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 Self-assembled metal organic cages are supramolecular compounds with a unique 

internal cavity capable of creating an alternate nanophase inside of a reaction vessel (e.g. 

creating a hydrophilic environment inside of an organic solvent like acetonitrile). By 

exploiting this internal cavity, the complexes may be used for a wide array of applications 

in molecular recognition, small molecule transport, catalysis and even as molecular 

machines. Often the function of these cages becomes limited due to the flat aromatic 

ligands used in the assembly process. To improve the function of these cages, new methods 

for installing reactive groups on the interior of the cage must be explored. 

This work focuses on new methods of introducing function to self-assembled cages 

through modifications of the ligand and cage with the goal of creating new biomimetic 

catalysts. These modifications can be used introduce new reactivity. By introducing native 

fluorescence to the chelating motif, a new class of metal selective fluorophores was 

discovered. While adding reactivity can be more challenging, it can be simplified to three 

classes: reactions that modify a preformed cage, reactions activated by the cage, and 



 ix 

reactions hosted within the cage. Cages can be modified after their assembly through the 

introduction of reactive components. Internalized doubly benzylic methylene subunits can 

be altered post-assembly via radical promoted oxidation, with the resulting products 

exhibiting an impressive level of stereocontrol. The use of a strained complex enables 

transamination reactions to be performed at ambient temperatures giving rise to rare 

intermediates along the assembly pathway. A large Fe2+-iminopyridine cage bearing twelve 

internal carboxylic acid groups was synthesized which can affect 1000-fold rate 

enhancements for several reactive processes at high turnover. Further, internalization of 

the acid functional groups allows a tandem cage-to-cage reaction and can vary the 

mechanism reactions, which is unattainable by similar “free” acid catalysts. This combined 

process of molecular recognition and substrate activation is reminiscent of that found in 

the active site of enzymes. Finally, a unfunctionalized tetrahedral cage exhibiting high 

binding affinity, up to 200,000 M-1, was synthesized. This high binding can be used to 

encapsulate a catalyst to accelerate substitution reactions. This reactivity is akin to the 

symbiotic relationship of an apoenzyme and cofactor and is unprecedented in synthetic 

hosts. This is because the selective simultaneous encapsulation of multiple different guests 

is extremely difficult and exhibits high entropic penalties. The results of this process not 

only affect the reaction rate but also biased selectivity of substrates in forming quaternary 

complexes enabling a controlled change in the reaction mechanism.  
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Chapter 1 – Design, Assembly and Function of Supramolecular Cages 
 

1.1 Rational Design of Supramolecular Cages 

Since their original discovery in the early 1990s, a variety of supramolecular self-

assembled polyhedra have been reported. The inspiration for these structures is the function 

of enzymes, and a strong focus is in creating molecules with defined cavities capable of 

controlling reactions. As such, several reviews investigating the rational design of such 

structures have been published.1,2 The development of these complexes has expanded the 

field into new areas of materials science including use as molecular machines,3 sensors4 

and drug delivery.5  

Self-assembled metal-organic cages are created through interactions between 

organic ligands exhibiting two or more coordinating groups bound to metal atoms. The 

metals typically used in these complexes are Fe2+, Pd2+, and Pt2+, although self-assembly 

can be extended to other first row metals such as Co2+ and Ni2+,6 as well as lanthanides and 

actinides.7 The possibilities for the metal coordinating group can vary significantly, 

although the use of monodentate pyridyl coordination,8 or bidentate coordination with 

bipyridyl,9 iminopyridine,10 pyridyl pyrazole,11 or catechol groups12 is most common 

(Figure 1.1). The polyhedra accessible via this strategy are equally diverse ranging from 

small M2L3 meso-helicates up to very large M12L24 or M24L48 nanospheres.  
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Figure 1.1. Synthesis of a metal-organic species: a) an M2L3 meso-helicate made using Fe2+ and an 

iminopyridine chelator;13 b) an M4L6 tetrahedron with Ga3+ and a catecholate chelator;14 c) M12L24
15 

and d) M24L28 nanospheres made from pyridyl-Pd2+ contacts. 16  

 

 The self-assembly process of these cages is rather complicated, involving multiple 

simultaneous interactions between the metal and ligand subcomponents (in some cases up 

to 72 individual molecules), resulting in the formation of discrete products. As diverse as 

these assemblies may be, almost all of them exhibit similar characteristics in their assembly 

process: the final product is governed by thermodynamic equilibration. This occurs through 

reversible metal-ligand coordination. Initial coordination is rapid, forming disordered 
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aggregates and cage fragments,17 followed by ligand dissociation and equilibration to form 

the more ordered assemblies. As a result, despite the multitude of chemical interactions 

occurring, the anticipated superstructures can often be predicted through energy 

minimization in molecular modeling. 

 The stoichiometry of the assembled product is heavily influenced by the nature of 

the structural ligand. Several factors such as number of coordinating groups, rigidity of the 

ligand, and the angle and distance between coordinating groups can have significant 

impacts on the resultant cage. The flexibility of the ligand illustrates one of the largest 

concerns: too much flexibility can compromise the structural integrity of the target cage, 

while too rigid of a structure can prevent the formation of the assembly altogether.18 

Despite this, the more rigid ligands remain the favorite among supramolecular chemists as 

stereochemical communication between the ligand and metal centers can be better 

controlled resulting in products with a higher degree of symmetry. The coordination angle 

of the ligand can also play a significant role in the assembly process. More bent ligands 

such as the one in Figure 1.1a result in the smaller M2L3 meso-helicate structures,19 while 

more linear ligands favor larger M4L6 tetrahedra (Figure 1.2a).20 Finally, even small 

changes such as shifting from 4-pyridyl to 3-pyridyl substitution has significant impacts on 

the resulting structure (Figure 1.2b,c). 
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Figure 1.2. Small changes in ligand shape effecting large differences in stoichiometry. 

 

 Proper matching of the ligand and metal salt used is also a very important 

consideration in forming supramolecular cages. If incompatibilities exist in the assembly, 

non-discrete aggregates are likely to form. Further, while the geometric nature of the metal 

can be used to direct the stoichiometry of the products, the metals can also lead to synthetic 

challenges. In octahedral metal salts for example, multiple isomeric possibilities exist when 

treated with bidentate chelators.21 The chelating groups can exist in either the facial or 
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meridional configurations, with each configuration exhibiting two possible rotational 

isomers as well (Figure 1.3). As the stoichiometry of the complexes increases (i.e. more 

metal integrated into the system), so too does the number of possible isomers. 

 
Figure 1.3: The two isomeric connective possibilities of FeII-iminopyridine centers, and the two 

possible enantiomers of each with Λ (left) and ∆ (right) rotation of the fac centers.  

 

 Many isomeric possibilities for the self-assembly of bis-coordinating ligands such 

as bipyridine or iminopyridine with octahedral metal centers exist. The smallest, and 

simplest possibility is the M2L3 complex which exists in either a mesocate or helicate 

structure. The mesocate exists when one metal center is in the fac-Δ configuration and the 

other is in the fac-Ʌ, while the in the helicate the metal centers have matched rotation (i.e. 

ɅɅ or ΔΔ). In these smaller assemblies the mer geometry is prohibited as significant strain 

would be present in all but the most flexible ligands. In contrast the larger M4L6 complexes 

give more rotational freedom to the ligands, enabling the possible incorporation of mer-

metal centers,22 leading to a greater number of isomeric possibilities. The mer-center is 

generally higher in energy however, so most “linear” ligands favor the all-fac isomers.23 

Within these all-fac tetrahedra three isomeric possibilities exist: the T-symmetric isomers 

exists in the completely matched fac-ɅɅɅɅ or fac-ΔΔΔΔ geometry giving it the highest 
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symmetry. Sequentially changing the rotation of one metal center gives rise to the C3 

(ΔɅɅɅ or ɅΔΔΔ) and S4 (ɅɅΔΔ) isomers, which exhibit more dissymmetric structures. 

1.2. Ligand Effects in the Stability and Control of Self-Assembly 

 Controlling the assembly process of cages can be quite challenging. While the 

resulting stoichiometry can be readily predicted, the stereoisomerism and overall stability 

of the complex is far more ambiguous. An effective method of teasing out information on 

the stability of a supramolecular cage is to treat a pre-formed complex with a competing 

ligand. The final product of this experiment will be the most stable complex. Several 

examples of this are observed in the social self-sorting of Pd-pyridyl complexes. For 

example, when homocomplex Pd21.44 is treated with the more electron rich amine 

decorated ligand 1.5, selective formation of the cis-heteroleptic complex Pd21.421.52 

(Figure 1.4a).24 DFT calculations confirmed this is the most stable possible product, and 

no further displacement is observed. By exploiting small differences in coordination angle 

of the ligand, more effective social sorting (and ligand exchange) can be performed. 

Varying the size and shape of the internal ligand core in addition to the coordination angle 

can create heteroleptic complexes that are more favored than their homocomplexes (Figure 

1.4b).25 For this strategy to be effective, the ligands must form strained homocomplexes. A 

bent Pd2L4 helical structure is formed using acridone based ligand 1.6 (120° coordination 

angle) while 1.7 (60° angle) forms a Pd4L8 cube, both demonstrating limited stability. As 

consequence, mixing of the two ligands with Pd2+ salts results in the formation of the mixed 

Pd21.621.72 heterocomplex. A follow-up study utilized a third ligand 1.8 with an 

intermediate coordination angle (75°).26 Two additional heterocomplexes were formed 
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(Pd21.621.82 and Pd21.721.82) each of which could be converted to Pd21.621.72 with the 

proper displacing ligand. 

The Fe-iminopyridine scaffold is also well suited to this type of analysis, as the 

iminopyridine linkages can easily be substituted via subcomponent exchange using a 

displacing ligand. In this case rather than full displacement of the ligand from the metal, 

the exchange occurs through transimination at the metal center. Lauren previously 

demonstrated this in investigating the order of stability in M2L3 meso-helicates (Figure 

1.5a).27 Through this study, a hierarchy of cage stability could be established, both through 

competitive self-assembly, as well as ligand displacement through treatment of a less 

favorable cage with a ligand of greater stability. The experiments revealed an impressive 

preference towards only the formation of the homo-complexes with each ligand, despite 

essentially the same size and electronics being present in each ligand. The study is 

impressively capped by a competition experiment between three ligands involving a total 

33-separate components in which strict sequential formation of each homocomplex is 

observed, with no deviation from the order of stability or incorporation of 

heterocomplexes. 



 

 8 

 
Figure 1.4. Ligand exchange in the social self-sorting of Pd2L4 complexes.25-27 

 

 Following up on this study, the nature of the pyridyl carboxaldehyde group’s impact 

the stability of the assembly was investigated.28 In this study three different aldehydes were 

analyzed with varying electronics, the typical 2-pyridine carboxaldehyde (PyCHO), as well 

as the more electron rich 4-methylpyridine carboxaldehyde (MePyCHO) and electron poor 

4-bromopyridine carboxaldehyde (BrPyCHO). In the process of analyzing the stability of 
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these complexes, a surprising discovery was made: subcomponent exchange is not limited 

to the amine, and the aldehyde component can also be exchanged in the presence of water 

(Figure 1.5b). Self-assembly with BrPyCHO is the fastest as the aldehyde is the most 

amenable to imine condensation, however the coordination is also the weakest of the three 

possibilities and can be easily exchanged with either PyCHO or MePyCHO. 

 
Figure 1.5. Self-sorting and subcomponent exchange in Fe-iminopyridine M2L3 meso-helicates.28,29 

 

1.3. Molecular Recognition in Unfunctionalized Supramolecular Cages 

 Cages constructed from ligands containing flat aromatic panels are commonly used 

in the design of supramolecular hosts.29 The aromatic panels can block the large gaps that 

exist in between separate ligands, resulting in a more enclosed cavity. By exploiting the 

hydrophobic effect a general strategy for molecular recognition can be achieved. Nitschke 
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showed encapsulation of a variety of hydrocarbons specific to the size of the pore and 

cavity of an M4L4 cage (1.1).30  Although good binding was observed, there was little 

selectivity between guests of different size. With proper size and shape matching for the 

guest to the cavity, a stronger, more selective, molecular recognition can be achieved. 

 
Figure 1.6. Molecular recognition in “featureless” cages: a) stabilization of reactive white 

phosphorus; b) selective encapsulation of sucrose; c) trigger and stabilization of reactive 

photoswitches.30-33 

 

Yoshizawa and co-workers demonstrated strong recognition for sucrose in water 

using an anthracene paneled paddlewheel 1.12.31 Further, the cage exhibited rare selectivity 

for sucrose over other, putatively similar carbohydrates (Figure 1.4b). Finally, Klajn 

showed two examples of unique interactions with photo switchable compounds (Figure 

1.4c). Upon encapsulation of a spiropyran in icosahedron 1.13 the compound converts to 

its opened form, after which the reversion process is prevented by stabilization within the 
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cage.32 Following this investigation, it was discovered that the same cage could also bind 

azo-benzene enabling control of the switching process.33  

In addition to controlling guest encapsulation, the aromatic panels can be utilized 

to activate reactive species. Tetrahedron 1.2, synthesized by Raymond has been extensively 

used in supramolecular catalysis.34 The naphthalene motif is able to activate encapsulated 

guests through CH-π interactions enabling high rate accelerations for several organic 

transformations including the Nazarov cyclization,35 and aza-Cope rearrangement.36 

While, these examples of molecular recognition are impressive, most of the interesting 

phenomena occurring is a result of the encapsulated guest. The cages in these cases are 

essentially featureless, with the only function being as a host molecule. To create more 

versatile host molecules, additional properties would need to be added to the self-assembly. 

Further, native luminescence in organic molecules is observed most often in 

aromatic compounds, meaning the molecular paneling approach can be still be a viable 

method for self-assembly. By using a tetrakis-pyridyl functionalized tetraphenyl ethylene 

(TPPE) ligand along with 1,3-benzoate and Pt2+ salts, a highly emissive cage 1.14 can be 

synthesized.37 The cage exhibits variable efficiency in emission in different solvents 

resulting from aggregation induced emission, with a quantum yield up to 50 % in pure 

THF. Formation of complexes utilizing similarly ligand-centered emission has been 

demonstrated by Ward, using pyridyl-pyrazole ligands with a naphthalene core.38 Further, 

more diverse mixed metal M8L12 complexes can be synthesized using a similar ligand, 

which exhibited redox activity in addition to the native luminescence.39  
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Figure 1.7. Fluorescent self-assemblies. a) Ligand centered emission;37 b) Metal centered emissive 

complexes.40 

 

 In addition to the use of fluorophores as ligands, coordination to metals exhibiting 

native luminescence is also a viable strategy in designing fluorescent cages. As most known 

emissive metal salts belong to either the lanthanide or actinide family, far fewer examples 

of this type self-assembled cage exist. There are however a handful of exquisite examples 

utilizing ligands with tridentate chelators. Sun was able to form a fluorescent cage using a 

pyridine-2,6-dicarboxamide chelating motif, to chelate Eu3+ ions.40 The resulting cages 

1.15 and 1.16 exhibited a modest efficiency (Φ < 1 %), however exceptional stereocontrol 

and narcissistic self-sorting were demonstrated. By using a salicylhydrazone coordinating 
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motif with Ce4+ ions, Duan was able to create a luminescent M4L4 tetrahedron capable 

biological imaging and luminescent tracking of chemical reactions.41,42  

1.4.  Endohedral Cages with “Inert” Functions 

 
Figure 1.8. Nanostructures possible by decorating the interior of Pd12L24 cage complexes.44-49  

 

The most versatile scaffolds for use in endohedral functionalization of cages were 

pioneered by Fujita. Derivatization of the 2 and 6 positions of arene rings with either 4-

pyridyl or 4-ethynylpyridyl groups creates rigid, V-shaped ligands capable of self-assembly 

mediated by Pd.43 Utilizing this strategy, large M12L24 nanospheres can be formed, and the 

central arene ring can be easily functionalized both endohedrally (at the 1-position) or 

exohedrally (at the 4-position). The resulting structures exhibit very large cavities and are 

extremely stable, as well as highly cationic enabling solubility in water. Initially the 
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derivatization of nanospheres focused on relatively simple, inert functional groups. By 

installing long alkyl chains inside the cavity, a distinct hydrophobic phase could be created 

in aqueous solution, enabling encapsulation of lipophilic compounds such as Nile Red 

(Figure 2a).44 Similarly, the internalization of perfluoroalkyl chains was used to create 

fluorous nanodroplets.45 Alternatively, a highly aromatic phase capable of binding C60 and 

naphthalenediimide in water can be obtained through functionalization with coronene.46 

The robust nature of the nanospheres enables a diverse array of functionalization to be 

performed, including impressive nanoscale complexes such as inverse dendrimers47 and 

even complexes containing proteins (Figure 1.6c).48 More impressively, by attaching a 

short bis-pyridine ligand to the interior of a large bis-pyridyl ligand, the formation of a 

“Matryoshka Doll” or cage within a cage could by synthesized and characterized 

crystallographically (Figure 1.6d).49 

1.5.  Molecular Recognition Controlled by Small Endohedral Groups 

 Endohedral functionality does not need be large to be effective. In fact, 

functionality as small as a lone pair or H-bonding group can confer novel properties to self-

assembled cages if oriented properly. Raymond’s catecholate cage excluded, most self-

assembled cages are highly cationic. As a result, encapsulation of positively charged guests 

is rarely observed in featureless cages shown above. 



 

 15 

 
Figure 1.9. Selective cation and anion recognition with Pd2L4 paddlewheels with internal lone pairs 

and acidic groups.53, 54  

 

The use of small functions like lone pairs of course necessitates the use of a smaller 

cavity. The formation of a large M12L24 nanosphere with endohedral pyridyl nitrogens has 

been shown to complex Ag+ cations on the interior of the cage.50 While this is impressive 

given the 24+ charge of the complex, the pyridyl rings can largely be considered 

independent, given the large spacing in the structure. Smaller paddlewheel structures, made 

by changing the pyridyl orientation from 4,4’ to 3,3’, can much more effectively direct 

groups towards the interior with functions including C-H bonds,51 lone pairs,52 and 

amines.53 The pyridyl variant 1.17 is an effective host for cationic guests, and can 

encapsulate two molecules of cis-platin via hydrogen bonding between the guest and 
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internalized lone pairs (Figure 1.9). Further, the addition of either DMAP or chloride anion 

could trigger the release of the encapsulated cis-platin, hinting at some potential in drug 

release. However, no affinity for the guests were observed in water as the encapsulation is 

reliant on hydrogen bonding. A more impressive demonstration of the impacts of H-

bonding on guest encapsulation was shown through the synthesis of a long oligopyridyl 

ligand exhibiting both pyridyl and aryl central cores.54 Treatment of this ligand with Pd2+ 

generates a multicavity cage displaying two separate nano-environments: in cavities 

containing the pyridyl motif encapsulation of cis-platin was observed, whereas the aryl 

motif, lacking H-bonding interactions, bound only triflate anions.  

Binding anionic compounds is significantly easier than cations, but the use of 

anions as a template can offer unique control of the assembly process when paired with 

hydrogen bonding interactions. An elegant example of this was presented by Custelcean, 

who utilized molecular modeling to design a tetrahedral Ni4L6 complex that selectively 

binds the sulfate anion (Figure 1.10a).55 Unlike most examples of flexible ligands utilized 

in self-assembly with octahedral metals, ligand 1.18 favors the formation of the tetrahedral 

stoichiometry over the generally more favorable M2L3 helicate. The tetrahedral shape of 

the complex Ni41.186 complements the shape of the bound sulfate, and precisely positions 

the H-bonding urea groups towards the anion. Exquisite affinity is observed in this case 

(Ka(Ni41.186•SO4) > 6 x 106 M-1) comparable to that of a sulfate binding protein. This cage 

was later extended to other tetrahedral oxoanions and an order of affinity was generated 

(PO4
3- >> CrO4

2- > SO4
2- > SeO4

2- > MoO4
2- > WO4

2-).56  
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Figure 1.10. Selective anion recognition and structural control in supramolecular cages.55-58 

 

Within the Hooley group it was discovered that the inclusion of other H-bond 

donors, such as alcohols, can have great impacts on both anion recognition and structural 

control of the assembly process. By using 2,7-diaminofluorenol FOH in an Fe-

iminopyridine multicomponent self-assembly, effective stereocontrol of the assembly 

process can be conferred from specific anions (Figure 1.10b).57 When the self-assembly is 

performed using Fe(ClO4)2, exclusive formation of an unusual mer3:fac M4L6 prism 1.3 is 

observed, as opposed to the typical all-fac tetrahedra expected for this class of ligand.25 
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The control in this assembly is exceptional: taking into account the 4 metal centers, each 

with 3 possible isomers, as well as the internal OH group which becomes chiral upon 

assembly, over 100 isomeric possibilities exist, however only the single diastereomer is 

observed. The control shown with 1.3 is specific to templation with the ClO4
- ion (and 

similarly sized BF4
-), use of other Fe2+ salts resulted in the formation on non-discrete 

coordination polymers. As the assembly is reversible, however, the non-discrete complexes 

could be converted to cage 1.3 upon heating with exogenous ClO4
-. The usefulness of 

alcoholic H-bonding was also shown to a lesser extent in the self-assembly of M2L3 meso-

helicates. The multicomponent iminopyridine self-assembly of 3,7-diaminosuberol SOH 

results in a stereocontrolled M2L3 mesocate 1.1 through inter-ligand hydrogen-bonding 

(Figure 1.10c).58 

To direct functional groups towards the interior cavity, most strategies use either V-

shaped or linear ditopic ligands as tri- and tetrapodal ligands tend to be planar and therefore 

unsuitable for endohedral functionalization.59,60 In fact, tripodal ligands that use an sp3 

carbon at the center almost exclusively favor exohedral orientation.61 An outlier in this 

trend was presented by Nitschke through the formation of an azaphosphatrane decorated 

Fe4L4 tetrahedron (Figure 1.11).62 When protonated, the azaphosphatrane unit is cationic 

and a strong H-bond donor, enabling anion binding in aqueous solution. The cage can exist 

in two isomeric forms, either a T-symmetric isomer with all four phosphatrane groups 

pointed internally, or a C3 symmetric isomer with three internally and one externally 

oriented group. The binding affinity of the cage was analyzed with several anions of 

varying size 35 Å3 (I-) – 219 Å3 (CB11H12
-). It was discovered that differently sized anions 
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preferred one isomer over the other: most anions preferred the T isomer (with 100:1 bias 

for guests > 55 Å3), but the small NO3
- anion resulted in a 95:5 preference for the C3 isomer. 

Most importantly, the structure of the cage could be easily interchanged through anion 

exchange with a suitable guest. 

 
Figure 1.11. Structural switching of M4L4 cages via anion templation.62 

 

1.6.  Reactions with Self-Assembled Cages 

The most enticing function in self-assembled cages is their use in biomimetic 

catalysis. The internal cavity of cages is ideal for recognition of a wide range of guests, as 

shown above. However, transitioning from simple host-guest interactions to the more 

specific recognition necessary for catalysis presents several distinct challenges. In general, 

the ability of cages to properly differentiate between multiple guests is still 

underdeveloped, which can cause problems in turn-over through both product and substrate 

inhibition. Further the coordinating motifs that hold the cages together tend to be sensitive 

and could be damaged through the reaction process. This is especially true with reactions 

that require particularly harsh conditions or outside reagents to proceed. As such 

performing reactions that utilize self-assembled cages require careful selection of reaction 



 

 20 

conditions. Given the inherent challenges with introducing reactive functionality to cages, 

several new methods must be explored, including post-assembly modification of 

preformed complexes. 

1.7 Introduction of Endohedral Functionality Through Post-Assembly 

Modification 

The alteration of metallosuperstructures via post assembly modification (PAM) has 

been thoroughly investigated in metal-organic frameworks,63 but is far less common in 

self-assembled cage complexes.64,65 Further, the majority of these studies have focused on 

mild external modifications,66 presumably because derivatization of the interior in the 

reversible complexes is more challenging.67 In the cases where PAM has been used on self-

assembled cages, the interactions rely on mild transformations such as ring closing 

metathesis, 68 or “click” reactions such as CuAAC. 69 While many examples of reactivity 

in cages exist, the reactions depend on pre-organization of the substrates and an increases 

effective concentration of the substrates rather than the cages containing reactive 

functionality of their own. 

The ease of functionalization, and robustness of the large M12L24 nanospheres make 

them ideal candidates for PAM. By linking methyl methacrylate (MMA) groups to the 

ligand scaffold, atom transfer radical polymerization (ATRP) was made possible within the 

interior of the cage 1.19 (Figure 1.12a).70 The polymerization process could be further 

optimized by varying the oligoethyleneglycol spacer, with the most optimal length being 

n=3. By encapsulating the reactive components, a discrete polymer could be formed upon 



 

 21 

treatment with AIBN. Hydrolysis of the glycol linkages enable isolation and analysis of the 

resultant polymer which exhibited a polydispersity index (Mw/Mn) of 1.60.  

 
Figure 1.12. Reactions with covalently attached groups. a) Polymer growth on the interior of a 

functionalized cage.70 b) Cage-promoted nucleophilic addition.58 

 

By internalizing the reactive functionality, it is possible to control post-assembly 

modifications. Mesocate 1.1 can react with neutral electrophiles like alkyl isocyanates 

under mild conditions.51 Orientation of the alcohol groups towards the internal cavity not 

only confers stereocontrol on the self-assembly but can also accelerate the reaction. The 

hydrogen bonding interactions activate the isocyanate enabling the PAM to occur without 

the need of a catalyst. If similar conditions are utilized on non-assembled ligand surrogates, 

no reaction is observed. It is also worth noting that as the self-complementary hydrogen-
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bonding of the alcohol groups is removed, the stereochemistry of the mesocate structure is 

scrambled. A similar study was performed by Klosterman through the N-acylation of an 

aniline decorated di-CuII paddlewheel cage.71 By refluxing the cage in DMF in the presence 

of acetic anhydride, the amide product could be formed. Only a single acylation was 

possible however, as the small cavity of the paddlewheel complex became crowded 

following the first reaction.  

1.8. Catalysis with Endohedrally Functionalized Cages 

To transition from simple reactions on the cage to biomimetic catalysis, the cavity 

of the complex must of course be large enough to accommodate both the reactive 

endohedral functionality, as well as the reagent. As consequence, most known examples of 

endohedrally functionalized catalysis are performed using the large M12L24 nanospheres. 

The robust nature of the pyridyl-Pd coordination allows the internalization of other, more 

weakly coordinating functional groups such as phosphines. Efficient catalysis of the hydro-

alkoxylation of a γ-allenol 1.21 was shown by Reek using an internalized Au(I) phosphine 

catalyst (Figure 1.13a).72 By appending the catalyst to the ligands, the cavity exhibited an 

increased local concentration of Au(I)Cl resulting in higher activity. In addition to the good 

yield (88 %), the cage also gave selective formation of the only the 5-membered cyclization 

product 1.22. 1,6-eneyne 1.24 was less amenable to cyclo-isomerization, however selective 

formation of the 5-membered product 1.25 was still observed. The harsher conditions 

necessary to perform this reaction as well as an intramolecular [4+2] cycloaddition was 

made possible by replacing the Pd2+ vertices with Pt2+.73  
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Figure 1.13. Organometallic catalysis in endohedrally functionalized nanospheres.72-74 
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In addition to the covalent attachment shown above, incorporation of the Au(I)-

phosphine catalyst is possible through non-covalent interactions. Guanidinium groups have 

high binding affinity for sulfonate and carboxylate anions. By decorating the interior of a 

Pt12L24 nanosphere with guanidinium groups, strong incorporation of triphenylphosphino-

monosulfonate (TPPMS) Au(I)Cl catalysts is made possible (Figure 1.13b).74 This strategy 

provides unique opportunities in supramolecular catalysis. First, it enables additional 

control in the concentration of Au(I)Cl present within the cavity of the cage. Second, the 

difference in binding affinity between sulfonate and carboxylate provides the opportunity 

for preorganization of the sulfonated catalyst and a carboxylate-containing substrate. The 

addition of four equivalents of TPPMS-AuCl in the presence of base allowed good catalytic 

activity for the cyclization of acetylenic acid 1.G. (>95 % conversion, TOF = 5.75). During 

the cyclization process the carboxylate group is cleaved from the product, facilitating 

turnover of the catalyst. Using a single hydrogen-bonding species confined to the interior 

of the cage, increases interactions between the catalyst and reactant, with no observed 

product inhibition.  

The most obvious advantage of endohedrally functionalized nanospheres over 

small molecule catalysts is the removal of the catalyst from bulk solution. By sequestering 

the reactive compound, catalytic motifs that would typically be incompatible can be used 

in a single flask, enabling concurrent tandem catalysis. This concept was expertly 

demonstrated by Fujita using two cages exhibiting organocatalytic groups on the interior 

to perform multiple sequential reactions in one pot.75 The two new nanospheres contained 

either 24 TEMPO groups or 24 MacMillan type amine catalysts (Figure 1.14). Oxidation 
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of an alcohol to and aldehyde is made possible in the TEMPO sphere, while iminium-

meditated Diels-Alder reactions can be performed in the MacMillan sphere. Alcohol 1.29 

is primed for this sort of reactivity, however when this reaction is attempted using free 

catalyst no product is observed. By sequestering both catalysts in their respective 

nanoenvironments, efficient oxidation to aldehyde 1.30, followed by cyclization to product 

1.31 is observed. This reactivity is specific to the use of both cages in a tandem process, in 

control reactions in which only one cage is used and alternate one free catalyst, minimal 

yield is observed. 

 
Figure 1.14. Concurrent tandem catalysis with two differently functionalized nanospheres.75 

 

1.9. Summary and Outlook 

A number of challenges exist in the creation of endohedrally functionalizing 

supramolecular cages. From ensuring the proper orientation of functional groups, to 

accounting for the sensitive structural components while introducing active functional 

groups, as well as stereocontrol of more complicated assemblies. Many of these concerns 
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have been accounted for: Pt and Pd M12L24 nanospheres can tolerate a wide range of 

internal functions, and the introduction of hydrogen binding in smaller Fe-iminopyridine 

assemblies is capable of controlling the stereochemical outcome. Further, many 

exceptional examples of organic and organometallic catalysis using highly complicated 

nanostructures have been shown. However, the utility of endohedral functionality is far 

from finished. Much of the molecular recognition presented is limited to small molecules, 

or in very large nanospheres which exhibit rapid in-out rates for their guest. While several 

great examples of PAM have been observed, after the reaction is performed the resulting 

product is inert ending the process. A more ideal PAM would be one that is either reversible, 

or produces a new reactive product which is as of yet under explored. Finally, true enzyme 

mimicking catalysis is yet to be achieved: enzymes display a small cavity, containing 

multiple different functional groups that can selectively bind and activate a chiral substrate. 

Combining all these requirements into a single species is an ambitious goal, and one that 

has remained elusive for some time. 
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Chapter 2: Metal-Selective Coordination and Enhanced Fluorescence of 

a Self-Assembling Ligand Scaffold1 
 

2.1 Introduction 

The definition of function is not limited to simply functional groups, but rather 

anything that provides additional use to the cage. One of the most basic functions one can 

imagine implementing is the introduction of luminescence for use in fluorescent sensing. 

In most cases this is done using either a fluorescent ligand2,3 or by using a fluorescent 

metal.4,5 While these methods are effective, they are limited to a single reporter. If instead 

the fluorophore was the metal chelator, the complex could double as a sensor for both guest 

molecules as well as metal ions. Herein the use of a fluorescent chelator capable of metal 

specific emission response is reported. The metal coordinating motif is a 1-hydroxy-2-

iminonicotinonitrile (HINT) group, which exhibits a similar structure and metal 

coordination sites to the well-known hydroxypyridinone (HOPO) coordinating ligands 

(Figure 2.1).6  The HOPO ligands have been reported to strongly coordinate group (IV) 

metals7 and lanthanides, 8 and can enhance the native luminescence of rare earth metals.9,10 

This emission is localized on the metal, however, as the HOPO ligands are non-emissive 

by themselves. In contrast, the nicotinonitrile-containing analogs developed by McQuade 

and coworkers11 exhibit native luminescence and can easily be obtained by rapid 

cyclization of primary amines with an alkylidene malononitrile enamine. By inducing the 

cyclization using hydroxylamine in place of an alkyl chain, the second hydroxy-pyridyl 

coordination site is produced. 
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Figure 2.1. Structures of strongly metal coordinating motifs. 

 

2.2 Rational Design and Synthesis of Ligands 

Initially two ligand scaffolds were tested for their ability to coordinate metals and 

self-assemble into cages. Terphenyl ligand 2.1 and fluorenyl ligand 2.2 both contain two 

HINT groups and should be capable of multicomponent self-assembly into MxLy 

complexes (Figure 2.2). The self-assembly of these two ligands should be predictable as 

bent terphenyl ligands invariably form M2L3 meso-helicates,12 while the more linear 

fluorenyl scaffold generally forms M4L6 tetrahedra.13 Ligand 2.1 was synthesized in four 

steps from 1,3-dibromobenzene. Diketone 2.A was formed via a Suzuki-Miyaura coupling 

with 4-acetylphenylboronic acid in 95 % yield. Nitrile 2.B was formed in 80 % yield via 

Knoevenagel condensation of 2.A with malononitrile using Ti(OiPr)4 as Lewis acid. This 

was converted to enamine 2.C by treatment with N,N-dimethylformamide dimethyl acetal 

and acetic anhydride. The resulting enamine underwent rapid Pinner cyclization upon 

addition of hydroxylamine, giving ligand 2.1 in 96 % yield. Fluorenyl diketone 2.D was 

formed in 71 % yield via an SN2 reaction with methyl iodide, followed by Friedel-Crafts 

acylation. Ligand 2.2 was then formed following the same general procedures used for 2.1 

in 54 % overall yield. 
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Figure 2.2. Synthetic route to bis-coordinating HINT ligands 2.1, and 2.2. 

 

2.3 Investigation of Metal Coordination 

 

The metal-coordinating abilities of 2.1 and 2.2 were tested by titrating metal ions 

into DMSO solutions of the ligands and monitoring the process by UV/Vis absorption 

spectroscopy. The neutral HINT ligands 2.1 and 2.2 showed poor affinity for metals by 

themselves, presumably due to the weakly coordinating nature of the terminal imine group. 

To allow for effective metal coordination, the ligands with were pre-treated with NaH 

suspended in CH2Cl2. After ~1 h of stirring a precipitate formed which was isolated via 

vacuum filtration to yield the anionic sodiated counterparts Na•2.1 and Na•2.2. As 

expected, the increased donating ability of the anionic ligands enabled strong coordination, 

and high affinity for a range of oxophilic transition metal ions (Figure 2.3). 30 µM solutions 

of Na•1 and Na•2 in DMSO were prepared in 3 mL quartz cuvettes. Metal salts were then 
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added from a 10 mM solution in 9 µL increments (0.11 molar equivalent with respect to 

ligand), with absorption spectra taken at each increment.  

 

 
Figure 2.3. UV-Vis absorption spectra of the titration of various metal salts into DMSO solutions 

of anionic ligand Na•2.1: a) MX2 = Zn(OTf)2, b) MX2 = Fe(ClO4)2, c) MX2 = Co(ClO4)2. [Na•2.1] 

= 30 µM. Job plot of the assembly process measured based at specified wavelength: d) Zn(OTf)2 – 

430 nm, e) Fe(ClO4)2 – 460 nm, f) Co(ClO4)2 – 400 nm. *𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝐴𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = 𝐴𝑏𝑠 −

(
[𝑙𝑖𝑔𝑎𝑛𝑑]

[𝑙𝑖𝑔𝑎𝑛𝑑]+[𝑀]
) 𝐴𝑏𝑠0 
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A clear red-shift in the λmax of Na•2.1 is observed in the absorption spectrum upon 

titrating either Zn2+, Fe2+ or Co2+ into a solution of Na•2.1 in DMSO. The shift is 

accompanied by easily detectable isosbestic points, indicating the formation of a single 

discrete metal-ligand complex. In each case the absorbance changes ceased after addition 

of 0.66 mol.-eq. of metal salt added, consistent with the expected formation of an M2L3 

complex. To corroborate this assignment, analysis of the stoichiometry of the assembly 

was carried out using Job’s method for the assembly of Na•2.1 with Zn2+, Fe2+ and Co2+, 

each of the plots exhibited a maximum at 0.66 mol.-eq. confirming the 2:3 metal to ligand 

ratio (Figure 2.3d-f). 

The binding affinities of Na•2.1 for each of the metals (Zn2+, Fe2+, and Co2+) were 

calculated via Stern-Volmer analysis (Figure 2.4a). Anionic ligand Na•2.1 exhibited high 

affinity for each of the chosen metals, with dissociation constants on the order of 25-50 

µM (Kd (Zn) = 49.8 µM, Kd (Fe) = 28.5 µM, Kd (Co) = 42.5 µM). The titration experiments, 

and formation of complex, were insensitive to counter anion: weakly coordinating ions 

such as NO3
2-, ClO4

- or TfO- all showed similar absorption spectra upon titration with 

Na•2.1. The affinity for the ligand is lowered, however, when salts with strongly 

coordinating counterions such as Cl- are used. Finally, despite the ligand and resulting 

complex being highly anionic, the assembly process is mildly tolerant to water at µM 

concentrations. Effective assembly into the Zn22.13 complex was observed in the presence 

of up to 33 % water in the DMSO (Figure 2.3). 
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Figure 2.4. a) Stern-Volmer plot for the absorbance titration of Zn(OTf2) into a solution of Na•2.1 

in DMSO. b) Titration of Zn(OTf2) into a solution of Na•2.1 in a 2:1 mixture of DMSO and H2O 

monitored via UV/Vis spectroscopy. 

 

While the V-shaped bis-HINT ligand 2.1 shows a clear transition from anionic 

ligand to M2L3 self-assembly, the titration of octahedral metals into the fluorenyl bis-HINT 

ligand 2.2 was far less predictable (Figure 2.5). A clean transition to product is still 

observed in the titration of Na•2.2 with Zn2+ as evidenced by the presence of isosbestic 

points at 370 nm and 425 nm; however, the endpoint in this case is not the expected 0.66 

mol.-eq. of a typical MxLy-x/2 complex. Further, treatment of Na•2.2 with either Fe(ClO4)2 

or Co(ClO4)2 resulted in no observable isosbestic points over the duration of the titration 

indicative of a random assembly process. When Co2+ is added, the absorbance spectrum 

ceases to change after the addition of 0.55 mol.-eq. Co2+, in the case of Fe2+, however, no 

discrete endpoint is attained. The easy explanation in this case is that with Na•2.2, various 

coordination modes are present other than discrete M2L3 complexes or M4L6 tetrahedra.  
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Figure 2.5. UV-Vis absorption spectra of the titration of various metal salts into DMSO solutions 

of anionic ligand Na•2.2: a) MX2 = Zn(OTf)2, b) MX2 = Fe(ClO4)2, c) MX2 = Co(ClO4)2. [Na•2.2] 

= 30 µM. 

 

Due to the clean and predictable assembly process of Na•2.1, we decided to further 

investigate its coordinative ability with other metals commonly used in self-assembled 

cages. The analogous HOPO chelating motif has been used effectively in the coordination 

of various metals including rare earth metals such as Eu3+,5 as well as oxophilic metals like 

Ga3+ and Ni2+.4 Unlike the HOPO ligands, the self-assembly process of Na•2.1 is more 

specific. The use of the larger d10 metals, Cd2+ and Hg2+, resulted in a much more random 

assembly process (i.e. no isosbestic points present) reminiscent of the titrations into Na•2.2 

(Figure 2.6). In the presence of similarly sized oxophilic metals such as Ni2+  or Ga3+, much 

smaller spectroscopic changes are observed, accompanied by weaker binding affinities. 

Further, rare earth metals such as La3+ or Tb3+ showed no affinity at all for the ligand.  
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Figure 2.6. UV-Vis absorption spectra of the titration of various metal salts into DMSO solutions 

of anionic ligand Na•2.1: a) MX2 = Hg(OTf)2, b) MX2 = NiSO4, c) MX2 = La(OTf)3. [Na•2.1] = 30 

µM. 

 

To gain additional information on the coordinative abilities of the HINT motif, a 

third ligand with a single coordination site was developed. Using an analogous procedure 

to the previous ligands, Na•2.3 was synthesized in 3 steps and a 30 % overall yield starting 

from acetophenone (Figure 2.7a). The absence of the second chelating unit required the 

titrations to be performed at a significantly higher concentration ([Na•2.3] = 240 µM) to 

maximize complex formation. The absence of cooperative supramolecular coordinating 

effects leads to weaker metal coordination for Na•2.3 in comparison to Na•2.1 and Na•2.2. 

While Zn(OTf)2, Fe(ClO4)2 and Co(ClO4)2 all showed affinity for ligand Na•2.3, no 

isosbestic points were observed, indicating an equilibrium between ML, ML2 and ML3 

stoichiometries is present in solution (Figure 2.7b-d).  
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Figure 2.7. a) Synthesis of ligand 2.3 see Scheme 2.1 for details. UV-Vis absorption spectra of the 

titration of various metal salts into DMSO solutions of anionic ligand Na•2.3: b) MX2 = Zn(OTf)2, 

c) MX2 = Fe(ClO4)2, d) MX2 = Co(ClO4)2. [Na•2.3] = 240 µM. 

 

2.4 Metal-Specific Changes in Emission 

The coordinating HINT motif in ligands 2.1-2.3 is weakly fluorescent (Figures 2.8 

and 2.9). A pale blue emission is present upon exposing solutions of neutral ligands in 

DMSO to long wave UV light. The quantum yield ɸ  of each complex was calculated by 

comparing the changes in emission at differing concentrations and comparing against the 

efficiency of a known standard, quinine hemisulfate in 1M H2SO4 (See Experimental 

section for further details). Each of the neutral ligands exhibited a similar emission profile 

and a modest efficiency (e.g ɸ(2.1) = 1.0 %). Upon deprotonation, the anionic counterparts 

display a much brighter orange colored emission. All three ligands Na•2.1, Na•2.2 and 

Na•2.3 exhibited an emission maximum appearing at 477 nm (upon excitation at 397, 404 

and 410 nm respectively) indicating the HINT coordinator itself  is responsible for the 
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emission. The efficiency of the emission has a large variation, depending on the internal 

core. While both the terphenyl Na•2.1 and singly coordinating Na•2.3 show a roughly 5-

fold increase in quantum yield upon deprotonation (ɸ(Na•2.1) = 5.2 %, ɸ(Na•2.3) = 4.19 

%), the fluorenyl ligand Na•2.2 is significantly less efficient (ɸ = 1.3 %). 

 
Figure 2.8. Colorimetric changes upon of the addition of 0.66 mol-eq. MXn to DMSO solutions of 

anionic ligands Na•2.1. Upper image: ambient light, lower image: upon long wave UV irradiation 

(365 nm). [Na•2.1] = 3 mM. 

 

Upon coordination of various metals, significant deviations in emissive behavior of 

the metal complexes were observed. When Zn2+ is added to solutions of anionic ligands 

Na•2.1 or Na•2.3, a strong enhancement in fluorescence occurs upon formation of the 
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complex along with a chromatic shift to a bright green emission. The increased intensity in 

the emission is highly selective for Zn2+ ions: When the other d10 metals (Cd2+ and Hg2+) 

were used, the chromatic shift to green was still present, but the change in intensity was far 

less noticeable. Unlike the smooth transition in absorbance observed upon addition of Zn2+, 

the titration of Hg2+ is shifted at random which indicates a much less favorable assembly 

or aggregate, which is likely able to transfer some amount of energy through non-emissive 

pathways such as vibration resulting in moderate quenching.14 Further, treatment of anionic 

ligands with the other strongly coordinating metals Fe2+ and Co2+ resulted in near-complete 

quenching of the fluorescence upon complex formation. Both the emissive enhancement 

and quenching are highly specific to metal coordination: when more the weakly-

complexing metals such as Ni2+ and Ga3+, or the non-coordinating ions such as La3+ or Tb3+ 

are added, no changes in the color or intensity of the emission were observed (Figure 2.9c).  

To quantify the results observed in Figure 2.8, titrations of the respective metal salts 

into solutions of the anionic ligands in spectral grade DMSO were performed and 

monitored by fluorescence spectroscopy. Treatment of a solution of Na•2.1 in DMSO with 

either Fe2+ or Co2+ (Figure 2.9b) results in an immediate decrease in emissive intensity, 

maximal quenching of the emission is observed at 1.0 mol.-eq. of metal added. Despite 

obvious changes in the color of the solution and the absorbance spectrum, no red-shift is 

observed in the spectrum indicating that ligand is solely responsible for the emission. The 

quantum yield of the Fe22.13 complex was determined, further confirming the quenching 

phenomenon with ɸ(Fe22.13) = 0.12 %. The quenching of fluorescence via metal salts is 

well known and is most likely due to unpaired electrons in the Fe (and Co) centers. Zn2+ 
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exhibits filled electron shells which do not cause quenching, but instead fluorescence 

enhancement. 

 

 
Figure 2.9. Fluorescence emission spectra of the titration of metal salts into DMSO solutions of 

anionic ligand Na•2.1: a) MXn = Zn(OTf)2, b) MXn = Fe(ClO4)2, c) MXn = NiSO4. [Na•2.1] = 30 

µM, excitation wavelength = 397 nm. 

 

As expected from the qualitative results in Figure 2.8, formation of the discrete self-

assembled complex Zn22.13 was accompanied by a large red shift in emission when 

compared to Na•2.1 from 477 nm to 508 nm upon Zn coordination (Figure 2.9a). Further, 

the emissive intensity of the complex exhibits a 25 % increase in emissive intensity, and a 

seven-fold enhancement of efficiency over the protonated ligand 2.1 (ɸ(Zn22.13) = 6.4 %). 

The titration of Zn2+ exhibits an unusual phenomenon: while the absorbance changes 

ceased at 2/3 mol.-eq. Zn2+, consistent with formation of the Zn22.13 complex, the 

fluorescence enhancement upon titration of Zn2+ to Na•2.1 did not. In fact, the intensity 
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continued increasing until roughly 5 mol.-eq. Zn2+ was added, with a final intensity 3 times 

that of the anionic ligand. Evidently, the fluorescence enhancement of the Zn22.13 complex 

is a dual mode process: initially enhanced fluorescence is observed with respect to 

formation of the self-assembled cage, then a secondary interaction occurs, further 

enhancing the emission intensity. We attribute this phenomenon to weak coordination 

between Zn2+ and the nitrile groups on the HINT ligand: the pendant nitriles cause some 

quenching (likely via photoinduced electron transfer), but weak complexation of Zn2+ 

abrogates this quenching. Upon saturation of the complex at 5 mol.-eq. of metal added, a 

maximum is reached and the enhancement ceases.  

 

 
Figure 2.10. a) Colorimetric changes upon of the addition of 0.33 mol-eq. MXn to DMSO solutions 

of anionic ligands Na•2.3. Upper image: ambient light, lower image: upon long wave UV 

irradiation (365 nm). [Na•2.3] = 3 mM. b) Fluorescence emission spectra of the titration of 

Zn(OTf)2 into a 6mM solution of Na•2.3 in DMSO. 
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The effects of metal coordination on the HINT assembly were mirrored in the 

monomeric system (Figure 2.10). Addition of either Co2+ or Fe2+ to a solution of Na•2.3 

resulted in immediate quenching of the ligand emission. In this case quantum yields were 

not calculated as values would likely mimic the Fe22.13 assembly and be clouded by 

background noise in the experiment. When Zn2+ is titrated into the solution, the same red 

shift of roughly 31 nm was observed, along with an even more strongly enhanced quantum 

yield (ɸ(Zn22.33) = 10.5 %). The titration of metal salts into the fluorene ligand Na•2.2 

behaved as expected upon addition of quenching metals Co2+ and Fe2+. In contrast, upon 

treatment with Zn2+ the expected coordination induced emission enhancement 

phenomenon is not observed. Na•2.2 displays obvious coordination to Zn2+ and formation 

of a non-discrete aggregated assembly, as evidenced by the UV-Vis titration and the 

expected red-shifted emission was observed upon formation of the Znx2.2y complex. 

Despite this, a decrease in emission intensity is observed upon increasing concentration of 

Zn2+. It is most likely the fluorene core is capable quenching some of the HINT emission 

through energy transfer. The quantum yields of Na•2.2 and the Znx2.2y are significantly 

lower than their respective 2.1 and 2.3 analogs (ɸ(Na•2.2) = 1.5 %, ɸ(Znx2.2y) = 2.0 %), 

further supporting this analysis. Evidently in addition to the chelating group, the rigid 

spacer utilized for the ligand structure plays an important role in the coordination induced 

emission enhancement seen upon treatment of the HINT ligands with Zn2+.  

The HINT coordination to Zn2+ was rather robust and was further tested against 

competing ions and aqueous conditions. In the presence of up to 15 % water in solution the 

red-shifted emission and fluorescence enhancement of Zn22.13 could be observed, albeit at 
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a lower intensity when compared to pure DMSO (Figure 2.11). Additionally, the enhanced 

Zn2+ fluorescence was persistent in the presence of other metals. Initially metals were 

added in a 50/50 mixture with a total of 1.33 mol.-eq. added, enough to fully form one 

homocomplex (e.g. Zn22.13 or Co22.13) with the remainder being free in solution. When 

Na•2.1 was treated with a 50/50 mixture of Zn2+ and Co2+ the emission at 508 nm 

characteristic of the Zn22.13 complex was observed with an intensity of 80 % of that shown 

by pure Zn22.13. The enhanced emission is still present, albeit at a lower emissive intensity 

(52 % of pure Zn22.13) with 50 % Fe2+
 present in solution, even in an excess of both 

competing Co2+ and Fe2+ salts (32 % emission intensity, 2.0 mol.-eq total metal). These 

experiments indicate that not only is Zn2+ complexation more favorable than that of Co2+ 

or Fe2+, but that free metal ions do not cause quenching of the Zn22.13 complex. 

 

 
Figure 2.11. Fluorescence spectra illustrating the selective self-assembly of Na•2.1 for Zn(OTf)2, 

and tolerance to H2O in the assembly process. 
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2.5  Structural Characterization and Stability 

Complex formation observed by NMR analysis was consistent with the UV-Vis 

titration data. Addition of Zn(OTf)2 to solutions of Na•2.1, Na•2.2 and Na•2.3 in anhydrous 

DMSO-d6, resulted in sharp, shifted peaks, indicative of strong coordination. Upon 

addition of 0.66 mol.-eq. Zn2+ to Na•2.1 complete association was observed, with no 

further changes following subsequent additions. The formation of a larger more slowly 

diffusing assembly was confirmed from a reduction in diffusion constant (calculated from 

2D DOSY NMR) from 2.72 x10-9 m2/s for terphenyl ligand 2.1, to 1.29 x10-9 m2/s for 

Zn22.13. When metal salts are added to solutions of the neutral ligands, no complexation 

was observed. These NMR experiments offer important information in understanding of 

the coordination sphere of HINT:Zn complexes: rapid reaction with Zn2+ ions with 

anhydrous samples of Na•2.1, Na•2.2 and Na•2.3 occurs, however at the millimolar 

concentration required for NMR the complexes were highly susceptible to precipitation 

over time. The Zn22.13 complex formed using anhydrous Na•2.1 is octa-anionic, basic, and 

highly susceptible to protonation by exogenous water. Neutral cages formed using 

hydroxamic acid ligands are well-known to show limited solubility in many solvents and 

can be challenging to characterize.15 To corroborate this theory, the addition of Zn(OTf)2 

to Na•2.1 was repeated in DMSO-d6 in the presence of 20 µL water. Under these conditions 

no cage complex was observed, merely the gradual loss of ligand peaks, with complete 

disappearance at 0.66 mol.-eq. Zn(OTf)2 added, accompanied by the formation of a 

precipitate (Figure 2.12). The varied protonation states of the Zn22.13 complex complicated 
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further characterization, and low solubility prohibited the formation of crystals suitable for 

diffraction analysis, as precipitation was far too rapid, resulting in amorphous solids. 

 
Figure 2.12. a) Zn22.13 cage assembly and in-situ protonation; b) 1H NMR spectra of the assembly 

process and subsequent protonation/precipitation (500 MHz, DMSO-d6, 298K); c) minimized 

structure of [Zn22.13]8- (SPARTAN, AM1 forcefield). 

 

The challenges with characterization of the M2L3 assembly were mirrored in 

attempted mass spectral analysis, as the complex was highly insoluble in solvents other 

than DMSO and the protonated species is prone to immediate precipitation. Analysis via 

MALDI was unsuccessful, but the assembly exhibited moderate solubility in anhydrous 

CH3CN, enough to allow for analysis via ESI-MS. To reduce the amount of precipitate, the 

complex was formed in situ from Na•2.1 and Zn(OTf)2 in CH3CN, and following 

centrifugation the sample was immediately analyzed. The full M2L3 complex could not be 

observed due to precipitation caused by protonation under the positive ionization method. 

However, the protonated Zn22.12 fragment was observed at a low intensity (e.g. [Zn22.12-
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H•2H2O]+ ion (m/z = 1155.18)), as well as multiple Zn22.1 fragments. The singly 

coordinating ligand Na•2.3 is less prone to precipitation and allowed a more detailed ESI-

MS analysis of the coordination process. A 4:1 ratio of Zn(OTf)2:Na•2.3 was combined in 

CH3CN/iPrOH, then centrifuged to remove any complex that had precipitated, and 

immediately analyzed by ESI-MS using a LTQ mass spectrometer nanosource electrospray 

ionizer. Ions from both ML2 and ML3 coordination were present in the spectra, supporting 

the expectations from the titration data (Figure 2.13). The fully sodiated ML3 ion 

[Zn•2.33Na4(iPrOH)-5H]+ and an ML2 fragment [Zn•2.32NaOTf-1H]+ were observed when 

the mixture was analyzed in positive ion mode. Negative ion detection was less effective, 

and only fragments [Zn•2.32(H2O)(CN-)-2H]-, [Zn•2.32(CN-)-2H]- were observed, each 

containing cyanide ions, presumably from ligand fragmentation. Precipitation occurred 

rapidly in this case also, resulting in arcing occurring between the injection source and the 

MS instrument barring a more detailed analysis of the observed ions. 
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Figure 2.13. Predicted vs experimentally obtained mass peaks for (a) [Zn2.32•NaOTf-H]+ (m/z = 

657.00) and (b) [Zn2.33•Na4(IPA)-5H]+ (m/z = 844.83). 

 

2.6  Conclusions 

We have shown that a novel, fluorescent coordinator can display early transition 

metal-selective supramolecular self-assembly, and enhanced fluorescence upon selective 

binding of Zn2+ ions. The V-shaped ligand Na•2.1 forms a discrete, highly anionic 

assembly with M2L3 stoichiometry upon addition of Zn2+, Fe2+, Co2+, etc. Further, the 

fluorescence enhancement phenomenon is selective both towards Zn2+ cations and the 

specific linker attached. While, the V-shaped Na•2.1 and the singly coordinating Na•2.3 

exhibit large increases in emissive intensity, the fluorenyl Na•2.2 forms an indiscrete 

aggregate resulting in quenched emission. Finally, the HINT chelating motif and resultant 

complex are highly anionic, and basic, making them highly susceptible to protonation with 

exogenous water and subsequent precipitation. 
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Chapter 3 – Thermodynamic Control and Post-Assembly Modifications 

of Iminopyridine Coordination Cages  
 

3.1  Introduction 

 Adding reactive functional groups to self-assembled cages can be challenging, as 

the metal-ligand contacts can often be quite sensitive. Additionally, the mechanism of the 

assembly process is rather complicated, requiring several components to interact and 

rearrange into the most stable configuration. Introducing functional groups to the ligand 

prior to assembly can further complicate this mechanism as the added steric bulk may 

inhibit beneficial interactions thus slowing the assembly process. One method to 

circumvent these challenges is to modify the cage after the assembly has been completed. 

The use of simple ligands with a primed handle would enable facile self-assembly while 

still allowing for the introduction of reactive functional groups to the cage. Herein, two 

examples of mild post-assembly modifications (PAM) are presented that can cause a 

structural switch. The reactions are mild enough to enable the observation of rarely 

observed, reactive intermediates, and are completely controlled by the self-assembled 

nature of the respective cages.  

3.2 Post-Assembly Modification Through Ligand Centered CH Oxidation1 

 

An ideal PAM would be CH oxidation2,3 of methylene or methine groups in an 

unfunctionalized ligand backbone, as the initial cage synthesis is uncomplicated by the 

presence of reactive groups on the ligand. However, the post-synthetic reaction must be 

mild enough to maintain the discrete self-assembled structure, and must occur without 

oxidation of the metal centers.4,5 Doubly benzylic methylene units are relatively reactive 

towards radical oxidation, which would enable the reaction to occur under mild conditions. 
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In addition, if the CH2-subunit were located near the center of the ligand, the reactive 

handle should be sufficiently far enough away to avoid side reactions with the metal 

centers. 2,7-Diaminoxanthene (XE) and 2,7-diaminofluorene (F) are ideal candidates for 

this study as both ligands can be easily synthesized, and the further oxidized versions, 2,7-

diaminoxanthone (X) and 2,7-diaminofluorenol (FOH) have been shown to self-assemble 

into discrete cages. Multicomponent self-assembly of X with PyCHO and Fe(ClO4)2 results 

in a simple M2L3 meso-helicate,6 while FOH results in the formation of a single 

diastereomer of an unusual mer3•fac M4L6 prism templated to a single ClO4
- anion.7 The 

synthesis and oxidation reactions present herein (Sections 3.3-3.5) were initially performed 

by a colleague in the Hooley lab, Dr. Lauren Holloway. To ensure accuracy in the 

experiments I repeated each of the synthetic steps and oxidations and recorded my personal 

results. Interpretation of characterization data such as ESI-mass spectra and 2D NMR 

analysis were performed together, however acquisition (in most cases) was performed by 

Dr. Holloway. 

3.3 Synthesis and Ligand Centered Oxidation of Diaminoxanthene (XE) Mesocate  

The 2,7-diaminoxanthene ligand (XE) was synthesized in 3 steps from 

commercially available xanthone, via selective nitration followed by two separate 

reduction steps, to reduce the central carbonyl unit to an alcohol, then exhaustive reduction 

of the nitro groups and the alcohol to give XE (Figure 3.1). As expected, multicomponent 

self-assembly of XE with Fe(ClO4)2 and 2-formylpyridine (PyCHO) favors the formation 

of the simple Fe2L3 meso-helicate structure, like that previously observed with 2,7-

diaminoxanthone (X).  
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Figure 3.1. a) Synthesis of 2,7-diaminoxanthene (XE) and multicomponent self-assembly into 

Fe2L3 meso-helicate 1 b) SPARTAN model of xanthyl mesocates 3.1 and 3.2. 

 

With the 3.1 cage in hand, a screen of known oxidants for radical oxidations was 

conducted. In most cases these strong oxidants resulted in complete decomposition of the 

cage. However, when the 3.1 was treated with tBuOOH (70 % aqueous solution), clean 

conversion to a new discrete complex was observed, with complete conversion to the new 

product after 5 h at 23 °C (Figure 3.2). Throughout the reaction, the deep purple color 

representative of diamagnetic Fe2+-iminopyridine coordination was maintained, indicating 

minimal metal centered oxidation had taken place. Despite literature precedent for the CH 

oxidation of doubly benzylic methylene groups invariably forming ketones as the major 

product,8 the sharp 1H NMR spectrum of the oxidation product (Figure 3.2c) did not 

correspond to the expected 3.2 mesocate (Figure 3.2d). 
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Figure 3.2. Ligand-centered Oxidation of xanthene meso-helicate 3.1. a) 1H NMR spectrum (600 

MHz, CD3CN, 298 K) of xanthene M2L3 meso-helicate 3.1; b) 1H NMR spectrum of the isolated 

product of reacting 3.1 with tBuOOH for 5 h at 23°C; c) 1H NMR spectrum of independently 

prepared xanthone M2L3 meso-helicate 3; d) ESI mass spectra of the isolated product (3.3) after 

reacting 3.1 with tBuOOH for 5 h at 23 °C. e) Side on view of SPARTAN energy minimized models 

of the xanthene mesocate (3.1) and the all-out isomer of oxidation product 3.3. 

 

The oxidative product 3.3 was sufficiently stable to allow for isolation and analysis 

via ESI-MS. Surprisingly, the mass spectrum was dominated by the Fe2L3
4+ ion of the tris-

tert-butyl peroxide intermediate of the oxidation process. Further analysis of the 1H NMR 

spectrum of 3.3 reveals the product is highly symmetric, leaving only two possible 
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conformations: the three -OOtBu groups directed either all-in or all-out. Molecular 

modeling of 3.3 (see Figure 3.2 for a cross-section of the minimized structure) shows that 

the all-out isomer is the only realistic possibility, as significant steric clashes between 

inwardly facing -OOtBu groups occur in the all-in conformation.  

3.4  Synthesis and Ligand Centered Oxidation of Diaminofluorenene (F) 

Tetrahedron  

The unusual mer3•fac prism created by the self-assembly of diaminofluorenol 

(FOH) is one of the most powerful demonstrations of stereocontrol in supramolecular 

cages. As diaminofluorene ligand F displays a similar backbone to FOH it should also be 

amenable to self-assembled cage formation. In addition, F has a similarly reactive 

methylene to XE, making it a suitable compound for post-assembly oxidation. F is easily 

accessed from reduction of commercially available dinitrofluorene. Upon treatment with 

Fe(ClO4)2 and PyCHO, a discrete diamagnetic Fe2+ iminopyridine assembly is formed. 

Despite F lacking the prochiral center present in FOH, the 1H NMR spectrum of the 3.4 

assembly was significantly more complex than the highly dissymmetric spectrum seen for 

1.3 (Figure 3.3a). The controlled assembly of FOH is facilitated by hydrogen bonding 

between the attached alcohols and an encapsulated perchlorate molecule9; by removing the 

directing group the in the case of F, control is lost, and multiple metal-centered isomers 

are formed. The complexity of the 1H NMR spectrum of 3.4 precludes a complete 

assignment, however, many peaks resemble those seen for 1.3, indicating that 3.4 partially 

exists as the mer3•fac M4L6 prism structure. It is reasonable to assume that the remaining 
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signals originate from the all-fac tetrahedra (T, S4 and C3), that are commonplace for cages 

formed from linear diamine precursors.10 

 

 
Figure 3.3. Ligand-centered Oxidation of Fluorene cage 3.4. a) 1H NMR spectrum (600 MHz, 

CD3CN, 298 K) of the multiple isomers of M4L6 fluorene cage; b) 1H NMR spectrum of the product 

of reacting 3.4 with tBuOOH and NaClO4; c) 1H NMR spectrum of independently prepared 

fluorenol cage 1.3. 

 

While the NMR spectrum of 3.4 is quite complex, the reactive properties were still 

able to be analyzed. Using a slightly modified procedure from XE, complete conversion to 

a new product was observed upon heating 3.4 with tBuOOH (70 % aqueous solution) in 

CH3CN at 50 ºC for 16 h in the presence of 1 mol.-eq. NaClO4. The 
1H NMR spectrum of 

the isolated product was an exact replica of the independently synthesized fluorenol cage 

1.3 (Figures 3.3b, 3.3c). Again, the expected ketone oxidation product, in this case a 

fluorenone M4L6 cage, was not observed.  
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3.5 Summary of Methylene Oxidations 

In the case of both 3.1 and 3.4 intermediates in the assembly process were formed 

instead of the expected ketone product. To make sure this reaction was specific to the cage 

rather than the ligand scaffold itself, Dr. Holloway synthesized two control ligands by 

acylating the diamine ligands (XE and F) (Figure 3.4). Subjecting the control ligands to 

the same conditions as the cages (tBuOOH, 50 °C, CD3CN) yielded no reaction whatsoever. 

For radical promoted oxidation using tBuOOH to occur, uncomplexed Fe salts must be 

present in solution. The control oxidations were then repeated with added Fe(ClO4)2 , and 

the expected ketone products were obtained in quantitative yield. Evidently the oxidation 

is made possible by small amounts of Fe2+ ions being leached from the assembly. Despite 

this, excellent yields of diastereocontrolled oxidation products can be obtained with no 

oxidation of the coordinating Fe2+ centers. This is further exemplified by catalytic amounts 

of 3.2 being able to oxidize the control ligand to the ketone as well.  

 

Figure 3.4. Oxidation of acylated control ligands using catalytic Fe2+ or 3.2 meso-helicate. 

 

More importantly, the structure of the cages governs the reaction outcome. When 

free ligands are subjected to oxidation the expected ketone product is obtained. However, 

the ketone product is heavily disfavored for both the 3.1 and 3.4 cages, which favor 



 

 62 

intermediates of the oxidation process. The 3.2 meso-helicate is paramagnetic and unstable, 

and diaminoxanthol forms an uncontrolled mixture of M4L6 tetrahedra; therefore, oxidation 

of 3.1 results in the only other possibility, the t-butyl peroxide. In the case of 3.4 product 

formation is governed by the thermodynamic stability of the product cage: the assembly 

made using FO is disfavored forming a disordered mixture of tetrahedra, self-assembly of 

FOH however crates a highly ordered and stable mer3•fac prism. 

3.6  Transimination of a Strained Meso-Helicate11 

The oxidative reactions on the unfunctionalized methylene units demonstrates one 

useful method adding new functional groups to an otherwise unfunctional cage. 

Additionally, it provided useful insights on how the overall assembly process can impact 

the reactivity of an otherwise predictable reaction. While these types of PAMs can be very 

powerful, they are limited in their scope due to the necessity for a proper handle. In addition 

the product outcomes, while unique, did not provide additional function to the cage. An 

alternative method of introducing function is to perform ligand exchange on a preformed 

self-assembly via transimination. With this method, the metal centers of the initial cage can 

be used as a predesigned template, which should limit potential for isomerism and the 

number of components that need to come together in the assembly process. Transimination 

of the aldehyde or amine component12 is a well-known strategy for structural switching of 

self-assembled cages,13,14  and can occur rapidly, allowing facile ligand exchange in 

complexes that otherwise display very strong metal-ligand coordination. A proposed 

mechanism for the transimination/cage switching process is shown in Figure 3.5. 



 

 63 

 
Figure 3.5. Simplified mechanism for transimination of an M2L3 meso-helicate. 

 

The key in planning out this sort of PAM is in selecting the proper starting material. 

For instance, if the starting cage employed were metastable, the assembly could be used as 

a “springloaded” starting material, and significantly accelerate the transimination process. 

This accelerated reaction process would enable access to more challenging, less 

entropically favorable assemblies under equilibrium conditions as well as the potential for 

ligand exchange to be performed at ambient temperatures and monitored by 1H NMR 

spectroscopy. While the use of strained15 and/or meta-stable16,17 complexes is not 

unprecedented, their use in mechanistic analysis of self-assembly and their conversion to 

complexes of higher stoichiometry (i.e. M2L3 to M4L6) is currently underexplored. 

The xanthone meso-helicate 3.2 (Figure 3.6a)4 is an interesting example of a 

metastable assembly. Where most Fe2L3 helicates known in the literature are diamagnetic 

and exhibit a deep purple color,18,19 3.2 is slightly paramagnetic at room temperature and 
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displays a red color indicative of a weaker ligand field. We have previously illustrated the 

meta-stability of 3.2, via displacement with diamines such as diamino-suberone under 

equilibrium conditions (70 ºC, > 4 h).4 To investigate the cage’s ability to act as a 

“springloaded” precursor for cage assembly, the transimination must be performed under 

ambient temperatures, allowing the assembly process to be monitored over time. The 

different aniline displacer ligands used are shown in Figure 3.6. They range from ligands 

similar to diaminoxanthone X (diaminoxanthene XE, di(aminophenyl)methane DPM and 

di(aminophenyl)xanthene DPX), to ligands that form cages of differing stoichiometries 

(the diaminofluorenyl ligands F, FOH and FO,1,5 and tripodal ligand APA20). Each ligand 

is based on a substituted aniline scaffold and has essentially the same nucleophilicity, which 

should cause displacement of X from 3.2 to occur at generally similar rates.  

 
Figure 3.6. a) Multicomponent self-assembly of 2,7-diaminoxanthone X into the 3.2 mesocate. b) 

Structures of the competitive displacer ligands used. 
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3.7 Displacement of X Using Fluorenyl Ligands 

Previous transimination experiments in the Hooley lab were performed as 

comparative studies between a series of meso-helicates, to generate an order of stability 

rather than investigate potential reaction outcomes. We initially wanted to investigate the 

ability of the meta-stable mesocate 3.2 to react in an entropically disfavored manner (i.e. 

increasing stoichiometry from an M2L3 mesocate to an M4L6 tetrahedron). As such, the 

initial displacement tests were performed with fluorenyl ligands F, FOH and FO. The three 

ligands have almost identical coordination angles, rigidities and only small variations in 

donor ability, however, these minor differences in functionality greatly impact the assembly 

process (vide supra).  

For the displacement experiments, a 7.3 mM CD3CN solution of 3.2 was prepared, 

followed by an initial NMR to ensure clean, intact, cage was present in solution. To this 

solution was added 100 µL of the chosen dianiline (87 mM, yielding a final dianiline 

concentration of 17.4 mM and cage 3.2 at a concentration of 5.8 mM). The sample was 

then shaken by hand for ~30 s, and immediately checked by 1H NMR. Initially, the 

displacement was treated in the same manner we had previously used for equilibrium 

conditions (70 °C, 16 h). Under these conditions, addition of either diaminofluorenol FOH 

or diaminofluorene F resulted in rapid displacement of X from 3.2. Within the time required 

to re-insert and shim the sample, free X was observed accompanied by the formation of 

several new signals. After heating the sample at 70 °C for four hours, complete conversion 

of mesocate 3.2 to the respective M4L6 assembly was observed (Figure 3.7). These 

displacements were not clean, however, as the initial peaks present at t = 2 min did not 
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resemble either of the expected product cages (3.4 or 1.3), and they remained present 

throughout the entirety of the experiment. While this proves problematic for our initial goal 

of uphill self-assembly, the phenomenon could hint at the presence of heterocomplexes, or 

similar intermediates, along the assembly pathway. 

 

 
Figure 3.7. Displacement of “springloaded” meso-helicate 3.2 by: a) diaminofluorenol FOH and 

b) diaminofluorene F performed at 70 °C in CD3CN. 

 

The displacement reaction was then performed at ambient temperature in order to 

slow down the transimination process and enable further observation of the suspected 

intermediates. Without the ability to equilibrate, the reaction should not be able to proceed 
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to the larger M4L6 tetrahedra. To ensure complete disassembly of cage 3.2, an excess (4 

molar equivalents with respect to 3.2) of diaminofluorene F was added to a 7.3 mM CD3CN 

solution of 3.2 at ambient temperature and the process monitored by NMR. As expected, 

the metastable “springloaded” 3.2 cage reacted rapidly. After only 10 mins, the new 

products observed in the previous experiment were clearly visible in the 1H NMR spectrum 

(Figure 3.8a). After 2 h, the reaction was complete, with only two products and free X in 

solution. At all points during the reaction, only 3.2 and the two products were observable. 

The reaction is surprisingly clean, with no peaks corresponding to cage 3.4 present. 

Surprisingly, the two products formed were the meridional (mer) and facial (fac) isomers 

of the non-cage ML3 complex FeF3•Py3, along with excess ligand F and expunged X. This 

assignment is easily confirmed in the ESI spectrum with only peaks for [FeF3•Py3]
2+ and 

the 3.2 reactant present in solution (Figure 3.8b). Analysis of the displacement reaction via 

diffusion NMR offers further confirmation of the existence of the two isomers, as all peaks 

expected to be part of the FeF3•Py3 mixture exhibit the same diffusion constant. 
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Figure 3.8. Deconstruction of the “springloaded” 3.2 meso-helicate. a) Downfield regions of the 
1H NMR spectra of the addition of diaminofluorene F (22.9 mM) to 3.2 (5.8 mM) over time (23 

ºC, CD3CN, 400 MHz). b) Full ESI-MS spectrum of reaction progress at 45 min reaction time in 

pure CH3CN. 

 

The complexity of the 1H NMR stems from the lack of C3 symmetry in the mer 

isomer. As such each attached ligand experiences its own magnetic environment, resulting 

in all peaks from the fluorenyl ligand being tripled in the NMR spectrum.21 The fac:mer 

ratio was 1:4.6, and this ratio (within integration error) was consistent throughout the 

reaction, and through multiple iterations of the same experiment. Complete formation of 

the FeF3•Py3 complex via displacement was enabled by the addition of excess 

diaminofluorene F to meta-stable cage 3.2, in an attempt to slow the reaction progress and 

possibly observe heterocomplexes the displacement was carried out at lower 

concentrations F (11.6 mM (2 mol.-eq. with respect to 3.2), and 5.8 mM (1 mol.-eq. with 
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respect to 3.2)) (Figure 3.9). In both these cases, the reaction is still very clean showing a 

mixture of the fac and mer FeF3•Py3 complexes, 3.2 and free diaminoxanthone X ligand, 

indicative of a highly selective reaction under these conditions. 

 

 
Figure 3.9. Transimination of xanthone cage 3.2 using varying concentrations of diaminofluorene 

ligand F a) 17.4 mM, b) 11.6 mM, c) 5.8 mM. 

 

To aid in our assignment of the FeF3•Py3 assembly, we synthesized an FeL3•Py3 

complex made from p-phenetidine, Fe(ClO4)2 and PyCHO. The resulting complex 

displayed an NMR spectrum that was consistent with the fac:mer mixture seen for 

FeF3•Py3 (Figure 3.10). Although a higher proportion of the mer isomer was present 

(fac:mer ratio = 1:10.7), the phenetidine ML3 provided a clean and useful analog for 

differentiating signals in the fluorene spectrum. Using this analog and 2D COSY and 
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HSQC NMR experiments, from the isolated FeF3•Py3 complex, complete assignment of 

the complicated NMR spectrum was achieved (Figure 3.11).  

 

 
Figure 3.10. Multicomponent self-assembly of p-phenetidene ML3 complex and complete 

assignment of the 1H NMR spectrum (298 K, CD3CN, 400 MHz). 
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Figure 3.11. COSY NMR of FeF3•Py3 complex and complete assignment of the downfield regions 

in the 1H NMR for FeF3•Py3 complex(298 K, CD3CN, 400 MHz). 

 

To determine whether FeF3•Py3 is an intermediate on the path to 3.4, two additional 

experiments were performed. First, we conducted a modified version of the typical 

thermodynamic displacement conditions. F was added to a 7.3 mM solution of 3.2 in 

CD3CN and allowed to fully convert to the FeF3•Py3 complex (~2 h at 23 °C), the sample 
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was then warmed to 70 °C and monitored over time (Figure 3.12). The ML3 complex 

remains unchanged after heating for 16 h, with further reaction time leading to 

decomposition. Throughout the experiment, no signals corresponding to the larger 3.4 

tetrahedron are observed, further demonstrating the thermodynamic stability of the 

FeF3•Py3 assembly. Second, the multi-component self-assembly of ligand F with 

Fe(ClO4)2 and PyCHO was attempted at ambient temperatures. The reactants were 

combined in an NMR tube in 500 µL CD3CN and reacted at 23 °C, conditions that are too 

mild to effect cage formation. In this case, no peaks for the ML3 fragments were observed, 

only a non-discrete mixture. However, upon heating, 3.4 was formed as expected. 

 

 

Figure 3.12. Thermodynamic stability of ML3 complex monitored via heating a displacement 

experiment post formation of the FeF3•Py3 intermediate at 70 °C for 16 h (CD3CN, 298 K, 600 

MHz). 
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The formation of the FeF3•Py3 complex is quite surprising: the “hanging” amine 

groups should remain largely reactive, and the presence of excess PyCHO should enable 

facile formation of the relatively favorable tetrahedral cage 3.4. Additionally, free 

diaminoxanthone X is still relatively nucleophilic, and easily forms cage 3.2 under standard 

self-assembly conditions. Despite these factors, the displacement reaction is very clean, 

with the ML3 fragment being completely favored. In addition, no evidence of any 

incorporation of diaminoxanthone X in the reaction pathway or final product was observed, 

only free X ligand and homocomplex FeF3•Py3.  

The stability of the FeF3•Py3 complex is rather unique. In our hands,7,16,17 all types 

of Fe2L3 or Fe4L6 cages react with diamines in one of three ways: complete displacement 

by the incoming ligand (leading to FexL2y + amine L1), no reaction (leading to FexL1y + 

amine L2), or partial displacement leading to heterocomplexes and/or decomposition. The 

formation of a self-assembled complex tolerant of free NH2 groups is very rare, in fact to 

our knowledge only one other self-assembled system that is tolerant to free NH2 groups 

has been reported; that of the assembly of tripodal ligands such as APA.14 Furthermore, the 

cases where assemblies do exhibit free amines are dubious (e.g. APA forms an ML3 

complex while similarly sized p-rosaniline does not), and with extensive heating these 

M2L3 cages will equilibrate to their more thermodynamically stable M4L4 assemblies. 

Despite this, the FeF3•Py3 mixture was very stable: no conversion to other products was 

seen at 23 ºC for multiple days or refluxing for 16 h, and the product could be cleanly 

isolated from the reaction mixture by precipitation and washing.  
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Figure 3.13. Relative single point energies (B3LYP-D3(BJ)/def2-TZVP in implicit acetonitrile) of 

mixed X/F Fe2L3 heterocomplexes, reactant 3.2 and product fac-FeF3•Py3 in kcal/mol. 

 

To shed light on this strange phenomenon, we turned to dispersion-corrected 

density functional theory calculations (Figure 3.13). The geometries of the possible M2L3 

complexes (Fe2X2F•Py6, Fe2XF2•Py6, Fe2F3•Py6) were evaluated by Prof. Gregory J. O. 

Beran and Nicole Onishi, via optimization with B3LYP-D3(BJ) in the 6-31G(d) basis set 

and implicit acetonitrile polarizable continuum solvent, followed by single point energy 

refinement in the larger def2-TZVP basis set.22,23,24 These energies were then compared to 

those of 3.2 and two equivalents of fac-FeF3•Py3. The reason why M2L3 heterocomplexes 

are not formed in the displacement process becomes immediately obvious when examining 

the models. Each of the complexes exhibit a significant amount of strain on the ligand 

components. This visual evaluation was mirrored perfectly in the calculated energies, with 

each sequential replacement of an X ligand in the M2L3 mesocate structure by an F ligand 

causing an increase in energy. The Fe2F3•Py6 complex being the least stable with ΔE = 
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+19.6 kcal/mol with respect to the starting xanthone cage 3.2. In contrast, the opened fac-

FeF3•Py3 product is over 38 kcal/mol more stable than 3.2. Evidently the metastable 

xanthone starting material forces the reaction to an outcome unobserved with simple 

amine/aldehyde assembly processes. The concept of a “goldilocks” scheme25 is present 

here: neither reactant 3.2 or anticipated product 3.4 are particularly favorable assemblies, 

therefore the system forms the only other stable product outcome, FeF3•Py3, despite the 

presence of hanging, reactive NH2 groups. 

The reactivity of cage 3.2 towards displacing ligands is further complicated by the 

addition of the two other fluorenyl variants FOH and FO (Figure 3.14). Unlike the very 

ordered assembly seen when reacting with PyCHO, when FOH is added to 3.2 the reaction 

is completely uncontrolled giving a mixture of complexes, with no peaks that corresponded 

to either the 1.3 sorting hat or the FeFOH3•Py3 complex. Finally, diaminofluorenone FO 

displayed no reactivity at all. When an excess was added to a solution of 3.2 in CD3CN, 

the peaks for FO were broad and ill-defined. To ensure FO was present in solution, the 

displacement reaction was carried out in reverse (i.e. addition of cage into a solution of 

FO). However, even after 2 days reaction the meta-stable 3.2 was unchanged. More 

extensive heating to drive the reaction to product caused decomposition. Despite the 

similarity in size, angle and nucleophilicity between the fluorenyl ligands F, FOH and FO 

the reactivity is highly variable. Only F was able to form a discrete product when added to 

3.2, the further oxidized ligands displayed uncontrolled reactivity. 
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Figure 3.14. Destruction of 3.2 meso-helicate using the oxidized fluorenyl ligands a) FOH, b) FO 

(298 K, CD3CN, 400 MHz). 

 

3.8 Displacement of X Using the Tripodal APA Ligand 

 To see if these variations in reactivity were a general phenomenon, we analyzed a 

ligand that is known to tolerate hanging amine groups in its assembly: tripodal ligand APA. 

The APA ligand exhibits variable self-assembly pathways when reacted with Fe2+ salts and 

PyCHO forming either: the kinetically trapped M2L3 mesocate 3.5 with three unreacted 

NH2 groups present, or the fully reacted M4L4 tetrahedral cage 3.6.14 The product outcome 

depends on the concentration of PyCHO and temperature: mesocate 3.5 can be converted 

to cage 3.6 upon heating. By varying the amount of APA added to a solution of cage 3.2 

the proper ratios to form either the M4L4 or M2L3 APA complexes should be obtainable. 
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Figure 3.15. Deconstruction of the “springloaded” 3.2 meso-helicate using 3.5 eq APA. Downfield 

region of the 1H NMR spectra of: a) 3.2 meso-helicate, b) displacement of ligand X after ~2 min, 

c) isolated FeAPA3•Py3 mixed complex, d) COSY NMR spectra of isolated complex (298 K, 

CD3CN, 400 MHz). 

 

Using the same procedure as for F, 3.2 was subjected to an excess of APA (up to 4 

eq. with respect to X in 3.2) and the reaction monitored by NMR, again the expected 
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product cage, in this case the 3.5 mesocate, was not observed (Figure 3.15). Instead, rapid 

formation of the two isomers of the ML3 fragment FeAPA3•Py3 formed within 2 mins of 

addition. The formed FeAPA3•Py3 complex exhibited a fac:mer ratio almost identical to 

that of FeF3•Py3 at 1:4.3 respectively. Unlike the fluorene version however, the 

FeAPA3•Py3 mixture was not completely stable. While the product could be isolated in 

enough purity for NMR analysis (Figure 3.15d), the complex fully decomposed within 24 

h of isolation. When the FeAPA3•Py3 complex was analyzed by ESI-MS the spectrum is 

dominated by free ligand and the 3.5 mesocate (Figure 3.16). Evidently the energy required 

to ionize the complex is sufficient to cause both ligand dissociation and collapsing of the 

intermediate. Additionally, the FeAPA3•Py3 mixture could be completely converted to the 

M2L3 mesocate upon heating the sample at 70 ºC for 2 h. Interestingly, we were unable to 

access the M4L4 tetrahedron using this method, another example of biased reactivity: when 

formed from the aldehyde and amine, 3.5 can easily be converted to 3.6 upon heating. 

 
Figure 3.16. ESI-MS spectra of the destruction of mesocate 3.2 upon addition of APA: a) 1.5 mol.-

eq. displacer ligand, b) 3.5 mol.-eq. displacer ligand. 
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In the case of diaminofluorene F the concentration of displacing ligand had no 

effect on the product outcome. As APA exhibits multiple coordination modes we wanted 

to test the effects of concentration on this system as well. Using only a single equivalent of 

APA (with respect to X in 3.2) gives a ratio of ligand:PyCHO that is closer to what is 

necessary to form the larger 3.6 complex. Under these conditions, the free amines formed 

the initial displacement reaction will still have a large amount of “springloaded” 3.2 cage 

present in solution to react with. In contrast to the transimination of 3.2 with F, 

displacement by 1 mol.-eq. APA was much slower. Only after 1 h of reacting could a new 

product be observed, after 2 hours only one product was observed, mesocate 3.5 (Figure 

3.17). No further reaction occurs following the formation of the M2L3 complex, in addition 

no M4L4 cage or ML3 fragments were observed at any time.  
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Figure 3.17. Deconstruction of the “springloaded” 3.2 mesocate. Downfield regions of the 1H NMR 

spectra of the addition of APA (5.8 mM) to 3.2 (5.8 mM) over time (298 K, CD3CN, 400 MHz). 

 

3.9  Displacement of X Using Ligands of Similar Size/Electronics 

The metastable cage 3.2 exhibits a unique level of control in the transimination 

reactions with competitive ligands. Evidently, the initial goal of forming entropically 
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disfavored complexes is prohibited by this system. As such we next investigated ligands 

exhibiting a very similar structure to X, namely diaminoxanthene (XE), diaminodiphenyl 

methane (DPM) and di(aminophenyl)xanthene (DPX), in an effort to make controlled 

heterocomplexes, an intermediate as of yet undiscovered in our reaction pathway.  

Diaminoxanthene XE represents the smallest variation that can be made from the 

parent ligand X, varying only in electron donating ability. In addition, XE forms a stable 

M2L3 mesocate upon self-assembly with Fe(ClO4)2 and PyCHO, with a size similar to that 

of 3.2 meso-helicate.1 As with the previous examples, a solution of 3.2 in CD3CN was 

treated with diaminoxanthene XE (4 mol.-eq. with respect to cage) the reaction monitored 

at 23 ºC by NMR (Figure 3.18). Displacement of ligand X occurred nearly instantaneously, 

no peaks for 3.2 remained in the 1H NMR spectrum, after <2 mins reaction time. Only a 

single new product (plus residual diamines X and XE) was observed, however the signals 

for the new product did not match those of the expected 3.1 mesocate, but rather the opened 

ML3 complex FeXE3•Py3. Unlike the previous ML3 mixtures observed with p-phenetidine, 

F, and APA however, only the highly symmetrical fac isomer was formed when using XE. 

Additionally, the xanthene equivalent was only observed transiently followed by a sluggish 

equilibration to the self-assembled 3.1 mesocate. After 24 h, ~50 % conversion is seen, and 

complete reaction requires 16 h heating at 70 °C.  
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Figure 3.18. 1H NMR spectrum tracking the destruction of 3.2 (5.8 mM in CD3CN) upon addition 

of diaminoxanthene XE (17.7 mM) over time. (298 K CD3CN, 400 MHz).  

 

It was envisioned that a more stable all fac ML3 could be formed by slightly 

extending the XE through the addition of phenyl ring spacers. The 

di(aminophenyl)xanthene (DPX) ligand was synthesized in 3 synthetic steps beginning 

from 9H-xanthene (Figure 3.19). 9H-Xanthene was selectively brominated at the 2 and 7 
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positions using Br2 and acetic acid. The resulting 2,7-dibromoxanthene could then be 

converted to the extended di(boc-aminophenyl)xanthene, followed by subsequent 

deprotection with trifluoroacetic acid to give DPX in 80 % overall yield. Multicomponent 

self-assembly of DPX with Fe2+ salts and PyCHO results in the formation the expected 3.7 

complex, but unlike most ligands in our hands, a 2:1 mixture of the mesocate and helicate 

isomers are formed. The formation of both isomers is presumably due to the greater 

flexibility in the extended DPX ligand.  

 
Figure 3.19. Synthesis of di(aminodiphenyl)xanthene ligand (DPX) multicomponent self-

assembly into Fe2L3 mesocate and helicate structures (SPARTAN, semi-empirical). 

 

When DPX was added to a solution of the “springloaded” cage 3.2 another new 

result was observed (Figure 3.20). Much like the previous examples, displacement of 

diaminoxanthone ligand X is complete in < 10 min. However, in this case the reaction is 

so quick that no fragments or intermediates could be observed. The mesocate and helicate 
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products are highly favored in this case, and if the ML3 fragment is formed in this case, it 

is shorter lived than the NMR timescale. Despite DPX being a slightly less nucleophilic 

compound, the complete transimination to the product M2L3 was significantly faster than 

the reaction with XE. 

 

 
Figure 3.20. Deconstruction of the “springloaded” 3.2 mesocate. Downfield regions of the 1H NMR 

spectra of the addition of DPX (5.8 mM) to 3.2 (5.8 mM) over time (298 K, CD3CN, 400 MHz). 

 

The rapid formation of the 3.7 cages is shocking when examining the mechanism 

of formation (Figure 3.5). It can be assumed that the ligand exchange occurs through 

sequential additions of DPX ligand into the “spring-loaded” Fe2X3•Py6 meso-helicate. 

However, after initial insertion, the hanging amine in DPX should extend far beyond the 

adjacent iminopyridine subunit, prohibiting intramolecular substitution. In the case of both 

XE and DPX, the initial disruption of the Fe2X3•Py6 assembly is rapid, but the conversion 

of FeXE3•Py3 to Fe2XE3•Py6 is slow. Despite the formation of the FeDPX3•Py3 not being 

observed, the previous data suggests this reaction must also proceed via that intermediate. 
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In contrast to the previous examples, the second step is fast in this case, and steady state 

kinetics are active, so only 3.7 is observed. 

 

 
Figure 3.21. Transient Heterocomplex Formation. a) Downfield regions of the 1H NMR spectra of 

the addition of diaminodiphenylmethane DPM (36.7 mM) to 3.2 (5.8 mM) over time. (298 K, 

CD3CN, 400 MHz). Minimized structures of heterocomplexes b) Fe2DPM2X•Py6, c) 

Fe2X2DPM•Py6 (B3LYP-D3(BJ)/6-31G(d) basis set). 

 

Finally, we tested the simplest diamine displacer ligand, di(aminophenyl)methane 

DPM, which forms a highly stable M2L3 mesocate; the Ru equivalent is sufficiently stable 

in vivo to be an effective anti-cancer agent.26 The multicomponent self-assembly, and by 

association thermodynamic equilibration, of DPM with Fe(ClO4)2 and PyCHO, is rapid, 

effecting complete formation of the mesocate in < 2 h under ambient conditions. In addition 

to having the simplest structure, DPM is the most flexible ligand utilized in this study as 

its backbone is not locked into a ring. As a result, it is capable of rotating to achieve various 
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coordination angles upon assembly. When the “springloaded” mesocate 3.2 was treated 

with DPM a fourth behavior was observed. No evidence of ML3 fragments could be 

observed at any point during the reaction: instead, 3.2 was converted to 3.8 via a series of 

M2L3 heterocomplexes caused be sequential addition of DPM ligands (Figure 3.21). The 

initial displacement occurs rapidly, and  after only 10 mins, new signals for the 

Fe2X2DPM•Py6 heterocomplex are seen. This transition can be easily observed by 

investigating the imine CH region of the spectrum. At 10 min reaction time, the single, 

symmetric imine 1H signal of the 3.2 splits into the two signals of Fe2X2DPM•Py6. After 

30 mins, the peaks for the xanthone mesocate have almost completely disappeared and the 

peaks for Fe2X2DPM•Py6 have begun to recede accompanied by new peaks for 

Fe2X•DPM2•Py6 growing in, followed by those for the 3.8 product. After 120 mins, the 

reaction is complete, and only the equilibrated 3.8 mesocate is observed. Unlike in the 

earlier cases, transimination of the “springloaded” meso-helcate 3.2 with DPM is not 

controlled by the opening of the cage but rather the stability of the product helicate 3.8. 

The DPM ligand has the same length as diaminoxanthone X, and its additional flexibility 

allows incorporation into heterocomplex assemblies, which are more stable than the 

opened ML3 fragments. The stability of the 3.8 product allows this ligand to behave as 

expected: only iminopyridine products are seen, with no “hanging” NH2 groups. As there 

is a stable cage outlet for the transimination reaction, the process is directed to that product.  
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Figure 3.22. Summary of reaction outcomes upon addition of competitive amine ligands to 3.2. a) 

Xanthenyl ligands XE, DPX; b) Fluorene F; c) tripodal ligand APA; d) flexible ligand DPM. 

 

The 3.2 lies in a goldilocks zone of self-assembled complexes: while it is stable 

enough to be formed via typical multi-component reaction conditions (PyCHO, X and Fe2+ 

salts), the product is strained and can be easily displaced by aniline-containing molecules 

under ambient conditions. A schematic summary of the reaction outcomes is shown in 

Figure 3.22. The reaction outcomes are dependent on the nature of the displacer ligand. 
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The high variability in products formed is quite unusual given the ostensibly similar size 

and electronics of the ligands used; however, some conclusions can be made towards the 

mechanism of the reaction. In almost every case, FO excluded, initial substitution of 

diamine X with the incoming amine is rapid, often occurring in the seconds between 

addition of the ligand and 1H NMR acquisition. Given the speed of the initial displacement 

it is far more likely that reaction proceeds through transimination of the preformed 

complex, rather than by a dissociative mechanism whereby the iminopyridine arm release 

from the Fe2+ center and is replaced by incoming ligand. While the initial addition is the 

same in all cases, the outcome of the reaction is controlled by the favorability (or lack 

thereof) of the products. The larger tetrahedral assemblies (3.4 and 3.6) possess a larger 

barrier to equilibration that cannot be reached under ambient conditions, so the reaction 

ceases at a local energetic minimum, the fac/mer mixture of FeL3 fragments. In the case of 

F, there exists no low barrier assembly pathway, resulting in a surprisingly stable complex 

despite the hanging NH2 groups. In contrast, the 3.5 mesocate is significantly more stable 

than the open ML3 and can be easily converted over time or with heat. In cases where the 

energy barrier is low (i.e. a favorable target cage) substrate rate dependent equilibration to 

the product is observed. Using the xanthyl ligands (XE and DPX) results in rapid exchange 

with the 3.2 precursor followed closer of the assembly to the product cage. Finally, when 

enough flexibility is introduced to the displacing ligand in the case of DPM, the strain 

release is possible upon displacing substitution of X for DPM from the 3.2 precursor to 

allow iterative formation of Fe2L
1

xL
2

y mesocates along the pathway to the Fe2DPM3•Py6 

product. The mild conditions for transimination enabled using the metastable Fe2X3•Py6 
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allow observation of very rarely seen transient intermediates in multicomponent self-

assembly.  

3.10 Conclusion 

In this chapter, two separate methods were presented for the post-assembly 

modification of Fe2+-iminopyridine base self-assembled cages. The experiments were 

designed to enable mild conditions which would be tolerant of the sensitive iminopyridine 

subunits. Through the oxidation of doubly-benzylic methylene ligands, every stage of the 

oxidation pathway (t-butyl peroxide, alcohol, ketone) could be observed under the proper 

conditions. By utilizing the metastable 3.2 meso-helicate as a springboard for 

transimination reactions rarely observed transient intermediates along the assembly (ML3’s 

and heterocomplexes) were observed. In both cases the reactivity, and observed product, 

are controlled by the structure and stability of the self-assembled cages. While the t-

butylperoxide mesocate 3.3 observed upon oxidation of the xanthene mesocate is 

controlled by the strain of the cage, almost all other examples presented were governed by 

the thermodynamic stability of the target cage. 

 

 

 

 

 

 

 



 

 90 

3.11 References 

 
1. Holloway, L. R.; Bogie, P. M.; Lyon, Y.; Julian, R. R.; Hooley, R. J. “Stereoselective 

Postassembly CH Oxidation of Self-Assembled Metal-Ligand Cage Complexes.” 

Inorg. Chem. 2017, 56, 11435−11442. 

 

2. Newhouse, T.; Baran, P. S. “If C−H bonds could talk − selective C−H bond oxidation.” 

Angew. Chem. Int. Ed. 2011, 50, 3362−3374.  

 

3. Chen, M. S.; White, M. C. “A predictably selective aliphatic C-H oxidation reaction 

for complex molecule synthesis.” Science 2007, 318, 783−787. 

 

4. Burke, M. J.; Nichol, G. S.; Lusby, P. J. “Orthogonal Selection and Fixing of 

Coordination Self-Assembly Pathways for Robust Metallo-organic Ensemble 

Construction.” J. Am. Chem. Soc. 2016, 138, 9308−9315.  

 

5. Symmers, P. R.; Burke, M. J.; August, D. P.; Thomson, P. I. T.; Nichol, G. S.; Warren, 

M. R.; Campbell, C. J.; Lusby, P. J. Chem. Sci. 2015, 6, 756−760. 

 

6. Holloway, L. R.; Young, M. C.; Beran, G. J. O.; Hooley, R. J. “High Fidelity Sorting 

of Remarkably Similar Components via Metal-Mediated Assembly” Chem. Sci. 2015, 

6, 4801−4806. 

 

7. Young, M. C.; Holloway, L. R.; Johnson, A. M.; Hooley, R. J. “A Supramolecular 

Sorting Hat: Stereocontrol in Metal-Ligand Self-Assembly by Complementary 

Hydrogen Bonding” Angew. Chem. Int. Ed. 2014, 53, 9832−9836. 

 
8. Chen, M. S.; White, M. C. “Combined effects on selectivity in Fe-catalyzed methylene 

oxidation.” Science 2010, 327, 566−571. 

 

9. Miller, T. F.; Holloway, L. R.; Nye, P. P.; Lyon, Y.; Beran, G. J. O.; Harmen, W. H.; 

Julian, R. R.; Hooley, R. J. “Small Structural Variations have Large Effects on the 

Assembly Properties and Spin State of Room Temperature High Spin Fe(II) 

Iminopyridine Cages.” Inorg. Chem. 2018, 57, 13386–13396. 

 

10. Meng, W.; Ronson, T. K.; Nitschke, J. R. “Symmetry breaking in self-assembled M4L6 

cage complexes.” Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 10531−10535. 

 

11. Bogie, P. M.; Holloway, L. R.; Lyon, Y.; Onishi, N. C.; Beran, G. J. O.; Julian, R. R.; 

Hooley, R. J. “A Springloaded Metal-Ligand Mesocate Allows Access to Trapped 

Intermediates of Self-Assembly” Inorg. Chem. 2018, 57, 4155–4163. 

 
 

 



 

 91 

 

12. Acharyya, K.; Mukherjee, S.; Mukherjee, P. S. “Molecular Marriage through Partner 

Preferences in Covalent Cage Formation and Cageto-Cage Transformation.” J. Am. 

Chem. Soc. 2013, 135, 554−557. 

  

13. Mosquera, J.; Ronson, T. K.; Nitschke, J. R. “Subcomponent Flexibility Enables 

Conversion between D4-Symmetric CdII
8L8 and TSymmetric CdII

4L4 Assemblies.” J. 

Am. Chem. Soc. 2016, 138, 1812−1815. 

 

14. Jimenez, A.; Bilbeisi, R. A.; Ronson, T. A.; ́ Zarra, S.; Woodhead, C.; Nitschke, J. R. 

“Selective Encapsulation and Sequential Release of Guests Within a Self-Sorting 

Mixture of Three Tetrahedral Cages.” Angew. Chem., Int. Ed. 2014, 53, 4556−4560. 

 

15. Holloway, L. R.; McGarraugh, H. H.; Young, M. C.; Sontising, W.; Beran, G. J. O.; 

Hooley, R. J. “Structural Switching in Self-Assembled Metal-Ligand Helicate 

Complexes via Ligand Centered Reactions.” Chem. Sci. 2016, 7, 4423−4427. 

 

16. Ronson, T. K.; Pilgrim, B. S.; Nitschke, J. R. “Pathway Dependent Post-assembly 

Modification of an Anthracene-Edged MII
4L6 Tetrahedron.” J. Am. Chem. Soc. 2016, 

138, 10417−10420. 

 
17. Roberts, D. A.; Castilla, A. M.; Ronson, T. K.; Nitschke, J. R. “Postassembly 

Modification of Kinetically Metastable FeII
2L3 Triple Helicates.” J. Am. Chem. Soc. 

2014, 136, 8201−8204. 

 

18. Mal, P.; Nitschke, J. R. “Sequential self-assembly of iron structures in water.” Chem. 

Commun. 2010, 46, 2417−2419.  

 

19. Burke, M. J.; Nichol, G. S.; Lusby, P. J. “Orthogonal Selection and Fixing of 

Coordination Self-Assembly Pathways for Robust Metallo-organic Ensemble 

Construction.” J. Am. Chem. Soc. 2016, 138, 9308−93153. 

 

20. Bilbeisi, R. A.; Clegg, J. K.; Elgrishi, N.; de Hatten, X.; Devillard, M.; Breiner, B.; 

Mal, P.; Nitschke, J. R. “Subcomponent Self-Assembly and Guest-Binding Properties 

of Face-Capped Fe4L4
8+ Capsules.” J. Am. Chem. Soc. 2012, 134, 5110−5119. 

 

21. Kieffer, M.; Pilgrim, B. S.; Ronson, T. K.; Roberts, D. A.; Aleksanyan, M. J.; 

Nitschke, J. R. “Perfluorinated ligands induce meridional metal stereochemistry to 

generate M8L12, M10L15 and M12L18 prisms.” J. Am. Chem. Soc. 2016, 138, 

6813−6821. 

 

22. Becke, A. D. “Density-functional thermochemistry. III. The role of exact exchange.” 

J. Chem. Phys. 1993, 98, 5648−5652.  

 
 



 

 92 

 

23. Rassolov, V. A.; Ratner, M. A.; Pople, J. A.; Redfern, P. C.; Curtiss, L. A. “6-31G* 

basis set for third-row atoms.” J. Comput. Chem. 2001, 22, 976−984. 

 

24. Weigend, F.; Ahlrichs, R. “Balanced basis sets of split valence, triple zeta valence and 

quadruple zeta valence quality for H to Rn: Design and assessment of accuracy.” Phys. 

Chem. Chem. Phys. 2005, 7, 3297−3305. 

 

25. Bloch, W. M.; Abe, Y.; Holstein, J. J.; Wandtke, C. M.; Dittrich, B.; Clever, G. H. 

“Geometric Complementarity in Assembly and Guest Recognition of a Bent 

Heteroleptic cis-[Pd2L
A

2L
B

2] Coordination Cage.” J. Am. Chem. Soc. 2016, 138, 

13750−13755. 

 

26. Hannon, M. J.; Painting, C. L.; Jackson, A.; Hamblin, J.; Errington, W. “An 

inexpensive approach to supramolecular architecture.” Chem. Commun. 1997, 

1807−1808.  



 

 93 

Chapter 4 – Design and Applications of an Acid-Containing Biomimetic 

Nano Reactor 
 

4.1  Introduction 

While the results obtained with DPX (section 3.9) demonstrate the usefulness of 

elongating the ligand scaffold, an M2L3 complex is still formed and the cavity is essentially 

non-existent. To create a supramolecular cage with a more useful cavity, capable of 

molecular recognition and catalysis, complexes of larger stoichiometry need to be 

synthesized.1 The fluorenyl scaffold almost exclusively forms M4L6 tetrahedra upon self-

assembly with 2-pyridine carboxaldehyde. Further, many possible modifications of the 

fluorenyl scaffold exist that can be used to provide internal functionality, making it an ideal 

candidate as the core ligand for the formation of a catalytic cage. Molecular modeling of 

the extended fluorene ligand 4.A reveals that an M4L6 tetrahedron is likely to be formed 

with a large cavity suitable for both molecular recognition, and incorporation of functional 

groups to produce reactivity (Figure 4.1). 

4.2 Synthesis of Extended Fluorenyl Ligands and Multicomponent Self-Assembly 

 The elongated fluorene ligand could be easily obtained in two steps via Suzuki-

Miyaura coupling of commercially available 2,7-dibromo-9H-fluorene with 4-Boc-

aminophenylboronic acid, followed by deprotection of the aniline using neat trifluoroacetic 

acid. With the ligand in hand, multicomponent self-assembly was attempted using 2-

pyridine carboxaldehyde (PyCHO) and Fe(ClO4)2 in CH3CN. Surprisingly, the resulting 

complex was only sparingly soluble in CH3CN and analysis via NMR proved challenging. 

When freshly synthesized Fe(NTf2)2 was employed in place of Fe(ClO4)2 , the reaction 

gave the deep purple color expected of Fe2+-iminopyridine complexes and a much more 
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soluble complex was obtained. The resulting complex was analyzed by 1H NMR (Figure 

4.1c). 

 
Figure 4.1. a) Synthesis of extended fluorene ligand 4.A and multicomponent self-assembly in to 

M4L6 tetrahedron 4.1; b) 1H NMR spectrum of cage 4.1 (CD3CN, 298 K, 600 MHz). 
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 Although the 1H NMR spectrum of cage 4.1 is complex, it is significantly less so 

than the observed spectrum of the shorter 2,7-diaminofluorene cage Fe4F6•Py12 (see 

Chapter 3).2 A closer look at the imine region of the assembly reveals that cage 4.1 exists 

as a mixture of 3 all-fac isomers commonly found in M4L6 tetrahedra.3 The isomeric ratio 

was calculated via integration of the imine peaks, with the ratio for cage 4.1 being: 48 % 

4.1-C3, 11 % 4.1-T, 41 % 4.1-S4. The purity of the sample was confirmed using 2D-DOSY 

NMR (which indicated that all peaks belonged to complexes of the same diffusion 

constant), and elemental analysis. With the help of COSY, TOCSY and NOESY NMR 

techniques, each signal in the NMR spectra was assigned to the respective proton in the 

cage. Finally, Dr. Yana Lyon helped confirm the stoichiometry of the complex via ESI-MS 

using an Orbitrap Velos Pro mass spectrometer with the standard HESI source at a flow 

rate of 3 μL/min. The mass spectrum of the complex was dominated by the 8+ ion of the 

M4L6 cage, as well as many different fragments. The full mass spectrum of cage 4.1 is 

shown in Figure 4.2, along with an assignment of all signals present in the mass spectrum. 
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Figure 4.2. a) Molecular modeling of the three isomers of cage 4.1 (SPARTAN, semi-empirical); 

b) full positive mode ESI-mass spectrum of cage 4.1 obtained in pure CH3CN; c) comparison of 

predicted ion [4.1]8+ versus experimentally observed peaks (m/z = 422.88). 

 

The facile synthesis of cage 4.1 is promising, with molecular models indicating that 

the very large cavity and windows can accommodate a range of different sized guest 

molecules. However, cage 4.1 is unfunctionalized and does not possess molecular 
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reactivity on its own. To synthesize a cage capable of directing catalysis, the ligand must 

be appended with functional groups. While The proposed ligand 4.D exhibits a structural 

scaffold like that of 4.A, the inclusion of functional groups presents additional synthetic 

challenges, such as varying protonation states, including zwitterionic species. To avoid 

potential issues with water solubility, we investigated several synthetic routes. Initially the 

synthesis of 4.D approached with 4-nitrophenylboronic acid (4-NPBA) used in place of the 

Boc-group (Figure 4.3). The boronic acid was prepared in a single step, from 4-nitroanline. 

The aniline moiety is converted into a diazonium salt in situ, followed by substitution for 

the boronic acid. The product could then be easily purified by extraction into a 1 M sorbitol 

and NaCO3 solution in water, followed by acidification of the aqueous layer and secondary 

extraction of the released product into ethyl acetate. 

 
Figure 4.3. Synthesis of ligand 4.D using 4-nitrophenylboronic acid. 

 

 Starting again from 2,7-dibromo-9H-fluorene, the scaffold could be functionalized 

via SN2 reaction with ethylbromoacetate and potassium tert-butoxide to give diester 4.B. 

The diester is purified through column chromatography using an EtOAc/hexanes gradient. 
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Following purification, 4.B was elongated via Suzuki-Miyaura coupling with 4-

nitrophenylboronic acid. The Suzuki-Miyaura coupling resulted in a mixture of the mono-

reacted and bis-reacted products, the desired bis-nitrodiester 4.C was isolated via column 

chromatography in pure CH2Cl2. The ester groups in 4.C were hydrolyzed using NaOH in 

THF/H2O, and finally the nitro-groups were reduced using Raney Ni® and hydrazine to 

give ligand 4.D in 27 % overall yield. With ligand 4.D in hand, multi component self-

assembly was attempted with Fe(NTf2)2 and PyCHO was attempted (Figure 4.4a).  

 

 
Figure 4.4. a) Multi-component self-assembly of 4.D (Figure 4.3) with Fe(NTf2)2 and PyCHO. b) 
1H-NMR spectrum of the assembly process (CD3CN, 298 K, 400 MHz). 

 

Despite the additional bulk present in ligand 4.D compared to the unfunctionalized 

ligand 4.A, the 1H NMR spectrum of the assembly product was suspiciously far less 

complicated than cage 4.1 (Figure 4.4b). Further examination of the 1H NMR spectrum 

revealed two large concerns with the complex formed under these conditions: 1) the imine 

region of the spectrum exhibits 4 total signals, 3 with the same intensity and 1 at about half 

the height; 2) in almost all imino-pyridine cages several doublet peaks should exist around 

5 ppm as a result of shielding from the metal center.1,2,4 In the NMR spectrum for the 
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assembly of 4.D only a single peak is present. In the mass spectrum, no signals 

corresponding to the expected M4L6 tetrahedron of ligand 4.D were observed, however, 

there were several peaks present that exhibited the characteristic splitting pattern of an Fe-

containing complex. It is reasonable to assume that the ML3 complex of ligand 4.2 is 

formed in this case, but is not particularly stable and decomposes upon ionization. 

While the result of the self-assembly above was discouraging, the acid-containing 

cage 4.2 is still highly desirable in supramolecular catalysis so alternative synthetic 

methods were investigated. It was hypothesized that the use of metal and hydrazine in the 

reduction step lead to trace impurities, which were the cause of the unforeseen difficulties 

in the previous synthetic pathway. In contrast, the synthesis of ligand 4.A and cage 4.1 were 

largely uncomplicated. Despite the risk of using water, synthesis of ligand 4.D was 

attempted using a slightly modified procedure from 4.A (Figure 4.5). Facile formation of 

the Boc-extended fluorenyl diester 4.E was achieved via Suzuki coupling with 4-Boc-

aminophenylboronic acid. The Boc-protecting groups were first removed by treating 4.E 

with neat trifluoroacetic acid at room temperature for 16 h. The TFA was removed in vacuo 

and the resulting aniline-TFA salt was immediately subjected to hydrolysis conditions in a 

mixture of H2O/MeOH. As expected, ligand 4.D was highly soluble in basic H2O, but could 

be precipitated by neutralization. Unfortunately,  this procedure resulted in at most 30 % 

yield of ligand 4.2 and often precipitation failed altogether. To maximize the yield of pure 

ligand 4.2, the filtrate of the reaction could be recycled. The water of the filtrate was 

removed in vacuo and redissolved in MeOH followed by vacuum filtration to remove any 

salts. The MeOH was then removed in vacuo and the solid redissolved in minimal H2O. 
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Addition of ~3 µL 5 M HCl results in rapid precipitation of pure ligand 4.D; this procedure 

could be repeated increasing the yield from 30 % up to 80-85 %. 

 
Figure 4.5. Synthesis of ligand 4.D using 4-Bocaminophenylboronic acid, and multi-component 

self-assembly into M4L6 tetrahedron 4.2. 

 

The method presented in Figure 4.5 proved to be successful in many areas where 

the previous method (Figure 4.3) had failed: first the Suzuki-Miyaura coupling was 

significantly cleaner using the 4-Boc-aminophenylboronic acid, likely due to increased 

solubility from the Boc groups. Also, the resulting ligand 4.D was isolated in a highly pure 

form and was able to self-assemble into the expected 4.2 tetrahedron. The 1H NMR 

spectrum of cage 4.2 was similar to that of cage 4.1, although the T-symmetric isomer was 
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not present (Figure 4.6 and 4.7a). Synthesis of the acid cage 4.2 does present some unique 

challenges in the self-assembly process. The primary issue arises from varied protonation 

states within the ligand (most commonly deprotonation of the acid). As this does not cause 

a change in the integration of the majority of the peaks, these differences can often be 

overlooked, but causes coordination of Fe2+ to the internal groups in the self-assembly 

process, causing a broad, paramagnetic spectrum (Figure 4.7d). Further, the concentration 

of the reaction is very important: if the reaction is too dilute the assembly process can 

remain incomplete and difficult to purify. Whereas, if the reaction is run too concentrated, 

intermediate complexes will precipitate before the equilibrated product can be reached. 

 
Figure 4.6. a) Molecular modeling of C3-4.2 and S4-4.2; b) 1H NMR spectrum of 4.2 tetrahedron 

(CD3CN, 273K, 600 MHz). 
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Figure 4.7. 1H NMR spectra of the multicomponent self-assembly for acid-cage: a) cage 4.2; b) 

neutral ligand 4.D; c) anionic ligand 4.Dn-; d) self-assembly product using 4.Dn-; product of an 

overly concentrated reaction (CD3CN, 298 K, 600 MHz). 

 

 The acidic cage 4.2 exists in 45:55 % ratio of the C3 and S4 isomers (Figure 4.6). 

While suitable crystals for X-ray diffraction could not be obtained, molecular modeling 

(semi-empirical, AM1 forcefield) of the two isomers shows nearly all the carboxylic acid 

functional groups are pointed towards the interior of the cage. Further, rotating the 

fluorenyl scaffold to orient the acid groups exohedrally resulted in a large increase in strain, 

and energy, of the complex. Again, the assignment of the NMR spectrum was corroborated 

using 2D NMR techniques, and elemental analysis. NOESY NMR (Supporting 
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Information) shows intra-ligand NOE correlations that are likely due to free rotation of the 

phenyl spacers. This does not rule out rotation of the fluorenyl moiety, but if any rotation 

does occur, the barrier is low, and the acids can easily be oriented to the cavity interior at 

23 °C.  

4.3 Acid Catalyzed Solvolysis of Aromatic Acetals.  

The use of Fe-iminopyridine cages as catalysts can be quite challenging as they are 

often fragile. Disassembly of the cage often occurs in the presence of strongly coordinating 

anions (e.g. Cl-) and other exogenous nucleophiles.5,6 To evaluate the competency of cage 

4.2 as a supramolecular catalyst, Dr. Holloway initially investigated a mild acetal 

hydrolysis.7 The final product of this reaction is an aldehyde, one of the building blocks of 

the 4.2 cage and should be easily tolerated, further the reaction occurs using a very mild 

nucleophile, H2O. Aromatic acetals 4.3a-c were chosen to examine how minor differences 

such as addition of heteroatoms and chain length can impact the reactivity. The acetals were 

treated with 4 mol% cage and 6 equivalents of water in CD3CN, and the reaction was 

monitored over time using 1H NMR. The results of the initial study are summarized in 

Table 4.1.  

Treatment of 4.3a with catalytic cage 4.2 resulted in rapid solvolysis of the acetal 

groups, with 99 % conversion after only 5 h under ambient conditions. A significantly 

slower reaction was observed when the reaction was performed on the pyridyl equivalent 

4.3b. In contrast with 4.3a, 4.3b required heating to 77 °C for solvolysis to occur as well 

as a longer reaction time (14 h) to effect complete conversion. Finally, the larger 

dibutylpyridyl acetal 4.3c exhibited similar reactivity to the smaller 4.3b (96 %, 14 h): 



 

 104 

evidently the extended length of the alkyl chain was not enough to enable size 

discrimination within the large cavity of 4.2. In all cases 4.3a-c, no decomposition of the 

4.2 catalyst was observed, as evidenced by the unchanging imine C-H region of the 1H 

NMR. The initial rates of each of the reactions were calculated as the slope of concentration 

of starting material over time of the first three non-zero linear datapoints. Solvolysis of 

acetals 4.3a and 4.3b catalyzed by 4.2 catalyzed had initial rates of V = 2410 and 440 x 10-

4 mM/min respectively.  

Table 4.1: Supramolecular catalysis of acetal solvolysis. 

 

Substrate t (h) T (°C) Catalyst Initial Rate V 

(x10-4 mM/min) 

Conversion (%) 

4.3a 1 23 4.2 

2410 

79 

4.3a 5 23 4.2 99 

4.3b 4 77 4.2 

440 

60 

4.3b 14 77 4.2 99 

4.3c 14 77 4.2 418 96 

 

More importantly, significant enhancement in initial rate was observed in the 

reactions catalyzed by 4.2 over control processes. To create a control molecule that should 

illustrate the reactivity of the acid groups in free solution (as opposed to encapsulated in a 

cage), a free acid catalyst 4.4 was prepared via hydrolysis of ester 4.B (Table 4.2). 
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Treatment of 4.3a with 30 mol % control acid 4.4 (i.e. an equivalent number of COOH 

groups as used with 4.2) gave only 1 % conversion to benzaldehyde after 24 h under 

ambient conditions (V = 2.26 x10-4 mM/min). Even at elevated temperature (50 °C, 24 h) 

the reaction was slower, with only 20 % conversion observed. Solvolysis of 4.3b was 

similarly slow, exhibiting only 6 % conversion after 24 h at 77 °C (V = 4.03 x10-4 mM/min). 

The internalization of the carboxylic acid groups towards the cavity of the cage is crucial 

for the rate enhancement, with a 1070-fold increase in reactivity for 4.3a, and a 100-fold 

increase for 4.3b. This is further illustrated when analyzing the treatment of 4.3a with the 

combination of unfunctionalized cage 4.1 and control acid 4.4. The observed initial rate in 

this case is nearly identical to the reaction with only control acid 4.4 (V = 2.87 x10-4 

mM/min), indicating that not only is the internal cavity necessary, but also the 

internalization of the acidic groups.  

Table 4.2: Acetal solvolysis catalyzed using “free” acid 4.4. 

 

Substrate t (h) T (°C) Catalyst Initial Rate V 

(x10-4 mM/min) 

Conversion (%) 

4.3a 24 23 4.4 2.26 1 

4.3a 24 23 
4.4 + 4.1 

2.87 1 

4.3b 24 77 4.4 4.03 6 
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The large rate accelerations suggest that the reaction likely occurs on the interior of 

the cage. While cage 4.2 does exhibit a large cavity and internal carboxylic acid groups 

that are conducive to encapsulation it is a relatively unusual host. In most cases, guest 

egress from host cavities is restricted by large flat panels (like those in Raymond’s Ga-

catecholate tetrahedron8 or Fujita’s tripyridyltriazine octahedron9), which are not present 

in 4.2. Long-lived Michaelis complexes could not be observed in the NMR due to fast in-

out exchange with cage 4.2, however strong affinities of the acetals 4.3a-c were still 

observed. The binding of the acetals was observed by UV-Vis titrations of guests into a 3 

µM solution of cage 4.2 in CH3CN (Figure 4.8). The binding affinities of the acetals for 

cage 4.2 were calculated via Stern-Volmer analysis of the absorbance spectra, illustrating 

the strong (µM) host:guest affinity of the acetals for the cage, with Ka(4.2•4.3a) = 13,158 

M-1 and Ka(4.2•4.3b) = 22,727 M-1. No change in the absorbance spectrum was observed 

when 4.4 was treated with any of the acetals showing the interaction is cavity specific. In 

contrast, strong affinity is observed with unfunctionalized cage 4.1 further demonstrating 

the necessity for both the cavity and internalized acids as 4.1 is an ineffective catalyst.  
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Figure 4.8. UV-Vis absorption spectra and Stern-Volmer analysis of the titration of pyridyl acetal 

4.3c into solutions of: a) acid cage 4.2 (3 µM in CH3CN); b) unfunctionalized cage 4.1 (3 µM in 

CH3CN). 

 

4.4 Tandem Reactivity Effecting Cage-to-Cage Transformation 

In addition to increasing the effective concentration, sequestration of the reactive 

groups to the interior of the cage has an additional advantage over small molecule catalysis. 

By compartmentalizing the reactive functions, tandem reactivity becomes possible.10 

Figure 4.9 shows an example of this type of catalysis. We have previously shown that the 

use of self-assembled M2L3 helicates formed with electron poor aldehydes, as is the case 

in 1.1•Br, can perform cage-to-cage transformations by introducing 2-pyridine 
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carboxaldehyde and water to the system (Figure 1.5).11 Performing this reaction in tandem 

with an acetal hydrolysis however is challenging, as the M-L contacts in iminopyridine 

helicates are sensitive to acid and strongly coordinating cations such as Cl- or RCOO-. For 

this reaction to successfully occur, the choice of acid is crucial: if the acid is too strong, 

such as CF3COOH, the cage will simply decompose, whereas if the acid is too weak the 

helicate will survive but the acetals will remain unreacted. As such, performing this 

reaction with a “free” acid catalyst presents a significant challenge.  

 
Figure 4.9. Tandem acetal solvolysis and cage-to-cage transformation catalyzed with a) cage 4.2; 

b) “free” acid. 
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In contrast, the acid cage 4.2, with its sequestered functional groups, is perfectly 

suited for this type of tandem process. Dr. Holloway tested the proposed tandem process, 

by preparing a solution of 4 % cage 4.2 in a mixture of water and CD3CN and treating it 

with acetal 4.3b, and the brominated helicate 1.1•Br at refluxing temperatures (Figure 4.9). 

Rapid solvolysis of 4.3b was observed accompanied by incorporation of the resultant 

PyCHO into 1.1•Br. After only 30 mins, signals for the free BrPyCHO are seen as well as 

a receding signal for helicate 1.1•Br. Evidently the solvolysis is the rate limiting step in 

the tandem process as the signals for PyCHO are not observed until after 3 hours. After 8 

h the reaction ceases at a conversion of 92%. Clean transformation of the 1.1•Br to 1.1 

with no decomposition of the helicates occurs. Further, despite the relatively low 

concentration of 4.2 in solution, no incorporation of Br-PyCHO is observed.  

While cage 4.2 is an effective catalyst for this tandem solvolysis/exchange reaction, 

other “free” acids are not (Figure 4.9b). Control acid 4.4 is incapable of solvolysis of acetal 

4.3b, as a result no reaction is observed after 8 h. Extended heating of the solution (120 h) 

led to decomposition of 1.1•Br. When the control acid is replaced by one more suitable for 

the solvolysis (CF3CO2H), rapid decomposition of the parent cage 1.1•Br is observed after 

only 10 mins at 77 °C. The helicate complexes are not tolerant of strong acids even at 

ambient temperature, therefore despite acetal solvolysis, the reaction cannot proceed. 

Finally, the unfunctionalized cage 4.1 was used for the reaction; however, again no acetal 

solvolysis was observed and the helicate 1.1•Br remained even after extended reaction 

times. The combination of enhanced reactivity and compartmentalization of the acid 
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groups in cage 4.2 allows it to be an effective tandem catalyst: reactive enough to be 

functional, but mild enough to work with sensitive tandem partners.  

4.5 Cage Catalyzed Thioetherification via Acid Promoted Dissociation  

The strong rate accelerations for acetal hydrolysis (>1000 fold) demonstrate the 

effectiveness of acid cage 4.2 as a supramolecular catalyst. This reactivity is aided by a 

significantly increased effective concentration of acids on the interior of the cage as well 

as a strong molecular recognition element (e.g 4.3a, with Ka = 1.3 x 104 M-1). Both these 

elements suggest that cage 4.2 should be amenable to further use as a supramolecular 

catalyst for other acid-mediated reactions. One limitation in supramolecular catalysis is in 

the performance of polar reactions, especially encapsulated nucleophilic substitutions, 

because the M-L complexes are often sensitive to even weak nucleophiles. While there are 

some examples of polar reactions being performed in supramolecular assemblies,12, 13 

including one with inverted stereochemistry in an SN2 reaction,14 their use in 

supramolecular cages is still quite limited. Herein a substitution reaction catalyzed by the 

acidic 4.2 cage is shown. The cage can effect high rate acceleration and vary the 

molecularity of the reaction. 
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Figure 4.10. Summary of the acid catalyzed substitution processes tested. 

 

To limit decomposition of the cage, a mild acid-catalyzed substitution reaction was 

chosen (Figure 4.10). Trityl- and diphenylmethyl electrophiles are well-known SN1 

substrates due to their highly stabilized cationic intermediates.15 Four different activated 

electrophiles were tested that vary in reactivity, triphenylmethanol 4.5a, its ethyl (4.5b) 

and trifluoroethyl (4.5c) ethers, and benzhydrol 4.5d. In addition to being highly reactive, 

the leaving groups are either water or alcohols, which should prevent cage decomposition. 

To further ensure the integrity of the cage, the substitution reactions were performed with 

mild, neutral nucleophiles. The synthesis of thioethers using trityl- or diphenylmethyl 

electrophiles in conjunction with thiols occurs via an acid-catalyzed dissociative 

substitution mechanism and is a well-precedented in highly acidic media.16,17 
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Figure 4.11. Accelerated Substitution Catalyzed by Cage 4.2. a) Reaction progress over time 

for the transformation of electrophiles 4.5a and 4.5b with either 5% cage 4.2 or 30% control acid 

4.4 catalyst (CD3CN, 353 K). b) 1H NMR spectra of the reaction of 4.5a with PrSH catalyzed by 

4.2 at various intervals (CD3CN, 400 MHz, 298 K). Blue = PrSH; Red = thioether product; 

downfield region shows the imine CH region of the C3/S4 isomers of 4.2, and that cage 4.2 remains 

intact throughout the reaction. 

 

Initially, the reactivity of n-propanethiol (PrSH) was investigated, paired with the 

four electrophiles, and two previously mentioned catalysts (acid cage 4.2 and control acid 

4.4) in CD3CN. The reaction progress and relative rates were monitored via 1H NMR. The 

acid cage 4.2 was highly effective at catalyzing the dissociative process (Figure 4.11). In 

the case of both 4.5a and 4.5b, the reaction was complete within 8 h with 100 % conversion 

observed using only 5 % cage 4.2 as catalyst. The reaction is clean, with no evidence of 

product inhibition, and only the cage, reactants and propyl trityl sulfide product 4.6a can 

be observed in the NMR spectrum. It is important to note that cage 4.2 is undamaged 
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throughout the reaction process. The characteristic imine CH signals of the C3 and S4 

isomers of cage 4.2 at δ 8.9-9.1 remain unchanged, indicating that despite refluxing 

conditions, the cage is completely tolerant to thiol nucleophiles. To illustrate the 

effectiveness of the acidic cage, the substitution of 4.5a and 4.5b was repeated using 30 

mol% control acid 4.4 (i.e. an equivalent concentration of acid in solution). The “free” acid 

catalyzed reaction was sluggish, and no conversion to sulfide product 4.6a was observed 

after 10 h at 80 °C for either electrophile (Figure 4.12a). After 24 h the product can be 

observed, however only at 1 % conversion. As the reaction is acid-catalyzed, it is 

conceivable for the reaction to be promoted by small amounts of leached Fe2+ ions. To 

eliminate this possibility, the reaction was repeated with meso-helicate 4.7 as catalyst 

(Figure 4.12b). The meso-helicate does not contain a defined cavity nor acidic 

functionality, as such would only be able to catalyze the reaction in a Lewis acidic manner. 

Under these conditions, no reaction is observed even after 48 h heating.  
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Figure 4.12. Thioetherification of PrSH with 4.5a mediated by control processes: a) 30 mol % 

control acid 4.4 b) 30 mol % control acid 4.4 and 10 mol % suberone meso-helicate 4.7 (400 MHz, 

298 K, CD3CN). 10 mol % of the M2L3 4.7 was used to maintain the number of FeII-iminopyridine 

units in solution while the smaller structure is unable to bind substrates within a cavity. Both 

reactions were performed at 80 °C and monitored over time (400 MHz, 298 K, CD3CN). 

 

Table 4.3 shows a summary of the average initial rates and relative rate 

accelerations of the thioetherification process. Rate accelerations of up to 1023-fold over 

the “free” acid catalyst (4.4) were observed using the acid cage 4.2, despite essentially 

identical acidity of the reactive group. The reactivity appears to show little dependence on 

the basicity of the electrophile employed. Trityl electrophiles 4.5a and 4.5b exhibit 
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significant differences in basicity (conjugate acid pKa of ~-3.5 vs -2), however, the relative 

rates of substitution and ~1000-fold accelerations are nearly identical. Only with extreme 

changes in basicity, as is the case with the trifluoroethyl ether 4.5c, is reactivity impacted, 

with no observed product formation even after extended reaction times. As expected, the 

removal of a phenyl ring in benzhydrol 4.5d resulted in a much slower reaction than with 

4.5a. After 72 h reaction only 58 % conversion was observed. Significant rate acceleration 

is still present in this case however as reaction with 30 % control acid 4.4 gave no 

conversion at all.  

Table 4.3. Supramolecular Substitution Catalysis.a 

 

Substrate Nucleophile Initial Rate V(4.2), 

x10-4 mM/min 

Initial Rate V(4.4), 

x10-4 mM/min 

𝐕(𝟒. 𝟏)

𝐕(𝟒. 𝟒)
 

4.5a PrSH 778 0.76 1023 

4.5a CySH 541 1.4 386 

4.5a TolSH 211 0.81 260 

4.5a AdSH n.r. n.r. n.d. 

4.5a EtOH 77 n.r. n.d. 

4.5b PrSH 723 0.65 1112 

4.5b TolSH 156 1.1 107 

4.5b CySH 156 2.9 47 

4.5c PrSH n.r. n.r. n.d. 

4.5d PrSH 39 n.r. n.d. 
a353 K, CD3CN, [4.5] = 15.8 mM, [Nu] = 19.8 mM, [4.2] = 0.8 mM; [4.4] = 4.74 mM, 

concentrations confirmed using dioxane as standard (7.9 mM). n.r. = no reaction; n.d. = not 

determined. 

 

Other thiol nucleophiles were likewise tolerated for the cage-catalyzed substitution 

reaction. When the reaction was performed with the more hindered cyclohexane thiol 

(CySH), the initial rate was slightly slower than the rate observed with PrSH. Despite the 

decrease in reactivity, smooth conversion to sulfide product 4.6b was observed for both 
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electrophiles, 4.5a and 4.5b in the presence of 5 % cage 4.2. The use of similarly sized p-

tolylthiol (TolSH) gave similar rate accelerations to that of CySH, however the reaction 

was complicated by competitive formation of the p-tolyldisulfide oxidation product (Figure 

4.13). Formation of disulfides catalyzed by Fe2+ and oxygen is known,17 and so to limit 

formation of the side product the reaction was repeated under inert (N2) atmosphere in a J-

Young tube. While formation of the disulfide decreased, it was still observed as the major 

product in the reaction. Despite all other reactions being open to air, only the more easily 

oxidized TolSH was susceptible to disulfide formation. Further, this oxidation is catalyzed 

by the cage itself, in the control reaction with 4.4, minimal disulfide product is observed, 

and then only after 72 h reflux.  
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Figure 4.13. Thioetherification and oxidative dimerization of p-tolylthiol promoted by acid cage 

4.2. a) methyl region of the 1H NMR spectrum monitored over time (CD3CN, 298 K, 400 MHz). 

b) change in % sulfur containing compounds present over time. c) Initial rate calculations for 

thioetherification using 5 % cage 4.2 (red) and 30 % control acid 4.4 (orange). 

 

Substitution with weak nucleophiles like EtOH was also possible, albeit at a much 

slower rate. While the use of CySH and TolSH only showed modest reductions in initial 

rate, no reaction was observed using the much bulkier 1-adamantanethiol (AdSH) after 24 

h, with longer reaction times leading to decomposition of cage 4.2. While the mild thiol 



 

 118 

and alcohol nucleophiles were well tolerated by the system, more reactive carbon-based 

nucleophiles proved problematic. Some conversion was observed when using dimedone or 

indole, however decomposition of the cage was rapid. With complete destruction in <2 h 

in the case of indole (Figure 4.14). 

 

 
Figure 4.14.  

1H NMR spectra of the acid promoted substitution reaction between 4.5a and a) 

dimedone or b) diethylmalonate in the presence of 5 mol % cage 4.2. The reaction was performed 

at 80 °C and monitored over time (400 MHz, 298K, CD3CN).  
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The variable reactivity for the different thiols provides insight toward the 

“biomimetic” nature of the catalysis. The classic acid-catalyzed SN1 mechanism, which 

would be expected under these conditions,18 has a rate determined by the slow dissociation 

to form the trityl cation with the initial potentiation and final nucleophilic addition being 

rapid. The rate is not dependent on the nucleophile, and only the concentration of 

electrophile and acid appear in the rate equation. Under this classic SN1 mechanism, 

essentially the same initial rate should be observed regardless of the nucleophile, as is the 

case for reactions catalyzed by control acid 4.4. However, when the reaction is catalyzed 

by cage 4.2, large variations in the reaction rate are observed between the nucleophiles 

employed. As much as a 10-fold difference in reaction rate is observed between 

nucleophiles when comparing the fastest and slowest rates (PrSH and EtOH respectively). 

For the cage to be able to bias the reactivity of the added components, a high level of 

molecular recognition must be present. We therefore investigated the binding affinity of 

the various reaction components in “host” cage 4.2.  

4.6 Molecular Recognition and Mechanistic Analysis 

As expected, all guests tested exhibited rapid in/out kinetics preventing the 

formation of long-lived Michaelis complexes that could be observed via NMR. To quantify 

the binding affinities of the various components of the reaction, we turned to UV-Vis 

titrations. While the previously used Stern-Volmer analysis is useful in fitting a 1:1 binding 

model, little information about the adequacy of the fit can be obtained from this method. 

Given the complexity of the overall system, we decided to use a more rigorous method of 

calculation. The binding affinities were calculated in Bindfit19 via linear regression analysis 
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(Nelder-Mead method) and fit to both a 1:1 and 1:2 binding model.20 To ensure the best 

possible fit, the spectrum was analyzed by monitoring the change in absorbance at two 

points (300/330 nm and 370 nm; Table 4.4). The large electrophiles 4.5a-d predictably fit 

best in the 1:1 binding model. The binding of thiols however was much more ambiguous; 

the smallest thiols PrSH and CySH had a significantly improved fit upon switching to a 

1:2 model  as shown in Figure 4.13. In contrast, little to no improvement in fit was observed 

for the bulky AdSH suggesting a 1:1 binding model. Finally, when analyzing the affinity 

of TolSH, high levels of error were present in the calculation preventing the data from 

being analyzed in a 1:2 model.  

Table 4.4. Binding Affinities of Substrates and Products in Cage 4.2.[a] 

 
Guest K11 (4.2), x 103 M-1 Guest K11 (4.2), x 103 M-1 K12(4.2) x 103 M-1 

4.5a 15.8 ± 0.3 PrSH 114 ± 15 0.75 ± 0.008 

4.5b 20.1 ± 1.2 TolSH 80.6 ± 9.7 N/A 

4.5c 3.2 ± 1.3 CySH 116 ± 10 4.0 ± 0.4 

4.5d 6.9 ± 0.4 AdSH 199 ± 17 N/A 

4.6a 6.5 ± 1.3  

[a] in CH3CN, [1] = 3 μM, absorbance changes measured at 300/330 nm and 370 nm. 19,20 
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Figure 4.15. UV-Vis absorption spectrum of the titration of PrSH into a 3 µM solution of cage 4.2 

in CH3CN. PrSH was added in 1-5 µL aliquots from a 9 mM stock solution in CD3CN. b) 1:1 

binding fit model for guest PrSH (Ka = 113.9 ± 15.0 x 103 M-1). c) 1:2 binding fit model (K11 = 

182.4 ± 19.9 x 103 M-1, K12 = 0.75 ± 0.08 x 103 M-1). Fits were calculated via linear regression 

analysis using the Nelder-Mead method from the change in absorbance at two points (300 nm and 

370 nm) using supramolecular.org.19,20 

 

Surprisingly high affinities were again observed for the reactants with cage 4.2 

ranging from 3200 M-1 (trifluoroethyl ether 4.5c) to 199,000 M-1 (AdSH). The properties 

that govern binding in the cage are not entirely obvious, the thiol guests bind strongest in 

the cage ranging from 80,000 M-1 up to 199,000 M-1, so the presence of both H-bond donor 

and acceptor groups likely play a large role. This is further supported by no affinity 

observed when hydrocarbons such as adamantane are added. However, shape-based cavity 

occupancy does not appear to play a large role, as the electrophiles were still strongly bound 
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but at lower affinities up to 20,100 M-1 (ethyl ether 4.5b). Most importantly, a significantly 

lower binding affinity was observed for the thioether product 4.6a (6500 M-1). The most 

likely scenario is that, a mix of polar interactions with the acid groups and CH-π or π-π 

interactions with the aromatic cage walls are the key determinants in obtaining high 

affinities. 

 

 
Figure 4.16. Acid promoted substitution reaction between 4.5a and n-propyl thiol in the presence 

of 5 mol % cage 4.2, at varying concentrations of PrSH a) 19.75 mM b) 39.5 mM performed at 80 

°C and monitored over time (400 MHz, 298K, CD3CN). 

 

The reaction observed from the cage-catalyzed substitution shows variable 

molecularity depending on the individual components, meaning it is not the simple SN1 

process expected for acid catalyzed substitutions. The strong affinities for various guests 
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enable the cage to direct the outcome of the reaction. To further illustrate this point, the 

cage-catalyzed substitution reaction of 4.5a and 4.5b with PrSH was repeated with varying 

concentrations of nucleophile. Surprisingly, the small change in leaving group from OH to 

OEt had a large effect on the dependence on nucleophile. When triphenyl methanol 4.5a is 

treated with PrSH and 5 % acid cage 4.2, a strong dependence on the nucleophile 

concentration is observed (Figure 4.16/4.17a). Increasing the concentration of PrSH 

results in an increased initial rate for the reaction, the order in this case was measured to 

~1.2 with respect to [PrSH]. In contrast, the reaction of the larger, more basic, ether 4.5b, 

shows zero dependence on [PrSH] (Figure 4.17b), with initial rate characteristics like that 

of a unimolecular rate-determining step. Despite nearly identical binding affinities and 

initial rates ([PrSH] = 19.8 mM), the molecularity of the reaction processes is completely 

different. 

 

 
Figure 4.17. Initial rates of thioetherification with varying [PrSH] of a) 4.5a with 5 % 1, 333 K; 

b) 4.5b with 5 % 4.2, 333 K; c) 4.5a with 5 % CF3CO2H, 273 K. [4.5] = 15.8 mM, [4.2], [TFA] = 

0.8 mM in CD3CN; concentrations confirmed using dioxane as standard (7.9 mM), rates monitored 

by 1H NMR. 
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To prove the acid-catalyzed mechanism is truly a classic SN1 process, control 

reactions were performed to determine the dependence on nucleophile with “free” acid. 

The reaction with control acid 4.4 was far too slow (requiring over 4 days), so the process 

was analyzed using 5 % CF3CO2H in CD3CN as the catalyst. The reactions, performed by 

Courtney Ngai, were run at ambient temperature and monitored over the course of several 

hours. As expected for the simple SN1 process, under these conditions the initial rates are 

completely independent of nucleophile (Figure 4.17c). The importance of molecular 

recognition in cage 4.2 goes beyond varying the molecularity of the reaction. The rate of 

catalysis can be significantly impaired through the addition of a large excess of PrSH 

(Figure 4.18). PrSH has a significantly higher binding affinity for cage 4.2 than either 4.5a 

or 4.5b and can bind in a 1:2 fashion. At high concentrations PrSH can saturate the cavity 

of 4.2, preventing binding and activation of the electrophile, resulting in substrate 

inhibition. 
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Figure 4.18. Substrate inhibition of the acid-catalyzed substation of 4.5a with PrSH in the presence 

of 5 % cage 4.2 in CD3CN. a) Averaged percent conversion over time (min); b) initial rates, using 

19.75 mM PrSH (red) and 237 mM PrSH (orange). 

 

The catalysis with acid cage exhibits very efficient turnover: with no product 

inhibition seen at only 5 % 4.2 used. This level of turnover is rare in bimolecular reactions 

mediated by a host molecule. In general, entropy favors the host-guest binding of the single 

large product rather than the two smaller reactants, leading the reaction to be stoichiometric 

rather than catalytic.21,22 To overcome these challenges, most receptors used as 

supramolecular catalysts for bimolecular reactions proceed by varying the binding affinity 

of the product, typically through solubility effects in water.23,24 In the case of 4.2 this is not 

a problem as both reactants 4.5a/b and PrSH exhibit significantly higher affinities (Ka = 

15,800/20,100 and 114,000 respectively) over the resultant product 4.6a (Ka = 6500 M-1). 
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Figure 4.19. a) Minimized structure of the S4 isomer of cage 4.2 co-encapsulating PrSH and 

triphenylmethanol 4.5a, with spacefilling model (Hartree-Fock, SPARTAN). b) UV-Vis 

absorption spectrum of the titration of a 1:1 solution of 4.5a and PrSH into a 3 µM solution 

of cage 1 in CH3CN, the guests were added until saturation was achieved. 4.5a and PrSH 

were added in 10 µL aliquots from a 4.5 mM stock solution in CH3CN. 

 

While this analysis explains the turnover, the question of why putatively similar 

reactants have such variable rate profiles remains. All components in the reaction exhibit 

strong binding affinities for 4.2 and exhibit variable binding modes including the formation 

of ternary complexes (Table 4.4). The variable binding affinities present several pre-

equilibrium states that can exist in the reaction. Cage 4.2 exhibits a particularly large cavity, 

and is not limited to the formation of homo-ternary complexes, but hetero-ternary 

complexes as well. The ease with which both reactants (4.5a and PrSH) can fit into the 
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cavity of 4.2 is demonstrated in a minimized (SPARTAN, Hartree-Fock) structure of the 

ternary complex 4.2•4.5a•PrSH (Figure 4.19a). To demonstrate formation of the ternary 

complex, a preformed host:guest complex of cage 4.2 and 4.5a was formed followed by 

titration of PrSH. With each addition of PrSH further changes in the absorbance spectra 

were observed with continuing isosbestic points. Similarly, clean transition is observed 

upon addition of a 1:1 mixture of PrSH:4.5a to a solution of 4.2 in CH3CN (Figure 4.19b). 

The further changes in the spectrum illustrate that despite the cavity of 4.2 already 

containing 4.5a, PrSH can still be bound. Unfortunately, it is difficult to determine whether 

these changes result from formation of the 4.2•4.5a•PrSH, or simply displacement of 4.5a 

as little difference in the change of cage absorbance is seen for different guests (lowering 

of absorbance at 330 nm and increasing absorbance at 370 nm, with a slight red-shifting of 

absorbance frequency). While this prevents unambiguous determination of the individual 

K11 and K12 heterocomplex formation constants, these spectra, as well as the reaction rate 

data and modeling, support the possibility of a 4.2•4.5a•PrSH host:guest complex in 

solution. 

A schematic of the possible equilibria present in the reaction mechanism is shown 

in Figure 4.20. Both the electrophile and nucleophile exhibit strong affinity for cage 4.2 

and are likely to compete for binding in the cavity. With this in mind, four possible pre-

equilibria are present: empty 4.2 (expected to be minimal at these concentrations), 

4.2•(PrSH), 4.2•4.5a, and the heterocomplex 4.2•4.5a•PrSH. Within the equilibria 

presented, there exists two possible rate determining steps. The first is a unimolecular 

process reminiscent of the classic SN1 reaction: the electrophile is bound and activated by 
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4.2, the trityl cation is released and rapidly reacts with PrSH externally. The reaction in 

this case is entirely dependent on encapsulation of the electrophile, so the nucleophile 

would not factor into the rate equation. In contrast, the reaction may also occur via a 

bimolecular process in which activation of the electrophile occurs after formation of the 

4.2•4.5a•PrSH ternary complex, resulting in a rate equation dependent on [Nu].25 A switch 

between these two mechanisms is possible by simply changing the leaving group from 

water to an alcohol. The unimolecular mechanism is dominant for 4.5b where the reaction 

rate remains unchanged despite increasing [PrSH]. However, in the case of 4.5a, a 

dependence on [PrSH] is observed (~1.2) suggesting that the mechanism partially 

proceeds through the 4.2•4.5a•PrSH complex. It is not entirely clear why the molecularity 

of the reaction is so different between 4.5a and 4.5b. While differences in basicity exists, 

the initial rates using 1.25 mol.-eq. PrSH are identical. Further, the binding affinities of 

4.5a and 4.5b are generally similar, ruling our rate determination caused by competitive 

binding. The observed substrate inhibition can be explained by the high affinity of PrSH 

however, as high [PrSH] would saturate the cage preventing encapsulation, and activation, 

of the electrophile.  
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Figure 4.20. Substrate-dependent thioetherification mechanisms in cage 4.2. 

The most practical explanation for why variable molecularity exists in the 

substitution reactions exists in the size of the molecules. The ether 4.5b is larger than the 

alcohol which limits the formation of ternary complex inside the cage. As such the 

activation and expulsion of the cation is more favourable than the binding of multiple 

guests. The formation of a ternary complex is specific to the combination of PrSH and 

4.5a, likely due to proper size matching and beneficial interactions through hydrogen 

bonding. This theory is also applicable to the varying reaction rates of the different 

nucleophiles (PrSH, CySH, TolSH, AdSH). The changing affinities of each thiol for the 

cage can bias the equilibrium populations of 4.2•4.5a, and in some cases 4.2•4.5a•RSH 

which will modify the observed rate. Based on the proximity of the reactive species seen 

in Figure 4.19a, it is conceivable that the substitution reaction between PrSH and 4.5a can 

occur via a concerted process, however there is no evidence of this occurring. It is more 

likely that the loss of water occurs within the ternary complex, followed by rapid collapse 
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to product. The key to the bimolecularity of reaction is the selective substrate molecular 

recognition inside the active site of 4.2. These results, as well as the different reactivities 

shown by different nucleophiles, illustrate the importance of the cage in the reaction 

mechanism.  

4.7 Catalytic Self-Destruction: Design of a Negative Feedback Loop  

So far, the effectiveness of acid internalization has been demonstrated through large 

increases in initial rate versus control processes. In this study electrophiles containing 

alcoholic leaving groups were chosen for their mild reactivity, however the cage catalyzed 

substitution process is not limited to these compounds. Tritylanilines are much more basic 

than their alcoholic counterparts which should allow for more rapid solvolysis. This sort of 

reaction presents a unique opportunity to probe the catalytic efficiency of cage 4.2: the 

resultant amine leaving group is capable of reacting with the cage via subcomponent 

exchange3,26 causing destruction of the catalyst as the reaction progresses which should in 

turn negatively impact the rate. The substitution of N-trityl-4-bromo-phenylaniline 4.5e 

with PrSH and 5 % cage 4.2 is extremely rapid, with trityl sulfide product 4.6a appearing 

in minutes at room temperature (Figure 4.21). The substitution reaction is evidently the 

faster mechanism as ~25 % conversion to product 4.6a, before the byproduct 4-

bromoaniline can react with cage 4.2. The expunged diacid ligand 4.D is still capable of 

activating the trityl starting material 4.5e, however the reaction proceeds at a much slower 

rate. The result is a bifurcated reaction plot: initial reaction with 4.2 is rapid until 

subcomponent exchange and host decomposition occurs, the reaction then proceeds slowly 

with the weaker free diacid ligand until ceasing at ~50 % conversion. When the substitution 
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was repeated using control acid 4.4 as catalyst, the reaction proceeds at a speed mirroring 

that of the post-destruction rate. The importance of internalization of the acid groups in 

cage 4.2 is well portrayed in this experiment: large acceleration of the reaction is seen 

initially while the cage is intact but becomes markedly slower once liberated despite 

identical catalytic groups. Use of this substrate creates a “negative feedback loop”, where 

the catalyst is inhibited by a secondary coupled reaction that effects its self-destruction.  

 
Figure 4.21. Self-destruct sequence. Detritylation of aniline 4.5e causes a negative feedback loop, 

whereby the product turns off the catalyst via transimination. [4.5e] = 15.8 mM, [PrSH] = 19.75 

mM, [4.2] = 0.8 mM in CD3CN; concentrations confirmed using dioxane as standard (7.9 mM), 

rates monitored by 1H NMR. 

 

4.8 Conclusion 

 Here, we have shown the synthesis a new M4L6 tetrahedron formed via Fe-

iminopyridine coordination. The cage exhibits 12-internalized carboxylic acid functional 

groups that are capable of general acid catalysis. Using this cage, rate accelerations of 

>1000-fold are possible for both the solvolysis of aromatic acetals and the 
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thioetherification of trityl alcohols and ethers, relative to the rate catalyzed by “free”, small 

molecule acid analogs. The cage is an impressive host with binding affinities ranging from 

Ka = 3,200 – 199,000 M-1 enabling unique reactivity that is not possible using small 

molecule catalysis. The internalization of the acid sub-units enables a cascade reaction 

involving the solvolysis of a pyridyl acetal followed by cage-to-cage transformation via 

subcomponent exchange. The analogous TFA-catalyzed process results in immediate 

decomposition of the initial cage. Further, both catalytic processes are not troubled by 

product inhibition (except for reactions where the product obliterates the cage), unlike 

many processes promoted by self-assembled cages. Most importantly for the substitution 

process, cage 4.2 alters the molecularity of the acid-promoted substitution reactions. While 

the TFA-catalyzed process follows a normal, unimolecular SN1-type mechanism, the host-

mediated reaction with electrophile 4.5a is dependent on the concentration of nucleophile. 

This variable molecularity is substrate dependent, completely different molecularity is 

observed even with changes as small as transitioning from triphenylmethanol and O-

tritylethyl ether. The catalyst is also capable of a self-destruct sequence in the presence of 

tritylated amines, where fast initial reaction is rapidly turned off by destruction of the 

catalyst by product, essentially a negative feedback loop. All of these properties require 

strong molecular recognition of multiple reactants in a catalytic pathway, indicating the 

potential of functionalized cage hosts as enzyme-mimicking nanoreactors. 

 

 

.
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Chapter 5 – Biomimetic Catalysis via a Cofactor Type Mechanism 
 

5.1 Introduction 

An alternate method to mimicking the natural reactivity of nature is to target the 

cofactor mediated process of apoenzymes. Apoenzymes are inactive on their own, however 

after binding species such as flavins1 or pyridoxal phosphate,2 become a reactive 

holoenzyme complex that is capable of binding additional substrates and mediating their 

reactivity. While the mechanism of cofactor catalysis has inspired many famous synthetic 

transformations over the years,3 mimics in supramolecular chemistry are far less common.4 

This is primarily because of the inherent challenge in binding, activating, and turning over 

multiple different species within a synthetic host.5 The examples that do exist are typically 

very large (>1800 Å3) 6 Pd12L24 and Pd24L48 nanospheres,7 or self-assembled resorcinarene 

hexamers.8 These internal “nanophases” can be used to bind multiple small molecules and 

catalyze reactions promoted either with Brønsted acid9,10  or gold catalyzed cyclization 

reactions.11,12 In these cases the receptors are more akin to zeolites than enzymes due to 

their size, as a result, the binding affinities are relatively low. In contrast, the two tetrahedral 

Fe4L6 cages 4.1 and 4.2 presented in the previous chapter (Figure 5.1), show high affinity 

(Ka~ 105 M-1 in CH3CN) of neutral small molecules.13 Further, the substitution process with 

cage 4.2 requires the formation of mixed ternary host:guest complexes, hinting at the 

possibility for cofactor-mediated catalysis in our synthetic receptors.14 As the 

thioetherification described in chapter 4 is well-suited for mechanistic analysis, we initially 

tested whether unfunctionalized cage 4.1 could promote the reaction in the presence of a 

suitably sized acidic cofactor.  
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Figure 5.1. Structural and cartoon representations of unfunctionalized cage 4.1 and acid-decorated 

cage 4.2. 

 

5.2 Acid Catalyzed Thioetherification Mediated by a Non-Reactive Host 

Initially we focused on the reaction between triphenyl methanol 4.5a and n-propane 

thiol PrSH. When these reagents were treated with cage 4.2, a significant enhancement in 

rate was observed over the control process. To test the cooperative 4.1•4.4 process, the 

same fluorenyl-based diacid 4.4 was utilized this time in the presence of unfunctionalized 

cage 4.1. Triphenylmethanol 4.5a was heated with 1.25 mol.-eq. PrSH in the presence of 

5% cage 4.1 and 30 % cofactor 4.4 in CD3CN, and the initial rate of the reaction forming 

thioether 4.6a was monitored by 1H NMR. Figure 5.2 shows the relative rate of reaction 

compared with the rate of closely related catalysts. Surprisingly, unlike the case with the 

acetals,13 the host-guest complex 4.1•4.4 is an effective catalyst for the substitution 

reaction, showing a 20-fold increase in rate when compared to the free acid catalyzed 
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process (30 % 4.4 in the absence of 4.1). No reaction is observed when the substitution is 

performed with cage 4.1 alone, and a very slow reaction is seen with “free” 4.4. While the 

reaction is far slower (V = 16 x10-4 mM/min) than the acid-functionalized cage 4.2 (V = 

778 x10-4 mM/min), the initial experiment illustrates the effectiveness of combining cage 

4.1 with an acidic co-factor. 

 
Figure 5.2. a) summary of the acid catalyzed substitution processes tested (4.1•4.4 = 1:6 ratio of 

cage); b) reaction progress over time for the thioetherification of triphenyl methanol 4.5a with 

PrSH and either 5 % cage 4.2 or 5 % cage 4.1/30 % 4.4 as catalyst. [4.5a] = 15.8 mM, reactions 

were performed at 80 °C in CD3CN. 

 

One of the hallmarks of the enzymatic catalysis of the reaction with 5 % acid cage 

4.2 was the ability to alter the molecularity of the reaction. To see if this was generally true 

for this sort of catalysis, the substitution of 4.5a was repeated at varying [PrSH]. 

Surprisingly, as was the case for 4.2, the reaction rate for the substitution catalyzed by the 

4.1•4.4 complex increases with increasing [PrSH]. The catalysis of this reaction with small 
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molecules shows no dependence on nucleophile:11 only when cage catalysts capable of 

molecular recognition (such as 4.2) are used is this dependence observed. This data 

strongly indicates that the 4.1•4.4 complex is acting as a “holoenzyme” catalyst, with the 

cage as the “apoenzyme” and the acid 4.4 as the cofactor. To further test the similarities 

between the two catalysts we then investigated the effects of changing the electrophile. In 

the reaction with cage 4.2, the substitution of trityl ethyl ether 4.5b progressed at essentially 

the same rate as the alcohol 4.5a. The only difference in this case being the lack of 

nucleophile dependence in the reaction. The reaction with the 4.1•4.4 complex mirrored 

these results.  

5.3 Kinetic Analysis of Nucleophile Variations 

Following this initial success, we systematically varied the components of the 

reaction to further implicate the reactivity of the host:cofactor system. Initially we focused 

on a variety of different nucleophiles varying in length (n-octylthiol, OctSH), substitution 

(cyclohexylthiol, CySH) and nucleophilicity (4-methylbenzene thiol, TolSH and ethanol, 

EtOH). The nucleophiles were subjected to the same conditions as PrSH (5 mol % 4.1, 30 

mol % 4.4, 400 µL CD3CN, 80 °C). The reaction with cyclohexyl thiol and ethanol both 

behaved as expected, with both CySH and EtOH showing significantly decreased 

reactivity (V = 0.2 x 10-4 mM/min) compared to that of PrSH. Additionally, the reaction 

with TolSH was dominated by the formation of the tolyldisulfide (TolS)2, with no 

formation of product, further indicating that this reaction is enhanced by encapsulation in 

the presence of catalytic acid. Only the reaction of n-octane thiol OctSH exhibited similar 

reactivity to that of PrSH. 
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Figure 5.3. Reaction progress over time for the thioetherification of a) triphenyl methanol 4.6a, or 

b) O-trityl ethyl ether 4.5b, with OctSH and 5 % cage 4.1/30% 4.4 as catalyst. [4.5a] = 15.8 mM, 

reactions were performed at 80 °C in CD3CN. 

 

PrSH and OctSH exhibit essentially the same nucleophilicity, and as such would 

be expected react in the same manner. While this is true for the rate of the reaction with 30 

% acid 4.4 alone (V = ~ 0), when a co-worker in the Hooley lab, Courtney Ngai, performed 

the reaction with the cooperative complex 4.1•4.4, the reaction outcomes were slightly 

different from that of PrSH. The longer OctSH is evidently more easily oxidized than the 

other alkyl thiols tested, as a significant amount of disulfide is observed in addition to the 

thioether product. Fortunately, the formation of the disulfide appears in a different location 

than the signals of the product thioether so an initial rate of thioetherification could still be 

calculated. The substitution reaction with OctSH is also surprisingly much faster (V = 

141.5 x10-4 mM/min) than that of PrSH, this observation further exemplified by an 

increased rate of catalysis for not only alcohol 4.5a, but the ether 4.5b as well (Figure 5.3). 

Given the enhanced reactivity of OctSH, Courtney then tested the reaction at differing 

concentrations of nucleophile. As expected, the co-factor mediated substitution of 4.5a 
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with OctSH was indeed still dependent on nucleophile concentration. Further, variation of 

the nucleophile showed no change in reactivity with the similarly reactive trityl ether 4.5b. 

5.4 Kinetic Analysis of Co-Factor Variations 

Following the insights gathered from changing the nucleophile and electrophile, we 

analyzed the effect of varying the acidic cofactor on the substitution process of 4.5a with 

PrSH. For this study, four additional acid cofactors were tested (5.2a-d) which vary both 

in size and acidity. The fluorenyl diacid 4.4 is the largest substrate with an estimated pKa 

of ~3.7 (based on comparison with 3,3-dimethylglutarate). The other cofactors 5.2a-d have 

only slight discrepancies in pKa (5.2a = 3.65, 5.2b = 3.69, 5.2c = 4.20, 5.2d = 5.03),15,16 

but have substantial differences in volume. Despite these small differences, the various 

cofactors show appreciable variation in catalytic activity, even in the absence of cage 4.1. 

A summary of the reactivity is shown in Figure 5.4 and Table 5.1. Some variation in the 

“free” cofactor catalyzed rates can be seen, but not in the expected trend of pKa; the best 

catalyst is naphthoic acid 5.2b, while the worst is diacid 4.4, despite roughly identical pKa. 

The relative order of effectiveness is 5.2b>5.2c>5.2a>>5.2d>4.4. None of the free 

catalysts 4.4/5.2a-d are particularly effective, however, with all of the reactions only 

reaching <30 % conversion after 6 h reflux.  
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Table 5.1. Supramolecular Cofactor-Mediated Catalysis.a 

 
Acid 

cofactor 

V(4.1•acid), 

x10-4 mM/min 

V(acid only), 

x10-4 mM/min 
V(4.1•acid)/V(acid only) 

4.4 16 0.8 20 

5.2a 230 17 13.5 

5.2b 121 59 2.0 

5.2c 101 28 3.6 

5.2d 86 6 14.3 
a [4.5a] = 15.8 mM, [PrSH] = 19.8 mM, reactions were performed at 80 °C in CD3CN. Initial rates 

were determined using the first set of linear timepoints under 50 % conversion by comparing 

Δ[4.6a]/T(min). Concentrations were confirmed using dioxane as a standard (7.9 mM). Reactions 

were performed at 293 K. 

 

Upon addition of 5 % cage 4.1, noticeable differences in both the reactivity trend 

of the cofactors, and their rate accelerations were observed. The overall reaction rate order 

for the cooperative complexes is 4.1•5.2a>4.1•5.2b~4.1•5.2c>4.1•5.2d>4.1•4.4. Diacid 

4.4, anthroic acid 5.2a and pivalic acid 5.2d are the substrates that are most heavily 

impacted by the addition of cage 4.1, with 15-20 fold enhancements in initial rate. 

Alternatively, significantly lower accelerations in initial rate (~2-fold) are observed for the 

reactions catalyzed by naphthoic acid 5.2b and benzoic acid 5.2c. The large variations in 

initial rate and rate acceleration across cofactors of putatively similar acidities suggests that 

molecular recognition within cage 4.1 plays an extensive role in the catalytic process.  
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Figure 5.4. Reaction progress over time for the thioetherification of electrophile 4.5a with PrSH 

a) 5 % cage 4.1/30 % cofactor 5.2a-d catalyst, and b) 30 % 5.2a-d alone. [4.6a] = 15.8 mM, 

reactions were performed at 80 °C in CD3CN. 

 

After determining the reaction could in fact be utilized to perform the cofactor 

mediated catalysis, the next step was to determine their overall effect on the mechanism. 

As discussed earlier, the reaction of 4.5a and PrSH with the 4.1•4.4 complex displayed a 

dependence on the nucleophile indicating controlled changing in the molecularity of the 

reaction. As diacid 4.4 is the least suited to catalyze the substitution reaction, we wanted to 

investigate how the use of the new mono-acids affected this observation. Anthroic acid 

5.2a had the highest initial rate, and rate acceleration of the other acids tested, so we 

decided to focus on that reaction for our analysis. First, the substitution of 4.5a with PrSH 

and a mixture of 5 % cage 4.1 and 30 % cofactor 5.2a was performed, with varying 

concentrations of PrSH (Figures 5.5 and 5.6a). In contrast to the bimolecular reactivity of 

4.1•4.4, the substitution reaction with 4.1•5.2a proceeded at essentially the same initial rate 

regardless of [PrSH], consistent with the classical SN1 mechanism. It is not entirely clear 

why nucleophile dependence is observed when  using diacid 4.4, and not with cofactor 
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5.2a, but it does show some unique recognition in the host:cofactor mechanism. The unique 

pairing of 4.4, 4.5a, and RSH gives rise to a mechanism dependent on [RSH] while all 

others do not. 

 

 
Figure 5.5. Acid promoted substitution reaction between 4.5a and PrSH in the presence of 5 mol 

% cage 4.1 and 30 mol % 5.2a, at varying concentrations of PrSH a) 9.5 mM b) 22.1 mM and c) 

33.2 mM, performed at 80 °C and monitored over time (600 MHz, 298K, CD3CN). 

 

In conjunction with my investigation of nucleophile dependence, Courtney 

investigated the effect concentration of the acidic cofactor had in the system. The purpose 

being to establish the best concentration to run the reaction at; anthroic acid 5.1a has one 

of the highest association constants (vide infra) and could cause product inhibition if it 
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heavily occupies the cavity. The tests for cofactor dependence were performed at 5 %, 10 

%, 20 % and 30 % cofactor loading for the substitution of 4.5a with PrSH. Unsurprisingly, 

the reaction rate increases with increasing [5.2a] indicating, the reaction is indeed mediated 

by the cofactor. Further, there appears to be an upper limit to the effect on increasing [5.2a] 

as a graph of the rate versus concentration begins to plateau around 30 %. 

 

 
Figure 5.6. a) substitution reaction of 4.5a with varying concentrations of PrSH catalyzed by 5 % 

cage 4.1 and 30 % cofactor 5.2a; b) substitution reaction of 4.5a with 1.25 eq. PrSH catalyzed by 

5 % cage 4.1 and varying concentration of cofactor 5.2a. [4.5a] = 15.8 mM, reactions were 

performed at 80 °C in CD3CN. 

 

 The systematic changes in reaction components for this system illustrates the large 

impact that small changes can have in the cofactor catalyzed process. The size of the 

molecule can cause significant changes in the molecularity and rate of the 4.1•(4.4/5.2) 

reaction, this is true for each of the components (nucleophile, electrophile, and cofactor). 

Further, the modified reactivity is atypical for what one would expect of an acid catalyzed 

SN1 reaction: the rate of reaction inside 4.1 is indiscriminate of the pKa, of the cofactor, 

and can be modified based on the properties of the incoming nucleophile. These 
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observations strongly suggest molecular recognition events are occurring in the cage-

catalyzed reaction. In the previous chapter we observed that strong binding affinities exist 

between small molecules and the extended fluorenyl scaffold in acetonitrile. In both cases, 

however, the rate of ingress and egress was too fast for the NMR timescale, necessitating 

analysis by UV/Vis absorbance titrations. 

5.5 Determination of Binding Affinities 

 
Figure 5.7. UV/Vis absorption titration of PrSH into a solution of 4.1 in CH3CN. PrSH was added 

in 1 – 5 µL increments from a 9mM solution in CH3CN, [4.2] = 3 µM. 

 

Aside from a similar scaffold, there are several differences between cages 4.1 and 

4.2 to consider when investigating the binding. First, the unfunctionalized 4.1 exhibits a 

substantially larger internal cavity than the acid cage. Further, the carboxylic acid 

functional groups in 4.2 allowed that cage to exploit polar interactions between the host 

and guest. Therefore, a detailed investigation into the affinities and more importantly the 

stoichiometry of the binding of the various components with cage 4.1 was conducted. A 

1.5 µM solution of cage 4.1 was prepared in CH3CN (4.5 µmol in 3 mL) and an initial 
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measurement was taken. To this solution was then added 1 µL aliquots from a 4.5 mM 

solution of the corresponding guest molecule, equating to one molar equivalent guest to 

cage. Following five additions of 1 µL aliquots. These additions were continued until there 

was no observable change in the absorption spectrum. The affinities were initially fit to 1:1 

and 1:2 binding models through Bindfit©
,
17,18 the affinities were then recalculated by Dr. 

Len Mueller using the same equations to determine the best fit for each compound. The 

affinities, and certainties of fit are shown in Table 5.2. 

Table 5.2. Binding Affinities of Reaction Components in Cage 4.1.a 

 
1:2 

guests 

K11 

(x 103 M-1) 

K12 

(x 103 M-1) 

α 

(4K2/K1) 

1:1 

guests 

K11 

(x 103 M-1) 

1:1 

guests 

K11 

(x 103 M-1) 

OctSH 174 ± 43 0.78 ± 0.53 0.018 PrSH 58.5 ± 4.7 4.5a 14.5 ± 0.8 

4.5b 47.1 ± 8.5 2.11 ± 0.38 0.18 5.2a 95.4 ± 5.5 4.6a 24.8 ± 1.5 

4.4 19 ± 11 244 ± 89 51 5.2b 102.1 ± 5.2 5.1 91.7 ± 7.8 

    5.2c 25.5 ± 1.0 (OctS)2 76.1 ± 3.8 

    5.2d 2.4 ± 0.15   

ain CH3CN, [4.1] = 1.5 μM, absorbance changes measured at 300/330nm and 370 nm.14,15 

 

Affinity for the cage is observed with all components tested, including the small 

species such as PrSH. The internal cavity of cage 4.1 quite large and in theory, can form 

ternary (or higher stoichiometry) complexes with all the components. The molecular model 

of the ternary complex of trityl ethyl ether 4.1•4.5b2 (Figure 5.8a), demonstrates the ease 

with which ternary complexes can be formed, even with the larger substrates used. The 
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binding affinities for the cage are strong, with the weakest affinity being pivalic acid 5.2d 

(Ka = 2.4 x 103), and the strongest being naphthoic acid 5.2b (Ka = 102 x 103). To determine 

the preference of each molecule for either the 1:1 or 1:2 binding model, the titration data 

was subjected to the same equations used for Chapter 4 and confirmed through statistics 

by Dr. Len Mueller. From this analysis, we can see that several of the largest guests fit 

excellently (<10-4 % error in confidence) to the 1:2 binding model. The 1:2 binding mode 

can be unambiguously assigned to the fluorenyl diacid 4.4, n-octanethiol OctSH and trityl 

ethyl ether 4.5b. Slightly smaller guests such as anthroic acid 5.2a and triphenyl methanol 

4.5a are slightly more ambiguous, and could bind in a 1:2 fashion, however the 1:1 complex 

is statistically more likely. Finally, analysis of the smallest guests (naphthoic acid 5.1b, 

benzoic acid 5.2c, pivalic acid 5.2d, and n-propane thiol PrSH) shows little improvement 

between the 1:1 and 1:2 binding models, as such they should be considered as binary 1:1 

complexes. 

The analysis of the binding affinities sheds some light on several observations of 

the cofactor catalysis. First, the question of why disulfide is observed in the catalysis of n-

octanethiol and not n-propane thiol. The titration of OctSH fits best to a 1:2 binding model, 

as such the two thiol groups would be placed in close proximity to each other, which could 

facilitate the reaction. The much more ambiguous binding of PrSH is less conducive to the 

dimerization reaction, resulting in only the substitution product and unreacted starting 

material.  
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Figure 5.8. Minimized structures (Hartree-Fock) of two views (stick and space-filling) a) S4-

4.1•4.5b2 and b) S4-4.1•5.2a•4.5a•PrSH. 

 

 The question of why differences in the molecularity of the reactions exist with such 

small changes is reagents is still confusing. While it is conceivable that a quaternary 

complex (4.1•4.4•4.5a•RSH) can be formed, this requires a high entropic penalty. Despite 

this, the space filling model of the proposed complex is shown in Figure 5.8b and illustrates 

the ease with which the quaternary complex can be formed. Determination of this structure 

however, is much more challenging. As mentioned previously, the in-out rate of guest 

encapsulation is rapid, prohibiting analysis by NMR. When triphenyl methanol 4.5a and 

n-propane thiol PrSH were titrated consecutively into a solution of 4.1 in CD3CN, 

broadening of the cage peaks was observed but no noticeable shift in the signals. 

Additionally, the changes in absorbance are dependent only on the concentration of guest 

added, with little variance in host-guest spectrum between substrates. The simplest 

explanation for the varying dependence on nucleophile could be the need for two 

carboxylic acid groups in the mechanism. While the diacid 4.4 has this built into its 

scaffold, the reaction with anthroic acid 5.2a would require an additional molecule to be 

bound which is likely not possible in the cavity (Figure 5.8b). A potential mechanism 
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detailing the two reaction outcomes, including possible pre-equilibrium states, is shown in 

Figure 5.9. 

 
Figure 5.9. Proposed mechanism and pre-equilibrium for the “holoenzyme” mediated substitution 

process. 

 

5.6 Summary of Cofactor Mediated Substitution of Trityl Compounds 

 Here we demonstrated the ability of an unfunctionalized receptor to bind a reactive 

cofactor to catalyze the thioetherification of triphenyl methanol and O-trityl ethyl ether. 

The cage is capable of modest accelerations in reaction rate of a variety of acidic cofactors. 

More importantly, the reactivity of these acids is directed by the cage, whereby cofactors 

exhibiting a higher binding affinity for cage 4.1 exhibit greater reaction rates, and rate 

accelerations, over more weakly bound substrates. Further, the cage can modify the 

molecularity of a simple SN1 reaction, to a mechanism that depends on the concentration 

of the nucleophile. This phenomenon is specific to the combination of fluorenyl diacid 4.4 

used in tandem with triphenylmethanol. All the properties reported are dependent on a high 

level of molecular recognition, demonstrating the ability of cage 4.1 to act as an apoenzyme 

analog upon encapsulation of a reactive cofactor. 
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5.7 Investigation of Additional Cofactors for New Forms of Reactivity 

 

 
Figure 5.10. a) Synthesis of amphiphilic cofactor 5.3; b) titration of cofactor 5.3 into a 1.5 µM 

solution of cage 4.1 in CH3CN; c) 1:1 binding model of the 4.1•5.3 complex calculated from the 

change in absorbance at 370 nm (Nelder Mead). 

 

 The elongated fluorene cage 4.1 is an exceptional host for a wide range of 

molecules of varying properties. As such, baring destruction of the cage, it should be 

amenable to many different transformations given the appropriate cofactor. While the acid 

catalysis shown above exemplified the ability of the cofactor system to act as a 

“holoenzyme”, a large drawback exists in that the cage contains Lewis acidic Fe2+, which 

has been previously shown to leach from the cages.19 As such we wanted to investigate 

reactions that moved away from simple general acid catalysis to more challenging 

examples. The shortest leap is to design a cofactor that exhibits both an acidic and basic 

functional group within the same molecule. This would allow two different types of 
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activation to occur within the cage, and could enable the catalysis of several reactions that 

have eluded the acid cage, such as Michael additions and the Henry reaction. 

 The proposed molecule 5.3 can be easily accessed from the fluorenyl diacid 4.4 

(Figure 5.10). Treatment of diacid 4.4 with Ac2O gives anhydride 5.4 in 84 % yield. The 

anhydride can then be treated with the desired nucleophile to create a library of amphiphilic 

cofactors. To install the desired basic functional group, N,N-dimethyl hydrazine was added 

to a solution of 5.4 in dry THF. Following opening of the ring, the acid-base cofactor 5.3 

precipitates cleanly out of solution. The affinity of 5.3 for cage 4.1 was tested in 

acetonitrile, unsurprisingly a strong affinity (Ka = 47.6 ± 3.3 x 103 M-1) was observed 

(Figure 5.10b). The ability of the cooperative 4.1•5.3 complex is currently in progress. 

 Finally, we wanted to investigate the use of organometallic compounds. Co-Salen 

complexes are well studied organometallic complexes known for carbonylation with CO 

and benzylic alcohols,20 as well as polymerization21 and oxidation reactions.22 The 

encapsulation of these complexes in cage 4.1 could enable enhanced reactivity and 

selectivity in these compounds. The bromine functionalized Co-Salen 5.5 was initially 

chosen for analysis as it is a similar size to that of the strongly bound fluorenyl cofactors 

(4.4 and 5.3). Dana Chambers, from the Martin lab at UCR, synthesized the desired 

complex. A 4.5 mM solution of 5.5 in CH3CN was prepared followed by titration into a 3 

µM solution of 4.1 in CH3CN. As anticipated, the 5.5 complex exhibited a high affinity for 

the cage and fit well to the 1:1 binding model (40 ± 2.5 x 103 M-1, Figure 5.11). The Salen 

ligands can be easily modified, which would allow further investigation into the factors 

that impact binding within the cavity of 4.1. The encapsulation of these compounds enables 
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us to investigate reactions that can either Lewis acid catalyzed or specific to the Co-Salen 

scaffold. Finally, the strong affinity of the 5.5, complex could provide added stability to the 

complex and provide access to reactions that would other was decompose the catalyst. 

 
Figure 5.11. UV/Vis titration of Co-salen complex 5.5 into a 3 µM solution of 4.1 in CH3CN. 
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Chapter 6: New Ligand Scaffolds for Endohedral Functionalization 
 

6.1 Introduction 

  While there are several examples of placing relatively inert functions within self-

assembled cages,1 the inclusion of cages with more reactive functionalities is far more 

limited.2 Further, almost all cases of exceptionally reactive cages are of the large MxLy 

nanospheres,3 which are formed via robust coordination between pyridyl linkages and 

either Pd or Pt. The main drawback of these complexes is that they are so large, the uptake 

and egress of guest molecules is rapid, lowering their potential contacts with the reactive 

functional groups inside the cage, thereby lowering reaction turnover. In order to meet the 

challenges of designing new functional cages we aimed to solve 3 challenges: 1) creating 

new chelating motifs capable of strong coordination that are tolerant to reaction conditions 

such as acids or bases, nucleophilic displacement, etc. 2) incorporating new reactive 

functionalities into the attached ligand, 3) designing a complex containing a moderately 

sized internal cavity to enable space for reactive functional groups and guests, while 

slowing the egress of potential reactants. 

6.2 Phenanthroline 

 The 1,10-phenanthroline motif is a well-studied metal coordinator, one which holds 

several advantages over typically used chelators in supramolecular cages.4 The inclusion 

of the third ring in 1,10-phenanthroline makes a more rigid structure which locks the 

coordinating nitrogens in place. This rigidity makes metal coordination with 

phenanthroline entropically favored over more commonly used systems such bipyridine 

and iminopyridine.5 Further, metal-phenanthroline complexes can be formed more quickly 



 

 157 

and strongly as a result. The robust coordination, and lack of sensitive structural 

components such as the imine bond present in iminopyridine complexes, makes 

phenanthroline-based coordination complexes desirable targets in the pursuit of reactive 

self-assembled cages. 

Addition of phenanthroline chelator to aromatic aldehydes via the cyclization of the 

aldehyde and 1,10-phenanthroline-5,6-dione in the presence of NH4OAc is extensively 

used.6 By coupling the phenanthroline chelator with a terphenyl ligand, the complex could 

be easily functionalized via common substitution techniques.1 In order to test the efficacy 

of this strategy, initially the cyclization was performed using benzaldehyde (Figure 6.1). 

1,10-Phenanthroline-5,6-dione was easily accessed via oxidation of 1,10-phenanthroline 

with HNO3 and H2SO4. Treatment of phenanthroline dione with benzaldehyde and 

NH4OAc in AcOH gave the mono-dentate ligand 6.1 in good yield.  

  
Figure 6.1. Synthesis of mono-chelating phenanthroline imidazole ligand 6.1. 

 

 After the initial success of the small ligand, we turned our sites to the creation of 

the larger bidentate ligand capable of supramolecular self-assembly. It was envisioned that 

the prerequisite terphenyl dialdehyde compound could be accessed via Suzuki-Miyaura 

coupling of 4-formalphenylboronic acid with 1,3-dibromobenzene, followed by cyclization 

with phenanthroline dione would give the desired ligand in only 2 synthetic steps (Figure 

6.2). Initial attempts to form the ligand proved challenging, however after optimization of 
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the Suzuki coupling, the dialdehyde was obtained in 85 % yield. Dialdehyde 6.A was then 

treated with a large excess of NH4OAc in AcOH to give ligand 6.2. 

 
Figure 6.2. Synthesis of bis-chelating phenanthroline imidazole ligand 6.2. 

 

 While synthesis of the ligand was largely straightforward, formation of the self-

assembled complex was anything but. The phenanthroline ligand exhibited two major 

challenges preventing facile self-assembly. The first is that the ligand is very limited in its 

solubility. Ligand 6.2 is only sparingly soluble in solvents commonly used in cage 

formations such as acetonitrile and in water. In fact, the only solvents capable of fully 

dissolving the ligand were highly polar solvents such as DMSO or DMF, which can often 

cause problems in self-assembly by interacting with the metals themselves. Second, the 

metal coordinating abilities of the ligand were exceedingly strong. Attempts to column 

impure iterations of the ligand proved unsuccessful as the ligand could pull trace amounts 

of metal, such as iron, out of the silica gel. Further, prolonged exposure of metal 

instruments, such as a spatula, to a solution of ligand resulted in a change in color in the 

solution, and discoloration of the utensil. Such strong coordination can prove problematic 
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when attempting to form a cage, as the self-assembly relies on reversible bonds between 

the metal salt and the ligand to equilibrate to a thermodynamic minimum rather than 

forming disordered aggregates and polymers.7 Despite these challenges, the self-assembly 

of the unfunctionalized phenanthroline ligand 6.2 was attempted with several metal salts 

(Figure 6.3). 

 The complexes formed by ligand 6.2 are all broad and ill-defined, indicating there 

are likely multiple isomers present in solution, or incomplete equilibrium to the desired 

product. The assembly is further complicated when analyzing the complexes made by Fe2+ 

and Co2+ salts as the resulting complexes are paramagnetic, stretching as far as 38 ppm in 

the case of Co. Further, the complex exhibits even greater solubility issues than the initial 

ligand. While the ligand was sparingly soluble in some organic solvents, the resulting 

complexes are only capable of dissolving in DMSO and DMF. The presence of distinct 

paramagnetic signals, as opposed to the large mounds observed from aggregates and 

coordination polymers, suggests the formation of a discrete supramolecular assembly.8  

Further characterization of the complexes using ESI-MS was ineffective as the poor 

solubility of the complex gave no observable signals. MALDI-TOF mass spectrometry was 

also attempted, but proved unsuccessful. The poor solubility of the complexes also 

prohibited the formation of crystals suitable for single crystal X-Ray diffraction as only 

amorphous powders could be obtained. 
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Figure 6.3. a) 1H NMR spectra of ligand 6.2 and self-assembly with various metals: a) ligand 6.2, 

b) Fe(ClO4)2; c) Zn(OTf)2; d) Co(ClO4)2 (DMSO-d6, 298 K, 500 MHz). 

 

 Traditionally the method for improving the solubility of self-assembled cages 

comes from the metal linkages themselves, as increased charge gives increased solubility 

in polar solvents in cases where the complex itself is particularly insoluble. Another 

common strategy in supramolecular chemistry is the addition of solubilizing groups such 

as long alkane or PEG chains to allow dissolution in polar and non-polar solvents 

respectively.9 One of the hallmarks of the terphenyl ligand scaffold is the ease with which 

the central ring can be functionalized. While changing the functionalization of the interior 
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can be used to augment the usefulness of the internal cavity, the exterior may also be 

modified to aid in solubility. To that end, a few structural modifications of the 

phenanthroline ligands were synthesized in an effort to make more useful and soluble 

supramolecular assemblies. 

 
Figure 6.4. Synthesis of nitrile-containing phenanthroline ligand 6.3. 

 

 3,5-Dibromo-4-methyl benzoate was one of the most promising starting points for 

these modifications. The interior could be easily functionalized via radical bromination, 

followed by SN2 reaction. This method enabled facile addition of both azide and nitrile 

groups to the interior of the ligand. The nitrile functional group is relatively unreactive and 

could be carried out through the entirety of the ligand synthesis. In contrast, the azide group 

is significantly more sensitive, but can be converted to various other, more useful, 

functional groups such as amines, ureas, and triazoles after installation. Finally, the exterior 

of the ligand can be easily modified through Fischer esterification of the ester group with 

alkyl alcohols such as 1-octanol. 

 Unfortunately, the functionalized complexes suffered from the same solubility 

issues as the unfunctionalized versions and were not pursued further. Evidently the 



 

 162 

presence of a significant number of aromatic rings, and the bulk coordination around the 

metal centers was too big of a challenge to overcome by simple functionalization. The use 

of a more solubilizing counter-ion such as NTf2 could prove useful in forming more 

versatile self-assemblies, if this ligand scaffold were further investigated in the future. 

6.3 Extending the Iminopyridine Scaffold 

 The iminopyridine chelating motif has been extensively studied for its use in self-

assembled cages. From these studies, several advancements have been made in molecular 

recognition,10,11 and post-assembly modification,12 but their use in catalysis has been 

limited13,14 due to relatively small internal cavities. In the previous chapters I have shown 

that the extension of the ligand scaffold can enable new properties that were not accessible 

using the smaller dianiline ligands. Most of the previous examples of extension were 

performed using 4-Boc-aminophenyl boronic acid, however the use of 4-nitrophenyl 

boronic acid (4-NPBA) can also provide access to the extended ligands and in some cases 

is the superior method. 

 A library of dibromo ligands based on previously published cores was synthesized 

to allow a thorough investigation into the effects of ligand extension. The diaminosuberone 

ligand creates one of the most stable M2L3 mesocates we have studied to date,15 and 

represents an ideal starting point. Bromination of the suberone scaffold proved more 

challenging than anticipated. The methylene units on the backbone are reactive towards 

radical mechanisms, meaning the choice of reagent was crucial. Accessing dibromo 

suberone 6.C was made possible through treatment with Cu(II)Br2 and tBuNO2 (Figure 

6.5). Finally, the fluorenyl core was one of the more easily derivatized ligands and therefore 
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has been heavily studied. Facile formation of the ketone and alcohol compounds has been 

previously shown by members of the Hooley lab. In addition, the central methylene unit 

can be easily derivatized through the substitutions of dibromofluorene with using KOtBu 

and the desired electrophile. 

 
Figure 6.5. Synthesis of dibromo ligand cores. 

 

 Following formation of several dihalide cores, the conditions of the Suzuki 

coupling were investigated. Treatment of 4.B and 4-NPBA with Pd(dppf)Cl2 (conditions 

from Figure 6.2) resulted in little conversion to the dinitro product. Switching the ligand to 

triphenylphosphine improved the conversion, however still gave relatively low yields. The 

formation of product was further increased using the more donating tricyclohexyl 

phosphine ligand. Finally, the highest yield of ~80 % was obtained by changing the base 

to the larger base Cs2CO3 in conjunction with PCy3 and Pd(OAc)2.  

 With coupling conditions optimized, the synthesis of a variety of extended dinitro-

ligands was attempted. The dibromosuberone species was surprisingly resistant to 

elongation, and conditions that worked well for the other scaffolds tested were low yielding 
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(< 30 %). In addition, the reduction to the dianiline gave a complicated NMR spectrum, 

likely due to unwanted side reactions of the ketone with either produced aniline or the 

reducing agent. Regardless, it is unlikely the extended suberone scaffold would produce 

anything larger than an M2L3 meso-helicate so the synthesis was later abandoned. 

 
Figure 6.6. Synthesis of amphiphilic ligand 6.4. 

 

In contrast, the variations of the fluorenyl scaffold were significantly more 

interesting. The formation of the elongated amphiphilic ligand 6.4 is a promising target for 

future use in catalysis. The synthesis of the smaller dibromo species, was presented in the 

previous chapter (Section 5.6). While the use of this small molecule is interesting use as a 

catalytic cofactor, the reaction rate of the acid cage 4.2 is far more efficient than the 

analogous cofactor 4.4. It is reasonable to assume the same will be true in the case of 

amphiphilic catalysis. Many of the steps necessary to form this ligand have detrimental 

interactions with the Boc-protecting groups. As such the synthesis of the ligand was 

approached using 4-NPBA (Figure 6.6). Suzuki coupling of the anhydride proved 

problematic, so the transformations were conducted from the elongated nitro-ester 4.C. 

The ester could be converted to the anhydride 6.F, by hydrolyzing the ester groups in a 

solution of MeOH and concentrated NaOH in H2O, followed by treatment with acetic 
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anhydride in THF at refluxing temperatures. The anhydride could then be opened to the 

amphiphilic core by introduction of N,N-dimethyl hydrazine. Subsequent reduction of the 

nitro-groups with Raney Nickel® and hydrazine gave ligand 6.1 in 34 % yield. The 

multicomponent self-assembly of the amphiphilic ligand was then attempted with 

Fe(NTf2)2 and PyCHO. The product was analyzed by 1H NMR (Figure 6.7). The spectrum 

was complicated, with some sharp signals appearing on top of larger mounds, likely the 

result of an incomplete assembly. Early synthetic attempts of acid cage 4.2 met similar 

results, and more troubleshooting of the reaction will be necessary to form a discrete cage. 

 

 
Figure 6.7. 1H NMR spectrum of the multicomponent self-assembly of amphiphilic ligand 6.4 with 

Fe(NTf2)2 and PyCHO (CD3CN, 298 K, 600 MHz). 

 

6.4  Reverse Iminopyridine 

 Formation of iminopyridine self-assemblies is not limited to the condensation of 

di- and tripodal aniline species with pyridine carboxaldehyde. More recently, several  

examples of the reverse system (i.e. multipodal pyridyl aldehyde species with mono-

anilines such as toluidine) have been shown. The formation of such compounds presents 

several advantages over the traditional scaffold: 1) The assembly is more robust, as the 
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aniline can be modified to create stronger metal coordination, 2) the use of chiral alkyl 

amines, such as amino acids, can confer stereocontrol to the assembly process,16 3) 

introduction of the pyridyl aldehyde functionality extends the scaffold beyond that of the 

typical dianilines.  

 
Figure 6.8. Synthesis of diester reverse iminopyridine ligand 6.5. 

 

 We sought to synthesize the reverse iminopyridine version of the acid ligand via 

similar routes to those mentioned previously, Suzuki-Miyaura coupling followed by 

hydrolysis of the esters (Figure 6.8). We envisioned two methods of performing the Suzuki-

Miyaura coupling. Either by using the dibromofluorenyl ester 4.B with 5-pinacolboronate 

ester of pyridine carboxaldehyde or by first converting 4.B to a bis-pinacol boronate ester, 

followed by coupling with 5-bromo-2-formyl pyridine. As discussed previously, borylation 

of pyridine carboxaldehyde was problematic, preventing synthesis via the first route. The 

second method was possible and could be achieved through palladium catalyzed borylation 

with Pd(dppf)Cl2 and bis-pinacolatodiboron, and purified through column chromatography 

in 10 % EtOAc/Hexanes. Following formation of the bis-boronate species 6.G, coupling 

with 5-bromo-2-formylpyridine and Pd(dppf)Cl2 was performed giving a 45 % yield of the 
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desired dialdehyde 6.5. Multicomponent self-assembly of the ligand was conducted using 

p-toluidine and Fe(ClO4)2. The resulting 1H NMR spectrum (Figure 6.9) was ill-defined 

and broad however, signals at 9.0 and 5.5 strongly indicate the formation of an M4L6 

tetrahedron with excess Fe2+ in solution. The complexity of the synthesis, and final product 

led us to abandon this project in lieu of more promising alternatives such as those presented 

in chapters 4 and 5. 

 

 
Figure 6.9. 1H NMR spectrum of the multicomponent self-assembly of ligand 6.5 with Fe(ClO4)2 

and p-toluidine (CD3CN, 298 K, 500 MHz). 
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Chapter 7 - Experimental  

7.1 General Information  

1H and 13C NMR spectra were recorded on either a Varian Inova 400 MHz or 500 

MHz NMR spectrometer, an Avance NEO 400 MHz spectrometer or a Bruker 600 MHz 

spectrometer and processed using MestReNova by Mestrelab Research S. L. gCOSY, 

NOESY, ROESY, TOCSY, and DOSY NMR were recorded on a Bruker 600 MHz 

spectrometer or a Varian Inova 400 MHz spectrometer equipped with TopSpin. HMBC 

and HSQC spectra were recorded on an Avance NEO 400 MHz spectrometer. Proton (1H) 

chemical shifts are reported in parts per million (ppm) with respect to tetramethylsilane 

(TMS, δ = 0). 1H and 13C spectra are referenced internally with respect to the solvent 

residual peak. Deuterated NMR solvents were obtained from Cambridge Isotope 

Laboratories, Inc., Andover, MA, and used without further purification. Mass spectra were 

recorded on an Agilent 6210 LC TOF mass spectrometer using electrospray ionization with 

fragmentation voltage set at 115 V and processed with an Agilent MassHunter Operating 

System for data collected in chapters 2-4. Mass spectrometric analysis for Chapter 5 was 

performed using a Thermo LTQ linear ion trap with a standard electrospray ionization 

source (Thermo Fisher Scientific, San Jose, CA, USA). Samples were directly infused at 3 

µL/min in 100 % MeCN, with the source voltage set to 3 kV, tube lens at 75 kV and the 

capillary temperature at 270 °C. CID spectra were collected in ZoomScan mode where the 

isolation window = 5 m/z, normalized collision energy (nCE) = 30 and activation time = 

30 ms. MS data was analyzed using Thermo XCalibur. Mass spectroscopic samples for 

Chapter 6 were infused into an Orbitrap Velos Pro mass spectrometer with the standard 
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HESI source at a flow rate of 3 μL/min. The spray voltage was 3 kV, capillary temperature 

was set to 170 °C and an S-lens RF level of 45% was applied. Full FTMS were acquired 

with a resolution of r = 30,000, and ambient ions were used as internal lock mass calibrants. 

CID spectra were collected in ZoomScan mode where the isolation window = 5 m/z, 

normalized collision energy (nCE) = 30 and activation time = 30 ms. MS data was analyzed 

using Thermo XCalibur. Predicted isotope patterns were prepared using ChemCalc.1 All 

other materials were obtained from Aldrich Chemical Company, St. Louis, MO and were 

used as received. Solvents were dried through a commercial solvent purification system 

(Pure Process Technologies, Inc.). Molecular modeling (semi-empirical calculations) was 

performed using the AM1 force field using SPARTAN.2 

7.2 Experimental for Chapter 2 

 

Synthesis of 1-(4''-Acetyl-[1,1';3',1'']terphenyl-4-yl)-ethanone (2.A): 

 A 50 mL round bottom flask was charged with 1,3-Dibromobenzene (513 µL, 4.24 mmol), 

4-acetylphenylboronic acid (1.8 g, 11.02 mmol) and bis(triphenylphosphine) palladium(II) 

dichloride (297 mg, 0.42 mmol). A 1:1:1 mixture of 2M K2CO3 in water:ethanol:toluene 

(24 mL) was added to the flask. The flask was purged with N2, and refluxed for 16 h. 

Methanol was added to the reaction mixture and the precipitate filtered via vacuum 

filtration to afford a tan solid. The solid was dissolved in dichloromethane and filtered 

through a silica/celite plug and the filtrate concentrated in vacuo (1.274 g, 4.05 mmol, 96 
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%). 1H NMR: (500 MHz, CDCl3) δ 8.07 (dt, J = 8Hz, 1.8Hz, 4H), 7.83 (t, J = 1.7 Hz, 1H), 

7.74 (dt, J = 8Hz, 1.8Hz, 4H), 7.66 (d, J = 6.9 Hz, 2H), 7.58 (dd, J = 8.5, 6.8 Hz, 1H), 2.66 

(s, 6H). 13C NMR: (125 MHz, CDCl3) δ 197.6, 145.4, 140.7, 136.1, 129.6, 128.9, 127.3, 

127.1, 126.2, 26.7. HRMS (ESI+) calc. C22H18O2 314.1307; found, 315.1475 (M+H)+. IR 

1667 cm-1, 1600 cm-1, 1355 cm-1, 1286 cm-1, 1187 cm-1, 957 cm-1, 832 cm-1, 793 cm-1, 693 

cm-1, 590 cm-1. 

 

Synthesis of 2-Cyano-3-[4''-(2,2-dicyano-1-methyl-vinyl) [1,1';3',1'']terphenyl-4-yl]-

but-2-enenitrile (2.B):3  

A 50 mL round bottomed flask was charged with 2.A (410 mg, 1.30 mmol), malononitrile 

(430 mg, 6.52 mmol) and 4 mL THF. Pyridine (210 µL, 1.74 mmol) was then added to the 

flask followed by Ti(OiPr)4 (1.15 mL, 3.90 mmol). The reaction was allowed to stir at 25 

°C for 16 h. The product was precipitated with water, and isolated via vacuum filtration. 

The resulting solid was then dissolved in acetone, filtered and concentrated in vacuo to 

afford a yellow solid (477 mg, 1.16 mmol, 89 %). 1H NMR: (500 MHz, CDCl3) δ 7.83 (s, 

1H), 7.78 (d, J = 8.4 Hz, 4H), 7.67 (d, J = 8.4 Hz, 4H), 7.64 (dd, J = 7.0, 1.7 Hz, 2H), 7.58 

(t, J = 7.0 Hz, 1H), 2.71 (s, 6H). 13C NMR: (125 MHz, CDCl3) δ 174.5, 144.7, 140.2, 134.9, 

129.8, 128.1, 127.7, 127.2, 126.1, 112.9, 112.7, 84.5, 24.1. HRMS (ESI-) calc. C28H18N4, 

410.1531; found, 409.1464 (M-H)-. IR 2223 cm-1, 1601 cm-1, 1571 cm-1, 1476 cm-1, 1390 

cm-1, 1302 cm-1, 1007 cm-1, 907 cm-1, 836 cm-1, 791 cm-1, 731 cm-1, 696 cm-1. 
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Synthesis of 2-(1-{4''-[2,2-Dicyano-1-(2-dimethylamino-vinyl)-vinyl]-

[1,1';3',1'']terphenyl-4-yl}-3-dimethylamino-allylidene)-malononitrile (2.C):4  

Compound 2.B (0.1 M, 350 mg, 0.85 mmol) and Ac2O (0.4 M, 32 µL, 0.34 mmol) were 

dissolved in 1 mL anhydrous DCM. The solution was stirred vigorously while DMF-DMA 

(270 µL, 2.04 mmol) was added to the reaction mixture. The reaction was allowed to stir 

at room temperature for 24 h. The solvent was removed under vacuum to give a red residue 

which was triturated with water and filtered to yield the final product (354 mg, 0.68 mmol, 

80 %). 1H NMR: (500 MHz, CDCl3) δ 7.84 (s, 1H), 7.73 (d, J = 8.1 Hz, 4H), 7.64 (dd, J = 

6.9 Hz, 1.5 Hz, 2H), 7.56 (dd, J = 8.4 Hz, 6.9 Hz, 1H), 7.38 (d, J = 8.1 Hz, 4H), 6.73 (d, J 

= 12.4 Hz, 2H), 5.87 (d, J = 12.4 Hz, 2H), 3.08 (s, 6H), 3.05 (s, 6H). 13C NMR: (125 MHz, 

CDCl3) δ 171.3, 155.9, 142.6, 140.7, 133.9, 129.5, 129.4, 127.4, 126.6, 126.2, 116.7, 116.1, 

98.1, 64.9, 45.8, 37.7. HRMS calc. C34H28N6, 520.2375; found, 565.2356 (M+HCOO)-. IR 

2200 cm-1, 1613 cm-1, 1503 cm-1, 1463 cm-1, 1408 cm-1, 1378 cm-1, 1333 cm-1, 1261 cm-1, 

1109 cm-1, 792 cm-1, 551 cm-1. 
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Synthesis of Phenyl-1,3-di-(1-Hydroxy-2-imino-4-phenyl-1,2-dihydro-pyridine-3-

carbonitrile) (2.1):5  

Compound 2.C (604 mg, 1.16 mmol) was dissolved in anhydrous DCM (3.5 mL). 

Hydroxylamine hydrochloride (484 mg, 6.96 mmol) and triethylamine (970 µL, 6.96 

mmol) were added to the reaction mixture which was allowed to stir for 24 h, then the 

solvent removed under vacuum. The residue was then triturated in water and isolated via 

vacuum filtration to afford a yellow-orange solid (551 mg, 1.11 mmol, 95 %). 1H NMR: 

(500 MHz, DMSO-d6) δ 8.49 (d, J = 6.8 Hz, 2H), 8.11 (s, 1H), 8.04 (s, 4H), 8.01 (d, J = 

8.2 Hz, 4H), 7.81 (d, J = 7.7 Hz, 2H), 7.76 (d, J = 8.1 Hz, 4H), 7.64 (t, J = 7.7 Hz, 1H), 

6.92 (d, J = 6.7 Hz, 2H).  13C NMR: (125 MHz, DMSO-d6) δ 153.2, 142.2, 141.4, 140.4, 

140.4, 135.4, 130.3, 129.3, 127.8, 126.9, 125.8, 115.5, 112.8, 90.1. ITMS + p ESI calc. 

C30H20N6O2, 496.1648; found 497.2526 (M+H)+. IR 3105 cm-1, 1618 cm-1, 1454 cm-1, 1215 

cm-1, 791 cm-1. Sample was purified via treatment with conc. HCl and analyzed as the salt. 

Elemental Analysis: Theoretical (C30H21ClN6O2•H2O): C: 65.39, H: 4.21, Cl: 6.53, N: 

15.05, O: 8.81. Found: C: 66.71, H: 4.21, N: 14.69, O: 8.45. 
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Synthesis of Anionic Ligand 2.1 (Na•2.1): 

 Ligand 2.1 (50 mg, 0.10 mmol) was dissolved in anhydrous DCM (30 mL) and stirred 

vigorously. NaH (16 mg, 0.40 mmol) was added to the reaction mixture which was allowed 

to stir overnight. The stirring was stopped and the solution allowed to settle for 1 h before 

being filtered to afford an orange powder (35 mg, 0.06 mmol, 60 %). 1H NMR: (500 MHz, 

DMSO-d6) δ 8.06 (s, 1H), 7.89 (d, J = 8.1 Hz, 4H), 7.76 (m, 5H), 7.64 (d, J = 8.1 Hz, 4H), 

5.54 (d, J = 6.0 Hz, 2H). 13C NMR: (125 MHz, DMSO-d6) δ 158.8, 143.2, 140.8, 140.0 

138.4, 136.7, 130.1, 128.7, 127.2, 126.4, 125.4, 124.5, 121.1, 98.4, 85.2. 

 

Synthesis of 9,9-dimethyl-9H-fluorene:6 

 Fluorene, (1 g, 6.01 mmol) was placed in a Schlenk flask along with 3 eq potassium tert-

butoxide (2.02 g, 18.05 mmol). The flask was purged with N2 followed by the addition of 

30 mL THF. The orange solution was stirred for 10 minutes. Iodomethane (1.12 mL, 18.05 

mmol) was added slowly to the flask over a period of 10 minutes. The reaction was heated 

at 65 ᵒC for 16 h then cooled, diluted with 100 mL ice water and extracted with DCM. The 

organic layer was washed with brine and saturated sodium bicarbonate (30 mL each), dried 

with magnesium sulfate, and the solvent removed in vacuo to afford yellow waxy solid 
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(1.074 g, 5.53 mmol, 92 %). 1H NMR spectra were in agreement with previously reported 

results. 

 

Synthesis of 1, 1-(7-Acetyl-9,9-dimethyl-9H-fluoren-2-yl)-ethanone:7  

Acetyl chloride (1.83 mL, 25.74 mmol) was dissolved in 50 mL dichloromethane in a round 

bottomed flask. Aluminum chloride (3.43 g, 25.74 mmol) was added and the flask placed 

in an ice bath with stirring. Dimethyl fluorene (1 g, 5.15 mmol) was dissolved in 5 mL 

DCM and added dropwise to the cooled flask over 5 minutes. The flask was removed from 

the ice bath and heated to reflux for 2.5 hours or until complete via TLC analysis. Once 

complete, the reaction mixture was poured over 150 g of ice and extracted with DCM. The 

organic layer was washed with brine (2 x 50 mL) and saturated sodium bicarbonate (2 x 50 

mL), dried over magnesium sulfate, and the solvent removed in vacuo to give a tan 

crystalline solid (1.120 g, 4.02 mmol, 78 %). 1H NMR spectra were in agreement with 

previously reported results. 

 

Synthesis of 2-Cyano-3-[7-(2,2-dicyano-1-methyl-vinyl)-9,9-dimethyl-9H-fluoren-2-

yl]-but-2-enenitrile (7.1):  

Synthesized from 1,1’-diacetyl-9,9-dimethyl-9H-fluorene using the same procedure 

reported for 2.B. Isolated as an orange powder (984 mg, 2.63 mmol, 80 %). 1H NMR: (500 
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MHz, CDCl3) δ 7.87 (d, J = 7.9 Hz, 2H), 7.70 (s, 2H), 7.59 (d, J = 7.2 Hz, 2H), 2.71 (s, 

6H), 1.56 (s, 6H). 13C NMR: (125 MHz, CDCl3) δ 175.0, 154.9, 141.7, 135.8, 127.1, 122.3, 

121.4, 113.1, 112.8, 84.4, 47.7, 26.5, 24.2. HRMS (ESI-) calc. C25H18N4, 374.1531; found, 

373.1459 (M-H)-. 

 

Synthesis of 2-Cyano-3-{7-[2,2-dicyano-1-(2-dimethylamino-vinyl)-vinyl]-9,9-

dimethyl-9H-fluoren-2-yl}-5-dimethylamino-allylidene)-malononitrile (7.2):  

synthesized from 7 using the same procedure reported for 2.C, isolated as an orange waxy 

solid (1.033 g, 2.13 mmol, 83 %). 1H NMR: (500 MHz, CDCl3) δ 7.81 (d, J = 7.8 Hz, 2H), 

7.39 (s, 2H), 7.27 (t, J = 8.8 Hz, 2H), 6.73 (d, J = 12.4 Hz, 2H), 5.87 (d, J = 12.4 Hz, 2H), 

3.06 (s, 6H), 3.05 (s, 6H), 1.55 (s, 6H).  13C NMR: (125 MHz, DMSO-d6) δ 172.0, 156.1, 

154.2, 140.1, 134.3, 128.1, 123.6, 120.5, 116.7, 116.3, 98.0, 47.3, 45.8, 37.7, 26.7. HRMS 

(ESI-) calc. C31H28N6, 484.2375; found, 529.2357 (M+HCOO)-. 

 

Synthesis of 9,9-dimethyl-9H-fluorene-1,1’-di-(1-Hydroxy-2-imino-4-phenyl-1,2-

dihydro-pyridine-3-carbonitrile) (2.2): 

 synthesized from 7.2 using the same procedure reported for Compound 2.1. Isolated as a 

tan powder (1.080 g, 2.33 mmol, 92 %). 1H NMR: (500 MHz, DMSO-d6) δ 8.44 (d, J = 6.7 

Hz, 2H), 8.07 (d, J = 7.9 Hz, 2H), 7.89 (s, 2H), 7.82 (s, 4H), 7.65 (d, J = 8.1 Hz, 2H), 6.91 
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(d, J = 6.7 Hz, 2H), 1.54 (s, 6H). 13C NMR: (125 MHz, DMSO-d6) δ 154.6, 153.2, 143.0, 

140.4, 139.4, 135.6, 128.1, 123.6, 121.5, 115.6, 112.9, 90.2, 47.5, 26.8. HRMS (ESI-) calc. 

C27H20N6O2, 460.1648; found, 459.1575 (M-H)-. Purified and isolated as the HCl salt. 

Elemental Analysis: Theoretical (C27H20ClN6O2): C: 65.52, H: 4.45, Cl: 7.12, N: 16.88, O: 

6.03. Found: C: 66.86, H: 4.69, N: 17.03, O: 6.30. 

 

Synthesis of Anionic Ligand 2 (Na•2.2):  

Na•2.2 was synthesized using the procedure reported for Na•2.1. Isolated as a dark brown 

powder (33 mg, 0.06 mmol, yield = 56 %). 1H NMR: (500 MHz, DMSO-d6) δ 7.93 (d, J = 

7.8 Hz, 2 H), 7.75 (d, J = 6.2 Hz, 4H), 7.72 (s, 2H), 7.53 (d, J = 7.8 Hz, 2H), 5.59 (d, J = 

6.3 Hz, 2H), 1.53 (s, 6H). 13C NMR: (125 MHz, DMSO-d6) δ 156.5, 154.3, 143.5, 138.9, 

138.3, 137.2, 127.7, 123.2, 120.9, 118.9, 104.7, 87.42, 55.4, 47.3, 27.0. 

 

Synthesis of 1-Hydroxy-2-imino-4-phenyl-1,2-dihydro-pyridine-3-carbonitrile (2.3): 

 (3-(dimethylamino)-1-phenyl-2-propenylidene) malononitrile (332 mg, 1.44 mmol) was 

dissolved in anhydrous DCM (3 mL). To the solution was added hydroxylamine 

hydrochloride (484 mg, 4.33 mmol) and trimethylamine (970 µL, 4.33 mmol). The mixture 

was allowed to stir for 24 h, then reduced under vacuum. The solid was then sonicated in 
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water and isolated via vacuum filtration to afford a yellow powder (128 mg, 0.60 mmol, 

42 %). 1H NMR: (500 MHz, DMSO-d6) δ 8.41 (d, J = 6.7 Hz, 1H), 7.80 (s, 2H), 7.60 (d, J 

= 7.3 Hz, 2H), 7.52 (p, J = 6.2 Hz, 3H), 6.78 (d, J = 6.7 Hz, 1H). 13C NMR: (125 MHz, 

DMSO-d6) δ 153.1, 142.8, 140.4, 140.3, 136.2, 129.9, 129.2. 128.7, 115.4, 112.8, 112.8, 

90.3. HRMS (ESI-) calc. C12H9N3O, 211.0746; found, 210.0673 (M-H)-. Elemental 

Analysis: Theoretical (C12H9N3O): C: 68.24, H: 4.29, N: 19.89, O: 7.57. Found: C: 68.31, 

H: 4.33, N: 20.08, O: 7.28.  

 

Synthesis of Anionic Ligand 3 (Na•2.3):  

Synthesized from 2.3 using the procedure reported for Na•2.1 (yield = 26 mg, 0.101 mmol, 

43 %).  1H NMR: (500 MHz, DMSO-d6) δ 7.72 (d, J = 6.3 Hz, 1H), 7.50 (d, J = 7.4 Hz, 

2H), 7.45 (t, J = 7.5 Hz, 2H), 7.40 (t, J = 6.9 Hz, 1H), 6.61 (s, 1H), 5.45 (d, J = 6.3 Hz, 

1H). 13C NMR: δ (125 MHz, DMSO-d6) 158.7, 143.7, 139.2, 136.6, 136.5, 128.6, 128.2, 

121.1, 98.3, 98.3. 

Experimental Procedures 

Complex Formation:  The deprotonated ligand (Na•2.1, Na•2.2, or Na•2.3) was dissolved 

in DMSO. The appropriate amount of metal salt for the ligand (0.66 eq, 0.66 eq, and 0.33 

eq respectively) were added to the solution which was placed in an ultrasonication bath for 

5 min. This resulted in complex formation indicated by a color change in the solution and 
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in the emissive properties. Complex formation was then confirmed by NMR, UV/Vis and 

mass spectrometry. 

7.3 Experimental for Chapter 3 

Cages 3.2,8 1.3,9 3.5,10 3.610
 and 3.811 were synthesized according to literature procedures. 

 

Synthesis of 2,7-Dinitroxanthol:  

2,7-Dinitroxanthone (1.00 g, 3.49 mmol) was placed in a 250 mL round bottomed flask 

and dissolved in 100 mL of dry tetrahydrofuran and 25 mL of methanol. Sodium 

borohydride (150 mg, 3.97 mmol) was slowly added to the flask and the reaction was 

allowed to stir at room temperature. After 12 h, a second portion of sodium borohydride 

(30 mg) was added to the flask and the reaction stirred for one hour. The reaction mixture 

was then poured into a beaker containing 500 mL of ice water. The mixture was rapidly 

stirred and brought to a pH of 3 using 1M hydrochloric acid. The product was then filtered 

and collected as a tan solid (942 mg, 85 %). 1H NMR (400 MHz, DMSO-d6): δ 8.46 (d, J 

= 2.7 Hz, 2H), 8.23 (dd, J = 9.0, 2.7 Hz, 2H), 7.46 (d, J = 9.1 Hz, 2H), 6.84 (d, J = 6.8 Hz, 

1H), 5.90 (d, J = 6.5 Hz, 1H). 13C NMR (100 MHz, DMSO-d6): δ 154.2, 144.2, 126.1, 

125.4, 124.7, 118.5, 60.7. HRMS (ESI) m/z calcd. for C13H9N2O6 ([M•H]+) 289.0234, 

found 289.0259. 
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Synthesis of 2,7-Diaminoxanthene (XE): 

2,7-Dinitroxanthol (300 mg, 1.1 mmol) was placed in a long-necked Schlenk flask with a 

septum and stir bar and the flask was purged with nitrogen. Methanol (15 mL) and a large 

excess of Raney nickel slurry in water (5 mL) were injected into the flask and the system 

was quickly purged with nitrogen a second time. Hydrazine monohydrate (1 mL) was 

slowly injected into the flask and the reaction allowed to stir overnight at room temperature. 

The mixture was diluted with additional methanol (25 mL) and the solid catalyst was 

carefully removed via filtration through a Celite plug. The filtrate solvent was removed in 

vacuo to afford clean product as a pale yellow solid (291 mg, 76 %). 1H NMR (400 MHz, 

DMSO-d6): δ 6.65 (d, J = 8.1 Hz, 2H), 6.37 (m, 4H), 4.67 (s, 4H), 3.71 (s, 2H). 13C NMR 

(100 MHz, DMSO-d6): δ 144.4, 143.8, 121.0, 116.7, 114.2, 113.9, 28.4. HRMS (ESI) m/z 

calcd. for C13H13N2O ([dianiline XE•H]+) 213.0493, found 213.1062. 

 

Synthesis of Xanthene cage 3.1: 

Dianiline XE (100 mg, 0.47 mmol), 2-pyridine carboxaldehyde (90 μL, 0.94 mmol) and 

Fe(ClO4)2•4H2O (103 mg, 0.31 mmol) were combined in anhydrous acetonitrile (10 mL) 

in a 25 mL round-bottomed flask under a blanket of nitrogen gas. The solution was heated 
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at 45 °C for 10 h with stirring. The reaction was diluted with diethyl ether (25 mL), and the 

resulting precipitate was filtered. After drying, the product was isolated as a purple solid 

(201 mg, 80 %). 1H NMR (400 MHz; CD3CN) δ 9.38 (s, 2H), 8.69 (d, J = 7.5 Hz, 2H), 

8.35 (t, J = 7.3 Hz, 2H), 7.9 (t, J = 5.4 Hz, 2H), 7.71 (d, J = 5.1 Hz, 2H), 7.12 (d, J = 8.1 

Hz, 2H), 5.9 (d, J = 6.9 Hz, 2H), 5.01 (s, 2H), 3.55 (d, J = 19.9 Hz, 1H) 2.72 (d, J = 19.9 

Hz, 1H). 13C NMR (125 MHz, CD3CN): δ 173.6, 157.1, 156.1, 151.4, 148.2, 139.6, 132.2, 

131.4, 124.1, 121.7, 121.0, 27.5. HRMS (ESI) m/z calcd. for C75H54Cl3Fe2N12O15 

([3.1•(ClO4)3]
+) 1581.3561, found 1581.3427. Elemental Analysis: Calc. for 

C75H54Cl4Fe2N12O19 C: 53.59; H: 3.24; N: 10.01; Found: C: 53.46; H: 3.35; N: 9.97.  

 

Oxidation of meso-helicate 3.1 to xanthyl peroxide cage 3.3:  

One equivalent of xanthene meso-helicate 3.1 (30 mg, 0.018 mmol) was dissolved in 2 mL 

of acetonitrile in a 10 mL round bottomed flask. 3.3 mol.-eq. of tert-butyl hydroperoxide 

70 % solution in water (7.6 μL 0.059 mmol) was then added, and the reaction mixture was 

allowed to stir at room temperature for 8 h. Diethyl ether (10 mL) was then added to the 

solution, and xanthyl peroxide cage 3.3 precipitated as a purple solid that was filtered and 

dried (29 mg, 88 %). 1H NMR (400 MHz; CD3CN) δ 8.99 (s, 2H), 8.65 (d, J = 7.4 Hz, 2H), 

8.41 (t, J = 7.5 Hz, 2H), 7.82 (t, J = 7.4 Hz, 2H), 7.41 (d, J = 5.3 Hz, 2H), 7.36 (d, J = 8.7 

Hz, 2H), 6.22 (dd, J = 8.6, 2.6 Hz, 2H), 5.19 (s, 2H), 4.11 (s, 1H), 1.14 (s, 9H).13C NMR 
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(125 MHz, CD3CN) δ 175.4, 157.5, 156.1, 151.7, 147.4, 139.7, 132.1, 130.5, 124.7, 124.5, 

119.1, 117.8, 80.7, 72.9, 25.6. HRMS (ESI) m/z calcd. for C87H78Fe2N12O9 (3.34+) 

386.5788, found 386.6403. Elemental Analysis: Calc. for C87H78Cl4Fe2N12O25 C: 53.72; 

H: 4.04; N: 8.64; Found: C: 53.67; H: 4.10; N: 8.58.  

 

Synthesis of Fluorene Cage 3.4:  

2,7-Diaminofluorene F (100 mg, 0.51 mmol), 2-pyridine carboxaldehyde (96.9 μL, 1.02 

mmol) and Fe(ClO4)2•4H2O (111 mg, 0.34 mmol) were combined in anhydrous acetonitrile 

(10 mL) in a 50 mL Schlenk flask under a nitrogen atmosphere, followed by heating to 60 

°C for 10 h. The solution was cooled to room temperature, diluted with diethyl ether (30 

mL), and the resulting precipitate was filtered. Product was collected as a purple solid (187 

mg, 94 %). 1H NMR and 13C NMR: Complex mixture of isomers. HRMS (ESI) m/z calcd 

for C150H108Cl8Fe4N24O32 ([3.4•(ClO4)2]
6+) 444.5932, found 444.8816. Elemental 

Analysis: Calc. for C150H108Cl8Fe4N24O32 C: 55.17; H: 3.33; N: 10.29; Found: C: 55.25; H: 

3.37; N: 10.39. 
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Oxidation of fluorene cage 3.4 to fluorenol cage 1.3:  

One equivalent of fluorene cage 3.4 (30 mg, 0.009 mmol) was dissolved in acetonitrile (2 

mL) in a 10 mL round bottomed flask. Tert-butyl hydroperoxide 70 % solution in water 

(7.6 μL, 0.055 mmol) and sodium perchlorate (1 mg) were added, and the reaction was 

allowed to stir at 50˚C for 24 h. Diethyl ether (10 mL) was added to the solution, and 

fluorenol cage 5 precipitated as a purple solid that was filtered and dried (28 mg, 87 %). 

1H NMR and 13C NMR consistent with published spectra.9 HRMS (ESI) m/z calcd for 

C150H108Cl2Fe4N24O14 ([1.3•(ClO4)2]
6+) 460.5881, found 460.8312. 

General Procedure for Control Ligand Oxidations: Xanthene control ligand (25 mg, 

0.072 mmol) was placed in in a 10 mL round bottomed flask and dissolved in acetonitrile 

(5 mL). Tert-butyl hydroperoxide 70 % solution in water (10.1 μL 0.078 mmol) and 

catalytic Fe(ClO4)2•4H2O (0.2 mg, 0.007 mmol) were added. The reaction was allowed to 

stir at room temperature (or at 50 ˚C) for 8 h. Chloroform (5 mL) was added to the flask 

and the reaction products were extracted with brine (2 x 5 mL). The organic layer was dried 

with MgSO4 and the solvent was removed in vacuo. All products were obtained in 89 – 95 
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% yields. The spectra of the oxidation products was compared to those of independently 

synthesized ketone and alcohol products. 

 

Synthesis of 4,4'-(9H-xanthene-2,7-diyl)dianiline (DPX):  

Di-tert-butyl ((9H-xanthene-2,7-diyl)bis(4,1-phenylene))dicarbamate (see Supporting 

Information for synthesis) (150 mg, 0.27 mmol) was placed in a 10 mL round bottomed 

flask with a stir bar. Trifluoroacetic acid (neat, 2 mL) was slowly added to the flask. The 

reaction mixture was allowed to stir at room temperature for 12 hours. The reaction mixture 

was then slowly added dropwise to a beaker containing 10 g crushed ice and 30 mL 

saturated sodium bicarbonate solution. When all the reaction mixture had been added, the 

pH of the solution was tested, and more bicarbonate solution was added as necessary to 

reach a pH of 8. The solid product was then filtered, washed with hexane and dried to give 

DPX as a tan solid (92 mg, 0.252 mmol, 92 %). 1H NMR (400 MHz, DMSO-d6) δ 7.43 (d, 

J = 2.2 Hz, 2H), 7.39 (dd, J = 8.5, 2.3 Hz, 2H), 7.36 – 7.32 (m, 4H), 7.07 (d, J = 8.4 Hz, 

2H), 6.66 – 6.62 (m, 4H), 5.18 (s, 4H), 4.13 (s, 2H). 13C NMR (151 MHz, DMSO) δ 150.10 

(s), 148.45 (s), 136.26 (s), 127.35 (s), 127.26 (s), 126.30 (s), 125.09 (s), 120.97 (s), 116.70 

(s), 114.65 (s), 27.66 (s). (HRMS (ESI+) m/z calcd for C25H20N2O 464.21, found 465.1422 

(M+H)+. 
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Synthesis of cage 3.7:  

DPX (50 mg, 0.137 mmol) was added to a 25 mL round bottom and dissolved in 

acetonitrile (5 mL). 2-pyridinecarboxaldehyde (26.1 µL, 0.274 mmol) was added to the 

solution followed by Fe(OTf)2 (38.93 mg, 0.091 mmol), the reaction was heated to 65 °C 

for 16 h. The reaction was cooled to room temperature and diluted with Et2O. The solution 

was filtered, and the resulting precipitate was washed with EtOAc to give Fe2DPX3•Py6 as 

a purple powder (95 mg, 0.041 mmol, 90 %). 1H NMR and 13C NMR: Complex mixture 

of two isomers (helicate and mesocate are both present). 1H NMR (400 MHz, CD3CN) δ 

9.02 (s, 1H), 8.90 (s, 2H), 8.62 – 8.53 (m, 4H), 8.43 (t, J = 7.3 Hz, 4H), 7.84 – 7.76 (m, 

4H), 7.73 (s, 1H), 7.64 (s, 2H), 7.60 (d, J = 8.7 Hz, 3H), 7.54 (t, J = 8.2 Hz, 6H), 7.47 (d, 

J = 5.8 Hz, 2H), 7.43 (d, J = 6.8 Hz, 7H), 7.27 – 7.20 (m, 4H), 5.49 (d, J = 7.6 Hz, 2H), 

5.26 (s, 3H), 4.56 (s, 1H), 4.22 (dd, J = 37.3, 18.5 Hz, 2H).13C NMR (101 MHz, CD3CN) 

δ 174.81, 174.56, 158.57, 158.38, 156.20, 153.53, 152.61, 150.02, 149.46, 140.59, 140.00, 

135.05, 134.52, 131.63, 131.37, 130.42, 130.10, 128.77, 128.07, 127.74, 127.46, 126.31, 

126.01, 125.01, 123.78, 122.65, 122.31, 122.10, 121.89, 118.10, 117.23, 28.83, 28.45. 

HRMS (ESI) m/z calcd for C112H78F3Fe2N12O6S ([Fe2(DPX)3•Py6 (OTf)]3+) 629.4852, 

found 629.48. 
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General Displacement Conditions. To an NMR tube was added 400 µL of a 7.3 mM 

solution of mesocate Fe2X3•Py6 in CD3CN. This solution was checked via 1H NMR prior 

to the reaction to confirm the integrity of the sample. To this solution was added 100 µL of 

the chosen dianiline (87 mM, yielding a final dianiline concentration of 17.4 mM and Fe-

2X3•Py6 at a concentration of 5.8 mM). The sample was then shaken by hand for ~30 s. A 

1H NMR spectrum was immediately taken following mixing. Periodic monitoring of the 

sample was then conducted via 1H NMR to determine the degree and products of the 

displacement reactions. 

 

Characterization of FeF3•Py3:  

Mesocate 3.2 (20 mg, 0.012 mmol) was added to a 5 mL round bottom flask and dissolved 

in acetonitrile (1.6 mL). Dianiline F (7 mg, 0.036 mmol) was dissolved in 200 µL 

acetonitrile then added to the cage solution. The solution was shaken for 5 s to facilitate 

mixing and allowed to sit. After 3 h diethyl ether was added to the solution and the reaction 

was filtered as a brown powder (7 mg, 0.006 mmol, 54 %). Fac: 1H NMR (400 MHz, 

CD3CN) δ 8.87 (s, 1H), 8.47 (d, J = 7.6 Hz, 1H), 8.37 (t, J = 7.5 Hz, 1H), 7.76 (s, 1H), 7.64 

(d, J = 7.0 Hz, 1H), 7.24 (d, J = 8.6 Hz, 2H), 5.47 (d, J = 8.0 Hz, 1H), 5.40 (s, 1H), 3.52 

(s, 2H), 3.47 (s, 2H). Mer: 1H NMR (400 MHz, CD3CN) δ 9.40 (s, 1H), 9.16 (s, 1H), 8.81 
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(s, 1H), 8.60 (d, J = 5.3 Hz, 2H), 8.56 (d, J = 8.0 Hz, 2H), 8.50 (d, J = 5.4 Hz, 1H), 8.27 (t, 

J = 7.6 Hz, 1H), 7.95 – 7.91 (m, 2H), 7.84 (d, J = 8.8 Hz, 2H), 7.76 (d, J = 4.8 Hz, 2H), 

7.74 – 7.71 (m, 2H), 7.55 (d, J = 4.4 Hz, 1H), 7.53 (d, J = 6.2 Hz, 2H), 7.51 (d, J = 7.7 Hz, 

2H), 7.44 (s, 1H), 7.42 (d, J = 5.7 Hz, 1H), 7.40 (s, 1H), 7.32 (d, J = 8.9 Hz, 2H), 7.19 (d, 

J = 8.1 Hz, 1H), 6.81 (t, J = 12.7 Hz, 6H), 6.76 (d, J = 13.1 Hz, 3H), 6.70 (dd, J = 8.1, 1.9 

Hz, 2H), 6.64 (ddd, J = 13.8, 8.2, 1.9 Hz, 3H), 6.55 (d, J = 8.1 Hz, 1H), 6.30 (d, J = 8.1 

Hz, 1H), 6.17 (s, 1H), 3.74 (s, 2H), 3.39 (s, 2H) 13C NMR (101 MHz, CD3CN) δ 195.21, 

177.09, 173.85, 171.69, 170.12, 159.60, 159.02, 158.80, 157.38, 156.92, 156.23, 149.75, 

149.40, 149.24, 148.33, 146.37, 144.76, 144.51, 139.34, 139.11, 138.93, 131.74, 131.14, 

130.55, 129.93, 129.44, 128.75, 124.57, 123.78, 122.25, 121.97, 121.80, 121.28, 121.11, 

119.80, 119.55, 119.22, 118.81, 117.91, 114.09, 111.23, 111.15, 110.53, 107.65, 36.99, 

36.44. HRMS (ESI) m/z calcd for C57H45FeN9 ([Fe(F)3•Py3]
2+) 455.6568, found 455.65. 

Elemental Analysis: Theoretical (C57H46Cl3FeN9O12): C: 56.52, H: 3.83, Cl: 8.78, Fe: 4.61, 

N: 10.41, O: 15.85. Found: C: 56.25, H: 3.84, N: 9.89. 

Computational Methods  

To compare the stabilities of the various species involved, we constructed a series of 

reaction equilibria with total stoichiometry of 2 Fe, 3 X, and 6 F for each group of species:  

Fe2X3 + 6 F <=> Fe2X2F + 5 F + 1 X <=> Fe2XF2 + 4 F + 2 X <=> Fe2F3 + 3 F + 3 X <=> 

2 FeF3 + 3 X 

In these reactions, each iron atom is always coordinated to 3 ligands, and there are 12 

unused coordination sites on the ligands (e.g. zero on the double coordinated ligands, one 

on the singly coordinated ligands in FeF3, and two on each free F or X ligand). The reported 
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energetics were then computed for each set of species relative to the energy of Fe2X3 + 6 

B3LYP-D3(BJ)/def2-TZVP in implicit Acetonitrile polarizable continuum 

Using geometries optimized under identical conditions except in the smaller 6-31G(d) basis 

set: 

Raw Energy (hartree) 

Convert to Relative Energies with a common 

stoichiometry 

X -761.7440161  

Total Energy 

(hartree) 

Relative 

Energies 

(kcal/mol) 

F -612.4315279 Fe2X3 + 6 F 

-

10198.942000 0.0 

Fe2X3 -6524.352832 Fe2X2F + 5 F + 1 X 

-

10198.935939 3.8 

Fe2X2F1 -6375.034284 Fe2XF2 + 4 F + 2 X 

-

10198.918851 14.5 

Fe2X1F2 -6225.704707 Fe2F3 + 3 F + 3 X 

-

10198.910832 19.6 

Fe2F3 -6076.3842000 2 FeF3 + 3 X 

-

10199.003622 -38.7 

FeF3 -3956.885787    

 

Each calculation has a total stoichiometry of 2 Fe, 3 X, and 6 F, relative energies are 

expressed relative to Fe2X3 + 6 F. 

7.4 Experimental for Chapter 4 

 

Synthesis of di-tert-butyl ((9H-fluorene-2,7-diyl)bis(4,1-phenylene))dicarbamate 

(7.3):  

To a Schlenk flask was added 2,7-dibromo-9H-fluorene (259 mg, 0.8 mmol), 4-Boc-

aminophenylboronic acid (474 mg, 2 mmol), cesium carbonate (1.56 g, 4.8 mmol), and 
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Pd(dppf)Cl2 (59 mg, 0.08 mmol). The flask was then purged with N2, 2 mL of DMF was 

added and the flask quickly purged a second time. The mixture was stirred at 90 °C for 16 

h, then the reaction was cooled to room temperature and diluted with 100 mL of water. The 

product was extracted with diethyl ether (4 x 60 mL) and the organic layer washed with a 

solution of 1 M NaCO3 and 1 M sorbitol in water (30 mL) followed by washings with 

saturated sodium bicarbonate and brine (2 x 20 mL each). The cloudy organic layer was 

dried with magnesium sulfate, filtered through a celite plug and the solvent removed in 

vacuo to give the product as a tan solid (420 mg, 85 %). 1H NMR (400 MHz, CDCl3) δ 

7.85 (d, J = 7.9 Hz, 2H), 7.78 (s, 2H), 7.65 – 7.60 (m, 6H), 7.48 (d, J = 8.3 Hz, 4H), 6.55 

(s, 2H), 4.03 (s, 2H), 1.57 (s, 18H). 13C NMR (101 MHz, DMSO-d6) δ 153.24, 144.53, 

140.10, 139.39, 138.87, 134.45, 127.31, 125.52, 123.32, 120.84, 118.93, 79.59, 37.08, 

28.61. HRMS (ESI) m/z calcd for C35H35N2O4 547.27, found 547.3401 (M-H)- 

 

 

Synthesis of 4,4'-(9H-fluorene-2,7-diyl)dianiline (4.A):  

 7.3 (250 mg, 0.456 mmol) was placed in a round-bottomed flask with a stir bar. 

Trifluoroacetic acid (5 mL, neat) was added to the flask and the mixture was stirred 

overnight at room temperature. The mixture was slowly added to a beaker containing 100 

mL of ice water. The solution was brought to pH 9 using 1 M NaOH, and the precipitate 

filtered and washed with hexane to yield product as a tan powder (154 mg, 94 %). 1H NMR 

(400 MHz, DMSO-d6) δ 7.84 (d, J = 8.0 Hz, 2H), 7.74 (s, 2H), 7.56 (dd, J = 8.0, 1.4 Hz, 



 

 191 

2H), 7.43 (d, J = 8.5 Hz, 4H), 6.67 (d, J = 8.5 Hz, 4H), 5.23 (s, 4H), 3.97 (s, 2H). 13C NMR 

(101 MHz, DMSO-d6) δ 148.71, 144.26, 139.58, 139.25, 128.22, 127.64, 124.65, 122.46, 

120.45, 114.75, 37.04. HRMS (ESI) m/z calcd for C25H21N2: 349.1626, found 349.1488 

(M+H)+. 

 

Synthesis of Extended Fluorene Cage 4.1:  

Ligand 4.A (35 mg, 0.08 mmol) was placed in a round bottomed flask with a stir bar and 

acetonitrile (9 mL) was added to the flask followed by 2-formylpyridine (14.4 μL, 0.16 

mmol). Iron (II) triflimide (33 mg, 0.05 mmol) was added, and the solution stirred at reflux 

for 24 hours. The solution was allowed to cool and was filtered to remove any undissolved 

solids. The acetonitrile was removed in vacuo and the solid residue sonicated for 30 

minutes with 20 mL of a 1:3 mixture of MeOH/Et2O followed by filtration and collection 

of the dark purple solid, which was washed with an additional 15 mL of Et2O (57 mg, 82 
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%). See figures S9–S28 for full characterization. Elemental Analysis: Calc. for 

C238H156F48Fe4N32O32S16 C: 50.82; H: 2.80; N: 7.97; Found: C: 50.60; H: 3.03; N: 7.86. 

 

 

Synthesis of Diethyl 2,2'-(2,7-dibromo-9H-fluorene-9,9-diyl)diacetate (4.B): 

2,7-Dibromo-9H-fluorene (500 mg, 1.54 mmol) and KOtBu (865 mg, 7.71 mmol) were 

added to a two-neck round bottom flask equipped with a stir bar and a septum. The flask 

was purged with N2, and anhydrous THF (15 mL) was then added via syringe. To the flask 

was then added α-bromoethylacetate (510 µL, 4.62 mmol) dropwise over 5 min. The 

solution was then stirred for 16 h at 23 °C. The reaction was diluted with 20 mL Et2O and 

filtered. The resulting solution was then extracted with saturated NaHCO3 (3 x 20 mL) and 

brine (2 x 20 mL) and dried over Na2SO4. The reaction mixture was filtered, transferred to 

a round bottom flask and concentrated in vacuo to afford an orange crystalline solid. The 

compound was then further purified using an EtOAc/Hexanes gradient column (614 mg, 

85 %). 1H NMR: (500 MHz, CDCl3) δ 7.68 (d, J = 1.4 Hz, 2H), 7.55 (d, J = 8.1 Hz, 2H), 

7.51 (dd, J = 8.1, 1.6 Hz, 2H), 3.97 (q, J = 7.1 Hz, 4H), 3.03 (s, 4H), 1.06 (t, J = 7.1 Hz, 

6H). 13C NMR (101 MHz, CDCl3) δ 169.99, 150.38, 138.17, 131.26, 127.34, 121.55, 

121.38, 60.47, 50.01, 41.73, 13.95. HRMS (ESI) m/z calcd for C21H20Br2O4: 493.9728, 

found 494.0067 (M)+. 

 



 

 193 

 

 

Synthesis of 2,2'-(2,7-Dibromo-9H-fluorene-9,9-diyl)diacetic acid (4.4): 

Compound 4.B (100 mg, 0.2 mmol), was placed in a 10 mL round bottomed flask. 

Methanol (3 mL) was added along with excess aqueous 2 M NaOH solution (1.5 mL). The 

reaction was refluxed for 7 hours. The mixture was allowed to cool, and the pH brought to 

4 using 1 M HCl. The product was extracted using Et2O (10 mL) and washed with brine (2 

x 15 mL). The organic layer was dried with magnesium sulfate, and the solvent removed 

in vacuo to give product as a pale yellow solid (84 mg, 95 %). 1H NMR: (400 MHz, 

CD3CN) δ 8.88 (s, 2H), 7.78 (d, J = 1.7 Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 7.57 (dd, J = 8.1, 

1.8 Hz, 2H), 3.09 (s, 4H).13C NMR (101 MHz, CD3CN) δ 170.28, 150.90, 138.92, 130.92, 

126.98, 121.77, 120.81, 49.77, 41.06. HRMS (ESI) m/z calcd for C17H11Br2O4: 438.9009, 

found 438.9246 (M-H)-. 

 

Synthesis of diethyl 2,2'-(2,7-bis(4-nitrophenyl)-9H-fluorene-9,9-diyl)diacetate (4.C): 

To a round bottom flask was added 4.B (500 mg ,1.0 mmol), (4-nitrophenyl)boronic acid 

(420 mg, 2.5 mmol), tricyclohexylphosphine (56 mg, 0.2 mmol), and palladium(II) acetate  

(22 mg, 0.1 mmol). The flask was then charged with 9 mL of a 1:1:1 mixture of 2M K2CO3 
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in H2O:toluene:ethanol, followed by purging. The mixture was allowed to stir at 90 ˚C for 

16 h. The reaction was cooled to 23 ˚C and filtered through a celite plug. This was then 

diluted with CH2Cl2 and washed with NaHCO3, and concentrated in vacuo to give a brown 

solid. The solid was columned in CH2Cl2 and concentrated in vacuo to give the product as 

a yellow powder (453 mg, 78 %). 1H NMR (500 MHz, CDCl3) δ 8.34 (d, J = 8.1 Hz, 4H), 

7.91 (s, 2H), 7.89 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 7.7 Hz, 4H), 7.71 (d, J = 8.0 Hz, 2H), 

3.96 (q, J = 13.8, 6.7 Hz, 4H), 3.20 (s, 4H), 1.00 (t, J = 7.0 Hz, 6H). 13C NMR (126 MHz, 

CDCl3) δ 170.29, 150.08, 147.50, 147.06, 140.12, 138.35, 127.76, 127.63, 124.19, 123.15, 

120.99, 60.42, 50.14, 42.13, 13.91. 

 

Synthesis of 2,2'-(2,7-bis(4-nitrophenyl)-9H-fluorene-9,9-diyl)diacetic acid (7.4): 

4.C (300 mg, 0.5 mmol) was added to a 100 mL flask with 30 mL of MeOH and the mixture 

heated to 50 °C to dissolve the solid. To this solution was added 10 mL concentrated NaOH 

in water. The reaction was stirred overnight at 65 °C and then allowed to cool. The reaction 

was then filtered through a celite plug to remove any solid impurities and the pH brought 

to 7 using 1 M HCl. The product was then extracted from the aqueous mixture using DCM 

(3 x 50 mL), the organic portion was dried using magnesium sulfate, and the solvent 

removed in vacuo to give a yellow powder (340 mg, 65 %). 1H NMR (500 MHz, DMSO-

d6) δ 11.91 (s, 2H), 8.35 (d, J = 7.9 Hz, 4H), 8.11 (d, J = 7.2 Hz, 2H), 8.04 (s, 2H), 8.02 (d, 

J = 7.3 Hz, 4H), 7.84 (d, J = 7.4 Hz, 2H), 3.18 (s, 4H). 
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Synthesis of 2,2'-(2,7-bis(4-aminophenyl)-9H-fluorene-9,9-diyl)diacetic acid (4.D):  

7.4 (279 mg, 0.53 mmol) was added to a 5 mL round bottom flask and dissolved in MeOH 

(5 mL). To this solution was added hydrazine monohydrate (1.45 mL, 15.9 mmol) and 

Raney Ni (747 µL), and stirred overnight at room temperature. The reaction was then 

filtered through a celite plug to remove all Raney Ni, followed by concentration in vacuo 

to give a tan powder (189 mg, 77 %). HRMS (ESI) m/z calcd for C33H28N2O4 464.18, found 

463.2344 (M-H)-. 

 

Synthesis of Diethyl 2,2'-(2,7-bis(4-nitrophenyl)-9H-fluorene-9,9-diyl)diacetate (4.E): 

To a Schlenk flask was added 4.B (397 mg, 0.8 mmol), 4-Boc-aminophenylboronic acid 

(474 mg, 2 mmol), cesium carbonate (1.56 g, 4.8 mmol), and Pd(dppf)Cl2 (59 mg, 0.08 

mmol). The flask was then purged with N2, 2 mL of DMF was added and the flask quickly 

purged a second time. The mixture was stirred at 90 °C for 16 h, then the reaction was 

cooled to room temperature and diluted with 100 mL of water. The product was extracted 

with diethyl ether (2 x 60 mL) and the organic layer washed with a solution of 1 M NaCO3 

and 1 M sorbitol in water (30 mL) followed by washings with saturated sodium bicarbonate 

and brine. The organic layer was dried with magnesium sulfate, filtered through a celite 
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plug and the solvent removed in vacuo to give the product as an orange solid (403 mg, 70 

%). 1H NMR (500 MHz, CDCl3) δ 7.78 – 7.75 (m, 4H), 7.61 – 7.57 (m, 6H), 7.46 (d, J = 

8.0 Hz, 4H), 6.58 (s, 2H), 3.96 (q, J = 7.1 Hz, 4H), 3.16 (s, 4H), 1.56 (s, 18H), 1.00 (t, J = 

7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 170.74, 152.77, 149.61, 139.79, 138.64, 

137.68, 136.02, 127.60, 126.70, 122.26, 120.25, 118.83, 80.65, 60.26, 49.92, 42.17, 28.39, 

13.92. HRMS (ESI) m/z calcd for C43H48N2O8: 721.3406, found 721.2795 (M+H)+. 

 

Synthesis of 2,2'-(2,7-Bis(4-aminophenyl)-9H-fluorene-9,9-diyl)diacetic acid (4.D):  

4.E (300 mg, 0.4 mmol) was added to a 5 mL round bottom flask and dissolved in 5 mL 

neat trifluoroacetic acid and stirred at room temperature overnight. The TFA was then 

removed in vacuo to give the deprotected amine as the TFA salt. 30 mL of MeOH was 

added to the flask and the mixture heated to 50 °C to dissolve the solid. To this solution 

was added 5 mL concentrated NaOH in water. The reaction was stirred overnight at 65 °C 

and then allowed to cool. The reaction was then filtered through a celite plug to remove 

any solid impurities and the pH brought to 7 using 1 M HCl. The product was then extracted 

from the aqueous mixture using DCM (3 x 50 mL), the organic portion was dried using 

magnesium sulfate, and the solvent removed in vacuo to give a tan powder (137 mg, 71 

%). 1H NMR (400 MHz, DMSO-d6) δ 11.90 (s, 2H), 7.78 – 7.72 (m, 4H), 7.51 (d, J = 8.0 

Hz, 2H), 7.39 (d, J = 8.3 Hz, 4H), 6.67 (d, J = 8.3 Hz, 4H), 5.24 (s, 4H), 3.33 (s, 4H). 13C 

NMR (101 MHz, DMSO-d6) δ 172.37, 150.59, 148.73, 139.82, 137.78, 128.37, 127.68, 
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125.17, 121.20, 120.44, 114.69, 49.79, 42.63. HRMS (ESI) m/z calcd for C29H23N2O4: 

463.1701, found 463.2344 (M-H)-. 

 

Synthesis of fluorenyl acid cage 4.2: 

Ligand 4.D (35 mg, 0.08 mmol) was placed in a Schlenk flask with a stir bar and the flask 

purged with N2 gas. Anhydrous acetonitrile (9 mL) was added to the flask along with 2-

formylpyridine (14.4 μL, 0.16 mmol). Iron (II) triflimide (33 mg, 0.05 mmol) was 

dissolved in a vial with 1 mL of anhydrous acetonitrile, and the solution added to the flask 

via cannula transfer. The reaction mixture immediately turned a burgundy color and was 

allowed to stir at reflux for 24 hours. The solution was allowed to cool and was filtered to 

remove any undissolved solids. The acetonitrile was removed in vacuo and the solid 

residue sonicated for 30 minutes with 20 mL of a 1:3 mixture of MeOH/Et2O followed by 

filtration and collection of the dark purple solid, which was washed with an additional 15 
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mL of Et2O. (57 mg, 82 %). See figures S37–S56 for full characterization. Elemental 

Analysis: Calc. for C262H180F48Fe4N32O56S16 C: 49.79; H: 2.87; N: 7.09; Found: C: 49.71; 

H: 2.97; N: 7.33. 

 

Synthesis of 2-(Dimethoxymethyl)pyridine (Acetal 4.3b): 

2-Formylpyridine (1 mL, 0.011 mol) was placed in a 100 mL round bottomed flask along 

with 10 mL of methanol. p-Toluenesulfonic acid monohydrate (30 mol %, 0.003 mol, 627 

mg) was added to the flask. The reaction mixture was refluxed overnight under N2, then 

allowed to cool. The reaction mixture was slowly poured into a beaker containing 50 mL 

of saturated sodium bicarbonate solution. The pH was tested, and more sodium bicarbonate 

solution was added as needed to bring the pH to between 7 and 8. The product was extracted 

using 15 mL of hexane and washed extensively with brine (5 x 20 mL) to remove any 

remaining starting material. The organic layer was dried with magnesium sulfate and the 

solvent removed in vacuo to give product as a red-brown oil (1.08 g, 64 %). 1H NMR (400 

MHz, CD3CN) δ 8.58 (d, J = 4.7 Hz, 1H), 7.81 (td, J = 7.7, 1.7 Hz, 1H), 7.53 (d, J = 7.9 

Hz, 1H), 7.34 (ddd, J = 7.5, 4.8, 1.0 Hz, 1H), 5.30 (s, 1H), 3.37 (s, 6H). 13C NMR (101 

MHz, CDCl3) δ 157.13, 149.12, 136.66, 123.49, 121.24, 103.94, 53.64. HRMS (ESI) m/z 

calcd for C8H12NO2: 154.0717, found 154.0786 (M+H)+. 
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Synthesis of 2-(Dibutoxymethyl)pyridine (Acetal 4.3c) 

2-Formylpyridine (1 mL, 0.011 mol) was placed in a 100 mL round bottomed flask along 

with 10 mL of n-butanol. p-Toluenesulfonic acid monohydrate (30 mol %, 0.003 mol, 627 

mg) was added to the flask. The reaction mixture was heated to 80 °C overnight under N2, 

then the reaction mixture was allowed to cool. The solution was slowly poured into a beaker 

containing 50 mL of saturated sodium bicarbonate solution. The pH was tested, and more 

sodium bicarbonate solution was added as needed to bring the pH to between 7 and 8. The 

product was extracted using 15 mL of hexane and washed extensively with brine (5 x 20 

mL) to remove any remaining starting material. The organic layer was dried with 

magnesium sulfate and the solvent removed in vacuo to give product as a red-brown oil 

(1.28 g, 49 %). 1H NMR (400 MHz, CD3CN) δ 8.56 (dd, J = 4.1, 0.7 Hz, 1H), 7.80 (ddd, J 

= 9.5, 6.6, 2.7 Hz, 1H), 7.56 (dd, J = 9.6, 4.6 Hz, 1H), 7.33 – 7.27 (ddd, 9.5, 6.6, 4.1 1H), 

5.40 (s, 1H), 3.67 – 3.48 (m, 4H), 1.61 – 1.32 (m, 8H), 0.92 (t, J = 5.5 Hz, 6H). 13C NMR 

(101 MHz, CDCl3) δ 158.35, 148.89, 136.58, 123.28, 121.07, 102.86, 66.40, 31.80, 19.35, 

13.86. HRMS (ESI) m/z calcd for C14H24NO2: 238.1721, found 238.1667 (M+H)+. 
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Trityl Ethyl Ether (4.5b):  

Trityl chloride (100 mg, 0.36 mmol) was placed in a Schlenk flask with excess sodium 

carbonate (250 mg) and a stir bar and the flask purged with N2. Neat anhydrous ethanol (3 

mL) was added to the flask, and the reaction was stirred at 50 °C overnight. The reaction 

mixture was cooled and filtered. The solvent was removed, and the solid product was 

sonicated in DI water and dried in vacuo to yield pure product as a white crystalline solid 

in quantitative yield (97 %). 1H NMR (400 MHz, CD3CN) δ 7.47 (dd, J = 5.3, 3.4 Hz, 6H), 

7.41 – 7.34 (m, 6H), 7.32 – 7.24 (m, 3H), 3.08 (q, J = 7.0 Hz, 2H), 1.22 (t, J = 7.0 Hz, 3H). 

13C NMR (101 MHz, CD3CN) δ 144.64 (s), 128.47 (s), 127.82 (s), 126.99 (s), 86.40 (s), 

59.20 (s), 14.57 (s). 

 

2,2,2-Trifluoroethyl-O-Trityl Ether (4.5c):  

Trityl chloride (200 mg, 0.72 mmol) was placed in a Schlenk flask with a stir bar and 

purged with N2. Neat 2,2,2-trifluoro ethanol (5 mL) was added to the flask, along with 

NaHCO3 (200mg). The reaction was stirred at 23 °C overnight. The resulting solution was 

filtered to remove excess NaHCO3. The solvent was removed and the product dried in 

vacuo to yield pure product as a white crystalline solid in quantitative yield (98 %). 1H 
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NMR (400 MHz, CD3CN) δ 7.49 – 7.45 (m, 6H), 7.40 (dd, J = 9.9, 4.8 Hz, 6H), 7.37 – 

7.32 (m, 3H), 3.59 (q, J = 8.7 Hz, 2H). 13C NMR (101 MHz, CD3CN) δ 142.74 (s), 128.35 

(s), 128.19 (s), 127.67 (s), 120.51 (s), 87.48 (s), 62.24 – 60.86 (q). 

 

Propyl Trityl Sulfide (4.6a):  

Trityl chloride (100 mg, 0.36 mmol) was placed in a Schlenk flask with a stir bar and 

purged with N2. Neat n-propyl thiol (3 mL) was added to the flask, and the reaction was 

stirred at 50 °C overnight. The solvent was removed and the product dried in vacuo to yield 

pure product as a white crystalline solid in quantitative yield (98 %). 1H NMR (400 MHz, 

CD3CN) δ 7.43 (dd, J = 5.6, 3.7 Hz, 6H), 7.40 – 7.31 (m, 6H), 7.29 – 7.23 (m, 3H), 2.12 (t, 

J = 7.4 Hz, 2H), 1.46 – 1.32 (m, 2H), 0.84 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CD3CN) 

δ 145.15 (s), 129.44 (s), 127.88 (s), 126.65 (s), 66.12 (s), 33.58 (s), 21.76 (s), 12.99 (s). 

 

Cyclohexyl Trityl Sulfide (4.6b):  

Trityl chloride (100 mg, 0.36 mmol) was placed in a Schlenk flask with a stir bar and 

purged with N2. The trityl chloride was dissolved in anhydrous THF (1 mL), followed by 

cyclohexane thiol (40 µL, 0.33 mmol). The reaction was stirred at 50 °C overnight. The 

solution was cooled to room temperature and diluted with Et2O (10 mL), and washed with 
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saturated NaHCO3 (3 x 10 mL). The solvent was removed and the product dried in vacuo 

to afford a white powdery solid (74 %). 1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 7.4 Hz, 

6H), 7.32 (t, J = 7.4 Hz, 6H), 7.23 (t, J = 7.3 Hz, 3H), 2.20 (ddd, J = 13.7, 7.1, 3.6 Hz, 1H), 

1.65 – 1.56 (m, 2H), 1.47 (td, J = 13.1, 4.1 Hz, 3H), 1.31 – 0.99 (m, 5H). 13C NMR (101 

MHz, CDCl3) δ 145.50, 129.72, 127.75, 126.44, 67.40, 44.23, 34.53, 26.37, 25.66. 

 

4-Bromo-N-Trityl Aniline (4.5e):  

Trityl chloride (306 mg, 1.1 mmol) and 4-bromoaniline (172 mg, 1 mmol) were combined 

in a round bottom with triethylamine (167 µL, 1.2 mmol) and dichloromethane (5 mL) at 

0 °C. The reaction was slowly brought to 23 °C and stirred overnight. The solution was 

washed with 10 mL of DI water and brine (3 x 10 mL). The solvent was removed and dried 

in vacuo. The solid was purified via column chromatography (10 % EtOAc/Hexanes) to 

afford a white crystalline solid (98 %). 1H NMR (400 MHz, CD3CN) δ 7.39 (d, 6H), 7.30 

(t, J = 7.6, 6H), 7.23 (t, 3H), 6.97 (d, J = 8.7 Hz, 2H), 6.37 (d, J = 8.7 Hz, 2H), 5.82 (s, 1H). 

13C NMR (151 MHz, CD3CN) δ 145.68, 144.73, 130.17, 128.66, 127.52, 126.47, 117.73, 

108.11, 70.83. 
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General Method for Acid-Promoted Substitution Reactions: 

 

Trityl Substrate (6.3 μmol, 1 mol. -eq.) was placed in an NMR tube followed by 5 mol % 

acid cage 4.2 (0.31 μmol, 2 mg) or 30 mol % control acid 4.4 (1.86 mmol, 0.95 mg). The 

nucleophile (1.25 mol. -eq., 7.9 μmol, 3.9 μL of 2 M solution in CD3CN) was then added 

followed by 1,4-Dioxane as the internal standard (0.5 mol. -eq. 3.2 μmol, 1.6 μL of 2 M 

solution in CD3CN). 400 μL of CD3CN was added, and the tube was capped and quickly 

shaken to dissolve all solids. Control trials use 30 mol % of diacid 4.4 to maintain the same 

concentration of COOH groups present in 5 mol % of the M4L6 cage 4.2. An initial 1H 

NMR spectrum of the reaction mixture was obtained to verify the correct amounts of 

reagents. The sample was then heated at the specified temperature and the reaction progress 

monitored over time. Rate calculation trials were performed in triplicate. The percent 

conversion values were obtained via integration of the product and substrate peaks against 

the internal standard and the calculated values of duplicate trials were averaged.  

Binding Calculations for Trityl Substitution Experiments 

Binding constants for 1:1 and 1:2 host-guest complex models were determined by UV/Vis 

titration experiments and binding constants extracted following the general approach 

outlined by Thordarson,12 modified as described below. In brief, UV/Vis absorptions at 300 

and 370 nm were monitored as a function of added guest and simultaneously fit using a 
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non-linear least-squares (maximum likelihood) approach written within the Mathematica 

programming environment.13 For the 1:1 equilibrium model, the binding constant (Ka) and 

molar absorptivities (at both wavelengths) for the pure host (H) and host-guest (HG) 

complex were determined. For the 1:2 equilibrium model, both the first (K1) and second 

(K2) binding constants were determined, along with molar absorptivities for the host, host-

guest (HG), and host-dual-guest (HG2) complexes. The precise equilibria and 

corresponding equations are detailed below. Error bars for each of the fit parameters were 

determined by a numerical calculation of the covariance matrix and are reported above as 

± standard error.14 The error analysis assumes normally distributed, random error that is 

independent of data point; in such a case, the sum of the squared-residuals follows the chi-

squared distribution for N-k degrees of freedom, where N is the number of measured data 

points and k the number of fit parameters (5 and 8 for the 1:1 and 1:2 models, respectively). 

The significance of the 1:2 model was judged based on the inverse ratio of the squared 

residuals compared to the 1:1 model. Again, if the errors are normally distributed, this ratio 

follows the F-distribution for N-5 (numerator) and N-8 (denominator) degrees of 

freedom.15 To be considered statistically “better,” the 1:2 model must improve the residuals 

beyond what normal statistical fluctuations would be expected to sample with the observed 

noise and finite number of measured points. This is quantified via the p-value, which gives 

the probability that the observed improvement in residuals for the 1:2 complex model can 

be explained as statistical “luck.” A small value indicates that the model truly is better – 

that is, that more of the underlying data trends are reproduced so that the residuals are 

actually smaller. To be considered significant in this context, we take p-values below 0.001. 
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Equilibrium Models:1 

The 1:1 host-guest binding  
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The absorbance at a given wavelength λ can then be written as 
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where it assumed that the guest on its own does not absorb. This is the expression that is 

used to simultaneously fit the experimental absorption data at 300 and 370 nm, A300 and 

A270, as a function of added guest, Go, to determine Ka and
300 300 370, , ,H HG H  

 and 
370

HG
. 

The 1:2 host-guest binding is assumed to be a non-cooperative, sequential two-step process 
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This expression is used to simultaneously fit the experimental absorption data at 300 and 

370 nm, A300 and A270, as a function of added guest, Go, to determine K1, K2, 2
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7.5 Experimental for Chapter 5 

 

Synthesis of 2,7-dibromospiro[fluorene-9,4'-pyran]-2',6'(3'H,5'H)-dione (5.4):  

To a 15 mL two neck flask was added 4.4 (100 mg, 0.23 mmol). The flask was placed on 

a Schlenk line and placed under inert atmosphere. 1 mL anhydrous THF was added to the 

flask, followed by NEt3 (31 µL, 0.23 mmol) and Ac2O (150 µL, 1.59 mmol), and the 

solution was refluxed for 16 h. The reaction was cooled to 23 °C and concentrated in vacuo 

to give a white solid (81 mg, 84 %). 1H NMR (500 MHz, CD3CN) δ 7.63 – 7.58 (m, 4H), 

7.51 (s, 2H), 3.02 (s, 4H). 

 

Synthesis of 2-(2,7-dibromo-9-(2-(2,2-dimethylhydrazinyl)-2-oxoethyl)-9H-fluoren-9-

yl)acetic acid (5.3):  

To a 10 mL round bottom flask was added 5.4 (50 mg, 0.24 mmol), N,N-dimethyl 

hydrazine (9 µL, 0.24 mmol) and THF (5 mL). The resulting solution was allowed to for 

16 h at 23 °C. A white precipitate formed throughout the reaction, and was isolated through 

vacuum filtration (41 mg, 72 %). 
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7.6 Experimental for Chapter 6 

 

1,10-Phenanthroline-5,6-Dione:16 

1,10-phenanthroline (5.5 mmol, 1 g) and KBr (8.4 mmol, 1 g) were added to a 100 mL 

round flask. The flask was cooled to 0 °C followed by addition of 10 mL H2SO4 and 5 mL 

HNO3. The mixture was for 3 h then poured over 500 mL of ice and neutralized with 

NaOH. The resulting solution was extracted with CHCl3 (3 x 30 mL), and the organic layer 

was concentrated in vacuo to give a yellow powder (1.05 g, 91 %). Spectra were in 

agreement with previously reported results. 

 

Synthesis of [1,1':3',1''-terphenyl]-4,4''-dicarbaldehyde (6.A): 

A 50 mL round bottom flask was charged with 1,3-Dibromobenzene (256 µL, 2.0 mmol), 

4-formylphenylboronic acid (715 mg, 4.80 mmol) and bis(triphenylphosphine) 

palladium(II) dichloride (163 mg, 0.20 mmol). A 1:1:1 mixture of 2M K2CO3 in 

water:ethanol:toluene (9 mL) was added to the flask. The flask was purged with N2, and 

refluxed for 16 h. Methanol was added to the reaction mixture and the precipitate filtered 

via vacuum filtration to afford a tan solid. The solid was dissolved in dichloromethane and 

filtered through a silica/celite plug and the filtrate concentrated in vacuo (243 mg, 85 %). 
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1H NMR (400 MHz, CDCl3) δ 10.06 (s, 2H), 7.97 (d, J = 8.1 Hz, 4H), 7.85 (s, 1H), 7.79 

(d, J = 8.1 Hz, 4H), 7.67 (d, J = 7.0 Hz, 2H), 7.58 (t, 1H). 

 

Synthesis of phenanthroline ligand 6.2: 

To a 25 mL round bottom flask was added dialdehyde 6.A (100 mg, 0.36 mmol), 1,10-

phenanthroline-5,6-dione (200 mg, 1 mmol), and NH4OAc (453 mg, 5.8 mmol). The 

reagents were dissolved in AcOH (9 mL), under a N2 atmosphere, and refluxed for 16 h. 

The reaction was then cooled to room temperature and quenched with aqueous NH4OH 

resulting in a tan precipitate. The solid was collected via vacuum filtration to give 6.2 (144 

mg, 60 %). 1H NMR (400 MHz, DMSO-d6) δ 13.83 (s, 2H), 9.04 – 9.01 (m, 4H), 8.95 (d, 

J = 8.0 Hz, 4H), 8.42 (d, J = 8.5 Hz, 4H), 8.17 (s, 1H), 8.08 (d, J = 8.5 Hz, 4H), 7.84 (ddd, 

J = 18.8, 8.1, 4.3 Hz, 6H), 7.66 (t, J = 7.7 Hz, 1H). 

 

Synthesis of 1,3-dibromo-2-(bromomethyl)benzene: 

To a 10 mL round bottom flask was added 2,6-dibromotoluene (282 µL, 2.05 mmol), N-

bromosuccinamide (365 mg, 2.05 mmol), and benzoyl peroxide (50 mg, 0.21mmol). The 

reagents were dissolved in CCl4 (5 mL), under a N2 atmosphere, and refluxed for 16 h. The 
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reaction was then cooled to room temperature and the solid impurities were removed by 

vacuum filtration. Following filtration, the solution was concentrated in vacuo to give a 

white powder (554 mg, 82 %). 1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 8.0 Hz, 2H), 

7.00 (t, J = 8.0 Hz, 1H), 4.81 (s, 2H). 

 

Synthesis of 2-(2,6-dibromophenyl)acetonitrile: 

To a 10 mL round bottom flask was added 2,6-dibromobenzyl bromide (100 mg, 0.31 

mmol), KCN (30 mg, 0.46 mmol), and NBu4I (20 mg, 0.06 mmol). The reagents were 

dissolved in THF (1.5 mL), and stirred at 23 °C. After 3 days, diethyl ether was added to 

the reaction resulting in a tan precipitate. The solid was isolated by vacuum filtration, and 

purified through recrystallization in ethanol to give a white crystalline solid (74 mg, 89 %). 

1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 8.1 Hz, 2H), 7.08 (t, J = 8.1 Hz, 1H). 4.10 (s, 

2H). 

 

Synthesis of 2-(4,4''-diformyl-[1,1':3',1''-terphenyl]-2'-yl)acetonitrile (6.B): 

A 50 mL round bottom flask was charged with 1,3-Dibromobenzene (256 µL, 2.0 mmol), 

4-formylphenylboronic acid (715 mg, 4.80 mmol) and bis(triphenylphosphine) 

palladium(II) dichloride (163 mg, 0.20 mmol). A 1:1:1 mixture of 2M K2CO3 in 
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water:ethanol:toluene (9 mL) was added to the flask. The flask was purged with N2, and 

refluxed for 16 h. Methanol was added to the reaction mixture and the precipitate filtered 

via vacuum filtration to afford a tan solid. The solid was dissolved in dichloromethane and 

filtered through a silica/celite plug and the filtrate concentrated in vacuo (243 mg, 85 %). 

1H NMR (400 MHz, CDCl3) δ 1H NMR (400 MHz, cdcl3) δ 10.09 (s, 2H), 8.01 (d, J = 8.2 

Hz, 4H), 7.61 (d, J = 8.1 Hz, 4H), 7.50 (t, J = 8.1, 1H), 7.35 (d, J = 7.7 Hz, 2H), 3.36 (s, 

2H). 

 

Synthesis of nitrile phenanthroline ligand 6.3: 

To a 25 mL round bottom flask was added dialdehyde 6.B (100 mg, 0.31 mmol), 1,10-

phenanthroline-5,6-dione (168 mg, 0.8 mmol), and NH4OAc (393 mg, 16.61 mmol). The 

reagents were dissolved in AcOH (8 mL), under a N2 atmosphere, and refluxed for 16 h. 

The reaction was then cooled to room temperature and quenched with aqueous NH4OH 

resulting in a tan precipitate. The solid was collected via vacuum filtration to give 6.3 (198 

mg, 91 %). 1H NMR (400 MHz, DMSO-d6) δ 9.01 – 8.98 (m, 4H), 8.89 (d, J = 8.0 Hz, 

4H), 8.40 (d, J = 7.6 Hz, 4H), 7.82 – 7.77 (m, 4H), 7.67 (d, J = 7.9 Hz, 4H), 7.59 (t, J = 7.2 

Hz, 1H), 7.46 (d, J = 7.7 Hz, 2H), 3.80 (s, 2H). 
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Synthesis of Dibromo Suberone (6.C): 

To a 100 mL round bottom flask was added CuBr2 (2.275 g, 9.75 mmol), tBuONO (1.24 

mL, 10.45 mmol) and 13 mL MeCN. A solution of diaminosuberone (925 mg, 3.89 mmol) 

in 17 mL MeCN was slowly added to the reaction mixture, and the reaction was allowed 

to stir for 16 h at 23 °C. Following overnight reaction, the solution was refluxed for 2.5 h. 

20 % HCl (40 mL) was then added to the reaction and the product was extracted with Et2O 

(3 x 30 mL). The organic layer was concentrated in vacuo to give a dark brown powder 

(1.2g, 82 %). 1H NMR (500 MHz, CDCl3) δ 8.13 (d, J = 1.5 Hz, 2H), 7.56 (dd, J = 8.1, 1.5 

Hz, 2H), 7.12 (d, J = 8.1 Hz, 2H), 3.15 (s, 4H). 

 

Synthesis of 3,7-(4,4’-Dinitrophenyl)-Suberone (7.5): 

To a round bottom flask was added 3,7-dibromosuberone (174 mg, 0.48 mmol), (4-

nitrophenyl)boronic acid (200 mg, 1.19 mmol) and Pd(PPh3)2Cl2 (33 mg, 0.05 mmol). The 

flask was then charged with 3 mL of a 1:1:1 mixture of 2M K2CO3 in H2O:toluene:ethanol, 

followed by purging. The mixture was allowed to stir at 90 ˚C for 16 h. The reaction was 

cooled to 23 ˚C and filtered through a celite plug. This was then diluted with CH2Cl2 and 

washed with NaHCO3, and concentrated in vacuo to give a brown solid. The solid was 
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columned in CH2Cl2 and concentrated in vacuo to give the product as a yellow powder (96 

mg, 44 %). 1H NMR (500 MHz, CDCl3) δ 8.34 (d, J = 2.0 Hz, 2H), 8.33 (d, J = 4.6 Hz, 

4H), 7.81 (d, J = 8.7 Hz, 4H), 7.75 (dd, J = 7.9, 2.0 Hz, 2H), 7.43 (d, J = 7.9 Hz, 2H), 3.34 

(s, 4H). 

 

Synthesis of 2,2'-(2,7-dibromo-9H-fluorene-9,9-diyl)diacetonitrile (6.D): 

2,7-Dibromo-9H-fluorene (324 mg, 1.0 mmol) and KOtBu (336 mg, 3.0 mmol) were added 

to a two-neck round bottom flask equipped with a stir bar and a septum. The flask was 

purged with N2, and anhydrous THF (7 mL) was then added via syringe. To the flask was 

then added chloroacetronitrile (189 µL, 3.0 mmol) dropwise over 5 min. The solution was 

then stirred for 16 h at 23 °C. The reaction was diluted with 20 mL Et2O and filtered. The 

resulting solution was then extracted with saturated NaHCO3 (3 x 20 mL) and brine (2 x 

20 mL) and dried over Na2SO4. The reaction mixture was filtered, transferred to a round 

bottom flask and concentrated in vacuo to afford a tan powder (311 mg, 77 %). 1H NMR 

(500 MHz, CDCl3) δ 7.85 (s, 2H), 7.67 – 7.63 (m, 4H), 3.01 (s, 4H). 
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Synthesis of di-tert-butyl ((9,9-bis(cyanomethyl)-9H-fluorene-2,7-diyl)bis(4,1-

phenylene))dicarbamate (7.6): 

To a Schlenk flask was added 6.D (311 mg, 0.8 mmol), 4-Boc-aminophenylboronic acid 

(474 mg, 2 mmol), cesium carbonate (1.56 g, 4.8 mmol), and Pd(dppf)Cl2 (59 mg, 0.08 

mmol). The flask was then purged with N2, 2 mL of DMF was added and the flask quickly 

purged a second time. The mixture was stirred at 90 °C for 16 h, then the reaction was 

cooled to room temperature and diluted with 100 mL of water. The product was extracted 

with diethyl ether (2 x 60 mL) and the organic layer washed with a solution of 1 M NaCO3 

and 1 M sorbitol in water (30 mL) followed by washings with saturated sodium bicarbonate 

and brine. The organic layer was dried with magnesium sulfate, filtered through a celite 

plug and the solvent removed in vacuo to give the product as tan solid (300 mg, 62 %). 1H 

NMR (500 MHz, CDCl3) δ 7.93 (s, 2H), 7.84 (d, J = 7.7 Hz, 2H), 7.72 (d, J = 7.7 Hz, 2H), 

7.61 (d, J = 8.4 Hz, 4H), 7.49 (d, J = 8.4 Hz, 4H), 6.62 (s, 2H), 3.10 (s, 4H), 1.56 (s, 18H). 

 

Synthesis of 9,9-diallyl-2,7-dibromo-9H-fluorene (6.E): 

2,7-Dibromo-9H-fluorene (324 mg, 1.0 mmol) and KOtBu (336 mg, 3.0 mmol) were added 

to a two-neck round bottom flask equipped with a stir bar and a septum. The flask was 
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purged with N2, and anhydrous THF (7 mL) was then added via syringe. To the flask was 

then added allyl bromide (259 µL, 3.0 mmol) dropwise over 5 min. The solution was then 

stirred for 16 h at 23 °C. The reaction was diluted with 20 mL Et2O and filtered. The 

resulting solution was then extracted with saturated NaHCO3 (3 x 20 mL) and brine (2 x 

20 mL) and dried over Na2SO4. The reaction mixture was filtered, transferred to a round 

bottom flask and concentrated in vacuo to afford a tan powder (295 mg, 73 %). 1H NMR 

(500 MHz, CDCl3) δ 7.53 (d, J = 4.5 Hz, 4H), 7.47 (d, J = 8.1 Hz, 2H), 5.22 (td, J = 16.4, 

8.0 Hz, 2H), 4.87 (d, J = 16.4 Hz, 2H), 4.81 (d, J = 8.0 Hz, 2H). 

 

Synthesis of di-tert-butyl ((9,9-diallyl-9H-fluorene-2,7-diyl)bis(4,1-

phenylene))dicarbamate (7.7): 

To a Schlenk flask was added 6.E (332 mg, 0.8 mmol), 4-Boc-aminophenylboronic acid 

(474 mg, 2 mmol), cesium carbonate (1.56 g, 4.8 mmol), and Pd(dppf)Cl2 (59 mg, 0.08 

mmol). The flask was then purged with N2, 2 mL of DMF was added and the flask quickly 

purged a second time. The mixture was stirred at 90 °C for 16 h, then the reaction was 

cooled to room temperature and diluted with 100 mL of water. The product was extracted 

with diethyl ether (2 x 60 mL) and the organic layer washed with a solution of 1 M NaCO3 

and 1 M sorbitol in water (30 mL) followed by washings with saturated sodium bicarbonate 

and brine. The organic layer was dried with magnesium sulfate, filtered through a celite 

plug and the solvent removed in vacuo to give the product as tan solid (307 mg, 61 %). 1H 
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NMR (500 MHz, CD3CN) δ 7.74 (d, J = 7.7 Hz, 1H), 7.69 (s, 2H), 7.60 (d, J = 8.1 Hz, 

4H), 7.55 (d, J = 7.6 Hz, 4H), 7.47 (d, J = 7.7 Hz, 4H), 5.18 (td, J = 17.0, 8.6 Hz, 2H), 4.79 

(d, J = 17.0 Hz, 2H), 4.64 (d, J = 8.6 Hz, 2H), 1.47 (s, 18H). 

 

Synthesis of 2,7-bis(4-nitrophenyl)spiro[fluorene-9,4'-pyran]-2',6'(3'H,5'H)-dione 

(6.F): 

To a 15 mL two neck flask was added 4.D (100 mg, 0.19 mmol). The flask was placed on 

a Schlenk line and placed under inert atmosphere. 1 mL anhydrous THF was added to the 

flask, followed by Ac2O (125 µL, 1.33 mmol), and the solution was refluxed for 16 h. The 

reaction was cooled to 23 °C and concentrated in vacuo to give a white solid (46 mg, 48 

%). 1H NMR (600 MHz, CDCl3) δ 8.35 (d, J = 8.6 Hz, 4H), 7.96 (d, J = 8.1 Hz, 2H), 7.77 

(d, J = 8.6 Hz, 2H), 7.75 (d, J = 8.6 Hz, 4H), 7.64 (s, 2H), 3.17 (s, 4H). 

 

Synthesis of 2-(9-(2-(2,2-dimethylhydrazinyl)-2-oxoethyl)-2,7-bis(4-nitrophenyl)-9H-

fluoren-9-yl)acetic acid (7.8): 

To a 10 mL round bottom flask was added 6.F (50 mg, 0.10 mmol), N,N-dimethyl 

hydrazine (9 µL, 0.12 mmol) and THF (5 mL). The resulting solution was allowed to for 

16 h at 23 °C. A white precipitate formed throughout the reaction, and was isolated through 
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vacuum filtration (40 mg, 71 %). 1H NMR (500 MHz, DMSO-d6) δ 11.84 (s, 1H), 8.56 (s, 

1H), 8.36 (dd, J = 10.4, 5.6 Hz, 4H), 8.08 – 7.99 (m, 8H), 7.84 (d, J = 6.5 Hz, 2H), 3.34 (s, 

6H). 

 

Synthesis of 2-(2,7-bis(4-aminophenyl)-9-(2-(2,2-dimethylhydrazinyl)-2-oxoethyl)-

9H-fluoren-9-yl)acetic acid (6.4): 

To a round bottom flask was added 7.8 (50 mg, 0.08 mmol) and EtOH (750 µL). The flask 

was warmed to facilitate dissolution of 7.8. A solution of Na2S•9H2O (92 mg, 0.38 mmol) 

and NaOH (34 mg, 0.8 mmol) in H2O (1.5 mL) was prepared and added to the flask. The 

mixture was refluxed for 6 h, then cooled to room temperature and allowed to stir 

overnight. The reaction was then acidified using 6 M HCl to ~pH 3 and mixed for  min. 

Using 2 M NaOH, the solution was then basified to ~pH 8 and the solid was filtered off to 

give a white solid (21 mg, 48 %). 
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Multicomponent Self-Assembly of Ligand 6.4: 

Ligand 6.4 (10 mg, 0.02 mmol) was placed in a Schlenk flask with a stir bar and the flask 

purged with N2 gas. Anhydrous acetonitrile (5 mL) was added to the flask along with 2-

formylpyridine (3.8 μL, 0.04 mmol). Iron (II) triflimide (8.8 mg, 0.01 mmol) was dissolved 

in a vial with 1 mL of anhydrous acetonitrile, and the solution added to the flask via cannula 

transfer. The reaction mixture immediately turned a burgundy color and was allowed to 

stir at reflux for 24 hours. The solution was allowed to cool and was filtered to remove any 

undissolved solids. The acetonitrile was removed in vacuo and the solid residue sonicated 

for 30 minutes with 20 mL of a 1:3 mixture of MeOH/Et2O followed by filtration and 

collection of the dark purple solid. 
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Synthesis of diethyl 2,2'-(2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-

fluorene-9,9-diyl)diacetate (6.G): 

Two a 25 mL two neck flask was added 4.B (300 mg, 0.6 mmol), bispinacolatodiboron 

(613 mg, 2.4 mmol), KOAc (296 mg, 3.0 mmol) and Pd(dppf)Cl2 (44 mg, 0.06 mmol). The 

flask was purged 5 times to remove excess air and was placed under an N2 atmosphere. 5 

mL 1,4-dioxane was then added to the flask, and the solution was refluxed for 16 h. The 

reaction was cooled to room temperature, filtered through a celite plug and concentrated in 

vacuo to give a brown solid. The product was further purified via column chromatography 

(10 % EtOAc/Hexanes) to give a white powdery solid (125 mg, 35 %). 1H NMR (500 MHz, 

CDCl3) δ 7.91 (s, 1H), 7.84 (d, J = 7.5 Hz, 2H), 7.75 (d, J = 7.5 Hz, 2H), 3.89 (q, J = 7.1 

Hz, 4H), 3.08 (s, 4H), 1.37 (s, 24H), 0.97 (t, J = 7.1 Hz, 6H). 

 

Synthesis of diethyl 2,2'-(2,7-bis(6-formylpyridin-3-yl)-9H-fluorene-9,9-

diyl)diacetate (6.5): 

A 50 mL round bottom flask was charged with 6.G (200 mg, 0.34 mmol), 5-bromo-2-

formylpyridine (157 mg, 0.85 mmol), Cs2CO3 (331 mg, 1.01 mmol) and Pd(dppf)Cl2 (25 

mg, 0.03 mmol). DMF (6 mL) was added to the flask, the solution was purged with N2, 
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and refluxed for 16 h. Methanol was added to the reaction mixture and the precipitate 

filtered via vacuum filtration to afford a tan solid. The product was further purified via 

column chromatography in 5 % EtOAc/Hexanes (84 mg, 45 %). 1H NMR (500 MHz, 

CDCl3) δ 10.15 (s, 2H), 9.08 (s, 2H), 8.13 (d, J = 8.0 Hz, 2H), 8.08 (d, J = 8.1 Hz, 2H), 

7.92 (d, J = 7.9 Hz, 4H), 7.73 (d, J = 7.8 Hz, 2H), 3.96 (q, J = 7.8 Hz, 4H), 3.20 (s, 4H), 

1.00 (t, J = 7.1 Hz, 6H). 

 

Multicomponent Self-Assembly of Ligand 6.5: 

Ligand 6.5 (32 mg, 0.06 mmol) was placed in a Schlenk flask with a stir bar and the flask 

purged with N2 gas. Anhydrous acetonitrile (8 mL) was added to the flask along with p-

toluidine (13 mg, 0.12 mmol). Fe(ClO4)2•6H2O (13 mg, 0.04 mmol) was dissolved in a vial 

with 1 mL of anhydrous acetonitrile, and the solution added to the flask via cannula 

transfer. The reaction mixture immediately turned a burgundy color and was allowed to 
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stir at reflux for 24 hours. The solution was allowed to cool and was filtered to remove any 

undissolved solids. The acetonitrile was removed in vacuo and the solid residue sonicated 

for 30 minutes with 20 mL of a 1:3 mixture of MeOH/Et2O followed by filtration and 

collection of the dark purple solid. 

7.7 Selected Spectra for Chapter 2 

 
Figure 7.1. DOSY NMR spectrum of ligand 2.1. Diffusion Coefficient = 2.72 x10-9 m2/s vs. 9.86 

x10-9 m2/s for solvent (DMSO-d6, 600 MHz, 298 K, Δ = 100 ms, δ= 1.8 μs). 
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Figure 7.2. DOSY NMR spectrum of Zn22.13 cage. Diffusion Coefficient = 1.29 x10-9 m2/s vs. 

9.55 x10-9 m2/s for solvent (DMSO-d6, 600 MHz, 298 K, Δ = 100 ms, δ= 1.8 μs). 

 

 
Figure 7.3. DOSY NMR spectrum of ligand 2.2. Diffusion Coefficient = 2.85 x10-9 m2/s vs. 9.62 

x10-9 m2/s for solvent (DMSO-d6, 600 MHz, 298 K, Δ = 100 ms, δ= 1.8 μs). 



 

 223 

 
Figure 7.4. DOSY NMR spectrum of Na•2.2-Zn(OTf)2 complex. Diffusion Coefficient = 1.54 x10-

9 m2/sec vs. 9.79 x10-9 m2/s for solvent (DMSO-d6, 600 MHz, 298 K, Δ = 100 ms, δ= 1.8 μs). 

 

 
Figure 7.5. DOSY NMR spectrum of ligand 2.3. Diffusion Coefficient = 3.38 x10-9 m2/sec vs. 9.23 

x10-9 m2/s for solvent (DMSO-d6, 600 MHz, 298 K, Δ = 100 ms, δ= 1.8 μs). 
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Figure 7.6. DOSY NMR spectrum of Zn2.33 complex. Diffusion Coefficient = 2.25 x10-9 m2/sec 

vs. 9.33 x10-9 m2/s for solvent (DMSO-d6, 600 MHz, 298 K, Δ = 100 ms, δ= 1.8 μs). 

 

 
Figure 7.7. Emission spectra of a solution of Na•2.1 in spectral grade DMSO (30 µM) upon 

addition of aliquots of 10 mM Zn(OTf)2 solution in DMSO. Carried out to 4.51 mol eq. Zn2+ (397 

nm excitation wavelength). 
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Figure 7.8. Emission spectra of a solution of Na•2.1 in spectral grade DMSO (30 µM) upon 

addition of aliquots of 10 mM Co(ClO4)2 solution in DMSO. (397 nm excitation wavelength).  

 

 
Figure 7.9. Emission spectra of a solution of Na•2.2 in spectral grade DMSO (30 µM) upon 

addition of aliquots of 10 mM Zn(OTf)2 solution in DMSO. (404 nm excitation wavelength). 
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Figure 7.10. Emission spectra of a solution of Na•2.2 in spectral grade DMSO (30 µM) upon 

addition of aliquots of 10 mM Zn(OTf)2 solution in DMSO. (404 nm excitation wavelength). 

 

 
Figure 7.11. Emission spectra of a solution of Na•2.2 in spectral grade DMSO (30 µM) upon 

addition of aliquots of 10 mM Zn(OTf)2 solution in DMSO. (404 nm excitation wavelength). 
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Figure 7.12. Emission spectra of a solution of Na•2.3 in spectral grade DMSO (60 µM) upon 

addition of aliquots of 10 mM Fe(ClO4)2 solution in DMSO. (420 nm excitation wavelength).  

 

 
Figure 7.13. Emission spectra of a solution of Na•2.3 in spectral grade DMSO (60 µM) upon 

addition of aliquots of 10 mM Co(ClO4)2 solution in DMSO. (420 nm excitation wavelength). 
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Method for Quantum Yield Calculation: 

Quantum yields were calculated using quinine hemisulfate in 1M H2SO4 as a standard. All 

ligand and cage spectra were obtained using spectral grade DMSO as the solvent. For each 

experiment samples were prepared at concentrations of 0 µM, 15 µM, 20 µM, 25 µM and 

30 µM. Emission spectra were taken immediately following the acquisition of a sample’s 

absorption spectrum. For emission spectra, all samples were excited at 366 nm using front 

facing 3mL quartz cuvettes. The quantum yields were calculated using the following 

equation, where (Grad) is the slope of the graph of the integral of the emission spectra 

against the absorbance at the excitation wavelength, and (n) is the refractive index of the 

solvent. 

 

 
Figure 7.14. Emission spectra of Quinine hemisulfate standard in 1 M H2SO4 at varying 

concentrations (366 nm excitation wavelength). 
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Figure 7.15. UV/Vis absorption and normalized emission spectra of 2.1 ligand in DMSO at varying 

concentrations (excitation wavelength 366 nm). 

 

 

  
Figure 7.16. UV/Vis absorption and normalized emission spectra of Na•2.1 ligand in DMSO at 

varying concentrations (excitation wavelength 366 nm). 
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Figure 7.17. UV/Vis absorption and normalized emission spectra of Zn22.13 in DMSO at varying 

concentrations (excitation wavelength 366 nm). 

 

 

 
Figure 7.18. UV/Vis absorption and normalized emission spectra of Fe22.13 in DMSO at varying 

concentrations (excitation wavelength 366 nm). 
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Figure 7.19. a) UV/Vis absorption and b) normalized emission spectra of Na•2.2 ligand in DMSO 

at varying concentrations (excitation wavelength 366 nm). 

 

 

  
Figure 7.20. a) UV/Vis absorption and b) normalized emission spectra of Znx2.2y in DMSO at 

varying concentrations (excitation wavelength 366 nm). 

0

0.1

0.2

0.3

280 380 480 580

A
b

s
o
rb

a
n

c
e

Wavelength (nm)

a)

0

0.01

0.02

0.03

0.04

0.05

376 476 576 676
N

o
rm

a
liz

e
d
 I

n
te

n
s
it
y
 (

a
. 
u

.)

Wavelength (nm)

15 uM

20 uM

25 uM

30 uM

b)

0

0.1

0.2

0.3

280 380 480

A
b

s
o
rb

a
n

c
e

Wavelength (nm)

a)

0

0.01

0.02

0.03

0.04

0.05

380 480 580 680

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y
 (

a
. 
u

.)

Wavelength (nm)

15 uM

20 uM

25 uM

30 uM

b)



 

 232 

 

 
Figure 7.21. UV/Vis absorption and normalized emission spectra of Na•2.3 ligand in DMSO at 

varying concentrations (excitation wavelength 366 nm). 

 

 

  
Figure 7.22. UV/Vis absorption and normalized emission spectra of Zn2.33 in DMSO at varying 

concentrations (excitation wavelength 366 nm). 
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Table 7.1. Summary of fluorescence data for Na•2.1, Na•2.2 and Na•2.3 and their respective 

complexes. 

Ligand max. ɸ Zn max Zn ɸ Fe max Fe ɸ Co max 

Na41 477 nm 5.20 % 508 nm 6.40 % 478 nm 0.12 % 481 nm 

Na42 478 nm 1.50 % 504 nm 2.00 % 480 nm - 483 nm 

Na23 477 nm 4.19 % 495 nm 10.53 % 490 nm - 487 nm 

 

7.8 Selected Spectra for Chapter 3 

 
Figure 7.23: 2D-DOSY NMR spectrum of the displacement reaction of 3.2 (5.8 mM) using F (17.5 

mM). (CD3CN, 600 MHz, 298 K). X = displaced diaminoxanthone X. 
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Figure 7.24: Full MS of the ligand displacement reaction of 3.2 and dianiline XE (3 mol.-eq) in 

CH3CN at t = 6 h. With stacked comparison of the predicted [Fe(XE)3•Py3]2+ ion versus the 

experimentally observed peak. 
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7.9 Selected Spectra for Chapter 4 

 
Figure 7.25. gCOSY NMR spectrum of fluorene cage 4.1 (CD3CN, 600 MHz, 298 K). 

 
Note - the assignments here (and throughout Section 7.9) refer to the contributing ligand protons 

in the cage. There is obviously clustering of these peaks for each of the T, S3 and C4 isomers: 

each label corresponds to all protons a-k in the cages. For isomer assignment (for protons where 

the peaks are sufficiently separated), see Figures 4.1, 4.4, 7.35 and 7.44). 
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Figure 7.26. gCOSY NMR spectrum of fluorene cage 4.1. Expansion of the 7.2-8.6 ppm region 

(CD3CN, 600 MHz, 298 K). 
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Figure 7.27. DEPT-HSQC NMR spectrum of fluorene cage 4.1 (CD3CN, 400 MHz, 298 K). 
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Figure 7.28. Expanded DEPT-HSQC NMR spectrum of fluorene cage 4.1 (CD3CN, 400 MHz, 298 

K). 

 



 

 239 

 
Figure 7.29. HMBC NMR spectrum of fluorene cage 4.1 (CD3CN, 400 MHz, 298 K). 
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Figure 7.30. Expanded HMBC NMR spectrum of fluorene cage 4.1 (CD3CN, 400 MHz, 298 K). 
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Figure 7.31. 1H-DOSY NMR spectrum of fluorene cage 4.1 (CD3CN, 600 MHz, 298 K, Δ = 100 

ms, δ = 1.8 μs, Diffusion constant = 3.020 x10-10 m2/s for cage 1 vs. 3.890 x10-9 m2/s for the solvent). 

 



 

 242 

 
Figure 7.32. gNOESY NMR spectrum of fluorene cage 4.1 (CD3CN, 600 MHz, 298 K, mixing 

time = 300 ms). 
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Figure 7.33. Expanded gNOESY NMR spectrum of fluorene cage 4.1 (CD3CN, 600 MHz, 298 K, 

mixing time = 300 ms). 
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Figure 7.34. Expanded aromatic region of the gNOESY NMR spectrum of fluorene cage 4.1 

(CD3CN, 600 MHz, 298 K, mixing time = 300 ms). 
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Figure 7.35. Expanded aromatic regions of the gNOESY NMR spectrum of fluorene cage 4.1 

illustrating the presence of three different isomers through correlations of protons a) e and f, b) f 

and g, c) h and k, and d) e and d. (CD3CN, 600 MHz, 298 K, mixing time = 300 ms). 
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Figure 7.36. TOCSY NMR spectrum of fluorene cage 4.1 (CD3CN, 600 MHz, 298 K, mixing time 

= 80 ms). 
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Figure 7.37. Expanded TOCSY NMR spectrum of fluorene cage 4.1. (CD3CN, 600 MHz, 298 K, 

mixing time = 80 ms). 
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Table 7.2. Assigned ions for experimentally observed peaks (7.5 = full iminopyridine ligand of 

4.A). 

Ion Charge 
Observed 

(m/z) 
Predicted (m/z) 

[4.1] 8+ 422.88 422.89 

[4.A•Py+1H] 1+ 438.21 438.20 

[Fe37.54•NTf2] 5+ 510.73 510.72 

[4.1•NTf2] 7+ 523.29 523.28 

[Fe27.53•NTf2] 3+ 657.15 657.16 

[Fe37.54•2NTf2] 4+ 708.39 708.39 

[Fe27.54•NTf2] 3+ 823.57 832.55 

[Fe27.52•2NTf2] 2+ 862.09 862.07 

[4.1•4NTf2] 4+ 1125.68 1125.68 

[Fe27.53•2NTf2] 2+ 1125.68 1125.68 

[Fe7.52•NTf2] 1+ 1388.30 1388.28 

[4.1•5NTf2] 3+ 1594.25 1594.21 

 

 
Figure 7.38. 1H-DOSY NMR spectrum of acid cage 4.2 (CD3CN, 600 MHz, 298 K, Δ = 100 ms, δ 

= 1.8 μs, Diffusion constant = 3.090 x10-10 m2/s for cage 4.2 vs. 3.467 x10-9 m2/s for the solvent). 
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Figure 7.39. gCOSY NMR spectrum of acid cage 4.2 (CD3CN, 600 MHz, 298 K).  
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Figure 7.40. gCOSY NMR spectrum of acid cage 4.2. Expansion of the 5.6-8.6 ppm region 

(CD3CN, 600 MHz, 298 K). 
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Discussion of NMR Structural Data of 2. 

 

The 2D NMR data allows some analysis of the structure of 4.2, notably in regards 

to the positioning of the acid groups (either internally or externally). Molecular modeling 

shows that the structure with the fluorenyl core rotated such that the CH2CO2H groups are 

positioned externally is extremely unfavorable: any minimizations force the CH2CO2H 

groups to the interior, and not even local minima are observed. The 2D COSY spectra, 

comparison with the spectra of 4.1, and the TOCSY/HSQC/HMBC were used to assign the 

structure of 4.2, most importantly the fluorenyl protons Hh/Hi/Hj and the arene protons Hf/f’ 

and Hg/g’. The NOESY spectra do not show any obvious interligand correlations, as 

expected - the central groups are too far apart to show NOE contacts. Correlations in the 

individual isomers can be (in some cases) determined, as shown in Figure 7.42. In terms 

of the internal/external positioning of the acid groups, there are two important correlations 

- Hg/g’ to Hh, and Hg/g’ to Hi, plus chemical exchange correlations between Hf and Hf’. These 

show that rotation of the p-arene rings is possible, and rapid on the NMR timescale. There 

is no evidence for rotation of the central fluorenyl core. 
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Figure 7.41. NOESY NMR spectrum of acid cage 4.2 (CD3CN, 600 MHz, 298 K, mixing time = 

300 ms).  
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Figure 7.42. Expanded NOESY NMR spectrum of acid cage 4.2 (CD3CN, 600 MHz, 298 K, 

mixing time = 300 ms).  
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Figure 7.43. Expanded downfield region of the NOESY NMR spectrum of acid cage 4.2 (CD3CN, 

600 MHz, 298 K, mixing time = 300 ms).  
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Figure 7.44. Expanded aromatic regions of the gNOESY NMR spectrum of acid cage 4.2 

illustrating the presence of three different isomers through correlations of protons a) e and f, b) h 

and k, c) f and g, and d) e and d. (CD3CN, 600 MHz, 298 K, mixing time = 300 ms). 
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Figure 7.45. TOCSY NMR spectrum of acid cage 4.2 (CD3CN, 600 MHz, 298 K, mixing time = 

60 ms).  
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Figure 7.46. Expanded TOCSY NMR spectrum of acid cage 4.2 (CD3CN, 600 MHz, 298 K, mixing 

time = 60 ms).  
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Figure 7.47. DEPT-HSQC NMR spectrum of acid cage 4.2 (CD3CN, 400 MHz, 298 K).  
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Figure 7.48. Expanded DEPT-HSQC NMR spectrum of acid cage 4.2 (CD3CN, 400 MHz, 298 K).  
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Figure 7.49. HMBC NMR spectrum of acid cage 4.2 (CD3CN, 400 MHz, 298 K).  
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Figure 7.50. Expanded HMBC NMR spectrum of acid cage 4.2 (CD3CN, 400 MHz, 298 K). 
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Figure 7.51. Full positive mode ESI-mass spectrum of acid cage 4.2 in 100 % CH3CN. 

 
Table 7.3. Assigned ions for experimentally observed peaks. (7.6 = full iminopyridine ligand of 

4.A). 

Ion Charge Observed (m/z) Predicted (m/z) 

[7.6•Py+2H] 2+ 277.61 277.61 

[7.6•2Py+2H] 2+ 322.12 322.12 

[7.6+1H] 1+ 465.18 465.18 

[4.2] 8+ 509.89 509.89 

[7.6•Py+1H] 1+ 554.21 554.21 

[4.2-1H-CO2H] 7+ 574.30 574.30 

[4.2-1H] 7+ 582.59 582.59 

[4.2•NTf2] 7+ 622.72 622.71 

[7.6•2Py+1H] 1+ 643.24 643.23 

[4.2-2H] 6+ 679.52 679.51 

[4.2•NTf2-1H] 6+ 726.34 726.34 

[4.2•2NTf2] 6+ 773.16 773.16 

[4.2-3H] 5+ 815.22 815.22 

[4.2•2NTf2-1H] 5+ 927.59 927.59 

[4.2-4H] 4+ 1018.77 1018.77 

[4.2•NTf2-3H] 4+ 1089.01 1089.01 

[4.2•2NTf2-2H] 4+ 1159.23 1159.23 

[4.2•3NTf2-1H] 4+ 1229.47 1229.46 

[4.2•4NTf2] 4+ 1299.70 1299.69 
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Figure 7.52. UV-Vis absorption spectrum of the titration of a 9 mM solution of acetal 4.3a 

CH3CN into a 3 µM solution of cage 4.2 in CH3CN. 4.3a was added in 1-5 µL aliquots. 

 

 
Figure 7.53. Stern-Volmer plot analysis of cage 4.2 binding to acetal 4.3a measured by the 

absorbance change at 335 nm. (Kd = 76.4 µM). 

 



 

 264 

 
Figure 7.54. UV-Vis absorption spectrum of the titration of a 9 mM solution of acetal 4.3b 

CH3CN into a 3 µM solution of cage 4.2 in CH3CN. 4.3b was added in 1-5 µL aliquots. 

 

 
Figure 7.55. Stern-Volmer plot analysis of cage 4.2 binding to acetal 4.3b measured by the 

absorbance change at 335 nm. (Kd = 44.7 µM). 
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Figure 7.56. UV-Vis absorption spectrum of titration of acetal 4.3a into an 18 µM solution of 

control acid 4.4 in CH3CN, and absorption spectrum of acetal 4.3a (15 µM in CH3CN). 

 

 
Figure 7.57. UV-Vis absorption spectrum of titration of acetal 4.3c into an 18 µM solution of 

control acid 4.4 in CH3CN, and absorption spectrum of acetal 4.3c (15 µM in CH3CN). 
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Figure 7.58. 1H NMR spectra (2.60-0.75 ppm) of the acid promoted SN1 reaction between 4.5b 

and n-propyl thiol in the presence of: a) 30 mol % control acid 4.4 or b) 5 mol % cage 4.2 in 400 

µL CD3CN. The reaction was performed at 80 °C and monitored over time (400 MHz, 298K, 

CD3CN). 
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Figure 7.59. 1H NMR spectra (7.80-7.20 ppm, 4.40-4.20 ppm) of the acid promoted substitution 

reaction between 4.5a and cyclohexyl thiol in 400 µL CD3CN in the presence of: a) 30 mol % 

control acid 4.4 b) 5 mol % cage 4.2. Both reactions were performed at 80 °C and monitored over 

time (400 MHz, 298 K, CD3CN). 
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Figure 7.60. 1H NMR spectra (7.90-6.90 ppm) of the acid promoted SN1 reaction between 4.5b 

and cyclohexyl thiol in the presence of: a) 30 mol % control acid 4.4 or b) 5 mol % cage 4.2. The 

reaction was performed at 80 °C and monitored over time (400 MHz, 298K, CD3CN). 
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Figure 7.61. 1H NMR spectra (7.80-7.10 ppm, 4.40-3.80 ppm, 2.40-2.20 ppm) of the acid promoted 

substitution reaction between 4.5a and 4-methylbenzene thiol in the presence of 30 mol % control 

acid 4.4. The reaction was performed at 80 °C and monitored over time by 1H NMR (400 MHz, 

298 K, CD3CN). 
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Figure 7.62. 1H NMR spectra (7.50-6.80 ppm, 2.40-2.20 ppm) of the acid promoted SN1 reaction 

between 4.5b and 4-methylbenzene thiol in the presence of: a) 30 mol % control acid 4.4 or b) 5 

mol % cage 4.2. The reaction was performed at 80 °C and monitored over time (400 MHz, 298K, 

CD3CN). 
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Figure 7.63. 1H NMR spectra (7.80-7.20 ppm, 4.40-4.20 ppm, 2.20-1.50 ppm) of the acid promoted 

substitution reaction between 4.5a and adamantane thiol in the presence of 5 mol % cage 4.2. The 

reaction was performed at 80 °C and monitored over time (400 MHz, 298K, CD3CN). 
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Figure 7.64. 1H NMR spectra (7.50-7.20 ppm, 1.30-1.00 ppm) of the acid promoted substitution 

reaction between 4.5a and ethanol in the presence of 5 mol % cage 4.2. The reaction was performed 

at 80 °C and monitored over time (400 MHz, 298K, CD3CN).  
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Figure 7.65. 1H NMR spectra (7.60-7.20 ppm, 1.10-0.70 ppm) of the acid promoted SN1 reaction 

between 4.5c and n-propyl thiol in the presence of 5 mol % cage 4.2. The reaction was performed 

at 80 °C and monitored over time (400 MHz, 298K, CD3CN). 
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Figure 7.66. 1H NMR spectra (7.90-7.45 ppm, 5.6-5.4 ppm, 2.55-0.80 ppm) of the acid promoted 

SN1 reaction between 4.5d and n-propyl thiol in 400 µL CD3CN in the presence of: a) 30 mol % 

control acid 4.4 or b) 5 mol % cage 4.2. The reaction was performed at 80 °C and monitored over 

time (400 MHz, 298K, CD3CN). 
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Figure 7.67. 1H NMR spectra (9.60-8.80 ppm, 7.50-5.80 ppm, 1.10-0.80 ppm) of the acid promoted 

substitution reaction between 4-bromo-N-trityl aniline 4.5e and n-propyl thiol in the presence of 5 

mol % cage 4.2. The reaction was performed at 23 °C and monitored over time (400 MHz, 298K, 

CD3CN).  
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Figure 7.68. Graphed results of the acid promoted substitution reaction between 4.5a and 

cyclohexyl thiol in the presence of: 5 mol % cage 4.2 (red), 30 mol % control acid 4.4 (orange). a) 

Averaged percent conversion values are plotted against time in minutes. b) Calculation of initial 

rate based on change in concentration of product [4.6b] over time in minutes. 

 

 

 
Figure 7.69. Graphed results of the acid promoted substitution reaction between 4.5b and 

cyclohexyl thiol in the presence of: 5 mol % cage 4.2 (red), 30 mol % control acid 4.4 (orange). a) 

Averaged percent conversion values are plotted against time in minutes. b) Calculation of initial 

rate based on change in concentration of product [4.6b] over time in minutes. 



 

 277 

 

 
Figure 7.70. Graphed results of the acid promoted SN1 reaction between 4.5b and 4-methylbenzene 

thiol in the presence of: 5 mol % cage 4.2 (red), 30 mol % control acid 4.4 (orange). a) Averaged 

percent conversion values are plotted against time in minutes. b) Calculation of initial rate based 

on change in concentration of product [4.6c] over time in minutes. 

 

 

 
Figure 7.71. Graphed results of the acid promoted substitution reaction between 4.5a and ethanol 

in the presence of: 5 mol % cage 4.2 (red), 30 mol % control acid 4.4 (orange). a) Averaged percent 

conversion values are plotted against time in minutes. b) Calculation of initial rate based on change 

in concentration of product [4.6b] over time in minutes. 
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Figure 7.72. 1H NMR spectra of the acid promoted substitution reaction between 4a and n-propyl 

thiol in the presence of 5 mol % cage 4.1, at varying concentrations of PrSH a) 8 mM b) 39.5 mM 

and c) 59.25 mM, performed at 60 °C and monitored over time (400 MHz, 298K, CD3CN). 
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Figure 7.73. 1H NMR spectra of the acid promoted substitution reaction between 4.5b and n-propyl 

thiol in the presence of 5 mol % cage 4.2, at varying concentrations of PrSH a) 20 mM and b) 60 

mM, performed at 80 °C and monitored over time (400 MHz, 298K, CD3CN). c) Averaged percent 

conversion over time (min) using 20 mM PrSH (orange) and 60 mM PrSH (red). 
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Figure 7.74. 1H NMR spectra of the acid promoted substitution reaction between 4.5b and PrSH 

in the presence of 5 mol % cage 4.2, at varying concentrations of PrSH a) 9.88 mM, b) 19.75, c) 

39.5 mM, and d) 59.25 mM, performed at 60 °C and monitored over time (400 MHz, 298K, 

CD3CN).  
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Figure 7.75. UV-Vis absorption spectrum of the titration of 4.5a into a 3 µM solution of cage 4.2 

in CH3CN. 4.5a was added in 5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.76. 1:1 binding fit model for guest 4.5a calculated via linear regression analysis using the 

Nelder-Mead method from the change in absorbance at two points (300 nm and 370 nm) using 

supramolecular.org1,2 (Ka = 15.8 ± 0.3 x 103 M-1). 
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Figure 7.77. UV-Vis absorption spectrum of the titration of 4.5b into a 3 µM solution of cage 4.2 

in CH3CN. 4.5b was added in 5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.78. 1:1 binding fit model for guest 4.5b calculated via linear regression analysis using the 

Nelder-Mead method from the change in absorbance at two points (330 nm and 370 nm) using 

supramolecular.org1,2 (Ka = 20.1 ± 1.2 x 103 M-1). 
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Figure 7.79. UV-Vis absorption spectrum of the titration of 4.5c into a 3 µM solution of cage 4.2 

in CH3CN. 4.5c was added in 5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.80. 1:1 binding fit model for guest 4.5c calculated via linear regression analysis using the 

Nelder-Mead method from the change in absorbance at two points (300 nm and 370 nm) using 

supramolecular.org1,2 (Ka = 3.2 ± 1.3 x 103 M-1). 
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Figure 7.81. UV-Vis absorption spectrum of the titration of 4.5d into a 3 µM solution of cage 4.2 

in CH3CN. 4.5d was added in 5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.82. 1:1 binding fit model for guest 4.5d calculated via linear regression analysis using the 

Nelder-Mead method from the change in absorbance at two points (330 nm and 370 nm) using 

supramolecular.org1,2 (Ka = 6.9 ± 0.4 x 103 M-1). 
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Figure 7.83. UV-Vis absorption spectrum of the titration of 4.6a into a 3 µM solution of cage 4.2 

in CH3CN. 4.6a was added in 1-5 µL aliquots from a 9 mM stock solution in CH3CN. 

 

 
Figure 7.84. 1:1 binding fit model for guest 4.6a calculated via linear regression analysis using the 

Nelder-Mead method from the change in absorbance at two points (330 nm and 370 nm) using 

supramolecular.org1,2 (Ka = 6.5 ± 1.3 x 103 M-1). 
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Figure 7.85. UV-Vis absorption spectrum of the titration of CySH into a 3 µM solution of cage 

4.2 in CH3CN. CySH was added in 1-5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.86. a) 1:1 binding fit model for guest CySH calculated via linear regression analysis using 

the Nelder-Mead method from the change in absorbance at two points (300 nm and 370 nm) using 

supramolecular.org1,2 (Ka = 113.9 ± 15.0 x 103 M-1). b) 1:2 binding fit model calculated via linear 

regression analysis using the Nelder-Mead method from the change in absorbance at two points 

(300 nm and 370 nm) using supramolecular.org1,2 (K11 = 156.1 ± 11.2 x 103 M-1, K12 = 4.0 ± 0.4 x 

103 M-1). 
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Figure 7.87. UV-Vis absorption spectrum of the titration of TolSH into a 3 µM solution of cage 

4.2 in CH3CN. TolSH was added in 1-5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.88. 1:1 binding fit model for guest TolSH calculated via linear regression analysis using 

the Nelder-Mead method from the change in absorbance at two points (330 nm and 370 nm) using 

supramolecular.org1,2 (Ka = 80.6 ± 9.7 x 103 M-1). 
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Figure 7.89. UV-Vis absorption spectrum of the titration of AdSH into a 3 µM solution of cage 

4.2 in CH3CN. AdSH was added in 1-5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.90. a) 1:1 binding fit model for guest AdSH calculated via linear regression analysis using 

the Nelder-Mead method from the change in absorbance at two points (300 nm and 370 nm) using 

supramolecular.org1,2 (Ka = 199.4 ± 17.0 x 103 M-1). b) 1:2 binding fit model calculated for guest 

AdSH via linear regression analysis using the Nelder-Mead method from the change in absorbance 

at two points (300 nm and 370 nm) using supramolecular.org1,2 (K11 = 362.7 ± 100.1 x 103 M-1, K12 

= 220.8 ± 45.3 x 103 M-1). 
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7.10 Selected Spectra for Chapter 5 

 
Figure 7.91. UV-Vis absorption spectrum of the titration of 4.4 into a 1.5 µM solution of cage 4.1 

in CH3CN. 4.4 was added in 1 µL aliquots from a 4.5 mM stock solution in CD3CN. 

 

 
Figure 7.92. UV-Vis absorption spectrum of the titration of 5.2a into a 1.5 µM solution of cage 

4.1 in CH3CN. 5.2a was added in 1 µL aliquots from a 4.5 mM stock solution in CD3CN. 
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Figure 7.93. UV-Vis absorption spectrum of the titration of 5.2b into a 1.5 µM solution of cage 

4.1 in CH3CN. 5.2b was added in 1 µL aliquots from a 4.5 mM stock solution in CD3CN. 

 

 
Figure 7.94. UV-Vis absorption spectrum of the titration of 5.2c into a 1.5 µM solution of cage 

4.1 in CH3CN. 5.2c was added in 1 µL aliquots from a 4.5 mM stock solution in CD3CN. 
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Figure 7.95: UV-Vis absorption spectrum of the titration of 5.2d into a 3 µM solution of cage 4.1 

in CH3CN. 5.2d was added in 5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.96. UV-Vis absorption spectrum of the titration of 4.5a into a 3 µM solution of cage 4.1 

in CH3CN. 4.5a was added in 5 µL aliquots from a 9 mM stock solution in CD3CN. 
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Figure 7.97. UV-Vis absorption spectrum of the titration of 4.5b into a 3 µM solution of cage 4.1 

in CH3CN. 4.5b was added in 5 µL aliquots from a 9 mM stock solution in CD3CN. 

 

 
Figure 7.98. UV-Vis absorption spectrum of the titration of 4.6a into a 1.5 µM solution of cage 

4.1 in CH3CN. 4.6a was added in 1 µL aliquots from a 4.5 mM stock solution in CD3CN. 
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Figure 7.99: UV-Vis absorption spectrum of the titration of 5.1 into a 1.5 µM solution of cage 

4.1 in CH3CN. 5.1 was added in 1 µL aliquots from a 4.5 mM stock solution in CD3CN. 

 

 
Figure 7.100. UV-Vis absorption spectrum of the titration of OctSH into a 3 µM solution of cage 

4.1 in CH3CN. OctSH was added in 1-5 µL aliquots from a 9 mM stock solution in CD3CN. 
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Figure 7.101. UV-Vis absorption spectrum of the titration of (OctS)2 into a 1.5 µM solution of 

cage 4.1 in CH3CN. (OctS)2 was added in 1-5 µL aliquots from a 4.5 mM stock solution in CD3CN. 

 

 
Figure 7.102. 1H NMR spectrum of 5.4 (500 MHz, 298 K, CDCl3). 

 

 
Figure 7.103. 1H NMR spectrum of 5.3 (400 MHz, 298 K, DMSO-d6). 

 



 

 295 

7.11 Selected Spectra for Chapter 6 

 

 
Figure 7.104. 1H NMR spectrum of dialdehyde 6.A (400 MHz, 298 K, CDCl3). 

 

 
Figure 7.105. 1H NMR spectrum of phenanthroline ligand 6.2 (400 MHz, 298 K, DMSO-d6). 

 

 
Figure 7.106. 1H NMR spectrum of 6.B (400 MHz, 298 K, CDCl3). 

 

 
Figure 7.107. 1H NMR spectrum of phenanthroline ligand 6.3 (400 MHz, 298 K, DMSO-d6). 
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Figure 7.108. 1H NMR spectrum of 3,7-dibromosuberone (500 MHz, 298 K, CDCl3). 

 

 
Figure 7.109. 1H NMR spectrum of 7.5 (500 MHz, 298 K, CDCl3). 

 

 
Figure 7.110. 1H NMR spectrum of 6.D (500 MHz, 298 K, CDCl3). 

 



 

 297 

 
Figure 7.111. 1H NMR spectrum of 7.6 (500 MHz, 298 K, CDCl3). 

 

 
Figure 7.112. 1H NMR spectrum of 6.E (500 MHz, 298 K, CDCl3). 

 

 
Figure 7.113. 1H NMR spectrum of 7.7 (500 MHz, 298 K, CD3CN). 
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Figure 7.114. 1H NMR spectrum of 6.F (600 MHz, 298 K, CDCl3). 

 

 
Figure 7.115. 1H NMR spectrum of 7.8 (500 MHz, 298 K, DMSO-d6). 

 

 
Figure 7.116. 1H NMR spectrum of 6.4 (400 MHz, 298 K, CD3CN). 
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Figure 7.117. 1H NMR spectrum of 7.G (500 MHz, 298 K, CDCl3). 

 

 
Figure 7.118. 1H NMR spectrum of 6.5 (500 MHz, 298 K, CDCl3). 
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