ions.  The tetraphenylborate anion seems like it may fit into the tetrahedral cage, but only if the phenyl groups were allowed to protrude through the apertures.  Access to the cage cavity is limited by the small size of these apertures but it should be remembered that the cages are not completely rigid and it is possible that they are able to “breathe”, effectively making their passageways larger.  It is also possible that a binding site of a ligand could temporarily dissociate and become unhinged, allowing a guest to access the central cavity.  

The cages that were investigated each possess features that may allow them to act as molecular vessels, such as large and accessible central cavities.  The difficulty with these complexes is the relatively high affinity the tetrafluoroborate ions have for the central cage cavities.  The interactions involved are only weak C–H•••F hydrogen-bonds but there are many of them, each fluorine atom interacting with two hydrogen atoms.  It became apparent later that it is not important for a guest molecule to be charged, but to have the correct hydrogen-bonding atoms capable of competing with those of the encapsulated tetrafluoroborate anion.  This is explored further in Chapter 5.
2.5 Experimental
Synthesis of L1,8-nap
1.  Preparation of 1,8-bis(bromomethyl)naphthalene

A literature procedure by Takeuchi was followed and modified.106  To a solution of 1,8-dimethylnapthalene (1.0 g, 6.4 mmol) in dichloromethane (60 cm3) was added n-bromosuccinimide (2.5 g, 16.15 mmol) and AIBN (10 mg, 0.06 mmol).  The mixture was heated to reflux for 1 hr under a tungsten lamp and then allowed to cool to room temperature.  The CCl4 was then removed in vacuo and the solid was then dissolved in DCM and washed with 3 × 50 ml of water.  The solution was then dried using MgSO4 and the DCM was removed to give an off-white solid which was recrystallised using toluene to give orange crystals (1.27 g, 64 %).  1H NMR (400 MHz, CDCl3): δ 7.92 (2H, dd; naphthyl H2/7), 7.66 (2H, dd; naphthyl H4/5), 7.48 (2H, t; naphthyl H3/6), 5.33 (4H, s; CH2). 
2. Preparation of L1,8-nap
A literature procedure by Bell107 was followed and modified.  To a solution of 1,8-bis(bromomethyl)-naphthalene (1.27 g, 4.04 mmol) and 3-(2-pyridyl)pyrazole (1.173 g, 8.08 mmol) in THF (100 cm3) was added aqueous NaOH (2.5 M; 32 cm3).  The resulting mixture was heated to reflux for 24 h and then allowed to cool to room temperature.  On cooling, the aqueous layer was removed using a pasteur pipette.  A brown solid was obtained upon removal of the THF.  Ethyl acetate was added to the solid and the filtrate removed, followed by column chromatography on alumina using 1 % MeOH in DCM to give a white solid L1,8nap (1.18 g, 66 %). 1H NMR (400 MHz, CDCl3): 8.56 (2H, d; pyridyl H6), 7.86 (2H, d;naphthyl H2/H7 or H4/H5), 7.84 (2H, d; pyridyl H3), 7.64 (2H, m; pyridyl H4), 7.39 (2H, t; naphthyl H3/H6), 7.19 (2H, d; naphthyl H4/H5 or H2/H7), 7.12 (2H, m; pyridyl H5), 7.07 (2H, d; pyrazolyl H5), 6.80 (2H, d; pyrazolyl H4), 5.87 pm (4H, s; CH2).  ESMS: m/z 443.5 (M+H)+.  Elemental analysis calculated for C28H22N6: C 76.3, H 4.9, N 19.3 %; found: C 76.0, H 5.0, N 19.0 %.
Synthesis of [Co12(L1,8-nap)18⊃(BF4)4](BF4)20
A literature procedure by Tidmarsh,103 using a solvothermal method was followed to yield an orange solid.
Data for [Co12(L1,8nap)18][BF4]24. Yield: 78 %. ESMS: m/z 10753.32, {[Co12(L1,8nap)18][BF4]19}5+; 2065, {[Co12(L1,8nap)18][BF4]18}6+; 1706, {[Co12(L1,8nap)18][BF4]17}7+; 1450, {[Co12(L1,8nap)18][BF4]16}8+; 1258,
{[Co12(L1,8nap)18][BF4]15}9+; 1108, {[Co12(L1,8nap)18][BF4]14}10+; 989.  Elemental analysis calculated for [Co12(L1,8-nap)18](BF4)24•18H2O: C, 54.6; H, 3.9; N, 13.7 %; found: C, 54.8; H, 4.1; N, 13.7 %.  
Synthesis of [Co2(L1,8-nap)2(PO2(OPh))2](BF4)2
An excess of sodium diphenyl phosphate (2.5 mg, 9.3 x 10-3 mmol) in MeCN was added to [Co12(L1,8nap)18](BF4)24  (20 mg, 1.8 x 10-3 mmol).  Diethyl ether was diffused into the solution afford X-ray quality crystals.

Synthesis of Lbip
1.  Preparation of 3,3’-bis(bromomethyl)biphenyl
A literature procedure by Takeuchi was followed and modified.106  To a solution of 3,3’-dimethylbiphenyl (1.0 g, 5.5 mmol) in dichloromethane (60 cm3) was added n-bromosuccinimide (2.148 g, 12.00 mmol) and AIBN (10 mg, 0.06 mmol).  The mixture was heated to reflux for 6 hr under a tungsten lamp and then allowed to cool to room temperature.  The CCl4 was then removed in vacuo and the solid was then dissolved in DCM and washed with 3 × 50 ml of water.  The solution was then dried using MgSO4 and the DCM was removed to give an off-white solid which was recrystallised using toluene to give white crystals (1.20 g, 63 %).  1H NMR. (400 MHz, CDCl3): δ 7.39 (4H, d; H4/6), 7.19 (2H, t; H5), 7.10 (2H, d; H2), 5.21 (4H, s; CH2). 
2. Prepartion of Lbip
A literature procedure by Paul was followed and modified.99  To a solution of 3,3’-bis(bromomethyl)-biphenyl (1.27 g, 4.04 mmol) and 3-(2-pyridyl)pyrazole (1.173 g, 8.08 mmol) in THF (100 cm3) was added aqueous NaOH (2.5 M; 32 cm3). The resulting mixture was heated to reflux for 24 h and then allowed to cool to room temperature. On cooling, the aqueous layer was removed using a Pasteur pipette. The solution was dried with MgSO4 then re-dissolved in diethyl ether and sonicated to give a white solid Lbip (1.18 g, 66 %). 1H NMR (400 MHz, CDCl3): δ 8.66 (2H, ddd; pyridyl H6), 7.97 (2H, dt; pyridyl H5), 7.80 (2H, d; pyridyl H3), 7.75 (2H, dd; biphenyl H6), 7.45 (2H, t; biphenyl H5), 7.40 (2H, d; pyrazolyl H5), 7.22 (2H, tdd; pyridyl H4), 7.28 (2H, s; biphenyl H4), 6.94 (2H, d; pyrazolyl H4), 6.92 (2H, d; biphenyl H2) 5.49 (4H, s; CH2).  ESMS: m/z 469.6 (M+H)+.  Elemental analysis calculated for C30H24N6: C 76.9, H 5.2, N 17.9 %; found: C 76.8, H 5.3, N 18.0 %.

Synthesis of Lbip complexes

The complexes [M4(Lbip)6](BF4)8 (where M = Co or Cd) and [Cd4(Lbip)6](NO3)8 were prepared solvothermally; the method here given for [Cd4(Lbip)6](BF4)8 is typical.  A Teflon-lined autoclave was charged with Cd(BF4)2. (H2O)6 (0.022 g, 0.07 mmol), Lbip (0.05 g, 0.11 mmol) and methanol (9 cm3).  Heating to 100 °C for 12 h followed by slow cooling to room temperature yielded a white powder.  This was separated and consecutively washed with methanol and then chloroform before being dried in vacuo.  All samples for elemental analysis were dried thoroughly but proved to be hygroscopic, gaining weight when exposed to air; consequently all C, H, N analytical data are consistent with the presence of several water molecules per complex molecule.

Data for [Cd4(Lbip)6](BF4)8.  White solid.  Yield: 98 %. ESMS: m/z 1891.1, {[Cd4(Lbip)6](BF4)6}2+; 1231.7, {[Cd4(Lbip)6](BF4)5}3+; 902.3, {[Cd4(Lbip)6](BF4)4}4+; 704.2, {[Cd4(Lbip)6](BF4)3}5+. Anal. Found: C, 54.0; H, 3.7; N, 12.2 %.  Required for [Cd4(Lbip)6](BF4)8•5H2O: C, 53.4; H, 3.8; N, 12.5 %.
Data for [Co4(Lbip)6](BF4)8.  Orange solid.  Yield: 97 %. ESMS: m/z 1160.4, 

{[Co4(Lbip)6](BF4)5}3+; 848.6, {[Co4(Lbip)6](BF4)4}4+; 661.5, 
{[Co4(Lbip)6](BF4)3}5+; 536.8, {[Co4(Lbip)6](BF4)2}6+.  Elemental analysis calculated for [Co4(Lbip)6](BF4)8•8H2O: C, 55.6; H, 4.1; N, 13.0 %; found: C, 55.8; H, 3.9; N, 13.2 %.  
Synthesis of  [Co4(Lbip)6⊃(BF4)](BF4)5(C10H7SO3)2                        
An excess of sodium naphthalene-1-sulphonate (0.01 g, 0.040 mmol) in MeCN (1 cm3) was added to a solution of [Co4(Lbip)6⊃(BF4)](BF4)7  (0.01 g, 0.0026 mmol) also in MeCN (1 cm3).  Diethyl ether was diffused into the resulting mixture to yield X-ray quality orange crystals.

Data for [Co4(Lbip)6](C10H7SO3)2(BF4)6: yield 26 %. ESMS: m/z 1844, {[Co4(Lbip)6](C10H7SO3)(BF4)5}2+; 1200, {[Co4(Lbip)6](BF4)4(C10H7SO3)}3+; 879, {[Co4(Lbip)6](BF4)3(C10H7SO3)}4+.  Elemental analysis calculated for [Co4(Lbip)6](C10H7SO4)2(BF4)6•12H2O: C, 57.4; H, 4.4; N, 11.2 %; found: C, 57.5; H, 4.6; N, 11.1 %. 
Synthesis of [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh)1.5                                              
An excess of sodium tetraphenylborate (0.013 g, 0.038 mmol) in MeCN (1 cm3) was added to a solution of [Cd4(Lbip)6⊃(BF4)](BF4)7  (0.01 g, 0.0025 mmol) also in MeCN (1 cm3).  Diethyl ether was diffused into the resulting mixture to yield X-ray quality white crystals.

Data for [Cd4(Lbip)6](BPh4)1.5(BF4)6.5: yield 33 %. ESMS: m/z 1309,{[Cd4(Lbip)6](BPh4)(BF4)4}3+; 960, {[Cd4(Lbip)6](BPh4)(BF4)3}4+.  Elemental analysis calculated for [Cd4(Lbip)6](BPh4)1.5(BF4)6.5•3H2O: C, 59.5; H, 4.1; N, 12.5 %; found: C, 60.0; H, 4.5; N, 12.3 %. 
Table 2.2 Crystallographic data for the new compounds.
	Compound
	[Co4(Lbip)6](C10H7SO3)2

(BF4)6•2MeCN•2H2O
	[Cd4(Lbip)6](BPh4)1.5(BF4)6.5
	[Co2(L1,8-nap)2(PO2(OPh)2](BF4)2•Et2O•MeCN

	Formula
	C204H168B6Co4F24N38O8 S2
	C216H174B8Cd4F26N36
	C86H78B2Co2F8N13O9P2

	Molecular weight
	4100.46
	4303.99
	1790.53

	Habit
	Orange block
	Colourless needle
	Orange block

	T / K
	120(2)
	150(2)
	110(2)

	Crystal system
	Triclinic
	Cubic
	Triclinic

	Space group
	P-1
	I23
	P1

	a / Å
	18.7977(4)
	35.7585(7)
	16.060(4)

	b / Å
	19.7726(4)
	35.7585(7)
	17.738(4)

	c / Å
	32.5810(7)
	35.7585(7)
	17.763(5)

	α / °
	82.6170(10)
	90
	87.721(5)

	β / °
	84.7620(10)
	90
	82.222(5)

	γ / °
	65.0120(10)
	90
	64.452(4)

	V / Å3
	10876.0(4)
	45723.3(16)
	4522(2)

	Z
	2
	8
	2

	ρ / g cm-3
	1.252
	1.250
	1.315

	μ / mm-1
	0.402
	0.445
	0.480

	Data, restraints, parameters
	27905, 232, 1890
	9998, 656, 695
	22248, 1419, 1734

	Rint for independent data
	0.0632
	0.1665
	0.2407

	Final R1, wR2a
	0.1239, 0.3857
	0.0826, 0.2371
	0.1601, 0.4707


a The value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.

Data for [Co4(Lbip)6](C10H7SO3)2(BF4)6 was collected at the EPSRC National Crystallography Service at the University of Southampton on a Bruker APEX 2 diffractometer using either graphite-monochromated Mo-Kα X-radiation from a rotating anode source, or Cu-Kα X-radiation from a sealed tube source.  Data for the remaining two structures [Cd4(Lbip)6](BPh4)1.5(BF4)6.5 and [Co2(L1,8-nap)2(PO2(OPh)2](BF4)2 was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-K X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109 
Crystals of the cage complexes generally scattered weakly due to the extensive disorder of anions and solvent molecules, meaning that high-angle data was weak or absent in some cases.   In some structures it was not possible to clearly locate all of the anions from the data due to extensive disorder associated with both anions and solvent molecules; this resulted in areas of diffuse electron density that could not be modelled sensibly.  The SQUEEZE function of PLATON110 was used in these cases to eliminate these areas of electron density from the refinement.  Many of the disordered counterions have been modelled as best as possible using a combination of geometric and displacement restraints.  This often involved the modelling of disordered components of anions over multiple sites.  Restraints were also used to constrain all five and six-membered rings into uniform, planar arrangements.     

3 Tetrahedral cage stability and self-assembly experiments 
3.1 Summary
Despite the use of labile metal(II) cations, the tetrahedral cage complexes of the Ward group have proven to be remarkably stable in solution.  A ligand exchange experiment has been carried out which uses electrospray mass spectrometry to show that ligands transfer between intact cage structures on a very slow timescale, taking weeks to reach equilibrium.100
A similar experiment was carried out on two isostructural cages, consisting of the ligand Lbip, whereby metal cation exchange was monitored between intact cobalt(II) and cadmium(II) homometallic complexes.  The process proved to be very slow, taking months before equilibrium was reached between the various species.

A collaboration with Douglas Vander Griend involving the modelling of spectroscopic titrations enabled the self-assembly process of a tetrahedral cage to be monitored and the various intermediates identified.  It has been confirmed that the assembly of the cage is entropy, and not enthalpy driven.
3.2 Introduction

Electrospray mass spectrometry is a reliable analytical method and is routinely used for confirming the identity of macromolecules and supermolecules.  It employs electrospray ionisation, in which a solution of the analyte is passed through a charged metal capillary to produce an aerosol of charged droplets.  The charged droplets are subjected to a vacuum, heat and often a flow of nitrogen gas to evaporate the solvent.  Desolvation takes place until the ions are small enough to be ejected into the gas phase and analysed.  Although this is a gas phase technique, studies have been carried out to suggest that the results are representative of the species present in solution.111
This analytical method is extremely well suited to the study of large, highly charged molecules as it is relatively gentle.  This often results in the preservation of the molecule as fragmentation can be prevented.  Instead, a series of m/z signals is observed as subsequent counterions are lost from the parent species, each corresponding to a multiply charged species.  Depending on the molecular weight and the number of counterions in a complex, the series of peaks for a particular species can occur over very large m/z range.  In certain cases identification of the charge associated with a particular peak on a spectrum is crucial as a number of species can possess identical m/z values.111,112  For example {Co4(Lbip)6(BF4)4}4+ and {Co2(Lbip)3(BF4)2}2+ have identical component ratios and as a result have identical m/z values.  The charge of a signal can be determined by measuring the separation in mass units between peaks in the isotope splitting pattern.  If there is a separation of 0.5 mass units between isotope peaks then the charge is 2+, whereas if there is a separation of 0.25 then the charge of a species is 4+.  The isotope pattern of a particular species can be used to determine which elements are present and this may also help to assign the signals.   Electrospray mass spectrometry has other advantages such as its ability to detect molecules possessing high molecular weights.  It is commonly used in biological chemistry to analyse proteins and it is able to determine their conformation and complexation.113  It also has extremely low detection limits, meaning only small amounts of material are required for analysis.114
Cold-spray ionisation mass spectrometry is a softer analytical method than electrospray115 and further ensures that fragile chemical species remain intact.  Fujita has employed this tool to monitor the ligand exchange between two intact, isostructural, homoleptic cages in solution (Scheme 3.1).  
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The cages are M12L24 spherical complexes (Figure 3.1), held together by 48 kinetically labile Pd(II)-pyridine bonds.  The ligands of the two cages only differ by the length of their pendent alkyl chains present on the central phenyl ring.  The alkyl chain length does not affect the stability of either cage and is useful for distinguishing between the two complexes in the mass spectrum.59
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The two cages prove to be stable overnight as no additional peaks were observed on the spectrum (Figure 3.2).  After a total of 35 hours in solution together, additional peaks are observed, marking the exchange of one ligand.  These peaks occur at 1034.4 and 1118.8 and correspond to {Pd12LA23LB(OTf)13}11+ and {Pd12LALB23(OTf)13}11+ respectively.59
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A second experiment was carried out, involving the mixture of an intact M12LB24 cage with LA (Scheme 3.2).  Ligand exchange occurs much faster than the exchange between ligands of two intact, homoleptic cages.  This difference in stability can be attributed to the cooperative effect of the weak Pd(II)-pyridine bonds.  Comparison of the two experiments shows how much more stable a self-assembled system is once all the components are held together.59
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The kinetic studies carried out by the Fujita group strongly suggest that multi-component self-assembly roughly undergoes three stages. Initially, there are very rapid equilibrations (ms-1) among the many components.  As more stable structures are formed, the system equilibrates quickly (s-1 to min-1) among the completed and uncompleted self-assemblies.  This is the stage at which the system is most likely to correct the misassembled structures.  The final stage involves very slow equilibration (hours to days) after the self-assembly is complete, resulting in the kinetically stable state of the whole system.59
The tetrahedral cage complex [Ga4(Lcat)6]12- synthesised by Raymond has been proven to exhibit structural “memory” through retention of chirality as it undergoes ligand exchange.116  A series of experiments have been carried out by the group to support this claim.   The simple catecholate complex [Ga(Lcat)3]3- represented in Figure 3.3 undergoes rapid interconversion between the Δ and Λ enantiomers117 (k = 10-1 s) whereas the helicate [Ga2(Lcat)3]6- is slower by a factor of 100 (k = 0.095-1 s).118  Enantiomers of the tetrahedron (ΔΔΔΔ and ΛΛΛΛ), once resolved, remain enantiomerically pure (even at elevated temperatures) despite partial dissociation of the complex on the scale of seconds.
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The biscatecholate ligand Lcat2, possessing a phenyl spacer, cannot form a tetrahedron with Ga(III) ions and instead forms an M2L3 helicate.119  In an experiment, the group observed the step-wise replacement of Lcat in the complex [Ga4(Lcat)6]12- with Lcat2 to form the series of species [Ga4(Lcat)n(Lcat2)n-6]12- (Figure 3.4).  The experiment took place in D2O where equimolar amounts of [Ga4(Lcat)6⊃(NEt4)](NEt4)11 and [Ga2(Lcat2)3]K6 where heated at 75 ºC for 24 hours and monitored by 1H NMR and circular dichroism spectroscopies.  Although the ligands of the starting material undergo substitution, the chirality of the original tetrahedron is retained.120  The result obtained by the Raymond group demonstrates the inertness of the resolved homochiral structure to racemisation. 
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3.3 Ligand exchange between tetrahedral cages

The ligands containing an ortho-phenyl (Lo-ph) and a 2,3-naphthyl (L2,3-nap) spacer (Figure 3.5), bearing two bidentate pyrazolyl–pyridine binding units, both self-assemble in the presence of the appropriate metal(II) cation to yield M4L6 tetrahedral cages (Figure 3.6).99,121  Both cages are stable in solution and both contain a counterion in the central cavity.
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The use of kinetically labile metal cations is essential in this case as it allows the self-assembly process to follow a reversible pathway.  If any mistakes are made in the binding of the components, they can simple dissociate after which they will get another attempt at following the correct pathway that leads to a closed structure.  Once that structure is formed, it is much more stable than any of the intermediate species because a thermodynamic minimum has been reached.  The stability (and formation) of the cage complex is due to the use of the bis-bidentate ligands which chelate to two different metal centres.  If one pyrazolyl–pyridine binding unit dissociates from a kinetically labile metal ion, it remains part of the structure as it is still tethered to another one.  As the unhinged ligand is the nearest to the structure, it is most likely to re-coordinate and return the cage to its complete, stable state.  

An experiment was undertaken to look into the stability of the two tetrahedral cages, [Co4(Lo-ph)6⊃(BF4)](BF4)7 and [Co4(L2,3-nap)6⊃(BF4)](BF4)7, in solution.  Equimolar quantities of the two compounds were mixed in acetonitrile at a concentration of ca. 2.5 mM at room temperature and the changes were monitored at regular intervals using electrospray mass spectrometry.  The ligands are near identical apart from the extended aromatic spacer on L2,3-nap which allows the different combinations of ligands to be seen by ES-MS.  The cages are very similar and a mixed-ligand cage is therefore quite easy to envisage.  
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Looking towards less stable structures, when simple bidentate ligands are used in place of bridging ligands, this kinetic inertness is expected to be lost.  If two similar cobalt(II) tris-bipyridine complexes (Scheme 3.3

Scheme 3.3
), only differing by one complex possessing methyl substituents on the pyridines, are mixed in solution, complete scrambling of ligands between metal centres occurs with minutes.  The result is a statistical mixture of the four possible complexes.  This is simply due to the labile nature of the cobalt(II) cations.
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The results show the two homoleptic cages to be remarkably stable on the scale of the experiment.  The mass spectra of the individual cages show several peaks for each component associated with successive loss of anions to give the general ion series {Co4(L)6(BF4)8-n}n+.  Figures 3.7 – 3.10 show the spectra, focussing on the region where n = 4, i.e. loss of four of the eight anions generating the general species {Co4(Lo-ph)6-n(L2,3-nap)n(BF4)4}4+.  Following the mixing of the two cages, the spectrum in Figure 3.7 was immediately obtained, showing the predominant Lo-ph and L2,3-nap homoleptic cages at m/z 735 and 810 respectively.  The 0.25 mass unit spacing in the isotope splitting pattern confirms that these peaks arise from 4+ charged and intact cage complexes.  New mixed-ligand species were also observed at m/z 747 and 797 immediately after mixing took place (Figure 3.7).  These peaks correspond to the species {Co4(Lo-ph)5(L2,3-nap)(BF4)4}4+ and {Co4(Lo-ph)(L2,3-nap)5(BF4)4}4+ that have each evolved from the homoleptic starting compounds through the exchange of one of their own ligands for one of other cage’s.  If these ligand exchanges are taking place then it is reasonable to suggest that ligands also exchange between identical homoleptic cages.  These mixed-ligand species are only present in small quantities, but their relative abundance showed that there were many changes yet to come. 
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It is worth noting that there is a large discrepancy between the intensities of the two starting material peaks on the mass spectra.  This does not arise due to differing quantities in solution as it was confirmed by 1H NMR spectroscopy that the two species were present in equal quantities at the start of the experiment.  The two cages must therefore differ in their susceptibility to electrospray conditions.  The samples were all run using a low cone voltage of 5 V, as opposed to the ‘normal’ voltage of 40 V, to ensure that little fragmentation occurred and the cage structures remained intact.  Nevertheless, the spectra appear to have low intensity peaks which correspond to {CoL(BF4)}+ and {CoL2(BF4)}+ fragments.  In each case the peak with the highest intensity is that of the Lo-ph cage fragment, suggesting that Lo-ph cage is less stable under electrospray conditions than the L2,3-nap cage.  The difference in stability between the two structures is most likely to be due to the stronger aromatic stacking between naphthyl rings and pyrazolyl-pyridine units present in the L2,3-nap cage.  This effect, however, is a constant throughout the experiment and can therefore be ignored.
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Figure 3.8 shows the electrospray mass spectrum of the mixture after 24 hours and the two starting material peaks remain relative large, indicating that they remain the dominant species and that ligand exchange is taking place at a slow rate.  There are however, additional peaks present at m/z 760, 772 and 785 corresponding to {Co4(Lo-ph)4(L2,3-nap)2(BF4)4}4+, {Co4(Lo-ph)3(L2,3-nap)3(BF4)4}4+ and {Co4(Lo-ph)2(L2,3-nap)4(BF4)4}4+ respectively.  Again, little change is observed in Figure 3.9 after another 48 hours but overall, comparing the starting and 72 hour spectra it can been seen that the composition has changed by a notable amount.
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After 10 days in solution the components in the mixture seem to be present in similar quantities.  Figure 3.10(a) shows that the spectrum is now beginning to be dominated by the peaks corresponding to the mixed-ligand species.  There also seems to be a propensity towards species containing the L2,3-nap ligand.  Whether this is an effect of the electrospray conditions on species of high Lo-ph content or that the L2,3-nap containing species form preferentially or more quickly in solution is unknown.
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The spectrum continued to evolve until equilibrium was reached at a total time of 64 days, when there were no more discernible changes (Figure 3.10(b)).  The approximate ratio of the species at equilibrium is 1:6:15:20:15:6:1.  This statistical distribution of the various species is expected if each of the edges of the tetrahedron is treated independently, leading to a highest number of possible arrangements when three of each ligand type are present in the structure.

The slow rate of ligand exchange in theses cage complexes is due to the use of the bis-bidentate ligands; if one pyrazolyl–pyridine binding unit dissociates from a cobalt(II) ion it is still tethered to another one and it is very likely to re-coordinate to fill the vacant binding site of the cobalt(II)  ion.  Reattachment is likely and this may be due to the π•••π stacking between ligands, holding them in place.  A possible mechanism is a concerted process, requiring the simultaneous detachment of both ends of a ligand from two metal(II) ions of a cage complex.  Immediate binding of a new ligand to the two coorditinively unsaturated cobalt(II) ions of the cage will then follow.  The probability of these events occurring, facilitating ligand exchange, is very low and although the mechanism is unknown, this may help explain why the process is so slow.  

Crystals were obtained by diffusing diethyl ether into an equilibrated solution of the mixed-ligand cages.  The crystal structure (Figure 3.11) shows that the various species co-crystallise, giving a disordered mixture of mixed-ligand cages.  This was apparent from the crystal data as the carbon atoms on the inner rings of the naphthyl spacers had better atomic displacement parameters than the outer ring carbons.  When free variables on the outer ring carbon atoms were allocated and the site occupancies were allowed to ‘float’ it was found that they had reduced site occupancy, showing that they were only present on each independent ligand in approximately half the molecules in the crystal lattice.  
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3.4 Metal cation scrambling between cages

The ligand containing a 3,3’–biphenyl spacer, separating two bidentate pyrazolyl-pyridine binding units (Lbip), has been used by the Ward group to create a series of isostructural M4L6 tetrahedral cages and is described in the previous chapter.  This structure was used in an experiment to investigate the stability of cages through the exchange of metal cations (rather than the ligands).  Equimolar quanities of [Co4(Lbip)6⊃(BF4)](BF4)7 and [Cd4(Lbip)6⊃(BF4)](BF4)7 were combined in solution and the composition of the mixture was monitored using electrospray mass spectrometry.  These two cages were chosen for a number of reasons: their crystal structures have both been determined and their molecular structures are identical; the molecular weights of the two metals differ enough to allow the various mixed-metal species to be clearly identified in the mass spectra; and crystals of the two complexes can be easily grown.  The need for purity in this experiment is paramount as any excess metal ions effectively catalyse the process, speeding it up.  It was predicted that this experiment would take place on a slower time scale than the one in the previous section as each metal would need to dissociate from the pyrazolyl-pyridine binding units of three different ligands.

A 1:1 mixture of the two homometallic cages complexes, [Co4(Lbip)6⊃(BF4)](BF4)7 and [Cd4(Lbip)6⊃(BF4)](BF4)7,  was prepared at a concentration of ca. 2.5 mM in MeCN and the electrospray mass spectrum was monitored at regular intervals, initially daily and eventually weekly.  The initial spectrum shown in Figure 3.12(a) was taken within minutes of combining the two starting compounds and focuses on the 4+ region where the general species {M4(Lbip)6(BF4)4}4+ is generated from the loss of four of the eight anions.  

The two homometallic Co4 and Cd4 cages at m/z 848 and 902 respectively were the most prominent signals at this point.  The peak cluster at 902 however, is a mixture of two signals, both with different isotope spacings.  One signal has a mass unit spacing of 0.25, corresponding to the 4+ ion of an intact cage whereas the other signal, with a 0.5 mass unit spacing and therefore a 2+ charge, corresponds to the cluster {Cd2(Lbip)3(BF4)2}2+.  Curiously, the Cd2 species gives the more intense signal of the two.  
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Even within minutes of mixing the two compounds, new mixed-metal species can be seen on the spectrum.  Signals at m/z 862 and 889 can be observed and are due to Co3Cd and CoCd3 species.  The 0.25 mass unit spacing confirms that these arise from intact cages with the general formula {M4(Lbip)6(BF4)4}4+.  Surprisingly, even the Co2Cd2 cage is detected with a low intensity at m/z 875.  This signal is also superimposed on a signal for the fragment {CdCo(Lbip)3(BF4)2}2+.  The low intensity of the peaks associated with the mixed-metal tetranuclear cages indicates that the exchange process of metal cations between cages is far from complete.
The solution was analysed at regular intervals, until equilibrium was reached and no more changes were observed.  This finally ocurred 150 days after the initial mixing of the two homometallic cages.  The spectrum in Figure 3.12(b) shows the species present in the approximate ratio 1:4:6:4:1.  This near-binomial distribution is what would be expected if the metal sites are independent of one another, and a statistical distribution of products is therefore obtained.  All of the signals in this region of the mass spectra are of the general species {M4(Lbip)6(BF4)4}4+ as each signal has an isotope splitting pattern with 0.25 mass units separating each isotopic component.  There is very little sign of the {M2(Lbip)3(BF4)2}2+ fragments at this point, indicating that the mixture has truly reached equilibrium. 

Over the course of the experiment the Co4 cage signals were consistently more intense than those of the Cd4 species.  This is because cobalt has one isotope whereas cadmium possesses eight, resulting in a Cd4 cage generating a less intense but broader signal spread out over a greater m/z range.  

From the various mass spectra collected, more cadmium containing fragments are observed.  This may be because the cadmium containing species have a higher propensity to fragment or that all species fragment and it is the cadmium species that have the more intense signals.  

We have seen in the previous section how slow ligand exchange occurs between cage complexes as each ligand is held in place by two binding units.  The mechanism for this metal cation exchange is unknown but may involve the simultaneous release of a metal ion from two different cage complexes, immediately followed by exchange of these two cations into each other’s parent structure.    

X-ray quality crystals from a mixed-metal cage solution after equilibration were obtained by slowly diffusing in diethyl ether.  However, it was not possible to crystallographically determine the identity of the metal atoms in the structural solution (Figure 3.13) despite the large difference between the ionic radii of the two cations.  The crystals were pale pink in colour so the cage complex contained at least one cobalt(II) ion [as the pure cadmium(II) complex is colourless] and cadmium-containing species were detected on the electrospray mass spectrum of a redissolved single crystal.  It was determined from the refinement that the various mixed-metal species co-crystallise as the metal(II) cations are each disordered over the four sites of the tetrahedral cage.  The R factor and atomic displacement parameters were optimised with the approximate cage composition set as Co3Cd.  Each metal site has a different compostion and is shown in Table 3.1.  The M–N bond distances lie in the range 2.12 – 2.28 Å which is approximately midway between the previously reported bond distances of the homometallic cages (2.08 – 2.19 Å for the Co4 cage and 2.27 – 2.41 Å for the Cd4 cage).  This is consistent with the crystallographic solution as the M–N bond range for the Co3Cd cage lies closer to that of the Co4 cage than the Cd4 cage bond range.
Table 3.1 Metal composition at each metal site in the crystal structure of [M4(Lbip)6⊃(BF4)](BF4)7.
	Metal site
	Cobalt %
	Cadmium %

	Co(1)/Cd(1)
	65
	35

	Co(2)/Cd(2)
	75
	25

	Co(3)/Cd(3)
	80
	20

	Co(4)/Cd(4)
	80
	20


[image: image133.emf]PzPy

PyPz


[image: image134.emf]PzPy

PyPz


3.5 Self-assembly of [Co4(Lbip)6⊃(BF4)](BF4)7 in solution followed by spectroscopic titrations

In the previous two sections we have looked at the stability of tetranuclear cage complexes in solution over the course of days and weeks, but we have not yet fully investigated the assembly process which brings the separate components together.  The assembly of these tetrahedral cages involves the self-organisation of 10 units, primarily using 24 metal-nitrogen bonds.  This must be a complex process, but when 1H NMR spectroscopy was employed in an attempt to follow the self-assembly, the tetrahedral cage formation reaches completion so quickly that it is difficult to properly ascertain an end-point with this method.

Through collaborating with Douglas Vander Griend of Calvin College, Mississippi, it has been possible to determine the identities of distinct intermediate species, the molar absorptivity curve for each, and the standard free energy, ΔG°, for the chemical reactions between them.  Vander Griend and co-workers performed UV/Vis spectroscopic titrations, adding Lbip to an MeCN solution of Co(BF4)2 at various temperatures.  The data was subjected to equilibrium-restricted factor analysis that models the additive factors in the data as definite chemical species that must adhere to the thermodynamic laws of chemical equilibria.  A model was obtained which contained seven factors that correspond to the seven chemical species Co2+, [Co2Lbip]4+, [Co2(Lbip)2]4+, [Co4(Lbip)6]8+ (the tetrahedron), [Co4(Lbip)8]8+, [Co2(Lbip)5]4+, and [Co(Lbip)3]2+ shown in Figure 3.14.  As more Lbip was added to the solution, species of increasing L/M ratio evolved.
[image: image135.emf]PzPy

PzPy


[image: image136.png]



The thermodynamic values for the equilibrium steps en route to the assembly of the cage are listed in Table 3.2.  In the first three steps, Lbip ligands replace solvent molecules in the coordination sphere of the Co(II) cations.  The standard free energy values decrease in steps 1 – 3 and this is typical for stepwise coordination steps.  This is also likely to be enhanced by coulombic interactions between Co(II) cations that coordinate to the same Lbip molecule.  Overall, the experiment concluded that the self-assembly of the cage is not driven by enthalpy, but mainly by entropy, arising from the liberation of solvent molecules when the Lbip ligands bind to the metal ions.
Table 3.2 Optimal thermochemical model for spectroscopic data of the titration of cobalt(II) with Lbip.  Reproduced from reference 100.
	Reaction
	ΔG° (283 K)

m = 4, n = 4
	ΔG° (295 K)
m = 4, n = 2
	ΔG° (308 K)
m = 4, n = 2
	ΔH°
m = 3, n = 3
	ΔS°
m = 3, n = 3

	Co2+ + ½L  ( ½[Co2L]4+  
	-145(5)
	-154(1)
	-154(3) 
	-17.0(2)
	456(8)

	½[Co2L]4+  + ½L  ( 1/m[ComLm]2m+ 
	-92.7(2)
	-148(1)
	-155(2)
	640(30)
	2620(90)
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1/m[Com Lm]2m+ + ½L ( ½[Co4L6]8+   
	-87.1(2)
	-136(2)
	-147(2)
	630(20)
	2560(70)

	¼[Co4L6]8+   + ½L  ( 1/n[ConL2n]2n+      
	-84.8(1)
	-49.8(1)
	-60.0(5)
	-344(20)
	-942(80)

	1/n[ConL2n]2n+  + ½L  (  ½[Co2L5]4+ 
	-45.4(1)
	-49.6(1)
	-64.5(6)
	92.0(2)
	483(8)

	½[Co2L5]4+ + ½L  (  [CoL3]2+  
	-43.0(1)
	-31.3(2)
	-6.20(5)
	-428(8)
	-1360(30)


All values given in kJ/mol. L corresponds to Lbip. 

In the last three steps when excess ligand is present, there is no net increase in cobalt–Lbip linkages, as additional ligand eliminates the need for two cobalt(II) cations to be coordinated to one ligand.  The final step is the formation of species where individual cations are each coordinated to three separate ligands.  In contrast to the first three, these steps appear to be more enthalpy driven as charge is allowed to separate without overall loss of metal- ligand interactions. 

What is strange about these findings is the small number of intermediates involved in the process to achieve cage formation.  The absence of the species [CoLbip]2+ and [Co(Lbip)2]2+ as factors in this experiment suggests that the general species M1L1, M1L2 observed in the ESMS experiments (Section 3.3) are not present in solution under normal condition and are simply fragmentation products of the electrospray process.  This result also falls in line with 1H NMR findings that under the correct stoichiometry, the cages are the sole major product.

3.6 Conclusions
This chapter has covered an investigation into the stability of inorganic tetrahedral cages using electrospray mass spectrometry and an investigation in the self-assembly process using the modelling of spectroscopic titrations.

A mixture of two tetrahedral cages composed of kinetically labile cobalt(II) ions exchange ligands at a very slow rate until equilibrium is reached after 64 days in solution at room temperature.  This experiment highlights the stability of the cage structure through weak yet co-operative coordinative bonds.

The mixture of pure Co4 and Cd4 isostructural cages also shows a remarkable degree of kinetic inertness for the fully-formed cages.  The scrambling of metal cations between sites gives a mixture of Co4, Co3Cd, Co2Cd2, CoCd3 and Cd4 cages and takes months in solution at room temperature to reach completion.
The collaboration with Douglas Vander Griend has shown the self-assembly of the tetrahedral cage to be an equilibrium event, driven by entropy rather than enthalpy as solvent molecules are liberated.  Equilibrium-restricted factor analysis shows that the geometrically favoured cage is favoured to the near exclusion of other complexes when the stoichiometry between metal and ligand is correct.  When the stoichiometry is not 2:3 it has been shown that additional oligomeric species exist in equilibrium with each other.  This indicates that the enthalpic driving forces that facilitate the formation of the tetrahedral cage also lead to intermediate structures.  

3.7 Experimental
Synthesis of Lo-ph

A literature procedure by Fleming et al48 was followed to yield a white powder.

Synthesis of L2,3-nap

A literature procedure by Paul et al122 was followed to yield a white powder.

Synthesis of Lbip
See previous chapter.

Synthesis of Lo-ph and L2,3-nap complexes

The complexes [Co4(L)6⊃(BF4)](BF4)7 (where L = Lo-phen or L2,3-nap) were prepared solvothermally; the method here given for [Co4(Lo-phen)6](BF4)8 is typical.  A Teflon-lined autoclave was charged with Co(BF4)2.(H2O)6 (0.029 g, 0.09 mmol), Lo-phen (0.05 g, 0.13 mmol) and methanol (9 cm3).  Heating to 100 °C for 12 h followed by slow cooling to room temperature yielded an orange powder.  This was separated and consecutively washed with methanol and then chloroform before being dried in vacuo.  All samples for elemental analysis were dried thoroughly but proved to be hygroscopic, gaining weight when exposed to air; consequently all C, H, N analytical data are consistent with the presence of several water molecules per complex molecule.

Data for [Co4(Lo-ph)6⊃(BF4)](BF4)7.  Orange solid.  Yield: 95 %. ESMS: m/z 1555.6, {[Co4(Lo-ph)6](BF4)6}2+; 1008.2, {[Co4(Lo-ph)6](BF4)5}3+; 734.4, {[Co4(Lo-ph)6](BF4)4}4+; 570.2, {[Co4(Lo-ph)6](BF4)3}5+. Elemental analysis calculated for [Co4(Lo-ph)6](BF4)8•4H2O: C, 51.5; H, 3.7; N, 15.0 %; found: C, 51.6; H, 3.9; N, 14.8 %.  
Data for [Co4(L2,3-nap)6⊃(BF4)](BF4)7.  Orange solid.  Yield: 93 %. ESMS: m/z 3498.4, 

{[Co4(L2,3-nap)6](BF4)7}+; 1160, {[Co4(L2,3-nap)6](BF4)6}2+; 1705.8, 
{[Co4(L2,3-nap)6](BF4)5}3+; 1108.3, {[Co4(L2,3-nap)6](BF4)4}4+; 809.5.  Elemental analysis calculated for [Co4(L2,3-nap)6](BF4)8•10H2O: C, 53.6; H, 4.1; N, 13.4 %; found: C, 53.8; H, 4.3; N, 13.4 %.  
Synthesis of Lbip complexes

See previous chapter.
Table 3.3 Crystallographic data for the new compounds
	Compound
	[Co4((Lo-ph)n(L2,3-nap)6-n)6](BF4)8
	[Co3Cd(Lbip)6](BF4)8•

10MeCN

	Formula
	C168H132B8Co4F32N36
	C200H162B8F32N46Co3Cd

	Molecular weight
	3585.25
	8036.92

	Habit
	Colourless block
	Orange block

	T / K
	100(2)
	100(2)

	Crystal system
	Rhombohedral
	Triclinic

	Space group
	R-3
	P-1

	a / Å
	32.445(2)
	18.6883(7)

	b / Å
	32.445(2)
	22.7476(10)

	c / Å
	32.445(2)
	24.5030(9)

	α / °
	90.042(4)
	94.896(3)

	β / °
	90.042(4)
	93.600(2)

	γ / °
	90.042(4)
	95.606(3)

	V / Å3
	34153(4)
	10302.3(7)

	Z
	8
	2

	ρ / g cm-3
	1.122
	1.309

	μ / mm-1
	0.442
	0.428

	Data, restraints, parameters
	29787, 0, 2029
	26637, 383, 1939

	Rint for independent data
	0.1475
	0.0803

	Final R1, wR2a
	0.1259, 0.3733
	0.1155, 0.3381


a The value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.

Data for [Co4((Lo-ph)n(L2,3-nap)6-n)6](BF4)8 and [Co3Cd(Lbip)6](BF4)8 was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-Kα X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109
Crystals of the cage complexes generally scattered weakly due to the extensive disorder of anions and solvent molecules, meaning that high-angle data was weak or absent in some cases.   In some structures it was not possible to clearly locate all of the anions from the data due to extensive disorder associated with both anions and solvent molecules; this resulted in areas of diffuse electron density that could not be modeled sensibly.  The SQUEEZE function of PLATON110 was used in these cases to eliminate these areas of electron density from the refinement.  Many of the disordered counterions have been modelled as best as possible using a combination of geometric and displacement restraints.  This often involved the modelling of disordered components of anions over multiple sites.  Restraints were also used to constrain all five and six-membered rings into uniform, planar arrangements.     

4 Complexes assembled using new bis-bidentate ligands
4.1 Summary
This chapter follows an investigation into the influences that affect the self-assembly of different inorganic supramolecular cage complexes.  The new ligands that have been developed, like many from the Ward group, have a degree of flexibility which makes it nearly impossible to predict the structure of the cage complexes that they form in the presence of certain metal(II) ions.  However, the advantage of this flexibility is that surprisingly elaborate supramolecular structures can form from the relatively simple components which can adjust their conformation to adapt to the conformational requirements of the assembly. 

A new ligand, L2,6-nap, possessing two pyrazolyl-pyridine binding units separated by a 2,6-dimethylnaphthalene spacer unit, is among the longest to be synthesised by the group.  Yet despite the length and flexibility of the ligand, it forms a cage based on the smallest platonic solid, the tetrahedron.  

The use of pyrazolyl-pyrazine in place of pyrazolyl-pyridine as the binding unit in bis-bidentate ligands, effectively replacing a C-H group with a nitrogen atom, has an interesting effect on the self-assembly of certain structures.  It has no effect on the cage structure of the ligand with a biphenyl spacer as Lb-pza forms the same tetrahedral cage as Lbip.  But when the new binding unit is used in conjunction with a 1,8-dimethynaphthalene spacer, the truncated tetrahedron no longer forms.  Instead, a range of smaller structures self-assemble depending on which metal(II) ion is employed.  All of the new structures illustrate how ligand flexibility, metal geometric preferences and electronic effects influence the self-assembly process.
4.2 Introduction 

The construction of a particular supramolecular assembly requires geometric information which is contained within the components.123,124  The self-assembly process can then follow the instructions contained within each of the components to lead to the formation of precise molecular interactions.125,33  Good examples of this, such as those by Fujita126 and Stang,127 involve the use of square-planar metal (II) ions whose bonding directionality can be controlled by capping certain binding sites to give subunits capable of creating 90° and 180° vertex angles.  When combined with rigid bridging ligands, the directional bonding between the subunits leads to predictable assembles.

The use of flexible ligands in combination with metal ions possessing well defined coordination geometries means that other factors affect the self-assembly process.  Steric interactions between ligands can influence the formation of a product and it is also especially important in these cases that the metal ions chosen are labile, allowing self-correction to take place and a thermodynamic minimum to be reached.

The Rice group has developed a bis-tridentate ligand Ltpp (Figure 4.1), consisting of two thiazole-pyridyl-pyridyl units separated by a phenyl ring.128 
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In the presence of cadmium(II) ions, the dinuclear double-stranded helicate shown in Figure 4.2 is formed, with a tridentate binding unit from each ligand coordinating to a different cation.  The cadmium(II) centres have a pseudo-octahedral geometry, caused by the conformational restriction of the rigid binding unit.128
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The same ligand, when combined with zinc(II), forms the pentanuclear circular helicate shown in Figure 4.3.  As with the other structure, all of the metal centres have a distorted octahedral geometry as the binding units of two different ligands coordinate to each metal.  Each of the five 1,3-phenylene spacers bridge the five metal domains in an ‘over and under’ fashion which produces the helical cyclic oligomer.128
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The cause of the discrepancy between the two structures can be attributed to information contained within both the ligand and the metal ion used.  Inter-ligand steric interactions created by the inwardly facing protons on the central ring (highlighted in Figure 4.1) dictate which metal ion leads to the formation of which structure.  The cadmium(II) ion has a larger enough ionic radius to ensure that the ligands are positioned far enough apart in the double helicate to avoid an inter-ligand steric clash.  The ionic radius of zinc(II) is much smaller than that of cadmium(II) (0.75 vs. 0.95 Å respectively) and as a result, the phenyl units of each ligand need to be positioned further apart to prevent the proton-proton steric clash, hence a pentanuclear cyclic helicate is formed.  In this case the 1:1 metal/ligand ratio is retained and the smallest possible structure is assembled to coordinatively saturate each component.128
The flexible ligand Lpp (Figure 4.4), made in the Ward group, contains a 1,4-dimethylphenylene spacer, separating two bidentate pyrazolyl-pyridine units.129
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Combination of Lpp with metal salts of cadmium(II), zinc(II), nickel(II) or copper(II) results in the formation of the various polyhedral cage structures shown in Figure 4.5.  The choice of metal ion can influence the topology of the self-assembled structure, each ensemble having a metal/ligand ratio of 2:3.  The copper(II) complex is a hexanuclear Cu6L9 trigonal prism, the nickel(II) complex is an octanuclear Ni8L12 cube and the cadmium(II) and zinc(II) complexes are both hexadecanuclear M16L24 cages that can be described as tetracapped truncated-tetrahedra.  Although some of the structures are able to interconvert in solution, they crystallise in those forms mentioned above.130 
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The difference in the structures of these complexes can be attributed to the various ionic radii of the octahedral metal (II) cations.  Stereoelectronic preferences also influence the assembly of the copper(II) complex as the Jahn-Teller effect causes significantly distorted tris-chelate coordination geometries.130  The locations of the binding arms on the ligand are at the 1- and 4-positions and this is as far apart as they can be on the phenyl spacer.  This means that the ligand can adopt a variety of conformations afforded by the flexibility of each of the methylene spacers which have free rotation about two adjacent C–C and C–N bonds.  This conformational flexibility is why so many different complexes can be achieved with this one ligand.
4.3 Cages assembled using a bis-bidentate ligand with a 2,6-naphthyl spacer
As discussed earlier, it is impossible to predict the topology of a cage from the positions of the pyrazolyl-pyridine binding units as the methylene units offer enough flexibility for the ligands to adopt a range of conformations.  The structures of cages assembled from ligands with a 1,8-dimethylnaphthyl spacer  and a 1,5-dimethylnaphthyl spacer have both been reported in the literature by the Ward group and consist of M12L18 truncated tetrahedra and M8L12 cubes respectively.131,103  
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A third positional isomer of this ligand class has now been synthesised, L2,6-nap, with the pyrazolyl-pyridine binding units situated at the 2- and 6-positions of the naphthyl core (Figure 4.6).  It was suspected that another large cage structure would result from the combination of this new ligand with the appropriate salts of Ni(II), Co(II), Cu(II), Zn(II) and Cd(II).  This was a reasonable suspicion as the positions of the binding units are not far from those of L1,5-nap, with each shifted around the spacer by one position.  The ligands can be compared in Table 4.1.

Table 4.1 Comparison of cobalt(II) cage complexes of three isomeric ligands.
	Ligand
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	Complex
	M12L18
Truncated tetrahedron


	M8L12

Cube
	M4L6

Tetrahedron

	Co•••Co

Separations
	9.22 – 9.36 Å
	10.86 –11.58 Å
	11.79 –12.23 Å


4.3.1 [Co4(L2,6-nap)6](BF4)8 Tetrahedral cage
It was surprising to discover that mixing the L2,6-nap with cobalt tetrafluoroborate in the stoichiometric ratio of 3:2 results in the formation of a tetrahedral cage [Co4(L2,6-nap)6](BF4)8 (Figure 4.7).  The octahedral metal ions lie on the vertices of the cage and are each coordinatively saturated by three different bis-bidentate ligands which lie along the edges.  Product formation is optimal under solvothermal conditions in methanol and x-ray quality crystals are afforded when ethyl acetate is slowly diffused into a nitromethane solution of the compound.  The complex crystallises in the non-centrosymmetric space group I-4 with one metal, one and a half ligands and two tetrafluoroborate molecules (although only and one and a quarter were located) in the asymmetric unit.  Extensive disorder of solvent molecules and counterions prevented all of the BF4- anions from being located, but the structure of the cationic complex cage is clearly defined.
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The Co•••Co distances along the edges of the cage are 12.225 and 11.792 Å whilst the Co–N bond distances lie in the range 2.077 – 2.159 Å.  The four tris-chelated metal centres are homochiral, each having a meridional arrangement of N-donor ligands.  The structure is supported by aromatic π-stacking (shown in the next section in Figure 4.8) between electron rich naphthyl units and the relatively electron deficient pyrazolyl-pyridine units.  

It is unknown whether or not the central cavity contains a tetrafluoroborate anion as many other tetrahedral cages do.  The crystal structure shows no sign of anything in the central cavity and the lack of solubility of the compound prevents any thorough NMR analysis from taking place.  A high enough concentration in acetonitrile is achievable for analysis using electrospray mass spectrometry and a series of m/z peaks at 1108.3, 809.5 and 630.2 are observed for the general species {Co4(L2,6-nap)6(BF4)8-n}n+ corresponding to the sequential loss of tetrafluoroborate anions (where n = 3, 4 and 5 respectively).  This is not only supporting evidence for the existence of the cage but also strongly suggests that it is stable in solution.132
4.3.2 [Ni4(L2,6-nap)6](BF4)8 Tetrahedral cage
Combination of the L2,6-nap ligand with Ni(BF4)2 also results in the formation of a M4L6 tetrahedral cage, isostructural to the that of the above mentioned cobalt(II) cage.  In this case however, x-ray quality crystals were afforded upon cooling, following the high temperature and high pressure solvothermal conditions.  This complex also crystallises in the non-centrosymmetric space group I-4 with only one metal atom, one and a half ligands and two tetrafluoroborate molecules (although only one quarter was found)  being crystallographically independent.  Again, the weakly diffracting nature of the crystals and the high disorder of solvent molecules and counterions prevented all of BF4- molecules from being located.  Nevertheless, the structure and shape of the cationic complex cage is clear.
The slightly smaller ionic radius of the octahedral nickel(II) cations (83 pm compared to the 88.5 pm ionic radius of high spin Co(II)) results in marginally smaller Ni–N bond lengths in the range 1.992 – 2.128 Å.  Despite this the Ni•••Ni separations lie in the range 11.874 – 12.214 Å, similar to that of the cobalt analogue.

Electrospray mass spectrometry confirms the existence of the cage in solution with a series of peaks for the general species {Ni4(L2,6-nap)6(BF4)8-n}n+ corresponding to the sequential loss of tetrafluoroborate anions.  As with the isostructural cobalt(II) analogue, there is aromatic π-stacking present on the surface of the cage.  It is likely that the structure’s stability in solution is reinforced slightly by the two columns of aromatic π-interactions (Figure 4.8) running along the external surface of the cage.  There are two stacks on the surface of the cage, each consisting of five units, giving a total of eight π-interactions overall.  Figure 4.8 shows the two π-stacks; a horizontal stack of blue units at the front of the structure and a vertical π-stack at the rear, consisting of red units.  Whilst each interaction will be relatively weak, the cumulative effect will be significant and contribute the overall stability of the cage structure.
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4.4 Cages assembled using ligands with two chelating pyrazolyl-pyrazine units
The development of a new binding unit, based on the original pyrazolyl-pyridine, has been carried out with the pyridine ring being replaced with a pyrazine ring.  Two ligands have been preparered; L1,8-pza with a 1,8-dimethylnaphthyl spacer, and Lb-pza with a 3,3’-dimethylbiphenyl central spacer (Figure 4.9

Figure 1.8
). 
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It was originally hoped that the incorporation of bis-pyrazolyl-pyrazine ligands into cage structures would make them water soluble.  If the additional nitrogen atoms do not coordinate they will face the opposite direction to the chelate, towards the exterior of the cage and be available to form favourable hydrogen-bonding interactions with water molecules.  This effect was not achieved but some interesting results were collected as a range of complexes are able to form when different metal ions are combined with the L1,8-pza ligand.

The pyrazolyl-pyrazine binding unit is prepared in much the same way as pyrazolyl-pyridine; 2-acetyl pyrazine is reacted with an excess of N,N-dimethylformamide dimethyl acetal, the product is then isolated and reacted with an excess of hydrazine hydrate (Scheme 4.1).  The main difference between the two proceedures is that this one ultilises column chromatography to purify each reaction product rather than recrystallisation. 
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4.4.1 [Cu(L1,8-pza)(H2O)](BF4)2  Mononuclear complex 
When ligand L1,8-pza is combined with copper(II) tetrafluoroborate under solvothermal conditions a simple mononuclear complex is formed in which both pyrazolyl-pyrazine arms bind to the same metal in a chelating manner.  However, analysis on the amorphous product using electrospray mass spectrometry reveals that M1L2 and M2L2 species are present along with the dominant M1L1 complex in solution.
Crystals are obtained by slowly diffusing ethyl acetate into an acetonitrile solution of the compound and it crystallises in the centrosymmetric space group P-1.  The green crystals obtained prove to be the mononuclear 5-coordinate structure seen in Figure 4.10.  The fifth coordination site is occupied by a water molecule although analysis of an individual crystal using mass spectrometry only showed m/z peaks that correspond to the M1L1 species.  It is very likely that electrospray conditions cause the water molecule to dissociate.  The only other possibly ligands are an acetonitrile molecule, for which there are not enough electron density peaks in the crystal structure, or one fluoride ligand.  It is also highly unlikely to be the latter as that would reduce the overall charge of the complex to 1+ and the presence of two BF4- anions in the crystal structure and the 2+ m/z peak on the mass spectrum strongly suggest that the complex has an overall charge of 2+.
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The crystal structure itself (Figure 4.10) shows that a highly distorted coordination geometry has been adopted by the complex yet it has been identified as a trigonal bipyramid by calculating its Addison’s parameter τ (Equation 4.1).  A value of 1 for τ indicates that a complex is trigonal bipyramid and a square-based pyramid gives a value of 0.  The value of τ was calculated to be 0.61, nearer to 1, and so shows that it is possible to class the complex as trigonal bipyramidal although it is really an intermediate between the two geometries.  
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The distortion is due to the compromise that is needed to be struck between metal ion geometric preference and ligand conformation.  Square pyramidal and trigonal bipyramidal geometries both require some Cu–L bonds to be separated by 90°.  The distorted geometry in this structure is partly due to the distance between the two nitrogen atoms in each chelating unit which produce two small CuN2 bite angles, 78.85° (N111–Cu1–N121) and 80.83° (N131–Cu1–N141).  Overall, the pyrazolyl-pyrazine units are at the sterically favourable 45° angle from each other but to achieve this angle the rings are each slightly distorted, resulting in the two Cu–NN planes actually sitting 54.18° to each other.  The naphthyl spacer is also twisted to accommodate the Cu(II) ion, causing the methylene units to lie 0.20 Å above and below the mean plane of the aromatic ring system.  The Cu–N bond distances are unremarkable and lie within the range 1.952 – 2.171 Å and the Cu–O bond distance is 2.099 Å (see Table 4.2 below).
Table 4.2 Selected bond lengths (Å) and angles of [Cu(L1,8-pza)(H2O)](BF4)2.
	Cu(1)–N(121)
	1.952(4)
	N(121)–Cu(1)–N(131)
	176.62(16)

	Cu(1)–N(131)
	1.984(4)
	N(121)–Cu(1)–N(141)
	101.21(17)

	Cu(1)–N(141)
	2.039(4)
	N(131)–Cu(1)–N(141)
	80.83(17)

	Cu(1)–O(1)
	2.099(4)
	N(121)–Cu(1)–O(1)
	89.86(16)

	Cu(1)–N(111)
	2.171(4)
	N(131)–Cu(1)–O(1)
	86.87(16)

	
	
	N(141)–Cu(1)–O(1)
	139.74(15)

	
	
	N(121)–Cu(1)–N(111)
	78.85(17)

	
	
	N(131)–Cu(1)–N(111)
	102.09(17)

	
	
	N(141)–Cu(1)–N(111)
	127.53(16)

	
	
	O(1)–Cu(1)–N(111)
	92.46(15)


Two types of intermolecular aromatic π-interactions are observed between adjacent complex cations; off-set π-interactions occur between naphthyl units (3.5 Å) and head-to-tail stacks form between pyrazolyl-pyrazine units (3.5 Å) (Figure 4.11).  Tetrafluoroborate counterions occupy the voids between complex cations, positioned in such a way to form weak C–H•••F hydrogen-bonding interactions with CH2 units and O–H•••F interactions with copper-bound water molecules.  The H2O ligands are also directed towards unbound nitrogen atoms of pyrazine rings, facilitating the formation of O–H•••N hydrogen bonds.
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The copper(II) complex formed with the related ligand L1,8-nap is a M12L18 truncated-tetrahedron so it is very surprising to see how the presence of a nitrogen atom in place of a carbon can have such a drastic effect on the topology of the structure.  It is very likely that the extra nitrogen atom is disrupting cage formation as the complex cation is able to interact with other metal ions as well as solvent molecules.  The presence of the m/z peaks in the mass spectrum that correspond to M1L2 and M2L2 species suggests that the system is in dynamic equilibrium between these complexes and the M1L1 mononuclear chelate.  The latter may be the most abundant in solution as it has the most intense m/z peak and is the one to crystallise, with no evidence of the others in the mass spectrum of the crystals.  The electron deficient pyrazine rings that are present on the ligand may explain why a relatively small complex is formed, as aromatic π-interactions between neighbouring complex cations may be strong enough and numerous to provide sufficient structurally stability without the need for cage formation.  Together with the formation of numerous hydrogen bonds, this network of molecules held by co-operative weak interactions may represent a thermodynamic minimum.  
4.4.2 [Cd2(L1,8-pza)3⊃(H2O)](BF4)2(SiF6) capsule
When the L1,8-pza ligand is combined with cadmium(II) tetrafluoroborate in a 3:2 ratio, under solvothermal conditions in methanol, a M2L3 species is formed (Figure 4.12) with each binding unit of each ligand co-ordinating to a different metal such that all three ligands span the pair of metal ions.  However, electrospray mass spectrometry also shows signals which correspond to a M1L2 species.  This result is surprising as the very similar ligand L1,8-nap forms a truncated-tetrahedron with cadmium(II) ions under the same conditions.
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Colourless crystals of [Cd2(L1,8-pza)3⊃(H2O)][BF4]2[SiF6] were obtained by slowly diffusing ethyl acetate into an acetonitrile solution of the compound.  The complex crystallises in the rhombohedral space group R-3 with two one-thirds of cadmium atoms, one ligand, one third of a water ligand, two one-thirds of tetrafluoroborate anions and one third of a hexafluorosilicate anion in the asymmetric unit.  One metal centre adopts the expected pseuedo-octahedral geometry with a facial arrangement of N-donor ligands (Figure 4.13(a)) whilst the other cadmium ion is 7-coordinate, possessing square faced monocapped trigonal prismatic geometry, with the additional co-ordinate site occupied by a water molecule (Figure 4.13(b)).  This arrangement of ligands is most likely adopted due to the restrictions in the ligands conformation around the two metal centres, meaning that it is not possible for both metal ions to be octahedral in this complex. 
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Despite the geometric compromises, the ligands are still strained as the methylene carbon atoms are 0.20 and 0.10 Å above and below the mean plane of the aromatic ring system.  Additionally, the methylene-naphthyl bonds on the spacers are strained away from one another, resulting in the methylene carbon atoms lying out of the plane of the naphthyl spacers by 8.0 and 12.0°.

The Cd–O bond distance is 2.180 Å, shorter than the 2.327 – 2.374 Å range of most of crystallographically independent Cd–N bonds.  There is one abnormal Cd–N bond that lies outside of this range at 2.603 Å, another example of the compromises needed to achieve this structure (the Cd–N bond range is 2.27 – 2.39 Å for the truncated-tetrahedron).  A list of the bond distances is shown in Table 4.3.  The Cd•••Cd separation is 6.83 Å, much shorter than the Cd•••Cd separations of 9.05 – 9.51 Å observed in the truncated-tetrahedron.  In the latter structure the ligands are “stretched out” with the pyrazolyl-pyridine units on each ligand as far apart from each other as than can be.  Yet with the Cd2 complex, each L1,8-pza ligand adopts a conformation where the pyrazolyl-pyrazine units are approximately 90° to one another, a necessity when three relatively rigid ligands are shared by only two metal ions.  

Table 4.3 Selected bond lengths (Å) of the asymmetric unit of [Cd2(L1,8-pza)3](BF4)2(SiF6).
	Cd(1)−O(1)
	2.180(9)

	Cd(1)−N(131)
	2.603(5)

	Cd(1)−N(141)
	2.334(5)

	Cd(2)−N(111)
	2.374(6)

	Cd(2)−N(121)
	2.327(5)


The structure contains three sets of aromatic π-stacking interactions, occurring between an electron deficient pyrazolyl-pyrazine unit and an electron rich naphthyl unit.  These interactions all take place around the octahedral cadmium ion.

Analysis of the compound in the amorphous state using electrospray mass spectrometry only showed m/z peaks corresponding to M1L2 and M2L2 species.  Whereas mass spectrometric analysis on crystals of the compound only provides evidence for M1L2 and M1L3 species, there is no sign of the M2L3 species in solution, suggesting that it is a kinetic product, only forming as it crystallises.  
If a M1L3 species forms in a solution consisting of a 2:3 ratio of metal ion and ligand, there will be an excess of free metal ions.  As the complex crystallises it is able to weakly accommodate an additional metal ion with its three spare bidentate binding sites.  Due to the conformational restraints of the ligands, they cannot arrange themselves in an octahedral manner around the metal ion.  A pyrazolyl nitrogen (N131) only forms a weak Cd–N bond of 2.603 Å to the cadmium ion, so a water molecule is recruited to fill the cadmium(II) ion’s coordination sphere.  The oxygen is positioned within the small cavity of the complex, 3.102 Å away from C(146) and 3.169 Å away from C(126).  Both are methylene carbons and this suggests that weak CH•••O hydrogen-bonding may be present between the oxygen atom of the water ligand and the methylene protons.  No other methods were successful in confirming the identity of this additional ligand as water.  As there are two tetrafluoroborate counterions and one 2- hexafluorosilicate counterion, the charge of the complex cation is 4+.  This indicates that both cadmium ions are 2+ and that fluoride is not co-ordinated to a cadmium ion as the overall charge of the complex cation would be 3+.  The ligand cannot be acetonitrile either due to lack of electron density observed during the refinement of the crystal structure and lack of space within the small area of the capsule.  Hexafluorosilicate is most likely formed upon the reaction of free fluoride ions from tetrafluoroborate with the glass of a sample vial.  It is not believed that the presence of hexafluorosilicate alters the structure as it is only there to balance the charge of the complex cation.  The formation of this complex was not an isolated occurrence as another data set was collected from another batch of crystals to give the same result. 
4.4.3 [Co4(L1,8-pza)6⊃(SiF6)](BF4)6 tetrahedral cage
Combination of the ligand L1,8-pza with cobalt tetrafluoroborate in a 3:2 ratio results in the formation of a Co4L6 tetrahedral cage (Figure 4.14).  The synthesis is carried out under solvothermal conditions in methanol, and X-ray quality crystals are afforded when ethyl acetate is slowly diffused into an acetonitrile solution of the compound.  
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The complex crystallises in the centrosymmetric space group R–3c and the asymmetric unit contains one half of the complex molecule.  Extensive disorder of solvent molecules and counterions prevented all of the BF4- molecules from being located, but the structure of the cationic complex cage is clear.  Hexafluorosilicate counterions are present and all are contained within the internal cavities of the cage structures in the crystal structure.  It is unknown whether the presence of hexafluorosilicate ions influences the formation of the cage structure but they appear to be a good fit for the internal cage cavity, residing almost perfectly in the centre of the structure.  Each fluorine of the hexafluorosilicate interacts with at least two CH2 units of the cage, with the C•••F separations in the 3.12 – 3.96 Å range, suggesting the presence of weak C–H•••F hydrogen-bonding interactions.  The Co–N bond lengths are unremarkable, lying in the range 2.095 – 2.175 Å.  

Just like the Co12L18 truncated tetrahedron, assembled with the L1,8-nap ligand, the metal ions of this cage are homochiral.  Yet whilst the binding units of the truncated tetrahedron are all arranged in a meridional fashion around the metal centres, the Co(II) ions in this tetrahedron all adopt a facial tris-chelate arrangement (Figure 4.15).  The Co•••Co separations are in the range 9.41 – 9.52 Å, slightly longer than the 9.22 – 9.36 Å Co•••Co separation range observed in the truncated tetrahedron.  It is worth noting that the methylene carbon atoms are out of the plane of the naphthyl spacers and the pyrazolyl rings.  The rigidity of the naphthyl units means that this distortion may be necessary for the ligands to bind to two metal ions. 
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This structure appears to be stable in solution as electrospray mass spectrometry signals for the intact M4L6 tetrahedron are observed with varying numbers of anions.  However, the only series of m/z signals to be detected in solution are the ones that correspond to the complex containing one hexafluorosilicate anion, most likely present in the centre of the cage as observed in the crystal structure.  No evidence of any other anion mixtures or the complex [Co4(L1,8-pza)6](BF4)8 have been observed.  
The naphthyl and pyrazolyl-pyrazine unit are all involved in aromatic π-stacking interactions with each other in an alternate fashion.  This is descibed in the next section in Figure 4.16 which shows the analogous structure [Ni4(L1,8-pza)6⊃(SiF6)](BF4)6.
The formation of this structure is very surprising and the reasons have already been discussed in this chapter; the replacement of an sp2 carbon atom for a nitrogen atom in the pyrazine ring disrupts cage formation.  As well as being electronically different from an aromatic carbon atom, the second nitrogen in the pyrazine ring of the ligand remains exposed to the surrounding environment when the ligand is chelated to a metal ion.  It is therefore available to interact with other species in solution such as solvent molecules and metal ions.  

4.4.4 [Ni4(L1,8-pza)6⊃(SiF6)](BF4)6 tetrahedral cage
Combination of the ligand L1,8-pza with Ni(BF4)2 results in the formation of a M4L6 tetrahedral cage, isostructural to the above mentioned cobalt(II) cage.  This complex also crystallises in the non-centrosymmetric space group R–3c with one half of the complex molecule in the asymmetric unit.  Again, the weakly diffracting nature of the crystals and the high disorder of solvent molecules and counterions prevented all of BF4- molecules from being located.  Nevertheless, the structure and shape of the cationic complex cage is clear.  

The structure is supported by aromatic π-interactions as six stacks (shown in Figure 4.16) consisting of one electron-rich naphthyl unit sandwiched between two electron-deficient pyrazine units are present on the surface of each cage.  This gives a total of 12 aromatic π-interactions on the surface of each cage molecule.
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The slightly smaller ionic radius of the octahedral nickel(II) cations [83 pm compared to the 88.5 pm ionic radius of high spin Co(II)] results in marginally smaller Ni–N bond lengths in the range 2.056 – 2.123 Å.  Despite this the Ni•••Ni separations lie in the range 9.41 – 9.60 Å, resulting in a slightly larger cage than for the cobalt analogue.  Electrospray mass spectrometry of the compound produces the same outcome as the analogous cobalt(II) complex as m/z peaks at 1101.7 and 804.6 are observed for the general species {Ni4(L1,8-pza)6⊃(SiF6)(BF4)6-n}n+, corresponding to the loss of tetrafluoroborate anions (where n = 3 and 4 respectively).
Hexafluorosilicate counterions are also present in this structure and also all reside in the internal cavities of the cage structures.  It is therefore likely that they are required as a template for the self-assembly of this structure to occur as they are not present on the external surface of any of these cages or the cobalt(II) analogue in the crystal structures.  It is possible that the small amount of hexafluorosilicate produced is all used to act a template for cage formation but further studies would be needed to confirm this theory.  Hexafluorosilicate is most likely formed upon the reaction of fluoride ions from tetrafluoroborate with sample vial glass. 

4.4.5 Comparison of L1,8-pza structures
So far we have seen that the ligand L1,8-pza forms three different types of structure depending the choice of metal (II) ion.  In the case of the copper(II) mononuclear complex, formation of this is enabled by the ability of copper(II) to form 5-coordinate complexes,133,134 the fifth coordination site in this case being filled by a water molecule.  The complex [Cd2(L1,8-pza)3H2O]4+ contains a pseudo 7-coordinate cadmium(II) ion, also possessing a water ligand, and whilst the ability to form 7-coordinate species is not a common characteristic of cadmium(II), its large ionic radius allows it to accommodate up to eight ligands.135  Nickel(II) and cobalt(II) ions are not as flexible in their coordination number,136 rarely being able to form anything other 6-coordinate complexes, and as a result both form a tetrahedral cage.  It is very likely that this is the most stable product in which both components (the ligand and metal ion) can be co-ordinatively saturated.   Nickel(II) is able to form square planar complexes137 but in this case it may not be possible.  A mononuclear complex with the ligand behaving as a tetra-dentate chelate as opposed to a bis-bidentate bridging ligand is not formed, most likely due to the size of the nickel(II) ion and its poor fit into the binding site.  As with the other complexes, it is highly likely that a mixture of species exists in dynamic equilibrium, neither one being stable enough to form in abundance.  At the time of writing a clear 1H NMR spectrum has not been recorded for any of the complexes.  Redissolving crystals may be the most successful approach to obtaining a useful 1H NMR spectrum but enough crystals have yet to be grown to be able to make up a solution of high enough concentration.
4.4.6 [Co4(Lb-pza)6⊃(BF4)](BF4)7 tetrahedral cage
When the Lb-pza ligand is combined with cobalt tetrafluoroborate in the correct stoichiometric ratio of 3:2 it readily self-assembles to form an M4L6 tetrahedron (Figure 4.17).  In contrast to the L1,8-pza ligand, the replacement of an sp2 carbon with a nitrogen atom does not affect the behaviour of the ligand and the same tetrahedron is formed as with the Lbip ligand.  
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Product formation is optimal under solvothermal conditions in methanol and x-ray quality crystals are easily grown when ethyl acetate or ether is slowly diffused into an acetontrile solution of the compound.  The complex crystallises in the centrosymmetric space group P2(1)/c with a complete cage contained within the asymmetric unit.
The topology of the cage is rather irregular with the Co•••Co separations in the range of 11.00 – 12.36 Å, but not as irregular as the Lbip cage which has a Co•••Co separation range of 10.82 – 12.70 Å.  The Co–N bond lengths lie in the range 2.123 – 2.225 Å, slightly longer than the 2.080 – 2.190 Å range reported for the Lbip cage.  The coordination geometry of both cages is identical as they both possess one facial and three meridional arrangements of N-donor units around the metal ions.  One of the anions is located within the central cavity of the complex cation, although slightly off-centre, as the boron atom of the central BF4- is 5.52 Å from the facial cobalt(II) ion and 7.63 – 7.85 Å from the other cobalt(II) ions.
Electrospray mass spectrometry of the compound in its amorphous state shows that it is stable in solution as a series of m/z peaks at 1789.9, 1164.3 and 851.5 are observed for the general species {Co4(Lb-pza)6(BF4)8-n}n+, corresponding to the sequential loss of tetrafluoroborate anions (where n = 2, 3 and 4 respectively).  The use of pyrazine as opposed to pyridine in the binding unit has little effect in destabilising the self-assembly of the tetrahedron.  The structure is supported by aromatic π-stacking (as shown in Figure 4.19) but this unlikely to be the main reason for the cage structures propensity to form.  Vander Griend’s study on the self-assembly of the Lbip cage in Chapter 2 did not incorporate the M2L3 species as a factor.  The tetrahedral cage is therefore the smallest possible structure in which all of the components are co-ordinatively saturated, making it the most stable product.  The difference between this cage and the L1,8-pza tetrahedral cage of the previous section is the length and flexibility of the Lb-pza ligand.  This allows the binding units to be arranged around the metal ions in a coordination geometry as close to the preferred octahedral manner as possible.  The flexibility of the biphenyl spacer, unlike a naphthyl spacer, means that there is less strain associated with cage structure as each ring is able to rotate independently.    

4.4.7 [Cd4(Lb-pza)6⊃(BF4)](BF4)7 tetrahedral cage
When cadmium tetrafluoroborate is combined with the Lb-pza ligand in a 3:2 stoichiometric ratio an M4L6 tetrahedron self-assembles.  Slow diffusion of ether or ethyl acetate into an acetonitrile solution of the compound yields colourless crystals.  The complex crystallises in the centrosymmetric space group P2(1)/n and is isostructural with the cobalt analogue.  It is stable in solution as m/z peaks for the complex can be seen in the electrospray mass spectrum at 1235.6, 905.0 and 574.4 corresponding to the sequential loss of tetrafluoroborate anions from the  general species {Cd4(Lb-pza)6(BF4)8-n}n+ (where n = 3, 4 and 6 respectively).
The Cd–N bond lengths are in the range 2.285 – 2.418 Å, longer than the bond lengths of the cobalt cage and typical of cadmium(II).  This longer bond length may be responsible for the topology of the tetrahedron being slightly more regular than the cobalt analogue as the Cd•••Cd separations lie in the range 11.28 – 12.12 Å.  Compared to the tetrahedral cage consisting of cadmium(II) ions and the Lbip ligand, which has Cd•••Cd separations in the range 11.69 – 12.24 Å, this structure is slightly more regular.

The asymmetric unit of the crystal structure contains a complete cage along with all eight tetrafluoroborate counterions.  Also in this case, one of the anions is located within the central cavity of the complex cation, although slightly off-centre (Figure 4.18), as the boron atom of the central BF4- is 5.46 Å from the facial cadmium(II) ion and 7.69 – 7.80 Å from the other cadmium(II) ions.  Six short CH•••F contacts (3.04 – 3.58 Å) arise as each fluorine atom interacts with two CH2 units, forming weak hydrogen bonds.  Some of the tetrafluoroborate counteranions located on the surface of the cage may also interact with the CH2 units in the same manner.
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4.4.8 [Cu4(Lb-pza)6⊃(BF4)](BF4)7 tetrahedral cage

When copper tetrafluoroborate is combined with the Lb-pza ligand in the stoichiometric ratio of 3:2 it readily self assembles to form a M4L6 tetrahedron.  Slow diffusion of ether or ethyl acetate into an acetonitrile solution of the compound yields green crystals.  The complex crystallises in a cubic crystal system, the space group is I-43d and the cage is isostructural with the cobalt(II) and cadmium(II) analogues.  The asymmetric unit of the crystal structure contains two and one third copper ions, two ligands and two and two third tetrafluoroborate molecules.  It is also stable in solution as observed using electrospray mass spectrometry as a series of m/z peaks occurring at 1170.5, 856.2 and 667.6 are observed for the general species {Cu4(Lb-pza)6(BF4)8-n}n+, corresponding to the sequential loss of tetrafluoroborate anions (where n = 3, 4 and 5 respectively).  
A cage complex has never been observed when copper(II) is combined with Lbip.  The suspicion was that the Jahn-Teller distortion, inherent with high spin octahedral d9 copper complexes, hinders cage formation by preventing formation of regular tris-chelate metal centres.  Yet in this case with Lb-pza, cage formation is facilitated despite the apparent tetragonal elongation of the coordination sphere.  The Cu–N bond lengths are in the range 1.960 – 2.289 Å, a broader range than those of the cages containing cobalt(II) and cadmium(II) ions.  Whilst one copper(II) ion possesses symmetrically equivalent nitrogen atoms, the other crystallographically independent copper(II) ion has six crystallographically independent nitrogen atoms.  Measurement of these Cu–N bond lengths shows there to be four shorter equatorial bond lengths (range 1.960 – 2.220 Å) and two longer axial bond lengths (2.269 and 2.289 Å), consistent with Jahn-Teller distortions.138  The pseudo-octahedral geometry of the copper centres also appears to be more distorted than the coordination spheres of the previous two analogues.  The structure of the tetrahedron is slightly more regular than the cobalt(II) and cadmium(II) analogues as the Cu•••Cu separations are 11.79 and 11.44 Å and this may be related to the distorted metal centres.  

This structure and its analogues possess aromatic π-stacking, but different from the other tetrahedral structures in this chapter.  The structures comprised of the ligand L2,6-nap possess two columns of six stacking units, leaving six pyrazolyl-pyrazine units not participating in any π-interactions.  The tetrahedral structures constructed using L1,8-pza possess six π-stacks and all of the rings of each cage are incorporated into each.  This structure, using the ligand Lb-pza, has a mixture of aromatic π-stacks (Figure 4.19) as there are three sets comprised of a pyrazolyl-pyrazine unit between two phenyl rings and six sets of stacks between one pyrazolyl-pyrazine unit and one phenyl unit.  Each phenyl ring twists to enable it to stack with a nearby pyrazolyl-pyrazine unit and there are a total of 12 π-interactions in the structure, the same number as the other two tetrahedral cages [Co4(Lb-pza)6⊃(BF4)](BF4)7 and [Cd4(Lb-pza)6⊃(BF4)](BF4)7.  Each meridional metal centre is coordinated to one pyrazolyl-pyrazine unit that participates in a three unit stack, one that participates in a two unit stack and one that is not involved in any π-interactions.  The facial metal centre is coordinated to three pyrazolyl-pyrazine units and each one forms a small two unit stack with a phenyl ring. 
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4.5 Conclusions
The new bis-bidentate ligands that have been discovered have produced some interesting results.  A tetrahedral cage can be assembled from the combination of the relatively long ligand L2,6-nap with metal(II) ions.  It has been shown that the inclusion of an extra electron donating nitrogen atom in the binding unit of the ligand with a 1,8-dimethylnaphthalene spacer has a dramatic effect  on the assembly of the metallosupramolecular structure.  A new set of structures has been synthesised by using the L1,8-pza  ligand which, surprisingly, is unable to form the M12L18 truncated tetrahedron achievable using the similar ligand L1,8-nap.  When copper(II) is combined with the ligand a five-coordinate mononuclear complex [Cu(L1,8-pza)(H2O)](BF4)2 is formed.  When cadmium(II) is combined with the ligand a M2L3 capsule is formed, and one of the Cd(II) ions adopts a seven-coordinate geometry.  Cobalt(II) and nickel(II), when mixed with L1,8-pza  both produce tetrahedral structures, as do Co(II), Cd(II) and Cu(II) when combined with Lb-pza.  Each of these new tetrahedral structures possesses aromatic π-stacking between ligands yet each is different, highlighting the different arrangement of ligands due to the different spacer unit in each case.  

4.6 Experimental 

Synthesis of L2,6-nap
1.  Preparation of 2,6-bis(bromomethyl)naphthalene
See Chapter 2 for details of the bromination procedure of 1,8-dimethylnapthalene.  1H NMR (400 MHz, CDCl3): δ 7.85 (2H, s; naphthyl H1/5), δ 7.84 (2H, d; naphthyl H2/7), 5.56 (2H, dd; naphthyl H4/8), 4.68 (4H, s; CH2).
2.  Preparation of L2,6-nap
A literature procedure by Tidmarsh was followed and modified.103  To a solution of 2,6-bis(bromomethyl)-naphthalene (1.50 g, 4.93 mmol) and 3-(2-pyridyl)pyrazole (1.44 g, 9.80 mmol) in THF (160 cm3) was added aqueous NaOH (2.5 M; 40 cm3). The resulting mixture was heated to reflux for 24 h and then allowed to cool to room temperature. On cooling, a white solid precipitated that was collected by filtration and washed with cold diethyl ether to yield analytically pure L2,6 (1.08 g, 51 %).1H NMR (250 MHz, CDCl3): δ 8.66 (2H, ddd; pyridyl H6), 7.97 (2H, dt; pyridyl H5), 7.80 (2H, d; pyridyl H3), 7.75 (2H, dd; naphthyl H3/7), 7.45 (2H, d; naphthyl H3/7), 7.40 (2H, d; pyrazolyl H5), 7.22 (2H, tdd; pyridyl H4), 7.28 (2H, s; naphthyl H1/5), 6.94 (2H, d; pyrazolyl H4), 5.49 (4H, s; CH2).  ESMS: m/z 442 (M+).  Elemental analysis calculated for C28H22N6•H2O: C, 73.0; H, 5.3; N, 18.2 %; found: C, 73.0; H, 5.3; N,18.2 %. 

Synthesis of L2,6-nap complexes
The solvothermal method, outlined in Chapter 2 was followed to yield either crystals or a powder.
Data for [Co4(L2,6-nap)6](BF4)8.  Orange solid. Yield: 72 %. ESMS: m/z: 1108.3, {[Co4(L2,6-nap)6](BF4)5}3+; 809.5, {[Co4(L2,6-nap)6](BF4)4}4+; 630.2, {[Co4(L2,6-nap)6](BF4)3}5+.  Elemental analysis calculated for [Co4(L2,6-nap)6](BF4)8•2H2O: C, 55.7; H, 3.7; N, 13.9 %; found: C, 55.5; H, 3.8; N, 14.0 %.  
Data for [Ni4(L2,6-nap)6](BF4)8.  Pale blue solid.  Yield: 67 %. ESMS: m/z: 809.3, {[Ni4(L2,6-nap)6](BF4)4}4+; 630.1, {[Ni4(L2,6-nap)6](BF4)3}5+.  Elemental analysis calculated for [Ni4(L2,6-nap)6](BF4)8•12H2O: C, 53.1; H, 3.5; N, 13.3 %; found: C, 53.1; H, 3.6; N, 13.3 %.  
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Synthesis of 3-(Dimethylamino)-1-(pyrazin-2-yl)prop-2-en-1-one (A)

A literature procedure by Uber was followed and modified.139  A round-bottomed flask was charged with 2.0 g (16.37 mmol) of 2-acetylpyridine and 10 cm3 (8.9 g, 74.69 mmol) of N,N-dimethylformamide dimethyl acetal.  The reaction mixture was refluxed overnight to produce a dark brown solution which was then evaporated to dryness.  Column chromatography on silica using 5 % MeOH in DCM was carried out to give an off-white solid (A) (2.0 g, 69 %). 1H NMR (400 MHz, CDCl3): 9.35 (1H, d; pyrazyl H3), 8.67 (1H, dd; pyrazyl H6), 8.58 (1H, d; pyrazyl H5), 7.97 (1H, d; vinyl H1), 6.37 (1H, d; vinyl H2), 3.23 (3H, s; NMe1), 3.03 (3H, s; NMe2).

Synthesis of 2-(1H-Pyrazol-3-yl)pyrazine (PzPza) 

A literature procedure by Uber was followed and modified.139  6 cm3 (82.33 mmol) Of hydrazine monohydrate was added to a 2.0 g (11.29 mmol) solution of (A) in 10 cm3 of ethanol. The reaction mixture was heated to 60 °C and stirred for 30 minutes.  The ethanol was then removed in vacuo and column chromatography on silica using 5 % MeOH in DCM was carried out to give an off-white solid PzPza (1.2 g, 73 %). 1H NMR (400 MHz, CDCl3): 11.42 (1H, s; NH), 9.16 (1H, d; pyrazyl H6), 8.61 (1H, dd; pyrazyl H3), 8.53 (1H, d; pyrazyl H5), 7.74 (1H, d; pyrazolyl H5), 6.96 (1H, d; pyrazolyl H4).

Synthesis of L1,8-pza
A literature procedure by Bell was followed and modified (see Chapter 2), using pyrazolyl-pyrazine in place of pyrazolyl-pyridine to give an off-white solid.  1H NMR (400 MHz, CDCl3): 9.25 (2H, d; pyrazinyl H3), 8.56 (2H, d; pyrazinyl H5), 8.48 (2H, d; pyrazinyl H6), 7.97 (2H, dd; naphthyl H2/H7 or H4/H5), 7.51 (2H, t; naphthyl H3/H6), 7.33 (2H, dd; naphthyl H4/H5 or H2/H7), 7.22 (2H, d; pyrazolyl H5), 6.91 (2H, d; pyrazolyl H4), 5.98 pm (4H, s; CH2).  ESMS: m/z 445.5, (M+H)+.  Elemental analysis calculated for C26H20N8: C 70.3, H 4.5, N 25.2 %; found: C 70.5, H 5.0, N 25.2 %.
Synthesis of Lb-pza
A literature procedure by Paul was followed and modified (see Chapter 2), using pyrazolyl-pyrazine in place of pyrazolyl-pyridine to give an off-white solid.  1H NMR (400 MHz, CDCl3): δ 9.23 (2H, d; pyrazinyl H3), 8.58 (2H, dd; pyrazinyl H5), 8.49 (2H, d; pyrazinyl H6), 7.75 (2H, dd; biphenyl H6), 7.45 (2H, t; biphenyl H5), 7.40 (2H, d; pyrazolyl H5), 7.28 (2H, s; biphenyl H4), 6.95 (2H, d; biphenyl H2), 6.94  (2H, d; pyrazolyl H4), 5.48 (4H, s; CH2).  ESMS: m/z 471.5, (M+H)+.  Elemental analysis calculated for C28H22N8: C, 71.5; H, 4.7; N, 23.8 %; found: C, 71.7; H, 4.9; N, 23.7 %.  
Synthesis of L1,8-pza and Lb-pza complexes
The complexes were prepared solvothermally; the method here given for [Co4(L1,8-pza)6⊃(SiF6)](BF4)6 is typical.  A Teflon-lined autoclave was charged with Co(BF4)2. (H2O)6 (0.026 g, 0.07 mmol), L1,8-pza (0.05 g, 0.11 mmol) and methanol (9 cm3).  Heating to 100 °C for 12 h followed by slow cooling to room temperature yielded a white powder.  This was separated and consecutively washed with methanol and then chloroform before being dried in vacuo.  All samples for elemental analysis were dried thoroughly but proved to be hygroscopic, gaining weight when exposed to air; consequently all C, H, N analytical data are consistent with the presence of several water molecules per complex molecule.

Data for [Cu(L1,8-pza)(H2O)](BF4)2.  Green solid.  Yield: 89 %. ESMS: m/z 594.9, {[Cu(L1,8-pza)](BF4)}+; 294.0, {[Cu(L1,8-pza)]}2+.  Elemental analysis calculated for [Cu(L1,8-pza)(H2O)](BF4)2•3H2O: C, 41.4; H, 3.7; N, 14.9 %; found: C, 42.9; H, 4.1; N, 15.0 %.  
Data for [Cd2(L1,8-pza)3⊃(H2O)](BF4)2(SiF6).  Colourless solid.  Yield: 87 %.  ESMS: m/z 1088.2, {[Cd(L1,8-pza)2](BF4)}+; 500.7, {[Cd(L1,8-pza)2]}2+.  Colourless crystals.  ESMS: m/z 723.0, {[Cd(L1,8-pza)3]}2+.  Elemental analysis calculated for [Cd2(L1,8-pza)3(H2O)](BF4)2(SiF6)•4H2O: C, 47.7; H, 3.6; N, 17.1 %; found: C, 48.5; H, 5.0; N, 17.0 %.  
Data for [Co4(L1,8-pza)6⊃(SiF6)](BF4)6.  Orange solid.  Yield: 90 %.  ESMS: m/z 1695.5, {[Co4(L1,8-pza)6(BF4)4(SiF6)]}2+; 1101.4, {[Co4(L1,8-pza)6](BF4)3(SiF6)}3+; 804.4, {[Co4(L1,8-pza)6](BF4)2(SiF6)}4+; 626.1, {[Co4(L1,8-pza)6](BF4)(SiF6)}5+.  Elemental analysis calculated for [Co4(L1,8-pza)6](BF4)6(SiF6)•9H2O: C, 50.3; H, 3.7; N, 18.0 %; found: C, 51.0; H, 4.0; N, 17.9 %.  
Data for [Ni4(L1,8-pza)6⊃(SiF6)](BF4)6.  Blue solid.  Yield: 88 %.  ESMS: m/z 1101.7, {[Ni4(L1,8-pza)6](BF4)3(SiF6)}3+, 804.6, {[Ni4(L1,8-pza)6](BF4)2(SiF6)}4+.  Elemental analysis calculated for [Ni4(L1,8-pza)6(BF4)6(SiF6)•16H2O: C, 48.6; H, 4.0; N, 17.5 %; found: C, 48.5; H, 4.1; N, 17.5 %.  
Data for [Co4(Lb-pza)6⊃(BF4)](BF4)7.  Orange solid.  Yield: 96 %. ESMS: m/z 1789.9, 

{[Co4(Lb-pza)6](BF4)6}2+; 1164.3, {[Co4(Lb-pza)6](BF4)5}3+; 851.5, 
{[Co4(Lb-pza)6](BF4)4}4+.  Elemental analysis calculated for [Co4(Lb-pza)6](BF4)8•21H2O: C, 48.8; H, 4.2; N, 16.3 %; found: C, 48.8; H, 4.4; N, 16.2 %.  
Data for [Cd4(Lb-pza)6⊃(BF4)](BF4)7.  White solid.  Yield: 93 %. ESMS: m/z 1235.6, {[Cd4(Lb-pza)6](BF4)5}3+; 905.0, {[Cd4(Lb-pza)6](BF4)4}4+; 574.4, {[Cd4(Lb-pza)6](BF4)2}6+.  Elemental analysis calculated for [Cd4(Lb-pza)6](BF4)8•7H2O: C, 49.3; H, 3.6; N, 16.4 %; found: C, 50.0; H, 3.7; N, 16.2 %.  
Data for [Cu4(Lb-pza)6](BF4)8.  Green solid.  Yield: 95 %. ESMS: m/z 1170.5, {[Cu4(Lb-pza)6](BF4)5}3+; 856.2, {[Cu4(Lb-pza)6](BF4)4}4+; 667.6, {[Cu4(Lb-pza)6](BF4)2}5+.  Elemental analysis calculated for [Cd4(Lb-pza)6](BF4)8•12H2O: C, 50.1; H, 3.9; N, 16.9 %; found: C, 50.0; H, 3.7; N, 16.9 %.  
Table 4.4 Crystallographic data for the new compounds.
	Compound
	[Co4(L2,6-nap)6](BF4)8•2H2O
	[Ni4(L2,6-nap)6](BF4)8
	[Cu(L1,8-pza)H2O](BF4)2•

MeCN

	Formula
	C168H136B8Co4F32N36O2
	C168H132B8Ni4F32N36
	C30H27B2CuF8N7O

	Molecular weight
	3621.33
	3584.42
	738.75

	Habit
	Colourless rod
	Colourless slab
	Green rod

	T / K
	120(2)
	120(2)
	110(2)

	Crystal system
	Tetragonal
	Tetragonal
	Triclinic

	Space group
	I-4
	I-4
	P-1

	a / Å
	23.4549(7)
	23.4191(16)
	8.0415(7)

	b / Å
	23.4549(7)
	23.4191(16)
	14.1273(14)

	c / Å
	18.9113(6)
	18.6250(15)
	14.1607(14)

	α / °
	90
	90
	76.983(6)

	β / °
	90
	90
	80.575(6)

	γ / °
	90
	190
	80.155(6)

	V / Å3
	10403.7(5)
	10215.0(13)
	1531.1(3)

	Z
	2
	2
	2

	ρ / g cm-3
	1.156
	1.165
	1.602

	μ / mm-1
	0.395
	0.444
	0.802

	Data, restraints, parameters
	12052, 749, 440
	6655, 354, 363
	3995,0 , 443

	Rint for independent data
	0.0730
	0.0571
	0.0597

	Final R1, wR2a
	0.1290, 0.3677
	0.1335, 0.3693
	0.0501, 0.2024


Table 4.5 Crystallographic data for the new compounds.
	Compound
	[Cd2(L1,8-pza)3H2O](BF4)2(SiF6)
	[Co4(L1,8-pza)6](BF4)6(SiF6)•4EtOAc•H2O
	[Ni4(L1,8-pza)6](BF4)6(SiF6)•2THF•CH3NO2•9H2O

	Formula
	C78H60B2Cd2F14N24OSi
	C172H153.33B6Co4F30N48O8.67Si
	C165H156.33B6Ni4F30N49O12.67Si

	Molecular weight
	1890.01
	3930.10
	3926.18

	Habit
	Colourless block
	Orange block
	Colourless block

	T / K
	110(2)
	110(2)
	110(2)

	Crystal system
	Rhombohedral
	Trigonal
	Trigonal

	Space group
	R-3
	R-3c
	R-3c

	a / Å
	14.0295(4)
	36.0545(13)
	32.663(7)

	b / Å
	14.0295(4)
	36.0545(13)
	32.663(7)

	c / Å
	79.335(3)
	75.704(3)
	75.005(4)

	α / °
	90
	90
	90

	β / °
	90
	90
	90

	γ / °
	120
	120
	120

	V / Å3
	13523.2(8)
	85225(5)
	86121(8)

	Z
	6
	18
	18

	ρ / g cm-3
	1.392
	1.378
	1.363

	μ / mm-1
	0.570
	0.448
	0.492

	Data, restraints, parameters
	3942, 9, 275
	16677 , 0, 1180
	16878, 1, 1163

	Rint for independent data
	0.0693
	0.3539
	0.3842

	Final R1, wR2a
	0.1282, 0.3916
	0.1063, 0.3846
	0.1172, 0.4170


Table 4.6 Crystallographic data for the new compounds.
	Compound
	[Co4(Lb-pza)6](BF4)8•3MeCN•EtOAc
	[Cd4(Lb-pza)6](BF4)8•4MeCN•8H2O
	[Cu4(Lb-pza)6](BF4)8•2EtOAc

	Formula
	C178H149B8Co4F32N51O2
	C176H160B8Cd4F32N52O8
	C174H144B8Cu4F32N48O3

	Molecular weight
	3964.68
	4267.51
	3904.01

	Habit
	Orange block
	Colourless block
	Light green block

	T / K
	120(2)
	130(2)
	100(2)

	Crystal system
	Monoclinic
	Monoclinic
	Cubic

	Space group
	P2(1)/c
	P2(1)/n
	I-43d

	a / Å
	18.9964(5)
	19.3881(9)
	42.8823(15)

	b / Å
	36.4219(8)
	36.1178(16)
	42.8823(15)

	c / Å
	33.8056(8)
	34.9531(15)
	42.8823(15)

	α / °
	90
	90
	90

	β / °
	95.5360(10)
	102.324(3)
	90

	γ / °
	90
	90
	90

	V / Å3
	23280.5(10)
	23912.1(18)
	78856(5)

	Z
	4
	4
	16

	ρ / g cm-3
	1.131
	1.185
	1.315

	μ / mm-1
	0.360
	0.432
	1.280

	Data, restraints, parameters
	30286, 276, 2289
	31249, 307, 1861
	11878, 737, 600

	Rint for independent data
	0.0624
	0.1388
	0.0574


	Final R1, wR2a
	0.1069, 0.3352
	0.1725, 0.5241
	0.1406, 0.4309


aThe value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.

Data for [Co4(L2,6-nap)6](BF4)8, [Ni4(L2,6-nap)6](BF4)8, [Co4(Lb-pza)6](BF4)8 and [Cu4(Lb-pza)6](BF4)8 was collected at the EPSRC National Crystallography Service at the University of Southampton on a Bruker APEX 2 diffractometer using either graphite-monochromated Mo-Kα X-radiation from a rotating anode source, or Cu-Kα X-radiation from a sealed tube source.  Data for the remaining structures was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-K X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109
Crystals of the cage complexes generally scattered weakly due to the extensive disorder of anions and solvent molecules, meaning that high-angle data was weak or absent in some cases.   In some structures it was not possible to clearly locate all of the anions from the data due to extensive disorder associated with both anions and solvent molecules; this resulted in areas of diffuse electron density that could not be modelled sensibly.  The SQUEEZE function of PLATON110 was used in these cases to eliminate these areas of electron density from the refinement.  Many of the disordered counterions have been modelled as best as possible using a combination of geometric and displacement restraints.  This often involved the modelling of disordered components of anions over multiple sites.  Restraints were also used to constrain all five and six-membered rings into uniform, planar arrangements.     

5 Specific binding of coumarin to a cubic cage
5.1 Summary
The formation of the cubic cage complex [Co8(L1,5-nap)12]16+ is not thought to be dependent on a templating ion as the internal cavity contains no counteranions when tetrafluoroborate or perchlorate are used.  This has been confirmed by the synthesis of the complex containing tetraphenylborate as the only counteranion, which is too large to fit into the cavity.
With this in mind a guest-binding screening process was carried out in collaboration with Chris Hunter and Simon Turega to discover that coumarin binds specifically with the cubic cage.140  The paramagnetic Co(II) ions produce a substantial shift of guest protons in the 1H NMR spectra, making it easy to recognise the encapsulation of the guest.  

5.2 Introduction

The efficiency of an enzymatic system is due to its ability to selectively recognise and bind a substrate.141  This can be achieved in many ways such as shape recognition, the host offering a favourable environment or through specific interactions between the host and binding substrate.142  Many synthetic receptors such as clefts, armatures, tweezers and bowls have been able to encapsulate other molecules.143  

The research of Rebek has focussed on molecular encapsulation and although often based on purely organic systems, its principles are widely applicable.144   A stable dimeric capsule (Figure 5.1) has been developed, comprising of two concave units, held together by a seam of hydrogen bonds.84  
[image: image185.emf]O

N

N

N

N

N

N


[image: image186.jpg]



The dimer has the ability to accommodate a range of compounds as well as accelerate the rate of the Diels-Alder reaction between p-quinone and cyclohexadiene (although product inhibition prevents the capsule from exhibiting true catalytic behaviour).  As part of the investigation the Diels-Alder product (A) was first encapsulated within the dimer to confirm its compatibility (

Scheme 5.1
Scheme 5.1).84
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The Diels-Alder compound is readily encapsulated by the dimeric capsule and 1H NMR signals unique to the host-guest species can be seen on the spectrum (Figure 5.2).  Additionally, when excess A is present in solution, signals corresponding to the free A are observed alongside the new host-guest complex.  The signals are sharp and significantly separated, indicating that A is slowly exchanging into and out of the capsule (on NMR timescale).84
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Another method of detecting small molecule encapsulation has been developed by the Schalley group who have employed electrospray mass spectrometry in a very elegant way as they have used it to determine whether cations become encapsulated between resorcinarene and pyrogallarene units (Figure 5.3).132  These encapsules can only be detected by ESMS when they contain a guest cation, as the cation provides the necessary stability and charge for electrospray conditions.145  



Dimeric complex formation is facilitated by a seam of hydrogen bonds, holding the two units together, and can be seen in Figure 5.4.  The protons involved in this seam are labile and can therefore undergo dynamic exchange with the surrounding protons provided by solvent molecules.  Hydrogen/deuterium-exchange can be monitored by ESMS and the rate of exchange can be used to determine whether a closed structure is achieved.  A fast exchange indicates the presence of a host-guest capsule whereas slower exchange rates point towards partially closed dimeric or monomeric species.132


5.3 [Co8(L1,5-nap)12](BF4)16 Cubic cage

The Ward group has previously prepared the L1,5-nap ligand (Figure 5.5) which consists of a 1,5-dimethylnapthalene spacer, linking two pyrazolyl-pyridine binding units.103


The reaction of this ligand with cobalt(II) tetrafluoroborate results in the formation of a Co8L12 cubic cage.  For both components to be coordinatively saturated, the bis-bidentate ligands need to coordinate to two different metal ions.  Each cobalt ion binds to three ligands via their pyrazolyl-pyridine units which are arranged around the metal ions in a pseudo-octahedral fashion.  This requires a metal/ligand ratio of 2:3 and this conveniently matches the vertex/edge ratio of a cube, with bridging ligands spanning the edges and cobalt ions lying on the vertices.  There is also a high degree of aromatic π-stacking present on the surface of the structure, between electron rich pyrazolyl-pyridine units and electron deficient naphthyl units of different ligands (Figure 5.6).  Six stacks, each consisting of five units are present, and as a result the cage structure is supported by a total of 24 aromatic π-interactions.  This, in conjunction with the complementary combination of the two coordinating components, ensures that the cube readily forms and is the only product.103


The complex [Co8(L1,5-nap)12][BF4]16 crystallises in the space group C2/c, resulting in the cage lying on an inversion centre as four metal ions and six ligands are crystallographically independent.  The cubic structure is slightly irregular as the Co•••Co separations, marking the edges of the cube, lie between 10.86 – 11.58 Å and the Co–Co–Co angles, making up the corners, are between 85 and 95°.  The Co–N bond lengths are in the range 2.11 – 2.20 Å and whilst all of the metal centres adopt a pseudo-octahedral geometry, six have the tris-chelate arranged in a meridional manner whilst the other two are facial.  This leads to the complex possessing (non-crystallographically) S6 symmetry, with the principal rotation axis being along the vector between the two facial cobalt (II) ions (A and A* in Figure 5.7).103  



Solution studies on the cage complex included 1H NMR spectroscopy.  Based on Figure 5.7, two ligand environments are expected as six ligands span the edges between cobalt types A–B/A*–B* and the other six ligands span the edges between cobalt types B–B*.   The protons on the ligand type between the A and B cobalt(II) ions are clearly all inequivalent as each end of the ligand is bound to a different metal ion environment.  This will give 22 signals on the spectrum, each corresponding in intensity to six protons.  The proton environments on the ligands between the B and B* cobalt types are also inequivalent, giving 22 signals, as there is there is an overall sense of helical twist on each ligand.  So overall there are two types of ligand, each with all protons inequivalent, which means that 44 independent signals are expected on the 1H NMR spectrum.  High spin cobalt(II) complexes, despite being paramagnetic, produce clear 1H NMR spectra that can act as a useful analytical tool.49,146  The spectra are highly shifted yet the peaks remain sharp enough to be individually identified.  The distance of each proton from the cobalt(II) ions affects their T1 relaxation time so a variety of intensities and broadening of peaks are observed.  The chemical shifts, shown in Figure 5.8 of the cubic cage are spread out between +118 and -90 ppm, enabling them to be counted (44 are observed) and confirming that the complex retains the S6 symmetry in solution that is observed in the solid state.


The crystal structure of the cage suggests that none of the tetrafluoroborate anions reside in central cavity as the nearest counterions to the cage sit in close proximity to each of the six faces of the cube.  Instead, the central cavity is shown in the crystal structure to be occupied by four solvent (methanol) molecules.  These may be trapped in there as the cage structure assembles or they may be able to diffuse in and out freely.  The space filling diagram of the cage in Figure 5.9 illustrates just how accessible the central cavity appears to be, suggesting that small molecules may be able to enter it easily.103


5.4 Full spectroscopic assignment of [Co8(L1,5-nap)12](BF4)16 using T1 relaxation times
The Ward group has previously been able to fully assign the 1H NMR spectra of two paramagnetic Co(II) containing cages; one assembled from Lbip and the other from L2,3-nap.100,102  As the other studies were carried out on tetrahedral cages, this spectroscopic assignment of the cubic cage marks the largest achieved by the group so far.
As previously mentioned, the intensity and breadth of each signal on the 1H NMR spectrum is determined by its distance from the eight paramagnetic cobalt(II) ions.  Peak width is inversely proportional to T1 relaxtion time, and there is therefore a relationship between T1 and the H•••Co separation distances.  In fact T1-1 for a given proton is proportional to Σ(rij-6), where rij is the sum of the pairwise distances between a particular proton and each of the eight Co(II) ions.  This relationship provides us with a method for assigning the 1H NMR spectra of complexes containing paramagnetic Co(II) ions.147   This is achieved by correlating T1 values for the separate well-defined peaks with the [Σ(rij-6)]-1 values for H•••Co separations that are obtained from the crystallographic data.
The 1H NMR assignments for the protons of [Co8(L1,5-nap)12](BF4)16 are given in Table 5.1, which lists the [Σ(rij-6)]-1 values for the independent proton environments.  The [Σ(rij-6)]-1 values are normalised such that the relevant value of the smallest [Σ(rij-6)]-1 is scaled to be exactly numerically equal to the smallest T1 value (1.3 ms in this case).  Based on their relationship, the agreement between the measured T1 values and the normalised [Σ(rij-6)]-1 values is excellent and allows for a nearly complete assignment of the 1H NMR spectrum.
Table 5.1 1H NMR assignment for [Co8(L1,5-nap)12](BF4)16 in MeCN.a  
	δ/ppm
	Measured T1/ms
	Normalised  [Σ(rij-6)]-1b
	Assignment

	69.4
	1.3
	1.3
	mer-Pyridyl H6 or mer-Pyridyl H6

	114.5
	1.9
	1.3
	mer-Pyridyl H6 or mer-Pyridyl H6

	76.9
	2.0
	1.4
	fac-Pyridyl H6

	92.2
	2.4
	1.6
	mer*-Pyridyl H6

	-91.1
	2.6
	1.7
	mer-CH2

	-47.7
	2.7
	2.0
	mer*-CH2

	-66.0
	3.0
	2.1
	fac-CH2

	-41.6
	3.4
	2.6
	mer-CH2

	23.0
	7.8
	4.0
	mer-Naphthyl H2

	37.6
	7.9
	5.6
	mer*-Naphthyl H2

	28.4
	9.2
	7.1
	fac-Naphthyl H2

	20.6
	9.4
	8.1
	mer-Naphthyl H2

	-25.6
	19.2
	12.0
	mer-CH2

	-8.4
	20.4
	13.0
	fac-CH2 or mer*-CH2

	-16.5
	21.8
	13.0
	fac-CH2 or mer*-CH2

	-11.8
	22.5
	14.8
	mer-CH2

	66.0
	24.3
	18.1
	mer-Pyridyl H3

	62.4
	24.6
	19.1
	fac-Pyrazolyl H4

	61.7
	26.4
	19.4
	fac-Pyridyl H3 or mer-Pyrazolyl H4

	48.8
	26.7
	19.4
	fac-Pyridyl H3 or mer-Pyrazolyl H4

	54.1
	28.8
	19.6
	mer-Pyridyl H3

	53.3
	29.0
	20.3
	mer-Pyrazolyl H4

	-16.3
	30.2
	21.0
	mer*-Pyridyl H3

	82.7
	31.2
	21.2
	mer*-Pyrazolyl H4

	42.5
	31.7
	22.4
	mer-Pyridyl H5

	34.3
	32.4
	22.6
	mer-Pyridyl H5

	53.0
	33.9
	23.5
	fac-Pyrazolyl H5 or mer-Naphthyl H4

	93.6
	33.9
	23.5
	fac-Pyrazolyl H5 or mer-Naphthyl H4

	50.2
	34.3
	23.9
	mer-Naphthyl H4

	1.0
	35.7
	24.2
	fac-Pyridyl H5

	49.6
	37.2
	24.6
	mer-Pyrazolyl H5

	46.9
	37.6
	24.7
	fac-Naphthyl H4

	90.6
	38.2
	25.1
	mer-Pyrazolyl H5

	-3.3
	38.8
	25.6
	mer*-Pyridyl H5

	79.8
	39.8
	26.5
	mer*-Pyrazolyl H5

	12.4
	50.3
	26.6
	mer-Naphthyl H3

	3.4
	56.7
	34.7
	mer*-Naphthyl H3 or mer*-Naphthyl H4

	11.7
	57.8
	34.7
	mer*-Naphthyl H3 or mer*-Naphthyl H4

	14.5
	61.3
	38.0
	fac-Naphthyl H3

	9.7
	67.5
	38.3
	mer-Naphthyl H3

	14.1
	71.1
	42.0
	mer-Pyridyl H4

	18.1
	71.3
	43.7
	mer-Pyridyl H4

	10.5
	83.3
	48.5
	fac-Pyridyl H4

	
	
	
	mer*-Pyridyl H4

	a The bold entries refer to protons on the mer-fac ligand whilst the entries in standard itallics refer to protons on the mer-mer* ligand where mer and mer* are the inequivalent ends of the ligand.
b Calculated from crystallographic data103 on the basis of eight different H•••Co separations of each type of proton in nm and then normalised against the signal at 69.4 ppm such that this value was numerically identical to the observed relaxation time of 1.3 ms.  


Ideally the numbers in columns 2 and 3 of Table 5.1 should be identical; the discrepancies arise because of the uncertainties in crystallographic measurements of bond distances and also the uncertainty in T1 measurements.  Chart 5.1 shows the correlation between the two sets of values and how a near linear relationship exists.  Given that the measured T1 values arise from signals spread out over nearly 200 ppm, the general agreement is excellent.



There are a small number of instances where there is some unreliability in the results.  The main one is caused by the failure to record a full set of T1 values, resulting in 43 values as opposed to a set of 44.  Wherever the missing T1 value lies in the order will determine how many assignments are incorrect.  The pyridyl H6 protons are each within the range 3.18 – 3.28 Å to the nearest Co(II) ions and give T1 values in the range 1.3  – 1.6 ms, producing the broadest signals.  Also broad and with short T1 values (1.7  – 2.6 ms) are the methylene (CH2) protons which are directed into the cavity and 3.34 – 3.58 Å from their closest Co(II) centres.  The next protons closest to the Co(II) ions are the four independent naphthyl H2 protons.  Another source of unreliability arises from the ambiguity of certain assignments that have either identical T1 or [Σ(rij-6)]-1 values.  One example is the signal at 69.4 ppm which could be assigned to the pyridyl H6 of either the mer terminus of the mer-mer* ligand or the mer terminus of the mer-fac ligand.
Once again, this mechanism of spectroscopic assignment for a cage containing paramagnetic Co(II) ions proves itself to be a robust method.  The missing T1 value has a smaller chance of effecting the assignments of protons nearest to the Co(II) centres as they will not be effected by the incorrect correlation in the series of protons below them in the order of H•••Co separation.  The eight protons closest to the Co(II) centres are in the top 19 %, meaning that there is an 81 % certainty that their assignment is correct.  Critically, the inwardly pointing CH2 protons have low T1 values and therefore high certainties of assignment.  It may then be possible to determine how an encapsulatuted guest molecule is interacting with the internal cavity surface of the cage by observing the shift of certain cage proton signals. 
5.5 [Co8(L1,5-nap)12](BPh4)16 Cubic cage
The crystal structure of [Co8(L1,5-nap)12](BF4)16, as discussed in the previous section, shows that the cage cavity does not contain any counterions, suggesting that the self-assembly process of this structure is not dependant on the presence of a templating guest molecule.  An experiment was carried out to explore this theory, using the much larger anion tetraphenylborate as the counterion.  A solution of sodium tetraphenylborate in methanol was added to a methanol solution of cobalt acetate and L1,5-nap to produce a pink precipitate.  X-ray quality crystals were grown by diffusing ethyl acetate into a nitromethane solution of the pink product.  The crystal structure in Figure 5.10 shows that the same type of M8L12 cubic cage forms and that the central cavity of the cage contains no counteranion.  The tetraphenylborate counterion is much larger than the tetrafluoroborate and perchlorate anions usually associated with Ward group cages and would therefore be less likely to fit into the internal cavity of the cube.  The fact that the cubic structure still forms with this large anion shows that the assembly process is not anion dependent as this anion cannot act as a template. 



The complex (also shown in Figure 5.11) crystallises in the centro-symmetric space group R-3, having a higher order of symmetry than the tetrafluoroborate containing structure (C2/c) and it contains two metal ions, two ligands and two tetrafluoroborate anions in the asymmetric unit.  The shape is slightly more regular than the BF4- based cube as the Co•••Co distances are 10.84 and 11.42 Å (compared with 10.86 – 11.58 Å) and the Co–Co–Co angles are between 85 and 92° (compared with 85 – 95°).  The Co–N bond lengths are in the range 2.13 – 2.20 Å, unremarkable yet close to the range of the BF4- containing structure (2.11 – 2.20 Å).  Not all of the counterions were found in the structural solution and of the two that were, one was severely disordered.  There was electron density present in the central cavity of the cage, most likely disordered solvent, but it was not possible to identify or model this.



The closest tetraphenylborate anions to the cage structure sit in the same relative positions as the BF4- anions do in [Co8(L1,5-nap)12](BF4)16.  The tetraphenylborate molecules reside close to the surface of the cage, each with one of their phenyl rings directed towards its centre as shown in Figure 5.12.  Despite their close proximity to the cage structure, there are no strong directional interactions nor any obvious CH•••π interactions between the cage and the anion as observed in [Cd4(Lbip)6](BF4)6.5(BPh4)1.5 in Section 2.2.3.


The stability of the cage and its lack of a need for a central anion may be attributed to the aromatic π-stacking present on its surface.  Although the tetrafluoroborate and perchlorate analogues are proven to be stable in solution, it is still yet to be determined whether this complex also is.  This new compound, does however, help to confirm that the central cavity of the L1,5-nap cubic cage does not contain any counterions.  

5.6 Cage cavity volumes
It has been established that the cubic cage prepared from the L1,5-nap ligand does not contain any counterions within its internal cavity.  This makes it an ideal candidate for guest binding as a substrate that is intended for the cage does not need to displace any anions from the cavity.

In collaboration with Chris Hunter and Simon Turega we have also been able to determine the cavity volumes and internal areas of three of the Ward group’s polyhedral cages.  By studying the crystal structures using a combination of protein viewing programmes, Deepview/Swiss-PdbViewer 4.0.1, we were able to determine the values which are displayed in Table 5.2.   
Table 5.2 Comparison of the cavity volumes and internal surface areas of three polyhedral cages where PzPy = pyrazolyl-pyridine.
	Ligand
	Polyhedron
	Cavity volume Å3
	Cavity surface area

Å2

	
	M4L6
Tetrahedron
	43
	64

	
	M8L12
Cube
	407
	315

	
	M12L18
Truncated tetrahedron
	320
	312


The results of the study are rather surprising.  Firstly, the cavity volume of the tetrahedron is much too small to encapsulate the anions experimented with in Chapter 2 and it is now apparent that this greatly limits the range of molecules that can potentially fit inside the cage.  Also surprising is the fact that the largest of these cages in terms of nuclearity, the truncated tetrahedron, does not have the largest central cavity.  The cavity volume of the cube is greater than this by 83 Å3.  Structural projections of the tetrahedron and cube are shown below in Figure 5.13.



[image: image7]

The [M8(L1,5-nap)12]16+ cubic cage appears to be a good complex for substrate binding as it has a large accessible, almost spherical void of 407 Å3 that does not contain any fixed counterions.  These characteristics indicate that the cage may be able to accept certain guests through specific weak interactions.  Rebek and co-workers have calculated that the optimal guest volume is 55 % of the occupied host cavity.148  Considering this, the ideal guest volume for the [Co8(L1,5-naph)12]16+ cage would be 224 Å, roughly the equivalent of two phenyl rings or phenyl ring with a bulky substituent.
5.7 Guest molecule binding to [Co8(L1,5-nap)12](BF4)16
It was hoped that a guest encapsulated within the cavity of the [Co8(L1,5-nap)12](BF4)16 cage, isolated from the bulk solvent, could be detected via 1H NMR studies.  As discussed earlier in Section 5.2, the paramagnetism of the cobalt(II) ions in the cage complex results in results in substantial shifts of the 1H NMR peaks over a very wide range (± 100 ppm).  This produces a very clear 1H NMR spectrum where the uncoupled proton signals are spread over a large chemical shift range.  Therefore any changes in the spectrum due to host-guest binding will be easily identified. 

The solvent chosen for the study was d3-acetonitrile as both the cage complex and the tetrafluoroborate anions are soluble in this medium.  The anions are therefore able to maintain a minimal association with the complex cation, ensuring that they do not hinder substrate binding.  The crystal structure shows that the central cavity of [Co8(L1,5-nap)12](BF4)16 contains methanol molecules from the solvent and this suggests that the guest molecules in this study may need to compete with acetonitrile for cage encapsulation.   
A selection of potential guests shown in Figure 5.14, containing one or two substituted phenyl rings, were gathered with volumes ranging from 88 to 267 Å3.  These structures were chosen for their aromatic groups and heteroatoms in the hope that these features would promote interactions between the substrate and the protons on the internal surface of the cage cavity.  Simon Turega devised and carried-out a screening procedure to detect strong and weak encapsulation events between each of the twelve molecules and the cage complex.  0.2 mM Solutions of cage complex were combined with each potential guest at concentrations of 0.4 mM and 50 mM.  The complexation induced shifts (CIS) resulting from encapsulation are the difference between the chemical shift of the cage protons with solvent in the central cavity and the cage with a guest in the central cavity.  Any interactions between the cage and the guest will also contribute towards the CIS.


	Potential guest
	    Volume Å3

	1
	        161

	2
	190

	3
	125

	4
	174

	5
	261

	6
	267

	7
	88

	8
	105

	9
	106

	10
	131

	11
	162

	12
	170



The paramagnetic 1H NMR spectra were recorded for the 24 samples and no CIS were observed for the 0.4 mM guest samples.  However, a slow-exchange process between the cage and potential guest 3, coumarin, was identified during the 50 mM sample screens.  In this sample additional coumarin peaks were present upfield of the free coumarin peaks in the 1H NMR spectrum (Figure 5.15), between 4 and -6 ppm, the expected result for a guest encapsulated within a shielded cavity.  The paramagnetism of the cage host results in a large CIS for the guest protons, up to 5 ppm, making it simple to identify when guest encapsulation has taken place.  
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Figure 5.15 Expanded 1H NMR spectra in d3-acetonitrile at 298 K, [Co8(L1,5-nap)12](BF4)16 = 0.2 mM and 3 = 32 mM.  Bound guest signals at 3.38, 0.68, -0.35, -0.52 and -5.71 ppm, all marked with asterisks.  The larger peaks correspond to the protons of the free coumarin.
To verify this result a control experiment was carried out, involving the tetrahedral coordination cage described in Chapter 3.  Having an approximate cavity volume of 59 Å3, it would be unable to encapsulate coumarin.  Apart from its shape, the external surface of [Co4(Lbip)6⊃(BF4)](BF4)7  is very similar to that of [Co8(L1,5-nap)12](BF4)16.   No CIS were observed on the paramagnetic 1H NMR spectrum of a tetrahedral cage/coumarin sample solution (Figure 5.16), suggesting that the coumarin is not binding to the external surface of the smaller cage.  Therefore the observed CIS on the paramagnetic 1H NMR spectrum of a cubic cage/coumarin sample solution are most likely to be due to host-guest binding. 
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Figure 5.16 Partial 1H NMR spectra in d3-acetonitrile at 298 K; (a) [Co4(Lbip)6⊃(BF4)](BF4)7 = 0.4 mM; (b) [Co4(Lbip)6⊃(BF4)](BF4)7 = 0.4 mM and 3 = 8.8 mM; (c) [Co4(Lbip)6⊃(BF4)](BF4)7  = 0.4 mM and 3 = 20 mM; (d) [Co4(Lbip)6⊃(BF4)](BF4)7  = 0.4 mM and 3 = 32 mM.

In order to measure KEncap for the formation of the Co8(L1,5-nap)12](BF4)16•3 host-guest complex, paramagnetic 1H NMR spectra of three solutions were recorded by Dr Turega (Figure 5.17).  For each solution different concentrations of coumarin were used whilst the concentration of the cage was kept constant.   Selected peaks from each spectrum were integrated and the slow exchange induced changes monitored over the course of the titration.  This enabled the calculation of the equilibrium constant for this process where KEncap = 39 ± 20 M-1.  The same measurements using the analogous cage with perchlorate counter ions gave KEncap = 35 ± 20 M-1.  The formation constants of the two complexes are similar enough to suggest that counterions do not influence the encapsulation process. 



The volume of coumarin is 125 Å3, 31 % of the cage cavity volume and therefore does not occupy it by the optimal quoted value of 55 %.  Yet it may not be the size of the substrate that is important in this case, as specific binding interactions may play a more important role.  The internal surface of the cage contains many inwardly pointing protons and the fact that coumarin contains two oxygen atoms suggests that hydrogen bonds may be forming between the two.  Further study of the process is required to fully understand the manner in which the binding takes place.  The fact that coumarin occupies less than a third of the cage cavity implies that other, possibly larger anologues may bind with the internal surface of the cage. Use of the hydrophobic effect in water, the encapsulation of coumarin by a water-soluble cage, will amplify the binding affinity of this process and water-soluble cage complexes are investigated in the next chapter.
5.8 Conclusions

Through the synthesis and characteristaion of [Co8(L1,5-nap)12](BPh4)16 we have been able to confirm that the central cavity of the cubic cage complex only contains solvent molecules, making it suitable for the binding of neutral guest molecules.

The central cavity volume has been calculated and based on that a range of potential guests were selected for a screening process.  The results of the study revealed that coumarin undergoes a reversible slow-exchange process into the cubic cage’s spherical cavity.  The effect in the 1H NMR spectrum caused by the paramagnetic cobalt(II) ions of the cage complex allows clear identification of changes in the spectra as the uncoupled cage proton signals are spread over a large range.  The encapsulated coumarin proton signals are shifted upfield from the free coumarin signals on the 1H NMR spectrum.  The complete assignment of the cage proton signals on the 1H NMR spectrum may also help in determining the binding mode of guest molecules in the future.

This is a good starting point for the further development of host-guest complexes as a suitable cage complex has been found.  Critically, the cage contains paramagnetic cobalt(II) that has allowed the use of 1H NMR as a diagnostic tool.  Coumarin only occupies 31 % of the cage complex’s cavity and it is hoped that further potential guest screening will lead to guest molecules that bind with a high affinity. 
5.9 Experimental

Synthesis of L1,5-nap and [Co8(L1,5-nap)12](BF4)16
The method by Tidmarsh published in the literature was followed.103
Synthesis of [Co8(L1,5-na)12](BPh4)16
To a solution of cobalt (II) acetate hexahydrate (0.019 g, 0.075 mmol) and L1,5-nap (0.050 g, 0.113 mmol) in methanol (20 cm3) was added sodium tetraphenylborate (0.052 g, 0.151 mmol).  The pink precipitate was collected using vacuum filtration and recrystallised by slowing diffusing in ethyl acetate to a nitromethane solution of the compound.  Yield: 55 %.
All spectra in this chapter were recorded on a Bruker 400 Advance NMR spectrometer.
Table 5.3 Crystallographic data for the new compounds.
	Compound
	[Co8(L1,5-nap)12](BPh4)16

	Formula
	C720H584B16Co8N72

	Molecular weight
	10888.99

	Habit
	Orange block

	T / K
	110(2)

	Crystal system
	Rhombohedral

	Space group
	R-3

	a / Å
	31.1071(6)

	b / Å
	31.1071(6)

	c / Å
	54.3615(10)

	α / °
	90

	β / °
	90

	γ / °
	120

	V / Å3
	45555.5(15)

	Z
	3

	ρ / g cm-3
	1.191

	μ / mm-1
	0.278

	Data, restraints, parameters
	13270, 54, 913

	Rint for independent data
	0.1020

	Final R1, wR2a
	0.0948, 0.2970


a The value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.

Data for the structure was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-Kα X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109
Crystals of the cage complex scattered weakly due to the extensive disorder of anions and solvent molecules, meaning that high-angle data was weak.  It was not possible to clearly locate all of the anions from the data due to extensive disorder associated with both anions and solvent molecules; this resulted in areas of diffuse electron density that could not be modelled sensibly.  The SQUEEZE function of PLATON110 was used to eliminate these areas of electron density from the refinement.  The disordered counterions has been modelled as best as possible using a combination of geometric and displacement restraints.  This involved the modelling of disordered components of the anion over multiple sites.  Restraints were also used to constrain all five and six-membered rings into uniform, planar arrangements.     

6 Oxygen containing ligands  

6.1 Summary
The previous chapter discussed the specific binding of a neutral molecule to the central cavity of a polyhedral cage cation.  The substrate becomes encapsulated via a slow exchange process and the binding affinity is relatively low.  By exploiting the hydrophobic effect the binding constant of encapsulation can be improved substantially.  So far, the water-soluble cages synthesised by groups of Raymond, Fujita and Nitschke have proven to be the most successful in terms of guest-binding.  The principles of the hydrophobic effect involve the use of water as the solvent and a capsule-like species with a hydrophobic internal surface.  When a hydrophobic substrate is introduced to an aqueous solution of the capsule it is forced to reside away from the bulk solvent, in the central cavity of the capsule.  The reason why binding is weak and exchange slow in the case of coumarin and the cubic cage complex is partly that coumarin is soluble in acetonitrile, the solvent used for the study.  Critically, for the hydrophobic effect to work, the encapsulating cage species needs to have a hydrophilic external surface to be soluble in water, whilst possessing a hydrophobic internal surface to offer refuge to a hydrophobic substrate. 

The cages synthesised by the Ward group are soluble in polar organic solvents such as acetonitrile and nitromethane and this limits the affinity that guest molecules have for their internal cavities.  In order to improve the host-guest binding strength of the group’s cages two new ligands have been synthesised, L1,8-OH and L1,5-OH, possessing water-solubilising hydroxyl groups.  It is hoped that additional functionality on the ligands will enable the cages to be soluble in water.

6.2 Introduction 

Exo-functionalisation of polyhedral cages has been achieved by the Fujita group, but for a different purpose than altering their solubility.  The Pd12L24 pseudo-spherical cage, containing bis-pyridyl bridging ligands with a phenyl spacer, has been functionalised in various ways.  The exterior surface of the cage structures can be decorated with a range of functional groups that are covalently bonded to the convex edge of each ligand.  There have been reports of structures coated with metal porphyrins and fullerene nanoballs149 (
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Scheme 6.1
Scheme 6.1), neither of which disrupt cage self-assembly.   





Another example by Fujita, described in Chapter 1, shows the endo-functionalisation of a spherical Pd12L24  cage.93  The ligand, shown in Figure 6.1, possesses azobenzene units on its concave side to enable it to encapsulate 1-pyrenecarboxylate molecules. 



However, to maintain the ligand’s solubility, an additional substituent is attached to the convex side of the ligand.  Quaternary ammonium groups are used to make the ligands and cage structure amphiphilic and these do not affect the structure’s ability to self-assemble.
Stang and co-workers have also synthesised exo-functionalised cages, one example of which is a cuboctahedron coated with crown ethers shown in Scheme 6.2.150  Eight tritopic ligands, with pyridyl electron donor units, cap the faces of the cage whilst the vertices are defined by platinum(II) ions, linked by two alkyne groups and a phenyl spacer. The crown ethers are connected to the backbone of the cage via bonds between their own hydroxyl groups and the phenyl spacers of the ligands.  The cage has the potential to act as an endo and exo receptor as there are two ways in which the structure can bind substrates.


6.3 Complex from ligand containing a methoxy  group
A new ligand has been developed (

Figure 1.2
Figure 6.2) that consists of two pyrazolyl-pyridine units bridged by dimethylanisole, with a methoxy substituent at the 2-position.


This anisole spacer ligand, LOMe, was intended to be deprotected to produce a ligand with a phenol spacer.  By incorporating a hydroxy group on the central spacer of the ligand, it was hoped that it would point inwards upon cage formation and allow for specific guest binding via hydrogen bonding within the central cavity.  Another possibility was that the hydroxy groups would enable the cage complex to be soluble in water by pointing away from the cage and interacting with the solvent.  The related ligand, with an unsubstituted meta-phenylene spacer, can be used to prepare either a cubic cage or an “open book” structure52 and it was hoped that this ligand would allow similar structures to form.  

The synthesis follows the same procedure as many of the other ligands; bromination of 2,6-dimethylanisole followed by substitution of the bromide groups for pyrazolyl-pryridine under basic conditions.  Prior to deprotecting LOMe (using boron tribromide to convert the methoxy group to a hydroxyl group) it was used to investigate the effect of the methoxy substituent on the self-assembly process in the presence of labile metal(II) ions.  When the ligand LOMe is combined with cobalt tetrafluoroborate under solvothermal conditions in methanol, pink crystals form as the solution cools.  Analysis using X-ray crystallography shows the structure (Figure 6.3

Figure 1.4
) to be a dinuclear complex as opposed to the cage that was hoped for.  The oxygen atom on each methoxy group is able to bind to a cobalt(II) ion, effectively creating a tridentate NNO binding domain.  This is due to its close proximity to the pyrazolyl-pyridine binding unit and the ligand undergoes little structural strain to achieve this.  A sixth coordination site on each metal ion is left unsaturated by the ligands and is filled by a fluoride ion.  Fluoride ions are most likely liberated from tetrafluoroborate as a result of the high temperature and pressure achieved during the reaction conditions.  The result of this is that the overall charge of the complex is reduced to 3+.


The complex crystallises in the centrosymmetric space group P2(1)/c and the asymmetric unit contains a complete complex cation along with three tetrafluoroborate anions.  The Co−N bond distances are in the range 2.09 − 2.18 Å, the Co−O bond distances are slightly longer at 2.21 Å, whilst the Co−F bond distances are the shortest at 1.99 Å.  The structure is relatively compact as the Co•••Co separation is 3.917 Å.  A full list of Co(II)–ligand bond lengths is shown below in Table 6.1. 

Table 6.1 Selected bond lengths (Å) of [Co2(LOMe)2F](BF4)3.

	Co(1)−F(1)
	
1.995(3)

	Co(1)−N(142)
	
2.110(2)

	Co(1)−N(131)
	
2.117(2)

	Co(1)−N(211)
	
2.165(3)

	Co(1)−N(222)
	
2.177(2)

	Co(1)−O(157)
	
2.210(3)

	Co(2)−F(1)
	
1.991(3)

	Co(2)−N(242)
	
2.092(2)

	Co(2)−N(231)
	
2.117(2)

	Co(2)−N(122)
	
2.140(2)

	Co(2)−N(111)
	
2.183(2)

	Co(2)−O(257)
	
2.209(3)


Attempts to characterise the product in solution using 1H NMR and electrospray mass spectrometry were not successful.  No evidence using either method showed signs of the complex, suggesting that it is unstable in solution, only forming as it crystallises. 
As the methoxy substituent on this ligand coordinates to cobalt(II), the following deprotection step was not carried out as it was thought that a hydroxyl substituent on the phenyl ring would have the same effect.  Attempts were made to discover what complex formed when fluoride ions were not present.  This was done by stirring LOMe and Co(BF4)2 at room temperature, avoiding the fluoride liberating conditions of a solvothermal reaction and also by using Co(ClO4)2 in place of Co(BF4)2.  Neither method produced any results, suggesting that the bridging fluoride ions are necessary for the formation of a complex.  It is also possible that steric hindrance caused by the methoxy group prevents cage formation.  
6.4 Ligands functionalised on the binding unit
Before further pursuing the central spacer functionalisation strategy it became apparent that a better way to make the cages water-soluble would be to functionalise the binding units.  The 4-position of pyridine on the pyrazolyl-pyridine binding unit is a suitable site to add functionality to the cages.  This is highlighted in the projection (Figure 6.4) of the crystal structure of [Co8(L1,5-nap)12](BF4)16, where the protons on the 4-positions of the pyridine rings are highlighted in red to illustrate how they point away from the cage’s surface.


There are several advantages to this strategy such as the retention of structural topology as the position of the substituent on the binding unit allows the spacer to adopt its preferred conformation without interference from the added bulk of an additional functional group.  By developing a new binding unit, each bis-bidentate ligand that has been previously synthesised by the Ward group can effectively be modified by employing the spacer units that we have already used.  A new catalogue of cage complexes can potentially be compiled, with each cage water-soluble and able to encapsulate different substrates.  Another obvious advantage of functionalising the binding unit is that there are two of them present on the bis-bidentate ligands.  This method will therefore be twice as effective as functionalising the central spacer in terms of numbers of substituents introduced.

Two new ligands (

Figure 1.5
Figure 6.5) have been developed; L1,8-OH, with a 1,8-dimethylnaphthalene spacer and L1,5-OH, containing a 1,5-dimethylnaphthalene spacer.  Both of these ligands possess a hydroxymethyl functional group on each terminal pyridine unit and they have both been characterised using electrospray mass spectrometry and 1H NMR spectroscopy.  



The result of this investigation is that a synthetic pathway for a new set of ligands has been established.  All of the reactions throughout the preparation of the ligands are relatively simple.  The reaction to add the protecting group, tert-butyldimethylsilyl chloride, to 4-(hydroxymethyl)pyridine (Scheme 6.3) is straightforward.  Initially, 2,6-lutidine was used as the base but its insolubility in water made the work-up difficult and imidazole was chosen instead.  The next step, to make the N-oxide B, is equally straight forward, requiring no further purification once the product has been extracted.  The reaction to give product C, with the nitrile on the 2-position, is also very reliable.  Care must be taken when using the volatile compound, trimathylsilyl cyanide, and even though it is sensitive to moisture, the reaction can still be carried out under ambient conditions.  The additional compound, dimethyl carbamoyl chloride, is present as an activating electrophile.  It is also moisture sensitive and stirring the crude product in water leads to its decomposition to give dimethylamine, carbon dioxide, and hydrogen chloride.  Column chromatography is needed to isolate the product.  The step which proved to be the most problematic was the low yielding Grignard reaction to produce compound D.  It was not possible to carry out the reaction on a large scale due to the occurrence of a side reaction.  This side reaction produces what are thought to be dihydropyridines, caused by the nucleophillic attack of the methyl Grignard on the carbon atom on the 6-position of the pyridine ring.  Column chromatography is also needed to isolate this product.  The following two steps in Scheme 6.3 follow the same proceedures as those covered in Chapter 4 to give the pyrazolyl-pyrazine binding unit.


Another reaction step which caused difficulties was that between the protected hydroxymethyl pyrazolyl-pyridine F and 1,8-bis(bromomethyl)naphthalene (Scheme 6.4).  When the reaction was carried out using aqueous sodium hydroxide as the base, several side reactions took place.  Instead, a stoichiometric amount of sodium hydride was used to remove the pyrazolyl N-proton on compound F, followed by the introduction of 1,8-bis(bromomethyl)naphthalene to the reaction mixture.  The mixture was stirred at room temperature for two days and the product was purified using column chromatography.  The deprotection step, using tetrabutylammonium fluoride, simple requires the reactant and reagent to be stirred at room temperature overnight.  Column chromatography is then used to isolate the final product.  The final products both contain hydroxyl groups that may be reacted further to give ligands with different functional groups, possibly improving their ability to form water-soluble cage structures.


So far no cage complexes have been synthesised using these new ligands.  Analysis of the crude products from their reaction with metal salts is very difficult and the 1H NMR spectra do not allow any characterisation to be made.  These crude products are soluble in water and analysis using ES-MS shows various m/z peaks.  However, it is difficult to obtain much information from the spectra as the structures are able to become charged through the loss of anions or via hydroxyl group protonation.  The series of peaks that are normally observed through sequential anion loss are not seen and it is therefore extremely difficult to determine the mass values that correspond to particular m/z peaks.

The group has very recently synthesised two new cage structures from similar ligands.  Two tetrahedral cages, one using a ligand with an ortho-phenylene central spacer and the other using a ligand with a biphenyl spacer, have been synthesised.  Both complexes are soluble in water and their crystal structures have been solved. 
6.5 Conclusions

The hydrophobic effect can be used effectively to strengthen substrate binding between a hydrophilic cage with a hydrophobic internal cavity and a hydrophobic molecule.  Two new ligands have been synthesised, L1,8-OH and L1,5-OH, possessing water-solubilising hydroxyl groups.  It is hoped that this additional functionality on the ligands will lead to cage structures with tailored external surfaces, enabling them to be soluble in aqueous media.  The reactivity of hydroxyl groups on the ligands enables the synthetic conversion to other functional groups.  It is also possible that a different functional group on the ligands will also allow the assembly of water-soluble cage complexes. 
To this point, these ligands have not been successful in the construction of new water-soluble polyhedral cages.  However, two other ligands have both been recently successful in producing water-soluble tetrahedral cage complxes.
6.6 Experimental 
Synthesis of LOMe
1. Preparation of 2,6-bis(bromomethyl)-anisole
A literature procedure by Takeuchi was followed and modified.106  To a solution of 2,6-dimethylanisole (1.0 g, 7.34 mmol) in carbontetrachloride (60 cm3) was added n-bromosuccinimide (2.88 g, 16.15 mmol) and AIBN (10 mg, 0.06 mmol).  The mixture was heated to reflux for 2 hr under a tungsten lamp and then allowed to cool to room temperature.  The CCl4 was then removed in vacuo and the solid was then dissolved in DCM and washed with 3 × 50 ml of water.  The solution was then dried using MgSO4 and the DCM was removed to give an orange oil which was recrystallised using methanol to give white crystals (0.8 g, 37 %).  1H NMR (250 MHz, CDCl3): δ 7.40 (2H, d, phenyl H2), 7.12 (1H, t, phenyl 3H), 4.49 (4H, s, CH2), 4.05 (3H, s, CH3). 
1. Preparation of LOMe
A literature procedure by Tidmarsh was followed and modified.103  To a solution of 1,3-bis(bromomethyl)-2-methoxybenzene (0.8 g, 2.73 mmol) and 3-(2-pyridyl)pyrazole (0.79 g, 5.47 mmol) in THF (100 cm3) was added aqueous NaOH (2.5 M; 20 cm3). The resulting mixture was heated to reflux for 24 h and then allowed to cool to room temperature. On cooling, a bright-yellow solid precipitated that was collected by filtration and washed with cold diethyl ether to yield analytically pure LOMe (0.20 g, 17 %).1H NMR (400 MHz, CDCl3): δ 8.64 (2H, d, pyridyl H6), 7.96 (2H, d; pyridyl H3), 7.73 (2H, td; pyridyl H4), 7.47 (2H, d; phenyl H),  7.28 (1H, t; phenyl H), 7.21 (2H, tdd; pyridyl H5), 7.09 (2H, d; pyrazolyl H5) 6.75 (2H, d; pyrazolyl H4), 5.49 (4H, s; CH2), 3.77 (3H, s; CH3).  ESMS: m/z 422 (M+).  Elemental analysis calculated for C25H22N6O•H2O: C 68.2; H, 5.5; N, 19.1 %; found: C, 68.2; H, 5.6; N, 19.1 %. 
Synthesis of [Co2(L1,3mo)2F](BF4)3
A literature procedure by Tidmarsh,103 using the solvothermal method was followed to yield pink crystals.

Synthesis of 4-[(tert-Butyldimethylsilyloxy)methyl]pyridine, A
A literature procedure by Falvey was followed.151,152
Synthesis of 4-[(tert-Butyldimethylsilyloxy)methyl]pyridine N-oxide, B
A literature procedure by Falvey was followed.151,152
Synthesis of 4-((tert-butyldimethylsilyloxy)methyl)picolinonitrile, C
A literature procedure by Gesellchen was followed and modified.153  Trimethylsilyl cyanide (16.0 cm3, 120.2 mmol) was added to B (23.0 g, 96.2 mmol) in dichloromethane (125 cm3) at room temperature.  Dimethylcarbomyl chloride (10.3 cm3, 120.2 mmol) in dichloromethane (20 cm3) was added dropwise with stirring to the reaction mixture over a 30-minute period.  The reaction mixture was stirred at room temperature for 24 hours.  A solution of 10 % aqueous potassium carbonate (125 cm3) was added dropwise to the reaction mixture and stirred for a further 20-minutes.  The organic layer was separated and the aqueous layer was extracted two times with dichloromethane (50 cm3).  The solvent was removed in vacuo and water was then added followed by 30-minutes of stirring.  Dichloromethane (100 cm3) was then added to the solution, the organic layer was separated and the aqueous layer was extracted two times with dichloromethane (50 cm3).  The combined organic layers were dried over magnesium sulphate.  The product was purified by column chromatography on silica using hexane/EtOAc (4:1) to yield a clear oil (15.2 g, 64 %).  1H NMR (400 MHz, CDCl3): δ 8.65 (1H, dd; pyridyl H6), 7.69 (1H, m; pyridyl H3), 7.48 (1H, dq; pyridyl H5), 4.79 (2H, s; CH2), 0.96 (9H, s; TBS tBu), 0.14 (6H, s; 2 x TBS CH3). 
Synthesis of 1-[4-[[[(1,1-dimethylethyl)dimethylsilyl]oxy]methyl]-2-pyridinyl]-ethanone, D
A literature procedure by Gotor was followed and modified.154  To a solution of C (2.0 g, 8.1 mmol) in dry Et2O (20 cm3) at 0 °C and under a nitrogen atmosphere, a solution of methylmagnesium bromide 3.0 M solution in Et2O (3.0 cm3, 8.8 mmol)  was added.  Once the addition was complete, the mixture was stirred at room temperature for 1 h, after which time a solution of saturated ammonium chloride solution was added at 0 °C (50 cm3).  The resulting mixture was stirred at room temperature for an additional 14 h.  The organic layer was separated and the aqueous layer was extracted five times with diethyl ether (50 cm3).  The combined organic layers were purified by chromatography on silica using hexane/EtOAc (4:1) to yield a white solid (0.71 g, 35 %).  1H NMR (400 MHz, CDCl3): δ 8.65 (1H, dd; pyridyl H6), 7.96 (1H, m; pyridyl H3), 7.50 (1H, dq; pyridyl H5), 4.80 (2H, s; CH2), 2.74 (3H, s; CH2), 0.96 (9H, s; TBS tBu), 0.13 (6H, s; 2 x TBS CH3). 
Synthesis of E
A literature procedure by Uber was followed and modified.139  A round-bottomed flask was charged with 3.3 g (13.18 mmol) of D and 10.5 cm3 (9.42 g, 79.08 mmol) of N,N-dimethylformamide dimethyl acetal.  The reaction mixture was refluxed overnight to produce a dark brown solution which was then evaporated to dryness.  Column chromatography on silica using 5 % MeOH in DCM was carried out to give a brown solid (3.5 g, 83 %). 1H NMR (400 MHz, CDCl3): δ 9.61 (1H, dd; pyridyl H6), 8.05 (1H, m; pyridyl H3), 7.93 (1H, d; vinyl H1), 7.43 (1H, dq; pyridyl H5), 6.46 (1H, d; vinyl H2), 4.82 (2H, s; CH2), 3.19 (3H, s; NMe1), 3.01 (3H, s; NMe2), 0.97 (9H, s; TBS tBu), 0.13 (6H, s; 2 x TBS CH3). 

Synthesis of F
A literature procedure by Uber was followed and modified.139  7.1 cm3 (113.98 mmol) of hydrazine monohydrate (50 -60 %) was added to a solution of 3.5 g (10.92 mmol) of E in 10 cm3 of ethanol. The reaction mixture was heated to 60 °C and stirred for 1 hour.  The ethanol was then removed in vacuo and column chromatography on silica using 5 % MeOH in DCM was carried out to give an off-white solid (1.3 g, 41 %). 1H NMR (400 MHz, CDCl3): δ 11.26 (1H, s; NH), 8.58 (1H, dd; pyridyl H6), 7.69 (1H, m; pyridyl H3), 7.67 (1H, d; pyrazolyl H3), 7.23 (1H, dq; pyridyl H5), 6.79 (1H, d; pyrazolyl H4), 4.81 (2H, s; CH2), 0.99 (9H, s; TBS tBu), 0.15 (6H, s; 2 x TBS CH3). 
Synthesis of L1,8-OTBS
A literature procedure by Singh was followed and modified.155  To a solution of F (0.46 g, 1.59 mmol) and 1,8-bis(bromomethyl)naphthalene (0.25 g, 0.80 mmol) in dry THF (20 cm3) at room temperature under a nitrogen atmosphere, sodium hydride (60 %) in mineral oil (0.059 g, 1.75 mmol) was added.  The mixture was left stirring at room temperature for 24 hours, after which it was quenched with methanol.  The solvent was removed in vacuo and column chromatography on silica using 5 % MeOH in DCM was carried out to give an off-white solid (0.46 g, 79 %).  1H NMR (400 MHz, CDCl3): δ 8.60 (2H, d; pyridyl H6), 7.94 (2H, d; pyridyl H3), 7.88 (2H, s; pyridyl H5), 7.48 (2H, t; naphthyl H3/H6), 7.27 (4H, d; naphthyl H2/H7 and H4/H5), 7.17 (2H, d; pyrazolyl H5), 6.88 (2H, d; pyrazolyl H4), 5.94 (4H, s; CH2), 5.32 (4H, s; OCH2), 1.61 (18H, s; 2 x TBS tBu), 0.96 (12H, s; 4 x TBS CH3).  
Synthesis of L1,5-OTBS
As above.
1H NMR (400 MHz, MeOD): δ 8.51 (2H, d; pyridyl H6), 8.05 (2H, d; pyridyl H3), 7.91 (2H, s; pyridyl H5), 7.60 (2H, t; naphthyl H3/H6), 7.45 (4H, d; naphthyl H2/H7 and H4/H5), 7.37 (2H, d; pyrazolyl H5), 6.90 (2H, d; pyrazolyl H4), 5.94 (4H, s; CH2), 5.32 (4H, s; OCH2), 1.61 (18H, s; 2 x TBS tBu), 0.96 (12H, s; 4 x TBS CH3).  
Synthesis of L1,8-OH
A literature procedure by Yoshimura was followed and modified.156  To a solution of L1,8-OTBS (0.46 g, 0.63 mmol) in THF (20 cm3) tetrabutylammonium fluoride (0.40 g, 1.26 mmol) was added.  The mixture was left stirring at room temperature for 16 hours, after which it was quenched with methanol.  The solvent was removed in vacuo and column chromatography on silica using 5 % MeOH in DCM was carried out to give an off-white solid (0.28 g, 81 %). 1H NMR (400 MHz, CDCl3): δ 8.56 (2H, dd; pyridyl H6), 8.08 (2H, d; pyridyl H3), 7.97 (2H, s; pyridyl H5), 7.50 (2H, t; naphthyl H3/H6), 7.35 (2H, dd; naphthyl H2/H7 or H4/H5), 7.17 (2H, dd; naphthyl H4/H5 or H2/H7), 7.10 (2H, d; pyrazolyl H5), 6.88 (2H, d; pyrazolyl H4), 5.91 (4H, s; CH2), 4.77 (4H, s; OCH2).  ESMS: m/z 503.3, (M+H)+; 252.1, (M+2H)2+.  Elemental analysis calculated for C30H26N6O2•4H2O: C 62.7, H 5.6, N 14.6 %; found: C 62.8, H 5.6, N 14.5 %.
Synthesis of L1,5-OH
As above.

1H NMR (400 MHz, MeOD): δ 8.47 (2H, d; pyridyl H6), 8.19 (2H, d; pyridyl H3), 8.02 (2H, s; pyridyl H5), 7.62 (2H, d; naphthyl H4/H5 or H2/H7), 7.54 (2H, t; naphthyl H3/H6), 7.35 (2H, d; naphthyl H4/H5 or H2/H7), 7.32 (2H, d; pyrazolyl H5), 6.90 (2H, d; pyrazolyl H4), 5.93 (4H, s; CH2), 4.71 (4H, s; OCH2).  ESMS: m/z 503.3, (M+H)+; 252.1, (M+2H)2+.  Elemental analysis calculated for C30H26N6O2: C 71.7, H 5.2, N 16.7 %; found: C 71.7, H 5.0, N 16.7 %.
Table 6.2 Crystallographic data for the new compounds.

	Compound
	[Co2(LOMe)2F](BF4)3

	Formula
	C50H44B3Co2F13N12O2

	Molecular weight
	1242.26

	Habit
	Pink slab

	T / K
	120(2)

	Crystal system
	Monoclinic

	Space group
	P2(1)/c  

	a / Å
	20.2992(8)

	b / Å
	13.7635(5)

	c / Å
	22.6819(8)

	α / °
	90

	β / °
	113.555(2)

	γ / °
	90

	V / Å3
	5809.0(4)

	Z
	4

	ρ / g cm-3
	1.420

	μ / mm-1
	0.662

	Data, restraints, parameters
	13306, 154, 606

	Rint for independent data
	0.0808

	Final R1, wR2a
	0.0806, 0.2408


aThe value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.

Data for the structure was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-Kα X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109
Crystals of the cage complex scattered weakly due to the extensive disorder of anions and solvent molecules, meaning that high-angle data was weak.  The SQUEEZE function of PLATON110 was used to eliminate areas of electron density from the refinement that could not be modelled sensibly.  The disordered counterions has been modelled as best as possible using a combination of geometric and displacement restraints.  This involved the modelling of disordered components of the anion over multiple sites.  Restraints were also used to constrain all five and six-membered rings into uniform, planar arrangements.     
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Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �7� Self-assembly of a dodecahedron from 30 platinum(II) bridging units and 20 tripyridyl corner units.�ADDIN Mendeley Citation{d0c1d781-6d1d-4638-8382-83c74450c102} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja9931933", "author" : [ { "family" : "Olenyuk", "given" : "Bogdan" }, { "family" : "Levin", "given" : "Michael D." }, { "family" : "Whiteford", "given" : "J A" }, { "family" : "Shield", "given" : "Jeffrey E." }, { "family" : "Stang", "given" : "P J" } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "44", "issued" : { "date-parts" : [ [ "1999", "11" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "10434", "title" : "Self-Assembly of Nanoscopic Dodecahedra from 50 Predesigned Components", "type" : "article-journal", "volume" : "121" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=d0c1d781-6d1d-4638-8382-83c74450c102" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e56\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �56�  Reproduced from reference �ADDIN Mendeley Citation{8c7cf733-2dc7-43c9-95ea-4c63348c5f9c} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/cr200077m", "author" : [ { "family" : "Chakrabarty", "given" : "Rajesh" }, { "family" : "Mukherjee", "given" : "Partha Sarathi" }, { "family" : "Stang", "given" : "P J" } ], "container-title" : "Chem. Rev.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "24" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6810", "title" : "Supramolecular Coordination: Self-Assembly of Finite Two- and Three-Dimensional Ensembles.", "type" : "article-journal", "volume" : "111" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=8c7cf733-2dc7-43c9-95ea-4c63348c5f9c" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e16\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �16�.
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Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �8� Self-assembly of cuboctahedra [M12(L135)4(Lp-ph)12](X)24 from two  ligands types; face-capping L135 and edge-spanning Lo-ph.  
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Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �9� Self-assembly of pseudo-spherical cage structure, consisting of 90º palladium(II) units and bent bridging units.�ADDIN Mendeley Citation{998505f6-2b56-42b7-817b-e2808055a553} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja900676f", "abstract" : "Kinetic studies on the ligand exchange of self-assembled M(12)L(24) spherical complexes demonstrate that the multicomponent self-assembly roughly undergoes three stages. Initially, (i) there are very rapid equilibrations (ms(-1)) among the many components; (ii) as more stable structures are formed, the system equilibrates quickly (s(-1) to min(-1)) among the completed and uncompleted self-assemblies; misassembled structures are presumably corrected at this stage; and finally (iii) very slow equilibration (hours to days) at the final stage after the self-assembly completes, producing the kinetic stability of the whole. The half-lives of the ligand exchange processes in the M(12)L(24) complexes are much longer than those for comparable monodentate Pd(II)-pyridine complexes by a factor of approximately 10(5), suggesting that, once formed, the 36-component molecular spheres behave like covalent componds.", "author" : [ { "family" : "Sato", "given" : "Sota" }, { "family" : "Ishido", "given" : "Yoshitaka" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "17", "issued" : { "date-parts" : [ [ "2009", "5", "6" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "6064", "title" : "Remarkable stabilization of M(12)L(24) spherical frameworks through the cooperation of 48 Pd(II)-pyridine interactions.", "type" : "article-journal", "volume" : "131" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=998505f6-2b56-42b7-817b-e2808055a553" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e59\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �59�  Reproduced from reference �ADDIN Mendeley Citation{8c7cf733-2dc7-43c9-95ea-4c63348c5f9c} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/cr200077m", "author" : [ { "family" : "Chakrabarty", "given" : "Rajesh" }, { "family" : "Mukherjee", "given" : "Partha Sarathi" }, { "family" : "Stang", "given" : "P J" } ], "container-title" : "Chem. Rev.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "24" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6810", "title" : "Supramolecular Coordination: Self-Assembly of Finite Two- and Three-Dimensional Ensembles.", "type" : "article-journal", "volume" : "111" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=8c7cf733-2dc7-43c9-95ea-4c63348c5f9c" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e16\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �16�.











Figure � STYLEREF 1 \s �1�.� SEQ Figure \* ARABIC \s 1 �9� Crystal structure of [Pd24(Lthi)48]48+.  PF6- anions are omitted for clarity.�ADDIN Mendeley Citation{5039fbf2-b12f-4a51-8bca-e5ce6c7f591a} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "author" : [ { "family" : "Sun", "given" : "Qing-Fu" }, { "family" : "Iwasa", "given" : "Junji" }, { "family" : "Ogawa", "given" : "Daichi" }, { "family" : "Ishido", "given" : "Yoshitaka" }, { "family" : "Sato", "given" : "Sota" }, { "family" : "Ozeki", "given" : "Tomoji" }, { "family" : "Sei", "given" : "Yoshihisa" }, { "family" : "Yamaguchi", "given" : "Kentaro" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "Science", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2010" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "1144", "title" : "No Title", "type" : "article-journal", "volume" : "328" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=5039fbf2-b12f-4a51-8bca-e5ce6c7f591a" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e60\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �60�  Reproduced from reference �ADDIN Mendeley Citation{8c7cf733-2dc7-43c9-95ea-4c63348c5f9c} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/cr200077m", "author" : [ { "family" : "Chakrabarty", "given" : "Rajesh" }, { "family" : "Mukherjee", "given" : "Partha Sarathi" }, { "family" : "Stang", "given" : "P J" } ], "container-title" : "Chem. Rev.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "24" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6810", "title" : "Supramolecular Coordination: Self-Assembly of Finite Two- and Three-Dimensional Ensembles.", "type" : "article-journal", "volume" : "111" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=8c7cf733-2dc7-43c9-95ea-4c63348c5f9c" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e16\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �16�.
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Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �10� Self-assembly of M4L6 tetrahedron between Lcat and gallium(III).  Tetraethyl ammonium is encapsulated within the cage although no templating molecule is required for its formation.�ADDIN Mendeley Citation{c255e18f-6fe0-4904-893f-17d3a792ccae} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/(SICI)1521-3773(19980803)37:13/14\u003c1840::AID-ANIE1840\u003e3.0.CO;2-D", "author" : [ { "family" : "Caulder", "given" : "Dana L." }, { "family" : "Powers", "given" : "Ryan E." }, { "family" : "Parac", "given" : "Tatjana N." }, { "family" : "Raymond", "given" : "K.N." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "13-14", "issued" : { "date-parts" : [ [ "1998", "8", "3" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "1840", "title" : "The Self-Assembly of a Predesigned Tetrahedral M4L6 Supramolecular Cluster", "type" : "article-journal", "volume" : "37" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=c255e18f-6fe0-4904-893f-17d3a792ccae" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e68\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �68�  Reproduced from reference �ADDIN Mendeley Citation{8c7cf733-2dc7-43c9-95ea-4c63348c5f9c} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/cr200077m", "author" : [ { "family" : "Chakrabarty", "given" : "Rajesh" }, { "family" : "Mukherjee", "given" : "Partha Sarathi" }, { "family" : "Stang", "given" : "P J" } ], "container-title" : "Chem. Rev.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "24" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6810", "title" : "Supramolecular Coordination: Self-Assembly of Finite Two- and Three-Dimensional Ensembles.", "type" : "article-journal", "volume" : "111" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=8c7cf733-2dc7-43c9-95ea-4c63348c5f9c" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e16\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �16�.
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Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �11� Self-assembly of M4L6 cage using Lqp and iron(II).  The guest anion can be either PF6-,BF4-, [FeIIICl4]- or [FeIICl4]2-.  Reproduced from reference �ADDIN Mendeley Citation{6086a41f-3392-42b2-9500-f77c6bc4cd0a} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/c0sc00523a", "author" : [ { "family" : "Glasson", "given" : "Christopher R. K." }, { "family" : "Clegg", "given" : "Jack K" }, { "family" : "McMurtrie", "given" : "John C." }, { "family" : "Meehan", "given" : "George V." }, { "family" : "Lindoy", "given" : "Leonard F." }, { "family" : "Motti", "given" : "Cherie a." }, { "family" : "Moubaraki", "given" : "Boujemaa" }, { "family" : "Murray", "given" : "Keith S." }, { "family" : "Cashion", "given" : "John D." } ], "container-title" : "Chem. Sci.", "id" : "ITEM-1", "issue" : "3", "issued" : { "date-parts" : [ [ "2011" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "540", "title" : "Unprecedented encapsulation of a [FeIIICl4]\u2212 anion in a cationic [FeII4L6]8+ tetrahedral cage derived from 5,5\u2032\u2032\u2032-dimethyl-2,2\u2032:5\u2032,5\u2032\u2032:2\u2032\u2032,2\u2032\u2032\u2032-quaterpyridine", "type" : "article-journal", "volume" : "2" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=6086a41f-3392-42b2-9500-f77c6bc4cd0a" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e75\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �75�.














Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �12� Encapsulation of cyclohexane within tetrahedral cage [Fe4(Lso3)6]4- and its release by disassembling the cage.�ADDIN Mendeley Citation{9f7e4f71-ae52-4e46-95f8-26c6f03677c0} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/anie.200803066", "author" : [ { "family" : "Mal", "given" : "Prasenjit" }, { "family" : "Schultz", "given" : "David" }, { "family" : "Beyeh", "given" : "Kodiah" }, { "family" : "Rissanen", "given" : "Kari" }, { "family" : "Nitschke", "given" : "Jonathan R" } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "43", "issued" : { "date-parts" : [ [ "2008", "1" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "8297", "title" : "An unlockable-relockable iron cage by subcomponent self-assembly.", "type" : "article-journal", "volume" : "47" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=9f7e4f71-ae52-4e46-95f8-26c6f03677c0" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e76\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �76�  Reproduced from reference �ADDIN Mendeley Citation{8c7cf733-2dc7-43c9-95ea-4c63348c5f9c} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/cr200077m", "author" : [ { "family" : "Chakrabarty", "given" : "Rajesh" }, { "family" : "Mukherjee", "given" : "Partha Sarathi" }, { "family" : "Stang", "given" : "P J" } ], "container-title" : "Chem. Rev.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "24" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6810", "title" : "Supramolecular Coordination: Self-Assembly of Finite Two- and Three-Dimensional Ensembles.", "type" : "article-journal", "volume" : "111" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=8c7cf733-2dc7-43c9-95ea-4c63348c5f9c" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e16\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �16�.




















Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �13� Encapsulation of P4 (white phosphorus) within the tetrahedral cage [Fe4(Lso3)6]4- and its release by the use of a competing benzene unit.�ADDIN Mendeley Citation{c0c305dc-dc4c-44ce-8fbe-ce1c8f406f3b} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1126/science.1175313", "abstract" : "The air-sensitive nature of white phosphorus underlies its destructive effect as a munition: Tetrahedral P4 molecules readily react with atmospheric dioxygen, leading this form of the element to spontaneously combust upon exposure to air. Here, we show that hydrophobic P4 molecules are rendered air-stable and water-soluble within the hydrophobic hollows of self-assembled tetrahedral container molecules, which form in water from simple organic subcomponents and iron(II) ions. This stabilization is not achieved through hermetic exclusion of O2 but rather by constriction of individual P4 molecules; the addition of oxygen atoms to P4 would result in the formation of oxidized species too large for their containers. The phosphorus can be released in controlled fashion without disrupting the cage by adding the competing guest benzene.", "author" : [ { "family" : "Mal", "given" : "Prasenjit" }, { "family" : "Breiner", "given" : "Boris" }, { "family" : "Rissanen", "given" : "Kari" }, { "family" : "Nitschke", "given" : "Jonathan R" } ], "container-title" : "Science", "id" : "ITEM-1", "issue" : "5935", "issued" : { "date-parts" : [ [ "2009", "6", "26" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "1697", "title" : "White phosphorus is air-stable within a self-assembled tetrahedral capsule.", "type" : "article-journal", "volume" : "324" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=c0c305dc-dc4c-44ce-8fbe-ce1c8f406f3b" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e77\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �77�  Reproduced from reference �ADDIN Mendeley Citation{8c7cf733-2dc7-43c9-95ea-4c63348c5f9c} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/cr200077m", "author" : [ { "family" : "Chakrabarty", "given" : "Rajesh" }, { "family" : "Mukherjee", "given" : "Partha Sarathi" }, { "family" : "Stang", "given" : "P J" } ], "container-title" : "Chem. Rev.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "24" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6810", "title" : "Supramolecular Coordination: Self-Assembly of Finite Two- and Three-Dimensional Ensembles.", "type" : "article-journal", "volume" : "111" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=8c7cf733-2dc7-43c9-95ea-4c63348c5f9c" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e16\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �16�.
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Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �14� Self-assembly of trigonal prismic cage complexes, showing how the size of the structures can customised by using different pillars units, allow control over the number of guests that can be encapsulated.�ADDIN Mendeley Citation{5e7e7646-514a-4d3d-b06e-7c9d6c0f032a} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/anie.200462171", "author" : [ { "family" : "Yoshizawa", "given" : "Michito" }, { "family" : "Nakagawa", "given" : "Junichi" }, { "family" : "Kumazawa", "given" : "Kazuhisa" }, { "family" : "Nagao", "given" : "Muneki" }, { "family" : "Kawano", "given" : "Masaki" }, { "family" : "Ozeki", "given" : "Tomoji" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "12", "issued" : { "date-parts" : [ [ "2005", "3", "11" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "1810", "title" : "Discrete stacking of large aromatic molecules within organic-pillared coordination cages.", "type" : "article-journal", "volume" : "44" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=5e7e7646-514a-4d3d-b06e-7c9d6c0f032a" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e79\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �79�  Reproduced from reference �ADDIN Mendeley Citation{8c7cf733-2dc7-43c9-95ea-4c63348c5f9c} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/cr200077m", "author" : [ { "family" : "Chakrabarty", "given" : "Rajesh" }, { "family" : "Mukherjee", "given" : "Partha Sarathi" }, { "family" : "Stang", "given" : "P J" } ], "container-title" : "Chem. Rev.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "24" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6810", "title" : "Supramolecular Coordination: Self-Assembly of Finite Two- and Three-Dimensional Ensembles.", "type" : "article-journal", "volume" : "111" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=8c7cf733-2dc7-43c9-95ea-4c63348c5f9c" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e16\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �16�.  
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Figure � STYLEREF 1 \s �1�.� SEQ Figure \* ARABIC \s 1 �10� (a) Square-pyramidal bowl used to encapsulate Diels-Alder reactants. (b) Reaction scheme showing adduct formation at the normally unfavoured terminal ring of anthracene.  Reproduced from reference �ADDIN Mendeley Citation{d020192d-0348-41bc-9665-cb96fe198656} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1126/science.1124985", "abstract" : "Self-assembled, hollow molecular structures are appealing as synthetic hosts for mediating chemical reactions. However, product binding has inhibited catalytic turnover in such systems, and selectivity has rarely approached the levels observed in more structurally elaborate natural enzymes. We found that an aqueous organopalladium cage induces highly unusual regioselectivity in the Diels-Alder coupling of anthracene and phthalimide guests, promoting reaction at a terminal rather than central anthracene ring. Moreover, a similar bowl-shaped host attains efficient catalytic turnover in coupling the same substrates (although with the conventional regiochemistry), most likely because the product geometry inhibits the aromatic stacking interactions that attract the planar reagents to the host.", "author" : [ { "family" : "Yoshizawa", "given" : "Michito" }, { "family" : "Tamura", "given" : "Masazumi" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "Science", "id" : "ITEM-1", "issue" : "5771", "issued" : { "date-parts" : [ [ "2006", "4", "14" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "251", "title" : "Diels-alder in aqueous molecular hosts: unusual regioselectivity and efficient catalysis.", "type" : "article-journal", "volume" : "312" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=d020192d-0348-41bc-9665-cb96fe198656" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e83\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �83�.





























Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �15�  Proposed catalytic cycle for the cationic 3-aza-Cope rearrangement within [Ga4(Lcat)6]12-.  Reproduced from reference �ADDIN Mendeley Citation{2eb30e3f-2d96-49f0-b9e9-c924080cc470} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/anie.200461776", "author" : [ { "family" : "Fiedler", "given" : "Dorothea" }, { "family" : "Bergman", "given" : "Robert G" }, { "family" : "Raymond", "given" : "K.N." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "48", "issued" : { "date-parts" : [ [ "2004", "12", "10" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6748", "title" : "Supramolecular catalysis of a unimolecular transformation: aza-Cope rearrangement within a self-assembled host.", "type" : "article-journal", "volume" : "43" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=2eb30e3f-2d96-49f0-b9e9-c924080cc470" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e89\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �89�.  The corresponding R groups of the substrates are shown in the table below.








Table � STYLEREF 1 \s �1�.� SEQ Table \* ARABIC \s 1 �1�  Rate constants for free (kfree) and encapsulated (kencaps) rearrangements (measured at 50 °C) and their acceleration factors.  Reproduced from reference �ADDIN Mendeley Citation{2eb30e3f-2d96-49f0-b9e9-c924080cc470} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/anie.200461776", "author" : [ { "family" : "Fiedler", "given" : "Dorothea" }, { "family" : "Bergman", "given" : "Robert G" }, { "family" : "Raymond", "given" : "K.N." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "48", "issued" : { "date-parts" : [ [ "2004", "12", "10" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "6748", "title" : "Supramolecular catalysis of a unimolecular transformation: aza-Cope rearrangement within a self-assembled host.", "type" : "article-journal", "volume" : "43" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=2eb30e3f-2d96-49f0-b9e9-c924080cc470" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e89\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �89�.
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Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �16� Self-assembly of M12L24 coordination sphere with 24 pendant coronene molecules.  Reproduced from reference �ADDIN Mendeley Citation{9f3d6216-5b4b-48a5-bce3-a2271bb61966} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja910836h", "abstract" : "A 4.6 nm-sized coordination sphere confines 24 pendant coronene molecules at its core. The confined coronene molecules are fluid, forming a liquid \"coronene nanodroplet\" that could never exist in bulk. C(60) dissolves in this nano solvent with a high local concentration.", "author" : [ { "family" : "Suzuki", "given" : "Kosuke" }, { "family" : "Takao", "given" : "Kiyotaka" }, { "family" : "Sato", "given" : "Sota" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "8", "issued" : { "date-parts" : [ [ "2010", "3", "3" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "2544", "title" : "Coronene nanophase within coordination spheres: increased solubility of C60.", "type" : "article-journal", "volume" : "132" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=9f3d6216-5b4b-48a5-bce3-a2271bb61966" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e92\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �92�.




















Scheme � STYLEREF 1 \s �1�.� SEQ Scheme \* ARABIC \s 1 �17�  Self-assembly of M12 L24 spherical complex with 24 endohedral azobenzene groups lining the inner surface.  Reproduced from reference �ADDIN Mendeley Citation{04686958-2ff2-4c01-bdf3-adde94d5d9db} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/anie.200700793", "author" : [ { "family" : "Murase", "given" : "Takashi" }, { "family" : "Sato", "given" : "Sota" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "27", "issued" : { "date-parts" : [ [ "2007", "1" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "5133", "title" : "Switching the interior hydrophobicity of a self-assembled spherical complex through the photoisomerization of confined azobenzene chromophores.", "type" : "article-journal", "volume" : "46" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=04686958-2ff2-4c01-bdf3-adde94d5d9db" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e93\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �93�.
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Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �1� Structural diagram of Lbip








Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �3� Space-filling picture of the complex cation [Co4(Lbip)6⊃(ClO4)]7+ with each ligand coloured differently, emphasising the inter-ligand π-stacking interactions and easy access to the central cavity which contains a perchlorate anion (turquoise).�ADDIN Mendeley Citation{471b5d46-0b13-4e47-bdab-b169d06e7771} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/B409809A", "abstract" : "Reaction of the bis-bidentate bridging ligand L(3), in which two bidentate chelating 3(2-pyridyl)pyrazole units are separated by a 3,3'-biphenyl spacer, with Co(II) salts affords tetranuclear cage complexes of composition [Co(4)(L(3))(6)]X(8)(X =[BF(4)](-), [ClO(4)](-), [PF(6)](-) or I(-)) in which four 6-coordinate Co(II) ions in an approximately tetrahedral array are connected by six bis-bidentate bridging ligands, one spanning each of the six edges of the Co(4) tetrahedron. In every case, X-ray crystallography reveals that the 'apical' Co(II) ion has a fac tris-chelate geometry, whereas the other three Co(II) ions have mer tris-chelate geometries, resulting in (non-crystallographic)C(3) symmetry for the cages; that this structure is retained in solution is confirmed by (1)H NMR spectroscopy of the paramagnetic cages. In every case one of the anions is located inside the central cavity of the cage, with the remaining seven outside. We found no clear evidence for an anion-based templating effect. The cage superstructure is sufficiently large to leave gaps in the centres of the faces through which the internal and external anions can exchange. Variable-temperature (19)F NMR spectroscopy was used to investigate the dynamic behaviour of the cages with X =[BF(4)](-) and [PF(6)](-) in MeCN solution: in both cases two separate signals, corresponding to external and internal anions, are clear at 233 K which have coalesced to a single signal at room temperature. Analysis of the linewidth of the minor signal (for the internal anion) at various temperatures below coalescence gave an activation energy for anion exchange of ca. 50 kJ mol(-1) in each case, a figure which suggests that anion exchange can occur via a conformational rearrangement of the cage superstructure in solution rather than opening of the cavity by cleavage of metal-ligand bonds.", "author" : [ { "family" : "Paul", "given" : "Rowena L" }, { "family" : "Argent", "given" : "Stephen P" }, { "family" : "Jeffery", "given" : "John C" }, { "family" : "Harding", "given" : "Lindsay P" }, { "family" : "Lynam", "given" : "Jason M" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "Dalton Trans.", "id" : "ITEM-1", "issue" : "21", "issued" : { "date-parts" : [ [ "2004", "11", "7" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "3453", "title" : "Structures and anion-binding properties of M4L6 tetrahedral cage complexes with large central cavities.", "type" : "article-journal" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=471b5d46-0b13-4e47-bdab-b169d06e7771" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e99\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �99�








Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �4� A view of part of the complex cation of [Cd4(Lbip)6⊃(NO3)](NO3)7 with only three of the six ligands included for clarity.�ADDIN Mendeley Citation{e525e48e-d83b-4778-88f8-2bd528b4bcb2} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/c1dt10781j", "abstract" : "The ligand L(bip), containing two bidentate pyrazolyl-pyridine termini separated by a 3,3'-biphenyl spacer, has been used to prepare tetrahedral cage complexes of the form [M(4)(L(bip))(6)]X(8), in which a bridging ligand spans each of the six edges of the M(4) tetrahedron. Several new examples have been structurally characterized with a variety of metal cation and different anions in order to examine interactions between the cationic cage and various anions. Small anions such as BF(4)(-) and NO(3)(-) can occupy the central cavity where they are anchored by an array of CHF or CHO hydrogen-bonding interactions with the interior surface of the cage, but larger anions such as naphthyl-1-sulfonate or tetraphenylborate lie outside the cavity and interact with the external surface of the cage via CH\u03c0 interactions or CHO hydrogen bonds. The cages with M = Co and M = Cd have been examined in detail by NMR spectroscopy. For [Co(4)(L(bip))(6)](BF(4))(8) the (1)H NMR spectrum is paramagnetically shifted over the range -85 to +110 ppm, but the spectrum has been completely assigned by correlation of measured T(1) relaxation times of each peak with CoH distances. (19)F DOSY measurements on the anions show that at low temperature a [BF(4)] (-) anion diffuses at a similar rate to the cage superstructure surrounding it, indicating that it is trapped inside the central cage cavity. Furthermore, the equilibrium step-by-step self-assembly of the cage superstructure has been elucidated by detailed modeling of spectroscopic titrations at multiple temperatures of an acetonitrile solution of L(bip) into an acetonitrile solution of Co(BF(4))(2). Six species have been identified: [Co(2)L(bip)](4+), [Co(2)(L(bip))(2)](4+), [Co(4)(L(bip))(6)](8+), [Co(4)(L(bip))(8)](8+), [Co(2)(L(bip))(5)](4+), and [Co(L(bip))(3)](2+). Overall the assembly of the cage is entropy, and not enthalpy, driven. Once assembled, the cages show remarkable kinetic inertness due to their mechanically entangled nature: scrambling of metal cations between the sites of pure Co(4) and Cd(4) cages to give a statistical mixture of Co(4), Co(3)Cd, Co(2)Cd(2), CoCd(3) and Cd(4) cages takes months in solution at room temperature.", "author" : [ { "family" : "Hall", "given" : "Benjamin R" }, { "family" : "Manck", "given" : "Lauren E" }, { "family" : "Tidmarsh", "given" : "Ian S" }, { "family" : "Stephenson", "given" : "Andrew" }, { "family" : "Taylor", "given" : "Brian F" }, { "family" : "Blaikie", "given" : "Emma J" }, { "family" : "Vander Griend", "given" : "Douglas A" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "Dalton Trans.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "10" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "12132", "title" : "Structures, host-guest chemistry and mechanism of stepwise self-assembly of M(4)L(6) tetrahedral cage complexes.", "type" : "article-journal", "volume" : "40" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=e525e48e-d83b-4778-88f8-2bd528b4bcb2" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e100\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �100�





� EMBED ChemDraw.Document.6.0  ���








Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �5� Structural diagram of L1,8-nap ligand.








Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �6� Space-filling picture of the complex cation [Co12(L1,8-nap)18]24+ with each ligand coloured differently, emphasising the inter-ligand π-stacking interactions and showing the passage to the central cavity.�ADDIN Mendeley Citation{f131a6c1-68a0-4ab8-951a-65d9345d51d5} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ic060157d", "abstract" : "The tetradentate ligand L(naph) contains two N-donor bidentate pyrazolyl-pyridine units connected to a 1,8-naphthyl core via methylene spacers; L45 and L56 are chiral ligands with a structure similar to that of L(naph) but bearing pinene groups fused to either C4 and C5 or C5 and C6 of the terminal pyridyl rings. The complexes [Cu(L(naph))](OTf) and [Ag(L(naph))](BF4) have unremarkable mononuclear structures, with Cu(I) being four-coordinate and Ag(I) being two-coordinate with two additional weak interactions (i.e., \"2 + 2\" coordinate). In contrast, [Cu4(L(naph))4][BF4]4 is a cyclic tetranuclear helicate with a tetrafluoroborate anion in the central cavity, formed by an anion-templating effect; electrospray mass spectrometry (ESMS) spectra show the presence of other cyclic oligomers in solution. The chiral ligands show comparable behavior, with [Cu(L45)](BF4) and [Ag(L45)](ClO4) having similar mononuclear crystal structures and with the ligands being tetradentate chelates. In contrast, [Ag4(L56)4](BF4)4 is a cyclic tetranuclear helicate in which both diastereomers of the complex are present in the crystal; the two diastereomers have similar gross geometries but are significantly different in detail. Despite their different crystal structures, [Ag(L45)](ClO4) and [Ag4(L56)4](BF4)4 behave similarly in solution according to ESMS studies, with a range of cyclic oligomers (up to Ag9L9) forming. With transition-metal dications Co(II), Cu(II), and Cd(II), L(naph) generates a series of unusual dodecanuclear coordination cages [M12(L(naph))18]X24 (X- = ClO4- or BF4-) in which the 12 metal ions occupy the vertices of a truncated tetrahedron and a bridging ligand spans each of the 18 edges. The central cavity of each cage can accommodate four counterions, and each cage molecule is chiral, with all 12 metal trischelates being homochiral; the crystals are racemic. Extensive aromatic stacking between ligands around the periphery of the cages appears to be a significant factor in their assembly. The chiral analogue L45 forms the simpler tetranuclear, tetrahedral coordination cage [Zn4(L45)6](ClO4)(8), with one anion in the central cavity; the steric bulk of the pinene chiral auxiliaries prevents the formation of a dodecanuclear cage, although trace amounts of [Zn12(L45)18](ClO4)24 can be detected in solution by ESMS. Formation of [Zn4(L45)6](ClO4)8 is diastereoselective, with the chirality of the pinene groups controlling the chirality of the tetranuclear cage.", "author" : [ { "family" : "Argent", "given" : "Stephen P" }, { "family" : "Adams", "given" : "Harry" }, { "family" : "Riis-Johannessen", "given" : "T" }, { "family" : "Jeffery", "given" : "John C" }, { "family" : "Harding", "given" : "Lindsay P" }, { "family" : "Mamula", "given" : "Olimpia" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "Inorg. Chem.", "id" : "ITEM-1", "issue" : "10", "issued" : { "date-parts" : [ [ "2006", "5", "15" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "3905", "title" : "Coordination chemistry of tetradentate N-donor ligands containing two pyrazolyl-pyridine units separated by a 1,8-naphthyl spacer: dodecanuclear and tetranuclear coordination cages and cyclic helicates.", "type" : "article-journal", "volume" : "45" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=f131a6c1-68a0-4ab8-951a-65d9345d51d5" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e101\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �101�














Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �7� View of [Cu12(L1,8-nap)18]24+ complex cation, emphasising the interligand aromatic stacking interactions, with three of the six sets of stacks coloured in red, yellow and purple.�ADDIN Mendeley Citation{f131a6c1-68a0-4ab8-951a-65d9345d51d5} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ic060157d", "abstract" : "The tetradentate ligand L(naph) contains two N-donor bidentate pyrazolyl-pyridine units connected to a 1,8-naphthyl core via methylene spacers; L45 and L56 are chiral ligands with a structure similar to that of L(naph) but bearing pinene groups fused to either C4 and C5 or C5 and C6 of the terminal pyridyl rings. The complexes [Cu(L(naph))](OTf) and [Ag(L(naph))](BF4) have unremarkable mononuclear structures, with Cu(I) being four-coordinate and Ag(I) being two-coordinate with two additional weak interactions (i.e., \"2 + 2\" coordinate). In contrast, [Cu4(L(naph))4][BF4]4 is a cyclic tetranuclear helicate with a tetrafluoroborate anion in the central cavity, formed by an anion-templating effect; electrospray mass spectrometry (ESMS) spectra show the presence of other cyclic oligomers in solution. The chiral ligands show comparable behavior, with [Cu(L45)](BF4) and [Ag(L45)](ClO4) having similar mononuclear crystal structures and with the ligands being tetradentate chelates. In contrast, [Ag4(L56)4](BF4)4 is a cyclic tetranuclear helicate in which both diastereomers of the complex are present in the crystal; the two diastereomers have similar gross geometries but are significantly different in detail. Despite their different crystal structures, [Ag(L45)](ClO4) and [Ag4(L56)4](BF4)4 behave similarly in solution according to ESMS studies, with a range of cyclic oligomers (up to Ag9L9) forming. With transition-metal dications Co(II), Cu(II), and Cd(II), L(naph) generates a series of unusual dodecanuclear coordination cages [M12(L(naph))18]X24 (X- = ClO4- or BF4-) in which the 12 metal ions occupy the vertices of a truncated tetrahedron and a bridging ligand spans each of the 18 edges. The central cavity of each cage can accommodate four counterions, and each cage molecule is chiral, with all 12 metal trischelates being homochiral; the crystals are racemic. Extensive aromatic stacking between ligands around the periphery of the cages appears to be a significant factor in their assembly. The chiral analogue L45 forms the simpler tetranuclear, tetrahedral coordination cage [Zn4(L45)6](ClO4)(8), with one anion in the central cavity; the steric bulk of the pinene chiral auxiliaries prevents the formation of a dodecanuclear cage, although trace amounts of [Zn12(L45)18](ClO4)24 can be detected in solution by ESMS. Formation of [Zn4(L45)6](ClO4)8 is diastereoselective, with the chirality of the pinene groups controlling the chirality of the tetranuclear cage.", "author" : [ { "family" : "Argent", "given" : "Stephen P" }, { "family" : "Adams", "given" : "Harry" }, { "family" : "Riis-Johannessen", "given" : "T" }, { "family" : "Jeffery", "given" : "John C" }, { "family" : "Harding", "given" : "Lindsay P" }, { "family" : "Mamula", "given" : "Olimpia" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "Inorg. Chem.", "id" : "ITEM-1", "issue" : "10", "issued" : { "date-parts" : [ [ "2006", "5", "15" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "3905", "title" : "Coordination chemistry of tetradentate N-donor ligands containing two pyrazolyl-pyridine units separated by a 1,8-naphthyl spacer: dodecanuclear and tetranuclear coordination cages and cyclic helicates.", "type" : "article-journal", "volume" : "45" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=f131a6c1-68a0-4ab8-951a-65d9345d51d5" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e101\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �101�








Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �8� Changes in the fluorescence spectrum of L1,8-nap on addition of portions of [Zn(BF4)2] showing the loss of intensity of the ‘normal’ naphthalene-based fluorescence and the rise in the excimer-like emission component associated with cage formation.�ADDIN Mendeley Citation{ad87d98d-f4d2-4de0-b610-7a1fc72c16c0} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/b609809f", "abstract" : "Incorporation of ligands containing substituted naphthalene cores into coordination cages results in extensive aromatic pi-stacking between ligands; this results in a red-shifted 'excimer-like' luminescence component from the naphthyl groups compared to the free ligands, which is diagnostic of, and can be used to monitor, cage assembly.", "author" : [ { "family" : "Al-Rasbi", "given" : "Nawal K" }, { "family" : "Sabatini", "given" : "Cristiana" }, { "family" : "Barigelletti", "given" : "Francesco" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "Dalton Trans.", "id" : "ITEM-1", "issue" : "40", "issued" : { "date-parts" : [ [ "2006", "10", "28" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "4769", "title" : "Red-shifted luminescence from naphthalene-containing ligands due to pi-stacking in self-assembled coordination cages.", "type" : "article-journal" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=ad87d98d-f4d2-4de0-b610-7a1fc72c16c0" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e104\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �104�
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Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �9� Structural diagram of diphenyl phosphate.
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Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �10� Structure of [Co2(L1,8-nap)2(PO2(OPh))2]2+ showing two L1,8-nap ligands (green and blue) and two diphenyl phosphate ligands (grey and black) shared between the two cobalt(II) ions.  The oxygen atoms and the phosphorus atoms are coloured red and brown respectively. 
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Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �11� Structural diagram of 1-naphthyl sulfonate.
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Figure 2.14 Structural diagram of tetraphenylborate.











Figure � STYLEREF 1 \s �2�.� SEQ Figure \* ARABIC \s 1 �16� Part of the complex cation of [Cd4(Lbip)6⊃(BF4)](BF4)7 detailing the array of CH•••F hydrogen-bonding interactions involving the central anion and the methylene groups close to Cd(1).�ADDIN Mendeley Citation{e525e48e-d83b-4778-88f8-2bd528b4bcb2} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/c1dt10781j", "abstract" : "The ligand L(bip), containing two bidentate pyrazolyl-pyridine termini separated by a 3,3'-biphenyl spacer, has been used to prepare tetrahedral cage complexes of the form [M(4)(L(bip))(6)]X(8), in which a bridging ligand spans each of the six edges of the M(4) tetrahedron. Several new examples have been structurally characterized with a variety of metal cation and different anions in order to examine interactions between the cationic cage and various anions. Small anions such as BF(4)(-) and NO(3)(-) can occupy the central cavity where they are anchored by an array of CHF or CHO hydrogen-bonding interactions with the interior surface of the cage, but larger anions such as naphthyl-1-sulfonate or tetraphenylborate lie outside the cavity and interact with the external surface of the cage via CH\u03c0 interactions or CHO hydrogen bonds. The cages with M = Co and M = Cd have been examined in detail by NMR spectroscopy. For [Co(4)(L(bip))(6)](BF(4))(8) the (1)H NMR spectrum is paramagnetically shifted over the range -85 to +110 ppm, but the spectrum has been completely assigned by correlation of measured T(1) relaxation times of each peak with CoH distances. (19)F DOSY measurements on the anions show that at low temperature a [BF(4)] (-) anion diffuses at a similar rate to the cage superstructure surrounding it, indicating that it is trapped inside the central cage cavity. Furthermore, the equilibrium step-by-step self-assembly of the cage superstructure has been elucidated by detailed modeling of spectroscopic titrations at multiple temperatures of an acetonitrile solution of L(bip) into an acetonitrile solution of Co(BF(4))(2). Six species have been identified: [Co(2)L(bip)](4+), [Co(2)(L(bip))(2)](4+), [Co(4)(L(bip))(6)](8+), [Co(4)(L(bip))(8)](8+), [Co(2)(L(bip))(5)](4+), and [Co(L(bip))(3)](2+). Overall the assembly of the cage is entropy, and not enthalpy, driven. Once assembled, the cages show remarkable kinetic inertness due to their mechanically entangled nature: scrambling of metal cations between the sites of pure Co(4) and Cd(4) cages to give a statistical mixture of Co(4), Co(3)Cd, Co(2)Cd(2), CoCd(3) and Cd(4) cages takes months in solution at room temperature.", "author" : [ { "family" : "Hall", "given" : "Benjamin R" }, { "family" : "Manck", "given" : "Lauren E" }, { "family" : "Tidmarsh", "given" : "Ian S" }, { "family" : "Stephenson", "given" : "Andrew" }, { "family" : "Taylor", "given" : "Brian F" }, { "family" : "Blaikie", "given" : "Emma J" }, { "family" : "Vander Griend", "given" : "Douglas A" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "Dalton Trans.", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2011", "8", "10" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "12132", "title" : "Structures, host-guest chemistry and mechanism of stepwise self-assembly of M(4)L(6) tetrahedral cage complexes.", "type" : "article-journal", "volume" : "40" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=e525e48e-d83b-4778-88f8-2bd528b4bcb2" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e100\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �100�








Scheme � STYLEREF 1 \s �3�.� SEQ Scheme \* ARABIC \s 1 �1� Schematic representation of ligand exchange between spherical complexes 1 and 2 to give complexes 3 and 4.  Reproduced from reference �ADDIN Mendeley Citation{998505f6-2b56-42b7-817b-e2808055a553} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja900676f", "abstract" : "Kinetic studies on the ligand exchange of self-assembled M(12)L(24) spherical complexes demonstrate that the multicomponent self-assembly roughly undergoes three stages. Initially, (i) there are very rapid equilibrations (ms(-1)) among the many components; (ii) as more stable structures are formed, the system equilibrates quickly (s(-1) to min(-1)) among the completed and uncompleted self-assemblies; misassembled structures are presumably corrected at this stage; and finally (iii) very slow equilibration (hours to days) at the final stage after the self-assembly completes, producing the kinetic stability of the whole. The half-lives of the ligand exchange processes in the M(12)L(24) complexes are much longer than those for comparable monodentate Pd(II)-pyridine complexes by a factor of approximately 10(5), suggesting that, once formed, the 36-component molecular spheres behave like covalent componds.", "author" : [ { "family" : "Sato", "given" : "Sota" }, { "family" : "Ishido", "given" : "Yoshitaka" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "17", "issued" : { "date-parts" : [ [ "2009", "5", "6" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "6064", "title" : "Remarkable stabilization of M(12)L(24) spherical frameworks through the cooperation of 48 Pd(II)-pyridine interactions.", "type" : "article-journal", "volume" : "131" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=998505f6-2b56-42b7-817b-e2808055a553" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e59\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �59�.








Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �1�  Schematic representation of the general topology of the M12L24 cages, also showing the two ligands, LA and LB, to the right.  Reproduced from reference �ADDIN Mendeley Citation{998505f6-2b56-42b7-817b-e2808055a553} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja900676f", "abstract" : "Kinetic studies on the ligand exchange of self-assembled M(12)L(24) spherical complexes demonstrate that the multicomponent self-assembly roughly undergoes three stages. Initially, (i) there are very rapid equilibrations (ms(-1)) among the many components; (ii) as more stable structures are formed, the system equilibrates quickly (s(-1) to min(-1)) among the completed and uncompleted self-assemblies; misassembled structures are presumably corrected at this stage; and finally (iii) very slow equilibration (hours to days) at the final stage after the self-assembly completes, producing the kinetic stability of the whole. The half-lives of the ligand exchange processes in the M(12)L(24) complexes are much longer than those for comparable monodentate Pd(II)-pyridine complexes by a factor of approximately 10(5), suggesting that, once formed, the 36-component molecular spheres behave like covalent componds.", "author" : [ { "family" : "Sato", "given" : "Sota" }, { "family" : "Ishido", "given" : "Yoshitaka" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "17", "issued" : { "date-parts" : [ [ "2009", "5", "6" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "6064", "title" : "Remarkable stabilization of M(12)L(24) spherical frameworks through the cooperation of 48 Pd(II)-pyridine interactions.", "type" : "article-journal", "volume" : "131" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=998505f6-2b56-42b7-817b-e2808055a553" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e59\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �59�.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �2� CSI-MS spectra (CH3CN, OTf- salt) showing the expanded regions for the 11+ signal for time dependent spectra at (a) overnight, (b) 35 h, and (c) 70 h. The mixed species 3 and 4 only appeared after 35 h.  Reproduced from reference �ADDIN Mendeley Citation{998505f6-2b56-42b7-817b-e2808055a553} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja900676f", "abstract" : "Kinetic studies on the ligand exchange of self-assembled M(12)L(24) spherical complexes demonstrate that the multicomponent self-assembly roughly undergoes three stages. Initially, (i) there are very rapid equilibrations (ms(-1)) among the many components; (ii) as more stable structures are formed, the system equilibrates quickly (s(-1) to min(-1)) among the completed and uncompleted self-assemblies; misassembled structures are presumably corrected at this stage; and finally (iii) very slow equilibration (hours to days) at the final stage after the self-assembly completes, producing the kinetic stability of the whole. The half-lives of the ligand exchange processes in the M(12)L(24) complexes are much longer than those for comparable monodentate Pd(II)-pyridine complexes by a factor of approximately 10(5), suggesting that, once formed, the 36-component molecular spheres behave like covalent componds.", "author" : [ { "family" : "Sato", "given" : "Sota" }, { "family" : "Ishido", "given" : "Yoshitaka" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "17", "issued" : { "date-parts" : [ [ "2009", "5", "6" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "6064", "title" : "Remarkable stabilization of M(12)L(24) spherical frameworks through the cooperation of 48 Pd(II)-pyridine interactions.", "type" : "article-journal", "volume" : "131" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=998505f6-2b56-42b7-817b-e2808055a553" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e59\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �59�.





Scheme � STYLEREF 1 \s �3�.� SEQ Scheme \* ARABIC \s 1 �2� Schematic representation of ligand exchange between spherical complexes 2 and LA.  Reproduced from reference 59.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �3� Racemization of mononuclear [Ga(Lcat)3]3- (left) occurs 100 times faster than for [Ga2(Lcat)3]6- (middle) catecholate complex , while mechanical coupling of vertices in [Ga4(Lcat)6]12- (right) completely inhibits racemization.  Reproduced from reference �ADDIN Mendeley Citation{43e6ec52-c27b-40ed-aca8-85ef20aa8e14} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "author" : [ { "family" : "Ziegler", "given" : "Marco" }, { "family" : "Davis", "given" : "A.V." }, { "family" : "Johnson", "given" : "D.W." }, { "family" : "Raymond", "given" : "K.N." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "6", "issued" : { "date-parts" : [ [ "2003" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "665", "publisher" : "Wiley Online Library", "title" : "Supramolecular chirality: a reporter of structural memory", "type" : "article-journal", "volume" : "42" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=43e6ec52-c27b-40ed-aca8-85ef20aa8e14" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e116\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �116�.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �4� ΔΔΔΔ-[Ga4(Lcat)6⊃(NEt4)]11- and [Ga2(Lcat2)3]6- complexes used in the ligand-substitution experiment. Gray spheres represent Ga(III) while the blue lines represent the ligands of each structure.  Reproduced from reference �ADDIN Mendeley Citation{43e6ec52-c27b-40ed-aca8-85ef20aa8e14} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "author" : [ { "family" : "Ziegler", "given" : "Marco" }, { "family" : "Davis", "given" : "A.V." }, { "family" : "Johnson", "given" : "D.W." }, { "family" : "Raymond", "given" : "K.N." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "6", "issued" : { "date-parts" : [ [ "2003" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "665", "publisher" : "Wiley Online Library", "title" : "Supramolecular chirality: a reporter of structural memory", "type" : "article-journal", "volume" : "42" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=43e6ec52-c27b-40ed-aca8-85ef20aa8e14" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e116\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �116�.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �5� Structural diagrams of the ligands Lo-ph (left) and L2,3-nap (right).
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �6� (a) Partial view of crystal structure of [Co4(Lo-ph)6]8+ and (b) crystal structure of [Co4(L2,3-nap)6]8+, emphasising the tetrahedral array of Co(II) ions and the disposition of the central counterion.
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Scheme � STYLEREF 1 \s �3�.� SEQ Scheme \* ARABIC \s 1 �3� Outline of a simple experiment involving bipyridine exchange between labile Co(II) cations.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �7� Electrospray mass spectrum showing the expanded region of the 4+ species, obtained within minutes of mixing solutions of [Co4(Lo-ph)6](BF4)8 and [Co4(L2,3-nap)6](BF4)8 where LA = Lo-ph and LB = L2,3-nap.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �8� Electrospray mass spectrum showing the expanded region of the 4+ species 24 hours after mixing solutions of [Co4(Lo-ph)6](BF4)8 and [Co4(L2,3-nap)6](BF4)8 where LA = Lo-ph and LB = L2,3-nap.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �9� Electrospray mass spectrum showing the expanded region of the 4+ species, 72 hours after mixing solutions of [Co4(Lo-ph)6](BF4)8 and [Co4(L2,3-nap)6](BF4)8 where LA = Lo-ph and LB = L2,3-nap.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �10� Electrospray mass spectra showing the expanded region of the 4+ species, (a) 10 days and (b) 64 days after mixing solutions of [Co4(Lo-ph)6⊃(BF4)](BF4)7 and [Co4(L2,3-nap)6⊃(BF4)](BF4)7 where LA = Lo-ph and LB = L2,3-nap.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �11� Crystal structure of [Co4(Lo-ph)6-n(L2,3-nap)n⊃(BF4)](BF4)7,showing the partially occupied outer carbon atom sites on the naphthyl spacer.  The non-central BF4- ions have been removed for clarity








Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �12� Electrospray mass spectra of a 1:1 mixture of [Co4(Lbip)6⊃(BF4)](BF4)7 and [Cd4(Lbip)6⊃(BF4)](BF4)7 in MeCN; (a) immediately after mixing; (b) five months later after the mixture had attained equilibrium.
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �13� Crystal structure of [M4(Lbip)6⊃(BF4)](BF4)7 showing the average composition of Co3Cd of the disordered metal cations.  The metal sites are coloured light blue and orange to represent the overall cadmium(II) and cobalt(II) content. 
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Figure � STYLEREF 1 \s �3�.� SEQ Figure \* ARABIC \s 1 �14� Schematic representation of the stepwise formation and deconstruction of the [Co4(Lbip)6]8+ tetrahedron in solution as ligand is added to metal cation.  Note the increase in metal/ligand ratio.  Reproduced from reference 100.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �1� Structural diagram of the bis-tridentate ligand Ltpp used by the Rice group, highlighting the proton that influences the self-assembly of the two helicates.�ADDIN Mendeley Citation{69414ba9-77c0-42f5-81e9-5336da28bbaf} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/b920840b", "abstract" : "The formation of either dinuclear double-stranded or pentanuclear circular helicates from a ligand containing two tridentate domains separated by a phenylene unit can be controlled by inter-ligand steric interactions which themselves are governed by the size of the metal ion.", "author" : [ { "family" : "Bain", "given" : "Lindsay" }, { "family" : "Bullock", "given" : "Sam" }, { "family" : "Harding", "given" : "Lindsay" }, { "family" : "Riis-Johannessen", "given" : "T" }, { "family" : "Midgley", "given" : "Gary" }, { "family" : "Rice", "given" : "Craig R" }, { "family" : "Whitehead", "given" : "Martina" } ], "container-title" : "Chem. Commun.", "id" : "ITEM-1", "issue" : "20", "issued" : { "date-parts" : [ [ "2010", "5", "28" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "3496", "title" : "Controlling the formation of metallosupramolecular assemblies by metal ionic radii.", "type" : "article-journal", "volume" : "46" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=69414ba9-77c0-42f5-81e9-5336da28bbaf" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e128\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �128�








Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �2� Crystal structure of the double stranded helicate [Cd2(Ltpp)2]4+.  Anions are not shown for clarity.  Reproduced from reference �ADDIN Mendeley Citation{69414ba9-77c0-42f5-81e9-5336da28bbaf} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/b920840b", "abstract" : "The formation of either dinuclear double-stranded or pentanuclear circular helicates from a ligand containing two tridentate domains separated by a phenylene unit can be controlled by inter-ligand steric interactions which themselves are governed by the size of the metal ion.", "author" : [ { "family" : "Bain", "given" : "Lindsay" }, { "family" : "Bullock", "given" : "Sam" }, { "family" : "Harding", "given" : "Lindsay" }, { "family" : "Riis-Johannessen", "given" : "T" }, { "family" : "Midgley", "given" : "Gary" }, { "family" : "Rice", "given" : "Craig R" }, { "family" : "Whitehead", "given" : "Martina" } ], "container-title" : "Chem. Commun.", "id" : "ITEM-1", "issue" : "20", "issued" : { "date-parts" : [ [ "2010", "5", "28" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "3496", "title" : "Controlling the formation of metallosupramolecular assemblies by metal ionic radii.", "type" : "article-journal", "volume" : "46" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=69414ba9-77c0-42f5-81e9-5336da28bbaf" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e128\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �128�.














Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �3� Crystal structure of the double stranded helicate [Zn5(Ltpp)5]10+.  Anions are not shown for clarity.  Reproduced from reference �ADDIN Mendeley Citation{69414ba9-77c0-42f5-81e9-5336da28bbaf} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/b920840b", "abstract" : "The formation of either dinuclear double-stranded or pentanuclear circular helicates from a ligand containing two tridentate domains separated by a phenylene unit can be controlled by inter-ligand steric interactions which themselves are governed by the size of the metal ion.", "author" : [ { "family" : "Bain", "given" : "Lindsay" }, { "family" : "Bullock", "given" : "Sam" }, { "family" : "Harding", "given" : "Lindsay" }, { "family" : "Riis-Johannessen", "given" : "T" }, { "family" : "Midgley", "given" : "Gary" }, { "family" : "Rice", "given" : "Craig R" }, { "family" : "Whitehead", "given" : "Martina" } ], "container-title" : "Chem. Commun.", "id" : "ITEM-1", "issue" : "20", "issued" : { "date-parts" : [ [ "2010", "5", "28" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "3496", "title" : "Controlling the formation of metallosupramolecular assemblies by metal ionic radii.", "type" : "article-journal", "volume" : "46" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=69414ba9-77c0-42f5-81e9-5336da28bbaf" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e128\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �128�.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �4� Structural diagram of the ligand Lp-ph.�ADDIN Mendeley Citation{ed098306-7cbf-4735-832f-2fc53fb23c59} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja056993o", "abstract" : "Two new types of coordination cage have been prepared and structurally characterized: [M16(mu-L1)24]X32 are based on a tetra-capped truncated tetrahedral core and have a bridging ligand L1 along each of the 24 edges; [M12(mu-L1)12(mu3-L2)4]X24 are based on a cuboctahedral core which is supported by a combination of face-capping ligands L2 and edge-bridging ligands L1. The difference between the two illustrates how combinations of ligands with different coordination modes can generate coordination cages which are not available using one ligand type on its own.", "author" : [ { "family" : "Argent", "given" : "Stephen P" }, { "family" : "Adams", "given" : "Harry" }, { "family" : "Riis-Johannessen", "given" : "T" }, { "family" : "Jeffery", "given" : "John C" }, { "family" : "Harding", "given" : "Lindsay P" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "1", "issued" : { "date-parts" : [ [ "2006", "1", "11" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "72", "title" : "High-nuclearity homoleptic and heteroleptic coordination cages based on tetra-capped truncated tetrahedral and cuboctahedral metal frameworks.", "type" : "article-journal", "volume" : "128" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=ed098306-7cbf-4735-832f-2fc53fb23c59" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e129\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �129�
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �5� The various cage complexes formed using the ligand Lp-ph; (a) trigonal prismatic structure of the complex [Cu6(Lpp)9]12+; (b) cubic structure of the complex [Ni8(Lpp)12]16+; (c) tetracapped truncated-tetrahedral core of the [M16(Lpp)24]32+ cadmium(II) and zinc(II) complexes, showing one edge bridging ligand.�ADDIN Mendeley Citation{36b2c116-e23f-4a94-b53d-14dcd79d2659} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja107403p", "abstract" : "The bis-bidentate bridging ligand L {\u03b1,\u03b1'-bis[3-(2-pyridyl)pyrazol-1-yl]-1,4-dimethylbenzene}, which contains two chelating pyrazolyl-pyridine units connected to a 1,4-phenylene spacer via flexible methylene units, reacts with transition metal dications to form a range of polyhedral coordination cages based on a 2M:3 L ratio in which a metal ion occupies each vertex of a polyhedron, a bridging ligand lies along every edge, and all metal ions are octahedrally coordinated. Whereas the Ni(II) complex [Ni(8)L(12)](BF(4))(12)(SiF(6))(2) is an octanuclear cubic cage of a type we have seen before, the Cu(II), Zn(II), and Cd(II) complexes form new structural types. [Cu(6)L(9)](BF(4))(12) is an unusual example of a trigonal prismatic cage, and both Zn(II) and Cd(II) form unprecedented hexadecanuclear cages [M(16)L(24)]X(32)(X = ClO(4) or BF(4)) whose core is a skewed tetracapped truncated tetrahedron. Both Cu(6)L(9) and M(16)L(24) cages are based on a cyclic helical M(3)L(3) subunit that can be considered as a triangular \"panel\", with the cages being constructed by interconnection of these (homochiral) panels with additional bridging ligands in different ways. Whereas [Cu(6)L(9)](BF(4))(12) is stable in solution (by electrospray mass spectrometry, ES-MS) and is rapidly formed by combination of Cu(BF(4))(2) and L in the correct proportions in solution, the hexadecanuclear cage [Cd(16)L(24)](BF(4))(32) formed on crystallization slowly rearranges in solution over a period of several weeks to the trigonal prism [Cd(6)L(9)](BF(4))(12), which was unequivocally identified on the basis of its (1)H NMR spectrum. Similarly, combination of Cd(BF(4))(2) and L in a 2:3 ratio generates a mixture whose main component is the trigonal prism [Cd(6)L(9)](BF(4))(12). Thus the hexanuclear trigonal prism is the thermodynamic product arising from combination of Cd(II) and L in a 2:3 ratio in solution, and arises from both assembly of metal and ligand (minutes) and rearrangement of the Cd(16) cage (weeks); the large cage [Cd(16)L(24)](BF(4))(32) is present as a minor component of a mixture of species in solution but crystallizes preferentially.", "author" : [ { "family" : "Stephenson", "given" : "Andrew" }, { "family" : "Argent", "given" : "Stephen P" }, { "family" : "Riis-Johannessen", "given" : "T" }, { "family" : "Tidmarsh", "given" : "Ian S" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "4", "issued" : { "date-parts" : [ [ "2011", "2", "2" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "858", "title" : "Structures and dynamic behavior of large polyhedral coordination cages: an unusual cage-to-cage interconversion.", "type" : "article-journal", "volume" : "133" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=36b2c116-e23f-4a94-b53d-14dcd79d2659" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e130\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �130�
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �6� Structural diagram of the L2,6-nap ligand.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �7� Crystal structure of [Co4(L2,6-nap)6](BF4)8 emphasising the tetrahedral topology of the complex.  Some ligands and the counterions have been removed for clarity.











Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �8� Crystal structure of the complex cation of [Ni4(L2,6-nap)6](BF4)8 emphasizing the alternating aromatic stacking between naphthyl and pyrazolyl-pyridine units.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �9� Structural diagram of the ligands L1,8-pza and Lb-pza.
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Scheme � STYLEREF 1 \s �4�.� SEQ Scheme \* ARABIC \s 1 �1� Synthetic pathway for the preparation of the pyrazolyl-pyrazine binding unit.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �10� Crystal structure of the mononuclear complex [Cu(L1,8-pza)(H2O)](BF4)2.





Equation � STYLEREF 1 \s �4�.� SEQ Equation \* ARABIC \s 1 �1� Addison’s parameter where α is the largest angle in complex and β is the second largest angle in complex.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �11� Diagrams of two [Cu(L1,8-pza)(H2O)]2+ complexes within the crystal structure to emphasise the aromatic π-stacking between; (a) pyrazole-pyrazine units; (b) naphthyl units of adjacent molecules.








Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �12� Crystal structure of the [Cd2(L1,8-pza)3⊃(H2O)](BF4)2(SiF6) cluster complex.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �13� Comparison of the two metal centres in the [Cd2(L1,8-pza)3⊃(H2O)]4+ complex; (a) the standard octahedral geometry; (b) the pentagonal bipyramidal arrangement of N-donor ligands and a water molecule.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �14� Crystal structure of [Co4(L1,8-pza)6⊃(SiF6)](BF4)6 showing the disordered hexafluorosilicate encapsulated within the central cage cavity.  Some ligands and the tetrafluoroborate counterions have been removed for clarity.











Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �15� Crystal structure of the [Co4(L1,8-pza)6]8+ cage cation.  Dimethylnaphthyl spacers of the ligands have been removed to emphasise the facial geometric isomerism of all four metal centres.











Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �16� Crystal structure of the [Ni4(L1,8-pza)6]8+ cage cation emphasising the aromatic π-stacking.  Stacks of three units are coloured the same.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �17� Crystal structure of [Co4(Lb-pza)6⊃(BF4)](BF4)7 emphasising the tetrahedral topology of the complex.  Some ligands and the counterions have been removed for clarity.
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Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �18� Crystal structure of [Cd4(Lb-pza)6⊃(BF4)](BF4)7 showing one ligand and one tetrafluoroborate anion to emphasise the off-set positioning of the central counterion within the cage cavity.








Figure � STYLEREF 1 \s �4�.� SEQ Figure \* ARABIC \s 1 �19� Crystal structure of the complex cation [Cu4(Lb-pza)6]8+ shown to emphasise the aromatic stacking between pyrazolyl-pyrazine and phenyl units.  A mixture of two unit stacks (bright green, yellow, pink, torquise, light blue and purple) and three unit stack (red, blue and orange) are present in this structure.
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Scheme � STYLEREF 1 \s �4�.� SEQ Scheme \* ARABIC \s 1 �2� Synthetic pathway for the preparation of the pyrazolyl-pyrazine binding unit.
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Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �1� (a) Structural diagram of the monomeric unit designed by Rebek; (b) cross-sectional view of modelled hydrogen-bonded dimer; (c) simple schematic representation of dimeric capsule.  Reproduced from reference �ADDIN Mendeley Citation{61faf423-f195-49a4-a2a6-3aa4aa5c8d8b} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "author" : [ { "family" : "Kang", "given" : "J." }, { "family" : "Rebek Jr", "given" : "J." } ], "container-title" : "Nature", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "1997" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "50", "title" : "No title", "type" : "article-journal", "volume" : "385" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=61faf423-f195-49a4-a2a6-3aa4aa5c8d8b" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e84\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �84�.














A




















Scheme � STYLEREF 1 \s �5�.� SEQ Scheme \* ARABIC \s 1 �1�  Diels-Alder product (A) and its encapsulation by the dimeric capsule (shown as a simple schematic) to produce a new host-guest complex.  Reproduced from reference �ADDIN Mendeley Citation{61faf423-f195-49a4-a2a6-3aa4aa5c8d8b} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "author" : [ { "family" : "Kang", "given" : "J." }, { "family" : "Rebek Jr", "given" : "J." } ], "container-title" : "Nature", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "1997" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "50", "title" : "No title", "type" : "article-journal", "volume" : "385" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=61faf423-f195-49a4-a2a6-3aa4aa5c8d8b" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e84\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �84�.








(a)





(b)





(c)








Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �2� 1H NMR spectra of the dimeric capsule and its encapsulation complex with A in p-xylene-d10.  Signals of the substrate inside and outside of the capsule are labelled ‘i’ and ‘o’ respectively.  The signal marked with an asterisk corresponds to chloroform. (a) Dimeric capsule on its own; (b) capsule with 0.7 equivalents of A with all of A encapsulated, effectively giving the signals for the new host-guest complex; (c) host guest complex with excess (free) A.  Assignments for the resonances of free A are shown on the structural diagram.  Reproduced from reference �ADDIN Mendeley Citation{61faf423-f195-49a4-a2a6-3aa4aa5c8d8b} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "author" : [ { "family" : "Kang", "given" : "J." }, { "family" : "Rebek Jr", "given" : "J." } ], "container-title" : "Nature", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "1997" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "50", "title" : "No title", "type" : "article-journal", "volume" : "385" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=61faf423-f195-49a4-a2a6-3aa4aa5c8d8b" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e84\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �84�.











Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �3� Structures of the resorcin[4]arene (reso) and the pyrogall[4]arene (pyro) monomers.  The inset shows the cations investigated as the guests for the reso and pyro dimers. Labile OH hydrogen atoms are marked in blue.  Reproduced from reference �ADDIN Mendeley Citation{5bc5a995-05da-4938-a221-cd1f26ebd711} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/c0sc00539h", "author" : [ { "family" : "Winkler", "given" : "Henrik D. F." }, { "family" : "Dzyuba", "given" : "Egor V." }, { "family" : "Sklorz", "given" : "Julian A. W." }, { "family" : "Beyeh", "given" : "N. Kodiah" }, { "family" : "Rissanen", "given" : "Kari" }, { "family" : "Schalley", "given" : "Christoph A" } ], "container-title" : "Chem. Sci.", "id" : "ITEM-1", "issue" : "4", "issued" : { "date-parts" : [ [ "2011" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "615", "title" : "Gas-phase H/D-exchange reactions on resorcinarene and pyrogallarene capsules: Proton transport through a one-dimensional Grotthuss mechanism", "type" : "article-journal", "volume" : "2" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=5bc5a995-05da-4938-a221-cd1f26ebd711" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e132\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �132�.








Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �4� Models of structures of the reso (left) and pyro (right) dimers and enlargements to emphasise their H-bonding patterns.  Reproduced from reference �ADDIN Mendeley Citation{5bc5a995-05da-4938-a221-cd1f26ebd711} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1039/c0sc00539h", "author" : [ { "family" : "Winkler", "given" : "Henrik D. F." }, { "family" : "Dzyuba", "given" : "Egor V." }, { "family" : "Sklorz", "given" : "Julian A. W." }, { "family" : "Beyeh", "given" : "N. Kodiah" }, { "family" : "Rissanen", "given" : "Kari" }, { "family" : "Schalley", "given" : "Christoph A" } ], "container-title" : "Chem. Sci.", "id" : "ITEM-1", "issue" : "4", "issued" : { "date-parts" : [ [ "2011" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "615", "title" : "Gas-phase H/D-exchange reactions on resorcinarene and pyrogallarene capsules: Proton transport through a one-dimensional Grotthuss mechanism", "type" : "article-journal", "volume" : "2" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=5bc5a995-05da-4938-a221-cd1f26ebd711" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e132\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �132�.
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Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �5� Structural diagram of the L1,5-nap ligand.











Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �6� Crystal structure of the complex cation [Co8(L1,5-nap)12]16+, emphasising the alternate aromatic π-stacking between pyrazolyl-pyridine and naphthalene units.  Two of the six stacks have been highlighted using arrows and crystallographically equivalent ligands are the same colour.�ADDIN Mendeley Citation{64e6685d-52a4-4795-b314-7fb4df158a80} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja805605y", "abstract" : "Two new bis-bidentate bridging ligands have been prepared, L (naph) and L (anth), which contain two chelating pyrazolyl-pyridine units connected to an aromatic spacer (naphthalene-1,5-diyl and anthracene-9,10-diyl respectively) via methylene connectors. Each of these reacts with transition metal dications having a preference for octahedral coordination geometry to afford {M 8L 12} (16+) cages (for L (anth), M = Cu, Zn; for L (naph), M = Co, Ni, Cd) which have an approximately cubic arrangement of metal ions with a bridging ligand spanning each of the twelve edges, and a large central cavity containing a mixture of anions and/or solvent molecules. The cages based on L (anth) have two cyclic helical {M 4L 4} faces, of opposite chirality, connected by four additional L (anth) ligands as \"pillars\"; all metal centers have a meridional tris-chelate configuration. In contrast the cages based on L (naph) have (noncrystallographic) S 6 symmetry, with a diagonally opposite pair of corners having a facial tris-chelate configuration with the other six being meridional. An additional significant difference between the two types of structure is that the cubes containing L (anth) do not show significant interligand aromatic stacking interactions. However, in the cages based on L (naph), there are six five-membered stacks of aromatic ligand fragments around the periphery, each based on an alternating array of electron-rich (naphthyl) and electron-deficient (pyrazolyl-pyridine, coordinated to M (2+)) aromatic units. A consequence of this is that the cages {M 8(L (naph)) 12} (16+) retain their structural integrity in polar solvents, in contrast to the cages {M 8(L (anth)) 12} (16+) which dissociate in polar solvents. Consequently, the cages {M 8(L (naph)) 12} (16+) give NMR spectra in agreement with the symmetry observed in the solid state, and their fluorescence spectra (for M = Cd) display (in addition to the normal naphthalene-based pi-pi* fluorescence) a lower-energy exciplex-like emission feature associated with a naphthyl --\u003e pyrazolyl-pyridine charge-transfer excited state arising from the pi-stacking between ligands around the cage periphery.", "author" : [ { "family" : "Tidmarsh", "given" : "Ian S" }, { "family" : "Faust", "given" : "Thomas B" }, { "family" : "Adams", "given" : "Harry" }, { "family" : "Harding", "given" : "Lindsay P" }, { "family" : "Russo", "given" : "Luca" }, { "family" : "Clegg", "given" : "William" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "45", "issued" : { "date-parts" : [ [ "2008", "11", "12" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "15167", "title" : "Octanuclear cubic coordination cages.", "type" : "article-journal", "volume" : "130" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=64e6685d-52a4-4795-b314-7fb4df158a80" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e103\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �103� 
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Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �7� Sketch of the cubic framework of the cage cation of [Co8(L1,5-nap)12](BF4)16 emphasising the (non-crystallographic) S6 symmetry.  Labels A and B represent the facial and meridional cobalt (II) tris-chelates respectively.  The asterisks denotes an opposite enantiomer and the two types of edge environments are colour-coded.�ADDIN Mendeley Citation{64e6685d-52a4-4795-b314-7fb4df158a80} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja805605y", "abstract" : "Two new bis-bidentate bridging ligands have been prepared, L (naph) and L (anth), which contain two chelating pyrazolyl-pyridine units connected to an aromatic spacer (naphthalene-1,5-diyl and anthracene-9,10-diyl respectively) via methylene connectors. Each of these reacts with transition metal dications having a preference for octahedral coordination geometry to afford {M 8L 12} (16+) cages (for L (anth), M = Cu, Zn; for L (naph), M = Co, Ni, Cd) which have an approximately cubic arrangement of metal ions with a bridging ligand spanning each of the twelve edges, and a large central cavity containing a mixture of anions and/or solvent molecules. The cages based on L (anth) have two cyclic helical {M 4L 4} faces, of opposite chirality, connected by four additional L (anth) ligands as \"pillars\"; all metal centers have a meridional tris-chelate configuration. In contrast the cages based on L (naph) have (noncrystallographic) S 6 symmetry, with a diagonally opposite pair of corners having a facial tris-chelate configuration with the other six being meridional. An additional significant difference between the two types of structure is that the cubes containing L (anth) do not show significant interligand aromatic stacking interactions. However, in the cages based on L (naph), there are six five-membered stacks of aromatic ligand fragments around the periphery, each based on an alternating array of electron-rich (naphthyl) and electron-deficient (pyrazolyl-pyridine, coordinated to M (2+)) aromatic units. A consequence of this is that the cages {M 8(L (naph)) 12} (16+) retain their structural integrity in polar solvents, in contrast to the cages {M 8(L (anth)) 12} (16+) which dissociate in polar solvents. Consequently, the cages {M 8(L (naph)) 12} (16+) give NMR spectra in agreement with the symmetry observed in the solid state, and their fluorescence spectra (for M = Cd) display (in addition to the normal naphthalene-based pi-pi* fluorescence) a lower-energy exciplex-like emission feature associated with a naphthyl --\u003e pyrazolyl-pyridine charge-transfer excited state arising from the pi-stacking between ligands around the cage periphery.", "author" : [ { "family" : "Tidmarsh", "given" : "Ian S" }, { "family" : "Faust", "given" : "Thomas B" }, { "family" : "Adams", "given" : "Harry" }, { "family" : "Harding", "given" : "Lindsay P" }, { "family" : "Russo", "given" : "Luca" }, { "family" : "Clegg", "given" : "William" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "45", "issued" : { "date-parts" : [ [ "2008", "11", "12" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "15167", "title" : "Octanuclear cubic coordination cages.", "type" : "article-journal", "volume" : "130" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=64e6685d-52a4-4795-b314-7fb4df158a80" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e103\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �103�











Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �8� 400 MHz 1H NMR spectrum of [Co8(L1,5-nap)12](BF4)16 in CD3NO2 showing the expected number of signals (44 peaks labelled with an asterisk) in the range -90 to +120 ppm.  The three peaks labelled with a dot between 5 and 0 ppm are traces of protonated solvents.�ADDIN Mendeley Citation{64e6685d-52a4-4795-b314-7fb4df158a80} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja805605y", "abstract" : "Two new bis-bidentate bridging ligands have been prepared, L (naph) and L (anth), which contain two chelating pyrazolyl-pyridine units connected to an aromatic spacer (naphthalene-1,5-diyl and anthracene-9,10-diyl respectively) via methylene connectors. Each of these reacts with transition metal dications having a preference for octahedral coordination geometry to afford {M 8L 12} (16+) cages (for L (anth), M = Cu, Zn; for L (naph), M = Co, Ni, Cd) which have an approximately cubic arrangement of metal ions with a bridging ligand spanning each of the twelve edges, and a large central cavity containing a mixture of anions and/or solvent molecules. The cages based on L (anth) have two cyclic helical {M 4L 4} faces, of opposite chirality, connected by four additional L (anth) ligands as \"pillars\"; all metal centers have a meridional tris-chelate configuration. In contrast the cages based on L (naph) have (noncrystallographic) S 6 symmetry, with a diagonally opposite pair of corners having a facial tris-chelate configuration with the other six being meridional. An additional significant difference between the two types of structure is that the cubes containing L (anth) do not show significant interligand aromatic stacking interactions. However, in the cages based on L (naph), there are six five-membered stacks of aromatic ligand fragments around the periphery, each based on an alternating array of electron-rich (naphthyl) and electron-deficient (pyrazolyl-pyridine, coordinated to M (2+)) aromatic units. A consequence of this is that the cages {M 8(L (naph)) 12} (16+) retain their structural integrity in polar solvents, in contrast to the cages {M 8(L (anth)) 12} (16+) which dissociate in polar solvents. Consequently, the cages {M 8(L (naph)) 12} (16+) give NMR spectra in agreement with the symmetry observed in the solid state, and their fluorescence spectra (for M = Cd) display (in addition to the normal naphthalene-based pi-pi* fluorescence) a lower-energy exciplex-like emission feature associated with a naphthyl --\u003e pyrazolyl-pyridine charge-transfer excited state arising from the pi-stacking between ligands around the cage periphery.", "author" : [ { "family" : "Tidmarsh", "given" : "Ian S" }, { "family" : "Faust", "given" : "Thomas B" }, { "family" : "Adams", "given" : "Harry" }, { "family" : "Harding", "given" : "Lindsay P" }, { "family" : "Russo", "given" : "Luca" }, { "family" : "Clegg", "given" : "William" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "45", "issued" : { "date-parts" : [ [ "2008", "11", "12" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "15167", "title" : "Octanuclear cubic coordination cages.", "type" : "article-journal", "volume" : "130" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=64e6685d-52a4-4795-b314-7fb4df158a80" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e103\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �103�

















Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �9� Space-filling view of the complex cation [Co8(L1,5-nap)12]16+, emphasising the openness of the structure and ease of access to the central cavity.�ADDIN Mendeley Citation{64e6685d-52a4-4795-b314-7fb4df158a80} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja805605y", "abstract" : "Two new bis-bidentate bridging ligands have been prepared, L (naph) and L (anth), which contain two chelating pyrazolyl-pyridine units connected to an aromatic spacer (naphthalene-1,5-diyl and anthracene-9,10-diyl respectively) via methylene connectors. Each of these reacts with transition metal dications having a preference for octahedral coordination geometry to afford {M 8L 12} (16+) cages (for L (anth), M = Cu, Zn; for L (naph), M = Co, Ni, Cd) which have an approximately cubic arrangement of metal ions with a bridging ligand spanning each of the twelve edges, and a large central cavity containing a mixture of anions and/or solvent molecules. The cages based on L (anth) have two cyclic helical {M 4L 4} faces, of opposite chirality, connected by four additional L (anth) ligands as \"pillars\"; all metal centers have a meridional tris-chelate configuration. In contrast the cages based on L (naph) have (noncrystallographic) S 6 symmetry, with a diagonally opposite pair of corners having a facial tris-chelate configuration with the other six being meridional. An additional significant difference between the two types of structure is that the cubes containing L (anth) do not show significant interligand aromatic stacking interactions. However, in the cages based on L (naph), there are six five-membered stacks of aromatic ligand fragments around the periphery, each based on an alternating array of electron-rich (naphthyl) and electron-deficient (pyrazolyl-pyridine, coordinated to M (2+)) aromatic units. A consequence of this is that the cages {M 8(L (naph)) 12} (16+) retain their structural integrity in polar solvents, in contrast to the cages {M 8(L (anth)) 12} (16+) which dissociate in polar solvents. Consequently, the cages {M 8(L (naph)) 12} (16+) give NMR spectra in agreement with the symmetry observed in the solid state, and their fluorescence spectra (for M = Cd) display (in addition to the normal naphthalene-based pi-pi* fluorescence) a lower-energy exciplex-like emission feature associated with a naphthyl --\u003e pyrazolyl-pyridine charge-transfer excited state arising from the pi-stacking between ligands around the cage periphery.", "author" : [ { "family" : "Tidmarsh", "given" : "Ian S" }, { "family" : "Faust", "given" : "Thomas B" }, { "family" : "Adams", "given" : "Harry" }, { "family" : "Harding", "given" : "Lindsay P" }, { "family" : "Russo", "given" : "Luca" }, { "family" : "Clegg", "given" : "William" }, { "family" : "Ward", "given" : "M. D." } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "45", "issued" : { "date-parts" : [ [ "2008", "11", "12" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "15167", "title" : "Octanuclear cubic coordination cages.", "type" : "article-journal", "volume" : "130" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=64e6685d-52a4-4795-b314-7fb4df158a80" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e103\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �103�











Chart � STYLEREF 1 \s �5�.� SEQ Chart \* ARABIC \s 1 �1� Plot of normalised [Σ(rij-6)]-1 against measured T1 to show the correlation between the two sets of values.
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Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �10� Crystal structure of [Co8(L1,5-nap)12](BPh4)16 cube; (a) with the counterions and half of the ligands omitted for clarity; (b) with all of the ligands omitted to emphasise the empty central cavity.
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Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �11� Crystal structure of [Co8(L1,5-nap)12](BPh4)16 with ten ligands and all counteranions removed for clarity.  The dotted lines between Co(II) ions emphasise how the cube is slightly distorted.








Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �12� Crystal structure of [Co8(L1,5-nap)12](BPh4)16 with all but one tetraphenylborate anion (red) removed to highlight the close spatial arrangement of the two types of molecule.
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Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �13� Visualisations of the cage cavities (blue regions) using the crystal structures of; (a) the [Co8(L1,5-nap)12](BF4)16 cube; (b) the [Co4(Lbip)6⊃(BF4)](BF4)7.
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Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �14� Structural diagrams and corresponding table (including volumes) of molecular guests screened for encapsulation with  [Co8(L1,5-naph)12](BF4)16 cage by 1H NMR in d3-acetonitrile at 298 K. [Co8(L1,5-naph)12](BF4)16  = 0.2 mM and guest = 0.5 mM or 50 mM.
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Figure � STYLEREF 1 \s �5�.� SEQ Figure \* ARABIC \s 1 �17� Partial 1H NMR spectra in d3-acetonitrile at 298 K; (a) [Co8(L1,5-naph)12](BF4)16 = 0.2 mM; (b) [Co8(L1,5-naph)12](BF4)16  = 0.2 mM and 3 = 5.7 mM; (c) [Co8(L1,5-naph)12](BF4)16 = 0.2 mM and 3 = 13 mM; (d) [Co8(L1,5-naph)12](BF4)16 = 0.2 mM and 3 = 32 mM.



























































Scheme � STYLEREF 1 \s �6�.� SEQ Scheme \* ARABIC \s 1 �1� Self-assembly of Pd12L24 spherical cages possessing either pendant porphyrin or fullerene groups.  Reproduced from reference �ADDIN Mendeley Citation{62476f28-71ef-4394-aa7f-103b5c25f9c6} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/anie.200461422", "author" : [ { "family" : "Tominaga", "given" : "Masahide" }, { "family" : "Suzuki", "given" : "Keisuke" }, { "family" : "Kawano", "given" : "Masaki" }, { "family" : "Kusukawa", "given" : "Takahiro" }, { "family" : "Ozeki", "given" : "Tomoji" }, { "family" : "Sakamoto", "given" : "Shigeru" }, { "family" : "Yamaguchi", "given" : "Kentaro" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "42", "issued" : { "date-parts" : [ [ "2004", "10", "25" ] ] }, "note" : "\u003cm:note\u003e\u003c/m:note\u003e", "page" : "5621", "title" : "Finite, spherical coordination networks that self-organize from 36 small components.", "type" : "article-journal", "volume" : "43" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=62476f28-71ef-4394-aa7f-103b5c25f9c6" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e149\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �149�.
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Figure � STYLEREF 1 \s �6�.� SEQ Figure \* ARABIC \s 1 �1�  Ligand synthesised by Fujita group possessing solubilising quaternary ammonium group.�ADDIN Mendeley Citation{04686958-2ff2-4c01-bdf3-adde94d5d9db} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/anie.200700793", "author" : [ { "family" : "Murase", "given" : "Takashi" }, { "family" : "Sato", "given" : "Sota" }, { "family" : "Fujita", "given" : "M." } ], "container-title" : "Angew. Chem. Int. Ed.", "id" : "ITEM-1", "issue" : "27", "issued" : { "date-parts" : [ [ "2007", "1" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "5133", "title" : "Switching the interior hydrophobicity of a self-assembled spherical complex through the photoisomerization of confined azobenzene chromophores.", "type" : "article-journal", "volume" : "46" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=04686958-2ff2-4c01-bdf3-adde94d5d9db" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e93\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �93�





Scheme � STYLEREF 1 \s �6�.� SEQ Scheme \* ARABIC \s 1 �2� Self-assembly of cuboctahedron possessing pendant crown ether groups.  Reproduced from reference �ADDIN Mendeley Citation{bfead584-adf9-4d89-936a-6fd50e37d21c} CSL_CITATION  { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/ja902045q", "abstract" : "We present a general strategy for the synthesis of stable, multifunctional cuboctahedral complexes in which coordination-driven self-assembly allows for precise control over positioning of either ferrocene or crown ether functionalities. The appropriate stoichiometric combination of functionalized 120 degree diplatinum acceptor units with tritopic donor units afforded supramolecular cuboctahedra with covalently linked functional groups. The compounds are characterized by multinuclear NMR spectroscopy, electrospray ionization mass spectrometry, and electrochemistry.", "author" : [ { "family" : "Ghosh", "given" : "Koushik" }, { "family" : "Hu", "given" : "Jiming" }, { "family" : "White", "given" : "Henry S" }, { "family" : "Stang", "given" : "Peter J" } ], "container-title" : "J. Am. Chem. Soc.", "id" : "ITEM-1", "issue" : "19", "issued" : { "date-parts" : [ [ "2009", "5", "20" ] ] }, "note" : "\u003cm:note/\u003e", "page" : "6695", "title" : "Construction of multifunctional cuboctahedra via coordination-driven self-assembly.", "type" : "article-journal", "volume" : "131" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=bfead584-adf9-4d89-936a-6fd50e37d21c" ] } ], "mendeley" : { "previouslyFormattedCitation" : "\u003csup\u003e150\u003c/sup\u003e" }, "properties" : { "noteIndex" : 0 }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" } �150�. 
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Figure � STYLEREF 1 \s �6�.� SEQ Figure \* ARABIC \s 1 �2� Structural diagram of ligand LOMe.
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Figure � STYLEREF 1 \s �6�.� SEQ Figure \* ARABIC \s 1 �3� Structural diagrams of [Co2(L1,3-OMe)2F](BF4)3; (a) looking down the Co-F-Co bond; (b) looking across it.  The oxygen and fluorine atoms are coloured red and pink respectively.








Figure � STYLEREF 1 \s �6�.� SEQ Figure \* ARABIC \s 1 �4� Crystal structure of [Co8(L1,5-nap)12](BF4)16 with the proton on the 4-position of each pyridine unit shown in red to emphasise the outwardly pointing directionality.
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Figure � STYLEREF 1 \s �6�.� SEQ Figure \* ARABIC \s 1 �5� Structural diagrams of ligands L1,8-OH (left) and L1,5-OH (right).
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Scheme � STYLEREF 1 \s �6�.� SEQ Scheme \* ARABIC \s 1 �3� Reaction pathway for synthesis of protected hydroxyl methyl pyrazolyl-pyridine F where; (i) = tert-butyldimethylsilyl chloride; (ii) = meta-chloroperoxybenzoic acid; (iii) = trimethylsilyl cyanide; (iv) = dimethylcarbamoyl chloride; (v) = methylmagnesium bromide; (vi) = N,N-Dimethylformamide dimethyl acetal; (vii) = hydrazine. 
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Scheme � STYLEREF 1 \s �6�.� SEQ Scheme \* ARABIC \s 1 �4� General reaction pathway for synthesis of L1,8-OH and L1,5-OH where; (i) = sodium hydride; (ii) = tetrabutylammonium fluoride.








Where α = the largest angle in the complex


 β = the 2nd largest angle in the complex
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