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Abstract 

Crown ethers exhibit important supramolecular behaviour due to their ability to 
coordinate positively charged species. Due to this property, they have a wide variety of 
applications. Since the initial crown ether discovery there have been efforts made to 
incorporate various functional groups within the crown ether scaffold. These 
modifications lead to novel properties and increasing the possibility for important 
applications, emphasizing the need to create crown ether scaffolds with diverse 
substituents.  

This project aims to synthesize a crown ether which incorporates an imidazole functional 
group spacing the ether functionalities. The incorporation of an imidazole can introduce 
novel properties to the crown ether, including tautomerization, pH responsiveness, and 
an N-atom in the cavity. In the literature, only a few imidazole-containing crown ethers 
have been reported. One of the most notable examples is the work of Zimmerman. 
However, the proposed synthetic route requires numerous steps and resulted in low 
overall yields. 

Here the concerted synthesis of a protected imidazole macrocycle is reported with an 
overall yield ranging between 2 to 13%. Following the synthesis, host-guest studies were 
performed via NMR titrations with KPF6 and NaPF6 to assess their binding properties. 
Demonstrating that the newly synthesized imidazole crown ethers generally have similar 
binding properties to classical crown ethers. However, subtle differences in geometry 
and binding strength due to the incorporation of the imidazole were also observed. The 
binding properties were further extended to pseudorotaxane formation through the 
complexation of secondary ammonium ions. Interestingly, the novel crown ether 
exhibited exceptional affinity to secondary ammonium ions.  
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1 Project Motivation 

This project originated from the need to access an imidazole-containing crown ether for 
a separate project within the group, where it served as the macrocycle component in a 
rotaxane scaffold. The target macrocycle needed to be a classical crown ether scaffold 
but with the incorporation of an imidazole replacing a singular CH2OCH2 unit. However, 
the literature methods for the synthesis of an imidazole containing crown ether are long 
and inefficient. This prompted us to investigate a novel synthetic route to access 
imidazole crown ethers more directly and reliably. This work introduces a novel 
imidazole crown ether synthesis and studies the effect of the imidazole on the cation 
binding properties. Also extending this towards secondary ammonium ions to validate 
their future use for rotaxane synthesis. 

2 Introduction 

Crown ethers are cyclic compounds with a cavity lined by repeating ether donor atoms 
within a flexible framework (Figure 1). This flexible framework creates a high degree of 
conformational freedom, allowing interconversion between various conformations at 
low energy barriers.1 The arrangement of oxygen heteroatoms facilitates coordination to 
positively charged guests. Together, conformational flexibility and the organization of 
donor atoms allow crown ethers to form stable complexes with cations.2  This ability to 
accommodate guests within the macrocyclic cavity is central to the host-guest 
chemistry of crown ethers.3  

 

Figure 1. Classical crown ether structures. 

The ability for crown ethers to coordinate is the main property of interest, leading to 
interesting applications. For instance, coordination to cations can enhance lipophilicity 
increasing solubility of inorganic salts in non-polar media.4  This property is often used in 
phase-transfer catalysis, which uses the solubilizing power of crown ethers to allow ionic 
reactions to occur in aprotic media.5 However, crown ether coordination is not limited to 
metal cations; crown ethers are also capable of complexing positively charged organic 
substrates in aprotic solvents. Therefore, through the coordination of crown ethers with 
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a variety of organic guests, large and complex supramolecular systems can be designed. 
This coordination is often used to thread various molecules through the cavity, creating 
mechanically interlocked molecules. Consequently, crown ethers are often important 
components in rotaxanes, catenanes, and molecular machines.6 These examples 
represent only a small subset of crown ether applications. Others include selective ion 
recognition and sensing7, metal ion extraction8, ion transport processes and functional 
materials.9 This versatility arises from their tunable binding properties and structural 
adaptability. 

The discovery of crown ethers and their properties is an important milestone in the 
development of supramolecular chemistry, as these compounds were among the first 
molecular systems that exhibited supramolecular behaviour.1 Crown ether research 
began with the synthesis of simple crown ether scaffolds, focusing more on metal 
complexations studies. However, current research mostly explores methods for their 
application in diverse fields. Often their applicability in fundamental and applied 
chemistry is heavily dependent on modification of donor atoms, ring size, or ancillary 
groups. These modifications can lead to enhanced selectivity, new functional 
responses, and changes to the binding affinity.4  This introduction first outlines the 
history of crown ethers, before discussing different synthetic approaches, binding 
behaviour and finally developing structurally diverse crown ethers.  

2.1 Crown Ether History 

Crown ethers were accidentally discovered in 1967 by Charles Pedersen. He was 
investigating coordination chemistry and was attempting to synthesize multidentate 
phenolic ligands to explore their effects on the vanadyl group (VO2+). While performing a 
reaction to synthesize the ligands, he observed unexpected behaviour of an isolated 
byproduct, which prompted him to explore it further. The synthetic scheme attempted 
by Charles Pedersen to synthesize the desired ligand is depicted in Figure 2. 

 

 

Figure 2. First synthetic scheme for the first macrocycle by Charles Pedersen.10 

The catechol starting material contained approximately 10% of the mono-unprotected 
catechol impurity. Knowingly, the synthesis was executed as purification was planned 
following the reaction. The crude mixture was described as an “unattractive goo”, upon 
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purification only 0.4% of a white crystalline compound was isolated. Given the 
unexpectedly low yield of such a classical reaction, it was presumed to not be the 
desired uncyclized multidentate ligand.10 

This unexpected result prompted the exploration of the by-product for the reaction. The 
reaction was then checked by UV-Vis spectroscopy; it is known that this phenol and their 
ethers absorb at 275 nm with a distinct absorption pattern (Figure 3a). In the presence of 
an alkaline metal the absorption pattern does not change but rather exhibits 
batochromic shift given free hydroxyl groups, this is shown as the dashed line in Figure 
3a. The unknown compound was dissolved in methanol where it was only partially 
soluble, and a spectrum was run (Figure 3b). The obtained spectrum was characteristic 
of a phenolic compound containing a free hydroxyl group (Figure 3b). However, upon 
treatment with sodium hydroxide a new spectral pattern was obtained (Figure 3b), which 
was unexpected from previous observations.  

Furthermore, it was observed that when sodium hydroxide was added to solution the 
compound became more soluble in methanol. To further confirm the solubility change 
was not a consequence of alkalinity, but due to sodium ions, various non-basic methanol 
soluble salts were introduced in solution with the unknown compound. This rendered the 
unknown compound soluble in methanol. These preliminary tests confirmed the 
presence of a new species and the synergistic behaviour with cations.10  

 

Figure 3.  a) Expected absorption spectra of the uncyclized product b) novel experimental absorption of the first 
crown ether adapted from literature.7 

From here further testing was performed to elucidate the structure of the impurity and its 
binding capabilities to cations. These tests included elemental analysis, molecular 
modelling and obtaining a crystal structure. Isolating the crystals and performing x-ray 
diffraction showed the 3D representation with the cation in a cavity with the repeating 
crown ether functionalities ordered in a cyclic manner. This was the first example of a 
stable neutral complex formed with alkali metals, and the first example of a crown ether.2  

Pedersen further explored these macrocyclic crown ether structures, due to the unique 
properties exhibited by these crown ethers. The nomenclature of crown ethers is  
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introduced by Pedersen because the IUPAC names become very complicated, using the 
epithet “crown” to name of these compounds due to the molecular model resembling a 
crown.10 Values on either side of the term “crown” are used to describe the cyclic moiety 
of the compounds. The first value denotes the total number of atoms and the second the 
number of heteroatoms within the cyclic part of the of the compound. Given a more 
diverse crown ether, the substitution is named first, then the description of the cyclic 
part i.e. dibenzo [18] crown-6-ether for the one shown in Figure 2.10 

Finally, Pedersen wanted to explore how the synthetic scheme worked. Upon 
reproducing the reaction with the correct equivalences for the desired crown ether 
product. A 45% yield of the dibenzo [18] crown-6-ether was achieved without high 
dilution. Macrocyclization is a cyclization reaction where a ring closure leads to a ring of 
12 atoms or more. This reaction is unfavourable due to entropic penalties, where the 
functional groups need to react over a large surface area, therefore smaller cyclization 
reactions occur more readily. Consequently, Pedersen proposed that the 
macrocyclization ring closure step was facilitated via a sodium cation through 
templation. These cations were introduced into the reaction as an ion pair for the base of 
the reaction. Applying this knowledge, Pedersen was able to synthesize 60 different 
macrocyclic polyethers. Creating a wide variety of polyethers with ring sizes ranging from 
12 to 60 atoms and incorporating different substituents within the scaffold such as 
heteroatoms sulfur and nitrogen.  

While studying the newly synthesized crown ethers Pedersen was able to formulate 
various conclusions on their properties. Finding that the most effective complexing 
crown ethers were ones that contained 5 to 10 oxygens within the ring.10  Also noting the 
drastic increase in solubility due to ion complexation was consistent for the diverse 
crown ether structures.11 

All this groundbreaking work by Charles Pedersen culminated in him sharing the Nobel 
Prize in 1987, demonstrating the importance of crown ethers. The synthetic work by 
Charles Pedersen and contributed by others enabled the development of various 
synthetic methods towards crown ethers. 

2.2 Crown Ether Synthesis 
Charles Pedersen introduced six synthetic methods for crown ethers and their 
derivatives. These are not six unrelated reactions: each employ subtle differences in 
connectivity and post synthetic modifications for a different cyclization step. 
Interestingly, these synthetic methods have not changed much since Pedersen initially 
reported them.12 All the synthetic methods use Williamson ether synthesis.13 This is a 
reaction that occurs via an SN2 where an alkoxide ion acts as a nucleophile, to displace 
a good leaving group (LG) such as a halide or tosylate. Resulting in the formation of an 
unsymmetrical ether (Figure 4). The competing elimination reaction may limit the yield or 
applicability of a Williamson ether synthesis with some substrates.14  
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Figure 4. General reaction scheme for a Williamson ether synthesis. 

Most of the synthetic methods for crown ethers and derivatives reported by Pedersen 
uses polyether diols and dihalo linkers as the building blocks. All methods follow the 
design principle that the nucleophile containing fragment introduces the flexible 
repeating ether functionalities controlling the cavity geometry. Whereas the electrophilic 
fragment acts as a divalent spacer which is more tunable to facilitate macrocyclization. 
Pedersen also uses a base containing a templating cation to form the alkoxides which 
facilitates the Williamson ether synthesis. Figure 5 and Figure 6 represents the synthetic 
routes proposed by Pedersen, where A represents any divalent organic group, due to the 
tunability of the spacer group.13  

 

Figure 5. Methods a-c) for the synthesis of crown ethers as reported by Pedersen. Where A is any divalent organic 
group.11 

One of the simpler schemes is method a) (see Figure 5) where the larger fragment that 
contains the diol will attack both ends of a smaller dihalide linker closing the ring. 
Pedersen reported that this method is preferential for the formation of monobenzo crown 
ethers. Next, the stepwise route b) was reported, where two equivalences of a long chain 
diol react with a dihalide linker. This leads to two separate diol molecules adding onto 
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either side of the dihalide linker, giving an acyclic precursor. Then, other equivalences of 
the dihalide linker are added in the presence of a base to facilitate the cyclization of the 
macrocycle. Method c) demonstrates the one pot assembly version of method b). In this 
method, two equivalents of the diol react with two equivalents of the dihalide linker, 
leading to macrocyclization in which all four components are incorporated into the 
macrocyclic framework. Due to the lack of preformation, this approach can lead to 
decreased selectivity and the possibility for side products, which is reflected in the low 
yields compared to other methods.13 Method b) was particularly useful for crown ethers 
with two or more benzo groups. This is demonstrated by Pederson achieving 80% yield 
using method b) and 45% yield using method c) to synthesize a dibenzocrown ether.15 

 

Figure 6. Methods d-f) for the synthesis of crown ethers as reported by Pedersen. Where A is any divalent organic 
group. 11 

A cyclodimerization is shown in method d) (see Figure 6), where the starting molecule 
contains both a halide and the diol functionalities. Consequently, using two equivalents 
of the compound in the presence of a base, should allow two of the same substrates to 
react with one another to form the resulting macrocyclic product. Method e) is more 
specialized involving a preformed hydroxy-halo polyether that undergoes an 
intramolecular reaction allowing the cyclization to occur. Method d) and e) differ from 
other methods, as the cyclization occurs via one singular substrate. This is advantageous 
as it eliminates the need for the synthesis and design of a secondary reactant. However, 
Pedersen also reports lower yields when using method d) and e).13 The final method f) 
described by Pedersen is distinct from the other methods as it involves post-synthetic 
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modification. For instance, the possibility of the hydrogenation of the benzene ring with 
ruthenium catalyst. Here the crown ether is already formed, and the benzene is reduced 
to a cyclohexane. This is important because saturated crown ethers have more basic 
oxygens allowing better complexation.13  

2.2.1 Dilution for Cyclization 

Each method described employs two important key strategies to favour cyclization over 
the formation of polymeric side products. The first method is to use high-dilution 
conditions during the reaction, as developed by Ruggli et al. in 1912.16 This is the notion 
that high dilution conditions favour the intramolecular reaction and therefore cyclization. 
The theoretical analysis and the experimental set-up of high dilution was extensively 
described by Ziegler et al. who observed that the tendency for cyclization of medium to 
large rings was low.17 This was a result of entropic penalties and the possibility of a 
reaction towards oligomeric chains. The use of dilute conditions however, increases the 
likelihood of cyclization, which can be explained through kinetics.18 

 𝑟 = 𝑘[𝑁𝑢2− ][𝑅𝑋2] (1) 
 𝑟𝑖𝑛𝑡𝑟𝑎 = 𝑘1[𝑁𝑢−𝑅𝑋] (2) 
 𝑟𝑖𝑛𝑡𝑒𝑟 = 𝑘2[𝑁𝑢−𝑅𝑋]2 (3) 
   

The Williamson ether synthesis follows an SN2 mechanism indicative of 2nd order 
kinetics. This is due to the nucleophile (𝑁𝑢2− ) reacting with a separate electrophilic 
substrate (𝑅𝑋2) in the rate limiting step as show in eq. (1). 

However, macrocyclization occurs through two consecutive Williamson reactions, the 
initial addition followed by the ring closure. The initial substitution follows classical 2nd 
order kinetics eq (1), here r is the reaction rate, 𝑘 is the rate constant, 𝑁𝑢2− is the 
concentration of the nucleophile and 𝑅𝑋2 is the concentration of the electrophilic 
dihalide. The first substitution is the same for the inter and intramolecular product. 
However, the second substitution will determine the final product. 

If the second substitution occurs intramolecularly it follows first order kinetics eq. (2), 
due to one species reacting with itself. Therefore, the reaction rate is only dependent on 
the concentration of one species, making the intramolecular reaction favoured at dilute 
conditions. For the intermolecular/polymerization reaction a second species needs to 
insert itself into the mechanism. This adds another variable making the reaction rate 
proportional to the square of the concentration eq. (3).18 

 𝑟𝑖𝑛𝑡𝑟𝑎

𝑟𝑖𝑛𝑡𝑒𝑟
=

𝑘1

𝑘2[𝑁𝑢𝑐−𝑅𝑋]
 

(4) 

 

Eq. 4 further demonstrates this relationship, showing that when [𝑁𝑢−𝑅𝑋] is decreased, 
the rate of the intramolecular reaction increases (𝑟𝑖𝑛𝑡𝑟𝑎 > 𝑟𝑖𝑛𝑡𝑒𝑟). If the rate is higher for 
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the intramolecular reaction and therefore the macrocyclization, the product will not 
react further. This demonstrates that dilute conditions increases intramolecular reaction 
probability, forming crown ethers at better yields. What is described in this section is 
known as the Ruggli-Ziegler dilution principle.19 

2.2.2 Template Effect 

The other condition used during the synthesis of crown ethers is the template effect. This 
is a phenomenon where a molecule or molecular framework acts as a structural guide 
that directs or facilitates the formation of a specific product. The templation is directed 
by non-covalent interactions and is not covalently incorporated in the final product. For 
macrocyclization reactions the template effect is often mediated by a metal cation such 
as Na+. It will organize the acyclic precursor into a cyclic conformation, arranging the 
cyclization reactive sites in proximity as shown in Figure 7. There are two important 
effects the templation has on the system: i) the kinetic effect,  and ii) the thermodynamic 
effect.20  

i) The kinetic template effect induces the organization of the reactive sites, 
allowing the cyclization reaction to occur faster. Essentially, lowering the 
kinetic barrier for ring closure and increasing the effective molarity by 
preorganizing reacting ends. 

ii) The thermodynamic template effect occurs for systems in equilibrium when 
the template stabilizes the cyclic product, making the cyclization more 
thermodynamically favourable. As a result, the macrocycle-template 
complex is lower in free energy, shifting the thermodynamic balance towards 
macrocycle formation.21 

 

Figure 7. Templating effect and the inter vs intramolecular competition during macrocyclization reactions. 

2.3 Crown Ether Binding Supramolecular Interactions 
The main property of interest of crown ethers is their ability to bind cations through the 
designed cavity. This binding can be described as a dynamic equilibrium defined by the 
association constant (Ka). For a 1:1 system, this can be represented as the ratio of the 
complex to the free species in solution as shown in eq. (5) and in Figure 9. 

 
 

𝐾𝑎 =
[𝑐𝑜𝑚𝑝𝑙𝑒𝑥]

[𝑐𝑟𝑜𝑤𝑛][𝑐𝑎𝑡𝑖𝑜𝑛]
 

(5) 
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Therefore, a higher Ka would be indicative of stronger binding.20 This dynamic process of 
ion-crown ether association depends on several factors such as the properties of the 
ligand, solvent, and the interacting ion. The energies required to form the crown ether-
ion complex can be demonstrated by a Born-Haber cycle, where X- is the anion, M+ is the 
cation and C is the crown ether (Figure 8).2  

 

Figure 8. Born Haber cycle for crown ether cation binding. 2 

The Born-Haber cycle in Figure 8 shows that complexation is not solely due to attractive 
forces, it is rather due to a balance of energetic contributions including host-guest 
association but also solvation, and desolvation. In polar solvents the equilibrium that 
corresponding to K2 is favoured, due to the strong solvation of the cation and anion. Polar 
solvents induce strong solvation because they form stabilizing ion-dipole interactions 
with the anion and cation separately. This makes desolvation for complexation 
energetically costly and therefore reducing complex formation. The opposite is true in 
apolar solvents where the weaker solvation reduces this penalty, shifting the equilibrium 
towards complexation (M+·C·X-

solv), such that K4 predominates.2  Globally this shows that 
the energy gained from the host-guest interaction must compensate for the energy 
required to remove solvent molecules, allowing binding to be thermodynamically 
favourable. Taken together, this demonstrates the important role solvents play in host-
guest chemistry.22  

 

Figure 9. Classical crown ether-cation binding mechanism. 

Having established the thermodynamic framework needed for binding to occur, it is also 
important to consider the specific interactions responsible for stabilizing the crown 
ether-cation complex. This stabilization stems from the coordination of the cation in the 
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crown ether cavity through non-covalent interactions such as ion-dipole, hydrogen 
bonding (H-bonding) and other electrostatic interactions. 

An ion-dipole interaction is one between a full charge and a partial one. Bond energies 
for ion-dipole interactions range from 10 to 50 kJ mol-1, depending on the dipole moment, 
media, ion charge, and the distance.23 In crown ether complexes this ion-dipole 
interaction occurs via the oriented lone pairs of the oxygen (dipole) and the cationic guest 
(ion). For guests which are protonated cations, such as a secondary ammonium, H-
bonds are one of the main driving forces for the stabilization. An H-bond is the attraction 
between a proton donor (X-H) and an acceptor (Y), where the proton seeks to bind to the 
electron rich region of the acceptor often at the lone pair. It has typical interaction 
strengths between 0-40 kJ mol-1.24 There are also other non-covalent interactions such 
as van der Waals or π-stacking, however they are much weaker and are less 
consequential in cation coordination.  

 

Figure 10. Comparison of literature values for the association constant Ka of crown ethers with different ring sizes 
with alkali metals of different ionic radii in MeOH at 25oC.2 DB denotes dibenzo substituted crown ethers. 

The affinity for the guest is dependent on a multitude of factors, one of them is the relative 
size complementarity of the crown ether host and the cationic guest. This refers to the 
close match between the ionic radius of the cation and the cavity of the crown ether. This 
is sometimes referred to as the size fit model. The close match should allow for the 
cation to insert itself nicely within the crown ether cavity giving optimal contact distances 
and angles between all donor atoms and distorting the crown ether less. This shows that 
when size complementarity is matched a more stable complex forms giving a high Ka. 
However, this is not always the case as there are other factors that can play a bigger role 
in defining host-guest stabilization and therefore the Ka.25 These factors include the 
number and location of the oxygen atoms, steric hindrance on the cavity, charge density 
of the guest, and the solvent effects. This is demonstrated on Figure 10 where the 
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macrocycle with cavity of 30 atoms forms the most stable complex with K+ but has the 
best size complementarity to Cs+.  Consequently, the size fit model is not a universal rule 
rather a simplified but important predictor for possible affinity of the host and guest.2  

For small alkali and alkaline earth cations, the size fit model is less predictive as their 
affinity is strongly influenced by their solvation, and less by size complementarity. This is 
because small cations have a high charge density and therefore are very strongly 
solvated. Consequently, there is a large desolvation penalty to form host-guest 
interactions for these species, influencing the magnitude of the interaction. Notably, K+ 
is less strongly solvated than Na+ or Li+, meaning breaking solvent-ion interactions has a 
smaller energetic cost for K+ allowing more stable complexation. Therefore, K+ often 
exhibits higher affinity for most oxygen-containing macrocycles.26 This is also 
demonstrated in Figure 10 where K+ consistently has higher affinity than Na+. If the 
solvation energies are similar, then the size-fit model can be more representative of the 
affinity. 

Varying the donor groups can also lead to changes in the affinity for specific guests. For 
instance, replacing an oxygen heteroatom with a nitrogen usually leads to a decrease in 
affinity for alkali and alkaline earth cations. This is due to the oxygen being a harder 
donor.  Whereas the softer donation of nitrogen can increase the affinity for transition 
metals consistent with hard soft acid base (HSAB) theory. Finally, the substitution of the 
crown ether can affect binding, due to changes in electronic and geometric properties. 
Leading to increased rigidity and a decrease in flexibility for a more selectivity crown 
ether-guest interaction.27  

2.4 Crown Ether Derivatives 

Modification of the classical crown ether structure has been of interest because it can 
lead to changes in the properties of crown ethers including selectivity, conformation and 
binding interactions. Some of these modifications include the incorporation of new 
substituents within the macrocyclic framework such as heterocycles, aromatic units or 
introducing side chains via direct functionalization.  

2.4.1 Lariat crown ethers 

Lariat crown ethers are derivates that contain a side arm, which can introduce a 
secondary binding site. In 1978 Okahara and co-workers created a novel crown ether 
scaffold incorporating a flexible side arm with a donor group (Figure 11a).28  The side arm 
ties up the cation vertically while the crown ether cavity lassos it horizontally.29  
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Figure 11. The association constant (log(Ka)) a) for a lariat crown ether and Na+ taken from literature.28 b)  A classical 
crown ether complexing Na+ and the logKa value taken from literature.2 

The introduction of a new donor atom on the side arm leads to a basketlike coordination 
and can lead to stronger binding, adopting a similar 3D structure to a cryptand. The side 
arm can be further tuned to introduce selectivity via guest size, or charge density. This 
side arm is not limited to classical donor atoms it can also introduce groups which are 
capable of membrane insertion, hydrogen bonding, and cation-π interactions.30 These 
properties are used in applications in modelling cation-π interactions, membrane 
transport and as secondary interaction sites for rotaxanes and pseudorotaxanes.31  

2.4.2 Benzo crown ethers 

The first synthesized crown ether was a dibenzo crown ether, as represented in Figure 2.  
However, Pedersen reported that they bind cationic guests less favourably compared to 
classical unsubstituted crown ethers shown in Figure 1.11 This same pattern was 
observed with other crown ethers where an aromatic substituent was introduced into the 
scaffold (Figure 12).32 

 

Figure 12. Diverse benzo substituted crown ethers, with similar binding properties attributed to the substitution. 

There are a few reasons for the observed poorer binding of benzo substituted crown 
ethers. They create a more rigid cyclic scaffold due to the introduction of sp2 carbons 
within the cavity, making them less conformationally adaptable to accommodate a 
guest. Furthermore, the electron withdrawing nature of the substituents decreases the 
oxygen basicity, decreasing the binding.33 However, there are also potentially beneficial 
changes, such as the increased chemical stability and lipophilicity in comparison to 
aliphatic crown ethers. Finally, the π- π interactions that occur between the substituents 
and the rigidity is a property that can be used in larger supramolecular assemblies such 
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as rotaxanes and pseudo rotaxanes.34 This demonstrates that a subtle change can lead 
to differences in binding properties and therefore applications.  

2.4.3 Crown ethers for mechanically interlocked molecules 

Crown ethers are an important structural motif for mechanically interlocked molecules 
(MIMs) such as rotaxanes and pseudorotaxanes. MIMs are a class of molecules where 
discrete molecular units are linked together by mechanical bonds. This means 
separation of each unit is not possible unless a covalent bond is broken due to 
mechanical interlocking. Some classical examples of MIMs are rotaxanes, and 
catenanes. Mechanical bonding is important because while each subunit remains 
associated together, there remains free dynamic motion, allowing the substituents to 
undergo controlled motions such as shuttling, rotation, and translation, without 
disassociating from one another.35 These MIMs are often used to construct molecular 
machines which have a variety of applications.36 

 

Figure 13. Schematic structure of a pseudorotaxane and rotaxane. 

Crown ethers are used extensively for synthesizing rotaxane, and pseudorotaxane like 
structures (Figure 13). The first reported synthesis of rotaxanes can be traced back to 
1967 as reported by Harrison et al.37 A rotaxane consists of a linear axle threaded through 
the cavity of a macrocycle, with two bulky stoppers at each end of the axle. The stoppers 
inhibit the dissociation of each component.38 This is the basic structural scaffold for a 
rotaxane however, more complex rotaxanes have been constructed with multiple 
macrocycles or axles.38 A pseudorotaxane which translates to a “false” rotaxane, has the 
same structure without the bulky groups. The axle of a pseudorotaxane is held in place 
of the cavity by non-covalent interactions. Therefore, it is a structure between a classical 
supramolecular one and a MIMs.35 Applications for these structures include molecular 
devices45 such as logic gates41 or sensors42, in molecular machines such as nanomotors 
or elevators to name a few.43 
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Figure 14. Capping strategy for rotaxane formation via the pseudorotaxane intermediate. 

The reason crown ethers are used in these systems is their capacity to interact with 
positively charged moieties in the axle through H-bonds, ion-dipole, and electrostatic 
interactions. These interactions favour the threading of the axle through the cavity of 
crown ethers.44  

The host-guest binding is an important factor in the synthesis of rotaxanes. A common 
method for the synthesis is the use of a capping strategy.45 Capping is  where a host-guest 
interaction is created between the axle and the macrocycle without the stoppers. After 
this interaction, two bulky groups are covalently attached onto both ends of the axle 
(Figure 14). Consequently, the higher the association constant for the pseudorotaxane 
the more it is available for the capping reaction, therefore increasing the yield of the final 
rotaxane synthesis.46,47 Crown ethers form strong pseudorotaxanes, and modifications 
to the scaffold can increase the association, this can be interesting in rotaxane 
synthesis.48  

A common method to generate a pseudorotaxane is by utilizing secondary ammonium 
ions on an axle forming H-bonds with crown ethers. The ammonium ion is incorporated 
between two linear arms of the axle, then the H-bonding allows the threading of the axle 
through the large cavity of the crown ether, forming the pseudorotaxane.49 

The interaction between the crown ether and the axle facilitates synthesis/formation but 
is also used to create functionality. The crown ether can be shuttled along the axle 
between different recognition sites, due to external stimuli such as pH, redox, light or 
temperature. This response can then be harnessed to be used in molecular machines.50 
The different substituents on the crown ether scaffold are important in the responses to 
external stimuli. For instance, the incorporation of a protonation site, and the modulation 
of the pH in the medium can lead to changes in crown ether-axle affinity, leading to a 
molecular response.51 This, demonstrates a repeating motif where the importance of 
creating diverse crown ether scaffolds is highlighted. 

2.5 N-heteroaromatic Containing Crown Ethers 
An interesting example of modified crown ethers is the inclusion of N-heteroaromatic 
units within the cavity. In these structures a nitrogen-containing heteroaromatic is 
introduced replacing one or multiple ether functionalities. There are numerous examples 
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of crown ethers containing N-heteroaromatic groups such as pyridines, pyroles, 
pyrimidines and triazoles.52–57 

 

 

Figure 15. Different N-heteroaromatic containing crown ethers a) pyridine54 b) pyrimidine51 c) triazole53. 

The incorporation of an N-heteroaromatic introduces structural changes to the cavity 
and novel electronic features. The biggest addition to the crown ether cavity is the 
introduction of a nitrogen donor site which creates a different donor environment. 
Nitrogen donors are more polarizable and less hard than oxygen, meaning they may be 
better suited for transition metal coordination. Also, the nitrogen donor is more 
directional, as they have better spatial orientation of the donor site. This creates a more 
defined and geometrically constrained binding, giving greater control over binding 
orientation.58 

Similarly to dibenzo crown ethers, the aromatic nature of the N-heteroaromatics 
introduces sp2 hybridized carbons which increases rigidity of the crown ether framework. 
This rigidity was observed by Li et al reporting that the triazole substituted crown ether 
provides a more trigonal recognition site for RNH3

+ groups (Figure 15c).55  

Furthermore, these N-heteroaromatics also introduce the possibility to behave as strong 
H-bond donors or acceptors depending on the heterocycle. Notably this was observed 
by Staveren et al. when exploring the binding of the pyridine based crown ether (Figure 
15a).56 They reported a much higher Ka for the pyridine crown ether with protonated 
cations compared to classical crown ethers. The numerous reports for the synthesis N-
heteroaromatic crown ethers, shows their applicability and importance in host-guest 
chemistry.  

2.6 Imidazole Crown Ethers 
Despite the variety of N-heterocycle containing structures described, imidazole 
containing crown ethers are rare. This is odd, given the possible advantages that 
imidazoles can offer. Notably, an imidazole spacer adds extra elements to the crown 
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ethers such as pH responsiveness, a H-bond acceptor/donor ability, tautomerization 
and basicity.  

Depending on the tautomeric form, imidazoles can have different supramolecular 
interactions with the guest. An imidazole in its neutral form contains both a N-H hydrogen 
bond donor and a pyridine-like nitrogen. The pyridine like nitrogen contains an available 
lone pair that can act as a hydrogen bond acceptor or a metal coordination site. 
However, tautomerisation switches the interaction exhibited by the nitrogens via a 
proton transfer, altering which interaction is directed towards the cavity (Figure 16). This 
switch can occur spontaneously depending on the guest that is being coordinated and 
the interaction it prefers. This allows the host to adapt its binding to the guest, potentially 
allowing binding of either cations or anions.59  

 

Figure 16. Imidazole tautomerization mechanism. 

Imidazole is also pH responsive meaning it can be protonated and deprotonated at mild 
conditions. This suggests that at one pH it can bind the guest effectively and at another 
pH the binding is less effective, thereby acting as a molecular switch (Figure 17). 
Protonation of the imidazole disfavours cation binding by introducing a positive charge 
within the cavity. This creates a repulsion between the cationic guest and the 
macrocycle, and changes the donors, electronics, and conformation, leading to reduced 
association. Finally, an imidazole nitrogen can coordinate stronger and more 
directionally than oxygen, allowing better coordination to softer cations60. This is seen in 
nature where soft metal coordination often involves imidazole groups. 

 

Figure 17. Deprotonation and protonation behaviour and the effect on cation binding. 

To date, a true imidazole containing crown ether has not been described, which is a 
crown ether solely consisting of ether and an imidazole functionality. Current reported 
imidazole “crown ethers” contain additional aza, amide or benzene units within the 
macrocycle, deviating away from a true crown ether scaffold. Therefore, there is a gap in 
the literature towards the synthesis of imidazole crown ethers.  
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2.7 Reported Imidazole containing “crown ethers” 

Only a handful of crown ether structures containing an imidazole have been described, 
(Figure 18). All of them contain an imidazole substitution and a repeating ether 
functionality in part of the cycle but also incorporate other functionalities.  

Llinas et al  reported the synthesis of an imidazole crown ether for anion recognition.61 
Their macrocyclic design contains a bis-imidazole unit which provides two N-H groups 
forming strong hydrogen bonds with anions as seen in Figure 18a. They were able to 
achieve macrocyclization through the activation of the carboxylic groups using 
diphenylphosphoryl azide, for the coupling with an amine. Also, the surrounding diamide 
framework introduces amide N-H donors, giving a macrocycle cavity capable of anion 
binding. Their systems showed a high association constant ranging from 104 to 105 for 
biphosphate or chloride anions.  

 

Figure 18. Structures of imidazole crown ether scaffolds reported by  a)  Llinas et al61  b) Biernat et a62  and  c) 
Zimmerman et al.59,63 

The Biernat group reported an elegant synthesis of chromogenic azole-containing crown 
ethers, including imidazole-based macrocycles, as shown in Figure 18b.62 Their objective 
was to replace the phenolic unit found in previously reported chromogenic crown ethers 
with an azole residue, such as pyrrole or imidazole. Upon binding to cationic species, the 
imidazole macrocycles exhibited a strong colour change from red to yellow, maintaining 
chromogenic properties. In addition the authors showed that the macrocycles could also 
bind bismuth(III) or Lead(II) ions.64   

Interestingly, the imidazole derivatives were obtained in synthetically useful yields, with 
one imidazole macrocycle isolated in 42% yield via reaction of a bis diazonium unit with 
an imidazole. While synthetically useful, this approach yields highly functionalized aza 
crown ethers deviating away from classical crown ether properties.62   

Finally, Zimmerman and co-workers described a crown ether structure more similar to 
classic crown ethers in an attempt to mimic aspartate and histidine pairs found in 
numerous enzymes.63 In this work, a crown ether structure containing both an imidazole 
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group and a carboxylic acid moiety was targeted (Figure 18c), with the goal investigating 
how an intramolecular H-bond could influence the imidazole basicity. To this end, their 
crown ether included not only an imadazole group, but also a benzylic acid spacer. 
Nevertheless, their synthetic route provides the most direct way to obtain structures 
similar to classical crown ethers through Williamson ether synthesis.   

2.7.1 Zimmerman Syntheses 

Zimmerman 1988 

In their first reported synthesis, Figure 19, Zimmerman et al. described a 7-step synthesis 
for their crown ether structure with an overall 0.8% yield.63   

 

Figure 19. Summary of first synthetic scheme reported by Zimmer et al towards the final imidazole macrocycle63. 

As described earlier, the crown ether synthesis through Williamson ether reaction 
requires having an imidazole unit carrying either two alcohol functionalities or two 
leaving groups. Zimmerman and co-workers obtained this unit through an initial 
hydroxymethylation of N-benzyl imidazole. However, this reaction has two main 
limitations.  

First, the reaction gives a mixture of the mono, bis and tri substituted products, and the 
desired isomer is only obtained in 20% yield. Second, the regioselectivity of the reaction 
gives the 2,5-bis(hydroxymethyl)imidazole isomer, which causes problems for 
cyclization. Indeed, with the 2,5-isomer, the benzyl group is oriented towards the cavity, 
disfavouring the conformations needed for ring closure. 

As a result, they performed a subsequent chlorination, substitution with ethylene glycol, 
and then a deprotection/protection sequence to obtain the 2,4-substituted isomer. The 
choice to extend the ether functions prior to deprotection/protection, is likely due the 
need for these longer chains in their targeted structure and to avoid the isolation of the 
highly polar 2,(4)5-bis(hydroxymethyl)imidazole. The result is that their precursor for 
cyclization could only be obtained in 3% overall yield in five steps.63  
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Zimmerman 1989 

To follow up on this work Zimmerman published a second improved synthetic route 
towards similar imidazole-based crown ethers.59 They used a novel pathway to directly 
construct the 2,4 functionalized imidazole from substrates 1 and 2 . 

 

Figure 20. Synthetic route for the precursors 1 for synthesis of the imidazole diol. 

The proposed synthetic route for the precursors 1 and 2 requires a multistep synthesis 
to achieve solely the precursors. They reported the synthesis of the precursor 1 at 32% 
overall yield over three steps (Figure 20) and precursor 2 at 31% overall yield over four 
steps (Figure 21).  

 

Figure 21. Synthetic route for the precursors 2 for synthesis of the imidazole diol. 59 

Subsequently substrate 1 is converted into its ethyl imino ether and reacted directly with 
2 in a one pot process. From this a further three steps are required to get to the final diol 
intermediate. These steps include an oxidation, a protection and a reduction of the 
phenyl groups. They report an 8% overall yield for the diol over eight steps. From the diol 
intermediate the crown ethers are obtained through a classical Williamson ether 
reaction followed by deprotection. Interestingly they were able to achieve high yields 
(61%) for the cyclization at room temperature (Figure 22).59  

 

Figure 22. Full synthetic route of Zimmerman from the diol to the final cyclized product.59 
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Examining the second work towards the synthesis of the crown ether there are some 
drawbacks. The synthetic route for the final crown ether proceeded in a low 3.5% overall 
yield over 13 steps, reflecting the laborious nature of the synthesis. A shorter and more 
direct synthesis of a 2,4-bis(hydroxymethyl)imidazole precursor would provide a 
modular and a straightforward route to imidazole containing crown ethers.59  

3 Objectives 

The design of novel crown ethers remains important for expanding their applications. In 
this respect, the synthesis of an imidazole containing crown ether, where a singular 
CH2OCH2 fragment is replaced with an imidazole unit, is an interesting target. This 
structural change allows studying the effect of the substitution on cation binding and 
potentially for pH responsive receptors. However, current synthesis methods suffer from 
low yields or long reaction sequences. To this end, three different objectives were 
targeted within the project.  

Objective 1 – Synthesis of imidazole containing crown ethers. 

As described in the introduction, most crown ethers are obtained via Williamson ether 
synthesis. This requires the imidazole-2,4-diol 3 as a key precursor for the 
macrocyclization, for the target crown ethers of this project (Figure 23). While previously 
synthesized by Zimmerman and co-workers, the low yield or complex synthetic pathways 
for 3 limit its use for crown ether synthesis.  We reasoned that 3 could be easily obtained 
through reduction of the corresponding ester. To this end, the first objective of this work 
is to develop an efficient approach to 3 and show that it can be used for the modular 
synthesis of imidazole crown ethers with varying cavity sizes. 

 

Figure 23. Synthetic summary towards the final novel imidazole crown ethers from the important diol intermediate 
(3). 

Objective 2 – Study the influence of the imidazole on alkali metal binding. 

The modification of the crown ether structure via incorporating an imidazole fragment, 
offers a unique possibility to study the how this fragment influences alkali metal binding 
(Figure 24). As such, the second objective of this work is to study the interaction between 
novel imidazole crown ethers with Na+ and K+. This will be done through NMR titrations 
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and the results will be compared to classical crown ethers and the related pyridine 
containing structures to better understand the influence of the imidazole group.   

 

Figure 24. Binding representation of the targeted imidazole containing crown ether with a metal cation. 

Objective 3 – Pseudorotaxane formation with secondary ammonium ions. 

Given the importance of crown ethers for the synthesis of mechanically interlocked 
architectures, objective 3 will explore how the novel imidazole crown ethers influence 
mechanical architectures. The imidazole unit introduces increased basicity and a 
hydrogen bond accepting site to the cavity, therefore, it should strongly bind protonated 
cationic species. This expected strong affinity will be explored in the context of 
pseudorotaxanes. The structural binding of secondary ammonium ions will be explored 
as show in Figure 25, and compared to similar pseudorotaxanes. 

 

Figure 25. Plans for pseudorotaxane formation for the imidazole crown ethers. 

4 Results and Discussion 

4.1 Retrosynthesis 

Two synthetic pathways were explored during the investigation, with the goal of 
synthesizing the imidazole macrocycles at good yields. Both synthetic pathways utilize 
Williamson ether synthesis to get the final cyclized macrocyclic products.  
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Figure 26. Retrosynthetic approach for the target imidazole crown ether. 

Prior to starting the project, a retrosynthetic analysis of the desired final deprotected 
imidazole macrocycle was performed (Figure 26). Disconnection of one of the ether 
linkages within the macrocyclic framework revealed two key fragments. These being the 
disubstituted imidazole and the other a polyethylene glycol chain with varying lengths. 
The reaction proceeds through an SN2 intramolecular reaction which is favoured by the 
templating base and high dilution conditions.  

For the SN2 reaction either of the fragments could contain the electrophilic LG or the 
nucleophilic -OH. This gave two complementary synthetic paths (Path A and Path B) to 
get to the final imidazole macrocycle. For either pathway to be successful the most 
important synthetic intermediate is substrate 3. The glycol chain at different lengths is 
available commercially, and the tosylation of a glycol chain for path A is already reported. 
The imidazole for path B can also be readily obtained from substrate 3 via a classical 
chlorination reaction. As such, the 2,4-bis(hydroxymethyl)imidazole intermediate 3, is 
key to the synthesis. Access to this intermediate was envisioned from reduction of the 
corresponding imidazole diester. 

4.2 Synthesis 

4.2.1 Synthesis of Imidazole diol intermediate 3 

Based on the above retrosynthesis, diol 3 was the initial key target and can be readily 
obtained by reduction of diester 2. This exact diester has not been described previously, 
however, Branco et al. showed that the related N-methyl-2,4-(hydroxymethyl)imidazole 
could be obtained in two steps from ethyl cyanoformate and an N-substituted hydroxyl 
amine.65 

 

Figure 27. Reaction scheme to give the imidazole diester intermediate 2. 

 ath   ath  
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To increase the solubility, we extended their approach via using N-benzyl hydroxylamine, 
the possibility of readily removing the benzyl group later was also an important 
consideration. To this end, N-benzyl hydroxylamine hydrochloride was reacted with ethyl 
cyanoformate in the presence of a base. The reaction proceeds through nucleophilic 
addition of the hydroxyl amine nitrogen onto the nitrile group of ethyl cyanoformate to 
give nitrone intermediate 1 at 95% yield. Nitrone 1 was then reacted with methyl 
propiolate and Et3N as a base (Figure 27).  For this reaction, there is an initial Michael 
addition, with a 1,4 addition of the nitrone oxygen onto methyl propiolate. Subsequently, 
the reaction under reflux undergoes a 3,3 sigmatropic rearrangement, to give an 
aldehyde containing intermediate (Figure 28). Condensation with the imine then gives 
the imidazole diester (2) in 46% overall yield across the two steps.  

 

Figure 28. Imidazole formation mechanism. 

One of the bottlenecks of the reaction was the solubility of the substrates in toluene. 
Following, addition of all reagents, a precipitate forms overtime, requiring extended 
sonication prior to being placing under reflux. Possibly, performing a solvent screen to 
solubilize the products better could have enhanced the reaction, this was not done due 
to time considerations.  

 

Figure 29. Reduction reaction to give the important diol intermediate 3. 

Following the cyclization, substrate 2 was reduced using LiAlH4 (Figure 29). This was one 
of the most important steps during the project, as it yields the key intermediate 3. 
Previous attempts in the group were made to reduce a similar substrate containing a 
methyl protecting group instead of a benzyl group. The reaction was successful, but the 
product had a high polarity, rendering it highly soluble in water, making isolation not 
possible. With the benzyl protecting group on substrate 2 no solubility issues were 
observed, allowing isolation. The reduction worked well at small scale, where 90% yields 
were obtained prior to purification, with the crude product being suitable for use in 
subsequent reactions. However, upon scale up, additional impurities were observed, 
requiring purification of 3 by column chromatography using highly polar solvents and 
leading to a yield of 78%. Nevertheless, gram quantities of intermediate (3) three could 
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be obtained. Giving 3 in 36% overall yield in just three steps, offering a substantial 
improvement over the procedures described by Zimmerman et al.  

4.2.2 Imidazole Macrocycle Cyclization 

By Williamson ether synthesis, from 3 two possible pathways as describe above can be 
envisaged for the imidazole crown ethers (Figure 26). For pathway A, the tosylated glycol 
chain was prepared previously within the group at good yield utilizing a reported 
procedure.66 Initially, it was suspected that utilizing the imidazole as the nucleophile 
would work best and avoid potential problems with the activation of the electron rich 
imidazole. Therefore, the first cyclization attempts were done with the diol as the 
nucleophile and a tosylated glycol chain as the electrophile. 

 

Figure 30. Preliminary cyclization attempts. 

To avoid significant polymerization, dilute conditions were used to favour the 
intramolecular reaction. Pseudo high dilution conditions were simulated by using syringe 
pumps to slowly add a solution of the imidazole and glycol chain, diluted as much as 
permitted by the setup, to a refluxing solution of NaH in dry THF. Furthermore, NaH 
introduces Na+ into solution, creating a template effect to facilitate the macrocyclization. 
Using this set up a preliminary cyclization was attempted, following the reaction scheme 
in Figure 30. Unfortunately, no product was observed in the 1H NMR spectrum of the 
crude reaction mixture. The unsuccessful cyclization was attributed to possible E2 
eliminations occurring on the tosylated substrate. Under basic conditions the β-H can 
be removed, and the C-OTs bond is broken to give the corresponding alkene polyether. 
Previous attempts within the group for a similar reaction were unsuccessful, all this 
meant that pathway A was abandoned. 

 

Figure 31. Chlorination reaction to give the dichlorinated imidazole (4). 

For pathway B, a good leaving group had to be introduced on the imidazole. Therefore, a 
chlorination reaction was performed on substrate 3 to give the dichlorinated imidazole 
(4) (Figure 31). The reaction to synthesize substrate 4 worked, and the product was 
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obtained at near quantitative yield. Importantly, previous attempts within the group to 
chlorinate a similar substrate resulted in the trichlorinated product. This was due to the 
reaction being run at reflux and leading to the decomposition of SOCl2 into Cl2, which 
chlorinates the aromatic core. This shows the importance of running the reaction at room 
temperature. While, this was a robust reaction, the product obtained was a 
hydrochloride salt, which decreased the solubility of substrate 4 in most organic 
solvents. To circumvent this issue a basic workup was attempted, to deprotonate 
substrate 4. However, upon deprotonation and under atmospheric conditions, 
degradation was observed. Therefore, substrate 4 was used in macrocyclization in its 
protonated form as the hydrochloride salt.  

 

Figure 32. Final cyclization scheme to give the final ImBn macrocycles. 

However, the direct use of the salt proved to be challenging for the slow addition via 
syringe pump as its limited solubility in THF lead to the clogging of the needles. To 
solubilize the substrate, one equivalence of DIPEA was added to the substrate solution 
prior to the slow addition. Under these conditions, reactions with tri-, tetra-, penta-, or 
hexaethyleneglycols afforded respectively the desired ImBn15C5, ImBn18C6, 
ImBn21C7, and ImBn24C8 crown ethers in 6 to 36% yield after chromatographic 
purification (Figure 32). 

The smallest macrocycle synthesized was the ImBn15C5. This was the least successful 
cyclization with the lowest yield at only 6%. Upon examining the crude 1H NMR it was 
clear to see that the intramolecular reaction is less favoured than for the other 
derivatives as evident by the lower yield. Substantial polymer formation could be 
observed. It can be reasoned that due to the shorter glycol chain and the rigidity of the 
imidazole, there is potentially too much ring strain to favour the cyclization. For 
ImBn18C6, where some of this strain would be alleviated, a higher (36%) yield was 
obtained. Finally, for ImBn21C7 and the ImBn24C8, the yields 22% and 15% 
respectively, were higher than ImBn15C5 but notably lower than ImBn18C6 potentially 
reflecting the increased degrees of freedom in the longer ethylene glycol chains. The 
higher degree of freedom also has entropic penalties for cyclization, because the greater 
number of accessible conformations reduces likelihood of beneficial preorganization for 
macrocyclization. We also cannot rule out a stronger Na+ templating effect with 
ImBn18C6 relative to the other derivatives, which is supported by their different binding 
constants.  Nevertheless, this demonstrates that high yielding cyclization is a fine 
balance between avoiding excessing ring strain, but enough to restriction for ring closure. 
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Figure 33. Stacked 1H NMR spectra of all four final imidazole macrocycles. 

All the different crown ethers could be obtained in good purity. The final spectrum 
obtained for each macrocycle are shown in Figure 33. For all of the derivatives, there are 
three defined separate signals between 4.0 and 5.5 ppm. The most down field shifted of 
these corresponds to the CH2 of the benzyl group, while the two between 4.2-4.5 ppm 
correspond to the CH2 groups on the imidazole. While these signals and the aromatic 
region of the four crown ethers look similar, interesting differences were observed for the 
resonances corresponding to the ethylene groups. As the ring size decreases, these 
signals become significantly more resolved and splitted. This is especially evident when 
looking at the NMR spectrum of ImBn15C5, where these signals are almost completely 
resolved. This likely occurs due to the more distinct local environments and the 
restricted conformational motion of the smaller cavity size. Whereas the larger 
macrocycles are more flexible and show greater spectral overlap due to the increased 
conformational averaging of the ethylene environments. This restricted motion also hints 
towards the increased ring strain for the ImBn15C5.  

4.2.3 Deprotection of the Imidazole Macrocycles 

We next looked to remove the benzyl protecting group. Part of the interest in imidazoles 
is their chameleonic nature, with exchange of protonated forms being possible through 
tautomerization, protonation, or deprotonation, all of which can influence their cation 
binding properties.  For the imidazole crown ethers, the benzyl protecting group limits 
this as it locks tautomerization. 
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Figure 34. Preliminary unsuccessful reduction reaction scheme via hydrogenolysis, for the deprotection of the 
imidazole crown ethers. 

For the deprotection, palladium catalysed hydrogenation was tested with ImBn21C7. 
The reduction was attempted following the reaction scheme on Figure 34, using Pd/C 
(20% wt) under hydrogen atmosphere. However, no reaction was observed by 1H NMR, 
and the starting material was recovered. This is coherent with what was reported by 
Zimmerman et al, who described that deprotection only occurred when concentrated 
sulfuric acid was added to the reaction. Addition of the acid should protonate the 
imidazole yielding a better leaving group and facilitating the deprotection.  

 

Figure 35. Reduction reaction scheme via hydrogenolysis, for the deprotection of the imidazole crown ethers. 

Indeed, with the addition of a small amount of H2SO4, deprotection could be observed by 
1H NMR and mass spectroscopy. However, additional side products were also present. 
Still, the deprotected product could be isolated in 24% yield after workup and 
purification (Figure 35). One possible reason for the low yield could be associated to the 
work up. Following, filtration, a basic workup was performed to deprotonate the product 
9. NaOH was used to raise the pH to 14 which introduces the possibility of further 
deprotonating the imidazole, something that could be facilitated by the binding of an Na+ 
ion. Potentially, taking care to limit the increase of the pH using a base without possible 
coordination could lead to increased yield. Furthermore, the reaction was run at very 
small scale making the purification challenging and contributing to the low yield. Overall, 
the deprotection process must be optimized further or new conditions used to deprotect 
the imidazole. 

This synthesis presented here gives direct access to four novel imidazole crown ethers 
(ImBn15C5, ImBn18C6, ImBn21C7, and ImBn24C8) which vary in cavity size. This route 
offers advantages over current reported methods which employ laborious, low yielding 
syntheses towards similar crown ethers derivatives. Also reporting a modular and 
scalable pathway to the important diol 3 which can be used in downstream Williamson 
ether synthesis. 
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Notably the work by Zimmerman et al, which reports the closest scaffold for the 
macrocycles in this project, reported only an overall yield of 3.5% over 13 steps. In this 
project we report a 5-step synthetic route with an overall yield ranging between 2% and 
13% depending on the crown ether size. This is already a consequential improvement. 
The imidazole crown ethers contain a cavity which could bind cationic guests, with 
subtle differences compared to classical crown ethers. Therefore, the binding of these 
novel imidazole crown ethers was explored further. The deprotection of the macrocycles 
would have introduced an extra element to the binding study due to possible 
tautomerization and (de)protonation. However, the deprotected derivatives were not 
used further due to the complications during the deprotection reactions. 

4.3 Study of alkali metal binding by the imidazole crown ethers. 

Having successfully synthesized and isolated the imidazole crown ether macrocycles, 
the next step in the project was to do host-guest studies. In order to understand the 
binding properties of the imidazole crown ethers with Na+ and K+. This analysis of the 
binding was done sequentially. Initially, the specific chemical shift patterns from 1H NMR 
titrations are explored to form qualitative conclusions on the binding behaviour of the 
macrocycles. This binding in the solid state is further developed using crystallography. 
Finally, the data from 1H NMR titrations can be extrapolated, and a regression model 
based on a 1:1 complexation can be constructed on the binding. This gives a quantitative 
analysis of the binding through the association constant (Ka) for each system.   

4.3.1 NMR titrations 

During an 1H NMR titration a guest solution is added gradually to a host solution. In this 
work the host refers to the imidazole crown ether macrocycles, and the guest refers to 
Na+ or K+. When various aliquots of guest are added, they interact with host in solution. 
This interaction between the two leads to a physical change, which can be followed by 
1H NMR. This physical change is reflected by the changes in the chemical shifts for 
specific protons. The analysis of the difference in chemical shift can elucidate the 
interaction between the two entities. Figure 36, demonstrates the proposed interaction 
between host and guest for this project. 
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Figure 36. Proposed binding mode and proton assignment for the imidazole crown ethers with the cationic guests (M 
= Na+or K+). The labelled protons Ha to Hd correspond to the resonances monitored during 1H NMR titrations. 

The titrations were carried out in MeCN using dilute concentrations (0.5-1.5 mM). The 
amount of dilution was dependent on the system and the magnitude of the binding, 
stronger binding requires greater dilution for an accurate titration. MeCN was selected 
as the solvent because it is polar and weakly coordinating. Therefore, it does not disrupt 
the host-guest interactions, while nicely dissolving the ionic salt and the macrocycles. 
The ionic salts used to introduce the cationic guest into solution were KPF6 or NaPF6. 
These salts were used as the PF6

- counterion has a diffuse charge, therefore it is weakly 
coordinating. This minimizes the competitive ion pairing or direct interaction with the 
host-guest complex. The solvent and salt choice allows the attribution of the chemical 
shift changes on the 1H NMR primarily to host-guest complexation.  

The samples for the 1H NMR titrations were prepared by creating a stock solution of host 
and a stock solution of guest which was ten-fold more concentrated. The guest stock 
solution was made by dissolving the solid guest in host stock solution to mitigate dilution 
errors.  
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Figure 37. Stacked excerpt of 1H NMR spectra of four separate titrations of a) ImBn15C5 (0.55 mM)  b) ImBn18C6 
(0.43 mM) c) ImBn21C7 (0.55 mM), and d) ImBn24C8 (1.61 mM) with K+ in MeCN at 20oC. Spectra are shown from top 

to bottom with increasing equivalents of K+ added. The arrow ( / )  above the signals indicate the direction of the 
chemical shift during the titration. 

Figure 37 and Figure 38 show the stacked spectra and the chemical shift changes with 
added K+ or Na+. For each titration 20 1H NMR spectrum were recorded for various 
aliquots of guest addition. However, in Figure 37 and Figure 38 only six spectra are shown 
for clarity.  

For both guest additions similar results were obtained. Upon titration of the of the crown 
ether derivatives with the respective cations, noticeable changes in chemical shift are 
observed, but no separate resonances corresponding to the complex appear. This 
suggests that the system is in fast exchange relative to the NMR chemical shift timescale. 
This means the rate of exchange between complexed and uncomplexed species is faster 
than the frequency separation between the two states. Therefore, a weighted averaging 
of the signals for the complexed and uncomplexed states is observed in the 1H NMR 
spectrum. The position of the observed signals thus correlates to the extent of 
complexation.  

The direction and the magnitude of this shift can provide an insight into the parts of the 
macrocycle which are most affected by binding. Protons near the binding cavity are the 
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most susceptible to electronic changes due to cation binding and therefore exhibit the 
greatest change in chemical shift. The protons in the -CH2O- units of the macrocycle 
which resonate between 3.4 and 3.7 ppm are present around the cavity and in proximity 
to the cation. For macrocycles ImBn18C6, ImBn21C7, and ImBn24C8 a consistent 
downfield shift is observed for these protons. This is due to cation binding which 
polarizes the cavity and reduces the electron density around the ether oxygens and 
nearby C-H environments, leading to deshielding of the protons.   

Similar downfield shifts are observed for the 2-, and 4- position CH2 groups on the 
imidazole, Ha and Hb, with ImBn18C6, ImBn21C7, and ImBn24C8. However, for 
ImBn15C5, only Ha undergoes a downfield shift, while Hb shifts upfield.  This variation 
may reflect a difference in conformational changes upon cation binding. Notably, the 
increased rigidity enforced on the cavity by the imidazole substituent and the short glycol 
chain, could potentially push the -CH2(b)O- group further away from the binding cavity, 
making it less susceptible to electronic changes, enforced by the cation binding. 
Changes in the freedom of the benzylic group may also give differences in the shielding 
of Hb in the free host.  

 

Figure 38. Stacked excerpt of  1H NMR spectra of four separate titrations of a) ImBn15C5 (0.55 mM), b) ImBn18C6 
(0.45 mM), c) ImBn21C7 (1.71 mM), and d) ImBn24C8 (1.41 mM) with Na+ in MeCN at 20oC. Spectra are shown from 
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top to bottom with increasing equivalents Na+. The arrow ( / )  above the signals indicate the direction of the 
chemical shift during the titration. 

Relative to the latter, in all cases, the benzylic resonance (Hc) undergoes an upfield shift. 
The magnitude and consistency of shift were not expected considering the distal position 
of the benzylic protons relative to the cation binding cavity. However, this observation 
suggests that the free macrocycle likely folds on itself, placing the benzylic group closer 
to the cycle. Such observations are consistent with literature results on traditional crown 
ethers. The structures adopt a rigid collapsed conformation in solution to avoid repulsion 
between the oxygen atoms in the ring. Consistent with this, the energy minimized 
structure of free ImBn18C6, obtained through DFT calculations (ω 97X-D4/def2-
TZVPP), suggest that in the absence of a cation, the plane of the imidazole ring should be 
nearly perpendicular to the macrocyclic portion of the molecule (Figure 39). This places 
the benzylic group in proximity to the ether oxygens. This could be expected to lead to 
deshielding of these protons in the free host, while cation coordination should force this 
group more to the exterior of the structure. This can be seen in the X-ray structure of 
ImBn18c6•KPF6. 

 

Figure 39. a) Vertical and b) horizontal view of the energy minimized (ωB97X-D4/def2-TZVPP) structure for free 
ImBn18C6. 

4.3.2 Imidazole Macrocycle Crystal Structure 

Crystals of ImBn18c6•KPF6 suitable for X-ray diffraction were grown by slow diffusion of 
hexane into a solution of DCM containing a 1:1 mixture of the crown either and cation. 
The complex crystallized in the P1 space group, giving the crystallographic structure 
presented in Figure 40. 
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Figure 40. a) Horizontal and b) vertical view of the ImBn18C6 K+ complex crystal structure. 

When analysing the crystal structure, various conclusions can be made on the solid-
state interactions of the system. Firstly, the crystal structure confirms the expected 1:1 
stoichiometry of the binding. The K+ places itself closer to the ether oxygen atoms rather 
than the imidazole nitrogen, defining the main binding pocket. This is due to the 
interaction of K+ with oxygen heteroatoms being stronger than nitrogen heteroatoms. 
Still, from the crystal structure it is clear that the imidazole unit does not simply act as a 
passive substituent but does participate in cation coordination.  

Although PF6
-
 anion was selected for its non-coordinating properties, from the solid-state 

structure the interaction of PF6
- with K+ is observed. The interaction of the anionic PF6

- 
slightly displaces K+ out of the binding cavity, disrupting the planar coordination.  

In addition, upon coordination of the imidazole the benzyl protecting group is pushed 
away from the cavity. This is a further indication of the binding induces conformational 
rearrangement of the macrocycle, consistent with the upfield shift of Hc.  

Overall, the unsymmetric and distorted structure of the bound macrocycle is clear 
relative to a classical crown ether geometry. To characterize this distortion more 
coherently, bond distances and bond angles provided by the crystallographic structure 
were explored.  
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Figure 41. Crystal structure with important bond angles and bond distances (Å) of a) ImBn18C6 bound to K+ and b) a 
reported structure of 18C6 bound to K+.74 

Focusing on the cavity of ImBn18C6 (Figure 41a) and comparing the geometric values 
with a classical 18C6 crown ether (Figure 41b), several structural conclusions can be 
formulated.67 The distorted and unsymmetric nature of the cavity of ImBn18C6 is 
confirmed by the large range of bond angles between 104 to 124o. This is due to the 
imidazole introducing sp2 geometry into the cavity making it more rigid. This is confirmed 
by the two large bonds of angles 124o and 115o directly adjacent the imidazole. In 
comparison, classical crown ether are more symmetric and less rigid with bond angles 
all around 109o.  

The coordination distances also provide an interesting comparison, confirming the 
preferential placement of the K+ closer to the ether functionalities. The oxygen-K+ contact 
directly adjacent the imidazole are long at 2.967 Å and 3.265 Å as demonstrated in Figure 
41a. Whereas the other oxygen-K+ contacts range between 2.730 and 2.835 Å are shorter 
demonstrating a preferential coordination environment. Comparing this to 18C6 the 
contact distances are more uniform all of which are close to 2.9 Å. This further enforces 
the asymmetric binding mode and the distortion caused by the imidazole.  

Furthermore, there is a large contact distance of 3.265 Å for the coordination site 
adjacent Hb, meaning the proton is placed further away from the cavity. This potentially 
explains the smaller chemical shift change observed for these protons in the titrations 
with ImBn18C6.   

4.3.3 Reporting Ka from Titration Experiments 

Having gained a qualitative and structural understanding on the binding between the 
cationic guests and the imidazole crown ether macrocycles. Next steps were to 
extrapolate data from the chemical shifts to perform a fitting and obtain a regression 
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model, which allows to determine the Ka of each system. This gives an important 
quantitative variable explaining how the systems interact.  

 
 

(6) 

The overarching idea of getting a quantitative output from a supramolecular titration is to 
monitor a physical change (∆𝑌) through an analytical method such as UV-Vis, NMR, or 
fluorescence. This physical change which correlates to the proportion of the host-guest 
complex allows Ka calculation through mathematical modelling. For this project 1H NMR 
was the chosen analytical method and therefore this physical change corresponds to the 
changing in chemical shift upon complexation (∆𝑌 = ∆𝛿). 68  

 ∆𝑌 ∝ [𝐻𝐺] 

 

(7) 

4.3.3.1 Relating Ka to the chemical shift pattern. 

The direct quantitative output of an 1H NMR titration is the Ka which measures the affinity 
between two interacting species in equilibrium. A stronger interaction between the two 
species means a greater proportion of complex relative to free species and therefore a 
higher Ka. For a simple 1:1 stoichiometry Ka is described by equation 8, where it is the 
ratio of bound complex concentration ([𝐻𝐺]) to unbound molecules ([𝐻][𝐺]) in 
solution.69 

 

 
𝐾𝑎 =

[𝐻𝐺]

[𝐻][𝐺]
 

(8) 

The concentrations of [𝐻], [𝐺] and [𝐻𝐺] are not directly known. Therefore, using known 
mass balance relationships given by eq (9) and (10) where [𝐻]0 and [𝐺]0 are the initial 
concentrations, a substitution into eq (8) can be done to reduce the number of 
unknowns. 

 [𝐻] = [𝐻]0 − [𝐻𝐺] (9) 

 [𝐺] = [𝐺]0 − [𝐻𝐺] (10) 

 

Substitution into equation (8) yields: 

 

 

 

𝐾𝑎 =
[𝐻𝐺]

([𝐻]0 − [𝐻𝐺])([𝐺]0 − [𝐻𝐺])
 

(11) 

 

 

Equation 11 can be expanded and then rearranged to give a function for [𝐻𝐺]  eq (12). 

This gives two unknown variables [𝐻𝐺] and 𝐾𝑎. 
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                   [𝐻𝐺] =
1

2
{([𝐺]0 + [𝐻]0 +

1

𝐾𝑎
) − √([𝐺]0 + [𝐻]0 +

1

𝐾𝑎
)

2

− 4[𝐻]0[𝐺]0}         (12) 

However, it is not possible to know the concentration of the complex [𝐻𝐺] in solution. 
Instead, the specific chemical shift changes are related to the relative proportion of free 
and bound species. The observed chemical shift can be expressed as. 

 

 

 

𝛿𝑜𝑏𝑠 = 𝛿𝐻

[𝐻]

[𝐻]0
+ 𝛿𝐻𝐺

[𝐻𝐺]

[𝐻]0
 

 

(13) 

Rearrangement of (13) by inputting (9) and (10) gives (14), which directly links the total 
chemical shift (∆𝛿) to [HG]. 

 
∆𝛿 = ∆𝛿𝐻𝐺(

[𝐻𝐺]

[𝐻]0
) 

(14) 

However, the main goal is to find the Ka value and therefore relate  ∆𝛿 to Ka.  
Consequently, equation 12 becomes important which gives [HG] as a direct function of 
Ka and known total concentrations. This expression allows chemical shift changes (∆𝛿) 
to be fitted directly as a function of Ka through substituting equation (12) into (14). This 
substitution yields two unknowns ∆𝛿𝐻𝐺  and Ka, which are defined as the fitting 
parameters, meaning these values are varied to get a non-linear regression model to 
match the data from the titrations.70 

The explanation above on Ka calculation from chemical shift patterns is for a simple 1:1 
stoichiometry, as the binding explored during this work had this stoichiometry. A more 
thorough review of the equations and more complex stoichiometries is described in 
thorough detail by Thordarsson et al.70    

4.3.3.2 Fitting on Titration Data to Report Ka. 

The relationship between Ka and ∆𝛿 are demonstrated previously. However, tangibly 
getting to a numerical value for Ka is not, and this is done through a mathematical fitting. 
Essentially, the observed chemical shift changes (∆𝛿) at various equivalents of guest are 
plotted on a graph and fitted, to generate a binding isotherm.  

A non-linear fitting procedure is applied to model the titration experiment.  The basis of 
the fitting performed is the relationship between the observable (∆𝛿) and Ka, as 
demonstrated by (12) and (14).  

During the fitting process Ka and ∆𝛿𝐻𝐺  are treated as the fitting parameters, where ∆𝛿𝐻𝐺  
is the maximum chemical shift at full complexation. For the fitting process the model 
inputs various values for ∆𝛿𝐻𝐺  and Ka within a realistic range, to get a calculated ∆𝛿 value 
for a specific equivalence. This is then compared to the experimental output (∆𝛿) 
obtained through 1H NMR titrations. The comparison will be made between the 
calculated and observed ∆𝛿 values, and the difference is quantified as the residual error.  
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The fitting algorithm iteratively adjusts values for Ka and ∆𝛿𝐻𝐺  to get as close as possible 
to the experimental data by minimizing the residual error reflected by the residuals. This 
is repeated for each data point which is the ∆𝛿 at different equivalences, giving a 
regression model that follows the datapoints. Therefore, an optimal Ka value is obtained 
for the system when the corresponding regression model fits closely to the experimental 
data. 

 

Figure 42.  Binding isotherms of a) ImBn15C5 (0.54 mM), b) ImBn18C6 (0.44 mM), c) ImBn21C7 (1.5 mM), and d) 
ImBn24C8 (1.4 mM) with K+ from one titration trial in MeCN at 20oC. The associated Ka and the ±% error of the fitting 

to the data points is represented on the graphs. 

The experimental data obtained from the titrations were fit using bindfit on 
supramolecular.org (Figure 42). From each titration experiment the three protons which 
exhibit the largest and most consistent shift were selected. Then the absolute change in 
ppm for the three signals at different equivalences is input into the software. The 
software will then plot the data points and perform a Nedler and Mead fitting, outputting 
a Ka for the system, the fitting associated, and an error. Of note, the error given by the 
software is the percent error of the fit relative to the data points.  

It is important to assess the fitting quality of the regression model to the data points. A 
poor fitting would lead to errors in the calculated Ka value and limit reproducibility. This 
assessment can be done visually by comparing the fitting to the data points ensuring the 
fitting follows the titration curve. Another indication of the quality of fitting is the fitting 
error output by the software.  
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When a preliminary fitting was done on each system, significant inaccuracies were 
observed. This led to large error values, poor fitting and significant variation of the Ka 
between trials. A possible reason for the error was the nominal concentrations for the 
solution. The presence of water in the sample and the error associated to measuring the 
samples could lead to significant differences in the nominal concentration versus the 
actual one. This can lead to big errors in the fitting and the reproducibility, as the 
equations derived to perform the fitting assumes the description of a real system. To 
understand whether the nominal concentration was indeed correct quantitative NMR 
(qNMR) analysis of each sample was performed using an internal standard of 
trimethoxybenzene added at the end of the titration. It was observed that there was a 
significant difference between the nominal concentration and the concentration 
calculated through qNMR (13-15%). Therefore, a correction factor was attributed to each 
system that reflected the difference in concentration.  

Upon applying the correction factor to each system, the binding isotherms on Figure 42 
were obtained. Visually, it is clear to see that all the fitting lines follows most of the data 
points on the binding isotherm. Furthermore, the overall error reported for each system 
was much smaller than previous, allowing the calculation of a reliable Ka value for each 
system.  

Most concentrations used for the host give Ka*[H0]<35, to ensure that the values obtained 
were reliable. Keeping Ka*[H0] low is important as it allows the observation of the 
evolution of the signal at various aliquots of the guest. Given this value is high it would 
mean a lot of complexation occurs even at small guest additions, giving poor curvature 
for the titration curve, leading to poor fitting. Therefore, a lower Ka*[H0] value gives more 
reliable values. Only for ImBn18C6 titration with K+ values higher than 35 were obtained, 
therefore more titrations of this system should be performed at lower concentrations. 

4.3.4 Ka of Imidazole Macrocycles with K+ and Na+ 

From the binding isotherms constructed using bindfit the various Ka values for each 
system can be reported and compared. The software reports the Ka in units of M-1 as they 
are derived from concentration-based measurements. However, in Table 1 the Ka values 
are reported on a log scale to facilitate comparison across systems spanning several 
orders of magnitude. Furthermore, the logarithmic representation gives a better 
thermodynamic understanding of the system, as a large ten-fold increase in Ka 
corresponds to only a relatively small change in binding free energy (≈ 5.7 kJ mol-1). 
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Table 1. Final association constants (Log10(Ka)) for macrocycle complexation with K+ and Na+ in MeCN at 25oC with 
different spacer groups. Values are reported as the mean ± standard deviation when available. aValues for 18C6 were 

taken from literature.2 

 

Table 1 summarizes the different Ka obtained for each cationic guest and the respective 
imidazole crown ethers. The Ka for 18C6 was found in literature and the Ka for the pyridine 
substituted crown ether was obtained by UV-vis titrations in the group in relation to a 
different project. The Py18C6 crown ether has a structure analogous to the imidazole 
crown ether, replacing the imidazole moiety for a pyridine.  

Standard deviations (SD) for the values obtained are also provided in Table 1. This is 
distinct from the fitting errors previously discussed. Rather the SD comes from 
comparing the log(Ka) value of each individual trial. The SD is indicative of the deviation 
of the data, for this investigation it is the variation of the data between trials. Most of the 
SD values are small and fall between 0.05 and 0.10, indicative of small variation and 
reproducible results.  

Comparing the different imidazole crown ethers, there are trends on the binding that can 
be observed. Initially, it is clear to see that all the imidazole crown ethers bind K+ better 
than Na+. This is expected as the solvation energy for Na + is higher than for K+, making de-
solvation and complexation more enthalpically favourable for K+. The ImBn18C6 exhibits 
the best selectivity for K+, binding it significantly stronger than Na+. For the imidazole 
crown ethers, the general binding strength is as follows 
ImBn18C6>ImBn21C7>ImBn24C8≈ImBn15C5 (Figure 43a). This is due to the cavity-
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cation complementarity, ImBn18C6 provides the cavity with the best size/geometry 
match for the studied cations. This allows the oxygen donors to be arranged optimally for 
strong binding. The binding behaviour observed for the imidazole crown ethers are 
similar to reported binding behaviour of classical crown ethers. 

 

Figure 43. Graphical representation of the Ka values for the different crown ether derivatives in MeCN at 20oC.  a) 
Comparison of Ka for imidazole crown ethers of different sizes with K+ and Na+. b) Comparison of Ka for different 

crown ether derivatives with K+ and Na+. 

As expected, there are similarities for the binding between all the crown ether derivatives 
presented on Table 1, such as K+ preference. However, there are certain differences 
between the different crown ether scaffolds, notably in the strength of binding. 18C6 
binds K+ the best followed by ImBn18C6, and then Py18C6 (Figure 43b) highlighting the 
difference a substitution of a -CH2O- group makes in the binding strength. 18C6 has an 
extra oxygen which is a hard donor as it is small, electronegative, and poorly polarizable, 
allowing it to interact strongly with alkali metals given size complementarity. Whereas 
both ImBn18C6 and Py18C6 replace the oxygen donor with a nitrogen. However, the 
imidazole fragment is more electron rich than the pyridine one, allowing stronger 
interaction with the cation. The variation of the donor group is most likely the main factor 
that leads to the patterns observed. However, there are other considerations that may 
contribute to differences in binding such as solvation and cavity geometry. 

4.4 Imidazole Macrocycles for Pseudorotaxanes. 

While imidazole incorporation led to alkali metal binding properties similar to traditional 
crown ethers. However, the enhanced basicity of the imidazole should lead to stronger 
interactions with ammonium ions, where hydrogen bonding is expected to play a more 
dominant role.71 This prompted us to study the interaction with secondary ammonium 
ions. Given the value of crown ethers for the synthesis of mechanically interlocked 
architectures, binding of these ions is particularly interesting for the formation of 
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pseudorotaxanes. These are structures where a secondary ammonium ion is threaded, 
like an axle, through the macrocycle. 

 

Figure 44. ImBn24C8 pseudorotaxane formation with DBA. 

Dibenzylammonium hexafluorophosphate, (DBA·HPF6) was selected as the model axle 
as it is well known benchmark which forms threaded pseudorotaxane complexes with 
various crown ethers. This interaction arises from the protonated ammonium center 
forming hydrogen bonds with the heteroatoms within the macrocyclic cavity and the 
overall positive charge is stabilized by ion-dipole interactions. Furthermore, the two 
benzyl groups provide a linear axle that allows threading through the crown ether cavity. 
As a result, DBA·HPF6 forms a reversible yet relatively stable threaded host-guest 
complex with appropriately sized crown ethers.72 These features make DBA·HPF6 a 
suitable axle for pseudorotaxane formation with ImBn24C8.  

For a comparison dibenzo-24-crown-8 (DB24C8) and a pyridine crown ether (Py24C8) 
were explored for pseudorotaxanes using the same axle. This facilitated the effect of 
basicity on binding for each macrocycle, as it increases in the order 
DB24C8<Py24C8<ImBn24C8.  

Pseudorotaxane formation was also attempted with ImBn21C7. Only minor changes in 
the 1H NMR spectrum were observed, suggesting acid base interactions between the 
acidic proton on DBA and the basic nitrogen of ImBn21C7. The lack of significant 
complexation-induced shifts indicates that pseudorotaxane formation is unlikely. This 
suggests that the steric bulk imposed by the benzyl substituents on the axle is too 
significant to allow threading through macrocycles smaller than 24C8.73   
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Figure 45. Different crown ethers that were used in the pseudorotaxane system. 

Pseudorotaxanes were formed by adding DBA.HPF6 to a solution of ImBn24C8 in a 1:1 
ratio forming DBA·HPF6⊂ImBn24C8. After the system reached equilibrium an 1H NMR 
was recorded at 20oC in MeCN to examine the interaction between the DBA.HPF6 axle 
and ImBn24C8. The same was repeated for the other crown ether analogues. To ensure 
equilibrium was reached a second 1H NMR was recorded 24h later for all systems, no 
change to the spectra would indicate equilibrium being reached. 

An important indication for pseudorotaxane formation is the change in coupling 
behaviour of the benzylic CH2 protons of DBA. They appear as singlet around 4.25 ppm 
when uncomplexed (uc) (Figure 48), due to the adjacent ammonium protons exchanging 
rapidly with the medium, averaging out the coupling. However, when the macrocycle is 
added to solution the exchange rate is much lower, owing to the hydrogen bonding 
between the ammonium protons and the coordination sites. This is visible in the spectra 
as the benzylic CH2 protons became a second order multiplet. The splitting pattern of the 
benzylic protons of DBA.HPF6 upon pseudorotaxane formation with Py24C8 or DB24C8 
doublet of doublets. However, when the macrocycle ImBn24C8 is used the apparent 
splitting pattern for the benzylic protons becomes a more complex ddd-type splitting 
(Figure 48). The reason for this is the inherent asymmetry of the 2,4-functionalized 
imidazole within the crown ether, that leads to a directionality of the ring as shown in 
Figure 46. Therefore, the benzylic CH2 protons on DBA become diastereotopic as if we 
consider the substitution of either C-H, it would generate not only a chiral center, but 
also a planar chirality in the molecule.  

 

Figure 46. Directionality imposed by the imidazole on the benzylic protons. 
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Figure 47. 1H-1H NOESY spectrum in for a 10 mM 1:1 mixture of ImBn24C8 and DBA·HPF6 in MeCN at 20oC. EXSY 
correlations are in red and NOESY correlations in blue. Important NOESY correlations are highlighted. 

To further prove pseudorotaxane formation 1H-1H NOESY studies were performed. 
Significant cross peaks between the ortho and benzylic protons of the DBA and ether 
groups of ImBn24C8 were observed, demonstrating close spatial proximity of the groups 
(Figure 47). Finally, an HRMS was run on the sample, and the desired m/z values that 
correspond to the 1:1 complex were observed. All of this gives good evidence of the 
threading of the axle through the macrocycle cavity to form the pseudorotaxane. 
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Figure 48. Partial 1H NMR spectra showing the formation of the DBA.HPF6⊂ImBn24C8 pseudorotaxane at different 
concentrations. a) 1H NMR spectra of only DBA·HPF6. b) 1H NMR spectra of only ImBn24C8. c-g) 1H NMR spectra of a 

1:1 mixture of ImBn24C8 and DBA·HPF6 at various concentrations in MeCN at 20oC. 

The interaction between the axle and each crown ether derivatives were quantified by 
reporting the Ka value (Table 2). Slow exchange of the system is observed from the 
separate resonances for complexed and uncomplexed species (Figure 48). This is 
because the exchange between complexed and uncomplexed forms is slow compared 
to the 1H NMR chemical shift timescale. The resonances for the new species were 
consistent with a 1:1 complex, which is also indicative of pseudorotaxane formation.  

As the system is in equilibrium, changing the concentration leads to systematic variation 
of the degree of complexation and therefore variation in the relative signal intensities. 
This systematic variation allows the estimation of the Ka through the single-point method. 
In this method the integrals of the free and complexed species are used to calculate the 
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concentration of each species in solution.74 Then these values are used to calculate Ka 
using 1:1 equilibrium equations presented previously, equations 8-10. 

The high Ka value for DBA·HPF6⊂ImBn24C8 can be seen qualitatively from the 1H NMR 
spectra, as at a concentration of 5 mM or higher mostly complexed species were 
observed. In contrast, at this concentration range DBA·HPF6⊂Py24C8 and 
DBA·HPF6⊂DB24C8 systems show complexed and uncomplexed species. Only upon 
dilution (0.1-1 mM) of the DBA·HPF6⊂ImBn24C8 system were the peaks for the free and 
complexed species sufficiently resolved to allow reliable Ka determination. 

Table 2. Association constants (Ka) in M-1 for pseudorotaxane formation between DBA and various crown ether 
derivatives. 

Macrocycle Ka (M-1) 

DB24C8 347±23 

Py24C8 1961±434 

ImBn24C8 (1.1±0.3) ×104 

 

Table 2 summarizes the calculated Ka value for each pseudorotaxane system explored 
and the standard deviation. The calculated Ka value of 1.1 × 104 M-1 for the imidazole 
crown ether was significantly higher than the other derivatives. This shows that the 
basicity and the strong hydrogen bond acceptor capabilities of the imidazole group 
facilitate a strong association. The Ka for DBA·HPF6⊂ImBn24C8 is among the highest 
reported Ka for pseudorotaxane formation between a crown ether and a secondary 
ammonium ion under these conditions.75 Overall, the pseudorotaxane studies show that 
the incorporation of an imidazole within a crown ether creates a directional and strong 
binding. These properties can have important downstream applications when 
constructing more complex mechanical molecules. For instance, the high association 
constant can be important to synthesize rotaxanes at a high yield through a capping 
strategy. 

5 Conclusion 

The aim of this work was to synthesize a previously unreported imidazole-containing 
crown ethers and to investigate their binding properties. Developing novel crown ether 
scaffolds is important as structural modifications can influence binding behaviour such 
as selectivity, affinity and responsiveness. Such tunable properties can be used for novel 
applications such as molecular recognition, design of molecular switches and molecular 
machines. 
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First a synthetic route was demonstrated to provide access to four imidazole crown ether 
derivatives varying in cavity size. Cheap and commercially available building blocks are 
used to get to the imidazole diol (3) intermediate in a three-step process with a 36% 
overall yield. The diol (3) was an important intermediate as it could be applied to 
synthesize other diverse imidazole-based macrocycles through Williamson ether 
synthesis. A reaction between the functionalized imidazole and polyethylene glycol 
chains under dilute conditions yielded the final macrocycles. ImBn15C5, ImBn18C6, 
ImBn21C7, and ImBn24C8 were synthesized through five steps and an overall yield 
between 2% and 13%. 

Following successful synthesis, 1H NMR titrations were performed to get a better 
understanding of cation binding by the macrocycles. Titrations were performed for each 
macrocycle with K+ and Na+. Most protons within the binding cavity of the macrocycles 
exhibited a downfield shift consistent with the deshielding due to cation binding. 
However, the benzylic proton experienced consistent downfield shifts, this was 
tentatively attributed to the conformational rearrangement occurring upon cation 
binding. A solid-state crystal structure of ImBn18C6 complexing K+ was obtained, which 
demonstrated the binding. The crystal structure confirmed 1:1 complex and showed the 
distortion induced by the imidazole. 

Using the results obtained from NMR titrations, the association constants were 
determined, allowing a quantitative comparison of the binding strength. The Ka were 
determined from nonlinear fitting of the 1H NMR titration data. Ka values could be 
compared, and it was also compared to reported values of other crown ether derivatives. 
It was observed that the imidazole crown ethers had similar binding properties to 
classical crown ethers, notably binding K+ better than Na+ and ImBn18C6 demonstrating 
the best affinity. However, compared to classical crown ethers the affinity of imidazole 
crown ethers was slightly lower for alkali metals.  

Beyond, alkali metal binding, the presence of an imidazole within the macrocyclic cavity 
introduces a basic element and a strong hydrogen bond acceptor. This property was 
used to coordinate secondary ammonium ions to form pseudorotaxanes and 
exceptionally high Ka values (104 M-1) were obtained for the imidazole macrocycles. This 
is among the highest reported in literature for pseudorotaxane formation under similar 
conditions, showing the potential of imidazole containing crown ethers for the synthesis 
of more complex mechanically interlocked architectures. 

There were some limitations in the presented work. For the synthetic route the limited 
solubility of the imidazole diester (2) in toluene may have contributed to the decrease in 
yield. A solvent screen could have increased the yield. The purification of the 
macrocycles was also challenging due to streaking on the solid phase during column 
chromatography. Furthermore, the similar Rf values between the desired intramolecular 
cyclized product and the intermolecular byproduct further complicated purification. The 
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clean 1H NMR spectra of the crude mixture for some of the reactions, suggests that a lot 
of product loss occurred during purification. Additionally, the deprotection of the benzyl 
group, while successful, requires further optimization to improve the yield. A final 
limitation was for concentrations used for the ImBn18C6 K+ titrations, as the Ka*[H0] 
values were around 100. This meant that the data was not as reliable as desired due to 
the poor curvature obtained for the binding isotherms. Therefore, using more dilute 
concentrations would lead to better data, however the magnitude of binding for 
ImBn18C6 with K+ was unexpected.  

6 Perspectives 

The significant number of extensions to the work shows the applicability of the crown 
ethers in other investigations, further enforcing the merit of the work. 

A possible perspective for this work is the deprotection of the imidazole, which 
introduces new properties to the crown ether. This deprotection was attempted during 
this work. However, due to the poor yields of the reaction the deprotected derivatives 
were not explored further. Nevertheless, reactivity was achieved demonstrating that 
obtaining the deprotected derivatives through hydrogenation was possible, but more 
optimizations must be done for it to be a viable route.  

 

Figure 49. Protonation behaviour following deprotection and the effects on binding. 

Given an optimal condition is found to reduce the imidazole, this would lead to the 
introduction of an active N-H site. This change could lead to the modulation of the guest 
association with the host via protonation and deprotonation as demonstrated in Figure 
49. Furthermore, the active N-H site introduces a strong H-bonding site. Also, upon 
deprotection the tautomerization of the imidazole can occur, giving it chimeric 
properties. This means depending on the guest it can act as an H-bond donor or 
acceptor. All of this could lead to important applications in molecular switches, ion 
transport, and sensor. 

Another interesting application would be to explore the coordination of the imidazole 
crown ethers with transition metals. As detailed previously a nitrogen is a softer donor 
than oxygen making it more suitable for transition metal coordination. Nitrogen is also 
more directional, less electronegative and donates electron density more readily.58 This 
donation by nitrogen leads to better orbital overlap with transition metals, giving more 
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covalent type bonding, which can lead to stronger binding. Therefore, it would be 
pertinent to explore these systems for transition metals such as Cu2+, Zn2+, Ni2+ or Co2+. 
This could lead to novel binding modes, which could have downstream applications in 
host-guest chemistry.  

Associated to the previous perspective is applying the synthesized imidazole 
crown ethers to mimic enzyme active sites. An imidazole is a relevant group in biological 
systems, especially in metalloproteins. A lot of these proteins incorporate an imidazole 
motif to bind a copper center, leading to strong complexation.77 
  Interestingly, this is related to the origin of this project where attempts were made to 
mimic LPMOs. To this end mimic an imidazole crown ether was needed for a rotaxane 
based model of the LPMO active site. Generally, biological metal coordination results 
from different functional groups being arranged in a precise fashion by the protein 
scaffold. Using small molecule systems to mimic the coordination requires a linker 
between each group, leading to rigidity. Whereas using a rotaxane like structure would 
lead to more conformational freedom mimicking the protein scaffold better. Therefore, 
the design of an imidazole macrocycle can have important applications in mimicking 
biological mechanisms (Figure 50).  

 

Figure 50. Possible use of the imidazole crown ether to mimic the LPMO active site. 
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Supporting Information 

The full SI is only provided in the electronic version. 

General Information 

All commercial reagents and solvents were obtained from Sigma-Aldrich, Acros 
Organics, BLDpharm or Fluorochem, and were used as purchased without further 
purification unless otherwise stated.  

Dry solvents were obtained by standard procedures according to D. D. Perrin and D. R. 
Perrin, Purification of Laboratory Chemicals. Tetrahydrofuran was purified by distillation 
from benzophenone ketyl radical. Dichloromethane, toluene, trimethylamine, N,N-
diisopropylethylamine and trimethylsilyl chloride were purified by distillation from 
calcium hydride.  

Analytical thin layer chromatography (TLC) were carried out on Merck Millipore F254 
silica gel 60 plates (210-270 μm thickness, aluminium supported) and on Merck Millipore 
neutral aluminium oxide F254 plates (200 μm thickness, aluminium supported). The plates 
were visualized using ultra-violet light (254 nm), KMnO4 or I2. Flash column 
chromatography was carried out on ROCC silica gel 60Å (230-400 Mesh). 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded using JEOL JNM-
ECZL600G (600 MHz) or NM-70020R4S1 (400 MHz) spectrometers. Carbon nuclear 
magnetic resonance (13C NMR) spectra were recorded using JEOL JNM-ECZL600G (150 
MHz) or NM-70020R4S1 (400 MHz) spectrometers. Chemical shifts (δ) are reported in 
parts per million (ppm) relative to residual solvent peaks: 1H (CDCl3 δppm = 7.26, DMSO-
d6 δppm = 2.50, D2O δppm = 4.79, CD3CN δppm = 1.94), 13C (DMSO-d6 δppm = 39.5, 
CDCl3 δppm =77.16, CD3CN δppm = 118.26). Coupling constants are reported in Hertz 
(Hz). Splitting patterns are designed as: s (singlet), d (doublet), t (triplet), q (quartet) and 
m (multiplet). Deuterated solvents were purchased from Eurisotop. 

Mass spectra were recorded by the Mass Spectrometry Service of the “asm” platform 
from the Institute of Condensed Matter and Nanosciences (IMCN) at UCLouvain, using 
Q-Tof Waters Synapt XS spectrometers with a Thermo Orbitrap Exactive device. The 
values are given in Dalton. 

UV/Visible experiments were performed on a VWR UV-1600PC Scanning 
Spectrophotometer equipped with Deuterium/Tungsten Halogen Lamp. 
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Synthesis 

Synthesis of (Z)-1-amino-N-benzyl-2-ethoxy-2-oxoethan-1-imine oxide (1) 

 

A flame dried round bottom flask was loaded with N-benzylhydroxylamine (7.09 g, 44.4 
mmol, 1.1 eq.) and sodium bicarbonate (3.73 g, 44.4 mmol, 1.1 eq.) under Ar. Dry DCM 
(200 mL) was added and the mixture was allowed to stir for 30 min at room temperature. 
Then ethyl carbonocyanidate (4 g, 40.4 mmol, 1 eq.) was added and the reaction mixture 
was allowed to stir overnight. The reaction was then filtered, and the solvent was 
removed via rotary evaporation, obtaining 1(8.5 g, 95%) as a yellow oil which was used 
without further purification. 

1HNMR (400 MHz, CHLOROFORM-D) δ 7.48 – 7.27 (m, 6H), 5.50 (s, 2H), 4.37 (q, J = 7.1 
Hz, 2H), 1.37 (t, J = 7.2 Hz,3H). 

HRMS (ESI) m/z: [M + H]⁺ calcd for C₁₁H₁₅N₂O₃⁺ 223.1077; found 223.1078 

Synthesis of 2-ethyl 4-methyl 1-benzyl-1H-imidazole-2,4-dicarboxylate (2) 

 

Compound 1 (4.5 g, 20.2 mmol, 1 eq.) was charged into a round bottom flask and 
dissolved in toluene (400 mL). Triethylamine (2.46 g, 24.3 mmol, 1.2 eq.) was added and 
the reaction was placed under Ar atmosphere and allowed to stir for 30 min at room 
temperature. Methyl propiolate (2.04 g, 24.3 mmol, 1.2 eq.) was added and the reaction 
was allowed to stir overnight at room temperature. The reaction was then heated to reflux 
for 2 hours and then the solvent was removed via rotary evaporation. The product as 
purified via column chromatography (EtOAc:Hexane, 60:40) followed by a 
recrystallisation using hot Et2O, affording 2(2.8 g, 20.2 mmol, 48%) as a white crystalline 
powder.  

1H NMR (400 MHz, CHLOROFORM-D) δ 7.68 (s, 1H), 7.38 – 7.31 (m, 3H), 7.24 – 7.17 (m, 
2H), 5.63 (s, 2H), 4.41 (q, J = 7.1 Hz, 2H), 3.88 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H). 
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13C NMR (101 MHz, CHLOROFORM-D) δ 162.70, 159.09, 137.19, 135.24, 133.39, 130.01, 
129.26, 128.75, 127.97, 62.17, 52.51, 52.07, 14.36. 

HRMS (ESI) m/z: [M + H]⁺ calcd for C₁₅H₁₇N₂O₄⁺ 289.1183; found 289.1184 

Synthesis of (1-benzyl-1H-imidazole-2,4-diyl)dimethanol (3) 

 

Compound 2 (0.95 g, 3.3 mmol, 1 eq.) was dissolved in dry THF (65 mL) and loaded into 
a flame dried round bottom flask under Ar. Then LiAlH4 (313 mg, 8.2 mmol, 2.5 eq.) was 
added slowly at 0 degrees. Following the addition the reaction was allowed to stir at room 
temperature overnight. The reaction was quenched with water, and the reaction mixture 
was filtered. The solvent was evaporated via rotary evaporation. Then 30 mL of water was 
added, and the product was extracted with 4x50 mL chloroform:isopropanol (3:1). The 
organic layers were collected and dried with Na2SO4, filtered and the solvent was 
evaporated using rotary evaporation. The product was purified by silica gel column 
chromatography (MeOH/DCM 1:9). Affording 3 as a brown oil. (562 mg, 2.57 mmol, 78%).  

1H NMR (400 MHz, CHLOROFORM-D) δ 7.37 – 7.30 (m, 3H), 7.14 (d, J = 7.1 Hz, 2H), 6.81 
(s, 1H), 5.14 (s, 2H), 4.62 (s, 2H), 4.53 (s, 2H). 

13C NMR (101 MHz, CHLOROFORM-D) δ 148.01, 140.26, 136.08, 129.11, 128.62, 128.32, 
127.43, 118.26, 57.64, 55.89, 49.83. 

HRMS (ESI) m/z: [M + H]⁺ calcd for C₁₂H₁₅N₂O₂⁺ 219.1128; found 219.1136 

Synthesis of 1-benzyl-2,4-bis(chloromethyl)-1H-imidazol-3-ium (4) 

 

Compound 3 (207 mg, 0.95 mmol, 1 Eq) was dissolved in 15 mL of dry DCM and loaded 
into a flame dried round bottom flask under Ar. Then SOCl2 (8.48 g, 71.3 mmol, 75 eq.) 
was slowly added at 0 degrees. The reaction was left stirring overnight at room 
temperature. The reaction mixture was poured over ice and extracted with 3x40 mL 
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chloroform:isopropanol (3:1), affording 4 (276 mg, 0.95 mmol, 99%) as a dark oil. The 
product was used without further purification. 

1H NMR (400 MHz, DMSO-D6) δ 7.38 – 7.26 (m, 6H), 5.28 (s, 2H), 4.93 (s, 2H), 4.65 (s, 2H). 

HRMS (ESI) m/z: [M + H]⁺ calcd for C₁₂H₁₃Cl₂N₂⁺ 255.0450; found 255.0450 

Cyclization General Procedure A 

 

A tricol round bottom flask was flame dried and placed under Ar, dry THF (0.005M) and 
NaH (4 eq) was added. The mixture was heated to reflux. 4 (1 eq) was dissolved in dry THF 
(0.025-0.05 mM) along with DIPEA (1 Eq). Another solution of the corresponding 
polythethylene glycol (1 Eq) was dissolved in dry THF (0.025-0.05M). The same 
concentration was made for both solutions, while diluting as much as the set up 
permitted. Both solutions were added slowly and simultaneously over 3h using a syringe 
pump. The reaction was left to stir at reflux overnight. The reaction was then quenched 
with 20 mL of water and filtered. The solvent was evaporated using rotary evaporation. 
Then, 150 mL of chloroform was added, and the product was extracted using 3x100 mL 
1M HCl. The aqueous phases were gathered and basified to pH 13 using 6M NaOH. Then 
the product was extracted using 3x150 mL CHCl3. The organic phases were gathered and 
evaporated using rotary evaporation to yield the crude product.  

Synthesis of ImBn15C5 (m = 0) 

(Z)-benzyl-11H-3,6,9,12-tetraoxa-1(2,4)-imidazolacyclotridecaphane ImBn15C5 
(n=0)(330 mg, 1.13 mmol, 1 eq.) was prepared according to the general procedure A by 
creating a solution of 4 and DIPEA (146 mg, 1.13 mmol, 1 eq.) in 20 mL of THF (0.056 mM). 
The second solution used was a triethylene glycol (170 mg, 1.13 mmol, 1 eq.) in 20 mL of 
THF (0.056 mM). The product was purified using consecutive column chromatography 
(Neutral alumina, MeOH/DCM 3:97, then neutral alumina MeOH/DCM 1:99) affording 
product 5 (22 mg, 0.066 mmol, 6%) as a clear oil. 

 

1H NMR (400 MHz, ACETONITRILE-D3) δ 7.37 – 7.19 (m, 5H), 6.96 (s, 1H), 5.13 (s, 2H), 
4.49 (s, 2H), 4.25 (s, 2H), 3.62 (t, J = 5.9 Hz, 2H), 3.52 (dd, J = 5.8, 3.3 Hz, 2H), 3.41 – 3.29 
(m, 4H), 3.26 (dd, J = 5.8, 3.3 Hz, 2H), 3.19 (t, J = 5.9 Hz, 2H). 
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13C NMR (101 MHz, ACETONITRILE-D3) δ 146.67, 138.59, 138.29, 129.69, 128.80, 128.60, 
121.50, 118.33, 70.83, 70.43, 70.05, 70.01, 67.82, 65.90, 65.14, 50.09. 

HRMS (ESI⁺) m/z: [M + H]⁺ calcd for C₁₈H₂₅N₂O₄, 333.1809; found, 333.1810 

Synthesis of ImBn18C6 (m = 1) 

(Z)-benzyl-11H-3,6,9,12,15-pentaoxa-1(2,4)-imidazolacyclohexadecaphane Imn18C6 
(n=1)(200 mg, 0.69 mmol, 1 eq.) was prepared according to general procedure A by 
creating a solution of 4 and DIPEA (89 mg, 0.69 mmol, 1 eq.) in 20 mL of THF (0.034 mM). 
The second solution used was a tetraethylene glycol (133 mg, 0.69 mmol, 1 eq.) in 20 mL 
of THF (0.034 mM). The product was purified using dry neutral alumina column 
chromatography (MeOH/DCM 2:98), affording product 6 (92 mg, 0.24 mmol, 36%) as an 
orange oil.  

1H NMR (600 MHz, ACETONITRILE-D3) δ 7.36 – 7.18 (m, 4H), 6.94 (s, 1H), 5.13 (s, 2H), 4.46 
(s, 2H), 4.26 (s, 2H), 3.57 – 3.41 (m, 16H). 

13C NMR (101 MHz, ACETONITRILE-D3) δ 145.81, 138.72, 138.30, 129.74, 128.79, 128.43, 
121.02, 118.37, 71.07, 71.05, 70.98, 70.92, 70.32, 69.99, 69.27, 66.32, 64.52, 50.14. 

HRMS (ESI⁺) m/z: [M + H]⁺ calcd for C₂₀H₂₉N₂O₅, 377.2071; found, 377.2074. 

Synthesis of ImBn21C7 (m = 2) 

(Z)-benzyl-11H-3,6,9,12,15,18-hexaoxa-1(2,4)-imidazolacyclononadecaphane 
ImBn21C7 (n=2) (153 mg, 0.52 mmol, 1 eq.) was prepared according to general 
procedure A by creating a solution of 4 and DIPEA (67.8 mg, 0.52 mmol, 1 eq.) in 20 mL of 
THF (0.026 mM). The second solution used was a pentaethylene glycol (133 mg, 0.69 
mmol, 1 eq.) in 20 mL of THF (0.026 mM). The product was purified using consecutive 
column chromatography (Neutral alumina, MeOH/DCM 3:97, then neutral alumina 
MeOH/DCM 1:99) affording product 7 (48 mg, 0.11 mmol, 22%) as a yellow oil.  

1H NMR (400 MHz, ACETONITRILE-D3) δ 7.53 – 7.15 (m, 4H), 6.96 (s, 1H), 5.15 (s, 2H), 4.44 
(d, J = 1.0 Hz, 2H), 4.26 (s, 2H), 3.67 – 3.33 (m, 20H). 

13C NMR (101 MHz, ACETONITRILE-D3) δ 145.56, 138.59, 138.28, 129.76, 128.81, 128.48, 
121.24, 118.35, 71.40, 71.33, 71.26, 71.22, 71.18, 71.16, 71.14, 70.73, 69.83, 69.66, 
66.65, 64.97, 50.26. 

HRMS (APCI⁺) m/z: [M + H]⁺ calcd for C₂₂H₃₃N₂O₆, 421.2333; found, 421.2341 

Synthesis of ImBn24C8 (m = 3) 

(Z)-benzyl-11H-3,6,9,12,15,18,21-heptaoxa-1(2,4)-imidazolacyclodocosaphane 
ImBn24C8 (n=3)(300 mg, 1.03 mmol, 1 eq.) was prepared according to general 
procedure A by creating a solution of 4 and DIPEA (0.132 mg, 1.03 mmol, 1 eq.) in 20 mL 
of THF (0.05 mM). The second solution used was a hexaethylene glycol (290 mg, 1.03 
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mmol, 1 eq.) in 20 mL of THF (0.05 mM). The product was purified using consecutive 
column chromatography (Neutral alumina, MeOH/DCM 3:97, then neutral alumina 
MeOH/DCM 2:98) affording product 8 (72 mg, 0.155 mmol, 15%) as a clear oil.  

1H NMR (400 MHz, ACETONITRILE-D3) δ 7.36 – 7.25 (m, 3H), 7.19 (d, J = 7.4 Hz, 2H), 6.97 
(s, 1H), 5.18 (s, 2H), 4.46 (s, 2H), 4.30 (s, 2H), 3.53 – 3.47 (m, 24H). 

13C NMR (101 MHz, ACETONITRILE-D3) δ 129.74, 128.71, 128.43, 121.18, 118.34, 71.43, 
71.39, 71.33, 71.27, 71.03, 70.18, 69.88, 67.14, 65.51, 50.23. 

HRMS (ESI⁺) m/z: [M + H]⁺ calcd for C₂₄H₃₇N₂O₇, 465.25953; found, 465.26014 
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Titrations 

To perform titrations two stocks solutions were prepared. One of the solutions was 
created by precisely measuring out a mass of the host and dissolving it in CD3CN at 
concentrations ranging from 0.072 mM to 1.71 mM, depending on the size of the crown 
ether. Subsequently, a guest solution was made by measuring the solid amount of guest 
separately and dissolving the solid using liquid from the host stock solution in a separate 
container, to mitigate dilution errors. The guest stock solution was made to be 
approximately ten times more concentrated that the host with the concentration ranging 
between 0.524 mM to 21.4 mM. The small masses at the milligram level of the host and 
guest were measured using a precision scale. However, to ensure the nominal 
concentration matched the experimental concentration, quantitative NMR 
measurements were performed using 1,3,5-trimethoxybenzene as an internal standard. 
The host concentrations were subsequently corrected based on these measurements. 

For each titration, care was taken to ensure that [H0]*KA was mostly less than 100 (see 
table S1)  to maximize the information content of the titration curve, as recommended by 
Thordarson for systems with high KA values.1 Addition of the guest stock solution was 
done using Hamilton® syringes or calibrated micropipettes. The minimum added volume 
was 2.5 µL. After each addition, the solution was homogenized using a vortex mixer or 
mixing with the micropipette. 

The binding isotherms were fit to a 1:1 binding model using the different resonances or 
the wavelength exhibiting the maximum of absorbance, with the BindFit program 
available at https://supramolecular.org.1,2 The chosen resonances for 1H NMR titrations 
were those exhibiting a large and consistent chemical shift change, while also remaining 
well isolated. For improved accuracy, each titration was repeated at least three times; 
the reported errors correspond to the standard deviation of the KA values obtained from 
each independent trials between systems. 
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NMR titrations SI 

ImBn15C5 with NaPF6 

Trial 1 

 

Figure S1. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 2.8 

equivalents, host concentration [ImBn15C5] = 0.551 mM in CD3CN at 20°C 

  

 Figure S2. Fitted titration data on bindfit for a Ka of 1762.06 M⁻¹ and fitting error of ± 1.2498 % 
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Trial 2 

 

Figure S3. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 2.8 

equivalents, host concentration [ImBn15C5] = 0.551 mM in CD3CN at 20°C 

 

 Figure S4. Fitted titration data on bindfit for a Ka of 1003.65 M⁻¹ and fitting error of ± 2.8990% 
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Trial 3 

 

Figure S5. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 2.79 

equivalents, host concentration [ImBn15C5] = 0.483 mM in CD3CN at 20°C 

 

 

 Figure S6. Fitted titration data on bindfit for a Ka of 2148.62 M⁻¹ and fitting error of ± 1.3295% 
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ImBn15C5 with KPF6 

Trial 1 

 

Figure S7. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 2.75 

equivalents, host concentration [ImBn15C5] = 0.545 mM in CD3CN at 20°C 

 

Figure S8. Fitted titration data on bindfit for a Ka of 2253.41 M⁻¹ and fitting error of  ± 2.6860 % 
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Trial 2 

 

Figure S9. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 2.75 

equivalents, host concentration [ImBn15C5] = 0.545 mM in CD3CN at 20°C 

 

Figure S10. Fitted titration data on bindfit for a Ka of 1971.64 M⁻¹ and fitting error of ± 1.1707 % 
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Trial 3 

 

Figure S11. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 2.75 

equivalents, host concentration [ImBn15C5] = 0.545 mM in CD3CN at 20°C 

 

Figure S12. Fitted titration data on bindfit for a Ka of 2571.28 M⁻¹ and fitting error of ± 3.2763 % 
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ImBn18C6 with NaPF6 

Trial 1 

 

Figure S13. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 2.35 

equivalents, host concentration [ImBn18C6] = 0.448 mM in CD3CN at 20°C 

 

 Figure S14. Fitted titration data on bindfit for a Ka of 52730.25 M⁻¹ and fitting error of ± 15.1613% 
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Trial 2 

 

Figure S15. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 1.9 

equivalents, host concentration [ImBn18C6] = 0.448 mM in CD3CN at 20°C 

 

 Figure S16. Fitted titration data on bindfit for a Ka of 43804.23 M⁻¹ and fitting error of ± 15.8534 % 
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Trial 3 

 

Figure S17 Stacked 1H NMR spectrum with the increasing addition of the guest from 0 to 2.35 equivalents, 

host concentration [ImBn18C6] = 0.448 mM in CD3CN at 20°C 

 

Figure S18. Fitted titration data on bindfit for a Ka of 44056.85 M⁻¹ and fitting error of  ± 14.0172 % 
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ImBn18C6 with KPF6 

Trial 1 

 

Figure S19. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 1.89 

equivalents, host concentration [ImBn18C6] = 0.43 mM in CD3CN at 20°C 

 

Figure S20. Fitted titration data on bindfit for a Ka of 278890.67 M⁻¹ and fitting error of ± 18.3770 % 
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Trial 2 

 

Figure S21. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 2.3 

equivalents, host concentration [ImBn18C6] = 0.44 mM in CD3CN at 20°C 

 

Figure S22. Fitted titration data on bindfit for a Ka of 275891.25 M⁻¹ and fitting error of ± 13.7487 % 
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Trial 3 

 

Figure S23. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 2.34 

equivalents, host concentration [ImBn18C6] = 0.44 mM in CD3CN at 20°C 

 

Figure S24. Fitted titration data on bindfit for a Ka of 228136.41 M⁻¹ and fitting error of ± 12.9551 % 
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ImBn21C7 with NaPF6 

Trial 1 

 

Figure S25. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 2.19 

equivalents, host concentration [ImBn21C7] = 1.71 mM in CD3CN at 20°C 

 

 Figure S26. Fitted titration data on bindfit for a Ka of 5102.23 M⁻¹ and fitting error of ± 5.9554 % 
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Trial 2 

 

Figure S27. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 1.9 

equivalents, host concentration [ImBn21C7] = 1.71 mM in CD3CN at 20°C 

 

Figure S28. Fitted titration data on bindfit for a Ka of 5182.56 M⁻¹ and fitting error of ± 5.7702 % 
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Trial 3 

 

Figure S29. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 1.86 

equivalents, host concentration [ImBn21C7] = 1.71 mM in CD3CN at 20°C 

 

Figure S30. Fitted titration data on bindfit for a Ka of 6741.53 M⁻¹ and fitting error of ± 2.3757 % 
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ImBn21C7 with KPF6 

Trial 1 

 

Figure S31. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 2.4 

equivalents, host concentration [ImBn21C7] = 0.551 mM in CD3CN at 20°C 

 

 Figure S32. Fitted titration data on bindfit for a Ka of 16844.44 M⁻¹ and fitting error of ± 3.2089 % 
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Trial 2 

 

Figure S33. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 1.87 

equivalents, host concentration [ImBn21C7] = 1.57 mM in CD3CN at 20°C 

 

Figure S34. Fitted titration data on bindfit for a Ka of 13630.92 M⁻¹ and fitting error of ± 4.7834 % 
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Trial 3 

 

Figure S35. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 1.67 

equivalents, host concentration [ImBn21C7] = 1.57 mM in CD3CN at 20°C 

 

 Figure S36. Fitted titration data on bindfit for a Ka of 21794.69 M⁻¹ and fitting error of ± 6.1215 % 

 

 



P a g e  | 80 

ImBn24C8 with NaPF6 

Trial 1 

 

Figure S37. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 1.95 

equivalents, host concentration [ImBn24C8] = 1.41 mM in CD3CN at 20°C 

 

Figure S38. Fitted titration data on bindfit for a Ka of 3166.44 M⁻¹ and fitting error of ± 2.3786 % 
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Trial 2 

 

Figure S39. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 3.67 

equivalents, host concentration [ImBn24C8] = 0.70 mM in CD3CN at 20°C 

 

 Figure S40. Fitted titration data on bindfit for a Ka of 2066.53 M⁻¹ and fitting error of ± 2.1705 % 
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Trial 3 

 

Figure S41. Stacked 1H NMR spectrum with the increasing addition of the guest NaPF6 from 0 to 2.46 

equivalents, host concentration [ImBn24C8] = 1.48 mM in CD3CN at 20°C 

 

Figure S42. Fitted titration data on bindfit for a Ka of 6066.63 M⁻¹ and fitting error of ± 3.2722 % 
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ImBn24C8 with KPF6 

Trial 1 

 

Figure S43. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 1.86 

equivalents, host concentration [ImBn24C8] = 1.61 mM in CD3CN at 20°C 

 

Figure S44. Fitted titration data on bindfit for a Ka of 1095.28 M⁻¹ and fitting error of ± 0.4413 % 
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Trial 2 

 

Figure S45. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 2.62 

equivalents, host concentration [ImBn24C8] = 0.98 mM in CD3CN at 20°C 

 

Figure S46. Fitted titration data on bindfit for a Ka of 5749.64 M⁻¹ and fitting error of ± 2.2975 % 
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Trial 3 

 

Figure S47. Stacked 1H NMR spectrum with the increasing addition of the guest KPF6 from 0 to 2.62 

equivalents, host concentration [ImBn24C8] = 0.98 mM in CD3CN at 20°C 

 

 

 Figure S48. Fitted titration data on bindfit for a Ka of 5992.80 M⁻¹ and fitting error of ± 2.9172 % 
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  *   
ImBn15C5  ImBn18C6 ImBn21C7  ImBn24C8     Py18C6 

Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+ 

   0.97 1.22 23.62 119.9 8.72 26.45 4.46 1.54 0.98 1.65 

   0.55 1.07 19.10 121.4 8.86 21.40 1.44 5.63 0.99 2.46 

   1.03 1.40 19.73 100.4 11.5 34.21 8.97 5.87 1.23 1.70 

Table S1 – Values of KA*C0 for all the titrations. 

The titrations of ImBn18C6 should have been performed again at lower dilutions as the 

values are above 100 which led to less reliable data. 

Pseudorotaxane formation  

The association constant (KA) of the different pseudorotaxane systems was calculated 
using the single point method. Each 1H NMR analysis was performed approximately 10 
minutes after solution preparation. The spectra did not change after 24h, indicating that 
the equilibrium is reached rapidly. For improved accuracy, the relaxation delay for each 
1H NMR experiment was set at 30s with 16 scans acquired. The reported errors represent 
the standard deviation of the different KA values obtained from these concentrations. For 
the ImBn24C8 + DBA.HPF6 system, two KA values were obtained at concentrations of 0.5 
mM and 1 mM, giving 10688 M-1 and 22474 M-1 respectively. Due to the limitation of the 
single point method, we can only state with confidence that KA > 10000. The higher 
concentration solutions could not be used to determine KA as the signal to noise ratio 
was insufficient to allow reliable integration of the signals. 
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Im21C7 and DBA.HPF6 

 

 

Figure S49. 1H NMR spectrum in MeCN at 20°C of a) DBA.HPF6 b) Im21C7 c) 1 mM 1:1 mixture of Im21C7 
and DBA.HPF6 d) 5 mM 1:1 mixture of Im21C7 and DBA.HPF6 e) 10 mM 1:1 mixture of Im21C7 and 
DBA.HPF6. 
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DB24C8 and DBA.HPF6 

 

 

 

Figure S50. 1H NMR spectrum in MeCN at 20°C of a) DBA.HPF6 b) DB24C8 c) 1 mM 1:1 mixture of 
DB24C8 and DBA.HPF6, computed Ka = 323 M-1 d) 5 mM 1:1 mixture of DB24C8 and DBA.HPF6, 
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computed Ka = 349 M-1 e) 10 mM 1:1 mixture of DB24C8 and DBA.HPF6, computed Ka = 370  M-1. (uc) 
refers to the free species and (c) to the complexed species 

 

P24C8 and DBA.HPF6 

 

 

Figure S51. 1H NMR spectrum in MeCN at 20°C of a) DBA.HPF6 b) P24C8 c) 1 mM 1:1 mixture of 
P24C8 and DBA.HPF6, computed KA = 1726 M-1 d) 5 mM 1:1 mixture of P24C8 and DBA.HPF6, computed 

Ka = 2044 M-1 e) 10 mM 1:1 mixture of P24C8 and DBA.HPF6, computed Ka = 2113  M-1. (uc) refers to the 
free species and (c) to the complexed species. 
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Im24C8 and DBA.HPF6 

 

 

Figure S52. 1H NMR spectrum in MeCN at 20°C of a) DBA.HPF6 b) Im24C8 c) 0.1 mM 1:1 mixture of 
Im24C8 and DBA.HPF6 d) 0.5 mM 1:1 mixture of Im24C8 and DBA.HPF6, computed KA = 10668 M-1 e) 1 

mM 1:1 mixture of Im24C8 and DBA.HPF6, computed KA = 22474  M-1 f) 5 mM 1:1 mixture of Im24C8 and 
DBA.HPF6, computed KA = 50169  M-1 g) 10 mM 1:1 mixture of Im24C8 and DBA.HPF6. (uc) refers to the 

free species and (c) to the complexed species. 
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Figure S54.  1H-1H NOESY spectrum in MeCN at 20°C for a 10 mM 1:1 mixture of P24C8 and DBA.HPF6. 
EXSY correlations are in red and NOESY correlations in blue. Important NOESY correlations are 

highlighted. 
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X-Ray Crystallography Data 

      •  F6 was crystallized from CDCl3/Hexane in an NMR tube, crystals were stable outside the 
mother liquid at ambient conditions, but crystallization always led to the formation of crystal clusters that 
needed to be broken up to harvest a single crystal.  

Diffraction data were recorded on a MAR345 image plate detector using MoKα radiation generated by an 
Incoatec IµS microfocus source (Montel mirrors) at ambient conditions. The unit-cells, data reduction and 
absorption correction (multi-scan method) were conducted using CrysAlisPro3 software package. The 
structure was solved by dual space direct methods SHELXT4 and refinement by full-matrix least-squares 
against F2 using SHELXL-2019/35. All non-hydrogen atoms were refined anisotropically and hydrogen 
atoms were placed at calculated positions and refined in riding mode. 

The crown ether is disordered and could be refined in two parts, the observed disorder of the macrocycle 
also causes the coordinated PF6

- anion to be rotationally disordered in the equatorial plane. 

CCDC 2556349-2556350 include the supplementary crystallographic data and can be downloaded free of 
charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. 

 

Figure S55: Ortep representation of       •  F6, the minor disordered parts are drawn in a lighter shade. 
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Table S2 contains the crystal and refinement details for the structure determination of       •  F6 

Identification code        •  F6 

Empirical formula  C20 H28 F6 K N2 O5 P 

Formula weight  560.51 

Temperature (K)  297(2)  

Wavelength (Å) 0.71073 

Crystal system  Triclinic 

Space group  P1 

Unit cell dimensions (Å,°) a = 8.5281(8)  

 b = 8.5785(16)  

 c = 9.6251(12)  

 = 76.799(13) 

 = 76.785(10) 

  = 70.147(13) 

Volume (Å3) 635.97(17)  

Z 1 

Density (calculated) (g/cm3)  1.464  

Absorption coefficient (mm-1) 0.349 

F(000) 290 

Crystal size (mm3) 0.20x 0.18 x 0.03 

Theta range for data collection (°) 2.559 to 24.401 

Reflections collected 7216 

Independent reflections 4042 [R(int) = 0.0434] 

Completeness to  = 24.401° (%) 99.7   

Absorption correction Semi-empirical from 

equivalents 

Max. and min. transmission 1.00000 and 0.77605 

Refinement method Full-matrix least-squares 

on F2 

Data / restraints / parameters 4042 / 226 / 390 

Goodness-of-fit on F2 1.053 

Final R indices [I>2s(I)] R1 = 0.0499, wR2 = 0.1191 

R indices (all data) R1 = 0.0666, wR2 = 0.1311 

Absolute structure parameter 0.04(4) 

 (max,min)(e.Å-3) 0.232, -0.261  

† Twinned crystal, refined against HKLF5 formatted data imposing Merge 0.  
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Computational Details 

Conformational sampling of free Im18c6 was performed with CREST (version 2.12)  6 /xTB (version 6.7.0) 7  
at the GFN2-xTB8 level with the ALPB9 implicit solvation model for acetonitrile, using the quick sampling 
protocol. All structures within 1.0 kcal/mol of the minimum energy structure (8 total), were subsequently 
reoptimized with ORCA 5.0.310 at the ω 97X-D4/def2-TZVPP11,12 level using the RIJCOSX13 approximation 
with the def2/J auxiliary basis set14, TightSCF convergence criteria, and the CPCM15 implicit solvation 
model for acetonitrile. Frequency calculations at the same level of theory were used to confirm the 
absence of imaginary frequencies. The final energy and coordinates for the lowest energy structure are 
provided in Table S3. 

Table S3 – Final electronic energy and coordinates for optimized structure of free Im18C6 

Final Gibbs Free Energy = -1265.14893123 Eh 

Atom Coordinates Atom Coordinates 

C -4.291753903 0.729300201 1.785897388 H 4.949937927 -1.998377196 -0.774952335 

H -3.842062042 1.471667323 2.437909348 O 4.04044255 -0.972216303 0.690171861 

C -5.604849623 0.329156578 1.993949646 C 3.079869513 -1.017249459 1.734456051 

H -6.177786166 0.76201975 2.806519908 H 3.289899053 -1.8640894 2.403282558 

C -6.180074511 -0.631454087 1.16756323 H 2.073103926 -1.147018632 1.326920751 

H -7.203302123 -0.949879413 1.331724877 C 3.134829297 0.271235939 2.526909931 

C -5.433280959 -1.182577091 0.134176642 H 2.486656915 0.160109105 3.400458824 

H -5.872507641 -1.933558434 -0.513056675 H 4.154631168 0.461311558 2.881486547 

C -4.11831725 -0.777796672 -0.075061793 O 2.653736273 1.387789746 1.791241387 

H -3.54442655 -1.219642904 -0.881646985 C 3.67128768 2.115286584 1.115803496 

C -3.539730299 0.181409276 0.748341395 H 4.255365709 1.452821542 0.471290866 

C -2.123327497 0.673399754 0.539111326 H 4.349800897 2.571040986 1.850356931 

H -2.128290755 1.631230402 0.020034213 C 3.046264057 3.212933827 0.284378333 

H -1.639459823 0.83343071 1.503603406 H 2.329119938 3.781122137 0.889324832 

N -1.30161035 -0.245087963 -0.230949201 H 3.841152816 3.892005259 -0.033548036 

C -0.998770305 -0.174304322 -1.552371727 O 2.421633984 2.751211557 -0.904644213 

N -0.281552045 -1.210311992 -1.935133675 C 1.081113232 2.30939676 -0.759112215 

C -0.126219033 -1.996658601 -0.813502432 H 0.538337556 2.962676458 -0.065372102 

C -0.753695494 -1.406059142 0.245985002 H 1.045306587 1.289249904 -0.365946417 

C 0.653449827 -3.276203214 -0.824010618 C 0.43361738 2.401200988 -2.134966862 

H 0.119487839 -4.049372423 -0.269859285 H 0.608736029 3.402555728 -2.535658374 
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H 0.775446789 -3.613108524 -1.860444454 H 0.876955192 1.674461781 -2.82312162 

O 1.924088351 -3.166481282 -0.190094549 O -0.976075246 2.220708155 -2.053555832 

C 2.855000939 -2.39940987 -0.940204774 C -1.445359674 0.940608418 -2.447513393 

H 2.418248651 -1.439041867 -1.238314668 H -1.115745033 0.699027372 -3.462172713 

H 3.125082717 -2.948458112 -1.85208516 H -2.535030997 1.01504532 -2.445485667 

C 4.099325934 -2.14489723 0.10727743 H -0.855680429 -1.698915776 1.279183257 

H 4.299749997 -3.022835564 0.521276649         
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1H and 13C characterization data 

 

Figure S56 – 1H NMR spectrum in CDCl3 of (Z)-1-amino-N-benzyl-2-ethoxy-2-oxoethan-1-imine 
oxide (1) 

 

Figure S57: 1H NMR spectrum in CDCl3 of 2-ethyl 4-methyl 1-benzyl-1H-imidazole-2,4-
dicarboxylate (2) 
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Figure S58: 13C NMR spectrum in CDCl3 of 2-ethyl 4-methyl 1-benzyl-1H-imidazole-2,4-
dicarboxylate (2) 

 

Figure S59: 1H NMR spectrum in CDCl3 of (1-benzyl-1H-imidazole-2,4-diyl)dimethanol (3) 
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Figure S60 : 13C NMR spectrum in CDCl3 of (1-benzyl-1H-imidazole-2,4-diyl)dimethanol (3) 

 

Figure S61: 1H NMR spectrum in dmso  of (4) 
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Figure S62: 1H NMR spectrum in CD3CN of ImBn15C5 

 

Figure S63: 13C NMR spectrum in CD3CN of ImBn15C5 
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Figure S64: 1H NMR spectrum in CD3CN of ImBn18C6 

 

Figure S65: 13C NMR spectrum in CD3CN of ImBn18C6 
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Figure S66 : 1H NMR spectrum in CD3CN of ImBn21C7 

 

Figure S67: 13C NMR spectrum in CD3CN of ImBn21C7 
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Figure S69: 1H NMR spectrum in CD3CN of ImBn24C8 

 

Figure S69: 13C NMR spectrum in CD3CN of ImBn24C8 
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