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Abstract 

The host-guest chemistry between cucurbit[7]uril (CB[7]) and cationic organic guests of 

medicinal and biological interest are described in this thesis. In the first part, three cationic 

steroidal neuromuscular blockers (SNMBs) were studied, along with guests that model their 

monocationic N-alkyl-N-methylheterocyclic (morpholinium, pyrrolidinium and piperidinium) 

terminal groups of the SNMBs, and dicationic guests in which the two N-methylheterocyclic rings 

are linked by a decamethylene chain, modelling a variety of NMBs.  Other cationic drugs related 

to acetylcholine processes in neuromuscular blockage were also studied. In the second part, the 

amino acids lysine, and its mono-, di- and trimethylated and acetylated N derivatives, and 

arginine, and mono- and (symmetric and asymmetric) dimethylarginine, were investigated as 

guests, along with analogs of arginine. The nature and strength of the complexation between 

CB[7] and these guests in aqueous solution were determined by 
1
H NMR spectroscopy and ESI 

mass spectrometry. 

The CB[7] showed high binding affinity (KCB[7] = 10
6
-10

9
 M

-1
) towards the N-alkyl-N-

methylheterocyclic cations with a trend of piperidinium > pyrrolidinium > morpholinium, which 

reflects the relative hydrophobicities of the guests. The CB[7] forms 1:1 and 2:1 host-guest 

complexes with dicationic model guests, with the CB[7] initially encapsulating the decamethylene 

chain. The second CB[7] binds to a terminal site, resulting in electrostatic repulsions with the first 

CB[7], which are resolved by the translocation of the first CB[7] to the opposite terminal site.  This 

2:1 binding mode is also observed with CB[7] and the SNMBs, and the trend in KCB[7]  with these 

SNMB terminal sites is comparable to that observed for the monocationic model guests. The 

other cationic drugs also form stable host-guest complexes with CB[7], and the binding constants 

displayed dependences on the size, charge, and hydrophobicity of the guests. 

The CB[7] exhibits significant selectivity towards different lysine and arginine derivatives, 

which can be related to the relative hydrophobicity afforded by the methyl substituents and the 

positioning of the guest within the CB[7] cavity. The 3500-fold selectivity for N,N,N-
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trimethyllysine over lysine by CB[7] is the highest observed for a synthetic macrocyclic receptor, 

while a modest selectivity of symmetrical over asymmetrical dimethylarginine by CB[7] is 

observed.   
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Chapter 1                                                                                 

Introduction 

Jean-Marie Lehn, who won the Nobel Prize in 1987, defined supramolecular chemistry as 

“the chemistry of molecular assemblies and of the intermolecular bond”.
1,2

 Supramolecular 

chemistry involves the non-covalent binding between two or more molecules to form a host-guest 

complex (supramolecule). In Nature, for example, an enzyme can be the host, its substrate can be 

the guest and when they bind together they result in the enzyme-substrate complex, which 

performs a certain function. There are various types of natural hosts, like cyclodextrins, as well as 

synthetic hosts, such as cucurbiturils and calixarenes. The non-covalent interactions between 

hosts and guests include ion-ion, ion-dipole and dipole-dipole interactions, hydrogen bonding, 

cation-π interactions, π-π stacking, van der Waals’ forces and hydrophobic effects.
 
 

1.1 Non-covalent Interactions 

Non-covalent interactions can be considered to be the main pillar of supramolecular 

chemistry: they are the main forces that hold the supramolecular systems together.
3,4

 Non-covalent 

bonding energies are much weaker than the covalent bond but the cumulative effect of many of 

them is enough to stabilize the host-guest complexes. This section will describe the common types 

of non-covalent interactions. 

1.1.1 Hydrogen Bonding  

Hydrogen bonding is one of the most important non-covalent associations in 

supramolecular chemistry. It can be described as the interaction between a proton donor group 

(Dn-H) and a proton acceptor atom (:Ac). The hydrogen bond can be classified into three 

categories according to its strength.
3
 A very strong hydrogen bond forms with an energy ranging 

between 60-120 kJ/mol, while a moderate bond energy is between 15-50 kJ/mol and bond energy 

below 15 kJ/mol is considered to be a weak hydrogen bond. The strength of the hydrogen bond 
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depends on the distance between the two electronegative atoms of the donor and the acceptor in 

the complex: the shorter the distance the stronger the bond will be. Moreover, it can also be 

affected by the angle between the three points (Dn-HAc), as the more linear the angle, the 

stronger the bond can be. 

There are a few other factors that can influence the strength of the hydrogen bond. Solvent 

effects are one of the main contributors, as a polar solvent can dramatically weaken the hydrogen 

bond in the Dn-HAc complex due to the fact that it can form a hydrogen bond itself with the 

donor and the acceptor.
3
 The electronegativities of both the donor and the acceptor are very 

important also. For the donor, a stronger hydrogen bond will be formed by increasing the partial 

positive charge on the proton, for example HF > HCl > HBr > HI. Regarding the acceptor atom, it 

can show a trend such as H2O > H3N > H2S > H2P. Resonance and polarization within the 

molecule(s) can result in the formation of a stronger hydrogen bond. Finally, the secondary 

interactions that can form in the same hydrogen bond complex can have a particular effect on the 

strength of the already existing hydrogen bond. 

1.1.2 Electrostatic Interactions 

In general, electrostatic interactions are considered to be Coulombic attraction or repulsion 

forces between two oppositely charged or partially charged molecules. These interactions include 

ion pairing, ion-dipole interactions, as well as dipole-dipole interactions.
4
 

Ion pairing, or ion-ion interactions, are the strongest non-covalent forces. The bond energy 

(100-350 kJ/mol) is very comparable to a typical covalent bond energy (350 kJ/mol). Ion pair 

interactions occur when a cation and an anion are very close in space such that the energy formed 

from their electrostatic attraction is greater than the energy required to separate them. The ion 

pairing interaction energy does not depend on the direction of the ions, however it is dependent on 

the distance (r) between the ions (1/r).
4
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Ion-dipole interactions exist when an ion is close to a molecule that posseses a dipole 

moment, such as a water molecule. This interaction is dependent on direction, as the ion should 

face the opposite partial charge of the dipole. Its energy is also dependent on the distance 

between the ion and the dipole (1/r
2
).

4
  

Dipole-dipole interactions exist between two or more dipoles. These can be attractive or 

repulsive, which can affect their orientation and alignment, either parallel or perpendicular to each 

other (Figure 1.1). The bond energy is proportional to 1/r
3
.
4
 

 

 

van der Waals’ forces can be considered to be a very weak electrostatic interaction (8 

kJ/mol) between dipole-induced dipoles, and instantaneous dipole-induced dipole interactions 

(London forces). The bond energy is proportional to 1/r
6
.
4
 

1.1.3 π-Bonding  

π-Bonding involves three categories: cation-π interactions, π-π interactions and π-dipole 

interactions. These types of interactions only occur in the presence of a simple π system, such as 

benzene rings and ethylene, and they are considered to be a combination of dispersion and 

electrostatic interactions.
5,6

 

Figure 1.1. Parallel (left) and perpendicular (right) dipole-dipole interactions. 
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Cation-π interactions form between a cation and the face of an aromatic ring (Figure 1.2). 

The benzene ring does not have a dipole moment; rather it has a large permanent quadruple 

moment. Cation-π interactions play a major role in determining the structure of biological 

macromolecules, such as receptor ligand interactions and enzyme substrate binding. The binding 

energy varies with the nature of the cation with the trend of Li
+ 

> Na
+ 

> K
+ 

> Rb
+
.
5,6

 This is due to 

the dispersion of the positive charge over the larger ion, which weakens the interaction.
6
 

The energy of the cation-quadruple interaction is proportional to 1/r
3
. The quadruple 

character of benzene can bind to molecules with atoms bearing partial positive charges,  like H2O 

and NH3.
6
 

 

One example of a protein interaction that involves cation-π interactions is the recognition 

of lysine and arginine, and their derivatives, by the aromatic amino acid cage in the binding site of 

the chromatin protein, which will be illustrated in detail later in the thesis. Another example is the 

cation-π interaction at the nicotinic receptor by acetylcholine and other neurotransmitters, which 

will also be described later in detail. 

 

Figure 1.2. Cation-π interaction.  
 

6

 



 

 

5 

 

The π-π stacking interactions involve the interaction of two or more aromatic systems. The 

stacking between aromatic rings can be edge-to-face or T-shaped, or a face-to-face (parallel or 

shifted) arrangement (Figure 1.3).
7
 

 

 

 

1.1.4 The Hydrophobic Effect 

The hydrophobic effect can be explained using the fact that “water and oil do not mix”:
8
 

they always tend to form two layers. The hydrophobic effect arises from two factors. The first is an 

enthalpic effect, which results from the tendency of water molecules to form a solvating layer 

around the non-polar molecules that could be very costly in terms of energy. Water molecules also 

interact with the walls of a host molecule cavity (which is often hydrophobic). By releasing these 

water molecules from the cavity to interact with the bulk solvent, which is more favourable, there 

will be enthalpic loss. However, there is another important factor that can affect the hydrophobic 

effect, which is the entropic gain that results from combining the host and the guest, as they cause 

Figure 1.3. π-π stacking interactions. Face to face: (a) parallel/ (b) shifted (with the 
quadrupole diagram underneath it), or (c) edge to face and (d) T-shaped. 

7
 

 



 

 

6 

 

two holes in the water solvation structure. Now, by forming the host-guest complex, they are 

causing less disruption to the system.
1,4,9

 

In general, the inclusion of a hydrophobic guest into a hydrophobic macrocyclic binding 

site involves a hydrophobic effect, such as the inclusion of a guest inside a macrocyclic host cavity. 

The same will be observed in the cucurbit[n]uril host-guest complexes described later. 

1.2 Concepts of Supramolecular Chemistry 

1.2.1 Self-Assembly 

Self–assembly can be described as the simultaneous formation of an ordered structure 

using molecules as building blocks. This process is reversible as the self-assembled structure can 

be disassembled for a specific function and then rebuilt. One important example in nature is the 

DNA double helix. It is formed of two strands of highly-ordered DNA building units (adenine, 

thymine, guanine, and cytosine) connected to each other using highly ordered intermolecular 

hydrogen bonds (Figure 1.4). The DNA helix can be untangled to perform specific functions such 

as transcription.
10 
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Figure 1.10 A set of self-assembling DNA bases. Adenine will only bind to thymine, and 

does so selectively with two hydrogen bonds (left). Guanine will only bind to cytosine, and 

does so selectively with three hydrogen bonds (right).
2 

 

 

 There are a wide variety of paradigms in synthetic chemistry and supramolecular 

chemistry that are dependent on self-assembly.
2,5,8

  Many of these systems represent attempts 

by supramolecular chemists to produce aggregates that are either too complicated or too 

tedious to be formed by covalent syntheses.
5,8

 While a full account of these systems is 

beyond the scope of this thesis, some examples include films, gels, liquid crystals, 

nanostructures and certain types of polymers.
8 

 

1.2.2 Host-Guest Chemistry 

Host-guest chemistry involves a binding event between a large molecule, termed the 

host, and a smaller molecule, termed the guest.
4
  Many hosts are a form of cavitand, meaning 

that their molecular structure contains a large cavity, such as a pocket or hole.  This cavity 

allows the host to encapsulate and non-covalently bind a guest. Guests can range in size and 

complexity, from small, charged metal ions to complex organic compounds, such as drug 

molecules.
2,4

 One common requirement for a guest, however, is that it must possess 

Figure 1.4. Hydrogen bonded self-assembled DNA units.    
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1.2.2 Molecular Recognition 

Supramolecular chemistry involves the study of systems of aggregates of fragments 

(molecules or ions) that bind to each other through weak non-covalent interactions. However, there 

are other factors that can influence the nature of these systems, such as the geometry of the 

aggregates and the chemical compatibility of the fragments. This will lead to the term molecular 

recognition, or selectivity, which involves a strong binding between a certain host and a guest, 

followed by a specific function, such as in an enzyme-substrate complex.
11

 The term recognition  

was originally related to biological systems, but at the beginning of the 1970’s, it started to be used 

in chemistry to describe the selective complexation of metal ions.
12

  Selectivity results from a 

certain degree of complementarity of the host and the guest, as well as the preorganization and 

co-operativity of the host. 

The matching in size and shape between the binding sites of the host and the guest can 

be described by a lock and key principle. When the matching is more selective to include the 

electronic factor, this will lead to the chemical complementarity between the host and the guest.
13

 

A preorganized host is a rigid host that does not undergo conformational changes during 

the binding process.
1
 For example, a podand (an acyclic host) cannot be considered preorganized, 

as it must undergo conformational changes to be able to bind to the guest. However, highly 

preorganized macrocyclic hosts do not undergo any conformational changes to bind to their 

guests.
13

 Macropolycyclic hosts such as cryptands  are amongst the most rigid and preorganized 

hosts (Figure 1.5).
14

  

Co-operativity can be described as the involvement of two or more binding sites in the 

interaction between the host and the guest. The combination of the forces resulting from the 

interactions of these binding sites with the guest increases the binding strength in the complex.
13
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1.2.3 Molecular Receptors 

Molecular receptors are organic structures that are covalently held together and can 

selectively bind other substrates (ions or molecules) using non-covalent bonds to form a 

supramolecule.
15

  Lately, the design of novel artificial molecular receptors has been rising. These 

receptors may be used to bind a variety of substrates including cationic, anionic, or neutral 

species.
15

 To design a molecular receptor with a high degree of molecular recognition, it is 

Figure 1.5. The macrocyclic and preorganization effects in host-guest complex formation.
14
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important to take complementarity into consideration, where the size, shape, and architecture of 

the host and the guest are important. 

Molecular receptors vary a lot in their structure. There are acyclic, macrocyclic and 

macropolycyclic types of receptors (Figure 1.5). Molecular receptors can also be categorized into 

monotopic receptors, which contain a single binding site and bind to one substrate, and polytopic 

receptors, which have more than one binding site and can bind to one or more substrates.
14,15

 

1.2.4 Macrocyclic Hosts 

Macrocyclic hosts are generally large molecules that are formed in the shape of a circle, 

where the guest may interact non-covalently with the interior cavity or the exterior of the host. They 

may be subdivided into two categories: endoreceptors (the guest binds to the interior of the host) 

and exoreceptors (the guest binds to the exterior of the host).
10

 The preorganized character of the 

macrocyclic host makes it more entropically stable than the acyclic molecules. It is also easier to 

desolvate the macrocyclic hosts than the corresponding acyclic hosts, which makes the 

complexation more enthalpically favorable. Moreover, the association and the dissociation of the 

macrocyclic hosts are generally slower than the acyclic hosts, which make the complexes formed 

with the macrocyclic hosts more kinetically inert.
10

 As a result, the macrocyclic host-guest 

complexes have become a very important branch of supramolecular host-guest systems, due to 

the high binding stability of these hosts-guest complexes. 

Rotaxanes and catenanes are examples of the mechanically interlocking molecules that 

are composed of two or more fragments, held together in certain architectures.
16

 Catenane is 

derived from the Latin word catena, which means a chain. This is due to the fact that it consists of 

two or more rings interlocked mechanically without any covalent interaction between the rings.  

Rotaxane is derived from the Latin words rota and axis, which mean wheel and axle, 

respectively.
16,17

 Rotaxanes are composed of macrocyclic molecules that are threaded by acyclic 

molecules, which have two bulky groups at each end in the form of stoppers. The pseudorotaxane 
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is a macrocyclic ring that is threaded with the string-like molecule with no stoppers at the ends. 

The thread can undergo further cyclization to form catenanes, with the use of a metal template, or 

can be stoppered with bulky groups to form rotaxanes. The [n] symbol is used in front of the 

catenanes, rotaxanes and the pseudorotaxanes to indicate the number of the components of the 

complex. For example, [2]catenane means that the complex contain two interlocking rings.
16,17

 

Rotaxanes can be synthesized using two methods, in addition to the stoppering of a 

pseudorotaxane, which are clipping and slippage (Figure 1.6). The former occurs when a 

complementary macrocyclization happens to an acyclic fragment around the dumbbell-shaped 

template. The slippage technique includes heating of the macrocycle and the dumbbell-shaped 

fragments to force the bulky group to slip through the macrocycle and form a stable interlocked 

complex.
16

 Catenanes and rotaxanes have been of great interest over the past thirty years. This is 

due to the fact that they can be used as components of molecular machines and motors.
18

  

1.3 Characterization of the Supramolecular Complex 

There are many techniques that can be used to determine the formation, nature, and 

stability of host-guest complexes, such as nuclear magnetic resonance (NMR) spectroscopy, UV-

visible (UV-vis) spectroscopy, mass spectrometry (MS), fluorescence spectroscopy, and X-ray 

crystallography.
19

 The choice of the suitable technique depends on the physical and chemical 

properties and the strength of the binding constant of the host-guest complex. Some of these 

techniques become insensitive if the stability constant is too large, so an alternative competitive 

method can be used to determine the stability constant for the host-guest complex.   
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.  

 

 

 

Figure 1.6. Different mechanisms of rotaxane and catenane synthesis. 
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1.3.1 Nuclear Magnetic Resonance (NMR) 

Proton NMR (
1
H NMR) spectroscopy is one of the most reliable techniques for measuring 

the association constant, and to a lesser extent in the characterization of the conformation, of the 

host-guest complex. This can be done by observing the changes in the shielding/deshielding of the 

guest or host protons upon the formation of the complex.
20

 When 
1
H NMR host-guest titrations are 

carried out, specific resonances (which are sensitive to formation of the complex) are chosen to 

monitor the complexation between the host and the guest. The proton resonance can behave in 

two ways upon complexation, depending on the magnitude of the association and dissociation 

rates. If the exchange between the complexed and uncomplexed guest is slow compared to the 

NMR time scale, then separate resonances for the free and the bound host and guest protons may 

be resolved in the NMR spectrum. However, the more common behaviour is a change in the 

chemical shift () of the specific monitored peak, which is equal to the weighted average of 

chemical shifts of the bound and free species. This happens when the exchange is fast compared 

to the NMR time scale.
1
 In some cases, when the dissociation rate is too close or equal to the 

NMR time scale, the free and bound proton resonances will broaden out, and may even disappear. 

when the ratios between the bound and the free species close to unity.  When the ratio of one 

component over the other increases its proton resonance will sharpen up again. The magnitude of 

the changes in the NMR shielding/deshielding differs according to the structure of the host-guest 

system. For example, the guest proton resonances experience an upfield shift upon inclusion in 

the shielding cavity of the cucurbituril hosts used in this thesis.  On the other hand, a downfield 

shift will be observed for the resonances of the guest protons that are positioned near the 

deshielding carbonyl portals of these cucurbituril hosts.      

1
H NMR spectroscopy is much more commonly employed than the carbon NMR (

13
C 

NMR), as its nucleus is more abundant and is more sensitive as the positioning of the hydrogen 

atoms on the periphery of the molecules makes it more exposed to the intermolecular screening 

compared to the carbon atoms to which they are attached.
20

   The 
19

F NMR or 
31

P NMR 
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experiments can be used to study host-guest complexes with host-guest systems that contain 

these nuclei.
20

 The 2D NMR techniques such as COSY, NOESY and ROESY can help in the 

characterization of the conformation of host-guest complexes, particularly when there are many 

overlapping signals in the 1D 
1
H NMR spectrum. 

1.3.2 UV-Visible Spectrometry 

UV-visible spectrometry is one of the oldest techniques that can be used for quantitative 

characterization of many organic molecules and inorganic metal ions. At least one of the species of 

the complex should have absorption in the UV-visible region,
20

 and the association complex of the 

host and the guest should influence the UV-visible absorption properties of the host or the guest at 

a specific wavelength, either by induction or suppression. The UV-visible titration can be used to 

measure the binding constant by plotting the absorbance at a specific wavelength versus the 

concentration of the host or the guest. The advantage of UV-visible over NMR spectroscopy is that 

it is a more sensitive and less expensive technique and generally requires lower sample 

concentrations. However, it is not suitable for systems that do not possess UV-visible absorption 

properties and it does not provide as much information about the conformation of the host guest 

complex as the NMR technique. Sometimes theUV-visible technique can be used as an indirect 

method for systems that do not exhibit UV-visible absorption, such as the case of an indicator or 

competitor, which upon complexation induces spectral changes, is titrated against the host-guest 

solution.
20

   

1.3.3 X-Ray Crystallography 

 X-ray crystallography has made many contributions to the study of intermolecular 

interactions, as well as host-guest chemistry. The X-ray technique was introduced to 

supramolecular chemistry through the solving of a cyclodextrin structure using the Patterson 

method.
20

 The X-ray crystallography shows the intermolecular positioning of a host-guest complex 

in the solid state. However, this information may not be accurate in solution, as the mode of 

binding may change between the solid state and solution.  
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It is not as easy to perform X-ray analysis on a supramolecule as for a small molecule due 

to a few technical problems. The size of the molecule is the major problem, where many more 

reflections are required to be collected. Also, the intensity decreases considerably, which produces 

signal-to-noise problems. The association of large numbers of solvent molecules in systems may 

cause more flexibility and disorder in the crystals. In addition, it is generally more difficult to grow 

single crystals for host-guest complexes. 

1.3.4 Mass Spectrometry 

Recently, mass spectrometry (MS) has gained an important role in analyzing solution and 

gas-phase supramolecular systems.
13

 Mass spectroscopy involves transferring the solution to the 

gas phase, followed by the ionization of the molecules, and separation of the ions according to 

their mass-to-charge ratio (m/z). For the ionization step, many techniques can be used. The older 

techniques of electron impact (EI) and chemical ionization (CI) are not suitable as they can destroy 

the weak non-covalent host-guest interactions. However, modern ionization techniques, such as 

electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI), are very 

useful techniques to study the host-guest complexation as they can be used to produce ions for 

large molecules, without destroying them.
20

 

Many organic host-guest complexes have been characterized using ESI-MS.
13

 However, it 

is not always possible to detect the host-guest complex due to the substantial dilution of the 

sample during the process of ionization.
20

 Another restriction is that only charged fragments can be 

detected using mass spectrometry. Also, changing the environment from solution state to the gas 

state can alter the behaviour of the host-guest complex. 

1.4 Natural Macrocyclic Hosts: Cyclodextrin 

Cyclodextrins are cyclic oligomers that consist of a specific number of -D-glucose units 

which are connected through glycosidic -1,4 bonds.
21

 They are formed as a result of the 

transglycosylation reaction in the degradation of starch by the cyclodextrin glucanotransferase 
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enzyme.
22

 In 1891, Villiers observed a small amount of crystalline material, named cellulosine, that 

formed from the digestion of starch by Bacillus amylobacter.
23

 In 1903, he effectively isolated two 

different crystalline products (dextrin A and dextrin B). In 1911, he reported another bacterial strain 

(B. macerans) that was capable of producing large amounts of the crystalline products: crystallised 

dextrin  and crystallised dextrin .
24

 Fourteen years later, dextrin  was discovered. The X-ray 

crystallographic structure was not reported until 1948, at which time it was confirmed that 

cyclodextrins are capable of forming inclusion complexes.
25

 The general structure of the 

cyclodextrin family has been described as a doughnut-shaped structure that has one rim lined with 

n primary hydroxyl groups and the other rim lined with 2n secondary hydroxyl groups. The interior 

non-polar cavity is lined with a row of CH groups (C-3 carbons) followed by a row of glycosidic 

oxygens, and then followed by another row of CH groups (C-5 carbons). The primary hydroxyl rim 

of the cavity usually possesses a reduced diameter compared with the secondary hydroxyl rim, 

which can result in the formation of a shallow truncated cone-shaped molecule.
21

 Cyclodextrins 

have a hydrophilic exterior, which makes them very soluble in water, and a hydrophobic interior 

cavity, which can form inclusion complexes with variety of hydrophobic molecules. This is the 

reason that they have been described as a “micro heterogeneous environment” (Figure 1.7).
23,26

 

The three common types of cyclodextrins, which are called the first generation or parent 

cyclodextrins, are -cyclodextrin (6 glucopyranose units), -cyclodextrin (7 glucopyranose units), 

and -cyclodextrin (8 glucopyranose units), with cavity diameters of 4.7-5.3 Å, 6.0-6.5 Å, and 7.5-

8.3 Å, respectively (Figure 1.8).
29

 The -cyclodextrin is considered to be the most useful host as it 

is the most accessible and the cheapest to produce.
23

  A variety of modified cyclodextrins have 

been synthesized, usually by the amination, esterification, or etherification of the primary and the 

secondary hydroxyl groups of the parent cyclodextrins. Mostly, these modifications are carried out 

to improve some of the properties of the host molecules, such as solubility, stability, and chemical 

activity.
28

 Sugammadex (an anionic -cyclodextrin with a carboxythioacetate ether linkage) has 

recently been one of the most important derivatives in the pharmaceutical field, as will be 
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described later.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Displacement of water molecules by the drug inside the cyclodextrin cavity upon 
the formation of host-guest complex.     
 

Figure 1.8. Structures of -, -, and -cyclodextrins. 

-CD -CD -CD 
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1.5 Synthetic Macrocyclic Hosts 

1.5.1 Calixarenes  

Adolph von Baeyer, who received the Nobel Prize in chemistry in 1905, reported “a 

cement-like substance” during the reaction of aldehydes and phenols.
30

 Unfortunately, he was 

unable to isolate the pure substance, to determine elemental data, and to propose any structure. 

However, thirty years later, Leo Baekeland was able to isolate the material using a controlled 

amount of base in the reaction. He called that material “Bakelite”, and, hence, the modern 

synthetic plastic industry had begun.
31

  In 1944, Alois Zinkie proposed a cyclic tetramer structure 

for the product of the base-induced reaction of p-tetra-butylphenol and formaldehyde (Figure 1.9). 

In 1975, Gutshe introduced the name “calixarene”, which has a Greek origin and consists of two 

parts: calix, meaning vase and arene, referring to the aryl moieties in the structure.
32

 

 

 

 

Calixarenes and resorcinarenes are phenol derived macrocyclic hosts that represent a 

very important family in host-guest supramolecular chemistry.
33

 Calix[n]arenes are cup-like 

macrocyclic hosts which consist of n para-substituted phenols linked together through the meta 

position by methylene groups. One of the portals of the macrocycle usually has bulky substituents, 

this is called the upper rim (exo face). The other end is called the lower rim (endo face), and has 

the phenol hydroxyl groups. The calix[n]arene endo rim is narrower than the exo rim, resulting in a 

Figure 1.9. Structures of calixarenes (left) and resorcinarenes (right).   33
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cone shape. The orientation of the phenolic units can change the stereochemistry of the calixarene 

into four possible conformations (Figure 1.10). If all the phenolic units are in the same direction, 

they form the cone conformation. If only one unit is flipped upside down this forms the partial cone 

conformation. If two consecutive units are opposing the other two this gives the 1,2-alternate. 

Finally, if every other unit is flipped this will form the 1,3-alternate conformation. However, in 

solution calixarenes always stay in the cone conformation.
32

    

 

 

There are almost an unlimited number of possibilities for calixarene modifications.
35

 By 

changing the reaction conditions, different sizes of the macromolecules can be obtained. Also, 

starting with phenol derivatives can lead to variations in the final calixarene product. The purpose 

of calixarene modification is not always for the synthesis of new derivatives, as sometimes it is for 

controlling the conformational inversions.     

Figure 1.10. The four conformations of calixarenes.   34
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  The inclusion of a variety of guests in the cavity of calixarenes is one of their fascinating 

properties. X-ray crystallographic structures revealed that calixarenes are able to form solid-state 

complexes with many guests such as toluene,
36

 chloroform, and isopropanol.
37

 Calixarenes can 

also bind to metal ions, such as Li
+
, Na

+
, K

+
, Rb

+
, and Cs

+
. The p-tetra-butylcalixarenes can 

transport Cs
+
 ions through tetrachloroethane organic membranes.

38
 The calix[4]arene modified 

with urea residues can form complexes with halide ions, such as Cl
-
, Br

-
,
 
and I

-
 in CDCl3.

39
 Water-

soluble calixarenes can form complexes with sugars, nucleosides,
40

 and different types of amino 

acids.
41,42

  

Due to the endless possibilities of calixarene modifications, its applications are 

widespread. The use of calixarene chemistry could be seen in many areas, including synthesis, 

catalysis, molecular recognition, self-assembly, sensors, nanotechnology, and drug-discovery.
43

  

1.5.2 Cucurbiturils  

The discovery of the family of cucurbiturils was not as straightforward as the cyclodextrins 

and the calixarenes.
44

 In 1905, Behrend and coworkers reported the formation of an insoluble 

polymeric substance (Behrend’s polymer) out of the condensation of glycouril and formaldehyde in 

concentrated HCl. Behrend was able to recrystallize the polymer in concentrated H2SO4 with 

around a 40-70% yield. It is amazing that even at that early time he could explain that this polymer 

can form what he described as cocrystals (complexes) with many molecules, such as KMnO4, 

AgNO3, H2PtCl6, Congo red, and methylene blue. He even proposed a molecular formula of 

C18H18N12O6.
45,46

  

Seventy-five years later, in 1981, Mock and coworkers reported the crystal structure of 

Behrend’s polymer upon complexation with calcium sulfate. The crystal structure showed a 

macrocyclic molecule consisting of six glycouril units bridged by twelve methylene groups with two 

calcium cations interacting with the carbonyl portals. Mock named it “cucurbituril”, regarding their 

resemblance to the pumpkin fruit, family Cucurbitaceae. Mock also reported the formation of 

inclusion complexes between cucurbituril and alkylammonium cations based on the shift of the 
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guest proton resonances in the NMR spectrum.
47

  The six-membered homologue, CB[6] (Figure 

1.11), was the only one isolated at that time, however in 2000 Kim and coworkers isolated and 

characterized three more homologues; CB[5], CB[7], and CB[8] (Figure 1.11), using much milder 

reaction conditions.
48

 This was followed by the crystallization of the CB[5]CB[10] interlocked 

complex in 2001 by Day and coworkers.
49

 

 

 

 

The cucurbit[n]urils are now commercially available in many different sizes. They form 

complexes with many guests with high affinity and selective binding interactions. Their size, shape, 

and functional groups can be controlled in their synthesis. They are soluble in aqueous and 

organic solutions. All of these properties have resulted in the remarkable blossoming of the use of 

cucurbit[n]urils in host-guest chemistry over the last twelve years, and in the nanotechnology field 

as a component of molecular machines. The cucurbiturils are starting to compete with 

cyclodextrins (the receptors of choice) in industrial-scale applications.
46

 In this section, the 

cucurbit[n]urils will be discussed in detail. 

Figure 1.11. Structures of CB[n] homologues. 
 
 

48
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1.5.2.1 Synthesis of Cucurbit[n]urils 

A general synthesis scheme for cucurbit[n]uril was proposed by the groups of Day,
49

 

Kim,
48

 and Isaacs
50

 independently (Figure 12.1). Glycoluril is mixed with either aqueous 

formaldehyde or paraformaldehyde in concentrated hydrochloric acid or sulfuric acid. The mixture 

is then heated to 80-100C for 10-100 hours. A mixture of CB[n] homologues is formed with CB[6] 

as the major product. By evaporation and repetitive precipitations from water and methanol, 

fractional separation of each homologue is achieved according to its solubility in water, 

water/methanol, and dilute HCl solutions.
50

 Day and coworkers used a hot 20% aqueous solution 

of glycerol to selectivity isolate CB[7] from the CB[n] mixture.
49

   

 

 

In 2010, Scherman proposed an alternative green method (Figure 1.13) to selectively 

precipitate CB[7] from an aqueous mixture of CB[5]/CB[7], upon the CB[7] complexation of 1-alkyl-

3-methylimidazolium bromide followed by an anionic exchange with ammonium 

hexafluorophosphate (NH4PF6). CB[5] was then recrystallized from the aqueous solution. The 

CB[7] was then released using reverse anion exchange in dichloromethane.
51

 

Figure 1.12. The separation and isolation scheme for CB[n] homologues. 
44
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It was more challenging to obtain free CB[10], as it is generally formed as a  CB[5]CB[10] 

complex. In 2005, Isaacs was able to separate the free CB[10] by treating the CB[5]CB[10] 

mixture with an excess of a melanine derivative (the 4,6-bis(4-(aminomethyl)phenylamino)-1,3,5-

triazin-2(1H)-one dication, Figure 1.14), which forms a 2:1 guest:host complex. This is followed by 

methanol treatment to eject one melanine molecule, with the second molecule being ejected using 

acetic anhydride.
52

    

 

 

 

 

Figure 1.14. Structure of 4,6-bis(4-(aminomethyl)phenylamino)-1,3,5-triazin-2(1H)-one 
dication used for ejecting CB[5] from CB[10]. 
 

Figure 1.13. An alternative, environmentally friendly separation scheme for CB[7]. 
 

44
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Recently, 1,12-dododecanediamine was used, at acidic pH, to eject CB[5] from the 

CB[5]CB[10] complex. The free CB[10] can then be obtained by washing with hot ethanol 

solution of sodium hydroxide, followed by recrystallization from concentrated HCl.
53

    

The purity of the isolated CB[n] homologues can be determined using 
1
H-NMR 

spectroscopy as the chemical shifts of the methylene group proton resonances vary through the 

CB[n] family. Sometimes, CB[n] can become contaminated with HCl and different cations and 

anions. Also, CB[n] may contain water molecules which can be difficult to eject, even after 

excessive drying. Therefore, it is crucial to determine the molecular weight of the isolated CB[n] 

homologue by means of a titration versus a known high affinity guest, such as the 1,6-

hexanediammonium and p-xylenediammonium cations for CB[6] and CB[7], respectively (Figure 

1.15).
44

 

 

 

 

 

1.5.3 Physical Properties of the CB[n] Family 

Generally, all CB[n] homologues possess two polar carbonylated rims and a hydrophobic 

cavity. They have the same total depth of 9.1 Å, but have different diameters corresponding to the 

Figure 1.15. Structures of 1,6-hexanediammonium (top) and p-xylenediammonium cations 
(bottom). 
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number of glycoluril units in each of them.
54

 Both CB[5]CB[10] 
55

 and free CB[10] 
54

 have 

ellipsoidal cavities with transverse and conjugated diameters of 10.7 and 12.6 Å, respectively, for 

the former and 11.3 and 12.4 Å, respectively, for the latter. The diameter of the CB[n] rim is 

generally 2 Å narrower than the diameter of the cavity. Detailed dimensions of the CB[n] hosts are 

shown in Table 1.1.  

The inner cavity of CB[n] can hold between 2 and 22 high energy water molecules (relative 

to their energy in the bulk aqueous solution) depending on the cavity size.
56

 The CB[5] and CB[8] 

water content can be compared to the - and -cyclodextrin, respectively. However, the -

cyclodextrin water content is 6-7 water molecules, compared with 4 and 8 for CB[6] and CB[7], 

respectively. The cavity volumes of CB[6], CB[7], and CB[8] are 164, 279, and 479 Å
3
, 

respectively, which are comparable to the cavity volumes of -, -, and -cyclodextrin (174, 262, 

and 427 Å
3
, respectively).  

 

 

a
in [Å], calculated from the X-ray crystal structure. 

b
cavity depth determined from electrostatic 

potential minima [Å]. 
c
in [mM]. 

d
number of water molecules inside the cavity of the CB[n] 

macromolecule. 
 

CB[n] CB[5] CB[6] CB[7] CB[8] CB[10] 

Portal 
diameter 

a
 

2.4 3.9 5.4 6.9 9.5-10.6 

Cavity 
diameter 

a
 

4.4 5.8 7.3 8.8 11.3-12.4 

Cavity  
depth 

b
 

7.4 7.5 7.6 7.7 7.8 

Solubility in 
H2O 

c
 

20-30 0.018 20-30 < 0.01 <0.05 

No. H2O 
molecule 

d
 

2 4 8 12 22 

      

Table 1.1. Different properties of CB[n] homologues. 
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The electrostatic potential is very important in the molecular recognition of macrocyclic 

hosts in aqueous and organic solution. The electrostatic potential is significantly more negative at 

the portals and in the cavity of the CB[7] compared to  -cyclodextrin (Figure 1.16).
57

 Therefore, 

CB[n] has a high affinity towards the cationic guests, while the -cyclodextrin prefers to bind with 

neutral or anionic guests. 

 

1.5.4 Host-guest Properties of the CB[n] Homologues 

1.5.4.1  Cucurbit[5]uril 

With cucurbit[5]uril (CB[5]), the smallest homologue of the CB[n], the host-guest chemistry 

is generally limited to small molecules or ions due to its narrow carbonyl portals and small volume 

cavity. In 1992, Stoddart and coworkers synthesized and characterized decamethylcucurbit[5]uril 

(Me10CB[5]), a CB[5] derivative, which has the same size of cavity but more a rigid structure 

compared to CB[5] (Figure 1.17).
58

 CB[5] may interact with protons, metal ions (such as cadmium, 

Figure 1.16. Electrostatic potential (kcal/mol) maps of (a) CB[7] and (b) β-CD.  
57
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lanthanide and uranium), and ammonium ions at their carbonyl portals. Although the binding of 

CB[5] to the uranyl cation is limited to one portal, as it is an internal binding to the carbonyl groups, 

and the CB[5] uranyl complex can still interact with a potassium or cesium ion through the other 

portal. The Me10CB[5] shows a remarkably high selectivity towards lead ions, Pb
2+

,
59

 whereas 

CB[5] did not show any selectivity for the same ions.
60

  

 

 

 

The most outstanding characteristic of the CB[5] and Me10CB[5] hosts is that they can bind 

to gases, such as Ne, Ar, H2, N2O, NO, CO, CO2, Kr, Xe, and CH4, as well as small solvents, such 

as methanol.
61

 It is interesting how Miyarhara and coworkers used the solid Me10CB[5] in the 

reversible sorption and resorption of N2O gas with capacity up to 40 mL g
-1

. All of these results 

suggest that CB[5] and Me10CB[5] can be used as a molecular sieve to purify gases from air.
46

 

Although it was mentioned earlier that CB[n] guests are generally cationic, CB[5] is one of 

the exceptions, as its interaction with anions, such as chloride, was reported by Day and  

coworkers, with an X-ray crystallographic structure of the CB[5]CB[10] complex (Figure 1.18),
62

 

as the chloride complex of the free CB[5] was observed.
63

  A normal environment for the binding of 

chloride ion inside the CB[5] cavity involves the existence of a metal cation in the portals which can 

coordinate with the chloride anion.
63

 It was observed that CB[5] can selectively encapsulate the 

nitrate ion over the chloride ion, except in the presence of lanthanide cation, as the nitrate ion has 

a lower charge density, so it may be more hydrophobic than the chloride ion.
64

 

  Figure 1.17.  Structure of Me10CB[5].   58
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CB[5] can form exclusion complexes with organic aliphatic guests such as 1,6-

diammoniumhexane, where the two ammonium groups will bind to the portals of two CB[5] hosts, 

and the hexyl group will form a bridge in between.
65

 

 

 

 

 

1.5.4.2  Cucurbit[6]uril 

Cucurbit[6]uril (CB[6]) is the major synthetic homologue, and it was the first to be isolated 

and studied. CB[6] can be considered to be a weak base, as it can be protonated in acidic solution. 

It can also interact with a variety of metal ions through the carbonyl portals. Buschmann reported 

the log K of the binding constants of CB[6] with mono and divalent cations, such as Li
+
, Na

+
, K

+
, 

Rb
+
, and Ca

2+
, to be 2.38, 3.23, 2.79, 2.68, and 2.80, respectively.

66
 Despite the poor solubility of 

CB[6] in aqueous solutions (0.018 mM), a dramatically improved solubility was reported for CB[6] 

in the presence of alkali metal and alkali earth ions, for example, in 0.2 M solutions of Na2SO4 (66 

mM), LiCl (0.94 mM), KCl (37 mM), CsCl (59 mM), and CaCl2 (70 mM). Furthermore, Kim reported 

that CB[6] can encapsulate neutral organic guests such as tetrahydrofuran (THF) using a metal ion 

62
 

Figure 1.18. The X-ray structure of the Cl
-
CB[5]CB[10] ternary complex. Cl

-
 is in yellow, 

CB[5] is in red, and CB[10] is in blue.
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(such as Na
+
 or Cs

+
), with the assistance of water molecules, as lids for the CB[6] portals (Figure 

1.19). The X-ray crystal structure of the CB[6]·Na4·(H2O)17·(SO4)2·THF complex was reported in 

2001.
68

 

 

 

 

 

 

 

In the pioneering work of Mock and coworkers, CB[6] showed high affinity binding to a 

series of  positively charged organic guests such as alkylammonium and alkyldiammonium ions. A 

series of 
1
H NMR competition experiments for the CB[6] and guests were performed in 

HCO2H/H2O (1:1) solution.
47

 The alkyl chain lengths were different, with the optimum length chain 

for the CB[6] cavity being the n-butylammonium ion with a binding constant of 10
5
 M

-1
. The 

optimum polymethylene chain lengths for the alkyldiammonium ions was six carbons, followed by 

five carbons, with binding constants of 2.8 x 10
6
 and 2.4 x 10

6
 M

-1
, respectively. These 

polymethylene chain lengths are the ideal lengths that can fit inside the cavity with two ammonium 

moieties in the right position to form ion-dipole interactions with the carbonyl portals. This 

information was supported by the NMR data, where the polymethylene proton resonances were 

shifted upfield which indicates that they are encapsulated inside the CB[6] cavity.
69,70

 Freeman and 

coworkers confirmed the same conformation when they reported the X-ray crystal structure of p-

xylylenediammonium chloride complexed by CB[6], with the central p-xylylene moiety inside the 

Figure 1.19. The formation of a lid to the CB[6] and its removal.  THF is the sphere, Na
+
 is the 

hemisphere, and the water molecules are the wedges. 
67
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cavity and the two ammonium groups at the portals (Figure 1.20). 

 

 

 

 

CB[6] can encapsulate small cyclic molecules, with the highest binding constant for the 

five-membered ring of the cyclopentylammonium ion. Adding a methylene group in between the 

cyclopentane ring and the amino group results in remarkable increase in the binding constant. In 

general, CB[6] has a higher binding affinity to cycloalkylmethylamine guests than the 

cycloalkylamine of the same ring size. This is due to the displacement of the ammonium moiety 

away from the carbonyl rim in the cycloalkylamine. Cyclohexane is too bulky to be encapsulated by 

the CB[6] cavity, however the cavity can accommodate a planar benzene ring with a slightly larger 

van der Waals’ dimensions compared to the host cavity. Only para-disubstituted benzene 

derivatives can be encapsulated inside the cavity, with some distortion to the host, though. The 

ortho and meta substitutions will make the guest too bulky to thread into the cavity. The addition of 

a methylene group between the benzene ring and the amino group will decrease the binding 

constant. This may be due to the full occupation of the CB[6] cavity with the benzene ring so that 

Figure 1.20.  X-ray crystal structure of p-xylylenediammonium ion and CB[6] complex. 71
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any further addition will push the amino group away from the carbonyl portals. Lower binding 

constants were observed for CB[6] with the aromatic amines, compared to the aliphatic amines, 

which may relate to the larger dimensions of the former that result in a slight resistance to their 

entry.
72

  

Since the first discovery of CB[6], Behrend’s  polymer, it was reported that it can form 

complexes with dyes such as Congo red and methylene blue.
45,46

 Almost a hundred years later, 

Buschmann studied the complexation of organic dyes, such as phenol blue, with CB[6]. A larger 

binding constant was reported for the complexation of phenol blue by CB[6] (92.8 M
-1

), compared 

to the same guest with β-cyclodextrin (1.3 M
-1

). Both complexes showed a lower dye degradation 

rate, however the CB[6] complex showed a much greater reduction (100 fold) in the dye 

degradation rate than the β-cyclodextrin complex (2-fold).
73

 

CB[6] can bind to amino acids such as glycine, alanine, valine, and phenylanaline with a 

binding constants in the range of 1×10
3
 to 5×10

3
 M

-1
. The binding constants were measured using 

the isothermal titration calorimetric technique (ITC), and the result suggested an ion-dipole 

interaction between the amino acid and the portals of the CB[6] (exclusion complex), with no 

evidence of inclusion complex formation. The binding constants of the same amino acids with -

cyclodextrin were reported in the same study and are not very different from those with CB[6].
74,75

 

CB[6] also showed weak affinity towards different types of di- and tripeptides containing 

glycine (Gly), phenylalanine (Phe) and leucine (Leu) such as Gly-Phe, Gly-Gly, Gly-Lue, and Leu-

Gly-Phe. The binding constants were in the range of 3.7×10
2
 to 1.5×10

3
 M

-1
. These binding 

constants showed small differences depending on the size, hydrophobicity, and sequence of the 

peptide, indicating that they form exclusion complexes with the CB[6] as well.
75

 Another study 

involved the complexation of CB[6] with lysine and oligolysine in the gas phase, performed by 

Dearden and coworkers. Using electrospray mass spectrometry, the inclusion CB[6]-lysine 

complex was confirmed with a binding constant of 6×10
4
 M

-1
.
76
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1.5.4.3  Cucurbit[7]uril 

Cucurbit[7]uril (CB[7]) is the most promising member of the CB[n] family due to its 

improved water solubility and its medium-sized cavity (Table 1.1) which can accommodate a 

variety of positively charged guests. As with the other CB[n] homologues, CB[7] forms complexes 

with the cationic guests and exhibits strong binding constants through the electrostatic interactions 

near the portals and it also prefers to encapsulate neutral guests or the neutral portions of guests 

in the hydrophobic cavity. CB[7] showed high affinity towards cationic aromatic guests, such as 

naphthalene
48

, ferrocene, cobaltocene,
77

 and methylviologen
78

 derivatives. 

CB[7] can form inclusion complexes with a series of small neutral polar organic guests 

such as acetone, butan-2-one, acetophenone, methyl acetate, and others.
79

 Their host-guest 

stability constants have been determined using 
1
H NMR titrations in aqueous solutions. The 

binding constants varied according to the nature, size, and hydrophobicity of the guest, which 

indicates that the hydrophobic and dipole-quadrupole interactions are the main forces responsible 

for complex formation. The host-guest complexes for the guests with a ketone group showed lower 

stability constants when the CB[7] portals were complexed by sodium or potassium cations.
79

   

CB[7] can also bind, with a remarkable size selectivity, to the charge-diffuse peralkylated 

onium cations such as the tetraalkylammonium (NR4
+
), tetraalkylphosphonium (PR4

+
), and 

trimethylsulfonium (SR3
+
) cations in aqueous solution.

80
 The binding constants range between 

2.8×10
3
 and 5.2×10

6
 M

-1
, depending on the size and hydrophobicity of the guests. CB[7] showed 

preference for the ethyl derivatives over the methyl substitutions for the NR4
+
 and SR3

+
 ions, 

whereas it showed the opposite for the PR4
+
 ion.  The 

1
H NMR titrations confirmed the formation of 

inclusion complexes for this type of guests. These results indicated that CB[7] may bind to 

trimethylammonium head groups, which are essential in the recognition of acetylcholine by 

aromatic amino acids (such as tryptophan (Trp)). A series of acetylcholinesterase inhibitors, such 

as succinylcholine and -bis(trialkylammonium)alkane dications (or their phosphonium 

analogues), were studied with CB[7]. NMR titrations confirmed the assembly of CB[7]-guest 

[2]pseudorotaxanes.
81

 The presence of excess CB[7] may result in the addition of another CB[7] 
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molecule to the complex, resulting in the formation of 2:1 host-guest complexes. 

 CB[7] has been reported to form a stable complex with the H2-receptor antagonist ranitidine, 

which is one of the most popular treatments of stomach ulcer symptoms (Figure 1.21).
82

 This host-

guest complex can be used for improving the thermal stability of the drug.  

 

 

 

 

 

 

 

 

Recently, researchers have reported that the CB[7] can bind to several types of drugs 

which can improve the drug’s delivery and stability, or can reduce the drug’s toxicity.
83

 For 

example, the CB[7] complexes with platinum based anti-cancer drugs, such as oxaliplatin and 

cisplatin, can reduce their degradation by guanosine, methionine and the other thiol containing 

proteins without affecting their cytotoxicity (Figure 1.22).
84

 As well, a new class of anti-cancer 

drugs, the multinuclear platinum complexes such as BBR3464 (which is in phase II clinical trials), 

have been found to bind to CB[7].  The encapsulation of these multinuclear platinum complexes, 

which are active in concentrations 10- to 100-fold lower than the cisplatin but much more toxic, can 

reduce their toxicity.  

Tao and coworkers reported that the binding constants of CB[7] with a series of amino 

acids, such as Phe, tyrosine (Tyr), and Trp, using a UV-visible spectroscopic technique, are on the 

order of 10
5
 M

-1
. Much lower binding constants (less than 500 M

-1
) were reported for histidine (His), 

glutamic acid (Glu), methionine, valine, leucine, and alanine.
86

  Kim and coworkers also reported 

the study of CB[7] complexation with peptides containing N-terminal phenylalanine residues. 

Interestingly, CB[7] was able to discriminate diastereomers of dipeptides, such as L-Phe-L-proline 

Figure 1.21. Structure of the H2-receptor antagonist ranitidine. 
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(Pro) versus L-Phe-D-Pro. The authors explained that the origin of the diastereomer selectivity 

relates to the optimization of the non-covalent bond interactions between the CB[7] and the 

preferred guest.
87

    

 

 

1.5.4.4.  Cucurbit[8]uril 

The cavity volume of the cucurbit[8]uril (CB[8]) is comparable to that of -cyclodextrin, 

however the CB[8] structure is more rigid than that of -cyclodextrin. CB[8] prefers to bind to 

positively charged guests through ion-dipole interactions. The CB[8] has the useful ability to 

simultaneously encapsulate two guests inside its cavity. For example, CB[8] can form a 2:1 host-

guest complex with 2,6-bis(4,5-dihydro-1hydro-imidazol-2-yl)naphthalene, even from a mixture of 

1:1 equivalents of the CB[8] and the guest. The X-ray crystal structure showed that the 

naphthalene moieties are encapsulated inside the cavity, whereas the protonated dihydroimidazole 

rings are forming hydrogen bonds with the carbonyl portals (Figure 1.23). 

CB[8] can also bind to two different guests, such as methyl viologen (MV
2+

) and 2,6-

dihydroxynathphalene (HN), to form a 1:1:1 complex (Figure 1.24), where the charge transfer (CT) 

interaction between the two guests is the driving force in forming the complex.
57

 The 1:1:1 ternary 

Figure 1.22. The X-ray crystal structure of oxaplatin complexed by CB[7]. 
84
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complex results in a CT absorption band at 580 nm, which is red-shifted with a much larger larger 

intensity compared to that of a 1:1 mixture of the two guests in the absence of CB[8]. The same 

results were confirmed by the strong fluorescence quenching that was observed upon formation of 

the CT complex inside CB[8], and from the X-ray crystal structure of the 1:1:1 complex.
57

garer  

 

 

 

 

 

 

 

Figure 1.23. The X-ray crystal structure of two guests of 2,6-bis(4,5-dihydro-1H-imidazol-2-
yl)naphthalene and CB[7] complex. The syn conformation is (a), and the anti conformation is (b). 

Figure 1.24. The formation of the charge transfer 1:1:1 complex of methyl viologen (MV2+), 2,6-
dihydroxynaphthalene (HN), and CB[8]. 

48
 

57
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The CB[8] possesses a large enough cavity to accommodate another smaller macrocyclic 

host, such as cyclen (1,4,7,10-tetraazacyclododecane) or cyclam (1,4,8,11-

tetraazacyclotetradecane), which in turn can form complexes with transition metal ions, such as 

Cu
2+

 or Zn
2+

, while still encapsulated in the CB[8] cavity (Figure 1.25). 
57

 

 

 

 

 

 

1.5.4.5  Cucurbit[10]uril 

Cucurbit[10]uril (CB[10]) has the largest cavity of the CB[n] homologues. It was initially 

isolated as a CB[5]CB[10] complex, until Isaac and coworkers determined how to isolate the free 

CB[10], as was mentioned before. They reported the formation of a 1:2 host-guest complex 

between the CB[10] and (R)-1,1’-binapthyl-2,2’-diamine. It was also found that if the CB[10] was 

mixed with the racemic (±)-1,1’-binapthyl-2,2’-diamine, it will form a complex with either two R 

guests or two S guests, which in total will be a racemic mixture of host-guest complexes. In the 

same study, CB[10] was reported to form complexes with large molecules, such as the 

tetracycline, the tetralysine peptide and Nile Blue, in solution. They also studied the behaviour of 

CB[10] towards other macromolecules such as α-CD, CB[6], and calix[4]arenes. No interactions 

Figure 1.25.  The X-ray crystal structure of [Cu(cyclen)(H2O)]
2+

 encapsulated in CB[8].    
57
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were reported for the CB[7] with the first two guests, whereas CB[10] was able to form a ternary 

complex with p-methyldimethylaminocalix[4]arene after the addition of adamantane carboxylic 

acid.
52

    

Free and metal ion coordinated (Zn
2+

, Fe
2+ 

and Mn
2+

) porphyrins were found to form 

inclusion complexes with CB[10]. The porphyrin plane was found to be perpendicular to the 

equatorial plane of the CB[10], which caused a severe distortion of the CB[10] into an oval shape. 

The prophyrin metal center only experienced minimal electrochemical changes upon complexation. 

High affinity ternary complexes were reported upon the addition of the pyridine derivatives 

quinolone and isoquinoline. Interestingly, the authors confirmed (using 
1
H NMR spectroscopy) that 

these guests interacted with the porphyrin ring via - stacking interactions, not via coordination 

with the metal center.
88

    
 

 The binding of trans-[{PtCl(NH3)2}2(µ-NH2(CH2)8NH2)]
2+

 and [{Ru(phen)2}2(µ-bb5)]
4+

 {phen = 

1,10-phenanthroline; bb5 = 1,5-bis[4(4′-methyl-2,2′-bipyridyl)]pentane} (Figure 1.26) separately to 

CB[10] was studied by Keene and coworkers.
53

 The 
1
H NMR spectra showed large upfield shifts 

for the proton resonances of the bridging methylene moieties of both guests, which indicated the 

threading of the guest through the CB[10] cavity. The Ru
2+

 complex showed much slower 

exchange on the NMR timescale compared to the Pt
2+

 complex, which could be due to the 

bulkiness of the bipyridyl head group.
53

                                                   

 

1.5.5 Applications of the Cucurbit[n]urils  

The remarkable molecular recognition properties of the CB[n] homologues have resulted in 

a large development in their applications in different fields, such as the chemical, medicinal, and 

material sciences.  A brief discussion of the most common applications will be given in the 

following sections. 
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1.5.5.1 Catalysis 

The idea to use CB[n] in catalysis originated with Mock and coworkers, who studied the 

cycloaddition between an azide and an alkyne using CB[6] as a catalyst.
70

 They assumed that the 

presence of the two carbonyl portals, which can interact with two cationic guests in a certain 

orientation, would bring these guests close enough inside the CB[6] cavity for a chemical 

interaction. Their assumption was right, as the presence of CB[6] significantly accelerated the 

cycloaddition reaction, by a factor of 5.5 x 10
4
. There are a few similarities between this catalytic 

reaction and enzymatic reactions, such as the fact that the complementarity between an enzyme 

and the transition state is greater than that between the enzyme and the reactants.  Approaching a 

reaction rate limit at high reactant concentrations, the rate limiting step is the release of the product 

from CB[6] (which can become challenging when the bulkiness of the reactants is increased), and 

competitive inhibition of the reaction may be achieved using non-reactive substrates.
70

   

Figure 1.26. Structures of trans-[{PtCl(NH3)2}2(µ-NH2(CH2)8NH2)]
2
+ (top) and [{Ru(phen)2}2(µ-

bb5)]
4+

 {phen = 1,10-phenanthroline; bb5 = 1,5-bis[4(4′-methyl-2,2′-bipyridyl)]pentane} 
(bottom).  
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Photodimerization and cyclization are other examples of the catalytic ability of the CB[n], 

especially CB[7] and CB[8], and due to the accumulated information about these types of 

reactions, it is now easier to plan and perform desired reactions to get the expected products. The 

photodimerization of trans-diaminostilbene dihydrochloride (trans-DASHCl) inside the CB[8] 

cavity, using acidic conditions, produces the syn dimers as a selective product in a high yield 

(Figure 1.27).
89

 Then, treating the solution with a base affords ,,,-tetrakis(4-

aminophenyl)cyclobutane (,,,-TACB). Also, trans-1,2-bis(4-pyridyl)ethylene performs the 

same photodimerization reaction inside the CB[8], however, it undergoes unimolecular cyclization 

inside the CB[7] cavity as  it is not large enough to encapsulate two molecules.
89

  

Nau and coworkers reported an interesting example of using CB[7] as a catalyst in the 

presence of a metal ion as a co-catalyst.
90

 The photodeazetation of the bicyclic azoalkanes 2,3-

diazabicylo[2.2.2]oct-2-ene (DBO) and 2,3-diazabicylo[2.2.1]hept-2-ene (DBH) was demonstrated 

in the presence of excess CB[7], while a Ag
+
 ion was interacting with the CB[7] portals (Figure 

1.28). The uncatalyzed photolysis of DBO produces a very low yield of a mixture of 

bicyclo[2.2.0]hexane and 1,5-hexadiene, however, it produces bicyclo[2.1.0]pentane (housane) as 

the exclusive photoproduct if the DBH is the starting material. The presence of CB[7] and/or the 

metal ion produced the same products, but with a very good yield that reached a two to three-fold 

excess of the hexadiene. Interestingly, in the case of DBH photolysis, the presence of CB[7] and 

the metal ion formed a  new photoproduct, cyclopentene. The same reaction was performed in the 

presence of the metal only, without CB[7], and it did not produce the new product.
90
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Figure 1.27. The photodimerization reaction of trans-DASHCl using CB[8] as a catalyst. 

Figure 1.28. The photolysis reactions of DBO (top) and DBH (bottom). 

Only with CB[7] 
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1.5.5.2 Pharmaceutical Applications 

The improved bioavailability, bioactivity, and delivery of drugs in aqueous solutions can be 

achieved using macrocyclic host-guest systems.
83

 It is crucial to quickly deliver the active form of 

the drug in the desired concentrations. There are many factors that can affect the bioavailability of 

the drug, including drug solubility, stability and toxicity, as well as its ability to cross the cell 

membrane. There has been a great interest in using macrocyclic hosts such as cyclodextrins, 

calixarenes, and cucurbit[n]urils as drug carriers to improve a drug’s bioavailability. The CB[7] 

macrocycle has received the most attention of the CB[n] family due to its superior solubility in 

water and the diversity of host–guest complexes with a range of cationic organic
81

 and 

organometallic
91

 guest molecules.
83

 However, there are many studies that proposed other CB[n] 

homologues for drug delivery, such as the case of CB[10] and dinuclear platinum(II) and 

ruthenium(II) anti-tumor agents, described earlier.
53

 Moreover, modifications of the parent CB[n] 

may lead to improvements in the host-guest interactions. Examples of the CB[n] modifications 

include acyclic oligomers of glycoluril,
92

 and substituted CB[n] molecules (replacement of 

equatorial CH protons with alkyl and aryl groups). At the present time, only the substituted CB[5] or 

CB[6] homologues are easily prepared, due to the increased steric interactions between the 1,5-

diaxial substituents on neighbouring gycoluril rings as the CB[n] size increases.
83

 

Many different types of drugs have been studied with CB[7], including platinum
67,93

 and 

metallocene
94

 anti-tumor agents, local anesthetics,
95

 vitamin B12,
96

 tuberculosis drugs
97

 and 

benzimidazole-based drugs.
98

 Other guests of biological interest that have been studied with 

cucurbit[n]urils include amino acids, peptides,
86,87

 and enzyme substrates.
99

 

Several in vitro and in vivo studies have revealed that the CB[n] are relatively non-toxic 

and do not significantly interfere with the guest drug activity.
67

 Kim and coworkers reported that 

CB[n] molecules have no significant cytotoxicity, with median effective dose (ED50) levels of more 

than 100 µM against human lung and ovarian cancer cell lines.
67

 The tolerance for intravenously 

administered CB[7] in mice (based on 10% weight loss) was determined to be 200 mg/kg.
93

 The 

inhibitory concentration (IC50) for CB[7] was reported (by Nau, Day, and coworkers) to be 
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0.53±0.02 mM (620 mg per kg of cell material) by means of in vivo studies on Chinese hamster 

ovary cell cultures.
100

 Even with CB[7] administration near the IC50 level, there was no damage to 

the structure or inner membrane of the cell mitochondria. The human kidney and hepatocyte cells 

lines, as well as murine macrophage cells, were determined to tolerate up to 1 mM doses of CB[5], 

CB[7], and several acyclic glycoluril oligomers. 

 The ability of CB[n] homologues and substituted CB[n], and the host-guest complexes to 

cross the cell membrane was addressed by Kim and coworkers, where the transportation of a 

carbohydrate-substituted CB[6] host with a fluorescent spermine guest across hepatocellular 

carcinoma cells by receptor-mediated endocytosis was reported.
101

 As well, CB[7] and CB[8] 

complexes (both 1:1 and 1:2) with acridine orange and pyronine Y dyes were used to prove, by 

fluorescence microscopy, that the host–guest complexes can cross the mouse embryo muscle cell 

membranes.
102
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1.6 Research aims 

The research described in this thesis is mainly directed towards the applications of CB[n] in 

the medical and pharmaceutical fields, in which different host-guest systems were studied, using a 

variety of (mostly commercially available) drugs, amino acids and their derivatives. In addition a 

series of guests were synthesized, containing the mono-cationic and dicationic N-

methylmorpholinium, N-methylpyrrolidinium and N-methylpiperidinium rings.  Different techniques 

were used in the characterization of these host-guest systems, such as ESI mass spectrometry, 

and NMR spectroscopy. The main projects of this thesis include: 

1. A study of the behaviour, strength, and mode of binding of CB[7] towards a series of 

synthesized mono-cationic and di-cationic guests that include: protonated and N-

alkylated derivatives of N-methylmorpholine, N-methylpiperidine, and N-methylpyrrolidine 

in aqueous solution. As well, the formations of [2]pseudorotaxanes of the 1,10-bis(N-

methylmorpholinium)-decane, 1,10-bis(N-methylpiperidinium)decane, and 1,10-bis(N-

methylpyrrolidinium)decane dications with CB[7] were studied.  

2. The examination of the 1:1 and 2:1 host-guest binding constants and the effects of 

binding of CB[7] to the steroidal neuromuscular blockers rocuronium, pancuronium, and 

vecuronium. 

3. An investigation of the possible complexation between the CB[7] and a series of 

biologically relevant guests including  acetylcholinesterase inhibitors (pyridostigmine 

bromide, neostigmine methyl sulfate, edrophonium bromide and 1,1-dimethyl-4-phenyl-

piperazinium iodide), a nicotine acetylcholine receptor antagonist (mecamylamine), a 

muscarinic acetylcholine receptor agonist (muscarine) and antagonist (gallamine), and 

two indirect acetylcholine antagonists (hemicholinium-3 and hemicholinium-15).   

4. A study of the selective molecular recognition by CB[6] and CB[7] of lysine and arginine, 

their methyl (lysine and arginine) and acetyl (lysine) derivatives, as well as analogs and 

other derivatives of arginine.  
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Chapter 2                                                                              

Cucurbit[7]uril complexes and [2]pseudorotaxanes with N-

methylpiperidinium, N-methylpyrrolidinium, and N-methylmorpholinium 

cations in aqueous solution 

 

2.1 Introduction 

  Cucurbit[n]uril CB[n] homologues have a hydrophobic inner cavity accessed through two 

constrictive polar portals lined with ureido carbonyl groups. The portals are attractive to cationic 

guest molecules through ion-dipole and dipole-dipole interactions, and combined with the 

hydrophobic effect, have led to the determinations of host-guest stability constants (up to 10
15

 M
-1

 

with CB[7])  in aqueous solution which rival that of the avidin-biotin complex in Nature.
1
 Cationic 

guests bearing ferrocenyl, adamantyl, and bicyclo[2.2.2]octane cores form these complexes with 

ultra-high stability by efficient packing of the cavity
2 

and the placement of the positive charges at 

the portal(s).
3-5

 The complexation of guest molecules of biological and medicinal interest by CB[7] 

has received considerable recent interest,
6-8

 and the effects of the complexation on properties of 

the guest, such as aqueous solubility
8
 and pKa values,

6,7
 have applications in molecular recognition 

sensing, drug delivery and controlled release. 

 Guests with hydrophobic quaternary tetraalkylammonium centers,
9-11

 including those in 

choline and acetylcholine, guests previously studied in our group,
12

 can also occupy the inner cavity 

of cucurbit[7]uril with considerable selectivity on the basis of the size of the cation. Dicationic 

acetylcholinesterase inhibitors such as succinylcholine, BW284c51, and - 

bis(trialkylammonium)alkane dications (or their phosphonium analogues) also can form 

[2]pseudorotaxane with the CB[7], and exhibited 1:1 host-guest binding constants in the range of 

8×10
6
  to 3×10

10
 M

-1
.
9
 The complexes are dependent on both the nature of the end group as well as 
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the length and hydrophobicity of the central linker. Additions of another equivalent of the host 

molecule results in a translocation of the original host and the ultimate positioning of the both hosts 

on the cationic head groups at either end of the guest.    

The N-alkyl or N-aryl derivatives of morpholine, piperidine, and pyrrolidine are found in a 

large number of plant alkaloids and drug molecules, including nicotine, minoxidil (Rogaine), and 

meperidine (Demerol).
13,14

 The steroidal neuromuscular blocking agents, such as rocuronium, 

vecuronium, and pancuronium, all contain these N-heterocycles on either end of the steroid 

framework.
15,16

 The N-methyl derivatives of the heterocycles are used as mimics for 

trimethylammonium groups and have recently been investigated as inhibitors for histone readers 

which target trimethyllysine.
17

 The salts of quaternary ammonium N-methyl derivatives of 

morpholine, piperidine, and pyrrolidine have also found applications as ionic liquids
18

 and as ionic 

liquid crystals. There are many applications for ionic liquids,
19

 including their usage as reaction 

media, thermal fluids, lubricants, plasticizers, dispensants and surfactants and antimicrobial, 

anticorrosion and electropolishing agents. Another interesting application for the ionic liquids is using 

them as immobilizing agents for enzymes, which will allow for the reuse of enzymes as catalysts. 

The N,N-dimethylpiperidinium chloride (mepiquat chloride) is a systemic plant growth 

regulator
20

 and its complexation by a number of macrocyclic host molecules has been investigated 

in aqueous and non-aqueous media.
21-24

 This cationic guest has a stability constant of less than 5 

M
-1

 with a neutral cyclophane host in CDCl3 at 30 
o
C.

21
  Using tetraanionic cyclophanes in water, 

the binding in water at 23 
o
C was reported to be 250 M

-1
.
22

  Binding constants of 500-1000 M
-1

 were 

determined for the complexation in DMSO at 27 
o
C with partially-bridged deep cavitands.

23
 The N-

alkylpyrrolidinium cation as a substituent on choline analogues was reported to have antimalarial 

activity, by interfering with the phospholipid metabolism of the parasite.   N-methylpyrrolidine forms 

a proton-bound homodimer when encapsulated in Raymond’s self-assembled supramolecular host 

[Ga4L6]
12-

 (L = N,N’-bis(2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene), while the slightly larger N-

methylpiperidine is encapsulated as a protonated monomer.
24
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  In this chapter, we report the strong binding between the macrocyclic host molecule 

cucurbit[7]uril and the protonated and N-alkylated derivatives of N-methylmorpholine, N-

methylpiperidine, and N-methylpyrrolidine (Figure 2.1) in aqueous solution, employing 
1
H NMR and 

ESI-MS spectral techniques. As well, the aforementioned 1,10-bis(N-methylmorpholinium)decane, 

1,10-bis(N-methylpiperidinium)decane, and 1,10-bis(N-methylpyrrolidinium)decane dications 

(Figure 2.2), have been employed as the thread components in the formation of 

[2]pseudorotaxanes and 2:1 host-guest complexes with CB[7]. 

 
 
Figure 2.1. Structures of the cationic guests used in this study. The numbers adjacent to the 

proton positions are the complexation-induced 
1
H NMR chemical shift changes (lim) for guests 

bound to CB[7] in D2O. 
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Figure 2.2. Structures of the dicationic guests used in this study. The numbers adjacent to the 

proton positions are the complexation-induced 
1
H NMR chemical shift changes (lim) for guests 

bound to CB[7] in D2O, with the black and blue numbers representing the 1:1 and 2:1 host-guest 
complexes, respectively. 
 

2.2 Experimental Section 

2.2.1 Materials 

CB[7] was prepared and characterized using the method developed by Day.
25

  30.0 g (211 

mmol) of glycoluril and 12.7 g (423 mmol) of paraformaldehyde were stirred in 42.6 mL of cold 

concentrated HCl until it formed a gel. The mixture was then allowed to stand for one hour, 

followed by refluxing at 100 C for 18 hours, then cooling at room temperature and ice bath. During 

these processes the mixture turns to an orange solution, which after filtration yields a viscous 

filtrate and a white pasty precipitate. The volume of the filtrate was reduced using a rotary 

evaporator, and 15 mL of water was added to the reduced solution, followed by filtration to remove 
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the white crystals that formed.  105 mL of methanol was added to the filtrate, which was then 

allowed to stand for 18 hours at room temperature; a solid precipitate was formed which was 

collected by filtration. The precipitate (from the last step) was added to 300 mL of a 20 % (by 

volume) solution of aqueous glycerol, heated and stirred for 30 minutes until a cloudy solution 

formed. Repetitive filtration steps were done for the cloudy solution to get clear filtrate; methanol 

was then added to the filtrate until the formation of white precipitate, which was mainly CB[6]. The 

previous step was repeated to give the another white precipitate which is CB[7]. The products were 

washed with methanol to remove the excess glycerol, and were then dried. The purity of the 

product was determined by 
1
H NMR (see Appendex A1). 

  The bromide or iodide salts of the N-alkyl-N-methyl heterocycle cations were prepared by 

heating at reflux a slight excess of the alkyl halide with the appropriate N-methylheterocycle (1.0 g) 

in methanol (8 mL) for 48 hours.  For most of the compounds, solids were obtained and were 

recrystallized from methanol/ether mixtures. With the bromide salts of N-methyl,N-

propylmorpolinium, N-methyl,N-propylpyrrolidinium, and N-allyl,N-methylpyrrolidinium, ionic liquids 

were obtained by removing the solvent by rotary evaporation. 

N,N-dimethylmorpholinium iodide ([Me2Mor]I)   

Yield 87%. mp, 245-248 
o
C (Lit. 252

 o
C 

26
). 

1
H NMR  3.14 (s, 6H, CH3), 3.39 (t, 4H, J = 5.0 Hz, 

H2), 3.93 (m, 4H, H3) ppm. 
13

C NMR  51.9 (CH3), 60.7 (C2), 61.1 (C3) ppm. HR-ESI-MS: calc. for 

C6H14NO
+
 (M-I)

+
 m/z =116.1075; found 116.1073.  

N,N-dimethylpyrrolidinium iodide ([Me2Pyrr]I)    

Yield 75%. mp, > 300
 o
C (Lit. 343-344

 o
C 

27
). 

1
H NMR  2.16 (m, 4H, H3), 3.08 (s, 6H, CH3), 3.45 (t, 

4H, J = 7.2 Hz, H2) ppm. 
13

C NMR  21.7 (C3), 51.6 (CH3), 65.9 (C2) ppm. HR-ESI-MS: calc. for 

C6H14N
+
 (M-I)

+
 m/z =100.1126; found 100.1125.   

N,N-dimethylpiperdinium iodide ([Me2Pip]I)    

Yield 83%. mp.  > 300
 o

C (Lit. 346-348 
o
C 

28-30
). 

1
H NMR  1.60 (qn, J = 5.8 Hz, 2H, H4), 1.82 (m, 

4H, H3), 3.04 (s, 6H, CH3), 3.28 (t, 4H, J = 5.8 Hz, H2) ppm. 
13

C NMR  19.9 (C3), 20.4 (C4), 51.6 

(CH3), 62.9 (C2) ppm. HR-ESI-MS: calc. for C7H16N
+
 (M-I) m/z =114.1283; found 114.1283. 
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N-methyl,N-propylmorpholinium bromide ([PrMeMor]Br).   

Yield 74%. 
1
H NMR  0.90 (t, 3H, J = 7.3 Hz, Hγ), 1.72 (m, 2H, (Hβ), 3.09 (s, 3H, CH3), 3.32 (m, 

3H, Hα), 3.39 (m, 3H, H2), 3.94 (m, 4H, H3) ppm. 
13

C NMR  10.0 (Cγ), 14.9 (Cβ), 47.0 (CH3), 59.6 

(C2), 60.5 (C3), 66.6 (Cα) ppm. HR-ESI-MS: calc. for C8H18NO
+
 (M-Br) m/z =144.1388; found 

144.1390.   

N-methyl,N-propylpyrrolidinium bromide ([PrMePyrr]Br)   

Yield  64%. 
1
H NMR  0.88 (t, 3H, J = 7.3 Hz, Hγ), 1.72 (m, 2H, Hβ), 2.12 (m, 4H, H3), 2.95 (s, 3H, 

CH3), 3.21 (m, 2H Hα), 3.42 (m, 4H, H2) ppm. 
13

C NMR  10.1 (Cγ), 17.0 (Cβ), 21.5 (C3), 48.3 

(CH3), 64.4 (C2), 65.7 (Cα) ppm. HR-ESI-MS: calc. for C8H18N
+
 (M-Br) m/z =128.1439; found 

128.1436.  

N-allyl,N-methylpyrrolidinium bromide ([AMePyrr]Br)  

Yield 68%. 
1
H NMR  2.19 (m, 4H, H3), 3.02 (s, 3H, CH3), 3.50 (m, 4H, H2), 3.94 (d, J = 7.6 Hz, 

2H, Hα), 5.66 (d, J = 16.9 Hz, 1H, Hγ), 5.67 (d, J = 10.4 Hz, 1H, H), 6.04 (m, 1H, Hβ) ppm. 
13

C 

NMR  21.5 (C3), 48.6 (CH3), 63.7 (C2), 65.6 (Cα), 125.5 (Cβ), 128.3 (Cγ) ppm. HR-ESI-MS: calc. 

for C8H16NO
+
 (M-Br) m/z = 126.1283; found 126.1280. 

2.2.2 Methods  

  The 
1
H and 

13
C NMR spectra were recorded on Bruker Avance 400 and 500 

spectrometers in D2O.  The high-resolution electrospray ionization time-of-flight mass spectra were 

recorded on a QStar XL QqTOF instrument with an ESI source.  

Competitive Binding Calculation 

  The host-guest stability constants for cucurbit[7]uril complexes with cationic guests (KCB[7]) 

were determined by competitive 
1
H NMR binding studies at 298 K as described by Isaacs and co-

workers.
31

 In the Isaacs study, a specific guest, with a known binding constant (competitor) was 

used, to compete for a limited amount of CB[7] against a guest with an unknown binding constant. 



 

 

55 

 

The solutions were prepared in D2O containing acetate buffer (50 mM NaOAc-d3/25 mM DCl) at 

pD 4.75. The competitor was selected according to its strength of binding, which would be close to 

the expected binding of the unknown guest. More than one competitive experiment (with different 

competitors) can be done to determine the unknown binding constant.  After choosing the 

competitor, a buffered solution of the guest, competitor, and CB[7] is prepared with the ratio of 

4:4:3, respectively. 
1
H NMR spectroscopy is used to analyze the experiment. Different ratios of 

CB[7] binding to the competitor and to the guest should be observed in the 
1
H NMR spectrum. By 

monitoring the change in  the chemical shifts of the competitor and the guest resonances, one can 

determine the strength of the binding of CB[7] to the guest compared to the competitor. The 

relative binding constant (Krel), which is the ratio of the binding of CB[7] between the competitor 

and the guest, can be calculated using Equation 2.1 (see Appendix 1.1 for an example). 

 

       [H·C][Gf] 
          Krel = ──────                              (2.1) 

            [H·G][Cf] 

 

  Where [H·C] represent the concentration of the competitor-host complex, [H·G] represents 

the concentration of the host-guest complex, and [Gf] and [Cf] represent the free guest and the free 

competitor concentrations, respectively. To calculate these concentrations, Equations 2.2 - 2.5 

were used. 

    [H·C] = [CTot] x (obs/lim)              (2.2) 

    [Cf] = [CTot] – [H·C]                           (2.3) 

    [H·G] = [HTot] – [H·C]                        (2.4) 

    [Gf] = [GTot] – [H·G]                           (2.5) 

 

The terms [HTot], [CTot], and [GTot] are the total concentrations of the host, competitor, and 

guest, respectively. They are calculated from the 
1
H NMR peak integrations. The observed 
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chemical shift change of the competitor (obs) and the limit of the chemical shift change for the 

competitor (lim) were calculated using Equations 2.6 and 2.7.   

obs = obs - free                           (2.6)  

lim = bound - free                         (2.7) 

In this thesis all the competitive experiments were done using two 
1
H-NMR tubes, one with 

the host and the other without the host, to observe the original chemical shifts of the competitor 

and the guests, as well as any overlap in the peaks between them. Generally, the limiting chemical 

shift for the competitor is known from the original paper that measured the binding constant, the 

observed chemical shift can be measured from the 
1
H NMR spectrum. After calculating the relative 

binding constant (Krel), it is important to find out if the competitor is suitable for comparison with the 

guest. The value of Krel should be greater than or equal to 0.1 and less than or equal to 10 to be 

considered as good relative binding; if not, another competitive experiment with a different 

competitor should be done. If the value of Krel is within the range, the unknown binding constant of 

the guest can be calculated using Equation 2.8. 

 

          KCB[7]·Comp  

KCB[7]·Guest  =  ───────                 (2.8) 

Krel 

 

The competitors that were used in this study were 3-trimethylsilylpropionic-2,2,3,3-d4 acid 

(KCB[7] = (1.82 ± 0.22) x 10
7
 M

-1
),

31
  tetraethylammonium bromide ((1.0 ± 0.2) x 10

6
 M

-1
),

10
 or p-

xylylenediamine ((1.84 ± 0.34) x 10
9
 M

-1
)
31

 (Sigma-Aldrich, used as received). For the 

determinations of K
1:1

, the concentration of CB[7] was less than that of the guest and the 

competitor, while for K
2:1

,the CB[7] concentration was greater than the concentrations of the guest 

(to ensure complete formation of the 1:1 complex) and the competitor.
32,33
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2.3 Results 

2.3.1 Host-Guest Complexation between Cucurbit[7]uril and Monocationic Guests 

  The monocationic guests are N,N-dialkyl-N-heterocycles of morpholine, pyrrolidine or 

piperidine, which were synthesized by refluxing equimolar amounts of the respective N-

methylheterocycle and the appropriate alkyl halide in methanol for 48 hours.  The products were 

purified by recrystallization and salting out using ether. The 
1
H NMR and ESI-MS spectra of the 

monocationic guests (Figure 2.1) in the presence of an excess of cucurbit[7]uril in aqueous 

solution are consistent with the formation of a 1:1 host-guest complex (Table 2.1).  
1
H NMR 

spectroscopy has proven to be a very useful method for determining the portion(s) of guest 

molecules which are located within the hydrophobic cavity as opposed to being positioned 

adjacent to the polar carbonyl-lined portals of the cucurbiturils.  An upfield shift of a guest proton 

resonance (lim = bound - free) is indicative of its average position within the cavity, whereas a 

downfield shift indicates that the guest proton is near one of the portals.   The limiting chemical 

shift values, lim, for the cationic N-heterocyclic guests upon complexation by CB[7] are given in 

Figure 2.1. For the protonated N-methylheterocycles (the pKa values for the HMeMor
+
, HMePyrr

+
, 

and HMePip
+
 cations are 7.38,

34
 10.18,

35
 and 10.08,

36
 respectively) and the N,N-

dimethylheterocycles, all of the guest protons experience an upfield shift, indicating that the entire 

guest molecule is encapsulated in the cucurbituril cavity (Figures 2.3-2.6). 

 

  With the protonated and alkylated (other than methylated) N-methylheterocycles, the 

inclusions of these guests within the CB[7] cavity causes the normally rapid chair/chair 

(morpholinium and piperidinium) and envelope/twisted-ring (pyrrolidinium, see Figure 2.5)  

interconversions
37,38

 to become sufficiently slow on the NMR timescale such that the axial and 

equatorial methylene proton signals are observed in the spectra of the host-guest complexes.   
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Figure 2.3. 

1
H NMR titration of the N,N-dimethylpiperidinium cation (1.0 mM) with (a) 0.00, (b) 

0.19, (c) 0.43, (d) 0.66, (e) 0.86, (f) 0.99, (g) 1.87, and (h) 2.70 equivalents of CB[7] in D2O (50 mM 
acetate buffer, pD = 4.7). 
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Figure 2.4. 

1
H NMR titration of the N,N-dimethylpyrrolidinium cation (1.0 mM) with (a) 0.00, (b) 

0.24, (c) 0.49, (d) 0.73, (e) 0.95, (f) 1.18, and (g) 1.72 equivalents of CB[7] in D2O (50 mM acetate 
buffer, pD = 4.7). 
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Figure 2.5.  
1
H NMR titration (in D2O with 50 mM acetate buffer, pD = 4.7) of the N-methyl-N-

propylpyrrolidinium cation (1.0 mM) with (a) 0.00, (b) 0.21, (c) 0.43, (d) 0.64, (e) 0.90, (f) 1.16, and 
(g) 2.10 equivalents of CB[7]. 
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Figure 2.6. 
1
H NMR titration (in D2O with 50 mM acetate buffer, pD = 4.7) of the N-methyl-N-

propylmorpholinium cation (1.0 mM) with (a) 0.00, (b) 0.20, (c) 0.41, (d) 0.57, (e) 0.81, (f) 1.02,  
(g) 1.51, (h) 2.33, and (i) 4.34 equivalents of CB[7]. 
   

Linear plots of obs against [CB[7]] plateau at one equivalent of the host (Figure 2.7) for 

the monocationic guests, indicating the formation of 1:1 host-guest complexes with stability 

constants that are too large to be accurately determined from fitting the chemical shift data. 

Instead,  competitive 
1
H NMR binding experiments were carried out for each guest molecule using 

the protocol of Isaacs and coworkers
31

 in D2O containing a 50 mM sodium acetate buffer (pD 4.7). 

The competing guest was 3-trimethylsilylpropionic-2,2,3,3-d4 acid (KCB[7] = 1.82 x 10
7
 M

-1
),

31
 whose 

methyl proton resonance shifts from 0.00 to -0.68 ppm upon complexation by CB[7]. The 
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calculated stability constants for the monocationic guests are presented in Table 2.1.  The trends 

in the binding constants are a reflection of the hydrophobicities of the guests’ N-heterocylic ring, 

with piperidinium > pyrrolidinium > morpholinium.  The ether -O- group on morpholinium would be 

more difficult to desolvate than the methylene -CH2- moiety on piperidinium, while the pyrrolidinium 

would be less effective at packing the inner cavity of CB[7], as discussed below. The nature of the 

R substituent on the pyrrolidiniium ring: allyl, propyl, methyl, or hydrogen, has a much smaller 

effect on the stability constant, with the alkyl substituents in the range of (1.7-2.5) x 10
7
 M

-1
. 

 

 

Figure 2.7.  Plots of the complexation-induced chemical shift changes () for the (●) H2 and (●) 
H3 

1
H NMR resonances for the N,N-dimethylpyrrolidinium cation as a function of the CB[7]/guest 

ratio in D2O (50 mM acetate buffer, pD = 4.7). 
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Table 2.1. The ESI-MS and 
1
H NMR spectral data (lim for methyl protons), along with the binding 

constants for the 1:1 host-guest complex between CB[7] and the monocationic guests in aqueous 
solution.   

Guest m/z (obs) 
m/z (calcd) 

KCB[7], M
-1

 lim, ppm 

 
HMeMor

+
 

 
1264.4360 
1264.4354  
for C47H54N29O15

+ 

 

 
(2.3 ± 0.4) x 10

6 a 
 
-0.40 

HMePyrr
+
 1248.4409 

1248.4405                           
for C47H54N29O14

+ 

 

(7.8 ± 1.2) x 10
6 a 

-0.41 

HMePip
+
 1262.4558 

1262.4562                           
for C48H56N29O14

+ 

 

(5.0 ± 0.8) x 10
7 a 

-0.38 

Me2Mor
+
 1278.4505 

1278.4608  
for C48H56N29O15

+ 

 

(5.1 ± 0.8) x 10
6 a 

-0.76 

Me2Pyrr
+
 1262.4556 

1262.4664  
for C48H56N29O14

+ 

 

(1.7 ± 0.3) x 10
7 a 

-0.68 

Me2Pip
+
 1276.4709 

1276.4718  
for C49H58N29O14

+ 

 

(3.7 ± 0.6) x 10
7 a 

-0.60 

NMe4
+ b 

 
 (1.2 ± 0.4) x 10

5 
-0.72 

MePrMor
+
 1306.4818 

1306.4887                            
for C50H60N29O15

+ 

 

(7.9 ± 1.2) x 10
6 a 

-0.82  
-0.62 

c 

MePrPyrr
+
 1290.4870 

1290.4910    
for C50H60N29O14

+ 

 

(2.1 ± 0.3) x 10
7 a 

-0.72  
-0.74 

c 

NPr4
+ b 

 
 (9.0 ± 2.4) x 10

3 
-0.70 

c 

AMePyrr
+
 1288.4713  

1288.4717  
for C50H58N56N29O14

+ 

 

(2.5 ± 0.4) x 10
7 a 

-0.64 
-0.85 

c 

N(allyl)4
+
 1340.5048 

1340.5031  
for C54H62N29O14

+
 

(4.9 ± 0.9) x 10
5 d 

-0.41 
c 

a
 K

1:1
CB[7] determinued using 3-trimethylsilylpropionic-2,2,3,3-d4 acid as competitor guest.

    b 
Ref. 

10.  
c
 H proton resonance. 

d
 K

1:1
CB[7] determinued using the tetraethylammonium cation as 

competitor guest.
   
 



 

 

64 

 

2.3.2 Host-Guest Complexation between Cucurbit[7]uril and Dicationic Guests 

  Dicationic bolaamphiphilic guest molecules were prepared using N-methylpiperidinium, N-

methylpyrrolidinium, and N-methylmorpholinium head groups and a decamethylene linker group. 

Similar dicationic guests have been previously investegated with CB[7], in which the head groups 

were trialkylammonium, trialkylphosphonium, pyridinium, quinuclidinium, and isoquinolinium 

species (Table 2.2).
32,33,39

 With most of these guests, the initial complexation by CB[7] involved 

encapsulation of the decamethylene chain, such that each of the positively charged centers would 

be placed adjacent to a polar portal of the cucurbituril, and a [2]pseudorotaxane would be formed.   

  Additional equivalents of the host molecule resulted in a translocation of the original host 

and the positioning of the second host onto the cationic head groups at either end of the guest.  An 

exception to this was in the case of the quinuclidinium head group,
32

 where the binding to this 

hydrophobic group was sufficiently strong that the CB[7] simply formed sequential 1:1 and 2:1 

host-guest complexes with binding exclusively to the end groups (Table 2.2).   

  With the three dicationic guests in the present study, a 1:1 host-guest complex with CB[7] 

was observed by ESI mass spectrometry (Table 2.2), and in the case of the MePip(CH2)10MePip
2+

 

dication, a peak corresponding to the 2:1 complex was also identified.  The 
1
H NMR titrations with 

CB[7] revealed, through the complexation-induced chemical shift changes in the guest protons, 

that initial binding is to the decamethylene chain, generating a [2]pseudorotaxane. With the 1,10-

bis(N-methylpyrrolidinium)decane dication (Figure 2.8), for example, the H-H methylene proton 

resonances shift significantly upfield (fast exchange behaviour), with lesser shifts for the H and 

H resonances, up to one equivalent of CB[7]. The H2 and H3 protons of the pyrrolidinium ring, 

along with the methyl proton resonance, exhibit small downfield shifts owing to their locations 

outside of the cavity near the portals. In the case of 1,10-bis(N-methylmorpholinium)decane 

dication, however, the complexation of the decamethylene chain exhibits slow exchange behaviour 

on the NMR timescale, with resonances for both the free and bound guest protons on the 

morpholinium rings and the decamethylene chain.  



 

 

65 

 

Table 2.2. ESI-MS data and binding constants for the 1:1 and 2:1 host-guest complexes between 
CB[7] and the dicationic guests in aqueous solution. 
 

Guest m/z (obs) 
m/z (calcd) 

K
1:1

CB[7], M
-1

 
K

2:1
CB[7], M

-1
 

 
MeMor(CH2)10MeMor

2+
 

 
752.3330 
752.3335  
for C62H84N30O14

2+ 

 

 
(2.5 ± 0.4) x 10

9 a
 

(2.3 ± 0.6) x 10
6 b

 

MePyrr(CH2)10MePyrr
2+

 736.3375 
(736.3386  
for C62H84N30O14

2+
 

 

(5.2 ± 0.8) x 10
8 a

 
(7.2 ± 1.4) x 10

5 b
 

MePip(CH2)10MePip
2+

 750.3542 
750.3542  
for C64H88N30O14

2+
 

 
1332.0673 
1332.0272  
for C106H130N58O28

2+
 

 

(9.2 ± 1.8) x 10
8 a

 
(8.6 ± 1.6) x 10

6 b
 

NMe3(CH2)10NMe3
2+ c

  (2.6 ± 1.3) x 10
8
 

< 10
1
 

PMe3(CH2)10PMe3
2+ c

  (9.0 ± 1.5) x 10
7
 

(6.5 ± 0.5) x 10
3
 

NEt3(CH2)10NEt3
2+ c

  (1.4 ± 0.3) x 10
7
 

(2.5 ± 0.3) x 10
2
 

Iq(CH2)10Iq
2+ d

  (1.6 ± 0.2) x 10
9
 

(1.6 ± 0.3) x 10
8
 

Quin(CH2)10Quin
2+ c 

 (1.9 ± 0.6) x 10
10

 

(5.6 ± 3.2) x 10
8
 

a
 K

1:1
CB[7] determinued using p-xylenediamine as competitor guest. 

b
 K

2:1
CB[7] determinued using 3-

trimethylsilylpropionic-2,2,3,3-d4 acid as competitor guest.
   c 

Ref. 32, Quin
+
 = quinuclidinium.  

d
 Ref. 

39, Iq
+
 = isoquinolinium. 
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Figure 2.8. 

1
H NMR titration (in D2O with 50 mM acetate buffer, pD = 4.7) of the 1,10-bis(N-

methylpyrrolidinium)decane dication (1.0 mM) with (a) 0.00, (b) 0.19, (c) 0.37, (d) 0.56, (e) 0.73, (f) 
0.99, (g) 1.50, (h) 2.00, (i) 2.32, and (j) 3.58 eq CB[7]. 
 

  Further additions of CB[7] to a solution of the [2]pseudorotaxane led to a reversal of the 

shift of H-H protons, ultimately placing them upfield of their locations in the free guest. The 

pyrrolidinium H2 and H3, the methylene H, as well as the methyl proton resonances shift 

significantly upfield of their free guest positions after the addition of the second equivalent of CB[7] 

(Figure 2.8). The complexation, by the second equivalent of CB[7], of the N-methylpyrrolidinium 

head group results in a repulsion of the original CB[7] over the decamethylene group, causing its 

translocation to the N-methylpyrrolidinium group on the other end of the dicationic thread.  The 
1
H 
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NMR titrations of the 1,10-bis(N-methylpiperidinium)decane dication and the 1,10-bis(N-

methylmorpholinium)decane dication with CB[7] (Figures 2.9 and 2.10, respectively) reveal that 

similar processes are in operation. The calculated stability constants for the dicationic guests are 

presented in Table 2.2. 

  

 
Figure 2.9.  

1
H NMR titration of 1,10-bis(N-methylpiperidinium)decane dibromide (1.0 mM) with (a) 

0.00, (b) 0.18, (c) 0.41, (d) 0.61, (e) 0.83, (f) 1.19, (g) 1.76, (h) 2.00, (i) 2.28 and (i) 2.96  eq CB[7] 
in D2O (50 mM acetate buffer, pD = 4.7). 
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Figure 2.10. 
1
H NMR titration of 1,10-bis(N-methylmorpholinium)decane dibromide (1.0 mM) with 

(a) 0.00, (b) 0.14, (c) 0.33, (d) 0.58, (e) 0.69, (f) 1.00, (g) 1.44, (h) 1.94, (i) 2.43, (j) 2.94, (k) 3.43, 
(l) 3.93, (m) 4.70, and (n) 5.98 equivalents of CB[7] in D2O (50 mM acetate buffer, pD = 4.7). 
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2.4 Discussion 

The complexations of the monocationic guests by CB[7] were examined using 
1
H NMR 

titrations.  The solutions of the guests and the CB[7] were prepared in D2O with a constant guest 

concentration and varying CB[7] concentrations. Most of the proton resonances of the 

monocationic guests moved upfield in the presence of CB[7], which is evidence for the inclusion of 

the whole guest inside the cavity. For the N,N-dimethylheterocycles, along with the N-methyl,N-

alkyl derivatives, the values of lim for the N-methyl proton resonances (and the -CH2 of the 

propyl substituents) are found in the range of -0.58 to -0.84 ppm, similar to the values of -0.72 and   

-0.69 ppm observed for the NMe4
+
 
10

 and choline
12

 guests, respectively, with CB[7], suggesting that 

the quaternary ammonium center is located within the CB[7] cavity. For the protonated N-

methylheterocycles, the value of lim for the methyl proton resonances are considerably smaller   

(-0.38 to -0.41 ppm, Figure 2.2), suggesting that the less hydrophobic quaternary ammonium 

center in these guests is closer to the portal. A similar trend will be observed in comparing the 

methyl lim value of N,N,N-trimethyllysine (-0.69 ppm) to those of N,N-dimethyllysine (-0.63 

ppm) and N-methyllysine (+0.06 ppm) in Chapter 4.
11

   

  The proton resonances of the CB[7] host molecule are also affected by the inclusions of 

the cationic guest molecules. While the resonance for the methylene proton pointing towards the 

portals is not changed, the resonance for the methylene proton pointing away from the portal and 

the methine proton resonance exhibit downfield shifts of 0.08 - 0.10 ppm upon complexation of the 

cationic guests.  A similar downfield shift in the resonance for the methylene proton pointing away 

from the portal was observed upon CB[7] complexation of quinuclidiniumchloline.  This suggests 

that tightly fitting quaternary ammonium guests, with the positive charge within the cavity, result in 

deshielding of these external CB[7] protons. 

  St-Jacques et al. reported that the order of the binding of the onium guests by CB[7] is 

NEt4
+ 

> NMe4
+ 

> NPr4
+ 

> NBu4
+
.  In this series the trend in the binding follows the hydrophobicity 

until the guest becomes too bulky to properly accomodate all of the alkyl groups in the cavity.
10

 It 
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was observed that the tetraallylammonium cation (lim = -0.40 (H), -0.26 (H), and -0.41 and       

-0.50 (H) ppm) may be binding with a different orientation in the cavity than NPr4
+
 (lim = -0.70 

(H), -0.40 (H), and -0.22 (H) ppm
10

), providing for a more stable complex with CB[7] (Table 

2.1).  In the case of the present set of monocationic N-heterocycle guests, the cyclic nature of the 

guest allows it to overcome the bulkiness of the alkyl groups.  Nau and coworkers
2
 have recently 

reported on a study of the packing efficiency of hydrocarbon guests within the inner cavity of CB[7] 

(242 Å
3
) and the results were consistent with the calculation of Mecozzi and Rebek

40
 that a 55-

68% packing coefficient (PC) is ideal. Recently, it has been reported that the neutral hydrophobic 

2-(2,4,4-trimethylpentyl) group on the benzethonium cation binds to CB[7] with a stability constant 

of 4.1 x 10
3
 M

-1
.
41

  This group contains eight heavy (non-hydrogen)  atoms, and has a packing 

coefficient of 61%.  The Me2Pip
+
 and Me2Mor

+
 cations possess eight heavy atoms, while the 

Me2Pyrr
+
 cation possesses seven heavy atoms. Calculated molecular volumes of 128, 120, and 

111 Å
3
 for Me2Pip

+
, Me2Mor

+
, and Me2Pyrr

+
 cations, respectively,

42,43  
correspond to PC values of 

53, 50, and 46%.   

  The MePrMor
+
, MePrPyrr

+
 , and AMePyrr

+
 cations contain 10, 9, and 9 heavy atoms, 

respectively, and their calculated molecular volumes of 154, 137, and 134 Å
3
, respectively, 

correspond to PC values of 64, 57, and 55%.  The downfield chemical shift changes for the 

terminal methyl protons on the propyl substitutents of the MePrMor
+
 and MePrPyrr

+
 cations (Figure 

2.2) suggest that this portion of the guests are located outside of the inner cavity of CB[7].   

  The stability constants for the [2]pseudorotaxane formation (Table 2.2) with the present 

dicationic guests are similar in magnitude (10
7
-10

9
 M

-1
) to the values observed previously for other 

decamethylene-bridged dications with CB[7], such as the acetylcholinesterase inhibitor 

NMe3(CH2)10NMe3
2+

.
32

 While the stability constants should mainly reflect the hydrophobicity of the 

decamethylene group, the nature of the cationic end groups would account for the slight variation 

in the observed stability constants.  There appears to be some correlation between the charge 

density on the quaternary atom (N or P) and the magnitude of the binding constant, with the less 

hydrophobic and charge-diffuse quaternary centers providing more stability for the CB[7] 
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[2]pseudorotaxanes (decamethylene terminated by NMe3
+
 binds more strongly than that with 

NEt3
+
),

32
 through stronger ion-dipole interactions with the carbonyl groups on the host’s portals.   

With the three different head groups used on the dications in this study, the K
2:1

CB[7] values are of 

similar magnitude to the KCB[7] values for the corresponding monocationic N,N-

dimethylheterocycles. The piperidinium moiety exhibits the highest K
2:1

 stability constants in each 

series, as it is both the most hydrophobic as well as offering the highest packing coefficient, as 

discussed above. 

  An excellent example of the use of these three N-heterocycles in drug molecules is the 

series of steroidal neuromuscular blocking agents (SNMBs) which are employed in tracheal 

intubations during surgery.
15,44

  The most widely used SNMB today is rocuronium, which has 

morpholine and N-allylpyrrolidinium groups on rings A and D (separated by 10.9 Å, approximately 

the same distance as in the dicationic guests in the present study), respectively, of the steroid 

framework.  The earliest SNMB, pancuronium, utilizes an N-methylpiperidinium group on each end 

of the steroid, while a later derivative, vecuronium, contains an N-methylpiperidinium group and a 

piperidine ring on the two ends of the drug.   While these SNMB drugs represent significant 

improvments over succinylchloline in terms of side effects,
44

 it is still desirable to have the ability to 

reverse their effects once the surgical procedures are complete.
16

 

  The sodium salt of octakis(6-deoxy-6-S-mercaptopropionyl)--cyclodextrin 

(Sugammadex)
45

 has been approved in Europe for the reversal of the effects of these SNMBs, but 

concerns over patient allergic sensitivity (includiing possible anaphylaxic reactions to the host and 

host-drug complex
46

), have prevented its approval in North America.  Investigations are also 

underway to determine if Sugammadex is useful in reversing anaphylaxis induced by SNMBs and 

other highly allergenic drugs.
47

 Sugammadex binds the rocuronium, vecuronium, and pancuronium 

cations over the steroidal framework, with stability constants of 2.5 x 10
7
, 1.0 x 10

7
, and 2.6 x 10

6
 

M
-1

, respectively.
48

  Very recently, Isaacs and coworkers have reported that anionic acyclic 

glycoluril tetramers bind rocuronium, encapsulating the steroid frame, with comparable or superior 

stability constants compared to Sugammadex.
49

  The monocations investigated in the present 
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study (Figure 2.2) are excellent models for binding of CB[7] to the different terminal cationic N-

heterocyclic groups on the SNMBs, while the dicationic threading ligands model the distance 

between the two cationic sites in the SNMBs and acetylcholinesterase inhibitors.  The stability 

constants for the binding of CB[7] to N-alkyl,N-methylheterocycle cations would suggest that the 

use of CB[7] as a reversal agent may have an opposite trend in binding strength: pancuronium > 

vecuronium >  rocuronium, with complexations of the terminal cationic (alkylated or protonated) N-

heterocyclic groups.  Investigations of the CB[7] complexation of these SNMBs, and other drugs 

used to reverse their action, are discussed later. 

2.5 Conclusion 

The formation of host-guest complexes between cucurbit[7]uril and a series of N-

substituted N-methylpiperidinium, N-methylpyrrolidinium, and N-methylmorpholinium cations in 

aqueous solution have been investigated using 
1
H NMR spectroscopy and electrospray ionization 

mass spectrometry. Dications comprised of the N-methylheterocyclic head groups, bridged by a 

decamethylene chain, form sequential 1:1 ([2]pseudorotaxanes) and 2:1 host-guest complexes 

with cucurbit[7]uril.  The cucurbituril initially resides over the decamethylene chain, however, with 

further additions of the host molecule a translocation of the hosts to the cationic N-heterocyclic 

head groups occurs. The order of the magnitude of the cucurbituril host-guest stability constants, 

determined by competitive 
1
H NMR binding experiments, follows the trend in the hydrophobicity of 

the quaternary ammonium cations. The results suggested the possibility of using the CB[7] as an 

agent for the reversal of administered steroidal neuromuscular blockers through encapsulation of 

the terminal ring(s) of these drugs. The research described in this chapter has been published in 

Organic  Biomolecular Chemistry.
50
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Chapter 3                                                                                             

Cucurbit[7]uril complexation of steroidal neuromuscular blockers 

 

3.1 Introduction 

The neuromuscular blockers (NMBs) are drugs that block the neurotransmission between 

the nerve and the muscle in the neuromuscular junction (NMJ).
1
  The NMJ (which consist of three 

different regions: a presynaptic region that possesses the nerve terminal, the synaptic cleft, and 

the postsynaptic surface) is a special synapse where the electrical impulses are transported from 

the nerve terminals to the skeletal muscle.
2
 These transmissions are caused by a neurotransmitter 

called acetylcholine (ACh, Figure 3.1) that, upon binding to its nicotinic receptors (nAChR), causes 

changes in the sodium ion levels inside the cell, which result in depolarization of the muscle 

membrane and then contraction of the muscle.
1
 The ACh effect is then terminated by 

acetylcholinesterase enzyme (AChE), which breaks the ACh into choline and acetate (Figure 3.2).  

 
 
Figure 3.1. Structure of acetylcholine 
 

 
 
Figure 3.2.  The interactions of ACh with nAChR and AChE         
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Tubocurarine, which is the most important curare alkaloid, was the first neuromuscular 

blocker to be used. Curare is always related to the South American Indians who used it as a 

poison to coat the tips of their hunting arrows.
1,3

  Tubocurarine exhibited a number of side effects 

related to its onset (> 5 min) and offset of action (duration of 1-2 hours) as well as hypotension and 

vasodilation. Tubacurarine was replaced by two neuromuscular blocker categories, the 

depolarizing blocking agents and the non-depolarizing blocking agents. The former class works by 

a persistent depolarizing (paralysis) of the plasma membrane of the skeletal muscle so it will no 

longer respond to any further stimulation.  Succinylcholine (Figure 3.3) is the only depolarizing 

blocker that is still in use, but only in life-threatening cases as it can have very serious side 

effects.
1
 The non-depolarizing class of the neuromuscular blockers acts through competitive 

binding to the acetylcholine receptors, which results in the blocking of acetylcholine from binding to 

its site of action.
1,3

  

Figure 3.3. Structure of succinylcholine. 
 

The steroidal neuromuscular blockers (SNMBs, Figure 3.4), which include pancuronium 

bromide, rocuronium bromide and vecuronium bromide, are the most widely used non-depolarizing 

blocking agents at present as they have faster onset, higher potency, shorter duration of action, 

and fewer side effects than the tubocurarine.
4
 Some essential criteria to produce a high potency 

NMB include the presence of two nitrogen atoms in the molecule, one of them must be 

quaternized, with the distance between the two N atoms at about 11 Å.
5
  Pancuronium, which was 

intentionally synthesized in 1968 to overcome the problems of tubocurarine, has two acetylcholine 

molecules embedded in the structure (ACh binds to its receptor in dimers) which are separated by 

a bulky steroidal stem.
5
  While SNMBs have become the best muscle relaxants for surgeries 
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involving a tracheal intubation, they still need improvement to their elimination process, because of 

their insensitivity to the plasma cholinesterase enzymes’ elimination processes.  

 

 
 
Figure 3.4.  Structures of the SNMBs: pancuronium, vecuronium, and rocuronium (top to bottom) 
with numbering of carbon atoms.  The acetylcholine fragments of pancuronium are in red. 
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The cholinesterase inhibitors, such as neostigmine methylsulfate, pyridostigmine bromide, 

edrophonium chloride and 1,1-dimethyl-4-phenylpiperazinium iodide are drugs (Figure 3.5) that 

inhibit the destruction of ACh by the AChE (Figure 3.6). The AChE inhibitors are the only choice to 

indirectly reverse the effects of the SNMBs through increasing the availability of ACh at the 

receptor site, which will then compete for the receptor with the SNMBs (Figure 3.6). This means 

that the SNMBs are not destroyed or eliminated but they are only removed from the receptor site.  

 
 
Figure 3.5. Structures of acetylcholinesterase inhibitors: neostigmine, pyridostigmine, 
edrophonium, and 1,1-dimethyl-4-phenylpiperazinium. 
 

 

The most commonly used AChE inhibitor for NMB recovery is neostigmine (0.04-0.07 

mg/kg), which has many limitations and side effects.
6
 The limitations are related to the large doses 

that are needed to reverse an intense and deep NMB effect. The side effects result from the 

general increase of the concentration of the ACh in the entire body, not only in the NMJ, which will 

then activate the nicotinic and the muscarinic receptors. These side effects include: nausea, 

vomiting and bradycardia and require the administration of a muscarinic antagonist, such as 

atropine, to overcome the side effect. A different approach has been proposed recently for rapid 

and safe elimination of an SNMB, through its encapsulation within a host molecule, such as 

cyclodextrins and acyclic cucurbiturils (Figure 3.6 C).  
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Figure 3.6.  (A) The blockage of neurotransmission, induced by ACh, as a result of binding of a 
steroidal NMB to the nicotinic acetylcholine receptor (nAChR) at the NMJ. (B) The reversal of the 
neuromuscular block by inhibiting the acetylcholinesterase (AChE) and increasing the 
concentration of ACh at the NMJ, thus allowing it to bind to the nAChR in competition with the 
NMB.  (C) The reversal of the neuromuscular block by using a host molecule to complex the NMB 
in solution and favour its dissociation from the nAChR, making the receptor available for ACh. 
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In 2008, Sugammadex (Figure 3.7), which is a modified anionic -cyclodextrin, was 

approved for use as a SNMB (rocuronium and vecuronium) reversal agent.
7
 Although the parent -

cyclodextrin has the largest hydrophobic cavity of the cyclodextrin homologues, it is still not deep 

enough to accommodate the larger rigid structure of the rocuronium molecule.
8
 Therefore, the 

macromolecule was modified by adding eight thiocarboxylate side chains to enlarge the cavity for 

better accommodation of the steroidal rings of rocuronium. Also, the addition of the negatively 

charged carboxylate groups enhances the electrostatic binding to the positively charged 

quaternary N-allylpyrrolidinium portion of the rocuronium. It has been approved for use in Europe, 

but was rejected by the FDA for use in the United States due to the hypersensitivity and allergic 

reactions that were reported to occur with some patients.
7
 By the intravenous administration of 

Sugammadex, it forms a host-guest complex with rocuronium with a high binding constant of 10
7
 

M
-1

, which will withdraw the rocuronium from the plasma causing a concentration gradient resulting 

in the displacement of the remaining molecules from the receptors to the plasma.
8  

Isaacs and co-workers, in the course of their research on the synthesis
9,10

 and applications 

of acyclic glycoluril tetramers in solubilizing poorly soluble pharmaceuticals,
11

 complexing single-

walled carbon nanotubes,
12

 and for sensing nitrosamines,
13

 found that two of these acyclic hosts 

(including Calabadion 1, Figure 3.7) bind the NMB rocuronium (K = 8.4 x 10
6
 M

-1
), vecuronium (4.5 

x 10
5
 M

-1
), and pancuronium (5.8 x 10

6
 M

-1
) with stability constants

14
 which are comparable to 

those reported for Sugammadex.
15

 Very recent in vivo trials with rats demonstrated that 

Calabadion 1 can reduce the recovery time, after administration of rocuronium, from 16 minutes to 

1.5 minutes, compared to 5 minutes with neostigmine.
16
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Figure 3.7.  Structures of the Sugammadex (top left), cucurbit[7]uril (top right), and Calabadion 1 
(bottom) host molecules. 

 

   The cucurbit[n]uril, CB[n] (n = 5-8, 10), hosts
17-19

 are relatively rigid macrocycles 

consisting of n glycoluril units bridged by 2n methylene groups and ureido carbonyl groups that rim 

two constrictive portals. The CB[n] complexations of guest molecules rely on ion-dipole, dipole-

dipole, and hydrogen bonding interactions with the carbonyl portals.  In addition, the interior cavity 

provides for hydrophobic effects
20

 and has a quadrupole moment which has been related to the 

alignment of encapsulated polar neutral guests.
20,21

 The CB[n] hosts and their host-guest 

complexes were proven to be relatively non toxic
22,23

 and they are able to cross the cell 

membranes.
24

 CB[7] (Figure 3.7), which is the most popular homologue, is soluble in aqueous 

solution and possesses a medium sized cavity that can tolerate encapsulating various organic, 



 

 

83 

 

organometallic, and transition metal complex guests.  The host-guest complexes of CB[7] with 

choline, succinylcholine and their derivatives have been reported.
25

 It is of interest to consider 

using CB[7] as reversal agent for the SNMBs, through binding to the terminal N-heterocycles (N-

methylmorpholine, N-methylpiperidine and N-methylpyrrolidine). In order to study the strength of 

the CB[7] binding to the quaternary N-heterocyclic groups, a series of monocationic guests were 

synthesized with different side chains on the nitrogen as SNMB modeling binding sites (Chapter 2). 

To template the distance between the two cationic ends in the SNMBs, a decamethylene group 

was inserted between the two monocationic rings, giving the dicationic model guest molecules.  

The monocationic guests are quaternary N-alkylated N-methylmorpholine, N-methylpyrrolidine, N-

methylpiperidine derivatives. As well, the protonated derivatives were studied because 

protonations for the rocuronium and the vecuronium guests are likely at physiological pH inside the 

human body. The dimethyl derivatives were studied as a model for the pancuronium terminal rings. 

The propyl and allyl derivatives were studied to see the effects of a more hydrophobic and bulkier 

group, and to model the N-allylpyrrolidine end of the rocuronium. The strengths of the bindings of 

the monocationic and the dicationic model guests to CB[7] are discussed in Chapter 2. 

In this chapter, the results of investigations (using 
1
H NMR spectroscopy and ESI mass 

spectrometry) of the host-guest complex formations between CB[7] and the SNMB guests 

pancuronium, vecuronium and rocuronium are reported and  compared with the complexations of 

the model guests from Chapter 2, and these SNMB guests by Sugammadex and Calabadion 1.   

3.2 Experimental Section 

3.2.1 Materials 

Cucurbit[7]uril was prepared and characterized as described previously in Chapter 2.
26

 

The rocuronium bromide (Sigma-Aldrich), vecuronium bromide (Toronto Research Chemicals), 

pancuronium bromide (Sigma-Aldrich), and acetylcholine (Sigma-Aldrich) were used as received. 
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3.2.2 Methods  

 The 
1
H NMR spectra were recorded on Bruker Avance 400 and 500 spectrometers in D2O.  

The high-resolution electrospray ionization time-of-flight mass spectra were recorded on a QStar 

XL QqTOF instrument with an ESI source. The host-guest complexes stability constants between 

cucurbit[7]uril and pancuronium, vecuronium, and rocuronium were determined by means of 

competitive 
1
H NMR binding experiments. The competitive experiments followed the methods used 

by Isaacs and coworkers (described previously in Chapter 2)
27

 and the measurements were taken 

at 25 
o
C in D2O containing an acetate buffer (50 mM NaO2CCD3/25 mM DCl) at pD = 4.7. 

3.3 Results 

The electrospray ionization mass spectra of the complexes for pancuronium, rocuronium
 

and vecuronium
 
in aqueous solution in the presence of excess CB[7] confirmed the formation of 

the 1:1 and 2:1 host-guest species with mass values in agreement with the expected mass values 

(Table 3.1). The proton resonances in the 
1
H NMR spectra of the SNMBs in D2O were assigned 

using 2D COSY spectra and the assignments reported previously of the SNMBs in organic 

solvents
31

 and aqueous solution.
14

  The 
1
H NMR spectral titrations of each of the three guests in 

D2O, with increasing concentrations of CB[7], show the encapsulation of both cationic end groups 

to form 1:1 and 2:1 host-guest complexes. The complexation-induced chemical shift changes of 

the guest protons, displayed in Figure 3.8, (lim = bound - free) provide an indication of the 

region(s) of the guest which is encapsulated in the cavity (upfield shifts, lim<0) or outside near 

the carbonyl-lined portals (downfield shifts, lim>0).  While the majority of the protons on the 

steroid frame are difficult to monitor because of extensive overlap, the resonances for the protons 

near the quaternary nitrogen centers and the acetyl oxygens are located further downfield and are 

more easily discerned, as are the resonances for the methyl and allyl groups on the quaternary 

ammonium centers. The steroid skeleton of the SNMBs contain angular methyl substituents on the 

bridgehead carbons 10 and 13 as well as on the acetyl methyl groups attached at positions 3 and 

17 (except for the rocuronium which has a hydroxyl group at C3). 
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Table 3.1. Stability constants  and ESI-MS m/z values for the 1:1 and 2:1 host-guest complexes 
formed between cucurbit[7]uril and the steroidal neuromuscular blocking agents in aqueous 
solution. 
 

 
Parameter 
 

 
Rocuronium 

 
Pancuronium 

 
Vecuronium 

K1 (M
-1

)
a 

 

(1.5 ± 0.2) x 10
4
 (1.3 ± 0.2) x 10

5
 (2.2 ± 0.3) x 10

5
 

m/z 1:1 host-
guest complex 

obs. 846.3569 
calcd. 846.3754 for 
C74H96N30O18

2+ 

 

obs. 867.3685 
calcd. 867.3989 for 
C77H102N30O18

2+
 

obs. 860.4035 
calcd. 860.3911 for 
C76H100N30O18

2+
 

m/z 2:1 host-
guest complex 

obs. 1427.4688 
calcd. 1427.5472 for 
C116H138N58O32

2+
 

obs. 1448.4565 
calcd. 1448.5707 for 
C119H144N58O32

2+
 

obs. 1441.5145 
calcd. 1441.5628 for 
C118H142N58O32

2+ 

 
 

a
 Determined from competitive 

1
H NMR experiments with NMe4

+
 (KCB[7] = (1.8 ± 0.2) x 10

5
 M

-1
,
28

 in 
D2O containing 50 mM NaOAc/DCl buffer (pD = 4.7). 
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Figure 3.8. The 

1
H NMR complexation-induced chemical shift changes (ppm) for the 2:1 CB[7] 

host-guest complexes with pancuronium (top), vecuronium (middle), and rocuronium (bottom). 
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 The resonances of these methyl protons assist in following the complexation of the two 

cationic ends of the guest molecule. The dependences of obs for the C17 acetyl methyl 

resonances on the concentration of CB[7] for the three SNMB guests in D2O are illustrated in 

Figure 3.9.  

 

Figure 3.9. Plots of the complexation-induced chemical shift change (obs) for the C17 acetyl 
methyl proton resonance in the guests pancuronium (●), vecuronium (▲), and rocuronium (■) (1.0 
mM) in D2O as a function of the concentration of the CB[7] host. 
 

  The complexation of the NMBs with CB[7] results initially in the formations of two isomeric 

1:1 complexes (eq 3.1 and 3.2), with the host encapsulating the quaternary N-heterocyclic 

substituents on either ring A or ring D of the steroid, yielding {CB[7]•ASNMBD}
2+

 and 

{ASNMBD•CB[7]}
2+

, respectively. 

         
                  K

A 

   ASNMBD
2+

 + CB[7]        {CB[7]•ASNMBD}
2+

                                (3.1) 
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                  K
D
 

   ASNMBD
2+

 + CB[7]        {ASNMBD•CB[7]}
2+

            (3.2) 
 

 

The additional of more CB[7] to either isomer results in the formations of the 2:1 host-guest 

complexes (eq 3.3 and 3.4).  

                                    K
AD 

   {CB[7]•ASNMBD}
2+

 + CB[7]           {CB[7]•ASNMBD•CB[7]}
2+

      (3.3) 
 

                         K
DA

 
   {ASNMBD•CB[7]}

2+
 + CB[7]           {CB[7]•ASNMBD•CB[7]}

2+
      (3.4) 

 
 

  It is expected that the strength of the binding of CB[7] to one site on the SNMB is 

independent of whether or not the other site is bound or unbound by CB[7], such that K
A
 = K

DA
 and 

K
D
 = K

AD
, given the distance between the two terminal binding sites and the relatively rigid nature 

of androstane framework. Fitting of the chemical shift changes () to a binding model in which the 

binding of the two ends of the SNMB by CB[7] are independent of one another, yields binding 

constants of K
D
 and K

A
,
29,30

 while competitive binding experiments, carried out under conditions of 

excess NMB guest and competitor over CB[7], gives the macroscopic K1 value which is equal to 

the sum of K
D
 and K

A
.     

  In the case of pancuronium (Figure 3.4), both of the quaternary nitrogens are associated 

with N-methylpiperidinium groups, with one attached to C2 of the six-membered A ring of the 

steroid framework, and the other to C16 of the five-membered D ring. The proton resonances of 

the pairs of inequivalent methyl groups on the two quaternary nitrogens (attached to C2 and C16), 

the acetyl groups (attached to C3 and C17), and on the steroid (at C10 and C13) provide useful 

resonances to monitor in the course of a 
1
H NMR titration of pancuronium with CB[7] in D2O 

(Figure 3.10). Both of the quaternary methyl resonances are observed to shift upfield, but not at 

the same pace. The methyl associated with the quaternary N attached to the 16 position initially 
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shifts to a larger extent than the methyl attached to the N on the 2 position (Figure 3.11).  Similar 

behaviour is seen with the other methyl resonances, as well as the methylene protons adjacent to 

the quaternary nitrogens on the N-methylpiperidinium groups.  This indicates a CB[7] cavity 

binding preference for the cationic end group associated with the five-membered ring over the 

group on the six-membered ring.  The acetyl and steroid methyl groups shift downfield (Figure 3.10 

and 3.11), as they experience, to varying degrees, the deshielding effects of the carbonyl groups of 

the CB[7] portals. 

 

 
Figure 3.10. Stacked 

1
H NMR spectra (methyl proton resonances labelled) for the titration of 

pancuronium (1.0 mM) with (a) 0.00, (b) 0.27, (c) 0.65, (d) 0.77, (e) 1.15, (f) 1.31, (g) 1.39, (h) 
1.78, (i) 1.98, (j) 2.26 and (k) 2.44 equivalents of CB[7] in D2O.   
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Figure 3.11. Plot of the complexation-induced chemical shift changes () for the C16 N-methyl 
(●) and C2 N-methyl (▼) proton resonances of pancuronium as a function of [CB[7]] in D2O. 

 

  The chemical shift changes (obs) of the N(16)-methyl and N(2)-methyl resonances can 

be modelled to a two-isomer 1:1 binding model (eq 3.1-3.4),
31

 in which the binding of the two ends 

of the NMB by CB[7] are independent of one another. In D2O (no added electrolyte), a six-fold 

preference for the binding to the N-methylpiperidinium group attached to the D ring. Competitive 

binding experiments using 
1
H NMR spectroscopy using the competitor N(CH3)4

+
 (KCB[7] = (1.8 ± 

0.2) x 10
5
 M

-1
)
28

 in 50 mM sodium acetate buffer (pD = 4.7) yielded a 1:1 binding constant K1 (= K
A
 

+ K
D
) of (1.3 ± 0.2) x 10

5
 M

-1
.   

The vecuronium guest (Figure 3.4) possesses two piperidinium end groups, which are 

different in that one of the quaternary nitrogens (at C16 on ring D) has a methyl group, while the 

other results from protonation (pKa of HMePip
+
 is 10.08)

32
 of the N on C2 (on ring A). A 

1
H NMR 

titration of vecuronium with CB  [7] in D2O (Figure 3.12) confirms that the simultaneous binding to 

both piperidinium rings.  Plots of obs against [CB[7]/[vecuronium] in Figure 3.9 are linear up to a 
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ratio of 2 for protons on both ends of the guest, suggesting that the strength of binding to the two 

piperidinium rings are very similar.  A 
1
H NMR competitive binding experiment using N(CH3)4

+
 in 50 

mM sodium acetate buffer (pD = 4.7) yielded a 1:1 binding constant K1 of (2.2 ± 0.3) x 10
5 
M

-1
.  

 
 
Figure 3.12. Stacked 

1
H NMR spectra for the titration of vecuronium (1.0 mM) with (a) 0.00, (b) 

0.24, (c) 0.45, (d) 0.79, (e) 0.97, (f) 1.33, (g) 1.81, (h) 1.78, (i) 1.98, (j) 2.26 (k) 2.44, and (l) 3.00, 
equivalents of CB[7] in D2O.   
 

The rocuronium has two different N-heterocyclic end groups, an N-allylpyrrolidinium group 

on ring D at C16 and a protonated morpholinium group (pKa = 7.38 for HMeMor
+
)
33

 at C2 on the A 

ring (also, the 3-acetyl group in the pancuronium and vecuronium are replaced by a 3-OH in 

rocuronium). The difference in apparent binding of the two terminal N-heterocyclic groups, 

observed in the 
1
H NMR titration of rocuronium with excess CB[7], is much greater than observed 

for pancuronium. The chemical shifts changes (obs) for the N-allyl-N-methylpyrrolidinium group in 

the range of (-0.75 to -0.33 ppm) which confirm its location inside the CB[7] cavity. The N-allyl- 
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N-methylpyrrolidinium group binds to CB[7] with a stability constant of (1.6 ± 0.1) x 10
3 

M
-1

, while 

there appears to be no significant binding to the N-methylmorpholine group.   

 

Figure 3.13. Stacked 
1
H NMR spectra for the titration of rocuronium (1.0 mM) with (a) 0.00, (b) 

0.24, (c) 0.45, (d) 0.80, (e) 0.95, (f) 1.30, (g) 1.81, (h) 1.98, (i) 2.00, (j) 3.00 (k) 3.49, (l) 4.67, and 
(m) 7.00 equivalents of CB[7] in D2O.   

 

In acidic solution (pD 3), the protonation of the morpholine nitrogen makes this group more 

attractive to the CB[7] (Figure 3.4), although the binding is somewhat weaker than to the N-allyl-N-

methylpyrrolidinium group. A competitive binding experiment with N(CH3)4
+
 in 50 mM  sodium 

acetate buffer (pD = 4.7) yielded a 1:1 binding constant of (1.5 ± 0.2) x 10
4
 M

-1
 for rocuronium with 

CB[7].        
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Figure 3.14. Stacked 
1
H NMR spectra for the titration of protonated rocuronium (1.0 mM) with (a) 

0.00, (b) 0.18, (c) 0.45, (d) 0.56, (e) 0.83, (f) 1.30, (g) 1.50, (h) 1.93, (i) 2.02, (j) 2.20 (k) 2.74, (l) 
3.40, (m) 4.90, and (n) 7.10 equivalents of CB[7] in D2O (pD = 3, DCl).   

 

The
 1

H NMR titrations of pancuronium•CB[7] (Figure 3.15) and rocuronium•CB[7] (Figure 

3.16) complexes (1.0 mM) with ACh, which has higher affinity to CB[7] (KCB[7] = (7.0 ± 1.3) x 10
5    

M
-1

), show the behaviour of these complexes in the presence of ACh. Once the ACh concentration 

reaches that of the CB[7] (4.0 mM), the acetylcholine is competing with pancuronium or 

rocuronium for the host molecule. Using the chemical shift changes in the C13-methyl protons of 

pancuronium (lim = +0.19 ppm) and H protons of acetylcholine (lim = -0.85 ppm)
34

 as measure 

of the free guests’ concentrations, an equilibrium constant of approximately 130 was determined 

(eq 3.5).  

 

                  K 
 {CB[7]•ANMBD•CB[7]}

2+ 
+ 2 ACh

+
         NMB

2+
  + 2 {ACh•CB[7]}

+
    (3.5) 
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Figure 3.15. Stacked 

1
H NMR spectra for the titration of pancuronium•CB[7] complexes (1:4) with 

(a) 0.00, (b) 0.50, (c) 0.98, (d) 1.50, (e) 2.00, (f) 2.50, (g) 3.00, (h) 3.50, (i) 4.00, (j) 4.50, (k) 5.00, 
and (l) 10.0 equivalents of acetylcholine. 
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d  

Figure 3.16. Stacked 
1
H NMR spectra for the titration of rocuronium•CB[7] complexes (1:7.39) with 

(a) 0.00, (b) 0.81, (c) 1.50, (d) 2.40, (e) 3.56, (f) 4.40, (g) 6.32, (h) 7.46, (i) 8.60, (j) 10.40, and (k) 
12.70 equivalents of acetylcholine. 

 

Figure 3.17.  Plot of obs (C13-methyl protons of pancuronium) against [ACh]/[pancuronium] for 
the titration of pancuronium (1.00 mM) with acetylcholine (ACh) in the presence of CB[7] (4.00 
mM) in D2O. 
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3.4 Discussion 

  The 
1
H NMR spectroscopy and ESI-MS studies of the interactions of the SNMBs 

(pancuronium, rocuronium and vecuronium) with CB[7] show the establishment of 1:1 and 2:1 

host-guest complexes by the encapsulation of the terminal quaternary N-heterocyclic groups.  The 

relative magnitudes of the stability constants appear to depend on several factors, including the 

nature of the N-heterocycle, the other N-substituent (proton, methyl, or allyl group) and the steroid 

ring (A or D) to which the N-heterocycle is attached.  The relative stability constants follow the 

trend in hydrophobicity observed previously with our study of the model N-methyl-N-heterocycle 

cations and is modulated by a preference for binding to the N-heterocycle on the D ring of the 

steroid.  In general, the stability constants for binding of CB[7] to the SNMBs are lower than 

observed for the N-methyl-N-heterocycle cations (described in Chapter 2), as a result of the steric 

hindrance when the steroid ring (including the acetyl group) replaces the methyl or alkyl group in 

the model compounds.  This results in a shallower inclusion of the quaternary N-heterocyclic ring 

on the steroid, as reflected in lower limiting chemical shift changes compared to the monocationic 

guests. The complex induced lim values of the pancuronium N(16)-methyl and N(2)-methyl 

resonances are (-0.4 ppm), which is lower than the lim value of the N dimethyl protons resonance 

(-0.60 ppm) of the N,N-dimethylpiperidinium iodide. However, they are comparable to the lim 

value of the N-methyl protons resonance (-0.38 ppm) of the N-protonated N-methylpiperidinium 

cation. The same trend is observed in the case of vecuronium. The complexation-induced lim 

values of the rocuronium N-allylpyrrolidinium protons resonances (-0.33 ppm for , -0.60 ppm for 

, and -0.75 ppm for ) are different than those of the N-allyl-N-methylpyrrolidinium cation (-0.85 

ppm for , -0.39 ppm for , and -0.18 ppm for ), which indicates that the inclusion of the ring is in 

the opposite way where the rocuronium allyl group is located much deeper in the CB[7] cavity than 

that of the N-allyl-N-methylpyrrolidinium cation.  

  The assignment of the proton resonances in the 
1
H NMR spectra of the SNMBs in D2O 

were confirmed using 2D 
1
H-

1
H COSY spectra and the assignments reported previously of the 
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SNMBs in organic solvents
4
 and aqueous solution.

14
 These previous reports also indicate that the 

acetylcholine fragments of the NMBs are not conformationally rigid at room temperature, with 

rotations about the C2-N
+
 and C16-N

+
 bonds and different conformers of the N-heterocyclic rings.  

In addition, the A ring of the SNMBs and related steroids is known to exist in a dynamic equilibrium 

between chair and twisted-boat conformations.
29,30

 It has been concluded that the latter A ring  

conformation in rocuronium (with the morpholine group rapidly interconverting between two chair 

conformations) allows it to thread through the cavity of Sugammadex and other substituted -CD 

host molecules. The monocationic vecuronium exists in solution with the steroid ring A in the chair 

conformation, while for the protonated vecuronium and pancuronium dications, a twist-boat 

conformation is favoured in solution.  NMR experiments and molecular mechanics calculations 

suggest that the protonated vecuronium adopts an equatorial conformation with respect to the 2-

piperidinium and 3-acetyl groups. The N-methylpiperidinium groups on the D ring exist in two 

rapidly interconverting chair conformations, with free rotation about the C16-N
+
 bond.  In solution, a 

rapid equilibrium exists between the chair and twist-boat conformations. 

The inclusions of the model N-protonated and N-alkylated guests within the CB[7] cavity 

were observed to cause the normally rapid chair/chair interconversions to become sufficiently slow 

on the NMR timescale such that the axial and equatorial methylene proton signals are present in 

the spectra of the host-guest complexes (Chapter 2).  This is observed with rocuronium, with axial 

and equatorial methylene proton signals exhibited in the presence of CB[7]. In the case of 

vecuronium a splitting of two of the methyl resonances, was observed, which suggests that these 

positions are sensitive to binding of both the 1:1 and 2:1 complexes.  

The competitive binding experiment for the pancuronium and CB[7] using the competitor 

N(CH3)4
+
 (KCB[7] = (1.8 ± 0.2) x 10

5
 M

-1
)
28

 yielded a 1:1 binding constant K1 (= K
A
 + K

D
) of (1.3 ± 0.2) 

x 10
5
 M

-1
, while a binding constant value of 1.58 x 10

5
 M

-1
 (37 

o
C) for pancuronium with CB[7] 

using isothermal calorimetry was reported by Glassenberg.
35

 Moreover, the CB[7] binding to N,N-

dimethylpiperidinium cation (KCB[7] = 3.7 x 10
8
 dm

3
  mol

-1
) was reported to be stronger than to the 

protonated N-methylpiperidinium cation (5.0 x 10
7
 M

-1
).

36
  As was mentioned with pancuronium, in 
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which both piperidinium rings are N-methylated, the CB[7] bound more tightly to the piperidinium 

adjacent to ring D than to that attached to ring A.  As a result of these two trends, the CB[7] binding 

to the N-methylpiperidinium group on the D ring in vecuronium may be expected to be greater than 

binding to the protonated piperidinium group on the A ring.     

  The results in this study indicate that CB[7] has the potential to be used as a reversal 

agent for neuromuscular blocks induced by rocuronium and related steroidal SNMBs.  One of the 

problems with the use of CB[7] as a reversal agent for NMBs is the strength of its binding to other 

molecules relevant to anaesthesia and neuromuscular blockades, such a acetylcholine (KCB[7] = 

(7.0 ± 1.3) x 10
5 

M
-1

) and succinylcholine (KCB[7] = (9 ± 2) x 10
6
 M

-1
). The 

1
H NMR titration of the 

pancuronium•CB[7] complex and the rocuronium•CB[7] complex with ACh, confirmed the 

replacement of ACh to these guests in the CB[7] complex. The stability constants for binding the 

acetylcholine and succinylcholine guest molecules are 2-3 orders of magnitude lower than 

observed for the rocuronium complexes with both Sugammadex and Calabadion.
14,15

  

  The larger cucurbiturils, CB[8], with a cavity size analogous to -cyclodextrin, and CB[10] 

may afford binding over the steroidal portion of the drug, while maintaining ion-dipole interactions 

with one or both of the terminal quaternary ammonium centers, however their poor aqueous 

solubilities would be detrimental to their practical use. Other cationic NMBs which do not contain 

steroidal cores include the benzylisoquinolinium drugs, cisatracurium and mivacurium, which are 

too large to be incorporated into the -CD cavity of Sugammadex.  The acyclic Calabadion host 

molecule forms a very stable complex with cisatracurium (K = (9.7 ± 0.8) x 10
5
 M

-1
).

14
 As with the 

steroidal SNMBs, CB[7] complexation of the benzylisoquinolinium drugs may afford reversal of 

these agents, and investigations into their cucurbituril host-guest complexes are ongoing.
37
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3.5 Conclusion 

The aminosteroidal neuromuscular blocking agents rocuronium, vecuronium, and pancuronium 

form stable 1:1 and 2:1 host-guest complexes with cucurbit[7]uril host molecule in aqueous 

solution, through encapsulations of the terminal quaternary N-heterocyclic groups connected to 

rings A and D of the steroid framework.  The trend in the binding constants follows the 

hydrophobicity of the N-heterocyclic groups, such that vecuronium and pancuronium, with 

protonated and N-methylated piperidinium groups, bind more strongly to CB[7] than does 

rocuronium with N-allylpyrrolidinium and protonated morpholinium groups.  While the CB[7] should 

be capable of the reversal of the SNMBs on the basis of their stability constants, the utility of this 

host as a practical reversal agent would be compromised by its comparable binding strengths to 

acetylcholine and other endogenous guests. 
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Chapter 4                                                                               

Cucurbit[7]uril complexes with acetylcholinesterase inhibitors 

 

4.1 Introduction 

Acetylcholine (ACh, Figure 4.1) is a widespread neurotransmitter in the central (CNS) and 

the peripheral nervous systems (PNS) of the human body.
1,2

 ACh, which is the first 

neurotransmitter to be characterized, is synthesized by transferring an acetyl group from acetyl 

coenzyme A to choline using the enzyme choline O-acetyltransferase in the cytosol near the 

neurosynapses.
2,3

 The ACh can activate two types of receptors, nicotinic ACh receptors (nAChR, 

Figure 4.2) and muscarinic receptors (mAChR), to accomplish different kinds of physiological 

activities. Because of the high chemical stability and the slow elimination of the ACh, 

acetylcholinesterase (AChE) is responsible for the rapid termination of the ACh and its effects.
4
 

The AChE hydrolyzes the ACh back to acetate ions and choline (Figure 4.2), which is collected 

and transferred back into the cytosol using a high-affinity choline transporter.
5
   

 
Figure 4.1.  Structure of acetylcholine. 

 

AChE hydrolyzes and terminates the action of the ACh neurotransmitter at the nerve 

synapse.
6,7

 This physiological catalysis is performed at one of the highest known catalytic rates,    

> 5×10
9
 M

-1 
min

-1
,
 
and is only limited by the diffusion rate of ACh to the AChE active site.

8,9
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Figure 4.2. The interactions of acetylcholine with the nicotinic acetylcholine receptor (nAChR) and 
acetylcholinesterase (AChE).  
 

The high potency of the reaction could be due to the presence of many recognition 

subsites in the AChE active site that are buried in the bottom of a deep and narrow “gorge”.  One 

of the subsites includes a trpytophan indole ring which interacts with the trimethylammonium group 

through cation-interactions. The other subsite is called an “acyl pocket”, which contains 

phenylalanine residues that can bind to the acetyl moiety. The hydrolysis step is then performed by 

the nucleophilic attack on the ester group using the catalytic triad, a glutamic acid-histidine-serine 

(Glu-His-Ser) moiety. In addition to the active site, AChE possesses a peripheral binding site, in 

which a tryptophan (Trp) and an anionic aspartic acid  (Asp) residue are located near the mouth of 

the gorge.  The AChE was always believed to have roles other than terminating the synaptic 

neurotransmission.
10

 There has been much interest in the relationship between AChE and 

Alzheimer’s disease (AD), which has been recently linked to the deficiency of ACh, and has been 

treated with AChE inhibitors such as rivastigmine, donepezil and tacrine. 

AChE inhibition can be classified according to the strength of the interaction between the 

inhibitor and the enzyme into: a) irreversible inhibition (such as in organophosphates) by forming a 

covalent bond with the Ser residue in the catalytic triad, b) pseudoirreversible inhibition (such as 

carbamates) by formation of carbamyl esters complexes that can slowly hydrolyze back to the 
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active enzyme, and c) reversible inhibition by forming non-covalent bonds between the inhibitor 

and the enzyme.
11

  The reversible inhibitors can be divided into active site inhibitors, that bind to 

the catalytic subsite in the gorge, peripheral site inhibitors, and elongated gorge-spanning 

inhibitors, which can bind to both active and peripheral sites at the same time, such as 

decamethonium bromide and succinylcholine.  

As mentioned earlier in Chapter 3, AChE inhibitors can be used as indirect reversal agents 

for the neuromuscular blockers (NMBs).
12

 They inhibit the destruction of the ACh by the AChE, 

hence increasing the availability of ACh to compete with the NMBs for the receptors active sites 

(Figure 3.6).  The AChE inhibitors that have been studied in this research include neostigmine 

methylsulfate, pyridostigmine bromide, serine or physostigmine (carbamate inhibitors), and 

edrophonium bromide and 1,1-dimethyl-4-phenylpiperazinium iodide (reversible inhibitors). The 

two most common AChE inhibitors used to inverse the NMB are edrophonium and neostigmine.  

 

Figure 4.3.  Structures of the acetylcholinesterase inhibitors used in this study. 
 

Acetylcholine receptors (cholinergic receptors) include two types: muscarinic (mAChR) 

and nicotinic (nAChR), which are named after their selective agonists muscarine (a natural fungal 

parasympathomimetic isolated from a fungus Amanita muscaria, Figure 4.4) and nicotine (a potent 
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 parasympathomimetic alkaloid found in the tobacco plant Nicotiana tabacum, Solanaceae, Figure 

4.4), respectively.
1,2

  

 
 
Figure 4.4. Structures of muscarine (left) and agonist nicotine (right). 

 

The nAChRs, which are ligand-gated ion channels, are located in PNS, mainly at the 

skeletal neuromuscular junction, which was discussed in Chapter 3, and in the CNS. The nAChR 

are classified into five subtypes that contain 17 homologues: 1-10, 1-4, , , and .
13

 

Mecamylamine (Figure 4.5) is also a nAChR antagonist that was used as an antihypertensive 

drug, but is no longer used due to its side effects at the antihypertensive dosage levels.
14

  

Succinylcholine (Figure 4.5) is one of the most powerful nAChR antagonists, which has been 

administrated in cases of fetal hyperthermia,
15

 and used as muscle relaxant.
16  

 
 
Figure 4.5.  Structures of mecamylamine (top) and succinylcholine (bottom). 
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The mAChRs, which are present in both the CNS and the PNS (mainly at the endocrine 

glands as well as at the neuromuscular junction), belong to one of the largest receptor families, the 

G protein-coupled receptors that have important pharmacological roles.
17

 The mAChR are 

subdivided into five more types: M1, M2, M3, M4, and M5. Generally M1 antagonists, such as 

scopolamine, are used in ophthalmology and for treatment of nausea.
18

 The activation of M1 

receptors is used in the treatment of schizophrenia.
19

  A combination of AChE inhibitors and a M1 

agonist are used in the treatment of insomnia.
20

 Gallamine (Figure 4.6), the first synthetic 

neuromuscular blocker, blocks ACh from binding to the mAChRs.
21

  It has been used as a muscle 

relaxant in surgeries. However, its administration has been followed by tachycardia as a side effect 

due to its ganglionic blocking effects.  

 

Figure 4.6.  Structure of gallamine. 

 

One of the indirect mechanisms of ACh antagonism is the inhibition of the reuptake and 

transportation of the choline molecules, which results from the hydrolysis of ACh by the AChE, by 

the choline transporters.
22

  Hemicholinium-3 (Figure 4.7), which is an indirect ACh antagonist, has 

been proposed to be used as an organophosphate-induced toxicity treatment. Because 

organophosphates bind irreversibly to the AChE, accumulation of ACh will occur, and then by 

treating with hemicholinium-3, an inhibition of the choline transport will lead to a decrease in the 

ACh synthesis and suppression in its level in the synapse.   
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Figure 4.7. Structures of hemicholinium-3 (bottom) and hemicholinium-15 (top). 

 

Cucurbit[n]urils (CB[n], n = 5-8,10 and 14) are macrocyclic host molecules with different 

sized hydrophobic cavities and two constricted portals lined with carbonyl groups.
23

 The host-guest 

complexes of CB[7] with ACh, succinylcholine, choline and related cationic analogues have been 

studied by Wyman and Macartney.
23

  Also, because of the high interest in the use of host 

molecules for the reversal of muscle relaxants, including the steroidal neuromuscular blocking 

agents discussed in Chapter 3, it is necessary to study the CB[7] binding to other ACh agonists 

and antagonists that have different mechanisms of action, but have similar cationic recognition 

groups, such as quaternary alkylammonium groups and/or quaternary N-heterocyclic groups.       

In this chapter, the cucurbit[7]uril host-guest complexations of different types of AChE 

inhibitors (neostigmine, pyridostigmine, edrophonium bromide and 1,1-dimethyl-4-

phenylpiperazinium iodide), a nAChR antagonist (mecamylamine), a mAChR agonist (muscarine), 

a mAChR antagonist (gallamine) and indirect ACh antagonists (hemicholinium-3 and 

hemicholinium-15, Figure 4.7) were studied. The common feature of all of these guests is the 

presence of the cationic quaternary ammonium or iminium groups in their structure, which can be 

recognized by the CB[7] through non-covalent ion-dipole interactions and the hydrophobic effect. 
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In this study, the CB[7] host-guest complexations of AChE inhibitor and ACh agonist and 

antagonist guests were monitored using 
1
H NMR spectroscopic techniques and ESI mass 

spectrometry.   

4.2 Experimental section 

4.2.1 Materials  

CB[7] was prepared and characterized, as described in Chapter 2, using the method 

developed by Day.
24

 Neostigmine methylsulfate, pyridostigmine bromide, , edrophonium bromide, 

1,1-dimethyl-4-phenylpiperazinium iodide, mecamylamine, muscarine, gallamine triiodide, 

hemicholinium-15 and hemicholinium-3 guests were used as received from Sigma-Aldrich. 

4.2.2 Methods  

 The electrospray ionization mass spectrometry (ESI-MS) experiments were carried out on 

a QStar XL TOF instrument.  The 
1
H NMR spectra and chemical shift titrations were recorded on 

Bruker Avance AM 400 and 500 MHz instruments. The stability constants for the host-guest 

complexes between cucurbit[7]uril and pyridostigmine, edrophonium, 1,1-dimethyl-4-phenyl-

piperazinium, hemicholinium-3, muscarine and mecamylamine were determined by means of 

competitive 
1
H NMR binding experiments.  The competitive experiments followed the methods 

used by Isaacs and coworkers (described previously in Chapter 2)
25

 and the measurements were 

taken at 25 
o
C in D2O containing an acetate buffer (50 mM NaO2CCD3/25 mM DCl) at pD = 4.7. 

The competitors that were used included: (CH3)3Si(CD2)2COOH (for 1,1-dimethyl-4-phenyl-

piperazinium iodide and muscarine) with a stability constant of KCB[7] = (1.82 ± 0.22) x 10
5
 M

-1
,
25

 

[N(CH3)4]I (for edrophonium bromide, hemicholinium-3, and hemicholinium-15) with KCB[7] = (1.2 ± 

0.4) x 10
5
 M

-1
,
26

 as well as N-methylquiniclidinium iodide (for mecamylamine) with KCB[7] = (5.8 ± 

1.3) x 10
9
 M

-1
.
9
  The stability constants for the host-guest complexes formed between CB[7] and 

neostigmine methylsulfate and gallamine triiodide (2:1 host-guest species) were determined by 

means of 
1
H NMR chemical shift titrations of the guests with CB[7] at 25 

o
C in D2O solution (for 
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neostigmine) and in D2O containing an acetate buffer (50 mM NaO2CCD3/25 mM DCl) at pD = 4.7 

(for gallamine).   

4.3 Results 

4.3.1 Host-guest complexation between CB[7] and acetylcholinesterase inhibitors 

The AChE inhibitors, such as neostigmine methylsulfate, pyridostigmine bromide, 

edrophonium bromide, 1,1-dimethyl-4-phenyl-piperazinium iodide, are used to terminate the effect 

of muscle relaxants and neuromuscular blockers. The 1:1 host-guest complexation between 

cucurbit[7]uril (CB[7]) and AChE inhibitor guests in aqueous solutions have been established using 

1
H NMR and ESI mass spectrometry. The 

1
H NMR CB[7] titration spectra with the 1,1-dimethyl-4-

phenylpiperazinium (Figure 4.8) and edrophonium (Figure 4.9) guests showed fast or intermediate 

exchange on the NMR time scale, where the guests’ proton resonances represent the average of 

the chemical shifts of both the bound and the free states of the guests. However, the neostigmine 

(Figure 4.10) and the pyridostigmine (Figure 4.11) guests 
1
H NMR titrations show slow exchange 

on the NMR time scale in which separate resonances for the free and the bound guests are 

observed. The average position of the guest molecule with the respect to the CB[7] cavity can be 

determined from the signs and magnitudes complexation-induced chemical shift changes (lim = 

bound - free) in the 
1
H NMR spectra. Negative lim values are observed for the guest protons 

located inside the hydrophobic cavity, while positive values indicate that the guest protons are 

close to the carbonyl portals. The lim values for the AChE inhibitors are represented in Figure 

4.12.   
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Figure 4.8. 

1
H NMR titration of the 1,1-dimethyl-4-phenylpiperazinium cation (1.0 mM) with (a) 

0.00, (b) 0.22, (c) 0.41, (d) 0.62, (e) 0.80, (f) 0.99, and (g) 1.43 equivalents of CB[7] in D2O.  
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Figure 4.9. 
1
H NMR titration of the edrophonium cation (1.0 mM) with (a) 0.00, (b) 0.26, (c) 0.39, 

(d) 0.60, (e) 0.87, (f) 1.00, and (g) 1.89 equivalents of CB[7] in D2O (* acetone, **CB[7] impurities). 
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Figure 4.10. 
1
H NMR titration of the neostigmine cation (1.0 mM) with (a) 0.00, (b) 0.22, (c) 0.40, 

(d) 0.60, (e) 0.90, (f) 0.98, (g) 1.62, (h) 2.04, and (i) 4.26 equivalents of CB[7] in D2O (* 
acetone,**CB[7] impurity). 
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Figure 4.11. 

1
H NMR titration of the pyridostigmine cation (1.0 mM) with (a) 0.00, (b) 0.23, (c) 0.48, 

(d) 0.67, (e) 0.87, (f) 0.98, (g) 1.63, and (h) 4.10 equivalents of CB[7] in D2O. (*acetone, **CB[7] 
impurities). 
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Figure 4.12. The 
1
H NMR chemical shift changes (lim) for the AChE inhibitors upon binding to 

CB[7] in D2O. 

 

 Generally, the CB[7] binding is associated with the quaternary ammonium group of the 

AChE inhibitor guests. The binding exists through the formation of ion-dipole non-covalent bonds 

between the alkylammonium group and the carbonyl portals and/or through the hydrophobic effect 

involving the charge-diffuse hydrophobic alkylammonium group and the interior of the CB[7] cavity.  

Regarding the edrophonium, pyridostigmine and the 1,1-dimethyl-4-phenylpiperazinium cations, 

the proton lim values are negative, which indicates that the whole guest spend some time inside 

the CB[7] cavity. However, with the neostigmine guest the lim values indicate that the CB[7] is 

encapsulating the trimethylammonium group as well as part of the benzene ring (ortho and the 

para protons). The rest of the guest molecule is affected by the deshielding effects of the CB[7] rim 

carbonyl groups.  

The stability constants for the host-guest complexes between the CB[7] and the AChE 

inhibitors (Table 4.1) are dependent on the bulkiness of the guest molecule, and the position of the 
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quaternary ammonium group as well as the size and the hydrophobicity of the alkyl substituents on 

the ammonium group. Generally the binding constants of the AChE inhibitors were too large to be 

calculated from the titration curves (Figure 4.13), so competitive binding experiments were carried 

out instead. 

 The 1:1 host-guest complexes between CB[7] and the AChE inhibitors were also 

confirmed using ESI mass spectra, and the calculated and observed mass/charge values are listed 

in Table 4.1.  

 
 

 

Figure 4.13. The plots of the complexation-induced chemical shift changes () for the (●) H 
1
H 

NMR resonances for the neostigmine cation and (■) H and (□) H2 for the pyridostigmine cation as 
a function of the CB[7]/guest ratio in D2O. 
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Table 4.1. The ESI-MS calculated and observed m/z ratio, along with the binding constants for the 
1:1 host-guest complex between CB[7] and the acetylcholinesterase inhibitors in aqueous solution.   
 

Guest m/z (obs) 
m/z (calcd) 

KCB[7], M
-1

 

 
Edrophonium

+
 

 
1328.4637 

1328.4667 for  
C52H58N29O15

+ 

 

 
(1.5 ± 1.2) x 10

5 a 

Neostigmine
+
 1385.4857 

1385.4882 for  
C54H61N30O16

+
 

(1 ± 0.6) x 10
4 a 

Pyridostigmine
+
 1343.4436 

1343.4413 for  
C51H55N30O16

+
 

(1 ± 0.4) x 10
5 a 

1,1-Dimethyl-4-phenyl-
piperazinium

+
 

1354.2644 
1354.2656 for  
C54H61N30O14

+
 

(4.2 ± 0.6) x 10
6 b 

NMe4
+ 

  (1.2 ± 0.4) x 10
5 c 

a
 K

1:1
CB[7] determinued using the tetraethylammonium cation as competitor guest.

   b
 K

1:1
CB[7] 

determinued using 3-trimethylsilylpropionic-2,2,3,3-d4 acid as competitor guest.
    c 

Ref. 26.  

 

4.3.2 Host-guest complexation between CB[7] and nAChR and mAChR agonists and 

antagonists 

The formation of CB[7] host-guest complexes with the nAChR antagonist mecamylamine, 

the mAChR agonist muscarine, the mAChR antagonist gallamine triiodide, and the indirect ACh 

antagonist hemicholinium-3, and hemicholinium-15 were studied using 
1
H NMR and ESI mass 

spectrometry. Fast or intermediate exchange behaviour on the 
1
H NMR time scale was observed 

with the muscarine (Figure 4.14), gallamine (Figure 4.15), hemicholinium-15 (Figure 4.16) and 

hemicholinium-3 (Figure 4.17) guests. On the other hand, the bulkiness of the mecamylamine 

chemical structure resulted in slow exchange on the 
1
H NMR time scale (Figure 4.18).  The 
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formation of 2:1 CB[7] host-guest complexes were observed in the 
1
H NMR titrations of gallamine 

and hemicholinium-3.  

 

 

 

Figure 4.14. 
1
H NMR titration of the muscarine cation (1.0 mM) with (a) 0.00, (b) 0.18, (c) 0.35, (d) 

0.56, (e) 0.78, (f) 0.93, (g) 1.20, (h) 2.00, and (i) 5.00 equivalents of CB[7] in D2O. 
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Figure 4.15. 

1
H NMR titration of the gallamine trication (1.0 mM) with (a) 0.00, (b) 0.23, (c) 0.33, 

(d) 0.50, (e) 0.67, (f) 0.80, (g) 1.00, (h) 1.30, (i) 1.50, (j) 1.80, (k) 2.39, (l) 3.00, (m) 4.00, and (n) 
5.50 equivalents of CB[7] in D2O. 
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Figure 4.16. 
1
H NMR titration of the hemicholinium-15 cation (1.0 mM) with (a) 0.00, (b) 0.18, (c) 

0.35, (d) 0.56, (e) 0.78, (f) 0.93, and (g) 1.20 equivalents of CB[7] in D2O. 
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Figure 4.17. 

1
H NMR titration of the hemicholinium-3 dication (1.0 mM) with (a) 0.00, (b) 0.18,   (c) 

0.35, (d) 0.56, (e) 0.78, (f) 0.93, (g) 1.20, (h) 1.55, (i) 1.8, (j) 2.35, and (k) 2.50 equivalents of CB[7] 
in D2O. 
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Figure 4.18. 
1
H NMR titration of the mecylamine cation (1.0 mM) with (a) 0.00, (b) 0.21, (c) 0.38, 

(d) 0.64, (e) 0.81, (f) 1.05, (g) 1.19, (h) 2.06, and (i) 6.00 equivalents of CB[7] in D2O (50 mM 
NaOAc buffer, pD = 4.7). 
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The 
1
H NMR titration of the gallamine (Figure 4.16) with CB[7] showed interesting 

behaviour in the proton resonance shifting, indicating the encapsulation of either the middle or an 

outer quaternary alkylammonium arm through the 1:1 binding. By adding an additional equivalent 

of CB[7], the two CB[7] host molecules were equally encapsulating two outer quaternary 

alkylammonium arms leaving the central arm free.  The behaviour was confirmed by the splitting of 

all of the guest aliphatic proton resonances into the “outer” and “central” sets of peaks with the 

ratio of 2:1, where the outer quaternary alkylammonium peaks moved upfield and the central ones 

moved downfield. In addition, downfield shifting was observed for the aromatic (m- and p- protons) 

with a larger shifting for the m- than the p- protons due to the proximity to the CB[7] carbonyl 

portals (Figure 4.15). The two peaks merged into one singlet-like peak showing a good example of 

strong second-order coupling, or the so-called “roofing effect”, in which the intensities of the outer 

lines of the multiplet peak get smaller, and the intensities of the inner lines get larger.  No 

preference in the CB[7] binding was observed for one side of the hemicholinium-3 over the other 

(Figure 4.15) because of the symmetrical character of its structure.  

The lim values (Figure 4.19) confirm the encapsulation of either the entire guest, as seen 

in the muscarine, or portion(s) of the guests as in case of mecamylamine, gallamine, 

hemicholinium-3 and hemicholinium-15.  The quaternary ammonium group is one of the main 

recognition targets of the CB[7] binding, with the ion-dipole interactions. The hydrophobic effect 

also provides stability for the host-guest complexes. 

The CB[7] host-guest complex stability constants with the ACh agonists and antagonist 

(Table 4.2) are dependent on various structural characteristics including the nature of the 

quaternary ammonium group (alkylammonium versus heterocyclic group) and the nature of the 

substituents on the N
+
 group, with respect to the size and hydrophobicity. The presence of oxygen 

atoms in the structure of the guest and their position in respect with the quaternary ammonium 

group may also play a role. Table 4.2 provides the host-guest binding constants as well as the ESI 

mass spectrometric mass/charge (m/z) values of both the calculated and the observed.  
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Figure 4.19. The complexation-induced 
1
H NMR chemical shift changes (lim, ppm) for gallamine 

(values in italics for 1:1 complex), mecamylamine, muscarine, hemicholinium-15, and 

hemicholinium-3 (values in italics for 1:1 complex, some lim values not determinable) guests 
bound to CB[7] in D2O. 
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Table 4.2. The ESI-MS (calculated and observed) m/z ratios, along with the binding constants for 
the 1:1 and 2:1 host-guest complexes between CB[7] and the ACh agonists and antagonists 
guests in aqueous solution.   
 

Guest m/z (obs) 
m/z (calcd) 

KCB[7], M
-1

 

 
Gallamine

3+ a
 

 
557.5819 

557.9373 for 
C72H82N31O17 

3+ 

 

 
2.5 x 10

6
 

[(1.6 ± 0.4) x 10
4
] 

 

Hemicholinium-15
+b

 1371.2551 
1371.2546 for  
C54H60N29O16

+
 

 

(7.1 ± 0.8) x 10
4
 

Hemicholinium-3
2+ b,c

 1369.9701 
1369.9534 for  
C52H64N29O14

+
 

788.2971 
788.2957 for 

C66H76N30O2
2+ 

(see appendex A3) 

(5.9 ± 0.3) x 10
5
 

[≤ 1.5 x 10
5
] 

Me2Mor
+ d

  (5.1 ± 0.8) x 10
6
 

Mecamylamine
+ e

 1355.3642 
1355.38 for  

C52H64N29O14
+
 

(4.3 ± 0.6) x 10
9 

Methylquinuclidinium
+ f 

  (5.8 ± 1.3) x 10
9
 

Muscarine
+ g

 679.7360 
679.7410 for 

C51H62N29O16Na
2+

  

(2.3 ± 0.8) x 10
7
 

NMe4
+ h

  (1.2 ± 0.4) x 10
5
 

a
 K

2:1
CB[7] determined from 

1
H NMR titration curve.

    b
 K

1:1
CB[7] determined using the 

tetramethylammonium cation as competitor guest.
 c
 K

2:1
CB[7] determined using a statistical binding 

model (K
2:1

 ≤ K
1:1

/4).
 
 
d 
Ref. 27.   

e
 K

1:1
CB[7] determined using methylquiclidinium iodide as 

competitor guest. 
f 
Ref 23. 

g
 determined using (CH3)3Si(CD2)2COOH as competitor guest.

 
 
h 
Ref. 26.   
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4.4 Discussion  

The formation of CB[7] host-guest complexes with the AChE inhibitors were studied using 

1
H NMR spectroscopy and ESI mass spectrometry. The 

1
H NMR solutions were prepared with the 

guests at a constant concentration in D2O solution, while the CB[7] concentration was varied. The 

complexations between the CB[7] and the AChE inhibitors are generally driven by the ion-dipole 

interaction between the quaternary alkylammonium center and/or the hydrophobic effect between 

the diffused hydrophobic quaternary  alkylammonium group and the CB[7] cavity. The 

complexation induced lim values for the AChE inhibitors (Figure 4.12) confirm the encapsulations 

of the majority of the guests in the case of edrophonium, pyridostigmine and 1,1-dimethyl-4-

phenylpiperazinium (with the quaternary ammonium or iminium group near the portals) or portion 

of the guest which seen in the case of neostigmine.  The lim values for the methyl group protons 

vary between 0 and -0.79 ppm according to their position within or outside of the CB[7] cavity. 

These values are similar to the methyl proton lim values reported for the monocationic dimethyl-

N-heterocyclic guests,
27

 (in Chapter 2) which were in the range of  -0.58 to -0.84 ppm. The values 

also agreed with the lim values for the methyl protons of the NMe4
+ 26

 and the choline
23

 guests;    

-0.72 and -0.69 ppm, respectively, with CB[7]. The lim values for the methyl protons of 

neostigmine are relatively small, which suggest that the methyl groups are not located deep within 

the center of the CB[7] cavity, but are closer to the portal, indicating the establishment of 

interaction between the ammonium center and the carbonyl groups of the CB[7] rim. The lim 

values of the aromatic protons of the AChE inhibitors (excluding the neostigmine) are in the range 

of -0.09 to -1.12 ppm, indicating varying degree of the encapsulation of the aromatic ring inside the 

cavity. Similar lim values for the guest protons were reported with same type of related benzene 

ring bearing guest such as in procaine (-0.43 and -0.8 ppm),
28

 (-)-epinephrine (-0.99 ppm), 

prilocaine (-0.02 ppm), benzylcholine
23

 (o- (-1.04 ppm), m- (-0.84 ppm) and p- (-0.54 ppm)), 

benzethonium (o- (-0.99 ppm), m- (-0.87 ppm) and p- (-0.64 ppm), and the 

benzyltrimethylammonium cation
26

 (o- (-1.07 ppm), m- (-0.78 ppm) and p- (-0.47 ppm)
26

. The 
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aromatic protons of neostigmine have negative lim values for only the o-proton and p-proton, but, 

positive values for the remaining protons indicating the partial inclusion of the aromatic ring in the 

CB[7] cavity with the CB[7] carbonyl portal around the o- and m- protons. 

The CB[7] host-guest stability constants for the AChE inhibitors (Table 4.1) were slightly 

too high to be measured directly from the 
1
H NMR titration curves. 

1
H NMR competitive 

experiments were carried out (at pD = 4.75 (50 mM NaOAc-d3/25 mM DCl)). Generally, 

tetramethylammonium iodide, KCB[7] = (1.2 ± 0.4) x 10
5 

M
-1

,
 
was used as a competitor except for 

1,1-dimethyl-4-phenylpiperazinium guest, where 3-trimethylsilylpropionic-2,2,3,3-d4 acid, KCB[7] = 

(1.82 ± 0.22) x 10
7 
M

-1
, was used. The stability constants showed dependences on the size and the 

hydrophobicity of the guest molecules, as well as on the presence and nature of the quaternary 

alkylammonium groups. The highest CB[7] stability constant was for 1,1-dimethyl-4-phenyl-

piperazinium ((4.2 ± 0.6) x 10
6
 M

-1
), which is more hydrophobic than the other AChE inhibitors, due 

to the presence of aromatic ring, the piperazinium ring and the absence of any oxygen-bearing 

group.  The stability constant for the CB[7] complex of edrophonium ((1.5 ± 1.6) x 10
6
 M

-1
) is 

slightly lower than that for 1,1-dimethyl-4-phenylpiperazinium, due to the presence of the hydroxyl 

group, which can affect the CB[7] binding through repulsive interactions with the CB[7] carbonyl 

portals. However, the replacement of one of the methyl groups on the quaternary ammonium 

moiety with ethyl group in the edrophonium results in a more hydrophobic center compared to that 

of neostigmine ((3.0 ± 0.6) x 10
4
 M

-1
) and the pyridostigmine ((1.1 ± 0.6) x 10

5
 M

-1
), hence higher 

binding constant. A similar trend was reported for the binding of the tetralkylammonium guests by 

CB[7], in which NEt4
+ 

> NMe4
+
.
26  

The simpler methyliminium cation in pyridostigmine resulted in 

better inclusion of the entire guest in the CB[7] cavity, and higher stability constant, compared to 

the neostigmine phenyltrimethylammonium group, which is partially encapsulated in the CB[7] 

cavity.           

The ACh agonist and antagonist guests were prepared in constant concentration in 50 mM 

acetate buffer solution (at pD = 4.75 (50 mM NaOAc-d3/25 mM DCl), while the CB[7] concentration 
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was varied. The host-guest complexations between the CB[7] and the ACh agonist and antagonist 

guests were monitored using 
1
H NMR and ESI-MS techniques. The encapsulation of the guests or 

part(s) of the guests was indicated by the induced lim values of the guest protons as shown in 

Figure 4.14. The heterocyclic moiety of muscarine, with the methyl substituent, exhibited lim 

values in the range of (-0.75 to -0.99 ppm) which indicates the presence of this portion of the guest 

deep in the CB[7] cavity center. However, the lim values of the N
+
 methyl protons (-0.11 ppm) 

suggest their location inside the cavity but closer to the portals. Most of the lim values for the 

mecamylamine protons are in the range of -0.45 to -0.8 ppm depending on their position in the 

CB[7] cavity, except for the methylammonium group (+0.01 ppm), which is outside the cavity. 

Related guests were studied with CB[7] such as N-methylquinclidinium iodide
23

 and similar lim 

values were reported in the range of -0.42 to -0.84 ppm. The hydrophobic moiety of 

mecamylamine possesses 10 heavy atoms with a calculated volume of 147 Å
3
, which corresponds 

to a coefficient packing (PC) of 60%. This PC value is consistent with the optimum PC values (55-

68%) that were reported by Nau and coworkers.
29

  

The 
1
H NMR titrations of hemicholinium-3 and gallamine with CB[7] show  2:1 binding to 

the CB[7] (Figure 4.16). The complex induced lim values for the hemicholinium-3 methyl protons 

are -0.73 and -0.81 ppm, which are comparable to the lim value for of the N,N-

dimethylmorpholinium cation
27

 (-0.76 ppm). The lim values for the gallamine triethyl groups 

protons (-0.45 ppm for CH3, -0.78 ppm for CH2), as well as for the methylene linkage protons        

(-0.51 and -0.08 ppm) indicate the inclusion of two triethylammonium arms within the CB[7] cavity. 

The presence of protons of the middle triethylammonium group near the CB[7] portals was 

indicated by the lim values, which were in the range of +0.09 to +0.33 ppm.  

The stability constants of the host-guest complexes between the CB[7] and the ACh 

agonist and antagonist guests (Table 4.2) depend on the size and hydrophobicity of the guest 

molecule. The stability constants showed the trend mecamylamine > muscarine > gallamine > 

hemicholinium-3, which indicate that the binding constant decrease with the decrease in the 



 

 

128 

 

hydrophobicity. The high stability constant of the mecamylamine ((4.3 ± 0.6) x 10
9
 M

-1
) is 

comparable to those reported for the related quinuclidinium choline derivatives:
23

 N-

methylquinuclidinium iodide ((5.8 ± 1.3) x 10
9
 M

-1
), and (2-hydroxyethyl)quinuclidinium bromide 

(1.3 ± 0.3) x 10
9
 M

-1
). The CB[7]-muscarine complex stability constant ((2.7 ± 0.8) x 10

7 
M

-1
) is in 

the same range with the stability constants of similar five membered heterocyclic guests, with a N 

instead of an O heteroatom, such as the N,N-dimethpyrrolidinium cation
27

 ((1.7 ± 0.3) x 10
7 

M
-1

)
 

and the N-allyl-N-methylpyrrolidinium cation
27

 ((2.5 ± 0.4) x 10
7 

M
-1

). The stability constant ((5.9 ± 

0.3) x 10
5 

M
-1

) for hemicholinium-3 is smaller than that for the N,N-dimethylmorpholinium cation 

(5.1 ± 0.8) x 10
6
 M

-1
), due to the presence of the hydroxyl substituents on the morpholinium rings 

which may exert some repulsion to the CB[7] encapsulation of the hemicholinium-3.  

4.5 Conclusion 

This research revealed that acetylcholinesterase inhibitors, such as neostigmine 

methylsulfate, pyridostigmine bromide, edrophonium bromide, 1,1-dimethyl-4-phenylpiperazinium 

iodide, as well as the nAChR antagonist mecamylamine, the mAChR agonist muscarine, the 

mAChR antagonist gallamine triiodide, and indirect ACh antagonists hemicholinium-3 and 

hemicholinium-15 form very stable 1:1 host-guest complexes with CB[7]. The hemicholinium-3 and 

gallamine guests also form 2:1 CB[7] host-guest complexes. The main common feature of these 

guests is the presence of a quaternary ammonium or iminium group in their chemical structure, 

which can work as a recognition center for the CB[7] binding either at a portal (ion-dipole 

interactions) or within the cavity (hydrophobic effects). The main application of the results of this 

project is the proposal of the usage of CB[7] as a reversal agent for these types of guests, to 

overcome their side effects as drugs.    
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Chapter 5                                                                                      

Selective molecular recognition of methylated lysines and arginines by 

cucurbit[6]uril and cucurbit[7]uril in aqueous solution 

5.1 Introduction 

  The rapid flourishing of genomics has allowed for the deeply challenging study of the 

genetic information of the human DNA and how they are controlled.
1
  One of the important pieces 

of information that was revealed is that the DNA is wound around alkaline scaffolding proteins 

called histones, into a highly-ordered structural unit named chromatin.
2
  Histones exert various 

covalent modifications that are related to different genetic functions. These posttranslational 

modifications (PTMs) include acylation, phosphorylation and methylation of specific amino acids of 

the histones. Many of these modifications are enzymatically reversible, which allow the control 

over the gene transcription, chromatin remodeling and other nuclear processes in the cell. 

Generally speaking, the packaging, replication and distribution of chromosomes, as well as the 

expression of genes, are related to the PTMs of the histones.
3-5

  

  The methylation of histone lysines (Figure 5.1), which is an irreversible modification that 

can only be removed by replacing the entire histone unit,
2
 plays a major role in transcriptional 

regulation and the abnormal methylation of lysines can lead to disease processes such as 

cancer.
6-8

 The N-trimethylation of lysines K4, K36, and K79 on histone H3 activates gene 

expression, while methylations of K9 and K27 inactive the process.
9
 The methyllysine reader 

domains,
3
 such as chromodomain HP1, use a protein “aromatic cage” comprised of two to four 

residues (tryptophan (Trp) or tyrosine (Tyr))S, and employ cation- interactions with the polarized 

methyl groups, to induce new protein-protein interactions (Figure 5.2).
10-13

 In addition, aspartate 

(Asp) and glutamate (Glu) residues can engage in direct or water-mediated H-bonding with NH 

protons on mono- and dimethyllysines. The plant homeodomains (PHD) of the inhibitor of growth 

protein (ING2)
12

 and the human bromodomain/PHD domain transcription factor (BPTP),
14

 and the 
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HP1 chromodomain
1,15 

are very selective for the different degrees of methylation of the histone H3 

K4Men residue, with binding constant ratios of about 1500 (ING2) and >1000 (HP1) for the K4Me3 

compared with the unmodified K4.
12

      

 

Figure 5.1.  Structures of the LysMen and LysAc guest series.  The values adjacent to the guest 

protons are the 
1
H NMR chemical shift changes (lim, ppm) induced by cucurbit[7]uril 

complexation. 
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Figure 5.2. The histone HP1 chromodomain aromatic cage (green), formed by two tyrosines (Y) 
and one tryptophan (W), captures the trimethyllysine (gray). 

 

  The human ARTX is the gene responsible for encoding the ATP-dependent chromatin 

remodelling protein.
16

 It was proven that male children with ATRX mutations could suffer from 

alpha-thalassemia, psychomotor retardation and facial dysmorphia. The ATRX syndrome-

associated mutations are commonly located in two areas of the ATRX protein: the N-terminal ADD 

(ADDATRX) and the C-terminal ATP-dependent chromatin-remodeling domain. Recently, an unusual 

H3K4Me3 recognition motif was discovered
16-18

 in the cysteine-rich ADDATRX domain associated 

with alpha-thalassemia and mental retardation X-linked syndrome.  In addition to regular Glu H-

bonding to the LysMe3 backbone and cation-π interactions with one Tyr, the remaining interactions 

were of the C-H∙∙∙O type of hydrogen bonding
19

 of the methyl protons with Tyr, Asp, Glu, and 

alanine (Ala) residues.
16

 Interestingly, the protein-protein binding of ADDATRX is inhibited by 

increased methylation of the histone H3K9 residue.  

  Methylated arginines (ArgMe) (Figure 5.3) have been found in RNA-binding proteins and 

histones and recently have been linked to processes such as transcriptional regulation, signal 

transduction, RNA processing, and gametogenesis in the cell.
20-23

 Asymmetric dimethylarginine 

1
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(aArgMe2) is an inhibitor of nitric oxide synthetases and elevated levels of this compound, as well 

as the symmetric dimethylarginine (sArgMe2), which does not inhibit nitric oxide synthetase, are 

observed in patients with kidney disease and/or at risk for cardiovascular disease.
24

 The sArgMe2 

has recently been determined as a biomarker for the acute kidney injury, which commonly 

accompanies cardiac surgery.   

 

Figure 5.3. Structures of arginine guests and their limiting complexation-induced 
1
H NMR chemical 

shift changes (lim, ppm) upon forming a host-guest complex with cucurbit[7]uril in D2O (pD = 4.7). 

 

  There is an interest in being able to distinguish between the two dimethylarginines in 

biological samples.
25

 The protein modules known so far to recognize dimethylarginine 

modifications include the Tudor domains of the survival motor neuron protein (SMN) and the 

survival of motor neuron-related splicing factor 30 (SPF30), which are important in the assembly of 

uridine-rich small nuclear ribonucleoproteins and in pre-mRNA splicing, respectively.
26-28

 The 

binding of the WDR5 protein to histone H3 is observed to be enhanced through symmetric 

dimethylation of the R2Arg, while asymmetric dimethylation impedes the binding.
29-31

 

  The detection of PTMs in histone proteins is useful in understanding the gene regulatory 
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histone code.
32

 It is particularly desirable to have selective detection of tri-, di-, and 

monomethylated lysines (Figure 5.1). Small host molecules with aromatic “walls” have recently 

been explored in terms of their selectivity in recognizing trimethyllysine versus lysine.
33

 Waters and 

coworkers have used polyanionic carboxylated cyclophanes (rac-A2B, Figure 5.4), identified 

through the use of dynamic combinatorial library studies, to bind to H3 histone tail peptides 

containing KMen residues and found that the binding constants and selectivities are similar to 

those of the natural HP1 peptide from chromodomain.
34

 Hof and coworkers have used p-

sulfonatocalix[4]arenes (CX4, Figure 5.4)
35

 and derivatives
36,37

 in which one of the SO3
-
 groups is 

replaced with a variety of substituents, to bind to the LysMen guest series.  Among the CX4 hosts, 

the parent molecule and the derivative with a phenyl replacing one SO3
-
 group exhibit the strongest 

binding to LysMe3 and the greatest binding selectivity relative to lysine.   

 

 

Figure 5.4. Structures of cyclophanes rac-A2B and A2D, and p-sulfonatocalix[4]arene (CX4). 
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The Hof group has recently applied the library of CX4 derivatives to the development of a 

chemical sensor array for the antibody-free reading of methylated lysine and arginine residues on 

histone peptides.
38

 Nau and co-workers have utilized CX4 with a fluorescent dye guest in a tandem 

enzyme assay
39-42

 for monitoring lysine methyltransferase activity.
42

 With the CX4 hosts,
35,36,42  

the 

binding constants with LysMe3 (up to 8 x 10
5
 M

-1
) and the LysMe3/Lys ratio (up to 150) are also 

comparable with values observed with the HP1 histone on the chromodomain reader.
24

 Neither the 

CX4
36

 nor the ArgMen protein readers
26-28

 are particularly selective for the degree of methylation on 

arginine or in distinguishing between the symmetric and asymmetric isomers of dimethylarginine.   

The cucurbit[n]uril CB[n] host molecules
43-45 

have been compared with p-

sulfonatocalixarenes in terms of their ability to bind cationic guests in aqueous solution.
41,46

  In this 

study, the host-guest complexation of the LysMen (n = 0-3) series (Figure 5.1) by CB[6] and CB[7] 

and acetyllysine (Figure 5.1) and the ArgMen (n = 0, 1, and 2 (asymmetrical and symmetrical), 

Figure 5.3) series of guests by CB[7], have been investigated in aqueous media.  The CB[n] (n = 5-

8, 10) hosts
43-45

 are relatively rigid macrocycles comprised of n glycoluril units bridged by 2n 

methylene groups, whose complexations of guest molecules rely on ion-dipole, dipole-dipole, and 

hydrogen bonding interactions with the ureido carbonyl groups which rim the constrictive portals.  

In addition, the interior cavity provides for hydrophobic effects
27

 and has a quadrupole moment 

which has been related to the alignment of encapsulated polar neutral guests.
47,48

 
 

The groups of Urbach
49

 and Kim
50

 have demonstrated that cucurbit[7]uril has a strong 

affinity for aromatic amino acid residues such as phenylalanine (Phe) in peptides and proteins (1.5 

x 10
6
 M

-1
 for N-terminus Phe in insulin

51
 and 2.8 x 10

6
 M

-1
 in Phe-Gly-Gly

51
).  They have also 

recently reported that CB[7] has a 20-30 fold higher affinity for noncanonical phenylalanine 

derivatives with either hydrophobic t-butyl or cationic ammoniomethyl groups at the para position, 

although only the latter substituent affords an increased affinity when part of a peptide chain.
52

 

Lysine, arginine, and histidine (His), which bear cationic side chains at physiological pH, exhibit 

much smaller binding constants to CB[7], in the range of 10
2
-10

3
 M

-1
.
39-41,49 

The peralkylonium cations, including NR4
+
, can be bound (e.g. KCB[7](NMe4

+
) = 1.2 x 10

5
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M
-1

) within the cavity of the CB[7] host molecule,
53

 with selectivity based on R chain length. The 

trimethylammonium groups in these guests reside within the CB[7] cavity, as the deffusion of the 

positive charge over the methyl groups renders this group relatively hydrophobic and conducive to 

CB[7] binding. The CB[7] molecule is also useful for complexations of other cationic guests 

possessing trimethylammonium centers, such as cholines
54

 and acetylcholinesterase inhibitors,
55

 

in aqueous solution.  This affinity may therefore be exploited for the selective molecular recognition 

of the epigenetic marker N,N,N-trimethyllysine in the presence of lysine.   

  L-Ornithine, L-citrulline, L-canavanine, and L-homoarginine are structural analogues of 

arginine (Figure 5.5). L-Ornithine, which is a glutamate metabolite, can be converted into L-

citrulline by ornithine carbamylotranseferase in the parasitic trypanosomatid Herpetomonas 

samuelpessoai.
56

 L-Citrulline can then be converted into L-arginine using arginine succinate lyase. 

These pathways are reversible, such that L-ornithine and L-citrulline are the arginine metabolites 

from arginine deaminase and citrulline hydrolase, respectively.  L-Homoarginine is an amino acid 

analogue that elevates the nitric oxide (NO) level in the cell. Recently, its deficiency has been 

linked to cardiovascular diseases and mortality in humans.
57

    

 

Figure 5.5.  Structures of the protonated L-ornithine-H
+
, L-homoarginine-H

+
, L-canavanine-H

+
, and 

L-citrulline-H
+
 with the limiting CB[7] complexation-induced chemical shift changes (lim, ppm). 
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In this chapter, the complexations of methylated and acetylated lysine and methylated 

arginine amino acids, and arginine analogues by CB[6] and CB[7] have been investigated using 

electrospray ionization mass spectrometry (ESI-MS) and 
1
H NMR spectroscopy. The degree of 

selective molecular recognition has been determined through 
1
H NMR titrations and competitive 

binding experiments and compared with results reported for other small molecule receptors and for 

native protein readers. 

5.2   Experimental section 

5.2.1 Materials 

  Cucurbit[7]uril was prepared and characterized as described previously in Chapter 2. 

Cucurbit[6]uril (Fluka) and the N,N,N-trimethyllysine hydrochloride (Sigma-Aldrich), N,N-

dimethyllysine hydrochloride (Bachem), N-methyllysine hydrochloride (Bachem), L-lysine (Sigma-

Aldrich), acetyllysine  (Sigma-Aldrich), L-arginine hydrochloride (Sigma-Aldrich), N-methylarginine 

acetate (Sigma-Aldrich), L-ornithine (Sigma-Aldrich), L-citrulline (Sigma-Aldrich), L-canavanine, L-

homoarginine (Sigma-Aldrich), and asymmetric dimethylarginine hydrochloride (Sigma-Aldrich) 

guests were used as received. The p-hydroxyazobenzene-p′-sulfonate salt of the symmetric 

dimethylarginine (Sigma-Aldrich) was converted to the chloride salt by ion-exchange using 

Amberlite IRA-400 anion exchange resin (Fisher).  

5.2.2 Methods 

  The 
1
H NMR spectra and chemical shift titrations were recorded on Bruker Avance AM 400 

and 500 MHz instruments.  The electrospray ionization mass spectrometry (ESI-MS) experiments 

were carried out on a QStar XL TOF instrument.  The stability constants for the host-guest 

complexes formed between cucurbit[7]uril and LysMe3, LysMe2, and Lys were determined by 

means of competitive 
1
H NMR binding experiments.  The protocol of Isaacs and coworkers 

(described previously in Chapter 2)
58

 was employed and the measurements were taken at 25 
o
C in 

D2O containing an acetate buffer (50 mM NaO2CCD3/25 mM DCl) at pD = 4.7. The competitor 
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guests employed were (CH3)3Si(CD2)2COOH (for LysMe3): KCB[7] = (1.82 ± 0.22) x 10
5
 M

-1
,
58

  

N(CH2CH3)4Br (for LysMe3): KCB[7] = (1.0 ± 0.2) x 10
6
 M

-1
,
53  

N(CH3)4I (for protonated Lys and 

LysMe2): KCB[7] = (1.2 ± 0.4) x 10
5
 M

-1
,
53

 P(CH3)4Br (for protonated Lys and LysMe3): (2.2 ± 0.4) x 

10
6
 M

-1
,
53

 and acetone (for Lys): (4.5 ± 0.5) x 10
2
 M

-1
 (interpolated from the values at [Na

+
] = 0.00 

(580 dm
3
 mol

-1
) and 20 mM (370 dm

3
 mol

-1
) in ref. 59). The stability constants for the host-guest 

complexes formed between CB[7] and LysMe, sArgMe2 and aArgMe2 were determined by means 

of 
1
H NMR chemical shift titrations of the guests with CB[7] at 25 

o
C in D2O containing an acetate 

buffer (50 mM NaO2CCD3/25 mM DCl) at pD = 4.7).  The 
1
H NMR titrations of the LysMen guests 

with CB[6] were carried out in D2O containing 0.10 mol dm
-1

 NaCl with or without 10 mM DCl (pD = 

1.0).  The complexation-induced chemical shift changes for the proton resonances, as a function of 

CB[n] concentration, were fit to a 1:1 binding model as described previously.
60

 For the weakest 

host-guest binding, Benesi-Hildebrand plots
42

 of obs
-1

 versus [CB[n]]
-1

 were constructed and the 

values of lim and KCB[n] were calculated from the reciprocal of the intercept and the ratio of the 

slope/intercept, respectively. 

5.3 Results  

5.3.1 Methylated Lysine Guests 

  The formation of 1:1 host-guest complexes between CB[7] and the LysMen, guests were 

confirmed by electrospray ionization mass spectrometry (ESI-MS) and by 
1
H NMR spectroscopy.  

The mass spectra exhibited peaks for both {LysMenCB[7]}
+
 and {LysMenCB[7]H}

2+ 
(Table 5.1), 

as a result of the proton equilibrium of the guest carboxylic acid group in the gas phase. The 

interior cavity of CB[7] provides a shielding environment for guest protons, with upfield 

complexation-induced 
1
H NMR chemical shift changes (lim = bound – free) inferring guest proton 

encapsulation, while downfield shifts are observed for guest protons outside of the cavity adjacent 

to the polar portals.   
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Table 5.1. ESI-MS data for the LysMenCB[7]
+
 and ArgMenCB[7]

+ 
complexes in aqueous solution. 

 

Complex (M) m/z ([M+H]
2+

) m/z (M
+
)
 

{LysCB[7]}
+
 obs. 655.2314 

calc. 655.2318 
for C48H58N30O16

2+ 

 

 

{LysMeCB[7]}
+
 obs. 662.2239 

calc. 662.2397 
for C49H60N30O16

2+ 

 

obs. 1323.4228 
calc. 1323.4720 
for C49H59N30O16

+
 

{LysMe2CB[7]}
+
 obs. 669.2384 

calc. 669.2475 
for C50H62N30O16

2+ 

 

obs. 1337.4939 
calc. 1337.4877 
for C50H61N30O16

+
 

{LysMe3CB[7]}
+
 obs. 676.2475 

calc. 676.2553 
for C51H64N30O16

2+ 

 

obs. 1351.5029 
calc. 1351.5033 
for C51H63N30O16

+
 

{AcLysCB[7]}
+  obs.  1351.4651 

calc.  1351.4674 
for C50H59N30O18

+ 

 

{ArgCB[7]}
+
 obs. 669.2357 

calc. 669.2348  
for C48H58N32O16

2+ 

 

 

{ArgMeCB[7]}
+
 obs. 676.2440 

calc. 676.2427 
for C49H60N32O16

2+ 

  

 
 

{aArgMe2CB[7]}
+
 

 
obs. 1365.4918 
calc. 1365.4943 
for C50H61N32O16

+ 

 

{sArgMe2CB[7]}
+
  obs. 1365.4969 

calc. 1365.4943 
for C50H61N32O16

+
 

 

 

  The complexation of LysMe3 results in upfield shifts in the methyl and H-H proton 

resonances, while the H and H protons resonances shift slightly downfield (Figure 5.6).  The 

limiting value of  (Figure 5.1) for the methyl protons on LysMe3 (-0.69 ppm) is similar to those of 

the N(CH3)4
+
 cation (-0.72 ppm)

53
 and choline (-0.66 ppm)

54
 bound to CB[7], suggesting that the 

NMe3
+
 group is located within the cavity of the host.   
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Figure 5.6.  
1
H NMR titration of LysMe3 (1.0 mmol dm

-1
) by CB[7] in D2O (50 mmol dm

-3
 NaOAc 

buffer, pD = 4.7, 25 
o
C). (a) 0.0, (b) 0.22, (c) 0.46, (d) 0.71, (e) 1.09, (f) 1.11, (g) 1.20,  (h) 1.56, 

and (i) 2.04 eq CB[7].   
 

     With the reduction in the number of methyl groups on the quaternary N center and hence 

its hydrophobicity, there is a translocation of the average location of the CB[7] host from the N 

end of the guest towards N end, reflected in the relative magnitudes of the chemical shift changes 

of the H-H methylene proton resonances (Figures 5.7-5.9). With the LysMe2 and LysMe guests, 
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the maximum upfield  value is observed for the H and H protons, respectively, while for Lys, 

the H proton exhibits the largest upfield shift (Figure 5.1).  

 

 
 

Figure 5.7.  
1
H NMR titration of LysMe2 (1.0 mM) by CB[7] (impurity signals *) in D2O (50 mM 

NaOAc buffer, pD = 4.7, 25 
o
C). (a) 0.0, (b) 0.15, (c) 0.30, (d) 0.49, (e) 0.65, (f) 0.78, (g) 0.96, (h) 

1.22, (i) 1.54, and (j) 3.52 eq CB[7]. 
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Figure 5.8.  

1
H NMR titration of LysMe (0.50 mM) by CB[7] in D2O (50 mM NaOAc buffer, pD = 

4.7, 25 
o
C). (a) 0.00, (b) 0.23, (c) 0.42, (d) 0.68, (e) 0.78, (f) 1.38, (g) 1.81, (h) 2.36, (i) 2.85, (j) 

3.27, (k) 4.08, and (l) 4.31 eq CB[7]. 
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Figure 5.9. 

1
H NMR titration of Lys (1.0 mM) by CB[7] (impurity signal *) in D2O (50 mM NaOAc 

buffer, pD = 4.7, 25 
o
C). (a) 0.0, (b) 0.17, (c) 0.40, (d) 0.60, (e) 0.80, (f) 1.00, and (g) 1.20 eq 

CB[7]. 
 

The titration spectra for LysMen (n = 1-3) exhibit intermediate to fast guest exchange 

behaviour with broadening of the guest resonances located within the cavity of the host. In the 

case of lysine (Figure 5.9), there is considerable broadening of the guest proton resonances, 

suggesting a slower rate of dissociation from the host cavity.  This is likely due to greater difficulty 
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in the passage of the hydrophilic ammonium group through the hydrophobic cavity than was the 

case in the methylated derivatives.   

 The stability constants for the host-guest complexes formed between cucurbit[7]uril and 

the LysMen guest series (in D2O, with 50 mM NaOAc buffer, pD = 4.7) were determined by means 

of 
1
H NMR competitive binding experiments,

58
 with the exception of the value for LysMe (1.8 ± 0.2) 

x 10
3
 M

-1
) which was calculated using a non-linear fit (Figure 5.10, Table 5.2) of the CB[7] 

complexation-induced changes in the H proton resonance from the 
1
H NMR chemical shift titration 

(Figure 5.8).  For LysMe3, the values of (2.3 ± 0.3) x 10
6
 M

-1
 (determined using 3-

trimethylsilylpropionic acid)
58

 and (1.3 ± 0.2) x 10
6
 M

-1
 (using NEt4

+
)
53

 are in good agreement.  This 

binding constant may be compared with that for the binding of choline by CB[7], KCB[7] = (6.5 ± 1.2) 

x 10
5
 M

-1
, in which the trimethylammonium group is also encapsulated in the inner cavity (lim(Me) 

= -0.66 ppm).
54

 The CB[7] binding constants for LysMe2, (using NMe4
+
)
53

 and Lys (using acetone)
48

 

were determined to be (6.0 ± 2.5) x 10
4
 and (5.3 ± 0.7) x 10

2
 M

-1
, respectively. 

 

Figure 5.10. Plot of obs (H proton) against [CB[7]] for the titration of LysMe with CB[7] in D2O 
(50 mM NaOAc buffer, pD = 4.7, 25 

o
C).  Solid line represents fit to KCB[7] = 1.8 x 10

3
 M

-1
. 



 

 

146 

 

  The pKa of the protonated lysine is 2.2 and a titration of lysine at pD = 2.0 (0.010 M DCl 

and 50 mM NaCl, Figure 5.11) revealed similar values of lim to those observed at pD = 4.7  

 
 

Figure 5.11. 
1
H NMR titration of Lys (1.0 mM) by CB[7] (impurity signal *) in D2O (0.10 mM DCl, 50 

mM NaCl, pD = 2.0, 25 
o
C). (a) 0.0, (b) 0.17, (c) 0.40, (d) 0.60, (e) 0.80, (f) 1.00, and (g) 1.20 eq 

CB[7]. 
 

(Figure 5.1).  The protonated Lys has positive charges at either end of the guest, and the 

positioning of these charges near the two portals would place the H-H protons with the cavity of 

CB[7], accounting for the significant upfield shifts in all of the resonances.  The binding constant for 

the protonated Lys with CB[7] was determined to be (8.8 ± 0.9) x 10
5
 and (1.7 ± 0.2) x 10

6
 M

-1
 from 

competitive 
1
H NMR binding experiments using the N(CH3)4

+
 and P(CH3)4

+
 cations,

53
 respectively.  
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The binding constant for the protonated Lys is comparable to the value of 1.4 x 10
7
 M

-1
 (10 mM 

NH4OAc, pH 6.0) for CB[7] binding of its decarboxylation product, cadaverine (1,5-

diammoniopentane).
40

   

  A 
1
H NMR titration of LysMe3 at pD = 2.0 (10 mM DCl and 5 mM NaCl, Figure 5.12) 

indicated that the CB[7] is located more over the center of the protonated guest than observed for 

its conjugate base (Figure 5.1). The trimethylammonium group is closer to a portal, allowing the 

ammonium group on the other end of the guest to lie adjacent to the other portal.  The binding 

constant for the protonated trimethyllysine with CB[7] was determined to be (2.0 ± 0.3) x 10
7
 M

-1
 

from competitive 
1
H NMR binding experiments using the P(CH3)4

+
 cation.

53
   

 

Figure 5.12. 
1
H NMR titration of LysMe3 (1.0 mM) by CB[7] in D2O (10 mM DCl, 50 mM NaCl 

buffer, pD = 2.0, 25 
o
C). (a) 0.00, (b) 0.22, (c) 0.46, (d) 0.71, (e) 1.09, (f) 1.11, (g) 1.20, and (h) 

1.56 eq CB[7]. 
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  The increase in the binding constant for the protonated LysMe3 compared with its 

conjugate base is only one order of magnitude, while a 6000-fold increase is observed with Lys.  

For Lys, the increase can be related to the neutralization of the negative charge on the carboxylate 

group, as the NMR data suggest that the position of CB[7] does not change upon protonation.  

With LysMe3, the smaller change in binding constant may represent compensating effects of an 

increase in the ion-dipole interaction upon protonation and a decrease in the hydrophobic effect 

upon movement of the trimethylammonium group away from the center of the inner cavity of CB[7], 

as suggested by the NMR chemical shift changes.  

Titrations of the LysMen guests with CB[6] in D2O containing 10 mM NaCl, in the present 

work (Figure 5.13, 5.15-5.17), indicate that the monocationic species form only exclusion 

complexes at a portal, with KCB[6] = 1.1 x 10
4
 M

-1
 for Lys (Figure 5.14).  When the pD is reduced to 

1.0 (10 mM DCl, 10 mM NaCl), however, inclusion complexes are observed with Lys and the 

methylated derivatives (Figure 5.18-5.21).  The protonated Lys exhibits large upfield chemical shift 

changes (Figure 5.22) with slow exchange behaviour and the binding constant is calculated to be 

1400 ± 300 M
-1

.  This value is less than that of cadaverine with CB[6] in 50% aqueous formic acid, 

2.4 x 10
6
 M

-1
,
61

 perhaps due to the presence of the Na
+
 which competes for the portals more 

effectively than H
+
.  The protonated HLysMe, HLysMe2, and HLysMe3 guests exhibit fast exchange 

behaviour in the presence of CB[6], with stability constants determined to be 990 ± 170, 270 ± 60, 

and 1130 ± 230 M
-1

, respectively (Figure 5.22). The methyl proton resonance of HLysMe shifts 

downfield, while those of HLysMe2 and HLysMe3 exhibit upfield shifts upon CB[6] complexation 

(Figure 5.23).    
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Figure 5.13. 

1
H NMR titration of Lys (0.5 mM) by CB[6] in D2O (10 mM NaCl, 25 

o
C). (a) 0.0, (b) 

0.22, (c) 0.46, (d) 0.71, and (e) 1.09 eq CB[6]. 

   

 
Figure 5.14. Plot of obs against [CB[6]] for the H proton for the binding of lysine (0.30 mmol   
dm

-3
) by CB[6] in D2O (100 mM NaCl). 
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Figure 5.15. 
1
H NMR titration of LysMe (0.5 mM) by CB[6] in D2O (10 mM NaCl, 25 

o
C). (a) 0.00, 

(b) 0.47, (c) 0.90, (d) 1.34, (e) 2.14, (f) 2.43, (g) 3.14, (h) 4.30, (i) 4.58, and (j) 5.98 eq CB[6].   
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Figure 5.16. 

1
H NMR titration of LysMe2 (0.5 mM) by CB[6] in D2O (10 mM NaCl, 25 

o
C). (a) 0.00, 

(b) 0.54, (c) 1.00, (d) 1.64, (e) 2.06, (f) 4.07, (g) 5.12,  and (h) 9.06 eq CB[6].   
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Figure 5.17. 

1
H NMR titration of LysMe3 (0.5 mM) by CB[6] in D2O (10 mM NaCl, 25 

o
C). (a) 0.00, 

(b) 0.22, (c) 0.46, (d) 0.71, (e) 1.09, (f) 1.11, (g) 1.20,  (h) 2.4, (i) 3.48, (j) 4.14, (k) 5.40,  (l) 6.16, 
and (m) 6.95 eq CB[6].   
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Figure 5.18. 

1
H NMR titration of Lys (0.5 mM) by CB[6] at pD = 1.0 in D2O (10 mM DCl and 10 mM  

NaCl, 25 
o
C). (a) 0.00, (b) 0.21, (c) 0.44, (d) 0.68, (e) 1.04, (f) 1.06, (g) 1.14, and (h) 1.94 eq CB[6].   
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Figure 5.19. 

1
H NMR titration of LysMe (0.5 mM) by CB[6] at pD = 1.0 in D2O (10 mM DCl and 10 

mM NaCl, 25 
o
C). (a) 0.00, (b) 0.24, (c) 0.45, (d) 0.67, (e) 1.07, (f) 1.22, (g) 2.15, and (h) 2.90 eq 

CB[6].   
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Figure 5.20. 
1
H NMR titration of LysMe2 (0.5 mM) by CB[6] at pD = 1.0 in D2O (10 mM DCl and 10 

mM NaCl, 25 
o
C). (a) 0.00, (b) 0.40, (c) 0.50, (d) 0.70, (e) 1.03, (f) 1.27, (g) 1.43, (h) 2.04, (i) 2.56, 

and (j) 4.52 eq CB[6].   
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Figure 5.21. 

1
H NMR titration of LysMe3 (0.30 mM) by CB[6] at pD = 1.0 in D2O (10 mM and 10 

mM NaCl, 25 
o
C). (a) 0.00, (b) 0.40, (c) 0.75, (d) 1.10, (e) 1.60, (f) 2.15, (g) 4.95, and (h) 6.10 eq 

CB[6].   
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Figure 5.22. Benesi-Hildebrand plots of obs
-1

 against [CB[6]]
-1

 for the 
1
H NMR titrations of (■) 

HLysMe (HMe), (▲) HLysMe2 (H) and (●) HLysMe3 (H) with CB[6] in 10 mM DCl (containing 10 
mM NaCl). 
 
 

 
 
Figure 5.23. Structures of the protonated HLysMen guest series.  The values adjacent to the guest 

protons are the 
1
H NMR chemical shift changes (lim, ppm) induced by cucurbit[6]uril 

complexation in 10 mM DCl (containing 10 mM NaCl).   
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5.3.2 Acetylated lysine guest 

In addition to the studies of the methylated lysines, the host-guest binding constant for 

CB[7] with the neutral acetyllysine guest was determined from a 
1
H NMR chemical shift titration in 

D2O (with 50 mM NaOAc buffer, pD = 4.7, Figure 5.24).  All of the guest proton resonances shifted 

upfield (Figure 5.1) and a Benesi-Hildebrand plot of the methyl proton chemical shift change 

yielded a stability constant of 20 ± 10 M
-1

. 

 
 
Figure 5.24. 

1
H NMR titration of acetyllysine (1.0 mM) by CB[7] in D2O (50 mM NaOAc buffer, pD 

= 4.7, 25 
o
C). (a) 0.0, (b) 0.18, (c) 0.34, (d) 0.50, I 0.69, (f) 0.91, (g) 1.08, (h) 1.39, (i) 1.72, and (j) 

4.04 eq CB[7]. 
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5.3.3 Methylated Arginines 

  The formation of 1:1 host-guest complexes of the ArgMen series of guests in aqueous 

solution is indicated by the ESI mass spectral data (Table 5.1) and the 
1
H NMR spectra (Figure 

5.25-5.28).   The trend in the values of lim for the Arg guests is similar to the Lys series in terms 

of the implied shift in the position of the CB[7] host as methyl groups are added to the guanidinium 

moiety (Figure 5.3).  The two dimethylarginines appear to bind to CB[7] in somewhat different 

fashions, with the CB[7] including most of the aArgMe2 guest within its inner cavity.   With the 

sArgMe2 guest, it is clear from the 
1
H NMR chemical shift changes that the dimethylguanidinium 

group is encapsulated, while the remaining portion of the amino acid is within the portal or outside 

of the host. 

  Both the parent L-arginine and the ArgMe guest displayed weak binding to the CB[7] host 

(Table 5.3), with stability constants of KCB[7] = 190 ± 50 (Figure 5.28) and 110 ± 30 M
-1

 (Figure 

5.29), respectively.  A value of 310 M
-1

 for L-arginine with CB[7] has been reported by Nau and 

coworkers
40

 in a pH 6.0 medium containing 10 mM NH4OAc, with the lower cation concentration 

accounting for the larger value.  The dimethylarginine guests exhibits stronger binding interactions 

with CB[7], and fits of the chemical shift changes of the aArgMe2 Hand sArgMe2 methyl proton 

resonances to a 1:1 binding model (Figures 5.30 and 5.31) yielded values of KCB[7] = (2.0 ± 0.3) x 

10
3
  and (6.1 ± 0.9) x 10

3
 M

-1
.  The binding constant for the protonated sArgMe2 with CB[7] at pD = 

2.0 (DCl) only increases to (6.7 ± 1.2) x 10
3
 M

-1
.   
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Figure 5.25. 

1
H NMR titration of L-arginine (1.0 mM) by CB[7] in D2O (50 mM NaOAc buffer, pD = 

4.7, 25 
o
C). (a) 0.00, (b) 0.17, (c) 0.34, (d) 0.54, (e) 0.71, (f) 0.93, (g) 1.17, (h) 1.48, (i) 1.80, and (j) 

4.21 eq CB[7]. 
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Figure 5.26. 

1
H NMR titration of methylarginine (1.0 mM) by CB[7] in D2O (50 mM NaOAc buffer, 

pD = 4.7, 25 
o
C). (a) 0.00, (b) 0.26, (c) 0.51, (d) 0.94, (e) 1.11, (f) 1.36, (g) 1.59, (h) 2.18, (i) 2.68, 

and (j) 5.20 eq CB[7]. 
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Figure 5.27. 

1
H NMR titration of asymmetric dimethylarginine (1.0 mM) by CB[7] in D2O (50 mM 

NaOAc buffer, pD = 4.7, 25 
o
C). (a) 0.00, (b) 0.25, (c) 0.48, (d) 0.69, (e) 1.45, (f) 1.89, (g) 2.30, (h) 

2.70, (i) 3.19, and (j) 4.34 eq CB[7]. 
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Figure 5.28. Benesi-Hildebrand plot for the binding of L-arginine by CB[7] in D2O (50 mM NaOAc 

buffer, pD = 4.7, 25 
o
C) using the H proton resonance. 

 

 
 
Figure 5.29.  Benesi-Hildebrand plot for the binding of N-methylarginine by CB[7] in D2O (50 mM 

NaOAc buffer, pD = 4.7, 25 
o
C) using the H proton resonance. 
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Figure 5.30.  Plots of obs (H) against [CB[7]] for the binding of asymmetric dimethylarginine (1.0 
mM) by CB[7] in D2O (50 mM NaOAc buffer, pD = 4.7, 25 

o
C).  

 
 
 

 

Figure 5.31. Plot of obs for the guest methyl proton resonance against [CB[7]] for the binding of 
symmetric dimethylarginine (1.0 mM) by CB[7] in D2O (50 mM NaOAc buffer, pD = 4.7, 25 

o
C).  
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5.3.4 Arginine analogues 

In addition to the arginine and the methylated arginines, 
1
H NMR titration studies (Figures 

5.32-5.37)  were performed for the structural arginine analogues L-homoarginine, L-canavanine, L-

citrulline, and L-ornithine (Figure 5.5). The NMR spectra show moderate to weak binding of CB[7] 

to the L-homoarginine and the L-canavanine (880 and 120 M
-1

, respectively), but no detectable 

binding to the L-ornithine and the L-citrulline. However, the protonated forms of the arginine 

analogues showed moderate to strong binding to the CB[7]. The binding constants for L-ornithine 

and the L-citrulline were determined to be KCB[7] = (3.0 ± 0.3) x 10
4
 M

-1 
and KCB[7] = (1.2 ± 0.3) x 10

4 

M
-1

, respectively, from the NMR titration curves. The binding constants for the protonated forms of 

L-homoarginine and L-canavanine with CB[7] ware too strong to be calculated from the titration 

curves, so competitive experiments were performed using tetramethylammonium iodide as a 

competitor. The calculated binding constants, along with the ESI-MS results for the 1:1 host-guest 

complexes between CB[7] and the protonated arginine analogues, are listed in Table 5.2.  
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Table 5.2. Binding constants (M
-1

) and mass-charge ratios for the 1:1 host-guest complexes of 
arginine, lysine and their structural analogues 
 

Guest KCB[7] (M
-1

) m/z ([M+H]
2+

) 

 
L-Canavanine 
 

 
(1.2 ± 0.2) x 10

2 a
 

 

 

L-Canavanine-H
+
 (1.7 ± 0.3) x 10

5 b
 obs. 671.2259 

calc. 671.2323 (for C47H58N32O17
2+

) 

L-Homoarginine (8.8 ± 1.6) x 10
2 a 

 

L-Homoargine-H
+
 (4.9 ± 1.0) x 10

7 c
 

 
obs. 1351.4787 
calc. 1351.4786 (C49H58N32O16

+
)   

L-Lysine (5.3 ± 0.7) x 10
2 a

  

L-Lysine-H
+
 (1.3 ± 0.5) x 10

6 a
  

L-Arginine (1.9 ± 0.5) x 10
2 a

  

L-Citrulline No binding  

L-Citrulline-H
+
 (1.2 ± 0.3) x 10

4
 obs. 670.7286 

calc. 670.7347 (for C48H59N31O17
2+

) 

L-Ornithine 
 

No binding  

L-Ornithine-H
+
 (3.0 ± 0.3) x 10

4
 obs. 648.7236 

calc. 648.7278 (for C47H57N30O16
2+

) 
   
a
50 mM NaOAc buffer, pD 4.7. 

b
Binding constant from competitive experiment with 

tetramethylammonium iodide. 
 c

Average of the binding constants of two competitive experiments 

with trimethylbenzylammonium bromide and tetraethylammonium iodide. 
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Figure 5.32. 

1
H NMR titration of L-canavanine (1.0 mM) by CB[7] in D2O (50 mM NaOAc buffer, 

pD = 4.7, 25 
o
C). (a) 0.00, (b) 0.23, (c) 0.52, (d) 0.75, (e) 0.95, (f) 1.75, (g) 2.09, (h) 2.50, (i) 3.10, 

(j) 3.60, (k) 4.50, and (l) 5.0 eq CB[7] (* = CD2HCOO
-
 from buffer). 
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Figure 5.33. 

1
H NMR titration of protonated L-canavanine (1.0 mM) by CB[7] in D2O (50 mM NaCl, 

10 mM DCl, 25 
o
C). (a) 0.00, (b) 0.23, (c) 0.46, (d) 0.64, (e) 0.84, (f) 1.0, (g) 1.44, (h) 1.89, (i) 2.44, 

(j) 2.86, (k) 3.10, (l) 3.70, and (m) 5.00 eq CB[7]. 
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Figure 5.34. 

1
H NMR titration of protonated L-citrulline (1.0 mM) by CB[7] in D2O (50 mM NaCl, 10 

mM DCl, 25 
o
C). (a) 0.00, (b) 0.24, (c) 0.46, (d) 0.70, (e) 0.80, (f) 0.95, (g) 1.45, (h) 1.77, (i) 2.20, (j) 

2.83, (k)3.64, (l) 3.84, and (m) 4.78 eq CB[7].  
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Figure 5.35. 

1
H NMR titration of protonated L-ornithine (1.0 mM) by CB[7] in D2O (50 mM NaCl, 10 

mM DCl, 25 
o
C). (a) 0.00, (b) 0.20, (c) 0.39, (d) 0.58, (e) 0.81, (f) 1.27, (g) 1.66, (h) 1.99, (i) 2.40, (j) 

2.74, (k) 3.10, (l) 3.50, and (m) 4.13 eq CB[7]. 
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Figure 5.36.  

1
H NMR titration of L-homoarginine (1.00 mM) by CB[7] in D2O (50 mM NaOAc 

buffer, pD = 4.7, 25 
o
C). (a) 0.00, (b) 0.23, (c) 0.52, (d) 0.75, (e) 0.95, (f) 1.75, (g) 2.09, (h) 2.50, 

and (i) 3.10 eq CB[7]. 
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Figure 5.37.  

1
H NMR titration of protonated L-homoarginine (1.00 mM) by CB[7] in D2O (50 mM 

NaCl, 10 mM DCl, 25 
o
C). (a) 0.00, (b) 0.20, (c) 0.39, (d) 0.58, (e) 0.81, (f) 1.27, (g) 1.66, and (h) 

1.99 eq CB[7]. 
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5.4 Discussion  

The CB[7]LysMe3 host-guest complex binding constant is comparable to that of the 

CB[7]choline complex, KCB[7] = (6.5 ± 1.2) x 10
5
 M

-1
, in which the trimethylammonium group is also 

encapsulated in the inner cavity (lim(Me) = -0.66 ppm).
54

 The value of the binding constant of the 

CB[7]Lys complex is lower than that reported by Nau and coworkers
40

 (Table 5.3), as a higher 

buffer (cation) concentration was used in the present study compared with Nau’s measurement (10 

mM NH4OAc).  

 

Table 5.3. Binding constants (M
-1

) for free LysMen amino acid guests with synthetic receptors 
(CB[7], CX4 and CX4*) and histone H3 LysMen with synthetic (rac-A2B) and protein receptors 
(HP1, ING2, ADDATRX, and BPTF), and the selectivity ratio of the binding constants for LysMe3/Lys. 
 

Host K (LysMe3) K (LysMe2) K (LysMe) K (Lys) 
Selectivity 

LysMe3/Lys 

 
CB[7]

 
 

1.9 x 10
6 a,b

 
 

 
6.0 x 10

4 a
 

 
1.8 x 10

3 a
 

 
5.3 x 10

2 a
 

8.7 x 10
2 c 

 

 
3500 

CX4 3.7 x 10
4 d

 

1.3 x 10
5
 
e 

 

1.6 x 10
4 d

 
6.0 x 10

4 e
 

4.0 x 10
3 d 

2.0 x 10
4 e

 
5.2 x 10

2 d 

<1 x 10
3 e 

70 
>130 

CX4*
f 

6.4 x 10
4 f 

 
nd Nd 4.2 x 10

2 f 
150 

rac-A2B 4.0 x 10
4 g 

 
1.7 x 10

4 g 
6.0x10

3 g
 < 8 x 10

2 g
 >50 

HP1 1.0 x 10
5 h

 
4.8 x 10

5 i 

 

6.7 x 10
4 h 

2.6 x 10
4 i

 
1.0x10

4 h
 <1 x 10

3 h
 >100 

ING2 6.7 x 10
5 j 

 
6.7 x 10

4 j
 4.8 x 10

3 j
 4.8 x 10

3 j
 1500 

ADDATRX 2.0 x 10
6 k

 7.7 x 10
5 k

 4.0 x 10
5 k

 2.7 x 10
5 k

 7.4 
 3.6 x 10

6 l
 2.6 x 10

6 l
 3.4 x 10

5 l
 1.3 x 10

5 l
 28 

 7.7 x 10
5 m 

 
 1.2 x 10

5 m
 <1 x 10

4 m
 >70 

BPTF 3.7 x 10
5 n

 2.0 x 10
5 n

    
      

a
 This work, 50 mM NaOAc buffer, pD 4.7. 

b
 Average of two measurements using different 

competitors.  
c 
Ref. 40, 10 mM NH4OAc buffer, pH 6. 

d
 Ref. 35, 40 mmol dm

-3
 phosphate buffer, pH 

7.4. 
e 

Ref. 40, 5 mM glycine buffer, pH 10. 
f
 Ref. 37, CX4 with one SO3

-
 group replaced by phenyl, 

40 mM phosphate buffer, pH 7.4.   
g
 Ref. 33, 10 mM phosphate buffer, pH 8.5, 27 

o
C. 

h
 Ref. 1, 

phosphate buffer, pH 7.5, 15 
o
C. 

i
 Ref. 62, 50 mM phosphate buffer, 25 mmol dm

-3
, pH 8.0, 25 

o
C. 

j
 

Ref. 12. 
k
 H31-15, Ref. 16, 100 mM KCl, pH 7.5. 

l
 H31-15, Ref. 17, mM

 
NaCl, 50 mM Tris, pH 7.0. 

m
 

H31-19, Ref. 18, 100 mmol dm
-3

 KCl, 25 mM Tris, pH 8.0. 
n
 Ref. 14. 
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While stability constant for the binding of Lys to the smaller CB[6] host in aqueous solution 

has not been reported (except in the present study), the lysine residue in the Lys-Ala-NH2 

dipeptide forms a more stable complex with CB[6] (K = 1.6 x 10
4
 M

-1
 in 10 mM NaCl solution)

50
 

than does Lys with CB[7] in solution.  In the same study, the 
1
H NMR spectrum of a mixture of the 

Lys-Tyr and Tyr-Lys dipeptides with CB[6] and CB[7] indicated that self-sorting resulted in the 

formations of CB[6]Lys-Tyr and CB[7]Tyr-Lys host-guest complexes.  In the gas phase the 

complexation between CB[6] and the protonated lysine residues, as detected by electrospray 

MS,
63

 has been used to determine the structures of proteins through collisionally activated 

experiments.
44

 

Other amino acids with hydrophobic side chains, such as glycine and alanine showed a 

similar exclusion binding as that of the LysMen guests with CB[6], but with lower binding constants 

(KCB[6] ~ 10
3 
M

-1
).

64,65
 The inclusion complex that is observed between the CB[6] and the protonated 

Lys is consistent with the gas-phase studies which detected CB[6] complexes with only the 

protonated form of Lys.  

  Kim and co-workers
66

 have reported that choline (Me3N(CH2)2OH
+
) does not bind to 

hexa(cyclohexyl)cucurbit[6]uril, although this host does form a complex with the acetylcholine 

guest (K = 1.3 x 10
3
 M

-1
), with the trimethylammonium group outside of the cavity.  The CB[6]-

induced upfield shifts in the methyl resonances of HLysMe3 and HLysMe2 indicate that the 

quaternary ammonium group are located within the cavity in these host-guest complexes.
 

With the p-sulfonatocalix[4]arene, a small binding constant for acetyllysine of 12 ± 34 M
-1

 

has been reported.
35

 The bromodomain protein readers of post-translational acetyllysine utilize a 

hydrophobic cavity with hydrogen bonding to a conserved asparagine residue.
67,68 

The lack of the 

quaternary ammonium center found in Lys and its methylated derivatives (and the resulting ion-

dipole interactions with the portal carbonyl groups) accounts for the decrease in the binding with 

respect to the other lysine guests. 

Table 5.3 provides the corresponding values for the complexations of the free LysMen 

guests with the p-sulfonatocalix[4]arenes,
35,36,42

 as well as for the binding of K4 LysMen residues 
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 by a polyanionic cyclophane host (rac-A2B),
34

 the HP1 histone of chromodomain
1,15

 and the 

inhibitor of plant growth, ING2.
12

 The binding constant for LysMe3 with CB[7] is the largest so far 

reported for small molecule receptors, and the binding is achieved without a reliance on ion-ion or 

cation-π interactions. The binding relies instead on the ion-dipole interactions and the hydrophobic 

effect, with the decrease in the CB[7] stability constants on going from LysMe3 to Lys being related 

to the decreasing hydrophobicity of the terminal ammonium group as methyl groups are replaced 

by protons.  Figure 5.36 shows a titration of a mixture of Lys and LysMe3 with CB[7].  As expected 

from the 3500-fold selectivity for LysMe3 over Lys, the complexation of the LysMe3 is complete 

(Figure 5.36(d), at about one eq CB[7]) before there is any change in the proton resonances of the 

Lys guest.   

 

 
Figure 5.38. 

1
H NMR titration of a mixture of LysMe3 (0.85 mM, labelled in red) and Lys (1.00 mM, 

labelled in blue) with CB[7] in D2O (50 mM NaOAc, pD = 4.7): (a) 0.00, (b) 0.32, (c) 0.62, (d) 0.96, 
(e) 1.40, (f) 1.62, (g) 1.92, (h) 2.64, (i) 2.81, (j) 3.20, (k) 3.39, (l) 3.52, (m) 4.24, (n) 4.70, and (o) 
6.01 mM CB[7]. 
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  The host-guest stability constants for the binding of Arg, ArgMe, and asymmetrical ArgMe2 

are comparable to those reported for the p-sulfonatocalix[4]arene by Hof and coworkers (Table 

5.4).
36 

The CB[7] has somewhat less selectivity between the ArgMe and the parent Arg guest, but 

more affinity towards the asymmetric ArgMe2 than ArgMe or Arg.  The CB[7], however, shows 

modest selectivity for the symmetric ArgMe2 over the asymmetric ArgMe2, by a factor of three, 

while the CX4 host has little if any selectivity.  The cyclophane A2D (Figure 5.4), on the other hand, 

has a small preference for the asymmetric ArgMe2 over the symmetric ArgMe2 (Table 5.4).
69

 Small 

selectivity in favour of the symmetric ArgMe2 has recently been observed for recognition on the 

Tudor domain survival motor neuron protein (SMN) and the SND1 (Table 5.4).
26-28

 These 

methylarginine readers bind the series of ArgMen residues with stability constants in the range of 

10
3
-10

7
 M

-1
, with a trend towards higher binding with increased methylation.  The 30-fold selectivity 

exhibited by CB[7] for free sArgMe2 over Arg is only slightly lower than the 50-fold selectivity 

shown by the WDR5 protein for sArgMe2 and Arg residues on the H3 tail.
31

  

Table 5.4. Binding constants (M
-1

) for free ArgMen with synthetic receptors (CB[7] and CX4) and 
histone R4ArgMen (with SND1 and SMN proteins) and R2ArgMen (with WDR5 protein) with protein 
receptors, and the selectivity ratio of the binding constants for sArgMe2/aArgMe2. 
 

Host K(sArgMe2) K(aArgMe2) K(ArgMe) K(Arg) Selectivity  
sArgMe2/ 
aArgMe2 

 
CB[7]

 
 
6.1 x 10

3 a
 

 

 
2.0 x 10

3 a
 

 
1.1 x 10

2 a
 

 
1.9 x 10

2 a
 

3.1 x 10
2 b 

 

 
3 

CX4 1.1 x 10
3 c

 
 

1.1 x 10
3 c 

1.3 x 10
3 d 

 

7.6 x 10
2 c 

 
3.3 x 10

2 c 
1 
 

A2D 
 

2.6 x 10
4 e

  2.0 x 10
5 e

       3.8 x 10
4 e

 <1.7 x 10
4 e

 0.13 

SND1 1.0 x 10
5 f

 2.4 x 10
4 f

 5.3 x 10
4 f

 1.1 x 10
4 f 

 
4 

SMN 2.9 x 10
4 g

 1.0 x 10
4 g

 <6.7 x 10
3 g

 <3.3 x 10
3 g 

 
3 

WDR5 1.0 x 10
7 h

   1.8 x 10
5 h

  
      
a
 This work, 50 mM NaOAc buffer, pD 4.7  

b 
Ref. 40, 10 mM NH4OAc buffer, pH 6. 

c
 Ref. 36, 40 

mM phosphate buffer, pH 7.4. 
d 
ITC measurement. 

e 
Ref. 69.  

f 
Ref. 26, 50 mM NaCl, pH 7.5.  

g
 Ref. 

27, 50 mM NaCl, pH 7.5. 
h
 Ref. 31. 
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  While the present study indicates that CB[7] exhibits considerable selectivity in binding the 

noncanonical amino acid LysMe3 over its natural counterpart and modest recognition of the 

symmetrical ArgMe2 over its asymmetrical isomer, this may or may not translate to similar 

recognition in peptides or proteins, in which the respective amino acid residues may be on a buried 

side chain or adjacent to different neighbouring surface residues.
3,49

  The observation that CB[7] 

prefers to bind, based on the magnitudes of the complexation-induced chemical shift changes, to 

LysMe3 (Figure 5.1) and sArgMe2 (Figure 5.3) over the trimethylammonium and 

dimethylguanidinium end groups, respectively, rather than closer to aminocarboxylate end of the 

guests, as with lysine and aArgMe2, would suggest that the binding selectivity (if not the binding 

strengths) observed with the free amino acids might be further enhanced in such residues on a 

peptide chain.  Further investigations into the applications of CB[7] for sensing LysMe3 in post-

translationally modified peptides and proteins are needed. 

  The changes in the structure of the L-arginine can affect the binding constant. For 

example, the presence of oxygen atom in the structure decreased the binding constant such as in 

the case of L-canavanine (the oxygen atom is adjacent to the guanidinium group which arise 

repulsive forces with the CB[7] carbonyl portals preventing any further inclusion for the guest into 

the CB[7] cavity).  Also the CB[7] inclusion complex can be totally prohibited by substituting one of 

the NH2 of the guanidinium group by the oxygen atom as in the case of the L-citrulline. Moreover, 

replacing the guanidinium group with a simple -NH2 group, in the L-ornithine, would prevent the 

recognition of the molecule by the CB[7].  However, the protonation of amino groups of the 

arginine analogues enhance the formation of 1:1 host-guest complexes, through the recognition of 

the cationic NH3
+ 

groups which is able overcome the repulsive forces between the carbonyl portals 

and the oxygen atom that can be included in the guests. On the other hand, increasing the number 

of the chain methylene groups (hydrophobic moiety) in the guest, such as in homoarginine, 

improve the CB[7] binding. This is consistent with the data that was reported by Mock and 

coworkers, for the different chain length in a series of -alkyldiammonium guests with CB[6].
70
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5.5 Conclusion 

  In conclusion, the neutral, non-aromatic host molecule cucurbit[7]uril exhibits the largest 

binding constants, to date, for small molecule receptors of the noncanonical N,N,N-

trimethyllysine and symmetrical dimethylarginine, as well as the greatest degree of selectivity for 

the trimethyllysine over lysine, and modest selectivity of symmetrical over asymmetrical 

dimethylarginine.  The incremental increase in the binding constant upon methylation of the guests 

may be related to hydrophobic effects and ion-dipole interactions between the LysMen and ArgMen 

guests and the CB[7] host. This research has been published in Organic & Bioorganic Chemistry.
71
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Chapter 6                                                                                                  

Conclusions and suggestions for future work 

 

6.1 Conclusions 

In this thesis the formations of host-guest complexes that involve a variety of organic 

guests and the cucurbit[n]uril homologues CB[6] and CB[7] were studied. The guests included: 1) 

the monocationic and dicationic N-alkyl dervatives of N-methylmorpholinium, N-methylpipredinium, 

and N-methylpyrrolidinum rings, 2) the steroidal neuromuscular blockers (SNMBs) pancuronium, 

rocuronium and vecuronium, 3) several acetylcholinesterase inhibitors, a nicotinic acetylcholine 

receptors antagonist (mecamylamine), and a muscarinic acetylcholine receptor antagonist 

(muscarine), and 4) L-lysine and its mono-, di-, trimethylated and acetylated derivative, as well as 

L-arginine and its mono- and di-methylated (symmetric and asymmetric) derivatives and several 

structural analogues of arginine. One of the main common features that relate all of these types of 

guests is the presence of one or more cationic ammonium/iminium center(s) in their structures. 

This cationic center is considered to be a recognition target for the CB[7] complexation either 

through ion-dipole interaction between the cationic N
+
 of the guest and the CB[7] carbonyl portals 

or through hydrophobic effect of the diffused positive charge within the hydrophobic cavity of the 

CB[7].   

6.1.1 The CB[7] host-guest complexes with monocationic and dicationic N-heterocyclic 

derivatives 

The high affinity complexations between CB[7] and a series of N-substituted N-

methylpiperidinium, N-methylpyrrolidinium, and N-methylmorpholinium cations in aqueous solution 

have been studied using 
1
H NMR spectroscopy and electrospray ionization mass spectrometry and 

the results are described in Chapter 2.
1
 The CB[7] binding affinities (KCB[7]) to the monocationic N-

heterocyclic rings generally followed a trend of piperidinium > pyrrolidinium > morpholinium which 
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reflect an increase in the binding constants with the increase in the hydrophobicity of the guests. 

Dicationic guest molecules were prepared using N-methylpiperidinium, N-methylpyrrolidinium, and 

N-methylmorpholinium head groups and a decamethylene linker group, and they can form 1:1 and 

2:1 host-guest complexes with CB[7]. In the 1:1 host-guest complex the CB[7] encapsulate the 

hydrophobic decamethylene linkage, while by adding one more equivalent of CB[7] forces the first 

host to move over onto one of the N-heterocyclic rings to form the 2:1 complex. One aspect of this 

study was to explore the strength of the CB[7] binding to such heterocyclic groups that are present 

in many drug molecules such as steroidal neuromuscular blockers (SNMBs). The 
1
H NMR 

spectroscopic results and the binding constants of the complexes suggested the possibility of 

proposing that the CB[7] may be used as a reversal agent for the administered steroidal 

neuromuscular blockers through encapsulation of the terminal ring(s) of these drugs. 

6.1.2 The CB[7] host-guest complexes with steroidal neuromuscular blockers (SNMBs) 

The complexation of the SNMBs pancuronium, vecuronium and rocuronium by the CB[7] 

were studied and described in Chapter 3.
2
 The 

1
H NMR and the ESI mass spectrometry results 

confirmed the formation of 1:1 and 2:1 host-guest complexes, through the encapsulation of the 

CB[7] to the substituted N
+
 heterocyclic rings at the SNMBs terminals. The trend in the binding 

agrees with the results reported for the monocationic and the dicationic N-heterocyclic derivatives 

such as the guests with the more hydrophobic protonated N-methylpiperidinium end groups 

(vecuronium and pancuronium) have higher affinity to the CB[7] than does the N-allylpyrolidinium 

group of the rocuronium. These results indicate the potential of the use of CB[7] as a reversal 

agent for the SNMBs. The one major issue will be the administration of CB[7] high dose to 

overcome the high affinity of CB[7] to other competitive endogenous guests such as acetylcholine, 

which is a neurotransmitter that is widely spread in the central and peripheral nervous system. 
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6.1.3 The CB[7] host-guest complexes of the acetylcholinesterase inhibitors, and nicotinic 

and muscarinic acetylcholine receptors agonists and antagonists 

This study explored the formation of very stable CB[7] host-guest complexes with  the 

acetylcholinesterase inhibitors neostigmine methylsulfate, pyridostigmine bromide, physostigmine 

bromide, edrophonium bromide, 1,1-dimethyl-4-phenylpiperazinium iodide, the nicotinic 

acetylcholine receptor (nAChR) antagonist mecamylamine, the muscarinic acetylcholine receptor 

(mAChR) agonist muscarine, the mAChR antagonist gallamine triiodide, and the indirect 

acetylcholine (ACh) antagonist hemicholinium-3 and hemicholinium-15. The 
1
H NMR and ESI 

mass spectrometry results are reported in Chapter 4.
3
 The formations of weaker 2:1 CB[7] host-

guest complexes with hemicholinium-3 and gallamine were confirmed by the 
1
H NMR titrations of 

the guests by the CB[7]. The 1:1 binding constants were mainly dependent on the nature of the 

cationic guests in terms of their hydrophobicity and size and the nature of the substituents of the 

guests as well as, the location of the quaternary ammonium/iminium center and its location in the 

guest. 

6.1.4 Selective molecular recognition of methylated lysines and arginines by cucurbit[6]uril 

and cucurbit[7]uril in aqueous solution 

  The complexation of methylated and acetylated lysine and methylated arginine amino 

acids, and arginine analogues by CB[6] and CB[7] have been investigated using electrospray 

ionization mass spectrometry (ESI-MS) and 
1
H NMR spectroscopy (Chapter 5).

4
 The degree of 

selective molecular recognition has been determined through 
1
H NMR spectroscopic titrations and 

competitive binding experiments. The highest selective molecular recognition of N,N,N-

trimethyllysine over lysine (3500-fold), to date, by a synthetic macrocycle is by the CB[7] host 

molecule. As well, a modest selectivity of symmetrical over asymmetrical dimethylarginine by 

CB[7] was observed. The binding constants increase with the increase in the degree of 

methylation, which is related to the increase in the hydrophobicity of the methylated lysine and 

arginine in the host-guest complexes. One of the potential applications of the selective recognition 
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of the N,N,N-trimethyllysine is the use of the CB[7] as a marker for methylation of lysine in 

proteins, such as histones.  

 

6.1.5 General overview of the research 

The main focus of this research is the study of the behavior of CB[n] (mainly CB[7]) host 

molecules towards different categories of guests of biological and medicinal interest that include 

either cationic ammonium or imminium group(s) within their chemical structure. The binding 

constants of these complexes generally showed dependence on the size and hydrophobicity of the 

guest, as well as the position of the cationic ammonium/iminium group(s). The complexation is due 

to the establishment of non-covalent interactions such as ion-dipole attraction and/or hydrophobic 

effect.  

The guests used in this thesis may be placed in two categories: a) medicinal drugs such as 

the steroidal neuromuscular blockers (and their monocationic and dicationic models), 

acetylcholinesterase inhibitors, and acetylcholine agonist and antagonists. The CB[7] can be 

proposed to be used as a reversing agent for these drugs, if sudden termination of the drug action 

is required, or to overcome any undesired side effects.  These guests are used in surgeries and 

some of them may be administrated together, so it was important to study the affinity of the CB[7] 

to each one of them for better understanding of any arising competition or for CB[7] dose 

adjustment, if needed, and b) endogenous guest molecules that already exist in the human body 

such as the amino acid lysine and its derivatives and arginine and its derivatives and analogues. 

The highly selective molecular recognition of the trimethyllysine over the lysine may indicate the 

possibility of using CB[7] for detection of the  a biomarkers resulted from  this type of modification 

in histone proteins, which can serve in the early recognition of many diseases. 
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6.2 Suggestions for future work 

One can argue that the research can never be completed, as once started in one aspect, it 

expands in many directions. One of the suggestions for the future work is the studying of the 

behavior of CB[8] towards the steroidal neuromuscular blockers. Since the CB[8] has a larger 

hydrophobic cavity, it may be able to encapsulate the steroidal part of the guest, with the carbonyl 

portals around the cationic ammonium groups.  

On the other hand, quaternary N-heterocyclic moieties are found in a number of drug and 

biologically important molecules, some of which have been described in this thesis.  A search of 

the literature reveals that several other molecules would be of interest to investigate in terms of the 

effects of CB[7] complexation on the properties of the guest molecules.  The commercially 

available drug cefepime (Figure 6.1), which possesses a terminal quaternary pyrrolidinium group, 

is a very effective antibiotic in the treatment of pneumonia, which is caused by a number of 

pathogens including Pseudomonas aeruginosa. Cefepime is active against other pathogens such 

as Staphylococcus aureus which can cause many infections such as skin infections or even life 

threatening infections such as pneumonia and meningitis.
5
 It was reported in 2007 that cefepime 

could cause higher levels of cell mortality than other antibiotics. After performing more studies, 

however, the Food and Drug Administration confirmed that cefepime has the same mortality levels 

as other antibiotics.  It will be interesting to study the CB[7] complexation to cefepime to determine 

the mode and the strength of binding. This study may be of help in improving the drug delivery and 

decrease the toxicity of the cefepime.  

 
Figure 6.1.  Structure of cefepime. 
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Pinaverium bromide (PB) is a medicine that is used in the treatment of irritable bowel 

syndrome, which can cause abdominal pain, bowel disorder, diarrhea, constipation or alternation 

of both. PB (Figure 6.2), which has a quaternary morpholinium ring in its structure, has an anti-

muscarinic activity and a calcium channel blocking activity that can stop the contractions (spasms). 

PB acts locally inside the gastrointestinal tract thus it lacks the side effects of the systematically 

absorbed anti-muscarinic agents such scopolamine and hyoscine.
6
  If PB can form a complex with 

CB[7], this complex could potentially be used as a sustained release mechanism to deliver the PB 

in smaller doses over a longer time period. It was also reported that the complexation of PB with β-

CD could hide the bitterness taste of the PB.    

 
Figure 6.2.  Structure of pinaverium bromide. 

 

The formation of water-soluble linear cationic polyelectrolytes from 

diallyldimethylammonium chloride was first reported in 1951 by Butler et al.
7
 The polymerization 

step, with a yield of 94%, gave the quaternary pyrrolidinium ring polymer which is called 

poly(diallyldimethylammmonium) chloride (PDADMAC). The PDADMAC (Figure 6.3) has a number 

of applications in paper manufacturing, water treatment, soil conditioners and in medicine, with the 

formation of microcapsules that can carry small drugs.
8
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Figure 6.3.  Structure of poly(diallyldimethylammmonium) chloride (PDADMAC). 

 

 The PDADMAC may be proposed to be used as a carrying surface for small drugs or 

molecules through the formation of the CB[7] double host-guests complexes. The CB[7] host 

molecules will either encapsulate the quaternary ammonium moieties of the polymer inside its 

cavity or bind to it using the polar carbonyl portals. In either case, the CB[7] cavities will have 

cavity space and/or the remaining portal to complex other small molecules, as represented in 

Figure 6.4. It is not expected that the CB[7] molecules will bind to each cationic pyrrolidinium ring 

on the polymer chain, due to the bulkiness of the CB[7] host molecules, but they may bind to every 

other ring, if accessible. The PDADMAC-CB[7] complexation stoichiometry, and the mode and 

strength of binding could be determined by 
1
H NMR spectroscopy. 

 

Figure 6.4. A schematic view of the mode of binding for the PDADMAC-CB[7]-small drug complex. 

 

	

Small drug 
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The methylation of lysine in histone proteins has been related to gene regulation and 

number of diseases such as cancer.
9
 The high selective recognition of trimethyllysine over lysine 

by CB[7] could be used in many applications such as using CB[7] as part of a sensor for this type 

of post-translational modification in histone proteins. Advanced studies should be done for CB[7] 

complexation to trimethyllysine moieties in small proteins or peptides for better understanding of 

the nature of the complexes in the presence of other amino acids that may compete for the CB[7] 

with the trimethyllysine. Also, the size and the charge of the protein can have a negative effect on 

the binding constant, where the CB[7] might not be able to encapsulate the guest as much as it 

does with the free trimethyllysine.  

The monitoring of the protein methylation can be performed using mass spectrometric, 

crystallographic, and NMR spectroscopic techniques.
10

 One great challenge will be the analysis of 

the protein structure by regular methods of NMR, so 
13

C-methyl labeling of protein precursors is 

required. A simple strategy of amino methylation of protein is by the use of deuterated reducing 

agents and 
13

C-formaldehyde. Lysines are found to be the most convenient amino acids for the 

protein labeling as a result of their 6-7% abundance in proteins, as well as their location that is 

often in the structurally and functionally important regions of the protein. Also, the lysine 

methylation was reported to be non-perturbing due to the addition of only small non-charged 

exogenous chemical group. The use of non-denaturing conditions of methylation such as 
13

C-

formaldehyde and a suitable reducing agent may be enough for labeling the two amino groups, the 

N-terminal -NH2 and the -NH2 of the protein lysines. The methyl labeled protein can be assigned 

and studied using 
1
H-

13
C HSQC NMR spectral methods. 

Hen egg white lysosome (HEWL) has been used as a model system for proteins for a long 

time in biochemistry and structural biology.
10

 It may be a great choice for studying the behavior of 

CB[7] with a small 
13

C-methylated lysine labeled protein. The host-guest complexation can be 

monitored by following  the two-dimensional chemical shifts changes in the 
1
H-

13
C HSQC spectra. 

Initial investigations
11

 demonstrated that the HEWL protein could be 
13

CH3 mono- and dimethylated 
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at the seven lysine residues on the protein surface, however the addition of CB[7] resulted in only 

small complexation-induced chemical shift changes in the spectra (Figure 6.5).  There is likely 

competition between CB[7] binding of the methylated lysines with binding of aromatic residues, 

such as phenylalanine.  Other proteins should be sought in which there are fewer of the aromatic 

residues or a protein, such as the iso-1 cytochrome c of yeast, in which a trimethylated lysine 

occurs naturally at position 72.
12

 The Lys72 (and Lys73) residue is in the most highly conserved 

region of the protein and, being located close to edge of the porphyrin ring, is very important in 

binding to redox partners. 

 

Figure 6.5.
1
H-

13
C HSQC NMR spectra of the HEWL protein (0.9 mM)  with mono- and 

dimethylated lysines (KMe and KMe2) in the absence (blue) and presence of CB[7] (8 mM, red).
11

 

 

Another application for the CB[7] complexes with amino acids is the use of the CB[7] 

protein/peptide complexes in drug delivery, as these complexes might be easier to cross the cell 

membrane than the free CB[7]. The multiple complexes between the CB[7] and the amino acids of 

a peptide can then be used to carry small drugs in the CB[7] cavities to deliver to the active site. 

Finally, although most of the work done for this thesis involved molecules of biological and 

medicinal interest, the studies were in vitro, carried out either in aqueous solution or in buffers. It 
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would be interesting to extend this work to in vivo studies involving collaborations with biological 

and medicinal labs. 
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Appendix 

 

A1.1 
1
H NMR competitive experiment for host-guest stability constants 

The following is a description of the 
1
H NMR competitive experiment of the 1,1-dimethyl-4-

phenylpiperazinium iodide guest (discussed in Chapter 4) using 3-trimethylsilylpropionic-2,2,3,3-d4 

acid as competitor and CB[7] in the ratio of 4.00:3.55:3.40, respectively. The competitive 

experiment measurements were taken at 25 
o
C in D2O containing an acetate buffer (50 mM 

NaO2CCD3/25 mM DCl) at pD = 4.7 (Figure A1). A competitive experiment sample calculation is 

described below where the total concentrations of the guest, competitor and the host were 

confiremed using the 
1
H NMR integrals to be: 

 

[Guest] = 4 mM 

[Competitor] = 3.55 mM 

[CB[7]] = 3.4 mM 

Using the equations described in Chapter 2,  

           [H·C][Gf] 
 Krel = ──────                                           (2.1) 

               [H·G][Cf] 

    [H·C] = [CTot] x (obs/lim)              (2.2) 

    [H.C] = 3.55 x (5.11/8.04) = 2.26 

    [Cf] = [CTot] – [H·C]                           (2.3) 

    [Cf] = 3.55 – 2.26 = 1.29 

    [H·G] = [HTot] – [H·C]                        (2.4) 

    [H·G] = 3.4 – 2.26 = 1.14  

    [Gf] = [GTot] – [H·G]                           (2.5) 

    [Gf] = 4 – 1.14 = 2.86     
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          2.26 x 2.86 
 Krel = ──────   = 4.35                           

              1.14 x 1.29  

       1.82 x 10
7
 

 KCB7.guest = ──────   = 4.18 x 10
6
 M

-1
                          

                 4.35 

 

Figure A1. 
1
H NMR spectra for competitive experiment of 1,1-dimethyl-4-phenylpiperazinium 

iodide (guest) and 3-trimethylsilylpropionic-2,2,3,3-d4 acid (competitor) and CB[7] ratio 
4.00:3.55:3.40, respectively(bottom). Free guest and competitor (top).   
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A1.2 Example of Electrospray Ionization Mass Spectrum of 1:1 and 2:1 Host-Guest 

Complexes 

Figure A2 shows a high-resolution ESI mass spectrum of a solution of hemicholinium-3 

with an excess of CB[7] (see Table 4.2 for molecular ion formulae and m/z values).  The peaks at 

m/z = 604, 1185, and 1203 are due to {CB[7]•2Na}
2+

, {CB[7]•Na}
+
, and {CB[7]•H2O•H}

+
, 

respectively.  Figure A3 shows the actual and calculated isotope patterns for the molecular ions for 

the {CB[7]•hemicholinium-3•CB[7]}
2+

 and {CB[7]•hemicholinium-3}
+
 complexes formed.  

 
 
Figure A2.  The high-resolution positive ion-mode ESI mass spectrum of an aqueous solution of 
hemicholinium-3 with an excess of CB[7]. 
 

{CB[7]•hemicholinium-3•CB[7]}
2+

 
complex 

{CB[7]•hemicholinium-3}
+
 complex 
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      (a)                                (b)                               (c)                                        (d)  

 

Figure A3.  The isotopic patterns for (a) actual and (b) calculated molecular ion peak for the 2:1 
{CB[7]•hemicholinium-3•CB[7]}

2+
 complex, and (c) actual and (d) calculated molecular ion peak for 

the 1:1 {CB[7]•hemicholinium-3}
+
 complex.           

 
 
 


