
 

 

 University of Groningen

Catalysis and communication in dynamic molecular networks
Fanlo Virgos, Hugo

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Fanlo Virgos, H. (2015). Catalysis and communication in dynamic molecular networks. [Thesis fully internal
(DIV), University of Groningen]. [S.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/c339da1d-085b-4182-9241-6c71689ddd26


 
 

 

 

 

Chapter 2 

 

 

Cyclen Derivatives in Dynamic Combinatorial 

Chemistry. Hydrazone Libraries 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

32 
 

2.1 Introduction 

Traditional metal catalysts in homogeneous catalysis are built from a combination of a 

transition metal, which acts as a binding site, and a number of ligand groups coordinated 

to it. The ligands stabilize the metal atom in solution and, if chosen properly, can define 

the outcome of the catalytic reaction. The formation of such catalysts from simple building 

blocks is one of the goals in DCC. For creating a supramolecular metal-containing catalyst 

in a DCL, the metal needs to be held by the ligands to the supramolecular structure. In 

order for the metal atom to be part of the library members, at least one of the building 

blocks participating in the library should bind to it. Since cyclic polyamines are known for 

their ability to bind transition metals,
1-6

 1,4,7,10-tetraazacyclododecane (cyclen) was 

selected as a promising binding site for metal cations. As an added value, cyclens are also 

known to bind anions.
7-9

 In order for cyclen to be incorporated into DCLs, the original 

structure was functionalized by attaching hydrazide groups. The resulting building blocks 

were used to prepare DCLs, first in absence of metal ions, to study their general behavior 

and the scope of potential guests and/or substrates for catalysis. Afterwards, the 

compatibility of these DCLs with metals and their behavior was investigated.  

 

2.2 Cyclens in supramolecular chemistry 

The chemical properties of 1,4,7,10-tetraazacyclododecane are very much influenced by 

its specific structural characteristics. Due to the proximity of its NH groups,
10,11

 

electrostatic repulsions result in differences in the pKb of the four amino groups. While 

pKb,1 and pKb,2 were found to be 10.7 and 9.7 respectively, the values for the third and 

fourth protonation constants of cyclen drop to pKb,4 ˂ pKb,3 ≈ 2.
12

 This data explains why at 

pH values between 2 and 9, cyclen exists mostly as a doubly protonated species. The 

resulting positive charge promotes the interactions with anions. For example, the 

recognition of adenosine monophosphate (AMP), diphosphate (ADP) and triphosphate 

(ATP) by cyclen derivatives was attributed to the combined effect of π-π stacking 

interactions between aromatic rings and the interactions between the cyclen rings and the 

phosphate groups (Figure 2.1).
13
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Figure 2.1 Recognition of ATP by a cyclen-based macrocycle. 

 

Much of the research works of cyclen-containing molecules found in the literature exploit 

the ability of polyamines to bind metal ions. The free electron pairs of the nitrogen atoms 

can act as coordinating electrons when a transition metal is available. Metal containing 

cyclen derivatives have not only been extensively used for molecular recognition
14-18

 of 

mostly phosphate derivatives but also for catalysis.
19-21 

Examples of metals used for 

catalytic purposes in cyclen complexes include Zn(II),
4,17,22-25

 Co(III),
26,27

 Ni(II)
2
 and Cu(II)

4
 in 

most cases, although some examples with Fe(III)
28

 or heavy metals
29-31

 are also known. 

Among the applications of Zn(II)-cyclen catalysts, perhaps the most widely explored, we 

mainly
32

 find hydrolysis of carboxylate
6,24,25

 and phosphate
20,21,33-36

 esters. For Co(III)-

cyclen complexes, apart from hydrolysis of carboxylate
37

 and phosphate
38-42

 esters, some 

cases of peptide hydrolysis
43-47

 or nitrile
48

 hydration have been described. 

 

Figure 2.2 The goal: a metal-cyclen building block reacting with a dialdehyde to form a hydrazone which is able to 

perform catalysis. 

 

An important goal of this work was to form dynamic combinatorial libraries of metal-

bearing hydrazones, taking advantage of the ability of cyclen to bind metals. It was 
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envisaged that a metal-bound cyclen derivative featuring hydrazide moieties would be 

able to react with dialdehyde compounds to give rise to a set of hydrazone structures that 

would, in the best case, contain a catalytic species for a given reaction (Figure 2.2). 

 

2.3 Study of cyclen-hydrazone libraries 

2.3.1 Introduction 

Dynamic combinatorial libraries of hydrazone compounds can be prepared by mixing 

hydrazide building blocks with aldehyde building blocks in acidic aqueous solutions. With 

host-guest recognition as the desired outcome of our research, structures with a certain 

rigidity like cycles, spheres or other 3D arrangements may be preferred as they can 

provide an increased number of interactions with a substrate, thereby allowing for effects 

of cooperativity. To build cyclic structures in a DCL, at least doubly functionalized 

molecules need to be used, and in case of DCLs of hydrazones, one possibility is to equip 

some of the building blocks with two aldehyde groups and the rest with two hydrazide 

groups. In principle, the cyclen could be incorporated either into the hydrazide or the 

aldehyde building blocks. Since more  dialdehyde compounds were commercially available 

(compared to dihydrazide compounds), it was preferred to synthesize molecules 

containing the cyclen ring along with the hydrazide groups.  

 

2.3.2 Synthesis of a cyclen-hydrazone building block 

Molecule 4 was synthesized in two steps starting from the commercial glyoxal-protected 

cyclen 1.
49

 The first step of the synthesis involves a SN2 reaction between the nitrogen 

atoms of 1 and the Br substituted carbon of 2. The substitution proceeds much faster for 

the two nitrogen atoms of 1 that have their lone electron pairs oriented outwards, than 

for the other two. This results with the trans-benzylated molecule 3 as the dominating 

product. The reason for this difference in reactivity is the unequal position of the lone 

electron pairs in the nitrogen atoms of the cyclen. A stronger nucleophilic character is 

observed for the alternate nitrogen atoms that have electron pairs pointing towards the 

outside of the cyclic structure.
50
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A final treatment of 3 with an excess of aqueous hydrazine generated the hydrazides by 

amidation of the ester groups and deprotected the cyclen by reacting with the 

electrophilic carbons of the glyoxal protecting groups. 

 

 

Scheme 2.1 Synthetic route to obtain building block 4. A ball and stick representation of the structure of 1 

(energy minimization by MM2 force field RMS: 0.010) shows two of the lone electron pairs pointing towards the 

concave part of the cyclen while the other two are pointing outwards. 

 

2.3.3 Preparation of libraries 

Most of the host-guest complexes found in aqueous supramolecular chemistry include, to 

greater or lesser extent, hydrophobic interactions. The presence of these non-covalent 

interactions allows for the incorporation of an apolar guest into an aqueous solution while 

avoiding direct contact with the polar water molecules. In addition, the presence of 

aromatic rings in a host can lead to the formation of π-π stacking interactions and cation-π 

interactions with the guest molecule, favoring the assembly of the complex. Altogether, 

the binding of a hydrophobic molecule to a supramolecular host should yield a reduction 

of the ΔG of the system when compared to the separated substrates. 

Since our goal was to achieve the formation of these host-guest complexes, relatively 

apolar aldehydes were used for the preparation of libraries, many of them included also 

aromatic rings in their structures. 
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Initially, for the library preparation a solution of building block 4 in ammonium formate 

buffer (100 mM, pH = 4.0) was mixed together with a solution of dialdehydes in an organic 

solvent to reach a final concentration of 1.0 mM of each family of compounds (Scheme 

2.2). It was found that, in general, the initial formation of hydrazones took place on a time 

scale of minutes. The subsequent reequilibration of the initial hydrazones into the 

thermodynamically stable hydrazones was normally achieved in 3-5 days. Whenever 

templating effects were explored, the molecule tested for interactions with the library was 

added to the solution at the same time as the starting building blocks. 

 

Scheme 2.2 Preparation of a typical dynamic combinatorial library from a hydrazide and an aldehyde containing 

building block. 

 

2.3.4 Optimization of the library conditions 

Previous work on aqueous dynamic combinatorial libraries in our group required the use 

of a variety of buffers (borate, phosphate, ammonium acetate or ammonium formate 

buffers, among others) to keep the solution at a constant pH. Ammonium formate was a 

good candidate to buffer the solutions of hydrazones at a pH of around 4, since the pKa of 

formic acid is 3.77. This buffer offers an additional advantage as it easily vaporizes when 

the sample is injected in a mass spectrometer for analysis. It had already been successfully 

employed in our group for hydrazone exchange and therefore we decided to use it for the 

cyclen containing libraries in 100 mM concentration and pH = 4.0. 

Organic co-solvents are frequently added to achieve a good solubilization of all the 

compounds in the libraries. The precipitation of a building block or a library member may 

represent a kinetic trap in the system and therefore it is important to avoid it. For this 

reason, different co-solvents such as CH3CN, THF and DMSO were tested in the hydrazone 

libraries previously described with buffer/organic solvent ratios from 8/2 to 5/5. As no 

apparent difference in the composition of the libraries was observed, it was concluded 

that any of the mentioned solvents was suitable to aid in the solubilization of DCLs. 
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Finally, the concentration of the building blocks was also tuned for the best performance 

of the libraries. Libraries with concentration of 0.1 mM of hydrazide building block 1 were 

found to take longer time to equilibrate than 1.0 mM concentration libraries (6-7 days vs. 

3-4 days). Concentrations above 2.0 mM led to formation of precipitates and were 

therefore avoided. In view of these results, it was decided that 1.0 mM concentration of 1 

would be used in combination with 0.75 to 1 equivalents of total aldehyde(s) as standard 

concentration, knowing that a small stoichiometric excess of hydrazide improves the 

equilibration kinetics.
51

 

The presence of aniline in the libraries was also tested as a catalyst for the equilibration of 

hydrazones. Initially reported by Dawson in 2006,
52

 the catalytic properties of aniline 

within DCLs of hydrazones have been successfully utilized in the preparation of protein-

templated hydrazone libraries.
53

 In our studies, the equilibration of cyclen-hydrazone 

libraries was also found to be much faster in presence of aniline. Nonetheless, in many 

occasions it was preferred to avoid the use of aniline in order to monitor the change of the 

library composition over time.  

 

2.3.5 Influence of the aldehyde on the hydrazone structure 

With the aim of obtaining information about the structures that could be expected from 

cyclen containing hydrazone libraries, nine dialdehydes were selected to prepare DCLs in 

combination with dihydrazide 4 (see Figure 2.3). Initially, binary libraries containing only 

one of the dialdehydes were prepared by mixing building block 4 with the building blocks 

5-13. As expected, the initial experiments revealed a preference of the combinatorial 

libraries to form cyclic structures. 

As observed in Figure 2.4, when mixing building block 4 and terephthalaldehyde (5), the 

main compound in the library had a cyclic structure where four hydrazone bonds 

connected two molecules of 4 and two molecules of 5 in an alternated fashion. 

Additionally a small amount of linear trimer formed by one molecule of 5 and two of 4 was 

also found in the library, due to the presence of an excess of 4 in the mixture. 
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Figure 2.3 Dialdehyde compounds used for the preparation of hydrazone DCLs. 

 

 

 

Figure 2.4 HPLC trace of an equilibrated dynamic combinatorial library made from mixing building blocks 4 (1.0 

mM, squares) and 5 (0.75 mM, circles) in a 100 mM NH4
+HCOO- buffer of pH = 4.0 / acetonitrile (6/4) after 18 

days. 

 

Isophthalaldehyde (6) has its carbonyl groups in meta position, forming a structure with a 

smaller “bite angle” when compared to terephthalaldehyde. The structural change of the 

aldehyde had important effects on the composition of the library, resulting in an increased 

variety of hydrazone products. The analysis by HPLC of a DCL made from 4 and 6 (Figure 

2.5) revealed the presence of a cyclic hexamer and a cyclic dimer as well as the cyclic 

tetramer and linear trimer. The emergence of the cyclic dimer in this library might be 

explained by the proximity of two aldehyde groups of 6 to two hydrazide groups belonging 

to a single molecule of 4, as compared to that in 5. 
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Figure 2.5 HPLC trace of an equilibrated dynamic combinatorial library made from the building blocks 4 (1.0 mM, 

orange) and 6 (0.75 mM, circles) in 100 mM NH4
+HCOO- buffer of pH = 4.0 / acetonitrile (6/4) after 18 days. 

 

The absence of cyclic hexamer in the DCL formed with 5 was difficult to predict. Since the 

angles in a hexagon are larger than the ones in a square, dialdehyde 5 should easily form 

hexamers similar to dialdehyde 6. Nevertheless, so many degrees of freedom in the 

hydrazone cycles makes difficult to predict which structures will be favored over the 

others. As suggested by modeling,
54

 the assembly of a hexameric hydrazone gives rise to a 

structure which can fold over itself, as opposed to the dimer and the tetramer (Figure 2.6). 

At this level of molecular complexity, intramolecular interactions may start to be involved 

in the stabilization of the structures. Because of that, it becomes difficult to rationalize 

structural preferences between combinatorial library members. 

 

Figure 2.6 Graphical representation of the cyclic dimer, tetramer and hexamer obtained from a DCL of building 

blocks 4 and 6.54 

 

The third aldehyde of the series, phthalaldehyde (7) showed a different behavior as a 

result of the unusual position of the two carbonyl substituents. The proximity of both 

aldehyde groups resulted in a chemical reaction with 4 that produced phthalazine as 
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observed by HPLC (Figure 2.7). Although a cyclic dimer was also found in this library, the 

presence of hydrazones was otherwise negligible. The use of 7 in DCLs was therefore 

limited.  

 

Figure 2.7 HPLC trace of a dynamic combinatorial library made from building blocks 4 (1.0 mM, squares) and 7 

(0.75 mM, circles) in 100 mM NH4
+HCOO- buffer pH = 4.0 / acetonitrile (6/4) after 18 days. 

 

Compounds 9 and 10 gave rise to libraries where the main hydrazone was the cyclic 

tetramer and cyclic dimer respectively. The libraries prepared with compound 11 

produced a precipitate that could not be dissolved by adding more organic solvent 

(CH3CN) and hence were not further investigated. The only aliphatic dialdehyde used, 

glutaraldehyde (13), afforded solely a cyclic dimer when combined with 4 in formate 

buffer. Thus, it appears that the increased flexibility of 4 in comparison to aromatic 

dialdehyde compounds of comparable length was responsible for the formation of the 

smallest macrocycle (Figure 2.8). 
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Figure 2.8 LC-MS analysis of hydrazone libraries made by mixing 4 (1.0 mM) with 1 eq of 10 (top), 9 (middle) and 

13 (bottom) in 100 mM NH4
+HCOO- buffer pH = 4.0 / acetonitrile (8/2) after 10 days.  

 

Libraries containing mixtures of 4 and various dialdehyde compounds were also prepared. 

Increasing the number of different building blocks mixed together resulted in an increase 

in the diversity of the library members. The difference in the relative concentration of the 

library members of equal ring size and made of different dialdehyde compounds was not 

remarkable, probably due to the similarity of the structures of the aldehydes. For 

example, a library containing dialdehyde compounds 5 and 6 provided a ratio of cyclic 

tetramers of 1.000 / 1.424 / 2.256 for the tetramer combinations containing 5,6,  6,6 and 

5,5 respectively (Figure 2.9).  
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Figure 2.9 HPLC analysis of a library made from hydrazide 4 (1.5 mM) and dialdehydes 5 (1.0 mM) and 6 (1.0 

mM) in a mixture NH4
+HCOO- buffer 100 mM pH = 4.0 / acetonitrile (6/4) after 8 days. The concentration ratio of 

the three tetramers is shown in the inset. 

 

The statistical distribution of tetramers would be 2/1/1 with the heterotetramer being the 

most abundant species in the mixture. The different library distribution obtained 

experimentally indicates that the structure of the aldehyde has indeed an influence on the 

stability of the hydrazones. In this particular case, the heterotetramer seems to be 

thermodynamically less stable when compared to the homotetramers; i.e. the systems has 

a tendency towards self-sorting.  

When mixing several aldehydes with one hydrazide, it may be more advantageous to use a 

sub-stoichiometric concentration of the hydrazide with respect to the total aldehyde 

concentration so that the hydrazide will react to form the most stable hydrazones 

preferentially. In this case, and provided the molar absorption coefficient is equivalent for 

all the hydrazones, the peak areas of the HPLC traces will be proportional to the amount 

of each library member, so a good comparison between hydrazone stabilities can be 

made. In the opposite case, when a binary combinatorial library is prepared with excess 

(or equimolar amounts) of a non-competing building block (hydrazide, in this specific 

case), the outcome will probably not reflect the relative stabilities of the library members. 

This is due to the fact that the building blocks forming the less stable library members will 

have non-competing building block available to react with and to form hydrazones and 
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may, depending on the initial composition of the library, even exceed the amounts of the 

more stable hydrazones. A graphical example is shown in Figure 2.10. 

 

 

Figure 2.10 Competition between formation of two library members. In a library (a) with an excess of non-

competing (colored) building block the final composition will not depend on the relative stability of the library 

members. In a library (b) where the non-competing building block is present in substoichiometric quantity the 

library composition at equilibrium will reflect the relative stability of the library members. 

 

These considerations are reminiscent of the ones previously reported by Severin
55,56

 and 

our group
57

 regarding the best concentration of template in a DCL that is necessary to 

achieve a selective amplification of the best binder. 

Taking into account the discussions above, systems of higher complexity were studied. For 

example, a library containing building block 4 and four different dialdehyde compounds (5, 

9, 10, 12) was prepared. In this case, the concentration of each aldehyde was set to be 

equal to the concentration of 4, making the total aldehyde concentration 4-fold of that of 

the hydrazide concentration. The LC-MS analysis of the library revealed the presence of 

mainly cyclic tetramers and linear trimers. The library composition can now be considered 

biased towards the formation of linear trimer, due to the large excess of dialdehyde 

building block. Nevertheless, these conditions are still beneficial compared to the excess 

of hydrazide in the system because the library is still highly selective towards the 
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formation of the most stable hydrazone. From Figure 2.11 it can be observed that the 

formation of tetramers containing aldehyde 9 is preferred. In contrast, the presence of 

aldehyde 10 in the hydrazones is negligible. 

 

 

Figure 2.11 HPLC analysis of a library made from hydrazide 4 (1.0 mM) and aldehydes 5, 9, 10 and 12 (1.0 mM 

each) in H2O (pH adjusted to 5.0 with aqueous HCl) after 5 days. Cyclic tetramers were the most stable species 

with some linear compounds also being present. 

 

To rationalize this observation, the important role of solvation effects in supramolecular 

chemistry should be considered. Since 10 is the most hydrophobic aldehyde in the group, 

the formation of macrocycles containing 10 may be disfavored due to an excessive 

increase of the energy of hydration. Therefore, it seems to be energetically preferred to 

have a more soluble macrocycle built from an alternative aldehyde and a less soluble free 

aldehyde (10). 

Summing up, a significant variety of structures in the cyclen-hydrazone library can be 

achieved by properly selecting the structure of the aldehydes. An important issue to take 

into account is the solubility of the hydrazones. The condensation of hydrazides and 

aldehydes eliminates polar atoms from the solute, making the products less soluble in 

water than the starting materials and risking precipitation. Finally, when looking for 

amplification of receptors in a library, it should always be considered which stoichiometry 
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of the building blocks is the most appropriate to reach a good correlation between the 

selectivity of the potential ligand and the amplification of the library members. 

 

2.3.6 Templating assays 

The search for synthetic receptors can benefit from dynamic combinatorial chemistry. The 

host-guest chemistry that is developed when searching for receptors can be well 

accomplished by DCC that simultaneously produces and tests complete families of 

potential receptors. 

With the aim of detecting stabilizing interactions that could lead to the discovery of 

hydrazone-containing receptors, a diversity of molecules was added to the hydrazone 

libraries. Some libraries contained mixtures of 4 with a unique aldehyde as shown in 

Figure 2.2. More complex libraries were also prepared, containing building block 4 and a 

larger number of aldehydes. For example, the library containing four aldehydes (5, 9, 10, 

12) in Figure 2.11 was extensively tested for templating effects. A large variety of potential 

templates was evaluated. Some of them were biologically important molecules with 

negative charge aiming to interact with the positively charged cyclen: nicotinic acid, 

uridine, thymine, thymidine, ATP, ADP, AMP and NaH2PO4. Other compounds likely to 

interact with cyclen such as cyclohexane-1,3-dione, bis(p-nitrophenyl)phosphate, 8-

hydroxyquinoline, 2,5-dihydroxypyridine, sodium benzenesulfonate, p-mercaptobenzoic 

acid and pyrocatechol violet were also tested for binding to hydrazones containing 4. A 

large diversity of metal salts such as Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II) and 

Gd(III) were added to the libraries as they are known to bind to cyclen and consequently, 

they could influence the structure of the hydrazone. This association was expected to lead 

to some selectivity in the assembly of structures within the library. 

Unfortunately, no templating effects in the hydrazone libraries could be observed using 

any of the species mentioned above. It was then decided to make use of metal salts as 

templating agents, but this time in combination with a variety of coordinating diamino 

compounds with the aim of increasing the effects of the metal templates by second 

coordination sphere interactions (e.g. by bridging between two metal coordinating cyclen 

moieties). For that purpose, a library made of building blocks 4 and 6 was prepared. One 

equivalent of Cu(NO3)2 and one equivalent of the corresponding diamine were added 
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(Figure 2.12). After the analysis of the libraries, it was clear that none of them induced any 

variation in composition with respect to the library in absence of Cu(II) and diamine and 

therefore no templating effects were obtained. 

The lack of templating response by any of the compounds mentioned above brought up a 

dilemma about the ability of the hydrazone species to recognize the guests that were 

added to the system. Two hypotheses were contemplated: the first possibility was that 

any binding of the template molecules failed to translate into an effect on the library 

distribution due to the absence of selectivity in the interaction between template and 

library members. The binding of the template can take place on the face of the cyclen 

towards the inside of the hydrazone cycle or on the contrary, the binding can occur on the 

outer face, which would explain a lack of response from the library. The second hypothesis 

was that the structure of 4, containing two pendant arms, was preventing any interaction 

with the template molecules. Either scenario would require a change in the structure of 

the building block to solve the lack of influence of the template on the library distribution. 

However, there is still the possibility that the substrate, although not forcing a change in 

equilibrium distribution, is able to interact with the library members and transformed into 

the product through a catalytic process. Therefore, it was decided to further investigate 

the potential of building block 4 in catalysis.  

 

 

Figure 2.12 Representation of a tetrameric hydrazone where metal ions are coordinated to the cyclen moieties 

and to a diamino compound (left) and structures of the diamino compounds tested for templating effects in 

combination with Cu(II) and Zn(II) (right). 
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2.4 Metal-cyclen complexes for dynamic combinatorial libraries 

2.4.1 Formation of cyclen-metal-complexes 

Our previous experiments using metal salts as templates for hydrazone libraries did not 

yield the expected results. In order to obtain information about the binding between 

metal ions and 4, titration experiments were performed. 
1
H-NMR and UV-vis titrations 

were carried out to compare the interactions of bare cyclen and 4 with Zn(II) and with 

Cu(II) in order to confirm the capability of 4 to coordinate metal ions. The binding constant 

of Cu(II) to 4 was obtained via UV-vis titration. The increasing light absorption of the metal 

complex at 310 nm was monitored and plotted against the concentration of Cu(II). The 

resulting graph in this way obtained was fitted to a theoretical curve (details in the 

experimental part) to obtain a value of Kbind = 5x10
5
 M

-1
 for building block 4 (Figure 2.13). 

 

 

Figure 2.13 UV-vis titration of CuCl2 to compound 4 and the corresponding fitting of complex absorption (310 

nm) against added Cu(II) to calculate its binding constant. Conditions: 0.1 mM of 4 in NH4
+HCOO- buffer 100 mM 

pH = 4.0 / acetonitrile (6/4). 

 

The value of the binding constant for cyclen was reported
58,59

 to be in the range of Kbind = 

10
25

 M
-1

 while the value for the 1,7-dimethylated cyclen was found
60

 to be Kbind = 10
18

 M
-1

. 

A decreasing trend of the binding constant with higher substitution of the cyclen was 

observed. It is well established that tertiary amines are less effective σ-donors than 

secondary amines.
61

 This fact is partially attributed to the lack of hydrogens bound to the 

nitrogen atoms in tertiary amines, which would help to stabilize the partial positive charge 

on nitrogen by formation of hydrogen bonds with the solvent. In addition, the presence of 

the extra N-bound substituent in tertiary amines sterically hinders their coordination to 

the metal ion.
62
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The binding affinity of Zn(II) to 4 was also studied. In the case of Zn(II), as it is a 

diamagnetic metal ion, it was possible to monitor the shift of the 
1
H-NMR signal of the 

benzylic hydrogens in 4 caused by the addition of the metal. After plotting this variation 

against the amount of zinc added, it was fitted to a model to extract Kbind = 2x10
4
 M

-1
 as 

the value of the binding constant between 4 and Zn(II) (Figure 2.14).  

 

Figure 2.14 1H-NMR titration of Zn(NO3)2 to 12.0 mM solution of 4 in D2O. The shift of signal a corresponding to 

the benzylic hydrogens was monitored and fitted to a 1:1 binding model (see experimental section) to obtain the 

binding constant. 

 

The  titration experiments suggested that Cu(II) and Zn(II) are able to bind building block 4, 

but with apparent affinities that are weaker than expected. Furthermore, due to the lack 

of templating effect upon addition of these metal ions to the libraries, it was decided to 

synthesize metal complexes of compound 4 in order to prepare metal-hydrazide complex 

samples to perform further binding studies on the building block. For this purpose, 

building block 4 and Zn(NO3)2 were boiled in MeOH to afford 21. A UV-vis spectrum was 

recorded and compared to the one of a solution of 4 after adding Zn(NO3)2, and some 

clear differences were noticed (Figure 2.15). Kinetic studies performed by Kaden
63

 

revealed that the formation of metal complexes with macrocyclic polyamine compounds is 

in fact very slow when compared to the linear polyamines. Altogether, these data led us to 

believe that only a partial complexation had been achieved when metal salts were simply 

added to the hydrazone libraries. In order to ensure efficient metal-ion binding, we 
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decided to direct our efforts to the study of DCLs made of hydrazone building block 21 to 

which Zn(II) had been previously coordinated (Scheme 2.3). 

 

Figure 2.15 UV-vis spectra of 21, 4 and 4 with 1 equivalent of Zn(NO3)2 . An absorption band at around 320 nm 

can be observed in the spectrum of pre-synthesized 21 but not when Zn(NO3)2 is added to 4. Conditions: 0.2 mM 

of 4 or 21 in NH4
+HCOO- buffer 100 mM pH = 4.0 / acetonitrile (6/4). 

 

 

Scheme 2.3 Formation of the Zn(II)-hydrazide building block complex 21. 

 

2.4.2 Molecular recognition by Zn(II)-hydrazide complex 

Kimura et al. extensively worked with metal complexes and in particular with Zn(II)-cyclen 

complexes for the recognition of imides such as thymidine.
18

 Their work evidenced the 

coordination of the Zn atom to cyclen through the N atom of the imides which is 

negatively charged in solution. Hydrogen bonds between the hydrogen atoms connected 

to the N atoms in the cyclen and the O atoms in the imine also contributed to the 

recognition process (Figure 2.16). Aromatic pendants on the cyclen structure increased 

the interactions by means of π-π stacking.
15
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Figure 2.16 Interaction between thymidine and Zn(II)-cyclen complex without and with aromatic pendant arms. A 

enhanced stability of the complex is achieved by formation of π-π stacking interactions. Conditions: [ZnL]initial = 

0.5 mM CH3CN/EPPS buffer pH = 8.0, 10 mM (1/9) at 25 °C. 

 

These precedents encouraged us to test thymidine for binding to molecule 21. A 
1
H-NMR 

titration of thymidine to 21 showed shifts of the signals from the phenyl and benzyl 

protons on building block 21 indicating that there was interaction with thymidine (Figure 

2.17). These experiments required neutral pH conditions. Acidic condition disrupts the 

coordination of zinc to cyclen. Indeed, experiments dissolving 21 under the typical acidic 

conditions used for hydrazone chemistry resulted in the loss of Zn(II) from the building 

block due to protonation of the N atoms in the cyclen moiety, thereby, weakening the N-

Zn(II) coordination. 

 

Figure 2.17 Signal shifts in 1H-NMR due to the interaction between thymidine and molecule 21. Conditions: 12 

mM 21, 12 mM thymidine in HEPES buffer 50mM pH = 7.2. The resonances of protons a and b in the absence and 

presence of thymidine are shown in red and blue, respectively. 

 

Since binding occurred between 21 and thymidine, we reasoned that also hydrazones 

containing 21 were likely to interact with this nucleoside, thereby, bringing the possibility 

log K = 5.6 log K = 7.7

a

b

a b
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to have a templating effect. Therefore, we set out to perform templating tests on 

hydrazone libraries made from 21 and dialdehyde molecules at neutral pH. 

The compatibility of the aldehydes with building block 21 needed to be checked in order 

to ensure a proper behavior of the dynamic combinatorial library. For that reason, 

hydrazone libraries were prepared by mixing 1.0 mM of 21 and 1 equivalent of dialdehyde 

5, 6 or 7 in HEPES buffer (50 mM; pH = 7.2). Regardless of the neutral pH used, no aniline 

was added on this occasion in order to simplify the library composition. The libraries 

exhibited precipitation of product, however, only the one with 7 became soluble upon 

addition of 20% DMSO. The analysis of the library by LC-MS indicated the formation of 

hydrazones containing Zn(II) (Figure 2.18), alongside the decomposition products 

associated with the use of 7 (see also Figure 2.7). 

 

 

Figure 2.18 Dynamic combinatorial library of Zn-containing structures. Conditions: 1.0 mM of 21, 1.0 mM of 7 in 

HEPES buffer 50 mM at pH = 7.2, 20% of DMSO. 

 

This library is the first dynamic combinatorial library of hydrazones prepared using a 

metal-bound building block.
64

 Surprisingly, when thymidine was added to such metal-

containing hydrazone libraries, no shift of composition was observed. This suggests a weak 

and non-selective interactions between thymidine and the library members.  
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The binding of the powerful metal chelator pyrocatechol violet
65,66

 (PV) to 21 was also 

studied (Figure 2.19). It has been established that Zn(II) can form hexacoordinated 

complexes.
67

 After the tetradentate cyclen ligand has been bound to Zn(II), there is still 

room for an additional bidentate ligand. Pyrocatechol violet can act as chelating agent for 

two Zn(II) atoms as it contains two ortho-dihydroxyphenyl groups able to coordinate 

metals and this fact could enhance the selectivity of PV towards library members 

containing two metal atoms. 

 

 

Figure 2.19 Chemical structure of pyrocatechol violet (PV). 

 

A titration of 21 to a solution of PV (0.20 mM) in HEPES buffer (50 mM, pH = 7.2) was 

performed and the absorbance changes were monitored by UV-vis spectroscopy. The plot 

of the absorbance change at 450 nm against the concentration of added 21 showed a 

relatively sharp step (Figure 2.20) indicating a strong binding between PV and 21. Fitting 

the data to a theoretical curve for a 1:2 binding model, as other binding experiments 

suggested,
68,69

  afforded a binding constant of 5.7·10
5
 M

-2
. 

 

 

Figure 2.20 UV-vis monitored addition of 21 to pyrocathechol violet (0-2 eq) and fitted absorption values (450 

nm). The stoichiometry between pyrocatechol violet and 21 was assumed to be 1:2. The experimental binding 

constant was found to be Kbin = 5.7·105 M-2. 
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The confirmation of binding of PV to 21 encouraged us to use this dye as a template, 

expecting it to alter the library distribution. However, when hydrazone libraries were 

prepared from 21 in combination with 24, 25 and 26 in presence and absence of PV, no 

template effect was observed (Figure 2.21).  

Although both thymidine and PV proved to be able to coordinate to 21, none of them 

afforded any templating response in the hydrazone libraries. These results suggest that, 

although binding to the library members is probably taking place, the binding site of the 

host is relatively distant from the rest of the molecule so there is no effective interaction 

between the guest molecule and the rest of the library member. This lack of interaction 

between the guest and the host leads to a non-selective interaction between the template 

and all the library members. 

 

Figure 2.21 Dynamic combinatorial library of linear hydrazones made of 21 (0.25 mM) and monoaldehydes 24-26 

(0.2 mM of total aldehyde) in HEPES buffer 50 mM, pH 7.2 (50% v/v CH3CN) in absence (top) and presence 

(bottom) of pyrocatechol violet (PV) 0.25mM. The peak indicated by * corresponds to an impurity in PV. 
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2.4.3 Ester hydrolysis 

The absence of template effects makes it difficult to search for catalysts within DCLs and 

also to ascertain if binding is taking place from the analysis of library distributions. 

However, it may still be verified whether catalysis occurs by studying the kinetics of the 

catalyzed reaction. Moreover, any catalysis in this case would probably be performed by 

all members of the library containing the metal-bound building block. The absence of 

selectivity of the substrate in binding to the different library members suggests that all of 

them may have an equal catalytic activity. 

Examples of ester hydrolysis catalyzed by Zn(II)-cyclen complexes can be found in the 

literature.
6,24,25

 As reported by Kimura,
20,24

 the probable mechanism of catalysis involves 

initial coordination of a molecule of water to the zinc center, followed by deprotonation to 

generate a highly nucleophilic 
–
OH. The hydroxide anion can then attack the electrophilic 

carbonyl carbon of the ester molecule to achieve the hydrolysis. Due to the similarity 

between the building blocks employed in Kimura’s work and 21, it was decided to 

investigate the potential of our Zn-cyclen complex in the hydrolysis of ester compounds. 

For that, the hydrolysis of 4-nitrophenyl acetate (4-NPA) in solutions of 4, 21, 

unfunctionalized Zn-cyclen complex (22) and zinc nitrate was compared (Figure 2.22). The 

release of the strongly colored 4-nitrophenolate after hydrolysis of 4-NPA was monitored 

over time using UV-vis spectrometry and differences in the rate of reaction were observed 

between the four samples. Neither the solution of compound 4 nor the one of Zn(NO3)2 

accelerated the hydrolysis of 4-NPA. However, the initial rate of hydrolysis of 4-NPA was 

increased by 4-fold when 21 was present in solution. Surprisingly, Zn(II)-cyclen complex 22 

did not increase the hydrolysis rate and it even produced a slightly lower rate of reaction 

when compared to the blank. This counter intuitive observation could be explained by 

considering the different Lewis acidities of the metal in both complexes. As previously 

discussed, the binding constant found by titration for the formation of 21 is much lower 

than the one of 22. The difference in Kbind values reflects the better electron donation 

ability of unsubstituted cyclen. This relative electronic richness translates into a less 

positively charged Zn(II) atom in 22 that therefore has lower Lewis acidity as compared to 

the Zn(II) atom in 21. As a result, Zn(II) in 22 cannot deprotonate H2O as easily as 21. 

Moreover, the pKa of Zn(II)-cyclen-H2O was found to be around 7.5,
24

 and considering that 
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the experiment was performed at constant pH 7.2, a slight pKa difference of the metal 

complex can lead to a big difference in the ratio of the concentration of 

protonated/deprotonated Zn(II)-cyclen-
-
OH. 

 

Figure 2.22 Absorption spectra of increasing concentrations of 4-nitrophenolate (top) and kinetics of the reaction 

of hydrolysis of 4-NPA in presence of 4, 21, 22 and Zn(NO3)2 (bottom). Conditions: 1.25 mM of 4, 21, 22 or 

Zn(NO3)2 and 0.50 mM of 4-NPA in HEPES buffer 50 mM pH = 7.2, 10% v/v CH3CN. Absorbance was measured at 

400 nm. 

 

The fact that 21 showed catalytic activity, and 22 did not, raised the question whether the 

hydrazide groups were involved in the mechanism of catalysis, especially since 4 gave 

slightly higher hydrolysis rate than 22. To test this hypothesis, we set out to evaluate the 

catalytic activity of a hydrazone analogue of hydrazide complex 21. Solubility problems 

prevented monitoring the hydrolysis of 4-NPA by UV-vis in presence of hydrazones made 

from 5, 6 or 7. The addition of 71% of CH3CN and 19% v/v of DMSO did not help to 

dissolve the suspension. Instead, a more soluble aldehyde was used to form a new 

hydrazone. Molecule 27 (Figure 2.23) was synthesized and 4 eq of it were dissolved 

together with 21 in HEPES buffer (pH 7.2). The resulting solution containing hydrazone 30 

(confirmed by LC-MS) was tested for catalysis. 
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Figure 2.23 Aldehydes used for preparing hydrazone libraries in combination with 21. 

 

As seen by UV-vis (Figure 2.24) the presence of 30 accelerated the hydrolysis of 4-NPA. 

After 10 hours the substrate had reached full conversion in the sample containing 30, 

while in the blank the concentration of 4-nitrophenolate was still increasing after 28 

hours. 

 

Figure 2.24 Kinetics of the hydrolysis of 4-NPA (0.55 mM) in absence and presence of hydrazone 30 (made from 

of 21 (1.25 mM) and 27 (5.00 mM)) in HEPES buffer 50 mM, pH 7.2. Monitored by UV-vis spectrometry at 400 

nm. 

 

These results imply that the presence of the hydrazide group is not required to achieve 

catalysis, therefore leaving the door open for obtaining catalytic hydrazone libraries. 

When a library made by mixing hydrazide 21 and aldehydes 27-29 was tested for catalysis, 

an acceleration of the hydrolysis reaction was also observed. Nevertheless, the increase of 

the reaction rate in this case was lower than when only aldehyde 27 was added to the 

reaction mixture (Figure 2.25). The fact that the mixture made from aldehyde 27 performs 

better than the more diverse hydrazone library suggests that 30 may be a good catalyst. 

However the LC-MS analysis of this mixture containing 30 revealed the presence of several 

other compounds (see Experimental, Figure 2.27). 
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Figure 2.25 Kinetics of the hydrolysis of 4-NPA (0.50 mM) in HEPES buffer 50 mM, pH 7.2, solution of 30 (made 

from 21 (1.25 mM) and 27 (5.00 mM)) in HEPES buffer and in a hydrazone library made from 21 (0.63 mM), 27 

(5.00 mM), 28 (2.5 mM) and 29 (2.5 mM) in HEPES buffer. Monitored by UV-vis spectrometry at 400 nm. 

 

Further work is needed to identify which of these species is responsible for the catalysis. 

The interaction of 4-NPA with the library can lead, in principle to different situations 

depending on the relative binding strength of each of the library members to the 

substrate and their ability to catalyze the transformation into the products. In a situation 

where the dynamics of the combinatorial library are considered fast with respect to the 

transformation of the substrate, if the best catalyst is a strong binder, a shift of the library 

towards formation of more catalyst will happen. If the dynamics of the combinatorial 

library are too slow, or the best binder is not a good catalyst, the reaction rate of the 

catalytic reaction will not be greatly increased. Indeed, if a process of transformation of A 

into B by means of a catalyst C (see Figure 2.26) has a low energy transition state to form 

AC (TS1) compared to the one to form BC from AC (TS2), the library will have higher 

chances of being templated since the species AC survives for a relatively long time. On the 

other hand, if the energy of the transition state TS2 is low compared to TS1, as soon as 

complex AC is formed it will readily react into BC, rapidly releasing the catalyst and 

therefore not allowing the library to shift its equilibrium to form more of it. Along with this 

point, the difference of energy between A+C and AC will also be relevant particularly when 

TS1<<TS2, as it decides the ratio between bound to A and free C. 
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Figure 2.26 Energy profile of catalyzed reactions where binding is fast relatively to catalytic transformation (left) 

and where binding is slow compared to catalytic transformation (right).  

 

By looking at the data from Figure 2.25, it can be deduced that not all of the hydrazide was 

converted into 30. Therefore, either other hydrazones were stabilized by binding to 4-NPA 

or the dynamics of the library were too slow to allow a shift in the product composition.  

 

2.5 Conclusions 

A study of the behavior of hydrazone dynamic combinatorial libraries containing cyclen 

has been described in this chapter. A decisive role was played by the aldehyde that, 

depending on its structure, yielded different sizes of cyclic hydrazone structures. The 

synthesis of a Zn(II)-cyclen hydrazide molecule led to the discovery of an efficient catalytic 

building block for ester hydrolysis. The formation of the corresponding DCLs was achieved 

through the use of highly water soluble aldehydes that allowed the corresponding 

hydrazones to remain in solution. Surprisingly, no templating effects were found in these 

libraries. 

 

2.6 Experimental 

Reagents and solvents 

All reagents and solvents were obtained from commercial sources and used without 

further purification unless specified otherwise. 
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NMR analysis 

NMR spectra were obtained on a Varian AS 400 MHz instrument. 
1
H chemical shifts are 

reported as δ in ppm relative to residual protonated solvent resonances. 
13

C chemical 

shifts are reported as δ in ppm and measured relative to solvent references. Coupling 

constants are reported in Hertz.  

 

HPLC analysis 

Analytical HPLC was carried out on Hewlett Packard 1050 or 1100 systems coupled with 

UV detectors and the data were processed using HP Chemstation software. Separations 

were performed on a reversed phase Waters symmetry C8 column (4.6 x 150 mm, 3.5 μm 

particle size). Aliquots of 3 µL of library solution were injected. Doubly distilled water, 

HPLC-S-grade acetonitrile from Biosolve and formic acid were used to prepare the eluents:  

eluent A = water + 5.0 % acetonitrile + 0.10 % formic acid  

eluent B = acetonitrile + 5.0 % water + 0.10 % formic acid 

The eluents for samples containing Zn(II)-hydrazide building block 21 were prepared with 

trifluoroacetic acid instead of formic acid. 

Chromatography was performed at 45 °C using UV detection at 260 nm and a constant 

flow rate of 1.00 mL / min. The HPLC analysis method was as follows: 

 

Time (min) Eluent A (%) Eluent B (%) 

0 100 0 

5 89 11 

16 33 66 

22 0 100 

26 0 100 

28         100 0 

33         100 0 
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LC-MS analysis 

For the LC-MS measurements an Accela High Speed LC system (ThermoFisher Scientific, 

Courtaboeuf, France) was coupled to a LTQ-Fleet Ion Trap Mass Spectrometer. Mass 

spectra (positive ion mode) were obtained using the following conditions: sheath gas flow 

rate 30, aux. gas flow rate 10, sweep gas flow rate 5, ionization spray voltage 3.50 kV, 

capillary temperature 330 °C, capillary voltage 12 V, tube lens 40 V.  

The LC method employed was the same as that one used for HPLC. The flow was split after 

the LC to allow 0.30 mL / min to enter the mass spectrometer. 

 

Synthetic procedures 

4,4'-((1,4,7,10-tetraazacyclododecane-1,7-

diyl)bis(methylene))di(benzohydrazide) (4) 

Glyoxal protected 1,4,7,10-tetraazacyclododecane 

(190 mg, 1.00 mmol) and methyl-4-

(bromomethyl)benzoate (687 mg, 3.00 mmol) were 

stirred in dry 1.0 mL CH3CN overnight. After filtering and evaporating the solvent, the 

crude product was recrystallized from water (500 mg, 77% yield). Hydrazine monohydrate 

(2.5 mL) was added and the mixture was refluxed for 2 hours. Hot water was added (25 

mL) to dissolve the product and the final solution was left at 4 °C to allow the product 

precipitate (355 mg, 99% yield). M.p. 199.3-201.8 °C. 
1
H-NMR (400 MHz, DMSO): δ 9.78 (s, 

2H), 7.85 (d, J = 8.4 Hz, 4H), 7.44 (d, J = 8.4 Hz, 4H), 7.19 (br s, 2H), 4.51 (br s, 4H), 3.79 (s, 

4H), 2.59 (s, 16H). 
13

C-NMR (100 MHz, DMSO): δ 166.0 (2xO=C(NH-)-), 142.9 (2xCquat), 

132.5 (2xCquat), 129.2 (4xCH), 127.4 (4xCH), 60.9 (2xCH2), 51.7 (4xCH2), 47.0 (4xCH2). HR-

MS calcd (M+H
+
) 469.3034, HR-MS found (M+H

+
) 469.3029. 

 

4,4'-((1,4,7,10-tetraazacyclododecane-1,7-diyl)bis(methylene))di(benzohydrazide), Zn(II) 

complex (21) 

Compound 4 (66.4 mg, 0.14 mmol) was 

dissolved in 5.0 mL MeOH. Zn(NO3)2·6H2O 

(104 mg, 0.35 mmol) was dissolved in 2.0 
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mL MeOH and added to the solution of 4. The solution was refluxed for 3 hours, then 

cooled down to let the product precipitate. The solid was filtered, redissolved in 5 mL 

MeOH, and the solution was refluxed for 15 minutes. The solution was allowed to cool to 

room temperature and the solid was filtered and dried under vacuum. The product (89.3 

mg, 96% yield) was obtained as a white solid. M.p.: decomposed at 232.2-233.4 °C. 
1
H-

NMR (400 MHz, DMSO): δ 7.90 (d, J = 9Hz, 4H), 7.63 (d, J = 9Hz, 4H), 4.45 (br s, 2H), 4.19 

(s, 4H), 3.36 (m, 4H), 2.29 (m, 8H), 2.86 (m, 4H). 
13

C-NMR (100 MHz, DMSO/acetone 1/1): 

δ 161.7 (2xO=C(NH-)-), 145.4 (2xCquat), 133.9 (2xCquat), 131.1 (4xCH), 127.7 (4xCH), 56.3 

(2xCH2), 48.5 (4xCH2), 42.7 (4xCH2). HR-MS calcd (M+2x(NO3
2-

)+H
+
) 657.2082, HR-MS 

found (M+2x(NO3
2-

)+H
+
) 657.2075. 

 

1,4,7,10-tetraazacyclododecane, Zn(II) complex (22) 

For the synthesis of 22 the same procedure as for 21 was employed 

but using cyclen instead of 4. This metal complex has been described 

in the literature.
70

 

M.p. 327.5-328.5 °C. 
1
H-NMR (400 MHz, DMSO): δ 4.15 (m, 4H), δ 2.74 

(m, 8H), δ 2.65 (m, 8H). 
13

C-NMR (100 MHz, DMSO): δ 48.9 (CH2). 

 

Preparation of libraries 

For a typical hydrazone library, building block 4 (5.00 mM) was dissolved in ammonium 

formate buffer 100 mM pH 4.0. Aldehyde building block(s) were dissolved in CH3CN to a 

total concentration of 10.0 mM. The final sample was prepared by mixing 250 µL of the 

hydrazide solution and 100 µL of the aldehyde solution. A volume of 350 µL of buffer and 

300 µL of CH3CN were also added to reach the final ratio of buffer/CH3CN of 6/4. The 

libraries were stirred at about 800 r.p.m. at room temperature. A similar procedure was 

used for the libraries made from building block 21. 
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LC-MS analysis of the DCL made from 21 and 27  

 

Figure 2.27 UV-vis chromatogram (A) of a solution containing 21 and 27 and the extracted ion chromatograms of 

m/z = 851 (B) and m/z = 833 (C) corresponding to C36H63Cl2N10O4Zn+ (M = 833.370 u.m.a.) and a species with 18 

u.m.a. higher mass (probably addition of a molecule of water). Mass spectra of both species are shown (D and E).  

 

Calculation of binding constants 

Binding constant between Cu(II) and 4. 

The experimental data points of a plot of A(310nm)/ε against the concentration of Cu(II) 

were fitted to the theoretical curve 

A/εl = 
                                                            

 
 (1) 

where A = absorbance of the complex, εl = molar absorptivity for a set wavelength, CCu(II) = 

analytical concentration of Cu(II), Clig = analytical concentration of ligand 4, Keq = 

equilibrium constant for the formation of the metal complex. 

Equation (1) was obtained as follows: 

For the equilibrium reaction  4 + Cu(II)  21       Keq = [21]/[4][Cu(II)]  (2) 

A mass balance ensures that  Clig = [4] + [21] (3) and CCu(II) = [Cu(II)] + [21] (4) 

Substituting in (3) and (4) in (2),  Keq = [21]/(Clig- [21])(CCu(II)-[21])  (5) 

Reorganizing (5),    [21] = Keq (Clig- [21])(CCu(II)-[21]) = (KeqClig-Keq[21])(CCu(II)-[21]) 

        [21] = Keq Clig CCu(II) - Keq[21] CCu(II)- Keq Clig [21] + Keq[21]^2 (6) 

Dividing both by Keq , [21]/Keq = Clig CCu(II) - [21] CCu(II)- Clig [21] + [21]^2  (7) 

Taking [21] as the unknown, we can arrange (7) in the shape of a quadratic equation,

 [21]^2-(CCu(II) + Clig + 1/Keq)[21] + Clig CCu(II) = 0   (8) 
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The Lambert-Beer law, applied to our system, says A/εl = [21]  (9) 

Substituting (9) in (8), (A/εl)^2-(CCu(II) + Clig + 1/Keq) A/εl + Clig CCu(II) = 0             (10) 

And solving the quadratic equation (10), we arrive to (1). 

CCu(II) and Clig are known. The values of Keq were guessed until a minimum value of ∑n((A/εl 

)n
exp

 – (A/εl )n
theor

)^2 was found (with n = datapoints for each different addition of Cu(II)). 

To perform this minimization, Solver tool from Microsoft Office Excel® was used. 

 

A similar equation to (1) was developed for the binding constant between Zn(II) and 4. 

Since the titration was monitored by 
1
H-NMR, the signal observed in this case was δ (ppm) 

for the benzylic protons in 4. For this titration, Zn(NO3)2 (1.20 M) was added to 4 (12.0 mM 

in 0.70 mL of D2O). 

 

The binding constant between pyrocatechol violet and Zn(II)-4 was calculated in the same 

way. The absorbance was monitored at 450 nm. A solution of Zn(NO3)2 (5.00 mM) was 

added to a solution of PV (0.05 mM in HEPES buffer 50 mM, pH = 7.2). 
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