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Abstract
Although supramolecular chemistry has been very successful at creating systems that can bind organic molecules with good selectivity and affinity, it has been much less successful in creating systems which can use the same array of weak interactions to catalyse reactions. Metal ion coordination cage complexes have provided recent examples of both binding and catalytic properties, and this thesis reports on the synthesis and catalytic activity of a range of cobalt based coordination cage complexes.
Chapter 1 provides a general introduction to supramolecular chemistry, early supramolecular examples and their uses, and the principles of host-guest chemistry.
Chapter 2 reviews recent work concerning a cubic coordination cage complex which shows high reactivity for the Kemp elimination utilising a newly identified mode of action which combines interior binding and surface interactions. The reactions with a nitro substituted benzisoxazole and with phosphate triesters are investigated, and the data compared with the previous reports for catalysis of the isomerisation of benzisoxazole. The differing catalytic efficiencies are rationalised through a different mode of action.
Chapter 3 considers whether the features of the cubic cage are unique, or whether the same activity can be designed into tetrahedral cages. Two types of bridging ligands, and two oxidation states for the cobalt ions at the vertices were used to synthesis four self-assembled tetrahedral structures. These structures were characterised spectroscopically and structurally, and provided cages of varying size and charge density. Their reactivity in catalysing the Kemp elimination and phosphate triester hydrolysis was explored, which showed contrasting results with the cubic cage structure previously investigated. The Kemp elimination was poorly catalysed, but triester hydrolysis was catalysed more effectively. This hydrolysis reaction appears to involve substrate binding in the interior of the complex, in contrast with the activity reported for the cubic cage complex.
Chapter 4 describes efforts to synthesis new bipyridyl edge ligands which would enrich the range of functionality available around the cavity, and to allow modification of the structures through exchange reactions. These ligands did not self-assemble into the tetrahedral cage structures under the same conditions used for the simpler ligands, nor under a wider range of conditions.
Chapter 5 draws together the data reported to consider the implications in designing catalytically active cage complexes using the principles explored in this work.
Chapter 6 provides the experimental details of the work carried out.


Abbreviations
MS                                     Mass Spectrometry
ESI-MS                              electrospray ionisation mass spectrometry
IR                                       infra-red spectroscopy
NMR                                  Nuclear Magnetic Resonance
UV                                     Ultraviolet
Vis                                     Visible
HPLC                                High Performance Liquid Chromatography
Abs                                   Absorbance
DMF                                  Dimethyl formamide 
DMSO                                dimethylsulfoxide   
Et3N                                    Triethylamine
CAN                                   Cerium ammonium nitrate
EtOAc                                Ethyl acetate
Pet.ether                             Petroleum ether
COD                                  1,5-cyclooctadiene
 TMV                                Tobacco mosaic virus
J                                          coupling constant (NMR)
δ                                          chemical shift (NMR)
bpy                                      2,2´-bipyridine
bpy-CHO                            5-formyl-2,2´-bipyridine
fac                                       facial
mer                                      meridional
L                                         ligand
M                                        Metal
Bredereck’s reagent           tert-Butoxy bis(dimethylamino)methane
TLC                                   Thin Layer Chromatography



Table of Contents



Chapter 1 -	Introduction	1
1.1	Catalytic principles relevant to enzymes	2
1.2	Supramolecular chemistry	3
1.2.1	What is supramolecular chemistry?	3
1.2.2	Self-assembly	3
1.3	Metallosupramolecular hosts	4
1.3.1	Early supramolecular examples	4
1.3.2	Rate acceleration and catalysis in supramolecular coordination complexes	11
1.3.3	Stabilisation of reactive species within supramolecular coordination cages	15
Chapter 2 -	Catalysis by cubic cage complex	20
2.1	Introduction	21
2.1.1	The cubic cage and its host-guest complexes	23
2.1.2	Catalysis by the cubic cage and its mechanism	24
2.2	The aim	26
2.3	Result and discussion	27
2.3.1	The Kemp elimination reaction	27
2.3.2	Cage-catalyzed reaction	30
2.3.3	Synthesis of phosphate triesters	32
2.3.4	Hydrolysis of phosphate triesters:	34
2.3.5	Effect of cage and substrate concentration of the cage-catalyzed hydrolysis 2-nitrophenyl dimethyl Phosphate reaction:	44
2.3.6	Rate constants and pH-dependence	46
2.3.7	Inhibitor effects	48
2.3.8	Presence of the phenolate ions in the cage-catalyzed reaction	50
2.4	Conclusion	51
Chapter 3 -	Tetrahedral cage complexes	53
3.1	Introduction	54
3.2	The aim	57
3.3	Result and discussion	58
3.3.1	Synthesis of the bridging bidentate ligands	58
3.3.2	Assembly of coordination cages using L1,4-bez	60
3.3.3	Assembly of coordination cages using L4,4ʹ-bibez	66
3.3.4	Synthesis of the 2,2ʹ-bipyridine cobalt complexes	72
3.3.5	Electrochemistry	73
3.3.6	Cage catalysed reactions	75
3.3.7	Effect of cage and the substrate concentration on the cage-catalysed hydrolysis of 2- nitrophenyl dimethyl phosphate	83
3.3.8	Rate constants and pH-dependence	85
3.3.9	Inhibitor reaction	87
3.3.10	Effect of the presence of phenolate ions on the cage-catalysed reaction	90
3.3.11	Involvement of other anions in the catalysed reaction	92
3.4	Conclusions	93
Chapter 4 -	Attempts to synthesise                tetrahedral cages complexes	95
4.1	Introduction	96
4.2	The aim	98
4.3	Results and discussion	100
4.3.1	Synthesis of the ligand 4-4	101
4.3.2	Synthesis of the key ligand 4-10	103
4.3.3	Synthesis of the new bridging ligands	106
4.3.4	Synthesis of the self-assembled metal coordination cage using bridging ligands	108
4.4	Conclusion	111
Chapter 5 -	General conclusion	114
5.1	General conclusion	115
Chapter 6 -	Experimental	117
6.1	General experimental	118
6.2	Chapter 2 syntheses	119
6.3	Chapter 3 syntheses	123
6.4	Chapter 4 syntheses	132
6.5	Preparation of the chloride cages	146
6.6	Determine of the molar absorption coefficient	146
6.7	General procedure and conditions for kinetic experiments	147
Chapter 7 -	Appendix	153
7.1	X-ray crystallography	154
7.2	The molar attenuation coefficient	177
7.3	Adding of  2mM 1,2-benzisoxazole to 5mM 2-nitrophenyl dimethyl phosphate 2-1 at pH 8, 298 K 9 (catalysed ( 0.05 mM [Co4(L4,4ʹ-bibez)6](PF6)12) and uncatalysed reactions)	179
7.4	Monitoring of background reaction of phosphate triesters (2-1, 2-2 and 2-3) at different pH.	180
Chapter 8 -	References	183



193

183

[bookmark: _Toc31630471]Introduction 


























[bookmark: _Toc31630472]Catalytic principles relevant to enzymes
 Large rate accelerations are a familiar feature of catalysis by enzymes and have been explained by many hypotheses, such as entropy1, electrostatic stabilization2  and orbital steering.3 Although enzymes are likely to incorporate all these strategies in catalytic reactions, there is much controversy about their relative importance. Enzyme models try to mimic the strategies which are used by the enzymes.4,5,6 The models often use a specific binding site to place the substrate near to the catalytically active groups, or might use a metal ion for their catalytic activity, or may combine both strategies in the same model system.7,8,9 
   In aqueous solution under mild conditions, enzymes have the ability to catalyse a diversity of reactions. Most enzymes provide an alternative pathway from reactants to products with a low energy barrier, adopted on the basis of strong and selective binding of transition states.7 the transition state of a reaction connects the rate of a reaction to the change in Gibbs free energy between the transition state and the reactants. The change in Gibbs free energy, ∆G is a thermodynamic property and is connected with the equilibrium constant K, for reaction by following equation: ∆G = -RTlnK. Hence a catalyst must decrease the Gibbs free energy change to catalyse a reaction.10 
There has been much work on the design of supramolecular catalytic systems via the consideration and understanding of enzyme catalysis. Nevertheless, in nature there is a set of features that are present in biologically enzymatic systems, whereas synthetic models usually only have one or a few of these features. The structure of supramolecular model systems are usually smaller and simpler than enzymes. Interestingly, using these simpler models can help to quantify the various factors which may have importance in catalysis. In addition, using supramolecular models for studying catalysis allows the detailed study of a specific feature through the manipulation of the structure of compounds.11,12,13 
  In the active site of an enzyme the complexation of the substrate molecule has great importance, regardless of which factor is most important to achieve a significant acceleration in the rate of enzymatic catalysis. A central feature of supramolecular chemistry is the creation of synthetic receptor molecules that adapt with complexation of guest molecules.14,15,16 


[bookmark: _Toc31630473]Supramolecular chemistry
[bookmark: _Toc31630474]What is supramolecular chemistry?
The supramolecular chemistry field is related to larger molecules and assemblies of several smaller molecules based on non-covalent interactions such as H-bonding, electrostatics, π-stacking, and van der Waals interactions. The supramolecular world includes different types of molecules such as cycles, cages, knots, proteins and DNA.17,18 Assemblies that are based on a metal coordination complex can also be considered as supramolecular if they are based on the interactions in metal-ligand bonds.19,20

[bookmark: _Toc31630475]Self-assembly 
Supramolecular molecules are usually formed through self-assembly. This process is where a specific ratio of several components spontaneously assemble into higher-ordered structures. This process is often a thermodynamic process with enthalpy-entropy compensation effects being important. There can be many favourable interactions between components, providing a favourable enthalpy, but a more ordered structure is formed, so the entropy of the process is disfavoured. For self-assembly to occur, weak or reversible interactions are needed so the system can move towards the thermodynamic minimum by allowing ‘incorrect` assemblies to break and re-form.17,21,22 An example of this self-assembly process is the tobacco mosaic virus (TMV)(figure 1.1). The TMV was the first system in nature to show self-assembly in vitro. By changing the pH and temperature the TMV can dissociate into its component parts and then upon return to its original conditions, the components can re-assemble back into the functional virus.23
[image: ]
Figure 1.1: Self-assembly of the TMV.

[bookmark: _Toc31630476]Metallosupramolecular hosts
[bookmark: _Toc31630477]Early supramolecular examples
Among the most important work which formed the roots of supramolecular chemistry is Pedersen’s work on alkali metal complexes of crown ethers.24,25 Crown ethers are not ideal candidates to encapsulate organic substrates because their cavities are not strongly hydrophobic. However, they exhibited high affinities for alkali metal cations which fit their cavity size. Cyclodextrins (CDs), with defined cavities, are considered as the earliest molecular structures in contemporary chemistry which were successfully used as simple enzyme models. Cyclodextrins are oligosaccharides formed from α-D-glucopyranoside monomers bonded by α-1,4-linkages in a cyclic array. These compounds are soluble in water but contain a hydrophobic cavity interior. The most common cyclodextrins are named α-, β-, and γ-CDs, respectively (figure 1.2), and the diameters of the host cavity are 5.6-8.8 Ả.26
These cylindrical structures include a network of hydroxyl groups at the upper and lower edges, while the walls of the toroidal molecule provide a hydrophobic cavity that allows inclusion of diverse organic small molecules.27
[image: https://lh6.googleusercontent.com/Q6kZwhaY3sxxdbU4EHnnqsSPt_DZvIgYtACqlNLe-NB670xO24o0-zJpEYZ5KGb2j3IBAFtVETHBqOxkMGqxaUAuVFoWML0YCUM5Gup_cPKkQHfiHVRmQvlpjXst35n4RSi47FfQ]

Figure 1.2: A schematic representation of the native CDs and D-glucopyranosyl ring.

Cramer and Kampe28 demonstrated that the presence of a cyclodextrin cavity can accelerate organic reactions. In the kinetic studies of the decarboxylation of cyanoacetic acids, the β-cyclodextrin was the most effective. However, the smaller α-cyclodextrin could not productively encapsulate these substrates. Compared to enzymatic catalysis, the rate of acceleration observed in their study is very small (kcat/kuncat = 15). Encapsulation of substrates can also have a powerful influence on the regioselectivity of host-guest transformations. Breslow and Campbell,29 using hypochlorous acid to study the chlorination of methoxybenzene, discovered that the distribution of the products is altered in the presence of cyclodextrins. The chlorination of anisole without any host produces a mixture of o- and p-chloroanisole in the ratio of o- to p- of 48:1. However, in the case of using α-cyclodextrin to encapsulate anisole, the reaction gives only p-chloroanisole because of the particular orientation of the guest in the host cavity (figure 1.3). 

[image: https://lh3.googleusercontent.com/OLkiFAcfiDVx_IH8C4X8ZI65qeQDmlbp0j1ekA-dyZKYIV5NRbEJajQnm3RphXvZfeHl55G2-KJ6GQ1t-DSfH1SuLNZd0PKBh9SBrHqrAaSG4gcx-gQ008M7LVl1ch1x1ZsUXCYP]
Figure 1.3: Chlorination of anisole with and without encapsulation by α- cyclodextrin.

The rate acceleration of this reaction, (kcat/kuncat) was 5.6 ± 0.8. Although the catalysis was not especially efficient, this study investigated the influence of simple host structures to simulate some of an enzymatic catalyst’s features. Enzymes are more active than these models by orders of magnitude and attempts to enhance these supramolecular enzyme mimics have varied both the substrate and host structure. Cyclodextrins’ ability to enable a particular chemical modification is a marked feature of these host structures and extends to be wealthy field of investigation.30,31  The work of Breslow et al.32 is among the efforts to enhance efficacy of cyclodextrins to catalyse the hydrolysis of esters. Modifications were made along one of the cavity edges of β-cyclodextrin via adding of N-methylformamide substituents. This modification enhances the rate of hydrolysis by around ten times for smaller substrates like m-nitrophenyl acetate. However, larger substrates occupy the cavity in such a way that reaction is inhibited. 
So far bimolecular reactions which involve two organic reactants is one limitation of supramolecular catalysis, whilst substitutions and hydrolytic reactions have significant efficacy, especially in biological system. An early example of this category of supramolecular catalysis comes from the cucurbituril promoted cycloaddition of azides and alkynes. Studying the cyclic hexamer cucurbit[6]uril as a host demonstrated that the acceleration and control of a chemical reaction could be achieved through the particular complementarity between host and guest.33 Cucurbiturils are a macrocyclic family formed by glycoluril monomers (figure 1.4). Cucurbiturils prefer cationic substrates, so attachment of both azide 2 and alkyne 3 to ammonium groups enhances their binding in 1. Important enzyme-like features were revealed by quantitative kinetic study of the cucurbituril system (Figure 3c). The supramolecular catalyst can be saturated with high concentrations of 2 and 3, but the rate relies on the concentration of 1.
The rate of product release from the host is the limiting step of the reaction and a common feature in enzymatic catalysis.34 From the ratio k1/k3 the catalytic acceleration can be estimated, providing a suitable second-order constant to compare to the uncatalysed bimolecular reaction. These measurements give the rate acceleration as up to 5.5 x 104. Moreover, the binding constant of a combination of 2 for formation the ternary [(3.2)1] complex (K3) surpasses the equilibrium constant for dissociation of 2 from the empty host (K2) by about 120 fold.35

[image: https://lh6.googleusercontent.com/m1HJq8a5U5BCVf_NTS3SkSuCX_HNLHG9PKPyiEk0nCx2hHIccmLXvS56dz7rWS57dcZ5g49hbRauJg-9fYuo5ECgE8LJxKA6sKRIcCzamvbfFwXuZZKYpJGmykApJh5ONLqDkcxI]

Figure 1.4: (a) Structure of cucurbit[6]uril. (b) Catalysed cycloaddition of  azide 2 and alkyne 3 in aqueous solutions of formic acid. (c) Cycloaddition of 2 and 3 in the presence of cucurbituril.

Although supramolecular assemblies can be a powerful improver of chemical reactivity, these self assemblies often suffer from product inhibition because of the powerful affinity between the host and the product. The self-assembly of two monomers with a seam of hydrogen bonds can form host 6  which has a defined inner space (Figure 1.5). This “molecular softball” has high sensitivity to slight changes in host geometry, and this feature was investigated to catalyse the Diels-Alder addition of quinones and dienes.36  Both quinones 7 and the product of a Diels-Alder addition reaction are bound inside the host cavity. The rate of cycloaddition increases 200-fold within the host interior, but catalytic turnover is limited by releasing the product 8 and occurs slowly. The right choice of both host and substrate structure might overcome this limitation.

[image: https://lh5.googleusercontent.com/7yut36ICW22s52QADFZ46Gwvc1g3vJIiXa5rDEvISqcYbjw0jHUIfdCWVscT9wqsbMnBAOiuPIyZHWDcySxbIZJgia36y0sTydnpoHpKxFEInixOS7QRfAUIMf2SZrh_eyXdAB5a]
Figure 1.5: (a) Structure of host monomer. (b) Skeleton drawing of capsule. (c) Assembly 6-Catalyzed the Diels-Alder reaction.

Deep cavitand 9 forms via intramolecular hydrogen bonding, and has a hydrophobic cavity to facilitate its affinity for aliphatic guests. This cavitand was chosen for a Diels-Alder reaction (figure 1.6). Maleimide 10 has an aliphatic handle to boost strong binding by cavitand 9. Compound 11 display no interaction for the inner cavitand, but at room temperature it shows reactivity for 10. The Diels-Alder adduct 12 experiences a steric clash with the host cavity, and so product dissociation is enhanced. With a variety of maleimides containing aliphatic binding groups of suitable size, the rate was accelerated by about 29-57 fold.37
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Figure 1.6: Structure of Rebek’s deep cavitand 9, (a) chemical structure and (b) as a space-filling model. (c) Diels-Alder cycloaddition catalyzed by cavitand 9. (produced with permission from ref. 37).


[bookmark: _Toc31630478]Rate acceleration and catalysis in supramolecular coordination complexes
Through covalent and hydrogen-bonded supramolecular hosts, Diels-Alder reactions have been successful model reactions for host-activated reactivity.38 Increasing the rate of bimolecular Diels-Alder reactions was achieved with two different three-dimensional coordination cages, octahedral 13, and square-pyramidal 14 geometries. Due to favourable stacking interactions between cages and aromatic guests, substrates 9-hydroxymethylanthracene 11 and N-cyclohexyl-maleimide 15 were used as substrates in Diels-Alder reactions.39 Substrates 11 and 15 bind in the presence of an octahedral cage 13 form complex [11.1513]12+, which is stable at room temperature, but the cycloaddition does not occur efficiently below 80 oC (figure 1.7).

The encapsulated substrates 11, 15 undergo cycloaddition in the Diels-Alder reaction at 80 oC, and the cavity environment dictates the orientation of substrates. The cavity of 13 retained the adduct 16, therefore exchange of 16 via the pores of the cage was slow, resulting in the cycloaddition being inefficient. This problem was avoided by using cage 14 as a catalyst, which has much large pores to allow for substrate exchange whilst π-stacking interaction between host walls and the anthracene substrate reduce the entropic cost of forming the ternary complex. The Diels-Alder cycloaddition achieved catalytic turnover through promoting dissociation of product 17. The effective catalysis and weak product binding make this supramolecular coordination cage the first efficient example.39


[image: https://lh4.googleusercontent.com/ARc03PgMt239VMM2K7zWqzYf5Kr8TsOGdUv6Qi5c4EY9W1yt8HlAgteKSxmkzxlSX-4-3bQmva7BKtQbWL5e9CXrDPkOB_EyjDVgmrKCw1LUWwMFH_yacHNTdBAVqwjHoNE-nNLi]
                               13                                                                 14

[image: https://lh5.googleusercontent.com/IrvDR0g2cCaR4ixiNftGi9KSChEDUjU40Sh_Qs1lZqQ2JamG5T-QOsA00yVFa3_50qmGPrG7Fs0fUb0R8DbYgKZkQGyDPSo_Mvy0boOCjKri4BW9ZrWxTKYvnrGuQQglseADhAO3]

Figure 1.7 (a) Diels–Alder of 11 and 15 in the presence of octahedral 13 (host typified by square), forming unusual regioisomer 16. (b) Bowl-shaped host 14-catalysed of Diels–Alder reaction of 10 and 11, forming regioisomer 17. (produced with permission from ref. 39)


Later, supramolecular tetrahedron 18 (figure 1.8) was also used to achieve catalytic turnover in the aza-cope electrocyclization of allylenammonium salts40 and presented both a significant rate acceleration and catalytic turnover. For further demonstrations, the same principle was later extended for this catalytic system.41 This pathway was also distinctive in avoiding the turnover problem by using substrate and product which have different charges; this lead to great thermodynamic preferences for substrate binding to eliminate product inhibition.

[image: https://lh4.googleusercontent.com/bK8dtzGvR7jqyyfA2dzf7NT8ycB2sUzA_zNTeUui0aZjiG_Xk3IZ_UQZLjZOOLqsZ3Kllri6ydZupUyapY6KhWX1-ckjl4WNTLn9uiRid0Dk1h06N-XOHLAEF3M40n1u2SpowbPf]
Figure 1.8: (Left) Structure and (right) space-filling of cage (18) Ga4L612–. (produced with permission from ref. 41)
Ga4L612- has a strong affinity for cationic guests that also drives protonation of weakly basic species. This feature was utilised for catalysis in the proton-catalyzed hydrolysis of orthoformates (figure 1.9).42  The protonation of an oxygen of the guest was promoted through encapsulation in 18 by stabilising the conjugate acid of these guests. Inside the host cavity, hydrolysis of the protonated substrate produced carboxylic esters which then underwent base- or acid-catalyzsd hydrolyses. The anionic carboxylate products were expelled by the host owing to the change in charge state. The catalysis showed a high rate of acceleration (kcat/kuncat = 3900) with product inhibition being almost non-existent. 
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Figure 1.9: Supramolecular assembly 18-catalyzed hydrolysis of orthoformates.

Williams et al.43 reported a new example of highly efficient catalysis of the Kemp elimination reaction using the [Co8L12]16+ coordination cage 19 as a catalyst, and 1,2-benzisoxazole as a guest. In the cavity of a cubic coordination cage the Kemp elimination reaction occurs to provide 2-cyanophenolate ion with a rate enhancement of 2 x 105-fold at pD 8.5. The elimination product binds less strongly because of the negative charge, leading to high catalytic turnover. This high acceleration of Kemp elimination by 19 is much greater than previously observed for catalysis by vesicles and micelles. This because is the catalyst uses two different types of supramolecular interaction, (1) a high local concentration of hydroxide ions around the cavity, (2) localization of the hydrophobic substrate in this cavity. They also demonstrated a new autocatalysis pathway which suggests the product 2-cyanophenolate accumulates around the surface of cationic cage (+16) to act as a base for next reaction cycle.44 
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Figure 1.10: Structure of the host assembly [Co8L12]16+. a), the arrangement of metal ions and bridging ligands. b), structure of the empty cage. (produced with permission from ref. 43)
[bookmark: _Toc31630479]Stabilisation of reactive species within supramolecular coordination cages
The design of a supramolecular host to bind the transition state of a chemical reaction as catalysts is closely linked with the engineering of catalysts.45 The host structure is able to bind guests inside the cavity and to powerfully perturb chemical equilibria. A highly charged hydrophobic cavity of supramolecular assembly 18 acts as a host to dramatically increase the basicity of encapsulated protonated amino guests (Figure 1.11). 1H NMR experiments reveal that the amines underwent free exchange between the interior of 18 and external association.46 
[image: https://lh3.googleusercontent.com/9Sztc58NDLhBsDuRqkQw3HQOio60wzH2AYGN3CDEt9wC103Z6AuTgWnJFejmlZ6zN1OeIcIz5lTUQHcrtSKGobHB9SvmenutpzUVx1u2I01FxOenlRSCpcn9pSco5HGE5v4qHbnr]
Figure 1.11: Increased the basicity of amines encapsulated in 18.
Raymond and co-workers observed that the alkylammonium cations bind more strongly and this preference might trap iminium cations from an aqueous solution (Figure 1.12). Raymond and co-workers investigated the generation and stabilization of iminium ions in aqueous solution though using a Ga4L6 as a host. The encapsulation of the iminium cations in assembly 18, shifts the disfavoured equilibrium between ketone and iminium, and the encapsulated species can be observed by 1H NMR spectroscopy.47 
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Figure 1.12: The Ga4L6 12- cage that binds the iminium cations.

The ability of these containers to stabilise a reactive guest species is illustrated by the encapsulate ion of white phosphorus. This material is very sensitive to atmospheric air; however, Nitschke and co-workers demonstrated that the tetrahedral coordination cage 20 was able to trap the white phosphorus within its interior cavity (Figure 1.13). The P4 is unreactive in the cavity of the host as oxygen is not able to fit into the interior of the host cavity. Additionally, it is possible to extract the white phosphorus from the assembly readily by replacement with benzene.48 In further investigations, Nitschke and co-workers discovered the ability of 20 to act as a supramolecular protecting group in water. In this case, the host 20 prevented the Diels-Alder reaction between maleimide and furan by encapsulation of furan. Subsequently, the addition of a competing guest (benzene) displaced the furan because benzene binds more strongly inside the cage cavity, allowing the Diels-Alder reaction to proceed. The interesting feature of this protecting group strategy is that it is based on the reagent’s size and not its chemical functionality, which might be extended to allow selective protection from the mixture of reagents that have different sizes with similar functional groups.49
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Figure 1.13: Trapping of white phosphorus in self-assembly coordination cage 20. 
Nitschke et al.50 reported a new cage 21 that has the ability to encapsulate a variety of guests. The glyceryl substituents in this cage make 21 water soluble and also serves to close the faces of the cage, thus forming a hydrophobic cavity with the glyceryl hydroxy groups directed to the outside. They demonstrated new methods of hydrolysis of organophosphates to less toxic compounds by using 21 as a catalyst in hydrolysis of dichlorvos 21*, generating the products dimethyl phosphoric acid (DMP) and dichlorovinyl methyl phosphoric acid (DVMP).  Furthermore, enhancement of dichlorvos hydrolysis was not observed in the presence of the tightly binding hydrophobic guests cyclooctane or 1,2-diphenylethane because these guests block the cavity of 21.  
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Figure 1.14: The arrangement of metal ions and bridging ligands 
of the host assembly [Fe4L6]8+.

Cages have also been reported stabilise reactive intermediates such as the ruthenium catalyst [CpRuCl(cod)]  (cod = 1,5-cyclooctadiene), which is used in many reactions to form C-C bonds. They reported that these reactive species sit inside the metal-ligand assembly 18 and are stable in aqueous solution for several weeks at room temperature. The catalyst are protected against the external chemical environment and protected from possible reactions leading to decomposition.36
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[bookmark: _Toc31630481]Introduction
Over many years, the Ward group have studied a series of supramolecular cage complexes using bridging ligands consisting of two coordination sites linked to a central aromatic spacer via flexible methylene units51 (Figure 2.1). 
 
[image: ]
Figure 2.1 (a) The general structure of the bridging ligands utilized in Ward’s studies (b) The ligand structure used to synthesise cubic cages.


By incorporating metal ions, a variety of cages can be formed, where the metal ions are at the corners of a polyhedron and bridging ligands lie along the edges, with a metal:ligand ratio of 2:3. This ratio is the necessary consequence of joining ligands contain four donor atoms with metal ions that demand six donors. All metal ions can be coordinatively saturated and the ligands can use all their donor sites. Based on this ratio, the variety of polyhedral cage structures reported include: tetrahedral pyramids M4L6, trigonal prisms M6L9, cubes M8L12, truncated tetrahedral complexes M12L18, and capped truncated tetrahedral complexes M16L24. 
Over the last few years, the Ward group have used the [M8L12]X16 cubic cage complex (where X = ClO4 and BF4), for a series of studies, with the bridging ligand shown in (Figure 2.1 b) spanning the edges of the cage. This synthetic cage exhibits interesting host-guest chemistry because the cage contains a large cavity with a volume of 407 Å3 and is able to bind a variety of guests.51,52

[image: ]
Figure 2.2: X-ray crystal structure of the [M8L12]X16 cubic cage based on ligands LH and Lw. (produced with permission from ref. 43).

The cage has six windows, one on each face of the cube, which provide access to the cage cavity. A space-filling model shows that the diameter of each window is approximately 4 Å (Figure 2.2 (b)). These windows provide the space for the guest molecule to enter and exit the cage. The crystal structure showed that the counter ions do not occupy the cavity, only the solvent (MeOH) does. Hence, neutral guests do not face competition with anions to occupy the synthetic host cavity.53

[bookmark: _Toc31630482]The cubic cage and its host-guest complexes

All the work conducted in this chapter is based on the M8L12 cubic cage shown in (Figure 2.2) which contains Co(II) ions at the vertices and L1,5-naph = LH on the edges.54 Rebek has shown that for a guest to bind optimally in a confined space, it should fill 55% of the total available volume. Based on this, a guest with about 224 Å3 volume can bind the M8L12 cavity.53
A range of aliphatic cyclic ketones (from C5 to C13) were used as guests to bind in the cavity of the M8L12 cage (in this case using Lw). Figure 2.3 shows that the free energy of guest binding increases linearly with an increasing number of CH2 units. The gradient is around 5 kJ mol-1 for each CH2 group, and is explained by the hydrophobic effect. They also demonstrated that the binding strength of C12 and C13 is smaller than C11 because these cyclic ketones are now too large to fit the cage comfortably. Hence, the ideal guest to bind inside the cage is cycloundecanone with a binding constant of 1.2 x 106 M-1, which corresponds to a free energy of -35 kJ mol-1.55,56
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Figure 2.3: A series of cyclic aliphatic ketones’ free energy of binding in the synthetic host. (produced with permission from ref. 55).


[bookmark: _Toc31630483]Catalysis by the cubic cage and its mechanism

The Kemp elimination reaction of 1,2-benzisoxazole to form the 2-cyanophenolate anion occurs through an E2 elimination reaction.57 The cage-catalysed Kemp elimination reaction was monitored by 1H NMR spectroscopy in D2O at pD = 10.2 in the presence of 1 mM cage complex, and showed that the reaction rate is enhanced by 4500 fold (kcat/kuncat).43 The system shows efficient turnover, because the product does not bind in the cage cavity strongly. At pD = 10.2, 2-cyanophenol is ionised (pKa of 2-cyanophenol is 6.9) and the cavity does not bind charged species strongly in aqueous solution.58, 59
Figure 2.4 shows that the ratio of the catalysed and uncatalysed reactions (kcat/kuncat) increases as the pD decreases. These data was explained by suggesting that there is a pH dpendent accumulation of DO- ions around the cationic cage surface through ion-pairing. Overall, even at pD = 8.5 the benzisoxazole substrate inside the cage cavity experiences a similar DO- concentration to the bulk solution at pD = 13.8.43
Two control experiments were performed to test this explanation (figure 2.4). One of these experiments was to add a competitive guest (20 mM cycloundecanone) to a reaction mixture of 0.85 mM of benzisoxazole with 1 mM cubic cage in D2O. The presence of this strong binding guest decreased the catalysed reaction to that the background reaction43 and confirmed that the catalysis requires the substrate to bind inside the cavity of the cage complex. The second experiment was performed by adding an excess of chloride ions (47 mM) which slowed down the catalysed reaction to uncatalysed reaction as well (figure 2.4). This supports the idea of accumulation of anions around the cationic cage surface, where the chloride ions replace the DO- ions as they are more readily desolvated.60
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Figure 2.4: The rate constant of the Kemp elimination reaction in D2O at 298 K: the background reaction (black), the cage-catalysed reaction (red), the reaction in the presence of cycloundecanone (purple) or chloride ions (green). (produced with permission from ref. 43).

Overall, catalysis in this supramolecular synthetic system is based on a combination of nonpolar and polar interactions which are able to bring the substrates together using the confined space of the cavity (figure 2.5). The benzisoxazole binds inside the cage, cavity driven by the hydrophobic effect; and the hydroxide ions accumulate around the cationic cage surface (16+) by ion-pairing. In principle, those two interactions can be used to bring any molecules that have electrophilic hydrophobic features which can bind inside the cavity of the cage complex, bringing it close to any anions that can accumulate around the surface of the cationic cage. This has the potential to provide an efficient catalytic system for bimolecular reactions.43
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Figure 2.5: Cartoon of the cage-catalysed reaction cycle, showing the hydroxyl ions accumulated around the surface of the cationic cage and catalysing the reaction of the substrate bound in the interior.

[bookmark: _Toc31630484]The aim
The aim of this chapter is to use this cubic cage as a catalyst for the Kemp elimination reactions and the hydrolysis of phosphate triesters under different conditions from previous studies. This will highlight how using completely different types of substrate affect the cage-catalysed reaction. The cubic cage was studied as it showed substantial activity for bimolecular reactions. In this work, we will explore whether the enhanced catalysis is unique to this cubic cage under certain conditions, or whether the same activity can be designed into the other structures and to compare these features with cobalt tetrahedral cages.


[bookmark: _Toc31630485]Result and discussion
The reactions chosen for this study were the Kemp elimination (figure 2.6) and the hydrolysis of phosphate triesters (figure 2.12). 

[bookmark: _Toc31630486]The Kemp elimination reaction

The Kemp elimination reaction has been extensively studied61 as a sensitive probe for catalytic reactions in both biological and artificial systems.57 A C-H proton transfer step of the Kemp elimination makes this reaction very important to study because in the most biological systems the proton transfer step considered as a key to biological processes.57,62 The decomposition of benzisoxazole in water under basic conditions shows that the reaction is first order with -OH,2 with the deprotonation of benzisoxazoles at position 3 leading to ring opening to form 2-cyano phenolate (figure 2.6). The cage catalysed Kemp elimination reactions of the substrate 1,2-benzisoxazole (2-6) showed that catalytic turnover occurs as the product is a negatively charged ion which binds more weakly in the cavity than the substrate (figure 2.5). In this chapter, these data will be compared with different conditions and with the 5-nitro substituted benzisoxazole (2-4) which also enables us to monitor the reaction by UV/visible spectroscopy.
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Figure 2.6: Kemp elimination reactions, (2-4) was chosen to study with the cubic cage to test if the substitutied benzisoxazole will affect the cage catalysed reaction or not comparing to the 1,2-benzisoxazole (2-6) which has been studied with cubic cage, but under different condition. 

The reaction of 0.5 mM 5-nitro-1,2-benzisoxazole was measured at pH 8 and 298 K using UV/vis spectroscopy to monitor the appearance of product (2-5) at 402 nm. About ~ 6 % reaction occurred over 10 mins, giving an initial rate of 8.5 x 10-9 M s-1 leading to an observed rate constant kobs = 1.70 x 10-5 s-1.  The reaction of 1,2-benzisoxazole under the same conditions was not measured using UV/vis spectroscopy as the cage catalysed reaction of 1, 2-benzisoxazole could not be measured by this method due to overlapping chromophores (figure 2.7). Hence, we decided to use HPLC to monitor the Kemp elimination reaction of 1,2-benzisoxazole (2-6) under the same conditions. The data (figure 2.8) showed that the observed rate constant kobs = 0.18 x 10-5 s-1 for the background reaction of (2-6). 
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Figure 2.7: UV/vis spectra of (left) the cage (H.Cl16, 0.05 mM), and (right) cyano phenolate product (2-7, 0.5 mM).
[image: ]
Figure 2.8: Uncatalysed Kemp elimination reaction of 1, 2-benzisoxazole (2-6), kobs = 0.18 (± 0.021) x 10-5 s-1, ([substrate] = 0.5 mM at pH 8, (red) appearance of the product (2-7) was monitored by HPLC at 266 nm and 298 K, R2 > 0.99.

[bookmark: _Toc31630487]Cage-catalyzed reaction
The cage used in this chapter is a cubic cage complex (H) M8L1244 (figure 2.2) previously studied by the Ward group, and kindly provided by Prof. M. D. Ward. We studied the Kemp elimination reaction and hydrolysis reaction of the triesters in the presence of the cubic cage under the same conditions as the reaction in aqueous buffer using UV/vis spectroscopy to monitor the progress of the reaction. In some cases, the reaction was also monitored by 31P NMR and HPLC to characterise the reaction pathway and rate more fully.

The chloride cage H.Cl16 complex:

The cubic coordination cage H has been reported to be water-insoluble as the BF4- salt. To make host cage soluble in water we prepared the water-soluble [Co8L12]Cl16 cage complex from H.(BF4)16 using Dowex chloride resin in H2O.44 60,43 

Cage-catalyzed Kemp elimination reaction:

We investigated the ability of the cubic cage (H.Cl16) to catalyse the ring opening of 5-nitro-1,2-benzisoxazole (2-4). In the presence of 10 mol% of the cage (0.05 mM), the initial rate was 5.2 x 10-8 M s-1 compared with 8.5 x 10-9 M s-1 for the background reaction (Figure 2.9).
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Figure 2.9: The initial rate of Kemp elimination reaction of 5-nitro-1,2-benzisoxazole background reaction) (red). kobs = 1.70 (± 0.004) x 10-5 s-1 and (catalysed reaction) (blue) kobs= 10.48 (± 0.004) x 10-5 s-1 at (402 nm, pH 8, T= 298 K, and [ substrate]= 0.5 mM).

The presence of the cage accelerates the Kemp elimination reaction under these conditions; however, the acceleration is much smaller than for the unsubstituted benzisoxazole (under slightly different conditions of pH, cage and substrate concentrations).44,43 Our measurements show that the reaction in the presence of the cage goes 6 times faster than the background reaction, that means 5/6 of the reaction is catalysed (substrate underwent the catalytic pathway), and 1/6 is not.  The substrate might bind inside the host cavity to make the cage-substrate complex because the hydrogen bonds interactions (CH...O and CH…N) with the cavity of cage to induce the reaction to occur. 
The catalysed reaction of 1,2- benzisoxazole was monitored using HPLC (figure 2.10), and the observed rate constant showed that the presence of 0.05mM of the cubic cage  in reaction solution lead to accelerate the Kemp elimination reaction by 465 fold than the background reaction. The catalysed reaction in case of unsubtitutied benzisoxazole is much faster than substitutied benzisoxazole, this might be because the 1,2- benzisoxazole has small size, so it fits the cavity of the cubic cage much better than the substitutied benzisoxazole.
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Figure 2.10: Catalysed Kemp elimination reaction of  1, 2-benzisoxazole (2-6) in the presence of 0.05 mM cubic cage, kobs = 83.73 (± 0.022) x 10-5 s-1,  ([substrate] = 0.5 mM at pH 8, (red) appearance of the product (2-7) was monitored by HPLC at 266 nm and 298 K, R2 > 0.99.

[bookmark: _Toc31630488]Synthesis of phosphate triesters

A series of phosphate triesters were synthesized (figure 2.11) to be used as substrates in aqueous solution in the presence of cage complexes. The hydrolysis of phosphate triesters was chosen as a organic reaction to investigate in the presence of the cage complex as a catalyst. These targets were used as because these all neutral compounds containing aromatic rings (2-1, 2-2, and 2-3) (figure 2.11) which were predicted to bind inside the cage complex. 
[image: ] 

Figure 2.11: Synthesis of phosphate triester substrates.

The synthesis of 2-nitrophenyl dimethyl phosphate (2-1) was carried out by reacting 2-nitrophenol and dimethyl chlorophosphate in the presence of triethylamine Et3N in dry THF to give yellow-cream crystals of the triester in good yield (90%). Reaction of dimethyl chlorophosphate with 2-nitrophenol and triethylamine in dry THF formed phosphate triester 2-2 as a yellow-brown oil in 81% yield. Diethyl chlorophosphate was reacted with 2-nitrophenol and triethylamine in dry THF to form 2-nitrophenyl diethyl phosphate 2-3 as a yellow oil in 84% yield. 

[bookmark: _Toc31630489]Hydrolysis of phosphate triesters:

The hydrolysis of phosphate triesters is dominated by the base promoted pathway, leading to an anion phenolate product when the reaction is carried out at pH above the pKa of the corresponding phenol (figure 2.12). These charged molecules prefer to be solvated by water rather than being bound within the cage, therefore allowing catalytic turnover just as for the Kemp elimination (figure 2.5). The hydrolysis of phosphate triesters has been extensively studied, and although they are non-natural phosphate esters (unlike diesters and monoesters), they can have a significant effect on biological systems e.g by being used as pesticides.63 Based on this, We chose these substrates ( 2-1, 2-2, 2-3) with different positions of the nitro group and different alkyl groups to test how these structural features affect the cage-catalyzed reaction. To test the ability of the cage, does the cage showing the same behaviour with all phosphate substrates, and comparing with completely different substrates (benzisoxazoles) under our standard conditions.
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Figure 2.12: hydrolysis of phosphate triesters reactions,

The reactions of phosphate triesters 2-1, 2-2, and 2-3 were monitored by using UV/vis spectroscopy in aqueous buffer at pH 8 and 298 K. Their concentration was 5 mM to allow measurement of these slow reactions by the initial rate method, monitoring the rate of the product formation at 400 nm (see the table 2.1). 





Table 2.1 shows the observed rate constants for the uncatalysed hydrolysis of 5 mM phosphate triesters  (2-1, 2-2, and 2-3) at pH 8, 298K.  

	Substrate
	kobs (10-7) (s-1)

	2-1
	4.20 (± 0.030)

	2-2
	2.18 (± 0.031)

	2-3
	5.13 (± 0.021)




The reaction of phosphate triester 2-1 was also monitored by using HPLC and 31P NMR (see figure 2.13 and figure 2.14) to confirm the course of the reaction and to corroborate the accuracy of the UV/Vis experiments.
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Figure 2.13: Uncatalysed of hydrolysis of 2-nitrophenyl dimethyl phosphate 2-1, kobs = 1.60 x 10-7 s-1 (in good agreement with our UV/Vis data, but because of more details for the reaction by HPLC, making the HPLC data more reliable), ([substrate] = 5 mM at pH 8, (red) appearance of the product (2-8) was monitored by HPLC at 266 nm and 298 K, R2 > 0.99.
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Figure 2.14: 31P NMR spectra for the hydrolysis of 2-nitrophenyl dimethyl phosphate 2-1 (5mM at pH 8 and 298K). 




Cage-catalyzed hydrolysis of phosphate triesters: 
The hydrolysis of phosphate triesters (2-1, 2-2, 2-3) with a base to give a phenolate product (2-8, 2-9) is catalysed in presence of cubic cage complex (H.Cl16) and the observed initial rate (table 2.2) showed that substrates act similarly with highly positive charge of cage catalyst (16+) at pH 8 because their catalysed reactions was accelerated by the same fold compare to the background reactions, despite the fact they have different sizes (substrates 2-1 and 2-3).  

Table 2.2 Shows the observed rate constants for the catalysed reaction of hydrolysis of 
phosphate triesters at [substrate] = 5 mM, pH 8, 298K. 
	Substrate
	Cubic cage
[mM]
	kobs (10-7) (s-1)

	2-1
	0
	4.20 (± 0.030)

	2-1
	0.05
	12.40 (± 0.029)

	2-2
	0
	2.18 (± 0.031)

	2-2
	0.05
	23.91 (± 0.030)

	2-3
	0
	5.13 (± 0.021)

	2-3
	0.05
	13.20 (± 0.020)



We monitored the catalysed reaction of 2-nitrophenyl dimethyl phosphate 2-1, the progress of the hydrolysis of (2-1) in the presence of 0.05 mM H.Cl16 showing that only 2.099 x 10-9 M s-1 of the 2-nitro phenolate product (2-8) was formed to an uncatalyzed reaction and 6.2 x10-9 M s-1 to the catalysed reaction due to the substrate undergoes the catalytic pathway. Because of this, we decided to move to use phosphate substrate (4-nitrophenyl dimethyl phosphate) 2-2 with different position of the nitro group, might show different behaviour due to the criteria of size and shape of the substrate will control their  binding with cubic cage complex.44,60,58 
In this work, the first expectation for how the phosphate substrate interacted with the host (a cationic cubic cage complex (+16)) was that the hydrolysis reaction of phosphate triesters is catalysed in the cubic cage (H.Cl16) cavity because of the hydrophobic effect interaction of the host cavity/the aromatic ring of the phosphate substrate and the presence of hydroxide ions (-OH) which accumulate around the surface of cationic cage (16+). Besides, the size, shape of the host cavity, the functional groups which are in and the charge of the cationic cage host are providing an important and different area that effect on substrate  binding.44,60,43 
Based on this we expected a mechanism of the catalysis which can occur in the cage cavity is showed at (figure 2.15).  

[image: ]
Figure 2.15: The cartoon of cage-catalysed reaction cycle of hydrolysis of phosphate triester, showing the hydroxyl ions accumulate around the surface of the cationic cage. At the left starting centre, hydrophobic phosphate binds in the cavity with the (P-OR) bond ‘visible’ to a hydroxide ion that accumulates around the cage window (top). The hydrolysis reaction occurs to produce a phenolate ion as the product (bottom), which is weakly binds because the negative charge, it is therefore expelled to allow catalytic turnover. 


From the observed rate constant for hydrolysis of phosphate triester (2-2) (23.91 x 10-7 s-1), it was apparent that the reaction rate is accelerated in the presence of the cubic cage complex (H.Cl16). This rate constant is about 11fold greater than for the reaction under the same conditions, but in the absence of the cage complex (2.18 x 10-7 s-1). Hence, the cage provides an environment which can accelerate the reaction of the phosphate. However from the data of catalysed reactions substrates (2-1, 2-2) it seems that the catalysed reaction is not clear if that happens in the host cavity because the rate of catalysed reaction was faster for the 4- nitro phosphate substrate 2-2 than in case of 2- nitro phosphate, so we propose that the catalysed reaction might happen inside the cage cavity due to the size of 4- nitro phosphate fitting the cage cavity better than 2-nitro phosphate. Or might be the reaction happen on both (inside the cage and outside on the cage surface).  
Because of this, we decided to use another phosphate substrate (2-3) with bigger size than both of the previous (2-1, 2-2) to have better ideas about the phosphate binding. 

Under the same conditions, the rate hydrolysis of 2-nitrophenyl diethyl phosphate (2-3) is accelerated by about 2.5 times in the presence of the cage complex compare to the uncatalysed reaction (table 2.1 and 2.2). The similarity of the enhancement of rate of phosphate substrates (2-1 and 2-3) in the presence of cubic cage complex (despite their different size) leads us to suggest that the catalysed reaction is not happening when the triesters are bound inside the cage cavity and supports the idea of that the catalysed reaction happens on the cage surface. The catalysed hydrolysis of the phosphate triester substrate leads to a new perception that it is not necessary for the phosphate triester substrates to be bound inside the cavity for catalysed hydrolysis to occur. The accumulation of hydroxide ions around the cationic cage surface due to ion-pairing in solution generates a high local pH around the cage, resulting in catalysed hydrolysis of the phosphate triester substrate, depend on their favoured orientations if are suitable for reaction to occur. Based on this, there are many interesting possibilities for catalysis by cubic cage, we have recently reported64 that the cubic cage, its behaviour differently with phosphate substrate compare to benzisoxazole and we are still looking for further investigation. 

The reaction of 2-nitrophenyl dimethyl phosphate 2-1 in the presence of cage H was also monitored using HPLC and 31P NMR (see figure 2.16 and figure 2.17).
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Figure 2.16: Catalysed of hydrolysis of 2-nitrophenyl dimethyl phosphate 2-1, kobs = 18.30 x 10-7 s-1 (in good agreement with our UV/Vis data), ([substrate] = 5 mM at pH 8, (red) appearance of the product (2-8) was monitored by HPLC at 266 nm and 298 K, R2 > 0.99.
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Figure 2.17: 31P NMR spectra of the cage-catalyzed reaction of hydrolysis of 2-nitrophenyl dimethyl phosphate 2-1 (5mM at pH 8, [cage] = 0.5mM, and 298K)(left), and uncatalysed reaction under the same conditions (right). 




[bookmark: _Toc31630490]Effect of cage and substrate concentration of the cage-catalyzed hydrolysis 2-nitrophenyl dimethyl Phosphate reaction:

The change in observed rate for hydrolysis of phosphate triesters (2-1, 2-2, 2-3) with cubic cage complex is not very significant at these concentrations (5 mM phosphate triester and 0.05 mM cubic cage). Hence, we decided to increase both cage (to 0.1 mM and 0.2 mM) and substrate (to 10 mM and to 15 mM) concentrations, within the solubility limits in both cases.
The investigation of the effect of varying the concentration of the cubic cage complex (H.Cl16) (pH 8, 298 K) on the hydrolysis of phosphate triester (2-1) (figure 2.18) shows that increasing the concentration of the cage (0.05 mM, 0.1 mM to 0.15 mM) increases the rate of reaction. According to this adding, 2 times more of the cage concentration to the reaction solution lead to enhance of the reaction rate by about 2 times.
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Figure 2.18: Rate of 2-nitrophenyl dimethyl phosphate hydrolysis as a function of the cubic cage concentration (mM) at pH 8, 298K.
Adding more substrate to 0.05 mM of the cubic cage solution at pH 8 accelerated the rate of reaction and (rcat[15]/rcat[5]) of 7 and (rucat[15]/rucat[5]) of ≈ 3 for the uncatalyzed reaction, therefore, adding more of phosphate substrate shows that the substrate  continues to interact with cage. At low concentrations of substrate the cage is not full and the binding is weak at a pH 8 where the substrate is neutral as we expected .60 It is expected that at high concentrations of cage the rate will plateau because the cage will be saturated with substrate giving the maximum effect on the rate (figure 2.19). 
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Figure 2.19: Rate of catalysed reaction of 2-nitrophenyl dimethyl phosphate hydrolysis 2-1 as function of substrate concentration (mM) at pH 8, 298K. The data is fitted to an exponential rise equation (see experimental and appendix).



[bookmark: _Toc31630491]Rate constants and pH-dependence

To investigate the effect of pH on hydrolysis of phosphate triesters 2-1, 2-2 and 2-3, we varied the pH over the range 8 to 12.7 for the uncatalyzed reactions. The reaction in the presence of 0.05 mM cage was carried out at pHs 8.0 and 9.5.  Uncatalyzed reactions (red circles) and catalyzed reactions (blue circles) (figure 2.20). These data show that the uncatalysed reaction is dependent on the pH, and is dominated by reaction with hydroxide. The rate of reaction in the presence of 0.05 mM cage (blue circles) show that the cage-catalyzed reaction is independent of pH (H2O, 298 K). This could be because the cage surface is saturated with hydroxide ions under these conditions.60,43
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Figure 2.20: pH dependence of rate constants of the uncatalyzed reaction of hydrolysis of phosphate triesters substrates (red) and (blue) catalyzed reaction. 






[bookmark: _Toc31630492]Inhibitor effects
Effect of cycloundecanone of the cage catalyzed reaction

The rate of hydrolysis 2-nitrophenyl dimethyl phosphate was measured at the presence of both 0.05 mM cage and 20 mM cycloundecanone to test whether the triester needs to bind in the cavity for the reaction to be accelerated. Cycloundecanone binds tightly inside the cage cavity (K = 1.2 x 106 M-1) 43,55, preventing the triester binding and removing that pathway for reaction. Our measurements (table 2.3) showed that the presence of 20 mM of cycloundecanone does not change the rate of the uncatalysed reaction in aqueous solution. However, 20 mM of cycloundecanone in the presence of 0.05 mM cubic cage (H.Cl16) does not completely inhibit the cage catalyzed reaction (table 2.3). Although the rate of the catalyzed reaction drops in the presence of 20mM cycloundecanone, it is still faster than uncatalyzed reaction (at pH 8 and 298 K). This suggests that the catalysed reaction does not happen solely inside the cage cavity or we anticipate that might the empty cage is better at accelerating the reaction (on the outside) than the full cage.

Table2.3: Shows the observed rate constants of hydrolysis of 2-nitrophenyl dimethyl phosphate substrate at pH 8, 298K.  

	2-1 
 [mM]
	cycloundecanone / [mM]
	Cage/ [mM]
	kobs (10-7) (s-1)

	5
	0
	0
	4.20 (± 0.030)

	5
	20
	0
	4.20 (± 0.031)

	5
	0
	0.05
	12.40 (± 0.029)

	5
	20
	0.05
	6.30 (± 0.030)



Effect of chloride and bromide ions concentration of the cage-catalysed reaction
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Figure 2.21: Demonstrate of the progress of 2-nitrophenyl dimethyl phosphate 2-1 with 0.05mM cage catalyst in the presence of halides; chloride (), bromide () and no halide ().

Under our standard conditions, a 0.05mM solution of (H.Cl16) accelerates the hydrolysis of 2-nitrophenyl dimethyl phosphate (2-1) by about 1 order of magnitude over the background reaction. To test the effect of chloride ions, additional chloride ions were added to the reaction mixture for the hydrolysis of phosphate triesters 2-1 catalysed by 0.05mM of the cage (H.Cl16) at (pH 8, 298 K, 5mM 2-1 substrate). The total chloride ion concentration was varied from 0.8 mM (the minimum, because of the cage (H.Cl16) concentration) to 10 mM by adding NaCl to the reaction solution. In general, our measurements showed that adding chloride ions reduced the rate of the reaction. The addition of 10 mM NaCl decreased the observed rate of reaction to that of the background reaction. This is consistent with previous reports in the literature, and has been explained on the basis that the windows at the cage surface accumulate anions that are essential for the catalysed reaction.65,66,67 The inhibition of the cage catalysed reaction occurs because of the strong competition from the chloride ion with hydroxide for the sites at the cage surface. Chlorides ions are able to replace the hydroxide ions that accumulate around the cage surface as they are more readily desolvated.44,43,68 
The cage-catalyzed hydrolysis 2-1 reaction is even more effectively inhibited by adding bromide ions to the reaction mixture. Thus, 5 mM NaBr is enough to reduce the catalysed reaction rate to the uncatalyzed reaction. This stronger effect is probably because the bromide has more affinity to the cage surface and is even more easily to desolvated than chloride.


[bookmark: _Toc31630493]Presence of the phenolate ions in the cage-catalyzed reaction

The investigation of the effect of phenolate for the cage-catalysed hydrolysis of phosphate 2-1 reaction catalyzed was carried out by adding of phenolate anions (3-chlorophenol and 3-fluoro phenol) to the mixture of catalyzed reaction. In both cases, the addition of the phenol does not affect the rate of the uncatalyzed reaction (table 2.4). It was expected the increasing the basicity of the phenol compound will enable it to help attacking phosphate bound substrate more efficiently and also their ability to interact with cage surface which relies on the ease of desolvation.5 Table 2.4 shows the rate in the presence of 3-fluorophenolate is slightly greater than in the case of chloro phenolate because their pKa is close to each other.


 
Table 2.4: Shows the observed rate constants of catalyzed hydrolysis of 2-nitrophenyl dimethyl phosphate substrate 2-1 at pH 8, 298K. 
	2-1 / mM
	Cage / mM
	3-chlorophenol
	3-fluorophenol
	kobs (10-7) (s-1)

	
	
	pKa
	[mM]
	pKa
	[mM]
	

	5
	0
	-
	0
	-
	0
	4.20 (± 0.030)

	5
	0
	9
	0.5
	
	
	4.20 (± 0.031)

	5
	0
	-
	-
	9.3
	0.5
	4.23 (± 0.032)

	5
	0.05
	-
	0
	-
	0
	12.40 (± 0.029)

	5
	0.05
	9
	0.5
	-
	0
	43.20 (± 0.027)

	5
	0.05
	-
	0
	9.3
	0.5
	74.12 (± 0.031)





[bookmark: _Toc31630494]Conclusion

In conclusion, we have demonstrated that the [Co8L12]Cl16 cubic coordination complex can act as a catalyst for the Kemp elimination reaction (of 5-nitro-1,2-benzisoxazole 2-4 1,2- benzisoxazole 2-6) and the hydrolysis of phosphate triesters (of 2-nitrophenyl dimethyl phosphate 2-1, 4-nitrophenyl dimethyl phosphate 2-2 and 2-nitrophenyl diethyl phosphate 2-3) even at low concentration of cage complex. This is because the cage can be able to bring the substrate to its recognition sites by a combination of the accumulation of hydroxyl ions around the surface of cationic cage complex (+16) and the interaction of the substrate with the surface and the cage cavity driven by the hydrophobic effect. Furthermore, the increasing of the cage concentration in the reaction solution (from 0.05 mM to 0.15m M, in case of 2-nitrophenyl dimethyl phosphate substrate 2-1) leads to an increase in the observed rate of the catalyzed reaction for about 3 times. Also increasing the substrate concentration leads to accelerate the rate of catalysed reaction and to be stable when the cage saturated. 
The background and the catalysed reaction of all phosphate triesters (2-1, 2-2 and 2-3)  were measured at different pH and observed rate constants show that the uncatalysed reaction is dependent and catalysed reaction is independent with the change in concentration of the hydroxyl in reaction solution. 
The halides anions enable to accumulate around the surface of the cage complex and displace the hydroxyl ions, because of this the rate of catalyzed reaction slowed down by adding more halides (Cl-, Br-) to that of the background reaction. On the other hand, phenolate ions do in the same way like the halides do, but  we anticipate that they can act as a base as well thus the acceleration of the rate of catalyzed reaction in the presence  of the phenolate ions has reported.
Based on this, the catalysis by cubic cage complex has many interesting possibilities with substrates that can react with base and also can interact with other anions, such as halogens that accumulate around the cage surface, which will give a chance for further investigation.
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[bookmark: _Toc31630496]Introduction
Understanding host-guest chemistry is an important contributor to supramolecular catalysis since recognition interactions provide the ability for substrates to bind to containers, which can improve rate enhancements and selectivity. One of the classes of container molecules, tetrahedral metal-organic cage complexes,69,70,71,72 have recently been used to catalyse reactions73 and protect sensitive guests.48 These containers with well-defined central cavities may be thought to mimic binding pockets in enzymes. Catalytic systems need to stabilise the transition state of a reaction or increase the effective molarity between two reactants by orienting two (or more) of them close together.74, 75,76
The potential similarity of these binding sites with enzyme active sites allows studies of the mechanisms by which reactions occur in biology to be carried out, since the simpler structure of these artificial systems allows easier probing of the reaction as they occur.71,77 
As mentioned in chapter 2, it is possible to synthesise different geometries of cages by changing the bridging ligand. Recently, the Lusby group formed the non-equilibrium cobalt (III) tetrahedral M4L6 cage capsules (figure 3.1) which was shown to bind different classes of neutral organic guests. These artificial containers bind guests in water due to the hydrophobic effect and non-covalent interaction such as hydrogen bonding. These container their stability also permits to study of guest-binding at high salt concentration.78,79





[image: ]
Figure 3.1: Non-equilibrium synthetic Co(III) containers. (Produced with permission from ref. 78).

Hydrogen bond binding sites are also available in other tetrahedral M4L6 cages and other cages such as a M16L24 tetracapped-truncated tetrahedron but they do not encapsulate guests. In the case of these cages, strong binding of anions (ClO4-, BF4-) within the cage cavity prevents guest binding.80,81,82,83
Product inhibition is considered as one of the biggest challenges to solve when using synthetic capsules as catalysts in chemical reactions. Product inhibition occurs because of favourable interactions between the product and the cavity of the host. These interactions are often similar to the ones that stabilise the transition state. Raymond and co-workers addressed this issue by converting the strongly binding initial product underwent to a weakly binding product through hydrolysis, allowing catalytic turnover (figure 3.2).84 
[image: ]
Figure 3.2: Catalytic turnover achieved by hydrolysis of an initially strongly binding product to a weakly binding product.

In terms of rate enhancements, the biggest rate acceleration of a reaction to occur inside a synthetic cage is for the Nazarov cyclisation. The catalysed reaction goes over 106 times faster in the host than the background reaction, comparable to some of the rate enhancements observed in biology (figure 3.3).85

[image: ]
Figure 3.3: The Nazarov reaction in the presence of synthetic host, which a 1,4-dien-3-ol forms a cyclopentadien.

[bookmark: _Toc31630497]The aim 
The aim of this study was to synthesise a new series of water-soluble tetrahedral cage complexes (M4L6) to form Co(II) tetrahedral cages that can be oxidised to obtain more stable tetrahedral complexes with Co(III) ions at the vertices. The first step towards the creation of the cages was to choose the metal ion and the ligand. In our case, we chose cobalt (III) as the metal ion and bipyridyl bridging ligand. These synthetic hosts contain hydrophobic cavities with a positive charged surface and they are expected to bind guest molecules. We hypothesised that these systems will act as catalysts in water for some organic reactions. We expect the chosen system will be thermodynamically stable, which will support using it in kinetic studies in different way to the cubic cages described in chapter 2. The cubic cage is highly cationic charge (16+), but is not stable in solution. Our tetrahedral case, the Co(III) cages were formed form Co(II) cages without change in structure and they are stable in solution, will be not decomposed. 
The reason for using the ligand L4,4ʹ-bibez in making  new Co(II)  and Co (III) cage complexes as it was a size bigger than [Co4(L1,4-bez)6](PF6)8 and [Co4(L1,4-bez)6](PF6)12 providing  the interesting opportunity for making the reactivity comparison between these cages that have the same metal ions with the same charge but different size and the same size with different charge. The coordination cage complexes build from organic ligands with extended aromatic rings can provide favourable interaction with aromatic molecules because of the high π-electrons density of assembled edges surface.


[bookmark: _Toc31630498]Results and discussion
[bookmark: _Toc31630499]Synthesis of the bridging bidentate ligands
The ligands are composed of aromatic spacer units: phenyl in the case of ligand L1,4-bez and biphenyl in case of ligand L4,4ʹ-bibez, connecting two bipyridine units. The connections are in positions 1 and 4 for ligand L1,4-bez and in positions 4,4ʹ for ligand L4,4ʹ-bibez. The aromatic spacer unit based on the biphenyl group will make the ligand L1,ʹ1-bibez longer than the ligand L1,4-bez (figure 3.4). 




Figure 3.4: Synthesis of bridging ligands L1,4-bez and L4,4ʹ-bibez
The synthesis of the bridging ligands followed the route described in figure 3.4. The ligands were synthesised by Suzuki cross-coupling reaction followed by reduction with palladium.2 This was carried out by reacting of 5-bromo-2,2’-bipyridine (3-1) with benzene-1,4-diboronic acid (3-2) in a mixture of degassed water, ethanol and THF at 80 °C for 24 hours to form L1,4-bez as a light brown solid in 91% yield. Under the same conditions, compound (3-1) was reacted with bibenzene-4, 4ʹ-diboronic acid (3-3) to obtain L4,ʹ4-biph in 86 % yield as a yellowish solid.
Successful preparation of the ligands (L1,4-bez, L4,4ʹ-bibez) was confirmed by NMR spectroscopy and mass spectrometry. The 1H NMR spectra of the ligands are shown in (figure 3.5).
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Figure 3.5: 1H NMR spectrum of bridging ligands in CDCl3: 
 (top), ligand (L1,4-bez) and (bottom), ligand (L4,4ʹ-bibez), and the difference between these spectra is just extra phenyl ring which their  protons signal were point out at 7.83 ppm. 
[bookmark: _Toc31630500]Assembly of coordination cages using L1,4-bez 
Tetrahedral Co(II) cage complex
The new tetrahedral cage complex [Co4(L1,4-bez)6](PF6)8 (figure 3.6) was prepared through self-assembly of the bridging ligand L1,4-bez with Co(II) ions. The ligand and Co(II) (as its ClO4– salt) were mixed in dry CH3CN in a 3:2 ratio to fully satisfy all the coordination sites of the  ligand and the metal ion. The reaction mixture was heated under N2 to 50 °C for 2 hours, then cooled to room temperature; the target compound was obtained as an orange solid in 80% yield after the addition of ammonium hexafluorophosphate to the solution and isolated by filtration onto celite.
The cage [Co4(L1,4-bez)6](PF6)8 (figure 3.6) consists of four Co(II) ions which form the corners of the cage and six bridging ligands which lie on the edges and the aromatic rings define the cage edges to give a hydrophobic interior. This modular construction of tetrahedral cage complexes have exteriors that provide a suitable environment for encapsulation of a variety of guests within the central cavity. 
NMR and mass spectroscopy studies were consistent with the formation of the tetrahedral Co(II) cage complex [Co4(L1,4-bez)6](PF6)8 (figure 3.6). 1H NMR showed signals in the expected chemical shift range, four signals are between 10 and 90 ppm and the signals on the central phenyl ring are all the same at 45.14 ppm.  The mass spectrum provided key information for the formation of a tetrahedral M4L6 cage complex, with a series of peaks conforming to [Co4(L1,4-bez)6(PF6)8-n]n+ due to the consecutive losses of PF6 – anions. High-resolution mass spectrometry (HRMS) (figure 3.7) showed the isotopic distribution for the fragments [Co4(L1,4-bez)6(PF6)5]3+ and [Co4(L1,4-bez)6(PF6)4]4+ in good agreement with the theoretical prediction.



Figure 3.6: Tetrahedral Co(II) cage complex [Co4(L1,4-bez)6](PF6)8.

[image: ]       [image: ]
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Figure 3.7: Isotope pattern observed (left) and theoretical (right) as observed in the mass spectrum of the fragments [Co4(L1,4-bez)6(PF6)5]3+ (top) and [Co4(L1,4-bez)6(PF6)4]4+ (bottom) using high-resolution ESI.
Crystal structure of tetrahedral cage complex [Co4(L1,4-bez)6](PF6)8
An X-ray crystal structure of [Co4(L1,4-bez)6](PF6)8 was obtained by growing crystals via vapour diffusion of a mixture of diisopropyl ether and acetonitrile. The single orange prismic crystal of C150H108Co4F48N24P8 was kept at T=99.9 K during data collection. The cavity volume of this tetrahedral structure was calculated to be 192 Å3 (for more details, see the x-ray crystallography data in appendix).
[image: https://lh6.googleusercontent.com/qpeeOPrY_xdJZ-FhByAzMxOxfNpDUoPJ_RlSIIYXRwP96g4M1mW6n9E128iMOCeMHQDcmtXppVAvGG-RG-HTGmB7vCbnnyKNqXiZ5Fqg1yZxRNsS95zixDW6VYJEt3N6Eqkh-7xrMiA]
Figure 3.8: X-ray crystal structure of the tetrahedral Co(II) cage complex [Co4(L1,4-bez)6](PF6)8.
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Figure 3.9: X-ray crystal crystallographic structure of [Co4(L1,4-bez)6](PF6)8, showing the PF6 – counter ions (green and purple). It clear that the counter ions do not occupy the cavity of the cage and there is one counter ion in each face others sit to the metal centre between the cages.


Tetrahedral Co(III) cage complex
The synthesis of the tetrahedral Co(III) cage complex [Co4(L1,4-bez)6](PF6)12 was achieved by the same procedure as previously described for the assembly of the tetrahedral Co(II) cage complex followed by an oxidation protocol using ammonium cerium (IV) nitrate (CAN). At room temperature, CAN was added dropwise to the reaction mixture to form the target Co(III) cage complex [Co4(L1,4-bez)6](PF6)12 (figure 3.10) which was collected as a yellow solid in 75% yield.



Figure 3.10: Tetrahedral Co(lll) cage complex [Co4(L1,4-bez)6](PF6)12.

This structure was successfully confirmed by NMR spectroscopy and mass spectrometry, in agreement with the literature.86 The 1H NMR spectrum of this tetrahedral cage complex (figure 3.11) is consistent with a single self-assembled, highly symmetric and diamagnetic Co(III) cage complex. The diamagnetism of the low-spin of Co(III) ions leads to the 1H signals being observed over a short-range (7.1 to ≈ 9 ppm) that is typical for aromatic compounds. The mass spectrum also showed that the [Co4(L1,4-bez)6](PF6)12 (M4L6) was formed. This analysis showed a series of peaks corresponding to highly charged [Co4(L1,4-bez)6(PF6)12-n]n+ species and these matched the expected isotopic from successive loss of PF6- anions. HRMS (figure 3.12) shows the pattern distribution for fragments [Co4(L1,4-bez)6(PF6)9]3+and [Co4(L1,4-bez)6(PF6)8]4+. 
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Figure 3.11:1H NMR spectrum of the tetrahedral Co(III) cage complex [Co4(L1,4-bez)6](PF6)12 in CD3CN.

  [image: ]         [image: ]    
       
[image: ]      [image: ]
Figure 3.12: Isotope pattern recorded as observed in the mass spectrum (left) and theoretical (right) of the fragments [Co4(L1,4-   bez)6(PF6)9]3+ (top) and [Co4(L1,4-bez)6(PF6)8]4+ (bottom) using high-resolution ESI.
[bookmark: _Toc31630501]Assembly of coordination cages using L4,4ʹ-bibez
Tetrahedral Co(ll) cage complex
The Co(II) complex M4L6 (figure 3.13) was synthesised by assembling ligand L4,4ʹ-bibez with Co(II) ion in CH3CN using the same procedure as has been previously described for the tetrahedral cage [Co4(L4,4ʹ-bibez)6](PF6)8. The final Co(II) complex was obtained as a light orange solid in 89% yield. 


Figure 3.13: Tetrahedral Co(ll) cage complex [Co4(L4,4ʹ-bibez)6](PF6)8.
NMR and mass spectrometry supported the formation of the tetrahedral M4L6 structure of the Co(ll) cage complex [Co4(L4,4ʹ-bibez)6](PF6)8 (figure 3.13). 1H NMR showed the signals in the correct chemical shift range for the cage complex, all the signals are between 10 and 90 ppm and the on the central biphenyl rings are all the same (48 H) at ≈ 46 ppm. The mass spectrum revealed a series of peaks for [Co4(L4,4ʹ-bibez)6(PF6)8-n]n+, arising from successive loss of PF6 – anions. High-resolution mass spectrum (figure 3.14) demonstrated the predicted isotope pattern for the fragment [Co4(L1,4-bez)6(PF6)5]3+. 
[image: ]     [image: ]
Figure 3.14: Isotope pattern observed (left) and theoretical (right) as observed in mass                    spectrum of the fragment [Co4(L4,4ʹ-bibez)6(PF6)5]3+ using high resolution ESI.

Crystal structure of tetrahedral cage complex [Co4(L4,4ʹ-bibez)6](PF6)8
Orange prismic crystals of C192H132Co4F48N24P8 were grown and analysed under the same conditions used for [Co4(L1,4-bez)6](PF6)8. The cavity volume calculation of this tetrahedral structure gave a value of 516.2 Å3 for [Co4(L4,4ʹ-bibez)6](PF6)8 (see the appendix for further information).
[image: ]
Figure 3.15: X-ray crystal structure of the tetrahedral Co(II) cage complex [Co4(L4,4ʹ-bibez)6](PF6)8.
[image: 2018ncs0940s_packing_elipsoid]
Figure 3.16: X-ray crystal structure of the [Co4(L4,4ʹ-bibez)6](PF6)8, showing the shape viewed of the cage layers with the counter ions PF6 – (green and purple),  it possible to see the counter ions do not occupy the cage cavity and remaining between the cage layers. Two of anions sit near to each face and other two sit near to the metal centre.

Tetrahedral Co(III) cage complex
A new substitutionally inert tetrahedral cage complex with Co(III) ions at the vertices was prepared following the same protocol described in the case of the cage complex [Co4(L1,4-bez)6](PF6)12  (figure 3.17) as a dark orange solid in 80% yield. This synthetic host has a different size from [Co4(L1,4-bez)6](PF6)12, but they have the same ionic charge. Hence, compared to [Co4(L4,4ʹ-bibez)6](PF6)8 they provide the virtually the same size structure with a different ionic charge. These features make an interesting comparison between cages in their catalytic reactivity.


Figure 3.17: Tetrahedral Co(III) cage complex [Co4(L4,4ʹ-bibez)6](PF6)12.

Successful preparation of the [Co4(L4,4ʹ-bibez)6](PF6)12 tetrahedral cage complex (figure 3.17) was confirmed by NMR spectroscopy and mass spectrometry. The 1H NMR spectrum of this host (figure 3.18) proved the formation of a highly symmetric and diamagnetic species.
Analysis by mass spectrometry revealed a series of highly charged cationic peaks that matched the predicted isotopic distribution for [Co4(L4,4ʹ-bibez)6(PF6)12-n]n+ (figure 3.19).
	




Figure 3.18: 1H NMR spectrum of the tetrahedral Co(III) cage complex [Co4(L4,4ʹ-bibez)6](PF6)12 in CD3CN: D2O (1:1).
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Figure 3.19: Isotope pattern recorded as observed in mass spectrum of the fragments                    [Co4(L4,4ʹ-bibez)6(PF6)8]4+ (left) and [Co4(L4,4ʹ-bibez)6(PF6)7]5+ (right) using high resolution ESI.

Crystal structure of tetrahedral cage complex [Co4(L4,4ʹ-bibez)6](PF6)12
A mixture of isopropyl ether and acetonitrile was used to grow the single yellow plate crystals of C192H132Co4F72N24P12 and the data was collected under the same conditions previously described above. The cavity volume calculation of this tetrahedral structure was found to be 576.3 Å3, similar to the cavity volume of the [Co4(L4,4ʹ-bibez)6](PF6)8 Co(ll) cage complex. The ~10% different observed between the cavity volume of those cages is due to different ligand orientations: in some cases the phenyl rings are coplanar with each other whereas in other cases, the phenyl rings are twisted by 90°. 
[image: ]
Figure 3.20: X-ray crystal structure of the tetrahedral Co(II) cage complex [Co4(L4,4ʹ-bibez)6](PF6)12.
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Figure 3.21: X-ray crystal crystallographic structure of [Co4(L4,4ʹ-bibez)6](PF6)12, showing the network viewed of the cage with PF6 – counter ions (green and purple). The cages are twisted to each other by 90° and the cavity between them. The counterions do not occupy the cavity of the cage and some of them sit on the faces, others sit to the metal centre.
[bookmark: _Toc31630502]Synthesis of the 2,2ʹ-bipyridine cobalt complexes
As the vertices provide the positively charge centres of the cage, tris-bipy complexes with Co(II) and Co(III) were synthesised as control compounds to determine if the corners alone act as effective catalysts. 
The mononuclear cobalt complexes [Co(bpy)3](PF6)2 and [Co(bpy)3](PF6)3 were synthesized according to the reported procedures.78,87,88 The Co(II) complex was prepared by mixing one equivalent of metal cobalt (II) as its chloride salt with three equivalents of 2,2ʹ-bipyridine in methanol at 56 °C to give the complex [Co(bpy)3](PF6)2 as a yellow solid in 90% yield. 
The [Co(bpy)3](PF6)2 complex was oxidised in CH3CN by adding NOBF4 at room temperature to obtain the Co(III) complex [Co(bpy)3](PF6)3 in 95% yield as an orange solid. The oxidation step could also be carried out by using cerium ammonium nitrate (a similar oxidation protocol to the one used to form the self-assembly tetrahedral cages complexes). NMR, mass spectrometry and electrochemistry were used to characterize the complexes and these analyses pointed out to the successful formation of the complexes. The characterisation agrees with the literature reports.87,88









Figure 3.22: Synthetic schemes for the complexes [Co(bpy)3](PF6)2 and [Co(bpy)3](PF6)3.

[bookmark: _Toc31630503]Electrochemistry
All cyclic voltammetry experiments (figure 3.23) were recorded under an inert atmosphere of nitrogen in anhydrous and degassed CH3CN using a 6 mL vial containing tetrabutylammonium hexafluorophosphate (TBAPF6) and the relevant cobalt (II) complex. The electrodes used were a glassy carbon working electrode, a platinum wire counter electrode and an Ag/AgCl reference electrode. The potential was controlled with an Emstat3+ Potentiostat using PSTrace software.
The cyclic voltammograms of bpy Co(II) complex and cobalt (II) tetrahedral cages complexes ([Co4(L1,4-bez)6](PF6)8 and [Co4(L4,4ʹ-bibez)6](PF6)8) (figure 3.23) showed electrochemically reversible reduction-oxidation cycles, due to the redox couples CoII/CoIII.89
The two cages show a broad (but apparently symmetric and therefore chemically reversible) wave that approximately matches the Co(II)-Co(III) couple of the tris-bipy complex.  As bipy alone has no oxidation at such a modest potential it is fairly safe to assign this to simultaneous conversion of all four metal centres between Co(II) and Co(III), which is what would be expected given the separation between them - oxidation of any one Co(II) to Co(III) is not going to affect the environment of the others whose redox waves would therefore be at about the same potential and overlap.
It is noticeable that [Co4(L4,4ʹ-bibez)6](PF6)8 has a significantly larger peak-peak separation than the [Co4(L1,4-bez)6](PF6); as shown for the [Co4(L4,4ʹ-bibez)6](PF6)8 the separation between the outward and return peaks looks to be >200 mV, whereas for the other cage ([Co4(L1,4-bez)6](PF6)8) the separation is not much more than 100 mV (and for Co(bipy)3 it looks to be around 90 mV). This could be due to better metal-metal communication for the bibez complex: if the positive charge from oxidising the first Co(II) to Co(III) can delocalise across the bridging ligand to adjacent metals, the adjacent metals will become slightly harder to oxidise and occur at a higher potential.  So as the oxidations proceed the [Co4(L4,4ʹ-bibez)6](PF6)8 gets harder and harder and the waves become spread out.
[image: ]    [image: ]
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Figure 3.23: Cyclic voltammograms measurements of complex [Co(bpy)3](PF6)2 (left) and cages complexes ([Co4(L1,4-bez)6](PF6)8 (right) and [Co4(L4,4ʹ-bibez)6](PF6)8 (bottom)) at only one scan rates 0.01 v/s . The scan was initiated in ≈1.0 V in the positive direction.
[bookmark: _Toc31630504]Cage catalysed reactions
We investigated the host-guest chemistry of water-soluble derivatives of Co(II) and Co(III) cages under the same conditions used in chapter 2. Following this, kinetic studies will reveal if our self-assembled cages have the ability to catalyse  reactions of the neutral organic guests (benzisoxazoles 2-4, 2-6 and phosphate triesters 2-1, 2-2, 2-3) which were previously used in chapter 2. The kinetic study of this system also allows us to investigate if these substrates occupy the cavity of the tetrahedral cage host or not. Obviously, one of the most interesting opportunities in these self-assemblies is to modify the catalysis and reactivity that can occur in their cavities. 
The chloride tetrahedral cages complexes   
All the tetrahedral cage complexes are either water-insoluble or have limited solubility in water at 298 K as the PF6- salts. Because of this, the counter ion PF6- was changed to Cl- according to the procedure utilized in chapter 2. The cages complexes as chloride salts ([Co4(L1,4-bez)6](Cl)12, [Co4(L4,4ʹ-bibez)6](Cl)12 ([Co4(L1,4-bez)6](Cl)8, and [Co4(L4,4ʹ-bibez)6](Cl)8 are completely soluble in water. These artificial container molecules provide relatively rigid central cavities with a highly cationic charged surface. With these features, the investigations of their ability to work as a catalyst in the Kemp elimination and hydrolysis of phosphate triesters will be a key comparison with the cubic cage described in chapter 2.
Cage-catalyzed Kemp elimination reactions
The background reaction of the elimination reactions of benzisoxazoles substrates (2-4, 2-6) was described in chapter 2, so in this chapter we move directly to the reactions in the presence of the tetrahedral cages complexes ([Co4(L1,4-bez)6](PF6)12, [Co4(L4,4ʹ-bibez)6](PF6)12 ([Co4(L1,4-bez)6](PF6)8, and [Co4(L4,4ʹ-bibez)6](PF6)8. All the water-soluble forms of the Co(II) and Co(III) cage complexes have UV/vis spectra that are virtually identical at the same concentration of their water solutions (figure 3.24). The spectra also matched that of the cubic cage complex (chapter 2 (figure 2.10)) over the same wavelength range. Hence the cage-catalysed reactions were monitored under the same conditions used in chapter 2 with the cubic cage-catalysed reaction so that a direct comparison between the cages could be made. 
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Figure 3.24: UV/vis spectra of cage [Co4(L4,4ʹ-bibez)6](PF6)12 at concentration 0.05 mM.

In the presence of a low concentration of the cage complex (0.05 mM) the elimination reaction of 5-nitro-1,2-benzisoxazole (2-4) was not accelerated by any of the cages (cobalt (III) and (II) cage complexes ([Co4(L1,4-bez)6](PF6)12 and [Co4(L4,4ʹ-bibez)6](PF6)12, [Co4(L1,4-bez)6](PF6)8 and [Co4(L4,4ʹ-bibez)6](PF6)8) (table 3.1). The observed rates were the same as the background reaction. 
For the cubic cage, the rate was enhanced by about an order of magnitude compared to the background reaction in presence of the same concentration of the cubic cage. These differences might be due to the points of interaction between the cage and the substrate, the shape of cage and the organic ligands which defined the edges in this an assembly(r) or might be just the unfavourable orientation of the substrate with cage surface lead to the reaction is not catalyse to happen. However, in tetrahedral cobalt(II) and cobalt(III) cages, the metal ions provide a less cationic cage complex compare to the cubic cage. To investigate whether the tetrahedral corners alone accelerate the reaction, 0.2 mM bpy Co(II) and Co(III) were added to the reaction solution. In both cases, the reaction was identical to the background reaction. 
Under the same conditions, we also monitored the reaction by HPLC using 0.5 mM of the 1,2-benzisoxazole substrate (2-6). This has a smaller size compare to the 5-nitrobenzisoxazole substrate (2-4). We found that with all tetrahedral cages used, the Kemp elimination reaction proceeds at the same rate as the uncatalysed reaction, so we wondered that the benzisoxazole substrates might not be bound inside the cavities of these tetrahedral assemblies. Again, under the same conditions, we found that the cubic cage works as an efficient catalyst for this reaction, and so here is a clear difference in their behaviour.
Table 3.1: Shows the observed rate constants of Kemp elimination reaction of benzisoxazoles substrates (2-4, 2-6) at pH 8, 298 K.
	Substrate / (2-4) [mM]
	Substrate / (2-6) [mM]
	Cage complex
	Cage/ [mM]
	kobs (10-5)(s-1)

	0.5
	-
	No cage
	-
	1.70 (± 0.004)

	0.5
	-
	[Co4(L1,4-bez)6](Cl)12
	0.05
	1.65 (± 0.004)

	0.5
	-
	[Co4(L4,4ʹ-bibez)6](Cl)12
	0.05
	1.73 (± 0.003)

	0.5
	-
	[Co4(L1,4-bez)6](Cl)8
	0.05
	1.71 (± 0.003)

	0.5
	-
	[Co4(L4,4ʹ-bibez)6](Cl)8
	0.05
	1.70 (± 0.004)

	0.5
	-
	Cubic cage
	0.05
	10.48 (± 0.004)

	-
	0.5
	No cage
	-
	0.18 (± 0.021)

	-
	0.5
	[Co4(L1,4-bez)6](Cl)12
	0.05
	0.17 (± 0.016)

	-
	0.5
	[Co4(L4,4ʹ-bibez)6](Cl)12
	0.05
	0.17 (± 0.018)

	-
	0.5
	[Co4(L1,4-bez)6](Cl)8
	0.05
	0.18 (± 0.020)

	-
	0.5
	[Co4(L4,4ʹ-bibez)6](Cl)8
	0.05
	0.18 (± 0.021)

	-
	0.5
	Cubic cage
	0.05
	83.73 (± 0.022)



Cage-catalysed hydrolysis of phosphate triester reactions
The hydrolysis of phosphate triester substrates (2-1, 2-2, 2-3) was monitored in the presence of each of the tetrahedral Co(II) and Co(III) cages complexes. The experimental rate constants showed that both of the tetrahedral cages Co(III) complexes ([Co4(L1,4-bez)6](PF6)12 and [Co4(L4,4ʹ-bibez)6](PF6)12) enhanced the rate of hydrolysis of all the phosphate triester molecules (2-1, 2-2, 2-3) at pH 8. However, the cobalt(II) cage complexes did not act as catalysts and the reaction in the presence of these cages was identical to the background reaction (table 3.2). As shown in (table 3.2) the cobalt (III) cage [Co4(L4,4ʹ-bibez)6](PF6)12 increased the observed rate of catalysed reaction more than the cobalt (III) cage Co4(L1,4-bez)6](PF6)12 with all the phosphate triester substrates. Both [Co4(L4,4ʹ-bibez)6](PF6)12 and [Co4(L1,4-bez)6](PF6)12 contain hydrophobic cavities with a positive charged surface which might provide the same accumulation of OH- ions and confined space for the phosphate substrates inside the cavity leading to enhancement of the rate of phosphate hydrolysis (figure 2.11 chapter 2). In the case of the Co(II) tetrahedral cages, this might due to the high-spin Co(II) centres are kinetically labile 80 and the cationic charges (8+). This is an interesting point for further investigation. 
Under the same conditions, hydrolysis of these phosphate triester substrates were not observed to be accelerated by using the bpy Co(II) and Co(III) complexes (table 3.2).





Table 3.2: The observed rate constants for hydrolysis of 5 mM phosphate triester substrates in the presence of different cage complexes at pH 8, 298 K.
	Substrate

	Substrate/
[mM]
	Complex
	Complex/
[mM]
	kobs (10-7) (s-1)

	2-1
	5
	No cage
	-
	4.20 (± 0.030)

	2-1
	5
	[Co4(L1,4-bez)6](Cl)12
	0.05
	84.81 (± 0.030)

	2-1
	5
	[Co4(L4,4ʹ-bibez)6](Cl)12
	0.05
	104.02 (± 0.028)

	2-1
	5
	[Co4(L1,4-bez)6](Cl)8
	0.05
	4.23 (± 0.028)

	2-1
	5
	[Co4(L4,4ʹ-bibez)6](Cl)8
	0.05
	4.20 (± 0.030)

	2-1
	5
	bpy Co(ll)
	0.2
	4.20 (± 0.031)

	2-1
	5
	bpy Co(lll)
	0.2
	4.21 (± 0.027)

	2-2
	5
	No cage
	-
	2.18 (± 0.031)

	2-2
	5
	[Co4(L1,4-bez)6](Cl)12
	0.05
	50.20 (± 0.030)

	2-2
	5
	[Co4(L4,4ʹ-bibez)6](Cl)12
	0.05
	62.11 (± 0.027)

	2-2
	5
	[Co4(L1,4-bez)6](Cl)8
	0.05
	2.18 (± 0.030)

	2-2
	5
	[Co4(L4,4ʹ-bibez)6](Cl)8
	0.05
	2.17 (± 0.031)

	2-2
	5
	bpy Co(ll)
	0.2
	2.17 (± 0.032)

	2-2
	5
	bpy Co(lll)
	0.2
	2.18 (± 0.030)

	2-3
	5
	No cage
	-
	5.13 (± 0.021)

	2-3
	5
	[Co4(L1,4-bez)6](Cl)12
	0.05
	15.82 (± 0.020)

	2-3
	5
	[Co4(L4,4ʹ-bibez)6](Cl)12
	0.05
	41.71 (± 0.021)

	2-3
	5
	[Co4(L1,4-bez)6](Cl)8
	0.05
	5.13 (± 0.022)

	2-3
	5
	[Co4(L4,4ʹ-bibez)6](Cl)8
	0.05
	5.12 (± 0.022)

	2-3
	5
	bpy Co(ll)
	0.2
	5.12 (± 0.020)

	2-3
	5
	bpy Co(lll)
	0.2
	5.14 (± 0.021)



The relative rate constants for the reaction of phosphate triesters (2-1, 2-2, 2-3) in the presence of [Co4(L4,4ʹ-bibez)6](PF6)12 compared to the presence of ([Co4(L1,4-bez)6](PF6)12 differ by about two fold. This difference indicates that the reaction occurs inside the cage cavity because the cavity of tetrahedral complex [Co4(L4,4ʹ-bibez)6](PF6)12 is bigger than the cavity of ([Co4(L1,4-bez)6](PF6)12. In the small cage the reaction might happen outside the cage cavity, but in the bigger one the reaction could reasonably occur inside and on surface outside the cage. We expected to see greater differences between both of the cases if the reaction was left for longer, this occurred when the reaction was performed using HPLC for a longer time. Using HPLC is more reliable due to more details and complete reaction, but it was taken a long time to flow the reaction. So using U-Vis is butter and it is not less reliable than HPLC data because UV-Vis data were repeated three times and they are identical, all HPLC data are in good agreement with UV-Vis data.
 As shown in (figure 3.25) HPLC data, [Co4(L4,4ʹ-bibez)6](PF6)12 increases the rate of hydrolysis of 2-nitrophenyl dimethyl phosphate 2-1 much faster than using the smaller capsule ([Co4(L1,4-bez)6](PF6)12 and it is clear that the system underwent catalytic turnover. Furthermore, monitoring the reaction by 31P NMR also shows that the presence of cage [Co4(L4,4ʹ-bibez)6](PF6)12 accelerated the catalysed reaction more than cage ([Co4(L1,4-bez)6](PF6)12 (figure 3.26). The measurement of the reaction rates of both catalysed (the concentration of the cage was 0.25 mM) and uncatalysed reaction under our standard conditions by using the 31P NMR spectroscopy showed that the starting material (2-1) was nearly fully converted into product (dimethyl phosphate) in 12 h and completed within 24 h in the presence tetrahedral cage of cobalt (III) [Co4(L4,4ʹ-bibez)6](Cl)12. The starting material disappeared in about 48 h when the cage cobalt(III) [Co4(L1,4-bez)6](Cl)12 was used as a catalyst (figure 3.26). 
Monitoring the reactions for ([Co4(L1,4-bez)6](PF6)8, [Co4(L4,4ʹ-bibez)6](PF6)8), bpy Co(II) and bpy Co(III) using HPLC, the data showed that the observed rates were identical to the background reaction (figure 3.25 (left)). 
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Figure 3.25: Uncatalysed reaction (left), kobs = 1.60 x 10-7 s-1 and cage-catalysed reaction of hydrolysis of 2-nitrophenyl dimethyl phosphate 2-1 in the presence of: [Co4(L1,4-bez)6](Cl)12 (right), kobs = 5.01 x 10-6 s-1  and [Co4(L4,4ʹ-bibez)6](Cl)12 (bottom), kobs = 2.60 x 10-5 s-1  ([substrate] = 5 mM at pH 8, and [cage] = 0.05 mM), (red) appearance of the product (2-8) was monitored by HPLC at 266 nm and 298 K, R2 > 0.99.
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Figure 3.26: 31P NMR spectra of the cage-catalysed and uncatalysed reaction of the hydrolysis of 2-nitrophenyl dimethyl phosphate 2-1 (5 mM at pH 8, [cage] = 0.25 mM, and 298 K); (left) [Co4(L1,4-bez)6](Cl)12 and (right) [Co4(L4,4ʹ-bibez)6](Cl)12 (right).

As noted above, the Co(III) cages enhanced the rate of hydrolysis of the phosphate triesters, but not with 1,2-benzisoxazole. Thus the reaction of 2-nitrophenyl dimethyl phosphate 2-1 was performed in the presence of an excess of 1,2-benzisoxazole. Based on UV/vis and HPLC data, the added benzisoxazole did not affect either the catalysed reaction or the uncatalysed reaction. This information supported our suggestion that the benzisoxazole is not interacting with cages cavities and surfaces.

[bookmark: _Toc31630505]Effect of cage and the substrate concentration on the cage-catalysed hydrolysis of 2- nitrophenyl dimethyl phosphate

To investigate the effect of the cage concentration on the hydrolysis of phosphate triester (2-1), the cage concentration was varied from 0.05 mM to 0.15 mM. In the case of both cobalt (III) cages ([Co4(L1,4-bez)6](Cl)12 and [Co4(L4,4ʹ-bibez)6](Cl)12) (figure 3.27), adding more cage to the reaction solution leads to an increase in the rate constant of hydrolysis of  5 mM phosphate (2-1). The relative rate constant for the catalysed reaction in the presence of different amount of the cage differ by ≈ 2 times when the cage increased by 2 times (from 0.05 mM to 0.1 mM) in case of cage [Co4(L1,4-bez)6](Cl)12 and differs by about 3 times by adding of the host [Co4(L4,4ʹ-bibez)6](Cl)12 to reaction solution by 3 times.
To examine the effect of increasing the substrate concentration, the cage was used at 0.05 mM with an excess of substrate. The substrate was used at 5 mM, 10 mM and 15 mM concentrations. It is evident that the observed rate of the reaction is accelerated by increasing the substrate concentration in the reaction mixture. Herein, enhancement of the rate cage-catalysed was reported by (rcat[15]/rcat[5]) of 43 and (rcat[15]/rcat[5]) of 46 for the cages ([Co4(L1,4-bez)6](Cl)12 and [Co4(L4,4ʹ-bibez)6](Cl)12) respectively and also (rcat[15]/rcat[5]) of ≈ 3 for the uncatalysed reaction. Based on this, it seems to be weak binding of the substrate at pH 8 where the substrate is neutral and continued the interaction with the cage as at the beginning of the experiment. Similarly to the cubic cage, increasing the substrate concentration leads to exponential trend as the cage becomes more saturated (figure 3.28). 
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Figure 3.27: Observed rate constant of 2-nitrophenyl dimethyl phosphate hydrolysis as a function of the tetrahedral cage concentration (mM):([Co4(L1,4-bez)6](Cl)12 (left) and [Co4(L4,4ʹ-bibez)6](Cl)12) (right) at pH 8, 298 K.
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Figure 3.28: Rate of 2-nitrophenyl dimethyl phosphate hydrolysis as a function of the substrate concentration (mM):( [Co4(L1,4-bez)6](Cl)12  (left) and [Co4(L4,4ʹ-bibez)6](Cl)12) (right) at pH 8, 298 K. The data is fitted to an exponential rise equation (see experimental and appendix).

[bookmark: _Toc31630506]Rate constants and pH-dependence
Under the same conditions that have been described with cubic cage in chapter the possibility to increase the pH of the catalysed reaction mixture was performed for the Co(III) tetrahedral cages. The reaction of phosphate triesters (2-1, 2-2, 2-3) in the presence of cobalt (III) cage complexes ([Co4(L1,4-bez)6](Cl)12 and [Co4(L4,4ʹ-bibez)6](Cl)12) and the background reaction (figure 2.29 and figure 2.30) showed that the ratio of the catalysed and uncatalysed reactions(kcat/kuncat) is pH dependent and increases as the pH drops. Furthermore, the cage-catalysed reaction was independent of the OH- ions.43,60 It is clear from the graphs that the rate of catalysed reactions (blue circles)  is faster than the uncatalysed reactions  (red circles) at all the cases. The values of observed rate constants range between maximum 50 times faster (in the case of cage [Co4(L1,4-bez)6](Cl)12 with the substrate 2-3) to minimum 3 times (in the case of cage [Co4(L4,4ʹ-bibez)6](Cl)12 with the substrate 2-1)  compare to the observed rate constants for the uncatalyse reactions.
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Figure 3.29: The logarithm of the rate constants against the pH dependence of the uncatalysed reaction of hydrolysis of phosphate triesters substrates (red) and pH-independent of the catalysed reaction using this self-assembly [Co4(L1,4-bez)6](Cl)12. (see experimental)
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Figure 3.30: pH dependence of rate constants of the uncatalysed reaction of hydrolysis of phosphate triesters substrates (red) and (blue) catalysed reaction using this self-assembly [Co4(L4,4ʹ-bibez)6](Cl)12. (see experimental). 


[bookmark: _Toc31630507]Inhibitor reaction 
Effect of the presence of chromone of on the cage catalysed reaction
It has previously been reported that because of the hydrophobic effect, chromone (1-benzopyran-4-one) is driven to bind within tetrahedral cobalt (III) complex host system that has some similar features with [Co4(L1,4-bez)6](PF)12.78 According to this, using our cobalt (III) synthetic hosts at 0.05 mM concentration with 15 mM of the chromone (1-benzopyran-4-one) present, the rate of the reaction was reduced to the background reaction in the case of [Co4(L1,4-bez)6](Cl)12, using UV/vis spectroscopy and HPLC to monitor the reactions.  This is in excellent agreement with the data obtained from a previous study.78 However, using synthetic host [Co4(L4,4ʹ-bibez)6](Cl)12 as a catalyst in the presence of 15 mM of the chromone, the hydrolysis of phosphate substrate (2-1) was slowed down by only 5 fold (Table 3.3) . The conclusion that can be drawn from these experiments relies on the premise that the chromone acts as a competitive inhibitor and binds the cavity of the cage complex in a similar fashion for both cages to inhibit the catalysed reaction. The different effects between the cases of cages, this support our expectation that the reaction in the cage [Co4(L4,4ʹ-bibez)6](Cl)12 occurs inside and outside the cage that is why the rate of the catalysed reaction in this case decreased but was not reduce to uncatalysed reaction.

Table 3.3: The observed rate constants of the hydrolysis of 2-nitrophenyl dimethyl phosphate substrate at pH 8, 298 K. 
	Substrate  2-1 /
[mM]
	Competitive substrate /
chromone
	Cage / [Co4(L1,4-bez)6](Cl)12 /
[mM]
	Cage / [Co4(L4,4ʹ-bibez)6](Cl)12 / [mM]
	kobs (10-7) (s-1)

	5
	0
	0
	0
	4.20 (± 0.030)

	5
	15
	0
	0
	4.20 (± 0.031)

	5
	0
	0.05
	0
	84.81 (± 0.030)

	5
	15
	0.05
	0
	4.31 (± 0.030)

	5
	0
	0
	0.05
	104.02(± 0.028)

	5
	15
	0
	0.05
	54.71(± 0.027)




Effect of chloride and bromide ions concentration of the cage-catalysed reaction
We anticipated that it would be necessary to test the cages’ ability to act as catalysts for the hydrolysis of phosphate triesters (1-2) in the presence of halides. According to the procedure used in chapter 2 with the cubic cage, we demonstrated that including halides in the catalysed reaction mixture led to inhibition of both the cage-catalysed reactions. This could be because of the accumulation of the halides around the synthetic cationic tetrahedral cages complexes, or because halides bind inside the cavity. There is strong competition with the hydroxyl ions on the cage sites at the surface but it is dependent on the halides desolvation.44,43,68 The data reported here agrees with the inhbition of the cubic cage by halides ions. However, addition of (6 mM in the case of [Co4(L1,4-bez)6](Cl)12 and 8 mM in case of [Co4(L4,4ʹ-bibez)6](Cl)12)) sodium chloride to the reaction solution decreased the catalysed reaction to the background reaction (the concentration of the chloride was varied from 0.6 to 10 mM). Furthermore, just (4 mM in case of [Co4(L1,4-bez)6](Cl)12 and 5 mM in case of [Co4(L4,4ʹ-bibez)6](Cl)12)) from the bromide ions was enough to reduce the reaction rate to the same as the uncatalysed reaction (figure 3.31). As the amount of halide used in the case of the tetrahedral Co (III) complex is less than the amount used in the cubic cage, we suggest that the cationic charged (12+) of tetrahedral cages contain surface sites to interact with the anions less than the cubic cage cobalt (II). 
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Figure 3.31: Demonstration of the progress of 2-nitrophenyl dimethyl phosphate with 0.05 mM cage catalyst in the presence of halides: chloride () in the presence of [Co4(L1,4-bez)6](Cl)12 and () in the presence of [Co4(L4,4ʹ-bibez)6](Cl)12), bromide ()  in the case of [Co4(L1,4-bez)6](Cl)12 and () in the presence of [Co4(L4,4ʹ-bibez)6](Cl)12) and uncatalysed reaction () at pH 8, 298 K.


[bookmark: _Toc31630508]Effect of the presence of phenolate ions on the cage-catalysed reaction
Under the same conditions, monitoring of the catalysed reaction was undertaken in the presence of phenols (3-chlorophenol and 3-fluorophenol) with tetrahedral cages complexes ([Co4(L1,4-bez)6](PF6)12 and [Co4(L4,4ʹ-bibez)6](Cl)12). With these phenolate ions present, the hydrolysis of phosphate triesters (2-1) can proceed at (0.5 mM, 2 mM, 4 mM) of both of phenols that because the phenolate ions might accumulate around the cage surface. Based on this, we investigated the effect of adding the phenolate product (2-nitrophenolate 2-8) to the reaction mixture. We found that, the presence of 0.5 mM, 2 mM or 4 mM of the product (2-8) the rate of the cage-catalysed reaction did not change. This proved that the catalysed reaction undergoes turnover without significant product inhibition and as shown in (table 3.4), the relative rate constants confirmed that the phenolate ions act similarly with the synthetic hosts in reaction solution though it is dependent on their basicity. 

Table 3.4: The observed rate constants of hydrolysis of phosphate triester (2-1) at pH 8, 298 K.
	substrate   2-1 [mM]
	Cage [Co4(L1,4-bez)6](Cl)12 /
[mM]
	Cage[Co4(L4,4ʹ-bibez)6](Cl)12 / [mM]
	3-chlorophenol
	3-fluorophenol
	2-nitrophenol
	
kobs (10-7)( s-1)

	
	
	
	pKa
	[mM]
	pKa
	[mM]
	pKa
	[mM]
	

	5
	0
	0
	-
	0
	-
	0
	-
	-
	4.20 (± 0.030)

	5
	0
	0
	9
	0.5
	-
	0
	-
	-
	4.20 (± 0.030)

	5
	0
	0
	-
	0
	9.3
	0.5
	-
	-
	4.23 (± 0.028)

	5
	0
	0
	-
	0
	-
	0
	7.17
	0.5
	4.25 (± 0.030)

	5
	0.05
	0
	-
	0
	-
	0
	-
	-
	84.81 (± 0.030)

	5
	0.05
	0
	9
	0.5
	-
	0
	-
	-
	208.01 (± 0.030)

	5
	0.05
	0
	-
	0
	9.3
	0.5
	-
	0
	333.02 (± 0.027)

	5
	0.05
	0
	-
	0
	-
	0
	7.17
	0.5
	114.01(± 0.030)

	5
	0
	0.05
	-
	0
	-
	0
	-
	0
	104.02 (± 0.028)

	5
	0
	0.05
	9
	0.5
	-
	0
	-
	0
	414.11 (± 0.027)

	5
	0
	0.05
	-
	0
	9.3
	0.5
	-
	0
	675.02 (± 0.030)

	5
	0
	0.05
	-
	0
	-
	0
	7.17
	0.5
	189.23 (± 0.027)






[bookmark: _Toc31630509]Involvement of other anions in the catalysed reaction
We measured the rate constant of the cage (kcat) in the presence of additional anions (salicylate and 4-fluorobenzoate) because based on size, these molecules have quite similar size to molecules were encapsulated using tetrahedral Co(III) cages complexes which revealed a similar size of the cavity to cage Cage [Co4(L1,4-bez)6](Cl)1278 Under our standard conditions, the observed rate constant showed that the presence of 7 mM of these anions enhanced the rate of the catalysed reaction to some extent. The presence of these anions did not reduce the catalysed rate, this refers to those anions accumulated around the cationic cage surface reinforcing the interaction with phosphate substrate (2-1) if we consider our expectation that the reaction occurs outside the cage or these anions might exhibit reversible binding with host cavity78 to allow the reaction to happen also inside the cage cavity.

Table 3.5: The observed rate constants of hydrolysis of phosphate triester (2-1) at pH 8, 298 K.
	Substrate 
2-1
[mM]
	Cage [Co4(L1,4-bez)6](Cl)12 /
[mM]
	Cage[Co4(L4,4ʹ-bibez)6](Cl)12 / [mM]
	Sodium salicylate
[mM]
	Sodium 4-fluorobenzoate
[mM]
	
kobs (10-7)( s-1)

	5
	0
	0
	0
	0
	4.20 (± 0.030)

	5
	0
	0
	7
	0
	4.22 (± 0.030)

	5
	0
	0
	0
	7
	4.21 (± 0.031)

	5
	0.05
	0
	0
	0
	84.81 (± 0.030)

	5
	0.05
	0
	7
	0
	112.80 (± 0.031)

	5
	0.05
	0
	0
	7
	125.01 (± 0.032)

	5
	0
	0.05
	0
	0
	104.02 (± 0.028)

	5
	0
	0.05
	7
	0
	139.39 (± 0.027)

	5
	0
	0.05
	0
	7
	177.02 (± 0.031)



[bookmark: _Toc31630510]Conclusions
In summary, the target ligands L1,4-bez and L4,4ʹ-bibez have been successfully synthesised and have been combined with Co(II) ions to form new tetrahedral cages complexes ([Co4(L1,4-bez)6](PF6)8 and [Co4(L4,4ʹ-bibez)6](PF6)8).This self-assembly process was followed by an oxidation protocol to form new kinetically stable tetrahedral Co(III) cages complexes ([Co4(L1,4-bez)6](PF6)12 and [Co4(L4,4ʹ-bibez)6](PF6)12). Isolation of these cage complexes has been completed successfully, and they were characterised by NMR spectroscopy, mass spectrometry and x-ray crystallography. 
We have demonstrated that the tetrahedral Co(lll) synthetic hosts ([Co4(L1,4-bez)6]12+ and [Co4(L4,4ʹ-bibez)6]12+) can act as a catalysts for the hydrolysis of phosphate triesters substrates, might be due to the combination of (i) accumulation of a high concentration of hydroxide ions around the cationic cage surface (12+), and (ii) relatively hydrophobic substrate located in  the cavity of these cages. However, they cannot catalyse the Kemp elimination reaction using benzisoxazole as substrates (5-nitro-1,2-benzisoxazole and 1,2- benzisoxazole) perhaps due to their place of interaction with the cages and their favoured orientations are not suitable for the reaction to occur, the tetrahedral cages work differently compare to the cubic cage.
We have also demonstrated that the ([Co4(L1,4-bez)6]8+ and [Co4(L4,4ʹ-bibez)6]8+) coordination cages do not catalyse either the Kemp elimination reactions nor the hydrolysis of phosphate triester substrates. This might be because the Co(II) complexes are not completely kinetically stable and could also be because their cationic charges (8+) are not high enough for hydroxyl ions to accumulate around the surface. Furthermore, all the controls experiments showed that, in the absence of the cages and the presence of substrates, there was no rate acceleration for the background reaction. The bpy Co(II) and Co(III) complexes, which form the corners of the tetrahedar, showed no catalytic effect.
In terms of the reaction using the 2-nitrophenyl dimethyl phosphate substrate and the tetrahedral Co(III) cages complexes as a catalyst, increasing the substrate concentration leads to an increase in the catalysed reaction rate and also adding more cage to the reaction mixture enhanced the rate of catalysed reaction. The presence of competing substrate (chromone 15 mM) in the catalysed reaction solution lead to a decrease in the catalysed reaction in the case of [Co4(L4,4ʹ-bibez)6](Cl)12 and inhibited the catalysed reaction in case of ([Co4(L1,4-bez)6]( Cl)12 to that of the uncatalysed reaction due to it preventing the binding of the substrate inside the synthetic cage cavity. Furthermore, other competitive inhibition experiments were performed: addition of halides (Cl-, Br-) lead to competition with hydroxide binding to the sites of the synthetic cage surface. Replacing the hydroxyl ions by halides to the synthetic cage windows can reduce the rate of catalysed reaction to that the background reaction. On the other hand, addition of the other anions around the cage surface (phenolate, salicylate, fluorobenzoate) did not decrease the cage-catalysed reaction. The initial rate constant of the catalysed reaction is pH-independent in range of 8 to 9.5, leading to acceleration of the observed rate by a maximum of 25 fold in case of 2-nitro dimethyl phosphate substrate. However, the rate of uncatalysed reaction of all phosphate esters substrates is pH dependent.
This synthetic catalytic system creates the possibility for further interesting investigations of this type of catalysis with other substrates that can react with bases and other anions which can accumulate around the cationic cage surface.
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[bookmark: _Toc31630512]Introduction
As previously described in this thesis, self-assembled supramolecular structures, such as tetrahedral cage complexes, have the ability to selectively bind guest molecules via various non-covalent interactions such as hydrogen-bonding, non-polar interaction and the hydrophobic effect.49,90,91 Currently, there are various types of artificial host molecules formed from the self-assembly of bridging ligands or some simple components. However, preparing these molecules controllably is still a challenge.80,92,93 Nitschke and co-workers prepared a tetrahedral cage by combining iron (II) ions with 2-formylpyridine and 4,4’-diaminobiphenyl-2,’-disulfonic acid (figure 4.1). They suggested that the cage can undergo an “unlocking” through addition of acid and can a “relocking” through addition of base (figure 4.2), in this case,94 they explained that in acidic solution the cage could undergoes to reversibly open. Adding the p-toluenesulfonic acid (10.0 equiv) to the reaction solution of the C6H12 ⸦ cage complex drove the cage to take apart (figure 4.2), with the cyclohexane guest and other subcomponents (2-formylpyridine and 4,4’-diaminobiphenyl-2,2’-disulfonic acid). However, the adding sodium bicarbonate (15.0 equiv) leaded the C6H12 ⸦ cage to re-form, so the formation of the cage was reversible.






[image: ]
Figure 4.1: Formation of tetrahedral cage [Fe4L6]8+ in aqueous solution using the 2-formylpyridine and 4,4’-diaminobiphenyl-2,2’-disulfonic acid. (Produced with permission from ref. 94).

[image: ]
Figure 4.2: Reversible formation of tetrahedral cage of cyclohexane within [Fe4L6]8+ (C6H12 ⸦ cage). (Produced with permission from ref. 94).

The ability of this container to stabilise a reactive guest species is illustrated by the encapsulation of white phosphorus. This material is very sensitive to atmospheric air; however, Nitschke and co-workers demonstrated that the tetrahedral coordination cage was able to trap the white phosphorus within its interior cavity. The P4 is unreactive in the host cavity as oxygen is not able to fit into the interior of the cavity as well. It is possible to extract the white phosphorus from the assembly readily by replacement with benzene.48 In further investigations, Nitschke and co-workers discovered another example of this cage’s capacity to serve as a protecting host in water. In this case, the host prevented the Diels-Alder reaction between maleimide and furan by binding the furan. Subsequently, the addition of a competing guest (benzene), displaced the furan (because benzene binds more strongly in the host cavity), allowing the Diels-Alder reaction to proceed. This protection strategy works on the basis of the size of the reactants and not chemical functionality, which might be extended to allow selective protection from the mixture of reactants that have different sizes with similar functional groups.49

[bookmark: _Toc31630513]The aim
The aim of this chapter was to synthesise new self-assembled metal coordination cage complexes that are catalytically active. These cages are based on using bipyridyl ligands with imine linkers to combine with cobalt (II) via self-assembly followed by oxidation. This self-assembled structure would then be stable at the vertices, which would be substituionally inert Co(III). This type of bridging ligands was targeted because it has the potential to allow reversible synthesis of the cage. It is expected that the new assembly can undergo hydrolysis to obtain complexes with facially arranged aldehydes (that are stable, as Co(III) no longer allows facile isomerization). These can be linked with new spacers to form new self-assembled coordination cages, such as using a new spacer with [Co(bpy-CHO)3]3+ to make new  [Co(III)4L6]12+ complexes (figure 4.3).




Figure 4.3: Reformation of tetrahedral cage [M4L6]12+.






[bookmark: _Toc31630514]Results and discussion
The first step towards the creation of the target was to choose the metal ion and the ligand. In our case, as a first attempt the model chosen was cobalt (III) as a metal ion and bridging ligand 1,4-Bis[5-imine-2,2’-bipyridyl]benzene L4-a (the edge ligand in figure 4.3 and figure 4.11). We designed the chosen system to be kinetically stable, so that is can be used in kinetic studies. We attempted to synthesise Co(III)4L6 by using a bridging ligand. This synthetic route provided a strategy in which the synthesis of the edge of tetrahedral structure [Co(III)4L6]12+ first. This is to avoid making the corner of the tetrahedral cage first, as in this strategy, we will face an isomer problems which is anticipated, in the case of the complex [Co(bpy-CHO)3]3+, where two isomers fac and mer will spontaneously form. The mer and fac labels arise from the relative position of the aldehyde group (figure 19). In this regard, fac isomer can form cage with the spacer, but mer isomer cannot.
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Figure 4.4: Isomers of complex formed with three equivalents of bpy-CHO and one equivalent of cobalt (II).
[bookmark: _Toc31630515]Synthesis of the ligand 4-4
The attempted synthesis of 5-Formyl-5’-methyl-2,2’-bipyridine 4-4 consisted of two separate steps as shown in figure 4.5.



Figure 4.5: Synthesis of the 5-Formyl-5’-methyl-2,2’-bipyridine 4-4.

The synthesis of 4-2 was performed using Bredereck’s reagent (figure 4.5).95 An orange solid was obtained from the reaction mixture in a 45 % yield. The ratio of 4-2:4-3 in the mixture decreased with the number of equivalents of Bredereck’s reagent, based on integrating the two signals at 5.12 and 6.89 ppm in the 1H NMR spectrum. Increasing the reagent by two equivalents decreased the amount of 4-3 in the reaction mixture two fold, although this is contrary to what is reported by Bredereck’s group.96 


[image: ]

Figure 4.6: The mechanism of the formation of the enamines 4-2, 4-3.

All attempts to separate 4-2 and 4-3 from each other were not successful. Hence, the mixture of 4-2 and 4-3 was used as the starting material for the next step. Sodium periodate was used to carry out oxidative cleavage of the enamine to form the aldehyde in the ligands97 4-4 and 4-5. The periodate oxidative cleavage of the mixture of compounds 4-2 and 4-3 produced a white-yellow solid mixture of both aldehydes 4-4 and 4-5. These aldehydes were identified by the two singlet signals in the 1H-NMR spectrum at 10.17 and10.19 ppm, and the ratio of 4-4 to 4-5 was found to be 7:1 respectively. The efforts at separating 4-4 and 4-5 from each other were also unsuccessful. 
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To solve the problems above, we decided to synthesize 4-10 which has only one methyl group. The first attempt at the synthesis of the ligand 4-10 was carried out by following the procedure reported by Wenger et al.98 for the preparation of 4-7, and Schubert et al.99 for preparing 4-8. Then, 4-8 could be used to synthesise 4-10 as shown in (figure 4.7).




Figure 4.7: Synthesis of the 5-formyl-2,2’-bipyridine 4-10.
The pyridinium salt 4-7 was prepared by heating commercially available 2-acetylpyridine 4-6 with iodine in pyridine. The golden cream crystals of the salt 4-7 were obtained in excellent
yield (97%). Then 4-7 was reacted with methacrolein and ammonium acetate in DMF to furnish 4-8 as a brown liquid in good yield (83%). In the presence of the Bredereck’s reagent, compound 4-8 was partially converted into the enamine 4-9 after three days at 120 °C, but the yield was poor at about 12%. Aldehyde 4-10 was generated from enamine 4-9 in the presence of sodium periodate. The structure of 4-10 was deduced from the aldehyde signal at 10.18 ppm. We decided the the low yield of 4-9 was due to a reagent problem because when the reagent reacted with 5,5’-dimethyl-2,2’-bipyridine, it gave a much poorer yield as well than when previously used (figure 4.5).
Because the procedures for the formation of the enamine 4-9 and aldehyde 4-10 gave low yields we tried to carry out the procedure reported by Jaschke and co-workers100 as an alternative route to obtain 4-10. In this synthetic route we attempted to convert 4-8 into bromomethyl-2,2’-bipyridine by a photochemical reaction in the presence of N-bromosuccinimide (NBS) and azobisisobutyronitrile (AIBN) in CCl4. After that, the brominated compound can react with hexamethylenetetramine (HMTA) to give 4-10101 (figure 4.8), but our attempt at the photochemical bromination failed.



Figure 4.8: Synthesis of the 5-formyl-2,2-bipyridine 4-10.

Thus, we attempted another route to obtain the 4-10 as shown in (figure 4.9).


Figure 4.9: Synthesis of the 5-formyl-2,2-bipyridine 4-10.

In this method, we started from compound 4-8 which had been prepared successfully as described previously. Following the procedure of Toy et al.,102 4-8 was oxidized by KMnO4 to convert it into the corresponding carboxylic acid 4-11 as a white solid in 70% yield. After this step, 4-11 was reacted with thionyl chloride followed by treatment with sodium borohydride, so that 4-11 was reduced to the corresponding alcohol 4-12. 4-12 was obtained as a yellow liquid with a yield of 65%. The 1H NMR spectrum showed a signal at 4.67 ppm for the methylene group within the structure of 4-12. The primary aromatic alcohol 4-12 underwent oxidation in anhydrous methylene chloride in the presence of pyridinium chlorochromate (PCC) to form the aldehyde 4-10 as an ivory solid in 60% yield. The 1H NMR spectrum showed complete disappearance of the single signal for (-CH2-) at 4.67 ppm, and an aldehyde signal was observed at 10.20 ppm. 
[bookmark: _Toc31630517]Synthesis of the new bridging ligands 
1,4-bis-[5-(2,2,-bipyridyl)imine]benzene L4-a was expected to be synthesised by reacting 5-formyl-2,2’-bipyridine 4-10 with 1,4-diamino benzene 4-13 in ethanol at reflux (figure 4.10), but compound L4-a was not obtained. The product was 1-[5-(2,2’-bipyridyl)methyleneamino]-4-aminobenzene 4-14. We suspected that this was because the molar ratio of 4-10 and 4-13 was not 2:1, so there was an excess of 4-13 in the mixture of reaction. Compound 4-14 was obtained as a white solid in 55% yield and was characterised with IR, mass spectrometry and 1H NMR spectroscopy.


Figure 4.10: Synthesis of the 1-[5-(2,2’-bipyridyl)methyleneamino]-4-aminobenzene 4-14.
The ligand L4-a was obtained by adding 5-formyl-2,2’-bipyridine 4-10 to 1,4-diamino benzene 4-13 in a 1:1 ratio then reacting compound 4-14 with 5-formyl-2,2’-bipyridine 4-10 giving a yellow solid in 67 % yield. 
Ligands L4-b, L4-c and L4-d were synthesised using the same procedure as for the synthesis of L4-a (figure 4.) based on the 5-formyl-2,2’-bipyridine 4-10. The key ligand 4-10 was reacted with different aromatic spacers (4-14, 4-15, 4-16 and 4-17) under slightly different conditions to form: ligand L4-b as a yellow solid in 65% yield; ligand L4-c as a yellow compound in 65 % yield; and L4-d as a white solid in 60 % yield. Successful preparation of the ligands was confirmed by NMR spectroscopy and mass spectrometry.




Figure 4.11: Synthesis of the bridging ligands.
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The first attempts to synthesise the tetrahedral cage was performed by self-assembly of ligand L4-a with Co(II) ion (as the ClO4- salt) in degassed CH3CN at reflux under N2 for 17 h. This self-assembly was followed by an oxidation step using CAN at room temperature. In this assembly, we anticipated that four metal atoms would be located at the vertices and bridged by six L4-a. The host assembly (figure 4-12) can take place reversibly and rapidly when Co(II) is used. The cage structure requires the facial geometry at each corner.


Figure 4.12: Synthesis of Co(III) capsules. 
In this strategy, it is expected that the cage (figure 4-12) will be obtained by reacting the six new bis-bidentate ligands with 4 equivalents of Co(II). This attempt and all other attempts using the other bridging ligands (L4-b, L4-c and L4-d) under different conditions were not successful in forming the tetrahedral cage. NMR spectroscopy and mass spectrometry showed that the bridging ligands hydrolysed to their components (the aldehyde 4-10 and spacers)103 under our conditions. The table 4.1 showed the various attempts under different conditions
using bridging ligand (L4-a) to form a cage complex.  We tried the same methods with the other ligands, which we had designed to have more stable imine linkages, but unfortunately none were successful. It was not possible to generate the cage under any of these conditions.

Table 4.1: Shows a summary of attempts to synthesise tetrahedral cages.
	Entry
	Starting material
	Conditions
	Outcome

	
1
	
Co(ClO4)2.6H2O, L4-a, CAN
	
CH3CN, 50 0C, 17h
	Not water soluble, 1H NMR spectrum showed some bridging ligand signals; mass spectroscopy showed the aldehyde ligand.

	
2
	
Co(ClO4)2.6H2O, L4-a, CAN
	
CH3CN, 80 0C, 17h
	Not water soluble, 1H NMR spectrum showed some aldehyde ligand signals mass spectroscopy showed the aldehyde ligand.

	
3
	
Co(ClO4)2.6H2O, L4-a, CAN
	
CH3CN, 35 0C, 17h
	The poor solubility for the bridging ligand was noticed in the reaction solution during the experiment.

	
4
	
Co(ClO4)2.6H2O, L4-a, CAN
	
CH3CN, 50 0C, 4h
	The result was obtained is a similar to the case of (1).

	
5
	
Co(ClO4)2.6H2O, L4-a, CAN
	
CH3CN:ethanol (1:1), 50 0C, 17h
	The result was obtained is a similar to the case of only using CH3CN.

	

6
	
Co(ClO4)2.6H2O, L4-a, CAN
	
CH3CN, 50 0C, 17h, the reaction performed in concentrated solution.
	
We did not get any different result to the reaction was performed in dilute solution (1).

	
7
	
Co(ClO4)2.6H2O, 5-formyl-2,2’-bipyridine, 1,4-diamino benzene, CAN
	
CH3CN, 50 0C, 17h (and with increasing the time,  decreasing the time, changing the solvent)
	Not water soluble, the 1H NMR spectrum for the crude mixture was noisy, not clear to understand anything. The mass spectrum showed some signals related to starting material.

	
8
	
Co(ClO4)2.6H2O, L4-a, NOBF4
	
CH3CN, 50 0C, 17h
	The result was obtained is a similar to the case of using CAN.






[bookmark: _Toc31630519]Conclusion 
The series of bridging ligands (L4-a, L4-b, L4-c and L4-d) have been successfully synthesised, and have been characterised by NMR spectroscopy and mass spectrometry. The synthesis of the ligands was achieved by using 5-formyl-2,2’-bipyridine as a key ligand and introducing different aromatic spacers. The synthesis of the key ligand was attempted via several routes. The results of these routes indicated that the best way to obtain the key ligand was by using 5-methyl-2,2’-bipyridine 4-8. 4-8 could be oxidized to give 2,2,-bipyridine-5-carboxylic acid 4-11, which was then reduced to the corresponding alcohol 4-12 and converted into the key ligand 4-10. 
The synthesis routs to combine cobalt (II) ions with the bridging ligands followed by an oxidation protocol was not successful to create the tetrahedral cages (figure 4.13) due to the imines ligands were susceptible to hydrolysis to the corresponding amine and aldehyde compound.
The different approaches for the investigation of the suitable conditions to create tetrahedral ligand indicated that the synthesis of tetrahedral will never work by using this type of the imine bipyridyl bridging ligand. This because these ligands hydrolysed to their components (the aldehyde and spacers) under used conditions, whereas these methods are sensible for making the cages.
In different approach to using this type of bridging ligand, we anticipate that might be possible to make suitable corners with the ligand and then being decomposed to a corner fragment, which could reassembled to form the cage.




Figure 4.13: Structure of the host-assembly [Co4L6]12+ shows the arrangement of metal ions and bridging ligand, which it was expected to form.
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The overall aim of these investigations was to discover whether different structures of cobalt coordination cage complexes are similar to each other in the way that they catalyse different class of reactions with various species of substrates. A recent hypothesis for the activity of a cubic cage complex suggested a novel balance between cavity binding driven mainly by solvophobic effects, and surface activation which depend mainly on electrostatic interactions. The comparison between a series of self-assembled tetrahedral cobalt cage complexes and further study of the cubic cage cobalt complexes for catalysing the same organic reactions. indicated that these cages have very different abilities to act as catalysts under our standard conditions, whilst with sharing some catalytic features. 
This study has identified that the tetrahedral cobalt (II) cages ([Co4(L1,4-bez)6]8+ and [Co4(L4,4ʹ-bibez)6]8+) do not catalyse the Kemp elimination reactions and the hydrolysis of phosphate triester substrates. We explained this due to high-spin Co(II) centres are kinetically labile and the lower cationic charges (8+) they have.
This study has also shown that the cubic cage catalysed both of reactions (Kemp elimination reactions and the hydrolysis of phosphate triester substrates). However, the tetrahedral cobalt (III) cages ([Co4(L1,4-bez)6]12+ and [Co4(L4,4ʹ-bibez)6]12+) under the same conditions show different behaviour for these reactions. These synthetic hosts act as catalysts just in the case of the hydrolysis of phosphate triesters but they do not show any reactivity in the case of Kemp elimination reactions. Based on the effects of the (varying the cage and substrate concentration) to the catalysed reaction and using (different pH and presence of inhibitors, halides, and phenolates), the catalytic effects are suggested to be due to the structure of cages (size, charge, and the functional groups in the ligands which defined of the cage edges) and also key features of the substrates.
These different approaches for the investigation give the concept that it is not necessary for the substrate to be located inside the cavity to be in close proximity with the high local concentration of anions. As one face of the cage surface (interior or exterior) is chemically similar to the opposite one, a catalysed reaction between substrate and anions can occur even when the cavity is blocked by a strongly-binding inhibitor, or when the substrate is too large to bind inside the cage cavity, if the favoured orientations are suitable for reaction to occur.








[bookmark: _Toc31630522]Experimental
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Materials    
All commercially available chemicals were purchased from Sigma-Aldrich, Alfa Aesar, and Fluorochem and used without further purification. Dry solvents were obtained from the University of Sheffield Grubbs dry solvent purification system. Column chromatography was performed using activated aluminium oxide and thin layer chromatography (TLC) analyses were performed using aluminium sheets. Plates were visualised using UV light. 

Instrumentation
1H-NMR and 13C-NMR spectra were recorded on a Bruker Avance 400 (400 MHz) or a Bruker Avance III HD (500 MHz) spectrometer where (1H-NMR: 400 MHz, 13C: 101 MHz) using the deuterated solvent as the lock and the residual solvent as the internal reference in all cases. In the assignment of 1H NMR spectra, the chemical shift information (δ) for each resonance signal is given in units of parts per million (ppm) relative to tetramethylsilane (TMS) where δ TMS = 0.00 ppm. The number of protons (n) for a reported resonance signal are indicated as nH from their integral value and their multiplicity represented by the following abbreviations: br–broad, s–singlet, d–doublet, dd–double doublet, td–triplet doublet, t–triplet, q–quartet, and m–multiplet.
Mass Spectra: mass spectra were recorded on a Micromass LCT ES-TOF Classic, 6530 Accurate-Mass Q-TOF LC/MS and Orbitrap Elite 4000 QTRAP.
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2-Nitrophenyl dimethyl phosphate
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2-Nitrophenol (0.85 g, 6.11 mmol) was dissolved in dry THF (23 mL) and then dimethyl chlorophosphate (0.7 mL, 6.49 mmol) was added to the reaction mixture under nitrogen in an ice bath (0-5 °C). The solution was stirred for 15 minutes then Et3N (1.7 mL, 12.2 mmol) was added dropwise which formed a cloudy solution. The ice bath was removed and the mixture was stirred overnight at room temperature, after which the reaction was analysed by TLC. The white precipitate which had appeared was filtered off and washed with diethyl ether (6 mL). The filtrate was concentrated in vacuo, then the crude product was dissolved in diethyl ether (70 mL) and extracted with brine (1x70 mL), then with water (1x70 mL). The organic layer was dried over sodium sulfate, filtered and the solvent removed in vacuo. The product was purified by silica chromatography (50% EtOAc: 50% pet-ether) to yield a yellow solid (1.36 g, 5.50 mmol, 90%).
1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 8.2 Hz, 1H, Ph-H), 7.66 – 7.53 (m, 2H, Ph-H), 7.32 (m, 1H, Ph-H), 3.92 (d, J = 11.5 Hz, 6H, POCH3).
13C NMR (101 MHz, CDCl3) δ 143.4 (d, J = 5.5 Hz, Ph-O), 141.4 (d, J = 7.3 Hz, Ph-NO2), 134.4 (Ph-H), 125.8 (Ph-H), 125.4 (Ph-H), 122.6 (d, J = 2.5 Hz, Ph-H), 55.5 (d, J = 6.5 Hz, POCH3).
31P NMR (162 MHz, CDCl3) δ -5.18.
ESI-MS: m/z (M+H)+ calculated for C8H10NO6P: 248.0319 . Found: 248.0323.
4-Nitrophenyl dimethyl phosphate
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4-Nitrophenol (2.50 g, 17.8 mmol) was dissolved in dry THF (69 mL) and then dimethyl chlorophosphate (2 mL, 19.5 mmol) was added to the reaction mixture under nitrogen in an ice bath (0-5 °C). The solution was stirred for 15 minutes then Et3N (5 ml, 35.9 mmol) was added dropwise which formed a cloudy solution. The ice bath was removed and stirring continued overnight at room temperature; the reaction was followed by TLC. A white precipitate appeared which was filtered off and washed with diethyl ether (25 mL). The filtrate was concentrated in vacuo, then the crude product was dissolved in diethyl ether (200 mL) and extracted with brine (1x200 mL), then with water (1x200 mL). The organic layer was dried over sodium sulfate, and the solvent evaporated in vacuo. The product purified by silica chromatography (50% EtOAc: 50% pet-ether) to yield a yellow-brown oil (3.56 g, 14.4 mmol, 81%).
1H NMR (400 MHz, CDCl3) δ 8.31 – 8.22 (m, 2H, Ph-H), 7.44 – 7.34 (m, 2H, Ph-H), 3.92 (d, J = 11.5 Hz, 6H, POCH3).
13C NMR (101 MHz, CDCl3) δ 155.3 (d, J = 6.2 Hz, Ph-O), 144.8 (Ph-NO2), 125.6 (Ph-H), 120.5 (d, J = 5.3 Hz, Ph-H), 55.3 (d, J = 6.2 Hz, POCH3).
31P NMR (162 MHz, CDCl3) δ -4.82.
ESI-MS: m/z(M+H)+ calculated for C8H10NO6P: 248.0319 . Found: 248.0316.


2-Nitrophenyl diethyl phosphate
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2-Nitrophenol (3.40 g, 24.4 mmol) was dissolved in dry THF (92 mL) and then dimethyl chlorophosphate (3.50 mL, 32.5 mmol) was added to the reaction mixture under nitrogen in an ice bath (0-5 °C). The solution was stirred for 15 minutes then Et3N (6.80 ml, 48.8 mmol) was added dropwise which formed a cloudy solution. The ice bath was removed and stirring continued overnight at room temperature; the reaction was followed by TLC. A white precipitate appeared which was filtered off and washed with diethyl ether (40 mL). The filtrate was concentrated in a vacuum, then the crude product was dissolved in diethyl ether (300 mL) and extracted with brine (300 mL), then with water (300 mL). The organic layer was dried over sodium sulfate, and the solvent evaporated in vacuo. The product purified by silica chromatography (50% EtOAc: 50% pet-ether) to yield a yellow oil (5.65 g, 20.5 mmol, 84%).
1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 8.1 Hz, 1H, Ph-H), 7.64 – 7.55 (m, 2H, Ph-H), 7.34 (m, 1H, Ph-H), 4.34 – 4.20 (m, 4H, PO-CH2-), 1.37 (t, J = 7.1 Hz, 6H, -CH3).
13C NMR (101 MHz, CDCl3) δ 143.4 (d, J = 5.7 Hz, Ph-O), 141.5 (d, J = 5.5 Hz,Ph-NO2), 134.3 (Ph-H), 125.7 (Ph-H), 125.2 (Ph-H), 122.7 (d, J = 2.6 Hz, Ph-H), 65.4 (d, J = 6.5 Hz, PO-CH2-), 16.0 (d, J = 6.8 Hz, -CH3).
31P NMR (162 MHz, CDCl3) δ -7.38.
ESI-MS: m/z(M+H)+ calculated for C10H14NO6P: 276.0632. Found: 276.0639.

2-Cyano-4-nitrophenol


5-Nitro-1,2-benzisoxazole (101 mg, 0.615 mmol) was dissolved in dry CHCl3 (5 mL) and then Et3N (0.20 ml, 1.43 mmol) was added dropwise to the reaction mixture under nitrogen at 25 °C. The solution was stirred for 30 minutes and then the solvent was evaporated in vacuo to give a yellow oil (0.096 g, 0.585 mmol, 95%).
1H NMR (400 MHz, CDCl3) δ 8.31 (d, J = 3.0 Hz, 1H, Ph-H), 8.07 (dd, J = 9.5, 3.0 Hz, 1H, Ph-H), 6.65 – 6.39 (d, J = 9.5 Hz, 1H, Ph-H).
13C NMR (101 MHz, CDCl3) δ 176.0 (Ph-OH), 133.8 (Ph-NO2), 131.3 (Ph-H), 129.9 (Ph-H), 120.6 (Ph-H), 119.2 (-CN), 100.5 (Ph-H).
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1,4-Bis(5-bipyridin-2,2’-yl)benzene (L1,4-bez)86



5-Bromo-2,2’-bipyridine (0.579 g, 2.46 mmol), benzene-1,4-diboronic acid (0.200 g, 1.21 mmol), potassium carbonate (0.851 g, 6.16 mmol) and palladium tetrakis(triphenylphosphine) (0.142 g, 0.123 mmol) were dissolved in a mixture of degassed THF (13 mL), ethanol (11 mL) and water (9 mL) and the reaction mixture was refluxed at 80 °C for 24 h under nitrogen. The solution was cooled to room temperature and diluted with water (7 mL). The precipitate was filtered and washed several times in a mixture of THF, ethanol and water (1:1:1) to give a light brown solid (0.855 g, 2.21 mmol, 91%).

1H NMR (400 MHz, CDCl3) δ 9.02 (d, J = 1.8 Hz, 2H, N-Py-H), 8.74 (d, J = 4.7 Hz, 2H, N-Py-H), 8.54 (d, J = 8.3 Hz, 2H, Py-H), 8.48 (d, J = 8.0 Hz, 2H, Py-H), 8.11 (dd, J = 8.3, 2.3 Hz, 2H, Py-H), 7.88 (td, J = 7.8, 1.7 Hz, 2H, Py-H), 7.83 (s, 4H, Ph-H), 7.39 – 7.33 (m, 2H, Py-H).

13C NMR (101 MHz, CDCl3) δ 155.8 (N-Py-C), 155.3 (N-Py-C), 149.3 (N-Py-H), 147.6 (N-Py-H), 137.5 (Ph-C), 137.0 (Py-H), 135.7 (Py-H), 135.1 (Ph-C), 132.0 (Py-C), 127.8 (Ph-H), 123.8 (Py-H), 121.1 (Py-H).

ESI-MS: m/z(M+H)+ calculated for C26H18N4: 387.1604 . Found: 387.1614.
1,4-Bis(5-bipyridin-2,2’-yl)phyenylbenzene (L4,4ʹ-bibez) 




5-Bromo-2,2’-bipyridine (0.400 g, 1.70 mmol), biphenyl-4,4’-diboronic acid (0.206 g, 0.852 mmol), potassium carbonate (0.588 g, 4.250 mmol) and palladium tetrakis(triphenylphosphine) (0.098 g,  0.085 mmol) were dissolved in a mixture of degassed THF (12 mL), ethanol (10 mL) and water (6 mL) and the reaction mixture was refluxed at 80 °C for 24 h under nitrogen. The solution was cooled to room temperature and diluted with water (8 mL). The precipitate was filtered and washed several times by a mixture of THF, ethanol and water (1:1:1) to give a yellowish solid (0.339 g, 0.733 mmol, 86%). 

1H NMR (400 MHz, CDCl3) δ 9.03 (s, 2H, N-Py-H), 8.75 (d, J = 4.3 Hz, 2H, N-Py-H), 8.54 (d, J = 8.3 Hz, 2H, Py-H), 8.48 (d, J = 7.8 Hz, 2H, Py-H), 8.15 – 8.10 (m, 2H, Py-H), 7.89 (t, J = 7.7 Hz, 2H, Py-H), 7.83 (s, 8H, Ph-H), 7.40 – 7.34 (m, 2H, Py-H).


ESI-MS: m/z(M+H)+ calculated for C32H22N4: 463.1917 . Found: 463.1930.






[Co4L6](PF6)8  where L = L1,4-bez 




Ligand L1,4-bez (21.5 mg, 55.6 µmol) was dissolved in degassed CH3CN (4 mL) and then cobalt (II) perchlorate hexahydrate (13.6 mg, 37.2 µmol) was added to the reaction mixture. After that, further degassing was done and the reaction was refluxed under nitrogen at 50 °C for 2 h. The mixture was cooled to room temperature and the precipitate was filtered onto celite and washed with CH3CN:H2O (2:1) (18 mL) to go into the solution. Ammonium hexafluorophosphate (700 mg, 4.29 mmol) was added and the solution was stirred for 20 minutes. The solvent was removed in vacuo to give an orange solid (27.6 mg, 7.43 µmol, 80%). 

1H NMR (400 MHz, CD3CN) δ 83.63 (dd, J = 222.6, 96.9 Hz, 24H, endo-pyridyl-H), 82.80 (s, 12H, endo-pyridyl-H), 45.14 (dd, J = 222.9, 97.1 Hz, 24H, Ph-H), 14.99 – 14.08 (m, 24H, exo-pyridyl-H), 12.44 – 11.08 (m, 24H, exo-pyridyl-H).

ESI-MS: (m/z): 1711.2 (+2), 1092.5 (+3), 783.1 (+4), 597.5 (+5), 473.8 (+6), 385.4 (+7).



[Co4L6](PF6)12  where L = L1,4-bez 86




Ligand L1,4-bez (21.5 mg, 55.7 µmol) was dissolved in degassed CH3CN (3 mL), Cobalt (II) perchlorate hexahydrate (13.6 mg, 37.2 µmol) was added to the reaction mixture. After that, further degassing was done and the reaction was refluxed under nitrogen at 50 °C for 80 minutes. The mixture was cooled to the room temperature and a solution of cerium(IV) ammonium nitrate (30.8 mg, 56.2 µmol) in dry CH3CN (5 mL) was added dropwise (20 µl/min) over 4.5 h. After that, a yellow precipitate was filtered onto celite and washed with CH3CN:H2O (2:1) (16 mL) to pass into the solution. Ammonium hexafluorophosphate (727 mg, 4.50 mmol) was added and the solution was stirred for 15 minutes. The precipitate was filtered onto celite, washed with water (6 mL) and then CH3CN (5 mL). The solvent was removed in vacuo to give a yellow solid (29.9 mg, 7.00 µmol, 75%).

1H NMR (400 MHz, CD3CN) δ 8.94 (d, J = 8.5 Hz, 12H, endo-pyridyl-H), 8.87 (d, J = 8.7 Hz, 12H, endo-pyridyl-H), 8.82 (d, J = 7.6 Hz, 12H, exo-pyridyl-H), 8.52 (t, J = 7.9 Hz, 12H, exo-pyridyl-H), 7.80 (d, J = 5.7 Hz, 12H, endo-pyridyl-H), 7.45 (s, 24H, Ph-H), 7.36 – 7.33 (m, 24H, exo-pyridyl-H).

ESI-MS: (m/z): 1285.8 (+3), 928.1 (+4), 713.5 (+5), 570.4 (+6), 468.2 (+7), 391.6 (+8), 331.9 (+9), 284.3 (+10), 245.2 (+11).


[Co4L6](PF6)8  where L = L4,4ʹ-bibez 




Ligand L4,4ʹ-bibez (27.0 mg, 58.4 µmol) was dissolved in degassed CH3CN (4 mL), cobalt (II) perchlorate hexahydrate (14.3 mg, 39.1 µmol) was added to the reaction mixture. After that, further degassing was done and the reaction was refluxed under nitrogen at 50 °C for 3 h. The mixture was cooled to room temperature and the precipitate was filtered onto celite and washed with CH3CN:H2O (2:1) (20 mL) to go into the solution. Ammonium hexafluorophosphate (600 mg, 3.70 mmol) was added and the solution was stirred for 20 minutes. The solvent was removed in vacuo to give a light orange solid (36.3 mg, 8.70 µmol, 89%).

1H NMR (400 MHz, CD3CN) δ 85.18 – 83.26 (m, 36H, endo-pyridyl-H), 48.90 – 43.61 (m, 48H, Ph-H), 14.90 – 14.17 (m, 24H, exo-pyridyl-H), 13.33 (dd, J = 229.1, 178.0 Hz, 24H, exo-pyridyl-H).

ESI-MS: (m/z): 1939.3 (+2), 1244.6 (+3), 897.2 (+4), 688.7 (+5), 549.8 (+6), 450.5 (+7).



[Co4L6](PF6)12  where L = L4,4ʹ-bibez 



Ligand L4,4ʹ-bibez (27.0 mg, 58.4 µmol) was dissolved in degassed CH3CN (4 mL) and then cobalt (II) perchlorate hexahydrate (14.3 mg, 39.1 µmol) was added to the reaction mixture. After that, further degassing was done and the reaction was refluxed under nitrogen at 50 0C for 1.5 h. The mixture was cooled to room temperature and cerium(IV) ammonium nitrate (32.2 mg, 58.7 µmol) in dry CH3CN (5 mL) was added dropwise (20 µl/min) over 4.5 h. After that, a yellow precipitate was filtered onto celite and washed with CH3CN:H2O (2:1) (25 mL) to realise into the solution. Ammonium hexafluorophosphate (759 mg, 4.70 mmol) was added and the solution was stirred for 20 minutes. The precipitate was filtered onto celite, washed with water (6 mL) and then CH3CN (6 mL). The solvent was removed in vacuo to give a dark orange solid (37.1 mg, 7.80 µmol, 80%).

1H NMR (400 MHz, CD3CN:D2O (1:1)) δ 6.47 (s, 24H, endo-pyridyl-H), 6.41 (d, J = 7.7 Hz, 14H), 6.15 (t, J = 8.0 Hz, 12H, Ph-H), 5.44 (t, J = 6.7 Hz, 12H, Ph-H), 5.19 (d, J = 8.3 Hz, 24H, Ph-H), 4.90 (d, J = 8.5 Hz, 36H, exo-pyridyl-H), 4.27 (s, 10H, exo-pyridyl-H).

ESI-MS: (m/z): 1438.6 (+3), 1042.6 (+4), 805.1 (+5), 646.8 (+6), 533.7 (+7), 448.8 (+8), 382.9 (+9), 330.1 (+10), 286.9 (+11), 250.9 (+12).


Cobalt(2+), tris(2,2’-bipyridine), tris[hexafluorophosphate(1-)] 



Bpy (370 mg, 2.4 mmol) was dissolved in methanol (17 mL) and CoCl2.6H2O (170 mg, 0.71 mmol) was added to the mixture. After that, the reaction mixture was refluxed at 56 0C for 2.7 h and then the mixture was cooled to room temperature. Ammonium hexafluorophosphate (570 mg, 3.5 mmol) was added to the reaction mixture and stirred for 50 minutes. The precipitate was filtered and dried under reduced pressure to obtain a yellow solid (580 mg, 720 µmol, 90%).
1H NMR (400 MHz, CD3CN) δ 90.64 (s, 6H, N-Py-H), 86.68 (s, 6H, Py-H), 48.85 (s, 6H, Py-H), 17.32 (s, 6H, Py-H).
ESI-MS: m/z (m/3) found for C30H24CoN6: 263.6.


Cobalt(3+), tris(2,2’-bipyridine), tris[hexafluorophosphate(1-)]78,88



[Co(bpy)3](PF6)2 (125 mg, 0.15 mmol) was dissolved in dry CH3CN (5 mL) and oxidation was carried out by using NOBF4 (26.8 mg, 0.23 mmol) at room temperature for 45 minutes. The solvent was removed in vacuo, then the residue was dissolved in CH3CN (2 mL) and NH4PF6 (126 mg, 0.77 mmol) was added to the reaction mixture. The mixture was stirred for 45 minutes and the precipitate was filtered and dried in vacuo to obtain an orange solid (46.6 mg, 143 µmol, 95%).  
1H NMR (400 MHz, CD3CN) δ 8.72 (dd, J = 8.1, 1.0 Hz, 6H, N-Py-H), 8.50 (td, J = 7.9, 1.2 Hz, 6H, Py-H), 7.76 (ddd, J = 7.5, 6.0, 1.4 Hz, 6H, Py-H), 7.31 (d, J = 5.6 Hz, 6H, Py-H). 
13C NMR (101 MHz, CD3CN) δ 155.2 (N-Py-C), 152.0 (Py-C), 143.7 (Py-H), 132.4 (Py-H), 127.2 (Py-H).   
ESI-MS: m/z  (m/3) found for C30H24CoN6: 175.7315.
                   
This another method was also utilised to synthesize Cobalt(3+), tris(2,2’-bipyridine), tris[hexafluorophosphate(1-)] : to a suspension of bpy (115 mg, 0.74 mmol) in dry CH3CN (15 mL) was added Co(ClO4)2.6H2O (90 mg, 0.25 mmol) under N2 atmosphere. Following further degassing, the solution was heated at 50 °C for 17 h under N2. The reaction was cooled to room temperature before ammonium cerium(IV) nitrate (135 mg, 0.25 mmol) in CH3CN (18 mL) was added dropwise over 1.5 h. The suspension was stirred for 2 h, then filtered onto celite, washed with CH3CN (10 mL) and also washed with H2O:CH3CN (1:1). The addition of NH4PF6 (120 mg, 0.74 mmol) to this solution resulted in a yellow solid (138 mg, 0.20 mmol, 83%) after the solvent was removed in vacuo.
1H NMR (400 MHz, CD3CN) δ 8.71 (dd, J = 7.5, 1.2 Hz, 6H, N-Py-H), 8.49 (td, J = 7.9, 1.2 Hz, 6H, Py-H), 7.75 (ddd, J = 7.5, 6.0, 1.2 Hz, 6H, Py-H), 7.30 (d, J = 6.0 Hz, 6H, Py-H).
13C NMR (101 MHz, CD3CN) δ 155.3 (N-Py-C), 151.4 (Py-C), 143.9 (Py-H), 131.6 (Py-H), 127.2 (Py-H).
ESI-MS: m/z  (m/3) found for C30H24CoN6: 175.7126.
[bookmark: _Toc31630526]Chapter 4 syntheses

5-(2-dimethylaminovinyl)-5'-2,2'-bipyridine (4-2),
5,5'-Bis(2-dimethylaminovinyl)-2,2'-bipyridine (4-3)95


                         
                         4-2                                                                              4-3
The glassware used was carefully dried under a N2 atmosphere. To 5,5'-dimethyl-2,2'-bipyridine (0.62 g, 3.37 mmol) in dry DMF (12 mL), Bredereck 's reagent (4 mL, 19.4 mmol) was added. The reaction mixture was heated to 120 °C for 3 days under a N2 atmosphere. Then, the reaction mixture was cooled to room temperature, the solvent was removed under reduced pressure to give an orange solid The ratio of 4-2 to 4-3 was 10:3 respectively. Yield of the mixture (4-2, 4-3): (0.80 g, 45%).
1H NMR (400 MHz, CDCl3) δ 8.47 (dd, J = 1.5, 0.7 Hz, 2H, Py-H 4-3), 8.44 (d, J = 2.2 Hz, 2H, Py-H 4-2), 8.21 (s, 1H, Py-H 4-3), 8.19 (s, 1H, Py-H 4-2), 8.17 (s, 1H, Py-H 4-3), 8.15 (s, 1H, Py-H 4-2), 7.64 – 7.63 (m, 2H, Py-H 4-3), 7.62 – 7.61 (m, 2H, Py-H 4-2), 6.89 (dd, J = 13.8, 9.4 Hz, 3H, CH (4-2, 1H and 4-3, 2H)), 5.12 (d, J = 13.8 Hz, 3H, CH (4-2, 1H and 4-3, 2H)), 2.88 (s, 12H, -NCH3 4-3), 2.87 (s, 3H, Py-CH3 4-2), 2.38 (s, 6H, -NCH3 4-2). 


5-Formyl-5’-methyl-2,2’-bipyridine (4-4),
5,5’-Bis(formyl)-2,2’-bipyridine (4-5)97


                                                      
                    4-4                                                                                        4-5  
The mixture of 5-(2-dimethylaminovinyl)-5'-2,2'-bipyridine 4-2 and 5,5'-Bis(2-dimethylaminovinyl)-2,2'-bipyridine 4-3 (1.0 g) was dissolved in DCM (45 mL) and then diluted by THF (150 mL). Then, a solution of NaIO4 (5.5 g in H2O 94 mL) was added. The reaction was stirred at room temperature for 20 hours. The reaction mixture was filtered and then the solvent was removed under reduced pressure. The residue was extracted using CHCl3/H2O (1:1). The organic phase was washed, dried using anhydrous MgSO4, and then the solvent was removed under reduced pressure. A white-yellow solid was obtained, the ratio of 4-4 to 4-5 was 7:1 respectively (4-4, 4-5): (0.4 g, 51%). 
1H NMR (400 MHz, CDCl3) δ 10.19 (s, 1H, CHO 4-4), 10.17 (s, 2H, CHO 4-5), 9.19 (d, J = 1.5 Hz, 1H. Py-H 4-4), 9.15 – 9.08 (m, 2H, Py-H 4-5), 8.73 (d, J = 8.2 Hz, 1H, Py-H 4-4), 8.61 – 8.54 (m, 3H, Py-H 4-4), 8.35 (dd, J = 8.2, 2.1 Hz, 2H, Py-H 4-5), 8.24 (s, 2H, Py-H 4-5), 8.09 (d, J = 8.5 Hz, 1H, Py-H 4-4), 2.44 (s, 3H, CH3 4-4).  

                                                                                                    


1-(2-Pyridylacetyl)pyridinium iodide (4-7)98


A solution of iodine (20.3 g, 79.8 mmol) in dry pyridine (70 mL) was heated to 60 °C under a nitrogen atmosphere. 2-Acetylpyridine (27 mL, 240 mmol) was added to this solution while it was still warm, and the mixture was stirred at 90 °C under N2 for 4 h. When the mixture had cooled to room temperature the black precipitate was filtered and washed with dry pyridine and was recrystallised from ethanol to give golden cream crystals (25.3 g, 77.5 mmol, 97%).
1H NMR (400 MHz, DMSO) δ 9.02 (d, J = 7.5 Hz, 2H, +N-Py-H), 8.89 (dt, J = 4.5, 0.8 Hz, 1H, N-Py-H), 8.74 (t, J = 7.8 Hz, 1H, Py-H), 8.27 (t, J = 7.7 Hz, 2H, Py-H), 8.15 (td, J = 7.7, 1.6 Hz, 1H, Py-H), 8.08 (d, J = 7.8 Hz, 1H, Py-H), 7.85 (ddd, J = 7.4, 4.7, 1.2 Hz, 1H, Py-H), 6.52 (s, 2H, CH2).
13C NMR (101 MHz, DMSO) δ 192.0, (CO), 150.9 (N-Py-C), 150.1 (N-Py-H), 146.8 (Py-H), 146.8 (Py-H), 138.6 (Py-H), 129.6 (Py-H), 128.2 (Py-H), 122.5 (Py-H), 67.1(CH2).
ESI-MS: m/z(M+H)+ calculated for C12H10N2O: 199.0866. Found: 199.0870.



5-Methyl-2,2'-bipyridine (4-8)99


        
1-(2-Pyridylacetyl)pyridinium iodide (8.16 g, 25.0 mmol), methacrolein (3.00 mL, 36.3 mmol) and ammonium acetate (5.92 g, 76.8 mmol) were dissolved in N,N-dimethylformamide (15 mL) and stirred at 80 °C for 6 h. The mixture was cooled to room temperature, the water (20 mL) was added. The solution was extracted with ether (2x50 mL, 5x20 mL), then the combined organic phases were dried over sodium sulfate, and the solvent removed under reduced pressure. The brown liquid residue (3.53 g, 20.73 mmol, 83%) was dried in vacuum.
1H NMR (400 MHz, CDCl3) δ 8.69 (dd, J = 4.9, 1.8 Hz, 1H, N-Py-H), 8.53 (m, 1H, N-Py-H), 8.37 (d, J = 8.0 Hz, 1H, Py-H), 8.29 (d, J = 8.1 Hz, 1H, Py-H), 7.82 (td, J = 7.7, 1.8 Hz, 1H, Py-H), 7.65 (m, 1H, Py-H), 7.30 (m, 1H, Py-H), 2.41 (s, 3H, Py-CH3).
13C NMR (101 MHz, CDCl3) δ 156.3 (N-Py-C), 153.6 (N-Py-C), 149.6 (N-Py-H), 149.1 (N-Py-H), 137.5 (Py-H), 136.9 (Py-H), 133.4 (Py-H), 123.4 (Py-H), 120.8 (Py-H), 120.6 (Py-H), 18.4 (Py-H).
ESI-MS: m/z(M+H)+ calculated for C11H10N2: 171.0917. Found: 171.0913.


5-[2-(N,N-Dimethylamino)vinyl]-2,2’-bipyridine (4-9)95



A solution of 5-methyl 2,2’-bipyridine (0.62 g, 3.64 mmol) and Bredereck's reagent (2.2 mL, 10.7 mmol) in dry DMF (12 mL) was degassed with nitrogen for 15 min. The solution was then heated to 120 °C under nitrogen for 3 days. The reaction mixture was cooled to room temperature and the solvent was removed to give a brown oil (98.5 mg, 0.44 mmol, 12%).   
1H NMR (400 MHz, CDCl3) δ 8.64 (d, J = 4.7 Hz, 1H, N-Py-H), 8.45 (d, J = 2.1 Hz, 1H, N-Py-H), 8.19 (d, J = 8.2 Hz, 1H, Py-H), 7.78 (dd, J = 8.4, 1.8 Hz, 2H, Py-H), 7.60 (m, 1H, Py-H), 7.24 (d, J = 4.8 Hz, 1H, Py-H), 6.91 (d, J = 13.8 Hz, 1H, CH), 5.11 (d, J = 13.7 Hz, 1H, CH), 2.80 (s, 6H, N-CH3).




5-Formyl-2,2’-bipyridine (4-10)97

  
5-[2-(N,N-Dimethyamino)vinyl]-2,2’-bipyridine (0.23 g, 1.02 mmol) was dissolved in water : THF (1:1, 65 mL) and sodium periodate (0.86 g, 4.00 mmol) was added. The solution was stirred at room temperature for 7 h. The insoluble product was filtered off and washed with THF then the solvent was evaporated. The residue was dissolved in DCM (50 mL) and washed with saturated sodium bicarbonate (4 x 25 mL). The organic phase was dried over sodium sulfate and the solvent was removed in vacuo to give the product as a light brown solid (21.0 mg, 0.11 mmol, 11%).  
1H NMR (400 MHz, CDCl3) δ 10.18 (s, 1H, CHO), 9.14 (d, J = 2.1 Hz, 1H, N-Py-H), 8.74 (d, J = 4.7 Hz, 1H, N-Py-H), 8.62 (d, J = 8.2 Hz, 1H, Py-H), 8.40 (d,  J = 8.0 Hz, 1H, Py-H), 8.08 (d, J = 8.1 Hz, 1H, Py-H), 7.70 (td, J = 7.8, 1.7 Hz, 1H, Py-H), 7.40 (ddd, J = 7.4, 4.6, 1.4 Hz, 1H, Py-H).
13C NMR (101 MHz, CDCl3) δ 190.7 (CHO), 160.7 (N-Py-C), 154.7 (N-Py-C), 151.7 (N-Py-H), 149.5 (N-Py-H), 137.3 (Py-H), 136.6 (Py-H), 126.3 (Py-C), 124.9 (Py-H), 122.3 (Py-H), 121.4 (Py-H).




2,2’-Bipyridine-5-carboxylic acid (4-11)102


Potassium permanganate (7.40 g, 46.8 mmol) was added in seven portions at 1 h intervals to a solution of 5-methyl-2,2’-bipyridine (2.00 g, 11.8 mmol) in water (120 mL). The mixture was heated at 70 °C for 3 h and then at 90 °C for 4 h more. The brown mixture was then filtered while hot through celite and washed with hot water (2x20 mL). The filtrate was concentrated to approximately (10 mL) under reduced pressure, and then HCI (1 M) was added slowly until a pH of 4 was obtained. The residue was then filtered and dried to obtain pure 4-11 as a white solid (1.64 g, 8.19 mmol, 70%). 
1H NMR (400 MHz, DMSO) δ 9.16 (d, J = 1.7 Hz, 1H, N-Py-H), 8.74 (d, J = 4.4 Hz, 1H, N-Py-H), 8.51 (d, J = 8.3 Hz, 1H, Py-H), 8.45 (d, J = 8.0 Hz, 1H, Py-H), 8.41 (dd, J = 8.3, 2.1 Hz, 1H, Py-H), 8.00 (td, J = 7.7, 1.7 Hz, 1H, Py-H), 7.52 (ddd, J = 7.4, 4.8, 0.8 Hz, 1H, Py-H).
13C NMR (101 MHz, DMSO) δ 166.7 (COOH), 158.7 (N-Py-C), 154.7 (N-Py-C), 150.6 (N-Py-H), 150.0 (N-Py-H), 138.7 (Py-H), 138.0 (Py-H), 127.4 (Py-H), 125.4 (Py-H), 121.7 (Py-H), 120.7 (Py-C).
ESI-MS: m/z(M+H)+ calculated for C11H8N2O2: 201.0659. Found: 201.0660.


2,2’-bipyridine-5-methanol (4-12)104 


Thionyl chloride (27 mL) was added to 2,2’-bipyridine-5-carboxylic acid (0.49 g, 2.45 mmol), then the mixture was heated at 72 °C for 3 h. The excess of thionyl chloride was removed by evaporation under reduced pressure. The solid residue was added in portions to a well-stirred solution of sodium borohydride (0.46 g, 12.16 mmol) in water (7 mL) cooled to 5-10 °C. The reaction was maintained at 5-10 °C during the addition and then was warmed to room temperature. The reaction mixture was saturated with diethyl ether (2x30 mL). The organic layer was dried over anhydrous magnesium sulfate, filtered and the solvent removed by evaporation under reduced pressure to give 4-12 as a yellow liquid (0.30 g, 1.61 mmol, 65%).

1H NMR (400 MHz, CDCl3) δ 8.63 (d, J = 4.5 Hz, 1H, N-Py-H), 8.52 (s, 1H, N-Py-H), 8.27 (d, J = 8.0 Hz, 1H, Py-H), 8.21 (d, J = 8.1 Hz, 1H, Py-H),  δ 7.78 (td, J = 7.7, 1.8 Hz, 1H, Py-H), δ 7.73 (dd, J = 8.1, 1.8 Hz, 1H, Py-H), 7.28 (ddd, J = 7.9, 4.9, 1.1 Hz, 1H, Py-H), 4.67 (s, 2H, CH2).
13C NMR (101 MHz, CDCl3) δ 155.8 (N-Py-C), 155.0 (N-Py-C), 149.1 (N-Py-H), 147.9 (N-Py-H), 137.2 (Py-H), 136.9 (Py-H), 135.8 (Py-C), 123.8 (Py-H), 121.3 (Py-H), 121.1 (Py-H), 62.1 (CH2).




5-Formyl-2,2’-bipyridine (4-10)104


Pyridinium chlorochromate (0.63 g, 2.92 mmol) was added a solution of 2,2’-bipyridine-5-methanol (0.30 g, 1.61 mmol) in anhydrous methylene chloride (15 mL). The mixture was stirred at room temperature for 4 h. After that, dry diethyl ether (15 mL) was added and the mixture was filtered. Residue was washed several times with diethyl ether. The solvent was removed by evaporation under reduced pressure to give an ivory solid (0.18 g, 0.97 mmol, 60%). 
1H NMR (400 MHz, CDCl3) δ 10.20 (s, 1H, CHO), 9.16 (d, J = 2.0 Hz, 1H, N-Py-H), 8.76 (d, J = 3.9 Hz, 1H, N-Py-H), 8.63 (d, J = 7.7 Hz, 1H, Py-H), 8.53 (m, 1H, Py-H), 8.32 (dd, J = 8.0, 2.1 Hz, 1H, Py-H), 7.90 (td, J = 7.8, 1.8 Hz, 1H, Py-H), 7.42 (m, 1H, Py-H).
13C NMR (101 MHz, CDCl3) δ 190.7 (CHO), 160.2 (N-Py-C), 151.7 (N-Py-C), 149.5 (N-Py-H), 142.6 (N-Py-H), 137.3 (Py-H), 137.0 (Py-H), 126.3 (Py-C), 124.9 (Py-H), 122.3 (Py-H), 121.4 (Py-H). 
 ESI-MS: m/z(M+H)+ calculated for C11H8N2O: 185.0709. Found: 185.0708.





1-[5-(2,2’-Bipyridyl)methyleneamino]-4-aminobenzene (4-14) 

                                        
The compound 5-formyl-2,2’-bipyridine (184 mg, 1.00 mmol) and 1,4-diamino benzene (162 mg, 1.50 mmol) were added to ethanol (9 mL) and the mixture was heated at reflux for 8 h. The mixture was cooled to room temperature and filtered, the solid residue was washed with ethanol (5 mL) and diethyl ether (5 mL) and dried to give a white solid (151 mg, 0.55 mmol, 55%).   
1H NMR (400 MHz, CDCl3) δ 9.05 (s, 1H, N-Py-H), 8.74 (d, J = 4.8 Hz, 1H, N-Py-H), 8.61 (s, 1H, CH), 8.53 (d, J = 8.0 Hz, 1H, Py-H), 8.49 (d, J = 8.0 Hz, 1H, Py-H), 8.42 (dd, J = 8.2, 4.8 Hz, 1H, Py-H), 7.87 (td, J = 8.3, 4.7 Hz, 1H, Py-H), 7.36 (td, J = 7.4, 4.8 Hz, 1H, Py-H), 7.25 (d, J = 8.5 Hz, 2H, Ph-H), 6.75 (d, J = 8.5 Hz, 2H, Ph-H).
13C NMR (101 MHz, CDCl3) δ 157.5 (NCH), 152.9 (N-Py-C), 150.2 (N-Py-C), 149.4 (H2N-Ph-C), 145.9 (N-Py-H), 142.3 (N-Py-H), 138.6 (Ph-C), 137.0 (Py-H), 135.4 (Py-H), 132.3 (Py-C), 124.1 (Py-H), 122.7 (Ph-H), 121.6 (Py-H), 121.1(Py-H), 115.6 (Ph-H).
ES+: 297 [M+23]



1,4-Bis[5-imine-2,2’-bipyridyl]benzene (L4-a) 


                                        

The compound 5-formyl-2,2’-bibyridine (58.4 mg, 0.317 mmol) and 1,4-diamino benzene (17.6 mg, 0.163 mmol) were added to ethanol (20 mL) and the mixture was  refluxed at 60 °C for 8 h. The mixture was cooled to room temperature and filtered, the solid residue was washed with ethanol (5 mL) and diethyl ether (5 mL) and dried to give a yellow solid (0.048 g, 0.109 mmol, 67%)
1H NMR (400 MHz, CDCl3) δ 9.12 (d, J = 1.4 Hz, 2H, N-Py-H), 8.76 (d, J = 4.2 Hz, 2H, N-Py-H), 8.66 (s, 2H, NCH), 8.59 (d, J = 8.3 Hz, 2H, Py-H), 8.52 (d, J = 7.9 Hz, 2H, Py-H), 8.47 (dd, J = 8.3, 2.0 Hz, 2H, Py-H), 7.89 (td, J = 7.8, 1.5 Hz, 2H, Py-H), 7.39 (d, J = 8.0 Hz, 6H, Ph-H, Py-H).

13C NMR (101 MHz, CDCl3) δ 158.2 (N-Py-C), 156.6 (NCH), 155.5 (N-Py-C), 150.6 (N-Py-H), 150.0 (N-Py-H), 149.4 (Ph-C), 137.1 (Py-H), 135.9 (Py-H), 131.7 (Py-C), 124.3 (Py-H), 122.1 (Ph-H), 121.7 (Py-H), 121.2 (Py-H).

ESI-MS: m/z(M+H)+ calculated for C28H21N6: 441.1828. Found: 441.1826.


1,4-bis[5-imine-2,2’-bipyridyl]bibenzene (L4-b) 


                              
The compound 5-formyl-2,2’-bibyridine (35.3 mg, 0.192 mmol) and 4,4’-diaminobiphenyl (17.7 mg, 0.096 mmol) were added to ethanol (15 mL) and the mixture was refluxed at 60 °C for 9 h. The mixture was cooled to room temperature and filtered and the solid residue was washed with ethanol (6 mL) and diethyl ether (6 mL) and dried to give a yellow solid (0.032 g, 0.062 mmol, 65%).
1H NMR (400 MHz, CDCl3) δ 9.12 (s, 2H, N-Py-H), 8.75 (d, J = 4.7 Hz, 2H, N-Py-H), 8.68 (s, 2H, NCH), 8.59 (d, J = 8.1 Hz, 2H, Py-H), 8.50 (dd, J = 15.9, 7.8 Hz, 4H, Py-H), 7.88 (td, J = 7.8, 15.7 Hz, 2H, Py-H), 7.74 (d, J = 8.4 Hz, 4H, Ph-H), 7.41 (dd, J = 7.9, 4.7 Hz, 6H, Ph-H, Py-H).
13C NMR (101 MHz, CDCl3) δ 162.5 (NCH), 156.5 (N-Py-C), 154.1 (N-Py-C), 152.0 (N-Ph-C), 150.8 (N-Py-H), 149.8 (N-Py-H), 149.5 (Ph-C), 144.1 (Py-H), 139.9 (Py-H), 135.7 (Py-C), 129.9 (Ph-H), 127.4 (Py-H), 121.7 (Ph-H), 121.2 (Py-H), 120.6 (Py-H).
ESI-MS: m/z(M+H)+ calculated for C34H25N6: 517.2135. Found: 517.2134.



[1,1`-Biphenyl]-3,3-diol,4,4-bis[(5-bipyridylmethylene)amino] (L4-c) 
                                          



The compound 5-formyl-2,2’-bibyridine (30.0 mg, 0.16 mmol) and 3,3’-dihydroxybenzidine (17.6 mg, 0.08 mmol) were added to ethanol (30 mL) and the mixture was refluxed at 60 °C for 8 h. The mixture was cooled to room temperature and filtrated, the solid residue was washed with ethanol (6 mL) and diethyl ether (6 mL) and dried to give a yellow solid (0.03 g, 0.054 mmol, 65%).
1H NMR (400 MHz, DMSO) δ 9.33 (s, 2H, OH), 9.26 (d, J = 9.6 Hz, 2H, N-Py-H), 8.98 (s, 2H, NCH), 8.75 (s, 2H, N-Py-H), 8.66 (d, J = 8.3 Hz, 2H, Py-H), 8.54 (s, 2H, Py-H), 8.50 (d, J = 7.9 Hz, 2H, Py-H), 8.00 (d, J = 7.7 Hz, 2H, Py-H), 7.54 – 7.51 (m, 2H, Py-H), 7.44 (d, J = 8.4 Hz, 2H, Ph-H), 7.24 (s, 2H, Ph-H), 6.80 (d, J = 1.9 Hz, 2H, Ph-H).
ESI-MS: m/z(M+H)+ calculated for C34H25N6O2: 549.2039. Found: 549.2025.





1,4-Benzenedicarboxylic acid, bis[2,2'-bipyridyl-5-methylene]dihydrazide (L4-d) 




The compound 5-formyl-2,2’-bibyridine (30.4 mg, 0.17 mmol) and terephthalic dihydrazide (16.0 mg, 0.08 mmol) were dissolved in ethanol (20 mL), acetic acid (5%,1 drop) was added to the reaction mixture and was then refluxed at 60 °C for 28 h. The mixture was cooled to room temperature and filtered and the solid residue was washed with ethanol (8 mL) and then dried to give a white solid (0.03 g, 0.06 mmol, 60%)
1H NMR (400 MHz, DMSO) δ 8.99 (s, 2H, N-Py-H), 8.73 (s, 2H, NCH), 8.61 (d, J = 4.7 Hz,  2H, N-Py-H), 8.51 (d, J = 7.7 Hz, 2H, N-Py-H), 8.45 (d, J = 8.25 Hz, 2H, Py-H), 8.37 – 8.34 (m, 2H, Py-H), 8.11 (s, 4H, Ph-H), 8.00 (td, J = 4.8, 7.6 Hz, 2H, Py-H), 7.51 (dd, J = 4.7, 7.5 Hz, 2H, Py-H).
ESI-MS: m/z(M+H)+ calculated for C30H23N8O2: 527.30. Found: 527.29.


[bookmark: _Toc31630527]Preparation of the chloride cages 
The cubic cage and all the tetrahedral cages were converted to the chloride salt using Dowex 1x2 chloride resin in H2O: the procedure was performed for every cage separately as follows: the cage (cubic cage (as BF4- salt) (26.0 mg) or tetrahedral cages [Co4(L1,4-bez)6](PF6)8 (23.2 mg), [Co4(L1,4-bez)6](PF6)12 (25.3 mg), [Co4(L4,4ʹ-bibez)6](PF6)8 (25.5 mg), and [Co4(L4,4ʹ-bibez)6](PF6)12 (27.5 mg) and Dowex 1X2 chloride resin, 100-200 mesh (use > 4 equivalents by the weight relative to the cage), were placed in a glass vial with a small magnetic stirrer bar and H2O (5 mL) added. The suspension was stirred for 24 h which time anion exchange resulted in the complex becoming water soluble. After filtration through a membrane filter the concentration of chloride cage was confirmed by the optical density of the sample at the absorption maximum of 298 nm. The stock solution formed from the ion exchange was diluted with H2O for the kinetic experiments. The 1H NMR spectra proved that the cages had retained the same structural integrity during the anion exchange, with spectra very similar to that of the BF4- salt for the cubic cage and PF6- salt in the case of the tetrahedral cages. 

[bookmark: _Toc31630528]Determine of the molar absorption coefficient 
The molar absorption coefficient was calculated for all products of the Kemp elimination reactions and the phosphate triester hydrolyses. This determination was performed according to the Beer-Lambert law; 
A = ε c ℓ
Where:
    A is the Absorbance of the product
    ε is the molar attenuation coefficient of that product.
    c is the molar concentration of the product.
    ℓ is the path length.

Table 6.1: The absorbances versus concentration of the products of Kemp elimination and phosphate triester hydrolysis reactions at pH 8, 298 K.  
	2-nitrophenol
	4-nitrophenol
	2-cyanophenol
	2-cyano-4-nitrophenol

	[mM]
	Abs at 400 nm
	[mM]
	Abs at 400 nm
	[mM]
	Abs at 320 nm
	[mM]
	Abs at 401 nm

	0.025
	0.8363
	0.025
	0.2857
	0.050
	0.2536
	0.050
	0.5265

	0.050
	0.1730
	0.050
	0.5909
	0.100
	0.4967
	0.100
	1.0651

	0.100
	0.3743
	0.100
	1.2417
	0.250
	1.2268
	0.250
	2.6075

	0.250
	0.9178
	0.250
	3.1205
	0.500
	2.4084
	0.500
	4.9500

	0.500
	1.9356
	-
	
	-
	-
	-
	-




[bookmark: _Toc31630529]General procedure and conditions for kinetic experiments 
The initial kinetic experiments surveying the reactivity of the complexes were performed on a Cary 300 Bio UV/Vis spectrophotometer using quartz cuvettes (3 mL) were used for UV/Vis scans and experiments carried out at 400 nm. The rate constants were determined using initial rate methodology where the change in absorbance (the appearance of the product over time) was fit to a linear equation to obtain the value for the initial rate of change of absorbance which was converted to the observed rate constants (kuncat. and kcat.) by dividing by the total absorbance change expected for complete reaction. All experiments (pH 8) were carried out in 57.5 mM (Borate) buffered aqueous solutions at 25 °C and the cage concentration was 0.05 mM, but the concentration of bpy complexes was 0.20 mM (so that the concentration of metal ions was kept constant). The pH of the experiments in cuvettes (3 mL) was checked at the end of the reaction to ensure that it had not changed. Under the same conditions, some kinetic experiments were performed by monitoring the reaction using HPLC and the appearance of the product over time at 266 nm was fit to an exponential rise equation. All the kinetic experiments (UV/Vis and HPLC) were carried out in triplicate. In all 31P NMR experiments the concentration of the host solution of the cage was 0.25 mM and the each experiment was repeated in duplicate.

Background and catalysed reactions 
The uncatalysed Kemp elimination and phosphate triester reactions and their catalysed reactions in the presence of the cage (cubic cage, tetrahedral cages) were monitored by UV/Vis spectroscopy as described above. The change in absorbance was fit to the linear rate equation (Equation 6.1) to obtain the value for the initial observed rate constant (kuncat, kcat.). However, in the case of monitoring the reactions by HPLC the full reactions were followed and they were fit the exponential rise equation (Equation 6.2).
Equation 6.1. The linear rate equation
                               y = mx + b
Where:
    y = the y-axis, in this case, Absorbance of the product
    b = the y-intercept
   m = the gradient of the Absorbance vs time
   x = the x-axis, in this case, time

Equation 6.2.  The integrated first order rate equation (the exponential rise equation)
                y = a + b*(1-exp(-k*x))
Where:
    y = the y-axis, in this case, area of the HPLC trace
    a = the y-intercept (the change in product concentration over the course of the experiment).
   b = the plot infinity value, i.e. the y-intercept subtracted by the plateau value
   k = the observed rate constant

Measurement the rate constant for the phosphate triesters
The full reaction for all phosphate triesters (2-1, 2-2, 2-3) was monitored at high pH and 400 nm under a range of hydroxide concentrations (0.01, 0.04, 0.07 and 0.1 M). Sodium chloride was added to the reaction mixture so that the ionic strenth was always 0.1 M. Following the full reaction was fitted to the exponential rise equation (Equation 6.2). The observed rate constants of the background reaction at different pH (also at pH 8, and 9.5) with the catalysed reaction were fit the equation 6.3.
Equation 6.3.      logkobs = log(ko + k1[-OH])
ko =  the observed rate constant for catalysed reaction
k1 = the observed rate constant for uncatalysed reaction

Effect of cage and the substrate concentration 
In order to check whether the increasing the cage amount and the substrate will affect the catalysed reaction or not compared to the cage-catalysed reaction, the experiments were performed as described in tables below.
Table 6.2: The observed rate constants of the hydrolysis [5 mM] of 2-nitrophenyl dimethyl phosphate substrate 2-1 at 298 K, pH 8 and different cage concentration. 
	Cubic cage
	[Co4(L1,4-bez)6](PF6)12
	[Co4(L1,4-bez)6](PF6)12

	[mM]
	kobs (10-6) (s-1)
	[mM]
	kobs (10-6) (s-1)
	[mM]
	kobs (10-6) (s-1)

	0.05
	1.24 (± 0.029)
	0.05
	8.48 (± 0.030)
	0.05
	10.40 (±0.028)

	0.1
	2.11 (± 0.01)
	0.1
	17.00 (± 0.033)
	0.1
	22.00 (± 0.042)

	0.15
	3.12 (±0.050)
	0.15
	25.00 (± 0.021)
	0.15
	32.10 (± 0.051)






Table 6.3: The observed rate constants of the hydrolysis of 2-nitrophenyl dimethyl phosphate substrate 2-1 at 298 K, pH 8 and different substrate concentration.
	Cubic cage
	[Co4(L1,4-bez)6](PF6)12

	2-1[mM]
	Cage[mM]
	kobs (10-6) (s-1)
	2-1[mM]
	Cage[mM]
	kobs (10-6) (s-1)

	5
	0
	0.42 (± 0.030)
	5
	0
	0.42 (± 0.030)

	5
	0.05
	1.24 (± 0.029)
	5
	0.05
	8.48 (± 0.030)

	10
	0
	0.98  (± 0.024)
	10
	0
	0.98 (± 0.025)

	10
	0.05
	2.01 (± 0.033)
	10
	0.05
	13.58(± 0.031)

	15
	0
	1.51(± 0.04)
	15
	0
	1.51(± 0.04)

	15
	0.05
	2.98 (± 0.02)
	15
	0.05
	18.18(± 0.012)

	[Co4(L1,4-bez)6](PF6)12
	

	2-1[mM]
	Cage[mM]
	kobs (10-6) (s-1)
	

	5
	0
	0.42 (± 0.030)
	

	5
	0.05
	10.40 (±0.028)
	

	10
	0
	0.98 (±0.024)
	

	10
	0.05
	15.68 (±0.026)
	

	15
	0
	1.51(± 0.04)
	

	15
	0.05
	19.40 (± 0.080)
	






Involvement of anions in the catalysed reaction
Monitoring the catalysed reaction in presence of some anions (phenolate, sodium salicylate and sodium 4-fluorobenzoate) was performed and the determination effects of theses anions to the catalysed was described in chapter 2 and chapter 3 (see the appendix for more details). The solution of the all cage complexes after the ion exchange were checked by 31P NMR to make sure that no PF6-  in solution. 


Control experiments
(i) To determine the effect of a competitive inhibitor, the reaction in the presence of catalyst was performed exactly as described above but with adding cycloundecanone (20 mM) in the case of the cubic cage and chromone (15 mM) in the case of tetrahedral cages; these molecules (cycloundecanone, chromone) would interact with the cages much more strongly than the substrates.
(ii) To examine the effect of chloride ions and bromide ions, the catalysed reaction was monitored as described above but in the presence of NaCl (10 mM), NaBr (5 mM) in the case of the cubic cage and NaCl (6, 8 mM), NaBr (4, 5 mM) in the case of the tetrahedral cages [Co4(L1,4-bez)6](PF6)12, [Co4(L4,4ʹ-bibez)6](PF6)12 respectively. We note that the observed reaction is identical to that the background reaction.



[bookmark: _Toc31630530]Appendix















[bookmark: _Toc31630531]X-ray crystallography
Intensity data was collected at 100 K on a Bruker Kappa Apex-II CCD diffractometer operating with a MoKα sealed-tube X-ray source or by the National Crystallography Facility, Southampton, using a Rigaku 007-HF Cu rotating anode diffractometer equipped with a HyPix-600HE
 detector. Crystals were mounted in fomblin oil on a MiTiGen microloop and cooled in a stream of cold N2. Data collected in hour were corrected for absorption using empirical methods (SADABS)108 based upon symmetry equivalent reflections combined with measurements at different azimuthal angles.109 The crystal structures were solved and refined against F2 values using Superflip110 or ShelXT111 for solution and ShelXL112 for refinement accessed via the Olex2 program109. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated positions with idealized geometries and then refined by employing a riding model and isotropic displacement parameters.

[Co4L6](PF6)8  where L = L1,4-bez

Co(II) Phenyl linker cage
	Empirical formula
	C156H108Co4F48N24P8

	Formula weight
	3714.15

	Temperature/K
	100

	Crystal system
	Cubic

	Space group
	P213

	a/Å
	46.528(2)

	b/Å
	46.528(2)

	c/Å
	46.528(2)

	α/°
	90

	β/°
	90

	γ/°
	90

	Volume/Å3
	100725(13)

	Z
	15.99996

	ρcalcg/cm3
	0.980

	μ/mm‑1
	0.383

	F(000)
	29952.0

	Crystal size/mm3
	0.3 × 0.24 × 0.2

	Radiation
	MoKα (λ = 0.71073)

	2Θ range for data collection/°
	1.238 to 37.694

	Index ranges
	-42 ≤ h ≤ 34, -18 ≤ k ≤ 42, -39 ≤ l ≤ 28

	Reflections collected
	109415

	Independent reflections
	26453 [Rint = 0.0868, Rsigma = 0.0944]

	Data/restraints/parameters
	26453/3231/2536

	Goodness-of-fit on F2
	1.054

	Final R indexes [I>=2σ (I)]
	R1 = 0.0870, wR2 = 0.2377

	Final R indexes [all data]
	R1 = 0.1274, wR2 = 0.2679

	Largest diff. peak/hole / e Å-3
	0.64/-0.51

	Flack parameter
	0.083(8)



Experimental
Single orange prismic crystals of C156H108Co4F48N24P8 were grown from a mixture of diisopropyl ether and acetonitrile. A suitable crystal was selected and mounted on a Mitigen microloop in fomblin oil on Bruker ApexII CCD diffractometer. The crystal was kept at 99.9(8) K during data collection. Using Olex2113, the structure was solved with the Superflip114,115,116 structure solution program using Intrinsic Phasing and refined with the XL117 refinement package using Least Squares minimisation.

Crystal Data for C156H108Co4F48N24P8 (M =3714.15 g/mol): cubic, space group P213 (no. 198), a = 46.528(2) Å, V = 100725(13) Å3, Z = 15.99996, T = 100 K, μ(MoKα) = 0.383 mm-1, Dcalc = 0.980 g/cm3, 109415 reflections measured (1.238° ≤ 2Θ ≤ 37.694°), 26453 unique (Rint = 0.0868, Rsigma = 0.0944) which were used in all calculations. The final R1 was 0.0870 (I > 2σ(I)) and wR2 was 0.2679 (all data).

X-ray crystal structure showing the cage [Co4(L1,4-bez)6](PF6)8 with counter ions PF6 –

[image: onw135k_0m_packing_elipsoids]
Experimental Extra

The compound crystallised as orange block crystals which looked of high quality, with characteristic shape and well defined straight edges. However these crystals decomposed rapidly (~within 20s) when removed from the solvent and transferred to fomblin oil  in a welled microscope slide. Crystals had to be selected with the minimum of delay. The diffraction quality of the crystals was rather poor and the data collection was truncated to 1.1 Å using Mo radiation and very long (ca 180s) frame lengths over a few days collection time. The asymmetric unit of 1 full cage and 1/3 of a second cage was identified using Superflip. The remaining counterions were found on the difference Fourier map after successive refinements. Several counterions were refined as rigid groups using fixed bond lengths and angles using the disorder modelling tool FragmentDB[Ref]  within Olex2. It was clear that solvent molecules were still to be found in the structure however the disorder and poor data quality precluded successful identification and refinement. Therefore, the solvent masking routine in Olex2 was used to remove all significant electron density which several solvent cavities were identified accounting for 14405 electrons per unit cell. This equates to 1200 electrons per asymmetric unit which is equivalent to 54 molecules of acetronitrile per asymmetric unit (41 per cage). In this case, we cannot be certain if all solvent molecules are exclusively acetronitrile or whether some diisopropyl ether is also present so judgment is reserved on assignment. The internal cavity of the cages were determined using the Calculate Solvent Accessible Voids tool within Olex2 using a 3.5 Å probe. The two crystallographically unique cages were determined to have internal volumes of 179 Å³ and 192 Å³.
[image: C:\Users\ch1cr\AppData\Local\Microsoft\Windows\INetCache\Content.Word\ONW135k_0m_cavity_side.png]
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[Co4L6](PF6)8  where L = L4,4ʹ-bibez

Co(II) biphenyl linker cage
	
	

	
	
	Empirical formula
	C192H132Co4F48N24P8

	
	
	Formula weight
	4097.70

	
	
	Temperature/K
	100(2)

	
	
	Crystal system
	Trigonal

	
	
	Space group
	R32

	
	
	a/Å
	23.7568(2)

	
	
	b/Å
	23.7568(2)

	
	
	c/Å
	95.2315(10)

	
	
	α/°
	90

	
	
	β/°
	90

	
	
	γ/°
	120

	
	
	Volume/Å3
	46546.5(9)

	
	
	Z
	5.99994

	
	
	ρcalcg/cm3
	0.877

	
	
	μ/mm‑1
	2.560

	
	
	F(000)
	12463.0

	
	
	Crystal size/mm3
	0.2 × 0.2 × 0.2

	
	
	Radiation
	CuKα (λ = 1.54178)

	
	
	2Θ range for data collection/°
	4.394 to 136.482

	
	
	Index ranges
	-26 ≤ h ≤ 26, -28 ≤ k ≤ 28, -109 ≤ l ≤ 108

	
	
	Reflections collected
	47101

	
	
	Independent reflections
	17703 [Rint = 0.0591, Rsigma = 0.0632]

	
	
	Data/restraints/parameters
	17703/945/822

	
	
	Goodness-of-fit on F2
	1.157

	
	
	Final R indexes [I>=2σ (I)]
	R1 = 0.0971, wR2 = 0.2836

	
	
	Final R indexes [all data]
	R1 = 0.1140, wR2 = 0.2999

	
	
	Largest diff. peak/hole / e Å-3
	0.97/-0.84

	
	
	Flack parameter
	0.019(5)





Experimental
Single orange prismic crystals of C192H132Co4F57N24P9.5 were grown from a mixture of diisopropyl ether and acetonitrile. A suitable crystal was selected and mounted on a Mitigen microloop in fomblin oil on a Rigaku AFC11 quarter-chi rotating anode diffractometer. The crystal was kept at 99.9(8) K during data collection. Using Olex2 the structure was solved with the XT structure solution program using Intrinsic Phasing and refined with the XL refinement package using Least Squares minimisation.

Crystal Data for C192H132Co4F48N24P8 (M =4097.70 g/mol): trigonal, space group R32 (no. 155), a = 23.7568(2) Å, c = 95.2315(10) Å, V = 46546.5(9) Å3, Z = 5.99994, T = 100(2) K, μ(CuKα) = 2.560 mm-1, Dcalc = 0.877 g/cm3, 47101 reflections measured (4.394° ≤ 2Θ ≤ 136.482°), 17703 unique (Rint = 0.0591, Rsigma = 0.0632) which were used in all calculations. The final R1 was 0.0971 (I > 2σ(I)) and wR2 was 0.2999 (all data).








X-ray crystal structure showing the cage [Co4(L4,4ʹ-bibez)6](PF6)8 with counter ions PF6 –

[image: 2018ncs0940s_packing_tube]


Experimental Extra
The compound crystallised as orange prism crystals which looked of high quality, with characteristic shape and well defined straight edges. However these crystals decomposed rapidly (~within 20s) when removed from the solvent and transferred to fomblin oil  in a welled microscope slide. Crystals had to be selected with the minimum of delay. The asymmetric unit of 1/3 of the cage was identified right away from solution using XT as well as some of the counter ions. The remaining counterions were found on the difference Fourier map after successive refinements. Several counterions were refined as rigid groups using fixed bond lengths and angles using the disorder modelling tool FragmentDB[Ref]  within Olex2. It was clear that solvent molecules were still to be found in the structure however the disorder and poor data quality precluded successful identification and refinement. Therefore, the solvent masking routine in Olex2 was used to remove all significant electron density which a single solvent cavity of 22885 Å 3 and 6385 electrons per unit cell. This equates to 354 electrons per asymmetric unit which is equivalent to 16 molecules of acetronitrile per asymmetric unit (48 per cage). In this case, we cannot be certain if all solvent molecules are exclusively acetronitrile or whether some diisopropyl ether is also present so judgment is reserved on assignment. The internal cavity of the cage was determined to be 516.2 Å³ using the Calculate Solvent Accessible Voids tool within Olex2 using a 3.5 Å probe.
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	Table 1 Crystal data and structure refinement for.

	Identification code
	2018ncs0940s

	Empirical formula
	C192H132Co4F48N24P8

	Formula weight
	4097.70

	Temperature/K
	100(2)

	Crystal system
	trigonal

	Space group
	R32

	a/Å
	23.7568(2)

	b/Å
	23.7568(2)

	c/Å
	95.2315(10)

	α/°
	90

	β/°
	90

	γ/°
	120

	Volume/Å3
	46546.5(9)

	Z
	5.99994

	ρcalcg/cm3
	0.877

	μ/mm‑1
	2.560

	F(000)
	12463.0

	Crystal size/mm3
	0.2 × 0.2 × 0.2

	Radiation
	CuKα (λ = 1.54178)

	2Θ range for data collection/°
	4.394 to 136.482

	Index ranges
	-26 ≤ h ≤ 26, -28 ≤ k ≤ 28, -109 ≤ l ≤ 108

	Reflections collected
	47101

	Independent reflections
	17703 [Rint = 0.0591, Rsigma = 0.0632]

	Data/restraints/parameters
	17703/945/822

	Goodness-of-fit on F2
	1.157

	Final R indexes [I>=2σ (I)]
	R1 = 0.0971, wR2 = 0.2836

	Final R indexes [all data]
	R1 = 0.1140, wR2 = 0.2999

	Largest diff. peak/hole / e Å-3
	0.97/-0.84

	Flack parameter
	0.019(5)



 
 
Experimental
Single orange prismic crystals of C192H132Co4F57N24P9.5 were grown from a mixture of diisopropyl ether and acetonitrile. A suitable crystal was selected and mounted on a Mitigen microloop in fomblin oil  on a Rigaku AFC11 quarter-chi rotating anode diffractometer. The crystal was kept at 99.9(8) K during data collection. Using Olex2, the structure was solved with the XT structure solution program using Intrinsic Phasing and refined with the XL refinement package using Least Squares minimisation.
Crystal structure determination 
Crystal Data for C192H132Co4F48N24P8 (M =4097.70 g/mol): trigonal, space group R32 (no. 155), a = 23.7568(2) Å, c = 95.2315(10) Å, V = 46546.5(9) Å3, Z = 5.99994, T = 100(2) K, μ(CuKα) = 2.560 mm-1, Dcalc = 0.877 g/cm3, 47101 reflections measured (4.394° ≤ 2Θ ≤ 136.482°), 17703 unique (Rint = 0.0591, Rsigma = 0.0632) which were used in all calculations. The final R1 was 0.0971 (I > 2σ(I)) and wR2 was 0.2999 (all data).



[Co4L6](PF6)12  where L = L4,4ʹ-bibez

Co(III) biphenyl linker cage
	Empirical formula
	C192H132Co4F72N24P12

	Formula weight
	4750.57

	Temperature/K
	99.9(8)

	Crystal system
	monoclinic

	Space group
	I2/a

	a/Å
	43.7476(13)

	b/Å
	17.4179(3)

	c/Å
	40.8580(11)

	α/°
	90

	β/°
	114.653(3)

	γ/°
	90

	Volume/Å3
	28295.6(14)

	Z
	4

	ρcalcg/cm3
	1.115

	μ/mm‑1
	3.245

	F(000)
	9552.0

	Crystal size/mm3
	0.08 × 0.04 × 0.015

	Radiation
	CuKα (λ = 1.54178)

	2Θ range for data collection/°
	4.444 to 136.496

	Index ranges
	-50 ≤ h ≤ 52, -20 ≤ k ≤ 19, -49 ≤ l ≤ 49

	Reflections collected
	102710

	Independent reflections
	25590 [Rint = 0.0750, Rsigma = 0.0684]

	Data/restraints/parameters
	25590/2003/1306

	Goodness-of-fit on F2
	1.872

	Final R indexes [I>=2σ (I)]
	R1 = 0.2043, wR2 = 0.4947

	Final R indexes [all data]
	R1 = 0.2561, wR2 = 0.5315

	Largest diff. peak/hole / e Å-3
	2.40/-1.12



Experimental
Single yellow plate crystals of C192H132Co4F72N24P12 were grown from a mixture of diisopropyl ether and acetonitrile. A suitable crystal was selected and mounted on a Mitigen microloop in fomblin oil  on a Rigaku AFC11 quarter-chi rotating anode diffractometer. The crystal was kept at 99.9(8) K during data collection. Using Olex2 , the structure was solved with the XT  structure solution program using Intrinsic Phasing and refined with the XL refinement package using Least Squares minimisation.

Crystal Data 
C192H132Co4F72N24P12 (M =4750.57 g/mol): monoclinic, space group I2/a (no. 15), a = 43.7476(13) Å, b = 17.4179(3) Å, c = 40.8580(11) Å, β = 114.653(3)°, V = 28295.6(14) Å3, Z = 4, T = 99.9(8) K, μ(CuKα) = 3.245 mm-1, Dcalc = 1.115 g/cm3, 102710 reflections measured (4.444° ≤ 2Θ ≤ 136.496°), 25590 unique (Rint = 0.0750, Rsigma = 0.0684) which were used in all calculations. The final R1 was 0.2043 (I > 2σ(I)) and wR2 was 0.5315 (all data).
X-ray crystal structure showing the cage [Co4(L4,4ʹ-bibez)6](PF6)12 with counter ions PF6 –
[image: 2019ncs0297s_packing_tubes]
Experimental Extra
The compound crystallised as yellow plate crystals which decomposed rapidly (~within 20s) when transferred to fomblin oil  in a welled microscope slide. Crystals had to be selected with the minimum of delay. The sample itself diffracted relatively poorly, with little data beyond 1 Å. The asymmetric unit of ½ of the cage was identified right away from solution using XT as well as some of the counter ions. The remaining counterions were found on the difference Fourier map after successive refinements. Several counterions were refined as rigid groups using fixed bond lengths and angles using the disorder modelling tool FragmentDB[Ref]  within Olex2. It was clear that solvent molecules were still to be found in the structure however the disorder and poor data quality precluded successful identification and refinement. Therefore, the solvent masking routine in Olex2 was used to remove all significant electron density which a single solvent cavity of 11439 Å 3 and 4115 electrons per unit cell. This equates to 514 electrons per asymmetric unit  which is equivalent to 23 molecules of acetronitrile per asymmetric unit (46 per cage). In this case, we cannot be certain if all solvent molecules are exclusively acetronitrile or whether some diisopropyl ether is also present so judgment is reserved on assignment. The internal cavity of the cage was determined to be 576.3 Å3 using the Calculate Solvent Accessible Voids tool within Olex2 using a 3.5 Å³ probe. 
[image: 2019ncs0297s_cavity_top]
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Figure 7.1: The absorbance at 400 nm versus concentration of 2-nitrophenol at pH 8.
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Figure 7.2: The absorbance at 400 nm versus concentration of 4-nitrophenol at pH 8.
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Figure 7.3: The absorbance at 320 nm versus concentration of 2-cyanophenol at pH 8.
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Figure 7.4: The absorbance at 401 nm versus concentration of 2-cyano-4-nitrophenol at pH 8


[bookmark: _Toc31630533]Adding of  2mM 1,2-benzisoxazole to 5mM 2-nitrophenyl dimethyl phosphate 2-1 at pH 8, 298 K 9 catalysed ( 0.05 mM [Co4(L4,4ʹ-bibez)6](Cl)12)) and uncatalysed reactions
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Figure 7.5: The absorbance at 400 nm versus time of hydrolysis of 2-nitro dimethyl phosphate (2-1 at pH 8: (red) uncatalysed reaction. (blue) uncatalysed reaction in the presence of 1,2-benzisoxazole. (green) catalysed reaction. (black) catalysed reaction in the presence of the 1,2-benzisoxazole.





[bookmark: _Toc31630534] Monitoring of background reaction of phosphate triesters (2-1, 2-2 and 2-3) at different pH.
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Figure 7.6: The absorbance at 400 nm versus time of hydrolysis of 2-nitro-dimethyl phosphate (2-1) at pH: (red) 11.77. (blue) 12.40. (green)12.56. (black) 12.7.
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Figure 7.7: The absorbance at 400 nm versus time of hydrolysis of 4-nitro-dimethyl phosphate (2-1) at pH: (red) 11.77. (blue) 12.40. (green)12.56. (black) 12.7.
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Figure 7.8: The absorbance at 400 nm versus time of hydrolysis of 2-nitro-diethyl phosphate (2-1) at pH: (red) 11.77. (blue) 12.40. (green)12.56. (black) 12.7.
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