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resumo 
 
 

A Química Supramolecular desempenha um papel importante na obtenção de 

níveis de complexidade inatingíveis pela Química “clássica”, a sua função inclui 

a criação de redes de sinalização intricadas. 

Neste trabalho é feito um relatório da descoberta e caracterização de um com-

plexo supramolecular contendo um catalisador—OsO4—cuja encapsulação 

numa gaiola do tipo Fe4L6 de ligandos imina permite a regulação da sua catálise 

de forma não covalente. A surpreendente estabilidade da estrutura supramole-

cular contendo um oxidante tão poderoso foi estudada e a sua dinâmica 

caracterizada por RMN. Devido à sensibilidade deste trabalho foram feitas me-

lhorias à síntese do sal de guanidínio da gaiola. 

Outros dois complexos hóspede-hospedeiro análogos foram caracterizados 

contendo 2,5-di-hidrofurano e benzeno como hóspedes. Embora não tenha sido 

conseguido, isto teve em vista o design de sistemas mais complexos que apre-

sentassem uma variação significativa da cinética de di-hidroxilação normal e 

demonstrassem regulação ortogonal da catálise. 
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abstract 
 

Supramolecular Chemistry plays an important role in attaining levels of com-

plexity in chemical systems that would not be available otherwise, this includes 

design of complex chemical signalling networks. 

Here a report is made on the discovery of a host-guest complex of a catalyst—

OsO4—in an Fe4L6 tetrahedral imine coordination cage which enables the regu-

lation of its activity without covalent transformations. The remarkable stability of 

the assembly hosting this powerful oxidizer is studied as to its stability and dy-

namics by NMR. Due to the sensitivity of the work, improvements were done on 

the previously known the synthesis of the guanidinium salt of the cage. 

The analogues with 2,5-dihydrofuran and benzene as guests were also charac-

terized. Using these competing guests as signals, the principle of orthogonal 

regulation of dihydroxylation with OsO4 was demonstrated. However, no signifi-

cant deviations from the normal dihydroxylation kinetics were detected in the 

conditions tested. 
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 Scope of this dissertation 

The project leading to this dissertation was brought about by the discovery of a stable 

host-guest complex with the powerful oxidizer OsO as guest, in the Nitschke research 

group. This discovery is remarkable in and of itself due to the properties of the coordi-

nation cage acting as a host. Still, the most important aspect of the observation is that it 

is about encapsulating a quite reactive dihydroxylation catalyst. This sparked the imagi-

nation of chemical systems in solution that, by manipulating the encapsulation of 

catalyst through other guests, could manipulate the dihydroxylation rate whilst being 

inert towards every reagent (Figure I.). One such system, where the guest itself is a sub-

strate for the reaction, would cause the catalysis to be ‘turned on’ while there is reagent. 

This kind of system simulates the dynamics and the compartmentalization of active spe-

cies seen in many self-regulating biological systems. So, all the experiments done were 

motivated by the wish to build and characterize the dynamics in such a system. 

 
Figure I.—Cartoon of the idealized reactions that were the final goal of this work. Left: 
the OsO (red), is simply replaced by another guest enabling catalytic turnover. Right: the 
displacing guest is itself used in the catalytic turnover with the OsO, this returns to the 
cage after all substrate is spent. 

This dissertation starts with an introduction to take the reader trough the same path the 

author went when entering the field of Supramolecular Chemistry. It goes through the 

basic concepts needed to understand the motivation behind the experiments. After that, 

the results of experiments are presented along with brief discussions of results as the 

subjects are mostly independent and a general discussion is thus avoided.  
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 Beyond the molecule, before the systems 

It can be said that the first scientist to focus their research effort on molecular interac-

tions was Johannes Diderik van der Waals. He revolutionized the approach to the 

thermodynamic properties of fluids not only with the assumption that molecules exist, 

but that they feel a mutual attraction force, stating that “gaseous and ordinary liquid 

states are (…) forms of the same condition of matter”—not a universal belief at the time.  

Intermolecular forces had been referred before as the cause for unexpected behaviour of 

gases, but the concept of particles interacting with each other still met some opposition 

until the beginning of the th century. In the late th century, van der Waals publishes 

his work “On the continuity of the gaseous and liquid state”. 

Although understanding intermolecular forces is fundamental to the field of Supramo-

lecular Chemistry, the concepts introduced by van der Waals cannot define the field as 

we know it today. For many years, the effects of these interactions were studied on the 

bulk of a material (particularly liquids and gasses) or on their general effects on a reaction. 

However, to do Supramolecular Chemistry is to manipulate and take advantage of inter-

molecular interactions at the single molecule level and its neighbouring environment; to 

do Supramolecular Chemistry is to think of all non-covalent interactions in the vicinity 

as relevant (solvent included); the “mechanical configuration” of a molecule is as im-

portant as its electronic configuration.  

Emil Fischer was the first to capture this kind of mindset when studying enzymes and 

their specificity. Although incomplete, his model for the mechanism of enzyme cataly-

sis—the “lock and key principle”—captured the idea of molecular recognition; that the 

conformation and configuration of a molecule well beyond the reactive group mattered. 

This was the first hint at chemistry beyond the molecule.  
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 Beyond Der Waals 

After Van der Waals laid the ground work for the study of molecular interactions, many 

researchers sought after the causes of the attractive force he postulated. The work that 

followed in the subject of non-covalent interactions is summarized in this section as a 

review of the fundamentals. Other driving forces relevant to the Supramolecular field are 

also discussed.  

 Electrostatic interactions 

Almost all intermolecular interactions are, in one way or another, electric in nature. Fig-

ure I. shows examples of these interactions with observed examples. 

Interactions depending on permanent electric charges are the strongest; though some-

times included under the umbrella term Van der Waals Forces, they are not part of this 

group sensu stricto. Nonetheless, the ionic interactions are essential to the conforma-

tional stability of some proteins (e.g. carboxylate-ammonium salt bridges) and to the 

activity of some prosthetic groups (e.g. polarization of diatomic oxygen before binding 

to the iron in the haem group). On the other hand, electrostatic repulsion can also be a 

barrier for the assembly of certain highly charged supramolecular architectures.  

 

Figure I.—Illustration of the simplest intermolecular electrostatic interactions in real cases. 
Note that, strictly speaking, the Van de Waals forces involve only uncharged particles.  
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There are three kinds of Van der Waals interactions, all illustrated in Figure I.. The in-

teraction through London forces is the only one through which all molecules interact 

since all particles are polarizable to some extent. Therefore, though theoretically the 

weakest, these interactions are not to be ignored in supramolecular systems. London 

forces dominate whenever the molecule is not small enough for its polar momentum to 

be a major force over its whole volume. 

 Stacking π 

There is a “family” of interactions often called π-interactions that deserve a bit of atten-

tion of their own due to the chemical moieties involved. It is in fact argued that the 

species involved are the only thing uniting these under an umbrella term; the interac-

tions can have contributions from very different physical properties of the molecule. 

Here, I present just a few examples—illustrated in Figure I.—representative of the pos-

sible interactions. 

 
Figure I.—Several possible π-interactions showing the relevant quadrupoles. a) Perpendic-
ular stacking of benzene molecules. b) Parallel offset stacking of benzene molecules. c) 
Parallel face-centred stacking of two aromatic systems with opposite quadrupoles. d) π-
cation interaction in between the ammonium ion in acetylcholine and a tryptophan residue, 
observed in the nAChR. 

Quadrupolar moment interactions are the basis for the electrostatic interpretation of the 

simplest interactions involving π- systems such as the one in benzene. The interaction 

of two benzene molecules is most favourable in two configurations: perpendicular (Fig-

ure I.a) or parallel offset (Figure I.b). The latter is most often referred to as π-stacking. 

This phenomenon, when cooperative, can severely influence the macroscopic physical 

properties of a supramolecular assembly such as a gel or polymer– and affect the behav-

iour of sensors,. 



Chapter I 

6 

Figure I.—An octanuclear cobalt coordination 
cage with charge +. The yellow line is highlight-
ing one of the stacks of “alternating aromatic of 
naphthyl/pyridyl-pyrazole units”.  The cage has 
six of these stacks driving its assembly and convey-
ing interesting luminescence properties. Adapted 
with permission from Tidmarsh et al.. Copyright 
 American Chemical Society. 

Parallel face-centred stacking can be favourable, 

for example, in between benzene and hexafluoro-

benzene in which the quadrupolar moment in a 

π-system is reversed (Figure I..c)., 

While the electrostatic quadrupole model works qualitatively to explain most of the phe-

nomena mentioned, it soon fails in predicting interactions between large π-systems such 

as expanded porphyrins, nanotubes or nanobelts where a great dispersive component 

might be present. In these systems, the whole potential surface and polarizability must 

be considered, not simply reduced to a point charge with a quadrupolar electric moment. 

It also does not explain well substituent effects which can interact directly through space 

(and not through the aromatic system) with adjacent π-electron clouds., 

 Ion-π 

Ion-π interactions are easy to understand from the electrostatic point of view presented 

earlier. Cation-π interactions can easily be seen in water where, due to lack of solvation 

of the aromatic system, the energy of the interaction can more than double that of salt 

bridges. These interactions are biologically relevant for ion channels and receptors such 

as the nicotinic acetylcholine receptor (nAChR) in which acetylcholine interacts with a 

tryptophan residue. Anion-π interactions also exist when the electron density is re-

versed and sometimes have analytical and biomedical applications since many enzyme 

cofactors and substrates are anionic.,, 
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 Donating and accepting pies 

Another type of interaction between π-systems that is also not explained from a simple 

electrostatic model are donor-acceptor (DA) interactions. These happen between elec-

tron rich and electron poor aromatic systems acting as donor and acceptor respectively. 

This interaction results from a partial charge transfer from donor’s HOMO to the accep-

tor LUMO. To minimize its energy, a DA complex maximizes the overlap between 

orbitals unlike simple approximation of zone of opposite polarity. 

DA interactions can be quite strong where there is a significant contribution from charge 

transfer. By alternating electron-rich and electron-poor rings (hetero-stacking), strongly 

bound stacks can self-assemble. Typical binding Gibbs free energies in D-A-D stacked 

pairs are in the order of  kJmol-. The structure in Figure I. has  of those stacks 

cooperating which, overall, constitute a great driving force for its assembly (which is 

needed to overcome the high charge concentration)., 

 Bonds, H–bonds 

Water is composed of atoms with hard electron clouds: hydrogen has the smallest possi-

ble electron cloud of any element and oxygen is too electronegative to enable extensive 

polarization. Having this in mind, water should be a poorer solvent than many organic 

ones. Even worse when comparing to a chlorinated solvent with its soft polarizable elec-

tron cloud around the chlorine atoms. The reason water can be such a great solvent is 

due to its ability to be both a good donor and acceptor of hydrogen bonds (HB). 

Hydrogen bonds are quite varied in nature to the point of causing controversy. It was 

initially thought to be a purely electrostatic interaction between a hydrogen bonded co-

valently to an electronegative atom (electron deficient region, X) and another atom with 

lone pairs (electron rich region, Y)—X-H⋯Y. The archetypal example being that of water 

(X=Y= O) with –∆H on the order of  kJmol-
 in liquid. Ionic hydrogen bonds are pre-

sent, for example, in salt bridges. Not long after the concept was born, less conventional 

HB with a more dispersive character were being observed even involving π-electrons—

e.g. X-H⋯π and M-H⋯N. Observations proved that these bonds had at least some co-

valent character, show directionality and even charge and polarization transfer.  
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Figure I. illustrates with approximate geometry a bit of the diversity of structures in-

volving HB; knowledge of their geometry enables the engineering of supramolecular 

assemblies and crystals. 

 
Figure I.—Several examples of HB structures. a) Two possible HB in HO, linear confor-
mation is preferred but bifurcated HB are possible. b) Possible weak HB of HO and 
methane (∆H≈- kJmol- and -. kJmol- respectively). c) HB bond in an osmium organ-
ometallic complex. d) Strong HB between HF and ethylene, perpendicular to the π-bond 
nodal plane. e) HB of X-H⋯M type in an fluxional organometallic compound. f) Part of 
a MOF structure capable of adsorbing HS with a weak HB to a sulphur atom. g) Part of 
a cyclamate-urea adsorbate showing HB cooperativity. 

Nowadays, it is recognized that H-bonds arise from varying contributions, often difficult 

to discern and characterize: polarization, dispersion, electrostatic, multipolar interac-

tions etc. Reflecting the hazy nature of H-bonds and accentuating the requisite for 

evidence, the latest IUPAC recommendation states the following: 

“The hydrogen bond is an attractive interaction between a hydrogen 

atom from a molecule or a molecular fragment X–H in which X is more 

electronegative than H, and an atom or a group of atoms in the same or a 

different molecule, in which there is evidence of bond formation.”28 
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 The force of entropy 

In the supramolecular field and whenever dealing with many particle systems, entropy is 

a key factor in the planning of their dynamics. In elementary synthetic or analytical 

chemistry, there is not a habit of considering entropic effects as a determining factor to 

enable/inhibit the desired result. In this section, I briefly discuss some entropic effects to 

be taken into account when planning/observing supramolecular systems. 

 Hydrophobic effects 

The adage ‘similia similibus solvuntur’ comes from the empirical observation that polar 

and non-polar substances are only soluble between themselves. However, in section I.., 

we see that water can interact with non-polar molecules mainly through dispersive in-

teractions. Their interaction is thermodynamically favourable, so why does it appear that 

those substances actively repel? This emergent behaviour is often called hydrophobic 

‘force’ or hydrophobic ‘interaction’. Even though it might be convenient to refer to hy-

drophobic effects in those terms when talking about the bulk effect, it perpetuates the 

misconception about their origin. 

A factor contributing to the hydrophobic 'interaction’ is simply the greater polarizability 

of hydrocarbon moieties versus that of water. This makes the enthalpic balance of Van 

der Waals interactions favour interactions between hydrocarbons themselves more than 

between hydrocarbons and water. But one has to have in mind that the interactions in 

between water molecules are not much stronger, with all of these being on the order of 

 kJ/mol. Hence, solvation can be enthalpically favoured. So, if most hydrophobic mol-

ecules do not have water ‘phobia’, why is there a ‘hydrophobic force’? 

The classical hydrophobic effect case is that of a convex molecule that interacts poorly 

with water, surrounded by HO molecules (Figure I.), causing a disruption in the net-

work of H-bonds. This discontinuity serves, effectively as a boundary layer not too 

dissimilar from that at the surface of water in a glass. The anisotropy of forces acting on 

the molecules restricts their movement; Locally, it forces the solvent into a state with less 

degrees of freedom. Therefore, aggregation of hydrophobic species is entropy driven 

since ordered water is “released” into the bulk.– Beware that, although this behaviour 
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might be clathrate-like, no rigid cage forms, there is evidence that the key factor in en-

tropy reduction is the reduction in mobility, H-bond over-coordination and defects., 

On the other hand, when the hydrophobic surface is highly concave or fully encapsulates 

water molecules, there is a non-classical hydrophobic effect. Water molecules, whilst in 

the cavity, have great freedom of rotation and dangling H-bonds. When association of a 

hydrophobic moiety to the cavity occurs, the displaced water molecules meet with the 

bulk water and can bond to other ones. Therefore, in this case, the change in free energy 

upon aggregation is enthalpy driven due to the new H-bonds. 

 

Figure I.—Left: an illustration of the classical hydrophobic solvation; a convex surface is 
surrounded by water molecules reducing their mobility. Right: an illustration of a non-clas-
sical case of hydrophobic solvation; surrounding water molecules, a concave surface 
increases their mobility but prevents them forming as many HB as they would in the bulk. 

 

Figure I.—X-ray crystal structure of a Cu(I) grid whose self-assembly is drive by hydropho-
bic effects. In all solvents tried, this structure is not obtained except in water. Adapted from 
—Copyright ©  WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The phenomena of hydrophobic solvation or any solvophobic effects remind us of one 

concept particularly relevant in supramolecular chemistry: the structure of the solvent. 

Harnessing the power of solvophobic effects allows the assembly of unexpected architec-

tures such as the one in Figure I., designing better reaction conditions, and is essential 

to the stability of macromolecules such as proteins. 
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 Molecular organization 

Control of the relative position of molecules is key throughout Chemistry. Still, in Syn-

thesis, one does not worry much about that in an equilibrium state. Most reactions are 

controlled kinetically, and it is the transient orientation of molecules at their encounter 

that matters. Controlling and understanding the entropy changes upon binding of mol-

ecules in receptors allows for more intelligent non-covalent (supramolecular) and even 

covalent synthesis.  

Whenever a chemical reaction or a binding event depends on multiple components float-

ing around in the reaction medium, an encounter in the proper fashion to react is always 

left to chance; the more components needed, the less likely their encounter. From a mac-

roscopic point of view, there must be an ordering of the reagents to increase the efficacy 

of the encounter: there is a reduced in the number of favourable microstates. 

Pre-organization of reagents is a strategy that orders the reactant moieties in space to 

make their reaction more likely. At a molecular level, pre-organization is done by restrict-

ing mobility in some way to reduce the number of possible microstates prior to reaction. 

This effectively makes the entropic balance of a multicomponent reaction less negative. 

Decreasing solvation of reagents is also a key factor. 

 
Figure I.—Illustration of a two-site receptor sequentially binding a bivalent ligand with a 
flexible bridge. 

To better understand the effect that preorganization has in multicomponent events, 

more specifically host-guest chemistry, the simplest system one can interpret is that il-

lustrated in Figure I.: a rigid receptor with two binding sites binding a ligand with two 

complimentary guest moieties linked by a flexible bridge.  
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With this picture in mind, it easy to see that a first binding event ‘pre-organizes’ the un-

bound ligation site lowering the entropic cost of the second binding event. It is as if the 

ligand had a higher effective concentration. Considering each binding event separately 

(a and b) we can think of two independent equilibrium constants, Ka’ and Kb’ , with a 

global association constant Kab. The effective molarity (EM) is a factor serving as some 

measure of the binding cooperativity as is defined in equation I..  

𝐾𝐾𝑎𝑎𝑎𝑎 = 𝑬𝑬𝑬𝑬 × 𝐾𝐾𝑎𝑎′ × 𝐾𝐾𝑎𝑎′ (I.) 

EM can also be defined in kinetic terms as the ratio between intramolecular and inter-

molecular reaction constants. It is also evident that (having the ideal geometry) the more 

rigid the bridge, the more the second ligation site is forced into the binding site even if 

there is not a strong affinity—the entropic penalty is very low. Consequently, the second 

event is promoted to a higher degree—it is said that the complex self-assembles. In this 

case, there’s very little of any intermediate with only one site bound. As a result, these 

systems show a sigmoidal binding curve (fully bound complex vs ligand concentration) 

upon titration, going from mostly totally unbound to fully bound faster than a non-co-

operative system. 

The specific case presented in Figure I. is an example of intramolecular cooperativity, 

also called chelate effect (more often in metal complexes) or configurational coopera-

tivity. It is the type of cooperativity that drives folding of proteins into complex D 

structures., 

Other effects are also variations on the theme of pre-organization and mobility re-

striction, namely the macrocyclic effect and the cryptate* effect. These effects produce 

a higher stabilization of a complex with a macrocycle as a ligand, when compared to that 

of noncyclic (open) analogues (Figure I.)., Yet, stabilization effects can be difficult to 

quantify as a good standard is difficult to find; observations might be overwhelmed by 

other effects (e.g. different bulkiness, solvation, polarity) which are difficult to account 

for.– 

                                                      

* Cryptands are polydentate polycyclic ligands that coordinate a multitude of cations and surround them 
inhibiting their unbinding, in some cases, mechanically. 
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Figure I.—Series of different amine Pb(II) complexes and their estimated formation con-
stants showing their increasing stability as intramolecular cooperativity increases. It is not 
possible to compare this sequence with a bicyclic cryptand complex since the structures 
differ too much. 

Figure I.—Scheme of the catalytic triad 
in the active site of acetylcholine esterase. 
The Ser residue acts as nucleophile, His res-
idue as a base, and a Glu residue as acid. HB 
aid in proton transfer which eases the nu-
cleophilic attack of Ser. 

Supramolecular catalysis uses pre-organization to drive reactions faster or increase se-

lectivity. Enzymes are a blatant example of supramolecular catalysts; one ubiquitous 

motif in hydrolases is illustrated in Figure I.. 

Template directed synthesis can be regarded as a special use of pre-organization in su-

pramolecular synthesis (Figure I. shows two examples). If the reactions conditions 

allow annealing*, a thermodynamic template can help achieve synthesis species other-

wise unstable. Kinetic templates, on the other hand, act by stabilizing intermediate 

species in a reaction.   

There are also examples of “negative templating”, which inhibit the formation of a spe-

cific product. The effect is usually attained through the stabilization of an inactive species 

or one that leads do different products. 

 

                                                      

* Annealing is the setup of a systems conditions so that a globally minimum energy state is reached; much 
like the slow cooling of glass upon solidifying to even out any mechanical strain. 
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Figure I.—Reactions with template examples. a) Synthesis of a superphthalocyanin with 
uranyl ion as thermodynamic template. b) Formation of -crown- with strontium ion 
as kinetic template. 

 Promiscuous bonds 

The concepts introduced in previous sections focus mainly in fleeting non-covalent in-

teractions. These provide supramolecular assemblies with physical dynamics. But, there 

is interest in making rigid enduring molecular subcomponents in situ. However, supra-

molecular chemistry demands versatility in bond formation. So, to not perturb the rest 

of the structure and enable thermodynamic control, in situ assemblies need mild enough 

conditions for bond formation and reversibility, providing chemical dynamics. Because 

of this, coordination to metals and dynamic covalent bonds are a very important tool in 

supramolecular architectures to build dynamic blocks for supramolecular assemblies. 

Together, chemical and physical dynamics provide a molecule with constitutional dy-

namics and allow a system to anneal. 

 Metal centres 

The defined coordination geometry, dynamicity and simple fabrication of metal centres 

make them valuable for Constitutional Dynamic Chemistry (CDC). Metal centres have 

two convenient properties: they present a large range both in terms of lability and of local 

symmetries.  

Any polytope is totally defined by the number of vertices and their connection geometry 

and by the number of edges and their lengths. In chemical structures these are translated 

into parameters such as: coordination numbers, coordination vectors and planes, ver-

tex distance, twist angles, and approach angles (see Figure I.). Through these, directed 
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changes can be done to metal-organic networks, but control is limited; dynamic systems 

can become very complex with different networks forming in the same conditions as lig-

and’s conformational space comes into play. 

Figure I.—On the left: the arrows show the co-
ordination vectors inside the coordination planes 
and the axes of symmetry on an ML complex. 
On the right: example of such a structure—three 
catecholate ditopic ligands coordinated to two 
Fe(II) metal centres. Reproduced from  with 
permission of The Royal Society of Chemistry. 

 

 
Figure I.—Scheme of the self-assembly of circular helicates. The pentanuclear helicate 
forms if Cl- is present, otherwise the hexanuclear helicate forms. The Cl- ion templates its 
formation. Bigger ions (such as sulfate) will not select this—they will not fit inside the cavity 
and not stabilize the pentanuclear complex. In the presence of bromide (intermediate ra-
dius) both species are observed. In part from reference  with permission of The Royal 
Society of Chemistry. 
 
Figure I. illustrates an example of the added complexity brought about by the use of 

coordination centres in assemblies from the work of Hasenknopf et al. The ligand is 

hexadentate, but tritopic, with the coordination vectors preferring an approximate anti-

parallel position between them. Due to the lability of the coordination and the slight 
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flexibility of the ligand, a virtual combinatorial library of the different possible oligo-

mers is obtained. It is ‘virtual’ since only some of the constituents are expressed 

depending on conditions—a selection is said to occur upon self-assembly.  

Changing the metal ion can effectively change the vertex distance of an assembly. This 

has an impact in pore and cavity sizes, affecting host guest chemistry and stability. 

Nitschke and co-workers compared the host-guest chemistry of an [ML]- tetrahedral 

cage with different metals: Fe(II), Ni(II) and Co(II). The cages had significantly different 

host guest chemistry. For example, the Fe(II) based cage could not encapsulate cyclohep-

tane contrary to both the Co(II) and Ni(II). 

Lability is another controllable parameter relevant mainly to the kinetics of an assem-

bly’s reactions. The more labile a complex is, the faster ligand exchange will be. Aqua 

metal complexes from different elements shows water exchange rate constants spanning 

 orders of magnitude. On this matter, some trends are worth pointing out: higher 

charges, smaller ionic radii and greater ionic bond character (generally higher in the pe-

riodic table) contribute to more labile complexes. Even so, one should be wary of 

exceptions, of which as Jahn-Teller complexes (more labile than expected) are just one 

example. 

These lability trends have consequences in the use of different metals in complexes and 

it is easiest to see them in biologic systems: alkali metals and calcium are so labile they’re 

used mostly for recognition/signalling; less labile, magnesium has some structural and 

fast catalytic function; metals with moderate lability and with capacity for electron trans-

fer (e.g. Fe, Co, Ni) are useful for catalytic  purposes (redox mainly); metals such as Pd, Rh 

and Pt, in addition to their scarce bioavailability are too inert to find catalytic use under 

biocompatible conditions. Nonetheless, platinum group metals are very useful in form-

ing stable assemblies where kinetic inertness is an advantage. 

Due to the diverse coordination geometry, metal centres impart rich stereochemistry to 

assemblies. Even considering only facial isomers there is already the possibility of two 

stereoisomers: Δ and Λ. Figure I. illustrates how a simple ML system with only two 

types of subcomponents can generate a dynamic combinatorial library. 
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Figure I.—Fac ML complexes and their Δ and Λ isomers. The five possible isomers of 
tetrahedral cages with fac corners (and their overall symmetry point groups). Note that the 
first and last, as the second and fourth form enantiomeric pairs.  

Metal centres, due to their rich electrochemistry, can also contribute to interesting elec-

tronic properties of coordination networks (e.g. guest dependent redox activity and 

magnetism). 

 Dynamic covalent linkages 

Throughout supramolecular developments we see the importance of bond reversibility. 

What if one wants to covalently link various subcomponents in situ without resorting to 

metal centres? What if one wants to be able to activate the bonds reversibility at will? 

Dynamic covalent linkages (DCL) help solve these issues. 

There are several reactions that form covalent bonds and are reversible in the right con-

ditions. Figure I. shows some examples of reactions forming DCLs. Note that, where 

exchange reactions are shown, the respective synthesis reactions are just as useful. Ex-

change reactions just add to the complexity of system where exchange can occur with 

already assembled entities. The most useful reactions are asymmetrical, that is: the moi-

eties from which the linkage originate are not the same. Asymmetrical reactions 

originate less complex product libraries since exchange can only occur in one way. Be-

cause of that, symmetrical reactions like disulphide exchange demand a bit more control 

to be useful (e.g. use of symmetrical reagents.)  

The relatively mild conditions for most DCLs allow for control of the kinetic activity of 

the products. Without destroying the system, the reaction can be regulated by a signal 

which generates a response, thus being useful for chemical transduction. Vesicles respon-

sive to pH are an example. Dynamic covalent reactions can also be orthogonal (i.e. 

chemically independent), enabling them to be used simultaneously in the same system. 
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For example, boronate ester exchange can happen in the same conditions as disulphide 

exchange allowing quite complex libraries to be built with multifunctional subcompo-

nents. 

A remarkable example of orthogonality of DCLs is that reported by Bonifazi et al that 

makes use of disulphide, boronate, and acyl hydrazone formation to link dyes onto a pep-

tide scaffold with programmable spatial positioning. 

 

Figure I.—Some examples of reactions useful in dynamic covalent chemistry.  

Olefin metathesis is a quite outstanding case of formation of a DCL. The C-C bonds 

involved are among the least sensitive is this family of reactions, making the reactants 

kinetically inert in the absence of a metathesis catalyst such as Grubbs catalyst. This re-

sults in very stable assemblies (e.g. polymers) once the catalyst is inactivated. Alkyne 

metathesis is a similar reaction providing more rigid bonds. 

One of the most used reactions for the formation of DCLs is imine synthesis. Its use is 

particularly prominent when dealing with metal-organic assemblies as the imine moiety 

coordinates easily to most metal centres—bringing together dative and covalent dynam-

ics. Figure I. shows the mechanism of imine synthesis from condensation of an 

aldehyde and an amine. Note that the reaction can be catalysed by acids including metals 

that coordinate to the aldehyde.  
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Imine exchange (transimination) and imine metathesis are also used. All these reactions 

are reversible; some kind of driving force is needed to shift the equilibrium (e.g. dative 

bond formation, different amine acidity, cooperativity). This is especially relevant in 

aqueous solution where, given a : mixture of aldehyde and amine, imines are often the 

minor species., Yet, stable imine-based architectures can form in water (see example 

in section I..).  

Another noteworthy characteristic of imine based dynamic assemblies is that they can 

be turned kinetically inert or “fixed” by reduction to amines. Due to change in bonding 

nature, the scaffold turns more flexible and can be more soluble. Similarly to imines, 

hydrazones and oxymes also find their role as DCL and tend to be more stable due to 

increased conjugation.,, 

 
Figure I.—Simplified mechanism of imine formation in water from an aldehyde and 
amine, reaction schemes of an imine exchange and metathesis. 

 Bonds, mechanical bonds 

Chemists always ambitioned for more complex molecules both geometrically and topo-

logically. Mechanically interlocked molecules were especially interesting due to the 

purely physical nature of their interaction.  Nevertheless, the mechanical bond was the 

latest major “type of bond” to become a tool in chemist’s toolbox. The difficult in synthe-

sis of architectures with complex topology is due to the required restriction of 

movement. It was not until specific strategies were developed to overcome this entropic 

barrier that research in molecular topology became common.   
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In the s, Frisch and Wasserman performed synthesis of interlocked molecules,  but 

the reactions were statistical and the yields very low. Breakthroughs in the field were 

made by Jean-Pierre Sauvage and Fraser Stoddart. Sauvage used metal ions as templates to 

make catenane (a method illustrated in Figure I.). In  the same research group 

reported the synthesis of a []rotaxane using the same core complex. 

 
Figure I.—Illustration of the cuprocatenand synthesis developed by Sauvage’s group in 
. A complex of a phenanthroline Cu(I) complex that is then closed by Williamson ether 
synthesis. After demetallation a []catenane is produced. 

In using metal ions as templates (see example in Figure I.), Sauvage observed that the 

dissociation of the complexes was much slower in the catenanes that in open analogues. 

This catenand effect is attributed to the lower conformational space of the molecule 

when mechanically restrained., This relates to the concept of confinement in supra-

molecular chemistry (see section I. for examples of its application). 

Stoddart and co-workers designed several syntheses of rotaxanes* using non-covalent 

templates. With careful engineering of interactions between axle and rings, they 

achieved good yields often with simple and mild conditions. 

During the s and s, the two scientists mentioned previously developed tech-

niques to improve yields and get new mechanically functional architectures. This 

development was rewarded, in , with the attribution of the Nobel Chemistry Prize 

to Sauvage, Stoddart and Bernard Feringa ‘for the design and synthesis of molecular ma-

chines’.– 

                                                      

* Rotaxanes are equivalent in confinement to catenanes in that they both consist of a molecule threaded 
through another molecule’s cavity. The difference being that the threaded part in rotaxanes in open and 
stoppered to prevent unthreading. 
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The stabilizing effect of confinement in rotaxanes lead to their use in protecting unstable 

chemical moieties without having to alter their chemical constitution. One remarkable 

example is the stabilization of the highly sensitive squaraine dyes (in the axle) when sur-

rounded by the rotaxane ring. This allows their use for cell imaging., 

The template approach to mechanical links is very powerful, having already permitted 

the synthesis of quite convoluted molecular linkages and knots; Borromean rings, tre-

foil knots and suitanes are some examples. 

 Thinking inside the box 

In this section I will present various reported host-guest systems that present interesting 

behaviour that would not be expected in more conventional ‘molecular chemistry’. Of-

ten, the unexpected strange properties of these host-guest systems are related to the 

concepts of confinement and compartmentalization. 

Confinement effects are observable whenever limitation of space around a molecule 

causes a change in behaviour from what would happen in a free environment. A simple 

effect that results from it is the non-classical hydrophobic effect discussed before (section 

I...a). The increased stability of the squaraine dyes in rotaxane is also a confinement 

effect; the tight space around the squaraine moiety protects it from nucleophilic attack, 

prevents dissociation (reducing photobleaching), increases rigidity and reduces quench-

ing by water, improving quantum yields. Enzyme catalysis also uses confinement to pre-

order the substrates and drive reactions. 

Compartmentalization is the most natural strategy to make incompatible systems work 

together. Essentially, a Chemist does this every time they do a multi-pot reaction. It is 

often simpler to separate incompatible reaction steps than adapt the reagents to make 

them compatible (and this is not always possible). 

In nature, compartments separate every system that operates in different conditions; 

compartment walls maintain the necessary gradients. Indeed, compartmentalization is 

necessary for the very definition of a living being’s body. 
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It was only recently that Chemists started to harness the power of compartmentalization. 

Early uses of this strategy were based on organic/aqueous systems and were very passive 

like micro-emulsions for polymerization. With the progress of supramolecular synthe-

sis, structures that allowed compartmentalization at a molecular level started to be 

developed: partially or fully enclosed capsules, dynamic capsules, programmable open-

ings. This control over separation of chemicals in situ permits orthogonality between 

reactions as well as signalling and regulation. 

 Boxing rings 

In , Mal et al reported the synthesis of the salt of a tetrahedral cage “by aqueous 

subcomponent self-assembly” with the motif ML; Figure I. shows a scheme of it.  

Observe that a base (tetramethylammonium hydroxide) is needed to deprotonate the 

ammonium termini. Only then can the free amino groups react with the -pyridinecar-

boxaldehyde templated by the Fe+ ions. Cage  forms with a - charge due to the 

sulfonate substituents in the ligand’s bridge, this allows it to be soluble in water. The 

authors managed to obtain single crystals of the structure by precipitating the compound 

from an aqueous solution through acetone vapour diffusion. The XRD characterization 

of the structure revealed the MeN+ acting as counterion to the cage and one acetone 

molecule inside the cage’s void (with partial occupancy). 

 
Figure I.—Scheme of the synthesis reported by Mal et al with the structure of the final 
tetrahedral structure  (only one ligand is explicitly shown for clarity). Reproduced from 
reference —Copyright ©  WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Since no chiral information is communicated to the system, the cages form a racemate 

with all the metal centres in either ∆ or Λ configuration. Owing to the tetrahedral sym-

metry of cage , the NMR spectra are very simple, with only one set of signals. This makes 

NMR very easy to interpret and ideal to study inclusion of compounds inside the cage. 

The relative rigidity and bulkiness of the ligands prevents the sulfonate groups from 

turning into the cage’s cavity. Hence, the cavity is mainly hydrophobic without much 

flexibility to adapt to guest molecules. This is proposed to be the cause as to why only 

neutral, relatively hydrophobic molecules were found to form host-guest complexes with 

the cage; Even though the cage is polyanionic, no cations were ever found to bind in the 

cavity. Indeed, the rigidity of the pores is such that kinetic discrimination between cy-

clopentane and cyclohexane (CHX) was demonstrated in solution. In the solid state 

cyclopentane did not remain inside the cage, contrary to CHX. 

DCL are what brings together the subcomponents of . The dynamic character of the 

structure means that the equilibrium of the system is affected by manipulating the sta-

bility of the subcomponents. In the work of Mal et al, the controlled release of a CHX was 

demonstrated with both reverse and irreversible signals (see Figure I.). 

 
Figure I.—Scheme showing two kinds of signal used to induce guest release. To the left: 
addition of a chelating amine irreversibly substitutes the linking bridge forming smaller ‘cor-
ner’ complexes. To the right: addition of acid reversibly inhibits imine formation by 
protonation of the amine. Adapted from reference —Copyright ©  WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
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 White phosphorus in a violet cage 

Later work, by Smulders et al, focused on an extensive study of host-guest thermody-

namics of (MeN) (by H NMR). This analysed correlation of guest properties with their 

binding strength; found a negative correlation with dipole moment and a positive corre-

lation with logP, the size of a molecule (below a maximum) didn’t seem to govern binding 

strength. They also found a great influence of molecular shape in intake kinetics, with 

rigid and flat molecules being the quickest to enter the cavity (e.g. acetone is faster than 

chloroform although it binds weaklier). 

In , Mal et al reported the notable discover that  binds one molecule of P (white 

phosphorous) in its cavity. Various aspects to this report are noteworthy: the stability 

of a highly reactive reducing P molecule inside the cage (even in contact with oxygen), 

the discovery of a way to solubilize P in water and of releasing it from the cage in a 

controlled fashion. 

The stability of P inside  arises through confinement and not compartmentalization 

since oxygen can pass through the cage’s pores. The stabilization is said to be constric-

tive, that is: reaction of the guest would involve bigger intermediates that would force 

deformation of the cage. Hence, kinetic inhibition is the cause for the great stability (over 

 months) of the P⊂ complex against oxidation. The dynamics of the cage, once again, 

proves valuable: the P molecule can be displaced by competitive binding with benzene 

without destroying any part of the system. 

 

Figure I.—Experiment reported by Mal et al showing that simple extraction of P is not 
sufficient to remove it from inside the cage; A displacing/competitive guest (such as ben-
zene) is needed. From —Reprinted with permission from AAAS. 
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 Closing doors 

Figure I.—XRD structure of Gdm viewed 
along one of the pseudo C axes of symmetry. 
In blue and yellow are two Gdm+ ions. 
Adapted from —Copyright ©  WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. 

In  the structure of cage  was the sub-

ject of a report by Zarra et al stating the 

preparation of a guanidinium (Gdm+) salt of 

. Its synthesis is attained, very simply, by the 

replacement of the base used previously with 

guanidinium carbonate. 

The single crystal XRD structure of Gdm revealed that the Gdm+ ions could bind to the 

faces of the capsule through HB to the sulfonate groups. Although, in the solid state, the 

cations were not observed to cap all the faces, the dynamics of the structure in solution 

allows for this to happen very fast. This was observed by the fast exchange of signals on 

the NMR timescale maintaining the number of individual signals. The binding constant 

was measured at ( ± ) M- by titration (assuming no cooperativity between binding 

events on each face, which was proven reasonable). 

The binding of the Gdm+ ions to the faces was observed to affect guest intake kinetics. 

This is expected as the bound ions cover the pores on the faces of the cage; thermody-

namic analysis of host-guest intake showed the most likely intake mechanism to be 

‘through pore’. Therefore, Gdm+ ions can act as a ‘labile gate’ for guest exchange. Addi-

tionally, Gdm+ seems to improve the stability of the cage against oxidation in air when 

heated. 

 Complex kinetics 

In this section, the discussion will focus on reports of host-guest systems that exhibit 

complex behaviour over time while interacting with kinetically controlled ‘classic’ reac-

tions.  
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The behaviour of such systems is summarized by the notion of self-organization. These 

systems are, fundamentally, a closer imitation of the kinetic complexity and intercon-

nectivity in biological systems. This is also because of their dissipative nature: the 

behaviour only emerges as long as energy is dissipated. Any non-equilibrium phenomena 

(e.g. auto-catalysis, oscillating reactions, weather patterns) are dissipative systems said to 

exhibit dynamic self-organization. 

What makes biological systems stand out in from other dissipative systems is their ex-

ceptionally complex signalling networks, namely their high dimensionality; the same 

component can perform a variety of functions while maintaining some independence 

with other components. Using the terms of a pioneer in networked systems, Jean-Marie 

Lehn: simulating this complex adaptive chemistry, is the foundation for programmable, 

functional, Informed Matter. The latter concept he coined to refer to molecular 

systems that do more than just statistically bump into each other and can perform 

functions with their emergent behaviour. 

 Ford’s molecular dream 

More than a century after Henry Ford’s plan for an assembly line, Salles et al published 

a report of a “chemical assembly line” represented schematically in Figure I.. The re-

ported ‘assembly line’ consists of three ‘stations’ (catalytic cycles) transforming reagents 

and producing compounds to be used in the next cycle. The overall reaction uses furan 

to produce -hydroxy--(nitromethyl)dihydrofuran-(H)-one.  

Firstly, methylene blue is activated by UV light, produces singlet oxygen and oxidizes fu-

ran resulting in an endoperoxide. The second catalytic cycle is composed of (MeN) 

which seems to accelerate the decomposition of the endoperoxide to produce fumaral-

dehydic acid. The cage also increases the selectivity towards this product as the 

endoperoxide is unstable and is readily hydrolysed and oxidized to other side products. 

Finally, the fumaraldehydic acid is alkylated in a third organocatalytic cycle. In this cycle, 

proline catalyses the addition of nitromethane and the resulting compound cyclizes giv-

ing the final product. 
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Figure I.—Scheme of the system reported by Salles et al. Showing the three catalytic 
cycles involved. Adapted with permission from —Copyright  American Chemical 
Society. 

The authors tested the reaction in various conditions, selectively removing necessary 

subcomponents. The mechanism is still very unclear, but none of the subcomponents 

catalysed the endoperoxide decomposition as effectively as cage  itself. 

In brief, a system was designed in which different catalytic cycles coexisted in solution 

with one of those being a dynamic supramolecular assembly whose persistence was es-

sential to the process. 

 Delayed guest 

Smulders and Nitschke, in , published a paper about the use of a host-guest system to 

regulate a reaction’s kinetics. Their system used cage  as a ‘whole molecule protecting 

group’, with furan binding in its cavity (K = (.±.) × M-). 

Furan reacts with maleimide through a Diels-Alder reaction but only if it is in solution. 

The cavity of  is too small for the reaction to take place inside. The reactants are com-

partmentalized: separated (to some degree) until a perturbation is introduced. The 

authors used this property as a means to regulate the reaction kinetics by regulating the 

binding of furan. Benzene can outcompete furan for binding in  (K = .±.× M-) if 

a great excess is added. So, this was a possible signal to accelerate the reaction easily iden-

tifiable by H NMR. 

According to the report, with the addition of benzene, the reaction rate could be accel-

erated by as much as  times. The authors did the experiment at °C to maximize the 

effect by slowing the spontaneous release of furan. 
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The reaction could also be “signalled” to accelerate at a later point in time with the rate 

improving by the same factor. In this system, % of the furan was bound, in a system 

where this can be improved to close to %, the signal (competing guest) would, effec-

tively, be an on-off switch for the reaction. 

 

Figure I.—Scheme of the system demonstrated by Smulders and Nitschke. Reproduced 
from reference  with permission of The Royal Society of Chemistry. 

 The wonderful oxide of Os 

Osmium tetroxide (OsO) is a clear, crystalline, volatile solid slightly soluble in water and 

highly soluble in non-polar solvents. The molecule is tetrahedral with the central Os 

atom in the form of Os(VIII). The bonding nature is largely covalent and intermolecular 

interactions are relatively weak in the solid. It is used regularly in the staining of bio-

logical samples for microscopy., 

Osmium has interesting speciation equilibria in aqueous solution. Both VI and VIII oxi-

dation states form various hydroxoosmates; formally salts of osmic acids. However, the 

composition of these solutions has not been comprehensively studied outside strongly 

alkaline conditions. Although some species of OsO can be studied directly by UV-Vis 

spectrophotometry and NMR (only with organic ligands) they have been mostly observed 

indirectly through partition, reactivity studies or by using chromogenic reagents.– 

In Organic Chemistry, OsO is mainly used as an oxidising agent. Due to its cost, this is 

often in catalytic amounts with a terminal oxidizer to close the catalytic cycle. The typical 
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reaction for which this is done is the dihydroxylation of alkenes. The most used terminal 

oxidizers are HO and amine oxides (when the reactants are sensitive to the former)., 

Alkaline conditions are known accelerate the reactions due to the formation of the more 

reactive [OsO(OH)]-, this is only a major species in strongly alkaline solutions. 
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Figure I.—General scheme of the first (red) and second (blue) catalytic cycles of OsO in 
the dihydroxylation of alkenes without additional ligands present. Adapted from —
Copyright ©  WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Although there is still some debate as to the precise mechanism of the OsO cycloaddi-

tion the overall catalytic cycle is well established., As can be seen from Figure I., 

there are two possible catalytic cycles performed by OsO in the simplest conditions: 

neutral aqueous solution without additional promoters. In the first and shortest cycle 

there is a simple alternation between cycloaddition of alkene and elimination of glycol. 

In the first cycle, further hydration and deprotonation of OsO may happen but to a small 

extent. In the second cycle the active catalyst is the osmium glycolate. This second cycle 

is responsible for lower enantiomeric selectivity in asymmetric dihydroxylation. During 

this second cycle, speciation of Os is also more complex. One must be aware that, in 

alkaline conditions, any of the HO molecules involved may be replaced by a OH- to form 

the corresponding osmate oxoanions. Moreover, the progress through the second cycle 

might be halted by ‘locking’ the Os in the bisglycolate form. This happens in strongly 

alkaline solutions (pH>) where the diglycol adduct can deprotonate forming a dianion 

inert towards hydroxylation., 



Chapter I 

30 

In previous works, it has been observed that the turnover-limiting step tends to be the 

either the monoglycolate (or bisglycolate) hydrolysis or the reoxidation step. Notwith-

standing, in some conditions, specially without a great reoxidant excess, the reoxidation 

of Os(VI) can be the rate-limiting step or even the cycloaddition step. Furthermore, since 

the first cycle has a much slower turnover than the second, an auto-acceleration effect 

can be expected in the right conditions (as glycolate would promote the second cy-

cle)., 

Finally, an additional barrier for the efficient turnover of OsO is the disproportionation 

of Os(VI) species which is prevented when in anionic form (possibly due to repulsion). 

 NMR and Supramolecular systems  

Even though MS and microscopy techniques are improving and becoming more power-

ful, NMR is still the most versatile technique. It is often the easiest to use also; NMR 

spectra are easy to interpret, and the signals do not need intricate calibration techniques 

to be made meaningful. 

NMR is quite powerful to study dynamics but is limited by the timescale of the experi-

ments and relaxation/exchange dynamics. Although, in some specific cases this aspect 

might give additional sensitivity. The advantage of NMR in field of Supramolecular Dy-

namics is the rainbow of possible techniques that most of the time allows one to find 

tailored experiments for the systems under study. 

  NMR and Chemical Exchange 

Chemical exchange is any process by which a moiety switches between more than one 

chemical environment changing its properties under observation. From the perspective 

of an NMR technique, the entity being observed is a particular nuclide (or set of nuclides) 

that can exchange between different sites where it will be under different magnetic fields. 

The technique may or may not be sensitive to this as the timescale of interaction varies; 

Figure I. shows the average lifetimes of states during certain molecular events. Note 

that chemical exchange can happen at any of the NMR experiment timescales, so exper-

iment selection must be done carefully. 
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Figure I.—Typical timescales of NMR experiments along with a rough notion of the av-
erage timescales of molecular events. The arrow indicates increasing order of magnitude in 
time. Adapted from —Copyright ©  Woodhead Publishing Limited. 

 
Figure I.—Illustrative examples of NMR signal line-shapes for an uncoupled two-site sys-
tem at various exchange regimes. Approximate equations estimate the exchange rate 
constant (k) are show along with application conditions for each case. f: molar fraction. 
ref: reference peak without exchange 

The relation of a state’s average lifetime to the measurement time has substantial effects 

on the features of the NMR spectrum. Figure I. illustrates these changes. If the site 

exchange rate is significantly lower than the frequency difference between signals of each 
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site, the spectrum will show to non-overlapping signals and the system is in a slow ex-

change regime; each signal will be broadened in frequency in approximately direct 

proportion to the exchange rate. If the site exchange rate is much faster than the fre-

quency difference between signals of each site, then the spectrum will show just one peak 

and the system is in fast exchange; In this limit, the signal broadening will be inversely 

proportional to the exchange rate. The chemical shift of this signal is the average of 

chemical shifts of the originating signals (without exchange) weighed by the molar frac-

tion of the components.  

In between these regimes there is that of intermediate exchange and, most importantly, 

the coalescence point: the rate at which the two signals coalesce into one.,, Beware 

the conditions shown here for the evaluation of the exchange regimes are simplified. 

Non-Lorentzian line-shapes may be present and compromise quantification. 

Analysis of signal broadening can give some estimate of exchange rates. These estima-

tions are, nonetheless, prone to positive bias and are very sensitive to out of ideal 

conditions (e.g. asymmetric populations and signal distortion). The most reliable way of 

quickly estimating the exchange rate from a D NMR spectrum is at the coalescence 

point. Variable temperature NMR may help attain this. 

For a more precise and accurate estimation of rate constants from signal line-shapes, 

Complete Line-shape Analysis (COLSA) is the best tool. The fundamental improvement 

in COLSA is the lack of assumptions as to the state of a system. This makes the technique 

quite powerful and versatile. COLSA involves modelling the signals’ line-shape using the 

Modified Bloch Equations. These expand the model of spin relaxation in a magnetic field 

to include chemical exchange. Fitting of the models to the obtained line-shapes is quite 

straightforward with today’s computing power and user-friendly software, making this a 

fast way to obtain very good estimates of exchange rates. Nevertheless, COLSA demands 

high quality data with very good reference points which might be hard to obtain in noisy 

supramolecular systems. 

Since simple D NMR experiments can only detect the exchange effects on the line-

shape, advanced dynamic NMR techniques must sometimes be used even if often being 
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more time consuming. The key aspect those is the use of polarization transfer to measure 

rate of exchange of nuclides between sites. 

The most relevant D NMR experiment to measure chemical exchange is Exchange Spec-

troscopy (EXSY). EXSY is essentially a special purpose NOESY experiment with a variable 

mixing time to allow for cross-polarization to evolve. The exchange rate constant is esti-

mated from the volume of cross-peaks against that of the diagonal peaks thus accounting 

for relaxation. For all its versatility, EXSY as some limitations as to its sensitivity; the 

mixing time must be chosen well, too high and relaxation prevents observations of any 

signal, to low and not enough exchange is observed. In general, EXSY (as other polariza-

tion exchange experiments) work in the gap between relaxation and spectral timescales 

but can have difficulties in the higher end of the range. Ideally, the exchange rate is sim-

ilar to or greater than the spin-lattice relaxation time but lower than the nuclide 

frequency difference between sites. 

Selective EXSY (SEXSY) can also be used in conjunction with COLSA. D SEXSY essen-

tially selects for a given exchange rate measuring de amount of polarization transfer at a 

given rate. The implementation of SEXSY-COLSA is more complicated with more pa-

rameters in the pulse train to optimise and thorough analysis, but can give very accurate 

measurements of several binding thermodynamic parameters simultaneously. 

 Titrations and binding 

The most straightforward way to determine binding constants in solution is by titration. 

With the titration data, the most accurate way to determine the binding constant is to 

perform a regression to fit a titration isotherm model to the data points. This has the 

great advantage of automatically estimating the errors in the results. With the computing 

power available to most scientists nowadays, linearized models are to be avoided as this 

distorts the data. The best route is using non-linear regressions for fitting. 

The best isotherm model to be used depends on the available data and assumptions that 

can be made on the system. For this, it helps to gather the maximum amount of infor-

mation about the system prior to titration. 
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In a one ligand one site binding system, the host (H) to guest (G) reaction stoichiometry 

is :. Thus their mass balances can be written as shown in the equations I. and I. , the 

binding constant (K) as in I. and occupied host molar fraction (or host’s degree of asso-

ciation) as in I.. 

[𝐻𝐻]0 = [𝐻𝐻] + [𝐻𝐻𝐻𝐻] (I.) [𝐻𝐻]0 = [𝐻𝐻] + [𝐻𝐻𝐻𝐻] (I.) 

𝐾𝐾 =
[𝐻𝐻𝐻𝐻]

[𝐻𝐻][𝐻𝐻] (I.) 𝑦𝑦𝐻𝐻𝐻𝐻 =
[𝐻𝐻𝐻𝐻]
[𝐻𝐻]0

 (I.) 

From I. and I. a general binding isotherm can be expressed through a hyperbolic curve 

as follows. 

𝑦𝑦𝐻𝐻𝐻𝐻 =
𝐾𝐾[𝐻𝐻]

1 + [𝐻𝐻]  ↔  
[𝐻𝐻𝐻𝐻]
[𝐻𝐻]0

=
𝐾𝐾[𝐻𝐻]

1 + [𝐻𝐻] (I.) 

The use of . as a model has a big caveat: it needs the equilibrium guest concentration 

to be known. This is often not possible and so a more specific binding isotherm model 

must be devised. This is done using the mass balances I. and I. to substitute [G] and 

[H] as independent variables in I. so that in the end the model depends only on total 

concentrations (easier to measure) and [HG]. The substitution results in the quadratic 

equation . which possesses only one meaningful root which rearranged results in the 

model expressed in .. 

[𝐻𝐻𝐻𝐻]2 − [𝐻𝐻𝐻𝐻] �[𝐻𝐻]0 + [𝐻𝐻]0 +
1
𝐾𝐾
�−[𝐻𝐻]0[𝐻𝐻]0 = 0 (I.) 

[𝐻𝐻𝐻𝐻] =
1
2
�[𝐻𝐻]0 + [𝐻𝐻]0 +

1
𝐾𝐾
� − ��[𝐻𝐻]0 + [𝐻𝐻]0 +

1
𝐾𝐾
�
2

− 4[𝐻𝐻]0[𝐻𝐻]0 
(I.) 

 

Equation . can be divided by [H] to result produce a model with yHG as dependent 

variable; this is often easier to measure and interpret and makes isotherms comparable 

across different systems. 
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 NMR Instrumentation and Methods 

NMR spectra were obtained using the following instruments:  MMHz Avance III 

HD Smart Probe (for routine H NMR); DCH  MMHz dual cryoprobe (for high-reso-

lution H and C NMR). Tuning and matching of NMR probes was done automatically 

as well as ° pulse calibration (for H experiments). All spectra were acquired at . K. 

Samples used DO as solvent with tert-butanol as internal standard; all spectra were ref-

erenced to its signals: H NMR δ reference at . ppm and C NMR δ reference at 

. ppm. 

In all equilibrium titration experiments using OsO, J. Young NMR tubes were used for 

safety reasons; enabling a good seal against leakage of OsO. In kinetics experiments, due 

to the necessity of quick addition of reagents to the tube and auto-sampler use, regular 

 mm tubes were used capped with rubber septa (tightly wrapped in parafilm). 

Whenever there was demand for quantitative results in integral analysis, T (longitudi-

nal) relaxation times were estimated. For this an inversion-recovery experiment was 

performed using the Bruker pulse program tird. 

All spectra were processed using Topspin or Mestrenova software. All spectra are pre-

sented with their baseline corrected automatically (by a polynomial function). D spectra 

were automatically phase corrected; D spectra were manually phase corrected. 

NMR signal multiplicity is reported using the following abbreviations: s, singlet; d, dou-

blet; t, triplet; qu, quartet; m, multiplet; br, broad. 

 Materials and equipment 

 Cleaning of glassware 

Good cleanliness of all reaction containers proved to be important to guarantee quality 

results. Care was taken to clean the glassware in a reliable manner. Any organic or inor-

ganic oxidizable residue in the tubes affects results by accelerating degradation of the 

OsO. Any ions contaminating the host-guest system and its counterions can interfere. 
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Keeping the inside of the NMR tubes as clean and hydrophilic as possible also helps with 

smooth insertion and agitation of aqueous solution. 

For cleaning, firstly, the glassware was immersed in freshly prepared aqua regia for at least 

 min followed by a thorough wash with deionised water. Secondly, a wash with meth-

anol. Finally, the glassware was dried in an oven (if not volumetric) and cooled under as 

stream of N. 

Materials containing metal were cleaned with a thorough wash with deionized water and 

then methanol.  

Micro-syringes and plungers that met solutions containing OsO were first washed with 

acetone to carry all residue more easily and only then washed with water, methanol and 

finally painstakingly dried with a flow of N.* 

 Degassing of solvents 

Whenever a degassed solvent or solution was needed, the freeze-pump-thaw method was 

used. With this method, evaporation and change of composition is kept to a minimum. 

To begin with, the solvent is placed in a sealed container connected to a Schlenk line 

which is flushed with N. Then, using a liquid N bath, the liquid is frozen.  After that the 

container is evacuated through the Schlenk line and left under vacuum for  min. Finally, 

the flask is resealed, and the liquid thawed. This freeze-pump-thaw cycle was carried out 

four times for each liquid to be degassed. 

 Reagents 

,'-Diaminobiphenyl-,'-disulfonic acid (DADA) was acquired from Alfa Aesar (with a 

maximum water content of %); elemental analysis measurements were consistent with 

a .% water content. Some unknown impurities in this reagent were found to persist 

in some cage samples, observable at . ppm and . ppm in some H NMR spectra. 

                                                      

* Do not play down the importance of cleaning and drying the syringes thoroughly, else you will be pre-
sented with black syringes from the osmium residue in the frosted bore. If this happens, a quick wash with 
dilute nitric acid is recommended, followed by the normal waste disposal and cleaning procedure. 



Chapter II 

38 

All other solvents and reagents were used as supplied. 

Deuterated water with tert-butanol internal standard was prepared in batches of  mL; 

the TBA was weighed in a sealed, tared vial, on an analytical balance and then quantita-

tively transferred to a . ml volumetric flask then filled with DO. 

 Handling of OsO 

Osmium tetroxide is a powerful oxidizer and quite reactive towards unsaturated organic 

matter with its hydrophobicity helping permeate lipid membranes. These properties 

make it quite useful for fixing biological samples and as microscopy stain., But it is 

those very qualities, in conjunction with its physical properties—with a vapour pressure 

higher than that of mercury,—that make it quite a hazardous material to work with. 

According to NIOSH, OsO has a Time Weighted Average Recommended Exposure 

Limit of . mg/m (as Os). For comparison, the most dangerous form of mercury—

alkyl mercury—has that same limit set at . mg/m (as Hg).
 

Several precautions were put in place with the risks of OsO handling in mind. For stor-

age of the solid OsO, two screw-cap vials were used, one inside the other, both capped, 

and sealed with paraffin film. These were put inside a lidded metal canister visibly la-

belled. 

As for disposal of any liquid waste containing osmium, solutions were treated with an 

excess of NaSO before disposal into the appropriate waste container. Regarding solid 

waste, every piece of material was washed with a saturated solution of NaSO before 

disposal. The same was done before washing any experiment paraphernalia that came 

into contact with OsO (except for microsyringes). 
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 Improving the synthesis of Gdm 

The synthesis of Gdm reported by Zarra et al calls for the use of Schlenk apparatus 

making the synthesis a bit cumbersome. In addition, the use of acetone in the work up 

of the reaction is also undesirable; it remains inside  in the solid-state interfering with 

further host-guest studies. 

Meanwhile, it was found that cage  possesses a remarkable stability against oxidation in 

the presence of Gdm+. With care taken, the synthesis can be performed in air without 

much loss of yield. Attention has to be paid so that all of the ligand’s subcomponents are 

dissolved and available to react as soon as the Fe(II) salt is added. The purple colour typ-

ical of Fe(II) complexes in a hexa-imine coordination environment instantly appears as 

the salt dissolves. Heating should begin only after homogenization to enable the anneal-

ing of the system while preventing oxidation of the Fe(II) by O. 

The issue about the presence of acetone was dealt with by decreasing the amount of wa-

ter used in the reaction and simplifying the workup. With less water, the cooling of the 

reaction mixture to room temperature proved enough to precipitate most of the Gdm. 

Then, filtration and drying can be used to isolate the solid product without any interfer-

ing guests. 

Notwithstanding the remarkable stability of Gdm even in the presence of strong oxi-

dants such as OsO, some of the latter seemed to decompose when mixed in a solution 

of cage (see section III..). Adding to this, the observation of a brown solid (probably 

mixed iron oxides) retained upon filtration of solutions of Gdm, lead to the conclusion 

that some purification could be needed. 

By deviations from the ideal stoichiometry there is the possibility of organic impurities. 

Minor contamination, from the DADA stock, was observed by NMR. (see II..) How-

ever, tests seemed to show this to be relatively inert towards OsO and that 

decomposition still occurred. 
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It was also hypothesized that decomposition of OsO could be caused by inorganic im-

purities (invisible in the NMR), namely excess Fe(II), which can also arise from 

stoichiometric imbalances. The reduction of OsO by Fe(II) is irreversible even in the 

presence of an oxidizer (such as TMAO) due to precipitation of mixed oxides. 

To try and eliminate these impurities, successful recrystallization of Gdm in water was 

achieved (by dissolution in a minimum of hot water and slow cooldown). Despite the 

elimination of most organic impurities, there was still decomposition: detected by the 

formation of a small amount of brown/grey precipitate in a NMR tube with Gdm and 

OsO in DO (observed in initial binding titration attempts) 

It has been shown that hexa-aqua metal complexes can act as counterions, aiding in the 

production of good quality crystals for XRD. More specifically,  can be crystallized as 

[Fe(HO)] when excess Fe(II) present. Figure III. shows the crystal structure of this 

compound. The report noted that the quality of such crystals was superior to those of 

(NMe). Considering this, a hypothesis was postulated: the recrystallization could be 

making matters worse by increasing the deficiency of the solid in Gdm+ cation and in-

creasing the amount of excess Fe(II). 

 

Figure III.—Structure of  and a [Fe(HO)]+ counterion (spheres) as they stand  in a crys-
tal of [Fe(HO)]—CCDC . Hydrogen atoms in the cation are disordered. 
Hydrogens and solvent omitted for clarity. 
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Having this in mind, an improved procedure was designed that proved efficient in con-

sistently producing Gdm pure enough for experiments to be done without 

unmanageable amounts of decomposition in the observed timescale. The new procedure 

uses an excess of GdmCO ( eq. per ). The excess is added in a second batch to prevent 

premature precipitation (before annealing) and occlusion of impurities. The yields also 

improve due to this excess and the smaller amount of water. 

 Procedure for synthesis of Gdm 

Figure III. illustrates the following process. ,'-Diaminobiphenyl-,'-disulfonic acid 

( mg, . mmol) and guanidinium carbonate ( mg, . mmol), were dissolved in 

water ( mL) in a  mL round bottom flask containing a magnetic follower. 

-formylpyridine ( μL, . mmol) was added and the solution stirred for  min at 

room temperature. Iron(II) sulphate heptahydrate ( mg, . mmol) was added, the 

round bottom flask sealed with a rubber septum and the mixture heated  C for  h. 

Then, another portion of guanidinium carbonate (. mg, . mmol) was added, the 

flask resealed, and the reaction was stirred at °C for  h.  

After this period, the mixture was slowly cooled to room temperature over the course of 

 h under slow stirring. The dark purple slurry was filtered through a sintered glass fun-

nel ( cm diameter).  mL of an aqueous solution of GdmCO (. gmL-) were then 

used, in two portions, to wash the flask and the solid in the filter and finally with the 

 mL of water. This was dried under a flow of nitrogen for an hour. The resulting wet 

powder was transferred to a tared vial and dried overnight in a desiccator, under vacuum, 

over PO. This produced a dark purple powder of Gdm ( mg, . mmol, %).  

 

Figure III.—Illustration of the improved procedure for the synthesis of Gdm. 
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 Further considerations 

As has been demonstrated in a previous report, the synthesis of Gdm can be driven 

towards a quantitative yield by adding a great excess of GdmCl. In this work, a choice 

was made not to use GdmCl nor a great excess of GdmCO. While, a large excess of 

GdmCO would have had the same effect, it could have the undesired effect of causing 

the precipitation of iron carbonates and hydroxides. On the other hand, the use of the 

GdmCl would add yet another anion to the system, possibly interfering with the solid’s 

composition and with subsequent experiments. 

The precipitation of Gdm using an excess of a Gdm+ salt, as stated in the report men-

tioned above, can be used to purify old batches or contaminated batches. This would 

start by dissolving the solid in a minimum of water and adding the Gdm+ salt until Gdm 

precipitates out. 

For experiments where the presence of chlorides is not an issue, the use of GdmCl to 

induce precipitation of Gdm or solid washing is preferable. This is because any impu-

rities that may form salts are likely to be more soluble with chloride as counterion. 

Degasification of the water did not seem to affect yields or product quality. Nevertheless, 

for work especially sensitive to the presence of Fe(III) it is a step that might help in avoid-

ing contamination without much effort. 

 Gdm NMR characterization 

The NMR data is consistent with previous reports. Figure III. shows the H NMR spec-

trum of Gdm in DO, with the peaks labelled with their source nuclides. Note that, no 

major impurities are observable in the aromatic region, meaning that no significant free 

ligand or its subcomponents are present.  

Due to the large cooperativity between binding events at the corners, the only possibility 

for free subcomponents to be observed is to have a stoichiometric unbalance 
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Figure III.—H NMR spectrum of Gdm . mM ( MMHz spectrometer) with la-
belled peaks and their relative integration. 

Table III. shows the H NMR data extracted from the previous spectrum respectively, 

with peaks assigned to their source nuclides. The imine signal is the one with highest 

frequency. It appears as a narrow singlet quite isolated from the others at . ppm. This 

makes the imine signal the ideal one to track for host-guest studies. Overlap is also the 

least likely to occur for the imine signal as it is the most sensitive to guest presence. This 

is probably due to variation of Fe-N distance, and consequent variation of the imine bond 

polarization, as the cage is deformed by the guest. 

Table III.—H NMR signals of Gdm with the assigned source nuclide, their number, 
chemical shift, multiplicity and observed coupling constants. 

H nuclide Nº nuclides δ / ppm Multiplicity J / MHz 

i  . s — 
’  . d . 
’  . t . 
’  . m  (range) 
’  . d . 
  . s (br) — 
  . s — 
  . s (br) — 
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Table III.—C NMR signals of Gdm (in 
DO,  MHz spectrometer). 

C nuclide δ / ppm 

i . 

’ . 

g . 

’ . 

 .  

 . 

’ . 

 . 

, ’ . 

’ . 

 . 

 . 

 

Figure III.—Overlay of a portion of the 
C NMR spectra of Gdm (red) and 
OsO⊂ Gdm (blue); the signals of C’ 
and Cg are visible. 

 

 

It is interesting to note that H signals from H and H are broadened singlets whereas 

one should observe splitting due to homonuclear J-coupling. This signal broadening can 

be attributed to fast chemical environment variation upon rotation around the C-C 

bond. This rotation is not totally free, however, as it is hindered by the sulfonate groups 

and bound guanidinium ions. Most notably, in all observed host-guest complexes of , 

these signals are narrow and split into the expected doublets due to hindrance of this 

rotation by the guest. 

Unequivocal assignment of the C NMR peaks of  was a little harder due to some over-

lapping and similar coupling patterns (as observed in the HSQC and HMBC—see spectra 

in Figure A. and Figure A.). Namely, the C atoms with no attached protons in the lig-

and’s rings. Table III. shows the observed C NMR chemical shifts identified with the 

help of the couplings shown in Figure III.. 
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Figure III.—Diagram showing the most relevant heteronuclear couplings in resolving the 
NRM peak assignment. 

Even though admittedly superfluous, an attempt was made to distinguish the NMR sig-

nals of C’ and Cg. This was possible since these were not overlapping in the spectrum, 

unlike the case of the C and C’ signals. Comparing the spectra of empty  and OsO⊂, 

as shown in Figure III., one detects that the signal at . ppm varies just slightly. 

Given that the chemical environment of the carbon atom in Gdm+ should be the least 

affected by the presence of a guest inside , it can be said with some confidence that the 

signal at . ppm is that of Cg. 

 The cage and the beast 

The OsO⊂Gdm complex was the most studied of all the presented in this work purely 

due to the novelty of having highly oxidative incompatible guest in a oxidizable dynamic 

system. The potential use as a OsO storage medium and as an analytical device also 

called for a good characterization. 

 Subcomponent (in)stability—As weak as they are divided 

After the discovery of the compatibility of Gdm and OsO, perhaps the most remarka-

ble aspect is the fact that the subcomponents of  are all incompatible with the latter. 

Notwithstanding, the cage’s assembly is dynamic. The relative stability of the systems 

seems to stem from the assembly itself: the cooperation of metal coordination centres 

and imine formation seems to obstruct the availability of susceptible moieties to meet 

effectively and react with OsO. 
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Figure III.—Qualitative assessment of the stability of the subcomponents of  in the pres-
ence of OsO. Note that the solution changes colour or turns cloudy in all cases except 
when all subcomponents are present in the form of Gdm.  
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Figure III. shows photographs of an experiment assessing the stability of the subcom-

ponents of . Vial a contained . mg ( mmol) of dissulfonic acid with . mg 

( mmol) of NaHCO to solubilize the former. Vial b contained . μL ( mmol) of pyr-

idine carboxaldehyde. Vi al c contained . mg ( mmol) of FeSO·7HO. Vial d contained 

. mg ( mmol) of . Vial e contained . mg (. mmol) of Gdm. All the vials also 

contained . mL of water. After dissolution of all reagents the vials were capped.  μL 

of OsO solution were added through the septum to each vial.  

It is observed that both the FeSO and mononuclear complex  react very quickly (vials c 

and d). Changes in the solution are observable a mere couple of seconds after addition of 

OsO; a visible precipitate forms within  min.  

However, changes in the vials containing the DADA and the carboxaldehyde (vials a and 

b), are slower; visible degradation appears gradually about  h after addition of OsO. The 

DADA quickly forms a pale blue solution and produces a dark precipitate about  h after. 

The pyridine carboxaldehyde quickly forms an orange solution darkening to brown in 

the following  h. 

Finally, the appearance of the vial containing  (vial e) remains unaltered even after a day, 

showing the remarkable stability of the assembly compared to its components. The sta-

bility was further confirmed by observing no changes to the H NMR spectrum of 

OsO⊂Gdm. 

A note on the complex : it serves to emulate the corners of the cage, without the coop-

erativity of the rest of the assembly. The isolated corner is much more labile and sensitive 

to O. The batch used had been synthesised sometime before. Before using it, the com-

pound was recrystalized from degassed methanol by precipitating with degassed 

acetone. The synthesis has been reported before by Salles et al and the H NMR spec-

trum of the solid obtained was consistent with the previous results. 
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 OsO⊂Gdm NMR characterization 

The binding of OsO observed by H NMR with the appearance of another set of peaks, 

as the spectrum in Figure III. shows. This indicates a binding interaction in a slow ex-

change regime at the NMR timescale. Because the number of signals is the same, it is 

reasonable to assume that the complex preserves an overall tetrahedral symmetry upon 

binding. 

As expected, the coupling patterns increase in complexity. The rotational and vibrational 

freedom of the cage decreases as its void is occupied by the guest; additional couplings 

become observable, bond angles are altered and so do coupling constants. 

The volume of the cavity of  is  Å (estimated from the crystal structure by probe 

scanning) and the average molecular volume of OsO is . Å (estimated from the 

crystal structure parameters). Therefore, OsO fills roughly % of the cavity’s volume 

once inside . This is well within the ideal ( ± ) % shown by Mecozzi and Rebek for 

a good host-guest interaction within a cavity. Hence, as expected: the OsO does not 

seem to force much distortion to the cage since the imine signal shift is only of . ppm 

(see Table III.); the distortion seems to be mostly accommodated by bond angle varia-

tion throughout the rather flexible ligand. 

Table III. and Table III. show the H and C NMR data extracted from spectra pre-

sented in Appendix Section A.. Automatic deconvolution was performed to enable 

calculation of real coupling constants for the signals with significant peak distortion (due 

to small coupling and great peak width), namely H- and H-. In the (apparent) triplet 

signals, deconvolution was attempted to extract the true coupling constants. However, 

the values were meaningless since the signals are distorted beyond true triplets and too 

wide and overlapping to be deconvoluted with confidence. In these cases, the constants 

reported are only apparent. 
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Figure III.—H NMR spectra of OsO⊂Gdm with . mM of total host and . mM of 
total guest ( MHz spectrometer). 

 

Table III.—H NMR signals of OsO⊂Gdm. a From deconvolution. 

H nuclide Nº nuclides δ / ppm Multiplicity J / MHz Δδ / ppm 

  . d .a . 
  . dd .; .a . 
  . d  . 
’  . d . . 
’  . t . . 
’  . t . . 
’  . d . . 
i  . s — . 
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Table III.—C NMR signals of OsO⊂Gdm. 

C nuclide δ / ppm Δδ / ppm 

 .  

 . -. 

 .  

 . . 

 . . 

  . 

’ . -. 

’ . . 

’ .  

’ . . 

’ .  

g .  
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 OsO⊂Gdm binding titration 

Due to the slow exchange rate of the host-guest complex, binding of OsO is easy to 

follow by H NMR during a titration to determine the binding equilibrium constant. In-

tuition might lead one to use as much of the cage’s signal as possible. However, some 

preliminary studies revealed that the quality of data is best using only the H-i signal data. 

It was found that integration of all the signals, even if not overlapping, resulted in too 

much noise in the processed data. The width of the H peaks (other than H-i) demands 

that integration regions must be large to be accurate or risk biases in the data because 

not all of the signal is integrated. All the quantitative NMR studies presented use only 

the H-i peak integration as signal for the concentration of ; simplifying the steps of sig-

nal processing. 
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Figure III.—Representative H NMR spectra of the progress of a titration of Gdm with 
OsO. 

As shown in Section III.., even though the cage  is stable in a solution containing 

excess OsO, the subcomponents of  are not. Even if samples appeared clean by H NMR 

analysis, the total absence of free diamine and aldehyde components cannot be guaran-

teed. The same can be said about NMR silent species such as Fe+. Due to these 

impurities, the procedure previously presented by Hristova et al. was adapted to enable 

greater precision, accuracy and throughput. 

Following that procedure, a solution of guest—OsO—was titrated into a solution of host 

. The titrant did not contain host and so was made as concentrated as practical (but 

always well below saturation—. M). This kept the host concentration from varying 

too much although the aliquots of titrant must be kept at a minimal volume to be meas-

ured accurately. 

After some initial titration trials, widely varying values for the binding constant were 

being obtained with fitted isotherm curves presenting unacceptable residual biases. This 

was in spite of a constant effort to improve the purity of the cage’s samples and the clean-

liness of the glassware. A slight trend in the results was noticed: the binding curve 
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seemed to flatten the longer the time taken until the end of the procedure; another ap-

proach was then needed. Since most of the decomposition of OsO seemed to happen 

during an initial period, a long “equilibration” period was introduced as a way of increas-

ing accuracy. With the titration proceeding in parallel using various NMR tubes, the 

procedure is also sped up. 

 
With this, one can assume that the decomposition of OsO during the titration is negli-

gible. The regression model, however must be adapted to account for the initial 

decomposition. While this could be estimated from titration point where the degree of 

association starts to increase, a high resolution in the concentration domain would be 

needed to properly assess it.  

The quantity of added OsO must be estimated from the solution preparation data as the 

OsO is not easily observable in Os. The approach chosen for this titration, was that of 

letting an unknown parameter (x) be subtracted to the added guest concentration 

(c(OsO)) to estimate the effective total guest concentration. This can be interpreted as 

said initial decomposition. NMR.  Furthermore, unlike previous work, given that the var-

iation in total host concentration cannot be ignored ([H]), it is considered an 

independent variable (estimated via the t-BuOH standard). Also, using the host’s degree 

of complexation (y) as the dependent variable revealed to be more precise than using the 

concentrations of its species directly.  On that account, deduced from equations I. and 

I. the mathematical model used expressed in equation III.. 

𝑦𝑦 =
1

2[𝐻𝐻]0
�[𝐻𝐻]0 + [𝐻𝐻]0 − 𝑥𝑥0 +

1
𝐾𝐾
�

− �[1 + 𝐾𝐾([𝐻𝐻]0 + [𝐻𝐻]0 − 𝑥𝑥0)]2 − 4𝐾𝐾2[𝐻𝐻]0([𝐻𝐻]0 − 𝑥𝑥0) 

(III.) 

The model and the data points (shown in Figure III.) were then imported into the Origin 

software. The first  data points (blanks and equilibration) were masked to be excluded 

from the calculations, leaving  points. Using the Non-Linear Curve Fit function, the 

model’s parameters were restricted to positive values and initialized at the arbitrary value 

of . The model then converged resulting in the parameters as shown in Table III..  
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For the complete Origin non-linear regression output, including regression statistics and 

residual plots, see Appendix Section Chapter VIIB...  

 
Figure III.—Plot of the measured degree of association against the total concentration of 
OsO. The red points indicate the measurements made of the blanks (before OsO addi-
tion) and after the first addition and  h equilibration phase. 

Table III.—Summary of the parameters from -point OsO⊂ titration curve regression. 

 Value Std Error % LCL % UCL Dependency Adj. R DF 

x / mM . . . . 
. .  

K / mM- . . . . 

As shown in Table III., with  points, the value of x was determined at 

(.±.) mM. Only tubes  and  had a calculated OsO concentration greater than 

this. Hence, the first four tubes would not have had enough OsO added pre-titration to 

prevent further decomposition during the titration.  

Notwithstanding, removing those titration points did not improve the fit significantly. 

The results from this second -point regression (see Table and Figures in Appendix Sec-

tion Chapter VIIB.. for the statistics) show that, even though the quality of fit increased 

slightly, the dependency of the parameters also increased while not being significantly 

different at a % confidence level. Additionally, the biases in the residual distribution 

(shown in Figure B.) are not a great improvement from the previous attempt. 
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Figure III.—Plot of the output from Origin’s non-linear regression highlighting the differ-
ent tubes used throughout the titration. Inset table: summary the regression’s statistics 
with the : Binding Isotherm Model. Red data points not used for regression.  

The variances of K and x are not independent, and so the estimators of these parameters 

have some dependency. There is some confidence, however, that the model used is not 

overparametrized; the value of the dependency between the parameters is well below . 

Simpler models obtained only lower values for adjusted R with higher errors. 

Even though significant trends are observed in the regression’s residuals. It’s unlikely this 

is due to unsuitability of the model. The trends may be due to the inherent bias in the 

calculation of the degree of association from the two H-i signals (which increases with 

increasing difference in the signals). 

 Procedure 

 NMR tubes were filled with . mL solution of Gdm ( mM and [t-BuOH] = . 

mM). After the addition of the first aliquot of titrant ([OsO] = . mM and [t-

BuOH] = . mM, the mixture was left at room temperature for  h and the H NMR 

spectrum registered. The subsequent additions (according to Table A.) and spectrum 

reads were made in the following  hours. The data points obtained are plotted in Figure 

III.. 
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K 2884.00537 ± 118.23343
x0 3.82351E-4 ± 1.49402E-5
R-Square (COD) 0.99107
Adj. R-Square 0.99071
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 OsO⊂Gdm intake kinetics 

Having explored the OsO binding as to the equilibrium thermodynamics, another cru-

cial part of characterizing the host-guest system is evaluating its binding kinetics. More 

specifically, evaluating the second order intake rate constant (kin). From experience with 

the titration, it was known that the solution reached equilibrium in the time from sample 

preparation to the first couple of scans (less than  min). Thus, a way had to be devised 

to greatly reduced the time taken between sample preparation and measurement.* The 

best option was to do a point-by-point study of the intake kinetics, but the doing wet 

chemistry with OsO in the spectrometer’s room was nobody’s cup of tea. Hence, Dy-

namic NMR techniques were attempted first. 

EXSY is the technique of choice for slow exchange cases. However, this did not reveal 

any chemical exchange of signals at any of the timescales studied: ., ., . and  s. 

Figure III. shows an EXSY spectrum obtained with a representative appearance show-

ing the expected NOE cross-peaks amongst a sea of noise. Note that the spectrum was 

not diagonalized: although there are some signals around areas where cross peaks should 

be expected, these do not appear symmetrically across the diagonal. Also, observe that 

the apparent cross-peaks are of opposite sign to the diagonal peak. Chemical exchange 

peaks would be of opposite when arising from a slow tumbling molecule (e.g. a much 

bigger cage or protein) which is not the case. The spectra with lower mixing times, 

naturally, contained less noise but the same overall signals. 

Although these experiments were not successful in probing the intake kinetics of this 

complex, D EXSY could still prove useful. Admittedly, the host concentration could 

have been made higher. Also, some finetuning of acquisition settings will further increase 

sensitivity. However, if the exchange frequency of the complex is truly too slow for the 

probing capabilities of EXSY, other techniques must be used, bearing in mind that this 

particular system is very sensitive to heating. Simple line width analysis of the data ob-

tained during titrations did not reveal any consistent results as the signal width seems 

                                                      

* Preferably a way that didn’t involve taking an excruciatingly slow elevator nor running down ten flights 
of stairs holding NMR tubes with OsO in them. 
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limited mainly by relaxation. The obvious improving step of using a spectrometer with 

higher field to narrow the lines might enable observation of the effects of chemical ex-

change. Also, SEXSY and COLSA could be worth the effort. 

Nonetheless, a crude minorization can be done from the quickest experiment run. Since 

equilibrium appeared to have been reached in  minutes with ×- M of host and of 

guest it implies that kin ⪆ . M-s-
 given that . was the final degree of association.  

 

Figure III.—EXSY spectrum (with  s of mixing time,  MHz) of a solution containing 
Gdm (. mM) and OsO (. mM), resulting in a % degree of association. The 
highlighted regions are those most relevant to the observation of cross-peaks due to chem-
ical exchange. 
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 Discussion 

The binding titration curve seems to follow quite closely that of a : binding model 

isotherm. With the average concentration of  being . mM, the estimated binding 

constant at °C is (. ± .) mM-. This is a moderate binding strength like those of 

other small hydrophobic molecules only slightly soluble in water. For example, cage 

(NMe) binds chloroform at . mM-. However, caution is advised when comparing 

such results since, as is shown in the next section, the presence of Gdm+ as counterion 

changes the binding strength significantly. 

Even though the intake rate of OsO is higher than initially expected, it is within what 

could be expected; it is not odd for such a compact molecule to reach its equilibrium 

degree of association within  on the timescale of a few minutes. 

Taking all of this into account, there seems to be enough evidence to show that one mol-

ecule of OsO binds inside  forming a complex with a structure similar to that shown in 

Figure III.. 

 
Figure III.—Model of the hypothesized structure of the OsO⊂ host-guest complex. 
One Gdm+ ion (green) is shown capping one of the faces (with possible H-bonds dashed). 
The relative orientation of the guest molecule is arbitrary. 
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 Binding of benzene 

The motivation behind the study of the binding of benzene was that of finding a suitable 

molecule to displace the OsO from the cage’s cavity without further interaction. Ben-

zene, being a hydrophobic and relatively small disk shape molecule, had been found to 

bind with moderate strength to (NMe) (K = .× M-). If successful, the 

OsO/Bzn/ (OB) system would provide a way of indirectly manipulating (albeit irre-

versibly) the catalytic activity of OsO with an alkene. 

 Bzn⊂Gdm H NMR characterization 

The binding of benzene (Bzn), similarly to the binding of OsO, is observed as a slow 

exchange interaction at the NMR timescale. The chemical environment itself does not 

present much change from that observed in the previous work using (NMe) and so 

the spectrum obtained (in Figure III.) is quite similar. 

Table III. shows the signal data extracted from the spectra below. Note that benzene 

causes overall much larger changes in chemical shift than OsO. This change is especially 

visible in the signals with source nuclides near the vertex part of the cage; the Δδ of H-i 

is . ppm, more than ten times that caused by OsO. One can conjecture that the wid-

der molecule distorts the coordination at the vertices more than the smaller one thereby 

further altering polarization of the ligands.  

Another interesting feature of the Bzn⊂Gdm complex is the chemical shift of the pro-

tons in the guest itself: it is lowered in frequency by . ppm. The protons end up more 

shielded than would be in any solvent. This high shielding is most likely due to the ori-

entation of the benzene molecule relative to the aromatic rings in the ligand’s bridge. 

Even if tumbling, the hydrogen atoms of the guest should mostly be in shielding zones 

above the middle of the ligand’s rings. It does not seem preposterous to imagine the ben-

zene guest molecule in a placement such that perpendicular π-stacking is favoured with 

some of the ligands’ rings. 
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Figure III.—Labelled H NMR spectra of Bzn⊂Gdm, with . mM of total host and 
. mM of total benzene and . mM of t-BuOH ( MHz spectrometer).  

Table III.—Observed H NMR signals of Bzn⊂Gdm ( MHz spectrometer) and varia-
tion in δ from the empty cage. aConstant found by deconvolution. bRelative to free 
benzene. 

H nuclide Nº nuclides δ / ppm Multiplicity J / MHz Δδ / ppm 

  . br s — . 

  . d . . 

  . d . . 

’  . d . . 

’  . t . -. 

’  . br s — . 

’  . t . a . 

i  . s — . 

Bznin  . s — -. b 
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 Bzn⊂Gdm binding titration 

With the greater imine proton shift, the titration of a solution of Gdm with benzene 

was even easier to follow than that with OsO (see Figure III.), with the advantage that 

there is no reactivity between host and guest. Additionally, benzene can be monitored 

directly by H NMR. The execution of a titration as planned, however, turned out to be 

a bit more difficult than expected due to two factors: the relatively slow kinetics of ben-

zene intake and its volatility.  

To save time to anyone attempting a similar procedure, the author strongly recommends 

the use of NMR tubes of uniform length. As it turns out, the headspace in the tube greatly 

influences the equilibrium benzene concentration in the solution, with this changing 

significantly with temperature. This causes the nicely planned progression along a titra-

tion curve to end up in shambles with irregular spacing between points. Also, since the 

equilibrium of guest intake is reached much more slowly, big changes in temperature 

take the system out of equilibrium as more benzene either evaporates or condenses in 

the headspace above the solution.  

 
Figure III.—H NMR spectra representative of the progress of a titration of Gdm with 
benzene. 
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Moreover, using a greater number of tubes helps in the throughput since the equilibra-

tion takes half a day. Mind that heating will not help! From experience, the presence of 

big guests tends decrease the cage’s stability which only degrades with increasing tem-

perature. Besides, upon cooling, the solution would again be out of equilibrium. 

As to the model used in this case, it should be possible to use a simpler binding isotherm 

model, namely the hyperbolic model. Nonetheless, the complete isotherm binding model 

still showed better results due to it accounting for total concentration variations in the 

system. 

 

Figure III.—Plot of the measured degree of association against the total concentration 
of benzene as measured by NMR. The red diamonds indicate the points which were found 
to be out of equilibrium. These were not used in the final regression. 

Table III.—Summary of the parameters from -point Bzn⊂ titration curve regression. 

 Value Std Error % LCL % UCL Adj. R DF 

K / mM- . . . . .  
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The data points obtained in the best run are plotted in Figure III.. A first trial at fitting 

lead to a regression with severe biases in its residuals with a poor fitting (see Chapter 

VIIB.. for statistics). By analysing the trends in the data points, it was possible to con-

clude that the first  solutions measured were likely out of equilibrium (with more 

benzene in solution that that evidenced by the measured degree of association). Remov-

ing the points sequentially resulted in a gradual improvement of the fitting. Removal of 

the sixth point deteriorated the fit. The final regression therefore used  points and its 

parameters are presented in Table III. with the isotherm plotted in Figure III.. 

 
Figure III.—Plot of the output from Origin’s non-linear regression. Points of the same 
colour are measured from the same tube with different amounts of titrant. 

The final regression shows a good adjusted coefficient of determination, quite low error 

and well distributed residuals. Therefore, there is a high confidence in the result ob-

tained. 

 Procedure 

The titrant was prepared by saturating a solution of Gdm  mM with a droplet of ben-

zene overnight.  μL aliquots of a stock solution of Gdm  mM, the titrate, were 

transferred into  NMR tubes. After a first series of spectra was registered, aliquots of 

guest were added to each tube aiming at steps of . equivalents of guest (see Table B. 
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in Section Chapter VIIB. for solution data) . Evaporation led to the range of degree of 

association covered being shorter than planned and so a second aliquot was added to the 

 tubes with greater amounts of benzene. After each addition the tubes were left tum-

bling at room temperature for at least  hours before measurements. 

 Bzn⊂Gdm intake kinetics 

Measuring the intake constant of Bzn⊂ was straightforward since the rate is slow 

enough to allow for a point-by-point measurement. Figure III. shows the acquired data 

points plotted in order to visualize the variations of the species concentration. Note that 

the first point in the concentration of benzene is an outlier. This is probably due poor 

initial mixing of the solution. Also, as field shimming was far from perfect throughout 

the experiment, initial distortion due to bubbles forming can be the cause. Anyway, the 

measured concentration quickly stabilised afterwards. Owing to this, only the following 

seven points were used in the regression for estimating the intake rate constant. 

 
Figure III.—Plot of the concentration of the species present in a benzene intakes ki-

netics experiment (see Table B. for data). Free benzene concentration (crosses) plotted 

on secondary scale.  

For the regression, using the fraction of free cage (-y) as the dependent variable is much 

more convenient as its initial value is  (by definition). With the data imported into 
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Origin, the regression was done using the inbuilt exponential decay function with a life-

time constant t = kapp
-; The amplitude was fixed at  and the offset at . The resulting 

decay curve is plotted in Figure III.. The regression parameters are summarized in Ta-

ble III..  

 
Figure III.—Plot of the exponential decay curve fitted to the experimental data of ben-
zene entering Gdm with corresponding confidence and prediction bands. 

Table III.—Summary of regression parameters of Bzn⊂Gdm intake. 

 Value Std Error % LCL % UCL Adj. R 

t / s . . . . 
. 

kapp / s-· . . . . 

 
With an excess of guest, the initial rate allows to estimate the second order intake reac-

tion constant from the apparent decay constant. Writing the rate law as 

𝑟𝑟 = 𝑘𝑘𝑖𝑖𝑖𝑖[𝐻𝐻]0[𝐻𝐻]0, with 𝑟𝑟 = 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎[𝐻𝐻]0, then  𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑘𝑘𝑖𝑖𝑖𝑖[𝐻𝐻]0 . 

It is assumed that the initial guest concentration is equal to average guest concentration 

measured over the fitted points. 

∴  𝑘𝑘𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎
[𝐻𝐻]0

=  1.4477×10−3

 4.264×10−3
= 0.3395 M−1s−1  
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Duly propagating the standard errors: 

𝑆𝑆𝑆𝑆(𝑘𝑘𝑖𝑖𝑖𝑖)
𝑘𝑘𝑖𝑖𝑖𝑖

= ��
𝑆𝑆𝑆𝑆�𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎�
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎

�
2

+ �
𝑆𝑆𝑆𝑆([𝐻𝐻]0)

[𝐻𝐻]0
�
2

= ��
9.84 × 10−6

1.4477 × 10−3
�
2

+ �
19.4 × 10−5

4.264 × 10−3
�
2

⇔ 𝑆𝑆𝑆𝑆(𝑘𝑘𝑖𝑖𝑖𝑖) = 0.0460 × 0.3395 = 0.0156 M−1s−1 

 Procedure 

A . mL aliquot of Gdm (. mM) was introduced into an NMR tube. The tube was 

sealed with a rubber septum and the condition of the solution verified with a preliminary 

NMR scan. . μL of benzene were injected and the solution gently stirred. An initial 

spectrum H NMR was measured at  s after injection, spectra were then measured at 

 s intervals as a pseudo-D NMR experiment for accurate timing.  The data obtained 

are presented in Table B. and in Figure III.. 

 Discussion 

The binding of benzene, as expected due to previous work in a similar host, bound to 

Gdm in a : ratio with the titration curve agreeing quite well with a : binding model 

isotherm and satisfactory regression statistics leading to a high confidence in the results. 

With an average concentration of host of (. ± .) mM, the estimated binding con-

stant at °C is (. ± .) mM-.  On that account, benzene is a strong binding guest of 

Gdm. It is noteworthy that the binding constant of Bzn⊂Gdm is almost three times 

as that of Bzn⊂(NMe). This is probably due to the enhancement of the hydrophobic 

effect caused by the guanidinium ions. As more Gdm+ ions bind to the faces of , the 

contribution of the the non-classical hydrophobic effect to the binding event increases 

(see section I...a). Thus, the Gdm+ ions may be considered as modulators of the cavity’s 

‘effective curvature’ from the perspective of solvent interactions. This hypothesis could 

be tested with calorimetric titration experiments. 

The intake rate of Bzn⊂Gdm was expected to be slow and the experimental results 

agree. The second order rate constant for the intake reaction was determined as 
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(. ± .) M-s- which is, surprisingly, significantly higher than that reported by 

Smulders et al.: (. ± .) M-s- for the Bzn⊂(NMe) complex. 

The contrary was expected as the Gdm+ ions should hinder the entrance of the guest. 

The author argues, however, that the value reported could well be inaccurate. This is 

because the value of kapp reported for that complex, (. ± .) ×- M-s- is slightly 

higher than that obtained in this work, which is anticipated. But, the striking difference 

is in the initial guest concentration with that assumed by Smulders et al. being the satu-

ration concentration of benzene in solution. Unless the authors used a vast excess of 

benzene to ensure saturation (which prevents homogeneity of the solution), it seems un-

reasonable to assume that state. However, if the difference in values came to be 

confirmed its causes would be quite interesting to investigate. 

 Binding of DHF 

One of the objectives of the work leading to this dissertation was to explore the dynamics 

of a system in which two reactive guests (one of them a catalyst, OsO) would compete 

for the same host. Hence, a suitable compound had to be found that had the following 

properties: reasonable solubility in water, reactivity towards OsO and would bind to . 

A search for such a compound previously done in the research group led do the finding 

of ,-dihydrofuran (DHF). It is hydrophilic enough to be soluble in water in the  mM 

range but still displayed a binding interaction with Gdm (as previous work with the 

NMe
+ salt, furan and tetrahydrofuran would indicate through). Most importantly, DHF 

possesses a double bond capable of reacting with OsO. Secondly, but no less important, 

the molecule is symmetric as is the product of its dihydroxylation, (R,S)-tetrahydrofu-

ran-,-diol (DHOF). This greatly simplifies the NMR spectra. The reference spectra for 

these compounds can be found in the appended Sections Chapter VIIA. and Chapter 

VIIA.. Lastly, DHOF is too polar to bind to , which further simplifies the OsO/DHF/ 

(OD) system. 

To understand interactions in a more complex system, one must first characterize the 

more elementary host-guest interactions in the DHF⊂Gdm complex. The results are 

presented in the following sections. 



Chapter III 

68 

 DHF⊂Gdm H NMR characterization 

As with the other guests, DHF exhibited a binding interaction with  on a slow exchange 

regime in the NMR timescale. The H NMR spectrum of DHF⊂Gdm can be seen la-

belled in Figure III.. As can be observed, some signals overlap in this particular 

spectrum. Nevertheless, it is possible to discriminate them by monitoring their change 

throughout the titration with the guest (see Figure III.). The interpretation of the spec-

tra is only made more difficult with the presence of some free host and excess guest. As 

expected, the changes in chemical shift upon DHF intake (showed in Table III.) are in-

termediate between those of OsO and benzene.  

Concerning the signals of DHF inside the cage, similarly to benzene, it seems the cage 

shields the nuclides from the bulk field. While there is reasonable certainty as to the sig-

nal from H-βin due to its clear isolation and relative integration, the signal from H-αin is 

harder to assign. Surely, it should be at a lower chemical shift that H-αout (. ppm).  

There is but one significant group of signals in that region. Then the signal at .-. 

ppm is quite close do double that of H-βin (counting with a possible ethanol contamina-

tion that was found in the Gdm stock and integrated to around . across all samples). 

While signal broadening makes it quite likely, the pattern is not what was expected given 

that H-βin appears as a singlet. Nonetheless, it could be that the cage’s cavity restricts the 

conversion between DHF conformers breaking the ring’s pseudo-symmetry in the NMR 

timescale. This would explain the complex pattern since the nuclides in the ring would 

form an ABX spin system. 

Notice in Figure III., that the free DHF’s H-β signal overlaps with the complex’s H- 

signal. Initially, using the sum of those signals seemed like the best possibility. The com-

pound concentrations would be easily calculated without having a nearby signal biasing 

the result. Yet, it was found that, if the shimming quality were closely controlled, the 

concentration of free DHF could be monitored directly through the H-α signal without 

degrading accuracy while increasing precision (since uncertainties would not accumu-

late). 



Be my guest 

69 

 

 
Figure III.—Top: labelled H NMR spectrum of DHF⊂Gdm, with . mM of total 
host, . mM of total DHF and . mM of t-BuOH ( MHz spectrometer). Bottom: 
zoom of the same spectrum; to evidence the H- multiplet, the section around . ppm 
is overlayed with a spectrum from a mixture with . mM of DHF (in blue). Mind that 
vertical scale different between sections.  



Chapter III 

70 

Table III.— Observed H NMR signals of DHF⊂Gdm and variation in δ from the empty 
cage. aRelative to free DHF. 

H nuclide Nº nuclides δ / ppm Multiplicity J / MHz Δδ / ppm 

  . s — -. 

  . m — -. 

  . d  . 

’  . d . . 

’  . t . -. 

’  . m — . 

’  . m — . 

i  . s — . 

β  . s — -.a 
 

 DHF⊂Gdm binding titration  

 

Figure III.—Representative H NMR spectra of the progress of a titration of Gdm with 
DHF ( MHz spectrometer). 
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As with benzene, DHF is quite volatile. Fortunately, also like benzene, DHF can be di-

rectly monitored by NMR eliminating the need for careful concentration control. The 

method for binding constant determination was thus quite similar. 

Being a bigger issue than expected, spectra that presented unacceptable line shapes (due 

to bad shimming) were immediately discarded. The small steps in guest addition enable 

removal of several data points that present a large deviation without compromising the 

coverage of the titration curve range. The isotherm model to be used was the same as for 

the benzene titration and for the same reasons.  

 
Figure III.—Plot of the measured degree of association against the total concentration 
of DHF along with the output from Origin’s non-linear regression. 

Table III.—Summary of the parameters from DHF⊂Gdm titration curve regression. 

 Value Std Error % LCL % UCL Adj. R DF 

K / mM- . . . . .  

After processing the data points, the final regression used  of them. The coefficient of 

determination is reasonable as is the distribution of residuals, albeit with a detectable 

trend (these are plotted in Figure B.). 
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 Procedure 

The titrant, a stock solution of guest, was prepared by dissolving . μL of DHF in DO 

in a  mL volumetric flask, the DHF concentration was  mM.  μL aliquots of 

GdmFC stock solution ( mM) were put in five different NMR tubes. A first series of 

spectra was registered before addition of any guest. The additions to the tubes aimed at 

intervals of . eq of guest in between data points until at least % degree of association.  

An equilibration period of at least  h was allowed (shaking the tubes occasionally) before 

taking any measurement. The solution data are presented in Table B.. The points ob-

tained are plotted in Figure III.. 

Bad signal line shape (due to poor shimming quality) was a unexpected issue with several 

initial samples. Noting that DHF solutions appeared cloudy for several minutes after 

preparation, it was decided to extend the equilibration period to  h. 

 DHF⊂Gdm binding intake kinetics 

The kinetics of DHF was another challenge to follow and the work here forth presented 

should not be regarded as final. Homogeneity of DHF solutions had already proved an 

issue since the study of the equilibrium behaviour with Gdm. The worst was yet to 

come at the hands of the experiments on intake kinetics!  

On the one hand, the best way to obtain a homogenous solution is to add everything in 

a small vial with a magnetic stir bar and let it stir for a few seconds. The reactants how-

ever, eternally impatient, do not wait for one to inject their mixture into the NMR tube 

and the cage might be saturated by the time the first measurement is done. On the other 

hand, runs in which the addition was done directly into the NMR tube besides the spec-

trometer achieve poor homogeneity and poor shimming due to all bubbles trapped due 

to vigorous agitation* with changes in concentration being overwhelmed by changes in 

signal quality. 

                                                      

* Both the problem of bubbles sticking to the tube’s wall and the problem of homogeneity, to a certain 
extent, are easily solvable with the placement of a small sonicator bath nearby the spectrometer. 
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The data points obtained during the best run are plotted in Figure III.. As evidenced, 

both the number of points and the range of variables covered are low. A non-linear re-

gression of an exponential decay model would need two parameters (to estimate the 

initial amplitude due to uncertainty on the true “start” of the reaction);  points allow 

for only  degrees of freedom with a high dependency between parameters. Those points 

can give, nonetheless, an approximation of the reaction rate over a small period through 

a linear regression (of the form –y=a+bt ). 

 

Figure III.—Plot of a linear regression fitted to the experimental data of DHF entering 
Gdm with corresponding confidence and prediction bands. 

Table III.—Summary of –y=a+bt regression parameters of DHF⊂Gdm intake. 

 Value Std Error % LCL % UCL Adj. R DF 

a . . . . 
.  

b / s- –.×- .×- –.×- –.×- 

From Table III., the conclusion is that the fit is quite poor, but an estimate of the rate 

constant can still be obtained to guide future work. Using the average species concentra-

tion and average rate over the monitored time: 

𝑟𝑟 = −[𝐻𝐻]0𝑏𝑏 = 𝑘𝑘𝑖𝑖𝑖𝑖[𝐻𝐻]0[𝐻𝐻]0 ∴ 𝑘𝑘𝑖𝑖𝑖𝑖 = −
– 2.466 × 10−5

1.638 × 10−2
= 1.505 × 10−3 𝑀𝑀−1𝑠𝑠−1 
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Using the corresponding mean standard deviations and propagating the variables’ uncer-

tainties: 

𝑆𝑆𝑆𝑆(𝑘𝑘𝑖𝑖𝑖𝑖)
𝑘𝑘𝑖𝑖𝑖𝑖

= ��
𝑆𝑆𝑆𝑆(𝑏𝑏)

|𝑏𝑏| �
2

+ �
𝑆𝑆𝑆𝑆([𝐻𝐻]0)

|[𝐻𝐻]0| �
2

= ��
3.76 × 10−6

2.466 × 10−5
�
2

+ �
7.34 × 10−5

1.614 × 10−2
�
2

⇔ 𝑆𝑆𝑆𝑆(𝑘𝑘𝑖𝑖𝑖𝑖) = 0.153 × 1.505 × 10−3 =  2.30 × 10−4 M−1s−1 

 Procedure 

A  μL aliquot of Gdm ( mM, [t-BuOH] = .) was introduced into a  mL vial with 

a small stir bar. Then . μL of DHF were measured into the vial with fast stirring. After 

 s the solution was transferred into an NMR tube. An initial spectrum H NMR was 

measured at  s after injection, individual H NMR spectra were then measured at ap-

proximate  min intervals. The data obtained are presented in Table B.. 

 Discussion 

The binding strength of DHF⊂Gdm is moderate and the weakest of all studied, with 

an association equilibrium constant of (. ± .) ×  M-. This value is in the range 

expected for this kind of molecule in this kind of cage. Previous work Smulders et al. on 

(MeN) found the association constants of THF and furan to be (. ± .) ×  M- 

and (. ± .) ×  M- respectively. Despite the initial trouble in obtaining good qual-

ity data, the final results yielded a very good agreement with a one-to-one binding 

isotherm model with a very low error. 

As with the binding strength, the second order rate constant for the intake reaction of 

DHF was expected to be between those of THF and furan for (MeN). The values of the 

latter are reported Smulders et al. as (. ± .) × -
 s-M-

 and (. ± .) s-M- respec-

tively. The value of kin discovered for DHF⊂Gdm is (. ± .) × - s-M-. This 

indicates, as anticipated, that the behaviour of DHF is much closer to that of THF than 

furan.  
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 The OsO/Gdm+pentenol system 

The simplest chemical system with OsO functioning as a guest and as a catalyst is one 

were both the reactants and reactions products have no interaction with the cage. The 

idea behind such a system is to emulate the activation of an enzyme as the substrate 

becomes available, a possible signalling pathway in biochemical systems. With a reaction 

‘occupying’ the catalyst is should gradually get out and, if reuptake is slow enough, it 

should be available until all the substrate is spent. At the end of the reaction, the OsO 

would then return to its ‘reservoir’, simulating the self-inhibition that some bio-catalyt-

ical systems exhibit. 

A suitable reactant had been found prior to this work. Pent--en--ol (Pent; reference H 

NMR spectrum in Figure A.) has all the desired properties: high solubility in water, 

does not present any observable interactions with  does its reaction product (see Figure 

A. and Figure A. for control experiments), is simple enough to monitor through H 

NMR and should react well with OsO to form pentane-,,-triol (DHOP; reference 

spectrum in Figure A.).* 

Consequently, the catalysis’ kinetics of the Gdm/OsO/pentenol (O+P) system was 

the first to be studied thus. Given the information gathered on the reactivity of OsO 

towards alkenes (see section I.), it was decided to use a bicarbonate buffer to prevent 

disproportionation of the Os(VI) species and to promote cycloaddition step.†  

As for the final oxidizer, serving effectively as an Os re-oxidizer, the initial choice was 

obvious: trimethylamine N-oxide (TMAO); it is shown to be successful as re-oxidizer for 

the di-hydroxylation of alkenes while being perfect for NMR analysis since its signal is a 

single singlet. The same is true of its reduction product: trimethylamine (TMA).  

  

                                                      

* Pentenol, has the pesky tendency to oxidize and polymerize so care should be taken in stock preservation 
or else precious time could be wasted in preparing samples that will have abhorrent spectra. 
† It was only after several experiments had been done that I realized, after concluding the research on the 
subject, that the low pH could actually be slowing down the catalyst turnover, however this actually proved 
useful in stabilizing the system and enhancing the dip in free OsO concentration. 
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Yet, the formation of TMA is a major flaw: it forms adducts with OsO by ligating to the 

Os atom. This is what makes it a good promotor of the catalyst, but it is an impediment 

to the use of TMAO in a supramolecular system if the goal is free OsO at the end of the 

catalytic cycle. Trying to troubleshoot the system several experiments had been done 

with TMAO without observing the reuptake of OsO;* Unfortunately, it was only after 

those that TMA’s behaviour was revealed and control experiments executed (see Section 

Chapter VIIA. for description). 

The best alternative to TMAO as OsO re-oxidizer is N-methylmorpholine N-oxide 

(NMMO, reference H NMR spectrum in Figure A.). The compound had only been 

excluded initially due to the added complexity of its H NMR spectrum. Due to steric 

hindrance, it has a much lower constant for binding to the Os atom. Additionally, it did 

not show any interaction with the cage by NMR. 

Still, alternative re-oxidizers were searched for. Ferric cyanide was unsuccessful, showing 

no hydroxylation of pentenol in the alkaline medium. A quite interesting alternative 

would have been the periodate ion. With an excess of periodate, the vicinal diol made by 

dihydroxylation can be cleaved into two aldehydes. The aldehyde can then participate in 

dynamic covalent bonding to form supramolecular structures enabling the design of sys-

tems with very interesting signal flows. As brilliant as the concept is, the presence of 

periodate proved too much even for such a sturdy cage as Gdm; the cages NMR signals 

quickly start to broaden with presence of free ligand being noticeable in a couple of 

hours. Nevertheless, that idea could be useful in the development of other supramolec-

ular/catalytic systems. 

Subsequently, the investigation of the kinetics of the O+P system and others that fol-

lowed used NMMO as OsO re-oxidant. To ease preparation of the solutions for 

experiments and increase consistency, it is recommended that the stock solutions of 

NMMO contain also the appropriate excess of NaHCO (besides the t-BuOH standard).  

In Figure IV. the concentrations of the host species are plotted against the reaction time 

in an experiment with the O+P system. This was the best run executed both in terms of 

                                                      

* The phrase ‘a day reading saves you a month in lab’ never seemed more right. 
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data quality (they are typically much noisier) and in terms of the observation of a 

reuptake of OsO. As is shown, the dip in concentration of OsO⊂Gdm is quite small; 

the maximum variation was of just . mM with an average total host amount of 

(. ± .) mM. The degree of association shows a maximum variation of . 

which correlates to a maximum variation in concentration of free OsO of . mM.  

 
Figure IV.—Speciation of Gdm during a dihydroxylation reaction of the O+P system as 
estimated by H NMR. Degree of association, y(Os) concentration is plotted the secondary 
scale. The points highlighted in red concern the state before the addition of the pentenol 
solution.  
 

 
Figure IV.—Concentration of dihydroxylation reagents and products in the O+P system 
plotted against reaction time. Notice that the points at around  h that are anomalies of 
unknown origin. 
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 Procedure 

A . mL aliquot of Gdm stock (. mM, [t-BuOH] = . mM) was introduced 

into an NMR tube. Then . mg of NaHCO (. nmol) along with . mg of NMMO 

(. nmol) were added to the tube. Then . μL of OsO stock (. mM, [t-BuOH] = 

. mM) were added. A spectrum was registered to assure good condition of the solu-

tion. To start the reaction, . μL of pentenol stock ( mM, [t-BuOH] = . mM) 

were quickly injected through the rubber lid and mixed with minimum air incorporation. 

The first spectrum was acquired  s after injection and the following  spectra were 

acquired and a pseudo D experiment at  s intervals. 

 Discussion 

Attempts attain higher dips in degree of association resulted in very poor data. The lim-

ited solubility of the cage prevents trapping of a greater fraction of OsO and quality of 

the data degrades quickly as cage concentration increases. An alternative would be to 

greatly increase the pentenol to OsO ratio. However, the inefficiency of the terminal 

oxidizer starts to be significant as does the degradation of catalyst. Additionally, greater 

amounts of pentenol, NMMO and NaHCO seriously degrade the quality of the spectra 

obtained. This is critical as many of the signals are close to each other. 

Figure IV. shows the overall change in concentration of reagents. As can be seen, the 

estimated concentration of pentenol falls to very small negative values, this is a conse-

quence of the automatic baselining algorithm used. No form was found to avoid this that 

was practical to apply in batch processing. Still, the change in pentenol concentration, 

along with the change of NMMO concentration are the most reliable, least noisy signals 

and the best estimators for the progression of the dihydroxylation. 

Analysing the variations in reagent concentrations, it was found that they fit well to an 

exponential decay model of the form 𝑦𝑦 = 𝑦𝑦0 + 𝐴𝐴𝑒𝑒−𝑡𝑡𝑘𝑘 . The regressions’ statistics are 

shown in and the data points are plotted in the figures of Section Chapter VIIB.. The 

simple exponential decay makes it appear as the kinetics is of first order. The most im-

portant observation, though, is that the kapp of pentenol is significantly higher than that 
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of NMMO. At the same time, the kapp of NMMO is not significantly different from that 

of DHOP. This is indicative that the rate limiting step in this system is the re-oxidation 

of the Os center. 

Table IV.—Summary of the regression statistics on the concentrations of dihydroxylation 
reagents and diol product in the OP+ system. 

para-
meter Value Std  

Error % LCL % UCL Dependency Adj. R DF 

pentenol concentration 

y 
 / mM 

-. . -. -. . 

.  
A  

/ mM 
. . . . . 

k  
/ h- 

. . . . . 

NMMO concentration 

y  
/ mM . . . . . 

.  
A 

 / mM 
. . . . . 

k  
/ h- 

. . . . . 

DHOP concentration 

y  
/ mM . . . . . 

.  
A  

/ mM 
-. . -. -. . 

k  
/ h- 

. . . . . 

 
From the information obtained, it is possible to assume that diol release follows imme-

diately from oxidation. It seems reasonable to further assume that the OsO is in fast 

equilibrium with the cage and that the cycloaddition of OsO to the pentenol is irreversi-

ble. So, it seems as if the observed reaction can be modelled by a sequential addition 

mechanism as shown in the following scheme. 
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OsVIIIO4

pentenol

OsVIO4
 adduct

NMMO NMM

ka kc
OsVIIIO4

DHOP

Kin
OsO4

⊂Gdm41
 

Figure IV.—Scheme of the model dihydroxylation reaction in the conditions of performed 
experiment in the O+P system. 

With this model, the difference, at any point in time, between the consumption of pen-

tenol and that of NMMO should be equal to the concentration of adduct. In this manner, 

considering the mass balance for OsO, the following expression should hold: 

[𝑂𝑂𝑠𝑠𝑂𝑂4 ⊂ 1] + [𝑂𝑂𝑠𝑠𝑂𝑂4] + (∆[𝑎𝑎𝑎𝑎𝑘𝑘𝑒𝑒𝑎𝑎𝑒𝑒] − ∆[𝑁𝑁𝑀𝑀𝑀𝑀𝑂𝑂]) = 𝑐𝑐(𝑂𝑂𝑠𝑠)0  (VI.) 

Using the knowledge of the binding constant of OsO⊂Gdm the concentrations can 

be estimated from the data. From the sum in the expression VI., subtracting the initial 

estimated amount of osmium in solution, c(Os), results a ‘mass balance residual’ that is 

plotted against reaction time in Figure IV.. 

 
Figure IV.—Residual of the mass balance from the equation VI. plotted against reaction 

time. 

As can be seen from the plot above, the supposedly null mass balance residual presents a 

trend typical of the concentration of a catalytic intermediary. There are several ways the 

proposed model could be wrong. There could be a limitation of the reaction rate by the 
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pentenol addition step that cannot be ignored as the reactions comes to an end. How-

ever, the fact that it remains pseudo-first-order might have to do with the ability of the 

cage to effectively buffer the OsO concentration. Furthermore, and most likely, the as-

sumption of fast equilibration of OsO does not hold for this turnover rate. This would 

cause the ‘sensing’ of free OsO by the cage to essentially lag behind. Nevertheless, these 

are all but educated guesses. Without further experiments with carefully planned varia-

tions initial conditions, few conclusions can be drawn except that the proposed model 

presented is not an accurate representation. 

It appears that the fast intake kinetics of OsO⊂Gdm does not result in a trapping ef-

fect as hoped; the effect is akin to an inhibitor, albeit an unusual one: we are used to 

observing a big catalyst being inhibited by a smaller moiety often bounded covalently. In 

this system, the smaller catalyst in bound within the inhibitor which appears to effec-

tively compete for the ‘binding’ to the catalyst cycle (which might be reversible) 

 The OsO/benzene/Gdm+pentenol system 

As further complication to the O+P system is to add another inert guest into the mix-

ture. The OB+P systems achieves that with benzene. As referred before, the goal of 

experimenting with this system was to demonstrate the ability of a host-guest system 

being used to regulate a catalytic system with a ‘orthogonal signal’ (not chemical inter-

fering with the catalyst nor reagents). 

The experiment was performed with four tubes with different amounts of benzene 

added. Since the conditions turned out to be slightly different between tubes, Figure IV. 

shows the fraction of total pentenol plotted against time as a better way of comparison. 

It is obvious that the amount of benzene added influenced the reaction rate; the greater 

the amount of total benzene in solution the faster the reaction. Although, the run with 

the highest amount of benzene seems to have been slightly slower and there is no appar-

ent reason for this.  A control experiment was done and showed that there is no influence 

of benzene in the dihydroxylation kinetics if no cage is present. 

While the trend can be noted, quantitative analysis of the results cannot be done. The 

OB system was out of equilibrium due to the slow kinetics of benzene intake. This 
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makes the concentration of available host highly variable during the experiment and, 

consequently, that of the available catalyst. Further characterization of the system should 

be done, with higher temporal resolution and the execution of true replicate essays. De-

tailed investigation of the initial reaction rate period should detect an induction period 

where there is an acceleration as the amount of free guest increases as benzene slowly 

occupies the cage. With more good quality data, differential analysis would be a powerful 

tool to extract more information on the system. 

 
Figure IV.—Plot of the pentenol concentration, normalized against the maximum meas-
ured, against time since injection for each tube with the indicated initial total benzene 
concentrations. 

 Procedure 

To four NMR tubes were added the following: . mL of Gdm solution (. mM), 

 μL of NMMO solution (. mM, with [NaHCO] = . mM) and 35 μL of OsO 

solution (. mM). The condition of the solutions was verified by the acquisition of a 

first series of spectra. Then, the nd
 (b), rd (c) and th (d) tubes were added . μL, 0.8 μL, 

. μL of benzene respectively; the st tube (a) contained no benzene. Then,  minutes 

later,  μL of pentenol solution (. mM) were added, starting the reaction. 
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The first spectrum was taken from the first tube  minutes after injection. The sampling 

rate was  minutes with an offset of  minutes between tube sampling. The reactions 

were monitored for approximately  hours. 

 The OsO/DHF/Gdm system 

Having proven the influence of an inert guest in the catalytic activity of OsO, the next 

step in increasing complexity of the system was to experiment on a system with an addi-

tional guest that was itself reactive. The OsO/DHF/Gdm (OD) system achieves just 

that: DHF is both an alkene reactive towards OsO and a guest. If the influence of DHF 

in the dihydroxylation kinetics is enough, the reaction should initially be self-promoting 

with the rate accelerating as DHF enters the cage. 

Besides the issues already faced during the DHF⊂Gdm titration, the data processing 

in the experiments on the OD system involves some arithmetic on the NMR signals to 

derive the reagents’ concentrations. The most reliable signals in the presented case were 

those of NMMO and DHOF. 

The data points of the best experiment are presented in Figure IV. and Figure IV. , the 

temporal resolution is course since various tubes were being monitored at the time of 

acquisition. For unknown reasons, it is also lacking three sampling moments at around 

 h, a critical moment in the dynamics. It is presented, nonetheless, as an example of the 

typical data quality obtained along the several experiments done trying to obtain some 

OsO reuptake. Although other trials were done simultaneously with other concentra-

tions, the data was even poorer with no additional information provided by them. 

Figure IV. also shows very clearly a variation in the guest complex concentrations whose 

shape is slightly different from that found in the O+P and OB+P systems; the reuptake 

of Os seems almost linear. Still, from this one experiment very little insight is gained into 

the unique dynamics of this system. The reagent decay is still approximately exponential 

in the range observed. The additional influence of substrate on the rate of catalysis is not 

observed. 
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Figure IV.—Fraction of Gdm species plotted against reaction time for experiment A on 
the OD system. 

 
Figure IV.—Total reagent, product and catalyst concentration plotted against reaction 
time for an experiment on the OD system. [Os] is plotted in the secondary scale. 

 Procedure 

The procedure was essentially the same as presented in Section IV... The added volume 

of DHF solution (. mM) was . μL—replacing pentenol. The volume of OsO solu-

tion (. mM) was . μL. 
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This short chapter is dedicated to some of the experiments that were done ‘on the side’ 

to explore possible research pathways. All of the following were thrown together without 

much worry on the accuracy of preparation just to ‘see what would happen’. All of the 

conclusions of these experiments should be taken with a pinch of salt, but could be val-

uable to guide future work. 

 OsO/cyclohexene/Gdm system 

An attempt was made with a OsO/cyclohexene/Gdm system. The extremely slow as-

sociation kinetics of cyclohexene and very strong binding was appealing; it could enable 

the observation of a long ‘induction period’ as more OsO was gradually displaced. How-

ever, the excess of cyclohexene used was clearly too great as the was cage quickly 

saturated with it. Consequently, the reaction rate observed was very fast at first as the 

free cyclohexene reacted. It was then very much linear as the slow dissociation rate of 

the complex limits the reaction.  

The reuptake of OsO was never observed and the cyclohexene never completely con-

sumed. The very long reaction time ( days) gives way for an appreciable decomposition 

of OsO. However, the competition for binding of OsO could be used to probe the va-

lidity of dihydroxylation mechanisms at very low substrate concentration; the very slow 

kinetics can be used to measure the extent to each the cycloaddition step is reversible. 

 MS of OsO⊂Gdm 

Mass spectrometry characterization of the OsO⊂Gdm complex was tried as a way to 

confirm encapsulation of guest (as an alternative to XRD). However this particular cage 

was known in the research group to be difficult to observe in ESI-MS spectra. Ionization 

in water is quite difficult and the use of harsher ESI conditions leads to high fragmenta-

tion. The ions [Gdm]- and [Gnd]- have been observed but in a methanol/water 

mixtures. Several co-solvents were tried with water (methanol, ethanol, acetone, 

MeCN, DMSO) but all of them either crashed the cage out of solution or turned the as-

sembly too unstable to resist the addition of OsO. 
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 OsO⊂Gdm in the solid state 

To evaluate the ability of Gdm to acts as a storage medium for OsO in the solid state 

the following was executed.  

To  mL of solution of cage ( mM) were added approximately  eq of OsO. Then, 

GdmCl was added until precipitation of the cage and a clear solution was observed. The 

suspension was filtered through a membrane filter with a  mL syringe. Through the 

same filter were passed  mL of GdmCl and NaSO solution ( mM), next  mL of ice 

cold water. Afterwards,  mL of DO with t-BuOH . mM was passed very slowly to 

dissolve all the solid.  

The H NMR spectrum revealed the following concentrations: [H] as . mM, [HG] as 

. mM, so the [G]/[H] turns out as .. The degree of association before precipita-

tion was .. Although further experiments would need to be done, this already give 

some indication that OsO is at least stable and probably encapsulated in the solid state 

(as opposed to just occluded). 
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The main goal of characterization of the new OsO⊂Gdm complex has been partially 

fulfilled. Full H and C NMR characterization was achieved as well as improving the 

cage’s synthesis. The stability of the complex has been successfully assessed as well as the 

binding equilibrium constant contrary to the binding kinetics. The trapping of OsO in 

the solid state was crudely demonstrated, but its stability was not evaluated. 

The stability of the supramolecular system OsO⊂Gdm, along with the relatively fast 

kinetics and moderately strong binding, enable it to be used for in situ monitoring of the 

free OsO in solution (through H NMR). This has been demonstrated in principle. Its 

limitations must, nonetheless, be recognized: sensitivity to pH, solubility limits, and in-

herent competitive inhibition of the catalyst (granting this would useful for competitive 

binding studies). 

The dynamics of two other host-guest complexes were fully characterized, motivated by 

the search for more complex systems. Bzn⊂Gdm has been found to have a strong bind-

ing with slow intake kinetics. A contribution of the non-classical hydrophobic effect due 

to the Gdm+ counterion has been proposed as the cause of increasing binding strength 

by comparison to Bzn⊂(NMe). DHF⊂Gdm has also been fully characterized and has 

the lowest binding constant of the three complexes studied. Its intake kinetics has been 

studied but the results should not be regarded as quantitative for future work; the range 

studied was quite small and is the result with the lowest confidence of all. Table VI. 

summarizes the results. 

Table VI.—Summary of equilibrium and intake rate constants for the studied complexes. 

 OsO⊂Gdm Bzn⊂Gdm DHF⊂Gdm 

Ka / mM- . ± . . ± . . ± . 

kin / M-s- not determined . ± . (. ± .) × - 

The goal of demonstrating orthogonal regulation has been attained even if not quanti-

tatively. The presence of benzene in the OB+P system acts has an ‘inhibitor’s inhibitor’, 

increasing the rate of OsO catalysis without interfering directly with the dihydroxyla-

tion reaction itself. 
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Accomplishing the demonstration of higher order rate regulation by DHF in the OD 

will require further work. The analysis done shows it as not being significantly different 

from that of benzene. The design of a system with a self-signalled on/off reaction switch 

has not been accomplished. 

Future work can take several paths. Firstly, improvement of the OsO⊂Gdm binding 

strength and stability could allow a similar supramolecular system to be used in the fu-

ture as a means to handle more safely OsO. Reduction of the imine moiety to amine 

should be tested to attain this (the reduced ligand should be less susceptible to oxidation). 

Other metal ions could also be used to try and alter the pore and cavity size and lability 

of the vertices, thereby manipulating intake kinetics and equilibrium.  

The OsO+Gdm system as is could already has its uses. Detailed study of the speciation 

of the oxoanions of Os is simplified by the absence of further reagents. Measuring the 

variations of the degree of association as a function of ionic strength, pH and redox po-

tential could be provide valuable information for designing of Os(VIII) catalysts. On this 

last subject, this system has the potential to simplify the evaluation of ligand binding to 

OsO whenever the ligand is silent or otherwise difficult to analyse. 

Secondly, the investigation of peculiar out-of-equilibrium dynamics in the studied su-

pramolecular systems could be worthwhile and serve as a base to the discovery of more 

useful systems. To better study the host-guest dynamics along the reaction, future work 

should focus on monitoring one tube at a time as a pseudo-D NMR experiment.  

The lesson learned from this work is that monitoring several tubes saves spectrometer 

time but sacrifices time resolution and spectra quality. However, even the monitorization 

of several tubes could be improved with faster equipment (namely the autosampler).  

Higher concentration of both substrates and cage should enable observation of the dif-

ferent catalysis dynamics. Reaction in these conditions could be explored in more detail 

by end-point studies.  
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With kinetic essays in the  mL range, aliquots can be extracted in much shorter time 

periods than NMR sampling would provide with decent accuracy. The aliquots would be 

mixed immediately into NaSO solutions, reducing the Os(VIII) to inactive forms and 

stopping the reaction. At the end, timely analysis of dihydroxylation products by GC 

would easily reveal the dynamics without much complication. This kind of essay could 

work in the mol/L concentration regime with a sampling resolution of a few seconds. 
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A. Gdm NMR spectra 

 

Figure A.—C APT NMR spectrum of Gdm . mM. 

 

Figure A.— HSQC NMR spectrum of Gdm . mM. 
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Figure A.—HMBC NMR spectrum of Gdm . mM. 

 

Figure A.—Magnification of HMBC NMR spectrum above, Gdm . mM. 
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A. OsO⊂Gdm NMR spectra 

 
Figure A.—C NMR spectra of OsO⊂Gdm, . mM of total host and . mM of total 
guest. 

 
Figure A.—HSQC NMR spectra of OsO⊂Gdm, . mM of total host and . mM of 
total guest. 
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Figure A.—Magnification of the HSQC NMR spectra above of OsO⊂Gdm. 

 
Figure A.—HSQC NMR spectra of OsO⊂Gdm, . mM of total host and . mM of 
total guest ( MHz spectrometer).  
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A. ,-dihydrofuran reference H NMR spectrum 

 
Figure A.—Reference H NMR spectrum of the ,-dihydrofuran with corresponding la-
belling of signals. There are few signals adding to % of the total signal, this is due to typical 
manufacturing impurities namely: THF, ,-dihydrofuran and furan. 

A. Tetrahydrofuran-,-diol reference H NMR spectrum 

 
Figure A.—Reference H NMR spectrum of the tetrahydrofuran-,-diol with corre-
sponding labelling of signals. The impurities here seem to be DHOF still in the osmate 
adduct at the end of the catalytic cycle. 
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A. Pent--en--ol H NMR reference spectrum 

 
Figure A.—Labelled reference H NMR spectrum of the pent--en--ol. There are signals 
adding to less than % of the total signal; likely due to isomeric alcohols and even oligo-
mers. 

A. Pent--en--ol with Gdm H NMR reference spectrum 

 
Figure A.—H NMR spectrum of a mixture of pent--en--ol and Gdm as a control 
experiment to assess their interaction. 
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A. Pentan-,,-triol H NMR reference spectrum 

 
Figure A.—Reference H NMR spectrum of the pentan-,,-triol with corresponding 
labelling of signals. The complex signals are due to triol still in the form of osmate adduct. 

A. Pentan-,,-triol with Gdm H NMR spectrum 

 
Figure A.—H NMR spectrum of a mixture of pentan-,,-triol and Gdm as a control 
experiment to confirm their lack of interaction. 
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A.  TMA and OsO reactivity experiment 

The solutions giving rise to the spectra in Figure A. below were prepared by adding an 

aqueous solution of TMA % to a solution of Gdm and OsO. The reader might notice 

that the chemical shift of the TMA signal changed quite significantly. This is because of 

a change in pH that causes a fast exchange of chemical environment in the nuclides. 

 
Figure A.—Superimposition of three H NMR spectra of a solution of OsO (. mM) 
and Gdm (. mM) with increasing amounts of free TMA and varying degrees of asso-
ciation: black—no TMA, y = .%, blue—. mM, y = .%, red—. mM, y = .%. 
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A. NMMO NMR reference spectrum 

 
Figure A.—Reference H NMR spectrum of N-methylmorpholine N-oxide and corre-
sponding labelling of signals. 

A. NMMO with Gdm H NMR spectrum 

 
Figure A.—H NMR spectrum of a mixture of NMMO and Gdm as a control experi-
ment to confirm their lack of interaction. 
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B.  OsO titration data  

Table B.—Total titrant volumes and estimated total concentrations of OsO for each NMR 
tube used in the OsO⊂ titration (from Section III..). 

T
ub

e V(titrant) 
/ μL 

c(OsO) 
/ mM T

ub
e V(titrant) 

/ μL 
c(OsO) 

/ mM T
ub

e V(titrant) 
/ μL 

c(OsO) 
/ mM 

 

. . 

 

. . 

 

. . 
. . . . . . 
. . . . . . 
. . . . . . 
. . . . . . 
. . . . . . 

 

. . 

 

. . 

 

. . 
. . . . . . 
. . . . . . 
. . . . . . 
. . . . . . 
. .  .  . 
 .  .  . 

 

B..  -point regression statistics 

  

Figure B.—  point regression residual values plotted against guest concentration and 
host concentration (left and right, respectively). 
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B..  -point regression statistics 

Table B.—Summary of the parameters from -point OsO⊂ titration curve regression. 

 Value Std Error % LCL % UCL Dependency Adj. R 

x / mM . . . . 
. . 

K / mM- .  . . . 

 

Figure B.—Plot of the output from Origin’s -point non-linear regression. Red data 
points not used for regression. 

 

 

Figure B.— point regression residual values plotted against guest concentration and 
host concentration (left and right, respectively). 
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B. Benzene titration data  

Table B.—Solution volumes and estimated concentrations of t-BuOH standard for each 
NMR tube solution prepared (from Section III..). 

 

V(titrant) 
/ μL 
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B.. -point regression statistics 

Table B —Summary of the parameters from -point Bzn⊂ titration curve regression. 

 Value Std Error % LCL % UCL Adj. R 

K / mM- . . . . . 

 

 

Figure B.—Bzn⊂Gdm -point regression residual values plotted against total guest 
concentration and total host concentration (left and right, respectively). 

Note in the figure above that the first seven points seem to be quite distant from those 

that follow, with the first five clearly having unacceptable residuals. 

B.. -point regression statistics 

 
Figure B.—Bzn⊂Gdm -point regression residual values plotted against total guest 
concentration and total host concentration (left and right, respectively). 
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B. Benzene intake kinetics data 

The t-BuOH concentration was . mM. 

Table B.—Solution data for of the benzene intake kinetics experiment discussed in Sec-
tion III... 
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B..  Benzene intake regression statistics 
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Figure B.—Bzn⊂Gdm intake regression residual values plotted against elapsed reaction 
time.  
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B. DHF titration data and regression statistics 

Table B.—Solution volumes and estimated concentrations for each NMR solution pre-
pared (from Section ). 
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Figure B.—Regression residual values plotted against guest concentration and host con-
centration (left and right respectively). 

B. DHF intake kinetics data 

Table B.—Solution data for of the DHF intake kinetics experiment discussed in Section 
III... 

t / s [H] / mmol·L- [G]e / mol·L- y 
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B. O+P dihydroxylation regression data 

 
Figure B.— Plot of the measured concentration of pentenol against reaction time in the 
O+P system stacked with the regular residual plot after fit of the exponential decay func-
tion. 
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Figure B.—Plot of the measured concentration of NMMO against reaction time in the 
O+P system stacked with the regular residual plot after fit of the exponential decay func-
tion. 

 
Figure B.— Plot of the measured concentration of DHOP against reaction time in the 
O+P system stacked with the regular residual plot after fit of the exponential decay func-
tion. 
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