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                                                               Chapter 1 

 

 
Non-covalent interactions in  

chemical reaction networks 

 

 

 

Abstract: The field of supramolecular chemistry is slowly evolving from the study of non-

covalent assemblies as a goal on its own to connecting multiple assemblies into chemical 

networks. By introducing feedback and other response mechanisms, such networks have 

the potential to mimic biological systems and obtain life-like functions. Multivalent 

binding and regulatable catalysts play a crucial role in natural reaction networks and 

therefore serve as a logical starting point for the construction of synthetic systems. Here, 

we provide an introduction to the role of non-covalent interactions in multivalent and 

catalytic systems, as well as an overview of the synthetic chemical reaction networks 

reported to date. 
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1.1  Introduction 

 

 Traditionally, the field of chemistry has focused on the study and reaction of 

molecules, which has given fundamental insight into reaction mechanisms and led to the 

development of novel medicines, plastics and dyes.
1,2

 With the rise of supramolecular and 

dynamic covalent chemistry, focus has shifted towards the study of interactions between 

molecules, leading to novel applications such as: self-healing materials,
3
 biomaterials,

4
 

more efficient drug screenings,
5
 and novel catalysts.

6
 As a result of the dynamic nature of 

these systems, they also contribute to a greater understanding of natural systems, as 

evidenced by the vast amount of biomimetic systems reported.
7
  

 While these biomimetic systems mimic aspects of individual biochemical entities such 

as enzymes,
8
 membranes

9
 and DNA,

10
 they still largely lack the dynamic interplay between 

components as present in biochemical reaction networks.
11,12

 Introducing biological 

concepts such as feedback loops, homeostatic regulation and self-replication in synthetic 

systems will greatly increase their adaptivity and relevance, paving the way towards more 

efficient medication, catalysts, and stimuli-responsive materials. 

 Mimicking such aspects of biochemical reaction networks requires fundamental insight 

into the basic interactions governing them. Multivalent binding and regulatory catalysts 

often play a dominant role herein.
13–15

 The use of multivalent compounds i.e., molecules 

composed of several connected binding motifs, allows stronger and more specific binding, 

as well as sharper transitions between the bound and unbound state.
16–19

 By using 

catalysts whose activity can be altered, such as enzymes controlled by cofactor binding, 

these (multivalent) interactions are then able to regulate the chemical processes as they 

take place in the cell.
13,20,21

 

 The following section discusses several examples of current synthetic chemical 

reaction networks, with special emphasis on the role of multivalent binding and regulatory 

catalysts therein. Subsequently, the factors influencing such multivalent binding equilibria 

are discussed and different mechanisms to influence reaction rates are presented. Lastly, 

we introduce the UPy and NaPy binding motifs and discuss their suitability as building 

blocks for the construction of chemical reaction networks. 

 

 

1.2  Examples of (semi-)synthetic reaction networks reported to date    

 

 An elegant use of multivalent binding in a chemical network was reported by Prins et. 

al.
22

 Here, negatively charged ATP was bound to a positively charged multivalent scaffold, 

leading to the displacement and activation of a fluorescent dye (Figure 1.1). 

Simultaneously, ATP was enzymatically hydrolyzed to AMP, thereby reducing the number 

of negative charges in the molecule from three to one. The resulting lower affinity of AMP 
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for the multivalent scaffold consequently resulted in the displaced of AMP by the dye, 

thereby deactivating the latter. As a result, quenching of the dye required the enzymatic 

hydrolysis of the energy rich ATP. Besides being a rare example of an energy dissipating 

system, this example nicely demonstrates how differences in the number of connected 

binding motifs (3 negative charges in ATP vs 1 in AMP) can have great effects on binding 

equilibria.  

                                       
Figure 1.1 Schematic representation of the system capable of transient signal generation. Binding of 

ATP (•••) leads to the displacement and activation of a dye (••• inactive dye, ••• active dye). 

Subsequently, enzymatic hydrolysis of ATP to AMP (•) leads to rebinding and quenching of the dye, 

returning the system to its original state. Image from ref 22.  

 

 Energy dissipating systems have also been used for the transient assembly of 

aggregates, thereby mimicking the formation of certain natural structures such as actin 

and microtubli.
23

 Van Esch, Eelkema, and co-workers reported on the transient growth of 

one-dimensional fibers consisting of methyl ester functionalized monomers (Figure 1.2).
24

  

 

Figure 1.2 A Schematic depiction of the energy dissipative growth of synthetic fibers, resulting from 

the transient methylation of discotics under basic conditions. B Confocal micrographs over time 

showing the growth (blue) and shrinkage (red) of the fibers. The scale bare is 10 µm. Images adapted 

from ref 24.  

A B 
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 The aggregation of these monomers can be inhibited via hydrolysis of the ester, while 

the resulting carboxylate ion can be methylated to recover the active monomer. 

Performing this methylation under basic conditions leads to transient fiber formation. For 

this system to function it is vital that the hydrolysis is significantly slower than the 

methylation reaction. A precise control over reaction rates and catalytic activity is 

therefore of great importance in this system.   

 Another prime example of complex reaction dynamics is an oscillator. To generate 

stable oscillations, a positive feedback loop with a delayed inhibition is desired.
25

 During 

the last century, several oscillating reactions based on analogous principles have been 

reported,
25,26

 the most famous of which being the Balousov-Zhabotinsky reaction.
27

 Most 

of these reactions are based on inorganic substrates and were often discovered by 

accident. Only recently designed oscillating systems based on organic molecules have 

been created, the first based on purely biological molecules,
28–30

 while later hybrid
31

 and 

purely synthetic systems
32

 were engineered (Figure 1.3).   

 

              
Figure 1.3 Reaction scheme and experimental set-up used to convert a linear input of reagents into 

an output displaying oscillations in Trypsin concentration. Image adapted from ref 31.  

 

 In addition to creating oscillations, feedback mechanisms have also been used to 

buffer a certain output by compensating for variations in substrate concentration. In a 

recent example, a complex enzymatic network was encapsulated in a bowl-shaped 

nanocapsule. Here, the enzymatic network converted glucose and phosphoenolpyruvate 
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(PEP) into oxygen and other by-products (Figure 1.4). As a result of the encapsulation of 

the reaction network, the generated oxygen gave rise to movement of the nanocapsule. It 

was shown that the regulatory mechanisms in the network reduced the overall reaction 

rate at high substrate concentration and accelerated it at lower substrate concentrations, 

thereby resulting in a more constant and prolonged generation of oxygen.  

 

           
Figure 1.4 A complex semi-synthetic reaction network leading to autonomous movement. Image 

adapted from ref 33.  

 

 Although the field of synthetic chemical networks is still in its infancy, these examples 

demonstrate its high potential. They also highlight the importance of gaining control over 

reaction rates and binding strengths, both of which are often achieved using (multivalent) 

non-covalent interactions.   

 

 

1.3  Connecting supramolecular motifs 

1.3.1 The importance of polyvalent constructs in chemical reaction networks  

 Control over non-covalent interactions is of great importance for the dynamic 

regulation of (bio)chemical reaction networks. An obvious way to alter the strength of 

non-covalent interactions is by changing the molecular structure of the binding motifs 

involved.
34,35

 However, the strength of non-covalent interactions can also be altered by 

connecting binding motifs. In this manner, dynamic equilibria can be regulated by 

changing the polyvalency of a construct, thereby eliminating the need to synthesize a 

large variety of (orthogonal) binding motifs. In addition, connecting binding motifs 

introduces competition i.e., a polyvalent molecule has the possibility to form a variety of 

intra- and intermolecular interactions. Such competition between different aggregated 

states plays a dominant role in biological regulatory mechanisms and is likely also useful 

for the creation of synthetic chemical reaction networks (see Chapter 3 of this thesis for a 

detailed study on competition in a multivalent supramolecular system).   
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1.3.2 Ring-chain equilibria in divalent constructs 

 When two self-complementary binding motifs are connected via a linker a ditopic 

molecule is created. Provided the linker is long and flexible enough, such structures can 

form two types of contacts, namely an intramolecular contact giving rise to a monomeric 

cycle, or an intermolecular contact resulting in a linear structure or higher order cycles 

(Figure 1.5A). The stabilities of the cyclic conformations are given by their effective 

molarity (EM), which is defined as the ratio between the intra- and intermolecular binding 

constant, multiplied by their respective symmetry factor.
36,37

 These symmetry factors 

describe the number of microscopically different ways to form or disrupt a given structure 

(Figure 1.5B and C). In the case of a ditopic molecule, these equal four and one for the 

inter- and intramolecular interactions, respectively (see Chapter 4 of this thesis for 

symmetry numbers in systems with a higher valency).  

 

 
Figure 1.5 A The definition of the effective molarity (EM), a measure for the stability of a cyclic 

contact. Kintra and Kinter denote the equilibrium constants of the corresponding transformations, while 

σintra and σinter denote the symmetry factors associated with the formation of such a contact.  

B Example of the ring-chain equilibria in a ditopic molecule functionalized with self-complementary 

binding motifs and its corresponding EM. Higher order cycles are omitted for clarity. C Schematic 

depiction of the symmetry factors associated with a ditopic compound. As there are four 

microscopically different ways to connect two ditopic compounds σinter = 4 and because there is only 

one way to dissociate the resulting complexes σinter = 1.   

 

 In asymmetric building blocks a similar approach can be used to define the symmetry 

factors related to the formation of intra and intermolecular contacts (Figure 1.6). Such 

asymmetric compounds can for example be found in polycondensations, were typically an 

A-B monomer is used which can only react between A and B groups.
38,39

 Consequently,  

an A-B monomer has fewer ways to form a linear contact compared to a fully self-

complementary compound, such as depicted in Figure 1.5. A more complex systems in 
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which, in addition of the A-B contacts, also A-A contacts can be formed has also been 

reported.
40

 As such a compound can form two type of linear species, the term EM is often 

not used in such cases.  

                      

Figure 1.6 Examples ring-chain equilibria in asymmetric building blocks and their corresponding 

symmetry factors. Green arrows depict interactions that are possible, red ones those that are not. A 

6-hydroxyhexanoic acid functions as an A-B building block only capable of forming A-B contacts, it 

therefore has only two ways to form an intermolecular bond. Water and catalyst have been omitted 

for clarity. B An A-B building block which is able to form A-B as well as A-A contacts can form two 

type of linear dimers, each with its own symmetry factor.  

 

 The ratio between cyclic and linear structures in a ring-chain equilibrium is strongly 

concentration dependent (Figure 1.7). At low concentrations, intramolecular binding is 

favored and thus mostly monomeric cycles are formed. With increasing concentration, the 

probability of forming an intermolecular contact increases, resulting in higher order cycles 

and linear polymers. Interestingly, the opposite influences of the increase in concentration 

and the decrease in the probability of forming an intramolecular contact lead to a fixed 

maximum concentration of each type of cycle, which equals their EM.
38,41

 The EM of 

higher order cycles functionalized with self-complementary motifs can be described by  

eq. 1.1 were EM1 represents the EM of the monomeric cycle and EMi the EM of the i
th

 

cycle.
38,41

  

 

𝐸𝑀𝑖 = 𝐸𝑀1 ∗ 𝑖−5/2                   eq. 1.1 
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Figure 1.7 Schematic depiction of the concentration dependent speciation of a ditopic molecule 

functionalized with self-complementary binding motifs. With increasing concentration, the chance of 

forming an intermolecular contact increases, leading to a reduction in the fraction of cycles. The 

increase in concentration and decrease in probability of cycle formation leads to a constant 

concentration of cycles, which equals the effective molarity (EM).  

 

 The EM of strainless monomeric cycles decreases with increasing linker length in a 

similar manner. However, strained or rigid linkers will significantly influence the EM,
42,43

 

and can even favor the formation of higher order cycles over monomeric ones (Figure 

1.8).
44,45        

                        
Figure 1.8 Examples of rigid linkers in ditopic binding motifs, used to promote the formation of a 

specific cycle size.
44,45 

 While the EM depends strongly on molecular structure, external conditions usually 

only have a minor influence on its value. As shown by the Van ‘t Hoff equation (eq. 1.2), 

temperature only influences the equilibrium constant when there is an enthalpic 

difference between the two states.   
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𝑑𝑙𝑛 𝐾𝑒𝑞

𝑑𝑇
=  

∆𝐻∅

𝑅𝑇2
                    eq. 1.2 

 

 Since for strainless rings there is no enthalpic difference between the cyclic and linear 

contacts, the effective molarity of such rings is independent of temperature. In practice, 

however, it is found that the EM of cycles with a short linker do scale with temperature.
46

 

Little research has been done on the effect of solvent on the EM,
47,48

 but it is expected 

that the influence of solvent on the EM of large strainless cycles is small, as Kintra and Kinter 

will be affected in a similar manner. For these reasons, an intramolecular contact formed 

by binding motifs with flexible linkers typically has a specific EM which is largely insensitive 

to external factors. 

 

1.3.3 Non-covalent binding in multivalent constructs 

 Molecules functionalized with more than two self-complementary binding motifs have 

also been investigated. However, these are often poorly soluble as a result of network 

formation and most of such systems reported to date are not well-defined, leading to a 

mixture of products (see Chapter 3 and 4 for some exceptions).
49–52

 As an alternative, 

multivalent constructs can be functionalized with motifs that are unable to homodimerize. 

By exclusively using hetero-dimerizable motifs, the multivalent scaffold is limited to 

forming only intermolecular contacts (Figure 1.9). This greatly increases their solubility 

and is often used to enhance binding strengths or induce the clustering of receptor 

motifs.
53,54

   

                     

Figure 1.9 Schematic depiction of a multivalent construct functionalized with motifs that can only 

form heterodimers. Image from ref 18. 

 

 The binding events between multivalent constructs are governed by statistical factors 

(Figure 1.10).
55,16

 Increasing the valency of the receptor or ligand increases the statistical 

factor of the first, intermolecular, contact. As Kintra is usually much larger than Kinter, the 

subsequent intramolecular binding events are even more favorable. As a result, 

multivalent binding often proceeds via increasingly favorable binding events; a 

phenomena termed chelate cooperativity.
55
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Figure 1.10 Schematic depiction of model systems functionalized with varying amounts of hetero-

dimerizable motifs and their corresponding equilibria. Image based on ref 55 and 56.  

 

 In general, multivalent binding leads to stronger binding and sharper transitions 

between bound and unbound states.
16–19

 As a result, multivalency plays an important role 

in signal transduction and the regulation of cellular processes.
57,58

 

 

 

1.4  Control over reaction rates using non-covalent interactions 

 

For the correct functioning of chemical reaction networks it is vital that, besides non-

covalent interactions, as the covalent reactions that take place are regulated. In biological 

systems, such regulation is often facilitated by enzymes. It is well known that enzymes 

enhance the rate of specific reactions to biologically relevant time-scales and thereby also 

diminish the influence of unwanted processes. 

A significant influence of the enhanced reaction rates induced by enzymes are a result 

of non-covalent preorganization of the substrate in the active site of the enzyme.
59–61

 

Similar approaches have been used to control reactivity and selectivity in synthetic 

systems.
6
 An especially interesting example was reported by Reek et. al., who showed that 

hydrogen bonding between the active catalyst and a chiral co-factor created a chiral 

secondary coordination sphere for the substrate, resulting in enantioselective product 

formation (Figure 1.11).
62,63
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Figure 1.11The use of non-covalent interactions to pre-organize a substrate in a beneficial manner. 

Left: the preorganization of phosphotyrosine in the enzyme tyrosine kinase.
64

 Right: A synthetic 

catalyst-cofactor complex (orange-green), which preorganizes the substrate (grey) and thereby 

increases the enantioselectivity of the reaction. Image from ref 62. 

 

The use of enzymes also introduces a way to control reaction rates. Biochemical 

networks have evolved mechanisms which allow the output of a reaction to influence its 

own formation or that of a different component in the network (Figure 1.12). In this 

manner, the network is able to adapt to a varying input and can modify its output to the 

desired rate, thereby helping the cell to maintain homeostasis.
65,66

  

 
Figure 1.12 Schematic representation of enzyme regulation via positive and negative feedback. In 

this specific example, compound A gets converted into B, which can subsequently be converted into 

products E and G via additional enzyme catalyzed reactions. The positive feedback loop between D 

and enzyme 1 will promote the formation of B when D is present. In addition, the negative feedback 

loop between G and enzyme 5 will slow down the formation of E, F and G when G is present. As a 

result, this network is expect to initially form both D and G, but will later produce mainly D.  

 

 Feedback has also been introduced in synthetic systems. A common mechanism is 

based on autocatalysis. Here, the reaction product functions as a catalyst for the reaction 

and thereby gives rise to rate-acceleration.
67

 Autocatalytic reactions are often 
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characterized by sigmoidal kinetic curves and display a positive correlation between initial 

product concentration and reaction rate.
68

 A well-known example of an autocatalytic 

reaction is the acid catalyzed hydrolysis of an ester (Figure 1.13).  

 

                                          
Figure 1.13 The acid catalyzed hydrolysis of an ester produces additional acid, making the reaction 

autocatalytic. 

 

 A common method by which autocatalytic rate-acceleration has been introduced in 

synthetic systems is via templated self-replication (Figure 1.14).
67,69–79

 This mechanism is 

initiated by binding of a template (T) to substrates (A) and (B), thereby bringing their 

reactive groups in close proximity and promoting the reaction to take place. The resulting 

template dimer then dissociates, giving rise to two template molecules. While this 

mechanism can in theory give rise to an exponential growth in template concentration, 

this is usually not reached due to the contradictory requirements of forming a stable 

ternary complex [A•B•T] while at the same time the [T•T] dimer should be kinetically 

labile. Especially in more complex systems the autocatalytic nature of this mechanism is 

not always obvious, however, as the reaction is catalyzed by the template and additional 

template gets formed during the reaction, templated self-replication is generally 

considered autocatalytic.
67,69–78

  

 
Figure 1.14 Schematic depiction of templated self-replication, ideally leading to a quadratic increase 

in catalyst concentration. Image based on ref 69.  

 

 Certain autocatalytic systems also influence the chirality of the product. Such 

asymmetric autocatalytic systems form a chiral product which subsequently promotes the 

formation of additional product with the same chirality. As a result, asymmetric 
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autocatalytic systems are able to amplify a small enantiomeric excess. The most well-

known example of such mechanism is the Soai reaction (Figure 1.15).
80–82

  

 In a simplified mechanism, this reaction proceeds via the reaction of pyrimidine-5-

carbaldehyde 1 and diisopropylzinc, resulting in chiral catalyst 2. This catalyst 

subsequently converts any additional 1 into 2 with the same chirality. If a small 

enantiomeric excess of 2 is introduced at the start of the reaction, this mechanism can 

lead to the almost exclusive formation of the same enantiomer.  

 
Figure 1.15 Simplified mechanism of the Soai reaction, leading to chiral amplification.  Image based 

on ref 83.  
 

 A more detailed investigation of the Soai reaction has shown that non-covalent 

interactions play a dominant role in its enantioselectivity (Figure 1.16).
84–87

 The 

enantiomers of compound 2 have been shown to assemble into catalytically active 

homodimers 3 (RR or SS), and heterodimers (RS) that are largely inactive. The  

active homodimers 3 subsequently coordinate to diisopropylzinc resulting in 4 which 

isomerizes to the active catalyst 5. The active catalyst then binds substrate 1 to give 6. As a 

result of the chiral environment induced by the catalyst, the substrate gets prepositioned 

in such a manner that its alkylation results in the formation of additional homodimers 3 

with the same chirality as the catalyst 7-8.    

 As the fraction of the most dominant enantiomer increases throughout the reaction, it 

shifts the dynamic equilibrium between the different dimers of 2 towards those with the 

same handedness i.e., additional R shifts the equilibrium from SS and RS to RR dimers.
84,87

 

This mechanism, in which the product shifts the dynamic equilibrium between different 

(active) catalysts, resembles the system reported in Chapter 5 of this thesis.  
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Figure 1.16 The Soai reaction proceeds via complex aggregation mechanisms. The image only shows 

the cycle producing R-handed product, however, a similar cycle producing S-handed product is also 

active. Image from ref 86. 

 

 Some authors have distinguished between systems were the autocatalytic species is a 

single molecule or a larger aggregate.
78,88

 While it is not always possible to draw a clear 

distinction - in Soai’s reaction compound 2 is often considered the autocatalytic species 
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while the reaction proceeds via small aggregates thereof
85

 - there are systems in which 

aggregation plays a dominant role in the autocatalytic process.
89,90

 

 

                   
Figure 1.17 The mechanism of the autocatalytic growth of fibers consisting of peptide hexamers. The 

peptides assemble using disulfide bond formation, resulting in a dynamic mixture of macrocycles of 

different sizes. The hexameric macrocycles subsequently stack into fibers via a nucleation-elongation 

mechanism. Mechanical agitation of these fibers results in their breakage, thereby creating more 

nuclei for fiber growth and an exponential increase of hexameric cycles. Image from ref 91. 

 

   One interesting example of such a system has been reported by the Otto group, where 

the mechanically driven growth of one-dimensional fibers was extensively studied  

(Figure 1.17).
92

 Here, dithiols functionalized with a peptide side-chain were oxidized, 

resulting in a dynamic equilibrium of different sized disc-like structures. Interestingly, the 

hexameric macrocycles are able to stack into one-dimensional aggregates which display 

accelerated growth as a result of shaking. This phenomenon results from the mechanically 

induced breakage of the fibers, thereby exponentially increasing the number of chain ends 

from which new fibers can grow. As these fibers stabilize the hexameric macrocycles, and 

likely also template their formation, this leads to the autocatalytic growth of hexameric 

macrocycles.  In subsequent research, various types of peptides were mixed, leading to a 

system in which two sets of self-replicating macrocycles compete for the same building 

blocks.
91

 Over time, this system has been shown to transform from one set of replicators 

into a descendent second set and thereby mimics certain aspects of biological speciation.      

 While rate-acceleration in synthetic systems is usually achieved through autocatalytic 

mechanisms, nature often regulates reaction rates through autoinduction. Here, the 

product is not the catalyst itself but rather alters the activity of a separate catalyst e.g.¸ 

the regulation of enzyme activity via cofactor binding. An advantage of this approach is 

that also negative feedback can be achieved.  Due to the difficulties associated with 

designing stimuli responsive catalysts which produce their own regulator, synthetic 
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autoinductive reactions are still rare.
93,94

 An elegant example of an autoinductive reaction 

giving rise to negative feedback was however recently reported (Figure 1.18).
95

 Here, pre-

catalyst 1 is activated via chelation to zinc, producing the active catalyst 2. This catalyst 

then facilitates the formation of compound 6, which subsequently sequesters the zinc 

from the catalyst, leading to its deactivation. 

                                    
Figure 1.18 Mechanism of a negative feedback loop based on autoinduction. Image from ref 95. 

  

 In a rare example reported by the Otto group not the product but the substrate 

influenced the activity of the catalyst (Figure 1.19).
96

 It was shown that the substrate and 

transition state of an aza-Cope rearrangement acts as template for the assembly of the 

active catalyst from a dynamic combinatorial library. After consumption of the substrate, 

the catalyst disassembled again. Using such a mechanism one set of pre-catalysts could 

potentially be used to catalyze a variety of reactions, depending on the substrates added. 

 

 
Figure 1.19 Schematic depiction of the reported transient substrate-induced catalyst formation. 

Image from ref 96. 
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1.5  The ureidopyrimidinone: a suitable motif for the construction of chemical 

reaction networks 

 Due to the important role that multivalent binding and regulatory catalysts play in 

biochemical reaction networks, it is necessery that the building blocks used to create 

synthetic chemical networks are able to display such behaviour. Ideally, such building 

blocks would be 1) well studied and easily synthesized, 2) easily characterized, 3) able to 

interact with identical and/or other motifs, and 4) catalytically activity. A motif that 

matches these criteria is the ureidopyrimidinone (UPy) (Figure 1.20). As a result of 

quadruple hydrogen bonding, this molecule can form homodimers with a high 

dimerization constant (lifetime = 0.12 sec, Kdim = 6×10
7
 M

-1
 at 300 K in CDCl3).

97
   

 Since its discovery by Sijbesma, Meijer and co-workers in 1997,
98

 the UPy motif has 

become one of the most intensively studied supramolecular motifs reported in literature. 

The influence of different side-groups has been extensively studied,
40,99–102

 protecting 

groups have been devised,
103,104

 and applications in biomaterials,
4,105

 self-healing 

polymers,
106,107

 and stimuli-responsive materials
108–110

 have been developed. 

 
Figure 1.20 The self-complementary ureidopyrimidinone (UPy) motif and UPy complementary  

2,7-diamido-1,8-naphthyridine (NaPy). Note that NaPy does not form stable dimers in CDCl3 and UPy 

is present in different tautomeric forms depending on whether it is bound to another UPy  

(Kdim = 6×10
7
 M

-1
 in CDCl3)

97
 or NaPy (KUPy-NaPy ≈ 10

6
 M

-1
 in CDCl3, depending on the NaPy used).  

 

 Furthermore, it has been shown that, after tautomerization, UPy can bind to the  

2,7-diamido-1,8-naphthyridine (NaPy) motif (KUPy-NaPy ≈ 5×10
6
 M

-1
 in CDCl3),

111
 which is 

unable to form stable homodimers in CDCl3. In addition, UPy and NaPy are able to act as 

phase-transfer-catalyst in the K2CO3 catalyzed Michael addition and their activity can be 

regulated via the UPy-NaPy equilibrium (see Chapter 4 and 5 of this thesis).  

 The solution behaviour of UPys has been predominantly studied in chloroform, as in 

this solvent UPys typically have an excellent solubility and are almost exclusively present 

in the stronger binding keto tautomer.
97

 Analysis of these solutions is generally performed 

using 
1
H NMR spectroscopy, as this is one of the few techniques capable of providing 

quantitative information on the often complex equilibria formed by UPy and other 

components in chloroform.  
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1.6  Aim and outline  

 

 Non-covalent interactions are of great importance in natural biochemical systems. 

They play an especially important role in the regulation of reaction kinetics, where 

feedback mechanisms based on dynamic interactions are used to regulate cellular 

processes and maintain homeostasis. To better understand such regulatory mechanisms, 

knowledge of the fundamental processes governing these systems is essential.  

Therefore, the aim of this thesis is to mimic basic functions of biochemical reaction 

networks using purely synthetic supramolecular constructs. We especially focus on 

developing means to study and influence complex non-covalent equilibria and using these 

to regulate reaction rates. As our supramolecular building blocks we have chosen the self-

complementary quadruple hydrogen bonding ureidopyrimidinone (UPy) motif and the UPy 

complementary 2,7-diamido-1,8-naphthyridine (NaPy) motif, as these are well studied, 

catalytically active and relatively easily functionalized. In order to obtain additional insight 

into our experimental findings we have corroborated our results by detailed 

computational modelling, mostly performed by Tim Paffen. 

 In Chapter 2 we investigate the use of physical stimuli to influence assembly pathways. 

We studied the stimuli-induced gelation of a ditopic UPy compound and show that a 

kinetic trap, resulting from an intramolecular hydrogen bond, prevents stacking of 

polymers formed by this UPy, which in turn prevents gelation of solutions of this 

compound. Certain stimuli, such as mechanical agitation, sonication and freezing the 

solvent, disrupt this kinetic trap and thereby lead to gelation of the solution.   

 As an alternative to physical stimuli, Chapter 3 describes the use of a small molecule to 

influence the equilibrium between multiple aggregated species. The competition between 

various non-covalent interactions in a C2v-symmetrical tritopic UPy is investigated. As a 

result of its symmetry, this compound can form two mutually exclusive types of 

intramolecular cycles. With the help of reference compounds and detailed computational 

modelling, the outcome of these competing interactions is studied and it is shown that the 

equilibrium between both cycles can be regulated using the binding of an external ligand 

(NaPy). 

 In Chapter 4 we turn our attention to regulation of catalytic systems. We investigate 

the ability of 2,7-diamido-1,8-naphthyridine (NaPy) to complex K2CO3 and thereby act as 

phase-transfer-catalyst for the K2CO3 catalyzed Michael addition. Different salts and 

substrates are tested and it is shown that NaPy catalysis can be inhibited via the addition 

of UPy. It is shown that the equilibria between multivalent UPys and NaPy lead to a 

buffering of the free NaPy concentration over a broad total concentration range. Since 

only free NaPy is catalytically active, this also results in buffering of the turn-over-

frequency of the NaPy catalyst Michael addition. 
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 Subsequently, Chapter 5 shows that, besides NaPy, also certain UPys can act as phase-

transfer-catalyst for the Michael addition. While NaPy gives typical bimolecular kinetics, 

the UPy is shown to display autocatalytic, sigmoidal kinetics. The non-covalent 

interactions between UPy and NaPy are used to precisely tune reaction kinetics so as to 

mimic a 0
th

 order reaction.  

 In Chapter 6 we expand our toolbox of covalent and non-covalent chemistry to also 

include mechanically interlocked bonds. Such mechanical bonds are common in nature 

and have formed the basis for various synthetic molecular switches. Inspired by these 

examples, we set out to synthesize a [2]catenane i.e., a molecule composed of two 

mechanically interlocked cycles, functionalized with a UPy in each cycle.   
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Mechanically-induced gelation of a kinetically trapped 

supramolecular polymer 

 

 

 

Abstract: The stimuli-induced gelation of a urethane functionalized ditopic 

ureidopyrimidinone (UPy) compound is presented and the mechanism by which the 

gelation proceeds is proposed. In a 40 - 120 mM solution in chloroform, the compound 

can exist in two different aggregated states, namely a low viscous mixture of (cyclic) 

oligomers or a fibrous gel. As evidenced by IR, NMR and WAXS, the liquid state is stabilized 

by hydrogen bonds between the UPy and the back-folded chain, while the fibrous gel is 

stabilized by lateral hydrogen bonds within stacked UPy-dimers. Controlled preparation 

techniques allow for pathway selection to arrive at one of both states. The remarkable 

long-term stability of the low viscous state (over 2 months for a 80 mM solution) is in 

contrast to the fast transformation into a gel by stirring in a few hours. Other mechanical 

stimuli like shaking, sonicating, and stirring for a shorter period, as well as freezing and 

thawing the solution, yield stable, but weaker gels than those obtained by long stirring. 

Heating the gels followed by slow cooling reversibly yields the non-viscous solution in all 

cases. This shows that the formation of UPy-urethane hydrogen bonds kinetically traps the 

UPy polymers, thereby preventing their lateral aggregation. The application of mechanical 

stress or freezing disrupts this interaction, allowing for the formation of a stacked nucleus 

on which further material can grow, eventually leading to gelation of the solution. 

 

 

 

Part of this work has been published:  

Abraham J. P. Teunissen, Marko M. L. Nieuwenhuizen, Fransico Rodríguez-Llansola, Anja R. 

A. Palmans, E.W. Meijer Macromolecules 2014, 47, 8429-8436. 
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2.1  Introduction 

 External stimuli such as temperature, pH or light are widely used to influence material 

properties.
1–3

 Particularly interesting is the use of mechanical forces such as: the aligning 

of polymeric chains by stretching,
4
 inducing symmetry breaking by stirring a solution 

during crystallization,
5,6

 influencing the charge transport properties of semi-conductors by 

shear stress during fabrication
7
 and the shear induced gelation of a mixture of telechelic 

polymers.
8
 The behaviour of supramolecular systems is sensitive to external stimuli as 

well, and many elegant examples using a variety of external stimuli have been 

presented.
9–16

 

 An intriguing research area is the switching of non-aggregated precursors into 

aggregated structures to induce gel formation. Examples of gelation induced by stirring or 

shaking often make use of colloidal suspensions.
17,18

 Moreover, the shear induced 

formation of a copper metallogel
19

 and the gelation of a small organic compound under 

the influence of shaking
20

 have been observed in synthetic molecular systems. Especially 

interesting are system where different thermo-, chemo- and mechanical stimuli lead to 

gels of different strength.
21,22

 Frequently, gelation is initiated by disruption of an 

intramolecular interaction, allowing the formation of a nucleus on which further material 

can grow.
23

 In many cases, however, the exact underlying mechanisms are not well 

understood. Previously, our group reported on the autoregulatory behaviour of a 

urethane functionalized ditopic ureidopyrimidinone (urethane-UPy) compound  1 (Figure 

2.1A) on the catalytic activity of 2,7-diamido-1,8-naphthyridine in a Michael addition.
24,25

 

During the course of these investigations, we discovered that solutions of compound 1 in 

CHCl3 became thixotropic under the influence of mechanical agitation or freezing. 

Preliminary molecular modelling studies (Figure 2.1B), suggested that this observation can 

be related to the presence of an intramolecular UPy-urethane hydrogen bond in 

monomeric 1.  

             

                     

Figure 2.1 A Molecular structures of 1 and 2. B Minimized conformation of a monomeric cycle of 1. 

 Here, we report our detailed studies on the stimuli-induced gelation of urethane-UPy 

1, with the aim to understand the mechanism by which the gelation proceeds. As a 
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reference, we studied ester-UPy 2, which lacks the urethanes and, as a result, also the 

ability to form a similar intramolecular hydrogen bond. Remarkably, the application of 

different types of stimuli on solutions of 1 (temperature or mechanical forces) results in 

different outcomes: either a non-viscous solution or gels of different strengths (Figure 

2.2). The different states of 1 were studied with a combination of NMR, IR, rheology and 

WAXS, which reveal that a UPy-urethane hydrogen bond is present in solution, but is 

absent in the gel. Based on these results, we propose a mechanism that rationalises the 

mechanically and temperature induced gelation.  

 

 

2.2  Results and discussion  

2.2.1 Synthesis of UPy 2  

 The synthesis of UPy 2 starts by Boc protecting 8-aminooctanoic acid, resulting in 4. 

Subsequently, 1,12-dodecanediol was quantitatively coupled to two molecules of 4 using 

Novozyme 435. The resulting diBoc protected 5 was deprotected using TFA yielding 6 after 

which the UPy moieties were introduced by coupling to CDI activated isocytosine 7, 

affording UPy 2 in an overall yield of 37 %. UPy 1 was synthesized according to literature 

procedure.
24 

 

Scheme 2.1 Synthetic route for compound 2. Reagents and conditions: i) DCM, H2O, NaOH,  

di-tert-butyl dicarbonate, RT; ii) hexane, Novozyme 435, 70 ˚C, 800 mbar; iii) DCM, TFA, RT; iv) 

DMSO, 80 ˚C; v) DMF, triethylamine, RT.  
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2.2.2 Gelation studies  

 Dissolution of either 1 or 2 in hot CHCl3 resulted in non-viscous solutions after slow 

cooling. While solutions of 2 never showed an increase in viscosity in the concentrations 

we examined (1 - 150 mM), solutions of 1 could be converted into gels of different 

strength depending on the type of stimulus applied. Figure 2.2 summarizes different 

preparation methods (slow cooling by standing under ambient conditions, quickly freezing 

a hot solution in liquid N2 and the application of different mechanical forces) and how 

these affect the material properties of 1 in chloroform. 

 

Figure 2.2 Influence of external stimuli on the self-assembly of 1 in CHCl3. Slowly cooling the hot 

solution results in a non-viscous liquid. Shaking or sonicating for any period of time, or stirring for up 

to 30 minutes results in a transparent, weak gel. A similar weak gel is obtained by quickly freezing 

the solution in liquid N2. The weak gels formed by any of these procedures can be converted into non-

transparent stronger gels by stirring for an extended period of time (+/- 3 hours). UPy groups are 

represented by blue squares while red squares represent the urethane groups. Cyclic structures have 

been omitted for clarity from the cartoon. 

 The different methods of mechanically agitating solutions of 1 (40 - 120 mM in 

chloroform) yielded gels that differ in appearance and mechanical properties. A 

transparent, weak gel is obtained after roughly 10 hours as a result of shaking or 

sonication for several seconds, as well as stirring for a short period of time (< 30 min). In 

contrast, a much more rigid, non-transparent strong gel is formed directly by stirring for 

an extended period of time (≈ 3 hours). Both the weak and the strong gel showed no 

visible change for extended periods of time (> 1 month for 80 mM gels). Stable low viscous 

solutions (> 2 months for an 80 mM solution) were reobtained upon heating the samples 

above 50 ˚C, followed by slow cooling. These solutions can be reconverted into weak or 

strong gels upon agitation, showing that the processes are fully reversible.  

 Surprisingly, not only mechanical agitation caused gelation of the solutions. Freezing 

the hot solution by immersion in liquid N2 resulted in the formation of a transparent weak 
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gel immediately after thawing of the solvent. The gels formed via this approach were 

similar in appearance as those formed by shaking and sonication. Although the viscosity 

and rate of formation were visibly lower, weak gels could also be formed by seeding a 

solution of 1 (40 mM) with gel of (equal) concentration. This shows that the formation of 

the gels is driven by a nucleated growth mechanism, a phenomenon recently used to 

create living supramolecular polymerization.
26,27

 Although continued stirring is the only 

preparation method that results in the formation of opaque strong gels, it should be noted 

that also the formation of the weak transparent gels is a gradual process, and the kind and 

duration of the applied stimuli influences their eventual strength. Samples containing 

urethane-UPy 1 at concentrations of  c = 40 and 80 mM in other solvents such as 

tetrahydrofuran, dichloromethane, dichloroethane, toluene, or 1,2-dichlorobenzene did 

not gelate under the influence of stirring, likely as a result of the poor solubility of 1 in 

these solvents. 

2.2.3 The liquid state obtained after slow cooling   

  The stability of the monomeric cycles of 1 and 2 was studied by determining their 

effective molarities (EMs), defined as Kintra/Kinter.
28

 For both compounds, concentration 

dependent 
1
H NMR spectra were taken and the concentration dependent splitting of UPy-

NH proton Hd was analyzed (Figure 2.1 and 2.3A). The plateau value reached for the 

concentration of the cyclic species is indicative for their EM (Figure 2.3B).
28
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Figure 2.3 A Concentration dependent splitting of the signal associated with proton Hd of 2, showing 

the changing ratio between cyclic and linear species. B Concentration of monomeric cycles of 1 and 2  

versus the total concentration. The position of the plateau that is reached equals the effective 

molarity of the monomeric cycle formed by 1 and 2 i.e, 8.5 and 5.8 mM respectively. 

 The value derived for the EM of the monomeric cycle of ester functionalized UPy 2 

equals ≈ 5.8 mM, in contrast, analysis of urethane functionalized UPy 1 reveals a higher 

value of ≈ 8.5 mM. These results suggest that the monomeric cycles formed by 1 are 

stabilized by an additional intramolecular interaction. Preliminary molecular modeling 
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studies suggest an intramolecular UPy-urethane hydrogen bond in the monomeric cycles 

of 1 (Figure 2.1). In order to experimentally verify the presence of this interaction, 

DPFGSE-NOESY was performed on a 2.5 mM sample of 1 (Figure 2.4A). This concentration 

is significantly lower than the EM (8.5 mM) and the solution will therefore contain 

predominantly monomeric cycles.  

 This experiment revealed a NOE contact between urethane proton Hi and the 

alkylidene UPy proton Ha, confirming that the intramolecular UPy-urethane hydrogen 

bond is indeed present. In fact, a very similar UPy-urethane interaction has been reported 

for the crystal structure of the dimeric cycle of a related UPy compound.
29 

 

 

Figure 2.4 Selective excitation experiments on signal I in UPy 1. Upper frame: NOESY on the 2.5 mM 

solution, mixing time = 1000 ms. Middle frame: ROESY on the 60 mM solution, mixing time = 600 ms, 

spinning speed = 2000 rpm. Lower frame: ROESY on the 60 mM gel, mixing time = 600 ms, spinning 

speed = 2350 rpm. The absence of signal A strongly suggests that there is no interaction between 

protons Ha and Hi in the gel, while this is the case in the cycles and linear polymers in solution. 
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2.2.4 Disrupting the intramolecular UPy-urethane hydrogen bonds  

 The material properties of most UPy derivatives reported to date are the result of a 

hierarchical assembly process consisting of the dimerization of UPy moieties into 

polymers, lateral stacking of these polymers via hydrogen bonds formed between 

urethane or urea groups, and lastly bundling of these stacks into nanofibers (Figure 2.5).
30

    

    

Figure 2.5 A Typical assembly process of ditopic UPy compounds functionalized with urethane or 

urea moieties. UPy dimerization results in the formation of linear polymers. Stacking of these dimers, 

stabilized by hydrogen bonding between urethane or urea moieties, results in the formation of 

stacks. Clustering of these stacks results in nanofibers, giving rise to increased material properties. B 

Representation of the UPy stacks with the intermolecular urethane hydrogen bonds present (not the 

result of a simulation). 

 In most cases of mechanically induced gelation described in literature, an 

intramolecular interaction prevents the molecule from forming supramolecular polymers. 

The application of mechanical force results in breakage of this interaction, allowing for the 

growth of nuclei which initiate further aggregation.
23

 As described above, such an 

interaction is indeed present in the majority of the cyclic species formed by 1. This UPy-

urethane interaction might be strong enough to prevent the ring from opening and thus 

prevent polymerization and eventually gelation of the solution. However, at the 

concentrations at which the mechanically induced gels are formed (40 - 120 mM for both 

the weak and strong gels), the combined cyclic species make up only a small fraction of 

the solution (≈ 20 % for the 100 mM solution), while the rest of the material is present as 

linear chains. As a result, it is unlikely that the cyclic species are the (only) cause of the 

stimuli-induced gelation.   

 The above analysis prompted us to hypothesize that a similar UPy-urethane interaction 

as observed in the cyclic species would also be present in the linear polymers (Figure 2.6). 

This would occupy the urethane NH and as thus prohibit the formation of lateral 

urethane-urethane interactions, shown to be vital for the formation of stable UPy 

stacks
23,24 

and in good agreement with the fact that ester functionalized 2 is unable to 

form gels. 
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Figure 2.6 Representation of the proposed UPy-urethane interaction in the linear species (not the 

result of a simulation).  

 If our hypothesis is correct, the UPy-urethane hydrogen bonds would be present in the 

linear species in solution, but absent in the gel. To verify this, DPFGSE-ROESY 

measurements were performed on the linear species in a 60 mM solution of 1, and on all 

species in the corresponding strong gel, which was made by stirring the solution for 3 

hours. For proper comparison both measurements were performed on a magic-angle-

spinning set-up. The result of the measurements on the linear species in solution revealed 

a very similar NOE contact as was observed for the cyclic species in the 2.5 mM sample 

(Figure 2.4B). In contrast, the measurements performed on the strong gel did not show a 

NOE contact between proton Hi and Ha (Figure 2.4C).  

 Additional investigation of c = 2.5 mM and c = 60 mM slowly cooled solutions of 1 by IR 

spectroscopy revealed two N-H stretch bands at ṽ = 3450 cm
-1

 and 3220 cm
-1

, of which the 

3450 cm
-1

 vibration can be attributed to a non-hydrogen bonded urethane (Figure 2.7).
31,32

 

The  value of 3220 cm
-1

, assigned to hydrogen bonded urethanes, is low compared to the 

value of 3300 cm
-1

 typically found in polyurethanes.
31,32 

This may be caused by the fact 

that the urethane group in our system acts only as a hydrogen bond donor (the C=O part 

of the urethane is not participating in any hydrogen bonds). In contrast, IR studies on the 

strong gel formed by extended stirring, showed the absence of both peaks and the 

appearance of a new N-H peak at ν = 3319 cm
-1

, which can be attributed to the formation 

of lateral urethane-urethane hydrogen bonds.
31,32
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Figure 2.7 Zoom of FT-IR spectra of 1 in CHCl3 (rescaled for clarity). Liquid samples were measured in 

solution with a cell thickness of 0.05 cm. The strong gel was measured in ATR mode. The spike at  

3050 cm
-1

 is an artefact resulting from the absorption of the sample holder. 

 According to Painter et al., three different signals corresponding to urethane C=O 

stretch vibrations can be observed.
32

  A signal corresponding to a non-hydrogen bonded 

C=O at ṽ = 1721 cm
-1

, a disorderly bound C=O at ṽ = 1699 cm
-1

 and an orderly bound C=O 

at ṽ = 1684 cm
-1

. As shown in Figure 2.7, signals corresponding to a free and disorderedly 

hydrogen bonded urethane are observed for the c = 2.5 and c = 60 mM solutions, in 

agreement with the observations in the N-H regime. Similar as in the N-H regime, the free 

C=O band is absent in the strong gel while a band for the ordered state has emerged. It 

should be noted that a signal corresponding to the disorderly bound C=O band is also still 

present. While this can originate from disordered sections of the gel, it is also the position 

of the C=O vibration in the “urea” part of the UPy moiety.
31,33 

Similar measurements were 

also performed for the weak gel, formed by sonication or stirring for 10 minutes. These 

samples revealed identical NMR and IR spectra as observed for the solution. This suggests 

that only a very small fraction of the linear UPy polymers is stacked, in good agreement 

with the low strength of this gel. In order to investigate if the strong gel formed by 1 

indeed comprises bundles of stacked polymers, WAXS was performed on the dried gel  

(80 mM, Figure 2.8). As a reference, compounds with urethane-urethane linker lengths of 

C8 and C16 instead of C12 were synthesized according to literature procedure, and 

measured as well.
23

 The results revealed signals which have previously been attributed to 

inter-chain distances in polyurethanes, inter-dimer UPy-UPy distances and stack-stack 

distances in UPy nanofibers (Table 1). Hence, evidence is presented to support the 

proposed structure of the gel as presented in Figure 2.5.  
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Figure 2.8 Result of WAXS measurements on dried gels of 1 with a C12 spacer and similar compounds 

with C8 and C16 spacers between the urethanes. The sharp signal at 1.5 Å
-1

 is an artifact of the WAXS 

apparatus.  

 

Table 2.1 Assignment of the signals observed for WAXS measurements performed on the 

molecule with a C12 spacer (i.e. UPy 1).  

 

 In order to study the gels directly (i.e. without drying), polarized optical microscopy 

(POM) was used to characterize a weak gel made by sonication and strong gel made by 

stirring (c = 60 mM, Figure 2.9).   

Peak Associated Distance Assignment 

A 27 Å Attributed to the total length of the UPy-UPy linker 

B 13 Å Attributed to the in-chain urethane-urethane distance 

C 10.5 Å Similar as reported for UPy stack-stack distances
34 

D 8.0 Å Corresponds to UPy-urethane distance 

E 5.0 Å 
Similar as reported for urethane-urethane hydrogen 
bond distances in a polyurethane

35 
F 4.5 Å Similar as reported for UPy stack-stack distances

34 

G 3.5 Å 
Similar as reported for benzene and naphthalene pi-pi 
stacking

36 
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Figure 2.9 Polarized optical microscopy pictures of a weak gel made by sonication for 10 minutes and 

a strong gel made by stirring for 3 hours (c = 60 mM). Both gels were allowed to equilibrate for 24 

hours before analysis. Magnification is 4x, scale bar = 0.2 mm.   

 

 POM analysis revealed that the weak gel does contain some birefringent sections but is 

generally very unordered and heterogeneous. In contrast, the strong gel is not 

birefringent at all, but appears much more homogenous. This suggests that the continued 

shear stress applied by extended stirring allows the heterogonous sections of the weak gel 

to reform in a more ordered and dense network, very similar as has been reported in 

literature.
21

         

 

2.2.5 Mechanical properties of the strong gel       

 With the molecular structure of the gels understood, we focused on studying their 

material properties using oscillatory rheology. The fragile structure of the weak gel 

prevented us from obtaining reproducible results. Therefore, further experiments were 

performed on a strong gel, formed by stirring a 80 mM solution of 1 in chloroform for 3 

hours. The thixotropic nature of the gel was examined by alternating between low (1 %) 

and high (100 %) strain. The gel heals partly in ≈ 40 seconds and this process is repeatable 

(Figure 2.10). The slow drift in G’ and G’’ is attributed to incomplete healing of the gel 

and/or evaporation of the solvent, leading to shrinkage of the gel and a reduced contact 

area with the set-up. In addition, frequency sweep measurements (ω = 0.5 – 100 rad/s,  γ 

= 1 %) revealed that the storage modulus is larger than the loss modulus over the 

complete range of the experiment, showing the elastic properties of the gel. Strain sweep 

experiments showed that the cross-over point lies at a strain of 12 % (ω = 1 rad/s). 
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Figure 2.10 A Thixotropic properties of the strong gel of 1 in CDCl3 formed by stirring for 3 hours and 

a resting period of 2 hours. The measurement was performed using a 25 mm parallel plate set-up, 

consisting of strains of: 10 s 1 %; 20 s 100 %; 200 s 1%; 20 s 200 %; 200 s 1 %. ω  = 1 rad/s. B 

Frequency sweep measurement of 1 obtained with a strain of γ = 1 %. C Strain sweep measurement 

of 1, obtained with a frequency of ω = 1 rad/s. The peak in the loss modulus is likely related to the 

exchange rate of the UPy-UPy bonds, which takes place on similar timescales.
37 

The concentration of 

all samples was 80 mM. The measurements in B and C were performed in duplo after loading of a 

fresh sample.  

2.2.6 Proposed mechanism for the gelation of UPy 1  

 The results presented herein indicate that a UPy-urethane interaction is present in 

both cyclic and linear species in solution, but is absent in the strong gel. This interaction 

most likely kinetically traps urethane-UPy 1, thereby preventing the formation of lateral 

aggregates, necessary for gelation.
30,38

  This might partly be the result of sterical hindrance 

as a result of back-folding of the polymeric chain, but more likely it arises from occupation 

of the urethane moieties in the UPy-urethane hydrogen bonds.   

 One mechanism for the gelation that we considered is the mechanically induced 

breakage of laterally stacked UPy aggregates. This would lead to a large increase in the 

number of aggregates, which could act as nuclei for further aggregation. However, as 

mentioned above it is unlikely that many lateral aggregates are formed while the UPy-

urethane hydrogen bonds are present in the cyclic structures or supramolecular polymers. 
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Furthermore, if the above mechanism is correct, it would effectively lead to a 

multiplication of similar structures and would therefore not explain the absence of the 

UPy-urethane interaction in the gel as shown by NOESY and FT-IR. Therefore, another 

mechanism is operative for the initiation of the gelation process.  

 It is more likely that the linear structures in solution are initially non-stacked one-

dimensional polymers. Stretching or breaking the linear polymer by the applied 

mechanical stress likely results in breakage of the UPy-urethane interactions. In turn, the 

loss of this interaction allows for the formation of a nucleus containing stacked UPy 

dimers, stabilized by urethane-urethane hydrogen bonds. This nucleus then induces the 

growth of larger structures, eventually leading to the mechanically induced gelation of the 

solution. The fact that only continued stirring leads to the formation of the strong gel can 

be explained by a higher degree of physical crosslinks. This not only leads to a stronger gel, 

but also to larger aggregates, explaining the opaque appearance of this gel. In other 

words, due to the high viscosity the weak gel is also a kinetically trapped structure on its 

way to a strong gel.  

 The formation of weak gels as a result of quenching has been reported before,
16

 where 

the low mechanical strength of the gel was attributed to the formation of many nucleation 

sites as a result of the fast cooling, thereby leading to large amorphous sections. This is a 

very plausible explanation for the weak material properties of our gel as well. In contrast 

to the reported system, our system does not gelate as a result of cooling to room 

temperature, suggesting that nucleation only takes place at or around the melting point of 

chloroform. Fast cooling the hot or ambient solutions by immersing in ice-water or cold 

chloroform (T = -45 ˚C), did not result in gelation, similar as removal of the vial from the 

liquid nitrogen before freezing of the solvent had occurred. Therefore, it is likely that the 

freezing of chloroform is responsible for the observed gelation. If the solid chloroform 

indeed acts as nucleus for the gelation, the large number of nuclei formed via this 

approach might also explain why the gelation as a result of cooling proceeds in several 

minutes, instead of the hours necessary for gelation by mechanical agitation. Another 

plausible explanation is related to the large increase in the dielectric constant of 

chloroform as a result of the decrease in temperature.
39,40

 It is possible that at a 

temperature close to its freezing point, the polarity of the solvent increases to a point 

where the solubility of 1 is strongly decreased, thereby inducing gel formation.   
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2.3  Conclusions 

 

 At low concentrations, ditopic UPy 1 forms a variety of different cyclic species in slowly 

cooled solutions, primary comprising different conformations of monomeric and dimeric 

cycles. NOESY and FT-IR data show that the majority of these cycles are stabilized by an 

intramolecular UPy-urethane hydrogen bond. A very similar interaction is also observed in 

the linear polymers formed at higher concentration. As observed by WAXS, NOESY, ROESY 

and FT-IR, the application of mechanical force results in the formation of a gel made of 

fibres of stacked UPy dimers, with the UPy-urethane interaction no longer present. These 

results show that the UPy-urethane hydrogen bonds kinetically trap the compound, while 

mechanical force disrupts these interactions, allowing for the formation of a stacked 

nucleus on which larger structures can grow, eventually leading to gelation of the solution. 

Fast cooling of the solutions results in gelation even when no mechanical stress is applied. 

Experimental observations show that this phenomenon only happens when the solvent is 

(nearly) frozen. Likely explanations are therefore either a nucleation process initiated by 

the solid solvent, or gelation as a result of the increase in the dielectric constant of the 

solvent due to the decrease in temperature. The work presented here provides more 

insight into the influence of mechanical stresses on supramolecular systems. Furthermore, 

controlled nucleation phenomena as described here form an important prerequisite for 

the creation of living supramolecular polymerizations, this work will therefore aid in the 

development of such systems.   

 

2.4  Experimental section  

2.4.1 Materials and methods  

 All used solvents were of analytical grade, all chemicals were purchased from Sigma 

Aldrich and used without further purification. Immobilized Candida Antarctica Lipase B 

(Novozyme 435) was obtained from Novozymes A/S. Unless noted otherwise all 

measurements were performed in chloroform and all gels were made by the following 

procedure: the compound was suspended in 1 ml of chloroform in a 32 x 11.6 mm vial; 

this was heated until the compound was completely dissolved and then allowed to cool to 

room temperature. The obtained solution was then stirred for 3 hours at 900 rpm using a 

6 x 1 mm stirring bar, followed by a resting time of at least 2 hours. Deconvolution of NMR 

spectra was performed using MestreNova software version 7.1.1-9649. Data processing 

was performed using VNMRJ.3.2.a software. All non-pulse field gradient 
1
H and 

13
C NMR 

spectra were recorded on a Varian Mercury 400 MHz NMR, while all pulse field gradient 

measurements (i.e. NOE/ROE) were recorded on a 500 MHz Varian Unit Inova. All NMR 

measurements were conducted at 25 ˚C. Polarized optical microscopy (POM) was 

performed on a Sondag Optische Instrumenten microscope. Simulations were performed 



 

 

             Mechanically-induced gelation of a kinetically trapped supramolecular polymer 

 

- 37 - 

 

using Maestro software version 9.4, the structures were minimized using an AMBER force 

field in chloroform, hydrogen bonding atoms were connected using flexible constrains. All 

infrared measurements were performed on a Perkin Elmer FT-IR Spectrum Two apparatus. 

While the gel was measured in ATR mode, the liquid (CHCl3) samples were measured using 

a 0.05 mm NaCl cell. Rheology measurements were performed on a Anton Paar Physica 

MCR 501 apparatus, using a 25 mm parallel plate setup (PP25). To minimize evaporation 

of solvent, the measurements were performed at 10 ˚C in a solvent saturated atmosphere. 

Since evaporating seemed most significant during loading of the sample, the gels were 

prepared using a 2 ml sample in a 45 x 27 mm vial for easy transfer. Strong gels for X-ray 

measurements were dried via a gentle air flow (c = 80 mM). The X-ray measurements 

were performed on a Ganesha lab instrument equipped with a GeniX-Cu ultra-low 

divergence source producing X-ray photons with a wavelength of 1.54 Å and a flux of 

1x10
8
 ph/s. Scattering patterns were collected using a Pilatus 300K silicon detector with 

487 x 619 pixels of 172 μm
2
 in size, at a sample-to detector distance of 350 mm. The beam 

center and the q range were calibrated using the diffraction peaks of silver behenate. The 

samples were measured in-between mica plates. While the large increase in concentration 

during drying does not seem to affect the strong gels, the weak gels immediately turned 

into non-transparent gels with similar appearance as the strong gels, for this reason they 

were not further analyzed using WAXS. 

2.4.2 Synthetic procedures and characterization  

8-((tert-Butoxycarbonyl)amino)octanoic acid (4)  

8-Aminooctanoic acid (3.0 g, 18.8 mmol) was dissolved in a mixture of DCM (5 mL) and 

water (5 mL). NaOH (1.5 g, 37.5 mmol) was added and the solution was cooled to 0 ˚C. A 

solution of di-tert-butyl dicarbonate (4.1 g, 18.8 mmol) in DCM (20 mL) was slowly added 

and the reaction mixture was stirred for 24 hours at room temperature. The solution was 

acidified using conc. HCl (3 mL) and the aqueous phase was extracted with DCM (2 x 40 

mL). The combined organic phases were dried using MgSO4 and the solvent was removed 

under vacuum to yield the product as a white solid. Yield = 2.32 g, 8.97 mmol. ɳ = 47.6 %. 
1
H NMR (400MHz, CDCl3) δ: 9.2 (1H, bs, COOH), 4.54 (1H, s, NH), 3.09 (2H, m, NH-CH2), 

2.33 (2H, t, CO-CH2), 1.66 (2H, NH-CH2-CH2), 1.44 (11H, m, CH3, CH2), 1.32 (6H, m, CH2). 
13

C 

NMR (100 MHz, CDCl3) δ: 179.12, 155.99, 79.10, 40.53, 33.95, 29.93, 28.92, 28.40, 26.53, 

24.58. MALDI-TOF-MS: Mass calc. 259.18 g/mol, Mass found 282.27 g/mol [M+Na
+
].  

 
 

Dodecane-1,12-diyl bis(8-((tert-butoxycarbonyl)amino)octanoate) (5)  

8-((tert-Butoxycarbonyl)amino)octanoic acid (142 mg, 0.548 mmol) and dodecane-1,12-

diol (55 mg, 0.272 mmol) were dissolved in hexane (5 mL) and Novozym 435 beads (15 

mg) were added. The solution was put on a rotary evaporator and gently rotated for 3 

hours at 70 ˚C at a pressure of 800 mbar. When necessary, extra hexane was added. The 



Chapter 2 

 

- 38 - 

 

solution was cooled down, hexane (20 mL) was added and the enzyme beads were filtered 

off and rinsed with additional hexane. The solvent was evaporated under vacuum to yield 

the desired compound as a white solid. Yield = 185 mg, 0.27 mmol. ɳ = 99.0 %. 
1
H NMR 

(400MHz, CDCl3) δ: 4.48 (2H, bs, NH), 4.05 (4H, t, O-CH2), 3.11 (4H, m, N-CH2), 1.62 (8H, m, 

CH2), 1.44 (22H, m, CH3, CH2), 1.31 (32H, m, CH2). 
13

C NMR (100 MHz, CDCl3) δ: 173.89, 

155.97, 79.02, 64.41, 40.52, 34.31, 30.00, 29.53, 29.50, 29.24, 29.03, 28.91, 28.64, 28.42, 

26.60, 25.91, 24.88. MALDI-TOF-MS: Mass calc. 684.53 g/mol, Mass found 707.53 g/mol 

[M+Na
+
].  

 

8,8'-(Dodecane-1,12-diylbis(oxy))bis(8-oxooctan-1-aminium) 2,2,2-trifluoroacetate (6) 

Dodecane-1,12-diyl bis(8-((tert-butoxycarbonyl)amino)octanoate) (193 mg, 0.28 mmol) 

was dissolved in a solution of 30 % TFA in DCM (10 mL total). The mixture was stirred at 

room temperature for 3 hours. The solvents were co-evaporated with toluene (2 x 5 mL) 

to yield the desired product as a white solid. Yield = 137 mg, ɳ = 99.6 %. 
1
H NMR (400MHz, 

CDCl3) δ: 7.86 (6H, bs, NH3
+
), 4.09 (4H, t, O-CH2), 2.98 (4H, bs, N-CH2), 2.32 (4H, t, C=O-

CH2), 1.75-1.54 (12H, m, CH2), 1.47-1.21 (28H, m, CH2). 
13

C NMR (100 MHz, CDCl3) δ: 

174.38, 67.06, 39.95, 34.23, 29.51, 29.05, 28.83, 28.42, 28.32, 27.25, 25.72, 24.56. MALDI-

TOF-MS: Mass calc. 684.99 g/mol, Mass found 486.46 g/mol [monoprotonated diamine 

without TFA].  

 

N-(6-Methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-1H-imidazole-1-carboxamide (7)  

2-Amino-6-methylpyrimidin-4(1H)-one (1.0 g, 7.99 mmol) was dissolved in DMSO (10 mL), 

di(1H-imidazol-1-yl)methanone (1.68 g, 10.36 mmol) was added and the mixture was 

stirred for 24 hours at 80 ˚C. The solution was cooled to room temperature and acetone 

was added to precipitate the crude product. The precipitate was filtered and the residue 

washed with acetone. The product was dried under vacuum to yield the desired product 

as a white solid. Yield = 1.59 g, 7.25 mmol. ɳ = 91.0 %. Remark: Due to its extremely low 

solubility in most solvents this compound is difficult to characterize using NMR or MALDI-

TOF-MS. FT-IR (ATR) ṽ
`
 = 3175, 3075, 2648 (bs) 1701, 1645, 1601, 1509, 1479, 1375, 1334, 

1320, 1276, 1233, 1224, 1190, 1169, 1090, 1065, 1026, 983 cm
-1

.
27

  

 

Dodecane-1,12-diyl bis(8-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-l)ureido)octanoate) 

(2) 8,8'-(Dodecane-1,12-diylbis(oxy))bis(8-oxooctan-1-aminium) 2,2,2-trifluoroacetate 6 

(137 mg, 0.28 mmol) was dissolved in DMF (10 mL). Triethylamine (0.2 mL) and N-(6-

methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-1H-imidazole-1-carboxamide 7 (300 mg, 1.37 

mmol) were added and the mixture was stirred at room temperature for 24 h. The solvent 

was removed in vacuo and chloroform (50 mL) was added. The organic phase was filtered 

and subsequently dried under vacuum to yield the desired compound as a white solid. 

Yield = 191 mg, 0.243 mmol. ɳ = 86.0 %. 
1
H NMR (400MHz, CDCl3) δ: 13.11 (2H, s, CH3CN-
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H), 11.88 (2H, s, CH2NH(C=O)NH), 10.11 (2H, s, CH2NH(C=O)NH), 5.81 (2H, s, CH=CCH3), 

4.05 (4H, t, (C=O)O-CH2), 3.25 (4H, m, NH-CH2), 2.22 (6H, m, CH3), 1.54 (6H, m, CH2), 1.55-

1.20 (38H, m, CH2). 
13

C NMR (100 MHz, CDCl3) δ: 173.92, 172.99, 156.57, 154.70, 148.16, 

106.70, 64.31, 39.97, 34.34, 29.53, 29.23, 28.64, 26.41, 25.97, 24.83, 18.93. MALDI-TOF-

MS: Mass calc. 786.50 g/mol, Mass found 787.52 g/mol [M+H
+
].  
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Regulating competing supramolecular interactions 

using ligand concentration  
 

 

 

 

Abstract: The high complexity of biochemical systems inevitably leads to a degree of 

competition between the non-covalent interactions involved. Nonetheless, the outcome 

of biological processes is generally very well-defined often due to the competition of these 

interactions. In contrast, specificity in synthetic supramolecular systems is usually based 

on the presence of a minimum set of alternative assembly pathways. While the latter 

might simplify the system, it prevents the selection of specific structures and thereby 

limits the adaptivity of the system. Therefore, artificial systems containing competing 

interactions are vital to stimulate the development of more adaptive and life-like synthetic 

systems. Here, we present a detailed study on the self-assembly behavior of a  

C2v-symmetrical tritopic molecule, functionalized with three self-complementary 

ureidopyrimidinone (UPy) motifs. Due to a shorter linker connecting one of these UPys, 

two type of cycles with different stabilities can be formed, which subsequently dimerize 

intermolecularly via the third UPy. The UPy complementary 2,7-diamido-1,8-

naphthyridine (NaPy) motif was gradually added to this mixture in order to examine its 

effect on the cycle distribution. As a result of the C2v-symmetry of the tritopic UPy, 

together with small differences in binding strength, the cycle ratio can be regulated by 

altering the concentration of NaPy. We show that this ratio can be increased to an extent 

where one type of cycle is formed almost exclusively. 

 

Part of this work has been published:   

Abraham J. P. Teunissen, Tim F. E. Paffen, Gianfranco Ercolani, Tom F.A. de Greef, E. W. 

Meijer J. Am. Chem. Soc. 2016, 138, 6852-6860. 
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3.1 Introduction 
 

 Competition plays a dominant role in all biological processes; it controls the evolution 

of  species,
1
 the growth of organs,

2
 and even memory formation.

3
 Especially on the 

molecular scale the presence of competing pathways allows a delicate regulation of 

various processes, e.g., the repair of double-strand DNA in eukaryotic cells depends on an 

interplay between two repair mechanisms
4
 and RNA transcription in E. Coli is regulated by 

the competition of seven different RNA polymerase σ-subunits.
5
 While the presence of 

competition allows more flexibility in controlling the pathway desired, it also allows the 

possibility of undesired processes. Nature typically uses additives such as chaperones in 

protein folding
6
 or competitive binders to regulate gene expression.

7,8
 Multivalent 

scaffolds are another important way through which competing processes are controlled. 

Coupling multiple receptors together enhances their combined binding strength as a result 

of chelate cooperativity
9
 and this can have profound effects on the kinetics.

10
 By 

regulating the number of mono- and multivalent receptors, equilibria can be influenced 

without the need of molecular changes in the binding motifs themselves, which is for 

example used by cells to probe ligand density.
11

 Competing assembly pathways play an 

important role in non-linear processes such as feedback-loops and regulatory networks.
12

 

As a result of their complex and often counterintuitive behavior a combined experimental 

and computational approach is often vital to gain an in-depth understanding, as shown by 

recent advances in systems biology.
13,14

  

 In recent years multiple synthetic systems displaying semi-biological behavior have 

been reported, such as logic gates,
15,16

 self-sorting systems
17,18

 and the activation of a 

reaction by outcompeting a supramolecular protecting group.
19

 While competing species 

are present in such systems, the large differences in binding strengths make them function 

in an on/off manner, without possessing the delicate regulation observed in biological 

systems. Other chemical systems have mimicked the multivalency found in biomolecules. 

In such systems, the binding motifs are generally not self-complementary
20

 and positioned 

in a symmetrical manner, e.g., C3-symmetrical in trivalent pseudorotaxanes,
21,22

 C4-

symmetrical on the 4 sides of a porphyrin
23,24

 or C6-symmetrical in a hexavalent pyridine 

construct.
25

 While these systems can form receptor-ligand contacts at different positions 

on the molecule, their symmetry makes the resulting species identical, preventing any 

competition. Additionally, the close proximity of the binding motifs often introduces a 

chelate cooperative effect,
9,26,27

 limiting the number of populated species.  

 By delicately regulating competing processes via external stimuli, identical building 

blocks can be used for the synthesis of a variety of complexes,
28,29

 in contrast to the more 

common approach of modifying binding constants by changing the molecular structure.
30

 

An elegant example is given by Otto et. al., who demonstrated that regulating the 

template concentration in a dynamic combinatory library can lead to the amplification of 
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specific receptors, and the strongest receptor is not necessary amplified the most.
31

 This 

shows that, similar as in natural systems, the introduction of competition can lead to 

complex behavior, but it does not necessary lead to a lack of selectivity. For competition 

to be present, it is vital that different structures are formed as a result of a certain group 

that binds at different positions. Secondly, to act as a regulatory mechanism, the different 

structures formed in such manner must be of comparable stability, potentially influenced 

by external stimuli.
32

  

 In chapter 4, we describe a system where competing intra- and intermolecular 

interactions between supramolecular building blocks result in the buffering of catalytic 

activity over a broad concentration range.
33

 This system is based on the self-

complementary ureidopyrimidinone (UPy) motif and its binding to 2,7-diamido-1,8-

naphthyridine (NaPy),
34

 of which the latter can act as a phase-transfer catalyst in its 

unbound state.
35

 It has been shown that the competition between linear and cyclic 

contacts formed by a ditopic UPy lead to a buffered concentration of NaPy chain stopper, 

i.e., the active catalyst. This work demonstrates that a combined experimental and 

computation approach is also vital in synthetic systems to thoroughly understand 

competing processes (Chapter 4.2.5 and Chapter 5.4).
36

 To better mimic the way nature 

uses competition as a regulatory mechanism, we designed a system where the 

competition between structures of comparable stability is regulated via the binding of a 

small additional ligand. 

      
Figure 3.1 Molecular structure of the UPy-UPy and UPy-NaPy dimers (Top). Schematic representation 

of the cyclization and subsequent dimerization of a C2v-symmetrical tritopic supramolecular building 

block, as well as its binding to a ligand (Bottom). The tritopic UPy consists of one short linker 

connecting the UPy on the “A” position and two longer linkers connecting the UPys on position “B”. 

Due to this symmetry, two mutually exclusive type of cycles can be formed, which dimerize via the 

remaining 3
rd

 UPy. By varying the concentration of NaPy (N) the cycle distribution can be regulated, 

leading to a structure with all UPys bound to NaPy at higher ligand concentrations. 

    

    A 

B B 
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 Here, we report the study of a C2v-symmetrical tritopic UPy (Figure 3.1). As a result of 

its symmetry, this compound can form two mutually exclusive types of cycles, which 

subsequently dimerize via the pendant third UPy, resulting in three different structures. 

Next, the NaPy ligand is titrated to the mixture and its effect on the cycle distribution is 

examined. We show that by altering the concentration or selectivity of NaPy, the ratio 

between the two types of cycles can be regulated. Using this approach it is possible to 

exclusively form one type of cycle, without requiring changes to the molecular structure of 

the tritopic UPy. 

 

3.2  Results and discussion  

3.2.1 Design and synthesis of tritopic UPy 1 and its reference compounds   

 We have designed a C2v-symmetrical tritopic UPy molecule that is functionalized with 

one short linker connecting the UPy at position “A” (light blue, Figure 3.1) and two longer 

linkers of equal length connecting the UPys at the “B-positions” (dark blue, Figure 3.1). As 

a result of this architecture, it is possible to form two mutually exclusive types of cycles, 

i.e., between an A and B-type UPy, or between both B-type UPys. The abundance of either 

cycle will depend on its relative stability, while the symmetric nature of the compound 

provides two ways of forming the A-B cycle, making its formation entropically more 

favourable.
37

 Additionally, a more indirect factor influencing the cycle distribution is 

predicted. Due to the high binding constant of the UPy motif (Kdim = 6×10
7
 M

-1 
in 

chloroform at 25 ˚C),
38

 unbound UPys are generally unfavorable, therefore the cyclic 

structures will dimerize via the pendent binding position. Depending on the type of 

dimerized cycle that is formed, three different types of linear dimers are created (i.e., A-A, 

A-B, and B-B). The different molecular connectivities of the A and B-type UPys results in 

small differences in the stability of these dimers (vide infra), which influences the cycle 

distribution as well e.g., a relatively high stability of the A-A dimers favours the formation 

of B-B cycles. Similarly, association of a NaPy (N) that can bind to the UPy motif will be 

governed by the stabilities of the A-N and B-N dimers. Additionally, NaPy binding is 

controlled by statistical factors i.e., there are twice as many B as A groups, making it more 

likely to form B-N contacts. Such ligand binding competes with intramolecular cycle 

formation, giving rise to a complex interplay of interactions.  

 As mentioned, to alter the stability of both type of cycles, the linker connecting the 

A-type UPy is slightly shorter than the linker connecting the B-type UPys. In addition to 

this, we synthesized the A-type UPy in close proximity to an ester moiety, with the goal to 

change its chemical shift compared to the B-type UPys and thereby simplify 

characterization by 
1
H NMR (Figure 3.2). To further aid characterization of the different 

configurations adopted by 1, reference compounds SCref 2, LCref 3, Aref 4, and Bref 5 are 

synthesized as well. While SCref 2 acts as a model for the smaller A-B cycle, LCref 3 has its 
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UPy group on the A-position covalently protected by an UV-labile o-nitrobenzyl group and 

therefore acts a reference compound for the larger B-B cycle. The linear, intermolecular, 

interactions between the A and B-type UPys potentially formed by 1 are represented by 

Aref 4 and Bref 5, respectively. In addition to these reference compounds, UPy 

complementary NaPy 6 is used in this study. NaPy is unable to form stable 

homodimers in CDCl3.    

Figure 3.2 Molecular structures and schematic depiction of tritopic UPy 1 and reference compounds 

SCref 2, LCref 3, Aref 4, and Bref 5, as well as UPy complementary NaPy 6.  

 Tritopic UPy 1 was synthesized via an identical route as LCref 3. The side-arms 

functionalized with the B-type UPys were synthesized starting from the formation of UPy 

alcohol 8 in 93 % yield (Scheme 3.1). UPy 8 was then coupled to Boc-protected amino acid 

9 via EDC mediated esterification, resulting in UPy 10 in 84 % yield. Subsequent 

deprotection using HCl resulted in UPy amine 11 as a white solid. To create the central 

core, the alcohol moiety of commercially available dimethyl 5-hydroxyisophthalate was 

protected using 1-(chloromethyl)-2-nitrobenzene and the methylester was hydrolyzed 

using aqueous KOH, resulting in o-nitrobenzyl protected diacid 12. Compound 12 was 

subsequently converted in the di-acylchloride using SOCl2 and coupled to 11, resulting in 

ditopic UPy 13 which was deprotected using UV-light, resulting in phenol 14 containing 

both B-type UPys. To introduce the UPy on the A position, CDI activated isocytosine 7 was 

coupled to commercially available 4-(tert-butoxy)-4-oxobutan-1-aminium chloride 

    

    A 

B B 
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resulting in UPy 15 in 92 % yield. UPy 15 was then protected using 1-(chloromethyl)-2-

nitrobenzene yielding 16, which was deprotected using TFA to give protected UPy 17. 

Ester formation between 14 and 17 resulted in LCref 3, which upon UV-irradiation gave 

tritopic UPy 1 as a yellowish solid. Further details concerning the synthesis and 

characterization of SCref 2, Aref 4, Bref 5, and NaPy 6 can be found in the experimental 

section.  

  

 
 

Scheme 3.1 Synthesis of LCref 3 and tritopic UPy 1. Reagents and conditions: a) DMF, room 

temperature, 16 h; b) TEA, Boc2O, 60 ˚C, 16 h; c) EDC, DMAP, room temperature  60 ˚C, 16 h; d) 3 M 

HCl in dioxane, room temperature, 16 h; e) K2CO3, 1-(chloromethyl)-2-nitrobenzene, 85 ˚C, 2 h, KOH, 

H2O/THF, room temperature, 16 h; f) SOCl2, DMF, room temperature, 4 h, TEA, room temperature, 16 

h; g) DCM, UV (λ = 315-400 nm), room temperature, 10 h; h) CDI, 80 ˚C, 16 h; i)  TEA, room 

temperature, 16 h; j) K2CO3, 1-(chloromethyl)-2-nitrobenzene, 80 ˚C, 16 h; k) TFA, room temperature, 

16 h; l) EDC, DMAP, room temperature, 16 h; m) DCM, UV (λ = 315-400 nm), room temperature, 5 h.    

3.2.2 
1
H NMR analysis of tritopic UPy 1 and its reference compounds   

 A solution of tritopic UPy 1 was analyzed by 
1
H NMR (c = 2 mM, CDCl3), the sample was 

cooled to -15 ˚C to improve signal analysis. Multiple signals were observed for all UPy N-H 

protons, as well as the protons of the aromatic core, suggesting that 1 forms a complex 

mixture of species in solution (Figure 3.3A). No changes were observed over the course of 

three hours, suggesting thermodynamic equilibrium was reached fast, which could be 

expected considering the short life-time of the UPy-UPy interaction in CDCl3 (0.12 sec at 

25 ˚C).
38

 Small changes in the concentration (c = 1-7 mM) did not lead to any significant 
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changes in the 
1
H NMR spectrum, suggesting that the measurements were conducted at 

concentrations below the EM of tritopic UPy 1 (Figure 3.3B).   

 
Figure 3.3 A Partial 

1
H NMR spectrum of tritopic UPy 1 in CDCl3 at -15 ˚C and 2 mM, showing 

multiple signals for protons I-IV due to the different conformations adopted by 1. The UPy N-H 

signals originate from the combined A and B-type UPys in tritopic UPy 1. B                                 

Partial 
1
H NMR spectra of tritopic UPy 1 at different concentrations in CDCl3 at  

-15 ˚C. The spectra show the signals corresponding to the UPy N-H protons (I-III), which are most 

sensitive to differences in conformation. 

 In order to interpret the 
1
H NMR of 1 correctly, we chose to compare its 

1
H NMR 

spectrum to that of the reference compounds taken under identical conditions i.e., c = 2 

mM at -15 ˚C in CDCl3 (Figure 3.4A and 3.4B). These analyses revealed that all UPy-UPy 

and UPy-NaPy interactions can be identified using a unique chemical shift.   

 Interestingly, using the respective protons I and II in Aref 4 and Bref 5, it even proved 

possible to discriminate between linear A-A, A-B, and B-B type UPy contacts (Figure 3.4C). 

Deconvolution of these signals suggest that in an equimolar mixture, Aref-Aref and Bref-Bref 

dimers are more abundant than Aref-Bref dimers (on average 57 % vs 43 %, respectively). 

This suggests that the different molecular connectivity of the A and B-type UPys has led to 

different stabilities of the various types of contacts, which is corroborated by our 

computational model vide infra. Likely, the close proximity of the A-type UPy to an ester 

moiety and aromatic core has led to a reduced binding strength, as has been shown for 

UPys with other types of polar side-chains.
39,40
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Figure 3.4 A Schematic overview of all UPy reference compounds and their interactions, as well as 

the NaPy ligand and its interactions with the A and B-type UPys. Molecular structures depict the UPy 

protons shown in the 
1
H NMR spectra. B Partial 

1
H NMR spectra of proton I-III of all UPy reference 

compounds as well as compound 1 in CDCl3, T = -15 ˚C, c = 2 mM each. C The partial  
1
H NMR spectra of proton I and II of Aref 4 and Bref 5 in CDCl3, showing that it is possible to distinguish 

between Aref-Aref, Aref-Bref and Bref-Bref UPy dimers, T = -15 ˚C, c = 2 mM each. The 
1
H NMR spectrum 

depicting the equimolar mixture Aref 4 of Bref 5 was deconvoluted (not shown) and the relative peak 

areas shown.  

 To determine if there also exists any preference of NaPy 6 for either A or B-type UPys, 

an equimolar mixture of Aref 4 and Bref 5 in CDCl3 (c = 2 mM each) was prepared, NaPy 6  

(c = 1.3 mM) was added and the mixture was analyzed by 
1
H NMR at -15 ˚C in CDCl3 (Figure 

3.5). UPy N-H (I-III) and alkylidene (V) 
1
H NMR signals were used to determine the ratio 

between Aref-N and Bref-N contacts. Deconvolution of the spectra showed that B-N dimers 

are consistently more abundant than Aref-N dimers, with an average of ≈ 30 %.  

This shows that Bref-N dimers are slightly more stable than Aref-N dimers. As expected, 

UPy-UPy heterodimers (i.e., A-B dimers) are also observed.   

            

   

    

    A 

B B 
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Figure 3.5 Schematic depiction of the interactions between Aref 4, Bref 5 and NaPy 6 as well as the 

corresponding 
1
H NMR spectra of an equimolar mixture of Aref 4 and Bref 5 (A and B, c = 2 mM each) 

and NaPy 6 (N, 1.3 mM), in CDCl3 at -15 ˚C. The NMR spectrum is shown in black, the deconvolution 

in blue and the error in red. Roman numerals I-III,V are used to denote the specific UPy protons. 

Molecular structure depicts the UPy protons shown in the NMR spectra. 

 In addition to these results describing the stability of the linear contacts, quantitative 

knowledge about the stability of the cycles formed by 1 is vital for obtaining a complete 

understanding of its behavior. Using SCref 2 and LCref 3, the effective molarities (denoting 

the stability of the cycles and defined as EM = Kintra/Kinter) of the monomeric A-B and B-B 

cycle were determined to be 8.3 mM and 5.8 mM, respectively. This was indicated by the 

maximal attainable concentration of these species in CDCl3 (Figure 3.6).
41

 These effective 

molarities, together with the symmetry factor of two for the formation of the  

A-B cycle, results in an expected 74 % of A-B cycles and 26 % B-B cycles for compound 1 at 

2 mM. Assuming that the linear contacts connecting these cycles are of equal stability, 

dimerization of the cycles will result in the statistical distribution depicted in Figure 3.6E. 

In conclusion, by studying the reference compounds we obtained an estimate of the 

speciation of 1, as well as the means of interpreting its 
1
H NMR spectrum. This allows us to 

study the titration of tritopic UPy 1 with NaPy 6 and to record the changes in composition 

of the afforded species.  
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Figure 3.6 A and B Partial 

1
H NMR spectra of proton III of the B-type UPy in SCref 2 and proton IV in 

LCref 3 at various concentrations in CDCl3 at -15 ˚C. Signals associated with monomeric cycles are 

annotated with MC, signals associated with higher order cycles and polymers with Pol. This signal 

assignment was performed based on the expected concentration dependent behavior of ditopic 

molecules.
41

 C and D Concentration of monomeric cycles versus the total concentration. The plateau 

concentration that is reached is equal to the effective molarity (EM = K intra/Kinter) of the monomeric 

cycles (8.3 mM for SCref 2 and 5.8 mM for LCref 3). The fraction of monomeric cycles was calculated by 

dividing the area of the peak assigned to MC by the total peak area corresponding to the  

specific proton. Considering the errors on weighing (1 %),
42

 pipetting (1 %)
43

 and NMR 

integration/deconvolution (5 %),
44

 we used standard error propagation techniques to determine the 

standard deviation to be ≈ 5 %. The errors bars depicted two times the standard deviation i.e., 10 %. 

The solid line is used to guide the eye. E Expected speciation of tritopic UPy 1 at 2 mM in CDCl3 based 

on the EMs of SCref 2 and LCref 3. Assuming equal binding constants of UPy dimerization, the expected 

fraction of A-B cycles was calculated as 2×EMAB/(2×EMAB+EMBB) and the fraction of B-B cycles as 

EMBB/(2×EMAB+EMBB). The distribution of dimeric cycles was calculated as follows: fraction of dimeric 

A-B cycles = (fraction A-B cycles)^2, fraction of dimer consisting of an A-B cycle connected to an B-B 

cycle = 2×(fraction A-B cycles)×(fraction B-B cycles), fraction of dimeric B-B cycles = (fraction B-B 

cycles)^2.  

    

    A 

B B 
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3.2.3 Determining the speciation of tritopic UPy 1 in the presence of different amounts 

of NaPy 6 The UPy-complementary supramolecular unit 2,7-diamido-1,8-naphthyridine 

(NaPy) 6 was titrated to tritopic UPy 1 in order to study its influence on the cycle 

distribution of 1. Since UPy proton III gave the best signal separation it was used to 

determine the exact speciation of tritopic UPy 1. During this titration 6 different signals 

could be distinguished (Figure 3.7A). By comparison with the reference compounds, 

signals a and c could be assigned to the A and B-type UPys in the monomeric A-B cycle. 

Signal c also contained the linear and/or cyclic B-B interactions, while these could be 

distinguished in LCref 3, signal overlap prevented this for tritopic UPy 1. In a similar fashion, 

signals d and e were assigned to A-N heterodimers.   

     The addition of NaPy first leads to the appearance of signal d, which is converted into 

signal e upon further addition of NaPy (Figure 3.7B). This behavior strongly suggests  

that signal d originates from an A-N contact connected to a B-B cycle, while signal e 

originates from an A-N contact in a tritopic UPy with all UPys bound to NaPy. Signal f most 

likely originates from a B-N contact. As a result, the five most abundant signals that are 

observed during the NaPy titration can be identified using the reference compounds, with 

only signal b lacking.   

        

Figure 3.7 A Partial 
1
H NMR spectrum of UPy proton III in 1 with various amounts of NaPy 6 in CDCl3 

at - 15 ˚C and c = 2 mM. B Zoom-in of Figure 3.7A, depicting the shape of signal d and e as a function 

of the equivalents of NaPy 6 added. C Schematic depiction of the species present in solution showing 

the specific interactions assigned to the various 
1
H NMR signals. 
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 In our attempt to assign signal b, we noticed that there are no signals corresponding to 

linear A-B interactions present at their expected positions in the 
1
H NMR spectrum of 

tritopic UPy 1 (Figure 3.4B). Linear A-B and UPy contacts are almost certainly present in 

large amounts in solution, since they arise from the dimerization of both types of cycles, 

which are observed. For these reasons we hypothesized that cyclization in 1 shifted the 

signal corresponding to linear A-B contacts to the position of signal b. To test this 

hypothesis, we examined the distribution of A and B contacts during the NaPy titration 

(Figure 3.8). The ratio between A and B contacts will only be constant throughout the 

NaPy titration when the assignment of all signals is correct. When signal b is equally 

distributed between A and B-type UPys, a nearly constant distribution of A and B signals is 

observed during the titration (solid lines), in contrast to the alternative assignment were 

signal b is assigned to only A-type UPys (dashed lines). Furthermore, only when signal b 

was assigned to both A and B-type UPys a proper fit of the data was possible (Figures 

3.10A).  Linear A-A UPy contacts are also not observed at their expected position in the 
1
H NMR spectrum of tritopic UPy 1 (Figure 3.4B). We cannot exclude the possibility that 

signal b also contains such linear A-A contacts, however, their abundance must be small in 

order to match the distribution in Figure 3.8; in agreement with the predicted speciation 

described in Figure 3.6E. Since we could not assuredly assign a signal to the linear A-A 

contacts, we assumed their signal to be evenly distributed between all signals assigned to 

A-type UPys i.e., signal a and b. 

0 1 2 3 4 5 6
20

30

40

50

60

70

80

 Sum of signals attributed to A-type UPys (a, b, d, e)

 Sum of signals attributed to B-type UPys (b, c, f)

    Linear fit of square data points 

    Linear fit of square data points

    Sum of signals attributed to A-type UPys when (a, b, d, e)

    Sum of signals attributed to B-type UPys when (c, f)

P
e

rc
e

n
ta

g
e

 o
f 

to
ta

l 
p

e
a

k
 a

re
a

 (
%

)

Equivalents of NaPy  

Figure 3.8 Cumulative peak area of the various signals of tritopic UPy 1 as a function of the 

equivalents of NaPy 6 added. Dashed line represents the distribution if signal b is attributed to only 

A-type UPys, solid line represents the distribution if signal b is attributed to both A and B-type UPys in 

linear A-B contacts. The larger fluctuations at higher NaPy concentrations are the result of signal 

overlap between the N-H protons of free NaPy and the UPy signals, leading to a poorer 

deconvolution. The peak belonging to free NaPy was removed by baseline correction.   
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 By comparing the 
1
H NMR spectra of the reference compounds with that of tritopic 

UPy 1, we have obtained a likely assignment of the signals observed during the titration of 

NaPy to 1 (Figure 3.7C). Since some of these signals are attributed to multiple types of 

contacts, it is difficult to infer the species distribution directly from the data. To overcome 

this difficulty and validate our assignment, we have collaborated with Tim Paffen to 

construct a thermodynamic binding model and to perform a fit of the titration data.    

3.2.4 Modelling the speciation of tritopic UPy 1 as a function of NaPy concentration   

 Using measured and reported stabilities of the various type of contacts, a 

thermodynamic binding model to describe the NaPy titration data was constructed.
45

  The 

resulting speciation of tritopic UPy 1 in the absence of NaPy 6 is quite similar to the one 

predicted assuming equal binding strengths for the A and B-type UPys (Figure 3.6E and 

3.9A and 3.9B). Upon the addition of NaPy 6 the relatively weak linear UPy-UPy contacts 

connecting the dimerized cycles are disrupted first, resulting in monomeric cycles with the 

remaining UPy bound to NaPy. At higher equivalents of NaPy the cycles open up, resulting 

in a tritopic UPy with NaPy bound to all UPys.  

 

Figure 3.9 A Normalized peak intensities of 
1
H NMR spectra of signals observed for proton III during 

titration of NaPy 6 to tritopic UPy 1 (symbols) and the best fit based on the thermodynamic model 

(lines). B Average of the calculated speciation during the NaPy titration, based on the parameter 

values of the best fits. Note that the 95% confidence interval is smaller than the linewidth of the plot, 

thus it was omitted.  

     Interestingly, signal “a” first increases and subsequently decreases during the NaPy 

titration, implying that the fraction of small A-B cycles increases upon the addition of small 

amounts of NaPy (Figure 3.9A). This observation is corroborated by our computational 

results and is attributed to KBN being approximately one order of magnitude higher than 

KAN,
45

 along with the fact that there are two B-type UPys to every A-type UPy. Both of 

these effects increase the likelihood of NaPy binding to a B-type UPy, which subsequently 
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stabilizes the small A-B cycle with respect to the larger B-B cycle. Thus, at low equivalents, 

NaPy 6 acts as a promoter for the formation of the small A-B cycle in tritopic UPy 1.   

     Interestingly, our computational results showed that by regulating the concentration 

and selectivity of NaPy each type of cycle can be formed in an exclusive manner.
45

 In this 

way the fraction of each type of cycle can be precisely regulated without altering the 

molecular structure of tritopic UPy 1. 

 

3.3  Conclusions  

 

 We report on the self-assembly behavior of a C2v-symmetrical tritopic UPy building 

block, with special emphasis on the competition between two modes of intramolecular 

cycle formation and how this equilibrium is influenced by ligand binding. We have shown 

that with the correct reference compounds and molecular design it is possible to quantify 

the complex intra- and intermolecular interactions formed by this molecule. The resulting 

speciation stems from differences in cycle stability, symmetry factors and small 

differences in binding strength, as corroborated by detailed computational modeling 

performed by Tim Paffen. By varying the concentration and selectivity of the ligand, the 

fraction of each type of intramolecular cycle can be precisely controlled. Using this 

approach it is possible to exclusively form either type of cycle, without changing the 

molecular structure of the tritopic UPy. Our study also highlights the difficulties associated 

with characterizing multitopic systems at the molecular level and shows that even a 

relatively simple multitopic building block requires a combined experimental and 

computational approach. We foresee that the work presented in this chapter represents 

an important contribution to the further understanding and development of multivalent 

systems with unexpected emerging properties, such as shown in Chapter 4.  

 

3.4  Experimental section  

3.4.1 Materials and methods  

 All used solvents were of analytical grade, all chemicals were purchased from Sigma 

Aldrich and used without further purification unless otherwise noted. Immobilized 

Candida Antarctica Lipase B (Novozym 435) was obtained from Novozymes A/S and 

thoroughly dried under vacuum before use. Unless noted otherwise, all reactions were 

performed under argon, and all NMR measurements were performed in CDCl3. All 
1
H and 

13
C NMR spectra were recorded on a Varian Mercury 400 MHz NMR or a 500 MHz Varian 

Unit Inova. Abbreviations used are s: singlet, d: doublet, d-d: double doublet, t: triplet, m: 

multiplet, b: broad. Deconvolution of NMR spectra was performed using MestReNova 

software version 7.1.1-9649. Data processing was performed using VNMRJ.3.2.a software. 
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MALDI-TOF-MS was performed using a Perspective Biosystem Voyager-DE PRO 

spectrometer. UV deprotection was performed using a Luzchem LZC-14 photoreactor 

equipped with Hitachi F18-BL-8 lights. Flash column chromatography was performed on a 

Biotage Isolera Spektra One Flash Chromatography system using KP-Sil Silica Gel SNAP 

columns. Recycling GPC was performed on a Shimadzu system using a Jai-Gel 2.5 H and a 

Jai-Gel 2 H column in series and a UV-Vis detection system at 275 nm and 325 nm. 

Simulations were performed using the Matlab software package (R2014a, version 

8.3.0.532, Mathworks) along with its optimization, curve fitting and parallel computing 

toolboxes. Non-linear least squares optimizations were performed using Matlabs 

lsqcurvefit function. This function uses the Levenberg-Marquardt method to minimize the 

residual sum of squares. Each fit was performed with a thousand optimizations using 

starting parameters that were generated using latin hypercube sampling. Mass balance 

equations were solved analytically using the Wolfram Mathematica software package 

(version 9.0.1.0, Wolfram research). 

3.4.2 Synthetic procedures and characterization  

N-(6-Methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-1H-imidazole-1-carboxamide (7)  

2-Amino-6-methylpyrimidin-4(1H)-one (1.00 g, 7.99 mmol) was dissolved in DMSO (10 

mL), di(1H-imidazol-1-yl)methanone (1.68 g, 10.36 mmol) was added and the mixture was 

stirred for 24 hours at 80 ˚C under Ar. The solution was cooled to room temperature and 

acetone was added to precipitate the product. The precipitate was filtered and the 

residue washed with acetone. The product was dried under vacuum to yield the desired 

product as a white powder. Yield = 1.59 g, 7.25 mmol. ɳ = 91 %. Remark: Due to its 

extremely low solubility in most solvents this compound is hard to characterize. IR (ATR): ṽ 

= 3175, 3075, 2648 (broad signal) 1701, 1645, 1601, 1509, 1479, 1375, 1334, 1320, 1276, 

1233, 1224, 1190, 1169, 1090, 1065, 1026, 983 cm
-1

.
46 

1-(6-hydroxyhexyl)-3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea (8)  

N-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-1H-imidazole-1-carboxamide 7 (4.0 g, 18.3 

mmol) was suspended in DMF (30 mL), 6-aminohexan-1-ol (2.57 g, 21.9 mmol) was added 

and the mixture was stirred for 16 hours under Ar. Acetone (500 mL) was added, the crude 

product was filtered off, resuspended in acetone (500 mL) and filtered off to yield the title 

compound as a white powder. Yield = 4.56 g, 17.0 mmol. ɳ = 93 %. 
1
H NMR (400MHz, 

CDCl3)  δ:  1.38 (m, 4H, CH2), 1.59 (t, 2H, CH2), 1.65 (t, 2H, CH2), 2.43 (s, 3H, CH3), 3.32 (q, 

2H, UPy-CH2), 3.84 (t, 2H, CH2-OH), 6.19 (s, 1H, C-H), 6.63 (broad, 1H, N-H).
13

C NMR (100 

MHz, DMSO-d) δ: 190.71, 165.18, 155.12, 151.27, 105.03, 61.07, 55.32, 32.90, 29.61, 

26.62, 25.61, 23.75. Maldi was not performed due to poor solubility.  

 

12-((tert-butoxycarbonyl)amino)dodecanoic acid (9)  

12-aminododecanoic acid (2.0 g, 9.3 mmol) and TEA (1.4 mL) were dissolved in MeOH (40 
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mL), di-tert-butyl dicarbonate (2.0 g, 9.3 mmol) was added and the mixture was stirred 

overnight at 60 ˚C under Ar. The solvent was evaporated and the crude product dissolved 

in ethylacetate (50 mL,) the product was washed with HCl (3 x 30 mL 0.25 M). The 

ethylacetate was evaporated and the crude product was recrystallized from hexane to 

yield the product as white needles. Yield = 2.45 g, 7.8 mmol. ɳ = 84 %. 
1
H NMR (400MHz, 

CDCl3)  δ:  1.28 (m, 18H, CH2), 1.45 (s, 9H, CH3), 2.36 (t, 2H, COOH-CH2), 3.10 (q, 2H, NH-

CH2), 4.52 (b, 1H, N-H), 5.76 (b, 1H, COOH). 
13

C NMR (100 MHz, CDCl3) δ: 178.75, 156.00, 

79.05, 40.62, 33.87, 31.57, 29.99, 29.35, 29.28, 29.19, 29.11, 28.96, 28.41, 26.74, 24.65, 

22.63, 14.09. MALDI-TOF-MS: Mass calc. for C17H33NO4: 315.24, Mass found: 338.31 

[M+Na
+
]. 

6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl 12-((tert-butoxycarbonyl) 

amino)dodecanoate (10)  

12-((tert-butoxycarbonyl)amino)dodecanoic acid 9 (2.4 g, 7.6 mmol) was dissolved in DMF 

(20 mL), EDC (1.4 g,  mmol) and DMAP (0.6 g, mmol) were added. The mixture was heated 

to 60 ˚C and 1-(6-hydroxyhexyl)-3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea 8 (2.0 g, 

7.45 mmol) was added. The mixture was stirred overnight under Ar at this temperature. 

The solvent was evaporated, the solids were dissolved in chloroform (50 mL) and washed 

with water (3 x 50 mL). The crude product was purified using column chromatography 

(MeOH 3 % in chloroform) to yield a white powder. Yield = 3.60 g, 6.4 mmol. ɳ = 84 %.  
1
H NMR (400MHz, CDCl3) δ:  1.26 (m,14H, CH2), 1.38 (m, 4H, CH2), 1.44 (s, 9H, CH3), 1.63 

(m, 8H, CH2), 2.23 (s, 3H, CH3), 2.28 (t, 2H, CO-CH2), 3.09 (q, 2H, NH-CH2), 3.24 (q, 2H, UPy-

CH2), 4.06 (t, 2H, O-CH2), 4.49 (b, 1H, N-H), 5.82 (s, 1H, C-H), 10.16 (s, 1H, N-H), 11.86 (s, 

1H, N-H), 13.12 (s, 1H, N-H). 
13

C NMR (126 MHz, CDCl3) δ: 173.99, 173.05, 156.56, 155.96, 

154.67, 148.24, 106.69, 78.93, 64.28, 40.63, 39.90, 34.38, 30.06, 29.52, 29.50, 29.43, 

29.29, 29.26, 29.16, 28.57, 28.43, 26.81, 26.60, 25.65, 25.00, 18.96. MALDI-TOF-MS: Mass 

calc. for C29H51N5O6 565.75, Mass found: 588.39 [M+Na
+
].  

 

12-((6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl)oxy)-12-oxododecan-

1-aminium (11)  

6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl 12-((tert-butoxycarbonyl) 

amino)dodecanoate 10 (1.80 g, 3.2 mmol) was dissolved in 3 M HCl in dioxane (15 mL) and 

stirred overnight at room temperature under Ar. The solvent was evaporated and the 

crude product dissolved in chloroform and dried again under vacuum to yield the target 

compound as an slightly white powder. Yield = 1.42 g, 3.0 mmol. ɳ = 95 %.
1
H NMR 

(400MHz, CDCl3)  δ:  1.26 (m ,14H, CH2), 1.40 (m, 4H, CH2), 1.63 (m, 8H, CH2), 2.30 (s, 3H, 

CH3), 2.42 (t, 2H, CO-CH2), 3.03 (m, 2H, NH3
+
) 3.24 (q, 2H, UPy-CH2), 4.07 (t, 2H, O-CH2), 

6.11 (s, 1H, C-H), 8.12 (s, 3H, N-H). All peaks are very broad and fine splitting is poorly 

visible. 
13

C NMR (126 MHz, DMSO-d) δ: 173.37, 155.03, 152.16, 104.61, 64.01, 39.4, 39.2, 



Regulating competing supramolecular interactions using ligand concentration 

 

- 57 - 

 

33.97, 29.39, 29.30, 29.25, 29.11, 28.97, 28.88, 28.51, 27.39, 26.31, 26.28, 25.50, 24.95, 

22.41. Two C=O signals expected to be at >160 ppm are missing. This is likely due to slow 

relaxation and/or poor solubility of the compound. MALDI-TOF-MS: Mass calc. for 

C24H44N5O4 466.34, Mass found: 466.37 [M
+.

].  

 

5-((2-nitrobenzyl)oxy)isophthalic acid (12)  

dimethyl 5-hydroxyisophthalate (1.86 g, 8.85 mmol) was dissolved in DMF 40 mL,  

K2CO3 (2.4 g, 17.4 mmol) was added and argon was bubbled through for 15 min.  

1-(bromomethyl)-2-nitrobenzene (2.26 g, 10.46 mmol) was added and the mixture was 

heated to 85 ˚C for 2 hours under Ar. The mixture was allowed to cool down and filtered. 

The residue was dissolved in chloroform (50 mL), washed with water (3 x 50 mL) and dried 

using MgSO4. The intermediate was dissolved in THF (80 ml) and 4% KOH in water (80 mL) 

was added. The reaction was stirred overnight, water (50 mL) was added, the mixture was 

washed with diethyl ether (2 x 25 mL) and acidified with conc. HCl to pH 1 to yield the 

product as a brown solid. Yield = 2.16 g, 6.81 mmol. ɳ = 77 %. 
1
H NMR (400MHz, DMSO-d) 

δ: 5.58 (s, 2H, -OCH2), 7.65 (t, 1H, Ar-H), 7.75 (s, 2H, Ar-H), 7.82 (t, Ar-H, 1H), 7.87 (t, 1H, 

Ar-H), 8.12 (s, 1H, Ar-H), 8.13 (d, 1H, Ar-H), 13.34 (b, 2H, -OH). 
13

C NMR (100 MHz, CDCl3) 

δ: 166.81, 158.46, 147.93, 134.51, 133.57, 132.31, 129.80, 129.75 125.29, 123.36, 119.69, 

67.33. MALDI-TOF-MS analysis was not performed due to poor solubility. 

bis(6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl) 12,12'-((5-((2-

nitrobenzyl) oxy)isophthaloyl)bis(azanediyl))didodecanoate (13)  

5-((2-nitrobenzyl)oxy)isophthalic acid 12 (500 mg, 1.576 mmol) was dissolved in THF (5 

mL), sulfurous dichloride (750 mg, 6.30 mmol) was drop-wise added and the mixture was 

stirred for 4 hours under Ar. The solvent was evaporated. 12-((6-(3-(6-methyl-4-oxo-1,4-

dihydropyrimidin-2-yl)ureido)hexyl)oxy)-12-oxododecan-1-aminium 11 (1471 mg, 3.15 

mmol) was dissolved in dry NMP (5 mL), triethylamine (638 mg, 6.30 mmol) was added 

and the mixture was stirred for 5 minutes. The acid chloride was dissolved in dry NMP (1 

mL) and was drop-wise added to the mixture and left to stir overnight. Chloroform (20 mL) 

was added and the mixture was washed with brine (5 x 50 mL), dried under vacuum at  

50 ˚C for 4 days and purified using column chromatography (5 % MeOH in chloroform) to 

yield as a yellow solid. Yield = 763 mg, 0.63 mmol. ɳ = 40 %. 
1
H NMR (400MHz, CDCl3) δ: 

1.14-1.72 (m, 52H, CH2), 2.22 (s, 6H, CH3), 2.28 (t, 4H, C=O-CH2), 3.24 (q, 4H, UPy-CH2), 

3.43 (q, 4H, NH-CH2), 4.03 (t, 4H, O-CH2), 5.56 (s, 2H, Ar-CH2), 5.80 (s, 2H, C-H), 6.62 (b, 2H, 

N-H), 7.41-7.78 (m,  6H, Ar-H), 8.17 (d, 1H, Ar-H), 10.12 (b, 1H, N-H), 11.82 (b, 1H, N-H), 

13.11 (b, 1H, N-H). 
13

C NMR (126 MHz, CDCl3) δ: 174.01, 173.16, 166.17, 160.80, 158.62, 

156.50, 154.68, 148.50, 136.62, 134.01, 132.86, 128.70, 125.13, 116.48, 106.62, 67.29, 

64.22, 40.31, 39.82, 34.43, 29.58, 29.44, 29.31, 29.24, 29.18, 28.95, 28.86, 28.52, 26.95, 

26.49, 25.70, 24.99, 18.96. MALDI-TOF-MS analysis was inconclusive.  
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bis(6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl) 12,12'-((5-

hydroxyisophthaloyl)bis(azanediyl))didodecanoate (14)  

bis(6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl) 12,12'-((5-((2-

nitrobenzyl)oxy)isophthaloyl)bis(azanediyl))didodecanoate 13 (758 mg, 0.63 mmol) was 

dissolved in DCM (200 mL) and put in a UV oven for 10 hours (λ = 315 - 400 nm). The 

solvent was evaporated and the crude product redissolved in chloroform (16 mL). Part of 

this (4 mL) was purified using preparative GPC to yield the product as a yellow oil. Yield = 

143 mg, 0.13 mmol. ɳ = 84 %. 
1
H NMR (400MHz,CDCl3) δ: 0.82-1.78 (52H, m, CH2), 2.22 (s, 

6H, CH3), 2.27 (t, 4H, C=O-CH2), 3.21 (q, 4H, UPy-CH2), 3.39 (q, 4H, NH-CH2), 4.02 (t, 4H, O-

CH2), 5.83 (s, 2H, C-H), 7.36-7.83 (m, 3H, Ar-H), 10.02 (b, 1H, N-H), 11.83 (b, 1H, N-H), 

13.13 (b, 1H, N-H). 
13

C NMR (126 MHz, CDCl3) δ: 174.75, 174.06, 173.23, 166.93, 156.34, 

154.58, 148.48, 140.65, 135.93, 106.31, 64.18, 40.09, 39.75, 34.28, 30.16, 28.37, 26.62, 

25.51, 24.66, 18.80. MALDI-TOF-MS: Mass calc. for C56H88N10O11 1076.66, Mass found: 

1077.71 [M+H
+
].  

 

tert-butyl 4-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)butanoate (15)  

tert-butyl 4-aminobutanoate (0.50 g, 3.14 mmol) was dissolved in DMF (20 mL), 

triethylamine (0.48 mL) and N-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-1H-imidazole-1-

carboxamide 7 (0.90 g, 4.1 mmol) were added and the mixture was stirred overnight at 

room temperature and under Ar. The solvent was evaporated, the solids suspended in 

chloroform (30 mL) and filtered. The filtrate was washed with water (3 x 30 mL) and the 

organic phase was dried using NaSO4 and under vacuum to yield the product as a white 

solid. Yield = 0.89 g, 2.88 mmol. ɳ = 92 %. 
1
H NMR (400MHz, CDCl3) δ: 1.44 (s, 9H, CH3), 

1.90 (m, 2H, CH2), 2.23 (s, 3H, CH3), 2.29 (q, 2H, CH2), 3.28 (q, 2H, UPy-CH2), 5.81 (s, 1H, C-

H), 10.24 (s, 1H, N-H), 11.87 (s, 1H, N-H), 13.08 (s, 1H, N-H). 
13

C NMR (100 MHz, CDCl3) δ: 

172.98, 172.42, 156.61, 154.62, 148.19, 106.71, 80.16, 39.24, 32.91, 28.08, 25.00, 18.93. 

MALDI-TOF-MS: Mass calc. for C14H22N4O4 310.16, Mass found: 333.21 [M+Na
+
]. 

tert-butyl 4-(3-(4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido)butanoate (16)  

tert-butyl 4-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)butanoate 1) (0.89 g, 

2.88 mmol) was dissolved in DMF (30 mL), argon was bubbled trough for 15 minutes,   

1-(chloromethyl)-2-nitrobenzene (0.83 g, 4.81 mmol) and K2CO3 (0.67 g, 4.87 mmol) were 

added and the mixture was stirred overnight at 80 ˚C under Ar. The solvent was 

evaporated, the residue suspended in a mixture of chloroform and water (10 mL each), 

the layers were separated and the aqueous phase was extracted with chloroform (3 x 10 

mL). The organic phase was dried using MgSO4 and under vacuum. The crude product was 

purified using column chromatography (0 - 5 % methanol in chloroform) to yield a yellow 

solid. Yield = 1.16 g, 2.60 mmol. ɳ = 90 %. 
1
H NMR (400MHz; CDCl3) δ: 1.43 (s, 9H, CH3), 

1.87 (m, 2H, CH2), 2.28 (q, 2H, CH2) 2.38 (s, 3H, CH3), 3.28 (q, 2H, UPy-CH2), 5.74 (s, 1H, C-
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H), 6.28 (s, 1H, Ar-H), 7.03 (s, 1H, N-H),  7.43-7.58 (m, 1H, Ar-H), 7.65 (d, 2H, Ar-H), 9.21 (s, 

1H, N-H). 
13

C NMR (100 MHz, CDCl3) δ: 176.70, 172.47, 169.55, 167.77, 157.20, 154.12, 

147.60, 133.69, 132.36, 128.98, 128.72, 125.01, 100.27, 80.31, 64.73, 39.14, 32.95, 28.07, 

25.36, 23.76. MALDI-TOF-MS: Mass calc. for C21H27N5O6 445.20, Mass found: 468.19 

[M+Na
+
].  

 

4-(3-(4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido)butanoic acid (17) 

tert-butyl 4-(3-(4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido)butanoate 1 (1.16 g, 

2.60 mmol) was dissolved in a mixture of DCM (70 mL) and TFA (3,5 mL). The mixture was 

stirred overnight at room temperature under Ar. The solvent was evaporated and the 

crude product was purified using column chromatography (0 - 5 % methanol in 

chloroform) to yield a yellow solid. Yield = 0.95 g, 2.44 mmol. ɳ = 94 %. 
1
H NMR (400MHz, 

CDCl3) δ: 1.95 (m, 2H, CH2), 2.45 (q, 2H, CH2) 2.46 (s, 3H, CH3), 3.40 (q, 2H, UPy-CH2), 5.87 

(s, 1H, C-H), 6.35 (s, 1H, Ar-H), 7.54 (t, 1H, Ar-H),  7.67 (t, 1H, Ar-H), 7.88 (d, 1H, Ar-H), 8.10 

(d, 1H, Ar-H), 9.27 (s, 1H, N-H). 
13

C NMR (126 MHz, DMSO-d) δ: 174.12, 169.15, 157.33, 

153.90, 147.42, 134.18, 131.74, 129.64, 129.36, 124.94, 99.53, 64.40, 38.51, 31.15, 24.95, 

23.08. MALDI-TOF-MS: Mass calc. for C17H19N5O6 389.13, Mass found: 390.19 [M+H
+
].  

 

bis(6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl) 12,12'-((5-((4-(3-(4-

methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido)butanoyl)oxy)isophthaloyl)bis 

(azanediyl)) didodecanoate ( LCref 3)  

4-(3-(4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido)butanoic acid 17 (21 mg, 0.054 

mmol) was dissolved in DCM (5 mL), EDC (15 mg, 0.10 mmol) and DMAP (5 mg, 0.04 

mmol) were added and the mixture was stirred for 5 minutes. Bis(6-(3-(6-methyl-4-oxo-

1,4-dihydropyrimidin-2-yl)ureido)hexyl)12,12'-((5-ydroxyisophthaloyl)bis(azanediyl)) 

didodecanoate 14 (39 mg, 0.036 mmol) in DCM (1 mL) was added and the mixture was 

stirred overnight at room temperature in the dark and under Ar. Subsequently, it was 

washed with H2O (3 x 20 mL), the solventw as evaporated and the crude product purified 

twice using column chromatography (1 % ethanol in chloroform) to yield the product as a 

yellow solid. Yield = 37 mg, 0.026 mmol. ɳ = 71 %. 
1
H NMR (500MHz, CDCl3) δ: 1.10-1.69 

(52 H, m, CH2), 2.03 (2H, m, NH-CH2-CH2), 2.22 (6H, s, CH3), 2.26 (4H, t, C=O-CH2), 2.38 (s, 

3H, CH3), 2.68 (t, 2H, C=O-CH2), 3.22 (q, 4H, NH-CH2), 3.41  (q, 4H, NH-CH2), 3.50 (q, 2H, 

NH-CH2), 4.05 (t, 4H, O-CH2), 5.74 (s, 2H, Ar-CH2), 5.81 (s, 2H, CH), 6.29 (s, 1H, CH), 6.70 (t, 

1H C=O-NH), 6.75 (t, 2H, C=O-NH), 7.49 (m, 1H, Ar-H), 7.65 (d, 2H, Ar-H), 7.73 (d, 2H, Ar-H), 

8.09 (s, 1H, Ar-H), 8.12 (d, 2H, Ar-H), 9.26 (b, 1H, N-H), 10.24 (b, 1H, N-H), 11.84 (b, 1H, N-

H), 13.12 (b, 1H, N-H). 
13

C NMR (126 MHz, CDCl3) δ: 174.01, 173.13, 173.08, 171.42, 

169.48, 165.56, 165.49, 157.12, 156.50, 154.66, 150.89, 148.46, 136.28, 133.82, 132.27, 

128.90, 125.02, 123.41, 123.31, 122.39, 106.63, 100.43, 64.74, 64.25, 40.34, 39.82, 38.74, 

34.42, 31.56, 29.76-28.53, 28.53, 26.96, 26.49, 25.64, 25.40, 24.99, 23.81, 18.95. MALDI-
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TOF-MS analysis was inconclusive.          
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Figure 3.10 Molecular structure of LCref 3 and its 
1
H NMR spectrum in CDCl3, letters denote the 

specific protons of 3 and the 
1
H NMR signals assigned to them. 

bis(6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl) 12,12'-((5-((4-(3-(6-

methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)butanoyl)oxy)isophthaloyl)bis 

(azanediyl))didodecanoate (Tritopic UPy 1) Bis(6-(3-(6-methyl-4-oxo-1,4-

dihydropyrimidin-2-yl)ureido)hexyl)12,12'-((5-((4-(3-(4-methyl-6-((2-nitrobenzyl)oxy) 

pyrimidin-2-yl)ureido)butanoyl)oxy)isophthaloyl)bis(azanediyl)) didodecanoate(LCref 3 (6 

mg, 4.14 µmol) was dissolved in chloroform (1 mL) and irradiated with UV light for 5 hours 

(λ = 315-400 nm). The solvent was evaporated and the crude product was purified twice 

using column chromatography (3 % EtOH in chloroform) to yield the product as a 

yellowish solid. Yield = 1.6 mg, 1.22 µmol. ɳ = 29 %. 
1
H NMR (500MHz, CDCl3) δ: 1.10-1.67 

(m, 52H, CH2), 2.04 (2H, m, NH-CH2-CH2), 2.23 (6H, s, CH3), 2.27 (4H, t, C=O-CH2), 3.23 (q, 

4H, NH-CH2), 3.41 (m, 6H, NH-CH2), 4.04 (t, 4H, O-CH2), 5.81 (s, 3H, CH), 6.47 (b, 2H, N-H), 

7.71 (m, 2H, Ar-H), 8.08 (m, 1H, Ar-H), 10.17 (b, 1H, N-H), 11.85 (b, 1H, N-H), 13.13 (b, 1H, 

N-H). MALDI-TOF-MS: Mass calc. for C66H100N14O14 1312.75, Mass found: 1313.75 [M+H
+
]. 

We would like to note that a large amount of lower masses were observed as well, these 

are likely the result of interactions of the compound with the matrix. 
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Figure 3.11 Molecular structure of tritopic UPy 1 and its 

1
H NMR spectrum in CDCl3, letters denote 

the specific protons of 1 and the 
1
H NMR signals assigned to them. 

Synthesis of the reference compound for the small cycle (SCref 2)  

              
Scheme 3.2 Synthetic scheme of SCref 2. 
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6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl 12-(3-

(benzyloxy)benzamido) dodecanoate (18)  

3-(benzyloxy)benzoic acid (0.10 g, 0.44 mmol) was dissolved in THF (5 mL), DMF (50 µL) 

and thionyl chloride (0.16 g, 1.31 mmol) were added and the mixture was refluxed 

overnight under Ar. The solvent was evaporated under vacuum and acyl chloride 

formation was confirmed by 
1
H NMR. 12-((6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-

yl)ureido)hexyl)oxy)-12-oxododecan-1-aminium 11 (0.25 g, 0.53mmol) was dissolved in 

dry NMP (5 mL) and triethylamine (0.11 g, 1.31 mmol) was added. The acid chloride was 

dissolved in dry NMP (1 mL) and added dropwise to the mixture. The mixture was stirred 

overnight at room temperature and under Ar. The mixture was diluted with chloroform 

(100 mL), the organic phase was washed with water (5 x 300 mL), washed with brine  

(1 x 300 mL) and dried using MgSO4. The crude product was purified using column 

chromatography (0 - 5 % methanol in chloroform) and dried for 48 hours under vacuum to 

yield the target compound as a yellow solid (still contains some traces of NMP). Yield = 

0.17 g, 0.26 mmol. ɳ = 59 %. 
1
H NMR (400MHz, CDCl3) δ: 1.24-1.41 (m, 16H, CH2), 1.55-

1.65 (m, 10H, CH2), 2.21 (s, 3H, CH3), 2.29 (t, 2H, C=O-CH2), 3.23 (q, 2H, UPy-CH2), 3.46 (q, 

2H, NH-CH2), 4.06 (t, 2H, O-CH2), 5.10 (s, 2H, Ar-CH2), 5.81 (s, 1H, C-H), 6.15 (b, 1H, N-H), 

7.10 (dq, 1H, Ar-H), 7.28-7.46 (m, 8H, Ar-H), 10.17 (s, 1H, N-H), 11.85 (s, 1H, N-H), 13.10 (s, 

1H, N-H). 
13

C NMR (100 MHz, CDCl3) δ: 173.95, 173.07, 167.23, 158.91, 156.52, 154.65, 

148.30, 136.57, 136.35, 129.51, 128.58, 128.03, 127.50, 118.95, 118.11, 113.34, 106.67, 

77.37, 77.05, 76.74, 70.10, 64.25, 40.13, 39.89, 34.35, 29.63, 29.47, 29.40, 29.30, 29.21, 

29.11, 28.56, 26.98, 26.58, 25.63, 24.97, 18.91. MALDI-TOF-MS: Mass calc. for C38H53N5O6 

675.40, Mass found: 714.36 [M+K
+
].  

 

6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl 12-(3-hydroxybenzamido) 

dodecanoate (19)  

6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl 12-(3-(benzyloxy)benzamido) 

dodecanoate 18 (136 mg, 0.20 mmol) was dissolved in THF (7.5 mL), nitrogen was bubbled 

through for 5 minutes, Pd/C (50 mg) was added and a hydrogen atmosphere was applied 

using a balloon for 48 hours. The resulting mixture was diluted with THF (10 mL) and the 

Pd/C was removed by centrifugation. The organic phase was dried under vacuum and 

purified using column chromatography (0 - 10 % methanol in chloroform) to yield the 

product as a white solid. Yield = 67 mg, 0.114 mmol. ɳ = 57 %. 
1
H NMR (400MHz, CDCl3) δ: 

1.23-1.39 (m, 26H, CH2), 2.21 (s, 3H, CH3), 2.28 (t, 2H, C=O-CH2), 3.22 (q, 2H, UPy-CH2), 

3.43 (q, 2H, NH-CH2), 4.00 (t, 2H, O-CH2), 5.85 (s, 1H, C-H), 6.34 (b, 1H, N-H), 6.98 (dq, 1H, 

Ar-H), 7.18 (dq, 1H, Ar-H), 7.23-7.27 (m, 2H, Ar-H), 7.54 (b, 1H, -OH), 9.91 (s, 1H, N-H), 

11.74 (s, 1H, N-H), 13.13 (s, 1H, N-H). 
13

C NMR (126 MHz, CDCl3) δ: 167.75, 130.88, 128.79, 

107.33, 68.15, 38.71, 30.35, 29.71, 28.92, 23.73, 22.99, 14.06. MALDI-TOF-MS: Mass calc. 

for C31H47N5O6 585.74, Mass found: 624.33 [M+K
+
].  
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6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl 12-(3-((4-(3-(4-methyl-6-

((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido)butanoyl)oxy)benzamido)dodecanoate (20)  

6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl 12-(3-hydroxybenzamido) 

dodecanoate 18 (60 mg, 0.10 mmol), 4-(3-(4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl) 

ureido)butanoic acid 17 (44 mg, 0.11 mmol), EDC (24 mg, 0.15 mmol) and DMAP (19 mg, 

0.15 mmol) were dissolved in chloroform (5 mL) and stirred overnight at room 

temperature in the dark and under Ar. The organic phase was diluted with chloroform (5 

mL) and washed with water (3 x 10 mL). The crude product was purified using column 

chromatography (0 - 5 % methanol in chloroform) to yield the product as a yellow solid. 

Yield = 69 mg, 0.072 mmol. ɳ = 70 %. 
1
H NMR (400MHz, CDCl3) δ: 1.22-1.55 (m, 26H, CH2), 

2.04 (m, 2H, CH2), 2.22 (s, 3H, CH3), 2.37 (s, 3H, CH3), 2.65 (t, 2H, C=O-CH2), 3.25 (q, 2H, 

NH-CH2), 3.43 (q, 2H, NH-CH2), 3.50 (q, 2H, NH-CH2), 4.06 (t, 2H, O-CH2), 5.74 (s, 2H, Ar-

CH2), 5.81 (s, 1H, C-H), 6.28 (b, 1H, N-H), 7.17 (d, 1H, N-H), 7.34-7.77 (m, 7H, Ar-H), 8.13 (d, 

1H, Ar-H), 9.26 (b, 1H, N-H), 10.17 (s, 1H, N-H), 11.85 (s, 1H, N-H), 13.10 (s, 1H- N-H).  
13

C NMR (126 MHz, CDCl3) δ: 174.10, 173.17, 171.66, 169.65, 168.12, 166.49, 157.31, 

156.67, 154.80, 154.53, 150.82, 148.41, 147.67, 136.51, 133.89, 132.42, 129.63, 129.06, 

128.87, 125.13, 124.55, 124.43, 120.39, 106.78, 100.48, 77.41, 77.36, 77.16, 77.07, 76.91, 

64.86, 64.39, 40.34, 40.01, 39.04, 34.49, 31.84, 29.74, 29.61, 29.53, 29.43, 29.35, 29.25, 

29.22, 28.69, 27.12, 26.70, 25.76, 25.46, 25.11, 23.89, 19.04. MALDI-TOF-MS analysis was 

inconclusive.  

 

SCref 2  

Solutions of 6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl-12-(3-((4-(3-(4-

methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido)butanoyl)oxy)benzamido)dodecanoate 

20 (43 mg, 0.045 mmol) in CDCl3 were exposed to UV-irradiation for 4 hours to remove the 

protecting group and purified by recycling GPC to yield the product as a yellow solid. Yield 

= 15.3 mg, 0.014 mmol. ɳ = 36 %. 
1
H NMR (500 MHz, CDCl3) δ: 1.25-1.64 (m, 26H, CH2), 

2.04 (m, 2H, CH2), 2.22 (s, 6H, CH3), 2.29 (t, 2H, C=O-CH2), 2.67 (t, 2H, Ar-C=O-CH2), 3.24 

(2H, q, NH-CH2), 3.40 (q, 4H, NH-CH2), 4.04 (t, 2H, O-CH2), 5.81 (s, 2H, C-H), 6.35 (b, 2H, 

NH), 7.22 (b, 1H, Ar-H), 7.40 (b, 1H, Ar-H), 7.55 (b, 1H, Ar-H), 7.61  (b, 1H, Ar-H), 10.16 (b, 

1H, NH), 10.35 (b, 1H, NH), 11.83 (b, 1H, NH), 11.90 (b, 1H, NH), 13.02 (b, 1H, NH), 13.11 

(b, 1H, NH). 
13

C NMR (126 MHz, CDCl3) δ: 174.06, 173.24, 171.62, 166.53, 156.64, 154.68, 

150.95, 148.48, 136.52, 129.61, 124.62, 124.22, 120.55, 106.78, 64.37, 40.33, 40.02, 

39.00, 34.50, 31.70, 29.92-29.04, 28.68, 27.12, 26.69, 25.77, 25.10, 24.85, 19.08. Mass 

calc. for C41H59N9O9 821.44, Mass found: 822.46 [M+H
+
] 
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Figure 3.12 Molecular structure of SCref 2 and its 
1
H NMR spectrum in CDCl3, letters denote the 

specific protons of 2 and the 
1
H NMR signals assigned to them.  

 
 

Synthesis of the reference compound for A-type UPys (Aref 4) 

 

Scheme 3.3 Synthesis of Aref 4. 
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di-tert-butyl 5-hydroxyisophthalate (21)  

Reactions were performed according to a literature procedure.
47

 Reactions were 

performed at exactly the same scale and using the same amounts of chemicals i.e., 3.0 g, 

16.5 mmol of 5-hydroxyisophthalic acid as starting material. Yield = 3.31 g, 11.2 mmol. ɳ = 

68 %. 
1
H NMR (400MHz, CDCl3) δ: 1.60 (s, 18H, CH3), 7.73 (d, 2H, Ar-H), 8.14 (t, 1H, Ar-H). 

13
C NMR (100 MHz, CDCl3) δ: 165.09, 155.95, 133.47, 122.66, 120.31, 81.87, 28.12. MALDI-

TOF-MS: Mass calc. for C16H22O5  294.15, Mass found: 317.24 [M+Na
+
].  

 

di-tert-butyl 5-((4-(3-(4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-

yl)ureido)butanoyl)oxy) isophthalate (22)  

4-(3-(4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido)butanoic acid 17 (0.16 g, 0.42 

mmol) was dissolved in DCM (6 mL), EDC (0.18 g, mmol) and DMAP (18 mg, mmol) were 

added. The reaction mixture was stirred for 15 minutes, di-tert-butyl  

5-hydroxyisophthalate 21 (0.12 g, 0.42 mmol) was added and the reaction mixture was 

stirred overnight in the dark under Ar. The solvent was evaporated, the solids were 

dissolved in chloroform (50 mL), washed with water (3 x 50 mL) and brine (1 x 50 mL) and 

dried using MgSO4. The crude product was purified using column chromatography (20 - 

100 % EtOAc in heptane) to yield the product as a yellow solid. Yield = 0.15 g, 0.23 mmol.  

ɳ = 56 %. 
1
H NMR (400MHz, CDCl3) δ: 1.59 (s, 18H, CH3), 2.04 (m, 2H, CH2), 2.38 (s, 3H, 

CH3), 2.72 (t, 2H, CH2), 5.74 (s, 2H, Ar-CH2-O), 6.29 (s, 1H, Ar-H), 7.09 (s, 1H, N-H), 7.51 (m, 

1H, Ar-H), 7.65 (d, 2H, Ar-H), 7.83, (d, 2H, Ar-H), 8.12 (d, 1H, Ar-H), 8.43 (t, 1H, Ar-H), 9.29 

(b, 1H, N-H). 
13

C NMR (100 MHz, CDCl3) δ: 171.45, 169.54, 167.88, 164.06, 157.16, 154.26, 

150.38, 133.73, 133.62, 132.34, 128.91, 128.72, 127.77, 126.49, 125.03, 100.36, 81.96, 

77.32, 77.20, 77.00, 76.68, 64.75, 38.97, 31.68, 28.10, 25.26, 23.79. MALDI-TOF-MS: Mass 

calc. for C33H39N5O10 665.27, Mass found: 666.29 [M+H
+
].  

 

Solutions of di-tert-butyl 5-((4-(3-(4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)ureido) 

butanoyl)oxy) isophthalate 22 in CDCl3 were exposed to UV-irradiation for 4 hours to 

remove the protecting group, resulting in solutions of Aref 4 which were used as is for 

further analysis.    
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Figure 3.13 Molecular structure of 22 and its 

1
H NMR spectrum in CDCl3, letters denote the specific 

protons of 22 and the 
1
H NMR signals assigned to them. 

 

Synthesis of the reference compound for B-type UPys (Bref 5) 

 
Scheme 3.4 Synthetic scheme of Bref 5. 

10-(benzyloxy)decan-1-ol (23)  

Dodecanediol (1.0 g, 4.94 mmol) was dissolved in DMF (10mL), NaH (0.23 g, 9.58 mmol) 

was added and the mixture was stirred for 5 minutes. Benzyl bromide (0.85 g, 4,97 mmol) 

was added and the mixture was stirred overnight at 40 ˚C under Ar. Water (100 mL) was 

added, the mixture was extracted with diethyl ether (3 x 100 mL) and the organic phase 
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was evaporated. The crude product was purified using column chromatography (EtOAc 10-

15 % in heptanes) to yield the product as a white solid. Yield = 0.667 g, 2.28 mmol, ɳ = 46 

%. 
1
H NMR (400MHz, CDCl3) δ: 1.19-1.65 (m, 20H, CH2), 3.46 (t, 3H, O-CH2), 3.63 (q, 2H, 

CH2-OH) 4.49 (s, 2H, Ar-CH2), 7.24-7.39 (m, 5H, Ar-H). 
13

C NMR (126 MHz, CDCl3) δ: 
 
138.69, 

128.30, 127.59, 127.42, 72.83, 70.51, 63.09, 32.79, 29.75, 29.56, 29.55, 29.54, 29.53, 

29.45, 29.40, 26.17, 25.71. Mass calc. for C19H32O2 292.24, Mass found: 292.37 [M
+.

].
 

8-((tert-butoxycarbonyl)amino)octanoic acid (24)  

8-Aminooctanoic acid (3.0 g, 18.8 mmol) was dissolved in DCM (5 mL) and H2O (5 mL), 

NaOH (1.5 g, 37.5 mmol) was added and the mixture was cooled to 0 ˚C. Di-tert-butyl 

dicarbonate (4.1 g, 18.79 mmol) was slowly added and the mixture was stirred for 24 

hours under Ar. Concentrated HCl (3 mL) was added and the mixture was extracted with 

DCM (2 x 20 mL). The organic phase was dried with MgSO4 and dried under vacuum to 

yield the target compound as a white solid. Yield = 2.33 g, 8.97 mmol. ɳ = 48 %. 
1
H NMR 

(400MHz, CHCl3) δ: 1.03-1.69 (m, 19H, CH2 and CH3), 2.20 (t, 1.6H, CH2-COOH), 2.33 (t, 

0.4H, CH2-COO-), 2.97 (q, 2H, NH-CH2), 6.08 (b, 1H, NH), 11.30 (b, 1H, COOH). 
13

C NMR 

(100 MHz, CDCl3) δ: 179.12, 155.93, 79.09, 40.59, 33.95, 29.93, 28.92, 28.85, 28.40, 26.53, 

24.58. Mass calc. for C13H25O4 259.18, Mass found: 282.27 [M+Na
+
]. 

12-(benzyloxy)dodecyl 8-((tert-butoxycarbonyl)amino)octanoate (25)  

8-((tert-butoxycarbonyl)amino)octanoic acid 24 (200mg, 0.77 mmol) and 10-(benzyloxy) 

decan-1-ol 23 (226 mg, 0.771 mmol) were dissolved in hexane (30 mL). Novozym 435 (20 

mg) was added and the mixture was gently stirred at a rotary-evaporator at 65 ˚C at 800 

mbar for 3 hours. Hexane was refilled when necessary. Novozym 435 was filtered off and 

the solvent removed under vacuum to yield the product as a white solid. Yield = 378 mg, 

0.708 mmol, ɳ = 92 %. 
1
H NMR (400MHz, CHCl3) δ: 1.23-1.65 (m, 39H, CH2 and CH3), 2.28 

(t, 2H, CH2-O-C=O), 3.09 (q, 2H, NH-CH2, 3.47 (t, 2H, O-CH2), 4.05 (t, 2H, C=O-O-CH2), 4.50 

(s, 2H, Ar-CH2), 7.24-7.34 (m, 5H, Ar-H). 
13

C NMR (100 MHz, CDCl3) δ: 173.86, 155.94, 

138.69, 128.29, 127.57, 127.41, 85.14, 72.82, 70.50, 64.40, 40.55, 34.30, 29.99, 29.75, 

29.55, 29.54, 29.52, 29.48, 29.22, 29.02, 28.90, 28.62, 28.40, 27.39, 26.58, 26.17, 25.90, 

24.87. Mass calc. for C32H55O5 533.41, Masses found: 556.41 [M+Na
+
], 434.42 [M-Boc 

group]. 

8-((12-(benzyloxy)dodecyl)oxy)-8-oxooctan-1-aminium (26)  

12-(benzyloxy)dodecyl 8-((tert-butoxycarbonyl)amino)octanoate 25 (375 mg, 0.703 mmol) 

was dissolved in a mixture of 30 % TFA in DCM (10 mL total) and stirred for 2 hours at 

room temperature under Ar. The solvents were evaporated and co-evaporated with 

toluene (2 x 5 mL) to yield the target compound as a white solid. Yield = 301 mg, 0.69 

mmol, ɳ = 99 %. 
1
H NMR (400MHz, CHCl3) δ: 1.23-1.68 (m, 30H, CH2), 2.29 (t, 2H, CH2-CH2-

NH3
+
), 2.94 (q, 4H, C=O-O), 3.48 (t, 2H, O-CH2), 4.04 (t, 2H, CH2-O-C=O), 4.51 (s, 2H, Ar-
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CH2), 7.16-7.34 (m, 5H, Ar-H), 7.67 (b, 3H, NH3
+
). 

13
C NMR (100 MHz, CDCl3) δ: 174.45, 

160.89, 138.38, 137.83, 128.99, 128.34, 128.18, 127.67, 127.54, 125.25, 72.81, 70.53, 

64.70, 40.09, 34.13, 29.63, 29.52, 29.50, 29.46, 29.42, 29.20, 28.53, 28.49, 28.35, 27.23, 

26.11, 25.86, 25.70, 24.48, 21.42. Mass calc. for C27H48NO3 434.36, Mass found: 434.40 

[M
+.

]. 

12-(benzyloxy)dodecyl 8-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)octanoate 

(27) 8-((12-(benzyloxy)dodecyl)oxy)-8-oxooctan-1-aminium 26 (295 mg, 0.68 mmol), N-(6-

methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-1H-imidazole-1-carboxamide 7 (800 mg, 3.65 

mmol) and triethylamine (0.3 mL) were dissolved in DMF (15 mL) and stirred overnight 

under Ar. The solvent was evaporated, chloroform (20 mL) was added and the solids 

filtered off. The organic phase was dried under vacuum and purified using column 

chromatography (5 % MeOH in chloroform) to yield the target compound as a white solid. 

Yield = 320 mg, 0.55 mmol, ɳ = 81.0 %. 
1
H NMR (400MHz, CHCl3) δ: 1.22-1.65 (m, 30H, 

CH2), 2.22 (s, 3H, CH3), 2.28 (t, 2H, CH2-C=O-O), 3.25 (q, 2H, UPy-CH2), 3.46 (t, 2H, O-CH2), 

4.04 (t, 2H, CH2-O-C=O), 4.50 (s, 2H, Ar-CH2), 5.81 (s, 1H, C-H), 7.22-7.38 (m, 5H, Ar-H), 

10.15 (b, 1H, N-H), 11.86 (b, 1H, N-H), 13.12 (b, 1H, N-H). 
13

C NMR (100 MHz, CDCl3) δ: 

173.91, 173.01, 156.54, 154.68, 148.15, 138.69, 128.29, 127.57, 127.41, 106.67, 72.82, 

70.50, 64.38, 39.97, 34.34, 29.75, 29.56, 29.54, 29.49, 29.46, 29.23, 28.92, 28.63, 26.77, 

26.17, 25.91, 24.93, 18.91. Mass calc. for C33H52N4O5 584.39, Mass found: 585.41 [M+H
+
]. 

12-hydroxydodecyl 8-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)octanoate 

(Bref 5)  12-(benzyloxy)dodecyl8-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido) 

octanoate 27 (387 mg, 0.662 mmol) was dissolved in a mixture of THF (25 mL), ethanol (10 

mL) and acetic acid (0.1 mL). Pd/C (100 mg) was added and hydrogen gas was supplied 

using a balloon. The mixture was stirred overnight and the Pd/C was filtered off over 

Celite. The solvent was evaporated and the product was purified using column 

chromatography (0 - 5 % MeOH in chloroform) to yield a white solid. Yield = 301 mg, 0.61 

mmol, ɳ = 92 %. 
1
H NMR (400MHz, CHCl3) δ: 1.14-1.72 (m, 30H, CH2), 2.22 (s, 3H, CH3), 

2.27 (t, 2H, CH2-C=O-O), 3.23 (q, 2H, UPy- CH2), 3.62 (t, 2H, CH2-OH), 4.03 (t, 2H, CH2-O-

C=O), 5.82 (s, 1H, C-H), 10.12 (b, 1H, N-H), 11.83 (b, 1H, N-H), 13.11 (b, 1H, N-H). 
13

C NMR 

(100 MHz, CDCl3) δ: 173.96, 173.08, 156.46, 154.63, 148.31, 106.54, 64.37, 62.89, 39.95, 

34.33, 32.76, 29.55, 29.49, 29.47, 29.44, 29.40, 29.16, 29.05, 28.91, 28.58, 26.75, 25.87, 

25.74, 24.91, 18.91. Mass calc. for C26H46N4O5  494.35, Mass found: 495.37 [M+H
+
].     
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Figure 3.14 Molecular structure of Bref 5 and its 

1
H NMR spectrum in CDCl3, letters denote the specific 

protons of Bref 5 and the 
1
H NMR signals assigned to them. 

Synthesis of NaPy 6   

NaPy 6 was synthesized using a procedure reported previously by us.
35

 

 

3.5  References 

(1)  Wilson, A. J. Heredity 2014, 112, 70. 
(2)  De La Cova, C.; Abril, M.; Bellosta, P.; Gallant, P.; Johnston, L. Cell 2004, 117 (1), 

107. 
(3)  Han, J.; Kushner, S. A.; Yiu, A. P.; Cole, C. J.; Matynia, A.; Brown, R.; Neve, R. L.; 

Guzowski, J. F.; Silva, A. J.; Josselyn, S. A. Science 2007, 316, 457. 
(4)  Kass, E. M.; Jasin, M. FEBS Lett. 2010, 584, 3703. 
(5)  Maeda, H.; Fujita, N.; Ishihama, A. Nucleic Acids Res. 2000, 28, 3497. 
(6)  Hartl, F. U., Hayer-Hartl, M. Science 2002, 295, 1852. 
(7)  Jens, M.; Rajewsky, N. Nat. Rev. Genet. 2014, 16, 113. 
(8)  Fabian, M. R.; Sonenberg, N.; Filipowicz, W. Annu. Rev. Biochem. 2010, 79, 351. 
(9)  Ercolani, G.; Schiaffino, L. Angew. Chemie - Int. Ed. 2011, 50, 1762. 
(10)  Badjić, J. D.; Cantrill, S. J.; Stoddart, J. F. J. Am. Chem. Soc. 2004, 126 (8), 2288. 
(11)  Lauffenburger, D. A.; Meyer, A. S.; Zweemer, A. J. M. Cell Syst. 2015, 1, 25. 
(12)  Genot, A. J.; Fujii, T.; Rondelez, Y. Phys. Rev. Lett. 2012, 109, 208102. 
(13)  Kitano, H. Nature 2002, 420. 
(14)  Todd, E. M.; Zimmerman, S. C. J. Chem. Educ. 2009, 86, 638. 



Chapter 3 

 

- 70 - 

 

(15)  Pischel, U.; Uzunova, V. D.; Remón, P.; Nau, W. M. Chem. Commun. 2010, 46, 
2635. 

(16)  Komatsu, H.; Matsumoto, S.; Tamaru, S. I.; Kaneko, K.; Ikeda, M.; Hamachi, I. J. Am. 
Chem. Soc. 2009, 131 (15), 5580. 

(17)  Wu, A.; Isaacs, L. J. Am. Chem. Soc. 2003, 125 (16), 4831. 
(18)  Safont-Sempere, M. M.; Fernández, G.; Würthner, F. Chem. Rev. 2011, 111, 5784. 
(19)  Smulders, M. M. J.; Nitschke, J. R. Chem. Sci. 2012, 3 (9), 785. 
(20)  Hoogenboom, R.; Fournier, D.; Schubert, U. S. Chem. Commun. 2008, 155. 
(21)  Balzani, V.; Clemente-León, M.; Credi, A.; Lowe, J. N.; Badjić, J. D.; Stoddart, J. F.; 

Williams, D. J. Chem. - A Eur. J. 2003, 9, 5348. 
(22)  Nowosinski, K.; von Krbek, L. K. S.; Traulsen, N. L.; Schalley, C. A. Org. Lett. 2015, 

171 (20), 5076. 
(23)  Sun, H.; Guo, K.; Gan, H.; Li, X.; Hunter, C. A. Org. Biomol. Chem. 2015, 13, 8053. 
(24)  Hunter, C. A.; Misuraca, M. C.; Turega, S. M. J. Am. Chem. Soc. 2011, 133 (50), 

20416. 
(25)  Hogben, H. J.; Sprafke, J. K.; Hoffmann, M.; Pawlicki, M.; Anderson, H. L. J. Am. 

Chem. Soc. 2011, 133 (51), 20962. 
(26)  Montoro-García, C.; Camacho-García, J.; López-Pérez, A. M.; Mayoral, M. J.; Bilbao, 

N.; González-Rodríguez, D. Angew. Chemie Int. Ed. 2016, 55 (1), 223. 
(27)  Fonseca Guerra, C.; Zijlstra, H.; Paragi, G.; Bickelhaupt, F. M. Chem. - A Eur. J. 2011, 

17 (45), 12612. 
(28)  McGuirk, C. M.; Stern, C. L.; Mirkin, C. A. J. Am. Chem. Soc. 2014, 136 (12), 4689. 
(29)  Song, Y.; Cheng, P.; Zhu, L.; Moore, E. G.; Moore, J. S. J. Am. Chem. Soc. 2014, 136 

(14), 5233. 
(30)  Ogi, S.; Fukui, T.; Jue, M. L.; Takeuchi, M.; Sugiyasu, K. Angew. Chemie - Int. Ed. 

2014, 53 (52), 14363. 
(31)  Corbett, P. T.; Sanders, J. K. M.; Otto, S. J. Am. Chem. Soc. 2005, 127, 9390. 
(32)  Grzybowski, B. A.; Wilmer, C. E.; Kim, J.; Browne, K. P.; Bishop, K. J. M. Soft Matter 

2009, 5, 1110. 
(33)  Rodríguez-Llansola, F.; Meijer, E. W. J. Am. Chem. Soc. 2013, 135 (17), 6549. 
(34)  Wang, X. Z.; Li, X. Q.; Shao, X. Bin; Zhao, X.; Deng, P.; Jiang, X. K.; Li, Z. T.; Chen, Y. 

Q. Chem. - A Eur. J. 2003, 9, 2904. 
(35)  Teunissen, A. J. P.; Haas, R. J. C. Van Der; Vekemans, J. A. J. M. Bull. Chem. Soc. Jpn 

2016, 89 (3), 308. 
(36)  Paffen, T. F. E.; Ercolani, G.; de Greef, T. F. A.; Meijer, E. W. J. Am. Chem. Soc. 2015, 

137 (4), 1501. 
(37)  Ercolani, G.; Piguet, C.; Borkovec, M.; Hamacek, J. J. Phys. Chem. B 2007, 111 (42), 

12195. 
(38)  Söntjens, S. H. M.; Sijbesma, R. P.; van Genderen, M. H. P.; Meijer, E. W. J. Am. 

Chem. Soc. 2000, 122 (31), 7487. 
(39)  De Greef, T. F. A.; Nieuwenhuizen, M. M. L.; Sijbesma, R. P.; Meijer, E. W. J. Org. 

Chem. 2010, 75, 598. 
(40)  De Greef, T. F. A.; Kade, M. J.; Feldman, K. E.; Kramer, E. J.; Hawker, C. J.; Meijer, E. 

W. J. Polym. Sci. Part A Polym. Chem. 2011, 49, 4253. 
(41)  Ercolani, G.; Mandolini, L.; Mencarelli, P.; Roelens, S. J. Am. Chem. Soc. 1993, 115 



Regulating competing supramolecular interactions using ligand concentration 

 

- 71 - 

 

(10), 3901. 
(42)  www.mt.com. 
(43)  http://www.hamiltoncompany.com/products/syringes-and-needles. 
(44)  Bain, A. D.; Fahie, B. J.; Kozluk, T.; Leigh, W. J. Can. J. Chem. 1991, 69, 1189. 
(45)  Paffen, T.F.E. Thesis; Eindhoven University of Technology. 
(46)  Dankers, P. Y. W.; Adams, P. J. H. M.; Löwik, D. W. P. M.; Van Hest, J. C. M.; Meijer, 

E. W. European J. Org. Chem. 2007, 4 (22), 3622. 
(47)  Mateo-Alonso, A.; Prato, M. European J. Org. Chem. 2010, 2010 (7), 1324. 
  
 



 

 

 

 

 



Chapter 4 

 

 

Scope and limitations of  

supramolecular autoregulation 

 

 

 

Abstract: Previously, our group has reported on the buffering of 2,7-diamido-1,8-

naphthyridine (NaPy) with a ditopic ureidopyrimidinone (UPy) moiety and used this 

phenomenon to regulate the catalysis of the Michael addition of 2,4-pentanedione to 

trans-β-nitrostyrene. We here show that the catalytic activity of NaPy is the result of a 

strong synergy between NaPy and trace amounts of K2CO3, resulting in a more than  

100-fold increase in reaction rate compared to the two compounds separately. Different 

salts and Michael substrates are screened to assess the selectivity of this catalytic couple 

and it is shown that by keeping the concentration of K2CO3 and NaPy constant, an 

improved regulation of the catalytic activity is achieved compared to the system reported 

previously. Lastly, the influence of the valency of the UPy construct on the buffering is 

examined. Mono, di, tri and tetratopic UPys are synthesized and their ability to buffer 

NaPy determined by experiments and computational modelling. It is shown that by using a 

tetratopic UPy the concentration range over which free NaPy is buffered can be improved 

by several orders of magnitude, compared to the buffering of a ditopic UPy. This work 

provides a platform for future research into non-covalent catalyst regulation, as described 

in Chapter 5. 

 

 

 

Part of this work has been published: 

Abraham J. P. Teunissen, Roy J. C. van der Haas, Jef A. J. M. Vekemans, Anja R. A. Palmans, 

E.W. Meijer Bull. Chem. Soc. Jpn. 2015, 89, 308-314. 
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4.1  Introduction 

  

 In order for biological systems to remain functional, it is often vital that a stable 

working environment is maintained. To achieve this, regulatory systems have evolved to 

minimize the effects of varying inputs on the functional activity of the system. Such an 

adjustment to change is often called autoregulation. This phenomenon is found both on a 

macroscopic level, for example to control cerebral
1,2

 and renal
3
 blood flow, as well as on a 

molecular level in the control of gene expression via the use of riboswitches.
4–6

 A very 

simple chemical analogue of autoregulation is a pH-buffer, in which the influence of acid 

on the proton concentration is minimized by the presence of a conjugated base, resulting 

in a relatively constant pH. A synthetic system capable of buffering functional molecules, 

instead of protons, will provide the opportunity to develop more stable and life-like 

chemical networks.   

  Previously, our group has presented the concept of supramolecular buffering, based 

on the equilibria between a ditopic supramolecular moiety that can homo-dimerize, and a 

chainstopper that is unable to dimerize but can associate with the other supramolecular 

moiety (Figure 4.1).
7–9

 Ditopic supramolecular compounds have the ability to form either 

rings (Kintra) or linear polymers (Kinter), where the stability of the rings can be defined by the 

effective molarity (EM ≡ Kintra/Kinter).
10,11

 Since the EM represents a local concentration, the 

formation of intramolecular contacts i.e., rings, is more favorable at low concentrations, 

while polymerization is favored at high concentrations. The exact value of the EM depends 

largely on the flexibility and length of the spacer connecting the binding motifs and their 

relation is relatively well understood.
10,11

 When a chain stopper is added to a ditopic 

compound, an equilibrium is established between cycles with free chain stopper and end-

capped linear polymers. Since at high concentrations polymerization is more favorable, 

the system will in such cases consists of end-capped polymers and a relatively low fraction 

of free chain stopper. When the systems gets diluted the formation of rings becomes 

more favorable, resulting in an increase in the fraction of free chain stopper compared to 

the fraction bound to the polymer. Under certain conditions, such a dilution-induced 

release of chain stopper results in buffering of the chain stopper i.e., the total 

concentration of the system can be altered while the concentration of free chain stopper 

remains nearly constant (Figure 4.1). 
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Figure 4.1 The equilibria between a ditopic supramolecular compound that is able to homo-dimerize 

and a chain stopper that is unable to dimerize. The graph depicts the concentration of free end-

capper as a function of the total concentration, the image was adapted from Ref 7. 

 It has been shown that buffering of 2,7-diamido-1,8-naphthyridine (NaPy 1, Figure 4.2) 

chainstoppers can be achieved in practice using the ring-chain equilibrium of a ditopic 

ureidopyrimidinone (UPy 2).
8
 In this case, the concentration of unbound 1 is buffered over 

a broad concentration range (c = 10 – 80 mM). Additionally, it has been found that free 

NaPy 1 is able to catalyze the Michael addition of 2,4-pentanedione to trans-β-

nitrostyrene (Figure 4.2).
8,9

 Moreover, the addition of ureidopyrimidinone (UPy 2) to NaPy  

decreases the rate of the Michael addition. This has been ascribed to the formation of 

UPy-NaPy heterodimers, thereby lowering the free NaPy concentration.
12,13

 As a result of 

the buffering described above, the turnover frequency (TOF) of the Michael addition in 

the presence of NaPy 1 and UPy 2 displays a nearly constant value over a wide 

concentration range. This buffering phenomenon results in a system with characteristics 

similar to autoregulated natural systems, therefore this principle has been termed 

supramolecular autoregulation.
8
 



Chapter 4 

 

- 76 - 

 

 

Figure 4.2 Chemical structures of NaPy and UPys, and the NaPy catalyzed Michael addition of 2,4-

pentanedione to trans-β-nitrostyrene in CDCl3. 

 In our search to optimize the autoregulation and to understand the catalytic functions, 

we have discovered that the catalytic activity of NaPy is in fact the result of a strong 

synergy between NaPy and K2CO3.
9
 Here, we show that this finding results in an 

improvement of the autoregulatory principle reported originally. The buffering of the TOF 

can be optimized provided that the concentration of both NaPy and K2CO3 are controlled. 

We complement these findings with an experimental study on the scope and limitations of 

the catalytic couple. To gain more insight into the observed TOF, the influence of UPy on 

the reaction rate is examined in more detail and various salts and substrate combinations 

are screened to illustrate the scope of this catalytic system and broaden the applicability 

of the supramolecular autoregulatory concept. Lastly, the effect of the multivalency of the 

UPy construct on the buffering of NaPy is investigated using a library of mono-, di-, tri- and 

tetratopic UPys.  

 

4.2  Results and discussion  

4.2.1 NaPy as phase-transfer-catalyst: a coincidental discovery  

 Continued research on the UPy-NaPy based autoregulatory system described above 

required the synthesis of an additional batch of NaPy (see experimental for details). 

Traditionally, NaPy was purified by recrystallization in ethanol and toluene.
12

 For practical 

reasons, we decided to purify NaPy using column chromatography, leading to a batch of 

NaPy that surprisingly was catalytically inactive in the Michael addition of 2,4-

pentanedione to trans-β-nitrostyrene. Since K2CO3 is known to catalyze certain Michael 

additions
14,15

 and was used in the final step in the synthesis of NaPy, we hypothesized that 

the work-up procedure via recrystallization might have resulted in incomplete removal of 

K2CO3, thereby affecting the catalytic results. To compare the reaction rates of the Michael 
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addition of 2,4-pentanedione to trans-β-nitrostyrene in the presence of either NaPy, 

K2CO3 or a mixture thereof, several reactions were performed (Figure 4.3). Since the 

dimerization of NaPy and UPy is typically studied in chloroform,
8,16,17

  all experiments were 

performed in CDCl3 at room temperature.    
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Figure 4.3 The conversion of the Michael acceptor in the Michael addition between 2,4-pentanedione 

(c = 500 mM) and trans-β-nitrostyrene (c = 100 mM) upon the addition of combinations of NaPy (c = 

20 mM), K2CO3 (c = 5 mM) and UPy (c = 20 mM). The conversion was measured by 
1
H NMR using the 

relative ratio of Michael acceptor and product. The reaction time is 2 hours, the solvent is CDCl3. All 

components were combined directly.  

 

 Upon addition of either NaPy or K2CO3 (ground before use) to 2,4-pentanedione and 

trans-β-nitrostyrene only trace amounts of Michael adduct were formed, while the 

combined presence of NaPy and K2CO3 gave quantitative conversion after ≈60 minutes, as 

revealed by additional measurements (Figure 4.3). The addition of 1 equivalent of UPy 2, 

which complexed to most of the free NaPy, resulted in a dramatic decrease of the 

conversion. These results show that there is only significant catalytic activity when both 

K2CO3 and free Napy are present. Hence, it is likely that the previously used NaPy 

contained traces of K2CO3.
8,18

 The necessity of using both NaPy and K2CO3 to obtain 

efficient catalysis is likely the result of NaPy acting as a phase-transfer catalyst for K2CO3, 

thereby forming an active NaPy•K2CO3 complex (see Chapter 5 for DFT calculations). The 

presence of such a complex also explains why the recrystallization step to purify NaPy has 

been ineffective in removing K2CO3. This complex can either be formed via a “crown-ether 

like” mechanism, where NaPy complexes K2CO3 as a whole and thereby facilitates its 

transfer into the liquid phase or by NaPy reacting with K2CO3, resulting in KHCO3 and 

soluble K
+
NaPy

-
 which acts as the active base for the reaction.

19
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4.2.2 Supramolecular autoregulation using a constant K2CO3 concentration   

 In the original autoregulation article,
8
 the equilibria between ditopic UPy 2 and NaPy 1 

afforded a system in which the concentration of free NaPy (i.e., the active catalyst in 

combination with K2CO3), remained constant over a broad concentration range. As a 

result, the reaction rates of the Michael addition increased less strongly with the total 

concentration of NaPy in the presence of ditopic UPy 3 than when no UPy was added (See 

Figures S17 and S18 in Ref. 8 for more details). According to our new results, the amount 

of NaPy•K2CO3 influenced the rate of the Michael addition. Thus, it should be possible to 

construct a system with constant reaction rates at different concentrations of NaPy-UPy as 

long as the concentration of K2CO3 is kept constant. To test this, we repeated the original 

measurements in the presence of a constant concentration of K2CO3 and different 

amounts of NaPy with and without ditopic UPy 3 present. Solutions containing K2CO3 (c = 1 

mM), 2,4-pentanedione (c = 500 mM), trans-β-nitrostyrene (c = 100 mM) and NaPy (c = 1 -

50 mM) and ditopic UPy 2 (0.5 eq. with respect to NaPy) were prepared in CDCl3. The 

formation of Michael adduct was monitored over time by 
1
H NMR spectroscopy (Figure 

4.4). Figure 4.4A shows that the reaction rate of the Michael addition in non-buffered 

conditions (i.e., no UPy 3 present) increases with roughly a factor 2 when the 

concentration of NaPy is increased from 1 to 5 mM. A further increase of the NaPy 

concentration does not lead to a significant increase in the reaction rates; the conversion 

profiles for 10 and 40 mM NaPy are similar to those observed for 5 mM NaPy 

concentration. This is proposed to be the result of the much smaller and constant amount 

of K2CO3 (c = 1 mM) becoming rate limiting. In other words, the addition of more NaPy will 

no longer increase the NaPy•K2CO3 concentration and hence the reaction rate is not 

enhanced.  
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Figure 4.4 A Michael adduct formation for a system containing 2,4-pentanedione (c = 500 mM), 

trans-β-nitrostyrene (c = 100 mM), K2CO3 (c = 1 mM) and different amounts of NaPy, lines are to 

guide the eye. B The same experiment as depicted in A, but with 0.5 equivalents of ditopic UPy 2 

(with respect to NaPy) present to buffer the free NaPy concentration. 
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 In contrast, if the reaction is carried out under the same conditions but with 0.5 

equivalent of ditopic UPy 2 present (Figure 4.4B), the free NaPy concentration is buffered 

at approximately 1 mM. This buffering of the concentration of active phase-transfer 

catalyst results in conversion profiles that are independent of the total NaPy-UPy 

concentration. This indicates that the reaction rates are similar and have become 

independent of the total NaPy concentration. While in our studies the concentration of 

K2CO3 is kept at a constant level, it has been unintentionally increased simultaneously with 

the total NaPy concentration in the experiments reported previously.
8
 This has no 

significant effect on the UPy-NaPy equilibria since the concentration at which free NaPy is 

buffered (≈ 1 mM) is very similar in both cases. However, the reaction rates observed are 

much more constant in this study compared to the experiments reported previously (See 

Ref 8, Figure S18). This is the consequence of keeping both the K2CO3 and NaPy 

concentration constant, instead of only the latter. Thus, we hereby confirmed that the 

previously reported supramolecular autoregulation as a result of a buffered free NaPy 

concentration is indeed possible and becomes even better when the concentration of 

K2CO3 is kept constant.  

 

4.2.3 Regulating catalytic activity using supramolecular interactions  

     Although there are many, potentially more efficient, catalysts for the Michael addition, 

our NaPy-K2CO3 system has the unique possibility of exploiting the UPy-NaPy dimerization 

to regulate the free NaPy concentration. This provides a handle to control catalytic activity 

in a non-covalent and reversible manner, thereby creating a direct link between non-

covalent and covalent chemistry. In light of future applications, we set out to study the 

scope and limitations of the NaPy-K2CO3 catalytic couple. In order to determine the 

influence of the amount of UPy on the reaction rate in more detail, the coupling of 2,4-

pentanedione (c = 40 mM) to trans-β-nitrostyrene (c = 40 mM) was performed in the 

presence of NaPy (c = 5 mM), K2CO3 (c = 5 mM) and various amounts of monotopic UPy 3 

(Figure 4.5A). At all UPy concentrations, > 97 % of UPy was present as UPy-NaPy 

heterodimer. When all components were combined directly, an initial lag-phase of 

approximately 40 minutes was observed, which we attributed to the time required to 

form a catalytically active NaPy•K2CO3 complex. As expected, when NaPy 1, UPy 3 and 

K2CO3 were stirred for 16 hours before adding the Michael substrates, the lag-phase is not 

observed. Our results show that there is an exponential decay in the reaction rate upon 

increasing the amount of UPy (Figure 4.5B). This nonlinearity shows that the reaction 

order of NaPy is larger than unity, which suggests that more than one NaPy is present in 

the catalytically active species (see chapter 5 for more details).   

 While UPy 3 is here simply considered as an inhibitor for NaPy, we later found that  

UPy 3 can also act as a phase-transfer-catalyst for the K2CO3 catalyzed Michael addition 

(see Chapter 5 for more details). However, due to the much longer timescales on which 
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the UPy 3 catalyst works we expect its influence on the results depicted in Figure 4.5 to be 

minimal. 
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Figure 4.5 A Conversion of the Michael addition obtained in the presence of various amounts of UPy. 

NaPy 1 (c = 5 mM) and K2CO3 (c = 5 mM) were stirred for 16 hours in CDCl3 (15 mL) after which 2,4-

pentanedione (c = 40 mM) and trans-β-nitrostyrene (c = 40 mM) were added. In the “direct start“ 

measurement only NaPy 1 was stirred for 16 hours and K2CO3 was added together with the Michael 

substrates. B The initial reaction rates of the Michael addition versus the equivalents of UPy 3 in 

relation to NaPy 1.  

  

4.2.4 The influence of the base and substrates  on the Michael addition 

 Next the influence of the base and substrate combination on the catalytic activity were 

investigated. The concentration of K2CO3 was varied and other salts were tested, as well as 

the replacement of NaPy by 18-crown-6, a known phase-transfer catalyst for K2CO3.
20 

Increasing the amount of K2CO3 relative to NaPy resulted in a roughly linear increase in 

conversion, with slightly lower values at higher K2CO3 concentrations (Figure 4.6A). This is 

attributed to K2CO3 becoming rate limiting. Additionally, high K2CO3 concentrations result 

in the formation of a poorly soluble yellow powder and the disappearance of part of the 

trans-β-nitrostyrene from the solution; as evidenced by NMR spectroscopy. Most likely, 

this precipitate is the result of complexation between K
+
 and the nitro-moiety,

21
 which is 

corroborated by the fact that this precipitate dissolves again when 18-crown-6 is added. 

The catalytic activity of NaPy in the presence of other salts such as CaCO3, Na2CO3 and KCl 

is low (Figure 4.6B), with the exception of Cs2CO3. The reaction still occurs when NaPy is 

replaced by catalyst 18-crown-6, albeit less efficiently.  
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Figure 4.6 A The conversion of the Michael addition between 2,4-pentanedione (c = 100 mM) and 

trans-β-nitrostyrene (c = 100 mM) in the presence of NaPy (c = 10 mM) and different amounts of 

K2CO3. The conversion was measured by 
1
H NMR using the relative ratio of Michael acceptor and 

product after 0.5 and 1.0 hour. The measurements were performed in duplo, error bars depict the 

standard deviation. Note that we reduced the concentration of 2,4-pentanedione from the usual  

500 mM to 100 mM in order to slow down the kinetics. B The conversion of Michael addition 

between 2,4-pentanedione (c = 500 mM) to trans-β-nitrostyrene (c = 100 mM) in the presence of 

NaPy or 18-crown-6 (c = 20 mM) and different salts (c = 5 mM) after 2 hours at 25 ˚C. For KCl c = 10 

mM to keep the potassium concentration equal to that of the K2CO3 measurements. 

 Finally, the scope of substrate pairs suitable for the autoregulatory system were 

investigated; we selected sixteen Michael donors and acceptors in the screening for their 

ability to form Michael adducts in the presence of NaPy and K2CO3 (Table 4.1). 

Table 4.1 The observed yield of Michael adduct (cdonor = 500 mM, cacceptor = 100 mM) between various 

substrates, in the presence of NaPy (c = 20 mM) and K2CO3 (c = 5 mM) in CDCl3 after 2 hours at 25 ˚C. 

                   Donor 
 
Acceptor             

 

0 % 0 % 0 % 0 % 

    
100 % 100 % 0 % 55 % 

          
0 % 0 % 0 % 0 % 

      

41 % 0 % 0 % 0 % 
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 Interestingly, only four combinations showed any conversion after the addition of 

NaPy and K2CO3 (Figure 4.7). Of these, the synergy between NaPy and K2CO3 is only 

observed for the coupling of 2,4-pentanedione to either trans-β-nitrostyrene or 1-(tert-

butyl)-1H-pyrrole-2,5-dione, highlighting the high substrate sensitivity of this system. 

While the reaction with 1-(tert-butyl)-1H-pyrrole-2,5-dione was slower, it repeatedly gave 

quantitative yields. In contrast to the coupling of 2,4-pentanedione to trans-β-

nitrostyrene, which gave some precipitates at high K2CO3 concentrations (vide supra). 

 These results show that the NaPy catalysis is highly sensitive to the salt and substrates 

used. In addition, we have shown that monotopic UPys can be used to inhibit NaPy 

catalysis, while ditopic UPys can induce buffering of the free NaPy concentration. Inspired 

by these results we investigated the influence of multivalent UPys on the NaPy catalysis.     

         
Figure 4.7 The conversion of the Michael acceptor in the Michael addition between various substrate 

combinations in CDCl3 after 2 hours; Michael donor (c = 500 mM), Michael acceptor (c = 100 mM), 

NaPy (c = 20 mM) and/or K2CO3 (c = 5 mM). The conversion was measured by 
1
H NMR using the 

relative ratio of Michael acceptor and product. All components were combined simultaneously.  
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4.2.5 Improving the supramolecular buffering using multivalent UPy constructs  

 Ideally, one would like to have full control over the concentration of free NaPy that is 

buffered, while maintaining an as large as possible total concentration range at which the 

buffering takes place. However, detailed computational modeling has showed that these 

parameters are highly correlated
7
 i.e.¸ the height and broadness of the buffering plateau 

can be regulated by varying the EM, KUPy-UPy, KUPy-NaPy and UPy-NaPy ratio, but in practice 

this is difficult to achieve in an orthogonal manner.   

  The buffering of free NaPy in our system is a direct result of the competition 

between intramolecular cyclization of ditopic UPy 2 and its binding to NaPy 1. As varying 

the valency of the UPy construct would affect the symmetry factors governing 

intramolecular cyclization, we hypothesized that this might introduce an additional 

parameter with which the buffering could be regulated (Figure 4.8).  

Figure 4.8 Schematic representation of the ring-chain equilibria in mono-, di-, tri- and tetratopic UPys 

and the corresponding symmetry factors. Note that in the tetratopic UPy the intramolecular cycles 

have a different EM. 

 

 To test the hypothesis the computational model was expanded by Tim Paffen to 

include such multivalent UPy constructs and their ability to buffering the free NaPy 

concentration was evaluated. This model showed that the buffering of NaPy can be 

significantly influenced by the multivalency of the UPy construct. Especially in the 

tetratopic UPy, the combination of both cycles results in an almost perfect buffering of the 

free NaPy concentration over several orders of magnitude in total concentration.  This is 

the result of the two cycles being formed with different symmetry factors: the 1
st

 cycle has 

a 12 times higher stability compared to the 2
nd

 cycle. For more information the reader is 

referred to the upcoming thesis of Tim Paffen.
22
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4.2.6 Synthesis of a library of multitopic UPys  

 To test the computational results provided by Tim Paffen, a library of UPys with equal 

linker length but different valency needed to be synthesized. In order to efficiently buffer 

NaPy, the EM of such UPys needs to be relatively high (> 5mM), which requires short 

linker lengths. In the past, our group has made multiple attempts to synthesize such type 

of UPys, however all of these failed due to the extremely low solubility of the molecules 

designed.
23

 In addition to solubility issues, the creation of symmetrical and fully UPy 

functionalized molecules have proven to be a significant challenge in the synthesis of such 

compounds.  

 After careful consideration, pentaerythritol was chosen as the core structure for our 

UPy library, as its functionalization is relatively well understood
24–26

 and mono, di and triol 

analogous are commercially available (Scheme 4.1). We started with the synthesis of the 

tetratopic compound, as this would likely give most problems regarding solubility. The 

synthesis of this compound started by extending the length of the alcohol spacer of 

pentaerythritol using literature procedures.
27

 The resulting tetraol 14 was then coupled to 

a Boc protected amino acid using the Novozyme 435 catalyzed esterification reaction, 

yielding 16. The Boc groups were quantitatively removed using HCl, and the UPys 

introduced using CDI activated isocytosine to yield the final compound. To further 

enhance the solubility, UPys functionalized with an ester on their alkylidene position were 

used.  

Scheme 4.1 Synthetic scheme of tetratopic UPy 4, see the experimental section for more details.  
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Figure 4.9 Molecular structure and 
1
H NMR of tetratopic UPy 4 in CDCl3. 

 Fortunately, tetratopic UPy 4 created in this manner proved soluble in CDCl3. While the 

bare compound has a quite poor solubility of 4 mM, the addition of the 4 equivalents of 

NaPy used for the buffering experiments increases the solubility to roughly 20 mM. Using 

similar methods mono, di and tritopic UPy (5-7) were synthesized, all of which have a 

solubility of >50 mM in CDCl3 (Scheme 4.2). All molecules were fully analyzed and an 

example of the 
1
H NMR of tetratopic UPy 4 is given in Figure 4.9. With the desired UPy 

compounds obtained, the ability to buffering NaPy was determined experimentally, 

agreeing well with the computational predictions.
22
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Scheme 4.2 Synthetic scheme of monotopic UPy 5, ditopic UPy 6 and tritopic UPy 7, see the 

experimental section for more details.  
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4.3  Conclusions 

 

 We have shown that there is a high degree of synergy between NaPy and K2CO3 

towards the catalysis of selected Michael additions in CDCl3. This synergy is the result of 

NaPy acting as a phase-transfer catalyst for K2CO3. As only unbound NaPy is able to act as 

a catalyst, the catalytic activity can be influenced via the addition of the NaPy 

complementary UPy motif. The equilibria between NaPy and a ditopic UPy are used to 

buffer the free NaPy concentration and thereby also the TOF of the Michael addition. As a 

result, we obtain a system that shows supramolecular autoregulation behavior and 

confirm previously reported results in which K2CO3 was only unintentionally present. In 

addition, we have shown that the NaPy-K2CO3 catalytic couple is highly selective towards 

the Michael substrates and salt used and only small amounts of K2CO3 suffice to generate 

an active system. In addition, in collaboration with Tim Paffen, we have shown that the 

concentration range over which the free NaPy concentration is held constant can be 

significantly improved by using a tetratopic UPy. The work described in this chapter 

formed the basis for later research on the influence of NaPy and UPy on the K2CO3 

catalyzed Michael addition, as described in Chapter 5. 

 

4.4  Experimental section  

4.4.1 Materials and methods  

 Unless noted otherwise all chemicals were purchased from Sigma Aldrich, K2CO3 was 

ground before use. Michael additions were performed on 1 - 2 mL scale in 45 x 27 mm 

vials using CDCl3 from Cambridge Isotope Laboratories. NMR spectra were taken on a 400 

or 500 MHz Varian Spectrometer and results were processed using VNMRJ 3.2a software. 

All reactions in the synthesis of NaPy and UPy were performed under argon. For all 

couplings between trans-β-nitrostyrene and 2,4-pentanedione, the conversion was 

determined using proton a (8.10 ppm) in the starting material, and proton b (4.37 ppm) in 

the product (Figure 4.10). Unless otherwise noted, the Michael substrates were combined 

directly with the NaPy and K2CO3.                                                   

                                      
Figure 4.10 The protons (a and b) used to determine the conversion of the reactions between 2,4-

pentanedione and trans-β-nitrostyrene.  

 The kinetic measurements without UPy where carried out by preparing a 5 mL solution 

of NaPy and K2CO3 (c = 1 mM) which was stirred overnight. A 5 mL solution of 1 M 2,4-

pentanedione and 0.2 M trans-β-nitrostyrene was then added after which the solution 
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was stirred and 0.5 mL NMR samples were taken at regular intervals. To minimize 

concentrating the solid K2CO3 over time, the samples were poured back into the reaction 

mixture immediately after measurement. The measurements with UPy were carried out 

using the ditopic UPy 2. Ditopic UPy was synthesized according to a literature procedure.
6
  

The reactions were carried out in an identical manner as for the measurements without 

UPy, with the only difference that they were performed at 20 mL scale to minimize 

weighing errors between the NaPy and UPy.  The exact amounts of UPy were determined 

by 
1
H NMR. In the “direct start„  measurement, only NaPy 1 was stirred overnight in CDCl3, 

after which K2CO3 and the Michael substrates were added and the measurement started. 

The measurement was performed on the same scale and concentration as described 

above. 

4.4.2 Synthetic procedures and characterization  

Synthesis of NaPy 1      

 

Scheme 4.3 Synthesis of NaPy 1.  

  

7-Amino-1,8-naphthyridin-2-ol (8)   

Malic acid (9.6 g, 71.6 mmol) and pyridine-2,6-diamine (7.0 g, 64.0 mmol) were ground to 

a fine powder and cooled in an ice bath. Subsequently, concentrated sulfuric acid (32 mL) 

was dropwise added. The solution was heated under Ar to 110 
o
C for 3 hours, poured over 

ice and made alkaline with concentrated ammonium hydroxide until a pH of 8 was 

reached. Subsequently, the precipitate was filtrated and washed with H2O. Removal of the 

solvent in vacuo yielded the product as a yellow solid. Yield = 11.9 g, 73.9 mmol; ɳ = >99 

%. 
1
H NMR (400MHz, DMSO-d6) δ: 10.60 (bs, 1H, OH), 7.61 (d, 2H, Ar), 6.80 (s, 2H, NH2), 
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6.33 (d, 1H, Ar-H), 6.10 (d, 1H, Ar-H). 
13

C NMR (100MHz, DMSO- d6) δ: 168.69, 165.58, 

155.61, 144.70, 142.34, 120.13, 110.11, 110.09.  

N-(7-Oxo-7,8-dihydro-1,8-naphthyridin-2-yl)dodecanamide (9)   

A mixture of 7-Amino-1,8-naphthyridin-2-ol 8 (14.0 g, 87.0 mmol) and dodecanoyl chloride 

(34.4, 147.9 mmol) in dry pyridine (36 mL) was stirred for 16 hours under Ar at 110 ᵒC 

under argon atmosphere and subsequently allowed to cool to room temperature. The 

precipitate was filtered off and recrystallized from toluene. The product was obtained as a 

brown solid. Yield = 18.2 g, 53 mmol; ɳ = 61 %. 
1
H NMR (400MHz, CDCl3) δ: 12.87 (bs, 1H, 

NH), 11.84 (bs, 2H, NH), 8.43 (d, 1H, Ar-H), 7.99 (d, 1H, Ar), 7.72 (d, 1H, Ar-H), 6.63 (d, 1H, 

Ar-H), 2.67 (t, 2H, O=C-CH2), 1.76 (m, 2H, O=C-CH2-CH2), 1.25 (m, 16H, alkyl-CH2), 0.87 (t, 

3H, alkyl-CH3). 
13

C NMR (100MHz, CDCl3) δ: 174.52, 165.27, 154.29, 148.62, 139.79, 

139.05, 119.79, 111.17, 110.75, 37.10, 31.92, 29.66, 29.25, 25.38, 22.69, 14.13. 55.  

N-(7-Chloro-7,8-dihydro-1,8-naphthyridin-2-yl)dodecanamide (10)  

A mixture of N-(7-oxo-7,8-dihydro-1,8-naphthyridin-2-yl) dodecanamide 9 (18.2 g, 50.1 

mmol) in POCl3 (150 mL) was stirred at 95 ˚C for 4 hours under Ar and subsequently 

allowed to cool to room temperature. The remaining solution was slowly poured into 

vigorously stirred iced water (2 L), followed by neutralization with concentrated aqueous 

NH3 solution to pH = 8. The product was obtained as a white powder by filtration of the 

precipitate. Yield = 17.2 g, 47.5 mmol. ɳ = 95 %. 
1
H NMR (400MHz, CDCl3) δ: 8.58 (d, 1H, 

Ar), 8.32 (bs, 1H, NH), 8.18 (d, 1H, Ar-H), 8.09 (d, 1H, Ar-H), 7.41 (d, 1H, Ar-H), 2.47 (t, 2H, 

O=C-CH2), 1.76 (m, 2H, O=C-CH2-CH2), 1.26 (m, 16H, alkyl-CH2), 0.88 (t, 3H, alkyl-CH3).  
13

C NMR (100MHz, CDCl3) δ: 174.42, 154.12, 139.14, 138.74, 122.05, 115.18, 76.67, 38.07, 

31.89, 29.58, 29.42, 29.31, 29.11, 25.21, 22.67, 14.11. MALDI-ToF MS: calculated for 

C20H30ClN3O 361.91, observed m/z 362.25 [M+H
+
]. 

N,N'-(1,8-Naphthyridine-2,7-diyl)didodecanamide (1)   

A flask was charged with N-(7-chloro-7,8-dihydro-1,8-naphthyridin-2yl) dodecanamide 10 

(15.6 g, 42.8 mmol), dodecanamide (10.3 g, 51.3 mmol), Pd(OAc)2 (593 mg, 2.6 mmol), 

Xantphos (3.3 g, 5.8 mmol), K2CO3 (5.9 g, 42.8 mmol) and dry dioxane (250 mL). Oven-

dried molecular sieves (4 Å) were added and the mixture was stirred for 16 hours at room 

temperature. Subsequently, the mixture was heated to 80 ˚C and stirred for 16 hours 

under Ar. After cooling to room temperature, the mixture was filtered and the residue was 

rinsed with CHCl3. Recrystallization in ethanol and purification by flash chromatography 

(80 % CHCl3 / 20 % EtOAc) yielded the product as a white solid. Yield = 16.5 g, 31.4 mmol; 

ɳ = 73 %. 
1
H NMR (400MHz, CDCl3) δ: 8.42 (d, 2H, Ar-H), 8.14 (d, 2H, Ar-H), 8.12 (bs, 2H, 

NH), 2.47 (t, 4H, O=C-CH2), 1.56 (m, 4H, O=C-CH2-CH2), 1.26 (m, 32H, alkyl-CH2), 0.88 (t, 

6H, alkyl-CH3). 
13

C NMR (100MHz, CDCl3) δ: 172.2, 153.74, 138.98, 113.34, 110.01, 76.75, 

38.13, 31.90, 29.60, 29.44, 29.33, 29.15, 25.29, 22.68, 14.12. MALDI-ToF MS: calculated 
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for C32H52N4O2 524.78, observed m/z 525.43 [M+H
+
], 1087.79 [dimer+K

+
]. Elemental 

analysis: calculated for C32H52N4O2 73.24 %, H 9.99 %, N 10.68 %, O 6.10 %. Found C 73.35 

%, H 9.59 %, N 10.26 %.  

 

UPy 2 was synthesized according to literature procedure.
8
  

 

Synthesis of UPy 3  

 

Scheme 4.4 Synthesis of UPy 3.  

 

Ethyl 3-(2-amino-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate (11)   

A mixture of diethyl 2-acetylpentanedioate (1.9 mL, 8.7 mmol) and guanidine carbonate 

(784 mg, 8.7 mmol) in ethanol (20 mL) was refluxed for 18 hours under argon atmosphere 

and subsequently allowed to cool to room temperature. Precipitation at 0 ˚C yielded the 

product as a white solid. Yield = 690 mg, 3.07 mmol; ɳ = 35 %. 
1
H NMR (400MHz, CDCl3) δ: 

4.09 (q, 2H, O-CH2-CH3), 2.70 (t, 2H, O=C-CH2-CH2), 2.51 (t, 2H, O=C-CH2-CH2), 2.21 (s, 3H, 

C-CH3), 1.26 (t, 3H, CH2-CH3) The N-H and NH2 signals were not clearly observed. 
13

C NMR 

(100MHz, d6-DMSO) δ: 175.74, 62.90, 35.98, 24.08, 17.35. Remaining 
13

C
 
signals could not 

be identified with certainty due to the poor solubility of this compound in common NMR 

solvents. MALDI-ToF MS: Mass calc. C10H15N3O3 225.24, Mass found 226.29 [M+H
+
], 248.24 

[M+Na
+
]  

Ethyl 3-(2-(3-butylureido)-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate (3)   

Ethyl 3-(2-amino-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate 11 (1.0 g, 4.4 

mmol) in dry DMF (25 mL) was heated to 70 ᵒC. 1-Isocyanatobutane (770 μL, 6.9 mmol) 

was added and the mixture was stirred for 6 hours at 70 ˚C under argon atmosphere. After 

removal of the solvent and excess 1-isocyanatobutane in vacuo, the product was obtained 

as a white solid. Yield = 970 mg, 4.2 mmol; ɳ = 95 %. 
1
H NMR (400MHz, CDCl3) δ: 12.88 (bs, 

1H, NH), 11.89 (bs, 1H, NH), 10.11 (bs, 1H, NH), 4.08 (q, 2H, O-CH2-CH3), 3.24 (q, 2H, NH-

(C=O)-NH-CH2), 2.68 (t, 2H, O-(C=O)-CH2-CH2), 2.60 (t, 2H, O-(C=O)-CH2-CH2), 2.30 (s, 3H, C-

CH3), 1.57 (t, 2H, alkyl-CH2), 1.41 (t, 2H, CH2-CH2-CH3), 1.24 (t, 3H, O-CH2-CH3), 0.94 (t, 3H, 

CH3). 
13

C NMR (126 MHz, CDCl3) δ: 173.29, 172.06, 156.63, 153.34, 143.98, 116.07, 60.31, 

39.64, 32.12, 31.34, 21.14, 20.11, 17.13, 14.20, 13.73. MALDI-ToF MS: Mass calc. for 

C15H24N4O4 324.38, Mass found 325.30 [M+H
+
], 347.27 [M+Na

+
]. 
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Synthesis of tetratopic UPy 4  

Compounds 12-14 were made according to literature procedure.
27

  

 

ethyl 3-(2-(1H-imidazole-1-carboxamido)-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl) 

propanoate (15) Ethyl 3-(2-amino-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate 

(1.09 g, 4.84 mmol) and carbonyldiimidazole (1.10 g, 6.78 mmol) were dissolved in dry 

chloroform (30 mL) and stirred at 60 ˚C for 16 h. The solution was allowed to cool to room 

temperature, washed with water (3 x 50 mL) and dried using MgSO4. The solvent was 

removed under vacuum. Yield = 1.50 mg, 4.70 mmol; ɳ = 97 %. 
1
H NMR (200 MHz, CDCl3) 

δ: 1.26 (t, 3H, CH2-CH3), 2.50 (s, 3H ,C-CH3), 2.63 (t, 2H, O=C-CH2-CH2), 2.77 (t, 2H, C=O-

CH2-CH2), 4.11 (q, 2H, O-CH2-CH3), 7.01 (s, 1H, C=O-N-CH=CH), 7.60 (s, 1H, C=O-N-CH=CH), 

8.84 (s, 1H, N-CH=N). 
13

C NMR (100 MHz, CDCl3) δ: 172.86, 160.81, 156.95, 155.25, 148.36, 

137.96, 127.60, 117.51, 114.81, 60.55, 32.11, 20.76, 16.51. MALDI-TOF-MS analysis was 

inconclusive 

Tetraboc protected compound (16)  

3,3'-((2,2-bis((3-hydroxypropoxy)methyl)propane-1,3-diyl)bis(oxy))bis(propan-1-ol) 14 

(100 mg, 0.27 mmol) and 6-((tert-butoxycarbonyl)amino)hexanoic acid (314 mg, 1.36 

mmol) were dissolved in THF (30 mL). A spatula tip of Novozyme 435 was added and the 

solution was stirred for 8 hours on a rotavapor at 70 ˚C and 250 mbar. Novozyme was 

filtered off and the crude product purified using column chromatography (0 - 30 % EtOAc 

in Heptanes). Yield = 210 mg, 0.17 mmol; ɳ = 63 %. 
1
H NMR (400 MHz, CDCl3) δ: 1.34 (p, 

8H, CH2), 1.44 (s, 36H, CH3), 1.49 (p, 8H, CH2), 1.63 (p, 8H, CH2), 1.85 (p, 8H, CH2), 2.30 (t, 

8H, CH2-C=O), 3.10 (t, 8H, NH-CH2), 3.35 (s, 8H, O-CH2), 3.43 (t, 8H, O-CH2), 4.13 (t, 8H, 

C=O-O-CH2), 4.60 (b, 4H, NH). 
13

C NMR (100 MHz, CDCl3) δ: 173.55, 155.96, 79.06, 69.65, 

67.63, 61.68, 45.29, 40.39, 34.12, 29.76, 28.92, 28.41, 26.32, 24.58. MALDI-TOF-MS: Mass 

calc. for C61H112N4O2 1220.56, Mass found 1243.79 [M+H
+
].  

 

Tetradeprotected compound (17)  

Tetraboc protected compound 16 (200 mg, 0.16 mmol) was dissolved in 4M HCl in dioxane 

(15 mL) and stirred for 16 hours. Evaporation of the solvent yielded the product. Yield = 

158 mg, 0.16 mmol; ɳ = > 99 %. The product was used in the next reaction without further 

purification. 

 

Tetratopic UPy (4)  

Tetradeprotected compound 17 (150 mg, 156 mmol) and ethyl 3-(2-(1H-imidazole-1-

carboxamido)-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate 15 (248 mg, 0.78 

mmol) were dissolved in chloroform (6 mL). Triethylamine (78 mg, 0.78 mmol) was slowly 

added and the mixture was stirred for 16 hours. Chloroform was added (20 mL) and the 
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mixture washed with water (3 x 20 mL) and dried using MgSO4. The crude product was 

purified using column chromatography (0-5 % MeOH in chloroform) and recycle GPC in 

chloroform to yield the product as a yellowish oil. Yield = 210 mg, 0.12 mmol; ɳ = 74 %. 
1
H 

NMR (400 MHz, CDCl3) δ: 1.23 (t, 12H, CH3), 1.38 (p, 8H, CH2), 1.61 (p, 16H, CH2), 1.80 (p, 

8H, CH2), 2.30 (m, 20H, C=O-CH2 + C-CH3), 2.57 (t, 8H, C-CH2), 2.70 (t, 8H, O-C=O-CH2), 

3.11-3.48 (m, 24H, NH-CH2, O-CH2, O-CH2), 4.05 (m, 16H, C=O-O-CH2), 10.09 + 10.18 (b, 4H, 

NH), 11.84 + 11.92 (b, 4H, NH), 12.82 + 12.87 (b, 4H, NH). 
13

C NMR (126 MHz, CDCl3) δ: 

173.59, 173.24, 172.14, 156.68, 153.35, 144.03, 116.21, 69.97, 67.73, 61.67, 61.29, 60.36, 

39.75, 39.18, 34.19, 32.20, 28.95, 26.58, 26.20, 24.69, 24.55, 21.15, 17.19, 14.25. MALDI-

TOF-MS: Mass calc. for C85H132N16O28 1824.94, Mass found 1826.05 [M+H
+
], many 

fragmentation products were observed as well.   

 

 

Synthesis of monotopic UPy 5  

3-ethoxypropyl 6-((tert-butoxycarbonyl)amino)hexanoate (18)  

3-ethoxypropan-1-ol (1.62 mg; 1.56 mmol) and 6-((tert-butoxycarbonyl)amino)hexanoic 

acid (300 mg; 1.3 mmol) were dissolved in THF (30 ml). A spatula tip of Novozyme 435 was 

added and the solution was stirred for 8 hours on a rotavapor at 70 ˚C and 250 mbar. 

Novozyme was filtered off and the crude product purified using column chromatography  

(0 - 30 % EtOAc in Heptanes). Yield = 362 mg, 1.14 mmol; ɳ = 88 %. 
1
H NMR (400 MHz, 

CDCl3) δ: 1.19 (t, 3H, CH2CH3), 1.34-1.88 (m, 6H, CH2), 1.44 (s, 9H, CH3),  1.91 (q, 2H, CH2), 

2.31 (t, 2H, CH2-C=O), 3.12 (t, 2H, NH-CH2), 3.50 (t, 4H, O-CH2), 4.16 (t, 2H, C=O-O-CH2), 

4.73 (b, 1H, NH). 
13

C NMR (101 MHz, CDCl3) δ: 173.55, 155.98, 105.05, 78.92, 66.93, 66.23, 

61.61, 40.34, 34.13, 29.76, 29.07, 28.41, 26.30, 24.59, 15.16. MALDI-TOF-MS and GC-MS 

analysis were inconclusive. 

6-(3-ethoxypropoxy)-6-oxohexan-1-aminium chloride (19)  

3-ethoxypropyl 6-((tert-butoxycarbonyl)amino)hexanoate 18 (360 mg, 1.13 mmol) was 

dissolved in 4M HCl in dioxane (10 mL) and stirred for 8 hours at room temperature. 

Evaporation of the solvent yielded the product. Yield = 288 mg, 1.13 mmol; ɳ = >99 %.  
1
H NMR (400 MHz, CDCl3) δ: 1.19 (t, 3H, CH2CH3), 1.45 (p, 2H, CH2), 1.67-1.89 (m, 6H, CH2), 

2.33 (t, 2H, CH2-C=O), 3.03 (t, 2H, NH3-CH2), 3.48 (t, 4H, O-CH2), 4.16 (t, 2H, C=O-O-CH2), 

8.25 (b, 3H, NH3
+
). 

13
C NMR (126 MHz, CDCl3) δ: 173.56, 67.00, 66.33, 61.89, 39.86, 33.94, 

29.14, 27.30, 26.04, 24.29, 15.25. MALDI-TOF-MS: Mass calc. for C11H24NO3
+
 218.18 Mass 

found 218.36 [M
+
]. 

3-ethoxypropyl 6-(3-(5-(3-ethoxy-3-oxopropyl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-

yl)ureido)hexanoate (5)  

6-(3-ethoxypropoxy)-6-oxohexan-1-aminium chloride 19 (288 mg, 1.14 mmol) and ethyl 3-

(2-(1H-imidazole-1-carboxamido)-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate 
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15 (435 mg, 1.36 mmol) were dissolved in chloroform (8 mL) and triethylamine (138 mg, 

1.36 mmol) was dropwise added. The reaction mixture was stirred for 16 hours at room 

temperature, diluted with chloroform (20 mL) and washed with water (3 x 20 mL). The 

organic phase was dried using MgSO4 and filtered. The crude product was purified using 

column chromatography (0 - 5 % MeOH in chloroform) to yield the product as a yellowish 

oil. Yield = 251 mg, 0.54 mmol; ɳ = 47 %. 
1
H NMR (400 MHz, CDCl3) δ: 1.19 (t, 3H, CH3), 

1.24 (t, 3H, CH3), 1.43 (p, 2H, CH2), 1.63 (p, 2H, CH2), 1.67 (p, 2H, CH2), 1.89 (p, 2H, CH2), 

2.31 (s, 3H, CH3), 2.32 (t, 2H, C=O-CH2), 2.59 (t, 2H, C=O-CH2-CH2), 2.70 (t, 2H, C=O-CH2-

CH2), 3.25 (q, 2H, NH-CH2), 3.48 (m, 4H, O-CH2), 4.10 (q, 2H, C=O-O-CH2), 4.16 (t, 2H, C=O-

O-CH2), 10.19 (b, 1H, NH), 11.89 (b, 1H, NH), 12.89  (b, 1H, NH). 
13

C NMR (101 MHz, CDCl3) 

δ: 173.67, 173.30, 172.12, 156.70, 153.35, 144.07, 116.14, 66.99, 66.27, 61.61, 60.37, 

39.74, 34.25, 32.15, 29.13, 29.03, 26.55, 24.72, 21.17, 17.24, 15.21, 14.27. MALDI-TOF-MS: 

Mass calc. for C22H36N4O7 468.54, Mass found 469.30 [M+H
+
], 491.28 [M+Na

+
].  

 

Synthesis of ditopic UPy 6  

3,3'-((2,2-dimethylpropane-1,3-diyl)bis(oxy))dipropanenitrile (20)  

Acrylonitrile (2.11 g, 111.9 mmol) and 2,2-dimethylpropane-1,3-diol (1.88 g, 18.1 mmol) 

were combined and 50 % NaOH aq. (0.1 mL) was added. The mixture was stirred for 16 

hours at room temperature, diluted with water (20 mL) and extracted with chloroform (3 x 

30 mL). The organic phase was dried using MgSO4 and dried under vacuum to yield the 

target compound. Yield = 3.41 g, 16.2 mmol; ɳ = 90 %. 
1
H NMR (400 MHz, CDCl3) δ: 0.91 (s, 

6H, CH3), 2.61 (t, 4H, CH2-C≡N), 3.26 (t, 4H, CH2-CH2-C≡N), 3.67 (s, 4H,O-CH2). 
13

C NMR 

(101 MHz, CDCl3) δ: 118.31, 76.49, 65.79, 36.38, 22.17, 18.98. ATR-IR: 2253 cm
-1

. 

3,3'-((2,2-dimethylpropane-1,3-diyl)bis(oxy))dipropanoic acid (21)  

3,3'-((2,2-dimethylpropane-1,3-diyl)bis(oxy))dipropanenitrile 20 (3.41 g, 16.2 mmol) was 

dissolved in conc. HCl (10 mL) and heated to 95 ˚C for 4 hours. The resulting mixture was 

slowly poured into ice water (50 mL) and extracted with a mixture of EtOAc and diethyl 

ether (1:1, 2x 50 mL). The combined organic layers were dried using MgSO4 and under 

vacuum. Yield = 3.13 g, 12.6 mmol; ɳ = 78 %. 
1
H NMR (400 MHz, CDCl3) δ: 0.86 (s, 6H, CH3), 

2.61 (t, 4H, CH2-C=O), 3.26 (t, 4H, CH2-CH2-C=O), 3.67 (s, 4H, O-CH2), 10.58 (b, 2H, COOH).
 

13
C NMR (101 MHz, CDCl3) δ: 177.88, 76.74, 66.47, 36.22, 35.02, 22.26. ATR-IR: 2900 

broad, 1713 cm
-1

. 

3,3'-((2,2-dimethylpropane-1,3-diyl)bis(oxy))bis(propan-1-ol) (22)  

3,3'-((2,2-dimethylpropane-1,3-diyl)bis(oxy))dipropanoic acid 21 (500 mg, 2.01 mmol) in 

THF (2 mL) was added to a solution of LiAlH4 in THF (1 M, 2 mL) and was stirred for 16 

hours at room temperature. The solution was neutralized with 3 M HCl. DCM (30 mL) was 

added and the organic phase was washed with water (3 x 30 mL). The crude product was 
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purified by column chromatography (0 - 30 % EtOAc in Heptanes). Yield = 286 mg, 1.30 

mmol; ɳ = 65 %. 
1
H NMR (400 MHz, CDCl3) δ: 0.98 (s, 6H, CH3), 1.81 (p, 4H, CH2), 2.98 (b, 

2H, OH), 3.19 (s, 4H, C-CH2), 3.60 (t, 4H, O-CH2), 3.76 (t, 4H, CH2-OH). 
13

C NMR (100 MHz, 

CDCl3) δ: 77.48, 70.76, 62.04, 35.96, 31.85, 22.55. ATR-IR: 3307 broad cm
-1

. 

((2,2-dimethylpropane-1,3-diyl)bis(oxy))bis(propane-3,1-diyl)bis(6-((tert-utoxycarbonyl) 

amino)hexanoate) (23) 3,3'-((2,2-dimethylpropane-1,3-diyl)bis(oxy))bis(propan-1-ol) 22 

(280 mg, 1.27 mmol) and 6-((tert-butoxycarbonyl)amino)hexanoic acid (676 mg, 2.92 

mmol) were dissolved in THF (30 mL) and a spatula tip of Novozyme 435 was added. The 

solution was stirred for 8 hours on a rotavap at 70 ˚C and 250 mbar. Novozyme was 

filtered off and the crude product purified using column chromatography (0 - 30 % EtOAc 

in Heptanes). Yield = 683 mg, 1.06 mmol; ɳ = 83 %. 
1
H NMR (400 MHz, CDCl3) δ: 0.87 (s, 

6H, CH3), 1.34 (p, 4H, CH2), 1.44 (s, 18H, CH3),  1.50 (p, 4H, CH2), 1.64 (p, 4H, CH2), 1.87 (p, 

4H, CH2), 2.30 (t, 4H, CH2-C=O), 3.10 (t, 4H, NH-CH2), 3.15 (s, 4H, O-CH2), 3.46 (t, 4H, O-

CH2), 4.15 (t, 4H, C=O-O-CH2), 4.69 (b, 2H, NH). 
13

C NMR (100 MHz, CDCl3) δ: 173.66, 

156.07, 79.10, 76.98, 67.71, 61.82, 40.46, 36.38, 34.24, 29.85, 29.06, 28.51, 26.40, 24.69, 

22.24. MALDI-TOF-MS: Mass calc. for C33H62N2O10 646.85, Mass found 669.47 [M+H
+
].   

 

13,13-dimethyl-6,20-dioxo-7,11,15,19-tetraoxapentacosane-1,25-diaminium chloride 

(24)((2,2-dimethylpropane-1,3-diyl)bis(oxy))bis(propane-3,1-diyl)bis(6-((tert-

butoxycarbonyl)amino)hexanoate) 23 (680 mg, 1.05 mmol) was dissolved in 4M HCl in 

dioxane (15 mL) and stirred for 8 hours. Evaporation of the solvent yielded the product. 

Yield = 546 mg, 1.05 mmol; ɳ = > 99 %. 
1
H NMR (500 MHz, CDCl3) δ: 0.87 (s, 6H, CH3), 1.47 

(p, 4H, CH2), 1.69 (p, 4H, CH2), 1.87 (p, 8H, CH2), 2.34  (t, 4H, CH2-C=O), 3.05 (b, 4H, NH3-

CH2), 3.16  (s, 4H, O-CH2), 3.46 (t, 4H, O-CH2), 4.16 (t, 4H, C=O-O-CH2), 8.22 (b, 6H, NH3
+
). 

13
C NMR (126 MHz, CDCl3) δ: 173.67, 76.70, 67.68, 62.00, 40.03, 36.37, 34.06, 29.13, 

27.32, 26.10, 24.43, 22.40. MALDI-TOF-MS: Mass calc. for C23H48N2O6Cl2 646.85, Mass 

found 477.40 [Diamine+H
+
].  

((2,2-dimethylpropane-1,3-diyl)bis(oxy))bis(propane-3,1-diyl)bis(6-(3-(5-(3-ethoxy-3-

oxopropyl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexanoate) (6) 13,13-

dimethyl-6,20-dioxo-7,11,15,19-tetraoxapentacosane-1,25-diaminium chloride 24 (530 

mg, 1.02 mmol) and ethyl 3-(2-(1H-imidazole-1-carboxamido)-6-methyl-4-oxo-1,4-

dihydropyrimidin-5-yl)propanoate 15 (717 mg, 2.24 mmol) were dissolved in chloroform 

(6 mL) and trimethylamine (227 mg, 2.24 mmol) in chloforom (3 mL) was dropwise added. 

The reaction mixture was stirred for 16 hours at room temperature, diluted with 

chloroform (20 mL) washed with water (3 x 20 mL). The organic phase was dried using 

MgSO4 and filtered. The crude product was purified using column chromatography (0 - 5 % 

methanol in chloroform) to yield the product as a yellowish oil. Yield = 591 mg, 0.62 mmol; 

ɳ =  61 %. 
1
H NMR (500 MHz, CDCl3) δ: 0.84 + 0.86 (s, 6H, CH3), 1.24 (t, 6H, CH3), 1.38 (m, 
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4H, CH2), 1.54-1.69 (m, 8H, CH2), 1.77-1.89 (m, 4H, CH2), 2.28 (m, 4H, C=O-CH2), 2.31 (s, 

6H, CH3), 2.58 (q, 4H, C=O-CH2-CH2), 2.69 (q, 4H, C=O-CH2), 3.09 + 3.13 (s, 4H, C-CH2), 3.25 

+ 3.32 (q, 4H, NH-CH2), 3.39 + 3.43 (m, 4H, O-CH2), 4.09 (q, 4H, C=O-O-CH2), 4.14 (t, 4H, 

C=O-O-CH2), 10.08 + 10.17 (b, 2H, NH), 11.85 + 11.87 + 11.92 (b, 2H, NH), 12.84 + 12.87 (b, 

2H, NH). 
13

C NMR (100 MHz, CDCl3) δ: 173.77, 173.41, 172.28, 156.83, 153.49, 144.17, 

116.37, 77.36, 67.91, 67.82, 61.85, 61.56, 60.51, 39.87, 39.39, 36.47, 34.38, 32.31, 29.15, 

29.09, 28.97, 26.69, 26.34, 24.86, 24.74, 22.30, 22.19, 21.30, 17.35, 14.39. MALDI-TOF-MS: 

Mass calc. for C45H72N8O14 948.52, Mass found 949.56 [M+H
+
].   

 

 

Synthesis of tritopic UPy 7  

Compounds 25-27 were made according to literature procedure.
27

  

Tribocprotected compound (28)  

3,3'-((2-((3-hydroxypropoxy)methyl)-2-methylpropane-1,3-diyl)bis(oxy))bis(propan-1-ol) 

27 (100 mg, 0.34 mmol) and 6-((tert-butoxycarbonyl)amino)hexanoic acid (314 mg, 1.36 

mmol) were dissolved in THF (30 mL). A spatula tip of Novozyme 435 was added and the 

solution was stirred for 8 hours on a rotavapor at 70 ˚C and 250 mbar. Novozyme was 

filtered off and the crude product purified using column chromatography (0 - 30 % EtOAc 

in Heptanes). Yield = 208 mg, 0.22 mmol; ɳ = 66 %. 
1
H NMR (400 MHz, CDCl3) δ: 0.89 (s, 

3H, CH3), 1.34 (p, 6H, CH2), 1.44 (s, 27H, CH3), 1.49 (p, 6H, CH2), 1.64 (p, 6H, CH2), 1.87 (p, 

6H, CH2), 2.30 (t, 6H, CH2-C=O), 3.11 (t, 6H, NH-CH2), 3.24 (s, 6H, O-CH2), 3.44 (t, 6H, O-

CH2), 4.14 (t, 6H, C=O-O-CH2), 4.60 (b, 3H, NH). 
13

C NMR (100 MHz, CDCl3) δ: 176.71, 

173.56, 155.94, 79.03, 73.49, 67.65, 61.68, 40.83, 40.35, 34.12, 33.68, 31.85, 29.74, 28.92, 

28.39, 26.29, 24.57, 24.41, 22.65, 17.39, 14.08. MALDI-TOF-MS: Mass calc. for C47H87N3O15 

933.61, Mass found 956.63 [M+Na
+
].  

 

Trideprotected compound (29)  

Tribocprotected compound 28 (203 mg, 0.22 mmol) was dissolved in 4M HCl in dioxane 

(15 mL) and stirred for 8 hours. Evaporation of the solvent yielded the product. Yield =  

163 mg, 0.22 mmol; ɳ = > 99 %. 
1
H NMR (500 MHz, CDCl3) δ: 0. 90 (s, 3H, CH3), 1.24 (p, 6H, 

CH2), 1.48 (p, 6H, CH2), 1.69 (p, 6H, CH2), 1.85 (p, 6H, CH2), 2.36 (t, 6H, CH2-C=O), 3.05 (t, 

6H, NH3-CH2), 3.28 (s, 6H, O-CH2), 3.47 (t, 6H, O-CH2), 4.17 (t, 6H, C=O-O-CH2), 8.26 (b, 9H, 

NH3
+
). 

13
C NMR (126 MHz, CD3OD) δ: 177.15 175.10, 74.36, 68.61, 62.77, 41.83, 40.51, 

34.63, 29.89, 28.06, 26.83, 25.35, 17.94. MALDI-TOF-MS: Mass calc. for C32H64N3O9 634.46, 

Mass found 634.50 [M
+
]. 

Final tritopic UPy product (6)  

Trideprotected compound 29 (160 mg, 0.22 mmol) and ethyl 3-(2-(1H-imidazole-1-

carboxamido)-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate 15 (241 mg, 0.75 
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mmol) were dissolved in chloroform (6 mL). Triethylamine (76 mg, 0.75 mmol) in 

chloroform (4 mL) was slowly added. The mixture was stirred for 16 hours, diluted with 

chloroform (30 mL) and washed with water (3 x 20 mL). The organic phase was dried using 

MgSO4 and concentrated under vacuum. The crude product was purified using column 

chromatography (0 - 5 % MeOH in chloroform) followed by recycle GPC, to yield the 

product as a yellowish oil. Yield = 34 mg, 0.025 mmol; ɳ = 11.4 %. 
1
H NMR (400 MHz, 

CDCl3) δ: 0.86 (s, 3H, C-CH3), 1.23 (t, 9H, CH3), 1.41 (p, 6H, CH2), 1.64 (p, 12H, CH2), 1.85 (p, 

6H, CH2), 2.30 (m, 15H, C=O-CH2 + C-CH3), 2.58 (t, 6H, C-CH2), 2.69 (t, 6H, C=O-CH2), 3.11-

3.48 (m, 18H, NH-CH2, O-CH2), 4.11 (m, 12H, C=O-O-CH2), 10.06+10.15 (b, 3H, NH), 

11.85+11.92 (b, 3H, NH), 12.82+12.87 (b, 3H, NH). 
13

C NMR (100 MHz, CDCl3) δ: 173.73, 

173.37, 172.21, 156.78, 153.45, 144.14, 116.25, 73.52, 67.84, 61.80, 60.47, 40.94, 39.87, 

39.34, 34.32, 32.29, 29.09, 26.69, 26.32, 24.80, 21.27, 17.33, 14.37. MALDI-TOF-MS: Mass 

calc. for C65H102N12O21 1386.73, Mass found 1409.5 [M+Na
+
], many fragmentation 

products were observed as well. 
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Regulating kinetic feedback in the Michael addition 

using supramolecular catalysts  

 

 

 

 

Abstract: Feedback-controlled catalysts are essential for cellular regulatory mechanisms. 

By using dynamic interactions with cofactors, this approach allows control over both the 

overall reaction rate as well as the type of kinetics. Such degree of control in synthetic 

systems is still in its infancy and thereby hampers the advancement of synthetic life-like 

chemical networks. Here, we report a bio-inspired system in which non-covalent 

interactions between two complementary phase-transfer catalysts are used to regulate 

the overall reaction kinetics of a Michael addition. While one catalyst gives bimolecular 

kinetics, the second displays autoinductive feedback, resulting in sigmoidal kinetics. The 

proposed feedback is regulated using the non-covalent interactions between the two 

phase-transfer catalysts and thereby allows control over the reaction progress curves. The 

influence of both catalysts is balanced to arrive at linear kinetics. The simplicity of the 

building blocks and mild operating conditions allow easy modification and provides a 

platform for the construction of responsive materials and adaptive catalytic systems. 
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5.1  Introduction 

  

 Living cells consist of multiple sets of complex biochemical reactions networks. 

Without regulatory mechanisms, the kinetics of these reactions are largely governed by 

temperature and the availability of substrates, leaving the cell poorly able to adapt to 

changes in its environment. However, by developing enzymes whose activity can be 

regulated via dynamic cofactor interactions,
1,2

 Nature has created means to up- or 

downregulate specific reaction pathways depending on the need for certain products. 

Such feedback mechanisms fulfill a wide variety of temporal functions such as 

amplification, oscillations, bistability and output limitation,
3
 and are involved in virtually all 

cellular processes.
4–8

   

 Regulatable catalysts have proven to be a useful element in synthetic systems as well. 

The binding of small ligands
9,10

 or metals
11–14

 has been used to create catalysts which can 

be switched “on” or “off” on demand. However, the binding strengths involved are usually 

too high to introduce a dynamic equilibrium between both states. This prevents the 

introduction of competing processes
15

 as well as the possibility to perturb the system by 

small changes in concentration, temperature or solvent composition.
16

 Moreover, this 

type of regulation simply alters the overall rate of the reaction and not the type of 

kinetics, as is the case in natural systems.
17

 More recently, synthetic systems displaying 

postive
18

 and negative feedback
19

 and even oscillations
20,21

 have been reported. While 

these present a much closer mimic of biological regulatory systems, they still largely lack 

the ability to control the kinetics at will. For the construction of synthetic chemical 

networks, one would ideally have full control over both the rate, as well as the type of 

kinetics, displayed by a reaction.  

 Here, we present a catalytic system in which the interactions between two 

complementary phase-transfer catalysts are used to regulate reaction kinetics, ranging 

from bimolecular to sigmoidal, culminating in linear - 0
th

 order - kinetics. We chose the 

Michael addition to show regulation of reaction kinetics as this is one of the most studied 

reactions in organic chemistry.
22

 In organic media this reaction is often catalyzed by an 

organic base or an inorganic base such as K2CO3, the latter brought into solution by a 

phase-transfer catalyst.
23,24

 Recently, we have demonstrated that 1,8-naphthyridine 

(NaPy) is able to function as phase-transfer catalyst for K2CO3 in the Michael addition 

between maleimide and 2,4-pentanedione in chloroform.
25

 This reaction displays 

bimolecular reaction kinetics and it is shown that NaPy catalysis can be inhibited via the 

addition of the complementary ureidopyrimidinone (UPy) motif. As a result, varying the 

amount of UPy allows for the regulation of the overall reaction rate, while the 

concentration of active NaPy is supramolecularly buffered when a certain ratio of UPy and 

NaPy is diluted (Chapter 4).
25–27
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 We now show that UPys functionalized with an ester moiety on their alkylidene 

position are also able to solubilize K2CO3 and thereby act as phase-transfer catalyst for the 

Michael addition (Figure 5.1). Interestingly, reactions catalyzed by such UPys display 

sigmoidal kinetics, which is the result of complexation of the product to the catalytically 

active UPy•K2CO3 complex. While the Michael product can act as a seperate catalyst 

(autocatalysis), it also actives the UPy•K2CO3 complex (autoinduction). Kinetic modelling 

performed by Tim Paffen and density functional theory (DFT) calculations performed by 

Ivo Filot, are used to obtain insight into the interplay between the various catalysts and 

the structure of the active complexes.
28

 Thus, our system allows regulation of reaction 

kinetics using non-covalent interactions and thereby stimulates the development of 

synthetic reaction networks and provides insight into natural regulatory mechanisms.  

 

5.2  Results and discussion  

5.2.1  Requirements for obtaining pseudo 0
th

 order kinetics  

 In order to convert a reaction with bimolecular kinetics into, for example, one with 

linear (0
th

 order) kinetics, this reaction is preferably slowed down at low conversions and 

accelerated at higher conversions (Figure 5.1a). Ideally, this is achieved by an inhibitor 

whose influence on the reaction rate gradually decreases with increasing conversion, 

while an autocatalytic species enhances the reaction rate at higher conversions. Although 

these species in principle can act independently, a precise tuning of their influence on the 

reaction rate is required to optimize the linearity of the reaction progress curves.  

 We will examine the influence of NaPy 1 and ester functionalized UPy 2 on the K2CO3 

catalyzed Michael addition between Malref 3 and Pentref 4. While reactions catalyzed by 

NaPy 1 will display bimolecular kinetics, UPy 2 catalyzed reaction gave sigmoidal kinetic 

profiles (Figure 5.1b) with autoinductive nature. In addition, we have previously shown 

that binding of any type of UPy i.e., with or without ester functionality, significantly 

inhibits NaPy catalysis, being the result of sequestration of the free NaPy by UPy-NaPy 

complexation. For these reasons, we hypothesize that the interactions between these 

catalysts may provide an efficient way to regulate the kinetic profile of the Michael 

addition (Figure 5.1c). In the following sections the catalytic activity of NaPy 1 and UPy 2 

will be examined in great detail and the effect of combining both motifs will be explored 

with the aim to optimize the linearity of the conversion vs. time profiles.  
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Figure 5.1 Chemical structures of the compounds used and their role in the Michael addition. a. In 

order to convert a bimolecular reaction into one displaying 0
th

 order kinetics it is necessary to 

decrease the reaction rate at low conversion and/or increase the reaction rate at higher conversions. 

b. Structures of the substrates of the Michael addition (Malref 3 and Pentref 4) as well as the phase-

transfer-catalysts used (NaPy 1 and UPy 2). c. The equilibria between UPy 2 (Kdim = 6×10
7
 M

-1
 at  

25 ˚C in CHCl3)
29

 and NaPy (Ka = 5.2×10
5
 M

-1
 for UPy 2 and NaPy 1 at 25 ˚C in CHCl3)

30
 and the type of 

kinetics they give in the K2CO3 catalyzed Michael addition. 
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5.2.2 Bimolecular kinetics in the NaPy-catalyzed Michael addition  

 In good agreement with our previous work on a structurally similar NaPy,
25

 both  

NaPy 1 and K2CO3 are necessary for efficient catalysis between Malref 3 and Pentref 4 

(Figure 5.2b). The experimental results of the NaPy-catalyzed Michael addition could be 

described using a simple bimolecular reaction model. It is proposed that the catalytic 

activity of NaPy 1 is the result of the formation of a complex between NaPy and K2CO3 

which increases the solubility of K2CO3 and thereby leads to much more efficient catalysis 

compared to reactions performed using K2CO3 only. Our experimental results also 

revealed that, in addition to NaPy, the Michael product is able to function as a phase-

transfer-catalyst. Reactions catalyzed by pre-added product and K2CO3 displayed faster 

rates than those catalyzed by K2CO3 only, showing the autocatalytic nature of the product 

(Figure 5.2b). However, as a result of the high catalytic activity of NaPy, no significant 

increase in reaction rate was observed when the NaPy-catalyzed reaction was performed 

in the presence of additional Michael product.  

 
Figure 5.2 Experimental and computational data related to the NaPy catalyzed Michael addition. 

a. Schematic depiction of the NaPy 1 catalyzed Michael addition between Malref 3 and Pentref 4. The 

product is also able to function as a phase-transfer-catalyst, making the reaction mildly 

autocatalytic. b. The conversion of the Michael addition between Malref 3 (c = 4mM) and Pentref 4 

 (c = 4 mM) in the presence of various combinations of K2CO3 (c = 36 mM), NaPy 1 (c = 8 mM) and 

additionally added product (c = 10 mM) (symbols) and the best fits based on the kinetic model (lines). 

The results show that the product does not significantly influence the rate of the NaPy catalyzed 

reaction. c. Optimized geometry as obtained from DFT calculations on two NaPys complexing K2CO3.  
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 DFT calculations have been performed on the NaPy•K2CO3 complex to gain more 

insight into its molecular structure. Optimized structures show that the nitrogen lone-pars 

of NaPy 1, as well as its phenyl ring and carbonyl oxygen, coordinate to a K
+
-ion, closely 

resembling naphthyridine complexes reported in literature (Figure 5.2c).
31–33

 While DFT 

calculations assuming a NaPy:K2CO3 ratio of 1:1 produced a stable structure, a much 

higher stability was obtained when two NaPys per K2CO3 were employed in the 

calculations, since in such case each K
+
-ion is stabilized by a separate NaPy. Such a 

diNaPy•K2CO3 complex is also in good agreement with the kinetic analysis performed on 

the time-dependent data, which suggest that NaPy has a reaction order of higher than 

unity. Having analyzed the bimolecular kinetics of the NaPy-catalyzed Michael addition, 

we turned our attention to the sigmoidal kinetics observed for the UPy catalyzed reaction. 

 

5.2.3 Sigmoidal kinetics in the UPy-catalyzed Michael addition 

 The ureidopyrimidinone (UPy) motif is able to form homodimers and bind to NaPy 

when in a different tautomeric form (Figure 5.1c). Unfunctionalized UPy-UPy homodimers 

are typically catalytically inactive. In our search for a catalytically active UPy, we 

discovered that UPys functionalized with an ester moiety on their alkylidene position 

(e.g., UPy 2) are able to solubilize K2CO3 and thereby also act as phase-transfer catalyst for 

the K2CO3 catalyzed Michael addition in CDCl3. Similarly as for the diNaPy•K2CO3 catalyzed 

Michael addition, the UPy catalyzed reaction requires both UPy 2 and K2CO3 to obtain 

efficient catalysis between Malref 3 and Pentref 4 (Figure 5.3a and 5.3c). The reaction 

catalyzed by UPy 2 and K2CO3 displayed apparent autocatalytic reaction kinetics, that is, an 

initial lag-phase followed by a strong increase in reaction rate is observed (Figure 5.3b). 

Interestingly, this lag-phase is only observed when all components are combined 

simultaneously. When UPy 2 and K2CO3 are combined several days prior to the addition of 

the Michael substrates the lag-phase is absent (Figure 5.3c). This suggests that the  

lag-phase originates from the time required to form a catalytically active complex 

between UPy and K2CO3. In agreement with this, mixing UPy 2 with K2CO3 generates new 

signals in the 
1
H NMR spectrum of UPy 2 which only stabilized after several days  

(Figure 5.3d). When 18-crown-6 is added as a competing K
+
 complexing agent, the typical 

UPy 
1
H NMR signals are immediately recovered, showing that the complexation of K2CO3 

by UPy 2 is indeed a non-covalent and reversible interaction. UPys lacking the ester 

functionality do not show any changes in their 
1
H NMR spectrum upon mixing with K2CO3, 

nor any catalytic activity towards the Michael addition. DFT calculations were performed 

to obtain a plausible structure for the diUPy•K2CO3 complex (Figure 5.3e). The results 

shows a structure in which the esters of the UPys fold back over the plane of the UPy-UPy 

dimer and thereby coordinate to K2CO3, in good agreement with our experimental 

observations. 
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Figure 5.3 Experimental and computational data related to the UPy catalyzed Michael addition.  

a. Schematic depiction of the UPy 2 catalyzed Michael addition between Malref 3 and Pentref 4.  

b. Conversion of the Michael addition between Malref 3 (c = 4mM) and Pentref 4 (c = 4 mM) in the 

presence of K2CO3 (c = 36 mM) and various amounts of UPy 2 in CDCl3 at room temperature. All 

components were combined simultaneously. c. Conversion of the Michael addition between Malref 3 

(c = 4 mM) and Pentref 4 (c = 4 mM) in the presence of K2CO3 (c = 36 mM), in the presence of UPy 2  

(c = 10 mM), or when both are present (symbols) and the best fits based on the kinetic model (lines). 

Typically, all components were combined simultaneously, except for the “premixed” measurement 

where UPy 2 was stirred in a suspension of K2CO3 in CDCl3 for six days prior to adding the Michael 

substrates. d. 
1
H NMR spectra of UPy 2 (c = 4 mM) in the presence of K2CO3 (c = 36 mM) in CDCl3, 

displaying the changes in the 
1
H NMR signals corresponding to the UPy NH protons over time and 

their recovery upon the addition of K
+
 complexing agent 18-crown-6 (c = 8 mM). e. Optimized 

geometry of the UPy-UPy dimer complexing K2CO3 as obtained from DFT calculations. Note that the 

ester moieties of the UPys fold back over the dimer plane to coordinate to the K
+
 ions. f. Conversion 

of the Michael addition between Malref 3 (c = 4 mM) and Pentref 4 (c = 4 mM) in the presence of K2CO3 

(c = 36 mM) and additional Michael product (c = 10 mM) and/or UPy 2 (10 mM) in CDCl3 at room 

temperature (symbols) and the best fits based on the kinetic model (lines). g. Optimized geometry of 

the diUPy•product•K2CO3 complex. 
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 While a slow complexation of K2CO3 by UPy 2 complies with the lag-phase observed in 

the UPy 2 catalyzed Michael additions, a proper fit of the data could only be obtained 

when the catalytic activity of the product was also taken into account. To further 

investigate the influence of the product on the UPy 2 catalyzed reaction, the Michael 

addition between Malref 3 and Pentref 4 was performed in the presence of UPy 2, K2CO3, 

and additional product, added at the start of the reaction (Figure 5.3f). Compared to the 

reactions catalyzed by UPy 2 or K2CO3 only, this leads to a much shorter lag-phase and 

significantly faster reaction rates.  

 Although the product can act as a separate phase-transfer-catalyst (vide supra), our 

model showed that the autocatalytic activity of the product – determined by the 

measurement performed using product and K2CO3 only – is not strong enough to explain 

the observed rate-acceleration. Instead, our model and DFT calculations suggest that the 

product stabilizes the diUPy•K2CO3 complex, resulting in a diUPy•product•K2CO3 complex 

which is formed significantly faster as the diUPy•K2CO3 complex (Figure 5.3g). This means 

that although the product can act as an orthogonal catalyst (autocatalysis), it 

predominantly functions as an activator for the diUPy•K2CO3 catalyst (autoinduction). This 

autoinductive mechanism - together with the lag time – is the cause of the observed 

sigmoidal kinetic curves  

 

5.2.4 Tuning the reaction kinetics by combining UPy 1 and NaPy 2  

 One of our goals to illustrate regulation of a chemical network is to mimic the kinetics 

of a 0
th

 order reaction by delicately tuning the ratio of the NaPy 1 and UPy 2. Having 

studied the bimolecular kinetics resulting from NaPy 1 and the sigmoidal kinetics resulting 

from UPy 2 separately, we set out to examine the effect of combining both motifs  

(Figure 5.4). When the Michael addition between Malref 3 and Pentref 4 is performed in the 

presence of NaPy 1, K2CO3 and varying amounts of UPy 2, the reaction rate decreases with 

increasing UPy concentration, which results from the formation of largely inactive  

UPy-NaPy dimers. Furthermore, larger amounts of UPy 2 lead to more linear conversion vs 

time profiles, resulting from the increasing fraction of UPy-UPy dimers and the 

corresponding autoinductive kinetics by the product. Interestingly, when the 

concentration of UPy 2 is increased even further, UPy catalysis becomes so dominant that 

the overall reaction rate starts to increase again and a short lag-phase is observed. In 

other words, the catalytic curves can qualitatively be described as a combination of the 

bimolecular-like kinetics resulting from NaPy 1 and the sigmoidal kinetics arising from UPy 

2 and it is by varying the ratio between these motifs that the kinetics can be regulated. 

Interestingly, the kinetic models reveal that UPy 2 has a greater activity in the presence of 

NaPy 1, which might indicate that K2CO3 is exchanged between the fast forming 

diNaPy•K2CO3 complex and more stable diUPy•K2CO3 complex. In addition, 
1
H NMR data 

indicates that the formation of the highly stable diUPy•K2CO3 complex leads to a shift in 
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the UPy-NaPy equilibria towards the active free NaPy and UPy-UPy dimers. These 

observations show that the non-covalent interactions between NaPy 1 and UPy 2 have a 

noticeable influence on the reaction kinetics and the system cannot be explained by a 

simple linear combinations of both catalysts. 

 
Figure 5.4 Michael addition catalyzed by combinations of NaPy 1 and UPy 2. a. Schematic depiction 

of the NaPy 1 and UPy 2 catalyzed Michael addition between Malref 3 and Pentref 4. The formed UPy-

NaPy dimers are only moderately catalytically active, the product functions partly as a separate 

phase-transfer-catalyst and partly as an activator for the diUPy•K2CO3 catalyst. b. The conversion of 

the Michael addition between Malref 3 (c = 4 mM) and Pentref 4 (c = 4 mM) in the presence of K2CO3  

(c = 36 mM), NaPy 1 (c = 8 mM) and various amounts of UPy 2 in CDCl3 at room temperature 

(symbols) and the best fits based on the kinetic model (lines). The insets depict the speciation of UPy 

and NaPy at the start of each reaction and the time required to reach 50 % conversion using the 

different equivalents of UPy 2. 

 

 Although increasing the ratio of UPy 2 to NaPy 1 allows regulation of the kinetics from 

bimolecular to sigmoidal, and at intermediate concentrations of UPy 2 (i.e., 1.5 eq.) 

moderately linear kinetics are obtained, the rate acceleration induced by the UPy catalysis 

is not sufficient to counteract the influence of decreasing substrate concentration. As a 

result, all curves start to level off above ≈ 70 % conversion. To better mimic 0
th

 order 

kinetics it is therefore necessary to increase the reaction rate at higher conversions, that 

is, the influence of the UPy catalyst on the overall reaction rate needs to be increased.  
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5.2.5 Optimizing the linearity of the kinetics by linking UPy to pentanedione 

 It has been demonstrated that covalently attaching a catalyst to one of the substrates 

can result in faster reaction rates.
34,35

 As our product influences the reaction rate, we 

hypothesized that in our system this approach might give rise to increased rate-

acceleration. Therefore, UPypent 5 was synthesized (Figure 5.5). Covalently linking UPy to 

pentanedione in this manner is expected to have several effects: 1) the linker increases 

the local concentration of substrate (pentanedione) around the diUPy•K2CO3 catalyst, 

which is expected to increase the overall reaction rate; 2) after the pentanedione has 

reacted, the local concentration of Michael product around the diUPy•K2CO3 is increased 

in a similar manner. Since binding of the product to the diUPy•K2CO3 catalyst is the driving 

force of the rate-acceleration vide supra, this is expected to lead to stronger rate-

acceleration; and 3) during the reaction, UPypent 5 gets converted to UPyproduct, as a result, 

the active catalyst gradually changes from diUPypent•K2CO3 to UPypent•UPyproduct•K2CO3 to 

diUPyproduct•K2CO3 (Figure 5.5a). Given their different structure, it is proposed that these 

catalysts have different activities as well.  

 
Figure 5.5 Experimental and computational data related to the Michael addition catalyzed by 

UPypent 5. a. The reaction between Malref 3 and UPypent 5, showing how the diUPy catalyst changes 

with conversion. b. The conversion of the K2CO3 catalyzed Michael addition between equimolar 

mixtures of Malref 3 and UPypent 5 (symbols) and solid lines are best fits based on our kinetic model. 

The concentration of K2CO3 is kept constant (c = 36 mM) while the concentration of Malref 3 and 

UPypent 5 is changed, experiments were performed in duplo. c. Reactions between UPypent 5 (c = 4 

mM), K2CO3 (c = 36 mM) and varying amounts of NaPy 1 (symbols), the lines are to guide the eye. All 

reactions are performed in CDCl3 at room temperature.  
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 To examine the influence of the covalent linker between UPy and pentanedione on the 

reaction kinetics, UPypent 5 was reacted with Malref 3. The reaction between UPypent 5 and 

Malref 3 is much faster compared to reactions between Malref 3 and Pentref 4 catalyzed by 

similar amounts of unfunctionalized UPy 2 (Figure 5.3e and 5.5b). As the high activity of 

UPypent 5 is proposed to be the result of intramolecular interactions and the equilibrium 

between intra and intermolecular contacts depends strongly on concentration,
35,36

 we 

investigated the concentration dependency of the Michael addition catalyzed by UPypent 5 

and K2CO3. Interestingly, reducing the concentration of UPypent 5 and Malref 3 by a factor 

eight resulted in only a slight decrease in reaction rate (Figure 5.5b). This insensitivity is in 

agreement with the assumptions made and effects found (vide supra).  

 Having successfully increased the rate-acceleration by linking pentanedione to the UPy 

motif, we set out to optimize the linearity of the kinetics by varying the amount of NaPy 1 

added to UPypent 5. Performing the Michael addition using UPypent 5 (4 mM) and 4 mM 

NaPy 1 still displayed a lag-phase, while increasing the concentration of NaPy 1 to 6.5 mM 

gave near linear kinetics up to ≈ 80 % conversion (Figure 5.5c). Increasing the 

concentration of NaPy 1 even further to 8 mM lead to a decrease in the linearity of the 

curve and more bimolecular-like kinetics. These results show that the most linear kinetics 

can be obtained using a combination of UPypent 5 (4 mM) and NaPy 1 (6.5 mM), in good 

agreement with our model predictions.
28

 

 

 

5.3  Conclusions  

 

 We have shown that the non-covalent interactions between two phase-transfer-

catalysts, UPy and NaPy, can be used to regulate the reaction kinetics of the K2CO3 

catalyzed Michael addition from bimolecular, to pseudo 0
th

 order, to strongly sigmoidal. 

The duration of the lag-phase and strength of the rate acceleration can be tuned by a 

variety of parameters, such as the premixing time of UPy and K2CO3, the overall 

concentration, the amount and ratio of UPy and NaPy, and by covalently attaching UPy to 

one of the substrates. Using a kinetic model, as well as DFT calculations, molecular 

structures for the active catalysts are suggested and insight in the contribution of every 

species to the overall reaction rate is obtained. Our findings suggests that supramolecular 

motifs with catalytic functions are quite common and can facilitate a direct connection 

between covalent and non-covalent chemistry. Currently we are investigating the 

possibility of using this system for the creation of negative feedback and are developing 

means to link product formation to the supramolecular aggregation of various building 

blocks. The work presented herewill stimulate the interplay between non-covalent and 

covalent chemistry and thereby lead to more life-like synthetic chemical networks. 
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5.4  Experimental section  

5.4.1  Materials and Methods  

 All used solvents were of analytical grade, all chemicals (including Malref 3) were 

purchased from Sigma Aldrich and used without further purification. Unless noted 

otherwise, all reactions were performed under argon. All NMR spectra were recorded on a 

Varian Mercury 400 MHz NMR or a 500 MHz Varian Unit Inova. Abbreviations used are s: 

singlet, d: doublet, d-d: double doublet, t: triplet, m: multiplet, b: broad. Deconvolution of 

NMR spectra was performed using MestreNova software version 7.1.1-9649. Data 

processing was performed using VNMRJ.3.2.a software. MALDI-TOF-MS was performed 

using a Perspective Biosystem Voyager-DE PRO spectrometer. Column chromatography 

was performed on a Biotage Isolera Spektra One Flash Chromatography system using  

KP-Sil Silica Gel SNAP columns. Immobilized Candida Antarctica Lipase B (Novozyme 435) 

was obtained from Novozymes A/S and thoroughly dried under vacuum before use. The 

kinetic measurements on the Michael additions were performed on a 5 mL CDCl3 scale in 

Wilmad screw-cap NMR tubes, diam. 10 mm, L 7 in. Solutions were made by mixing 

premade 20 mM stock solutions of all organic compounds. K2CO3 (99.995 % purity) was 

ground and filtered (< 0.125 mm) before use. The tubes were shaken and rotated on a 

Hecht Assistant rotating mixer and removed for ≈ 20 minutes to measure their conversion 

by 
1
H NMR. As the signals corresponding to the Michael product displayed too much 

overlap (region 2.5 - 4.5 ppm), the conversion was determined by measuring the decrease 

of the signals associated with the unreacted propylmaleimide and 2,4-pentanedione using 

TMS as an internal standard (Figure 5.6).   

                                
Figure 5.6 Typical 

1
H NMR spectra of the Michael addition between Malref 3 and Pentref 4 in CDCl3, 

depicting the protons used to determine the conversion. 
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5.4.2 Synthetic procedures and characterization 

Synthesis of NaPy 1 

          
Scheme 5.1 Synthetic sheme of NaPy 1. 

 

decyl (7-chloro-1,8-naphthyridin-2-yl)carbamate (6)  

7-chloro-1,8-naphthyridin-2-amine (2.30 g, 12.8 mmol), decyl carbonochloridate (4.50 g, 

20.4 mmol) and trimethylamine (3.88 g, 38.3 mmol) were dissolved in chloroform (30 mL) 

and stirred for 16 hours at 40 ˚C. Chloroform (30 mL) was added and the mixture was 

washed with water (3 x 30 mL). The crude product was purified by column 

chromatography (0 - 25 % EtOAc in heptanes) to yield the product as a yellow solid. Yield = 

3.12 g, 8.58 mmol. ɳ = 67 %. 
1
H NMR (400 MHz, CDCl3) δ = 8.35 (d, 1H, Ar-H), 8.15 (d, 1H, 

Ar-H), 8.04 (d, 1H, Ar-H), 7.72 (b, 1H, N-H), 7.37 (d, 1H, Ar-H), 4.23 (t, 2H, C=O-CH), 1.71 (p, 

2H, CH2), 1.27 (m, 14H, CH2), 0.88 (t, 3H, CH3). 
13

C NMR (100 MHz, CDCl3) δ: 154.64, 

154.54, 154.42, 153.27, 139.14, 138.92, 121.95, 118.80, 113.89, 66.42, 32.03, 29.66, 

29.45, 29.38, 28.88, 25.93, 22.83, 14.27. MALDI-ToF MS: calculated 363.88, observed 

364.29 [M+H
+
] and 386.26 [M+Na

+
].  

 

decyl (7-(phenylamino)-1,8-naphthyridin-2-yl)carbamate (NaPy 1)  

decyl (7-chloro-1,8-naphthyridin-2-yl)carbamate 6 (200 mg 0.55 mmol), 

sodiumtertbutoxide (60 mg, 0.63 mmol), BrettPhos (36 mg) and BrettPhos Pd G1 Methyl-t-

butyl ether adduct (43 mg) were combined in a shlenk tube with septum. The flask was 

evacuated and backfilled with argon 3 times. Aniline (72 mg, 0.77 mmol) in dry dibutyl 

ether (12 mL) was added and the shlenk tube was placed in an oil bath at 95 ˚C. The 

mixture was stirred at this temperature and under Ar for 1 hour after which it was allowed 

to cool to room temperature. The solution was diluted with EtOAc (50 mL) and washed 

with water (3 x 30 mL). The crude product was purified using column chromatography  

(10 - 30 % EtOAc in heptanes) to yield a white solid. Yield = 90 mg, 0.21 mmol. ɳ = 39 %. 
1
H 

NMR (400 MHz, CDCl3) δ = 8.01 (d, 1H, J = 8.6 Hz, Ar-H), 7.93 (d, 1H, J = 8.6 Hz, Ar-H), 7.81 

(d, 1H, J = 8.8 Hz, Ar-H), 7.57 (bs, 2H, NH, Ar-H), 7.53 (d, 2H, J = 8.2 Hz, Ar-H), 7.38 (t, 2H, J 

= 7.7 Hz, Ar-H), 7.14 (t, 1H, J = 7.4 Hz, Ar-H), 6.91 (d, 1H, J = 8.7 Hz, Ar-H), 4.19 (t, 2H, J = 

6.7 Hz, O-CH2), 1.69 (p, 2H,  J = 6.8 Hz, O-CH2-CH2), 1.40 - 1.27 (m, 14H, CH2), 0.87 (t, J = 6.7 

Hz, 3H, CH3). 
13

C NMR (100 MHz, CDCl3) δ: 157.85, 155.55, 153.57, 153.46, 139.48, 138.71, 

137.85, 129.49, 124.27, 122.17, 115.30, 110.20, 109.31, 65.97, 32.03, 29.67, 29.45, 29.39, 

28.94, 25.96, 22.83, 14.27. MALDI-ToF MS: calculated 420.55, observed 421.29 [M+H
+
]. 



Chapter 5 

 

- 112 - 

 

 

8 7 6 5 4 3 2 1 0

k

i

jh

gf

e
d

c
b

 (ppm)

a

 
Figure 5.7 

1
H NMR spectrum of NaPy 1 in CDCl3. 

 

Synthesis of UPy 2       

      
Scheme 5.2 Synthetic sheme of UPy 2. 

 

Ethyl 3-(2-amino-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate (7)  

A mixture of diethyl 2-acetylpentanedioate (1.86 mL, 8.69 mmol) and guanidine carbonate 

(783.7 mg, 8.69 mmol) in ethanol (20 mL) was stirred for 18 hours under reflux. The 

reaction mixture was allowed to cool to room temperature. Precipitation at 0 ᵒC yielded 

the product as a white solid. Yield = 690 mg, 3.07 mmol. ɳ = 35 %. 
1
H NMR (400 MHz, 

CDCl3) δ: 4.09 (q, 2H, O-CH2-CH3), 2.70 (t, 2H, O=C-CH2-CH2), 2.51 (t, 2H, O=C-CH2-CH2), 

2.21 (s, 3H, C-CH3), 1.26 (t, 3H, CH2-CH3). 
13

C NMR (100 MHz, d-DMSO) δ =  172.61, 153.45, 

109.33, 79.19, 59.72, 32.74, 20.96, 14.13. MALDI-ToF MS: calculated 225.24, observed m/z 

226.29 [M+H
+
], 248.24 [M+Na

+
].  

 

Ethyl 3-(2-(3-butylureido)-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate (UPy2) 

Ethyl 3-(2-amino-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate 7 (1.03 g, 4.57 

mmol) in dry DMF (25 mL) was heated to 70 ᵒC. 1-Isocyanatobutane (770 μL, 6.86 mmol) 
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was added and the reaction mixture was stirred for 6 hours at 70 ᵒC. The product was 

obtained as a white solid after evaporation of the solvent in vacuo. Yield = 1.41 g, 4.35 

mmol. ɳ = 95 %. 
1
H NMR (400 MHz, CDCl3) δ:  12.88 (bs, 1H, NH), 11.89 (bs, 1H, NH), 10.11 

(bs, 1H, NH), 4.08 (q, 2H, O-CH2-CH3), 3.24 (q, 2H, NH-(C=O)-NH-CH2), 2.68 (t, 2H, O-(C=O)-

CH2-CH2), 2.60 (t, 2H, O-(C=O)-CH2-CH2), 2.30 (s, 3H, C-CH3), 1.57 (t, 2H, alkyl-CH2), 1.41 (t, 

2H, CH2-CH2-CH3), 1.24 (t, 3H, O-CH2-CH3), 0.94 (t, 3H, CH3). 
13

C NMR (100 MHz, CDCl3): 

173.32, 156.64, 153.31, 143.97, 116.09, 104.99, 60.34, 39.66, 32.12, 31.35, 21.15, 20.12, 

17.17, 14.23, 13.75. MALDI-ToF MS: calculated 324.38, observed m/z 325.30 [M+H
+
], 

347.27 [M+Na
+
]. 

 

Synthesis of Pentref 4  

                
Scheme 5.3 Synthetic sheme of Pentref 4.   

 

4-(Benzyloxy)butan-1-ol (8)  

Dry DMF (400 mL) was added to NaH (60 % dispersion in oil, 1.95 g, 49.0 mmol and cooled 

to 0 ᵒC. Butane-1,4-diol (4.00 g, 44.0 mmol) in dry DMF (20 mL) was added slowly and the 

reaction mixture was stirred for 10 minutes. Benzyl bromide (5.31 mL, 44.4 mmol) was 

added to the mixture cautiously. The mixture was allowed to acclimate to room 

temperature and stirred for 18 hours. Subsequently, the reaction was quenched upon the 

addition of H2O (90 mL) and extracted with EtOAc (5 x 100 mL). The organic layer was 

dried with MgSO4 and filtered. The filtrate was concentrated by evaporation of the solvent 

in vacuo. The product was obtained as colorless oil. Yield = 6.88 g,  38 mmol. ɳ = 88 %.  
1
H NMR (400 MHz, CDCl3) δ: 7.32 (m, 5H, Ar), 4.50 (s, 2H, Ar-CH2-O), 3.60 (t, 2H, CH2-CH2-

OH), 3.50 (t, 2H, O-CH2-CH2), 1.66 (m, 4H, alkyl-CH2). 
13

C NMR (100 MHz, CDCl3): 138.14, 

128.40, 127.70, 127.64, 73.03, 70.32, 62.61, 30.07, 26.64.  

 

((4-Bromobutoxy)methyl)benzene (9)  

CBr4 (3.75 g, 11.3 mmol) was added to a solution of 4-(benzyloxy)butan-1-ol 8 (1.69 g, 9.4 

mmol) in dry CH2Cl2 (30 mL) and cooled to 0 ᵒC. PPh3 (4.93 mmol, 18.8 mmol) was added in 

portions. The resulting solution was stirred overnight at room temperature and 

concentrated in vacuo. The remaining solids were washed with ether (5 x 50 mL) and 
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filtrated; followed by concentration of the collective ether extracts in vacuo. Purification 

using column chromatograph (96 % Heptane/ 4 % EtOAc) yielded the target compound as 

a yellowish oil. Yield = 1.98 g, 8.18 mmol. ɳ = 87 %. 
1
H NMR (400 MHz, CDCl3) δ: 7.33 (m, 

5H, Ar), 4.50 (s, 2H, Ar-CH2-O), 3.50 (t, 2H, O-CH2-CH2), 3.43 (t, 2H, CH2-CH2-Br), 1.98 (m, 

2H, alkyl-CH2), 1.76 (m, 2H, alkyl-CH2). 
13

C NMR (100 MHz, CDCl3) δ: 138.68, 128.62, 

127.83, 127.81, 73.15, 69.47, 33.99, 29.96, 28.60.  

 

9-(Benzyloxy)nonane-2,4-dione (10)  

2,4-Pentanedione (1.31 g, 13.1 mmol) was slowly added to a suspension of NaH (60 % 

dispersion in oil) (522 mg, 13.1 mmol) in THF (25 mL) cooled to 0 ᵒC. The mixture was 

stirred for 10 minutes. n-BuLi (1.6 M in hexanes, 6.56 mL) was added dropwise over a 

period of 15 minutes. The mixture was stirred for 20 minutes at 0 ᵒC, ((4-

bromobutoxy)methyl)benzene 9 (2.79 g, 11.5 mmol) in THF (1.5 mL) was added dropwise 

and the mixture was stirred for 2 hours at room temperature. The reaction was quenched 

with a mixture of concentrated HCl (2 mL) in H2O (2.5 mL) and Et2O (10 mL). Subsequently, 

the organic layer was washed with brine (3 x 20 mL) and dried with MgSO4. After filtration, 

the filtrate was concentrated in vacuo. The crude product was purified using column 

chromatography (93 % Heptane/ 7 % EtOAc) to yield the product as a yellowish oil. Yield = 

2.13 g, 8.14 mmol. ɳ = 71 %. 
1
H NMR (400 MHz, CDCl3) δ: 7.32 (m, 5H, Ar), 5.47 (s, 1H, 

((C=O)-CH=COH), 4.48 (s, 2H, Ar-CH2-O), 3.53 (s, 2H, (C=O)-CH2-(C=O)), 3.46 (t, 2H, O-CH2-

CH2), 2.26 (t, 2H, CH2-CH2-C=O), 2.20 (s, 3H, CH2-(C=O)-CH3), 2.03 (s, 3H, CH=COH-CH3), 

1.62 (m, 4H, alkyl-CH2), 1.40 (m, 2H, alkyl-CH2). 
13

C NMR (100 MHz, CDCl3) δ: 204.06, 

202.11, 194.02, 191.42, 138.56, 128.33, 127.60, 127.49, 127.48, 99.77, 72.89, 70.11, 

70.05, 43.70, 38.15, 31.87, 30.88, 29.69, 29.47, 25.86, 25.65, 25.49, 24.97, 24.96, 23.15, 

22.68, 14.11. MALDI-ToF MS: calculated 262.34, observed 262.26 [M+H
+
], 285.20 [M+Na

+
], 

301.16 [M+K
+
]. 

 

9-Hydroxynonane-2,4-dione (11)  

9-(Benzyloxy)nonane-2,4-dione 10 (2.12 g, 8.10 mmol) in EtOAc (30 mL) was bubbled 

through with N2 for 10 minutes. A spatula tip Pd/C was added to the mixture and the 

reaction vessel was placed under H2-atmosphere and shaken in a Parr-reactor (70 psi, 18 

hours). Filtration over Celite and subsequent concentration in vacuo, yielded the product 

as a slightly yellow oil. Yield = 1.39 g, 8.04 mmol. ɳ = 99 %. 
1
H NMR (100 MHz, CDCl3) δ: 

5.49 (s, 1H, ((C=O)-CH=COH), 3.66 (t, 2H, CH2-CH2-OH), 3.57 (s, 2H, (C=O)-CH2-(C=O)), 2.29 

(t, 2H, CH2-CH2-C=O), 2.24 (s, 3H, CH2-(C=O)-CH3), 2.05 (s, 3H, CH=COH-CH3), 1.59 (m, 4H, 

alkyl-CH2), 1.41 (m, 2H, alkyl-CH2). 
13

C NMR (100 MHz, CDCl3) δ: 204.25, 202.35, 194.17, 

191.35, 62.52, 62.42, 57.81, 43.66, 38.16, 25.36, 25.11, 24.91, 22.97, 14.11. MALDI-ToF 

MS: calculated 172.11, observed m/z 173.24 [M+H
+
], 195.19 [M+Na

+
]. 
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6,8-Dioxononyl hexanoate (Pentref 4)  

9-Hydroxynonane-2,4-dione 11 (159 mg, 0.92 mmol) and hexanoic acid (115.6 μl, 0.92 

mmol) were dissolved in toluene (150 mL) and Novozyme 435 (64 mg) was added to the 

reaction mixture. The reaction mixture was slowly stirred using a rotovap (65 ᵒC, 250 

mbar) for 8 hours, followed by filtration and concentration in vacuo. Purification by 

column chromatograph (88 % CHCl3 / 12 % methanol) yielded the product as a slightly 

yellow oil. Yield = 169 mg, 0.62 mmol. ɳ = 68 %. 
1
H NMR (100 MHz, CDCl3) δ: 5.48 (s, 1H, 

((C=O)-CH=COH), 4.06 (t, 2H, O=C-O-CH2), 3.57 (s, 2H, (C=O)-CH2-(C=O)), 2.29 (t, 2H, CH2-

CH2-C=O), 2.29 (t, 2H, O-(C=O)-CH2), 2.24 (s, 3H, CH2-(C=O)-CH3), 2.05 (s, 3H, CH=COH-CH3), 

1.64-1.31 (m, 12H, alkyl-CH2), 0.89 (t, 3H, alkyl-CH3). 
13

C NMR (100 MHz, CDCl3) δ: 193.85, 

191.36, 173.93, 99.76, 63.98, 38.06, 34.32, 31.30, 28.40, 25.58, 25.24, 24.94, 24.67, 22.30, 

13.90. MALDI-ToF MS: calculated 270.36, observed m/z 293.26 [M+Na
+
]. 
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Figure 5.8 

1
H NMR spectrum of Pentref 4 in CDCl3. 
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Synthesis of UPypent 5 

    
Scheme 5.4 Synthetic sheme of UPypent 5.   

 

8-((tert-butoxycarbonyl)amino)octanoic acid (12)  

8-aminooctanoic acid (3.0 g, 18.8 mmol) was dissolved in a mixture of H2O (15 mL) and 

DCM (15 mL), NaOH (1.51 g, 37.7 mmol) was added and the mixture was cooled to 0 ˚C. 

Di-tert-butyl dicarbonate (4.11, 18.8 mmol) in DCM (40 mL) was slowly added. The mixture 

was stirred at room temperature for 24 hours, conc. HCl (3 mL) was added and the 

aqueous phase was extracted with DCM (2 x 30 mL). The organic phases were dried using 

MgSO4, filtered and dried under vacuum to yield the target compound as a white solid. 

Yield = 4.78 g, 18.4 mmol. ɳ = 98 %. 
1
H NMR (400 MHz, CDCl3) δ: 4.53 (b, 1H, NH), 3.09 (m, 

2H, CH2-NH), 2.34 (t, 2H, J = 7.5 Hz, CH2-C=O), 1.63 (p, 2H, J = 7.1 Hz, CH2), 1,44 (m, 11H, 

CH2+CH3), 1.32 (m, 6H, CH2). 
13

C NMR (100 MHz, CDCl3) δ: 179.17, 156.03, 79.11, 40.56, 

33.98, 29.96, 28.95, 28.43, 26.56, 24.61. FT-IR ṽ = 3367, 2977, 2936, 2858, 1685, 1523, 

1173 cm
-1

. 

 

6,8-dioxononyl 8-((tert-butoxycarbonyl)amino)octanoate (13)  

8-((tert-butoxycarbonyl)amino)octanoic acid 12 (150 mg, 0.57 mmol) and  

9-Hydroxynonane-2,4-dione 11 were dissolved (100 mg, 0.57 mmol) were dissolved in 

toluene (15 mL), a spatula tip of Novozyme 435 was added and the mixture was stirred at 

50 ˚C and 250 mbar on a rotavapor for 8 hours. The Novozyme beads were filtered off and 

the solvent evaporated to yield the product as a white solid. Yield = 236 mg, 0.57 mmol. ɳ 

= >99 %. 
1
H NMR (400 MHz, CDCl3) δ: 5.49 (s, 1H, CH-COH), 4.52 (b, 1H, NH), 4.06 (m, 2H, 

O-CH2), 3.57 (s, 2H, C=O-CH2), 3.11 (q, 2H, NH-CH2, J = 6.1 Hz), 2.52 (t, 2H, CH2-enol, J= 7.3 

Hz), 2.28 (t, 2H, CH2-keto + C=O-CH2, J= 7.5 Hz), 2.24 (s, 3H, CH3-keto), 2.06 (s, 3H, CH3-

enol), 1.68-1.53 (m, 8H, CH2), 1.44 (s, 9H, CH3), 1.25-1.36 (m, 8H, CH2). 
13

C NMR (100 MHz, 

CDCl3) δ: 193.90, 191.37, 173.86, 99.80, 64.04, 40.59, 38.09, 34.29, 30.01, 29.05, 28.92, 

28.42, 26.61, 25.60, 25.26, 24.96, 24.88.  
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8-((6,8-dioxononyl)oxy)-8-oxooctan-1-aminium chloride (14)  

6,8-dioxononyl 8-((tert-butoxycarbonyl)amino)octanoate 13 (230 mg, 0.56 mmol) was 

dissolved in 4 M HCl in dioxane (20 mL) and stirred for 4 hours. The solvent was 

evaporated to yield the product as a white solid. Yield = 194 mg, 0.55 mmol. ɳ = >99 %. 
1
H 

NMR (400 MHz, CDCl3) δ: 8.28 (b, 3H, NH3
+
), 5.49 (s, 1H, C=O-CH-C=O), 4.05 (t, 2H, O-CH2), 

2.98 (b, 2H, NH3
+
-CH2), 2.27 (dt, 4H, O-C=O-CH2 + C=O-CH2), 2.05 (s, 3H, CH=COH-CH3), 

1.87-1.25 (m, 16, CH2). 
13

C NMR (100 MHz, CDCl3) δ: 193.92, 191.41, 173.87, 99.83, 64.13, 

39.95, 38.08, 34.19, 28.80, 28.59, 28.40, 27.54, 26.25, 25.59, 25.26, 24.98, 24.73. MALDI-

ToF MS: calculated 349.20, observed m/z 314.22 [M-Cl
-
]. 

 

ethyl 3-(2-(1H-imidazole-1-carboxamido)-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl) 

propanoate (15)  

ethyl 3-(2-amino-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl)propanoate 7 (1.0 g, 4.44 

mmol) was suspended in chloroform (80 mL) and CDI (800 mg, 4.94 mmol) was added. The 

mixture was refluxed overnight under Argon overnight and subsequently allowed to cool 

to room temperature. The solution was washed with water (5 x 100 mL) and dried using 

MgSO4 to afford the product as a white solid. Yield = 462 mg, 1.45 mmol). ɳ = 33 %.  
1
H NMR (400 MHz, CDCl3) δ: 13.61 (b, 1H, NH), 12.38 (b, 1H, NH), 8.85 (s, 1H, N=CH), 7.61 

(s, 1H, CH=CH), 7.02 (s, 1H, CH=CH), 4.12 (q, 2H, J = 7.1 Hz, O-CH2), 2.77 (t, 2H, J = 7.1 Hz, 

C=O-CH2-CH2), 2.63 (t, 2H, J = 7.1 Hz, C=O-CH2-CH2), 2.50 (s, 3H, CH3), 1.26 (t, 3H, J = 7.1 

Hz, CH3). 
13

C NMR (100 MHz, CDCl3) δ 172.89, 160.85, 157.00, 155.28, 148.37, 137.99, 

127.66, 117.55, 114.84, 60.58, 32.13, 20.79, 16.56, 14.23. FT-IR (ATR) ṽ = 3163, 2980,2931, 

2719, 1726, 1681, 1642, 1610, 1472, 1671, 1323, 1220, 1183, 1094, 1064, 1005, 860.  

 

6,8-dioxononyl 8-(3-(5-(3-ethoxy-3-oxopropyl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-

yl)ureido)octanoate (UPypent 5)  

ethyl 3-(2-(1H-imidazole-1-carboxamido)-6-methyl-4-oxo-1,4-dihydropyrimidin-5-yl) 

propanoate 15 (208 mg, 0.65 mmol) and trimethylamine (66 mg, 0.65 mmol) were 

dissolved in chloroform (30 mL) and a solution of 8-((6,8-dioxononyl)oxy)-8-oxooctan-1-

aminium chloride 14 (190 mg, 0.54 mmol) in chloroform (5 mL) was slowly added. The 

mixture was stirred for 16 hours at room temperature, chloroform (30 mL) was added and 

the mixture was washed with water (3 x 30 mL). The organic phase was dried using MgSO4 

and purified using column chromatography (0 - 5 % MeOH in chloroform), followed by a 

second purification using column chromatography (0 - 30 % EtOAc in Heptanes) to yield 

the product as a white solid. Yield = 148 mg, 0.26 mmol. ɳ = 48 %. 
1
H NMR (400 MHz, 

CDCl3) δ: 12.89 (b, 1H, NH), 11.88 (b, 1H, NH), 10.14 (b, 1H, NH), 5.48 (C=O-CH=COH), 4.09 

(q, 2H, J = 7.2 Hz, O-CH2-CH3), 4.05 (t, 2H, J = 6.6 Hz, O-CH2-CH2), 3.57 (s, 2H, C=O-CH2-

C=O), 3.23 (q, 2H, J = 6.7 Hz, NH-CH2), 2.70 (t, 2H, J = 6.9 Hz, C=O-CH2-CH2), 2.59 (t, 2H, J = 
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7.0 Hz, C=O-CH2-CH2), 2.52 (t, 2H, J = 7.3 Hz, CH2-C=O), 2.30 (s, 3H, CH3), 2.28 (dt and s, 7H, 

O-C=O-CH2 + C=O-CH2, C=O-CH3), 2.24 (s, 3H, CH2-C=O-CH3) 2.05 (s, 3H, CH=COH-CH3), 1.62 

(m, 8H, CH2), 1.34 (m, 8H, CH2), 1.24 (t, 3H, J = 7.1 Hz, CH2-CH3). 
13

C NMR (100 MHz, CDCl3) 

δ: 194.02, 191.51, 174.01, 173.45, 172.26, 156.83, 153.49, 144.15, 116.26, 99.94, 64.15, 

60.50, 43.70, 40.07, 38.22, 34.45, 32.29, 29.43, 29.25, 29.12, 28.55, 26.96, 25.72, 25.39, 

25.10, 21.28, 17.35, 14.40. MALDI-ToF MS: calculated 564.71, observed m/z: 565.35 

[M+H
+
]. 
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Figure 5.9 

1
H NMR spectrum of UPypent 5 in CDCl3. 

 

Synthesis of the Michael product (16)  

Malref 3 (67 mg, 0.49 mmol) and Pentref 4 (131 mg, 0.49 mmol) were dissolved in CDCl3 (4 

mL), K2CO3 (167 mg, 1.21 mmol) and 18-crown-6 (64 mg, 0.24 mmol) were added. The 

mixture was stirred for 2 hours, the K2CO3 was filtered off, chloroform (20 mL) was added 

and the organic phase was washed with water (5 x 20 mL). The crude product was purified 

using column chromatography twice (0 - 5 % MeOH in chloroform) to yield the product as 

a white solid. Yield = 97 mg, ɳ = 49 %. 
1
H NMR (400 MHz, CDCl3) δ: 4.26 (m, 1H, C=O-CH), 

4.07 (m, 2H, CH2-C=O), 3.47 (t, 2H, N-CH2), 3.29 (m, 1H, CH2-CH), 2.42-2.80 (m, 4H, CH-CH2 

+ C=O-CH2), 2.34 (s, 3H, CH3), 2.28 (m, 2H, O-CH2), 2.18 (s, 3H, CH3), 1.55-1.72 (m, 8H, CH2), 

1.26-1.42 (m, 6H, CH2), 0.90 (m, 6H, CH3). 
13

C NMR (101 MHz, CDCl3) δ: 204.60, 204.15, 

202.56, 201.83, 177.84, 175.67, 173.92, 65.10, 65.05, 63.87, 63.84, 43.13, 42.84, 40.70, 
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39.08, 39.01, 34.30, 32.16, 32.12, 31.32, 30.13, 29.85, 28.46, 28.41, 25.39, 25.30, 24.67, 

22.98, 22.91, 22.31, 20.86, 13.91, 11.23. MALDI-ToF MS: calculated 409.53, observed 

432.26 [M+Na
+
] and 571.32 [M+K2CO3+Na

+
]. 
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Figure 5.10 

1
H NMR spectrum of the Michael product 16 in CDCl3. 
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Design and synthesis a UPy-based  

supramolecular polycatenane 

 

 

 

 

 

Abstract: Mechanical bonds provide an interesting alternative to covalent bonds and 

other types of electrostatic interactions (e.g., hydrogen bonds and π-π interactions). By 

mechanically interlocking molecules, highly flexible junctions can be obtained. Especially 

in polymeric materials the use of mechanical bonds is expected to give rise to unique 

properties. However, the synthetic difficulties associated with creating polymers 

consisting purely of mechanically interlocked rings has limited these to short oligomers. By 

creating a catenated monomer which polymerizes via hydrogen bonds, a more easily 

accessible alternative might be found. Here, we show the design and synthesis of a 

symmetrical [2]-catenane, featuring a UPy moiety in each ring. This UPy moiety allows the 

supramolecular polymerization of the catenane, thereby forming a polymer containing 

dynamic hydrogen bonds and flexible catenane junctions. 
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6.1  Introduction 

  

 Besides the use of covalent and non-covalent bonds, Nature also uses mechanical 

bonds to connect molecules. Such interlocked structures are for example found in DNA,
1–3

 

enzymes,
4–6

 and bacteriophages,
7
 and are typically used in threading mechanisms or to 

introduce unusually high degrees of freedom.   

 Inspired by these examples, synthetic interlocked structures such as catenanes and 

rotaxanes have also been extensively studied (Figure 6.1).
8–11

 An area of research that 

proves to still be of high interest, as last year’s Nobel Prize in Chemistry was awarded to 

molecular machines; often consisting of such mechanically interlocked structures.
12

  

 

Figure 6.1 Schematic representations of a rotaxane and catenane, examples of mechanically bound 

structures. 

 Such structures have been used to create molecular switches, capable of altering their 

conformation as a result of a wide variety of stimuli, such as: light,
13

 pH,
14

 redox 

reactions,
15

 metal-coordination
16

 and temperature.
17

 For example, Spruell et. al. reported 

on a catenane composed of CBPQT
4+

 (blue), interlocked with a tetrathiafulvalene (TTF) 

functionalized ring (green, Figure 6.2 top).
18

 By switching the oxidation state of TTF, the 

position of CBPQT
4+

 on the ring could be controlled. Using a different approach, Abe et.al. 

constructed a crown ether based rotaxane functionalized with a secondary amine in the 

linear element.
17

 Protonation of this amine using ammonium trichloroacetate resulted in 

coordination of the crown ether to the resulting amoniumsalt. Subsequent thermal 

decomposition of the ammonium trichloroacetate resulted in deprotonation of the 

rotaxane and a positional shift of the crown ether on the axle (Figure 6.2 bottom).  

 As a result of their stimuli responsive nature, such switches could form useful building 

blocks for the construction of synthetic chemical reaction networks or molecular 

computers. Especially interesting would be the controlled switching of material properties 

as a result of a certain input. A possible way to achieve this might be by creating polymers 

containing a large fraction of stimuli responsive mechanical bonds. 
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Figure 6.2 Examples of molecular switches based on mechanical bonds. Top: A [2]catenane of which 

one ring can be circum rotated as a result of a redox reaction
18

 Bottom: A rotaxane whose ring can 

be shuttled using Cl3CCOOH and temperature.
17

 

 Polymers formed by mechanical bonds e.g., polyrotaxanes
19 

and polycatenanes,
20

 are 

predicted to exhibit a remarkable array of unique mechanical, dynamic, rheological, and 

thermal properties.
21 

Current polycatenanes can be roughly divided into four types (Figure 

6.3). Polymers consisting of covalent linkages alternated with [2]catenanes (A),
22–26

 as well 

as covalent polymers functionalized with [2]catenane side-groups (B), have been made 

with a relatively high DPn of approximately 25 repeat units.
21

 However, the difficulties 

associated with creating polymers consisting purely of interlocked rings has limited their 

length to 5 units for linear structures
27

 (C) and 7 units for networks (D).
28,29

 Therefore, the 

creation of high DPn polymers consisting purely of catenated structures remains an 

exciting synthetic challenge.  

Figure 6.3 Schematic depictions of the most common types of polycatenanes. Image adapted from 

reference 20. 
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 Various strategies have been devised for the synthesis of type A polycatenanes, most 

of them starting from an interlocked monomer (Figure 6.4). However, none have led to 

the formation of polymers with a high DPn.
20

   

Figure 6.4 Examples of synthetic approaches used to create polycatenanes. A reacts with B to yield Z 

linkages, X reaction with Y to yield V linkages. Image adapted from ref 20. 

 These examples demonstrate that, while the synthesis of [2]catenanes is relatively well 

understood, their polymerization is hindered by the synthetic difficulties associated with 

interlocking multiple rings. Interestingly, Xiao et. al. reported an elegant example in which 

various non-covalent interactions were used to form a [2]catenane (Figure 6.5). The 

attractive forces between a negatively charged 1,5-dioxynaphthalene (brown) and 

positively charged CBPQT
4+

 (blue) were used to create a pseudo-rotaxane. Subsequent 

dimerization of the quadruple hydrogen bonding ureidopyrimidinone (UPy) motifs (green) 

gave rise to a catenated structure.   

                              
Figure 6.5 The use of non-covalent interactions to form [2]catenanes. The negative charge on UPy 

functionalized 1,5-dioxynaphthalene (brown) is used to thread it through cyclic and positively 

charged CBPQT
4+

 (blue). Subsequently, the UPys (green) dimerize via quadruple hydrogen bonding, 

resulting in a catenated structure. Image adapted from reference 30. 
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 Inspired by this example, we envisaged that a strategy based on a [2]catenane 

monomer which polymerizes via hydrogen bonding could represent a possible alternative 

to purely mechanically bound polymers. In this manner, a main chain polycatenane with a 

high virtual DPn could be created without resorting to large fractions of covalent linkages. 

Here, we present our advances in the synthesis of a catenane featuring the (UPy) motif 

(Figure 6.6). This approach allows polymerization to take place via hydrogen bonding, 

while the monomers themselves are composed of two mechanically interlocked rings.  

                       
Figure 6.6 Schematic depiction of the desired UPy-functionalized catenane. At high concentrations 

the UPys are expected to dimerize intermolecularly, resulting in a supramolecular polycatenane. The 

1,10-phenanthroline moieties are present to aid in the catenation (vide infra). This compound can 

exist as two mechanostereoisomers, which are expected to be formed in equal amounts.   

 As the rings in the UPy catenane are asymmetric, two mechanostereoisomers can be 

formed upon catenation i.e., with the neocuproine moieties oriented +90˚ or  

-90˚ with respect to each other. Similar mechanically axial chirality has been observed in 

other catenated systems.
28,31–33

 As there is no driving force favoring the formation of 

either isomer, we expect both to be formed in equal amounts. For simplicity we will show 

only one of these isomers in this chapter.   

 The main advantage of our approach is expected to lie in eliminating the need to 

covalently polymerize the catenane monomers, thereby potentially simplifying its 

synthesis. Secondly, the supramolecular nature of the formed polymer might be 

advantageous in certain applications were high dynamics or self-healing properties are 

desired. Lastly, Cu(I) can be used to switch between a regular hydrogen bonded polymer 

(with Cu(I)) and a polymer whose properties are determined by both hydrogen- and 

mechanical bonds (without Cu(I)). However, the high dynamics of the supramolecular 

bonds will also reduce the added benefit of the mechanical bonds on the flexibility of the 

polymer. In addition, the self-complementarity of the UPys might give rise to strong 

intramolecular interactions, thereby limiting the length of the supramolecular polymer. As 

such an intramolecular UPy-UPy contact is impossible in the presence of Cu(I), this would, 

however, open up the possibility of controlling the length of the polymer via the addition 

of Cu(I).  
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6.2  Results and discussion  

6.2.1 Design of the catenane  

 To obtain a catenated structure, the rings in the product need to be interlocked. 

Several methods have been developed to achieve this, one of which is via a templated 

mechanisms where two open rings are held together by an additional binding motif, after 

which they are closed.
34

 A well-established method to achieve this is based on the 

tetrahedral coordination of phenanthroline derivatives to Cu(I), followed by a ring-closing 

reaction (Scheme 6.1).
35–38

 This ring-closing reaction requires high yields and compatibility 

with other functional groups. More importantly, to avoid unwanted intermolecular 

reactions, the reaction needs to be reversible and performed at low concentrations i.e., 

well below the EM of the rings. A reaction that has proven to meet these criteria is the 

Grubbs-catalyzed ring-closing-metathesis (RCM).
39–41

 It should be noted that this 

procedure results in a mixture of cis and trans double bonds in the final product.                            

         
Scheme 6.1 General approach to obtain a catenated structure. The tetrahedral coordination of two 

phenanthroline molecules to Cu(I) brings the to-be-closed rings together. Subsequent intramolecular 

coupling of the terminal double bonds using RCM allows the formation of a catenated structure. 

 The following section describes our attempts to synthesize a UPy-functionalized 

[2]catenane via this approach. It highlights the various difficulties encountered during this 

process and discusses the rationale behind the steps taken to overcome these. The results 

described in this chapter are obtained in close collaboration with José Augusto Berrocal. 

6.2.2 Synthesis of the UPy catenane  

 We devised a synthetic procedure for the synthesis of a UPy-based catenane based on 

the neocuproine-Cu(I) and RCM approach (Scheme 6.2). Here, phenanthroline was first 

functionalized with phenol moieties in a two-step approach in an overall yield of 46 %.
42

 

The resulting biphenol 3 was then functionalized in a statistical manner with a mixture of 

4-bromobut-1-ene and Boc-protected bromide 4, resulting in Boc-protected compound 5. 

Subsequently, 5 was deprotected using HCl after which it was coupled to CDI activated 

isocytosine 8, resulting in UPy functionalized phenanthroline 10. Next, dimerization of 10 

was induced via coordination to Cu(I) in near quantitative yields. As the last part of the 

synthesis, we planned to close the rings in 11 and subsequently remove Cu(I) to yield the 

desired UPy catenane 1.
38
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Scheme 6.2 Synthetic procedure of UPy catenane 1. While compound 11 was successfully 

synthesized, the subsequent ring-closing-metathesis was unsuccessful in closing both rings of 11. 

Instead, RCM using 5 wt. % 1
st

 gen. Grubbs catalyst at 10 mM in DCE afforded an insoluble network, 

while RCM at 1 mM consistently afforded a compound with only one ring closed in near quantitative 

yields.    

 

 Various attempts were made to close the rings of 11 using RCM i.e., using 1
st

 or 2
nd

 

generation Grubbs or Hoveyda-Grubbs catalysts, in a variety of solvents, concentrations 

and temperatures. It was found that reactions performed at 10 mM afforded insoluble 

precipitates, likely cross-linked networks resulting from intermolecular reactions. To 

prevent intermolecular reactions, the RCM on 11 was performed at a lower concentration 

of 1 mM. Surprisingly, all our attempts at this concentration consistently afforded the 
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quantitative closure of just one of the two rings (Scheme 6.2). It was hypothesized that the 

first ring-closure induced the formation of an extremely stable intramolecular UPy-UPy 

contact, which preorganizes the to-be-reacted terminal double bonds in an unfavorable 

manner (Figure 6.7).      

                         
Figure 6.7 RCM of the catenane precursor 11 did not result in the desired catenane (i.e., two ring-

closure events). Instead, a product featuring one open and one closed rings was consistently 

obtained. A plausible explanation for this phenomenon is that closing one ring results in the 

formation of an extremely stable intramolecular UPy-UPy contact, which positions the remaining 

terminal double bonds in an unfavorable manner. 

Attempts were made to disrupt this intramolecular UPy-UPy contact by performing the 

reaction in the presence of 10 % methanol, a solvent well known to disrupt hydrogen 

bonds, or in the presence of a large excess (10 eq.) of competing unfunctionalized UPys. 

Unfortunately, in both cases the RCM still not exceeded the closure of the first ring. 

Possibly, the EM of the intramolecular UPy-UPy contact is too high to introduce significant 

competition using these approaches.  

 

 
Scheme 6.3 Synthesis of benzyl protected UPy catenane 14. UPy functionalized phenanthroline 10 

was protected with benzyl groups after which Cu(I) was inserted to give 12. Subsequent RCM in DCE 

using 5 wt. %, 1
st

 generation Grubbs catalyst at 25˚C and a concentration of 1 mM resulted in 

catenane 13, which was converted into benzyl protected UPy catenane 14 after Cu(I) removal. 
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We hypothesized that covalently protecting the UPy moieties with a benzyl group 

might decrease the stability of the UPy-UPy dimers enough to obtain full conversion in the 

RCM.
43,44

 To test our hypothesis, benzyl protected catenane precursor 12 was synthesized, 

which afforded 13 after the insertion of Cu(I) (Scheme 6.3). Gratifyingly, the RCM on 13 

resulted in the near quantitative closure of both rings. After copper removal, this afforded 

benzyl protected UPy catenane 14 (containing both cis and trans double bonds).   

 The subsequent and last step of the synthesis of the UPy-functionalized catenane 

consisted of removing the benzyl groups from the UPy moieties. This reaction is typically 

performed using Pd/C and H2,
43

 and  in our case has the additional advantage that the 

double bonds resulting from the RCM are also hydrogenated, thereby eliminating any 

effects created by the mixture of cis and trans products obtained. Unfortunately, all 

attempts to hydrogenate 14 repeatedly resulted in strong coordination of the starting 

material to Pd/C and no observable conversion (Scheme 6.4).      

   
Scheme 6.4 Attempts to reduce the benzyl groups and double bonds in protected UPy catenane 14 

repeatedly resulted in no conversion. This is likely a result of the coordination of this compound to 

the Pd/C catalyst.  

 To minimize any interactions with the catalyst, Cu(I) was reinserted into 14, yielding 

14+Cu. A large variety of benzyl ether removal procedures were performed on this 

compound (Table 6.1). As a reference, the same reactions were also performed  

on a mixture of a structurally similar catenane lacking the UPys
38

 and a non-

catenated benzyl protected UPy (Figure 6.8).
43

  Although some procedures reduced both 

the double bonds and benzyl groups in the reference compounds, all methods proved 

unsuccessful in reducing either of these groups in 14+Cu.   

 

Figure 6.8 Molecular structure of the reference compounds used to examine the various methods to 

remove the benzyl groups and double bonds in 14+Cu.
38,43
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 Table 6.1 A large variety of methods to remove the benzyl protecting groups from 14+Cu was 

performed. As a reference, the same reactions were also performed on a mixture of a non-UPy 

functionalized catenane
38

 and a non-catenated benzyl protected UPy.
43

 Procedures that successfully 

reduced both the benzyl group and double bonds are denoted as (v), procedures that reduced neither 

functionalities are denoted as (x) reactions that could not performed due to practical reasons such as 

insolubility of the substrate in the required solvent are denoted as (n.a.). None of the reactions 

resulted in reduction of the double bonds or benzyl groups only. 

 

 As an alternative, a structurally similar compound where the UPys are protected with 

the UV-labile o-nitrobenzyl group 17 was synthesized (Scheme 6.5).
44,51

 The removal of 

this group does not require a catalyst, thereby eliminating the possibility of unwanted 

catalyst interactions. 

Scheme 6.5 Synthesis of UPy catenane 1 using the UV-labile o-nitrobenzyl protecting group. 

Procedure Catenane 14+Cu Reference compounds 
Pd/C + H2 gas

45
 x v 

Pd/C + triethylsilane
46

 x v 

Pt/C + H2 gas
45

 x n.a. 

Pd(OH)2 + H2 gas
45

 x v 

Pd/C + cyclohexadiene, MW
47

 x n.a. 

Rayney Ni + H2
 
gas

45
 n.a. x 

BCl3.Me2S
48

 n.a. x 

FeCl3 powder
49

 x n.a. 

DDQ + UV
50

 x n.a. 
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     O-nitrobenzyl protected UPy catenane 17 was analyzed by 
1
H NMR and MALDI-TOF-

MS, with and without Cu(I) inserted. All the signals observed by 
1
H NMR could be 

successfully assigned and the changes observed upon the insertion of Cu(I) are in good 

agreement with structurally similar catenanes reported in literature (Figure 6.9).
38,52,53
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Figure 6.9 

1
H NMR spectrum of o-nitrobenzyl protected UPy catenane 17, the inset shows the 

changes in the aromatic region upon the insertion of Cu(I). 

 Interestingly, MALDI-TOF-MS analysis of 17 revealed signals corresponding to the mass 

of the intact catenane 17, as well as a single ring (Figure 6.9). However, when Cu(I) is 

inserted only the mass corresponding to catenane 17+Cu is observed. These results could 

indicate that 17 contains significant amounts of uncatenated rings which are simply bound 

together by the added Cu(I). However, as the rings are closed, it is unlikely that these can 

form a stable tetrahedral 2:1 complex with Cu(I). In addition, MALDI-TOF-MS analysis of 16 

displayed almost exclusively monomeric 15+Cu, showing that such non-interlocked 2:1 

Cu(I) complexes are unstable under MALDI-TOF-MS conditions (Figure 6.10). A more likely 

explanation therefore is that ionization of 17 breaks one of the catenane rings, thereby 

giving rise to one open and one closed species, each with half the mass of the catenane. 

As these fragments are bound together in 17+Cu, only the mass corresponding to the 
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entire catenane is observed in this case.  
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Figure 6.10 MALDI-TOF-MS analysis of compound 16 as well as 17 and 17+Cu, before and after UV 

irradiation. 

 After analyzing protected UPy catenane 17, it was irradiated with UV light, purified by 

column chromatography and preparative GPC, and analyzed as well. 
1
H NMR analysis of 

the product revealed signals characteristic for UPy-UPy dimerization. Interestingly, all 

signals were broadened in common deuterated solvents, both with and without Cu(I) 

inserted, thereby suggesting the formation of a supramolecular polymer (Figure 6.11).   

 Subsequent analysis by MALDI-TOF-MS showed almost exclusively the mass of the 

deprotected monomeric ring, both with and without Cu(I) inserted (Figure 6.10). While 

this confirms that the deprotection of 17 by UV light was successful, we cannot conclude 

from these results if the fragmentation process that gives rise to the monomeric rings 

observed by MALDI-TOF-MS is the result of the UV deprotection, or the MALDI-TOF-MS 

ionization process.    

 To test the stability of such catenated structures under UV irradiation, benzyl 

protected UPy catenane 14+Cu was irradiated with UV light under similar conditions as  

o-nitrobenzyl protected UPy catenane 17. Subsequent analysis by 
1
H NMR and MALDI-

TOF-MS revealed no significant changes as a result of the UV irradiation, showing that 

such catenated structures stay intact during this process.                                                
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Figure 6.11 

1
H NMR spectrum of 1, obtained after UV irradiation of 17 in CD2Cl2. The broadening of 

the peaks compared to the 
1
H NMR spectrum of 17 suggests that 1 polymerizes via  

UPy-UPy dimerization. The inset shows the changes in the aromatic region upon the insertion of 

Cu(I). 

 In addition, the product obtained after UV irradiation of 17 was analyzed by direct 

injection Q-TOF-MS, using electronspray ionization instead of the relatively harsh MALDI 

ionization process. Interestingly, using this method a signal corresponding to the mass of 

the intact UPy catenane 1 was observed with significant intensity (Figure 6.11). This 

further corroborates our hypothesis that the monomeric rings observed by MALDI-TOF-

MS and Q-TOF-MS analysis of 1 are the result of the ionization processes used, and not the 

UV irradiation used to deprotect 17.  

 The relatively clean Q-TOF-MS spectrum suggests that compound 1 only fragments at 

specific bonds in the molecule. Based on our past experience, the UPy urea bond is 

relatively unstable under ionization conditions (blue bonds, Figure 6.11). Cleavage of this 

bond would give rise to one open and one closed species of nearly equal mass, thereby 

explaining the mono- and doubly protonated signals at 723.33 and 362.25 m/z 

respectively. The additional signals at 573.25 and 872.25 m/z correspond to a mass which 

is approximately 150 D lower or higher as that of one single ring. These signals can be 



Chapter 6 

 

- 134 - 

 

explained by additional breakage of the UPy alkylidene bond (purple bonds, Figure 6.12). 

Such a process would release a UPy fragment of roughly 151 D, thereby giving rise to the 

mass at 573.25 m/z, while binding of this fragment to an intact UPy could result in the 

signal at 872.25 m/z. 

 

                        
Figure 6.12 Q-TOF-MS analysis of the product obtained after UV irradiation of compound 17. As well 

as the molecular structure of 1 showing the bonds whose breakage could explain the observed 

signals in the Q-TOF-MS spectrum. 

 Our results strongly demonstrate the successful formation of UPy catenane 1. 

Furthermore, the broadened signals in the 
1
H NMR spectrum suggest the successful 

formation of a supramolecular polymer.  

 

6.3  Conclusions  

 We have reported on the synthesis of a [2]catenane functionalized with a UPy motif in 

each ring. Analysis by
 1

H NMR shows that Cu(I) can be successfully inserted into this 

compound and that the UPys are able to dimerize both in the absence and presence of 

Cu(I). The broadening of the 
1
H NMR signals suggests that the UPy-UPy dimerization 

predominantly takes place in an intermolecular manner, thereby resulting in a 

supramolecular polymer. While our approach represents an alternative method to form 

mechanically interlocked polymers, the difficulties encountered with the ring-closing-
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metathesis and benzyl group removal also highlight the challenges associated with 

connecting multiple binding motifs in close proximity. Future work will focus on 

investigating the influence of Cu(I) on the material properties of the polymer and its 

incorporation into chemical reaction networks.  

 

6.4  Experimental section   

6.4.1 Materials and methods  

All used solvents were of analytical grade, all chemicals were purchased from commercial 

suppliers and used without further purification. Unless noted otherwise, all reactions were 

performed under argon, and all NMR measurements were performed in CDCl3. All 
1
H and 

13
C NMR spectra were recorded on a Varian Mercury 400 MHz NMR or a 500 MHz Varian 

Unit Inova. Abbreviations used are s: singlet, d: doublet, d-d: double doublet, t: triplet, m: 

multiplet, b: broad. Deconvolution of NMR spectra was performed using MestreNova 

software version 7.1.1-9649. Data processing was performed using VNMRJ.3.2.a software. 

UV deprotection was performed using a Luzchem LZC-14 photoreactor equipped with 

Hitachi F18-BL-8 lights. MALDI-TOF-MS was performed using a Perspective Biosystem 

Voyager-DE PRO spectrometer. Column chromatography was performed on a Biotage 

Isolera Spektra One Flash Chromatography system using KP-Sil Silica Gel SNAP columns. Q-

TOF-MS measurements were performed on a Thermo Scientific LCQ Fleet apparatus using 

a mixture of 99.9 % acetonitrile and 0.1 % formic acid as solvent.  

 

6.4.2 Synthetic procedures and characterization  

The synthesis of 2 and 3 was performed according to literature procedure:   

C. Dietrich-Buchecker, J.-P. Sauvage, Tetrahedron, 1990, 2, 503-512.   

 

tert-butyl (6-bromohexyl)carbamate (4)  

Tert-butyl (6-hydroxyhexyl)carbamate (1.00 g, 4.60 mmol) was dissolved in CHCl3 (10 mL).  

Perbromomethane (1.83 g, 5.52 mmol) and triphenylphosphane (2.41 g, 9.2 mmol) were 

slowly added and the mixture was stirred overnight at 70 °C under argon. The solvent was 

evaporated and the crude product purified twice using column chromatography  (10 - 30 

% EtOAc in n-heptane) to yield the product as a orange oil. Yield = 590 mg, 2.11 mmol. ɳ = 

46 %. 
1
H NMR (400 MHz, CDCl3) δ: 1.34 (m, 2H, CH2), 1.36 (m, 2H, CH2), 1.44 (s, 9H, C-CH3), 

1.49 (m, 2H, CH2), 1.86 (m, 2H, CH2), 3.11 (q, 2H, CH2-NH), 3.40 (t, 2H, CH2-Br), 4.50 (s, 1H, 

NH). 
13

C NMR (101 MHz, CDCl3) δ: 155.98, 79.12, 40.45, 33.76, 32.66, 29.95, 28.43, 27.83, 

25.95. 
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tert-butyl (6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl) 

carbamate (5)   

4,4'-(1,10-phenanthroline-2,9-diyl)diphenol 3 (750 mg, 2.06 mmol), 4-bromobut-1-ene 

(306 mg, 2.27 mmol), tert-butyl (6-bromohexyl)carbamate 4 (634 mg, 2.27 mmol) and 

potassium carbonate (1422 mg, 10.29 mmol) were dissolved in DMF (30 mL) and stirred at 

70 ˚C for 16 hours under Ar. The solvent was evaporated, the crude product dissolved in 

chloroform (50 mL) and washed with water (3 x 50 mL). The organic phase was dried using 

MgSO4 and under vacuum. 
1
H NMR analysis revealed that coupling of 4-bromobut-1-ene 

was incomplete. The crude product was therefore redissolved in DMF (30 mL), potassium 

carbonate (1422 mg, 10.29 mmol) and 4-bromobut-1-ene (1391 mg, 10.32 mmol) were 

added and the mixture was stirred at 40 ˚C for 16 hours under Ar. The solvent was 

evaporated, the crude product dissolved in chloroform (50 mL) and washed with water  

(3 x 50 mL). The organic phase was dried using MgSO4 and under vacuum. The product 

was purified using column chromatography (0 - 10 % MeOH in CHCl3) to yield the product 

as a yellow powder. Yield = 420 mg, 0.68 mmol. ɳ = 33 %. 
1
H NMR (400 MHz, CDCl3) δ: 8.43 

(dd, 4H, Ar-H, J = 2.1 Hz), 8.25 (d, 2H, Ar-H, J = 8.4 Hz), 8.01 (d, 2H, Ar-H, J = 8.4 Hz), 7.74 

(s, 2H, Ar-H), 7.10 (dd, 4H, Ar-H, J = 6.7 Hz), 5.94 (m, 1H, CH2=CH), 5.20 (dq, 1H, CH2-CH) 

5.14 (dq, 1H, CH2-CH), 4.52 (b, 1H, NH), 4.15 (t, 2H, O-CH2, J = 6.7 Hz), 4.08 (t, 2H, O-CH2, J 

= 6.5 Hz), 3.14 (q, 2H, NH-CH2), 2.60 (m, 2H, CH-CH2), 1.85 (dt, 2H, CH2, J = 14.0, 6.6 Hz), 

1.62-1.50 (m, 6H, CH2), 1.45 (s, 9H, CH3).
 13

C NMR (100 MHz, CDCl3) δ: 160.43, 160.24, 

156.41, 156.36, 146.04, 136.75, 134.41, 132.18, 132.00, 128.97, 127.52, 125.61, 119.30, 

117.14, 114.81, 114.73, 77.21, 67.92, 67.30, 33.70, 30.08, 29.23, 28.45, 26.62, 25.83. 

MALDI-TOF-MS analysis mass. calc.: 617.33, mass observed: 618.36. 

ethyl 2-acetyloct-7-enoate (6)   

ethyl 3-oxobutanoate (3.09 g, 23.8 mmol) and potassium carbonate (4.26 g, 30.9 mmol) 

were suspended in acetone (30 mL) and stirred for 5 minutes after which  

6-bromohex-1-ene (5.00 g, 30.9 mmol) was added and the mixture refluxed overnight 

under argon. The mixture was allowed to cool to room temperature and filtered, the 

filtrate was purified using column chromatography (0 - 10 % EtOAc in Heptanes) to yield 

the target compound as a colorless oil. Yield = 2.05 g, 9.66 mmol. ɳ = 41 %. 
1
H NMR (400 

MHz, CDCl3) δ: 5.77 (m, 1H, CH2=CH), 4.97 (m, 2H, CH=CH2), 4.19 (q, 2H, O-CH2, J = 7.1 Hz), 

3.39 (t, 1H, CH-C=O, J = 7.4 Hz), 2.22 (s, 3H, CH3), 2.04 (m, 2H, CH2, J = 7.3 Hz), 1.85 (m, 2H, 

CH2), 1.41 (m 2H, CH2), 1.30 (m 2H, CH2), 1.27 (t, 3H, CH2-CH3, J = 7.1 Hz). 
13

C NMR (100 

MHz, CDCl3) δ: 203.26, 169.88, 138.51, 114.62, 61.30, 59.89, 33.38, 28.74, 28.55, 28.01, 

26.82, 14.11. FT-IR (ATR): ṽ
`
 = 3077, 2980, 2939, 2859, 1733, 1714 ,1641, 1446, 1358, 

1147, 1023, 910, 728.  
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2-amino-5-(hex-5-en-1-yl)-6-methylpyrimidin-4(1H)-one (7)  

ethyl 2-acetylhept-6-enoate 6 (2.00 g, 9.42 mmol) and guanidine carbonate (1.70 g, 9.42 

mmol) were suspended in ethanol (30 mL) and refluxed overnight under argon. The 

solvent was condensed to 10 mL and allowed to cool to room temperature after which the 

product was filtered off as a white solid. Yield = 1.41 g, 6.80 mmol. ɳ = 72 %. 
1
H NMR (400 

MHz, d-DMF) δ: 6.76 (b, 1H, NH), 6.06 (m, 1H, CH2=CH), 5.18 (m, 2H, CH=CH2), 3.48 (b, 2H, 

NH2), 2.57 (t, 2H, CH2), 2.25 (s, 3H, CH3), 2.25 (m, 2H, CH2), 1.68 (m, 2H, CH2), 1.29 (t, 2H, 

CH2). 
13

C NMR (101 MHz, d-DMF) δ: 167.08, 159.30, 155.88, 139.41, 114.18, 111.61, 56.86, 

33.86, 25.22, 20.56, 18.46.   

 

N-(5-(hex-5-en-1-yl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-1H-imidazole-1-

carboxamide (8)  

2-amino-5-(hex-5-en-1-yl)-6-methylpyrimidin-4(1H)-one 7 (700 mg, 3.38 mmol) was 

dissolved in DMF (30 mL) and di(1H-imidazol-1-yl)methanone (657 mg, 4.05 mmol)  

was added. The mixture was stirred overnight at 50 ˚C and under argon. The solvent was 

evaporated, the residue redissolved in chloroform (250 mL), washed with water (4 x 200 

mL) and dried using MgSO4 to yield the target compound as a white solid. Yield = 942 mg, 

3.13 mmol. ɳ = 93 %. 
1
H NMR (400 MHz, CDCl3) δ: 11.82 (b, 1H, NH), 8.78 (s, 1H, N=CH), 

7.56 (s, 1H, N-CH=CH) 6.97 (s, 1H, N-CH=CH), 5.82 (m, 1H, CH=CH2), 4.99 (m, 2H, CH=CH2), 

2.45 (t, 2H, CH2), 2.40 (s, 3H, CH3), 2.27 (b, 1H, NH), 2.10 (t, 2H, CH2) 1.48 (m, 4H, CH2). 
13

C 

NMR (100 MHz, CDCl3) δ 161.02, 155.11, 147.12, 138.58, 137.88, 132.03, 118.50, 116.93, 

114.67, 33.54, 28.78, 28.02, 24.76, 16.28. MALDI-TOF-MS analysis mass. calc.: 301.15, 

mass observed: 302.26 [M+H
+
]. 

6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexan-1-aminium 

2,2,2-trifluoroacetate (9)   

tert-butyl (6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl) 

carbamate 8 (372 mg, 0.60 mmol) was dissolved in a mixture of 5 % TFA in DCM (200 mL) 

and stirred overnight at room temperature under Ar. The solvent was evaporated, the 

product redissolved in chloroform (100 mL) and dried under vacuum to yield a yellow 

solid. Yield = 380 mg, 0.60 mmol. ɳ = >99 %. The conversion was checked by MALDI-TOF-

MS analysis after which the product was used for the next step in the synthesis. MALDI-

TOF-MS analysis mass. calc.: 631.27, mass observed: 518.34 [M-TFA
-
].  

 

1-(6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)-3-(5-

(hex-5-en-1-yl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea (10)  

6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexan-1-aminium 

2,2,2-trifluoroacetate 9 (800 mg, 1.27 mmol) was dissolved in chloroform (30 mL) and 

triethylamine (641 mg, 6.33 mmol) was added. The mixture was stirred for 5 minutes after 
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which N-(5-(hex-5-en-1-yl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-1H-imidazole-1- 

carboxamide 8 (420 mg, 1.40 mmol) was added and the mixture stirred overnight at room 

temperature and under argon. The solvent was evaporated and the crude product purified 

by column chromatography (0 - 10 % MeOH in chloroform) to yield the product as a 

yellow solid. Yield = 842 mg, 1.12 mmol. ɳ = 89 %. 
1
H NMR (400 MHz, CDCl3) δ: 12.81 (s, 

1H, NH), 11.95 (s, 1H, NH), 10.23 (s, 1H, NH), 8.42 (m, 4H, Ar-H), 8.27 (d, 2H, Ar-H, J = 9.5 

Hz), 8.07 (d, 2H, Ar-H, J = 8.4 Hz), 7.74 (s, 2H, Ar-H), 7.09 (m, 4H, Ar-H), 5.95 (m, 1H, 

CH2=CH), 5.82 (m, 1H, CH2=CH), 5.16 (m, 2H, CH=CH2), 4.96 (m, 2H, CH=CH2), 4.14 (t, 2H, 

O-CH2, J = 6.7 Hz), 4.06 (t, 2H, O-CH2, J = 6.6 Hz), 3.29 (q, 2H, NH-CH2, J = 6.8 Hz), 2.60 (q, 

2H, CH2), 2.41 (t, 2H, CH2, J = 7.1 Hz), 2.20 (s, 3H, CH3), 2.08 (q, 2H, CH2, J = 6.8 Hz), 1.86 

(m, 2H, CH2, J = 6.8 Hz), 1.70 (m, 2H, CH2), 1.40-1.60 (m, 8H, CH2). 
13

C NMR (100 MHz, 

CDCl3) δ: 172.54, 160.63, 160.38, 156.99, 156.48, 153.27, 146.19, 142.94, 139.00, 136.88, 

134.55, 132.32, 132.06, 129.11, 127.65, 125.76, 119.42, 118.35, 117.28, 114.95, 114.61, 

68.16, 67.44, 40.02, 29.37, 28.95, 28.08, 26.91, 25.97, 25.21, 17.14. MALDI-TOF-MS 

analysis mass. calc.: 750.39, mass observed: 751.62 [M+H
+
] and 518.45 [M-UPy+H

+
].  

1
H NMR analysis showed quantitative coupling of UPy, proving that the latter mass is the 

result of fragmentation due to the MALDI process and not an impurity.   

 

Compound (11)   

1-(6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)-3-(5-(hex-

5-en-1-yl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea 10 (838 mg, 1.12 mmol) was 

dissolved in acetonitrile (50 mL) and [Cu(CH3CN)4]PF6 (291 mg, 373 mmol) was added. The 

mixture was stirred for 16 hours under argon and at room temperature. The solvent was 

evaporated, the residue dissolved in DCM (50 mL), washed with water (3 x50 mL) and 

dried using MgSO4 to yield the product as a red solid. Yield = 859 mg, 0.50 mmol. ɳ = 90 %. 
1
H NMR (400 MHz, CDCl3) δ: 12.76 + 12.66 (s, 2H, NH), 11.93 + 11.79 (s, 2H, NH), 10.23 + 

10.14 (s, 2H, NH), 8.45 (m, 4H, Ar-H), 7.96 (s, 4H, Ar-H), 7.81 (d, 4H, Ar-H), 7.40 (m, 4H, Ar-

H), 5.95 (m, 8H, Ar-H), 5.85 (m, 2H, CH2=CH), 5.75 (m, 2H, CH2=CH), 5.16 (m, 4H, CH=CH2), 

4.96 (m, 4H, CH=CH2), 3.65 (m, 4H, O-CH2), 4.52 (m, 4H, O-CH2), 3.27 (b, 2H, CH2,), 3.06 (b, 

2H, CH2), 2.50-1.80 (m, 18H, CH2 + CH3), 1.35-1.70 (m, 24H, CH2). 
13

C NMR (100 MHz, 

CDCl3) δ: 172.28, 159.68, 156.82, 156.37, 156.06, 152.99, 143.50, 142.91, 138.84, 138.73, 

137.08, 134.38, 131.16, 130.67, 129.13, 127.80, 126.13, 126.00, 124.55, 118.16, 117.14, 

114.48, 113.23, 112.98, 111.43, 67.54, 67.09, 33.59, 33.28, 28.75, 27.81, 25.23, 24.97, 

16.99, 16.74. The 
1
H NMR and 

13
C NMR are significantly split up and broadened due to the 

presence of Cu(I). MALDI-TOF-MS analysis mass. calc.: 1708.67, The molecule fragments 

significantly, the most dominant masses observed are: 580.23, 606.20, 626.27, 648.33. 
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1-(4-(benzyloxy)-5-(hex-5-en-1-yl)-6-methylpyrimidin-2-yl)-3-(6-(4-(9-(4-(but-3-en-1-

yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)urea (12)  

1-(6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)-3-(5-(hex-

5-en-1-yl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea 10 (391 mg, 0.52 mmol) was 

dissolved in  DMF (30 mL), K2CO3 (360 mg, 2.60 mmol) and benzylbromide (107 mg, 0.63 

mmol) were added and the mixture was stirred overnight at 80 ˚C and under argon. The 

solvent was evaporated, the crude product dissolved in chloroform, filtered and purified 

by column chromatography (0 - 10 % ethanol in chloroform) to yield the product as a 

yellow solid. Yield = 399 mg, 47 mmol. ɳ = 91 %. 
1
H NMR (400 MHz, CDCl3) δ 9.26 (s, 1H, 

NH), 8.44 (dd, 4H, Ar-H, J = 8.8, 3.7 Hz), 8.25 (dd, 2H, Ar-H, J = 8.5, 2.3 Hz), 8.08 (dd, 2H, Ar-

H, J = 8.5, 2.0 Hz), 7.74 (s, 2H, Ar-H), 7.40 – 7.35 (m, 4H, Ar-H), 7.31 (m, 1H, Ar-H), 7.10 (t, 

4H, Ar-H, J = 9.2 Hz), 6.96 (s, 1H, N-H), 5.95 (m, 1H, CH2=CH), 5.76 (m, 1H, CH2=CH), 5.33 (s, 

2H, Ar-CH2), 5.16 (m, 2H, CH=CH2), 4.93 (m, 2H, CH=CH2), 4.14 (t, 2H, O-CH2, J = 6.7 Hz), 

4.07 (t, 2H, O-CH2, J = 6.5 Hz), 3.39 (q, 2H, NH-CH2, J = 6.8 Hz), 2.61 (q, 2H, CH2, J = 6.7 Hz), 

2.51 (t, 2H, CH2, J = 7.1 Hz), 2.35 (s, 3H, CH3), 2.04 (q, 2H, CH2, J = 6.9 Hz), 1.87 (m, 2H, 

CH2), 1.69-1.38 (m, 10H, CH2). 
13

C NMR (101 MHz, CDCl3) δ: 167.70, 160.42, 160.23, 

156.37, 154.68, 154.55, 146.03, 138.62, 136.74, 136.42, 134.40, 132.17, 131.99, 128.96, 

128.51, 128.04, 127.69, 127.50, 125.57, 119.28, 117.14, 114.80, 114.71, 114.52, 113.15, 

68.08, 67.92, 67.30, 39.77, 33.69, 33.49, 29.81, 29.28, 28.70, 28.29, 26.91, 25.86, 24.61, 

21.37. MALDI-TOF-MS analysis mass. calc.: 841.07, mass observed: 842.47 [M+H
+
]. 

Bis [1-(4-(benzyloxy)-5-(hex-5-en-1-yl)-6-methylpyrimidin-2-yl)-3-(6-(4-(9-(4-(but-3-en-1-

yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)urea]copper(I) 

hexafluorophosphate (13)  

1-(4-(benzyloxy)-5-(hex-5-en-1-yl)-6-methylpyrimidin-2-yl)-3-(6-(4-(9-(4-(but-3-en-1-

yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)urea 12 (395 mg, 0.47 mmol) was 

dissolved in acetonitrile (40 mL) and tetrakis(acetonitrile)copper(I)hexafluorophosphate 

(105 mg, 0.28 mmol) was added. The reaction mixture was stirred overnight at room 

temperature and under argon, the solvent was evaporated, the crude product redissolved 

in chloroform (100 mL), washed with water (3 x 100 mL) and dried using MgSO4 to yield 

the product as a red solid. Yield = 436 mg, 0.23 mmol. ɳ = 98 %. 
1
H NMR (400 MHz, CDCl3) 

most signals are significantly broadened due to the presence of Cu, making the fine-

splitting pattern invisible δ: 9.26 (s, 2H, NH), 8.44 (dd, 4H, Ar-H, J = 8.2, 3.7 Hz), 7.96 (s, 4H, 

Ar-H), 7.83 (d, 4H, Ar-H, J = 8.3 Hz), 7.44-7.33 (m, 18H, Ar-H), 6.96 (s, 2H, N-H), 6.04 (dd, 

8H, Ar-H, J = 12.8, 8.2 Hz), 5.90-5.70 (m, 4H, CH2=CH), 5.34 (s, 4H, Ar-CH2), 5.16 (m, 4H, 

CH=CH2), 4.94 (m, 4H, CH=CH2), 3.63 (t, 4H, O-CH2, J = 6.4 Hz), 3.55 (t, 4H, O-CH2, J = 6.2 

Hz), 3.39 (q, 4H, NH-CH2, J = 6.9 Hz), 2.53 (q, 4H, CH2, J = 7.1 Hz), 2.41 (t, 4H, CH2), 2.37 (s, 

6H, CH3), 2.06 (q, 4H, CH2, J = 6.8 Hz), 1.67 (m, 8H, CH2), 1.46 (m, 16H, CH2).
 13

C NMR (100 

MHz, CDCl3) δ 167.73, 159.69, 159.50, 156.47, 156.36, 154.65, 143.45, 138.63, 137.00, 
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136.40, 134.27, 131.14, 130.96, 129.18, 129.15, 128.53, 128.21, 128.06, 127.80, 127.67, 

126.07, 126.02, 124.41, 117.18, 114.54, 113.27, 113.08, 112.98, 68.10, 67.77, 67.11, 

53.43, 39.77, 33.50, 33.29, 29.90, 28.95, 28.70, 28.30, 26.75, 25.75, 24.62, 21.40. MALDI-

TOF-MS analysis mass. calc.: 1890.65, mass observed: 1744.82 [M
+
-PF6

-
]. 

 

Benzylprotected UPy catenane (14)  

Benzylprotected UPy catenane before ring closure 13 was dissolved in a 1 mM 

concentration in DCE (360 mg, 0.19 mmol in 200 mL). Argon was bubled through for 5 min, 

1
st

 generation Grubbs catalyst (18 mg) was added and the reaction was stirred overnight 

under argon and at room temperature. The solution was filtered and the solvent 

evaporated under vacuum. Acetonitrile (50 mL) and KCN (1.24 g, 19 mmol) were added 

and the mixture was stirred overnight under argon and at room temperature. The solvent 

was evaporated, the crude product redissolved in DCM (50 mL), washed with water (3 x 50 

mL) and dried using MgSO4. The crude product was further purified using column 

chromatography (0 - 15 % methanol in chloroform + 0.1 % TEA) to yield the product as a 

red solid. Yield = 263 mg,  0.16 mmol. ɳ = 86 %. 
1
H NMR (400 MHz, CDCl3) signals are 

broadened too much to determine any fine splitting δ: 9.26, (s, 2H, NH) 8.23 (b, 8H, Ar-H), 

8.12 (b, 4H, Ar-H), 7.91 (b, 4H, Ar-H), 7.61 (s, 4H, Ar-H), 7.29, (b, 10H, Ar-H)  7.07, (b, 2H, 

NH), 6.90 (b, 8H, Ar-H), 5.44, (m, 4H, CH=CH), 5.17, (2 x s, 4H, O-CH2), 3.92 (b, 8H, O-CH2), 

3.30, (b, 4H, NH-CH2), 2.49 (b, 8H, O-CH2-CH2-CH=CH), 2.27, (s, 6H, CH3), 2.13 (t, 4H, CH2), 

1.99 (t, 4H, CH2), 1.73-1.50 (m, 20H, CH2). 
13

C NMR (100 MHz, CDCl3) δ: 167.91, 167.66, 

163.88, 159.76, 159.60, 159.47, 156.36, 154.92, 143.33, 137.14, 136.73, 136.35, 132.75, 

132.14, 130.97, 129.30, 128.56, 128.11, 127.69, 127.41, 125.68, 125.30, 124.23, 113.34, 

112.89, 68.15, 67.67, 67.49, 67.31, 39.78, 37.07, 35.45, 32.85, 32.04, 30.19, 29.93, 29.68, 

29.39, 29.12, 28.66, 27.23, 26.94, 26.67, 26.35, 25.96, 25.74, 24.70, 21.72, 19.26. MALDI-

TOF-MS analysis mass calc.: 1625.81, mass observed: 1648.78 [M+Na
+
] and 813.41 [mass 

of one ring + H
+
].  

 

1-(6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)-3-(5-

(hex-5-en-1-yl)-4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)urea (15)  

1-(6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)-3-(5-(hex-

5-en-1-yl)-6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea 10 (391 mg, 0.52 mmol) was 

dissolved in DMF (30 mL). K2CO3 (250 mg, 1.80 mmol) was added and the resulting 

suspension was bubbled with argon for 15 minutes under stirring. 2-nitrobenzylchloride 

(1.02 g, 5.94 mmol) was added and the reaction vessel was covered with aluminium foil. 

The reaction mixture was stirred overnight at 80 ˚C and under argon. The solvent was 

evaporated, the crude product dissolved in chloroform and washed with water. The 

organic fase was dried over Na2SO4, filtered and purified by column chromatography (0 - 

10 % methanol in chloroform) to yield the product as a yellow solid. Yield = 332 mg, 0.43 
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mmol. ɳ =  83 %. 
1
H NMR (400 MHz; CDCl3) δ: 9.17 (s, 1H, NH), 8.42 (m, 4H, Ar-H, 8.24 (dd, 

2H, Ar-H, J = 8.4, 1.2 Hz), 8.08 (m, 2H, Ar-H), 7.73 (s, 2H, Ar-H), 7.65-7.56 (m, 2H, Ar-H), 

7.54-7.44 (m, 2H, Ar-H), 7.09 (t, 4H, Ar-H), 6.96 (s, 1H, N-H), 5.96 (m, 1H, CH2=CH), 5.76 (m, 

1H, CH2=CH), 5.71 (s, 2H, O-CH2), 5.16 (m, 2H, CH=CH2), 4.94 (m, 2H, CH=CH2), 4.14 (t, 2H, 

O-CH2, J = 6.7 Hz), 4.07 (t, 2H, O-CH2, J = 6.4 Hz), 3.38 (q, 2H, NH-CH2, J = 6.7 Hz), 2.60 (q, 

2H, CH2, J = 6.7 Hz), 2.53 (m, 2H, CH2), 2.37 (s, 3H, CH3), 2.06 (q, 2H, CH2, J = 6.8 Hz), 1.86 

(m, 2H, CH2), 1.71-1.38 (m, 10H, CH2). 
13

C NMR (100 MHz; CDCl3) δ: 167.28, 160.38, 

156.49, 154.83, 154.51, 147.84, 146.17, 138.71, 136.89, 134.55, 133.75, 132.76, 132.30, 

132.10, 129.11, 129.08, 129.02, 128.82, 127.66, 125.75, 125.71, 125.16, 119.44, 117.28, 

114.95, 114.86, 114.74, 113.06, 68.07, 67.44, 65.13, 39.94, 33.84, 33.61, 29.94, 29.85, 

29.39, 28.93, 28.50, 27.00, 25.96, 24.83, 21.57. MALDI-TOF-MS analysis mass calc. 885.42 

mass found: 518.29 [M-UPy
+
], 886.42 [M+H

+
], 908.40 [M+Na

+
], 924.38 [M+K

+
]. 

Bis [1-(6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)-3-

(5-(hex-5-en-1-yl)-4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)urea]copper(I) 

hexafluorophosphate (16)  

1-(6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)-3-(5-(hex-

5-en-1-yl)-4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)urea 15 (395 mg, 0.47 mmol) was 

dissolved in CH2Cl2 (30 mL) and tetrakis(acetonitrile)copper(I)hexafluorophosphate (105 

mg, 0.28 mmol) was added. The reaction mixture was stirred overnight at room 

temperature and under argon. The reaction mixture was washed with water (3 x 20 mL), 

dried over MgSO4, filtered and dried under vacuum to yield the product as a purple solid. 

Yield = 436 mg, 0.23 mmol. ɳ = 98 %. As a result of intra- and intermoleculer UPy 

dimerization all
 
NMR signals are broadened and split up. 

1
H NMR (400 MHz; CDCl3) δ: 9.17 

(br, 2H, NH), 8.44 (dd, 4H, Ar-H), 8.12, (d, 4H, Ar-H, J = 8.1 Hz), 7.96 (s, 4H, Ar-H), 7.88 (dd, 

4H, Ar-H, J = 8.4, 2.3 Hz), 7.70 - 7.30 (m, 12H, Ar-H), 7.03 (b, 2H, NH), 6.05 (m, 12H, Ar-H + 

CH=CH), 5.73 (s, 4H, O-CH2), 5.16-4.91 (m, 8H, CH=CH2), 3.62 (t, 4H, O-CH2, J = 6.5 Hz), 3.54 

(t, 4H, O-CH2, J = 5.8 Hz), 3.38 (m, 4H, NH-CH2), 2.56 (t, 4H, O-CH2-CH2-CH=CH, J = 6.8 Hz), 

2.39 (large s + m, 10H, CH2 + CH3), 2.09 (q, 4H, CH2, J = 6.6 Hz), 1.73-1.31 (m, 24H, CH2). 
13

C 

NMR (100 MHz; CDCl3) δ: 167.26, 159.83, 159.64, 156.59, 154.77, 147.78, 143.59, 138.70, 

137.17, 134.36, 133.96, 132.73, 131.29, 131.09, 129.34, 129.29, 129.02, 128.92, 127.96, 

126.24, 125.16, 124.55, 117.27, 114.74, 113.21, 113.11, 67.90, 67.25, 65.14, 39.96, 33.62, 

33.42, 30.05, 29.06, 28.94, 28.50, 26.85, 25.86, 24.85, 21.61. MALDI-TOF-MS analysis mass 

calc.: 1835.68 mass found: 948.36 [15+Cu
+
], [1835.82 [M-PF6

-
]. 

o-nitrobenzyl protected UPy catenane (17)  

Bis [1-(6-(4-(9-(4-(but-3-en-1-yloxy)phenyl)-1,10-phenanthrolin-2-yl)phenoxy)hexyl)-3-(5-

(hex-5-en-1-yl)-4-methyl-6-((2-nitrobenzyl)oxy)pyrimidin-2-yl)urea]copper(I) 

hexafluorophosphate 16 (640 mg, 0.32 mmol) was dissolved in dichloroethane (DCE) at  
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1 mM concentration (323 mL). Argon was bubbled through for 10 minutes and 1
st

 

generation Grubbs catalyst (5.4 mg, 0.006 mmol) was added. The reaction mixture was 

covered with aluminium foil and stirred at room temperature under Argon for three days, 

during which another two additions of 1
st

 generation Grubbs catalyst were performed (10 

mg each). The solvent was evaporated and the crude product redissolved in CH2Cl2 (10 

mL). The mixture was diluted with acetonitrile (40 mL) and a KCN (4.2 g, 64.6 mmol) 

solution in water (15 mL) was added. The reaction suspension was refluxed overnight 

under Argon. The solvent was removed and the crude product suspended in CH2Cl2 (40 

mL). The organic phase was extracted with a saturated Na2CO3 solution (3 × 30 mL), dried 

over Na2SO4, filtered and evaporated. The crude product was purified with column 

chromatography (0 - 3 % methanol in chloroform) to yield the product as a yellow solid. 

Yield = 263 mg,  0.15 mmol. ɳ = 86 %. As a result of intra- and intermoleculer UPy 

dimerization all
 
NMR signals are broadened and split up and it is impossible to determine 

any fine-splitting. 
1
H NMR (400 MHz; CDCl3) δ: 9.17, (s, 2H, NH), 8.48-7.87 (m, 16H, Ar-H), 

7.75-7.26 (m, 12H, Ar-H), 7.14-6.82 (m, 10H, Ar-H + NH,), 5.74-5.41 (m, 12H, CH=CH +  

O-CH2), 4.15-3.84 (m, 8H, O-CH2), 3.44-3.22 (m, 4H, NH-CH2), 2.63-1.19 (m, 42H, CH2 + 

CH3). 
13

C NMR (100 MHz; CDCl3) δ: 167.13, 164.41, 160.27, 160.01, 156.10, 154.63, 154.31, 

147.37, 145.85, 136.73, 136.53, 133.58, 132.76, 132.52, 132.14, 128.91, 128.66, 128.43, 

127.48, 127.35, 125.82, 125.50, 125.00, 124.82, 119.28, 114.75, 114.63, 112.70, 67.90, 

67.76, 67.55, 64.92, 61.68, 45.57, 39.81, 39.68, 33.00, 32.57, 30.01, 29.77, 29.22, 29.14, 

29.01, 28.73, 26.82, 26.71, 26.61, 25.94, 25.79, 24.73, 21.58, 21.39. MALDI-TOF-MS 

analysis mass calc. 1715.78 mass found 858.73 [one ring+H
+
], 1716.48 [M+H

+
], 1738.46 

[M+Na
+
], 1778.71 [M+Cu

+
]. 

UPy-based catenane (1)  

Compound 17 (25 mg, 14.6 µmol) was dissolved in CH2Cl2 (40 mL) in a round bottom flask 

and irradiated with UV-A for 12 hours at room temperature. The crude product was 

purified by column chromatography (0 - 10 % MeOH in chloroform) and prepGPC (100 % 

chloroform) to yield the product as a yellow waxy solid. Yield = 8 mg, 5.54 µmol. ɳ = 38 %. 

MALDI-TOF-MS analysis mass calc. 1444.72 mass found 723.38 [one ring+H
+
], 746.36 

[M+Na
+
]. Q-TOF-MS analysis mass calc. 1444.72 mass found 723.25 [one ring+H

+
], 1446.00 

[M+H
+
]. 

1
H NMR (400 MHz; CDCl3) δ: 13.01-12.48 (b, 1H, NH), 12.15-11.64 (b, 1H, NH), 

10.41-9.89 (b, 1H, NH), 8.48-6.53 (m, 28H, Ar-H), 6.02-4.82 (m, 4H, CH=CH), 4.23-3.78 (m, 

8H, O-CH2), 3.48-3.12 (b, 4H, NH2), 2.66-1.11 (b, 42H, CH2 + CH3). 
13

C NMR (100 MHz, d-

DCM) signals are extreme split up and broadened δ: 172.45, 160.47, 156.86, 156.21, 

153.02, 145.85, 143.13, 138.83, 136.73, 135.02, 134.39, 133.63, 133.06, 132.13, 132.04, 

131.84, 129.99, 128.58, 128.45, 128.25, 128.10, 127.48, 127.42, 125.87, 125.53, 125.39, 

125.29, 119.39, 119.02, 118.21, 117.91, 117.12, 115.97, 114.70, 114.42, 113.15, 70.23, 

67.95, 67.78, 67.43, 67.27, 65.15, 65.04, 63.42, 45.67, 38.73, 36.20, 35.88, 35.47, 34.86, 
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34.16, 34.03, 33.66, 33.57, 32.77, 31.92, 29.69, 29.65, 29.48, 29.35, 29.23, 29.13, 29.11, 

28.78, 28.35, 27.87, 27.69, 27.47, 27.17, 26.93, 26.81, 26.74, 26.24, 26.08, 25.69, 25.50, 

22.69, 17.29, 16.98, 14.12, 8.54. 
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Competing Interactions in Chemical Reaction Networks 

 

 Non-covalent interactions play a dominant role in the regulation of biochemical 

processes and thereby aid in maintaining homeostasis. To better understand these cellular 

regulatory mechanisms, it is essential to obtain a deeper understanding of the 

fundamental interactions that drive them. In this thesis, we present our research on 

synthetic supramolecular systems which mimic important aspects of biological regulatory 

mechanisms such as: kinetic traps, buffering, multivalent binding and catalyst regulation. 

Of central importance herein are the self-complementary quadruple hydrogen bonding 

ureidopyrimidinone (UPy) motif and UPy complementary 2,7-diamido-1,8-naphthyridine 

(NaPy), both of which are predominantly studied by detailed NMR analysis, corroborated 

by computational modeling. 

 

Chapter 1 provides an introduction to non-covalent interactions and their role in 

chemical networks. The effect of multivalency on non-covalent interactions is explained, 

emphasizing the increased binding strengths induced in this manner. Subsequently, it is 

shown that dynamic catalyst interactions are an excellent method to regulate activity and 

can be used to induce rate-acceleration via autocatalytic and auto-inductive effects. 

Relevant examples of such systems are discussed and their importance in the construction 

of chemical reaction networks is demonstrated with examples from recent literature. 

In Chapter 2 the mechanically induced gelation of a kinetically trapped UPy polymer is 

described. It is shown that this polymer forms a kinetically stable intramolecular hydrogen 

bond which prevents the formation of higher order aggregates. As a result, gelation of 

solutions of this polymer is hindered. However, certain stimuli are shown to disrupt this 

intramolecular hydrogen bond, allowing for the formation of the more stable 

intermolecular hydrogen bonds and gelation of the solution.  

Intrigued by the competing interactions in this system, a model system was created to 

investigate competition in supramolecular interactions in more detail. Chapter 3 describes 

the synthesis and study of a C2v-symmetrical tritopic UPy. As a result of its symmetry, this 

compound can form two mutually exclusive types of intramolecular cycles. With the help 

of reference compounds and detailed computational modelling, the outcome of these 

competing interactions is studied and it is shown that the equilibrium between both cycles 

can be regulated using the binding of an external ligand (NaPy). Interestingly, by altering 

the selectivity of this ligand, the formation of either type of cycle can be induced in an 

exclusive manner. 

Chapter 4 subsequently shows that, besides binding to UPy, NaPy can also complex 

K2CO3 and thereby act as phase-transfer-catalyst for the K2CO3 catalyzed Michael addition. 
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The scope of this NaPy catalyzed Michael addition is investigated by testing a variety of 

different bases and substrates. It shown that the NaPy catalysis can be inhibited via the 

addition of UPy, thereby allowing a dynamic regulation of its catalytic activity. 

Furthermore, the equilibria between multivalent UPys and NaPy are shown to buffer the 

free NaPy concentration over a broad total concentration range i.e., the concentration of 

multivalent UPy and NaPy is altered while the concentration of free NaPy remains 

constant. Since only free NaPy is catalytically active, this also results in buffering of the 

turn-over-frequency of the NaPy catalyzed Michael addition. Hence, the activity of the 

NaPy catalyst is made insensitive to concentration, thereby mimicking some aspects of 

homeostatic regulation. 

 Following these results, Chapter 5 shows that also certain ester functionalized UPys 

can act as phase-transfer-catalyst for the K2CO3 catalyzed Michael addition. While NaPy 

gives bimolecular kinetics, the UPy catalyzed reactions displays auto-inductive, sigmoidal 

kinetics. It is shown that this results from selective binding of the product to the active 

UPy catalyst, thereby accelerating its rate of formation. The effect of using both UPy and 

NaPy as catalyst is investigated and it is shown that the UPy-NaPy equilibrium can be used 

to tune the overall reaction kinetics, ranging from bimolecular to linear to sigmoidal. The 

experiments are corroborated by detailed kinetic modelling as well as DFT calculations.  

 Besides covalent and non-covalent bonds, nature also uses mechanical bonds to 

assemble larger structures. Chapter 6 describes the synthesis of a UPy functionalized 

[2]catenane, consisting of two interlocked cycles, each functionalized with a UPy moiety. 

This compound is able to form a supramolecular polymer as a result of intermolecular 

UPy-UPy dimerization and thereby presents an alternative to the currently unattainable 

synthesis of purely mechanically interlocked polymers. These types of polymers are 

expected to have interesting material properties and might find applications in synthetic 

chemical reaction networks. 
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 In levende cellen vinden een groot aantal chemische reacties plaats, vele hiervan zijn 

zogenaamde “covalente” reacties, waarbij nieuwe bindingen tussen atomen gevormd 

worden. Echter maakt de natuur ook veelvuldig gebruik van niet-covalente interacties. 

Hierbij worden relatief zwakke bindingen tussen gehele moleculen of delen hiervan 

gebruikt om deze op een bepaalde manier te clusteren of vouwen. Hierdoor krijgt het 

molecuul doorgaans een nieuwe functie, welke door de relatief lage sterkte van de niet-

covalente bindingen vaak dynamisch en reversibel van aard is.   

Deze covalente en niet-covalente reacties opereren dikwijls niet los van elkaar. In 

enzymen (de katalysatoren van de cel) worden niet-covalente interacties bijvoorbeeld 

gebruikt om de snelheid waarmee het enzym covalente bindingen vormt te reguleren. 

Maar ook de vorming van deze enzymen, evenals vele andere structuren in de cel, wordt 

gereguleerd door een samenspel tussen covalente en niet-covalente reacties. Hierbij 

maakt de cel vaak gebruik van zogenaamde “multivalente” motieven waarbij meerdere 

bindingsgroepen aan elkaar gekoppeld zijn, leidend tot sterkere interacties en scherpere 

overgangen tussen actieve en niet actieve toestanden.  

Door gebruik te maken van deze reguleerbare katalysatoren en multivalente 

interacties is de cel in staat om de snelheid waarmee bepaalde producten gevormd 

worden aan te passen aan de op dat moment benodigde hoeveelheden. Om meer inzicht 

te krijgen in dit soort regelsystemen is het belangrijk om fundamentele kennis te vergaren 

over de moleculaire mechanismen waarmee deze werken. Dit biedt niet alleen inzicht in 

de werking van de cel, maar draagt ook bij aan de ontwikkeling van een betere 

samenwerking tussen synthetische en biologische systemen. 

In mijn onderzoek heb ik moleculen gesynthetiseerd waarmee we belangrijke aspecten 

van deze regelsystemen hebben kunnen nabootsen en onderzoeken. Hierbij heb ik vooral 

gebruik gemaakt van het zelf-complementaire ureidopyrimidinon (UPy) motief en het UPy 

complementaire 2,7-diamido-1,8-naphthyridine (NaPy) motief. Deze systemen zijn 

voornamelijk in chloroform en met behulp van nucleaire magnetische resonantie (NMR) 

spectroscopie bestudeerd. De resultaten hiervan zijn vervolgens verder onderbouwd met 

behulp van geavanceerde computermodellen. 

 

 Hoofdstuk 1 geeft een introductie in niet-covalente chemie en beschrijft de invloed 

van het creëren van multivalente bouwstenen op hun bindingssterkte. Verder beschrijft 

het hoe dynamische interacties met katalysatoren kunnen leiden tot ongewone kinetiek, 

zoals autokatalyse en autoinductie. Relevante voorbeelden uit de literatuur worden 

aangehaald en de recente ontwikkelen op het gebied van synthetische chemische 

netwerken besproken.   
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In Hoofdstuk 2 wordt een molecuul besproken dat een stabiele niet-viskeuze oplossing 

in chloroform vormt, welke door middel van mechanische stimuli omgezet kan worden in 

een viskeuze gel. De achterliggende oorzaak van dit fenomeen wordt onderzocht en het 

wordt aangetoond dat het molecuul in de vloeistof aanvankelijk gevangen zit in een 

energetisch ongunstige toestand, welke het door middel van een duwtje in de rug (de 

mechanische stimuli) kan verlaten om zo in de meer stabiele gel toestand te komen. 

Geïnspireerd door de competitie tussen de niet-covalente interacties in dit systeem 

werd besloten om een modelsysteem te ontwikkelen waarmee dit soort competitie in 

meer detail bestudeerd kon worden. Hoofdstuk 3 beschrijft de synthese van een  

C2v-symmetrische tritopische UPy. Als gevolg van deze symmetrie is dit molecuul in staat 

om twee elkaar uitsluitende intramoleculaire ringen te vormen. De uitkomst van deze 

competitie werd bestudeerd met behulp van referentie structuren en gedetailleerde 

computationele berekeningen. De ratio tussen beide type ringen kan gereguleerd worden 

door middel van de binding aan een extern ligand (NaPy). Door de selectiviteit van dit 

ligand te variëren kan de vorming van ieder type ring gestimuleerd worden tot de mate 

dat elk exclusief gevormd wordt. 

In Hoofdstuk 4 wordt vervolgens aangetoond dat NaPy niet alleen gebruikt kan 

worden om aan UPy te binden, maar ook in staat is om bepaalde reacties te katalyseren. 

Dit doet het door het normaal onoplosbare kaliumcarbonaat te binden en zo in oplossing 

te brengen, waar het vervolgens bepaalde reacties kan katalyseren. Verschillende basen 

en substraten worden getest en het wordt aangetoond dat de katalytische activiteit van 

NaPy uit geschakeld kan worden door deze aan UPy te laten binden. Op deze manier kan 

de verhouding tussen UPy en NaPy gebruikt worden om de snelheid van de reactie te 

reguleren. Tenslotte wordt het evenwicht tussen multivalente UPys en NaPys gebruikt om 

een systeem te creëren waarin de concentratie van het katalytisch actieve ongebonden 

NaPy constant blijft onder verdunning. Op deze manier wordt een systeem gecreëerd 

waarin de katalytische activiteit constant blijft onder verduning. 

 Hierop volgend wordt in Hoofdstuk 5 aangetoond dat, naast NaPy, ook bepaalde UPys 

als katalysator kunnen dienen door aan kaliumcarbonaat te binden. Waar NaPy 

bimoleculaire kinetiek vertoont, geeft de UPy gekatalyseerde reactie autoinductieve 

sigmoïdale kinetiek. Deze ongewone kinetiek is het gevolg van niet-covalente interacties 

tussen het product van de reactie en de UPy katalysator. Het effect van het gebruik van 

zowel de NaPy als UPy katalysator op de reactiekinetiek wordt onderzocht en de 

resultaten laten zien dat het UPy-NaPy evenwicht gebruikt kan worden om de kinetiek te 

reguleren van bimoleculaire tot lineaire tot sigmoidaal. De experimentele resultaten 

worden vervolgens onderbouwd met verschillende computermodellen.  

 Naast covalente en niet-covalente bindingen maakt de natuur ook gebruik van 

mechanische bindingen, waarbij twee of meerdere moleculen in elkaar haken en daardoor 

verbonden blijven.  
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Hoofdstuk 6 beschrijft de synthese van een UPy gefunctionaliseerde catenaan, een 

molecuul bestaande uit twee ineengrijpende ringen. Momenteel zijn polymere catenanen, 

d.w.z. lange ketens van ineengrijpende ringen, nog niet gesynthetiseerd. Echter wordt 

verwacht dat dit soort moleculen door de mechanische bindingen interessante 

materiaaleigenschappen zullen hebben. Door beide ringen in een catenaan te 

functionaliseren met UPys wordt verwacht dat de niet-covalente UPy-UPy interacties 

zullen leiden tot polymerisatie van deze catenanen. Op deze manier kan een wellicht beter 

toegankelijk alternatief voor polycatenane structuren gecreëerd worden.  
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