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The devices that we depend on – from aeroplanes to mobile phones – 
rely upon ever-increasing structural complexity for their function. 

Designing complex materials for these devices through the art of 
chemical synthesis brings challenges and opportunities. The use of 

chemical self-assembly as a synthetic technique can simplify materials 
preparation by shifting intellectual effort away from designing 

molecules, and towards the design of chemical systems that are 
capable of self-assembling in such a way as to express the desired 

materials properties.  
 

Part III projects offered in the Nitschke group will focus upon the 

design of self-assembly processes that can bring together simple, 
organic molecules and transition-metal ions into complex, functional 

structures. Below are shown the subcomponent precursors and crystal 
structures of three of these products: FeII

8 cubic cage 1,1 FeII
4 

tetrahedral cage 2,2 and CuI
4 helicate 3.3 
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Each of these products was prepared by mixing the precursors shown 
in water. Although the starting materials employed are simple, a 

complex understanding is required of the selectivities of the reversible 
bond-forming reactions and second-order interactions between 

subcomponents. Structural complexity may enable novel function; for 
example, we have shown cage 2 to be capable of rendering white 

phosphorus air-stable and water-soluble,2 and electroluminescent 
polymers have been prepared using the ideas used to prepare 3.4 

 
If the rules underlying a self-assembly process are well understood, 

these rules may allow the parallel preparation of multiple structures at 
once, or the transformation of structures in complex ways. One recent 

example is a CoII
10L15 twisted pentagonal prism,5 which forms part of a 

chemical network that behaves differently under the influences of 

different chemical signals. Our techniques thus allow entry into the 

nascent field of systems chemistry.6 
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Project 1. Stimuli-responsive molecular containers for biomimetic catalysis 

 

Supervisor: Ben Pilgrim 

 

The incompatibility of different catalysts or functional groups forces complex 

molecule synthesis in the laboratory to be performed over multiple steps in separate 

reaction vessels. However, biological cells are able to support complex networks of 

simultaneous reactions by employing subcellular compartmentalisation to control 

when and where reactions take place. Highly reactive species are locked away until 

required, preventing them from undergoing degradation or causing unwanted 

damage. Nature has developed sophisticated signalling interfaces that allow 

communication between these compartments often via small, fleetingly existent 

molecules which bind to receptors and trigger the movement of enzymes between 

compartments, enabling precise up- and down-regulation of enzymatic activity in 

response to metabolic needs. In order to achieve similar levels of spatiotemporal 

control in synthetic chemistry, we must develop synthetic analogues that emulate 

the functions of these biological machines.  

 

Synthetic molecular capsules are ideal vehicles for achieving such 

compartmentalization and regulation. To date, the use of molecular capsules as 

nano-reactors has largely focused on holding reactants in close proximity through co-

encapsulation, or by preorganizing the reactants in the reaction transition state 

geometry. An alternative, largely unexplored role of molecular capsules in reactivity 

control is through the sequestration of a reactant by encapsulation, thus abstracting 

it from the main reaction pathway. The addition of signalling molecules that compete 

with the reactant to occupy the cavity of the capsule restores the background rate, 

but the response rate to the signal is restricted at 1:1 as each signal molecule 

displaces only one reactant molecule. The ‘off-pathway’ regulation of a catalyst 

however (yet to be demonstrated in synthetic systems) offers the potential for 

considerable up-regulation in response to the signal as each displaced catalyst can 

go on to effect multiple transformations. This form of signal amplification, which 

departs dramatically from mainstream approaches in synthetic organic chemistry, 

mimics the subtle signal transduction mechanisms that typify biological systems, 

conceptually akin to a small amount of signal molecule opening a ‘bag’ of enzymes.  

 

This project will establish a new method of dynamic catalyst regulation by selective 

encapsulation of catalytic species. Promising preliminary results obtained have shown 

that the highly reactive catalyst OsO4 can be encapsulated within water-soluble 

capsule 1 (Figure 1),1 demonstrating the unexplored capability of molecular 

capsules to bind useful ‘hot’ reactive species.  
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Figure 1: Encapsulation of osmium tetroxide  

 

From the student’s perspective, this project would involve: 

(a) Initial investigations to ascertain the binding constant and investigate kinetics 

of encapsulation of OsO4 within 1 using methods such as NMR and UV-Vis 

spectroscopy.  

(b) Investigation of the lifetime of the catalyst to determine the extent to which it 

is prolonged in the presence of the capsule.  

(c) As the dynamic exchange between bound and unbound catalyst will allow the 

OsO4 to perform dihydroxylation reactions in bulk solution, variables such as 

the solvent, compatible re-oxidants, pH and temperature will be screened to 

optimise this catalytic system. Additionally, a number of substrates will be 

screened optimising (i) reaction yield, (ii) catalyst turnover and (iii) substrate 

scope in conditions that allow the capsule, free and bound catalyst and 

substrate to coexist in homogenous solution in one reaction vessel. 

(d) The project will then address the response of this catalytic system to different 

classes of signal molecule. Pull signals disrupt the dynamic equilibrium 

between bound and unbound catalyst by combining with the catalyst when it 

is outside of the capsule, preventing it from returning; push signals, by 

contrast, competitively displace the catalyst from the capsule (Figure 2). 

Classes of signals investigated would include (i) permanent push signals that 

have a higher binding constant and hence displace OsO4 permanently; (ii) 

temporary push signals (alternative guests for 1 that are unstable and 

hydrolyse over time); (iii) temporary pull signals (an alkene substrate that 

reacts with the catalyst in bulk solution and hence keeps it out while there is 

still substrate remaining). Distinct kinetics will characterise the response of 

the system to different combinations of signals such that the catalyst is 

ejected from the cavity only for the necessary time to complete the reaction 

before being re-sequestered. Substrates for the reaction that are also guests 

for capsule 1 will be investigated (i.e. both push and pull signals). This will 

allow the system to exhibit feedback loops — a key feature of biological 

complexity. 

(e) Although OsO4 is in dynamic exchange in solution, it is expected to be 

permanently trapped within 1 in the solid state, making this OsVIII source 

much safer to handle. This project will also look at the long term stability of 

this system, with specific attention paid to the leaching rate and catalytic 

activity after prolonged storage. X-ray crystallographic data of the host–guest 

complex will be sought as a priority. The successful isolation of re-

encapsulated catalyst from solution into the solid state and then reuse in a 

different reaction will be attempted in the pursuit of re-usable, bench-safe, 

nano-encapsulated OsO4.  
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Figure 2: Classes of signal molecule  

 

The student will be supervised in the laboratory by Royal Commission for the 

Exhibition of 1851 Research Fellow Dr Ben Pilgrim. Project students who have 

worked with Dr Pilgrim in recent years have produced work that has been published 

in peer-reviewed journals or is currently being prepared for publication. 2 This project 

has the opportunity to quickly yield significant results, in which the student can have 

a substantial role in writing up for publication, which will greatly aid their own 

learning process and be helpful for their future career. 

 

References 

1. Salvatore Zarra, Maarten M. J. Smulders, Quentin Lefebvre, Jack K. Clegg and 

Jonathan R. Nitschke Angew. Chem. Int. Ed., 2012, 51, 6882–6885. 
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and Jonathan R. Nitschke J. Am. Chem. Soc. 2016, 138, 6813-6821. 
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R. Nitschke, Under revision at Nature Chemistry. 
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Project 2. Concentration-dependent partition coefficients of metal-organic 

capsules 

 

Supervisor: Ben Pilgrim 

 

Well-defined metal-organic capsules have been reported in a variety of solvent 

systems. Often, a capsule is only soluble in a single solvent or a narrow range of 

similar solvents (e.g. only acetonitrile or only water), governed by factors such as 

the overall charge on the capsule, nature of any counterions and polarity of any 

peripheral substituents. Recently, capsules have been reported that are stable in two 

or more very different and immiscible solvents. Controlling the movement of 

capsules between such solvents is a crucial first step in developing more complex 

molecular separation techniques.  

 

Capsules A and B (Figure 1) have a significant positive charge, but also have long 

alkyl chains attached to their periphery. This makes them soluble in both the polar 

solvent acetonitrile and in the non-polar solvent cyclohexane.1  

 

 
Figure 1: Self-assembly of capsules A and B  

 

As cyclohexane and acetonitrile are immiscible, the phase transitioning properties of 

capsules A and B between these two immiscible solvents can be studied. When a 

substance is soluble in two immiscible solvents, the partition coefficient, K, of the 

substance between the two different solvents can be measured, e.g. 

 

  
              

               

 

 

Preliminary work has established that, as expected, as the length of alkyl chain is 

increased in capsule A, the partition coefficient increases, as the capsule increases 
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its preference to reside in the non-polar cyclohexane. In theory, this partition 

coefficient, like all thermodynamic constants, should have a value independent of the 

total concentration of capsule across both phases, i.e. if the amount of capsule at 

equilibrium in one phase is doubled, then the amount in the other phase must also 

be doubled. However, as these capsules can dissociate their counter-anions, then 

this ‘normal’ behaviour of the partition constant no longer holds and this now, 

apparent partition coefficient, becomes concentration-dependent.   

 

This concentration-dependent behaviour of apparent partition coefficients is known 

with other species (such as simple salts with a singly-charged cation and anion), 

however, has not been studied in anything as complex as one of these systems, with 

either 8 or 16 anions respectively that could possibly dissociate. Preliminary studies 

have shown that as the total concentration increases, the apparent partition 

coefficient increases and the capsules become more soluble in cyclohexane (Figure 

2). Interestingly however, whilst the concentration of capsule in the cyclohexane 

phase (top) is much higher when the total concentration is increased, the 

concentration of capsule in the acetonitrile phase (bottom) falls at higher total 

concentration. This type of dependence is unprecedented to the best of our 

knowledge, and warrants further investigation. This project will look at quantifying 

this dependence, fitting the data against theoretical models to see what can be 

elucidated about the nature of the dissociation and finally seeking to apply this to 

problems in separation science.  

 

 
Figure 2: Concentration-dependence of the partition coefficient of capsule    

 

From the student’s perspective, this project would involve: 

(a) Organic synthesis of the two required dialdehydes. Both syntheses have been 

well-optimised and so are known to work well, and will give the student 

experience at performing a range of organic reactions. 

(b) Self-assembly of capsules A and B. 

(c) Investigation of the concentration dependence of the partition coefficient of 

these two capsules between cyclohexane and acetonitrile using UV-Vis 

spectroscopy. 

(d) Trying to fit the concentration dependence to existing theoretical models of 

the dissociation and if necessary developing new theoretical models. 

(e) Applying the results to the transport of cargo across phase boundaries.     
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The student will be supervised in the laboratory by Royal Commission for the 

Exhibition of 1851 Research Fellow Dr Ben Pilgrim. Project students who have 

worked with Dr Pilgrim in recent years have produced work that has been published 

in peer-reviewed journals or is currently being prepared for publication. 2 This project 

has the opportunity to quickly yield significant results, in which the student can have 

a substantial role in writing up for publication, which will greatly aid their own 

learning process and be helpful for their future career. 

 

References 

1. Colm Browne, Simon Brenet, Jack K. Clegg, and Jonathan R. Nitschke Angew. 

Chem. Int. Ed., 2013, 52, 1944–1948;  

2. Ben S. Pilgrim, Derrick A. Roberts, Thorsten G. Lohr, Tanya K. Ronson and 

Jonathan R. Nitschke, Under revision at Nature Chemistry 
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Marion Kieffer, Ben S. Pilgrim, Tanya K Ronson, Derrick A. Roberts, Mina Aleksanyan, 

and Jonathan R. Nitschke J. Am. Chem. Soc. 2016, 138, 6813-6821. 

Thorsten Lohr – Visiting Student 2015 

Ben S. Pilgrim, Derrick A. Roberts, Thorsten G. Lohr, Tanya K. Ronson and Jonathan 

R. Nitschke, Under revision at Nature Chemistry. 
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Project 3. Synthesis and Host-Guest Chemistry of Large Chiral Metal-Organic 

Capsules 

 

Supervisor: Tanya Ronson 

 

There is considerable interest in the stereochemistry of metal-organic cages, which 

can provide chirotopic inner phases for enantioselective guest recognition and 

sensing as well as stereoselective transformations (see: J. Am. Chem. Soc. 2013, 

135, 17999-18006;  J. Am. Chem. Soc. 2012, 134, 15528-15537; Angew. Chem. 

Int. Ed. 2012, 51, 1464-1468). This project will seek to prepare large enantiopure 

metal-organic capsules for the encapsulation of large chiral molecules such as 

biologically relevant drug molecules for potential applications in sensing and drug 

delivery.  

 

Metal-organic capsules prepared from pyrene containing diamine subcomponents 

have recently been shown to be promising hosts for large hydrophobic guests such 

as fullerenes and polyaromatic hydrocarbons. The present project will extend this 

work by preparing capsules from pyridyl-aldehyde based pyrene containing 

subcomponents. This approach facilitates simple functionalization of the exterior of 

the capsule with exchangeable aniline residues allowing the properties of the capsule 

to be readily modified to suit a given external environment. Novel pyridyl-aldehyde 

based subcomponent A is expected to form M4L6 tetrahedral cage structures with 

suitable metal ions (e.g. Fe(II), Zn(II), Co(II)). Incorporation of chiral amines such 

as (S)-1-phenylethylamine will allow the preparation of enantiopure cages with 

stereogenic centres arranged around the outside of the cages which are expected to 

be good hosts for large chiral molecules. The new metal-organic cages and their 

host-guest complexes will be characterized by a variety of techniques including NMR 

spectroscopy, X-ray crystallography, fluorescence and UV/visible spectroscopy, 

circular dichroism and mass spectrometry. 

 

 
Figure 1: Self-assembly of an enantiopure M4L6 tetrahedral cage and examples of potential chiral guest 

molecules. 
  

http://dx.doi.org/10.1021/ja410117q
http://dx.doi.org/10.1021/ja410117q
http://dx.doi.org/10.1021/ja306615d
http://dx.doi.org/10.1002/anie.201107532
http://dx.doi.org/10.1002/anie.201107532
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Project 4. Synthesis of Amino-acid-bearing Coordination Cages 

 

Supervisor: Marion Kieffer 

 

Amino acids are the simplest building blocks of peptides, which can display a wide 

variety of properties from catalysis to self-assembly. For these reasons, amino-acids 

and peptides have been one of the foci of supramolecular chemists over the past few 

years (Angew. Chem. Int. Ed. 2016, 55, 4519-4522). Most supramolecular cages 

synthesized in the Nitschke group rely on self-assembly of an aniline with formyl 

pyridine derivatives to form an imine bound to a metal template, leading to a tris-

bidentate coordination motif around the metal vertices. Work from Toma et al. 

(Spectroc. Acta A, 2008, 71, 1296-1301) showed that histidine and acetylpyridine can 

react with iron(II) to form FeL2 complexes, where the presence of coordinating 

groups on the amino-acid (free carbolxylate and imidazole) lead to a bis-tridentate 

arrangement around the metal vertices. This project will look at extending this 

principle to supramolecular coordination cages. 

 
Figure 1: Supramolecular coordination cages obtained by self-assembly of aldehyde and aniline (left 
hand-side) and ketone and amino-acids (right hand-side).  

 

To do so, acetylpyridine analogues of some of the common building blocks used in 

our group will be synthesised. The assembly of these building blocks with a variety of 

labile metals and amino-acids will yield supramolecular containers with different 

properties. The choice of amino acids bearing coordinating groups such as histidine 

will change the coordination around metal corner from bidentate to tridentate, 

allowing us to obtain containers with different cavity sizes from similar building 

blocks. The incorporation of short peptides at the metal vertices will also be tested, 

opening the scope for new applications such as supramolecular gelation, coiled-coil 

interactions or targeted recognition. A wide range of techniques will be used to 

characterise both the building blocks and the supramolecular structures synthesised, 

such as various NMR experiments, mass spectrometry or X-ray crystallography. 
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Project 5. A Radical Approach to Coordination Cages 

Supervisor: Felix Rizzuto 

Radicals do bizarre chemistry – they catalyse reactions, facilitate magnetism and 

conductivity, inhibit fluorescence, and often display unique optical properties. In 

2008, Fujita et al. (Angew. Chem. Int. Ed., 2008, 47, 2046) showed that favourable 

spin-spin interactions enabled the incorporation of stable free radical guests inside a 

supramolecular radical host (Fig. 1a), but what would happen if you switched 

between neutral and radical states electrochemically? Could we modulate host-guest 

chemistry using electricity?  

 

 

Figure 1. (a) Fujita’s approach to the synthesis of radical cages, (b) our proposed method, and (c) a 
schematic showing the proposed subcomponent self-assembly of the redox-active bis(dithiolene) 

functionality (which can both accept and donate an electron) into a coordination cage. 

To answer this question, the project will involve the synthesis and investigation of 

redox-active ligands capable of displaying interesting electrical phenomena (Fig. 1c). 

The assembly of these ligands into polyhedral coordination cages will yield materials 

with pores of definable shape and size that can house small molecules. Post-

synthetic chemo- and electro-generation of free radicals onto the organic backbone 

of these structures will lead to pronounced electronic changes that will alter guest 

binding strength. This will allow us to control host-guest chemistry using electrical 

stimuli, towards the creation of tunable sequester-release systems for incorporation 

into electroactive technologies.  

The project will involve a range of techniques, from structural analysis (X-ray 

crystallography, NMR and mass spectrometry) to cyclic voltammetry and UV/vis/NIR 

spectroelectrochemistry/titrations, as well as both organic and inorganic synthesis. 

For recently published redox-active cages see J. Am. Chem. Soc., 2012, 134, 

11968; Dalton Trans., 2009, 20, 4023; J. Am. Chem. Soc. 2013, 135, 15656. 

  

http://onlinelibrary.wiley.com/doi/10.1002/anie.200704924/abstract
http://pubs.acs.org/doi/abs/10.1021/ja305451v
http://pubs.acs.org/doi/abs/10.1021/ja305451v
http://pubs.rsc.org/en/Content/ArticleLanding/2009/DT/b819496c#!divAbstract
http://pubs.acs.org/doi/abs/10.1021/ja4083039
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Project 6. A Liquid Coordination Cage 

 

Supervisor: Angela Grommet 

 

Most supramolecular coordination cages are synthesized as crystalline solids, which 

decompose above 200 °C. In order to perform host-guest chemistry, they are 

dissolved in water or organic solvents. The cages’ maximum solubility thus limits the 

potential loading of guest in a given volume of solution. Likewise, the freezing point 

and boiling point of the solvent restrict the temperature range in which host-guest 

chemistry can be performed. The goal of this project is therefore to synthesize a 

cage with a melting point near room temperature, so that it can encapsulate guests 

as a neat liquid. Ultimately, we aim to investigate the use of this new material for 

capture and storage of CO2 and other gasses. 

 

Preliminary work on this project has shown that the melting point of a cage can be 

lowered significantly by appending alkyl chains to the cage. Using flexible, non-

coordinating counterions such as dodecylsulfate further decreases the melting point 

to around 70 °C. Additionally, we have found evidence in the literature that 

appending alkyl imidazolium groups to calixarenes drastically decrease their melting 

point (J. Iran. Chem. Soc. 2012, 9, 327-332) – more so than would be expected if 

alkyl chains alone were added. Our strategy is therefore to incorporate imidazolium 

groups into our cage design (Figure 1). 

 

The lab work involved in this project would include synthesis of individual cage 

subcomponents and self-assembly of the cage, both of which must be characterized 

extensively using a range of different NMR techniques. After synthesizing the cage, 

we may seek expertise beyond the Department of Chemistry in order to do gas 

adsorption studies. 

 

 
Figure 1: Self-assembly of a liquid coordination cage. Dodecylsulfate is currently proposed as the 
counterion for the pyridine carboxyaldehyde subcomponent and liquid cage 
 

liquid cage? 

http://link.springer.com/article/10.1007%2Fs13738-011-0027-6

