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Summary 

 

 The submitted Ph.D. thesis concerns anion receptors based on symmetrically 

tetrasubstituted cone calix[4]arenes. These receptors are easily synthesized and display 

sufficient water solubility to function as receptors for tetrahedral oxoanions. 

 The thesis starts with a brief survey of literature on calix[4]arene anion receptors and 

sensors. The theoretical part of the thesis deals with a stereochemical investigation of 

calix[4]arenes from the Cambridge Structural Database (CSD) with emphasis on the influence 

of inter- and/or intramolecular interactions on the geometry and rigidity of the calix[4]arene 

scaffold. In order to describe the geometry of the calix[4]arene moiety, it was necessary to 

introduce new stereochemical parameters α, β and δ. The utility of these parameters in 

evaluating the geometry of the calix[4]arene base frame was confirmed. The stereochemical 

investigation formed the basis for design of new potential anion receptors based on 

symmetrically tetrasubstituted cone calix[4]arenes. 

The experimental part of this work started with synthesis of symmetrically 

tetrasubstituted calix[4]arene derivatives containing 1-propoxy groups at the lower rim and 

synthesis of calix[4]arene derivatives with carboxymethoxy groups at the lower rim and 

enhanced water solubility. Identity and purity of prepared compounds was confirmed by 1H 

and 13C NMR, ESI MS, FTIR, FT Raman, melting point and TLC. Several crystal structures 

of the prepared calix[4]arenes were determined and the stereochemistry of the calix[4]arene 

platform was discussed. The stereochemistry of the prepared calix[4]arene structures followed 

the trends observed in calix[4]arene structures from the CSD. 

Interaction studies of the prepared calix[4]arene derivatives with anions were 

performed. Interaction of the hosts with anions, preferably tetrahedral oxoanions in the form 

of tetrabutylammonium salts was studied by UV-Vis spectroscopy in a variety of solvents 

(acetonitrile, dimethyl sulfoxide and aqueous HCl). Measurement in aqueous solutions was 

complicated especially by aggregation caused by hydrophobic and π-π interactions, which 

was observed in concentrations 10–4 M and higher. Stability constants and stoichiometries 

were evaluated; interaction constant of 1770 mol–1dm3 (1:1 stoichiometry) was obtained for 

one of the prepared calix[4]arenes with sulfate in 5·10–3 M aqueous HCl. 
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1. INTRODUCTION 

 

1.1. Anion receptors and sensors 

Anion receptors are molecules capable of recognizing and binding anions [1]. Anion 

sensors form a subgroup of anion receptors and are capable of electrochemical or optical 

response in case of interaction between the sensor and anion [2]. 

Anion recognition is a complex process and involves a variety of interactions [1], [2] 

between the receptor and the anion. The interactions and functional groups responsible for 

them are listed according to their relative strength and importance: 

1)  hydrogen bonds: amide, thioamide, urea, thiourea, heterocyclic amine groups 

(e.g. pyrrole, imidazole); 

2)  a combination of hydrogen bonds and electrostatic interactions: ammonium, 

guanidinium, amidinium and imidazolium [3] groups; 

3)  electrostatic interactions: coordinated inorganic cations, quaternary ammonium 

groups; 

4)  donor-acceptor bonds between Lewis acid and anion: Lewis acid groups, e.g. 

groups containing boron; 

5)  hydrophobic and van der Waals interactions: e.g. groups capable of π-π interaction 

with aromatic anions, aromatic C-H groups [4]-[6]; 

6)  anion-π interaction [7]-[10]: electron-deficient aromatic systems (e.g. fluorobenzenes, 

fluorotriazines and tetrazines, tetrafluoroethene). 

In addition to anion-recognizing group(s), anion sensors contain groups capable of 

electrochemical or optical response, e.g. ferrocene or cobaltocenium groups, Ru2+-bipyridyl or 

Re+-bipyridyl complexes, fused aromatic rings or chromophores such as nitro groups [11]-

[15]. 

Design of the anion receptor, i.e. number and preorganization of functional groups 

responsible for anion binding, is an additional item in anion recognition [1], [2].  

 

An overview on anion receptors published before 2003, on important types of 

interactions and on functional groups capable of these interactions has been reported in [16]. 

Several major works in this area have been published since [11]-[15], [17]-[29]. Because of 

the scope of this work, two main areas are discussed in this chapter: receptors containing 

amine functional groups and receptors for tetrahedral oxoanions. 
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A number of reviews and articles concerning polyamine and polyammonium anion 

receptors have been published [30]-[42]. Receptors containing protonated ammonium groups 

bind anions via N-H…anion hydrogen bonds. On the other hand, receptors containing neutral 

amine groups bind protonated anions via N…H-anion hydrogen bonds. These receptors 

possess a number of advantages, e.g. amine groups are easily introduced by synthesis and 

further modified by introduction of amide and/or urea groups [43]-[46] or by coordination of 

metal cations [47]-[50], amine groups may also function as chain branching centers [35]. 

Next, most polyamine and polyammonium receptors are soluble in neutral and/or acidic 

aqueous solutions, which represent a natural environment for inorganic anions [42]. 

Stereochemistry of the polyammonium anion receptor is also important; amine groups 

may be introduced to positions in aliphatic chain that best match the shape of the anion. 

However, pyrrole- and imidazole-based anion receptors [51]-[53] containing relatively rigid 

preorganized units are often capable of stronger anion binding than aliphatic anion receptors. 

 

There is a relatively large number of anion receptors designed specifically to recognize 

tetrahedral oxoanions [54]. Since these anions play a significant role in living organisms, in 

environmental issues and in analytical chemistry, design of receptors and sensors for 

tetrahedral oxoanions is a flourishing area of modern science. 

Tetrahedral oxoanions possess a few unique specifics. First, these anions vary 

significantly in size and in hydrophobicity/hydrophilicity [54]. Some of them are also capable 

of protonation (phosphate) or of increasing their coordination number from 4 to 6 in the 

presence of donor solvents (pertechnate). Design of receptors for tetrahedral oxoanions 

therefore depends on the target anion, on the type of functional group(s) for anion binding, on 

the size of receptor cavity and on receptor flexibility [54]. 

According to [54], the size of the receptor cavity and the receptor flexibility appear to 

be the main factors in tetrahedral oxoanion recognition. More rigid systems with oriented 

hydrogen bonding often display the best affinity and selectivity. 

The most advantageous functional groups for the binding of tetrahedral oxoanions 

seem to be ammonium groups (preference for doubly charged tetrahedral oxoanions), copper 

or zinc amine complexes, amide, urea and guanidinium groups [54]. Heteroditopic receptors 

often display high selectivity including an otherwise uncommon preference for sulfate over 

phosphates [54] but require careful approach to molecular design. 

From [54], it is obvious that the size of the receptor cavity and the rigidity vs. 

flexibility of the receptor are important for its efficiency. These parameters are dictated by the 
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type, size and shape of the receptor backbone. Typical backbones utilized for anion receptors 

comprise inter alia calix[4]arene moieties [54]. Calix[4]arene-based anion receptors 

published till 2003 are covered in [16]; there have been several major works regarding 

calix[4]arene-based anion receptors published after 2003 [55]-[64]. 

 

1.2. Calix[4]arenes 

Calix[4]arenes are a class of macrocyclic compounds and have attracted a lot of 

attention because of their possible utilization in many areas of research and industry. 

Therefore, the chemistry of calixarenes has developed into a wide and well-explored area 

[65]-[74]. These macrocycles have been used principally as spacers bearing functional groups 

in a well-defined arrangement, allowing their desired cooperation, interaction with cations, 

anions or neutral molecules, cooperation in ion pair binding etc. [75]. 

Distances among functional groups on the calix[4]arene upper and/or lower rim 

depend both on the conformation and on the rigidity or flexibility of the calix[4]arene scaffold 

[75]. The geometry of the calix[4]arene scaffold may be additionally influenced by 

interactions of its hydrophobic cavity or aromatic rings with cations or neutral molecules by 

the means of cation-π interactions, π-π interactions or van der Waals interactions. 

Substituents present on the upper or lower rim may also participate in shaping of the 

calix[4]arene scaffold. Possible interactions between these substituents (beside the above 

mentioned ones) may involve inter- or intramolecular hydrogen bonds, electrostatic 

interactions, donor-acceptor interactions (cation complexes or Lewis acid-base pairing) and 

sterical hindrance. In conclusion, the final shape of the calix[4]arene scaffold results from the 

combination of all these effects. Effective control of the stereochemistry of the calix[4]arene 

scaffold is essential for its utilization in functional molecules, especially allosteric receptors 

and molecular machines [75]. 

 

The four possible conformations for calix[4]arenes [66] are depicted in Fig. 1.1.  
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Figure 1.1: Conformations of calix[4]arenes [66] 

 

Calix[4]arenes display several well-known substitution patterns [66] (symmetrically 

tetrasubstituted molecules, molecules distally or proximally substituted at the lower rim etc.), 

see Fig. 1.2. 
A
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A B
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Figure 1.2: Substitution patterns in the calix[4]arene group (A1 ≠ A2, B1 ≠ B2) 
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Figure 1.2 (continued): Substitution patterns in the calix[4]arene group (A1 ≠ A2, B1 ≠ B2) 

 

Because the geometry of the calix[4]arene scaffold is essential for its function as a 

molecular platform, it is necessary to identify and evaluate effects that influence the geometry 

or lead to its change. These effects are predominantly the upper and lower rim substitution of 

the molecule, intramolecular interactions present in the molecule and intermolecular 

interactions between the molecule and its environment.  

For assessment of the impact the above listed effects have on the geometry of the 

calix[4]arene scaffold, the largest and most convenient source of information appears to be 

the Cambridge Structural Database [76] containing more than 1600 calix[4]arene structures. 

The conformation of the calix[4]arene molecules and inter- or intramolecular interactions 

present in the structures is easily determined from the crystal structure data. Nevertheless, this 

information may not fully correspond to the conformational behavior of the calix[4]arene 

molecules in solution. 

 

1.3. Calix[4]arene-based anion receptors – the state of the art 

In this chapter, anion receptors based on calix[4]arenes published after 2003 are sorted 

out according to the interaction present between the receptor and the anion and, therefore, 

according to the anion binding groups. 

 

There are numerous amide-based calix[4]arene anion receptors, which bind anions via  

hydrogen bonds, see e.g. [29], [34], [50], [55], [77]. 

Some representative anion receptors from this group are shown in Fig. 1.3 and 1.4. 
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Figure 1.3: Upper rim amide-based calix[4]arene anion receptors 1 - 8 [29], [55] 
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Figure 1.4: Lower rim amide-based calix[4]arene anion receptors 9 - 11 [29], [34], [77] 

 

Urea-based calix[4]arene anion receptors also bind anions via hydrogen bonds. These 

receptors are again very numerous, see e.g. [29], [34], [50], [55]. Some representative anion 

receptors from this group are shown in Fig. 1.5 and 1.6. 
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Figure 1.5: Upper rim urea-based calixarene anion receptors 12 - 16 [55] 
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Figure 1.6: Lower rim urea-based calixarene anion receptors 17 - 21 [55] 

 

Another group of anion receptors binding anions via hydrogen bonds are hydrazone- 

and semicarbazone-based anion receptors [29]. 

 

Calix[4]arene anion receptors based on protonated amine (ammonium) functional 

groups bind anions via a combination of hydrogen bonds and electrostatic interactions. 

Several receptors belonging to this group are depicted in Fig. 1.7 [55], [61]. Receptors 22, 23 

have been utilized for chromate extraction [61]. 
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Figure 1.7: Lower rim amine-based calix[4]arene anion receptors 22 - 25 [55], [61] 

 

Two upper rim amine/ammonium-based calix[4]arene anion receptors 26, 27 [29] are 

depicted in Fig. 1.8. 

*
*

N+

OH

NHR

4

26: R = CH3(CH2)4C6H4CH2
27: R = C5H11

 
 
Figure 1.8: Upper rim amine/ammonium-based calix[4]arene anion receptors 26, 27 [29] 

 

There are quite a number of mixed-group receptors, especially amide-urea or amide-

amine/ammonium receptors. Mixed amide-urea receptors (see e.g. [50], [55], [60]) bind 

anions via hydrogen bonds whereas mixed amide-ammonium receptors (see e.g. [55], [61]) 

bind anions via a combination of hydrogen bonds and electrostatic interactions. Some 

examples of mixed amide-amine/ammonium anion receptors are receptors 28 - 33 depicted in 

Fig. 1.9, which recognize chromate [55], [61]. 
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Figure 1.9: Chromate-binding receptors 28 - 33 [55], [61] 

 

Calix[4]arene anion receptors containing guanidinium or amidinium groups bind 

anions by a combination of hydrogen bonds and electrostatic interactions, see e.g. [34], [55], 

[57], [58]. Receptor 34 [57] selectively recognizes L-forms of zwitterionic amino acids 

(Fig. 1.10). 
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Figure 1.10: An enantioselective anion receptor 34 [57] 

 

Receptors that bind anions via a combination of hydrogen bonds and electrostatic 

interactions often contain coordinated metal cations and group(s) capable of anion-hydrogen 

bond formation, see e.g. [55], [59]. Two examples of such receptors are depicted in Fig. 1.11 

(receptors 35, 36). In receptor 37 [29], [59], anion binding occurs after Na+ and/or Ag+ 

coordination. 



 12

O OOO
R R R

R
35: R = CH2CH2CH3
36: R = CH2COOEt

NHHN

N N

O O

O O

UO2
2+ OCH2COOCH3

O

OCH2COOCH3
O O

O

O H
N

O N
H

O

O

N N

N N

37

 
 
Figure 1.11: UO2

2+-salen modified calix[4]arenes 35, 36 [55] and metal ion-assembled anion 

receptor 37 [29], [59] 

 

In the next group of anion receptors, anion binding proceeds via electrostatic 

interactions. Organic receptors from this group usually contain quaternary ammonium or 

phosphonium groups, see e.g. [29], [55]. Two examples of quaternary ammonium- and 

phosphonium-based anion receptors are depicted in Fig. 1.12 [55]. 
 

HO OOHO

+Ph3P PPh3
+

HO OOHO

OO

R2
+

N

+R2N +R2N

38: R = CH3 39

 
 
Figure 1.12: Ammonium- and phosphonium-based anion receptors 38, 39 [55] 

 

Another group of anion receptors binding anions via electrostatic interactions contains 

coordinated metal cation(s), see e.g. [49], [55], [58]. Zinc complexes of polyamine 

calix[4]arene receptors were successfully utilized as enzyme models [55], [58] (Fig. 1.13). 
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Figure 1.13: Calix[4]arene anion receptor 40 for biomimetic chemistry [55], [58] 

 

The last group of calix[4]arene anion receptors is interesting with regard to the fact 

that these molecules do not contain any group commonly utilized for anion recognition, see 

e.g. [29], [78]. Receptors 41, 42 depicted in Fig. 1.14 are selective for acetate anions [78], 

receptor 43 [29] binds carboxylates. 
 

HO OOHO

R R
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XX
41: X = 2 H
42: X = O O OOO

F3C

OH

OH

F3C

43

R = H, C(CH3)3

 
 
Figure 1.14: Anion receptors 41 - 43 [29], [78] 

 

Other examples of the latter anion receptors are so-called outer-face complexes [55], 

[56] (Fig. 1.15). Compound 44 binds halides [56]. 
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Figure 1.15: Calixarene outer-face coordinated anion receptors 44, 45 [55], [56] 

 

1.4. Calix[4]arene-based anion sensors – the state of the art 

The majority of anion sensors published after 2003 contain functional groups capable 

of hydrogen bonds such as amide or urea groups. In this chapter, anion sensors based on 

calix[4]arenes are therefore sorted out according to the signal-reporting groups. 

 

First, sensors containing groups capable of electrochemical response are discussed. 

Such groups are usually selected from ferrocene and cobaltocenium groups, see e.g. [48], 

[52], [54]-[56]. Some examples of cobaltocenium anion sensors are given in Fig. 1.16; these 

molecules bind acetate and dihydrogen phosphate [56]. 
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Figure 1.16: Electrochemical cobaltocenium anion sensors 46 - 48 [55], [56] 
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Ferrocene is another moiety widely utilized in electrochemical anion sensors. Several 

upper rim anion sensors containing this group [55], [56] are depicted in Fig. 1.17. Compounds 

53 - 55 recognize carboxylates; compound 56 recognizes carboxylates and dihydrogen 

phosphate. 
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Figure 1.17: Upper rim ferrocene-based anion sensors 49 - 56 [55], [56] 

 

Lower rim ferrocene-based anion sensors are given in Fig. 1.18 [55]. All three 

compounds 57 - 59 recognize dihydrogen phosphate; compounds 58, 59 display high 

selectivity for this anion. 
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Figure 1.18: Lower rim ferrocene-based anion sensors 57 - 59 [55] 

 

Luminescent sensors may be divided into two groups: those containing metal cation(s) 

and those formed by organic molecules.  

Luminescent anion sensors that contain a coordinated metal cation are usually based 

on Ru2+ or Re+ complexes, see e.g. [11], [48], [52], [55], [56]. Typical examples of Ru-based 

sensors are given in Fig. 1.19; typical examples of Re-based sensors are given in Fig. 1.20. 
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Figure 1.19: Luminescent anion sensors 60 - 63 based on Ru2+ complexes [11], [55], [56] 
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Figure 1.19 (continued): Luminescent anion sensors 64 - 67 based on Ru2+ complexes [56] 
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Figure 1.20: Luminescent anion sensors 68 - 72 based on Re+ complexes [11], [55], [56] 
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Compounds 60, 61 bind halides [55], [56] and dihydrogen phosphate, compounds 62, 

63, 68, 69 bind chloride, dihydrogen phosphate and acetate [11]. Compounds 64-67 

bind halides; association constants improve in the presence of Li+ or Na+ ions. Re-based 

analogue 72 has analogical properties [56]. Compound 71 is an ion pair sensor for alkali metal 

halides [55]. 

 

Other luminescent anion sensors involve groups such as naphthalene, anthracene or 

pyrene, see e.g. [13], [29]. Representative examples of luminescent sensors [13], [29] are 

depicted in Fig. 1.21. Sensors 73 and 75 bind fluoride, sensor 74 binds dicarboxylates, 

sensor 76 is selective to acetate, sensor 77 binds fluoride, acetate and dihydrogen phosphate. 
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Figure 1.21: Luminescent anion sensors 73 - 77 [13], [29] 

 

Colorimetric anion sensors involve chromophores, usually nitro groups on aromatic 

rings, see e.g. [29], [60], [79]. Colorimetric anion sensor 78 [79] binds various anions 

(fluoride, phosphates); a similar colorimetric anion sensor 79 selective for dihydrogen 

phosphate has been published in [60] (Fig. 1.22). 
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Figure 1.22: Colorimetric anion sensors 78, 79 [60], [79] 

 

 Groups responsible for luminescent and colorimetric behavior may be also combined 

in one molecule [29], [80]. Both sensors from Fig. 1.23 were active for fluoride, molecule 81 

even for dihydrogen phosphate [80]. 
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Figure 1.23: Luminescent and colorimetric anion sensors 80, 81 [80] 
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1.5. Summary 

Chapters 1.1, 1.3 and 1.4 summarize the state of the art regarding anion receptors and 

sensors published after 2003. From this brief survey, it is obvious that the majority of anion 

receptors and sensors are based on amide, urea and/or ammonium groups. It is also obvious 

that the calix[4]arene scaffold (especially in the cone conformation) is an advantageous 

backbone for the construction of anion receptors and sensors. 

However, not all of previously published receptors and sensors can be utilized in 

aqueous solutions. There remains a need for anion receptors that are sufficiently water-soluble 

to enable anion recognition in aqueous solutions. 

Since anion receptors selective for tetrahedral oxoanions are especially in demand, it is 

necessary to prepare water-soluble anion receptors with sufficient selectivity towards 

tetrahedral oxoanions or, preferably, towards a single tetrahedral oxoanion. 

Furthermore, anion receptors should be easily prepared from cheap starting materials 

in sufficient quantity and purity. 

The aim of this work is, therefore, to provide anion receptors satisfying the above 

listed requirements.  
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2. THE SCOPE OF THE WORK 

 

The brief survey presented in Introduction showed that calix[4]arenes in the cone 

conformation are convenient scaffolds for construction of anion receptors and sensors, 

including receptors and sensors for tetrahedral oxoanions. 

Effectiveness and/or selectivity of the anion receptor depends on its molecular design. 

The molecular design of an anion receptor encompasses selection of number and types of 

anion binding groups, their arrangement in space and determination of receptor rigidity or 

flexibility. These effects require careful tuning of the hydrocarbon backbone of the receptor. 

The theoretical part of the work (Chapter 3) therefore focuses on stereochemical investigation 

of cone calix[4]arene molecules from the Cambridge Structural Database (CSD) [76] carried 

out with emphasis on effects causing distortion and rigidity of the calix[4]arene moiety. 

Structures of anion receptors present in the CSD [76] are thoroughly treated. This stereo-

chemical study provides a basis for the design of calix[4]arene molecules that should display 

an affinity to anions. Nevertheless, it could be helpful even for designing of calix[4]arene 

molecules for other purposes. 

The experimental part of the work (Chapter 4) focuses on synthesis and 

characterization of the designed anion receptors. Final products and their intermediates are 

characterized by standard methods and, in case of obtaining a single crystal of sufficient 

quality, by a single crystal structure determination. An integral part of this chapter is 

evaluation of affinity of the prepared receptors to anions, especially to tetrahedral oxoanions. 

Since the target receptors are intended as receptors for tetrahedral oxoanions in aqueous 

solutions, the affinity of these receptors to tetrahedral oxoanions is determined primarily in 

aqueous solutions. The selectivity of the target receptors is also investigated. 
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3. STEREOCHEMISTRY OF THE CALIX[4]ARENE SCAFFOLD  

     – AN INVESTIGATION BASED ON THE CSD 

 

In order to design functional molecules based on calix[4]arenes, effects causing 

deformation of the calix[4]arene scaffold (e.g. deformation cone – flattened cone) and 

rigidity/flexibility of the calix[4]arene molecule should be evaluated. It is therefore necessary 

to find simple parameters to describe the geometry of the calix[4]arene scaffold. This part of 

the thesis represents a contribution to this field. In addition, a large source of data should be 

available in order to evaluate the effects of inter/intramolecular interactions on the 

conformation and rigidity or flexibility of the calix[4]arene scaffold. 

As a suitable source of structural data to evaluate the effects of inter/intramolecular 

interactions on the geometry of the calix[4]arene molecule, the Cambridge Structural 

Database (CSD) [76] with more than 1600 calix[4]arene structures was utilized. This database 

[76] contains solid state data, which makes determination of the influence of the above listed 

effects on the geometry of the calix[4]arene molecule easy. However, the information 

obtained from these data might not be readily applicable to the behavior of calix[4]arene 

molecules in solution. 

 

3.1. Introduction of parameters for the description of the calix[4]arene geometry 

The conformation of the calix[4]arene base frame (i.e. hydrocarbon skeleton without 

upper rim and lower rim substituents) is fully described by the values of torsion angles at the 

Carom-Cbridge bonds. For calix[4]arenes, the relevant torsion angles visible in Fig. 3.1.1 are the 

angles C28-C1-C2-C3, C24-C1-C2-C3, C1-C2-C3-C4 and C1-C2-C3-C25. There are 

obviously two torsion angles at each bond Carom-Cbridge, so there are altogether 16 relevant 

torsion angles to describe the conformation of the calix[4]arene backbone. Similar approach 

has been recently used by Schneider B. et al. to describe the conformation of the backbone of 

nucleic acids [81]. 
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Figure 3.1.1: Torsion angles at the calix[4]arene scaffold 

 

However, having sixteen parameters for description of the calix[4]arene conformation 

is rather tedious and inconvenient. It is necessary to reduce the number of relevant 

parameters. A variety of geometrical parameters may be utilized, e.g. distances between 

oxygen or carbon atoms on the calix[4]arene lower or upper rim, angles of the planes of the 

calix[4]arene phenyl rings etc. However, the most convenient way to achieve the above-listed 

objective seems to be the approach published by Arnaud-Neu F. et al. [82], using the plane of 

the four bridge carbon atoms as a reference plane and the values of the angles of the four 

phenyl rings to this reference plane as parameters to describe the calix[4]arene conformation. 

Therefore, the Arnaud-Neu's approach [82] has been utilized by the definition of a 

reference plane to which the angles ω1, ω2, ω3, ω4 of the four calix[4]arene phenyl rings are 

related. This reference plane is the plane of the four bridge carbon atoms [82] (for the 

majority of calix[4]arenes from [76], the deviations of the bridge atoms from this plane are 

below 0.1 Å). The angles of the phenyl rings (ωi, i = 1-4) are calculated in the scale 0-360°, 

see Fig. 3.1.2. 

 
 

Figure 3.1.2: The definition of the phenyl ring angles ωi 
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 The previous sixteen torsion angle parameters have been successfully reduced by this 

approach to four parameters ω1, ω2, ω3 and ω4. However, the assignment of these four 

parameters is not unambiguous and depends on the numbering of the calix[4]arene base 

frame, e.g. there is a question which calix[4]arene phenyl ring should be assigned as ω1. 

Moreover, four parameters form a four-dimensional space that is very difficult to imagine and 

work with. It would be therefore more convenient to reduce the number of the parameters 

from four to three, since 3D space is much easier to describe. To achieve these two objectives, 

new parameters α, β, δ have been introduced [83]: 

α = 0.25 · (ω1 + ω2 + ω3 + ω4) 

β = | (ω1 + ω3) – (ω2 + ω4) | 

δ = | ω1 – ω3 | + | ω2 – ω4 | . 

 

Parameter α is the average value of the phenyl ring angles ω1 - ω4; numbering reflects 

the order of the phenyl rings in the calix[4]arene molecule, e.g. ω1, ω2 corresponds to adjacent 

rings, ω1, ω3 to opposite rings etc. Parameter β reflects the distortion of the calix[4]arene 

molecule towards C2v symmetry (for calix[4]arenes in the cone conformation). Finally, 

parameter δ reflects the distortion of the calix[4]arene molecule towards Cs symmetry (again, 

for calix[4]arenes in the cone conformation). 

Since the parameters α, β, δ are calculated from the phenyl ring angles ω1 - ω4, the 

values of these parameters are in °. In order to simplify the following text, the values of 

parameters α, β, δ are reported without the symbol °. 

Examples of the dependence of parameters α, β, δ on the calix[4]arene conformation 

are depicted in Fig. 3.1.3. This figure shows conditions necessary for obtaining the desired 

conformation. Examples of angles ωi were randomly selected and represent angles that are 

expected for the conformations. Schemes of the calix[4]arene opposite rings ω1-ω3 and ω2-ω4 

illustrate the above listed examples. 
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Figure 3.1.3: Examples of the dependence of the values of parameters α, β, δ on the 

calix[4]arene conformation 

 

It is necessary to emphasize that parameters α, β, δ are independent on the order of the 

calix[4]arene rings with respect to which of them the ω1 angle is assigned; they do not depend 

on the numbering scheme of the molecule. However, the value of parameter α for 1,2- and 

1,3-alternate calix[4]arenes depends on the assignment of the 'positive' and 'negative' angles 

(i.e. angles of phenyl rings above and below the plane of the four bridge carbon atoms). 

The dependence of parameter α on this assignment is demonstrated on the sum of the 

'positive' and the sum of the 'negative' angles; the 'negative' angles are taken as 360°-ωi for 

this calculation. If for a given molecule the sum of the 'negative' angles is greater than the sum 
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of the 'positive' ones, α is lower than 180; for the opposite assignment, α is greater than 180. 

Since these numbers differ from 180 by the same value (added to or subtracted from 180), the 

'positive' angles were defined as those whose sum is greater than the sum of the other two. 

Therefore, all α values for 1,2- and 1,3-alternate calix[4]arenes are equal to or greater than 

180 according to this convention. In our previous publications [83]-[85], we did not always 

abide by this convention. The calculation of the parameter α for cone and partial cone 

calix[4]arenes is unambiguous since there is no 'negative' angle for cone and only one for 

partial cone calix[4]arenes. 

 Therefore, the parameters α, β, δ reflect the conformation and symmetry of the 

calix[4]arene scaffold and may be applied for the description of the geometry of these 

molecules. 

 

 Conformations of calixarenes larger than calix[4]arenes are impossible to describe by 

similar parameters because of their greater conformational flexibility. This flexibility causes 

significant deviations of bridge carbon atoms from the reference plane formed by all bridge 

carbon atoms present in the calixarene molecule – the average deviation is 0.00 Å 

for p-t-butylcalix[4]arene (CCDC code BHPMYC [76]), 0.19 Å for p-t-butylcalix[5]arene 

(code LAZZAN [76]), 1.53 Å for p-t-butylcalix[6]arene (code KAHJUY [76]), 1.65 Å 

for p-t-butylcalix[7]arene (code YACHIT [76]) and 1.57 Å for p-t-butylcalix[8]arene (code 

DOVHIF [76]), respectively. The larger calixarenes were therefore not included in this 

investigation. 

 

3.2. Overview on calix[4]arene structures from the CSD 

The number of cif files obtained from the CSD [76] including the distribution of 

calix[4]arenes according to their conformation is shown in Table 3.1. The total of 1610 cif 

files was obtained from [76] and their conformation was determined. Table 3.1 also shows the 

number of complete and incomplete cif files (atom coordinates not included in the file), the 

number of crystallographically independent molecules in complete cif files, and sums of 

relevant data in the above listed groups. The sums of complete cif files and of all cif files do 

not correspond to the total numbers because two structures (codes KOCPAT, KOCQAU [76]) 

contain several independent molecules with different conformations and these structures 

therefore belong to more than one group. 
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Table 3.1: Distribution of calix[4]arenes from [76] according to their conformations 

conformation complete cif files incomplete 
cif files all cif files number of independent 

molecules 
cone 1182 87 1269 1442 

1,2-alternate 56 5 61 65 
1,3-alternate 171 13 184 192 
partial cone 93 3 96 106 

not determined — 2 2 — 
total 1500 110 1610 1805 

 

The parameters α, β, δ were designed to reflect the conformation of the calix[4]arene 

molecules (see Fig. 3.1.3); each calix[4]arene molecule represents a dot in a 3D space defined 

by parameters α, β, δ, see Fig. 3.2.1. Separation of calix[4]arenes from [76] in Fig. 3.2.1 into 

four distinct groups according to the calix[4]arene conformation confirms the utility of 

parameters α, β, δ. 

 
Figure 3.2.1: 3D plot of all calix[4]arenes from [76] 

 

2D plots that are essentially α-β, α-δ and β-δ plots also bring useful information. 

The β-δ plot showing the deformation of the calix[4]arene scaffold is the most informative 

one; this plot is depicted in Fig. 3.2.2. 
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As in Fig. 3.2.1, the calix[4]arene structures in Fig. 3.2.2 are separated into four 

distinct groups according to the calix[4]arene conformation. For information, this plot also 

contains statistics (average values and standard deviations of parameters β, δ, see Table 3.2) 

for the groups formed by the cone, partial cone, 1,2-alternate and 1,3-alternate 

conformations. 
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Figure 3.2.2: Distribution of β, δ values in calix[4]arenes (□ cone, ○ partial cone, 

Δ 1,2-alternate, 

∆

 1,3-alternate conformation). Black symbols stand for calix[4]arene 

structures from [76], red symbols illustrate the statistics from Table 3.2. 

 

 Average values of parameters α, β, δ and their standard deviations in the groups of 

cone, partial cone, 1,2-alternate and 1,3-alternate conformers (see Table 3.2) also give us 

useful information. The average values reflect the distribution of parameters α, β, δ whereas 

the values of the standard deviations represent the rigidity or flexibility of the calix[4]arene 

scaffold, not a calculation error. 
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Table 3.2: The average values of parameters α, β, δ and their standard deviations 

(AV … average value; SD … standard deviation) 
 

conformation parameter AV SD SD/AV 
cone α 59.19 6.46 0.11 

 β 55.61 43.03 0.77 
 δ 9.29 9.59 1.03 

partial cone α 119.37 7.36 0.06 
 β 172.99 69.2 0.40 
 δ 248.26 21 0.08 

1,2-alternate α 182.73 4.34 0.02 
 β 13.14 21.24 1.62 
 δ 503.36 36.25 0.07 

1,3-alternate α 182.71 6.11 0.03 
 β 408.02 44.79 0.11 
 δ 9.1 9.28 1.02 

 

 From Table 3.2, it is obvious that parameter α in the groups of calix[4]arene 

conformations is relatively uniform because of the low value of its standard deviation. It is 

demonstrated on the group of cone calix[4]arenes with α average value of about 59 and its 

standard deviation of about 6.5. Parameter β is significantly more sensitive according to 

higher values of its standard deviation; parameter δ is similarly sensitive as demonstrated on 

cone and 1,3-alternate calix[4]arenes, see Table 3.2. The high standard deviation of parameter 

β in the group of cone calix[4]arenes is caused by possible deformation of the base frame 

towards C2v symmetry; a relatively large number of both cone and flattened cone 

calix[4]arenes answers for the wide range of parameter β. 

 

 Since there are fewer structures in [76] for calix[4]arenes in other conformations than 

cone (see Table 3.1), the partial cone, 1,2-alternate and 1,3-alternate calix[4]arenes are not 

presented in this work. In the following chapters, the influence of substitution and inter- 

and/or intramolecular interactions on the stereochemistry of the cone calix[4]arene moiety 

(described by parameters α, β, δ) is discussed. 

 Supplementary materials to Chapter 3 consist of Supplementary Tables S1-S4 

containing compound names and parameters α, β, δ of all calix[4]arene structures from [76]. 

Since the supplementary material to this chapter is large (68 pages), electronical version of the 

Supplementary Tables S1-S4 is provided only. 
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3.3. Cone calix[4]arenes 

 Important substitution patterns according to Fig. 1.2 and the corresponding 

percentages in the group of cone calix[4]arenes are reported in Table 3.3. Calix[4]arenes 

belonging to more than one group in Table 3.3 form duplicate cif files; these cif files are 

included in all relevant groups but excluded from the total numbers. 

 

Table 3.3: Distribution of substitution patterns of cone calix[4]arenes 

free cone calix[4]arenes No. of 
cif files % No. of independent 

molecules % 

symmetrically tetrasubstituted 283 22.1 316 21.9 
distally substituted lower rim, symmetrically 

tetrasubstituted upper rim 169 13.2 186 12.9 

distally substituted upper rim, symmetrically 
tetrasubstituted lower rim 89 7.0 104 7.2 

distally substituted upper rim and lower rim 34 2.7 39 2.7 
proximally substituted lower rim, 

symmetrically tetrasubstituted upper rim 28 2.2 28 1.9 

mono/trisubstituted lower rim, symmetrically 
tetrasubstituted upper rim 39 3.1 45 3.1 

mono/trisubstituted upper rim, symmetrically 
tetrasubstituted lower rim 10 0.8 13 0.9 

other 60 4.7 62 4.3 
total free cone calix[4]arenes 709 55.8 793 54.9 

complexes of cone calix[4]arenes No. of 
cif files % No. of independent 

molecules % 

symmetrically tetrasubstituted 324 25.3 385 26.7 
distally substituted lower rim, symmetrically 

tetrasubstituted upper rim 134 10.5 146 10.1 

distally substituted upper rim, symmetrically 
tetrasubstituted lower rim 17 1.3 22 1.5 

distally substituted upper rim and lower rim 27 2.1 29 2.0 
proximally substituted lower rim, 

symmetrically tetrasubstituted upper rim 5 0.4 5 0.4 

mono/trisubstituted lower rim, symmetrically 
tetrasubstituted upper rim 42 3.3 45 3.1 

mono/trisubstituted upper rim, symmetrically 
tetrasubstituted lower rim 4 0.3 4 0.3 

other 14 1.1 13 0.9 
total cone calix[4]arene complexes 565 44.2 649 45.1 

total cone 1269 100 1442 100 
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List of definitions for Chapters 3.3 - 3.5 

free calix[4]arene: calix[4]arene where no metal cation is coordinated to the 

calix[4]arene scaffold or to substituents present at the calix[4]arene scaffold; 

complex: calix[4]arene with metal cation(s) coordinated directly to the calix[4]arene 

scaffold or to upper and/or lower rim substituents present at the calix[4]arene scaffold; 

filled-cavity calix[4]arene: calix[4]arene containing another molecule or its part, atom, 

cation or anion inside the calix[4]arene cavity; 

empty-cavity calix[4]arene: calix[4]arene that does not contain any molecule or its 

part, atom, cation or anion inside the calix[4]arene cavity; 

upper/lower rim: for explanation, see Fig. 1.1; 

substitution patterns: for explanation, see Fig. 1.2. 

 

 From Table 3.3, it is obvious that symmetrically tetrasubstituted calix[4]arenes form 

about 47 % of all cone calix[4]arenes. Upper rim symmetrically tetrasubstituted, lower rim 

distally substituted calix[4]arenes form about 24 % of all cone calix[4]arene structures from 

[76]. Other substitution patterns amount each to less than 10 %, and are therefore less 

significant. 

 

 Table 3.3 also indicates that the group of free cone calix[4]arenes contains 709 cif files 

with 793 independent molecules. The group of cone calix[4]arene complexes contains 565 cif 

files with 649 independent molecules. From these numbers, it is obvious that complexes form 

45 % of all cone calix[4]arene structures. In the group of calix[4]arene complexes, there is 

an interaction between the coordinated metal cation(s) and the calix[4]arene molecule in 

addition to inter/intramolecular interactions observable in the group of free calix[4]arenes. 

Considering the energy of coordination bond, a significant impact of this interaction on the 

geometry of the calix[4]arene scaffold is expected. Free calix[4]arenes and calix[4]arene 

complexes are therefore reported separately in Table 3.3 and are discussed separately 

in Chapters 3.4 and 3.5. 
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3.4. Free cone calix[4]arenes 

 Deformation C4v ð C2v seems to be the most significant deformation in the group of 

cone calix[4]arenes (see Table 3.2); α-β plot depicting the distribution of α, β values and 

substitution patterns for the free cone calix[4]arenes is therefore reported in Fig. 3.4.1. 

Table 3.2 indicates that C4v ð Cs deformation is not so significant, the corresponding α-δ and 

β-δ plots are therefore depicted only in Appendix 1. 
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Figure 3.4.1: The α-β plot for the group of free cone calix[4]arenes showing the distribution 

of α, β values as well as the calix[4]arene substitution pattern (● symmetrically 

tetrasubstituted both rims, ● distally substituted lower rim, symmetrically tetrasubstituted 

upper rim, ● distally substituted upper rim, symmetrically tetrasubstituted lower rim, 

● distally substituted both rims, ● proximally substituted lower rim, symmetrically 

tetrasubstituted upper rim, ● mono/trisubstituted lower rim, symmetrically tetrasubstituted 

upper rim, ○ other substitution patterns) 
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 Fig. 3.4.1 indicates that free cone calix[4]arenes form two significant groups: Group I 

with parameter α in the range of 50-62 and parameter β in the range of 0-80 and Group II 

with parameter α in the range of 60-72 and parameter β in the range of 60-150. With the 

exception of upper rim distally substituted calix[4]arenes, the free cone calix[4]arenes are 

uniformly spread in both Groups I and II.  

Therefore, it is necessary to process the group of free cone calix[4]arenes according 

to their substitution patterns. 

 



 34

3.4.1. Symmetrically tetrasubstituted calix[4]arenes 

 Fig. 3.4.1 indicates that symmetrically tetrasubstituted free cone calix[4]arenes are 

present both in Group I and in Group II. When the α-β plot is constructed for the 

symmetrically tetrasubstituted calix[4]arenes only, the division of symmetrically 

tetrasubstituted calix[4]arenes into these groups becomes more distinct, see Fig. 3.4.2. 
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Figure 3.4.2: Effects of upper/lower rim substitution on the geometry of the calix[4]arene 

scaffold in symmetrically tetrasubstituted free cone calix[4]arenes (black symbols: 

calix[4]arenes containing four hydroxyl groups at the lower rim, red symbols: calix[4]arenes 

with alkylated/acylated lower rim phenolic oxygen atoms; □ □ calix[4]arene substituted by 

nonpolar alkyl/aryl groups at the upper rim, ○ ○ upper rim unsubstituted calix[4]arene, 

Δ Δ calix[4]arene substituted by polar groups at the upper rim) 

 

The α-β plot for the symmetrically tetrasubstituted free cone calix[4]arenes where 

calix[4]arenes are distinguished according to their upper/lower rim substituents is depicted 
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in Fig. 3.4.2. There are two distinct groups of calix[4]arenes in Fig. 3.4.2: Group I with 

parameter α in the range of 50-60 and parameter β < 80 (160 cif files with 203 independent 

molecules; centered at [α; β; δ] = [55.43; 18.42; 6.01], standard deviation [1.90; 19.79; 7.12]) 

and Group II with parameter α > 60 and parameter β > 60 (81 cif files with 94 independent 

molecules; centered at [α; β; δ] = [66.86; 103.29; 8.00] with a standard deviation of [2.36; 

20.31; 7.74]). 

From Fig. 3.4.2, it is obvious that Group I is formed by calix[4]arenes with four 

hydroxyl groups at the lower rim whereas Group II is formed by calix[4]arenes containing 

alkylated/acylated lower rim phenolic oxygen atoms. There is another group of calix[4]arenes 

containing alkylated/acylated lower rim phenolic oxygen atoms at α > 60 and β < 40 (close to 

Group I). Additionally, there are three hits with α < 52 that also belong to calix[4]arenes 

containing alkylated/acylated lower rim phenolic oxygen atoms. 

 In both Groups I and II, the value of parameter β depends on upper rim substitution. 

The value of parameter β increases from calix[4]arenes containing nonpolar substituents at 

the upper rim via calix[4]arenes with unsubstituted upper rim to calix[4]arenes containing 

polar groups at the upper rim. 

 The values of parameter β range from 0 to 80 in lower rim hydroxyl-substituted 

calix[4]arenes and from 0 to 150 in calix[4]arenes containing alkylated/acylated lower rim 

phenolic oxygen atoms. The values of parameter α range from 50 to 60 in lower rim 

hydroxyl-substituted calix[4]arenes and from 40 to 72 in calix[4]arenes containing 

alkylated/acylated lower rim phenolic oxygen atoms. 

 In the following text, effects that cause the above-mentioned separation of 

calix[4]arenes in Fig. 3.4.2 are discussed. 

 

Effects of lower rim substituents 

The most remarkable feature of Fig. 3.4.2 is the separation of calix[4]arenes in 

parameter α according to their lower rim substitution; in calix[4]arenes with four hydroxyl 

groups at the lower rim, parameter α is below 60 whereas in calix[4]arenes with 

alkylated/acylated lower rim phenolic oxygen atoms α is greater than 60. Another feature 

discernible from Fig. 3.4.2 is the range of parameters α, β. In calix[4]arenes with four 

hydroxyl groups at the lower rim, the maximum value of β is about 80 and α is between 50 

and 60 (a relatively narrow range) whereas in calix[4]arenes alkylated/acylated at the lower 
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rim phenolic oxygen atoms α is very flexible (from 40 to 72) and β may reach very high 

values (up to 150). 

In calix[4]arenes with four hydroxyl groups at the lower rim, sterical hindrance at the 

lower rim is insignificant; the phenolic oxygen atoms may therefore come closer to each other 

and, as a result, α < 60. Furthermore, the four hydroxyl groups present at the lower rim form a 

cyclic array of hydrogen bonds [66]. This effect cements the proximity of the phenolic oxygen 

atoms in the lower rim hydroxyl-substituted calix[4]arenes. The cyclic arrangement of 

hydrogen bonds has the lowest energy when the molecule is symmetrical (i.e. C4v symmetry) 

and therefore the more symmetrical arrangement of the calix[4]arene scaffold is preferred in 

these calix[4]arenes. Deformations of this base frame are usually small because disruption of 

the lower rim hydrogen bonds is energetically unfavorable. The value of parameter β is 

therefore below 80 in these calix[4]arenes and the range of parameter α is also relatively 

narrow (from 50 to 60). Narrow ranges of both α and β reveal relative rigidity of lower rim 

OH-substituted calix[4]arenes. 

On the other hand, in calix[4]arenes alkylated/acylated at the lower rim sterical 

hindrance comes into play, lower rim phenolic oxygen atoms tend to 'keep distance' from each 

other and, consequently, α > 60 (see Fig. 3.4.2). Lower rim alkylated/acylated calix[4]arenes 

do not possess the energetically favorable arrangement of hydrogen bonds at the lower 

rim and may be therefore significantly deformed towards C2v geometry (0 < β < 150). 

Wide ranges of both α and β show that calix[4]arenes with alkylated/acylated lower rim 

phenolic oxygen atoms are significantly more flexible than lower rim OH-substituted 

calix[4]arenes. 

In Fig. 3.4.2, there are three hits belonging to calix[4]arenes with acylated lower rim 

phenolic oxygen atoms and α < 52. These calix[4]arenes (codes ABIGOH, HEMHUC [76]) 

contain a lower rim four-fold bridge (for explanation, see [86]). This type of lower rim 

substitution forces the calix[4]arene cavity more open and, as a result, parameter α is lower 

than 60 in these calix[4]arenes (albeit acylated at the lower rim). 

The effect of sterical hindrance at the lower rim is schematically outlined in Fig. 3.4.3. 
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Figure 3.4.3: The effect of sterical hindrance at the lower rim in calix[4]arenes with 

alkylated/acylated lower rim phenolic oxygen atoms. Because of sterical hindrance (1), lower 

rim substituents (and, consequently, the calix[4]arene phenolic oxygen atoms to which they 

are attached) tend to increase their distance from each other (2). Because the calix[4]arene 

phenoxy units are rigid, increasing the distance between phenolic oxygen atoms leads to 

decreased distance between the calix[4]arene phenyl rings (3) and, therefore, to a more 

narrow cavity with α > 60. 

 

Effect of upper rim substituents 

In calix[4]arenes from Group I with nonpolar groups at the upper rim parameter β is 

below 30 whereas in calix[4]arenes unsubstituted at the upper rim this parameter is usually 

between 30 and 40, see Fig. 3.4.2. In calix[4]arenes containing polar groups at the upper rim, 

parameter β may reach any value between 0 and 80. 

In the majority of Group I calix[4]arenes with nonpolar upper rim substituents, these 

substituents are branched aliphatic groups, usually t-butyl. These groups are only capable of 

weak inter/intramolecular interactions (van der Waals interactions). Because of sterical 

hindrance between the bulky upper rim substituents and lack of significant intramolecular 

interactions, in calix[4]arenes containing nonpolar groups at the upper rim parameter β is 

usually below 30. 

Calix[4]arenes unsubstituted at the upper rim are more flexible because of diminished 

sterical hindrance at the upper rim and, therefore, the value of parameter β is usually between 

30 and 40. 
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In calix[4]arenes with polar groups at the upper rim, parameter β may reach even 

higher values because inter-/intramolecular interactions are possible between the upper rim 

polar groups. 

 

The effect of the upper rim substituents is schematically outlined in Fig. 3.4.4. 
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Figure 3.4.4: The effect of upper rim substituents. Sterical hindrance between bulky nonpolar 

upper rim substituents (A) causes them to distance from each other and leads therefore to a more 

symmetrical cavity. On the other hand, interaction (1) between two polar substituents (B) 

present at the calix[4]arene opposite phenyl rings leads to decreased distance (2) between 

these substituents and between the opposite phenyl rings that bear them, and, consequently, 

to deformation of the calix[4]arene scaffold towards C2v geometry. 

 

 The same effect is observed in Group II from Fig. 3.4.2. Parameter β in calix[4]arenes 

which do not contain any substituent at the upper rim and in calix[4]arenes containing polar 

upper rim substituents that are subject to π-π or other interaction (NO2, CN, C≡CH etc.) is 

above 100. On the other hand, nonpolar and branched upper rim substituents (t-butyl) do not 

allow the calix[4]arene opposite phenyl rings so close because of sterical reasons and in such 

calix[4]arenes, parameter β is usually between 60 and 100. Several examples of this effect are 

given in Fig. 3.4.5. 
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Figure 3.4.5: The effect of upper rim substituents demonstrated on calix[4]arenes LAJPAO 

with nonpolar bulky groups at the upper rim (β ~ 80), LAGQEQ with unsubstituted upper rim 

(β ~ 110) and ICIYAU with polar NC groups at the upper rim (β ~ 120) [76] 

 

 From Fig. 3.4.2, it is obvious that calix[4]arenes with lower rim alkylated/acylated 

phenolic oxygen atoms are separated in parameter β into two groups: Group II at β > 60 and 

a smaller group at β < 40. The effect behind the separation of lower rim alkylated/acylated 

calix[4]arenes into these two groups is discussed next. 
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Effect of a filled/empty cavity 

The cavity of cone calix[4]arenes may be empty or filled by another molecule [66]. 

In calix[4]arene structures from [76], the following types of filled-cavity calix[4]arenes were 

identified: 

O
1 23 4

O

H
H

5 6

O

 
 
Figure 3.4.6: Types of filled-cavity calix[4]arenes: 1: inclusion of a small molecule 

(e.g. solvent); 2: inclusion of a lower rim substituent from the parent calix[4]arene molecule; 

3: inclusion of a lower rim substituent from another calix[4]arene molecule; 4: inclusion of an 

upper rim substituent from the parent calix[4]arene molecule; 5 and 6: inclusion of an upper 

rim substituent or of unsubstituted upper rim from another calix[4]arene molecule 

 

It is clear that formation of types 2 and 4 requires very flexible (e.g. aliphatic) lower or 

upper rim substituents; the lower rim substituent in type 2 should be relatively small whereas 

the upper rim substituent in type 4 should have at least three carbon atoms in length. Type 2 is 

rare in cone calix[4]arenes probably because of sterical reasons. 

Type 6 is a special case of type 5 when the upper rim substituent is H. Because the 

upper rims of the two calix[4]arene molecules in 6 are much closer than in 5, π-π-interaction 

between phenyl rings from the two different calixarene molecules is usually present in 6. 

It should be noted that not all types of filled-cavity calix[4]arenes observable in the 

solid state are to be found in solutions. Especially types 3, 5 and 6 are likely to dissociate in 

solutions (in dependence on the solvent polarity). 
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 The effect of a filled/empty cavity in the group of symmetrically tetrasubstituted 

calix[4]arenes is depicted in Fig. 3.4.7; the above listed types of filled-cavity calix[4]arenes 

are distinguished in this plot. 
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Figure 3.4.7: Effect of a filled/empty cavity on the geometry of the calix[4]arene scaffold in 

symmetrically tetrasubstituted free cone calix[4]arenes (□ nonpolar substituents at the upper 

rim, ○ unsubstituted upper rim, Δ polar substituent at the upper rim; red color stands for type 1 

filled-cavity calix[4]arene (solvent molecule inside the cavity), magenta color indicates type 3, 

blue color indicates types 5 and 6, green color stands for type 4 filled-cavity calix[4]arene, 

black color stands for empty-cavity calix[4]arene) 

 

 Fig. 3.4.7 shows that Group II is almost entirely formed by empty-cavity 

calix[4]arenes. Group I comprises predominantly filled-cavity calix[4]arenes but also several 

empty-cavity calix[4]arenes. Since Group I contains lower rim hydroxyl-substituted 

calix[4]arenes (see Fig. 3.4.2), it seems that the cyclic array of hydrogen bonds at the lower 
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rim that stabilizes the C4v geometry is dominant over the effect of a filled/empty cavity. 

This finding is in accordance with the relative strength of hydrogen bonds and van der Waals 

interactions. 

Lower rim alkylated/acylated calix[4]arenes with α > 60 and β < 40 usually contain a 

filled cavity whereas lower rim alkylated/acylated calix[4]arenes from Group II possess 

empty cavity (compare Fig. 3.4.2 with Fig. 3.4.7). It is therefore obvious that the geometry of 

lower rim alkylated/acylated calix[4]arenes, where the stabilizing effect of a cyclic array of 

hydrogen bonds at the lower rim is absent, is strongly affected by the effect of a filled/empty 

cavity. The explanation of this effect is schematically outlined in Fig. 3.4.8. 
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Figure 3.4.8: Explanation of the effect of a filled/empty cavity. In empty-cavity calix[4]arenes 

(A), two opposite calix[4]arene phenyl rings may come close to each other because of 

energetically favorable hydrophobic and π-π interactions (1). Because of sterical reasons, the 

other two calix[4]arene phenyl rings must increase their distance from each other and the 

cavity therefore deforms towards C2v geometry (2). Several examples of C2v-deformed 

calix[4]arenes with empty cavity are depicted in Fig. 3.4.5. On the other hand, in filled-cavity 

calix[4]arenes (B) the two opposite calix[4]arene phenyl rings are prevented from coming to a 

close proximity. As a result, the geometry of the calix[4]arene scaffold in filled-cavity 

calix[4]arenes tends to be close to C4v and the value of parameter β decreases. 

 

 Next, the effect of size and shape of the molecule inside the calix[4]arene cavity on the 

geometry of the calix[4]arene scaffold is investigated. To achieve this, it is necessary to find 

a relatively large number of structures derived from a single calix[4]arene. 

The most numerous of such structures are those derived from 5,11,17,23-tetrakis(t-butyl)-

25,26,27,28-tetrahydroxycalix[4]arene (52 complete cif files) and similar calixarenes with 

nonpolar upper rim substituents (17 complete cif files). All these calix[4]arenes belong to 

Group I. There are several effects observed in these structures: 
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–  filled-cavity calix[4]arenes with small, symmetrical aliphatic molecules tend to 

adopt the most symmetrical C4v geometry;  

–  filled-cavity calix[4]arenes containing disordered large, nonsymmetrical and 

aromatic molecules inside the calixarene cavity also adopt the C4v geometry; because of the 

symmetrical calixarene conformation, the disorder is probably dynamic;  

–  empty-cavity calix[4]arenes are slightly deformed (β, δ < 20); however, the cyclic 

array of hydrogen bonds at the lower rim keeps the calix[4]arene geometry close to C4v; 

–  filled-cavity calix[4]arenes containing non-disordered aromatic molecules inside the 

cavity tend to be slightly deformed in β (usually β < 20) because of the presence of 

intermolecular π-π interactions;  

–  in filled-cavity calix[4]arenes with aliphatic amines, parameters β and δ are slightly 

increased (usually β < 40 and δ < 30) because of deprotonating of lower rim hydroxyl groups 

by the basic amine and the resulting effect on the cyclic array of hydrogen bonds at the lower 

rim (destabilization of the symmetrical C4v geometry). 

 

Filled-cavity calix[4]arenes derived from 25,26,27,28-tetrahydroxycalix[4]arene 

(24 complete cif files in [76]) are discussed next. These calix[4]arenes fall into Group I and 

seem to prefer aliphatic guests. In type 6 filled-cavity calix[4]arenes, which contain upper rim 

from another calix[4]arene molecule inside the cavity, the calix[4]arene scaffold tends to be 

more deformed towards C2v geometry (β ~ 40), see Fig. 3.4.9. 

 
 

Figure 3.4.9: Structure PEZBIF [76] (β ~ 39) 
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 Filled-cavity calix[4]arenes derived from 5,11,17,12-tetrasulfonato-25,26,27,28-tetra-

hydroxycalix[4]arene (39 complete cif files in [76]) also belong to Group I. These 

calix[4]arenes exist in a wide range of geometries; the bigger and less symmetrical molecule 

is present in the cavity, the more C2v-deformed is the calix[4]arene scaffold, see Fig. 3.4.10. 

 

 
 
Figure 3.4.10: The effect of size and shape of the molecule inside the calix[4]arene cavity: 

structures RADGUZ (β ~ 5), DALSEO (β ~ 44) [76] 

 

 From Fig. 3.4.2 and 3.4.7, it is obvious that the C4v-symmetrical calix[4]arenes 

(i.e. hits with β ~ 0) vary widely in parameter α; this parameter ranges from 52 to 67 in these 

calix[4]arenes. Effects behind the observed distribution of the C4v-symmetrical calix[4]arenes 

in parameter α are discussed next. 

 

Calix[4]arenes with β ~ 0 (i.e. C4v-symmetrical calix[4]arenes) 

In calix[4]arenes containing four hydroxyl groups at the lower rim, parameter α is 

below 60; in calix[4]arenes with alkylated/acylated lower rim phenolic oxygen atoms, α is 

above 60, as discussed earlier (see the effect of the lower rim substituents, Fig. 3.4.2). 

Also, filled cavity is present in almost all calix[4]arenes with β ~ 0, see Fig. 3.4.7. 

Among lower rim hydroxyl-substituted calix[4]arenes, the majority of calix[4]arenes 

contain t-butyl groups at the upper rim; the parameter α in these calix[4]arenes tends to be 

between 53 and 57. Additionally, there are several calix[4]arenes containing linear alkanoyl 

groups at the upper rim; α ~ 59 in these calix[4]arenes probably because of diminished 
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sterical hindrance at the upper rim in comparison with branched t-butyl groups or because of 

possible interactions between the upper rim polar substituents. 

Parameter α seems to reflect the size and type of molecule inside the calix[4]arene 

cavity in the upper rim t-butyl-substituted calix[4]arenes; α ~ 53-54 in calix[4]arenes where 

the molecule inside the cavity contains a long (≥ four carbon atoms) and flexible aliphatic 

chain whereas in calix[4]arenes containing small aliphatic or aromatic molecules inside the 

cavity this parameter is about 55-57. This finding is in accordance with a common notion that 

bigger molecules need bigger cavities; the calix[4]arene cavity can obviously conform 

(to a certain degree, since the differences in α values are relatively small) to the size of the guest. 

Furthermore, α corresponds to 53-54 when the cavity is filled by aliphatic amines because of 

possible deprotonating of the lower rim hydroxyl groups and the effect on the hydrogen bonds 

present at the lower rim. 

Among lower rim alkylated/acylated calix[4]arenes, the value of parameter α tends to 

increase with increasing size of the lower rim substituents, and therefore with increasing 

sterical hindrance. As there are only 6 calix[4]arenes with β ~ 0 in the lower rim 

alkylated/acylated group and the majority of them contain t-butyl groups at the upper rim, 

the effect of upper rim substituents is not discussed. 

 

Summary 

The final geometry of the calix[4]arene scaffold in symmetrically tetrasubstituted free 

cone calix[4]arenes results from combination of the following three effects. 

 

1. Effects of lower rim substituents 

The effect of lower rim OH groups is predominant over other effects, especially over 

the effect of a filled/empty cavity. 

Lower rim OH-substituted calix[4]arenes are significantly more rigid than 

calix[4]arenes alkylated or acylated at the lower rim due to narrow ranges of parameters α, β. 

In order to prepare more flexible calix[4]arenes, alkylation or acylation of the calix[4]arene 

lower rim phenolic oxygen atoms should be performed. 

More rigid cavity in lower rim OH-substituted calix[4]arenes also enables formation 

of filled-cavity compounds. In lower rim alkylated/acylated calix[4]arenes, intramolecular π-π 

and hydrophobic interactions between one pair of calix[4]arene phenyl rings predominate and 

formation of filled-cavity compounds is therefore not favored. 
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Calix[4]arenes with four hydroxyl groups at the lower rim possess larger cavities with 

α < 60; calix[4]arenes with alkylated/acylated lower rim phenolic oxygen atoms have more 

narrow cavities with α > 60. The value of parameter α tends to increase with increasing size 

of the lower rim substituents. 

Deprotonating in lower rim hydroxyl-containing calix[4]arenes disrupts the cyclic 

array of hydrogen bonds present at the lower rim; therefore, the values of parameters β, δ tend 

to be slightly increased in such calix[4]arenes. 

 

2. Effect of upper rim substituents 

 The values of parameter β in calix[4]arenes with unsubstituted upper rim and 

calix[4]arenes substituted by polar groups at the upper rim tend to be higher than the values 

of parameter β in calix[4]arenes with bulky nonpolar upper rim substituents. 

 

3. Effect of a filled/empty cavity 

In lower rim OH-substituted calix[4]arenes, this effect is insignificant because the 

effect of lower rim substitution predominates. 

 In lower rim alkylated/acylated calix[4]arenes, the values of parameter β in filled-

cavity calix[4]arenes tend to be lower than the values of parameter β in empty-cavity 

calix[4]arenes. 

The type, size and flexibility of the molecule inside the cavity affect the final 

geometry of the calix[4]arene scaffold. 
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3.4.2. Less symmetrically substituted calix[4]arenes 

Lower rim distally substituted, upper rim symmetrically tetrasubstituted calix[4]arenes 

Similarly to the symmetrically tetrasubstituted group, the lower rim distally substituted 

calix[4]arenes are roughly divided into two Groups I and II in the α-β plot, see Fig. 3.4.11. 
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Figure 3.4.11: The effects of upper and lower rim substitution on the geometry of the 

calix[4]arene scaffold (black symbols: calixarenes retaining two hydroxyl groups at the lower 

rim, red symbols: calixarenes with all lower rim phenolic oxygen atoms alkylated or acylated, 

□ □ calixarene substituted by nonpolar alkyl/aryl groups at the upper rim, ○ ○ upper rim 

unsubstituted calixarene, ∆ calixarene substituted by polar groups at the upper rim) 

 

The effects of upper and lower rim substitution are similar to those observed for the 

symmetrically tetrasubstituted calix[4]arenes. Parameter α in calix[4]arenes with two OH 

groups at the lower rim tends to be below 63 and these calixarenes usually belong to Group I. 

In calix[4]arenes with all lower rim phenolic oxygen atoms alkylated or acylated, parameter α 
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is usually above 63 and the majority of these calixarenes belong to Group II in Fig. 3.4.11. 

However, lower rim distally substituted calix[4]arenes with two OH groups at the lower rim 

tend to be more flexible than symmetrically tetrasubstituted calix[4]arenes with four OH 

groups at the lower rim (the range of parameter α is between 53 and 68 in these 

calix[4]arenes; a number of these calixarenes possess β > 80 and belong to Group II). 

The effect of a filled/empty cavity is depicted in Fig. 3.4.12 and is similar to the effect 

observed for the symmetrically tetrasubstituted calix[4]arenes. Filled-cavity calix[4]arenes 

belong to Group I thanks to β < 90 whereas empty-cavity calix[4]arenes usually fall into 

Group II. Empty-cavity calix[4]arenes with two lower rim OH groups also tend to be in 

Group II (compare Fig. 3.4.11 with Fig. 3.4.12). Therefore, it seems that the stabilization 

effect of the lower rim OH groups is significantly diminished. 
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Figure 3.4.12: The effect of a filled/empty cavity on the geometry of the calix[4]arene 

scaffold (□ nonpolar substituents at the upper rim, ○ unsubstituted upper rim, Δ polar 

substituent at the upper rim; red color stands for type 1, magenta color for type 3, blue color 

for type 6 filled-cavity calix[4]arene (see Fig. 3.4.6), black color means empty cavity) 
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From Fig. 3.4.11 and 3.4.12, it is obvious that very few calix[4]arenes in this group 

adopt the symmetrical C4v geometry (i.e. parameter β ~ 0). This effect probably stems from 

less symmetrical distal substitution at the lower rim. 

 

Upper rim distally substituted, lower rim symmetrically tetrasubstituted calix[4]arenes 

 This group contains 89 cif files with 104 independent molecules. Fig. 3.4.1 indicates 

that the majority of calix[4]arenes from this group tend to cluster at α > 60 and β > 80. 

The effects of upper/lower rim substitution and of a filled/empty cavity are less transparent 

than in Chapter 3.4.1 because of less symmetrical substitution at the upper rim and are 

therefore depicted and discussed in Appendix 2. 

 There are 17 calix[4]arenes in this group with a distal upper rim bridge. This bridge 

represents a direct influence on the geometry of the calix[4]arene scaffold because short upper 

rim bridge forces the calix[4]arene opposite phenyl rings closer and the calix[4]arene is 

therefore significantly deformed towards C2v symmetry. The dependence of the geometry of 

the calix[4]arene scaffold on the length and rigidity of the upper rim distal bridge has been 

already described by Mádlová [86]; an updated plot for calix[4]arenes with aliphatic bridges 

is given in Fig. 3.4.13.  

4 5 6 7 8

40

60

80

100

120

β

number of atoms

 
Figure 3.4.13: The dependence of parameter β on the length (number of atoms) of the upper 

rim distal bridge in calix[4]arenes with aliphatic upper rim bridges 
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Other substitution patterns 

The group of other substitution patterns includes the groups of calix[4]arenes distally 

substituted at both rims (34 cif files with 39 independent molecules), calix[4]arenes 

proximally substituted at the lower rim and symmetrically tetrasubstituted at the upper rim 

(28 cif files with 28 independent molecules), calix[4]arenes mono/trisubstituted at the lower 

rim and symmetrically tetrasubstituted at the upper rim (39 cif files with 45 independent 

molecules), calix[4]arenes mono/trisubstituted at the upper rim and symmetrically 

tetrasubstituted at the lower rim (10 cif files with 13 independent molecules) and 

calix[4]arenes with less symmetrical substitution (60 cif files with 62 independent molecules). 

Since the number of calix[4]arenes in these groups is relatively small, these substitution 

patterns are not explicitly discussed. 

 

Summary 

 The effects of upper/lower rim substitution and of a filled/empty cavity in lower rim 

distally substituted, upper rim symmetrically tetrasubstituted calix[4]arenes have essentially 

the same impact on the geometry of the calix[4]arene base frame as in the symmetrically 

tetrasubstituted group. However, because of disruption of the cyclic array of hydrogen bonds 

at the lower rim the lower rim distally substituted calix[4]arenes are not as rigid as lower rim 

OH-substituted calix[4]arenes in the symmetrically tetrasubstituted group. 

The effects of upper/lower rim substitution and of a filled/empty cavity in upper rim 

distally substituted, lower rim symmetrically tetrasubstituted calix[4]arenes seem to have 

the same impact on the geometry of the calix[4]arene base frame as in the symmetrically 

tetrasubstituted group. However, because of less symmetrical substitution at the upper rim and 

the presence of polar upper rim substituents in the majority of calix[4]arenes from this group 

these effects are less transparent. 

Short (four to five carbon atoms) upper rim distal bridge is a way to significantly 

affect the geometry of upper rim distally substituted calix[4]arenes and furthermore, to 

prepare relatively rigid calix[4]arenes. Such calix[4]arenes invariably have C2v-deformed 

geometry with large β. 
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3.4.3. Conclusion 

In symmetrically tetrasubstituted calix[4]arenes, the geometry of cone calix[4]arene 

scaffold seems to be primarily the result of lower rim substitution. Lower rim OH-substituted 

calix[4]arenes tend to be more symmetrical than calix[4]arenes with alkylated or acylated 

lower rim phenolic oxygen atoms. In lower rim OH-substituted calix[4]arenes, the effects of 

upper rim substitution and of a filled/empty cavity are not very significant. However, for 

calix[4]arenes with alkylated or acylated lower rim phenolic oxygen atoms, the effect of a 

filled/empty cavity becomes much more important. Again, the effect of upper rim substitution 

does not have decisive impact on the geometry of lower rim alkylated or acylated 

calix[4]arenes. 

For less symmetrical substitution of the calix[4]arene scaffold, the above-listed effects 

become less transparent. 

The rigidity of the calix[4]arene scaffold also depends primarily on lower rim 

substitution; the most rigid molecules are those with four OH groups at the lower rim. Rigid 

calix[4]arenes may be also prepared by bridging of the calix[4]arene upper or lower rim. 

Especially bridging of the calix[4]arene upper rim by a short distal bridge leads to rigid 

calix[4]arenes with C2v-geometry. 

 

It should be noted that the above conclusions come from solid state data and might not 

be readily applicable to the behavior of calix[4]arene molecules in solutions. There are three 

major differences regarding calix[4]arene behavior in solution and in solid state: 

1)  Calix[4]arene molecules containing small lower rim substituents may undergo a 

conformational change in solutions [75]. At least a propyl substituent is necessary to 

immobilize the desired conformation. 

2)  Calix[4]arene molecules that adopt the flattened cone (i.e. C2v-deformed) 

conformation are capable of flattened cone - flattened cone interconversion in solution [75]. 

Effects 1) and 2) are not discernible from the solid state data since calix[4]arenes exist 

in a 'frozen' state in the crystal lattice. 

3)  Several types of filled-cavity calix[4]arenes observed in the solid state might not 

exist in solutions; especially types 3, 5 and 6 from Fig. 3.4.6. 
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3.5. Cone calix[4]arenes as ligands in complexes 

 Fig. 3.5.1 (α-β plot) represents the distribution of α, β values and calix[4]arene 

substitution patterns for complexes of cone calix[4]arenes. The corresponding α-δ and β-δ 

plots are depicted in Appendix 1. 
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Figure 3.5.1: The α-β plot for the group of cone calix[4]arene complexes showing the 

distribution of α, β values and of the calix[4]arene substitution patterns (● symmetrically 

tetrasubstituted both rims, ● distally substituted lower rim, symmetrically tetrasubstituted 

upper rim, ● distally substituted upper rim, symmetrically tetrasubstituted lower rim, 

● distally substituted both rims, ● proximally substituted lower rim, symmetrically 

tetrasubstituted upper rim, ● mono/trisubstituted lower rim, symmetrically tetrasubstituted 

upper rim, ○ other substitution patterns) 

 

It is obvious that coordination of metal cation(s) to the calix[4]arene scaffold 

significantly affects the values of parameters α, β (compare Fig. 3.5.1 with Fig. 3.4.1, 

especially the symmetrically tetrasubstituted group). 
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 Metal cations are coordinated to the calix[4]arene molecule in three ways: 

1) coordination via donor atom(s) present at the calix[4]arene lower rim substituents 

(including the calix[4]arene phenolic oxygen atoms); 

2) coordination via donor atom(s) present at the calix[4]arene upper rim substituents; 

3) coordination via the hydrocarbon backbone of the calix[4]arene scaffold (π-complex). 

The α-β plot for the group of all cone calix[4]arene complexes showing distribution of 

these complexes according to their coordination type (lower rim complex, upper rim complex 

or π-complex) is not shown because no distinct groups could be identified in this plot. 

The most important coordination modes among lower rim complexes, upper rim complexes 

and π-complexes are depicted in Fig. 3.5.2. 
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Figure 3.5.2: Coordination modes in cone calix[4]arenes (1 symmetrical simultaneous 

coordination at the lower rim via phenolic oxygen atoms and lower rim substituents; 

2 symmetrical equatorial coordination at the lower rim via phenolic oxygen atoms; 3 non-

symmetrical cis-coordination at the lower rim via phenolic oxygen atoms; 4 π-coordination: 

direct distal µ2-coordination at the upper rim; 5 π-coordination: outer-face and inside the 

calix[4]arene cavity; 6 coordination via upper or lower rim substituents). Arrows represent 

coordination-induced C2v-deformation of the calix[4]arene scaffold. 
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List of definitions from Fig. 3.5.2 

 equatorial coordination at the lower rim: mode of coordination where the four 

calix[4]arene phenolic oxygen atoms occupy four equatorial positions in the coordination 

polyhedron of the metal cation (octahedron or tetragonal pyramid); 

 cis-coordination at the lower rim: mode of coordination where the four calix[4]arene 

phenolic oxygen atoms occupy two cis-equatorial and two axial positions in the coordination 

polyhedron of the metal cation (octahedron or trigonal bipyramid); 

 distal µ2-coordination at the upper rim: π-coordination with one metal cation 

coordinated to the upper rim of two opposite calix[4]arene phenyl rings; 

 outer-face coordination: π-coordination with metal cation coordinated to one 

calix[4]arene phenyl ring where the metal cation does not enter the calix[4]arene cavity. 

 

Since substitution patterns for the group of cone calix[4]arene complexes differ 

significantly in parameters α, β (see Fig. 3.5.1), the following chapters are arranged according 

to the calix[4]arene substitution patterns. 

 

3.5.1. Symmetrically tetrasubstituted calix[4]arenes 

 There are 324 cif files of symmetrically tetrasubstituted cone calix[4]arene complexes 

containing 385 independent molecules. Influence of the three coordination types (lower rim 

complex, upper rim complex, π-complex) on the geometry of the calix[4]arene scaffold is 

depicted and discussed in Appendix 3. In the following chapters, the different coordination 

modes are discussed in detail. 

 

3.5.1.1. Lower rim complexes 

 This group is the most populated one in complexes of symmetrically tetrasubstituted 

cone calix[4]arenes; it contains 235 cif files with 294 independent molecules. Several 

important coordination modes were observed within this group: complexes coordinated at the 

lower rim via phenolic oxygen atoms (either equatorial or cis- coordination), complexes 

coordinated simultaneously at the lower rim via phenolic oxygen atoms and lower rim 

substituents and complexes coordinated via the lower rim substituents only, see Fig. 3.5.2. 

These coordination modes are depicted in Fig. 3.5.3. 
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Figure 3.5.3: Important coordination modes in lower rim-coordinated symmetrically 

tetrasubstituted calix[4]arenes (□ calix[4]arene substituted by nonpolar substituents at the 

upper rim, ○ calix[4]arene unsubstituted at the upper rim, Δ calix[4]arene substituted by polar 

substituents at the upper rim; black means equatorial coordination at the lower rim via 

phenolic oxygen atoms, red means cis-coordination at the lower rim via phenolic oxygen 

atoms, green means symmetrical coordination at the lower rim via phenolic oxygen atoms and 

lower rim substituents; blue means coordination via the lower rim substituents) 

 

Next, groups of lower rim-coordinated calix[4]arenes from Fig. 3.5.3 are discussed 

in detail. 

 

Complexes with equatorial coordination via the calix[4]arene phenolic oxygen atoms 

 Calix[4]arenes from this group contain one metal cation with octahedral or pseudo-

octahedral (tetragonal pyramid) coordination where the four calixarene phenolic oxygen 

atoms occupy the equivalent equatorial positions. Because of the symmetrical coordination 
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at the lower rim, these calixarenes are mostly C4v-symmetrical. There are 90 cif files and 109 

independent molecules in this group with parameter α ranging from 50 to 62 and parameter β 

from 0 to 55 (usually below 40). The group of equatorially coordinated calix[4]arenes is 

therefore relatively compact and is centered at [56.65; 15.01; 7.12] with a standard deviation 

of [2.38; 14.34; 7.20]. These calix[4]arenes usually contain bulky t-butyl groups at the upper 

rim and deprotonated hydroxyl groups at the lower rim (and, therefore, α < 60; see the effect 

of lower rim substitution in the group of free calix[4]arenes, Chapter 3.4.1). A large number 

of these calix[4]arenes also have filled cavity, which further supports the symmetrical 

arrangement of the calixarene base frame, see Fig. 3.5.4. 

 
Figure 3.5.4: Structure PUJGOQ [76] (β ~ 5.7) showing the impact of a symmetrical 

equatorial coordination via the four lower rim phenolic oxygen atoms on the geometry of the 

calix[4]arene scaffold 

 

Lower rim complexes coordinated via all four calix[4]arene phenolic oxygen atoms and via 

lower rim polar substituents 

 This group is formed by complexes coordinated via all four lower rim oxygen 

atoms and simultaneously via donor atoms present at the lower rim substituents. 

The majority of these calix[4]arenes contain bulky nonpolar substituents at the upper rim 

(t-butyl; 1,1,3,3-tetramethylbutyl), lower rim phenolic oxygen atoms substituted by polar 

substituents (e.g. carboxymethoxy, ethoxycarbonylmethoxy groups) and filled cavity. 

The coordination polyhedron of the metal cation ranges from square prism to square antiprism; 

both of these coordination polyhedra might be capped. This group contains 39 complete cif 

files and 49 independent molecules and is present at α from 62 to 68 and β < 30. It is a very 
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compact group centered at [65.62; 4.72; 3.25] with a standard deviation of [1.50; 6.61; 3.44]. 

Parameter α is above 60 in all these calix[4]arenes due to substitution at the lower rim 

phenolic oxygen atoms and therefore sterical hindrance at the lower rim (see the effect of 

lower rim substitution in the group of free calix[4]arenes, Chapter 3.4.1). The value of 

parameter β is below 30 in these calix[4]arenes; symmetrical coordination at the lower rim, 

sterical hindrance at the upper rim and the effect of a filled cavity all contribute to symmetry 

of the calixarene base frame close to C4v, see Chapter 3.4.1. Representative example of this 

group is structure QACJUA [76]. 

 
Figure 3.5.5: Structure QACJUA [76] (β ~ 3.6) showing the impact of simultaneous 

coordination via the lower rim phenolic oxygen atoms and via lower rim polar substituents 

on the geometry of the calix[4]arene base frame 

 

Lower rim complexes coordinated via lower rim substituents 

 These calix[4]arenes contain a metal cation coordinated via donor atoms present at the 

lower rim substituents; the coordination does not take place via the calix[4]arene phenolic 

oxygen atoms. This group contains 13 complete cif files with 17 independent molecules. 

These calix[4]arenes all contain t-butyl groups at the upper rim and, because of alkylated 

lower rim, α > 60 (see the effect of lower rim substitution in Chapter 3.4.1). Parameter β is 

below 30 in filled-cavity calix[4]arenes (10 hits) and above 45 in empty-cavity calix[4]arenes 

(7 hits), see Chapter 3.4.1. The type of the coordination polyhedron of the metal cation does 

not seem to affect the geometry of the calixarene scaffold. 
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From comparison of this group with the previous two ones, it is obvious that direct 

symmetrical coordination via the lower rim phenolic oxygen atoms stabilizes the more 

symmetrical C4v geometry; in complexes with metal cation(s) coordinated via the lower rim 

substituents only, there is no direct interaction between the metal cation(s) and the 

calix[4]arene scaffold and therefore deformations of the latter may occur. The geometry 

of the calix[4]arene scaffold in calix[4]arenes coordinated via the lower rim substituents is 

therefore controlled by other effects, predominantly the effect of a filled/empty cavity, see 

Chapter 3.4.1. 

Several complexes (7 cif files) from this group have their free counterparts (4 cif 

files), which are deformed towards C2v geometry because of an empty cavity. However, both 

filled-cavity calix[4]arenes with C4v-symmetrical calix[4]arene scaffold and C2v-deformed 

empty-cavity calix[4]arenes were observed in the corresponding complexes. 

 

Lower rim cis-coordinated complexes 

 The effect of a non-symmetrical coordination via lower rim phenolic oxygen atoms is 

demonstrated by lower rim cis-coordinated calix[4]arenes. Coordination polyhedron of the 

metal cation is usually octahedron with the four calixarene phenolic oxygen atoms occupying 

two cis-equatorial and two axial positions; the majority of these calix[4]arenes contain t-butyl 

groups at the upper rim and deprotonated lower rim hydroxyl groups. Because of the 

non-symmetrical coordination, these calix[4]arenes are deformed towards C2v symmetry as 

demonstrated by β > 60. Parameter α ranges from 30 to 50 in this group. This group contains 

55 complete cif files and 62 independent molecules and is centered at [43.87; 84.23; 14.24], 

standard deviation [6.12; 26.10; 14.30]. 

 

 In free calix[4]arenes strongly deformed towards C2v geometry, parameter α is 

above 60, see Fig. 3.4.2 in Chapter 3.4.1. However, the value of parameter α in lower rim 

cis-coordinated calix[4]arenes lies below 50. The intramolecular interaction present between 

two opposite calixarene rings in C2v-deformed free calix[4]arenes is absent in cis-coordinated 

calix[4]arenes probably because of forced opening of the cavity imposed by the metal cation 

due to a relatively small octahedron equatorial angle (90°), see Fig. 3.5.6. 
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Figure 3.5.6: Structures QONSUH (α ~ 41, β ~ 95) and UNEMOP (α ~ 44, β ~ 104) [76] 

showing the arrangement of the calix[4]arene scaffold as a result of cis-coordination 

 

 In several complexes from this group, the coordination polyhedron of the metal cation 

is trigonal bipyramid. Parameter β is between 40 and 60 because of less C2v-deformed 

calix[4]arene scaffold. The value of parameter α lies between 50 and 54 compared 

to cis-octahedrally coordinated calix[4]arenes with α < 50. The reason for this behavior is 

bigger equatorial angle in trigonal bipyramid (120°) compared to small equatorial angle 

in octahedron (90°). The forced opening of the calix[4]arene scaffold is therefore less 

pronounced than in the octahedrally coordinated calix[4]arenes. An example of the trigonal 

bipyramidal coordination is structure JUDYEM [76], see Fig. 3.5.7. 

 

Figure 3.5.7: Structure JUDYEM [76] (α ~ 51, β ~ 61) 
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Other coordination modes in lower rim-coordinated calix[4]arenes 

There are also several less symmetrical coordination modes in the group of lower rim 

complexes: calix[4]arenes coordinated proximally via lower rim oxygen atoms, calix[4]arenes 

coordinated via one lower rim phenolic oxygen atom, calix[4]arenes coordinated via all four 

lower rim phenolic oxygen atoms by a cluster of 4 to 5 metal cations etc. These less 

symmetrical coordination modes are not included in Fig. 3.5.3. The less symmetrical 

coordination is usually reflected in deformation towards C2v and Cs symmetry. Similarly to 

the group of free calix[4]arenes (Chapter 3.4.1), calix[4]arenes with some hydroxyl groups at 

the lower rim tend to be more symmetrical (β < 60) than those with all lower rim hydroxyl 

groups deprotonated or alkylated. These calix[4]arenes are not further discussed. 

 Since direct coordination at the lower rim phenolic oxygen atoms strongly affects the 

calixarene geometry, cis- and less symmetrical coordination at the lower rim phenolic oxygen 

atoms often increases δ (> 15). 

 

3.5.1.2. Complexes coordinated via upper rim substituents 

 Calix[4]arenes from this group are coordinated via donor atoms present at the upper 

rim substituents. This group contains 43 cif files with 63 independent molecules; is centered 

at [56.15; 28.27; 8.77] with a standard deviation of [4.37; 26.61; 6.19]. As in the lower rim 

complexes, coordination via substituents does not have such a profound effect on the 

calixarene geometry than the direct coordination via the calixarene scaffold and this group is 

very diffuse. The bulk of this group is formed by complexes of 5,11,17,23-tetrasulfonato-

25,26,27,28-tetrahydroxycalix[4]arene; these structures are mostly filled-cavity calix[4]arenes 

with the size and shape of the molecule inside the cavity affecting the calixarene geometry as 

described earlier for free structures (Chapter 3.4.1). The array of hydrogen bonds at the lower 

rim ensures that the resulting deformation is usually small (β < 70). On the other hand, 

complexes of calix[4]arenes with alkylated lower rim where this stabilization is absent may 

reach high β values (> 100) if there is no solvent inside the cavity. These effects of lower rim 

substitution and of a filled/empty cavity correspond to that observed in the group of free 

calix[4]arenes (Chapter 3.4.1). 

 There are also several polymeric complexes coordinated both via upper rim substituents 

and via the lower rim (6 cif files with 7 independent molecules). These calix[4]arenes are not 

explicitly discussed. 
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3.5.1.3. Comparison of upper and lower rim coordination modes 

 Differences between the types of upper/lower rim coordination in the group of 

symmetrically tetrasubstituted calix[4]arenes are summarized in Fig. 3.5.8. 
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Figure 3.5.8: The effect of the type of coordination on upper (red)/lower (black) rim on the 

geometry of the calix[4]arene base frame in symmetrically tetrasubstituted cone complexes 

 

In calix[4]arenes containing alkylated lower rim phenolic oxygen atoms, the geometry 

of lower rim complexes ranges from C4v-symmetrical calix[4]arenes coordinated at the lower 

rim via phenolic oxygen atoms and lower rim substituents (□) or filled-cavity calix[4]arenes 

coordinated via lower rim substituents only ( ) with α ~ 65 and β ~ 0 to empty-cavity 

calix[4]arenes coordinated via lower rim substituents only ( ) with α ~ 65, β > 40 (follow 

arrow A). The geometry of upper rim complexes (○) ranges from filled-cavity calix[4]arenes 

with α ~ 65 and β < 10 to empty-cavity calix[4]arenes significantly deformed towards 

C2v geometry (α ~ 65 and β > 90), follow arrow B. 
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In lower rim OH-substituted calix[4]arenes, the geometry of lower rim complexes 

ranges from relatively symmetrical calix[4]arenes with equatorial coordination via lower rim 

phenolic oxygen atoms (Δ; α ~ 57 and β < 60) to calix[4]arenes with cis-coordination 

via lower rim phenolic oxygen atoms (○), which are visibly deformed towards C2v geometry 

(α < 50 and β > 60); follow arrow C. The geometry of upper rim complexes (○) ranges from 

more symmetrical filled-cavity calix[4]arenes with α ~ 55 and β < 60 to calix[4]arenes 

containing an empty cavity or a very large non-symmetrical molecule inside the cavity, which 

are deformed towards C2v geometry (with α ~ 55 and β > 60); follow arrow D. 

 

3.5.1.4. π-complexes 

 The group of π-complexes contains 19 cif files with 21 independent molecules. 

There are three important modes of metal cation coordination in this group: distal µ2-coordination 

at the upper rim, coordination inside the calix[4]arene cavity and outer-face coordination. 

There are four calix[4]arenes µ2-distally coordinated  at the upper rim. This type of 

coordination leads to significant deformation towards C2v geometry, see Fig. 3.5.9. This group 

contains one lower rim OH-substituted calix[4]arene with α ~ 57 and β ~ 46 and three 

calix[4]arenes alkylated at the lower rim with α ~ 65 and β ~ 120 (see the effect of lower rim 

substitution in Chapter 3.4.1). 

 
Figure 3.5.9: Structure HEJFIL01 (β ~ 117) [76] showing the impact of a direct distal 

coordination at the calix[4]arene upper rim on the geometry of the calix[4]arene scaffold 

 

Additionally, there are two calix[4]arenes with metal cation inside the calixarene 

cavity and 12 outer-face coordinated calix[4]arenes. The geometry of the calix[4]arene 

scaffold tends to be close to C4v in lower rim OH-substituted calix[4]arenes (β is usually 
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below 20); calix[4]arenes with alkylated lower rim phenolic oxygen atoms usually have 

empty cavity and are deformed towards C2v geometry (β ~ 140). These observations 

correspond to the effects of lower rim substitution and of a filled/empty cavity observed in the 

group of free calix[4]arenes (Chapter 3.4.1). 

Examples of the last two types of π-complexes are given in Fig. 3.5.10. 

 

 
 

Figure 3.5.10: Structures JIVKEE, YEVGUB [76] (in both, β ~ 0) showing the impact of 

coordination inside the cavity and of outer-face coordination on the geometry of the 

calix[4]arene scaffold 

 

3.5.1.5. Effects of upper/lower rim substitution and of a filled/empty cavity 

 Metal coordination at the lower rim is usually accompanied by deprotonating of lower 

rim hydroxyl groups. The effects of a filled/empty cavity and of upper/lower rim substitution 

are therefore not as transparent in the group of symmetrically tetrasubstituted complexes as in 

the group of symmetrically tetrasubstituted free calix[4]arenes (Chapter 3.4.1). Because the 

cyclic array of hydrogen bonds at the lower rim is absent in the majority of lower rim 

complexes, these calix[4]arenes are more flexible and the value of parameter β may be very 

large. The α-β plots for the above-listed effects and their discussion, as well as the discussion 

of complexes with β ~ 0, are given in Appendix 4. 
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Summary 

 If coordination takes place at the calix[4]arene phenolic oxygen atoms, the geometry 

of the calix[4]arene scaffold is directly affected by the coordination polyhedron of the metal 

cation. Symmetrical coordination modes (equatorial coordination via lower rim phenolic 

oxygen atoms and coordination at the lower rim via phenolic oxygen atoms and lower rim 

polar substituents) lead to calix[4]arene scaffolds with geometry close to C4v. On the other hand, 

non-symmetrical cis-coordination leads to significantly C2v-deformed geometry. There seems 

to be no correlation between the type (ionic radius) of the metal cation and parameters α, β; 

e.g. there seems to be no preference of equatorial/cis-coordination for certain cations. 

 If coordination takes place at the lower rim substituents only, the calix[4]arene 

scaffold is not directly affected by the effect of coordination. Similarly, coordination via 

donor atoms present at the upper rim substituents but not directly bound to the calix[4]arene 

scaffold does not significantly affect its geometry. The geometry of the calix[4]arene scaffold 

in these complexes is therefore controlled by similar effects as in the group of free 

calix[4]arenes, i.e. effects of lower rim substitution and filled/empty cavity. Ranges of 

parameters α, β confirm this conclusion because they correspond to the ranges observed 

for the corresponding free calix[4]arenes, see Chapter 3.4.1. 

 In π-complexes, direct distal upper rim coordination leads to rigid C2v-deformed 

calix[4]arene scaffolds. Other types of π-coordination do not seem to have decisive impact 

on the calix[4]arene geometry; in such complexes, the geometry of the calix[4]arene scaffold 

seems to be controlled by similar effects as in the group of free calix[4]arenes, i.e. lower rim 

substitution and filled/empty cavity. 

  From the above text, it is obvious that the impact of direct coordination at the 

calix[4]arene scaffold on the calix[4]arene geometry is bigger than of coordination via 

upper/lower rim substituents only. When the calix[4]arene scaffold (i.e. phenyl rings and 

phenolic oxygen atoms) does not participate on metal cation coordination, the calixarene geometry 

is controlled by the same effects as in the group of free calix[4]arenes (Chapter 3.4.1). 

However, when the metal cation is coordinated directly to the calix[4]arene scaffold the effects 

observed in the group of free calix[4]arenes are often superseded by the effects of coordination. 

The most pronounced effects from this group include a geometry imposed on the calix[4]arene 

scaffold by the coordination polyhedron of the coordinated metal cation, and deprotonating 

of hydroxyl groups present at the lower rim. 
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3.5.2. Complexes of less symmetrically substituted calix[4]arenes 

Lower rim distally substituted, upper rim symmetrically tetrasubstituted calix[4]arenes 

 This group contains 134 cif files with 146 independent molecules. Unlike the 

complexes of symmetrically tetrasubstituted calix[4]arenes, all calix[4]arenes from this group 

are lower rim coordinated. The reason behind this effect is that almost all calix[4]arenes from 

this group contain t-butyl groups at the upper rim. 

Since plots regarding the dependence of the calix[4]arene geometry on the 

upper/lower rim substitution and on a filled/empty cavity convey essentially the same 

information as the plots for the symmetrically tetrasubstituted group, these plots are reported 

and discussed in Appendix 5. The α-β plot in dependence on the type of the complex is 

reported in Appendix 6 because no distinct groups could be distinguished in this plot; all 

groups are very diffuse probably because of less symmetrical substitution at the lower rim.  

 All coordination types except the equatorially coordinated complexes are similar to 

their symmetrically tetrasubstituted counterparts (Chapter 3.5.1). However, in the group of 

calix[4]arenes with 'equatorial' coordination via all four lower rim phenolic oxygen atoms 

(39 complete cif files, 44 independent molecules), the geometry of the calix[4]arene scaffold 

is very similar to the geometry observed in lower rim cis-coordinated complexes. In the majority 

of these calix[4]arenes, coordination polyhedron of the metal cation ranges from deformed 

tetragonal pyramid to trigonal bipyramid, which accounts for increased β (in the range of 30-70). 

In the symmetrically tetrasubstituted equatorial complexes, deformations towards trigonal 

bipyramid are less common, see Fig. 3.5.3. The reason for the deformation of equatorial 

complexes in the lower rim distally substituted group is probably less symmetrical distal 

substitution at the lower rim. 

 

Upper rim distally substituted, lower rim symmetrically tetrasubstituted calix[4]arenes 

 This group contains relatively few calix[4]arenes (17 complete cif files with 22 independent 

molecules); all of them contain alkylated lower rim phenolic oxygen atoms. The number of 

complexes within the upper rim distally substituted, lower rim symmetrically tetrasubstituted 

group amounts to 16 % and is relatively low in comparison with the overall percentage (45 %), 

see Table 3.3. The α-β plot in dependence on the type of the complex is depicted and 

discussed in Appendix 7. 
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Almost all calix[4]arenes from this group are distally µ2-coordinated via upper rim 

substituents and are strongly deformed towards C2v symmetry (β > 70). Representative 

example from this group is depicted in Fig. 3.5.11. 

 

 

Figure 3.5.11: Structure IDIKEM [76] (α ~ 68, β ~ 128) showing the impact of a distal 

µ2-coordination on the geometry of the calix[4]arene scaffold 

 

Other substitution patterns 

 There are 27 complete cif files with 27 independent molecules in the group of 

calix[4]arene complexes substituted distally at both rims, 5 cif files with 5 independent 

molecules in the group of lower rim proximally substituted, upper rim symmetrically 

tetrasubstituted cone calix[4]arene complexes, 42 cif files with 45 independent molecules in 

the group of lower rim mono/trisubstituted, upper rim symmetrically tetrasubstituted 

calix[4]arene complexes, four structures with four independent molecules in the group of 

upper rim mono/trisubstituted, lower rim symmetrically tetrasubstituted cone calix[4]arene 

complexes and 14 cif files (two of them incomplete) containing 13 independent molecules in 

the group of less symmetrically substituted calix[4]arene complexes. These complexes are not 

further discussed. 

 

 

 



 67

Summary 

 The effects that affect the geometry of the calix[4]arene scaffold in the group of lower 

rim distally substituted, upper rim symmetrically tetrasubstituted calix[4]arene complexes are 

essentially the same as in the symmetrically tetrasubstituted group. There are two significant 

differences. First, there are no upper rim or π-complexes in the lower rim distally substituted 

group. Next, in the lower rim distally substituted group, the four phenolic oxygen atoms at the 

lower rim are not equivalent. This effect leads to deformation of the calix[4]arene scaffold 

in the equatorially coordinated group towards C2v symmetry (in the symmetrically 

tetrasubstituted group, the geometry of the calix[4]arene scaffold in equatorially coordinated 

calix[4]arenes is close to C4v, see Chapter 3.5.1). 

 Most calix[4]arenes from the upper rim distally substituted, lower rim symmetrically 

tetrasubstituted group are distally μ2-coordinated at the upper rim substituents and possess 

a significantly C2v-deformed calix[4]arene scaffold. 

 

 

3.5.3. Conclusion 

 The effects of upper/lower rim substitution and of a filled/empty cavity observed 

in the group of free calix[4]arenes are present even in calix[4]arene complexes. However, 

if the coordination takes place directly at the calix[4]arene scaffold, the above-listed effects 

are usually superseded by the effects of coordination. This is in accordance with the bond 

energy of a coordination bond metal cation-ligand, which is relatively high in comparison 

with energies of hydrogen bonds and van der Waals interactions. 
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3.6. Interactions in the frame of cone calix[4]arenes 

In the group of free cone calix[4]arenes, the following types of interactions are 

observed (listed according to their impact on the geometry and rigidity of the calix[4]arene 

scaffold): 

1) intramolecular hydrogen bonds at the lower rim in calix[4]arenes containing OH 

groups at the lower rim; 

2) inter/intramolecular interactions between polar parts of molecules (electrostatic 

forces, hydrogen bonds) in calix[4]arenes containing polar upper/lower rim substituents; 

3) weak inter/intramolecular interactions between nonpolar parts of molecules: 

π-π-interactions between aromatic parts of molecules, CH-π interactions between aliphatic 

and aromatic parts of molecules and hydrophobic interactions. 

Interactions present in calix[4]arene complexes include all interactions listed for the 

group of free calix[4]arenes. However, because of the presence of coordinated metal cation 

electrostatic interactions are more significant than in the group of free calix[4]arenes. 

 

 Since the ultimate goal of this work is the design of potential anion receptors, 

structures from [76] containing anions bound to the calix[4]arene scaffold or to polar 

substituents present at the calix[4]arene upper and/or lower rim (by hydrogen bonds or 

electrostatic interactions) are discussed next. 

In the group of free calix[4]arenes, symmetrically tetrasubstituted calix[4]arenes 

where an upper rim sulfonato-substituted calix[4]arene is bound to upper rim amidinium-

substituted calix[4]arene via hydrogen bonds are represented by structures FEQPUN, 

UKURUN [76]. There are also several calix[4]arenes capable of binding small anions; 

an example of such calix[4]arenes from the symmetrically tetrasubstituted group is structure 

IYEZER [76] binding trifluoroacetate via protonated N-heterocycle at the upper rim, see 

Fig. 3.6.1. Calix[4]arenes substituted distally at the lower rim are also capable of such 

interactions, examples are structures BOWFOI [76] (binds difluorophosphate via amidinium 

groups present at the lower rim), IBOKEP [76] (binds malonate via amidinium groups present 

at the lower rim) and LAMQIA [76] (binds perchlorate via amide groups present at the lower 

rim). Less symmetrically substituted calix[4]arenes are also capable of anion binding, such as 

lower rim trisubstituted structure ABOYAR(01) [76] binding chloride via ammonium groups 

at the lower rim. 
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Figure 3.6.1: Structure IYEZER [76]. Lower rim substituents and parts of upper rim 

substituents have been omitted for clarity. 

 

 In the group of cone calix[4]arene complexes, anion binding is more common 

than in the group of free calix[4]arenes, mostly because coordination of a counter anion present 

in the structure to the metal cation bound to the calix[4]arene molecule is commonplace. 

In the following text, only structures where direct interaction between the anion and the 

calix[4]arene molecule is present are discussed. 

 The first group of such anion receptors is those where the anion is present inside the 

calix[4]arene cavity. This type of anion binding requires a relatively electron-deficient cavity, 

which is present especially in outer-face complexes of calix[4]arenes. Symmetrically 

tetrasubstituted calix[4]arenes where this interaction is present are NAYREK [76] (iodide 

inside the cavity), NAYRIO and YEVGUB [76] (BF4
– inside the cavity, see Fig. 3.5.10) and 

NAYROU [76] (sulfate inside the cavity). 

 Another group of anion receptors are those where the anion is bound via hydrogen 

bonds to substituents containing amide or urea groups present at the upper or lower rim. 

These receptors include structures EQOHIB [76] (binds benzoate via urea groups present at 

the upper rim), TOVXOR [76] (binds hydrogen phosphate via amide groups present at the 

lower rim) and WORHIU [76] (binds chloride via amide groups present at the upper rim). 

Structure WORHIU [76] is depicted in Fig. 3.6.2. 
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Figure 3.6.2: Structure WORHIU [76] 
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3.7. Design of anion receptors based on cone calix[4]arenes 

 Anion binding forces are weaker than coordination bonds of metal cations. Therefore, 

the cavity of the anion receptor should be preorganized and fitted to the anion size. Because of 

the presence of a preorganized cavity, calix[4]arenes in the cone conformation were selected 

for the target anion receptors. The evaluation of conclusions from [76] for design of anion 

receptors is summarized in the following paragraphs. 

 The target receptors should be symmetrically tetrasubstituted both at the lower rim and 

at the upper rim. This type of substitution minimizes effects connected with less symmetrical 

substitution patterns (notably the non-equivalence of calix[4]arene phenyl rings, see Chapters 

3.4, 3.5) and offers maximum opportunities for both number and arrangement of functional 

groups at the calix[4]arene upper and/or lower rim. 

 There are two possibilities where groups capable of anion binding may be placed: they 

may be attached to calix[4]arene upper or lower rim, see Chapter 3.6. It seems to be more 

convenient to „build the receptor“ at the calix[4]arene upper rim, because of the following 

reasons:  

1) the calix[4]arene upper rim is wider than the lower rim and offers more flexibility 

in case of cone - flattened cone conformational change;  

2) cone calix[4]arenes have a relatively large cavity (8-9 Å in diameter), which may 

participate on guest binding;  

3) the arrangement of lower rim substituents is more flexible than the arrangement of 

upper rim substituents because the lower rim substituents are less affected by the presence of 

cavity; this effect means that cooperation between upper rim substituents can be more easily 

controlled than cooperation between lower rim substituents. 

 

 Therefore, calix[4]arene upper rim was selected as the place for anion binding groups. 

Because of nonpolar character of the calix[4]arene scaffold, amine groups were selected as 

anion binding groups. Protonated amino groups are capable not only of anion recognition, 

these groups enhance water solubility of the receptor as well. Next, the amine groups are 

placed on flexible pendant arms, which may be arranged to maximize favorable interactions 

between the bound anion and the receptor. 

 However, lower rim substituents also play a significant role in the design of anion 

receptors. It seems to be more convenient to prepare receptors alkylated or acylated at the 
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calix[4]arene phenolic oxygen atoms than receptors containing four OH groups at the lower 

rim, for the following reasons:  

1) calix[4]arenes containing four OH groups at the lower rim are more rigid than 

calix[4]arenes alkylated or acylated at the lower rim, see Chapter 3.4.1;  

2) alkylation or acylation at the calix[4]arene lower rim may lock the calix[4]arene 

molecule in the desired cone conformation, see e.g. [66], [75]. 

 

 Therefore, the target receptors contain lower rim phenolic oxygen atoms alkylated 

with 1-propoxy groups capable of immobilizing the calix[4]arene scaffold in the desired cone 

conformation. Water solubility of the target receptors may be further enhanced by 

replacement of the lower rim propoxy groups by hydrophilic carboxymethoxy groups. 

Since this structural motive is also capable of cation coordination (see Chapter 3.5.1), 

carboxymethoxy groups represent another tool to adjust the geometry of the calix[4]arene 

scaffold.  

  

 The final design of the target anion receptors is depicted in Fig. 3.7.1. 

 

O OOO

HN
NH NH HN

R R R
R

R1
R1

R1
R1

 
 
Figure 3.7.1: The design of the target anion receptors (R stands for 1-propyl or carboxymethyl 

group; R1 stands for a heterocycle, especially a nitrogen-containing heterocycle) 
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4. EXPERIMENTAL PART 

4.1. List of utilized chemicals and methods 

4.1.1. List of chemicals 

Solvents and methods used for preparation of dry solvents 

acetic acid 99.8%, p.a., Lachema; for ipso-nitration fractionally 

distilled from KMnO4 

acetone    p.a., Lachema 

acetone, dry dried by standing over anhydrous K2CO3 and subsequent 

distillation  

acetonitrile    p.a., Lachema 

acetonitrile, dry for UV measurements, distilled from P4O10 and 

subsequently from anhydrous K2CO3 

chloroform    p.a., Lachema 

cyclohexane    p.a., Lachema 

dichloromethane   p.a., Lachema 

dichloromethane, dry   distilled from anhydrous CaCl2 

diethyl ether    p.a., Lachema 

dimethylformamide   pure, Lachema 

dimethyl sulfoxide   UV-grade, Fluka 

distilled water obtained from the Department of Analytical Chemistry, 

Faculty of Science, Prague 

deionized water for UV measurements, obtained from the Department of 

Analytical Chemistry, Faculty of Science, Prague 

ethanol, denatured   denatured by 1 % of hexanes, Penta   

ethanol, dry    Penta  

ethyl acetate    p.a., Lachema 

hexane     pure, Lachema 

methanol    p.a., Lachema 

petroleum ether   p.a., Lachema 

2-propanol    p.a., Lachema 

tetrahydrofuran   p.a., Lachema 

toluene    p.a., Lachema 

trifluoroacetic acid   ≥ 98%, Fluka 
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Deuterated solvents for NMR measurements 

acetonitrile-d3    99.5%, Deutero 

dimethyl sulfoxide-d6   99.8%, Deutero 

chloroform-d1    99.8%, Aldrich  

methanol-d4    purum (≥ 99.5%), Fluka 

 

Drying agents 

calcium chloride, anhydrous  p.a., Windsor Laboratories 

phosphorus pentoxide   technical grade, Lachema  

magnesium sulfate, anhydrous 97%, Acros Organics 

sodium sulfate, anhydrous  p.a., Lachema 

potassium carbonate, anhydrous p.a., Lachema 

   

Other chemicals 

active charcoal   Fluka 

ammonia    ≥ 25% aqueous solution, p.a., Lachema 

argon     99.996%, Linde Technoplyn 

cesium carbonate   laboratory reserves, unknown origin 

ethyl bromoacetate   ≥ 97%, Fluka 

ferrocene carbaldehyde  ≥ 98%, Fluka 

hydrazine monohydrate  80% aqueous solution, Riedel-de-Haёn 

hydrochloric acid   concentrated (35%), p.a., Lachema 

hydrochloric acid concentrated (36%), for trace analysis, Fluka; used for 

UV measurements only 

hydrogen    99.9%, Linde Technoplyn 

iodine     laboratory reserves, unknown origin 

1H-imidazole-4-carbaldehyde ≥ 97%, Fluka 

lithium carbonate   p.a., Lachema 

nitric acid    concentrated (65%), p.a., Lachema 

10% palladium on charcoal  Aldrich 

potassium bromide   IR grade, Aldrich 

potassium chloride   p.a., Lachema 

potassium hydroxide   pure, Lachema 
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potassium nitrate   p.a., Lachema 

potassium permanganate  p.a., Lachema 

pyridine-2-carbaldehyde  purum (≥ 98%), Fluka 

pyridine-3-carbaldehyde  98%, Aldrich 

pyridine-4-carbaldehyde  purum (≥ 96%), Fluka 

pyrrole-2-carbaldehyde  ≥ 97%, Fluka 

thiophene-2-carbaldehyde  prepared according to [87] 

Raney alloy (Ni/Al)   30-50 % Ni, Fluka 

silica gel (SiO2 60)   70-230 mesh, Fluka 

sodium acetate   p.a., Lachema 

sodium carbonate, anhydrous  p.a., Lachema 

sodium chloride   technical grade, Lachema 

sodium hydroxide   pure, Lachema 

sodium tetrahydridoborate  purum p.a. (≥ 96%), Fluka 

 

Tetrabutylammonium salts 

tetrabutylammonium bromide  ≥ 98%, Fluka 

tetrabutylammonium chloride  ≥ 97%, Fluka 

tetrabutylammonium fluoride trihydrate ≥ 97%, Fluka 

tetrabutylammonium hexafluorophosphate ≥ 99%, Fluka 

tetrabutylammonium hydrogen sulfate ≥ 97%, Fluka 

tetrabutylammonium dihydrogen phosphate ≥ 97%, Fluka 

tetrabutylammonium perchlorate  ≥ 98%, Fluka 

tetrabutylammonium tetrafluoroborate prepared from tetrabutylammonium hydroxide 

by neutralization with HBF4 (prepared previously 

in laboratory)  [16] 

tetrabutylammonium hydroxide aqueous solution, prepared from tetrabutyl-

ammonium chloride via strong anion exchange 

resin (Dowex 21K, 20-50 mesh) 

tetrabutylammonium sulfate aqueous solution, prepared from tetrabutyl-

ammonium hydrogen sulfate by neutralization 

with tetrabutylammonium hydroxide 
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4.1.2. Methods used for characterization and subsequent study of prepared compounds 

NMR spectroscopy 

 NMR spectra were recorded on Varian Unity INOVA 400 spectrometer in NMR 

laboratory (Chemical Institute, Faculty of Science, Prague). 1H spectra were measured 

at 399.951 MHz and 13C{1H} spectra at 100.577 MHz. List of deuterated solvents used 

for the measurements is given in Chapter 4.1.1. Chemical shifts in 1H and 13C NMR spectra 

were related to solvent signal: (CH3)2SO (δH = 2.500 ppm, δC = 39.50 ppm), CH3OH 

(δH = 3.310 ppm, δC = 49.00 ppm) or CHCl3 (δH = 7.250 ppm, δC = 77.00 ppm). Measurement 

conditions (solvent, temperature) are reported in Chapter 4.2 as a part of syntheses. 

 

Mass spectrometry 

 ESI MS spectra were measured on ESQUIRE 3000 spectrometer (Bruker) at the 

Laboratory of Organic Analysis (Chemical Institute, Faculty of Science, Prague). 

 

Infrared and Raman spectroscopy 

 Infrared spectra were collected on Nicolet FTIR Magna 760 spectrometer at the 

Department of Inorganic Chemistry (Chemical Institute, Faculty of Science, Prague). 

Samples for FTIR spectra were powdered with KBr and measured by the DRIFTS method 

in the range 400-4000 cm–1 (resolution 4 cm–1). Raman spectra were measured on powdered 

solid samples on the same device equipped with Nicolet Nexus FT Raman module 

in the range from 100 to 3700 cm–1 (resolution 8 cm–1, 1064 nm Nd: YVO4 laser excitation). 

The spectra were processed using the OMNIC and Microcal Origin programs. 

 

UV-Vis spectroscopy 

 UV-Vis spectra were measured on Unicam UV300 spectrometer (ChromSpec) at the 

Department of Inorganic Chemistry (Chemical Institute, Faculty of Science, Prague). A 1-cm 

quartz cuvette of about 1.5 cm3 volume (Suprasil, Hellma) was used for all measurements. 

All used solvents were highly pure; commercial dimethyl sulfoxide was UV-grade, 

acetonitrile was extensively purified by distillation from P4O10 and subsequently from K2CO3 

to remove any traces of acidic compounds, commercial HCl for trace analysis and deionized 

water were used for measurements in aqueous solutions. Glass Pasteur pipettes and Hamilton 

syringes were used solely for additions of solutions and volume measurement because of 

different viscosity of the used solvents and possible contamination by softeners from plastic 
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equipment (automatic pipettes could not be used). Program Vision32 was used for data 

collection, program OPIUM [88] for complex stoichiometry and stability constant 

determination. The spectra were processed using the Microcal Origin program. 

 

Melting point 

 Melting points were determined on the Boëtius apparatus (VEB Kombinat Nagema, 

DDR) and are uncorrected. 

 

Thin layer chromatography (TLC) 

 TLC was performed on silica gel coated aluminum plates (Merck, Alufol F 254). 

Solvent mixtures given for mobile phases are in volume ratios. Detection was accomplished 

by UV lamp Konrad Benda NU-8 KL at 254 nm, visually for colored compounds, by iodine 

vapors and for amino compounds by spraying with 0.5% ninhydrine ethanol solution and 

heating by flameless gun. The detection method is reported in Chapter 4.2 at the 

corresponding compound syntheses. 

 

Column chromatography 

 Column chromatography was performed on silica gel (SiO2 60, 70-230 mesh, Fluka). 

Detailed description (column size, solvent mixture(s) for elution in volume ratios etc.) 

is given in Chapter 4.2 at the description of the syntheses of the respective compounds. 

 

Potentiometry 

 Potentiometric measurements were performed using PHM 240 pH-meter and a 2 cm3 

ABU 900 automatic piston burette with GK 2401B combined electrode (Radiometer) and 

carbonate-free 0.19267 M potassium hydroxide solution at 25.0(1) °C. 0.2 M HCl solution 

was prepared from ultrapure HCl for trace analysis and deionized water and standardized 

prior to use (0.20586 M). 

 

X-ray structure determination 

 Diffraction-quality single crystals of compounds 2b · x (CH3)2CHOH, 

2e · CH3OH · 0.5 C6H5CH3, 2f · 0.4 CH3CH2OH, 5 · 3 C2H3N and 8b · 1.33 CH3CH2OH were 

mounted on glass fibers in random orientation using epoxy-glue. Nonius KappaCCD image 

plate diffractometer was used for data collection at 150(1) K (Cryostream Cooler Oxford 
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Cryosystem) using graphite monochromated MoKα-radiation (λ = 0.71073 Å). The data were 

analyzed using the HKL program package [89]. 

The structures were solved by the direct methods and Fourier method, and refined 

by full-matrix least-squares techniques (SIR92 [90], SHELXL97 [91]). Scattering factors 

for neutral atoms used were included in the program SHELXL97 [91]. Most non-hydrogen 

atoms were refined anisotropically; most hydrogen atoms were found on the difference maps. 

All hydrogen atoms were finally located in calculated positions (SHELXL97) [91] and refined 

isotropically. Crystallographic data for the structures have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publications. CCDC numbers are given in 

Supplementary Table 1. Copies of the data can be obtained free of charge on application 

to CCDC, e-mail: deposit@ccdc.cam.ac.uk.  

 The measurement of diffraction-quality single crystals of 6a · 2 CHCl3 and 

6b · 1.52 CHCl3 was performed on Xcalibur PX diffractometer using graphite 

monochromated CuKα-radiation (λ = 1.54184 Å) at 150(1) K (Institute of Chemical 

Technology, Prague). Structure solution and refinement was performed as above. 

 Diffraction-quality single crystals of the compound 6a · 2 CH3CN were measured both 

on Nonius KappaCCD image plate diffractometer at 150(1) K (crystals from lanthanum(III) 

solution, see Chapter 4.2.4) and on Xcalibur PX diffractometer at 150(1) K (crystals from 

ytterbium(III) solution, see Chapter 4.2.4). Structure solution and refinement was performed 

as above. 

 

Molecular modeling 

The program HyperChem was utilized for molecular modeling. 

 

4.1.3. List of abbreviations 

CSD    Cambridge Structural Database 

DMSO    dimethyl sulfoxide 

DRIFTS   Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

ESI MS   Electrospray Ionization Mass Spectrometry 

Et    ethyl 

FT    Fourier Transform 

FTIR    Fourier Transform Infrared Spectroscopy 

[H]    reduction 

mailto:deposit@ccdc.cam.ac.uk
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IPAV    a mixture of 2-propanol: ammonia: distilled water 

M    mol·dm–3 

Me    methyl 

NMR    Nuclear Magnetic Resonance 

p.a.    analytical grade purity 

Ph    phenyl 

Pr    1-propyl 

R    alkyl (unless noted otherwise) 

TBDPS   t-butyldiphenylsilyl 

tBu    t-butyl 

TFA    trifluoroacetic acid 

TLC    Thin Layer Chromatography 

Ts    p-toluenesulfonyl 

UV    ultraviolet 

UV-Vis spectroscopy  Ultraviolet - Visible Spectroscopy 

 

4.1.4. List of keywords 

calix[4]arene; anion receptor; receptor for tetrahedral oxoanions; distortion parameters; 

conformation; stereochemistry; UV-Vis spectra; X-ray structure determination 
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4.2. Synthesis and characterization of the designed calix[4]arenes 

4.2.1. Synthesis of lower rim 1-propoxy-substituted calix[4]arenes 

 Reaction scheme for the synthesis of lower rim 1-propoxy-substituted calix[4]arenes 

copies the one from [16]. For the purpose of this work, compounds prepared in [16] are labeled 

2a  (cone-5,11,17,23-tetrakis(2-pyridylmethimino)-25,26,27,28-tetrapropyloxycalix[4]arene), 

2b  (cone-5,11,17,23-tetrakis(3-pyridylmethimino)-25,26,27,28-tetrapropyloxycalix[4]arene), 

2c (cone-5,11,17,23-tetrakis(4-pyridylmethimino)-25,26,27,28-tetrapropyloxycalix[4]arene) 

and the corresponding amino-derivatives 3a, 3b and 3c (cone-5,11,17,23-tetrakis(2(3,4)-

pyridylmethylamino)-25,26,27,28-tetrapropyloxycalix[4]arene). 

Several new imine compounds (2d - 2g) with the overall design similar to those listed 

in [16] have been prepared and characterized. However, subsequent reduction of these 

compounds was successfully performed only for 2d. 
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Figure 4.2.1: Reaction scheme for the synthesis of lower rim 1-propoxy-substituted 

calix[4]arenes 
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4.2.1.1.  Syntheses of imine precursors 2d - 2g 

5,11,17,23-tetraamino-25,26,27,28-tetrapropyloxycalix[4]arene 1 was prepared according 

to a procedure published in literature, see [16] and references therein. 

cone-5,11,17,23-tetrakis(ferrocenylmethimino)-25,26,27,28-tetrapropyloxycalix[4]arene 

2d: Calixarene 1 (100 mg, 0.153 mmol) was dissolved in anhydrous ethanol (10 ml), 

ferrocene carbaldehyde (160 mg, 0.75 mmol) was added and the reaction mixture was 

refluxed for 3 hours with exclusion of moisture. The resulting dark red solution was cooled to 

0 °C; the crystalline solid was isolated by suction filtration and dried in vacuo. Yield: 177 mg 

(80 %) of brick red crystals; 1H NMR (CDCl3, 25 °C): 1.045 (t, 12 H, 7.4 Hz, CH3), 1.994 (m, 

8 H, CH2CH3), 3.252 (d, 4 H, 13.2 Hz, CH2 AB), 3.915 (t, 8 H, 7.6 Hz, OCH2), 4.149 (s, 20 H, 

ferrocene - unsubstituted ring), 4.249, 4.289, 4.303, 4.619 (m, 16 H, ferrocene - substituted 

ring), 4.523 (d, 4 H, 12.8 Hz, CH2 AB), 6.621 (s, 8 H, Ar-H), 8.001 (s, 4 H, CH=N); 13C{1H} 

NMR (CDCl3, 25 °C): 10.36 (CH3), 23.21 (CH2CH3), 31.27 (ArC-CH2), 69.17 (ferrocene - 

unsubstituted ring), 69.62, 70.69, 70.97 (ferrocene - substituted ring), 76.94 (OCH2), 120.38, 

135.29, 154.56, 159.47 and 159.90 (ArC and CH=N); ESI MS (positive mode): m/z 1437.5 

([M+H]+), 1460.3 ([M+Na]+); FTIR (DRIFTS): 1621 cm–1 (ν (C=N)); m.p.: > 180 °C dec. 

 cone-5,11,17,23-tetrakis(2-thienylmethimino)-25,26,27,28-tetrapropyloxycalix[4]arene 

2e: Calixarene 1 (160 mg, 0.245 mmol) was dissolved in anhydrous ethanol (10 ml), one drop 

of glacial acetic acid (catalytic amount, not necessary) and thiophene-2-carbaldehyde (145 mg, 

1.29 mmol) were added. The reaction mixture was refluxed for 20 hours with exclusion of 

moisture. The resulting suspension was cooled to room temperature and evaporated to 

dryness. The solid was recrystallized from toluene/hexane and dried in vacuo. Yield: 179 mg 

(71 %) of bright yellow crystals; 1H NMR (CDCl3, 25 °C): 1.017 (t, 12 H, 7.4 Hz, CH3), 

1.972 (m, 8 H, CH2CH3), 3.213 (d, 4 H, 13.2 Hz, CH2 AB), 3.893 (t, 8 H, 7.4 Hz, OCH2), 

4.484 (d, 4 H, 12.8 Hz, CH2 AB), 6.678 (s, 8 H, Ar-H), 6.918 (dd, 4 H, 4.8 + 3.6 Hz, 

thiophene - H4), 7.230 (d, 4 H, 4 Hz, thiophene - H3), 7.306 (d, 4 H, 4.8 Hz, thiophene - H5), 

8.205 (s, 4 H, CH=N); 13C{1H} NMR (CDCl3, 25 °C): 10.33 (CH3), 23.20 (CH2CH3), 31.30 

(ArC-CH2), 120.93, 127.40, 129.19, 131.58, 135.28, 143.09, 145.51, 151.24, 155.22 (ArC and 

CH=N)*; ESI MS (positive mode): m/z 1029.4 ([M+H]+); FTIR (DRIFTS): 1611 cm–1 

(ν (C=N)); FT Raman: 1613 cm–1 (ν (C=N)); m.p.: > 200 °C dec. 

 cone-5,11,17,23-tetrakis(2-pyrrolylmethimino)-25,26,27,28-tetrapropyloxycalix[4]arene 

2f: Calixarene 1 (100 mg, 0.153 mmol) was dissolved in anhydrous ethanol (10 ml) and 

pyrrole-2-carbaldehyde (87 mg, 0.92 mmol) was added. The reaction mixture was refluxed for 

24 hours with exclusion of moisture. The resulting solution was cooled to room temperature, 
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evaporated to one half of its volume and cooled to -8 °C overnight. The solid was separated 

by suction filtration and dried in vacuo. Yield: 110 mg (75 %) of light yellow-brown crystals; 
1H NMR (CDCl3, 25 °C): 1.021 (t, 12 H, 7.4 Hz, CH3), 1.966 (m, 8 H, CH2CH3), 3.180 (d, 4 H, 

13.2 Hz, CH2 AB), 3.887 (s, 8 H, 7.4 Hz, OCH2), 4.482 (d, 4 H, 13.2 Hz, CH2 AB), 6.135 (m, 

4 H, pyrrole - H4), 6.503 (d, 4 H, 2.8 Hz, pyrrole - H3), 6.574 (s, 8 H, Ar-H), 6.680 (bs, 4 H, 

pyrrole - H5), 7.951 (s, 4 H, CH=N); 13C{1H} NMR (CDCl3, 25 °C): 10.34 (CH3), 23.21 

(CH2CH3), 31.23 (ArC-CH2), 76.93 (OCH2), 109.89, 115.79, 120.68, 122.75, 130.84, 135.35, 

146.01, 148.57, 154.88 (ArC and CH=N); ESI MS (positive mode): m/z 961.7 ([M+H]+), 

984.6 ([M+Na]+); FTIR (DRIFTS): 3370 cm–1, 3212 cm–1 (ν (N-H)), 1618 cm–1 (ν (C=N)); 

FT Raman: 3370 cm–1 (ν (N-H)), 1620 cm–1 (ν (C=N)); m.p.: > 220 °C dec. 

cone-5,11,17,23-tetrakis(4-imidazolylmethimino)-25,26,27,28-tetrapropyloxycalix[4]-

arene 2g: Calixarene 1 (94 mg, 0.144 mmol) was dissolved in anhydrous ethanol (8 ml) and 

1H-imidazole-4-carbaldehyde (86 mg, 0.86 mmol) was added. The reaction mixture was 

refluxed for 24 hours with exclusion of moisture. The resulting suspension was cooled to 

room temperature and evaporated to dryness. The solid was triturated with THF (10 ml), 

separated by suction filtration and dried in vacuo. Yield: 134 mg (96 %) of light yellow 

powder; 1H, 13C{1H} NMR and ESI MS: not measured due to negligible solubility in all 

commonly used solvents; FTIR (DRIFTS): 3620, 3100 cm–1 (ν (N-H)), 3121, 3031 cm–1 

(ν (Car-H)), 2962, 2933, 2905, 2876 cm–1 (ν (C-H)), 1631 cm–1 (ν (C=N)), 1591, 1577, 1464, 

1334 cm–1 (ν (Car=Car)), 1438 cm–1 (δs (CH2)), 1386 cm–1 (δs (CH3)), 1306 cm–1 (δ (=C-H)), 

1217 cm–1 (νas (C-O-C)), 1090 cm–1 (νs (C-O-C)), 963 cm–1 (ν (C-N)); FT Raman: 3118, 

3060, 3016 cm–1 (ν (Car-H)), 2930, 2914, 2874 cm–1 (ν (C-H)), 1629 cm–1 (ν (C=N)), 1591, 

1552, 1335 cm–1 (ν (Car=Car)), 1439 cm–1 (δs (CH2)), 1391 cm–1 (δs (CH3)), 1308 cm–1 

(δ (=C-H)), 1214 cm–1 (νas (C-O-C)), 1093 cm–1 (νs (C-O-C)), 967 cm–1 (ν (C-N)) 

 
* The signal of OCH2 group in 13C{1H} NMR spectrum of 2e is overlapped by the 

signal of CDCl3 (77.00 ppm). 

 

4.2.1.2. Reduction of the imine precursors 2d - 2g 

cone-5,11,17,23-tetrakis(ferrocenylmethylamino)-25,26,27,28-tetrapropyloxycalix[4]-

arene 3d: A solution of imine 2d (100 mg, 0.069 mmol) in dichloromethane (5 ml) was added 

dropwise under stirring to a slurry of  NaBH4 (0.5 g, 13 mmol) in ethanol (50 ml). The reaction 

mixture was stirred at room temperature for 1 hour, the color gradually changed from red to 

yellow. The reaction was then quenched by addition of water (30 ml) and the resulting 
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suspension was stirred at room temperature for 3.5 hours. The mixture was then evaporated to 

20 ml, extracted with dichloromethane (50 ml), the separated aqueous phase was then washed 

twice with dichloromethane (15 ml); the combined extracts were dried by anhydrous Na2SO4 

and evaporated to dryness. The resulting solid was recrystallized from THF/hexane and dried 

in vacuo. Yield: 95 mg (91 %) of orange crystals (C84H92O4N4Fe4. 2/3 THF according to 

integration of 1H NMR spectrum); 1H NMR (CDCl3, 25 °C): 0.965 (t, 12 H, 7.6 Hz, CH3), 

1.908 (m, 8 H, CH2CH3), 2.990 (d, 4 H, 13.2 Hz, CH2 AB), 3.25 (bs, 4 H, NH), 3.761, 4.091 

(m, ferrocene - substituted ring and OCH2), 4.143 (s, 28 H, ferrocene - unsubstituted ring and 

CH2NH), 4.181 (m, ferrocene - substituted ring), 4.375 (d, 4 H, 12.8 Hz, CH2 AB), 6.061 (s, 

8 H, Ar-H); 13C{1H} NMR (CDCl3, 25 °C): 10.35 (CH3), 23.10 (CH2CH3), 31.44 (ArC-CH2), 

44.42 (CH2NH), 67.65, 67.93 (C-H, ferrocene - substituted ring), 68.47 (C-H, ferrocene - 

unsubstituted ring), 69.17 (C, ferrocene - substituted ring), 73.14 (OCH2), 113.11, 135.44, 

143.01, 149.19 (ArC); ESI MS (positive mode): m/z 1443.4 ([M+H]+), 1465.4 ([M+Na]+); 

FTIR (DRIFTS): 3400 cm–1 (ν (N-H)); m.p.: 114-116 °C 

 

 Attempts to reduce compounds 2e, 2f and 2g to the corresponding amines were 

unsuccessful and are listed in Appendix 8. 

 

 



 84

4.2.2. Synthesis of lower rim carboxymethoxy-substituted calix[4]arenes 

4.2.2.1. Synthesis of the amine precursor 7 

The first part of the reaction scheme for the syntheses of more polar calix[4]arene 

derivatives is given in Fig. 4.2.2. 

 

OHOH HOHO OROR RORO

H2N
H2N NH2 NH2

OROR RORO
7

O2N
O2N NO2 NO2
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(CH3)2CO

KNO3, TFArt, 6 h

H2, 10% Pd/C

CH3CH2OH, rt, 2 d

R ... CH2COOCH2CH3

4

 
 

Figure 4.2.2: Synthesis of the amine precursor 7 

 

 cone-5,11,17,23-tetrakis(1,1-dimethylethyl)-25,26,27,28-tetrakis(ethoxycarbonylmet-

hoxy)calix[4]arene 5 [92]: In a pre-dried 500 ml two-necked flask (NZ 29, 14) equipped with 

a magnetic stirring bar, an efficient reflux condenser and a calcium chloride drying tube, 

10.0 g of 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,26,27,28-tetrahydroxycalix[4]arene 

(toluene clathrate, 1:1, 13.5 mmol) 4 [93]-[94], 21.2 g of anhydrous K2CO3 (154 mmol) and 

25.6 g (17.0 ml, 154 mmol) of ethyl bromoacetate were combined with dry acetone (distilled 

from anhydrous K2CO3). The reaction mixture was heated to reflux for 6 days. After cooling 

to room temperature, the suspension was filtered (sinter porosity S4), the solid was washed by 

20 ml of acetone and the filtrate was evaporated to dryness. The residue was recrystallized 

from dichloromethane/ethanol. Yield: 11.34 g (85 %, first crop), 1.12 g (8 %, second crop) of 

white crystalline powder; 1H NMR (CDCl3, 25 °C): 1.075 (s, 9 H, C(CH3)3), 1.288 (t, 7.2 Hz, 

3 H, CH2CH3), 3.193 (d, 12.8 Hz, 1 H, CH2 AB), 4.208 (q, 7.2 Hz, 2 H, CH2CH3), 
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4.806 (s, 2 H, OCH2), 4.856 (d, 13.2 Hz, 1 H, CH2 AB), 6.777 (s, 2 H, Ph-H); 13C{1H} NMR 

(CDCl3, 25 °C): 14.17 (CH2CH3), 31.33 (C(CH3)3), 31.83 (CH2 bridge), 33.78 (C(CH3)3), 

60.26 (CH2CH3), 71.27 (OCH2), 125.30 (Car-H), 133.41 (Car-CH2), 145.10 (Car-C(CH3)3), 

152.93 (Car-O), 170.50 (C=O); ESI MS (positive mode): 1015.3 ([M+Na]+); FTIR (DRIFTS): 

1732 cm–1 (ν (C=O)), 1194 cm–1 (νas (C-O-C)), 1130 cm–1 (νs (C-O-C)); FT Raman: 

1732 cm–1 (ν (C=O)), 1201 cm–1 (νas (C-O-C)), 1129 cm–1 (νs (C-O-C)) 

 cone-5,11,17,23-tetranitro-25,26,27,28-tetrakis(ethoxycarbonylmethoxy)calix[4]arene 

6a (first method [95]): In a pre-dried 250 ml two-necked flask (NZ 14, 29) equipped with 

a magnetic stirring bar, gas inlet and a calcium chloride drying tube or mineral oil bubbler, 

3.00 g of calixarene 5 (3 mmol) was mixed under argon with 30 ml of dry dichloromethane 

(distilled from anhydrous CaCl2) and 30 ml of acetic acid (fractionally distilled from KMnO4 

prior to use). After cooling to 0 °C in an ice bath, 10 ml of 100% HNO3 (240 mmol, 

preparation described in [16]) was added dropwise under stirring. The ice bath was then 

removed and the reaction mixture was stirred under argon until the deep violet color subsided 

(ca 1.5 h). The resulting yellow-orange solution was poured into 200 ml of distilled water 

and the mixture was extracted by one 50 ml and two 25 ml portions of dichloromethane. 

The combined organic phases were washed by 75 ml of 5% aqueous K2CO3 solution followed 

by washing by 50 ml portions of distilled water until the aqueous phase remained colorless 

(3 extractions were usually enough). The organic phase was then dried by anhydrous MgSO4 

and evaporated to dryness. The residue was recrystallized from dichloromethane/hexanes; 

analytical sample could be obtained by recrystallization from dichloromethane/cyclohexane. 

Yield: 1.43 g (50 %) of light yellow crystals; 1H NMR (CDCl3, 25 °C): 1.240 (t, 7.2 Hz, 3 H, 

CH3), 3.418 (d, 14.4 Hz, 1 H, CH2 AB), 4.168 (q, 7.2 Hz, 2 H, CH2CH3), 4.711 (s, 2 H, 

OCH2), 4.982 (d, 13.6 Hz, 1 H, CH2 AB), 7.533 (s, 2 H, Ph-H); 13C{1H} NMR (CDCl3, 

25 °C): 14.12 (CH3), 31.54 (CH2 bridge), 61.29 (CH2CH3), 71.52 (OCH2), 124.27, 135.15 

(Car-H, Car-CH2), 143.35 (Car-N), 160.82 (Car-O), 168.88 (C=O); ESI MS (positive mode): 

971.6 ([M+Na]+); FTIR (DRIFTS): 1752 cm–1 (ν (C=O)), 1522 cm–1 (νas (NO2)), 1347 cm–1 

(νs (NO2)), 1193 cm–1 (νas (C-O-C)), 1100 cm–1 (νs (C-O-C)), 1059 cm–1 (ν (C-N)) 

cone-5,11,17,23-tetranitro-25,26,27,28-tetrakis(ethoxycarbonylmethoxy)calix[4]arene 

6a (second method [96]): In a pre-dried 50 ml two-necked flask (NZ 14) equipped with 

an efficient magnetic stirring bar, gas inlet and a mineral oil bubbler, 5.00 g of calixarene 5 

(5 mmol) and 20.2 g of finely powdered KNO3 (200 mmol) were mixed under argon. 16 ml of 

trifluoroacetic acid (200 mmol) were then added dropwise under stirring. The mixture was 
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then stirred under argon at room temperature until the deep violet color discharged (5-6 h). 

The resulting orange suspension was poured into 500 ml of distilled water and the mixture 

was extracted by one 100 ml and two 50 ml portions of dichloromethane. The combined 

organic phases were washed by 100 ml of 5% aqueous K2CO3 solution followed by washing 

by 100 ml portions of distilled water until the aqueous phase remained colorless (3 extractions 

were usually enough, KCl was used for better separation of phases). The organic phase was 

then dried by anhydrous MgSO4 and evaporated to dryness. The residue was recrystallized 

from dichloromethane/cyclohexane. Yield: 1.63 g (34 %, first crop), 0.44 g (9 %, second 

crop) of light yellow crystals; 1H NMR (CDCl3, 25 °C): 1.310 (t, 7.2 Hz, 3 H, CH3), 

3.478 (d, 14.8 Hz, 1 H, CH2 AB), 4.238 (q, 7.2 Hz, 2 H, CH2CH3), 4.780 (s, 2 H, OCH2), 

5.054 (d, 14.4 Hz, 1 H, CH2 AB), 7.607 (s, 2 H, Ph-H); ESI MS (positive mode): 971.5 

([M+Na]+); FTIR (DRIFTS): 1750 cm–1 (ν (C=O)), 1523 cm–1 (νas (NO2)), 1348 cm–1 

(νs (NO2)), 1194 cm–1 (νas (C-O-C)), 1099 cm–1 (νs (C-O-C)), 1058 cm–1 (ν (C-N)); 

FT Raman: 1753 cm–1 (ν (C=O)), 1525 cm–1 (νas (NO2)), 1345 cm–1 (νs (NO2)), 1196 cm–1 

(νas (C-O-C)), 1098 cm–1 (νs (C-O-C)), 1060 cm–1 (ν (C-N)) 

cone-5,11,17,23-tetraamino-25,26,27,28-tetrakis(ethoxycarbonylmethoxy)calix[4]are-

ne 7: 0.5 g (6.0 mmol) of 6a, 120 mg of 10% Pd/C and 30 ml of anhydrous ethanol were 

placed in a 50 ml two-necked flask (NZ 14) and hydrogen gas was passed through the 

solution under vigorous stirring at room temperature for 24 h. Active charcoal was added to 

the resulting solution and the catalyst was removed by suction filtration. The yellow solution 

was evaporated to dryness. TLC: dichloromethane/ethanol 10:1, UV + ninhydrine detection, 

RF 0.0 (reactant RF 0.9). Yield: 0.43 g (98 %) of light beige powder; 1H NMR (CDCl3, 25 °C): 

1.202 (t, 8.0 Hz, 12 H, CH3), 2.84 (bs, 8 H, NH2), 2.936 (d, 13.6 Hz, 4 H, CH2 AB), 4.109 (q, 

7.6 Hz, 8 H, CH2CH3), 4.535 (s, 8 H, OCH2), 4.656 (d, 13.6 Hz, 4 H, CH2 AB), 6.011 (s, 8 H, 

Ph-H); 1H NMR (CD3OD, 25 °C): 1.281 (t, 7.0 Hz, 12 H, CH3), 2.984 (d, 13.6 Hz, 4 H, CH2 

AB), 4.190 (q, 7.2 Hz, 8 H, CH2CH3), 4.606 (s, 8 H, OCH2), 4.712 (d, 13.6 Hz, 4 H, CH2 

AB), 6.152 (s, 8 H, Ph-H); 13C{1H} NMR (CD3OD, 25 °C): 14.59 (CH3), 32.57 (CH2 bridge), 

61.58 (CH2CH3), 72.61 (OCH2), 117.74 (Car-H), 136.52 (Car-CH2), 142.17 (Car-N), 150.89 

(Car-O), 172.00 (C=O) 
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4.2.2.2. Imine syntheses and reduction 

Reaction scheme for imine syntheses from precursor 7 and subsequent reduction is 

given in Figure 4.2.3. 
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Figure 4.2.3: Imine syntheses and reduction 

 

Syntheses of imines 

cone-5,11,17,23-tetrakis(2-pyridylmethimino)-25,26,27,28-tetrakis(ethoxycarbonyl-

methoxy)calix[4]arene 8a: 0.22 g (2.66 mmol) of 7 and 170 mg (16 mmol) of pyridine-2-

carbaldehyde were heated overnight in 10 ml of anhydrous ethanol under a calcium chloride 

drying tube. The resulting suspension was cooled to -12 °C overnight; the crystals were 

isolated by suction filtration, washed by ethanol (10 ml) and dried in the air. Yield: 0.18 g (57 %) 

of light beige powder; 1H NMR (CDCl3, 25 °C): 1.245 (t, 7.2 Hz, 12 H, CH3), 3.267 (d, 13.6 Hz, 

4 H, CH2 AB), 4.173 (q, 7.2 Hz, 8 H, CH2CH3), 4.746 (s, 8 H, OCH2), 4.902 (d, 13.6 Hz, 4 H, 

CH2 AB), 6.724 (s, 8 H, Ph-H), 7.111 (dd, 7.6 + 4.8 Hz, 4 H, pyridine - H5), 7.474 (td, 7.8 + 

1.6 Hz, 4 H, pyridine - H4), 7.882 (d, 7.6 Hz, 4 H, pyridine - H3), 8.253 (s, 4 H, CH=N), 8.451 

(d, 5.2 Hz, 4 H, pyridine - H6); 13C{1H} NMR (CDCl3, 25 °C): 14.79 (CH3), 32.36 (CH2 

bridge), 61.19 (CH2CH3), 72.12 (OCH2), 122.28, 122.34, 124.95, 135.59, 136.77, 146.45, 
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149.83 (arom. C and C-CH2), 155.42 (Car-N), 155.77 (Car-O), 159.38 (C=N), 170.63 (C=O); 

FTIR (DRIFTS): 1751 cm–1 (ν (C=O)), 1625 cm–1 (ν (C=N)), 1192 cm–1 (νas (C-O-C)), 

1096 cm–1 (νs (C-O-C)), 1066 cm–1 (ν (C-N)) 

cone-5,11,17,23-tetrakis(3-pyridylmethimino)-25,26,27,28-tetrakis(ethoxycarbonyl-

methoxy)calix[4]arene 8b: 0.22 g (2.66 mmol) of 7 and 170 mg (16 mmol) of pyridine-3-

carbaldehyde were heated overnight in 10 ml of anhydrous ethanol under a calcium chloride 

drying tube. The resulting solution was cooled to -12 °C for 3 days; the crystals were isolated 

by suction filtration and dried in the air. Because of difficulties in crystallization of this 

compound (solid product was obtained only once), subsequent reduction was performed with 

the crude reaction mixture. Yield: 213 mg (68 %, first crop) of orange needles, 40 mg (13 %, 

second crop); 1H NMR (CDCl3, 25 °C): 1.320 (t, 7.2 Hz, 12 H, CH3), 3.352 (d, 13.6 Hz, 4 H, 

CH2 AB), 4.244 (q, 7.2 Hz, 8 H, CH2CH3), 4.809 (s, 8 H, OCH2), 4.980 (d, 13.6 Hz, 4 H, CH2 

AB), 6.730 (s, 8 H, Ph-H), 7.184 (dd, 5.0 + 7.6 Hz, 4 H, pyridine - H5), 8.003 (dt, 8.0 +  

2.0 Hz, 4 H, pyridine - H4), 8.157 (s, 4 H, CH=N), 8.545 (dd, 4.6 + 1.8 Hz, 4 H, pyridine - 

H6), 8.796 (d, 2.0 Hz, 4 H, pyridine - H2); 13C{1H} NMR (CDCl3, 25 °C): 14.16 (CH3), 31.68 

(CH2 bridge), 60.60 (CH2CH3), 71.45 (OCH2), 121.27, 123.57, 131.66, 134.42, 135.10, 

146.42, 150.64 (arom. C and C-CH2), 151.42 (Car-N), 155.00 (Car-O), 155.84 (C=N), 169.94 

(C=O); FTIR (DRIFTS): 1757 cm–1 (ν (C=O)), 1624 cm–1 (ν (C=N)), 1195 cm–1 

(νas (C-O-C)), 1094 cm–1 (νs (C-O-C)), 1071 cm–1 (ν (C-N)); FT Raman: 1621 cm–1 

(ν (C=N)), 1189 cm–1 (νas (C-O-C)), 1092 cm–1 (νs (C-O-C)), 1073 cm–1 (ν (C-N)) 

cone-5,11,17,23-tetrakis(4-pyridylmethimino)-25,26,27,28-tetrakis(ethoxycarbonyl-

methoxy)calix[4]arene 8c: 0.22 g (2.66 mmol) of 7 and 170 mg (16 mmol) of pyridine-4-

carbaldehyde were heated overnight in 10 ml of anhydrous ethanol under a calcium chloride 

drying tube. The resulting solution was evaporated to one half of its volume and cooled to 

-12 °C overnight; however, no crystals emerged. All attempts to prepare this compound in 

solid state (crystallization from ethanol, dichloromethane/diethyl ether, dichloromethane/ 

hexanes etc.) were unsuccessful and led only to decomposition. Therefore, the subsequent 

reduction was carried out with reaction mixture (solution of 8c in ethanol from this reaction). 

cone-5,11,17,23-tetrakis(ferrocenylmethimino)-25,26,27,28-tetrakis(ethoxycarbonyl-

methoxy)calix[4]arene 8d: 110 mg (0.13 mmol) of 7, 142 mg (0.66 mmol) of ferrocene 

carbaldehyde (5 molar equivalents) and 10 ml of anhydrous ethanol were refluxed for 

12 hours with exclusion of moisture. The reaction mixture was then cooled to room 

temperature and stored in refrigerator overnight. As no sign of crystallization occurred, the 
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solution was evaporated to dryness and crystallization was attempted consecutively from 

dichloromethane/diethyl ether, chloroform/hexane/diethyl ether, chloroform/acetone/hexane/ 

diethyl ether and chloroform/hexane (the solutions tend to produce oil; therefore, care is 

needed especially during additions of hydrocarbon solvents). Each crystallization attempt 

afforded 10-15 mg of solid reddish brown product; 1H NMR (CD3OD, 25 °C) of each of the 

solid crops showed decomposition probably because of repeated crystallization attempts. 

cone-5,11,17,23-tetrakis(2-pyrrolylmethimino)-25,26,27,28-tetrakis(ethoxycarbonyl-

methoxy)calix[4]arene 8f: 260 mg (0.31 mmol) of calixarene 7 and 176 mg (1.85 mmol) of 

pyrrole-2-carbaldehyde were heated to reflux in 20 ml of anhydrous ethanol overnight under a 

calcium chloride drying tube. Upon cooling to -12 °C overnight, light brown powder was 

obtained. Other crops of the product were obtained upon recrystallization from 

dichloromethane/ethanol and dichloromethane/diethyl ether, respectively. Yield: 0.062 g 

(33 %) of light brown powder (first crop), 0.048 g (25 %, second crop) and 0.020 g (11 %, 

third crop); 1H NMR spectrum (CDCl3, 25 °C) was strongly affected by the presence of 

hydrogen bonds and partial isomerization of the product and could not therefore be 

interpreted; 13C{1H} NMR (CDCl3, 25 °C): 14.18 (CH3), 31.62 (CH2 bridge), 60.55 

(CH2CH3), 71.46 (OCH2), 110.13, 111.26, 116.72, 121.07, 123.25, 126.48, 130.45, 135.02 

(arom. CH and C-CH2), 149.06 (C-N), 154.16 (C-O), 170.10 (C=N), 179.28 (C=O); ESI MS: 

positive mode m/z 1137 ([M+H]+), 1159 ([M+Na]+); FTIR (DRIFTS): 1754 cm–1 (ν (C=O)), 

1618 cm–1 (ν (C=N)), 1192 cm–1 (νas (C-O-C)), 1093 cm–1 (νs (C-O-C)), 1069 cm–1 

(ν (C-N)); FT Raman: 1745 cm–1 (ν (C=O)), 1620 cm–1 (ν (C=N)), 1095 cm–1 (νs (C-O-C)), 

1069 cm–1 (ν (C-N)) 

 

Reduction of imines 

General procedure for reduction of 8a, 8b, 8c: reaction mixture from the synthesis of 

8a, 8b or 8c (containing about 400 mg of imine) was added dropwise to a slurry of 2 g of 

NaBH4 in 100 ml of ethanol. The mixture was stirred at room temperature for 1 hour, 100 ml 

of distilled water was added and stirring continued for another two hours. Ethanol was then 

evaporated in vacuo, aqueous HCl (1:1) was added to pH 7 and the solution was extracted by 

50 ml and then twice by 25 ml of chloroform (after the extractions, the aqueous phase became 

colorless). The combined extracts were dried by anhydrous Na2SO4, filtered and evaporated to 

dryness. The residue was dissolved in 25 ml of ethanol, 2 ml of aqueous HCl (1:1) were added 

and the mixture was stirred under argon at room temperature for 4-7 days (until TLC no 
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longer changed; TLC: IPAV 10:3:3, ninhydrine detection, one major compound RF 0.85). 

30 ml of distilled water was then added to the reaction mixture followed by addition of 5% 

aqueous NaOH solution to pH 12 and ethanol was removed in vacuo. The suspension was 

then extracted by 25 ml and subsequently twice by 10 ml of dichloromethane, the combined 

extracts were dried by anhydrous Na2SO4, filtered with active charcoal and evaporated to 

dryness. 

cone-5,11,17,23-tetrakis(2-pyridylmethylamino)-25,26,27,28-tetrakis(carboxymethoxy)-

calix[4]arene 9a: light yellow powder, 0.12 g (30 %); 1H NMR (CD3OD, 25 °C): 2.950 (d, 

13.2 Hz, 4 H, CH2 AB), 4.141 (s, 8 H, OCH2), 4.310 (d, 13.0 Hz, 4 H, CH2 AB), 6.127 (s, 

8 H, Ph-H), 7.153 (dd, 7.2 + 5.2 Hz, 4 H, pyridine - H5), 7.293 (d, 8.0 Hz, 4 H, pyridine - H3), 

7.651 (td, 7.6 + 1.7 Hz, 4 H, pyridine - H4), 8.415 (d, 4.4 Hz, 4 H, pyridine - H6); 13C{1H} 

NMR (CD3OD, 25 °C): 31.83 (CH2 bridge), 50.86 (NCH2), 77.95 (OCH2), 114.53, 123.13, 

123.41, 136.45, 138.70, 145.13 (arom. C), 149.42 (Car-N and Car-O), 161.22 (C=O); ESI MS: 

positive mode m/z 1047.6 ([M-CO2+H]+), 1087.4 ([M+H]+) 

cone-5,11,17,23-tetrakis(3-pyridylmethylamino)-25,26,27,28-tetrakis(carboxymethoxy)-

calix[4]arene 9b: light yellow powder, 0.09 g (22.5 %, ethanol solvate according to NMR); 
1H NMR (CD3OD, 25 °C): 2.949 (d, 13.2 Hz, 4 H, CH2 AB), 4.112 (s, 8 H, OCH2), 4.313 (d, 

12.8 Hz, 4 H, CH2 AB), 6.137 (s, 8 H, Ph-H), 7.297 (dd, 7.6 + 5.0 Hz, 4 H, pyridine - H5), 

7.703 (d, 8.0 Hz, 4 H, pyridine - H4), 7.886 (s, 4 H, CH=N), 8.335 (dd, 4.8 + 1.4 Hz, 4 H, 

pyridine - H6), 8.455 (d, 1.6 Hz, 4 H, pyridine - H2); 13C{1H} NMR (CD3OD, 25 °C): 31.79 

(CH2 bridge), 47.01 (NCH2), 77.97 (OCH2), 114.60, 125.11, 136.49, 136.63, 137.40, 138.33, 

145.11 (arom. C), 148.41 (Car-N), 149.40 (Car-O)*; ESI MS: positive mode m/z 1047.6 

([M-CO2+H]+), 1089.6 ([M+H]+) 

cone-5,11,17,23-tetrakis(4-pyridylmethylamino)-25,26,27,28-tetrakis(carboxymethoxy)-

calix[4]arene 9c: light yellow powder, 0.14 g (35 %); 1H NMR (CD3OD, 25 °C): 2.923 (d, 

13.2 Hz, 4 H, CH2 AB), 4.112 (s, 8 H, OCH2), 4.308 (d, 12.4 Hz, 4 H, CH2 AB), 6.060 (s, 

8 H, Ph-H), 7.305 (d, 6.0 Hz, 8 H, pyridine - H3), 8.412 (dd, 4.4 + 1.6 Hz, 8 H, pyridine - H2); 
13C{1H} NMR (CD3OD, 25 °C): 31.87 (CH2 bridge), 77.92 (OCH2), 114.38, 123.99, 136.46, 

144.96 (arom. C), 149.91 (Car-N), 153.35 (Car-O)* 

 

* Signal C=O is in 13C NMR spectrum of 9a and 9c missing because of a very slow 

relaxation of this group; signal NCH2 is missing in 13C NMR spectrum of 9c because it is 

overlapped by the solvent signal (CD3OD). 
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4.2.3. Related syntheses 

Because of observed problems with partial hydrolysis of 6a in acidic media when this 

compound is prepared by ipso-nitration, we decided to try direct alkylation of 5,11,17,23-

tetranitro-25,26,27,28-tetrahydroxycalix[4]arene where no contact with acid occurs. 

Also, hydrolysis of lower rim ester groups of 6a as a possible way to more water soluble 

compounds is reported. 

 

4.2.3.1. Alkylation of 5,11,17,23-tetranitro-25,26,27,28-tetrahydroxycalix[4]arene 

 

RO

NO2

NO2

NO2

O2N

RORO OR 6b
BrCH2COOCH2CH3

M2CO3

∆, 4-8 d

(CH3)2CO

O2N
O2N NO2 NO2

OHOH HOHO M ... Na, K or Cs
R ... CH2COOCH2CH310  

 

Figure 4.2.4: Reaction scheme (variation of an alkylation method) 

 

partial cone-5,11,17,23-tetranitro-25,26,27,28-tetrakis(ethoxycarbonylmethoxy)calix-

[4]arene 6b: 0.5 g (0.83 mmol) of 5,11,17,23-tetranitro-25,26,27,28-tetrahydroxycalix[4]arene 

10 (prepared according to [97]), 0.9 ml (8.3 mmol) of ethyl bromoacetate, 8.3 mmol of the 

base (anhydrous Na2CO3, K2CO3 or Cs2CO3) 1 and 11 ml of anhydrous acetone were mixed in 

a 50 ml flask equipped with reflux condenser and calcium chloride drying tube and heated to 

reflux until the reaction was complete (4 days for K2CO3, 8 days for Na2CO3 and Cs2CO3; 

TLC CH2Cl2:CH3CH2OH 10:1, product RF 0.85). The resulting suspension was filtered; the 

solid washed twice with 20 ml of acetone and the filtrate was evaporated to dryness. The oily 

residue was purified by column chromatography (SiO2, column 3x15 cm, CH2Cl2: 

CH3CH2OH 10:1). The product was then crystallized from dichloromethane/hexanes; 

analytical sample (beige powder) was obtained by recrystallization from 

dichloromethane/cyclohexane. Yield: 0.38 g (48 %) for Na2CO3, 0.36 g (46 %) for K2CO3 and 

0.30 g (38 %) for Cs2CO3. 1H NMR (CDCl3, 25 °C): 1.172 (t, 7.2 Hz, 3 H, CH3), 1.293 (t, 

7.2 Hz, 6 H, CH3), 1.380 (t, 7.0 Hz, 3 H, CH3), 3.373 (d, 14.8 Hz, 2 H, CH2 AB), 3.704 (s, 
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2 H, OCH2), 3.945 (d, 13.2 Hz, 2 H, CH2 AB), 3.983 (q, 7.2 Hz, 2 H, CH2CH3), 4.188 (d, 

12.4 Hz, 2 H, CH2 AB), 4.289 (q, 7.2 Hz, 2 H, CH2CH3), 4.311 (d, 15.2 Hz, 2 H, OCH2), 

4.425 (q, 7.2 Hz, 2 H, CH2CH3), 4.488 (d, 14.4 Hz, 2 H, CH2 AB), 4.583 (d, 15.2 Hz, 2 H, 

OCH2), 4.584 (s, 2 H, OCH2), 7.043 (d, 2.8 Hz, 2 H, Ph-H), 7.972 (d, 2.8 Hz, 2 H, Ph-H), 

8.054 (s, 2 H, Ph-H), 8.447 (s, 2 H, Ph-H) 2; 13C{1H} NMR (CDCl3, 25 °C): 13.81, 14.18, 

14.23 (CH3), 31.81, 33.87 (CH2 bridge), 61.36, 61.85, 62.51 (CH2CH3), 68.73, 71.22, 71.72 

(OCH2), 123.99, 124.60, 125.51, 126.28, 132.78, 133.29, 134.32, 136.04 (Car-CH2 and Car-H), 

143.10, 143.51, 143.28 (Car-N), 160.15, 160.34, 161.33 (Car-O), 167.81, 168.03, 168.98 

(C=O); ESI MS (positive mode): m/z 971.0 ([M+Na]+); FTIR (DRIFTS): 1747 cm–1 

(ν (C=O)), 1529 cm–1 (νas (NO2)), 1346 cm–1 (νs (NO2)); FT Raman: 1349 cm–1 (νs (NO2)). 
1 Li2CO3 gives only distally disubstituted cone conformer as observed earlier [98]. 
2 Due to the integration of 1H NMR spectrum, the product contains about 5 % of cone 

conformer. 

 

4.2.3.2. Hydrolysis of 6a 
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NO2
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NO2

O2N

R2OR2O OR2 11b
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O2N NO2 NO2
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O2N NO2 NO2
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H2O, CH3OH, rt, 6 h

6a 11a
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Figure 4.2.5: Reaction scheme (hydrolysis of 6a) 
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cone-5,11,17,23-tetranitro-25,26,27,28-tetrakis(carboxymethoxy)calix[4]arene 11a 

[99]): A NaOH (0.27 g, 6.8 mmol) solution in 2.7 ml of distilled water was added under 

stirring to a suspension of 0.50 g of cone-5,11,17,23-tetranitro-25,26,27,28-tetrakis-

(ethoxycarbonylmethoxy)calix[4]arene 6a (0.53 mmol) in 2.7 ml of methanol. The reaction 

mixture was stirred at room temperature for 4 h; after being diluted with 9 ml of distilled 

water, the slurry was stirred for another 2 h. The mixture was acidified by concentrated HCl 

to pH ~ 1; the fine precipitate was separated by suction filtration (sinter S4), washed 

thoroughly by distilled water and dried in the air. Yield: 0.41 g (94 %) of light yellow powder; 
1H NMR (DMSO-d6, 25 °C): 3.48 (bs, 4 H, OH), 3.692 (d, 14.0 Hz, 1 H, CH2 AB), 4.769 (s, 

2 H, OCH2), 4.920 (d, 14.0 Hz, 1 H, CH2 AB), 7.660 (s, 2 H, Ph-H); 1H NMR (CD3OD, 

25 °C): 3.588 (d, 14.0 Hz, 1 H, CH2 AB), 4.877 (s, 2 H, OCH2), 5.130 (d, 14.4 Hz, 1 H, CH2 

AB), 7.643 (s, 2 H, Ph-H); 13C{1H} NMR (DMSO-d6, 25 °C): 30.49 (CH2 bridge), 71.11 

(OCH2), 123.82 (Car-CH2), 135.63 (Car-H), 142.32 (Car-N), 161.41 (Car-O), 170.39 (C=O); 
13C{1H} NMR (CD3OD, 25 °C): 32.37 (CH2 bridge), 72.49 (OCH2), 125.17 (Car-CH2), 137.12 

(Car-H), 144.44 (Car-N), 162.71 (Car-O), 172.30 (C=O); ESI MS: positive mode m/z 859.3 

([M+Na]+), negative mode m/z 835.1 ([M-H]–); FTIR (DRIFTS): 3595 cm–1 (ν (O-H)), 

3189 cm–1 (ν (O-H…O)), 1742 cm–1 (ν (C=O)), 1521 cm–1 (νas (NO2)), 1348 cm–1 (νs (NO2)), 

1052 cm–1 (ν (C-N)), 904 cm–1 (δ (O-H…O) out-of-plane); FT Raman: 1738 cm–1 (ν (C=O)), 

1524 cm–1 (νas (NO2)), 1346 cm–1 (νs (NO2)), 1054 cm–1 (ν (C-N)) 

partial cone-5,11,17,23-tetranitro-25,26,27,28-tetrakis(carboxymethoxy)calix[4]arene 

11b: 2.75 g of 6a (2.90 mmol) and 2.1 g of KOH (37.5 mmol) were suspended in 15 ml of 

distilled water and 15 ml of methanol. The reaction mixture was stirred for 3 hours at room 

temperature, 50 ml of distilled water were added and the mixture was stirred for another hour. 

Concentrated HCl was added dropwise to pH ~ 1, the resulting yellow-orange solid was 

filtered and dried in the air (2.33 g of deep yellow needles were obtained). According to TLC 

(IPAV 10:3:3, UV detection), the product was very impure (RF 0.4, 0.5 (main compound) and 

0.65). Attempts on crystallization from several solvent mixtures (ethanol, acetone/water and 

acetone/ethanol) were unsuccessful because the solutions tended to deposit oil. Active 

charcoal was likewise of little help. Trituration of the product with acetone/ethanol mixture 

(10 ml/10 ml) afforded 0.49 g of light yellow solid. According to 1H, 13C NMR (CDCl3, 

25 °C) and ESI MS, the product was an incompletely hydrolyzed mixture of conformers; the 

hydrolysis was therefore repeated under more drastic conditions (4 g of KOH, 20 ml of 

distilled water, 20 ml of ethanol; after 1 day 1 g of KOH was added and the mixture was 
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stirred for another two days). The reaction mixture was then acidified by aqueous HCl (1:1) 

and extracted by chloroform (50 ml and subsequently twice by 20 ml); the combined organic 

phases were washed with water, dried by anhydrous Na2SO4 and filtered. After evaporation of 

the filtrate to dryness, the residue was recrystallized from acetone/ethanol (the crystallization 

lasted several months). Yield: 0.26 g (11 %) of light yellow powder; 1H NMR (DMSO-d6, 

25 °C): 3.457 (d, 14.0 Hz, 1 H, CH2AB), 3.55 (bs, 6 H, OH + CH2AB), 3.640 (d, 14.4 Hz, 

1 H, CH2AB), 4.586 (s, 2 H, OCH2), 4.752 (m, 2 H, OCH2), 4.783 (s, 2 H, OCH2), 4.852 (m, 

2 H, OCH2), 6.784 (s, 2 H, Ph-H), 7.544 (d, 2.8 Hz, 2 H, Ph-H), 7.552 (d, 2.4 Hz, 2 H, Ph-H), 

7.850 (s, 2 H, Ph-H)*; 13C{1H} NMR (DMSO-d6, 25 °C): 30.91 and 33.53 (CH2 bridge), 

70.59, 70.95 and 71.48 (OCH2), 122.80, 123.91, 124.18, 125.77 (Car-CH2), 132.73, 135.47, 

135.74, 136.25 (Car-H), 142.13, 142.28, 145.60 (Car-N), 153.61, 161.25, 161.44 (Car-O), 

170.50, 170.56, 171.11 (C=O) 

* According to integration of 1H NMR spectrum, the product contains about 5 % of 

cone conformer; direct hydrolysis of partial cone conformer 6b was not attempted. 

 

To evaluate the conformational stability of the cone tetraacid 11a in basic solution, 

an isomerization attempt was made. The procedure is described in the Appendix 9. 

 

Discussion of the above-listed syntheses is presented in Chapter 4.4.2. 
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4.2.4. X-ray structure determination 

Measurement conditions for all structures from this chapter have been included in 

Chapter 4.1.2. All pertinent structural parameters are listed in Supplementary Table 1. 

Selected bond lengths and angles are reported along with corresponding numbering schemes 

in Supplementary Table 2. Discussion of the calix[4]arene base frame geometry is reported 

in Chapter 4.4.3. 

All structures reported in this work contain some type of disorder. The chapter 

regarding structure 6b · 1.52 CHCl3 describes the standard procedure used for disorder 

treatment. 

 

4.2.4.1. Crystal structure of  2b · x (CH3)2CHOH 

Diffraction-quality single crystals of the compound 2b · x (CH3)2CHOH were obtained 

by slow evaporation of a solution of the imine 2b in chloroform/2-propanol. 

The crystal structure of this compound contains two crystallographically independent 

molecules of 2b and disordered molecules of solvent (2-propanol). The molecules of 2b form 

distinct layers along the x axis with void space occupied primarily by lower rim substituents 

and solvent molecules. One calix[4]arene molecule is affected only by one type of disorder; 

the second molecule is affected by three types of disorder. There are together six different 

disorders in this structure but only five of them were successfully modeled. It led to R-value 

of 0.1060 only. 

 

4.2.4.2. Crystal structure of 2e · CH3OH · 0.5 CH3C6H5 

Diffraction-quality single crystals of the compound 2e · CH3OH · 0.5 C6H5CH3 were 

obtained by slow evaporation of a solution of the imine 2e in toluene/hexane. 

The crystal structure of compound 2e · CH3OH · 0.5 CH3C6H5 consists of discrete 

calix[4]arene molecules and solvent molecules of toluene and methanol (probably remnants 

from previous recrystallization). This compound crystallizes in space group P-1 (No. 2). 

The unit cell contains two molecules of calixarene, one toluene molecule situated at inversion 

center and two molecules of methanol. Both solvents are highly disordered. The disordered 

toluene molecule was located at the inversion center (site occupancies 50 % for each 

disordered part); the methanol molecule was highly disordered (site occupancies 70/30 %). 

Additionally, some type of disorder was also observed in the propyl group bound to O2.  
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4.2.4.3. Crystal structure of  2f · 0.4 CH3CH2OH 

Diffraction-quality single crystals of the compound 2f · 0.4 CH3CH2OH were obtained 

by slow evaporation of a solution of the imine 2f in ethyl acetate/ethanol. 

The crystals of the title compound consist of discrete molecules of imine 2f and 

disordered molecules of ethanol. Two 1-propoxy groups of calix[4]arene were disordered 

in this structure as well. 

 

4.2.4.4. Crystal structure of 5 · 3 C2H3N 

An attempt to prepare lanthanum complex of calixarene 5 was made. A solution of 

compound 5 and approximately equimolar amount of La(ClO4)3 . x H2O in acetonitrile was 

left to evaporate slowly at room temperature over the course of a week. Large colorless 

crystals were obtained but consisted entirely of acetonitrile solvate of free 5. 

The structure of 5 · 3 C2H3N is triclinic (space group P -1) and consists of discrete 

molecules of calix[4]arene 5 and three acetonitrile solvate molecules. This structure has been 

already reported as GIYTOX [76] with R-factor of 10.59; R-factor for our determination is 

11.34 because of low fraction of reflections measured (about 73 %). Two 1,1-dimethylethyl 

groups attached to C17 and C23 are disordered in this structure; disorder is also observed on 

lower rim substituents attached to O1, O2. Surprisingly, no disorder is observed in the solvate 

molecules. 

 

4.2.4.5. Crystal structure of 6a · 2 CHCl3 

Diffraction-quality single crystals of the compound 6a · 2 CHCl3 were obtained by 

slow evaporation of its solution in chloroform/ethanol.  

6a · 2 CHCl3 crystallized in space group P 21/c. The crystal structure of 6a consists of 

one calix[4]arene molecule in the cone conformation and two chloroform solvate molecules. 

Both solvent molecules are disordered; the calixarene molecule contains disorder of the 

methyl groups on the lower rim substituents bound to oxygen atoms labeled O1, O2. 

The disorders on the chloroform molecules (caused by libration around the C3 axis) were 

modeled prior to the ones on the main residue. After modeling of all disorders, we finished 

on R-value of 0.0756.  
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4.2.4.6. Crystal structure of 6b · 1.52 CHCl3 

Diffraction-quality single crystals of the compound 6b · 1.52 CHCl3 were obtained by 

slow evaporation of its solution in chloroform/ethanol. 

6b · 1.52 CHCl3 crystallizes in space group P 21/a. The crystal structure of 6b consists 

of one calix[4]arene molecule in the partial cone conformation and two chloroform solvate 

molecules, one with partial occupancy (52 %). The calixarene molecule contains disorder of 

the lower rim substituents on oxygen atoms labeled O2, O3 and O4. Because of the highly 

disordered structure, the solution led to the R-value of 0.0997 only. 

 

The method of disorder treatment is as follows: In the structure of 6b · 1.52 CHCl3, 

three ethoxycarbonylmethoxy groups at the lower rim were disordered. More peaks of 

electron density were found around the atoms O2, O3 and O4 in differential Fourier map at 

initial stages of refinement. The most intensive ones were assigned to carbon atom of 

methylene group, carbonyl group and pivot oxygen atom of ethoxy group. The remaining 

maxima were refined and fixed. Now, the “main” ethoxycarbonylmethoxy groups were 

modeled and refined with estimated occupancy of about 0.5 and subsequently, the second 

positions of the ethoxycarbonylmethoxy groups were modeled; several bond lengths had to be 

restrained. Afterwards, the occupancies were refined and fixed; several non-hydrogen atoms 

on these parts of molecule were included anisotropically to calculation and the hydrogen 

atoms were then added to geometrical positions. Other atoms had to be included in the 

refinement isotropically due to the quality of the data. The refinement was stable; 

the modeling of these disorders caused significant decrease of R-values. The partial 

occupancy of one chloroform molecule in the structure of 6b · 1.52 CHCl3 was modeled by 

refining and subsequently fixing the occupancy of this molecule.  

 

4.2.4.7. Crystal structure of 6a · 2 CH3CN 

An attempt to prepare lanthanide complexes of the compound 6a has been made. 

A solution of 6a and approximately equimolar amount of hydrated lanthanide nitrate (La, Nd, 

Eu, Yb) in acetonitrile was left to slowly evaporate over the course of a week. Each solution 

deposited well-developed octahedral crystals, which were shown to be an acetonitrile solvate 

of 6a. Crystals from lanthanum(III) and ytterbium(III) solutions were of the best quality and 

were therefore selected for X-ray structure determination (see Chapter 4.1.2). 
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The compound 6a · 2 CH3CN crystallizes in space group P 43212 (as determined from 

measurement with Mo Kα radiation) or in space group P 41212 (as determined from 

measurement with Cu Kα radiation on crystals grown under different conditions). 

The structure contains one calixarene molecule located on a C2 axis and one disordered 

molecule of solvent. In addition, the substituent on O1 is disordered as well. 

 

4.2.4.8. Crystal structure of 8b · 1.33 CH3CH2OH 

Diffraction-quality single crystals of the compound 8b · 1.33 CH3CH2OH were grown 

from CDCl3/ethanol. 

The crystal structure of 8b · 1.33 CH3CH2OH belongs to space group P -1 and consists 

of one calixarene molecule and two ethanol molecules with partial site occupancy. 

Crystal packing shows alternating layers of aliphatic and aromatic parts of molecules. 

The calix[4]arene molecule contains disorder on a substituent attached to O4; the solvent 

molecules are not disordered. 

 
 

4.2.5. Infrared and Raman spectra 

The wavenumbers of the observed bands and their assignment for some prepared 

calix[4]arenes (including calix[4]arenes from [16]) are listed in Supplementary Table 3. 

The assignment of the bands is in detail discussed in Chapter 4.4.4. 
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4.3. Anion binding studies with compounds 3a - 3d, 2f and 9a - 9c 

Interactions of amines 3a - 3c [16], 3d, 9a - 9c and of imine 2f with anions were 

studied in dimethyl sulfoxide and/or acetonitrile and/or aqueous HCl. Tetrabutylammonium 

cation was selected as the most convenient counter cation for the purpose of these 

measurements to minimize possible ligand - cation interactions and also because of a large 

variety of commercially available salts. The OPIUM program [88] was used for determination 

of stoichiometry and interaction constants of the resulting amine - anion complexes. 

 

4.3.1. Preparation of solutions and mixing schemes 

Solutions in dimethyl sulfoxide 

Table 4.1: Preparation of solutions in dimethyl sulfoxide 

stock solutions 3a 3b 3c 3d 2f 
concentration (M) 10–3 10–3 10–3 7·10–4 10–3 
weight (mg) 10.1 10.1 10.1 10.2 10.2 
dimethyl sulfoxide to 10 ml to 10 ml to 10 ml to 10 ml to 10 ml 
final solutions 3a 3b 3c 3d 2f 
concentration (M) 5·10–5 5·10–5 5·10–5 5·10–5 1.5·10–5 
stock solution (ml) 1.250 1.250 1.250 0.710 0.150 
dimethyl sulfoxide to 25 ml to 25 ml to 25 ml to 10 ml to 10 ml 

 

Stock solutions were prepared by dissolving the indicated amount of compounds 

3a - 3d, 2f (Table 4.1, weighed with accuracy of ±0.05 mg) in small amount of dimethyl 

sulfoxide and filling up the 10-ml volumetric flask to the mark. Solutions for interaction 

studies were prepared by diluting the amount of the stock solution indicated in Table 4.1 

to 25 ml for 3a - 3c or to 10 ml for 3d, 2f. 

Solutions of compounds 9a - 9c in dimethyl sulfoxide were not prepared. 

 

Solutions in acetonitrile 

Preparation of 3a - 3d solutions in acetonitrile was more difficult because of a low 

solubility of the title compounds in this solvent. Therefore, 0.5 mg of 3a - 3c and 0.7 mg of 

3d were directly dissolved in acetonitrile (in a 10-ml volumetric flask) to the final 

concentration of 5·10–5 M. The solubility of imine 2f in acetonitrile was very poor; 0.1 mg of 

2f was directly dissolved in 10 ml of acetonitrile to a final concentration of about 10–5 M. 

 Because of low solubility of the above-mentioned compounds in acetonitrile, solutions 

of compounds 9a - 9c in acetonitrile were not prepared. 
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Solutions in aqueous HCl 

Table 4.2: Preparation of stock solutions of amines 3a - 3c, 9a - 9c in aqueous HCl 

stock solutions 3a 3b 3c 9a 9b 9c 
amine concentration (M) 10–3 10–3 10–3 10–3 10–3 10–3 
weight (mg) 10.1 10.1 10.1 11.0 11.0 11.0 
0.20586 M aqueous HCl (ml) 0.500 0.500 0.500 — — — 
deionized water to 10 ml to 10 ml to 10 ml — — — 
5·10–3 M HCl — — — to 10 ml to 10 ml to 10 ml 

 

Table 4.3: Preparation of final solutions of amines 3a - 3c, 9a - 9c in aqueous HCl 

solutions in 5·10–4 M HCl solutions in 0.1 M HCl  3a 3b 3c 3a 3b 3c 
amine concentration (M) 5·10–5 5·10–5 5·10–5 5·10–5 5·10–5 5·10–5 
stock solution (ml) 1.250 1.250 1.250 1.250 1.250 1.250 
0.20586 M aqueous HCl (ml) — — — 12.145 12.145 12.145 
deionized water To 25 ml to 25 ml to 25 ml to 25 ml to 25 ml to 25 ml 

solutions in 5·10–3 M HCl  3a 3b 3c 9a 9b 9c 
amine concentration (M) 5·10–5 5·10–5 5·10–5 5·10–5 5·10–5 5·10–5 
stock solution (ml) 1.250 1.250 1.250 1.250 1.250 1.250 
0.20586 M aqueous HCl (ml) 0.560 0.560 0.560 — — — 
deionized water to 25 ml to 25 ml to 25 ml — — — 
5·10–3 M HCl — — — to 25 ml to 25 ml to 25 ml 
 

10–3 M stock solutions of compounds 3a - 3c were prepared according to Table 4.2; 

aqueous HCl was added to achieve dissolution prior to filling up the volumetric flask with 

deionized water. Solutions for preliminary interaction studies were prepared by diluting 

1.250 ml of the stock solution to 25 ml (final 5·10–4 M HCl concentration was obtained). 

Solutions of compounds 3a - 3c in more concentrated HCl were prepared by adding a certain 

amount (see Table 4.3) of 0.20586 M aqueous HCl before filling up the 25-ml volumetric 

flask. Solutions of compounds 3d, 2f in aqueous HCl were not prepared. 

Approximately 10–3 M stock solutions of compounds 9a - 9c in 5·10–3 M aqueous HCl 

were prepared by dissolving the indicated amount (see Table 4.2) of compounds 9a - 9c in 

5·10–3 M HCl and filling the 10-ml volumetric flask with 5·10–3 M HCl to the mark. Solutions 

for interaction studies were prepared according to Table 4.3. 

The solution of 0.20586 M aqueous HCl was prepared from pure HCl for trace 

analysis and deionized water; its concentration was determined potentiometrically. Solutions 

of less concentrated HCl were prepared by diluting of appropriate amount of the 0.20586 M 

solution by deionized water in a volumetric flask (25-ml or 100-ml). 
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Table 4.4: Preparation of tetrabutylammonium hydrogen sulfate solutions 

stock solution in 5·10–4 M HCl   
salt concentration (M) 0.01   
weight (mg) 34.1   
0.002 M HCl (ml) 2.500   
deionized water to 10 ml   

 solution in 5·10–4 M 
HCl 

solution in 5·10–3 M 
HCl 

solution in 0.1 M 
HCl 

salt concentration (M) 5·10–3 5·10–3 5·10–3 
stock solution (ml) 2.500 2.500 2.500 
0.002 M HCl (ml) 0.625 — — 
0.02 M HCl (ml) — 1.190 — 
0.20586 M HCl (ml) — — 2.490 
deionized water to 5 ml to 5 ml to 5 ml 

 
Tetrabutylammonium hydrogen sulfate solutions in aqueous HCl were prepared 

according to Table 4.4. 

5·10–3 M solution of tetrabutylammonium sulfate in 5·10–4 M aqueous HCl was 

prepared by dissolving 170.0 mg of tetrabutylammonium hydrogen sulfate in about 25 ml of 

deionized water and titration by tetrabutylammonium hydroxide solution to pH 7.00 (glass 

electrode), subsequent addition of 0.250 ml of 0.20586 M HCl and filling to 100 ml in 

a volumetric flask. 

 

Calibration curve measurements 

For calibration curve measurements, a set of solutions was prepared according 

to Table 4.5. The solutions were measured in the ranges 265-500 nm (dimethyl sulfoxide) or 

220-500 nm (water). 

 
Table 4.5: Dilution of stock solutions of 3a - 3d, 2f, 9a - 9c (Tables 4.1, 4.2) for calibration 

curve measurements (solvent: dimethyl sulfoxide or deionized water, where applicable) 

stock solution (ml) 0.001 0.005 0.010 0.025 0.050 0.075 0.100 0.500 1.000 
solvent (ml) 1.000 1.000 1.000 1.000 1.000 1.000 0.900 0.500 0.000 
 

Titration measurements 

For titration measurements, the 5·10–3 M solution of the tetrabutylammonium salt 

(sulfate or hydrogen sulfate) was added gradually (0, 1, 2, 3, 4, 5, 10, 15, 20, 30, 40 and 50 

molar equivalents) to 1.000 ml of the 5·10–5 M amine solution, see Table 4.6. The data were 

subsequently corrected for dilution. Most titrations were measured at least twice to eliminate 

any potential mishaps. Addition of smaller volumes (e.g. μl for less than 1 equivalent of the salt) 
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bore large experimental errors (the reproducibility of these data was very low) and was 

therefore not performed. 

 
Table 4.6: Subsequent additions of the salt solution for titration measurements 

salt (equiv.) 0 1 2 3 4 5 10 15 20 30 40 50 
salt (µl) 0 +10 +10 +10 +10 +10 +50 +50 +50 +100 +100 +100 
 

4.3.2. Preliminary anion binding studies with compounds 3a - 3d, 2f, 9a - 9c 

To test the binding ability of the amines 3a - 3d, a preliminary screening was carried 

out with several anions representing different geometry. Hence, the spherical fluoride and 

chloride, tetrahedral dihydrogen phosphate, perchlorate, hydrogen sulfate and tetrafluoroborate, 

and octahedral hexafluorophosphate were used with tetrabutylammonium counter cation. 

Amines 3a - 3d were tested in dimethyl sulfoxide and acetonitrile, amines 3a - 3c even 

in 5·10–4 M aqueous HCl using conventional UV-Vis experiment. The solid salts were added 

to the solutions of the respective amines in large excess (> 50 equivalents) and the 

measurements were performed immediately after dissolving of the salt. Calibration curves of 

compounds 3a - 3d were measured prior to this screening; concentration of the amine solution 

for the interaction studies was determined from the calibration curves. 

Interaction of 2f with the previously mentioned anions in the form of 

tetrabutylammonium salts was studied in dimethyl sulfoxide and acetonitrile. The screening 

was performed as above. 

Preliminary screening experiments of compounds 9a - 9c with anions were measured 

in 5·10–3 M aqueous HCl by UV-Vis spectroscopy. The screening was performed as for the 

corresponding compounds 3a - 3c; spherical bromide anion was included in the screening. 

 

4.3.3. Potentiometric measurements 

The potentiometric determination of protonation constants of 3b was performed by the 

following procedure: 0.2014 g of this compound was dissolved in 6.000 ml of 0.20586 M HCl 

and the volumetric flask was filled to 10 ml (0.02 M stock solution of 3b in 0.12352 M HCl). 

1.000 ml of the stock solution was pipetted along with 2.000 ml of deionized water and 

2.000 ml of 0.1 M KCl solution in deionized water. This solution was then titrated in nitrogen 

atmosphere with 0.19267 M potassium hydroxide solution.  

Potentiometric titration of other amines (3a, 3c, 3d, 9a - 9c) was not performed. 
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4.4. Results and discussion 

4.4.1. List of synthesized compounds 
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Figure 4.4.1: List of synthesized compounds (for the synthesis of compounds 1, 2a - 2c, 

3a - 3c, 4, 10, see [16], [84]) 
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4.4.2. Synthesis 

 Novel calix[4]arenes 3a - 3c [16] and 3d were synthesized in good yields and 

sufficient purity [84]. The condensation procedure between cone-5,11,17,23-tetraamino-

25,26,27,28-tetrapropyloxycalix[4]arene 1 and the corresponding aromatic aldehyde in 

anhydrous ethanol at 78 °C produced imines 2a - 2g; for 2a - 2c, 2e and 2f, the synthesis was 

followed by recrystallization. All these compounds were prepared in moderate to good yields 

(44-80 %) and sufficient purity. Due to the crystal structures of 2b, 2e, 2f and previously 

published results [16], [84], the E- configuration of C=N bonds in all synthesized imines is 

expected. However, the synthesized imines show E-/Z- conversion upon standing in solutions, 

producing an equilibrium mixture of isomers (NMR observation); therefore all operations in 

solutions were performed as quickly as possible, especially for NMR measurements. 

These compounds were utilized as precursors to the desired compounds 3a - 3d. 

 Syntheses of the more polar compounds began by ipso-nitration of cone-5,11,17,23-

tetrakis(1,1-dimethylethyl)-25,26,27,28-tetrakis(ethoxycarbonylmethoxy)calix[4]arene 5 

performed according to a previously described procedure [95]; the only difference being the 

workup of the reaction mixture. The reaction mixture was poured into distilled water and the 

organic phase was extracted extensively by a 5% aqueous K2CO3 solution, followed by 

washing by distilled water until the aqueous phase remained colorless. This step was 

necessary to remove hydrolytic products and excess acetic acid that otherwise remained in the 

organic phase and caused gradual hydrolysis of the product during crystallization (confirmed 

by 1H NMR spectra). 

 Because of the problems with partial hydrolysis caused by the acidic media, we tried 

a different approach - alkylation of the lower rim of 5,11,17,23-tetranitro-25,26,27,28-

tetrahydroxycalix[4]arene using a variety of anhydrous metal carbonates as bases according to 

a published alkylation procedure [98]. Interestingly, no metal template effect was observed, 

the only product being the partial cone conformer 6b [85]. The purification of this compound 

remains a problem due to a consistent formation of a small amount (about 5 %) of cone 

conformer that is very difficult to separate from 6b by conventional methods. A synthetic 

approach to partial cone conformers containing methyl or propyl group at the lower rim by 

ipso-nitration of the corresponding p-t-butyl derivatives has already been published, see [85] 

and references therein. 

 The synthesis of the amine compound 7 required only mild reaction conditions; 

the product was obtained in high yield and good purity. Reduction of 6a by transfer 
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hydrogenation using Raney nickel and hydrazine hydrate, which worked nicely for lower rim 

1-propyl-substituted p-nitrocalix[4]arene [16], could not be utilized for 7 because reaction of 

hydrazine with lower rim ester groups was observed. Impure solutions of 7 tended to produce 

oil upon evaporation and the amine 7 oxidized in the air more readily than 1; 7 was therefore 

worked up as soon as possible after preparation. 

The condensation of 7 with the corresponding aromatic aldehydes proceeded 

smoothly; the only problem being the isolation of the resulting imines. As a rule, the solutions 

of 8a - 8d, 8f crystallized slowly if ever (because of the higher hydrophilicity of these 

compounds) and tended to deposit oil on contact with more hydrophobic solvents; the best-

crystallizing compounds of this group were 8a and 8b. Moreover, E-/Z- conversion by 

prolonged standing in solution was as easy in these compounds as in 2a - 2g (the 1H NMR 

spectrum of the pyrrole compound 8f could not be interpreted partly for this reason). 

Because repeated crystallization attempts led only to decomposition of the corresponding 

imines, reaction mixtures from the imine preparation were eventually utilized directly for 

subsequent reduction without any attempt to isolate the imine intermediate. 

 The subsequent reduction of 8a - 8c by NaBH4 in ethanol proceeded smoothly, the 

only problem being the isolation of the products because of their higher hydrophilicity. 

It was impossible to isolate 9a - 9c in the form of ethyl esters due to their partial hydrolysis 

under the utilized reaction conditions. Since our ultimate goal was the hydrolyzed products, 

hydrolysis was incorporated directly into the reaction procedure; the NMR spectra of the 

products showed no sign of ethyl ester group. The products 9a - 9c were obtained in moderate 

yields of about 30 % (because of higher polarity of lower rim substituents, yields of 

compounds 9a - 9c after the extractions were somewhat lower than for lower rim 1-propyl-

substituted compounds [16]) and sufficient purity according to NMR spectra. Because of 

small quantities of these compounds obtained, elemental analysis was not performed; 

the exact nature of the product (whether it is in the form of acid or its sodium salt) remains 

therefore unknown. 

 Likewise, hydrolysis of the compound 6a using NaOH [99] yielded the deesterificated 

cone product 11a, as expected. However, when KOH was used for the hydrolysis of the cone 

compound 6a, the product displayed isomerization to partial cone conformer probably 

because of the template effect of the base cation. Conformational stability of 11a in solution 

was evaluated by a direct isomerization attempt under alkaline conditions (NaOH). 

The compound 11a was thus confirmed to be conformationally stable in solution in the 



 106

presence of Na+ for at least several weeks. Since the partial cone acid 11b was of little 

interest, direct hydrolysis of 6b was not attempted. 

 

 Reaction scheme depicting utilized synthetic pathways is given in Fig. 4.4.2. 

 

1 2a - 2g

3e - 3g

[H]

[H]

4 6a 7
[H]

8a - 8e
[H]

9a - 9c

11a, 11b
hydrolysis

hydrolysis
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condensation
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6a

5
alkylation

10 6b
alkylation

3a - 3d

 
 
Figure 4.4.2: An overall reaction scheme (for the synthesis of compounds 1, 2a - 2c, 3a - 3c, 

4, 10, see [16], [84]) 
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4.4.3. Crystal structures 

 Structure refinement of all crystal structures is reported in the experimental section 

(Chapter 4.2.4); however, the geometry of the calix[4]arene scaffold is discussed in this 

chapter. Emphasis is given to the geometry of the calix[4]arene base frame with respect to 

inter- and/or intramolecular interactions present in the structure. Parameters α, β, δ described 

in Chapter 3.1 [83]-[85] have been utilized for the description of the calix[4]arene geometry. 

 

4.4.3.1. Crystal structure of 2b · x (CH3)2CHOH 

Two independent imine molecules of 2b are shown in Fig. 4.4.3. 

 
Figure 4.4.3: Structure 2b. Hydrogen atoms, carbon atom labels, solvent molecules and 

disorders are omitted for clarity. Molecule containing O1 is in equivalent position x-1, y, z. 

Thermal displacement parameters are at 50 % probability level. 

 

Both molecules of 2b exist in a flattened cone conformation with distortion parameters 

α, β, δ 68.0(2), 118.3(6), 18.4(6) and 69.0(2), 116.9(6), 12.6(6) for molecule 1 and 2, 

respectively. The geometry of each molecule of 2b is affected by two different π-π-stackings 

of imino - 3-pyridyl arms. Two opposite arms form intramolecular π-π-bonds (pyridyl ring) 

→ (pyridyl ring) and (-N=CH-) → (-N=CH-) with nearly coplanar pyridine rings (angle 

26.4(6)°; average distance 3.5 Å for the first part of disordered molecule 1; 9(1)°, 3.4 Å 

for the second part of disordered molecule 1; 3.5(5)°, 3.4 Å for molecule 2) and nearly 

coplanar double bond moieties. One of the remaining “free” arms participates on intermolecular 
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π-π-bond with the neighboring molecule (equivalent position i x-1, y, z). These π-π-bonds are 

described as interaction (pyridyl ring) → (-N=CH-) i and (-N=CH-) → (pyridyl ring) i with 

nearly coplanar pyridine rings and double bond moieties (angle 2.8(3)°; distance N1i ... N15 

3.405(6) Å and distance N11 ... N5i 3.455(6) Å, i x-1, y, z). The arm from the neighboring 

molecule does not enter the calix[4]arene cavity and does not disturb intramolecular 

π-π-interaction as observed in structure YUNTAC [76] (α, β, δ 55.2, 21.2, 10.3 [84]), see 

Fig. 4.4.4. In YUNTAC [76], the cavity is occupied by a phenyl ring bound to -N=N- moiety 

of second calixarene molecule and the values of distortion parameters correspond to more 

symmetrical conformation with non-coplanar opposite phenyl rings. Similar structural motive 

has been also observed in structure RABJEF [76] (α, β, δ 50.3, 62.8, 0.0) that contains 

4-picoline inside the cavity, see Fig. 4.4.4. The filled cavity is reflected especially in the value 

of parameter β (see [84]) and is decisive reason for the different geometry of the molecule 2b 

and the calix[4]arene molecule in structures YUNTAC, RABJEF [76]. 

 
 

 
 
Figure 4.4.4: Structures YUNTAC, RABJEF [76] 

 

The crystal packing of 2b is shown in Fig. 4.4.5. 
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Figure 4.4.5: Crystal packing of 2b (view along the x axis) 

 

Two structures of a similar imine were found in [76]; structures LIQPUW [76] and 

LIQQAD [76]. The calix[4]arene frames are fixed in 1,3-alternate conformations in both 

structures. Two strong π-π-interactions were found in structure LIQPUW [76] (the angle of 

the 4-pyridyl groups is about 16°, their mean distance about 3.7 Å) as well as in structure 

LIQQAD [76] (the angle of the 4-pyridyl groups is about 6°, their mean distance about 

3.5 Å). The distortion parameters α, β, δ for these two structures are 180.0, 326.0, 0.0 and 

180.5, 319.1, 6.8 for LIQPUW [76] and LIQQAD [76], respectively. These values are 

different from parameters α, β, δ for two p-t-butyl substituted calix[4]arenes (SOQBIJ [76] 

and YAFCOY [76]) lacking the possibility to form π-π-interaction, see Fig. 4.4.6, [84]. 

On the other hand, the intermolecular dipole-dipole interactions of two nitro groups on 

opposite phenyl rings of the calixarenes affect the geometry of the calixarene frame like 

π-π-stacking. The values α, β, δ 180.0, 385.9, 0.0 and 180.9, 387.1, 0.1 for two 

crystallographically independent molecules in the structure of the p-nitro derivative SASRAF 

[76] are near to the values for systems with π-π-stacking, see [84]. The effects affecting 

the geometry of the calix[4]arene base frame in the cone conformation are the same even 

for calix[4]arenes in 1,3-alternate conformation. 
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Figure 4.4.6: Structures LIQPUW, SASRAF, SOQBIJ and YAFCOY [76] 

 

The E- configuration on double bonds -N=CH- was observed in the structure of 2b, 

as in structures LIQPUW, LIQQAD [76]. This configuration seems to be the most stable one 

in solid state but may be converted in solution as observed in NMR spectra [16]. 
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4.4.3.2. Crystal structure of 2e · CH3OH · 0.5 CH3C6H5 

 An ORTEP view on the calix[4]arene molecule is shown in Fig. 4.4.7. 

 

Figure 4.4.7: Structure of imine 2e. Hydrogen atoms, carbon atom labels, solvent molecules 

and disorder are omitted for clarity. Thermal displacement parameters are at 50 % probability 

level. 

 

The conformation of the calix[4]arene molecule is flattened cone with distortion 

parameters α, β, δ 65.1(1), 142.3(3), 8.9(3), respectively, due to the π-π-stacking of the 

2-thienyl groups on the rings bearing O2, O4. The π-π-interaction is relatively strong; 

the distance between the thiophene rings containing S2, S4 is approximately 3.6 Å and these 

rings are nearly coplanar (the angle between these rings is 14.9(2)°). The “size“ of the 

calixarene cavity is defined by the distances of C(5)-C(17) and C(11)-C(23) at the upper rim 

and C(25)-C(27), C(26)-C(28) at the lower rim, see Supplementary Table 2. For comparison, 

strong π-π-interaction between the upper rim pendant arms should also be expected in the 

structure of the 5,11,17,23-tetraphenyl derivative. There are two known structures containing 

this fragment in [76]; unsolvated calix[4]arene SULDOS [76] with distortion parameters α, β, 

δ 67.5, 111.3, 0.0 and adduct with two molecules of CHCl3, structure SULDIM [76] with 

α, β, δ 55.1, 28.0, 10.3. The calix[4]arene frame is in flattened cone conformation in the first 
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structure due to a π-π-interaction of phenyl rings (distance about 4.4 Å) but in a more 

symmetrical conformation in the second structure [84]. The π-π-interaction of phenyl rings is 

disrupted here because of a presence of one solvent molecule in the extended cavity in 

structure SULDIM [76] (Fig. 4.4.8). Similar effect (a filled cavity) explains more symmetrical 

conformation of the azocompounds RABJEF [76] and YUNTAC [76], see Fig. 4.4.4. 

 
 
Figure 4.4.8: Structures SULDIM, SULDOS [76] 

 

 The flattened cone conformation strongly affects the geometry of the bulky upper rim 

substituents (see Fig. 4.4.7). All imine groups in the solid-state structure of 2e possess 

E- configuration in agreement with previously published structures of similar imine 

compounds (see [84]), 2b, RABJEF [76] and YUNTAC [76] (Fig. 4.4.4). 

 

4.4.3.3. Crystal structure of 2f · 0.4 CH3CH2OH 

The calix[4]arene molecule is shown in Fig. 4.4.9. The molecule of imine 2f exists in a 

flattened cone conformation with distortion parameters α, β, δ 68.9(1), 118.9(2), 13.6(2), 

respectively. The effect determining the conformation of the basic calixarene frame in this 

structure is NH-π interaction between two opposite 2-pyrrolyl groups containing N6, N8; 

the parameters of this hydrogen bond are listed in Supplementary Table 2. This type of 

interaction seems to be very unusual in calixarene structures. In contrast with the more usual 

π-π-stacking, this type of interaction requires a nearly perpendicular orientation of the 

2-pyrrolyl groups; the angle between these rings in 2f.0.4 CH3CH2OH is 74.2(1)° compared to 

the angle of 2-thienyl groups in 2e.CH3OH.0.5 CH3C6H5 (14.9(2)°). π-π-stacking in the 

molecule of imine 2e allows closer approach of five-membered rings than NH-π hydrogen 

bond in 2f and the flattened cone conformation is flatter in 2e (β = 142.3(3)) than in 2f 
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(β = 118.9(2)). The presence of ethanol molecules has probably only a negligible influence 

on the stereochemistry of calix[4]arene molecule 2f.  
 

 

Figure 4.4.9: Structure of imine 2f. Hydrogen atoms, carbon atom labels, solvent molecule 

and disorders are omitted for clarity. Thermal displacement parameters are at 50 % 

probability level. 

 

The E- configuration on double bonds -N=CH- was observed in the structure 

of 2f · 0.4 CH3CH2OH, as well as in 2b · x (CH3)2CHOH and 2e · CH3OH · 0.5 CH3C6H5. 

This configuration seems to be the most stable one in solid state but may be converted 

in solution (confirmed by NMR spectra). The same behavior is common for all prepared 

imines [16]. 
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4.4.3.4. Crystal structure of 5 · 3 C2H3N 

 The calix[4]arene molecule is depicted in Fig. 4.4.10. The calix[4]arene platform 

adopts only slightly distorted cone conformation because of the presence of one acetonitrile 

molecule inside the calixarene cavity (distortion parameters α, β, δ for this structure are 

64.4(1), 17.7(4), 15.9(4) and for the corresponding structure GIYTOX [76] 64.4, 17.7, 16.0, 

respectively). Other solvates of 5 have been reported in [76]: DAKSEN (and DAKSEN10) 

with distortion parameters α, β, δ 66.3, 91.9, 7.7 and DUTBUP (distortion parameters α, β, δ 

65.4, 0.0, 0.0). C4v-symmetrical structure DUTBUP [76] contains an acetonitrile molecule 

inside the cavity and the distortion parameters correspond to those found for 5.3 C2H3N. 

On the other hand, structure DAKSEN (DAKSEN10) [76] contains no solvent in the 

calixarene cavity and π-π-interaction between two opposite calix[4]arene rings. 

The resulting flattened cone conformation is reflected in high value of parameter β. 

Similar arrangement of the calixarene base frame as in 5 · 3 C2H3N has been also observed in 

filled-cavity calix[4]arenes YUNTAC, SULDIM [76] (Fig. 4.4.4 and 4.4.8, respectively). 

 

 

Figure 4.4.10: Crystal structure of 5 · 3 C2H3N. One acetonitrile molecule (inside the calixarene 

cavity) is included; other acetonitrile solvate molecules, hydrogen atoms and disorders are 

omitted for clarity. Thermal displacement parameters are at 50 % probability level. 
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4.4.3.5. Crystal structure of 6a · 2 CHCl3 

This structure is depicted in Fig. 4.4.11. The calix[4]arene molecule exists in the 

flattened cone conformation, as observed for all published structures of p-nitrocalix[4]arenes 

[76], [85]; α, β, δ are 69.4(8), 133.2(3), 11.0(3); the distance of the closer upper rim nitro 

groups (N1 … N3) is 3.422(4) Å. 

 

 

Figure 4.4.11: Crystal structure of 6a · 2 CHCl3. Hydrogen atoms, disorders and solvate 

molecules are omitted for clarity. Thermal displacement parameters are at 50 % probability 

level. 
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4.4.3.6. Crystal structure of 6b · 1.52 CHCl3 

The calixarene molecule is depicted in Fig. 4.4.12. The geometry of the calix[4]arene 

base frame corresponds to previously published partial cone structures EQUSIS [76], 

SASRAF02 [76] due to the values of distortion parameters α, β, δ (see [85]; the biggest 

differences were again observed for parameter β). The unifying feature of all these structures 

is the presence of dipole-dipole and π-π-interactions (although only weak ones in EQUSIS) 

between two opposite coplanar nitrophenyl groups (the transannular distance N … N being 

3.56 Å for 6b, 6.85 Å and 4.55 Å for EQUSIS and SASRAF02, respectively). 

 
 

 

Figure 4.4.12: Crystal structure of 6b · 1.52 CHCl3. Hydrogen atoms, disorders and solvate 

molecules are omitted for clarity. Thermal displacement parameters are at 50 % probability 

level. 
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4.4.3.7. Crystal structure of 6a · 2 CH3CN 

The calixarene molecule is depicted in Fig. 4.4.13. The geometry of the calixarene 

base frame is similar to other cone p-nitrocalix[4]arenes in [85] (distortion parameters α, β, δ 

are 68.7(1), 147.7(1) and 0.0(0), respectively). 

 
 

 

Figure 4.4.13: Crystal structure of 6a · 2 CH3CN. Hydrogen atoms, disorders and solvate 

molecules are omitted for clarity. Thermal displacement parameters are at 50 % probability 

level. 
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4.4.3.8. Crystal structure of 8b · 1.33 CH3CH2OH 

The structure is depicted in Fig. 4.4.14. The conformation of the calix[4]arene base 

frame corresponds to structures of similar compounds (2b and 2e). The angle of the pyridine 

rings containing N5 and N7 is 10.3(6)° and their average distance is 3.48(2) Å, which 

corresponds to intramolecular π-π-interaction between these rings. Moreover (see Fig. 4.4.3), 

there is the same structural motif (intermolecular π-π-interaction) as in the structure of 2b; 

the intermolecular distance between N4 and pyridine ring containing N8i is 3.46 Å, the angle 

between pyridine rings containing N8, N8i is 0.00° ( i … -x+2, -y+1, -z+1). Values of the 

distortion parameters α, β, δ are 65.8(2), 122.3(7) and 15.6(7), respectively in good 

agreement with those calculated for 2b. 

 

 

Figure 4.4.14: Crystal structure of 8b · 1.33 CH3CH2OH (i … -x+2, -y+1, -z+1). Hydrogen atoms, 

disorders and solvate molecules are omitted for clarity. Thermal displacement parameters are 

at 30 % probability level. 
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The crystal packing in the structure 8b is depicted in Fig. 4.4.15 (in the direction of 

x-axis). Fig. 4.4.15 shows alternating 'layers' of aliphatic and aromatic parts of molecules 

(arranged horizontally in this view). 

 

 
 
Figure 4.4.15: Crystal packing in the structure of 8b (view along the x-axis) 
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4.4.3.9. Comparison of parameters α, β for the above crystal structures 

 Parameters α, β calculated for the above crystal structures of cone calix[4]arenes are 

depicted in Fig. 4.4.16. For comparison, Fig. 3.4.2 from Chapter 3.4.1 is reprinted as a gray 

background in Fig. 4.4.16. 
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Figure 4.4.16: Parameters α, β calculated for crystal structures of calix[4]arenes 2b, 2e, 2f, 5, 

6a, 8b (the gray background represents Fig. 3.4.2 from Chapter 3.4.1) 

 

Fig. 4.4.16 indicates that parameter α in all prepared calix[4]arene structures is greater 

than 60, as expected for lower rim alkylated calix[4]arenes (see Chapter 3.4.1). Calix[4]arene 5 

is a filled-cavity calix[4]arene with β < 20 (the effect of a filled cavity, see Chapter 3.4.1). 

Other calix[4]arenes fall into Group II in Fig. 3.4.2 because of β > 100 (as expected for 

empty-cavity calix[4]arenes with polar upper rim substituents). Fig. 4.4.16 shows that the 

value of parameter β tends to be greater for upper rim nitro-substituted calix[4]arenes (6a) 

than for upper rim imino-substituted calix[4]arenes (2b, 2f, 8b), which might reflect both the 

relative strength of intramolecular interactions between polar upper rim substituents (stronger 

interactions are expected for nitro groups than for imino groups) and sterical hindrance at the 

upper rim (nitro groups are less bulky than substituted imino groups). 
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4.4.4. Vibrational spectra 

 Calix[4]arenes prepared in Chapter 4.2 were also characterized by vibrational spectra. 

Complete assignment of all vibrational bands is given in Supplementary Table 3. 

Detailed interpretation of the vibrational bands of the calix[4]arene base frame is rather 

difficult and is based on patterns for substituted aromatic rings [100]. 

However, the discussion of the upper and lower rim substituent vibrations is often 

easier especially for functional groups with characteristic vibrational modes. Typical intensive 

bands in range 1510-1525 cm–1 (νas) and 1335-1345 cm–1 (νs), together with weak bands near 

840 cm–1 (δ), 710 cm–1 (δ out-of-plane), and 605 cm–1 (δ in-plane) were observed for 

p-nitrocalixarenes [85]. 

Another band connected with substitution on 5-, 11-, 17-, 23- positions is the vibration 

ν (N-Cring). This band lies in a range of 940-1060 cm–1 in all p-nitrocalixarenes. These values 

are typical [100] and bands in similar range were observed in vibrational spectra of amines 

and imines [84]. 

The typical intensive bands in range 1610-1630 cm–1 (ν (C=N)) together with weak 

bands at about 1315 cm–1 (δ (H-C=N)), 1130 cm–1 (δ (H-C=N) in-plane) and 985 cm–1 

(δ (H-C=N) out-of-plane) were observed in the spectra of all prepared imines. The band 

ν (C=N) occurs in a relatively narrow range and shows no sensitivity toward substitution. 

The position of this band should be expected in a 1605 - 1645 cm–1 range [100]. Another band 

connected with the imine group is the skeletal vibration ν (N-Cring) discussed in the previous 

paragraph. 

The bands corresponding to N-H vibrations were observed in the spectra of all amines 

(primary amine 1 and secondary amines 3a - 3d) in the usual region [100]; N-H bands were 

observed also in spectra of imines 2f, 2g and 8f due to the presence of 2-pyrrolyl or 

4-imidazolyl groups. The broad band at about 3200 cm–1 corresponds to the presence of 

hydrogen bonds in solid state. 

The ester bands were observed in the expected regions: 1725-1750 cm–1 (ν (C=O)), 

1185-1275 cm–1 (νas (C-O-C)), 1050-1160 cm–1 (νs (C-O-C)), 625-755 cm–1 (δ (C=O) in-plane), 

550-700 cm–1 (δ (C=O) out-of-plane) [100]. 

Infrared and Raman spectra of some selected compounds are depicted in 

Fig. 4.4.17-4.4.19 (in absorbance units). 
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Figure 4.4.17: Infrared and Raman spectrum of 6a (nitro groups at the upper rim) 

 
Figure 4.4.18: Infrared and Raman spectrum of the imine 8b 
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Figure 4.4.19: Infrared and Raman spectrum of 5 (nonpolar substituents at the upper rim) 
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4.4.5. Anion binding studies 

 Preparation of solutions and methods for calibration curve and titration measurements 

are reported in Chapter 4.3. Results and their discussion are presented in this chapter. 

 

4.4.5.1. Absorption curves of amines 3a - 3d 

Absorption curves of compounds 3a - 3d are given in dimethyl sulfoxide, absorption 

curves of compounds 3a - 3c also in 5·10–4 M aqueous HCl. Because of low solubility of 

compounds 3a - 3d in acetonitrile and subsequent aggregation of the solutions upon standing, 

spectra in acetonitrile are not reported. 

 

Table 4.7: Absorption maxima and molar absorption coefittients for compounds 3a - 3d in 

dimethyl sulfoxide (estimated experimental error 6 %; sh … shoulder) 

compound λmax [nm] (ε [105·mol–1dm2]) λmax [nm] (ε [105·mol–1dm2]) 
3a 283 (3.2) sh 339 (3.07) 
3b — 313 (2.0) sh 
3c — 313 (2.3) sh 
3d 314 (1.81) 365 (0.62) 
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Figure 4.4.20: Absorption curves of 5·10–5 M solutions of 3a (black), 3b (red), 3c (green) 

and 3d (cyan) in dimethyl sulfoxide 
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Figure 4.4.21: Absorption curves of 5·10–5 M solutions of 3a (black), 3b (red) and 3c (green) 

in 5·10–4 M aqueous HCl 

 

Table 4.8: Absorption maxima and molar absorption coefittients for compounds 3a - 3c 

in 5·10–4 M aqueous HCl (estimated experimental error 6 %; sh … shoulder) 

compound λmax [nm] (ε [105·mol–1dm2]) λmax [nm] (ε [105·mol–1dm2]) 
3a 257 (2.56) 307(0.77) 
3b 257 (2.41) 294 (0.84) sh 
3c 254 (2.2) sh 293 (1.1) sh 

 
Since the exact formula weight of compounds 9a - 9c was not determined, molar 

absorption coefittients were not calculated for these compounds. Absorption curves of these 

compounds are therefore not reported. 

 

4.4.5.2. Preliminary anion binding studies of compounds 3a - 3d, 2f, 9a - 9c 

Prior to this screening, calibration curves were measured. Calibration curves for 

amines 3a - 3d were linear up to 10–4 M above 330 nm in dimethyl sulfoxide; calibration 

curves for amines 3a - 3c were linear up to 10–4 M above 250 nm in aqueous HCl (or below 

absorbance 2 throughout the measured spectral range). 5·10–5 M concentration of amines 

3a - 3d was used for the preliminary screening. Low concentration of the amines 3a - 3d 
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(5·10–5 M) was necessary because of aggregation observed in concentrations 10–4 M and 

higher by UV-Vis measurements. The reason for the observed aggregation is probably π-π 

stacking between aromatic parts of molecules of 3a - 3d and hydrophobic interactions. 

Therefore, all systems of interest were tested for possible aggregation. NMR experiments 

were not performed because only insignificant chemical shifts (δ) were observed in 1H NMR 

spectra upon addition of anions. 

The optimal concentration for the compound 2f in dimethyl sulfoxide was determined 

from the calibration curve (1.5·10–5 M). 

Calibration curves of compounds 9a - 9c (exact formula weight is not known) 

in aqueous HCl were linear above 250 nm up to 10–4 M concentration. The optimal 

concentration was again 5·10–5 M; aggregation at this concentration was not observed. 

NMR titrations were not utilized because only insignificant spectral shifts upon addition 

of anions were expected (in analogy with compounds 3a - 3c). 

Calibration curves in acetonitrile were not measured because aggregation was 

observed even in low concentrations. For the preliminary screening in acetonitrile, optimal 

concentration from calibration curves measured in dimethyl sulfoxide was used. 
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Figure 4.4.22: Dependence of absorbance on concentration of the compound 3a in aqueous 

HCl at 250 nm. The dependence is linear up to 10–4 M concentration of the amine. 

 

The results of preliminary screening concerning interactions of compounds 3a - 3d, 2f, 

9a - 9c with anions are summarized in Table 4.9. 
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Table 4.9: Preliminary screening of compounds 3a - 3d, 2f, 9a - 9c with anions (+ … spectral 

change, – … no spectral change, n … not measured) 

acetonitrile 3a 3b 3c 3d 2f 9a 9b 9c 
F– – + + – + n n n 
Cl– – – – – + n n n 
BF4

– – – – – – n n n 
ClO4

– – – – – – n n n 
PF6

– – – – – – n n n 
H2PO4

– + + + + + n n n 
HSO4

– – – – – + n n n 
dimethyl sulfoxide 3a 3b 3c 3d 2f 9a 9b 9c 
F– + + + + + n n n 
Cl– – – – + – n n n 
BF4

– – – – – – n n n 
ClO4

– – – – – – n n n 
PF6

– – – – – – n n n 
H2PO4

– + – – + – n n n 
HSO4

– – + – + – n n n 
aqueous HCl 3a 3b 3c 3d 2f 9a 9b 9c 
F– – – – n n – – – 
Cl– – – – n n – – – 
Br– n n n n n – – – 
BF4

– – – – n n – – – 
ClO4

– – – – n n – – – 
PF6

– – – – n n – – – 
H2PO4

– + + + n n – – – 
HSO4

– + + + n n – + – 
 

In acetonitrile, compounds 3a - 3d, 2f displayed spectral change upon addition of 

dihydrogen phosphate, compounds 3b, 3c, 2f upon addition of fluoride and compound 2f even 

upon addition of chloride and hydrogen sulfate. However, further measurements in 

acetonitrile were not performed because of aggregation observed even in very low 

concentrations in this solvent. 

In dimethyl sulfoxide, interactions of 3a - 3d with fluoride ion were observed. 

These systems were very complex due to the presence of a non-stoichiometric amount of 

water in this solvent (the presence of water diminished the interactions; formation of 

hydrogen difluoride was observed by 19F NMR; see 19F NMR spectrum in [16]), no stability 

constants could therefore be obtained. A slight spectral change was observed in the system 

3a - dihydrogen phosphate, more significant one in 3b - hydrogen sulfate. These changes 

could be caused by protonation of these amines by the anions; further measurements were 

therefore not performed. Spectrum of 3d displayed changes upon addition of dihydrogen 
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phosphate or hydrogen sulfate caused probably by decomposition of the amine 3d in contact 

with acidic anions. Furthermore, spectrum of 3d underwent significant change upon addition 

of chloride; however, further measurements were not performed because the solution of 3d 

decomposed very quickly in the air. Since darkening of the 3d solution was observed, the 

decomposition probably proceeds via oxidation of amine groups rather than oxidation of the 

ferrocene moieties. The only anion that induced spectral change in the spectra of 2f was 

fluoride; interaction of 2f with fluoride is discussed in Chapter 4.4.5.4. 

The measurements in water were far more promising. According to preliminary 

screening, the amines 3a - 3c (most profound spectral changes for 3c, only slight ones for 3a, 

3b) interacted with tetrabutylammonium hydrogen sulfate in 5·10–4 M aqueous HCl. 

Slight spectral changes were observed even upon addition of dihydrogen phosphate to 

solutions of amines 3a - 3c. Addition of other anions to the 5·10–5 M solution of amines 

3a - 3c in 5·10–4 M aqueous HCl had no effect on the absorption curves. The amine 3d 

decomposed in aqueous acidic media (probably decomposition of the ferrocene moiety 

because discoloration of the solution was observed); study of interactions of 3d with anions in 

aqueous HCl was therefore not performed. 

Interactions of compounds 9a - 9c with anions were measured in 5·10–3 M aqueous 

HCl by UV-Vis spectroscopy; the HCl concentration was selected to prevent any protonation 

by hydrogen sulfate and dihydrogen phosphate anions. The only spectral change appeared in 

the system 9b - HSO4
–; however, this change was so insignificant that titration was not 

attempted. 

 

4.4.5.3. Titrations of the systems 3a - 3c 

Interaction of amine 3a (5·10–5 M) with hydrogen sulfate (5·10–3 M) in 5·10–4 M HCl 

was studied by UV-Vis titration experiment. However, the data were not reliable; the spectra 

might have been affected by further protonation by anion because the spectral changes were 

not consistent throughout the addition of anion. Moreover, the spectral changes were only 

slight (the inconsistency of the spectra might have partially arisen from the spectral changes 

only slightly above the instrument error) and the complex stoichiometry and stability constant 

could not therefore be determined. 
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Figure 4.4.23: The effect of protonation of 5·10–5 M 3c: in 5·10–4 M aqueous HCl (black), in 

0.025 M aqueous HCl (green), in 5·10–4 M aqueous HCl upon the addition of 50-fold excess 

tetrabutylammonium hydrogen sulfate (red), in 0.025 M aqueous HCl upon the addition of 

50-fold excess of tetrabutylammonium hydrogen sulfate (cyan). The region above 325 nm is 

practically unaffected by protonation effects and this region was therefore used for stability 

constant determination. 

 

To eliminate any effect of protonation by the anion, protonation experiments were 

performed with amines 3a - 3c in 5·10–5 M concentration. The spectra of amine and amine - 

excess hydrogen sulfate mixture did not significantly differ above 325 nm in HCl 

concentrations of 5·10–4 and 0.025 M for 3c (Fig. 4.4.23); for 3a, 3b, the spectral changes 

were more profound. Therefore, the interaction constant measurements were performed for 3c 

only in 5·10–3 M HCl (100-fold excess with respect to the amine). All protonation effects by 

the anion should be insignificant in this environment; the titration could be therefore 

performed directly with hydrogen sulfate. The titrations of 3a, 3b were not performed because 

of the insignificant spectral changes caused by interaction with hydrogen sulfate compared 

with 3c and because of potential involvement of protonation. 
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Figure 4.4.24: Titration of 5·10–5 M 3c in 5·10–3 M aqueous HCl (after correction for dilution). 

Subsequent addition of 0, 1, 2, 3, 4, 5, 10, 15, 20, 30, 40 and 50 equivalents of 5·10–3 M 

tetrabutylammonium hydrogen sulfate in 5·10–3 M aqueous HCl results in gradual increase of 

absorbance at 375 nm. 

 

The values of eight protonation constants of amine 3c are supposed near to the ones 

for pyridine (pKb 5.19) and for phenylmethylamine (pKb 4.85), and we expect that the amine 

3c be protonated in 5·10–3 M aqueous HCl (for potentiometric determination of protonation 

constants, see Chapter 4.4.5.5). On the other hand, hydrogen sulfate is deprotonated under 

these conditions due to the acidity constants of H2SO4 (pK2 1.89). The UV-Vis spectrum of 

5·10–5 M solution of amine 3c in 5·10–3 M aqueous HCl was not affected by further protonation 

above 325 nm; the titration was therefore carried out with hydrogen sulfate (5·10–3 M 

in 5·10–3 M HCl). The program OPIUM [88] enabled to calculate the values of constants 

corresponding to the interaction of the protonated amine 3c with tetrahedral sulfate ion; 

stability constant of a 1:1 complex is 1770 mol–1dm3 (log Kst = 3.24). Estimated experimental 

error of the stability constant is about 20 %; the calculated error from the OPIUM program 

[88] was below 5 %. Other stoichiometries and species (HSO4
–) were considered by the 

OPIUM [88] program in the calculation, but a reasonable solution was obtained only for 1:1 
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stoichiometry and sulfate anion. This interaction is provided by hydrogen bonds and 

electrostatic forces and does not affect a lot the electron densities of aromatic rings of the 

amine 3c. Therefore, the interaction causes relatively small changes in UV-Vis spectra of the 

amine 3c and its 1:1 complex with sulfate anion, see Fig. 4.4.24. Likewise, the interaction 

does not affect significantly the chemical shifts (δ) of aromatic rings and CH2 groups in 1H 

and 13C NMR spectra. 

Modes of interaction between the protonated amine 3c and sulfate anion were modeled 

by the program HyperChem. Possible structure of the 3c - sulfate complex is reported in 

Fig. 4.4.25. Because of π-π stacking of two pyridyl groups at the upper rim, two protonated 

NH2
+ groups are close to each other and the sulfate anion is bound to these groups via an 

oxygen atom bridge. Coordination of the sulfate anion via a two oxygen atom bridge does not 

seem to be favored probably because of sterical reasons (proximity of the two NH2
+ groups). 

Stoichiometry 1:2 (3c: sulfate) was not observed probably because of electronic repulsion; 

such stoichiometry would require two negatively charged sulfate anions in a close proximity 

to each other. 

OO O
O

N+

N+

N+

N+

N

H H

H

H H
H

H
N

N

N

HS

O

O-
O-

O

Pr Pr
Pr

Pr  
Figure 4.4.25: Possible structure of the 3c - sulfate complex modeled by the program 

HyperChem 

 

The titration for the system 3c - hydrogen sulfate was repeated in 0.1 M aqueous HCl. 

Under these conditions, both amine and anion were expected to be fully protonated. 

However, the spectral changes were insignificant; the interaction of fully protonated 3c with 

hydrogen sulfate is therefore probably only negligible. 
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Tetrabutylammonium hydrogen sulfate was used for the titrations principally 

because tetrabutylammonium sulfate was not commercially available at the moment. 

Tetrabutylammonium sulfate prepared by neutralization of tetrabutylammonium hydrogen 

sulfate with tetrabutylammonium hydroxide (obtained from tetrabutylammonium chloride on 

a strong anion exchange resin) had a significant absorption below 250 nm (probably 

impurities introduced by the resin) and was therefore less suitable for the titrations. 

Tetrabutylammonium hydrogen sulfate had only a negligible absorption in UV-Vis region 

above 240 nm, the titrations could be therefore performed without considering its absorption. 

However, titrations of amines 3a - 3c (5·10–5 M) in 5·10–4 M HCl with the 

aforementioned tetrabutylammonium sulfate (5·10–3 M in 5·10–4 M HCl) were performed 

despite its impurity; the region below 250 nm was not taken into account. The effect of any 

protonation by the anion was completely eliminated in this setup. The spectral changes were 

only slight probably because the interaction between sulfate anion and insufficiently 

protonated amine is weaker. Because of small spectral changes, the calculation of stability 

constants was again unsuccessful. 

 

4.4.5.4. Interaction of 2f with fluoride 

The array of the four pyrrole units at the upper rim of the imine 2f is very similar to 

fluoride-binding calix[4]pyrroles, see [16]. In accordance with this, the compound 2f was 

observed to interact with fluoride only in dimethyl sulfoxide solutions. However, similar 

spectral change was caused by addition of aqueous NaOH solution to the dimethyl sulfoxide 

solution of the title compound (Fig. 4.4.26). The spectral change was therefore probably 

caused by deprotonating of compound 2f as observed earlier for calixpyrroles [101]. 

The deprotonating curves need not exactly match each other because the absorption curve of 

the system 2f - tetrabutylammonium fluoride is strongly affected by the amount of water in 

the system, see Fig. 4.4.27. Other strongly basic anions (sulfide, methoxide) also cause similar 

spectral changes. 
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Figure 4.4.26: The effect of addition of 50-fold excess solid tetrabutylammonium fluoride 

(green) or aqueous NaOH (red) to the 1.5·10–5 M solution of 2f (black) in dimethyl sulfoxide 
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Figure 4.4.27: The effect of addition of 50-fold excess solid tetrabutylammonium fluoride 

(red) and subsequent addition of water (1 % of solution volume (cyan), 2 % (green) or 5 % 

(magenta)) to the 1.5·10–5 M solution of 2f (black) in dimethyl sulfoxide 
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4.4.5.5. Potentiometric measurements 

When performing potentiometric determination of protonation constants of 3b, 

precipitation occurred above pH 3, which prevented protonation constant determination. 

Titration of the other amines (3a, 3c, 3d, 9a - 9c) was therefore not attempted. 

 

4.4.5.6. Conclusion 

Concentration of the amines 3a - 3d (5·10–5 M) for interaction measurements was 

determined from calibration curves. Aggregation was observed at concentrations 10–4 M and 

higher in aqueous solutions and dimethyl sulfoxide, probably because of hydrophobic 

interactions and π-π stacking between aromatic parts of molecules. In acetonitrile, 

aggregation was observed even in lower concentrations. Interaction between amines 3a - 3d 

and anions was studied by UV-Vis spectra. An interaction constant of 1770 mol–1dm3 

(1:1 stoichiometry) was obtained for the interaction of 3c with sulfate anion in 5·10–3 M 

aqueous HCl, as determined by the program OPIUM [88]. No significant and/or definite 

spectral changes were observed for other systems. With regards to tetrahedral oxoanion 

recognition, compound 3c thus displayed different spectral changes for sulfate and 

dihydrogen phosphate with sulfate being under used conditions seemingly the more preferred 

anion. Because of relatively small spectral changes, selectivity measurements were not 

performed. 

The more hydrophilic systems 9a - 9c were tested in 5·10–3 M aqueous HCl in about 

5·10–5 M concentration (the exact formula weight of the compounds 9a - 9c was not 

determined) with the same anions in the form of tetrabutylammonium salts as 3a - 3c. 

According to preliminary screening, the only system that displayed spectral change was 9b 

upon addition of hydrogen sulfate; however, as the change was much less profound than 

for 3c, further experiments were abandoned. 
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5. CONCLUSION 

To design anion receptors based on calix[4]arenes, both a survey of literature on 

calix[4]arene anion receptors and a theoretical stereochemical study of calix[4]arenes from 

the Cambridge Structural Database (CSD) with an emphasis on the influence of inter- and/or 

intramolecular interactions on the geometry and rigidity of the calix[4]arene scaffold were 

performed. For this purpose, new parameters α, β and δ describing the geometry of the 

calix[4]arene moiety were introduced and their utility in evaluating the geometry of the 

calix[4]arene base frame was confirmed. Finally, new potential anion receptors based 

on symmetrically tetrasubstituted cone calix[4]arenes were designed. 

Symmetrically tetrasubstituted calix[4]arene derivatives with 1-propoxy groups at the 

lower rim were synthesized and their identity and purity was confirmed by 1H and 13C NMR, 

ESI MS, FTIR, FT Raman, melting point, TLC and X-ray structure determination. Several crystal 

structures of the prepared calix[4]arenes were determined and the stereochemistry of the 

calix[4]arene platform was discussed. The stereochemistry of the prepared calix[4]arene 

structures followed the trends observed in calix[4]arene structures from the CSD. 

Interaction studies of the prepared calix[4]arene derivatives with anions were 

performed. Interaction of anions, preferably tetrahedral oxoanions in the form of tetrabutyl-

ammonium salts with these hosts was studied by UV-Vis spectroscopy in a variety of solvents 

(acetonitrile, dimethyl sulfoxide and aqueous HCl solutions). Measurement in aqueous 

solutions was complicated by aggregation caused by hydrophobic and π-π interactions, which 

was observed in concentrations 10–4 M and higher, and by protonation effects. 

Stability constants and complex stoichiometries were evaluated; an interaction constant of 

1770 mol–1dm3 (1:1 complex) was obtained for the system 3c - sulfate in 5·10–3 M aqueous HCl. 

Symmetrically tetrasubstituted calix[4]arene derivatives with enhanced water 

solubility containing ethoxycarbonylmethoxy and carboxymethoxy groups instead of 1-propoxy 

groups at the calix[4]arene lower rim were prepared and their identity and purity was 

confirmed by 1H and 13C NMR, ESI MS, FTIR, FT Raman, TLC and X-ray structure 

determination. Several crystal structures of the prepared calix[4]arenes were determined and 

the stereochemistry of the calix[4]arene platform was discussed. Again, the stereochemistry 

of the prepared calix[4]arene structures corresponded to trends determined from the CSD. 

Anion binding studies with a number of anions were performed in aqueous HCl solutions, 

the only system that displayed spectral change was 9b upon addition of hydrogen sulfate. 
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7. APPENDICES 

Appendix 1: The α-δ and β-δ plots for the group of free cone calix[4]arenes and for their 

complexes 

The legend to these figures is: ● symmetrically tetrasubstituted both rims, ● distally 

substituted lower rim, symmetrically tetrasubstituted upper rim, ● distally substituted upper 

rim, symmetrically tetrasubstituted lower rim, ● distally substituted both rims, ● proximally 

substituted lower rim, symmetrically tetrasubstituted upper rim, ● mono/trisubstituted lower 

rim, symmetrically tetrasubstituted upper rim, ○ other substitution patterns. 
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Figure A1.1: The α-δ plot for the group of free cone calix[4]arenes 
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Figure A1.2: The β-δ plot for the group of free cone calix[4]arenes 

 

 The α-δ and β-δ plots for the group of free cone calix[4]arenes show that in 

calix[4]arenes from the lower rim mono/trisubstituted group as well as in several lower rim 

proximally substituted calix[4]arenes, parameter δ tends to be above 20; in other 

calix[4]arenes, δ is usually below 20. Since the value of the δ parameter is low in the majority 

of free cone calix[4]arenes, this parameter is not discussed in the text unless a clear 

correlation between the value of δ and a structural effect is found. 



 144

35 40 45 50 55 60 65 70

0

10

20

30

40

50

60

70

80

90

100

δ

α

 

Figure A1.3: The α-δ plot for the group of cone calix[4]arene complexes 

 

 

 In the α-δ plot, groups formed by complexes of symmetrically tetrasubstituted 

calix[4]arenes at α > 60 and at α < 50 are observed. This plot indicates that for the majority of 

complexes, δ is lower than 30. There are more calix[4]arenes with δ > 40 (i.e. calix[4]arenes 

significantly deformed towards Cs symmetry) than in the group of free calix[4]arenes. 

As in the group of free calix[4]arenes, the parameter δ is discussed in the text only if a clear 

correlation between the value of this parameter and a structural effect is found. 
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Figure A1.4: The β-δ plot for the group of cone calix[4]arene complexes 
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Appendix 2: Less symmetrically substituted free cone calix[4]arenes 

Lower rim distally substituted, upper rim symmetrically tetrasubstituted calix[4]arenes 

In Fig. 3.4.11, there are two diffuse groups: Group I at α < 62 and β < 80 and 

Group II at α > 60 and β > 70. Group I contains 105 cif files with 120 independent 

molecules, is centered at [58.57; 42.45; 7.41] with a standard deviation of [2.07; 23.76; 5.54]. 

Group II centered at [64.12; 93.17; 10.30] with a standard deviation of [2.77; 12.76; 8.48] 

contains 56 cif files with 61 independent molecules. 

Most calix[4]arenes in this group contain t-butyl groups at the upper rim; there are 

only two calix[4]arenes substituted by polar groups at the upper rim. A large number of 

calix[4]arenes in this group (41 complete cif files) contain one lower rim distal bridge; 

the geometry of the calixarene base frame in these calix[4]arene is mostly dependent on the 

effect of a filled/empty cavity. The effect of length and rigidity of the lower rim bridge on the 

geometry of the calixarene scaffold has been already discussed by Mádlová [86]. 

 

Upper rim distally substituted, lower rim symmetrically tetrasubstituted calix[4]arenes 

The effects of upper/lower rim substitution in this group are depicted in Fig. A2.1.  

In general terms, the effects of lower rim substitution correspond to those observed in 

the symmetrically tetrasubstituted group. Parameter α in calix[4]arenes with four lower rim 

OH groups is below 63; in calix[4]arenes with alkylated lower rim phenolic oxygen atoms, 

α is above 63. The range of parameter α in lower rim OH-substituted calix[4]arenes is 

relatively narrow (54 to 63), which corresponds to lower rim OH-substituted calix[4]arenes in 

the symmetrically tetrasubstituted group. The range of parameter β (0-120) in lower rim 

OH-substituted calix[4]arenes is greater than in the corresponding symmetrically 

tetrasubstituted calix[4]arenes as a result of less symmetrical substitution at the upper rim. 

In calix[4]arenes with alkylated lower rim phenolic oxygen atoms, parameter β is above 100. 

The effect of upper rim substitution is not as transparent as in the symmetrically 

tetrasubstituted group because upper rim distally substituted calix[4]arenes may contain both 

polar and nonpolar groups at the upper rim. The majority of calix[4]arenes possess polar 

upper rim substituents and β > 100. However, if nonpolar bulky substituents are present on 

the closer pair of the calixarene phenyl rings, the parameter β is usually between 90 and 100 

because of sterical hindrance at the upper rim.  
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Calix[4]arenes with β > 90 distally substituted on only one pair of upper rim 

p- positions usually contain these substituents on the more distant pair of the calixarene 

phenyl rings. This arrangement minimizes sterical hindrance at the upper rim; intramolecular 

π-π interaction is present between the pair of upper rim unsubstituted calixarene phenyl rings. 

For substituents capable of interaction (NO2, COOH, C=C etc.), these substituents may be 

present on the closer pair of the calixarene phenyl rings and enhance the intramolecular π-π 

interaction (see similar effect in Fig. 3.4.5). However, in calix[4]arenes with upper rim 

carboxy groups, these groups tend to be on the more distant pair of the calix[4]arene phenyl 

rings because of electronic repulsion caused by deprotonating of the carboxy groups. 
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Figure A2.1: Dependence of the geometry of the upper rim distally disubstituted, lower rim 

symmetrically tetrasubstituted calix[4]arenes on upper/lower rim substitution (black symbols: 

calix[4]arenes with OH groups at the lower rim, red symbols: calix[4]arenes with all lower 

rim phenolic oxygen atoms alkylated or acylated, □ □ calix[4]arene substituted by nonpolar 

alkyl/aryl groups at the upper rim,  calix[4]arene substituted both by polar and nonpolar 

groups at the upper rim, ∆ ∆ calix[4]arene substituted by polar groups at the upper rim) 
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The effect of a filled/empty cavity is depicted in Fig. A2.2. This plot is not very 

informative since there are only a few filled-cavity calix[4]arenes in this group (10 cif files). 

In general terms, Fig. A2.2 corresponds to Fig. 3.4.7 for the symmetrically 

tetrasubstituted group (Chapter 3.4.1). There are several filled-cavity calix[4]arenes alkylated 

at the lower rim; parameter β in these calix[4]arenes is below 80 and the C2v-deformation 

of their base frame is therefore not so pronounced. 
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Figure A2.2: Dependence of the geometry of the upper rim distally disubstituted, lower rim 

symmetrically tetrasubstituted calix[4]arenes on the effect of a filled/empty cavity 

(□ calix[4]arene substituted by nonpolar alkyl/aryl groups at the upper rim,  calix[4]arene 

substituted both by polar and by nonpolar groups at the upper rim, ∆ calix[4]arene substituted 

by polar groups at the upper rim; red color means a type 1 filled-cavity calix[4]arene 

(solvent molecule inside the cavity, see Fig. 3.4.6), blue color means a type 5 filled-cavity 

calix[4]arene, black color stands for empty-cavity calix[4]arene) 



 149

Appendix 3: Influence of coordination mode on the geometry of the calix[4]arene 

scaffold in symmetrically tetrasubstituted cone calix[4]arenes 
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Figure A3.1: Influence of the coordination type on the geometry of the calix[4]arene scaffold 

in symmetrically tetrasubstituted cone calix[4]arenes (□ calix[4]arene substituted by nonpolar 

substituents at the upper rim, ○ calix[4]arene unsubstituted at the upper rim, Δ calix[4]arene 

substituted by polar substituents at the upper rim; black means lower rim complex, red means 

upper rim complex, green means π-complex) 

 

 Groups I and II in Fig. A3.1 encompass upper rim, lower rim and π-complexes. 

Group III is formed by lower rim and upper rim complexes whereas Group IV is formed 

exclusively by lower rim complexes. From Fig. A3.1, it is obvious that upper rim complexes 

are formed exclusively by calix[4]arenes substituted by polar groups at the upper rim. 

Similarly, calix[4]arenes with unsubstituted upper rim prevail in π-complexes; there are only 

a few π-complexes containing calix[4]arenes substituted by nonpolar groups at the upper rim. 

Formation of π-complexes was not observed in calix[4]arenes substituted by polar groups at 

the upper rim. Lower rim complexes are formed regardless of upper rim substitution. 
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Appendix 4: The dependence of the calix[4]arene geometry on the effects of substitution 

and of a filled/empty cavity in the group of symmetrically tetrasubstituted cone 

calix[4]arene complexes 
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Figure A4.1: Effect of substitution (α-β plot) on the symmetry of the calix[4]arene scaffold in 

complexes of symmetrically tetrasubstituted calix[4]arenes (□ nonpolar substituent at the 

upper rim, alkylated/acylated lower rim phenolic oxygen atoms, ○ no substituent at the upper 

rim, alkylated/acylated lower rim phenolic oxygen atoms, Δ polar substituent at the upper rim, 

alkylated/acylated lower rim phenolic oxygen atoms, □ nonpolar substituent at the upper rim, 

OH groups at the lower rim or deprotonated OH groups at the lower rim, ○ no substituent at 

the upper rim, OH groups at the lower rim or deprotonated OH groups at the lower rim, 

Δ polar substituent at the upper rim, OH groups at the lower rim or deprotonated OH groups 

at the lower rim) 

 

The effect of upper and lower rim substitution on the geometry of the calix[4]arene 

scaffold was plotted for the group of complexes of symmetrically tetrasubstituted 
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calix[4]arenes just like the one for their free counterparts, see Fig. A4.1. Upon comparison of 

Fig. A4.1 with the corresponding plot for free calix[4]arenes (Fig. 3.4.2, Chapter 3.4.1), it is 

obvious that the groups of calix[4]arenes with hydroxyl groups at the lower rim significantly 

differ in these plots. Deformations in the group of calix[4]arene complexes with hydroxyl 

groups at the lower rim stem from coordination-induced deprotonating of the lower rim OH 

groups in a number of calix[4]arenes from this group, the stabilizing effect of a cyclic array of 

hydrogen bonds at the lower rim is therefore absent. 

Fig. A4.1 indicates that in calix[4]arenes alkylated or acylated at all four lower rim 

phenolic oxygen atoms α is above 61 whereas in those with OH groups or deprotonated OH 

groups at the lower rim, α tends to be below 61. This effect is caused by sterical hindrance at 

the lower rim in calix[4]arenes alkylated or acylated at lower rim phenolic oxygen atoms, see 

similar effect of lower rim substitution in Chapter 3.4.1. 

According to the ranges of parameters α (from 31 to 70) and β (from 0 to 130), 

deprotonating at the lower rim also leads to increased flexibility in calix[4]arenes containing 

OH groups at the lower rim (for comparison, see Fig. 3.4.2 in Chapter 3.4.1). 

The effect of upper rim substituents (see Chapter 3.4.1) is observed in lower rim 

alkylated/acylated calix[4]arenes and in calix[4]arenes with OH groups at the lower rim and 

α ~ 55. Because deprotonating of OH groups in calix[4]arenes with OH groups at the lower 

rim is common, this effect cannot be observed in the whole group of calix[4]arenes containing 

OH groups at the lower rim. 

 

The dependence of the calix[4]arene geometry on the effect of a filled/empty cavity in 

this group is not as transparent as in the group of free calix[4]arenes because this effect is 

often superseded by the influence of the metal coordination polyhedron forced upon the 

calix[4]arene scaffold (as in lower rim cis-coordinated calix[4]arenes, see Fig. 3.5.2). 

Filled-cavity calix[4]arene types depicted in Fig. 3.4.6 are distinguished in this plot. 

Furthermore, calix[4]arenes containing metal cation inside the calixarene cavity tend to be 

more deformed towards C2v geometry because of cation-π interaction between this cation and 

two calixarene opposite phenyl rings. Some general trends remain the same, however 

(e.g. parameter β in empty-cavity calix[4]arenes is usually above 60, see Fig. A4.2). 
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Figure A4.2: Effect of a filled/empty cavity on the geometry of the calix[4]arene scaffold in 

complexes of symmetrically tetrasubstituted cone calix[4]arenes (□ nonpolar substituents at 

the upper rim, ○ unsubstituted upper rim, Δ polar substituents at the upper rim; red means a 

type 1 filled-cavity calix[4]arene (solvent molecule inside the cavity), magenta means type 3, 

blue means type 5 or 6, green means type 4, cyan means type 1 (metal cation inside the 

cavity), purple means type 1 (ligand from the complex inside the cavity); black stands for an 

empty-cavity calix[4]arene) 

 

Complexes with β ~ 0 

 As in the group of free calix[4]arenes, an interesting group of calix[4]arenes are those 

with β ~ 0 (i.e. C4v-symmetrical calix[4]arenes). Parameter α ranges from 49 to 68 in these 

calix[4]arenes. The row begins with symmetrical filled-cavity calix[4]arenes of upper rim 

sulfonato substituted calix[4]arenes with α ~ 49-53, continues by lower rim equatorially 

coordinated calix[4]arenes with α ~ 53-61 and calix[4]arenes coordinated via lower rim 

substituents (α ~ 62-65) and ends with calix[4]arenes coordinated at the lower rim both 
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via phenolic oxygen atoms and lower rim substituents (α ~ 63-68). Several π-complexes also 

dot the line. The values of α in this group reflect mostly the effect of lower rim substitution, 

see Chapter 3.4.1. There seems to be no correlation between the value of parameter α and the 

type (ionic radius) of the coordinated metal cation. The effect of the calix[4]arene scaffold 

substitution and other ligands present in the lower rim coordinated structures from this group 

has been already discussed by Palatinusová [102]. 

 From the above text, it is obvious that symmetrical equatorial coordination via all four 

lower rim phenolic oxygen atoms and simultaneous coordination via lower rim phenolic 

oxygen atoms and lower rim polar substituents contribute to stabilization of the more 

symmetrical C4v geometry. In filled-cavity calix[4]arene complexes coordinated via upper or 

lower rim substituents, the geometry of the calix[4]arene scaffold is also close to C4v. 

 The number of complexes with β ~ 0 (taken as β < 5) amounts to 90 cif files, which 

corresponds to 16 % of all cif files of complexes. This number is greater than the number of 

free structures with β ~ 0 (again, taken as β < 5) that amounts to 71 cif files (10 % of all cif 

files of free structures). It is therefore obvious that C4v-symmetrical calix[4]arenes are more 

abundant in the group of calix[4]arene complexes than in the group of free structures. 
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Appendix 5: The effects of upper and lower rim substitution and of a filled/empty cavity 

on the geometry of the calix[4]arene scaffold in the group of lower rim distally 

substituted, upper rim symmetrically tetrasubstituted cone calix[4]arene complexes 

 Fig. A5.1 depicts the dependence of parameters α, β on the type of substitution. 

From this plot, it is obvious that the value of parameter β in calix[4]arenes with two hydroxyl 

groups at the lower rim tends to be lower than in those with all lower rim oxygen atoms 

alkylated or acylated. However, because a lot of lower rim coordinated calix[4]arenes possess 

deprotonated lower rim hydroxyl groups, significant deformations towards C2v geometry are 

common. 
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Figure A5.1: The effect of substitution (α-β plot) in the complexes of lower rim distally 

substituted, upper rim symmetrically tetrasubstituted group (□ nonpolar substituents at the 

upper rim, lower rim 2 OH; ○ unsubstituted upper rim, lower rim 2 OH; Δ polar substituents 

at the upper rim, lower rim 2 OH; □ nonpolar substituents at the upper rim, all lower rim 

oxygen atoms alkylated/acylated; ○ unsubstituted upper rim, all lower rim oxygen atoms 

alkylated/acylated) 
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From Fig. A5.1, it is obvious that there are very few structures with β ~ 0 

(i.e. C4v-symmetrical arrangement of the calix[4]arene scaffold) in this group. This behavior 

probably reflects less symmetrical substitution at the lower rim, see Chapter 3.4.2. 

Next figure depicts the effect of a filled/empty cavity in this group; types of 

filled-cavity calix[4]arenes listed in Fig. 3.4.6 are distinguished in this plot. The effects are 

essentially the same as in the symmetrically tetrasubstituted group. 
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Figure A5.2: α-β plot showing the dependence of calix[4]arene geometry on a filled/empty 

cavity in lower rim distally substituted, upper rim symmetrically tetrasubstituted calix[4]arene 

complexes (□ nonpolar substituents at the upper rim, ○ unsubstituted upper rim, Δ polar 

substituents at the upper rim; red means a type 1 filled-cavity calix[4]arene (solvent molecule 

inside the cavity), magenta means type 3, orange means type 2, blue means type 5 or 6, 

cyan means type 1 (metal cation inside the cavity), purple means type 1 (ligand from the 

complex inside the cavity); black stands for an empty-cavity calix[4]arene) 
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 An interesting effect was observed in filled-cavity calix[4]arenes that contain lower 

rim substituent inside the cavity. When this substituent comes from the lower rim of the same 

molecule (type 2, see Fig. 3.4.6), the structure is significantly deformed in parameter δ 

towards Cs symmetry (δ is usually > 50 in these calixarenes), see structure NIFQOI [76]. 

 

Figure A5.3: Structure NIFQOI [76] (δ ~ 68) 
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Appendix 6: The dependence of calix[4]arene geometry on the type of the complex in 

lower rim distally substituted, upper rim symmetrically tetrasubstituted cone 

calix[4]arene complexes 

 Fig. A6.1 (α-β plot) depicts the dependence of calix[4]arene geometry on the type of 

the complex in lower rim distally substituted, upper rim symmetrically tetrasubstituted 

calix[4]arene complexes. 
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Figure A6.1: α-β plot showing the dependence of calix[4]arene geometry on the type of the 

complex in lower rim distally substituted, upper rim symmetrically tetrasubstituted 

calix[4]arene complexes (□ nonpolar upper rim substituents; ○ no substituents at the upper 

rim; Δ polar substituents at the upper rim; blue means a lower rim complex coordinated via all 

four phenolic oxygen atoms and lower rim substituents, cyan means cis-coordination via all 

four lower rim phenolic oxygen atoms, orange means 'equatorial' coordination via all four 

lower rim phenolic oxygen atoms, purple means a lower rim complex coordinated via lower 

rim substituents, black means other type of complex) 
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The group of complexes coordinated via all four lower rim phenolic oxygen atoms and 

lower rim polar substituents contains 17 complete cif files with 19 independent molecules. 

Eight hits with α ~ 64-69 and β < 20 (mostly filled-cavity calix[4]arenes) are close to their 

symmetrically tetrasubstituted counterparts. In empty-cavity calix[4]arenes, β > 60 and 

α < 60. 

 The group of calix[4]arenes coordinated via the lower rim substituents (31 complete 

cif files, 34 independent molecules) is very diffuse. Calix[4]arene base frame tends to be more 

symmetrical (β < 50) in filled-cavity calix[4]arenes and calix[4]arenes with two OH groups at 

the lower rim. On the other hand, empty-cavity calix[4]arenes with all four lower rim oxygen 

atoms alkylated or acylated are more deformed towards C2v geometry (β > 80). These effects 

are similar to those observed in the symmetrically tetrasubstituted group (Chapter 3.5.1). 

 The group cis-coordinated via all four phenolic oxygen atoms (31 complete cif files, 

37 independent molecules) is very diffuse, which is obvious from large ranges of parameters 

α, β. This group is similar to the symmetrically tetrasubstituted cis-coordinated calix[4]arenes 

(Chapter 3.5.1); in the majority of hits, α < 55 and β > 60. Coordination polyhedron of the 

metal cation varies in this group; coordination number is usually ≥ 6. The impact of the 

non-symmetrical coordination on the value of parameter δ is the same as in the symmetrically 

tetrasubstituted group (Chapter 3.5.1). The 'equatorial' complexes, which are very similar to 

the cis-coordinated group, are discussed in Chapter 3.5.2. 
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Appendix 7: The α-β plot of the group of upper rim distally substituted, lower rim 

symmetrically tetrasubstituted cone calix[4]arene complexes 
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Figure A7.1: The α-β plot in dependence on the type of the complex (□ nonpolar substituents 

at the upper rim, Δ polar substituents at the upper rim; olive means an upper rim distal 

μ2-complex on substituents, red means an upper rim distal complex on substituents, 

orange means equatorial coordination via all four lower rim phenolic oxygen atoms) 

 
There are two filled-cavity calix[4]arenes coordinated at the lower rim with α ~ 63 and 

β ~ 0; the coordination polyhedron is a symmetrical tetragonal pyramid. These hits are very 

close to the lower rim equatorial complexes in the symmetrically tetrasubstituted group 

(Chapter 3.5.1). 

Other calix[4]arenes from this group are coordinated via upper rim substituents; 

β > 70 in these structures. Two calix[4]arenes are distally coordinated via the more distant 

pair of upper rim substituents (each substituent coordinated by one metal cation). 

Empty cavity in these calix[4]arenes accounts for β > 130. The rest of the calix[4]arenes are 

μ2-coordinated via the closer pair of upper rim substituents; this type of coordination leads 
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to deformation towards C2v geometry. The coordination polyhedron does not seem to have 

any impact on the calix[4]arene geometry. However, for octahedrally coordinated metal 

cations, one of the ligands may reach into the calixarene cavity and parameter β in these 

calix[4]arenes (three hits) lies between 70 and 100. All other calix[4]arenes contain no 

molecule inside the calix[4]arene cavity; parameter β is above 120 in these complexes 

(15 hits, centered at [67.77; 136.46; 8.99], standard deviation [0.99; 5.78; 5.70]). 

There seems to be no dependence of the values of parameters α, β on the type 

(ionic radius, coordination number) of metal cation present in the complex. 
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Appendix 8: Attempted reduction of 2e, 2f and 2g 

 Attempted reduction of 2e: 100 mg of 2e (0.1 mmol) was dissolved in 5 ml of 

dichloromethane and added dropwise under stirring to a slurry of 0.50 g NaBH4 (13 mmol) in 

45 ml of ethanol. The mixture was stirred for 1 h at room temperature, 30 ml of distilled water 

was then added and the reaction mixture was stirred for another 4.5 h. The ethanol was 

evaporated at reduced pressure and the mixture was extracted by dichloromethane (once by 

50 ml, then twice by 25 ml). The combined extracts were dried by anhydrous Na2SO4 and 

evaporated to dryness (light yellow oil, according to TLC (CH2Cl2: ethanol 19:1) a mixture of 

about five substances). The residue was dissolved in 10 ml of dichloromethane, 30 ml of 

distilled water was added, the mixture was vigorously stirred for 3h and the extraction with 

dichloromethane was repeated. After evaporation to dryness, TLC showed the presence of 

two major compounds (RF 0.9 product (according to ninhydrine detection), RF 0.6 impurity). 

The resulting oil was subjected to column chromatography (SiO2, column 2x10 cm, 

CH2Cl2: ethanol 19:1). However, the chromatography led only to decomposition of the 

product (6 compounds on TLC, RF 0.4-0.8). 

 

 Attempted reduction of 2f: 50 mg of 2f (0.05 mmol) and 100 mg of highly active 

Raney nickel (prepared according to [103]) were stirred under hydrogen in 10 ml of 

anhydrous ethanol for 7 days. According to TLC (CH2Cl2: ethanol: ammonia 90:10:1; 

ninhydrine detection), no reaction occurred. 

 

Attempted reduction of 2g: 50 mg of 2g (0.05 mmol), 1 ml of hydrazine monohydrate 

(80% aqueous solution) and 100 mg of Raney nickel were refluxed in 10 ml of ethanol 

for 3 h. After cooling, the mixture was evaporated to dryness to afford 36 mg of light yellow 

solid. 1H NMR (CDCl3, 25 °C): corresponds to calix[4]arene 1 
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Appendix 9: Attempted isomerization of the cone tetraacid 11a 

0.10 g of cone-5,11,17,23-tetranitro-25,26,27,28-tetrakis(carboxymethoxy)calix[4]-

arene 11a (0.19 mmol) was suspended in 5% aqueous NaOH (5 ml). 3 ml of ethanol were 

added and the mixture was stirred at room temperature for 14 days. As TLC (IPAV 10:3:3, 

UV detection, RF 0.8) did not change, 0.5 ml of 5% aqueous NaOH was added and the 

mixture stirred for another 7 days. This procedure was repeated once more and the reaction 

mixture was stirred for another 2 days (for a total of 23 days). The product was precipitated 

by addition of aqueous HCl (1:1) to pH ~ 1. The solid was filtered (sinter S4), washed 

thoroughly with distilled water and dried in the air. Yield: 40 mg of yellowish powder; 
1H NMR (CD3OD, 25 °C): pure cone conformer 11a 
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8. SUPPLEMENTARY 

Supplementary Tables 1: Crystal structure parameters at 150(1) K 

Calix[4]arene 2b · x (CH3)2CHOH 2e ·CH3OH·0.5 CH3C6H5 
Formula C68.63H72.60N8O5.07 C64.5H68N4O5S4 

No. in CSD 295802 259680 
M (g·mol–1) 1090.65 1107.47 
Crystal dimension (mm) 0.4 · 0.3 · 0.8 0.2 · 0.2 · 0.8 
Shape prism prism 
Color yellow yellow 
Crystal system monoclinic triclinic 
Space group P21/n P-1 
a (Å) 19.2380(4) 12.9230(3) 
b (Å) 21.8740(4) 16.2400(4) 
c (Å) 30.0560(6) 16.2290(5) 
α (°) 90 108.372(1) 
β (°) 92.251(1) 101.807(2) 
γ (°) 90 107.910(2) 
U (Å3) 12 638.2(4) 2 899.2(1) 
Z 8 2 
Dc (g.cm–3) 1.146 1.269 
µ (mm–1) 0.073 0.218 
Absorption correction none none 
F(000) 4 648 1 174 
θ range of data collection (°) 1.55 - 23.00 3.32 - 27.56 

Index ranges -21,21; -24,23;  
-33,32 -16,16; -21,21; -21,21 

Data completeness (%) 99.0 99.1 
Number of reflections measured 31 911 24 764 
Rσ 0.0609 0.0629 
Number of reflections observed [ I > 2σ(I)] 17 411 8 514 
Number of independent reflections 10 285 13 276 
Rint 0.0435 0.0419 
Data, restraints, parameters 17 411; 25; 1 443 13 276; 8; 877 
A, B a 0.1559; 33.6427 0.0700; 2.0233 
Goodness-of-fit on F2 1.043 1.024 
Final R, R' [I > 2σ(I)] a,b 0.1060; 0.2808 0.0591; 0.1388 
Max. shift/e.s.d. 0.388* 0.000 
Largest difference peak and hole (eÅ3) 0.716; -0.522 0.727; -0.649 

* torsion angle on a solvent molecule 
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Calix[4]arene 2f · 0.4 CH3CH2OH 6a · 2 CHCl3 
Formula C60.8H66.4N8O4.40 C46H46N4O20Cl6 
No. in CSD 295803 626057 
M (g·mol–1) 979.62 1187.57 
Crystal dimension (mm) 0.5 · 0.6 · 0.9 0.21 · 0.15 · 0.10 
Shape irregular block 
Color yellow colorless 
Crystal system monoclinic monoclinic 
Space group C2/c P 21/c 
a (Å) 23.3550(3) 13.977(2) 
b (Å) 19.7700(2) 14.176(2) 
c (Å) 23.4880(2) 26.810(4) 
α (°) 90 90 
β (°) 89.8080(7) 93.12(1) 
γ (°) 90 90 
U (Å3) 10 845.0(2) 5 304(1) 
Z 8 4 
Dc (g.cm–3) 1.200 1.487 
µ (mm–1) 0.077 3.648 
Absorption correction none none 
F(000) 4 179 2 448 
θ range of data collection (°) 2.46 - 25.04 4.54 - 74.18 
Index ranges -27,27; -23,23; -27,27 -17,17; -17,17; -33,33 
Data completeness (%) 99.5 96.1 
Number of reflections measured 18 742 93 167 
Rσ 0.0256 0.0347 
Number of reflections observed [ I > 2σ(I)] 7 844 7 669 
Number of independent reflections 9 558 10 379 
Rint 0.0196 0.0769 
Data, restraints, parameters 9 558; 0; 679 10 379; 32; 706 
A, B a 0.0810; 16.4608 0.1780; 0 
Goodness-of-fit on F2 1.045 1.090 
Final R, R' [I > 2σ(I)] a,b 0.0566; 0.1529 0.0756; 0.2264 
Max. shift/e.s.d. 0.001 0.001 
Largest difference peak and hole (eÅ3) 0.711; -0.608 0.957; -0.750 
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Calix[4]arene 5 · 3 C2H3N 6b · 1.52 CHCl3 8b · 1.33 CH3CH2OH 
Formula C66H89O12N3 C45.52H45.52N4O20Cl4.56 C70.66H71.98N8O13.33 
No. in CSD — 626058 702835 
M (g·mol–1) 1116.40 1130.27 1246.54 
Crystal dimension 
(mm) 0.2 · 0.3 · 0.7 0.24 · 0.15 · 0.06 0.4 · 0.3 · 0.2 

Shape prism irregular irregular 
Color colorless colorless yellow 
Crystal system triclinic monoclinic triclinic 
Space group P -1 P 21/a P -1 
a (Å) 11.5350(5) 15.216(4) 11.3110(10) 
b (Å) 16.2600(8) 19.781(7) 17.5940(16) 
c (Å) 18.1420(6) 17.663(6) 18.0110(14) 
α (°) 100.427(2) 90 108.670(5) 
β (°) 101.986(3) 94.39(2) 95.944(5) 
γ (°) 101.188(2) 90 104.086(4) 
U (Å3) 3 177.3(2) 5 301(3) 3 228.7(5) 
Z 2 4 2 
Dc (g.cm–3) 1.167 1.416 1.282 
µ (mm–1) 0.080 2.969 0.090 
Absorption correction none none none 
F(000) 1 204 2 336 1 317 
θ range of data 
collection (°) 

1.31 - 27.51 6.17 - 76.76 1.95-22.04 

Index ranges -10,14; -21,13;  
-23,21 -18,18; -24,24; -21,22 -11,11; -18,18;  

-18,18 
Data completeness (%) 73.3 97.8 98.6 
Number of reflections 
measured 13 181 81 083 14 443 

Rσ 0.0424 0.0680 0.0481 
Number of reflections 
observed [ I > 2σ(I)] 8 353 5 637 7 831 

Number of independent 
reflections 10 715 10 938 5 305 

Rint 0.0203 0.0995 0.0310 
Data, restraints, 
parameters 10 715; 26; 716 10 938; 26; 745 7 831; 14; 709 

A, B a 0.1815; 8.3577 0.2000; 0 0.2000; 0 
Goodness-of-fit on F2 1.049 1.033 1.800 
Final R, R' [I > 2σ(I)] 
a,b 

0.1134; 0.3315 0.0997; 0.2904 0.1429; 0.3938 

Max. shift/e.s.d. 0.002 0.017 0.451** 
Largest difference 
peak and hole (eÅ3) 1.034; -1.041 1.566; -0.974* 0.978; -0.992 

* residual electron density near isotropically modeled atoms in a highly disordered structure 

** torsion angle on a solvent molecule 
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Calix[4]arene 6a · 2 CH3CN (Mo Kα) 6a · 2 CH3CN (Cu Kα) 
Formula C46H50N6O20 C46H60N6O20 
No. in CSD 702834 702833 
M (g·mol–1) 515.47 1030.94 
Crystal dimension (mm) 0.4 · 0.3 · 0.3 0.3 · 0.2 · 0.2 
Shape octahedron octahedron 
Color colorless colorless 
Crystal system tetragonal tetragonal 
Space group P 43212 P 41212 
a (Å) 13.66000(10) 13.64080(10) 
b (Å) 13.66000(10) 13.64080(10) 
c (Å) 26.8130(3) 26.7951(2) 
α (°) 90 90 
β (°) 90 90 
γ (°) 90 90 
U (Å3) 5 003.19(8) 4 985.80(6) 
Z 8 4 
Dc (g.cm–3) 1.369 1.373 
µ (mm–1) 0.108 0.920 
Absorption correction none none 
F(000) 2 160 2 160 
θ range of data col. (°) 3.08 - 27.49 4.58 - 77.77 

Index ranges -17,17; -12,12;  
-34,34 

-16,17; -17,16;  
-33,33 

Data completeness (%) 99.0 99.5 
Number of reflections measured 5 701 79 150 
Rσ 0.0139 0.0099 
Number of reflections observed [ I > 
2σ(I)] 5 382 5 062 

Number of independent reflections 5 701 5 291 
Rint 0.0000 0.0341 
Data, restraints, parameters 5 701; 0; 371 5 291; 2; 371 
A, B a      0.0574; 0.9745 0.0712; 0.9211 
Goodness-of-fit on F2 1.068 1.068 
Final R, R' [I > 2σ(I)] a,b 0.0375; 0.1023 0.0392; 0.1093 
Max. shift/e.s.d. 0.003 0.000 
Largest difference peak and hole (eÅ3) 0.287; -0.180 0.355; -0.211 

 

a w  =  1 / [σ2(Fo
2) + (A · P)2 + B · P]    where  P =  (Fo

2 + 2Fc
2) / 3  

b R  =  ΣFo – Fc/ ΣFc;  R' = [Σw(Fo
2 – Fc

2)2 / Σw(Fo
2)2]1/2   (SHELXL97 [91]) 
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Supplementary Tables 2: Numbering schemes, selected bond distances (Å) and angles (°) 

Calix[4]arene 2b · x (CH3)2CHOH 
 

Numbering scheme of Molecule 1 (R … 1-propyl) 
 
 
 

 
Numbering scheme of Molecule 2 (R … 1-propyl) 
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Molecule 1 
bond distance distance 

N1-C23 1.4122(76) N1 … N3 12.1477(70) 
N2X-C5 1.4536(172) N2X … N4 4.3266(313) 
N2Y-C5 1.4190(167) N2Y … N4 4.2002(320) 
N3-C11 1.4260(75) N5 ... N7 18.9188(80) 
N4-C17 1.4299(79) N6 ... N8 5.0041(132) 
N1-C29 1.2609(80) N6Y … N8 4.1711(168) 
N2X-C35 1.2767(106) O1 … O3 3.4193(57) 
N2Y-C35Y 1.2357(282) O2 … O4 5.7992(61) 
N3-C41 1.2793(78) C5 … C17 4.5802(85) 
N4-C47 1.2683(80) C11 … C23 9.9028(78) 
N5-C30 1.3771(87) C25 … C27 5.5756(80) 
N6-C36 1.3900(-) C26 … C28 5.3289(85) 
N6Y-C36Y 1.3900(-) N5 ... N1 4.7831(81) 
N7-C42 1.3900(-) N6 ... N2X 4.7890(182) 
N8-C48 1.3362(94) N6Y ... N2Y 4.1416(229) 

bond angle N7 ... N3 4.2912(64) 
C23-N1-C29 120.28(56) N8 ... N4 4.7866(88) 
C5-N2X-C35 116.30(1.68) bond angle 
C5-N2Y-C35Y 114.90(2.32) C49-C47-N4 122.08(64) 
C11-N3-C41 118.03(56) C29-C31-C32 122.35(60) 
C17-N4-C47 118.16(56) C35-C37-C38 124.42(96) 
C29-C31-C30 121.01(64) C35Y-C37Y-C38Y 119.71(1.57) 
C35-C37-C36 115.51(96) C41-C43-C44 116.67(40) 
C35Y-C37Y-C36Y 120.27(1.59) C47-C49-C50 121.86(68) 
C41-C43-C42 123.30(40) torsion angle 
C47-C49-C48 121.24(67) N1-C29-C31-C30 171.51(66) 
C23-N1-C29 120.28(56) N1-C29-C31-C32 -8.98(1.02) 
C5-N2X-C35 116.30(1.68) N2X-C35-C37-C38 16.01(2.53) 
C5-N2Y-C35Y 114.90(2.32) N2Y-C35Y-C37Y-C36Y -8.53(3.07) 
C11-N3-C41 118.03(56) N2X-C35-C37-C36 -160.81(1.91) 
C17-N4-C47 118.16(56) N2Y-C35Y-C37Y-C38Y 173.39(2.26) 
C29-C31-C30 121.01(64) N3-C41-C43-C42 7.42(77) 
C35-C37-C36 115.51(96) N3-C41-C43-C44 -170.50(48) 
C35Y-C37Y-C36Y 120.27(1.59) N4-C47-C49-C48 169.08(64) 
C41-C43-C42 123.30(40) N4-C47-C49-C50 -8.73(1.00) 
C47-C49-C48 121.24(67) C10-C11-N3-C41 -146.73(59) 
C22-C23-N1 125.29(55) C12-C11-N3-C41 37.96(83) 
C24-C23-N1 116.47(55) C11-N3-C41-C43 -178.00(50) 
C31-C29-N1 122.99(63) C16-C17-N4-C47 38.38(85) 
C4-C5-N2X 132.00(95) C18-C17-N4-C47 -140.13(61) 
C6-C5-N2X 109.94(91) C17-N4-C47-C49 -176.73(54) 
C37-C35-N2X 121.38(1.37) C22-C23-N1-C29 8.79(96) 
C4-C5-N2Y 110.14(1.19) C24-C23-N1-C29 -169.45(60) 
C6-C5-N2Y 131.69(1.23) C23-N1-C29-C31 -179.77(56) 
C37Y-C35Y-N2Y 120.11(2.19) C4-C5-N2X-C35 -9.87(3.44) 
C10-C11-N3 118.08(56) C6-C5-N2X-C35 167.52(1.92) 
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C12-C11-N3 122.47(54) C5-N2X-C35-C37 -179.11(1.59) 
C43-C41-N3 122.50(61) C4-C5-N2Y-C35Y -149.02(2.25) 
C16-C17-N4 122.70(56) C6-C5-N2Y-C35Y 35.71(3.56) 
C18-C17-N4 119.06(55) C5-N2Y-C35Y-C37Y 179.61(1.70) 

angles and deviations 
plane N6 deviation of atoms -  
plane N8 deviation of atoms 0.0029(115)  
N8 ... plane N6 2.8120(223) angle of the planes 26.39(60) 
N6 ... plane N8 4.1572(163)   
average distance 3.4846(193)   
plane N6Y deviation of atoms -  
plane N8 deviation of atoms 0.0029(115)  
N8 ... plane N6Y 3.2403(178) angle of the planes 8.48(1.00) 
N6Y ... plane N8 3.5379(190)   
average distance 3.3891(184)   
plane C2,C8,C14,C20 deviation of atoms 0.1190(35)  
plane C1,C21-C25 36.35(15) deviation of atoms 0.0211(44) 
plane C3-C7,C26 89.44(14) deviation of atoms 0.0244(43) 
plane C9-C13,C27 40.52(19) deviation of atoms 0.0294(41) 
plane C15-C19,C28 75.33(15) deviation of atoms 0.0100(42) 

parameters 
parameter α 68.03(16) 
parameter β 118.36(63) 
parameter δ 18.28(63) 

 

 

Molecule 2 
bond distance distance 

N9-C87 1.4269(78) N13 ... N15 19.6619(92) 
N10-C69 1.4103(81) N14 ... N16 4.0187(101) 
N11-C75 1.4274(75) N9 … N11 12.0237(69) 
N12-C81 1.4191(77) N10 … N12 4.2316(80) 
N9-C93 1.2892(79) O5 … O7 3.4816(54) 
N10-C99 1.2167(85) O6 … O8 5.8913(59) 
N11-C105 1.2579(77) C69 … C81 4.5702(85) 
N12-C111 1.2861(81) C75 … C87 9.8099(80) 
N13-C94 1.3517(92) C89 … C91 5.5698(80) 
N14-C100 1.3900(-) C90 … C92 5.3916(79) 
N15-C106 1.3589(90) N13 ... N9 4.7886(78) 
N16-C112 1.3833(97) N14 ... N10 4.2429(81) 

bond angle N15 ... N11 4.8086(81) 
C74-C75-N11 116.47(55) N16 ... N12 4.8262(97) 
C76-C75-N11 124.40(55) torsion angle 
C107-C105-N11 123.76(61) C86-C87-N9-C93 -40.69(84) 
C80-C81-N12 119.60(56) C88-C87-N9-C93 143.62(59) 
C82-C81-N12 121.41(55) C87-N9-C93-C95 178.38(53) 
C113-C111-N12 124.02(63) C68-C69-N10-C99 -37.19(98) 
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C86-C87-N9 123.19(55) C70-C69-N10-C99 144.37(67) 
C88-C87-N9 116.97(57) C69-N10-C99-C101 -176.74(57) 
C95-C93-N9 122.24(65) N9-C93-C95-C94 169.64(62) 
C68-C69-N10 125.24(56) N9-C93-C95-C96 -10.75(98) 
C70-C69-N10 116.18(58) N10-C99-C101-C100 -1.43(92) 
C101-C99-N10 122.49(71) N10-C99-C101-C102 175.67(58) 
C87-N9-C93 118.11(57) C74-C75-N11-C105 171.93(61) 
C69-N10-C99 121.27(66) C76-C75-N11-C105 -6.30(95) 
C75-N11-C105 120.29(54) C75-N11-C105-C107 178.78(58) 
C81-N12-C111 116.60(55) C80-C81-N12-C111 136.07(60) 
C93-C95-C96 123.23(65) C82-C81-N12-C111 -43.01(81) 
C99-C101-C102 118.60(49) C81-N12-C111-C113 177.13(55) 
C105-C107-C108 122.61(61) N11-C105-C107-C106 -174.29(71) 
C111-C113-C114 122.99(68) N11-C105-C107-C108 6.87(1.08) 
C105-C107-C106 119.82(63) N12-C111-C113-C112 -170.26(63) 
C111-C113-C112 119.73(67) N12-C111-C113-C114 6.42(1.02) 
C93-C95-C94 119.24(68) 
C99-C101-C100 121.33(49) 

 

angles and deviations 
plane N14 deviation of atoms -  
plane N16 deviation of atoms 0.0038(66)  
N16 ... plane N14 3.3376(91) angle of the planes 3.49(48) 
N14 ... plane N16 3.4258(98)   
average distance 3.3817(95)   
plane N15 deviation of atoms 0.0112(56)  
plane N5i deviation of atoms 0.0050(50)  
N1i ... plane N15 3.4046(61) angle of the planes 2.78(32) 
N11 ... plane N5i 3.4545(58)   
average distance 3.4296(60) i x-1, y, z  
plane C66,C72,C78,C84 deviation of atoms 0.1217(33)  
plane C65,C85-C89 41.58(19) deviation of atoms 0.0308(42) 
plane C67-C71,C90 86.28(14) deviation of atoms 0.0277(42) 
plane C73-C77,C91 37.96(14) deviation of atoms 0.0199(43) 
plane C79-C83,C92 77.27(15) deviation of atoms 0.0119(41) 

parameters 
parameter α 69.00(16) 
parameter β 116.91(62) 
parameter δ 12.63(62) 
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Calix[4]arene 2e · CH3OH · 0.5 CH3C6H5 

 
Numbering scheme of 2e (R … 1-propyl) 
 

bond distance distance 
N1-C5 1.4212(30) S1 ... S3 17.8316(11) 
N2-C11 1.4201(36) S2 ... S4 4.9239(13) 
N3-C17 1.4289(31) N1 … N3 12.7972(29) 
N4-C23 1.4202(31) N2 … N4 4.0482(32) 
N1-C30 1.2782(32) O1 … O3 3.1683(22) 
N2-C35 1.2686(40) O2 … O4 6.2489(24) 
N3-C40 1.2723(34) C5 … C17 10.2813(33) 
N4-C45 1.2737(34) C11 … C23 4.2469(34) 
S1-C31 1.7244(25) C25 … C27 5.5058(32) 
S2-C36 1.7281(32) C26 … C28 5.4136(32) 
S3-C41 1.7154(29) S1 ... N1 3.0581(20) 
S4-C46 1.7180(29) S2 ... N2 3.0657(25) 

bond angle S3 ... N3 3.0611(22) 
C4-C5-N1 122.41(21) S4 ... N4 3.0390(21) 
C6-C5-N1 118.42(22) torsion angle 
C31-C30-N1 122.00(24) N1-C30-C31-S1 6.64(34) 
C10-C11-N2 119.22(24) N1-C30-C31-C32 -174.19(25) 
C12-C11-N2 121.89(25) N2-C35-C36-S2 9.50(38) 
C36-C35-N2 122.56(30) N2-C35-C36-C37 -171.53(30) 
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C16-C17-N3 122.48(23) N3-C40-C41-S3 5.45(40) 
C18-C17-N3 117.91(23) N3-C40-C41-C42 -178.07(30) 
C41-C40-N3 122.32(26) N4-C45-C46-S4 12.43(34) 
C22-C23-N4 118.56(21) N4-C45-C46-C47 -165.97(27) 
C24-C23-N4 122.36(21) C4-C5-N1-C30 41.89(33) 
C46-C45-N4 121.44(26) C6-C5-N1-C30 -141.17(24) 
C30-C31-S1 121.66(19) C5-N1-C30-C31 -177.90(21) 
C35-C36-S2 121.27(26) C10-C11-N2-C35 -147.74(26) 
C40-C41-S3 121.73(21) C12-C11-N2-C35 37.85(37) 
C45-C46-S4 120.89(22) C11-N2-C35-C36 -171.00(23) 
C5-N1-C30 117.39(22) C16-C17-N3-C40 35.71(37) 
C11-N2-C35 119.51(25) C18-C17-N3-C40 -148.35(26) 
C17-N3-C40 118.73(23) C17-N3-C40-C41 -174.72(25) 
C23-N4-C45 119.01(22) C22-C23-N4-C45 -141.22(24) 
C30-C31-C32 127.05(24) C24-C23-N4-C45 42.21(33) 
C35-C36-C37 128.50(32) C23-N4-C45-C46 -174.62(21) 
C40-C41-C42 127.37(27) 
C45-C46-C47 128.05(28) 

 

angles and deviations 
plane S2 deviation of atoms 0.0051(23)  
plane S4 deviation of atoms 0.0031(19)  
S4 ... plane S2 3.8211(33) angle of the planes 14.88(23) 
S2 ... plane S4 3.3642(31)   
average distance 3.5927(32)   
plane C2,C8,C14,C20 deviation of atoms 0.1825(15)  
plane C1,C21-C25 30.02(7) deviation of atoms 0.0358(18) 
plane C3-C7,C26 82.27(7) deviation of atoms 0.0294(18) 
plane C9-C13,C27 31.01(8) deviation of atoms 0.0327(17) 
plane C15-C19,C28 74.37(7) deviation of atoms 0.0325(16) 

parameters 
parameter α 65.10(8) 
parameter β 142.33(29) 
parameter δ 8.89(29) 
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Calix[4]arene 2f · 0.4 CH3CH2OH 

 
Numbering scheme of 2f (R … 1-propyl) 
 

bond distance distance 
N1-C23 1.4315(27) N5 ... N7 16.5697(28) 
N2-C5 1.4132(27) N6 ... N8 3.5033(30) 
N3-C11 1.4207(28) N1 … N3 12.1779(25) 
N4-C17 1.4245(26) N2 … N4 4.1342(26) 
N1-C29 1.2788(29) O1 … O3 3.5192(21) 
N2-C34 1.2920(32) O2 … O4 5.8515(20) 
N3-C39 1.2800(31) C5 … C17 4.4548(28) 
N4-C44 1.2837(28) C11 … C23 9.8909(29) 
N5-C30 1.3668(30) C25 … C27 5.6065(28) 
N6-C35 1.3598(36) C26 … C28 5.3092(27) 
N7-C40 1.3710(32) N5 ... N1 2.9444(26) 
N8-C45 1.3684(29) N6 ... N2 2.8533(28) 

bond angle N7 ... N3 2.8644(27) 
C22-C23-N1 122.01(19) N8 ... N4 2.9275(25) 
C24-C23-N1 118.61(19) torsion angle 
C30-C29-N1 125.11(21) C22-C23-N1-C29 -54.94(28) 
C4-C5-N2 118.26(19) C24-C23-N1-C29 124.60(22) 
C6-C5-N2 123.41(20) C23-N1-C29-C30 -178.66(21) 
C35-C34-N2 122.09(24) C4-C5-N2-C34 149.94(21) 
C10-C11-N3 117.77(20) C6-C5-N2-C34 -31.07(31) 
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C12-C11-N3 123.29(20) C5-N2-C34-C35 -179.80(21) 
C40-C39-N3 122.40(23) C10-C11-N3-C39 150.59(22) 
C16-C17-N4 120.59(18) C12-C11-N3-C39 -31.81(31) 
C18-C17-N4 120.74(18) C11-N3-C39-C40 177.36(22) 
C45-C44-N4 124.13(20) C16-C17-N4-C44 -140.43(21) 
C39-C40-C41 130.06(24) C18-C17-N4-C44 40.32(28) 
C44-C45-C46 127.78(22) C17-N4-C44-C45 -173.05(20) 
C29-C30-C31 128.29(22) N1-C29-C30-N5 -2.04(39) 
C34-C35-C36 130.30(27) N1-C29-C30-C31 173.14(26) 
C23-N1-C29 116.38(18) N2-C34-C35-N6 -4.85(38) 
C5-N2-C34 118.18(20) N2-C34-C35-C36 172.21(26) 
C11-N3-C39 118.15(20) N3-C39-C40-N7 -5.57(39) 
C17-N4-C44 116.81(18) N3-C39-C40-C41 170.89(28) 
C29-C30-N5 124.45(21) N4-C44-C45-N8 -4.77(37) 
C34-C35-N6 122.32(25) N4-C44-C45-C46 171.71(24) 
C39-C40-N7 122.59(22) 
C44-C45-N8 124.50(20) 

 

angles and deviations 
plane N6 deviation of atoms 0.0042(19)  
plane N8 deviation of atoms 0.0019(19)  
N8 ... plane N6 2.2819(60) angle of the planes 74.16(11) 
N6 ... plane N8 3.1750(29)   
plane C2,C8,C14,C20 deviation of atoms 0.0868(11)  
plane C1,C21-C25 42.40(4) deviation of atoms 0.0197(15) 
plane C3-C7,C26 84.93(5) deviation of atoms 0.0230(14) 
plane C9-C13,C27 35.96(7) deviation of atoms 0.0384(15) 
plane C15-C19,C28 77.80(5) deviation of atoms 0.0145(14) 

parameters 
parameter α 68.91(5) 
parameter β 118.91(21) 
parameter δ 13.57(21) 

 

hydrogen bonds 
D-H D … A angle DHA A 
N5-H5N 2.999 158.99 N1i 
N5-H5N 4.323 145.58 N5i 
N6-H6N 3.503 124.10 N8 
N7-H7N 3.000 151.91 N3ii 
N7-H7N 3.493 138.84 N7ii 
N8-H8N 2.918 158.45 N4ii 
N8-H8N 3.809 133.42 N8ii 
O5-H5 3.098 144.96 N3ii 
O5-H5 3.549 128.64 N3 
O5-H5 3.821 127.85 N7ii 

 i -x+1.5, -y-0.5, -z+1 ii -x+1, y, -z+0.5 
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Calix[4]arene 5 · 3 C2H3N 
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Numbering scheme of 5 (ethoxycarbonylmethoxy and 1,1-dimethylethyl groups omitted for 

clarity) 

 
distance distance 

O1…O3 3.9825(38) C11…C23 8.1842(49)   
O2…O4 4.6822(38)  C25…C27 5.3991(44)   
C5…C17 7.5280(54)   C26…C28 5.5272(50)   

angles and deviations 
plane C2,C8,C14,C20 deviation of atoms 0.0226(20)  
plane C1,C21-C25 65.19(7) deviation of atoms 0.0124(25) 
plane C3-C7,C26 66.08(9) deviation of atoms 0.0285(25) 
plane C9-C13,C27 54.82(9) deviation of atoms 0.0127(24) 
plane C15-C19,C28 71.64(10) deviation of atoms 0.0183(28) 

parameters 
parameter α 64.43(9) 
parameter β 17.7(4) 
parameter δ 15.9(4) 
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Calix[4]arenes  6a · 2 CHCl3 and 6b · 1.52 CHCl3 
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Numbering scheme of 6a · 2 CHCl3 and 6b · 1.52 CHCl3 (ethoxycarbonylmethoxy groups 

omitted for clarity) 

 
Calix[4]arene 6a · 2 CHCl3 

bond distance distance 
N1-C23 1.4709(41) N1 … N3 3.4222(43) 
N2-C5 1.4570(34) N2 … N4 12.4198(37) 
N3-C11 1.4582(33) O1 … O3 5.8118(27) 
N4-C17 1.4594(35) O2 … O4 3.4252(26) 
N1-O11 1.2174(43) C5 … C17 10.0135(38) 
N1-O12 1.2331(47) C11 … C23 4.0544(39) 
N2-O21 1.2197(39) C25 … C27 5.2652(35) 
N2-O22 1.2309(39) C26 … C28 5.6321(35) 
N3-O31 1.2166(34) bond angle 
N3-O32 1.2158(38) O11-N1-O12 123.98(31) 
N4-O41 1.2300(35) O21-N2-O22 122.98(25) 
N4-O42 1.2244(35) O31-N3-O32 122.31(25) 

torsion angle O41-N4-O42 123.16(25) 
C22-C23-N1-O11 -165.51(31) C22-C23-N1 118.28(29) 
C22-C23-N1-O12 14.58(49) C24-C23-N1 119.19(27) 
C24-C23-N1-O11 12.22(46) C4-C5-N2 118.23(26) 
C24-C23-N1-O12 -167.69(36) C6-C5-N2 119.03(26) 
C4-C5-N2-O21 176.23(27) C23-N1-O11 118.12(30) 
C4-C5-N2-O22 -3.97(38) C23-N1-O12 117.90(30) 
C6-C5-N2-O21 -6.40(39) C5-N2-O21 118.37(27) 
C6-C5-N2-O22 173.41(26) C5-N2-O22 118.65(26) 
C10-C11-N3-O31 8.18(39) C10-C11-N3 118.32(23) 
C10-C11-N3-O32 -171.45(33) C12-C11-N3 119.01(23) 
C12-C11-N3-O31 -172.30(26) C16-C17-N4 118.93(25) 
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C12-C11-N3-O32 8.08(44) C18-C17-N4 118.62(24) 
C16-C17-N4-O41 5.70(38) C11-N3-O31 119.17(23) 
C16-C17-N4-O42 -174.69(26) C11-N3-O32 118.52(24) 
C18-C17-N4-O41 -176.05(26) C17-N4-O41 117.91(24) 
C18-C17-N4-O42 3.57(39) C17-N4-O42 118.92(25) 

angles and deviations 
plane C2,C8,C14,C20 deviation of atoms 0.0464(15)  
plane C1,C21-C25 105.63(7) deviation of atoms 0.0063(19) 
plane C3-C7,C26 33.56(9) deviation of atoms 0.0303(19) 
plane C9-C13,C27 99.72(6) deviation of atoms 0.0184(17) 
plane C15-C19,C28 38.62(8) deviation of atoms 0.0294(18) 

parameters 
parameter α 69.38(8) 
parameter β 133.17(30) 
parameter δ 10.97(30) 

 

 

Calix[4]arene 6b · 1.52 CHCl3 

bond distance distance 
N1-C23 1.4603(63) N1 … N3 3.5589(57) 
N2-C5 1.4572(58) N2 … N4 10.5304(65) 
N3-C11 1.4709(63) O1 … O3 5.9108(46) 
N4-C17 1.4223(66) O2 … O4 5.0499(46) 
N1-O11 1.2214(51) C5 … C17 8.4721(67) 
N1-O12 1.2355(51) C11 … C23 4.1514(63) 
N2-O21 1.2434(56) C25 … C27 5.3497(63) 
N2-O22 1.2341(55) C26 … C28 5.5686(61) 
N3-O31 1.2200(52) bond angle 
N3-O32 1.2226(53) O11-N1-O12 123.07(44) 
N4-O41 1.2313(60) O21-N2-O22 123.13(42) 
N4-O42 1.2534(60) O31-N3-O32 123.26(45) 

torsion angle O41-N4-O42 121.56(52) 
C22-C23-N1-O11 -11.91(61) C22-C23-N1 119.09(42) 
C22-C23-N1-O12 166.28(41) C24-C23-N1 119.19(40) 
C24-C23-N1-O11 167.92(41) C4-C5-N2 118.81(42) 
C24-C23-N1-O12 -13.89(61) C6-C5-N2 119.01(43) 
C4-C5-N2-O21 -169.14(46) C10-C11-N3 119.06(42) 
C4-C5-N2-O22 9.41(68) C12-C11-N3 118.00(44) 
C6-C5-N2-O21 8.58(69) C16-C17-N4 119.00(48) 
C6-C5-N2-O22 -172.88(45) C18-C17-N4 119.78(46) 
C10-C11-N3-O31 173.92(42) C23-N1-O11 118.54(40) 
C10-C11-N3-O32 -5.20(65) C23-N1-O12 118.36(40) 
C12-C11-N3-O31 -7.64(63) C5-N2-O21 118.25(43) 
C12-C11-N3-O32 173.25(44) C5-N2-O22 118.61(42) 
C16-C17-N4-O41 0.44(70) C11-N3-O31 118.96(41) 
C16-C17-N4-O42 -179.74(44) C11-N3-O32 117.77(43) 
C18-C17-N4-O41 -178.39(45) C17-N4-O41 119.82(48) 



 178

C18-C17-N4-O42 1.43(69) C17-N4-O42 118.63(49) 
angles and deviations 

plane C2,C8,C14,C20 deviation of atoms 0.0588(25)  
plane C1,C21-C25 99.26(12) deviation of atoms 0.0171(30) 
plane C3-C7,C26 31.94(8) deviation of atoms 0.0210(32) 
plane C9-C13,C27 105.77(12) deviation of atoms 0.0135(31) 
plane C15-C19,C28 260.33(12) deviation of atoms 0.0252(31) 

parameters 
parameter α 124.33(11) 
parameter β 87.24(44) 
parameter δ 234.90(44) 

 

 

Calix[4]arene 6a · 2 CH3CN 
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Numbering scheme of 6a · 2 CH3CN (ethoxycarbonylmethoxy groups omitted for clarity) 
 

bond distance distance 
N1-C3 1.4600(20)   N1 … N1i 12.7667(27)   
N2-C10 1.4658(22)   N2 … N2i 3.3239(28)   
N1-O11 1.2321(21)   O1 … O1i 3.2885(20)   
N1-O12 1.2265(21)   O2 … O2i 6.2031(21)   
N2-O21 1.2229(21)   C3 … C3i 10.1842(29)   
N2-O22 1.2304(20)   C10 … C10i 3.8945(31)   

bond angle C6 … C6i 5.5709(28)   
O11-N1-O12 123.31(15)   C13 … C13i 5.4148(28)   
O21-N2-O22 123.16(16)   torsion angle 
C3-N1-O11 118.66(15)   C2-C3-N1-O11 -6.19(21)   
C3-N1-O12 118.01(15)   C2-C3-N1-O12 172.43(15)   
C10-N2-O21 119.08(15)   C4-C3-N1-O11 172.48(14)   
C10-N2-O22 117.73(16)   C4-C3-N1-O12 -8.90(21)   
C2-C3-N1 118.40(15)   C9-C10-N2-O21 -3.85(22)   
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C4-C3-N1 119.15(14)   C9-C10-N2-O22 174.30(15)   
C9-C10-N2 118.13(15)   C11-C10-N2-O21 176.90(15)   
C11-C10-N2 119.66(15)   C11-C10-N2-O22 -4.96(22)   

angles and deviations 
plane C7,C7i,C14,C14i deviation of atoms 0.1719(13) i … y, x, -z 
plane C1-C6 31.77(4) deviation of atoms 0.0375(11) 
plane C8-C13 105.61(3) deviation of atoms 0.0281(10) 
plane C1i-C6i 31.77(4) deviation of atoms 0.0375(11) 
plane C8i-C13i 105.61(3) deviation of atoms 0.0281(10) 

parameters 
parameter α 68.69(3) 
parameter β 147.68(14) 
parameter δ 0 

 

 

Calix[4]arene 8b · 1.33 CH3CH2OH 

 
Numbering scheme of 8b (ethoxycarbonylmethoxy groups omitted for clarity) 

 
bond distance distance 

N5-C30 1.3759(191)   N5 ... N7 3.9233(183)   
N6-C36 1.3891(106)   N6 ... N8 19.6701(123)   
N7-C42 1.4076(125)   N1 … N3 4.3046(90)   
N8-C48 1.3944(113)   N2 … N4 12.4696(86)   
N1-C23 1.4474(115)   O1 … O3 5.4680(62)   
N2-C5 1.4360(93)   O2 … O4 3.3830(69)   
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N3-C11 1.4116(98)   C5 … C17 10.0680(100)   
N4-C17 1.4176(103)   C11 … C23 4.6475(96)   
N1-C29 1.2266(128)   C25 … C27 5.2580(88)   
N2-C35 1.2554(96)   C26 … C28 5.5711(98)   
N3-C41 1.2493(98)   N5 ... N1 4.8607(187)   
N4-C47 1.2576(103)   N6 ... N2 4.2355(100)   

bond angle N7 ... N3 4.3114(124)  
C23-N1-C29 120.22(88)   N8 ... N4 4.2281(108)   
C5-N2-C35 123.36(62)   torsion angle 
C11-N3-C41 120.78(66)   C22-C23-N1-C29 -19.33(1.19)   
C17-N4-C47 122.77(63)   C24-C23-N1-C29 164.95(76)   
C22-C23-N1 126.00(77)   C23-N1-C29-C31 179.84(73)   
C24-C23-N1 115.91(72)   C4-C5-N2-C35 -3.94(1.13)   
C31-C29-N1 122.36(98)   C6-C5-N2-C35 178.64(71)   
C4-C5-N2 124.58(65)   C5-N2-C35-C37 -178.98(67)   
C6-C5-N2 116.47(60)   C10-C11-N3-C41 -17.70(1.01)   
C37-C35-N2 123.34(68)   C12-C11-N3-C41 165.25(65)   
C10-C11-N3 125.44(69)   C11-N3-C41-C43 179.04(60)   
C12-C11-N3 116.63(64)   C16-C17-N4-C47 6.90(1.26)   
C43-C41-N3 122.88(73)   C18-C17-N4-C47 -172.56(76)   
C16-C17-N4 124.79(71)   C17-N4-C47-C49 -178.64(74)   
C18-C17-N4 116.60(63)   N1-C29-C31-C30 -175.65(1.03)   
C49-C47-N4 122.87(69)   N1-C29-C31-C32 -1.68(1.53)   
C29-C31-C32 122.62(1.10)   N2-C35-C37-C36 -4.19(1.22)   
C35-C37-C38 121.48(64)   N2-C35-C37-C38 175.47(76)   
C41-C43-C44 121.62(80)   N3-C41-C43-C42 4.33(1.13)   
C47-C49-C50 122.48(69)   N3-C41-C43-C44 -176.70(77)   
C29-C31-C30 117.47(1.16)   N4-C47-C49-C48 0.93(1.30)   
C35-C37-C36 121.65(68)   N4-C47-C49-C50 -178.75(87)   
C41-C43-C42 122.90(79)   
C47-C49-C48 119.81(72)   

 

angles and deviations 
plane N5 deviation of atoms 0.0366(100)  
plane N7 deviation of atoms 0.0078(62)  
N7 ... plane N5 3.4632(140) angle of the planes 10.29(55) 
N5 ... plane N7 3.5044(198)   
average distance 3.484(17)   
plane C2,C8,C14,C20 deviation of atoms 0.0887(42)  
plane C1,C21-C25 99.00(18) deviation of atoms 0.0117(47) 
plane C3-C7,C26 30.02(12) deviation of atoms 0.0224(51) 
plane C9-C13,C27 93.73(18) deviation of atoms 0.0104(43) 
plane C15-C19,C28 40.39(26) deviation of atoms 0.0364(53) 

parameters 
parameter α 65.8(2) 
parameter β 122.3(7) 
parameter δ 15.6(7) 
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Supplementary Tables 3: Infrared and Raman data for selected calix[4]arenes 

 sh … shoulder, d … splitted band, b … broad band 

calix[4]arene 1 calix[4]arene 4 
vibration IR vibration IR Raman 
ν (N-H free) 3614w ν (O-H) 3178vsb 3400vwb 
ν (N-H) 3400mb ν (Car-H) 3065w 3056w 
ν (N-H) 3342sb ν (Car-H) 3051w 3030w 
ν (N-H) 3220mb νas (CH2) 2954s 2928m 
ν (Car-H) 3005vw νs (CH2) 2870m 2877w 
νas (CH2) 2934m νas (CH3) 2960s 2956vs 
νs (CH2) 2874m νs (CH3) 2905m 2905s 
νas (CH3) 2961s Σ ν (ar.) 1935vw — 
νs (CH3) 2905w Σ ν (ar.) 1740vw — 
Σ ν (ar.) 2010vw Σ ν (ar.) 1730vw — 
Σ ν (ar.) 1915vw ν (Car=Car) 1605w 1608m 
δ (NH2)a 1608m ν (Car=Car) 1481s 1480w 
ν (Car=Car) 1585w δas (CH3) 1463s 1452s 
ν (Car=Car) 1480m δs (CH2)c 1430w — 
δs (CH2) 1468s δs (CH3)d 1394m 1394w 
δs (CH3) 1385w δs (CH3) 1390w — 
δ (C-H alkane) twist 1305w δs (CH3) — 1378w 
ν (Car=Car) 1281w δs (CH3) 1362m 1361w 
δ (Car-H) in-plane 1260vw δ (CH2) 1305m — 
νas (COC) 1219s ν (Car=Car) 1285w 1298m 
ν (C-C) 1152vw δ (Car-H) in-plane 1260w 1260vw 
νs (COC) 1107vw ν (C-C) 1245w 1242vw 
ρ (NH2) 1068w ν (Car-O) 1200s 1200m 
ρ (CH3) 1043w ν (C-C) + δ (Car-H) in-plane d 1160w 1165vw 
ν (C-N)b 1010m ν (C-C) 1125vw 1125m 
δ (Car-H) in-plane 966w δ (Car-H) in-plane 1100vw 1101vw 
δ (Car-H) in-plane 870vw ρ (CH3) d 1090vw 1089vw 
ν (C-C) 867vw ρ (CH3) 1040vw 1030w 
γ (NH2) 854mb ν (C-C) 1000vw 1002m 
ρ ((CH2)2) 740vw δ (Car-H) in-plane 985w 981vw 
γ (NH2) 720mb ν (C-C) 930vw 925m 
ν (C-C) 601w δ (Car-H) in-plane 910vw 910m 
δ (ring) 555w δ (Car-H) out-of-plane d 871m 870vw 

δ (Car-H) out-of-plane 835w 840vw 
δ (Car-H) out-of-plane d 816m 821m 
ν (C-C) + ρ (CH2) 782s 791m 
δ (ring) out-of-plane 729m 739vw 
γ (O-H) out-of-plane 700sb — 
δ (ring) out-of-plane d + ν (C-C) 709w 702m 

a including ν (Car=Car) 
b  including ν (C-C) 
c in Raman overlapped by δas (CH3) 
d toluene 

δ (Car-H) out-of-plane d 674w 671vw 
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δ (ring) out-of-plane 595w 593vw  
δ (ring) 565w 567s 

 

calix[4]arene 2a 2b 2c 
vibration IR Raman IR Raman IR Raman 
ν (Car-H) — — 3075vw 3072vw 3060vw 3057vw 
ν (Car-H) 3050w 3058vw 3055vw 3052vw 3045w 3043vw 
ν (Car-H) 3005vw 3009vw 3025w 3025vw 3029w 3027vw 
νas (CH2) 2932m 2921w 2931m 2929vw 2934m 2932vw 
νs (CH2) 2874m 2874w 2875m 2872vw 2875s 2873vw 
νas (CH3) 2961m — 2961m — 2961s 2967vw 
νs (CH3) — — — — 2915m 2912vw 
Σ ν (ar.) 1980vw — 1970vw — 1990vw — 
Σ ν (ar.) 1950vw — 1930vw — 1935vw — 
Σ ν (ar.) 1910vw — 1905vw — 1850vw — 
Σ ν (ar.) 1710vw — 1750vwb — 1750vw — 
ν (C=N) 1626wd 1625m 1622m 1621s 1625m 1625s 
ν (Car=Car) — — — — 1601s — 
ν (Car=Car) 1582m 1580s 1584m 1583vs 1588w 1588s 
ν (Car=Car) pyridine 1566m — 1570w 1567s 1555m 1554m 
ν (Car=Car) pyridine 1469vs 1468vw — 1481w 1495vw 1494vw 
δs (CH2) 1465m — 1459s 1450vw 1458sd 1452vw 
ν (Car=Car) pyridine 1435m 1436w 1418m 1417w 1412m 1412vw 
δs (CH3) 1387w 1390vw 1385w 1385vw 1386w 1387vw 
δs (CH3)a 1346w 1346w 1370w 1368w 1365vw 1365w 
δ (=C-H) 1305w 1314vw 1324w 1323vw 1320m 1321vw 
δ (C-H alkane) twist — — 1306w 1307vw 1307w 1305w 
ν (Car=Car) 1276w 1278w 1290wd 1287w 1285vw 1288w 
δ (Car-H) pyridine 1258vw 1258vw 1245w 1249w 1235w 1235m 
νas (COC) 1213s 1225m 1213vs 1225m 1213s 1203m 
δ (Car-H) pyridine — — 1190w 1188vw — — 
ν (C-C) 1147vw 1146vw 1165vw 1161vw 1165vw 1163vw 
δ (=C-H) in-plane 1131w 1130vw 1130w 1128m 1131w 1131m 
δ (Car-H) in-plane 1120vw 1119vw 1120vw 1117vw 1118m 1118vw 
νs (COC) 1090vw 1089vw 1095vw 1092vw 1085vw 1084vw 
ν (C-C) 1067w 1066vw 1067w 1065vw 1066w 1060vw 
ρ (CH3) 1042m 1044vw 1035w 1038w 1039w 1036vw 
δ (Car-H) pyridine — — 1026m 1028vw — — 
ν (Car=Car) pyridine 1002s — 1002s 1002vw 1004s 1005vw 
δ (=C-H) out-of-plane 990m 991w 980vw 982vw — 991w 
ν (C-N) 963m 958vw 965m 947vw 963m 955vw 
δ (Car-H) in-plane 905vw — 920vw 913vw 919vw 919vw 
δ (Car-H) pyridine 889m — 888m 889vw 895m — 
ν (C-C) — 873vw 870w 868vw — 885vw 
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δ (Car-H) out-of-plane 853w 853vw 862w — 861w 868vw 
δ (Car-H) pyridine 800vw — 804w 804vw 815m 822vw 
ρ (CH2) 776m 776vw 765vw 766vw 770vw 770vw 
ρ ((CH2)2) 742w — 745vw 745vw 753vw 751vw 
δ (Car-H) pyridine — 739vw 707s — 728w 736vw 
δ (Car-H) pyridine 616w 622vw 625w 623vw 630wd 630vw 
δ (Car-H) out-of-plane 660vw 666vw 670vw 670vw 670vw 668vw 
δ (ring) pyridine 590vw 593vw 595vw 590vw 594vw 592vw 
δ (ring) 553vw — 550vw — 560w 559vw 
ν (C-C) 535vw 538vw 535vw 536vw 534w 533vw 
δ (ring) pyridine 407w 408vw — — — — 
a methanol from recrystallization 

calix[4]arene 2d 2e 2f 
vibration IR IR Raman IR Raman 
ν (N-H free) — — — 3586w — 
ν (N-H) — — — 3370s 3370vwb 
ν (N-H) — — — 3212sb — 
ν (Car-H) 5-cycle — — — 3127w 3128vw 
ν (Car-H) 5-cycle 3094w 3093vw 3102vw 3109w 3107vw 
ν (Car-H) — 3079w 3073vw 3079w 3082vw 
ν (Car-H) 3043vw 3034vw 3036vw 3045w 3050vw 
ν (Car-H) 3017vw 3020vw — — 3025vw 
νas (CH3) 2960m 2965s 2965vw 2963s 2964vw 
νas (CH2) 2932m 2933s 2931vw 2931m 2932vw 
νs (CH3) 2915w 2916m 2916vw 2897w 2915vw 
νs (CH2) 2873m 2874s 2872vw 2874s 2873vw 
Σ ν 1919vw 1911vw — 1992vw — 
Σ ν 1767vw 1802vw — 1917vw — 
Σ ν 1724vw 1739vw — 1741vw — 
Σ ν 1682vw 1672vw — — — 
ν (C=N) 1621s 1611vs 1613s 1618vs 1620s 
ν (Car=Car) 1589m 1583s 1585vs 1587s 1587vs 
ν (Car=Car) 5-cycle — 1522vw 1526w 1549m 1548w 
ν (Car=Car) 5-cycle 1475m — — 1479s 1477vw 
δs (CH2) 1458s 1466s — 1449m 1453vw 
ν (Car=Car) 5-cycle 1432w 1428s 1430m 1426s 1426w 
ν (Car=Car) 5-cycle 1411w — — 1415m 1415m 
ν (Car=Car) 5-cycle — 1383m 1370m 1339w 1339s 
δs (CH3) 1380w 1370w — 1381w 1378vw 
δs (CH3)a 1374w — — — — 
δs (CH3)a 1352vw — — — — 
δ (=C-H) 1326vw 1321w 1321m 1314w — 
δ (C-H alkane) twist 1305w 1306m 1306vw 1301w 1307vw 
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ν (Car=Car) 1275vw 1289vw 1285w 1277vw 1285w 
νas (COC) 1213s 1211s 1215w 1219s 1219vw 
δ (Car-H) in-plane 1245w 1242vw 1237vw 1243vw 1242vw 
δ (Nar-H) pyrrole — — — 1208s 1206vw 
δ (=C-H) in-plane 1127w 1128vw 1128m 1130vw 1129m 
δ (Car-H) 5-cycle 1117w 1115w 1115w 1118w — 
ν (C-C) 1160vw 1161w 1160vw 1159vw 1164vw 
νs (COC) 1106m 1083vw 1082vw 1094w 1097vw 
ν (C-C) 1066vw 1065vw — 1069vwd 1064vw 
ρ (CH3) 1039m 1044w 1044w 1035w 1034w 
ρ (CH3) — 1035vw — — — 
δ (Car-H) pyrrole — — — 1032s — 
ν (C-C) 1003s 1000w 1002vw 1002s 1004vw 
δ (=C-H) out-of-plane — 990vw 992w 986vw 986vw 
ν (C-N) 963m 958w 960w 965s 961w 
δ (Car-H) in-plane 916vw 915vw 911vw 918vw 915vw 
ν (C-C) 881w 881w 886vw 883m 881vw 
δ (Car-H) out-of-plane 866vw 859w 861vw 815w 817vw 
δ (Car-H) out-of-plane 5-cycle 819m 835vw 827vw 826w — 
ρ (CH2) 760vw 785vw 783vw 764w 760vw 
ρ ((CH2)2)b 743vw 746vw — — 742vw 
δ (ring) 5-cycle 714vw 719m — 738m — 
δ (ring) 5-cycle — 710m 709vw — — 
δ (Car-H) out-of-plane 669vw 670vw 675vw 673vw 671vw 
δ (ring) 5-cycle 595w 598vw 595vw 590w 599vw 
δ (ring) 575vw 558vw 558vw 564vw 565vw 
ν (C-C) 527vw 535vw 537vw 540vw 533vw 
δ (ring) 5-cycle 494s — — — — 
δ (ring) 5-cycle 481s — — — — 
a solvent 
b in the infrared spectrum of 2f overlapped by δ (ring) 

calix[4]arene 3a 3b 3c 3d 
vibration IR IR IR IR 
ν (N-H) 3378sb 3324sb 3309sb 3396mb 
ν (N-H) — — — — 
ν (Car-H) 5-cycle — — — 3092w 
ν (Car-H) — 3080vw 3080vw — 
ν (Car-H) 3055vw 3055vw 3050vw — 
ν (Car-H) 3005vw 3025w 3030w 3037vw 
νas (CH2) 2932m 2932m 2933m 2933m 
νs (CH2) 2873m 2874m 2874m 2873m 
νas (CH3) 2960m 2960m 2960m 2959m 
νs (CH3) 2910w 2905w 2905w 2906w 
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Σ ν (ar.) — — — 2051vw 
Σ ν (ar.) 1990vw — — 2002vw 
Σ ν (ar.) 1930vw 1930vw 1935vw 1924vw 
Σ ν (ar.) — — 1840vw 1765vw 
Σ ν (ar.) 1680vw 1680vw 1685vw 1680w 
ν (Car=Car) 5-cycle — — — 1621w 
ν (Car=Car) 1608s 1608s 1603s 1606m 
ν (Car=Car) 1583s 1590m — 1589w 
ν (Car=Car) pyridine 1570w 1577w 1559w — 
ν (Car=Car) 5-cycle — — — 1541vw 
ν (Car=Car) 5-cycle — — — 1481m 
δ (N-H) 1475sb 1475sb 1475sb 1465sb 
ν (Car=Car) pyridine 1471m 1471m 1471s — 
δs (CH2) 1465m 1460m 1465m 1458m 
ν (Car=Car) pyridine 1435m 1427m 1417m — 
ν (Car=Car) 5-cycle — — — 1410w 
δs (CH3) 1386w 1385w 1386w 1381w 
δs (CH3)a — — 1362vw 1352vw 
δs (CH3)a 1337w 1339w 1339w 1327w 
δ (C-H alkane) twist 1302vw 1314w 1308w 1301w 
ν (Car=Car) 1279w 1290w 1285vw 1277w 
δ (Car-H) in-plane 5-cycle — — — 1257vw 
δ (Car-H) in-plane 5-cycle — — — 1245vw 
δ (Car-H) pyridine 1260vw 1245w — — 
νas (COC) 1219s 1220vs 1221vs 1217s 
δ (Car-H) pyridine — 1190vw — — 
ν (C-C) 1180vw 1165vw 1171w 1172vw 
ν (C-C) 1148w 1150vw 1155vw 1143vw 
δ (Car-H) in-plane 5-cycle — — — 1118vw 
δ (Car-H) in-plane 1108w 1120vw 1104w 1105w 
νs (COC) 1085vw 1093w 1085vw 1085vw 
ν (C-C) 1069vw 1068vw 1067w 1068vw 
ρ (CH3) 1046m 1042w 1042w 1039w 
ρ (CH3) — — — 1023vw 
δ (Car-H) pyridine — 1028w — — 
ν (Car=Car) pyridine 1008m 1009m 1007m — 
δ (Car-H) in-plane 5-cycle — — — 1004w 
ν (C-N) 967m 967m 967m 966m 
δ (Car-H) in-plane 905vw 920vw 919vw 917vw 
δ (Car-H) pyridine 889w 888vw 895vw — 
ν (C-C) — — — 884vw 
δ (Car-H) out-of-plane 841m 840m 840m 835w 
δ (Car-H) out-of-plane 5-cycle — — — 819w 
δ (Car-H) pyridine 800vw 790w 796m — 
ρ (CH2) 757m 765vw 770vw 757vw 
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ω (N-H) 750mb 750mb 750mb 810mb 
ρ ((CH2)2) 742vw 745vw 753vw 742vw 
δ (Car-H) pyridine — 712m 715vw — 
δ (Car-H) 5-cycle — — — 712vw 
δ (Car-H) out-of-plane 660vw 670vw 685vw 669vw 
δ (Car-H) pyridine 615vw 631w 605vw — 
δ (ring) pyridine 590vw 595vw 595vw — 
δ (ring) in-plane 5-cycle — — — 583w 
ν (C-C) — — — 547vw 
δ (ring) 520vw 515vw 520vw 524 vw 
δ (ring) out-of-plane 5-cycle — — — 482m 
δ (ring) pyridine 405w 415vw 479w — 
a solvent 

calix[4]arene 5 calix[4]arene 10 
vibration IR Raman vibration IR Raman 
ν (Car-H) 3060vw — ν (O-H) free 3550m 3560vw 
ν (Car-H) 3025vw 3028vw ν (O-H) 3224sb 3432wb 
νas (CH2) 2931w 2930s ν (Car-H) 3077m 3076w 
νs (CH2) 2867w 2873w ν (Car-H) 3040w 3038w 
νas (CH3) 2955m 2962s νas (CH2) 2932m 2943w 
νs (CH3) 2907w 2907m νs (CH2) 2880w 2880w 
Σ ν — 2777w Σ ν (ar.) 1694vw — 
Σ ν — 2706w ν (Car=Car) 1593m 1590m 
Σ ν (ar.) 1888vw — νas (NO2) 1514m 1522w 
ν (C=O) 1761s — ν (Car=Car) 1486s 1485w 
ν (C=O) 1744m — δs (CH2) 1444s 1450w 
ν (C=O) 1732vs 1732w νs (NO2) 1337vs 1336s 
Σ ν (ar.) 1690vw — ν (Car=Car) 1276m 1282w 
ν (Car=Car) 1602vw 1603m ν (Car-O) 1230m 1233w 
ν (Car=Car) 1585vw — δ (Car-H) in-plane 1099w 1100w 
δs (CH2) 1480s 1480w sh ν (C-N) 946vw 953w 
δas (CH3) 1466w 1463w sh δ (Car-H) in-plane 916vwd 918w 
δs (CH2) 1447w 1447m δ (NO2) 850vw 845vw 
δs (CH3) 1393w 1394vw δ (Car-H) out-of-plane 825vw 824w 
δs (CH3) 1376w — ρ (CH2) 803vw 805vw 
δs (CH3) 1361w 1358vw δ (O-H) out-of-plane 749w 746vw 
δ (C-H alkane) twist 1300m 1302m δ (NO2) out-of-plane 715vw 715w 
ν (Car=Car) 1272m 1267vw δ (NO2) in-plane 599vw 594w 
ν (C-C) 1233w 1238vw δ (ring) 570vw 566w 
νas (COC) 1194m 1201w 
ν (C-C) 1176w 1179vw 
νs (COC) 1130w 1129m 
δ (Car-H) in-plane 1112vw 1117vw sh 
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ρ (CH3) 1096vw 1099vw 
ρ (CH3) 1070w 1072vw 
ρ (CH3) 1057vw 1056vw 
ρ (CH3) 1031w 1027vw 
ν (C-C) 1012vw 1016vw sh 
ν (C-C) 977vw 970vw 
ρ (CH3) 948vw 953vw 
ν (C-C) — 927w 
ν (C-C) — 909vw 
ν (C-C) 880 w — 
δ (Car-H) out-of-plane 871w 860w 
ν (C-C) — 833w 
ν (C-C) 802w 810m 
ρ (CH2) 793w 794vw sh 
ν (C-C) — 701w 
δ (C=O) out-of-plane 631vw — 
ν (C-C) 582w 580w 
ν (C-C) 571w — 
δ (ring) 553vw — 

 

 

calix[4]arene 6a calix[4]arene 6b 
vibration IR Raman vibration IR Raman 
2 ν (C=O) 3582vw — 2 ν (C=O) 3586vw — 
ν (Car-H) 3079w 3080vw ν (Car-H) 3084w 3083w 
2 νas (NO2) 2984m — 2 νas (NO2) 2983m — 
Σ ν — 2978w νas (CH3) 2965w 2960w 
νas (CH3) 2966w sh 2966vw sh νas (CH2) 2936w 2939w 
νas (CH2) 2936m 2938w νs (CH3) 2912w 2912vw 
νs (CH3) 2909w 2908vw sh νs (CH2) 2873vw 2864w 
νs (CH2) 2872w 2875vw Σ ν (ar.) 2086vw — 
Σ ν 2854vw 2850vw Σ ν (ar.) 1893vw — 
Σ ν (ar.) 1885vw — ν (C=O) 1747vs — 
Σ ν (ar.) 1822vw — ν (Car=Car) 1626vw — 
ν (C=O) 1750s 1753vw ν (Car=Car) 1611vw — 
ν (Car=Car) 1609w 1609vw sh ν (Car=Car) 1584w 1585m 
ν (Car=Car) 1585w 1585s νas (NO2) 1529vs — 
νas (NO2) 1523s 1525w δs (CH2) 1476w — 
δs (CH2) 1461m 1462vw sh δas (CH3) 1453m 1451w 
δs (CH2) 1444m 1448w δs (CH2) 1442m — 
δs (CH2) — 1430vw sh δs (CH2) 1422w — 
ν (Car=Car) 1396vw 1394vw sh ν (Car=Car) 1400vw — 
δs (CH3) 1378w — δs (CH3) 1381w 1388vw 
νs (NO2) 1348s 1345vs νs (NO2) 1346s 1349s 
δ (C-H alkane)  1306w 1308vw sh ω (CH2) 1317vw — 
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twist 
δ (C-H alkane) twist 1292m 1291vw δ (C-H alkane) twist 1305vw — 
δ (Car-H) in-plane 1259w 1263w δ (C-H alkane) twist 1294vw 1296vw 
δ (Car-H) in-plane 1218w sh — ν (Car=Car) 1283vw — 
νas (COC) 1194s 1196vw δ (Car-H) in-plane 1261vw 1260w 
ρ (CH3) 1163w sh 1168vw δ (Car-H) in-plane 1217vw — 
νs (COC) 1099m 1098m νas (COC) 1193m 1196vw 
ν (C-N) 1058m 1060vw ρ (CH3) 1161vw 1164vw 
ν (C-C) 1025w 1027vw νs (COC) 1099w 1097m 
ν (Car=Car) 980vw 983vw ν (C-N) 1055m — 
ν (C-C) 929vw — ν (C-C) 1027vw — 
δ (Car-H) in-plane 919vw 918w ν (Car=Car) 980vw — 
ν (C-C) 901vw 896vw ν (C-C) 959vw — 
ν (C-C) 888vw sh — ν (C-C) 930vw — 
δ (NO2) 859w 863w ν (C-C) 901w — 
δ (Car-H) 
out-of-plane 

811w 813vw ν (C-C) 882vw — 

ρ (CH2) 800vw 801vw δ (NO2) 864vw 860vw 
ρ (CH2) 769vw 767vw δ (Car-H) out-of plane 825vw — 
ρ (CH2) 746m 747vw ρ (CH2) 799wd — 
δ (C=O) in-plane 723w 720vw sh ρ (CH2) 768w — 
δ (NO2) out-of-plane 696vw 698w ρ (CH2) 747m 749w 
ν (C-C) — 684w δ (C=O) in-plane 729vw 734w 
ν (C-C) 664vw 660vw δ (NO2) out-of-plane 700vw — 
δ (C=O) out-of-plane 638vw 638vw δ (C=O) out-of-plane 637vw — 
δ (NO2) in-plane 613vw 608vw δ (NO2) in-plane 607vw — 
ν (C-C) 577vw — ν (C-C) 584vw — 
δ (ring) 559vw 563w δ (ring) 564vw — 
 

calix[4]arene 8a 8b 8f 
vibration IR IR Raman vibration Raman 
ν (N-H free) — — — 3630wb — 
ν (N-H) — — — 3372mb — 
ν (N-H) — — — 3235mb — 
ν (Car-H) 5-cycle — — — 3129wb — 
ν (Car-H) 3061w 3084vw — 3081vw — 
ν (Car-H) 3005vw 3049vw 3053vw 3044vw 3041w 
ν (Car-H) — 3027vw 3024vw — — 
Σ ν 2977w 2981w — 2977m — 
νas (CH3) 2960vw sh — 2961vw 2962w sh — 
νas (CH2) 2922w 2931w 2929vw 2930w — 
νs (CH3) 2910vw sh 2905vw 2903vw 2906w 2911vw 
νs (CH2) 2872vw 2872vw — 2873vw 2870vw 
Σ ν 2851vw sh — — — — 
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Σ ν 1990vw 1982vw — — — 
Σ ν 1952vw 1937vw — — — 
Σ ν 1887vw 1896vw — 1883vw — 
ν (C=O) 1751s 1757s — 1754s — 
ν (C=O) — 1736m sh — 1737m sh 1745vw 
Σ ν — 1708w — — — 
δ (NH) — — — 1665mb 1665vw 
ν (C=N) 1625w 1624m 1621s 1618s 1620m 
ν (Car=Car) 1581w 1585m 1583vs 1587s 1586s 
ν (Car=Car) 5-cycle — — — 1546w 1540m 
ν (Car=Car) pyridine 1567w 1571w 1566s — — 
ν (Car=Car) pyridine 1470s 1527vw 1531vw — — 
ν (Car=Car) 5-cycle — — — 1528vw 1521w 
ν (Car=Car) 5-cycle — — — 1512vw — 
ν (Car=Car) 5-cycle — — — 1469s 1476w 
δs (CH2) 1446m 1445m 1448vw 1445m 1443vw 
ν (Car=Car) 5-cycle — — — 1425m 1425w sh 
ν (Car=Car) 5-cycle — — — 1413s 1417m 
ν (Car=Car) pyridine 1436w 1468s 1481w — — 
ν (Car=Car) pyridine — 1416w 1416w — — 
δas (CH3) 1424vw — — — — 
δs (CH3) 1395vw 1378w 1384vw 1378w — 
δs (CH3) 1379w 1364vw 1363w 1357vw 1366w 
δs (CH3) 1361vw — — — — 
ν (Car=Car) 5-cycle — — — 1337vw 1336m 
δ (C-H alkane) twist 1345vw 1325w — — — 
δ (=C-H) 1299w 1298w 1294w 1299m 1297w 
ν (Car=Car) 1272w 1274vw — 1274w — 
νas (COC) 1192vs 1195vs 1189vw 1192vs — 
δ (Car-H) in-plane — — — 1242vw sh — 
δ (Car-H) pyridine 1254w — 1224m — — 
ν (C-C) — 1240vw 1249w — — 
δ (=C-H) in-plane 1137w 1132w 1129m 1136m 1117m 
δ (Car-H) 5-cycle — — — 1125w sh — 
νs (COC) 1096vw 1094vw 1092w 1093w 1095w sh 
ν (C-C) 1167w sh — 1159vw — — 
ν (C-C) 1145vw sh — — — — 
δ (Car-H) in-plane 1126vw 1123vw 1117vw sh — — 
ν (C-N) 1066s 1071m 1073vw 1069s 1069vw 
ρ (CH3) — — 1037w — — 
δ (Car-H) pyrrole — — — 1034s 1034w 
δ (Car-H) pyridine 1026vw 1025w 1027vw sh — — 
ν (C-C) — — — 1006m 1010w 
ν (Car=Car) pyridine 1006vw 1005vw 1000vw — — 
ν (C-C) 991w — — — — 
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δ (=C-H) out-of-plane 976vw 976vw 972vw 967w 959w 
ν (C-C) 949vw 948vw 948vw — — 
ν (C-C) 936vw — — — — 
ν (C-C) 923vw 922vw 926vw — — 
δ (Car-H) in-plane 908vw 914vw — 922vw — 
ν (C-C) 884vw 883w — 882w 880vw 
δ (Car-H) pyridine 893vw 890w sh — — — 
δ (Car-H) out-of-plane 854w 861w 868vw 862vw sh 864vw 
ν (C-C) 860vw sh — — — — 
ν (C-C) 831vw 831vw — — — 
δ (Car-H) out-of-plane  
5-cycle — — — 816w 808w 

δ (Car-H) pyridine 803vw sh 806w — — — 
ν (C-C) 793vw sh — — — — 
ρ (CH2) 774m 766vw 766vw 790vw 792vw 
δ (ring) 5-cycle — — — 742m 744vw 
δ (Car-H) pyridine 742w 707m 706vw — — 
ν (C-C) 708vw — — 679vw — 
ν (C-C) 690vw — — — — 
δ (C=O) out-of-plane 644vw 649vw — 625vw 631vw 
δ (Car-H) out-of-plane 634vw 669vw — 669vw — 
δ (Car-H) pyridine 615w 623vw — — — 
δ (ring) pyridine 588vw 587vw 590vw — — 
δ (ring) 5-cycle — — — 580w 589vw 
ν (C-C) 575vw 571vw — 603w — 
δ (ring) 561vw 558vw 560vw 555vw sh 559vw 
ν (C-C) 540vw 533vw — — — 
ν (C-C) 527vw — — — — 
ν (C-C) 494vw 489vw — 497vw 499vw 
ν (C-C) 468vw — — — — 
ν (C-C) 436vw 436vw — 443vw 437vw 
δ (ring) pyridine 407w — — — — 
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calix[4]arene 11a calix[4]arene 2g 
vibration IR Raman vibration IR Raman 
ν (O-H) free 3595sb — ν (N-H free) 3620w sh — 
ν (O-H) 3189sb — ν (N-H) ca 3100 sb — 
ν (Car-H) 3078m 3085vw ν (Car-H) 5-cycle 3121mb 3118w 
ν (O-H) 2994sb — ν (Car-H) 3070w 3060w 
νas (CH2) 2931m 2932w ν (Car-H) 3031w 3016w 
νs (CH2) 2872w — νas (CH2) 2933w 2930w 
Σ ν 2761m — νs (CH2) 2876w 2874w 
Σ ν 2644m — νas (CH3) 2962w 2962vw sh 
Σ ν 2564m — νs (CH3) 2905vw 2914w 
Σ ν (ar.) 2088vw — Σ ν 2838vw 2834vw 
Σ ν (ar.) 1938wb — Σ ν 2655w — 
ν (C=O) 1742vs 1738vw Σ ν 2588w — 
ν (Car=Car) 1610w 1610vw Σ ν (ar.) 1919vw — 
ν (Car=Car) 1585w 1585s Σ ν (ar.) 1832vw — 
νas (NO2) 1521s 1524w Σ ν (ar.) 1748vw — 
δs (CH2) 1463m 1452w Σ ν (ar.) 1676vw — 
δs (CH2) 1441m — ν (C=N) 1631vs 1629s 
Σ ν (C-O) + 
δ (O-H) 1420m sh — ν (Car=Car) 1591m 1591s 

ν (Car=Car) 1398vw 1388vw ν (Car=Car) 5-cycle 1577w 1553w 
νs (NO2) 1348s 1346vs ν (Car=Car) 5-cycle 1464s — 
δ (C-H 
alkane) twist 1307vw 1315w sh δs (CH2) 1438m 1439w 

δ (C-H 
alkane) twist 1291w — ν (Car=Car) 5-cycle 1334vw 1335w sh 

δ (Car-H) in-plane 1262vw 1263w δs (CH3) 1386w 1391vw 
δ (Car-H) in-plane 1235vw — δs (CH3) 1365vw 1353m 
νas (C-O) dimer 1202s 1199vw δ (=C-H) 1306w sh 1308vw sh 

ν (C-O) monomer 1165w sh 1161w δ (C-H alkane) 
twist 1299w — 

νs (C-O) dimer 1101m 1101m ν (Car=Car) 1275vw 1285m 
ν (C-N) 1052m 1054vw νas (COC) 1217s 1214vw 
ν (C-C) 1015vw sh — ν (C-C) 1157w 1158vw 
ν (Car=Car) 979vw 975w δ (=C-H) in-plane 1131w 1130m 
ν (C-C) 956vw 953w δ (Car-H) in-plane 1243w sh 1241vw 
ν (C-C) 934vw sh — δ (Car-H) 5-cycle 1115w 1114vw sh 
δ (Car-H) in-plane 919w 915w νs (COC) 1090m 1093w 
δ (O-H…O)  
out-of-plane 

904mb 904vw ν (C-C) 1066w 1068vw sh 

ν (C-C) 889w sh 891w ρ (CH3) 1041w 1039vw 
δ (NO2) 833vw 835vw ν (C-C) 1004s 1005vw 
δ (Car-H) 
out-of-plane 812w 811w δ (=C-H) 

out-of-plane 982vw 983vw sh 
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ρ (CH2) 803vw 794vw ν (C-N) 963m 967w 
ρ (CH2) 769w 777vw δ (Car-H) in-plane 919vw 920vw 
ρ (CH2) 746m 744w ν (C-C) 887vw 887vw 

δ (C=O) in-plane 721vw sh 722vw δ (Car-H) 
out-of-plane — 867w 

δ (NO2) 
out-of-plane 

712w 711w δ (Car-H) 
out-of-plane 829m 822vw 

ν (C-C) 667vw — ρ (CH2) 795w 793vw 
δ (C=O) 
out-of-plane 660w 662vw ρ ((CH2)2) 771vw 773vw 

δ (NO2) in-plane 611vw 607w δ (ring) 5-cycle 743vw sh 737vw 
ν (C-C) 574w 573w δ (ring) 5-cycle 720vw 721vw 

δ (ring) 561w 563w δ (Car-H) 
out-of-plane 669vw 664vw 

? 625m 627vw 
δ (ring) 5-cycle 604vw 597w 
δ (ring) 576vw 577vw 
ν (C-C) 543vw — 
δ (ring) 5-cycle 500w 505vw 

 

δ (ring) 5-cycle 457vw — 
 

 


