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2B1.1 Introduction 

 

3BCalix[4]pyrroles are tetrapyrrolic macrocyclic structures linked by sp3 carbons (meso 

carbons).0F

1 Although related to the well-known porphyrin compounds, the non-planarity 

and non-aromaticity bestowed by the meso carbons confer them very different 

properties in terms of structure and reactivity. 1F

2 The discovery of their anion 2F

3 and ion-

pair recognition3F

4,
4F

5 properties by Sessler in the 90s decade brought them out of darkness. 

In the last years several research groups have prepared a variety of not only anion 5F

6 and 

ion-pair receptors6F

7,
7F

8 but molecular capsules,8F

9,
9F

10 cages,10F

11,
11F

12,
12F

13 molecular switches,13F

14,8 

carriers14F

15,8,
15F

16 or sensors16F

17,
17F

18,
18F

19 using calix[4]pyrrole scaffolds. In the cone conformation, 

the calixpyrrole core can establish four convergent hydrogen bonds with a bound guest 

(Figure 1.1a).1 The elaboration of the meso carbons with aryl groups affords a 

constitutional isomeric mixture of aryl-extended calixpyrroles.19F

20 The α,α,α,α isomer 

possess an aromatic cavity ideal for the binding of anion or polar neutral guests (Figure 

1.1b).20F

21  

 
4BFigure 1.1. Line-drawing structures of a) conformational change experienced by the 
calix[4]pyrrole core upon binding of a guest and b) α,α,α,α isomer of an aryl-extended 
calix[4]pyrrole. 
  

5BThe preparation of molecular containers –synthetic hosts with inner cavities in which 

small molecules can be isolated and stored from the bulk solution– is a hot and 

promising topic in the host-guest chemistry field.21F

22 Since the earlier works of 

Cram, 22F

23,
23F

24,
24F

25 we and many others have been focused on the preparation of molecular 

containers with different sizes and shapes.9,
25F

26,
26F

27,
27F

28 The microenvironment provided by 

the inner cavity of the container is able to alter the properties of the bound guest.28F

29,
29F

30 

For instance, reactions between co-encapsulated guests can be promoted or 

accelerated,30F

31,
31F

32,
32F

33,
33F

34 often proceeding with a different regio- or chemoselectivity than in 
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the bulk solution.34F

35,
35F

36 In addition, the tight and confined space within the containers has 

been used for the stabilization of reactive species,36F

37,
37F

38 to detect elusive reaction 

intermediates38F

39 or guests adopting high-energy conformations.39F

40 On account of this, 

molecular containers are often regarded as synthetic mimics of the active site of 

enzymes. 40F

41   

6BIn this chapter we will go through the most relevant examples reported in the literature 

of reactive species stabilized by reversible encapsulation within supramolecular 

containers. 

 

7B1.2 Stabilization of reactive species by supramolecular encapsulation 

The inner cavity of a molecular container offers an isolated microenvironment wherein 

encapsulated guests are exposed to a reduced number of interactions compared to the 

bulk solution.30 Whereas bound guests may interact only with the host or other co-

encapsulated guests, in the bulk guests display a high number of interactions with 

solvent molecules or other guests. Rebek distinguished between two different 

mechanisms in the stabilization of reactive species or transient reaction intermediates by 

encapsulation in a molecular container: a) stabilization of kinetically stable but reactive 

species that are not able to interact with solvent molecules, water, themselves… because 

of the constrictive binding of the container (shield type) and b) stabilization of 

kinetically labile species in which the energy of the host-guest complex is lowered 

(enzyme type).39 However, in many cases the separation of kinetic and thermodynamic 

phenomena controlling the stabilization may be difficult.41F

42 

   

In this chapter we will focus on examples of the stabilization of reactive species by 

discrete and soluble supramolecular containers possessing a well-defined inner cavity 

that completely surrounds the encapsulated guest. The stabilization of short-lived 

species by metal-organic frameworks,42F

43,
43F

44 porous networks,44F

45,
45F

46,
46F

47 dendrimers, 47F

48 

cucurbiturils,48F

49,
49F

50 cyclodextrins50F

51,
51F

52 or solid-state capsules 52F

53 fall out of the scope of this 

chapter. For the sake of brevity, examples related to the stabilization of high-energy 

conformers,40,
53F

54,
54F

55,
55F

56,
56F

57 geometrical isomers,57F

58 tautomers,58F

59,
59F

60,
60F

61 unusual metal 
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oxidation/spin states, 61F

62,
62F

63,
63F

64 or non-covalently bonded aggregates64F

65,
65F

66 will not be 

discussed. Likewise, the use of reversible molecular encapsulation as a tool for the 

selective functionalization66F

67,
67F

68,
68F

69,
69F

70,
70F

71,
71F

72 of stable chemical entities will not be reviewed.  

  

The chapter is divided in three sections, corresponding to the different nature of the 

reviewed molecular containers. Firstly, we will discuss the stabilization of reactive 

species by encapsulation in covalent organic containers. We will cover from the early 

examples reported by Cram and Warmuth to more recent ones describing receptors with 

inner-cavity functionalization. Secondly, we will discuss the stabilization of reactive 

species by encapsulation in self-assembled molecular containers. The use of 

coordination cages and hydrogen bonded capsules will be covered. Finally, we will 

briefly comment on the stabilization of elusive reaction intermediates inside the cavities 

of unimolecular resorcin[4]arene cavitands through the formation of covalent host-guest 

complexes. 

22B1.2.1 Stabilization of reactive species within covalent containers 

  

   1.2.1.1 Containers based on resorcin[4]arene scaffolds: carcerands 

The synthesis of the first molecular containers dates back to the early 90s. The 

connection of two resorcin[4]arene cavitands with covalent linkers afforded molecular 

containers with spherical and hollow cavities ideal for the entrapment of small guests.23 

Cram coined the term carcerands (from the Latin carcer, prison) to describe this new 

family of compounds because of the high kinetic stability of their host-guest 

complexes.25 Preparation of carcerand-guest complexes (carceplexes) was achieved by 

either heating a mixture of the empty carcerand and the guest or by performing the 

shell-closing reaction affording the carcerand in the presence of the guest acting as a 

template. The efficient synthesis of carceplexes was controlled by the guest size 

(minimum steric interactions and complementarity between guest and host) and the 

number of van der Waals interactions established on complex formation.72F

73 It became 

clear very quickly that the properties of the trapped guests were very different from 

those in the bulk solution. Cram even talked about a new phase of matter to describe 
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carcerands’ inner cavities.24 The stabilization of cyclobutadiene in the inner space of a 

carcerand was the first milestone in the stabilization of reactive species by molecular 

encapsulation and it was considered a major breakthrough in the newly born research 

field of molecular encapsulation.73F

74 Cyclobutadiene (2, Figure 1.2) is a very reactive 

diene that undergoes rapid thermal cyclization and ring expansion to afford 

cyclooctatetraene (4). Before its stabilization in a molecular container, its existence had 

been proved only in an argon matrix at 8K.74F

75 In an elegant approach, Cram encapsulated 

α-pyrone 3 within the aromatic walls of carcerand 1a by refluxing empty 1a in a CDCl3 

solution of 3. After irradiation of the carceplex 31a in a sealed NMR tube with a 

xenon lamp for 30 minutes, cyclobutadiene was produced within the container by 

extrusion of a molecule of CO2 (Figure 1.3). The formation of 2 in the inner cavity 

allowed the first spectroscopic characterization of cyclobutadiene. The observation of 

one singlet in the 1H NMR spectrum (δ = 2.27 ppm) for bound 2 and sharp signals for 

the host indicated that the guest was rotating rapidly on the NMR time scale within the 

cavity and in the singlet ground state. Bound cyclobutadiene was thermally stable at 

room temperature and up to 60 ºC. However, when a THF solution of the 21a 

carceplex was heated at 220 ºC in a sealed NMR tube, bound cyclobutadiene was 

exchanged by a molecule of solvent from the bulk and the formation of 

cyclooctatetraene (4) was observed. The stabilization of cyclobutadiene arose from the 

constrictive binding of the capsule: at room temperature the bound guest could not 

escape through the narrow portals of the carcerand shell. However, at elevated 

temperatures, the bond’s vibrations increased providing wider openings of the shell 

portals. This allowed the solvent’s exchange and release of the bound cyclobutadiene to 

the bulk affording cyclooctatetraene 4. It is interesting to note that in the presence of 

oxygen, cyclobutadiene was quickly oxidized even when bound in the cavity of 1a. 

Oxygen is small enough to squeeze through the portals of the cavitand resulting in the 

oxidation of bound cyclobutadiene.  

 

The preparation and isolation of cyclobutadiene within the cavity of 1a provided a proof 

of concept for the potential of molecular encapsulation that sparked further studies on 

the topic.  
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Figure 1.2. Line-drawing structures of the carcerands and guests used by Cram and Warmuth. 

Inspired by the seminal work of Cram, Warmuth sought the stabilization of other 

fleeting species in the inner spaces of carcerands and hemicarcerands. Whereas at that 

time much effort was directed towards the isolation and characterization of intriguing o-

benzyne (5, Figure 1.2) its detection was only possible at cryogenic temperatures (< 150 

ºC) and by a reduced number of spectroscopic techniques (IR, UV/Vis, solid-state 13C 

NMR). Warmuth observed that benzyne’s precursor 6 was encapsulated within 

container 1b in a moderate yield (ca. 30%). Upon light irradiation of a solution of the 

complex 61b, o-benzyne 5 was generated within the carcerand cavity (Figure 1.3b). In 

the carceplex 51b the encapsulated benzyne was stabilized and it was characterized 

spectroscopically in solution at -75 ºC (1H and 13C NMR). The encapsulated benzyne 

had a half-life of 205 s (calculated from the rate constant of the decay of its proton 

signal). However, at room temperature, bound 5 reacted rapidly with the interior of the 

host through an innermolecular Diels-Alder reaction.75F

76 The electronic nature of o-

benzyne (acetylenic vs. cumulenic) was not clear with the data available at that time. 

Warmuth’s findings in combination with theoretical calculations indicated that 5 had 

mainly an acetylenic structure.76F

77,
77F

78 
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Figure 1.3. Energy-minimized (MM3) structures of the hemicarceplex a) 21a and the carceplex 
b) 51b. Substituents at the lower rim were truncated to methyl groups for simplicity. Hydrogen 
atoms of the host are removed for clarity. The host is depicted in stick representation and guest as 
CPK model. 

In a similar manner, Warmuth reported the stabilization of the reactive 1,2,4,6-

cycloheptatetraene (7a, Figure 1.2) by encapsulation in carcerand 1c.78F

79 Whereas 7a 

dimerized rapidly at temperatures higher than 15 K, when generated within the cavity of 

1c, the reactive allene was stable for weeks at room temperature and even for a reduced 

time at 100 ºC. 79F

80 Generation of the 7a1c encapsulation complex occurred after light 

irradiation of the precursor carceplex 8a1c. Interestingly, bound 7a was stable at 60 ºC 

3 hours after the addition of methanol. Contrary to the experimental findings, a rapid 

reaction between bound 7a and methanol was expected. The reduced size of methanol 

may allow its passage through the opening portals of 1c. The authors proposed that 

whereas in solution species 7a was involved in a fast equilibrium with 9, in the inner 

cavity of 1c the equilibrium was displaced towards 7a. Theoretical calculations 

demonstrated that the polar cycloheptatrienyl carbene 9 was more reactive towards 

alcohols than the non-polar tetraene 7a.80 Experiments using chiral carcerands set a 

lower limit of 19.6 kcal mol-1 for the energy difference between the hemicarceplexes of 

tetraene 7a and carbene 9.80 The absence of species 9 within the carcerand explained the 

stabilization towards methanol. Nevertheless, even if the allenic species 7a was not 

reactive towards methanol, it was air-sensitive. In agreement, when a solution of 

carceplex 7a1c was exposed to air, bound 7a was rapidly oxidized to yield the 
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benzene hemicarceplex and CO2. The oxygen molecule is small enough to enter the 

inner cavity of 1c through its portals.  

In a similar example, irradiation of carceplex 8b1c produced the in situ formation of 

the incarcerated complex 8c1c. The transient fluorophenoxycarbene (8c) was 

stabilized in the inner cavity and persisted for days at room temperature.80F

81 Also, 

Warmuth described the stabilization of the reactive 1-azacyclohepta-1,2,4,6-tetraene 7b 

in the inner cavity of carcerand 1c but no kinetic or thermodynamic data were provided 

about its stabilization.81F

82,
82F

83 

Other reactive molecules that were stabilized in the inner phase of carcerands were anti-

Bredt’s olefins i.e. bicylo[2.2.2]oct-1-ene (10, Figure 1.2).83F

84 Anti-Bredt’s olefins 

contain a double bond in a bridgehead position, which makes them highly strained and 

very unstable. Anti-Bredt olefin 10 rapidly dimerizes or undergoes a retro Diels-Alder 

reaction to afford 12, which difficulted its detection. Warmuth prepared a solution of 

carceplex 111b, containing carbene precursor 11. After irradiation of a solution of 

111b, a new carceplex containing the reactive species 10 was detected (ca. 20% 

yield). Even if bound 10 was rapidly oxidized, the increase in its thermal stability was 

remarkable. Warmuth et al. calculated the rate constant for the retro Diels-Alder (10 to 

12) of bound 10 at 61.7 ºC to be k = 2.2 x 10-5 s-1. This represented a large increase of 

more than 2000-fold in the thermal stability of bound 10 when compared to the free 

species. The authors attributed the high kinetic stability of bound 10 to the tight and 

narrow environment provided by the cavity that energetically disfavored the transition 

state required for the retro Diels-Alder reaction. 

In a more complex design, Warmuth pursued the stabilization of the short-lived olefin 

protoadamantane (13, Figure 1.2), which rapidly dimerizes in solution. The carbene 

precursor 14 was readily encapsulated in the dynamic covalent self-assembled container 

15 (Figure 1.4). Capsule 15 is covalently linked through imine bonds and bears eight 

sulphate groups at the lower rims of the resorcinarene scaffolds, which rendered the 

receptor water-soluble.  
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Figure 1.4. a) Line-drawing structure of water-soluble dynamic covalent container 15 prepared 
by Warmuth et al. b) Energy-minimized (MM3) structure of the complex 1315. Substituents at 
the lower rim were truncated to methyl groups for simplicity. Hydrogen atoms of the host are 
removed for clarity. The host is depicted in stick representation and guest shown as CPK model. 

Interestingly, the encapsulation complex 1415 was observed even in D2O, evidencing 

that the template effect was strong enough to overcome the unfavorable imine formation 

in water. When a 1:1 DMSO-d6/CD3CN solution of the complex 1415 was irradiated 

(λ = 350 nm), a new encapsulated species emerged in the 1H NMR spectrum of the 

solution. 2D NMR spectroscopy allowed the assignment of the new signals to the 

protons of the complex 1315. This result indicated that the elusive protoadamantane 

13 was generated and stabilized within the container and could be spectroscopically 

detected. The half-life of bound 13 was 5.5 days at room temperature. More impressive, 

the assembly 1315 was even formed in D2O (t1/2 = 5 min, 5 ºC). The rate of 

decomposition of the encapsulation complex was similar to the rate of imine hydrolysis, 

which indicated that the stabilization of the guest was controlled by the stability of the 

imine bonds that held together the components of the molecular capsule. These results 

highlighted once more that the stabilization of reactive species by encapsulation in 

carcerand-like containers is based on the formation of kinetically stable host-guest 

complexes.  

Kobayashi et al. exploited the reversibility and strength of dynamic boronic ester bonds 

to assemble a covalent capsule having two hemispheres based on a resorcin[4]arene 
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cavitand scaffold. A molecule of 2,6-diacetoxyanthracene (17) was encapsulated within 

container 16 (Figure 1.5a).84F

85 Irradiation of C6D6 solutions of 17 with 365 nm light 

produced the photodimerization and the photooxygenation by-products 18 and 19, 

respectively, within one hour. In contrast, light irradiation of solutions of capsule 1716 

(Figure 1.5b) did not induce the formation of any of the two by-products even after 2 

hours. The confined space within the capsule 16 did not allow the inclusion of two 

molecules of 17 avoiding its dimerization reaction yielding 18. The authors proposed 

that the absence of the photooxygenation by-product 19 was due to a high energy 

transition state of the photooxygenation reaction occurring within the capsule. Even if 

oxygen was able to pass through the portals of 16, the conversion of 17 into 19 required 

a bent transition state that would be highly costly energetically within the constricted 

space of the cavity. 

 

Figure 1.5. a) Line-drawing structures of the capsule and the molecules described in Kobayashi’s 
work. b) Energy-minimized (MM3) structure of the 1716 complex. 
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 1.2.1.2 Molecular containers with covalent structure and functionalized cavities
  

The examples discussed above are solid contributions to the field of molecular 

encapsulation and began to exploit the possible applications of molecular containers. 

However, the lack of functionalization of the aromatic cavities limited the scope of 

guest encapsulation and often compromised the affinity and selectivity of the 

encapsulation complexes. More recently other groups have designed molecular 

containers with covalent structure and inner cavities decorated with polar groups that 

are able to establish directional interactions with the bound guests. Recently, it was 

reported that the organic receptor 20 (Figure 1.6a) was able to encapsulate and stabilize 

methyl iodide.85F

86 Methyl iodide (a.k.a. iodomethane, MeI) is a volatile and very 

electrophilic reagent, widely used in organic synthesis as a source of methyl groups.  

 

Figure 1.6. a) Line-drawing structure of receptor 20. b) X-ray structure of the MeI20 complex. 
Non-polar hydrogen atoms of the host are removed for clarity. NH···I interactions are marked 
with dashed lines. 
 
However, the design of receptors that selectively encapsulate and store methyl iodide is 

challenging because of the potential threat of self-methylation of the container. In the 

presence of methyl iodide, receptor 20 formed a 1:1 inclusion complex without 

undergoing self-methylation of the receptor. Iodomethane dissolved in toluene 

evaporated completely within a week, however it remained in solution at least for four 

months under ambient conditions when encapsulated in 20. At 80 ºC bound 

iodomethane was released from the cavity and vaporized. The solid-state structure of 

the MeI20 complex revealed that the bound iodomethane formed three NH···I 

hydrogen-bonding interactions with the NHs of three amine groups of the receptor 
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(Figure 1.6b). In addition, a weak lp- interaction was detected between the lone 

electron pairs of the iodide atom and one of the triethylphenyl spacers of the receptor.  

 

Other iodoalkanes (i.e. EtI, iPrI) were not encapsulated within receptor 20. The 

calculated packing coefficient values (PC) for the series of encapsulation complexes 

shed some light about the selective inclusion of MeI with respect to the larger 

iodoalkanes (PC: 0.57 for MeI20; for EtI or iPrI complexes the PCs: > 0.75). The 

authors claimed that the combination of conformational rigidity of the receptor with the 

complementarity of binding sites for the iodide atom and host-guest volumes matching 

were responsible of the selective inclusion and stabilization of methyl iodide in 20.  

 

Zhao and Wang reported the formation of supramolecular complexes between the 

azacalix[6]pyridine scaffold 21 (Figure 1.7a) and a reactive silver carbide cluster.86F

87 

Silver carbides are highly explosive and very sensitive to heating or mechanical shock 

but upon complexation they could be isolated and characterized even in the solid-state. 

Three different polynuclear silver carbide clusters were prepared, isolated and 

characterized by X-ray diffraction analysis. On the one hand, the combination of ligand 

21 (Py6) with silver triflate and tert-butylacetylene produced the formation of a silver 

carbide cluster in which the tert-butylacetylide silver cluster was positioned in the 

middle of the bowl-cavity of 21 (Figure 1.7b). The silver atoms of the acetylide group 

were coordinated to the nitrogen atoms of three alternating pyridine units of the Py6 

ligand scaffold. On the other hand, the use of ditopic acetylenic ligands i.e. (1,3-

butadiyne, acetylene) afforded supramolecular clam-like structures (Figure 1.7c). The 

bis-multinuclear silver acetylide cluster was sandwiched between two units of 21 and 

formed a total of six Ag-N coordination bonds. Each Py6 ligand of the dimer formed 

three coordination bonds between its alternating pyridine nitrogen atoms and the 

terminal trinuclear silver clusters of the bis-silver acetylide.  
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Figure 1.7. a) Line-drawing structure of azacalix[6]pyridine 21 and X-ray structures of the silver 
carbide clusters stabilized by ligand 21 prepared with b) tert-butyl acetylene c) acetylene. 
Hydrogen atoms of the host, triflate ions, solvent molecules and silver atoms of the cluster non-
coordinated to the alkyne are removed for clarity. The host is depicted in stick representation and 
silver carbide cluster shown as CPK model. N···Ag coordination bonds marked with dashed lines. 

We reported the stabilization of the reactive N,N-dimethyl-2-propyn-1-amine N-oxide 

22 by encapsulation in two different containers based on a calix[4]pyrrole scaffold.87F

88 

Tertiary propargylamine N-oxides experience a concerted [2,3]-sigmatropic 

rearrangement followed by a rapid elimination generating propenal (23) and an imine 

(Scheme 1.1).88F

89,
89F

90 We envisaged that the inclusion/encapsulation of the N-oxide 22 in a 

molecular container that energetically and/or sterically disfavored its cis-conformation 

would stabilize it. The N-oxide 22 must adopt the cis-conformation to achieve the 

transition state of the sigmatropic rearrangement that produces its decomposition. We 

selected as molecular container an aryl-extended “four-wall” calix[4]pyrrole receptor. 

The inclusion of 22 in cavity’s container must be driven by the formation of four 

convergent hydrogen bonds between the oxygen atom the N-oxide group and the pyrrole 

NHs of the calixpyrrole core. These interactions should reduce significantly the 

nucleophilicity of the oxygen atom of the N-oxide. Moreover, molecular modeling 

studies indicated the existence of strong steric clashes between the aromatic walls of the 

receptor and the propinyl residue of the included 22 in cis-conformation. Taken 

together, these considerations were promising starting points for the stabilization of 22.  

 

Scheme 1.1. Reaction pathway for the decomposition of N-oxide 22 into propenal (23). 
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The decomposition of a CD2Cl2 solution of 22 was monitored by 1H NMR 

spectroscopy. The kinetic data nicely fit to a first-order reaction. After 13 hours, the N-

oxide 22 was almost fully converted into propenal. From the fit of the kinetic data to the 

theoretical model, we determined a rate constant value of k = 5.0 ± 0.3 x 10-5 s-1 (t1/2 = 

3.8 ± 0.2 h) for the decomposition reaction of N-oxide 22 free in solution into propenal 

23. Molecular modeling studies indicated that the deep and polar aromatic cavity 

provided by calixpyrrole 24 in cone conformation (Figure 1.8a) was a good fit for the 

trans-conformation of the N-oxide 22 (Figure 1.8c). On the contrary, and as already 

mentioned above, the N-oxide 22 in the cis-conformation did not match in terms of size 

and shape with the receptor’s cavity. In the presence of 1 equivalent of aryl-extended 

calixpyrrole 24, the stability of 22 in solution was increased almost 18-fold (t1/2 > 50 h).  

 

Figure 1.8. a,b) Line-drawing structures of receptors 24 and 25. Both receptors have molecular 
structures based on a calixpyrrole scaffolds. c) Top and side views of the energy-minimized 
(MM3) structure for the 2224 complex. 

We deduced a mathematical model that related the thermodynamic stability of the 

inclusion complexes to the observed kinetic stability of the N-oxide 22. In fact, when 

the N-oxide 22 was co-encapsulated with a molecule of CDCl3 within the cavity of 

bis[2]catenane 25, we did not observe the presence of the signals corresponding to the 

protons of propenal in the 1H NMR spectra of the mixture that were acquired regularly 
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during a period of time of two months. The developed mathematical model predicted 

that the stability constant of the 2225 encapsulation complex should be more than two 

orders of magnitude larger than that of the inclusion complex 2224. The results 

obtained in isothermal titration calorimetry (ITC) experiments provided full 

experimental support to this prediction. The developed mathematical model supported 

that the observed kinetic stabilization of the N-oxide resulted from the significant 

reduction of free 22 in solution when 1 equivalent of container 25 was added. The rate 

constant for the release of encapsulated 22 to the bulk solution was not the rate-limiting 

step in the decomposition process of 22. 

24B1.2.2 Stabilization of reactive species within self-assembled containers 

Self-assembled containers rely on the use of non-covalent interactions (i.e. metal-ligand 

or hydrogen bonding interactions) for their stabilization and from a synthetic viewpoint 

are more interesting than their covalent counterparts. Starting from a reduced number of 

simple building blocks and exploiting the reversibility of the non-covalent interactions, 

complex supramolecular architectures have been efficiently assembled. In the next 

section, we will discuss relevant examples of stabilization of reactive species within 

self-assembled containers. 

 

   1.2.2.1 Coordination cages based on metal-ligand bonds 

 

Fujita and co-workers reported the preparation of water-soluble coordination cages (26, 

Figure 1.9a) able to bind strongly a variety of neutral guests mainly through 

hydrophobic interactions.90F

91 Cage 26a was shown to readily encapsulate 3 to 4 

molecules of trisilanol 27a.91F

92 Trisilanols are very reactive species that quickly 

polycondensate to form siloxane networks.  

Cyclic trimers 28 were considered to be short-lived intermediates in the 

polycondensation of trisilanols and they had never been isolated in a pure or stable 

form. Once formed, the cyclic trimers were rapidly converted to cyclic tetramers and 

further condensation products. However, in aqueous solution the encapsulation complex 

(27a)n26a (n = 3-4) was converted within one hour into a new encapsulation assembly 
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28a26a. Control experiments indicated that the formation of the cyclic trimer occurred 

within the cavity’s cage through a ship-in-a-bottle mechanism. Although the small 

trisilanol monomers can enter and exit the supramolecular container, once the cyclic 

trimer is formed within the cavity of the cage it cannot escape owing to its larger 

dimensions. Analogous results were obtained when the sterically more crowded 

trisilanol 27b was used affording the final encapsulation assembly 28b26a. 

Interestingly, the bulky cyclic trimer 28b experienced restricted motions within the cage 

reducing its symmetry from tetrahedral to C3. Cyclic trimers (i.e. 28a, 28b) were 

stabilized within the cage adopting an all-cis conformation (Figure 1.9b). The structure 

of the encapsulated trimer 28b remained intact after a month in aqueous solution at 

room temperature. Even in acidic media (pH < 1) the encapsulated trimer 28b was 

unaltered. 

 

Figure 1.9. a) Line-drawing structures of the coordination cage 26 reported by Fujita, trisilanols 
27 and the cyclic trimers 28. b) Energy-minimized (MM3) structure of the 28b26a 
encapsulation complex. Non-polar hydrogen atoms and nitrate anions were removed for clarity.  

The ship-in-a-bottle synthesis of siloxane cyclic trimers was further elaborated into a 

general concept of cavity-directed synthesis.92F

93 Trisilanol 27c was encapsulated in three 

different containers (29, 30 and 26b; Figure 1.9 and Figure 1.10). Different labile 
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siloxane oligomers were also formed and stabilized depending on the cavity size of each 

container.  

 

Figure 1.10. Line-drawing structures of coordination cages 29 and 30 reported by Fujita and 
silanol dimer 31. 

The reduced dimensions of the cavity in cage 29 allowed for the encapsulation of just 

one molecule of trisilanol 27c and precluded further condensation. Complex 27c29 

was stable in aqueous solution for one week at 80 ºC and its structure was characterized 

in the solid-state. The analysis of the X-ray structure revealed the existence of π-π and 

CH-π interactions between the naphthyl group of the trisilanol and the aromatic rings of 

the cage (Figure 1.11a). The reactive Si(OH)3 knob is not involved in any 

intermolecular interactions but it is shielded from the bulk solvent. Conversely, the 

larger bowl-shaped cavity of cage 30 can incorporate two molecules of trisilanol 27c in 

its interior. As expected, an aqueous solution of trisilanol 27c and cage 30 resulted in 

the rapid formation of the encapsulation complex 3130 comprising one unit of a labile 

siloxane dimer. The solid state structure of the complex revealed that the bound dimer 

was strongly folded due to the π-π interactions that existed between its naphthyl groups 

and the cage’s aromatic walls (Figure 1.11b). In the free state, cage 30 adopted a 

conformation providing a bowl-shaped structure to its aromatic cavity. 93F

94 However, to 

better accommodate the included guest bound cage 30 experienced a conformational 

change giving rise to an aromatic cavity with box-like structure. In solution, the two 

conformers were in a chemical exchange process that was intermediate on the NMR 

timescale. 
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Figure 1.11. X-ray structures of the complexes a) 27c29 and b) 3130. Hydrogen atoms, nitrate 
anions and water molecules were removed for clarity.  

Tetrahedral cage 26b stabilized a cyclic trimer of siloxanes in similar fashion to what 

we discussed above for the structurally analogous counterpart 26a. The cavity size of 

26b allowed the inclusion of three molecules of trisilanol 27c. Thus, the resulting 

encapsulation complex 28c26b was readily formed in aqueous solution. Its structure 

was fully characterized in the solid-state. In the solid state, the bound trimer 28c 

adopted an all-cis conformation that was analogous to the one observed for the bound 

trimer in the 28b26a encapsulation complex (Figure 1.9b).94F

95  

Taking advantage of the relatively large cavity featured by cage 26b, Fujita and co-

workers prepared the encapsulation complex 32426b in aqueous solution. In this 

complex, four copies of the organometallic complex methylcyclopentadienyl 

manganese tricarbonyl (32, MCMT, Figure 1.12a) were loosely comprised within the 

hydrophobic cavity defined by the aromatic walls of the cage.95F

96 Interestingly, 

photoirradiation of a single crystal of the complex 32426b at 100K allowed the direct 

crystallographic determination of a coordinatively unsaturated manganese complex. 

Prior to this finding, such labile unsaturated transition metal complexes had been 

detected only by spectroscopic methods. The spectroscopic observation had generated 

strong discussions on the geometry adopted by these transient intermediates. 96F

97 After 

photoirradiation of the 32426b crystal, one CO ligand was dissociated from one of the 

bound Mn organometallic complexes 32 without significant loss of crystallinity. The 

CO was trapped in the voids of the packing of the crystal and the structure of the 
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resulting 16-electron unsaturated manganese complex 33 could be solved by analysis of 

the X-ray diffraction data (Figure 1.12b).  

 

Figure 1.12. Line-drawing structures of the manganese transition-metal complexes 32 and 33 and 
X-ray structure of the (323·33·CO)26b encapsulation complex. Hydrogen atoms, solvent 
molecules and nitrate anions were removed for clarity. Bound 33 and CO are shown with a yellow 
transparent van der Waals surface. 

The released CO ligand was separated more than 3Å from bound 33, avoiding 

recombination with the metal center. Only one of the four molecules of bound 32 was 

selectively converted to 33 because the crystalline packing could not incorporate more 

than one CO molecule per cage. Bound 33 was observed to adopt a pyramidal geometry, 

settling the discussion about the geometry of these labile species. Once more, it was 

proved that the tight binding experimented by the guests within the cage was 

responsible for the stabilization of otherwise very reactive species.  

  

Fujita also described the stabilization of a dinuclear ruthenium complex by 

supramolecular inclusion in a tetrahedral palladium cage. 97F

98 Organometallic complex 34 

(Figure 1.13a) exists as a mixture of cis and trans bridged and non-bridged isomers that 

are in equilibrium in solution. Nevertheless, only the trans isomer had been observed in 

the solid-state. In addition, dinuclear complex 34 is photosensitive: within a few days 

under room light the Ru-Ru bond rapidly cleaves and CO ligands dissociate. Fujita 

described the supramolecular inclusion of complex 34 within coordination cage 26c 

(Figure 1.9a). Interestingly, in the solid-state complex 3426c showed bound 34 in a 
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cis-conformation (Figure 1.13b). Even if the cis-to-trans equilibrium required small 

structural changes, the tight confinement in the cage avoided this transition. Complex 

35, sterically less demanding, was also included within the cavity of cage 26c in a cis 

conformation. However, in this case due to the less tight host-guest fit, rapid exchange 

between terminal and bridged CO ligands was observed. In addition, the complex cis-

3426c was protected towards photodecomposition, and the encapsulated 

organometallic ruthenium complex remained intact in solution for several months. 

 

Figure 1.13. a) Line-drawing structures of the organometallic ruthenium complexes used by 
Fujita. b) X-ray structure of the complex cis-3426c. Hydrogen atoms were removed for clarity. 
The host is depicted in line representation and the guest in stick representation. 

Raymond et al. also explored the stabilization of reactive organometallic species by 

supramolecular encapsulation in coordination cages.98F

99 They reported the preparation of 

self-assembled water-soluble cages comprised by six bidentate catecholamide ligands 

and four metal centers bridged in a tetrahedral fashion (36, Figure 1.14a).99F

100 Tetrahedral 

cage 36 was able to encapsulate cationic species with high affinity (e.g. 

tetraethylammonium) in aqueous solutions.100  
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Figure 1.14. a) Schematic and line-drawing structures of the tetrahedral cages reported by 
Raymond et al. b) Decomposition reaction of phosphine-acetone adduct 37. c) Line-drawing 
structures of other labile cationic adducts. 

Phosphine-acetone adduct 37 has been prepared and isolated in anhydrous solutions, but 

in the presence of water the adduct rapidly reverted to the initial acetone and phosphine 

(Figure 1.14b). Surprisingly, addition of triethylphosphine to an aqueous solution of 

cage 36a resulted in the rapid formation of an encapsulation complex 3736a. Cage 

36a had embedded acetone molecules that derived from the use of this solvent in the 

precipitation process required for its isolation. The addition of triethylphosphine 

resulted in the formation of the adduct 37 that appeared encapsulated. The exclusion of 

water molecules from the hydrophobic interior of cage 36a provoked the stabilization of 

the bound adduct 37 for several hours in D2O and at least one day in methanol-d4. 

Initially, the authors proposed that the formation of the reactive adduct occurred inside 

the cavity. These interesting results prompted a more thorough study of the stabilization 

of cationic species within the cavity of tetrahedral coordination cages.100F

101 An aqueous 

solution of cage 36a, prepared avoiding the use of acetone, produced the encapsulation 
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complex HPEt3
+36a upon addition of triethylphosphine. The addition of acetone to the 

previously formed HPEt3
+36a encapsulation complex resulted in the observation of 

the 3736a complex. Unfortunately, the obtained results did not clarify if the 

phosphine-acetone adduct was formed within the cavity of the cage or in the bulk 

solution prior to being encapsulated. The equilibrium shown in Figure 1.14b indicates 

that in acid conditions the amount of the phosphine-acetone adduct in solution 

increases. The authors described that lowering the pD values increased the percentage 

of the 3736a complex observed in solution. In turn, the diminution of the amount of 

phosphine free in solution slowed down its degradation and extended the lifetime of the 

encapsulation complex. When the pD was adjusted to ca. 5.2 the 3736a complex was 

stable for two days in aqueous solution, compared to just 6 h at pD = 8. 

 

Figure 1.15. Energy-minimized (MM3) structures of the encapsulation complexes a) 3836a and 
b) 3936a. Hydrogen atoms of the host (stick representation) were removed for clarity. Guests 
shown as CPK models.  
 

Larger phosphines (i.e. PPh2Me) did not form acetone adducts that were encapsulated. 

Conversely, PMe3 and PPhMe2 formed acetone-adducts 38 and 39, respectively (Figure 

1.14c) that were detected as species included in the cage. Encapsulation complexes 

3836a (Figure 1.15a) and 3936a (Figure 1.15b) were stable in D2O for several days 

(pD ~ 5.2). The encapsulation complex 3836a was completely formed within minutes. 

On the contrary the formation of the complex 3936a that contained the larger cationic 

adduct 39 took nearly 30 minutes. 
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It is worthy to mention that cage 36 existed as a mixture of two enantiomers (ΔΔΔΔ or 

ΛΛΛΛ depending on the orientation of the octahedral propeller-like of the metal 

vertices). The encapsulation of a chiral guest afforded two enantiomeric pairs of 

diastereoisomeric complexes that were distinguishable by NMR. The replacement of 

acetone by butanone or fluoroacetone afforded chiral adducts (40-42, Figure 1.14c) in 

racemic form. The two enantiomers of adducts 40-42 were readily encapsulated within 

the cavity of 36a but in different extents. The authors observed that larger adducts 

induced higher levels of diastereoselectivity in their encapsulation process. This result 

was rationalized considering that steric contacts between the chiral guest and the chiral 

cavity increased with the size of former. For instance, the formation of the 

encapsulation complex 4236a occurred with a diastereomeric excess (de) of 38% but 

only a 28% de was measured for the formation of the 4136a complex. Finally, the 

formation of the 4036a complex showed no preference for the encapsulation of any of 

the two enantiomers of the guest. The encapsulation complexes formed with the 

butanone adducts were more stable kinetically than those formed using acetone: 

complex 4036a persisted in aqueous solution for more than three weeks. Conversely, 

the presence of fluorine atoms in the ketone-adducts rendered the corresponding 

encapsulation complex kinetically less stable.  

  

In a similar manner, Bergman and Raymond exploited the hydrophobic nature cage’s 

36a cavity to stabilize iminium ions in water.101F

102 Iminium ions are reversible formed by 

the condensation reaction of ketones with amines (Figure 1.16a). However, in water this 

equilibrium is shifted towards the starting reactants and the iminium ions exist only as 

transient species. Nevertheless, an aqueous solution of an amine and ketone in the 

presence of cage 36a showed a 1H NMR spectrum with the expected earmarks of an 

encapsulation complex comprising the encapsulated iminium ion. The transient cationic 

iminium ions formed in solution were readily encapsulated and stabilized in the 

hydrophobic cavity of the cage, shifting the equilibrium shown in Figure 1.16a towards 

the products. The size of both the amine and the ketone played a key role for the 

efficient formation of encapsulation complexes with the corresponding iminium ions. 

An aqueous solution of pyrrolidine and 2-pentanone in the presence of cage 36a 
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produced the encapsulation complex 4336a. The encapsulated iminium 43 (Figure 

1.16b) was stabilized for months at room temperature in water, even at basic pH. 

Similar results were obtained by combining pyrrolidine and 3-hexanone affording the 

iminium encapsulation complex 4436a (Figure 1.16c). In both cases, the alkyl chain 

adopted a fully extended conformation to minimize gauche interactions. Iminium ions 

with larger alkyl must coil to fit within the cavity boundaries. Interestingly, the iminium 

ion 45 resulting from the condensation reaction of pyrrolidine and 2-undecanone was 

not encapsulated in the cavity of 36. Iminium 45 possesses a large alkyl chain that even 

coiled or folded could not be accommodated in the cavity dimensions of the cage. The 

formation of encapsulation complexes with the coordination cages not only required 

that the guest were positively charged and somewhat hydrophobic but also they must be 

complementary fit in terms of size and shape with the cavity. Competitive experiments 

performed between amines and ketones of different sizes highlighted the importance of 

the fit between host and guest and revealed the ability of the cage to recognize small 

structural variations of the guests. 

 

Figure 1.16. a) Reaction scheme of the formation of iminium ions. b) Line-drawing structure of 
iminium ions used. c) Energy-minimized (MM3) structure of the encapsulation complex 4436a. 
Hydrogen atoms of the host (stick representation) were removed for clarity. Guest is shown as 
CPK model.  

The hydrophobic interior of cage 36a was also used for the encapsulation and 

stabilization of reactive aromatic ions.102F

103 Diazonium and tropylium cations are reactive 

aromatic compounds that decompose in aqueous solution in less than one day. Cation 
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46, as tetrafluoroborate salt, (Figure 1.17a) was readily encapsulated in cage 36a. The 

encapsulation complex persisted for five days (Figure 1.17b). Hydrophobic interactions, 

as well as van der Waals forces between the ethyl groups of the guest and the aromatic 

walls of the cage contributed to the thermodynamic stabilization of the complex. 

Likewise, cation 47 as tetrafluoroborate salt persisted in the interior of cage 36a for at 

least 20 hours (Figure 1.17c).  

 

Figure 1.17. a) Line-drawing structures of the aromatic cations 46 and 47. Energy-minimized 
(MM3) structures of the encapsulation complexes b) 4636a and c) 4736a. 

Raymond and Bergman have also reported the stabilization of reactive organometallic 

species by inclusion in tetrahedral coordination cages. Ruthenium complex 48 was 

encapsulated in cage 36b (Figure 1.18a and Figure 1.14).42 The tetrafluoroborate salt of 

cation 48 decomposes quickly in the presence of water to form the complex 

[CpRu(1,3,5-cyclooctatriene)]BF4 (49) with concomitant release of hydrogen. 

Conversely, the complex 4836b (Figure 1.18b) was stable in water for several weeks 

at room temperature.  
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Figure 1.18. a) Line-drawing structures of the organometallic compounds 48, 49 and 50 b) 
Energy-minimized (MM3) structure of the 4836b encapsulation complex. Hydrogen atoms of 
the host (stick representation) were removed for clarity. Guest 48 is shown as CPK model.  

The encapsulated organometallic Ru complex 48 was sheltered from the bulk and 

protected towards possible decomposition pathways when encapsulated in 36b, but it 

was not completely inert. Thus, exposure of the 4836b complex to CO produced the 

new encapsulation complex 5036b. Most likely, the coordination of the CO ligand to 

the Ru center occurred within the cavity due to the small size of the ligand. 

  

Nitschke took advantage of the tight and hydrophobic microenvironment provided by an 

unprecedented self-assembled coordination cage 51 to stabilize pyrophoric white 

phosphorus, P4.
37 Cage 51 (Figure 1.19a) quantitatively formed an encapsulation 

complex with P4 in aqueous solution. The complex P451 was air-stable for four 

months and its structure was characterized by X-ray diffraction (Figure 1.19b). The 

solid state structure of the complex revealed the existence of van der Waals interactions 

between the bound guest and the aromatic phenylene groups of the cage that contributed 

to its overall stabilization. The openings of the cage are wide enough to allow the 

entering of O2. The authors proposed that the stabilization of P4 resulted from the tight 

and constrictive binding provided by the cage’s cavity. In other words, the oxidation 

products could not fit within the cavity of cage 51 and provoked that the decomposition 

reaction should take place through a very high energy transition state. 
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Figure 1.19. a) Line-drawing structure of tetrahedral cage 51 reported by Nitschke. b) X-ray 
structure of the complex P451. Hydrogen atoms, solvent molecules and counterions were 
removed for clarity. 

The bound phosphorous P4 was released by the addition of a competitive guest such as 

benzene or cyclohexane. These guests are good fits for the cavity of the cage and also 

solubilize the released P4. In contrast, the addition of heptane to an aqueous P451 

solution did not extract the encapsulated guest. Although the phosphorus was soluble in 

heptane, owing to its large size this solvent was not a good fit for the cage’s cavity. The 

organic solutions containing the extracted white phosphorus rapidly decomposed when 

exposed to air. 

 

Recently, Yoshizawa reported the stabilization of radical initiators such as 

azobisisobutyronitrile (AIBN) by supramolecular encapsulation into a polyaromatic 

metallo-cage.103F

104 Radical initiators such as AIBN or its derivatives are light, heat and 

shock sensitive. The authors envisaged that the encapsulation of such species within the 

cavity of a hydrophobic cage based on fused aromatic rings that could absorb photons 

would render more stable the radical initiators. A 9:1 D2O/CD3CN solution of cage 52 

quantitatively formed the inclusion complex 5352 in the presence of equimolar 

amounts of AIBN at millimolar concentration (Figure 1.20a). The structure of the 

complex was characterized in the solid-state (Figure 1.20b) showing that the 

encapsulated AIBN adopted an S-shaped trans configuration. The complex was 

stabilized by weak intermolecular interactions between the nitrile groups of the guest 
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and the palladium centers of the cage. UV light irradiation of an aqueous solution of the 

5352 complex for 10 hours at room temperature did not decompose the radical 

initiator. Conversely, a solution of free 53 exposed to similar irradiation conditions 

yielded exclusively decomposition products. The half-lives estimated for the free and 

bound AIBN were 1.8 and 690 hours respectively, indicating that the bound radical 

initiator was 380-fold more stable than free. A similar result was obtained with the 

analogous AMBN (54), which was 580-fold more stable when bound within cage 52. 

Larger AMMVN (55) was also stabilized against light ca. 50-fold.  

 

Encapsulation complexes 5352 and 5452 did not show evidence of thermal 

stabilization. Unexpectedly, bound 55 showed an unusual increased stability towards 

heat. A D2O/CD3CN solution of 5552 was stable for several weeks at room 

temperature and ten hours at 50 ºC whereas a solution of free 55 decomposed rapidly at 

50 ºC (t1/2 = 1.1 h). The authors attributed these results to the tight fit that existed 

between the larger guest 55 and the cavity of cage 52. AMMVN 55 must adopt a C-

shaped conformation in order to fit within the cage’s cavity. 

 

Figure 1.20. a) Line-drawing structures of cage 52 and radical initiators 53-55. b) X-ray structure 
of the 5352 complex. Hydrogen atoms of the host (stick representation) and water molecules 
were removed for clarity. The encapsulated guest is shown as CPK model.  
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1.2.2.2 Hydrogen bonded capsules 

  

Rebek described the preparation of self-assembled dimeric capsule 562. Typically, in 

non-polar solvents and in the presence of suitable guests the imide groups installed at 

the upper rim of cavitand 56 (Figure 1.21a) held together the two cavitand units of the 

dimer by forming an array of 16 intermolecular hydrogen bonds.104F

105 Mesitylene-d12 is 

not suitable to induce the assembly of the dimer owing to a reduced size and shape 

complementary with the capsule’s internal volume. Using this solvent, Rebek et al. 

found that benzoyl peroxide 57 was readily encapsulated in the dimer 562. 105F

106 Benzoyl 

peroxide was indeed a perfect complementary fit in terms of size and shape to the inner 

cavity of 562 (Figure 1.21b).  

 

Figure 1.21. a) Line-drawing structure of cavitand 56 and benzoyl peroxide 57. b) Energy-
minimized (MM3) structure of the capsule 57562. Undecyl chains at the lower rim of the 
cavitand components were truncated to methyl groups for simplicity. 

Benzoyl peroxide is a radical initiator that is thermally unstable and decomposes within 

3 hours at 70 ºC through formation of two benzoyloxy radicals followed by 

decarboxylation. Interestingly, mesitylene-d12 solutions of the capsule 57562 were 

stable during at least three days at 70 ºC and during weeks at room temperature. In 

addition, whereas PPh3 is quickly oxidized by benzoyl peroxide, no oxidation of the 
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phosphine was observed when 57 was encapsulated in the dimer 562, even heating the 

solution at 70 ºC and in the presence of a ten molar excess of PPh3. The addition of 

guests that compete with the encapsulation of 57 in the dimer or protic solvents that 

disrupt its intermolecular hydrogen bonding array (i.e. DMF, acetic acid) resulted in the 

release of benzoyl peroxide to the bulk where it underwent decomposition at its usual 

rate. Rebek proposed two mechanisms that could contribute to the stabilization of the 

radical initiator: either the confined guest could not dissociate into radicals, owing to a 

high energy barrier for the confined reaction, or the dissociation reaction took place but 

the radical recombination was faster than the decarboxylation reaction.  

   

Rebek also described the encapsulation of the tropylium cation 47 (Figure 1.17a) within 

the cavity of a dimeric pyrogallol[4]arene capsule.106F

107 Pyrogallol[4]arene 58 (Figure 

1.22a) formed solvent-mediated dimeric capsules that were stabilized by hydrogen 

bonding interactions between the hydroxyl groups at its upper rim and bridging water or 

methanol molecules.  

 

Figure 1.22. a) Line-drawing structure of pyrogallol[4]arene 58 and addition product 59. Energy-
minimized (MM3) structures of the b) capsule 47582 and c) 1:1 inclusion complex 4758. 
Hydrogen atoms of the host, water and methanol molecules were removed for clarity. 

A methanol solution of pyrogallolarene 58 and tropylium tetrafluoroborate in 2:1 molar 

ratio produced a 1H NMR spectrum with the expected signals for the encapsulation 

complex 47582 (Figure 1.22b). In the presence of methanol, the tropylium cation 

formed the addition product 59. However, the methanol solutions of the 47582 capsule 

did not produce the methanolysis product. This result evidenced the stabilization of the 

reactive cation in the capsule’s interior. The addition of pyrogallol[4]arene 58 in excess 
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(4 equiv.) disrupted the capsule’s formation and induced the assembly of a 1:1 inclusion 

complex with the tropylium cation (Figure 1.22c). In this latter complex, the cation was 

exposed to molecules of the bulk solution and quickly decomposed affording product 

59. 

   

1.2.3 Detection of reaction intermediates within the cavity of resorcin[4]arene 

derived cavitands 

 

Rebek designed an elegant strategy to detect and stabilize elusive reaction 

intermediates. To this end, resorcinarene cavitands with one introverted functionality 

were prepared. The transient species were observed and stabilized when the bound guest 

reacted with the introverted functionality forming a covalent host-guest complex. The 

stabilization of the reacting species was the result of its confinement in a reduced space 

that excluded the presence of solvent or other reacting molecules. The first reported 

example was the stabilization of hemiaminals using a self-folding deep resorcin[4]arene 

cavitand bearing an introverted aldehyde group.39  

Addition of a nucleophile to an aldehyde carbonyl group produces a tetrahedral carbon 

intermediate that rapidly undergoes water elimination to recover the double bond 

involving the electrophilic carbon. An archetypal example of this type of reaction is the 

addition of primary amines to aldehydes affording imines through a hemiaminal 

intermediate (Figure 1.23a). Hemiaminals are rarely observed107F

108 in solution because the 

formation of a new bond does not compensate energetically the cleavage of the imine 

double bond. In addition, the entropic cost of bringing together the two reactants also 

disfavors the formation of the hemiaminal, which rapidly reverts to the starting carbonyl 

and amine or proceeds towards the imine with loss of water. Rebek et al. designed a 

self-folding resorcinarene cavitand decorated with an aldehyde-functionalized arm 

(60a). The functionalized arm experienced a fast rotation on the NMR timescale 

through a single C-C bond that exchanged the location of the aldehyde group between 

an introverted and an extroverted position towards the aromatic cavity of the cavitand 

(Figure 1.23b).39,
108F

109   
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Figure 1.23. a) Equilibria involving the imine formation. b) Line-drawing structure of cavitands 
60 prepared by Rebek. c) Energy-minimized (MM3) structure of cavitand 60a in the vase 
conformation with the rotatable aldehyde arm in introverted position. Non-polar hydrogens were 
removed for clarity. Undecyl chains at the lower rim were truncated to methyl groups and 
selected hydrogen bonds in the hydrogen-bonded array of amide groups at the upper rim are 
marked with dashed lines. 
 

The six amide groups located at the upper rim of cavitands 60 locked the cavitand in the 

vase conformation through a seam of hydrogen bonds creating a cavity ideal for the 

accommodation of appropriately sized guests that were isolated from the bulk solution 

(Figure 1.23c). 109F

110  

The addition of primary amines to mesitylene-d12 millimolar solutions of cavitand 60a 

produced the folding of the cavitand around the amine’s surface (non-covalent complex, 

Scheme 1.2). Mesitylene is too bulky and cannot be accommodated within the aromatic 

cavity of the receptor. For this reason, cavitand 60 resided in mesitylene solution in an 

open and ill-defined conformation. Upon the addition of the amine, the cavitand adopted 

the vase conformation with the amine deep included in its cavity. Next, the rotatable 

aldehyde-functionalized arm was locked in the introverted position by reacting with the 

included amine and formed a hemiaminal. Eventually, the hemiaminal dehydrated 
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within the cavity giving rise to the imine product. Remarkably, each one of the species 

was observable as a set of separate proton signals in the 1H NMR (slow-exchange 

kinetics in the NMR timescale). The labile hemiaminal was observed in solution for up 

to 90 min, in the case of isopropylamine. Moreover, the dehydration step (imine 

formation) was catalyzed in the cavitand’s cavity. For isopropylamine, the imine 

formation was 50-fold faster when occurred within the cavity of 60a. 

 
Scheme 1.2. Schematic representation of the different steps that could be observed in the cavity 
of 60a after the addition of a primary amine. 

It is worth noting that different primary amines had diverse behaviors in the presence of 

container 60a. The addition of small amines (propylamine, butylamine) to a millimolar 

mesitylene-d12 solution of cavitand 60a produced sharp proton signals for the cavitand, 

evidencing the formation of the non-covalent complex, which rapidly evolved towards 

the hemiaminal formation. The cavitand 60a is an example of a chiral concave molecule 

as a result of the unidirectional sense of rotation of the hydrogen-bonded amide groups 

at its upper rim. Due to the asymmetric magnetic environment of the cavity, the 

methyne proton of the hemiaminal appeared as two separated proton signals, 

corresponding to the two racemic diastereomeric complexes formed in solution. The 

effect of the cavity’s desymmetrization was more pronounced for propylamine (Δδ = 

6Hz) than for butylamine (Δδ = 1Hz). This observation was explained by considering 

that the benzimidazole arm suffered a slight bending to better accommodate the larger 

guest within the cavity. Thus, in the case of the shorter propylamine, the hemiaminal 

was placed deeper into the cavity, bringing the methyne proton closer to the hydrogen-

bonding belt of amide groups (asymmetry source). On the other hand, addition of larger 

amines, such as cyclohexylmethylamine, to a millimolar mesitylene-d12 solution of 

cavitand 60a did not produce immediately sharp and well-defined proton signals for the 

host. After some time, the signals of the 1H NMR spectrum sharpened and evidenced 
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the formation of the imine within the cavity. Most likely, larger imines were not 

suitably-sized templates for the cavitand’s vase conformer. The imine formation took 

place in the unfolded form of the cavitand. Only after the dehydration step the cavitand 

folded and included the covalently attached amine’s scaffold. In this case and as could 

be expected, the intermediate hemiaminal species was not detected. A special behavior 

occurred on addition of ethylenediamine or ethanolamine to mesitylene-d12 solutions of 

cavitand 60a. The 1H NMR spectra showed immediately the formation of the 

hemiaminals (non-covalent complexes were not observed) and after 7 days only half of 

the hemiaminal had dehydrated to the imine. These results constitute remarkable 

examples of the stabilization of labile tetrahedral intermediates. The terminal non-

reacted NH2 and OH groups of the amines were deeply included in the aromatic cavity 

of the cavitand and established intramolecular hydrogen bonds with the OH group of the 

hemiaminal function (Scheme 1.3). These highly stable hemiaminals could be detected 

even in the gas phase by HRMS. Imines formed completely by heating the solutions at 

70 ºC for 2 hours. Surprisingly, the predominant products after dehydration were the 

linear imines. Only in the case of ethylenediamine a small amount of the cyclic aminal 

was observed. The authors attributed the absence of cyclic aminal formation to the poor 

fit of the five-membered ring with the cavity size compared to the linear imines.  

 

Scheme 1.3. Reaction scheme of the imine formation within cavitand 60a when ethylenediamine 
was used. 

When the same experiments were performed in toluene-d8 (a competitive solvent for the 

receptor’s cavity in the vase form) a completely different outcome was obtained. After 

the addition of hexylamine, only the proton signals corresponding to the imine were 

detected in the 1H NMR spectrum of the mixture. The imine formation took place 

outside of the cavity (the aldehyde arm adopted the extroverted position), and no 
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hemiaminal was detected. As could be expected from this mechanism the formation of 

the imine was not accelerated in the presence of the cavitand. 

A detailed kinetic study of the imine formation reactions shed some light on the 

stabilization of the hemiaminal intermediate. For the cavitand, the concentration of 

hemiaminal increased initially and was followed by a decline over time. Conversely, the 

intermolecular imine formation (reaction in the absence of cavitand) followed a steady-

state kinetics approximation (the concentration of hemiaminal could be assumed as 

zero). In the presence of cavitand, the formation of hemiaminal from the non-covalent 

complex produced a rapid increase in its concentration. The subsequent dehydration 

step yielded the imine and caused the disappearance of the hemiaminal following a first-

order kinetics. The rate of the dehydration reaction was strongly dependent on the 

nature of the amine. The dehydration reaction of hydrogen bonded hemiaminals such as 

ethylenediamine (t1/2 = 59 h) or ethanolamine (t1/2 = 94) was very slow due to the 

existence of intramolecular hydrogen bonds (enthalpic stabilization, Scheme 1.3) 

between the hemiaminal and the terminal NH and OH group. Linear hemiaminals 

(propylamine, butylamine, isobutylamine) showed t1/2 ≈ 30 min for the dehydration step. 

On the other hand, α-substituted hemiaminals (isopropylamine, cyclopropylamine, 

cyclobutylamine) showed dehydration rates that were 4-10 times slower than those of 

the unsubstituted amines. The cavitand acted as a synthetic enzyme, bringing together 

the two reactants (almost no entropic cost for the hemiaminal formation, practically an 

intramolecular reaction) and besides, the enthalpic cost of the transition state was also 

reduced due to the stabilization of the tetrahedral intermediates through the formation of 

hydrogen bonding interactions with the NH and OH groups of the hemiaminal and the 

belt of head-to-tail oriented amides. To explain the observed differences in reactivity of 

α-substituted and unsubstituted amines the authors considered the structural 

modification experienced by the cavitand scaffold on going from the hemiaminal to the 

imine function. The dehydration of bulkier hemiaminals (α-substituted) required a slight 

distortion of the walls of the cavitand, which provoked an extra-stabilization of the 

tetrahedral intermediate. Impressively, the detection of labile tetrahedral intermediates 

in natural enzymes was only possible at cryogenic temperatures110F

111 hampering the study 

of enzymatic mechanisms. In contrast, synthetic receptor 60a allowed the detection of 
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the labile hemiaminal intermediates at room temperature and at millimolar 

concentrations.  

The results of detailed computational studies of the reaction between 60a and 

isobutylamine were useful to dissect different stabilization contributions.111F

112 These 

studies revealed that the formation of the non-covalent complex is enthalpically driven 

owing to the formation of one hydrogen bond between the NH group of the amine and 

one C=O group of the amides at the upper rim. The formation of the hemiaminal was 

favorable both from enthalpically and entropically viewpoints, but the main component 

was of enthalpic nature: two hydrogen bonds were formed in the transition state 

(between the NH and OH of the hemiaminal and the amide groups at the upper rim) and 

just one in the initial non-covalent complex. The hemiaminal underwent two 

isomerization steps prior the dehydration. Firstly, the OH group of the hemiaminal 

faced the wall of the cavitand, and secondly, it established a hydrogen-bonding 

interaction with the NH of one amide group. Finally, the dehydration reaction followed 

a stepwise mechanism. The NH group of an amide protonated the OH of the 

hemiaminal and then the deprotonated amide took back a proton from the NH group of 

the hemiaminal. In this way, the cavitand could be considered as an acid/base catalyst in 

the imine formation.  

 

In a closely related form, Rebek et al. designed cavitand 60b. This cavitand was 

elaborated with an introverted carboxylic acid function112F

113 that allowed the detection of 

the elusive intermediate formed in the reaction between an isonitrile group and a 

carboxylic acid (Scheme 1.4).      

 

Scheme 1.4. Formylation of secondary amides by the reaction of a carboxylic acid and an 
isonitrile group. The reaction path proceeds through the elusive O-acyl isoimide intermediate 
followed by a 1,3-O→ N acyl transfer (Mumm rearrangement).  

The reaction between carboxylic acids and isonitriles proceeds efficiently at elevated 

temperatures to afford diverse N-acyl formamides.113F

114 In contrast, the reaction within the 
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cavity of 60b took place at room temperature and at millimolar concentration. Addition 

of isopropyl isonitrile 61 (Figure 1.24b) to a mesitylene-d12 solution of cavitand 60b 

produced a well-defined 1H NMR spectrum indicative of the folding of the cavitand 

around the isonitrile. Immediately, two different sets of proton signals were visible in 

the spectrum that could be assigned to complexes containing the intermediate isoimide 

and the imide product. After a few hours, the proton signals of the isoimide complex 

disappeared in favor of those of the imide complex. The imide complex was detected in 

the gas phase by ESI-HRMS. The stabilized isoimide intermediate could be also 

characterized by IR spectroscopy. A carbonyl band centered at 1771 cm-1 disappeared 

over time in favor of a new carbonyl band with maximum at 1696 cm-1. The latter C=O 

band was assigned to the N-acyl formamide. This example of labile intermediate 

stabilization is similar to the one previously discussed. In the reduced space provided by 

the cavitand’s cavity both functional groups (CN and COOH) were close in space and 

their reaction became intramolecular from an entropic standpoint. In addition, the amide 

groups at the upper rim of the cavitand exerted an enthalpic stabilization of the 

transition state through the formation of hydrogen bonding interactions. Finally, the 

confined isoimide intermediate found difficulties to rearrange due to the constriction 

effect of the cavitand walls.  

In another turn of the screw, Rebek et al. performed the aforementioned reaction 

between a carboxylic acid and an isonitrile within the molecular capsule 562 (Figure 

1.21a).114F

115
 Due to the analogy with the former example we have decided to include this 

stabilization process here rather than in the above hydrogen-bonded capsules section. 

The addition of equimolar amounts of isopropyl isonitrile 61 and p-tolylacetic acid 62 to 

a mesitylene-d12 solution of cavitand 56 produced the quantitative self-assembly of the 

hetero-inclusion capsular assembly (61·62)562 (Figure 1.24c). The methyl group of 62 

and the isopropyl group of 61 were good fits to the resorcinarene tapered ends of the 

capsule in terms of size and shape. Most likely, the selective formation of the hetero-

inclusion assembly was due to a better occupancy of the interior of the capsule by a 

molecule of isonitrile 61 and a molecule of acid 62 than in the case of the corresponding 

homo-inclusion assemblies, 612562 and 622562. The proximity of both functional 
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groups near the capsular equatorial array of hydrogen bonds allowed the detection of the 

elusive isoimide intermediate.  

 

Figure 1.24. a) Scheme of the reaction between isoimides and carboxylic acids to produce an 
anhydride and a formamide molecule. b) Line-drawing structure of the molecules used by Rebek. 
c) Energy-minimized (MM3) structure of the capsular assembly (61·62)562. Non-polar hydrogen 
atoms of the host (stick representation) were removed for clarity and undecyl chains truncated to 
methyl groups. Bound guest shown as CPK model. 
 

In striking contrast with the example using cavitand 60b, the rearrangement product, the 

N-acyl formamide, was not observed. The constrictive and confined space within the 

cylindrical capsule precluded the rearrangement of the isoimide intermediate to yield 

the N-acyl formamide by-product. Most likely, the energy barrier of the transition state 

rearrangement in the capsule’s cavity was very high. Because of the labile nature of the 

hydrogen bonds, the kinetic stability of the complex between the stabilized isoimide and 

capsule 562 was not very high. This meant that the included isoimide was in chemical 

exchange between the bulk solution and the capsule interior. The released isoimide 

intermediate reacted with excess p-tolylacetic acid 62 present in the bulk solution 

yielding the corresponding formamide and a symmetrical anhydride (Figure 1.24a). 

Simple kinetic studies proved that the formation of the isoimide intermediate within the 

cavity was irreversible: the capsule was a source of reactive isoimide that slowly leaked 

into the bulk solution to react with excess of acid. In conclusion, the outcome of the 

reaction of isonitriles with carboxylic acids was different in the cavity of cavitand 60b 
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than in the internal volume of capsule 562. These results highlighted the key role played 

by the molecular containers in the stabilization of reactive intermediates.  

 

1.2.4 Conclusions 

 

The altered properties experienced by guests encapsulated in molecular containers have 

attracted the interest of many supramolecular chemists since the early reports on the 

topic back in the early 90’s. The pioneering stabilization of cyclobutadiene reported by 

Cram, revealed the potential use of molecular containers as reaction vessels. Since then, 

he and many others have reported the stabilization of a plethora of reactive guests by 

encapsulation or inclusion in synthetic molecular containers. Whereas the first examples 

exclusively relied on the stabilization of kinetically trapped species by means of 

constrictive binding, more recently the stabilization of reactive species by reversible 

inclusion in self-assembled molecular containers (some of them even featuring polar 

functionalized cavities) has been put in the spotlight. In this review, we discussed 

remarkable examples of reactive guests’ stabilization by confinement in synthetic 

molecular containers. The selected examples cover a period of time spanning from the 

beginnings of the field to the present day. Finally, we also commented the stabilization 

and detection of reaction intermediates through the formation of thermodynamically 

stable and covalent host-guest complexes with functionalized resorcin[4]arene cavitands 

featuring introverted polar groups. All the described examples constitute beautiful 

depictions of one of the most interesting applications of synthetic molecular containers. 
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8B1.3 Aims of the thesis 

 

9BThe research presented in this thesis is focused on the preparation of molecular 

containers based on calix[4]pyrrole scaffolds and the study of the host-guest properties 

of such containers. We bear two ultimate aims in mind: preparation of switchable 

receptors and preparation of molecular capsules or cages able to promote a reaction 

between co-encapsulated guests (molecular reactor vessels). We chose the calixpyrrole 

core as scaffold for the building of synthetic receptors for its anion and ion-pair binding 

properties. Specifically, we pursued the following goals: 

  

10B- Preparation of deep cavitands having a calix[4]pyrrole scaffold and aromatic walls at 

the upper rim 

 

11BInspired by known resorcin[4]arene cavitands we sought the preparation of novel 

cavitands having a calixpyrrole core and the study of their binding properties. The polar 

interior provided by the calixpyrrole core and the deep cavity created by the installation 

of aromatic walls at the upper rim augured the inclusion of larger polar guests with 

higher affinity. In addition, we wanted to study the switch between the conformation 

adopted by the aromatic walls installed at the upper rim as a function of the temperature, 

bound guest… by different techniques (1H NMR, ITC experiments, X-ray diffraction 

analysis…). 

 

12B- Controlled co-encapsulation of different guests within calixpyrrole functionalized 

molecular capsules as a first step towards the preparation of a molecular reactor vessel  

 

13BCalixpyrroles decorated with four urea groups at the upper rim are known to form 

dimeric capsules in non-polar solvents upon addition of a suitable guest. However, the 

formation of ordered complexes in the confined space of the capsule was unexplored. 

We envisaged that calixpyrrole capsules could benefit from the polar interior to form 
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ordered arrays of different guests. The selective encapsulation of different guests is a 

vital step into the preparation of a putative reactor vessel.  

 

14B- Stabilization of a reactive N-oxide by inclusion in a molecular container 

 

15BTertiary propargylic amine N-oxides are known to rearrange and decompose in non-

polar solvents. We wanted to increase the stability by supramolecular inclusion in a 

molecular container. We envisaged that the calixpyrrole scaffold was a perfect 

complementary fit to the polar knob of the N-oxide function. Thus, we prepared and 

studied the binding properties of a mechanically locked bis[2]catenane having a 

calix[4]pyrrole and a calix[4]arene hemisphere. Even if the reduced size of the 

anisotropic cavity precluded the co-inclusion of two different functionalized guests we 

wanted to exploit the tight microenvironment of the container in the stabilization of a 

reactive propargylic N-oxide. 

 

16B- Preparation of different covalent molecular capsules based on a calixpyrrole scaffold 

as possible reactor vessels  

 

17BGenerally, covalent containers produce host-guest complexes kinetically more stable 

than their self-assembled counterparts. We pursued the preparation of novel containers 

having a calixpyrrole scaffold and covalent nature. The formation of kinetically stable 

complexes is required in the preparation of efficient reactor vessels. Two different 

strategies were proposed:  

 

a) 18BSynthesis of a carcerand-like container formed by the linkage of two four-wall 

aryl-extended calixpyrrole units decorated with alkynyl groups by Hay 

coupling reaction. 

b) 19BSynthesis of dynamic covalent capsules by the self-assembly of a four-wall 

tetra-aldehyde calixpyrrole with amines through the formation of reversible 

imine bonds. 
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20B1.4 Outline of the thesis 

In Chapter 2 we describe the synthesis and characterization of a novel family of 

lipophilic cavitands having a calix[4]pyrrole scaffold and aromatic walls at the upper 

rim. We evaluate the complexation properties towards a series of pyridine N-oxides and 

study the conformation adopted by the walls installed at the upper rim. 

  

Chapter 3 deals with the preparation of ordered binary or ternary complexes (polar 

guest, ion-pair and solvent) within a dimeric tetraurea self-assembled capsule. The 

efficient formation of the capsular assembly is strongly dependent on the nature of the 

cation and the packing of the co-encapsulated guests.  

  

The stabilization of a reactive N-oxide by the supramolecular inclusion in a 

bis[2]catenane is described in Chapter 4. We relate the thermodynamic stability of the 

host and N-oxide complex with the kinetic stability observed.  

  

In the preparation of a carcerand-like container having two four-wall calixpyrrole 

scaffolds connected by acetylenic linkers we observed the unexpected formation of a 

figure-of-eight-like dimer. The role of the template in the reaction is described in 

Chapter 5. 

 

In Chapter 6 we describe the preparation of self-assembled covalent capsules having 

reversible imine bonds and polar interiors. The role of the template in the self-assembly 

process is explored in detail in the chapter.  

  

Finally, Chapter 7 deals with the preparation of calixpyrrole cavitands having four 

phosphonate groups at the upper rim. The conformation adopted by the phosphonate 

bridges is discussed and shed light about the differences between calix[4]pyrrole and 

resorcin[4]arene cavitands.  
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2.1 Introduction 

Cavitands are synthetic molecules that contain an intrinsic cavity capable of including 

sizeable guests (molecules or ions).1 In this sense, the elaboration of the shallow cavity 

provided by the cone conformer of resorcin[4]arene 1 through the incorporation of 

aromatic panels at its upper rim constitutes a valuable synthetic strategy for the 

construction of deep cavitands.1,2,3,4 The upper rim functionalization of 1 is easily 

accessible synthetically due to the presence of the eight hydroxyl groups. The 

construction of deeper cavities has the dual effect of increasing the shielding of bound 

guests from the solvent and restricting the conformational flexibility of the initial 

resorcinarene scaffold. In addition, extending the cavity of a receptor molecule may 

confer new binding properties or modulate its kinetic and thermodynamic binding 

features.5 Examples of functional deep cavitands based on multiply bridged 

resorcin[4]arene structures are abundant in literature.6 These compounds have been 

extremely useful both in the self-assembly of molecular capsules7,8 and in the 

construction of covalent cages.9 Supramolecular sensors,10 catalysts11 or even molecular 

grippers12,13 have also been derived from resorcinarene based cavitands. Unfortunately, 

the extensive use of aromatic panels to shape and elaborate the cavity in resorcinarene 

based deep cavitands renders their interiors deprived from polar functional groups. 

Nevertheless, attempts to functionalize the interiors of resorcinarene based deep 

cavitands with one carboxylic group14,15,16 or several pyrrole units17 have been reported. 

 
 

Figure 2.1. Molecular structures of resorcin[4]arene 1 and calix[4]pyrrole-resorcin[4]arene 
hybrid 2. 
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2.2 Results and discussion 

2.2.1 Design and synthesis 

Calix[4]pyrroles are tetrapyrrolic macrocyclic compounds known to act as effective 

receptors for anions and electron rich neutral compounds.18 The substitution at each of 

the four meso positions of the calix[4]pyrrole core by a phenyl group affords aryl-

extended calix[4]pyrroles containing deep cavities defined by fixed aromatic walls.19  

In 2007, our group reported the synthesis of the ,,,-isomer of aryl-extended 

calix[4]pyrrole 2a decorated with eight hydroxyl groups at its upper rim (Figure 2.1).20 

The structure of 2a reminded us of resorcinarene 1 and was described as a 

resorcinarene-calix[4]pyrrole hybrid. We envisioned that calix[4]pyrrole-resorcinarene 

hybrid 2a could be a suitable scaffold for the construction of deep cavitands 

functionalized with four pyrrole units at their closed ends. Our expectations were that 

the synthetic strategies used in the preparation of deep cavitands derived from 

resorcin[4]arene 1 could be directly applied to further elaborate the aromatic cavity of 2. 

Most of these synthetic strategies involved the bridging of vicinal hydroxyl groups at 

the upper rim with suitable aromatic spacers. To the best of our knowledge, there is only 

one example of cavitands derived from aryl-extended calix[4]pyrrole scaffolds in 

literature.21 However, the described compounds do not qualify as deep cavitands. Their 

structures correspond to doubly bridged phosphonated cavitands derived from a tetraol 

aryl extended calix[4]pyrrole. These compounds are reminiscent of the phosphonate-

calix[4]arene cavitands of Dalcanale22,23,24 and Dutasta.25,26 In this chapter, we describe 

the synthesis of a series of tetrabridged deep cavitands derived from calix[4]pyrrole 

hybrid 2b. We also examine the conformational properties of the synthesized cavitands, 

both in solution and in solid state. Finally, we discuss the experimental results of the 

binding studies of these novel cavitands with pyridine N-oxide derivatives. 
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2.2.2 Synthesis of lipophilic calix[4]pyrrole-resorcin[4]arene hybrid 2b 

All synthetic attempts to elongate the cavity of built-in calix[4]pyrrole 2a led to reaction 

mixtures with low solubility in most common organic solvents. The limited solubility of 

the crude reaction product made the analysis of the mixture and its purification 

troublesome. To overcome this limitation, we decided to use the more lipophilic 

calix[4]pyrrole derivative 2b as the initial building block. Calix[4]pyrrole 2b is a 

structural analog to 2c but contains an extra carbon atom in its meso-alkyl chains. A 

synthetic procedure for calix[4]pyrrole 2c was recently reported by Cohen.27 Inspired by 

the reported synthetic methodology, we prepared dodecyl-3,5-dihydroxyphenyl ketone 6 

in 3 steps. The nucleophilic addition of dodecyl magnesium bromide to 3,5-

dimethoxybenzaldehyde 3 afforded the benzylic alcohol 4 in 95% yield. Oxidation of 

alcohol 4 with PCC provided ketone 5, which was demethylated with molten 

pyridinium chloride affording the dihydroxyphenyl-dodecyl ketone 6 in 14% overall 

yield. Finally, the acid catalyzed condensation of phenyl ketone 6 with pyrrole afforded, 

after column chromatography purification and crystallization from acetonitrile, the 

calixpyrrole-resorcinarene hybrid 2b as a white solid in 19% yield. 

 

Scheme 2.1. Synthetic scheme for the preparation of the calix[4]pyrrole-resorcin[4]arene hybrid 

2b. 
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As shown in Figure 2.2, the 1H NMR spectrum of 2b in CDCl3 solution shows broad 

proton signals. We assume that similarly to the reported findings for 2c this is mainly 

due to aggregation phenomena. Conversely, in polar organic solvents that disrupt 

intermolecular hydrogen-bonding interactions, like MeOH-d4 or THF-d8, the 1H-NMR 

spectrum of 2b shows sharp and well-defined proton signals.28 

 

Figure 2.2. Selected downfield region of 1H NMR spectra of 10 mM solutions of calixpyrrole 2b 
a) in MeOH-d4 and b) in CDCl3. * Residual peak of non-deuterated solvents. See Scheme 2.1 for 
proton assignment.  

Single crystals of 2b suitable for X-ray diffraction were grown from an acetonitrile 

solution. The analysis of the diffraction data revealed that in the solid state calixpyrrole 

2b adopts the cone conformation and features one molecule of acetonitrile included in 

its aromatic cavity. The cone conformation of 2b is stabilized by the formation of 

intramolecular hydrogen bonds between the hydroxyl groups at its upper rim. In 

addition, the included acetonitrile molecule is hydrogen bonded simultaneously to the 

four convergent pyrrolic NHs of 2b. The binding geometry of the solvate CH3CN2b is 

a key factor in stabilizing the calix[4]pyrrole core in the cone conformation. The 

averaged N···N distance of the four hydrogen-bonds is 3.22 Å. The acetonitrile solvate 

CH3CN2b packs into rows through the intermediacy of water molecules that are 

hydrogen bonded to two adjacent solvates in the same row. 
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Figure 2.3. a) X-ray structure of the solvate CH3CN2b; b) adjacent solvates of CH3CN2b 
form rows; c) three rows of adjacent CH3CN2b solvates pack to form a layer with the polar 
heads directed in opposite directions; d) side and e) front views of the bilayers resulting from the 
packing of layers of solvates. For clarity, non-polar hydrogen atoms are removed in a) and all 
hydrogen atoms in b), c) and d). Selected acetonitrile molecules are shown as CPK models and 2b 
is depicted in stick representation. 

The meso-alkyl substituents (tails) belonging to adjacent CH3CN2b complexes are 

involved in van-der-Waals interactions. Each row of CH3CN2b solvates is flanked by 

two analogous parallel rows with the polar upper rims (head) of 2b oriented in opposite 

directions. This arrangement of rows forms a layer with alternating lipophilic and 

hydrophilic strips. Layers pack on top of each other by confronting strips of the same 
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polarity. Thus, head-to-head interactions between CH3CN2b solvates in different 

layers are promoted through water-mediated hydrogen bonding interactions while tail-

to-tail contacts are mainly of van-der-Waals nature. Each molecule of 2b is involved in 

head-to-head interactions with two other molecules of 2b pertaining to two contiguous 

rows of an adjacent layer. Acetonitrile molecules fill the voids produced in the 

described packing. The crystal packing demonstrates the existence of bilayers of 

calixpyrrole molecules 2b, in which the polar and non-polar sections segregate. This 

result highlights the amphiphilic character of 2b.29 

2.2.3 Synthesis of calix[4]pyrrole based deep cavitands 

The construction of deep cavitands based on resorcin[4]arene 1 relies in the elaboration 

of its aromatic cavity by incorporation of four aromatic flaps at its upper rim. The 

additional aromatic flaps are easily introduced through nucleophilic aromatic 

substitution reactions between the hydroxyl groups at the upper rim of 1 and ortho-

disubstituted fluoro and chloro electron-deficient six-membered aromatic and hetero-

aromatic rings.30 

Using analogous synthetic procedures to the ones applied for the elaboration of the 

cavity of 1, we set out to synthesize deep cavitands derived from the calix[4]pyrrole-

resorcin[4]arene hybrid 2b. The reaction of hybrid 2b with 4 equivalents of ortho-1,2-

difluoro-4,5-dinitro benzene 7 carried out by heating a dimethylformamide (DMF) 

solution at 85 ºC in the presence of an excess of triethylamine afforded, after column 

chromatography purification, the four-folded bridged cavitand 8 as a yellow solid (mp > 

251 ºC, decomp) in 47 % yield. We did not detect the presence of partially (reacted) 

bridged products in the reaction mixture. 31  

Similarly, the reaction of 2b with 1,2-difluoro-4,5-dicyano benzene 9 produced 

octanitrile calix[4]pyrrole cavitand 10 as a white solid (mp > 292 ºC, decomp) in 69% 

yield (Scheme 2.2).  

The synthesis of cavitands 12 and 14 required the modification of the reaction 

conditions. Thus, 2b was reacted with 4 equivalents of 2,3-dichloroquinoxaline 11 using 

potassium carbonate as a base in DMF. After purification of the crude reaction, cavitand 

12 was isolated as a white solid in a 51% yield (mp > 328 ºC, decomp). Analogously, 
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the reaction of 2,3-dichloro-1,4-pyrazine 13 with 2b afforded cavitand 14 as a white 

solid (mp > 275 ºC, decomp) in 12% yield. 

 

 
Scheme 2.2. Synthetic schemes for the preparation of deep cavitands 8, 10, 12 and 14.  
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2.2.4 Structures of the vase and kite conformers of calix[4]pyrrole based deep 

cavitands, thermodynamic stabilities and interconversion processes 

Molecular modeling studies indicate that in cavitands 8, 10, 12, and 14 the base of four 

phenyl rings, which are connected at the meso positions of the calix[4]pyrrole unit, and 

the four fifteen-membered rings formed an enforced concave cavity closed at one end 

by the four pyrrole rings. Regardless of the starting geometry assigned to the 

calix[4]pyrrole core of the four cavitands, the energy minimized structure always 

converged to a cone conformation. In short, it was not possible to energy minimize any 

of these cavitands with the calix[4]pyrrole core exhibiting 1,2- or 1,3-alternate 

conformations. The energy minimized models showed that the four phenyl bridging 

groups attached at the upper rims of 8 and 10, the diazanaphthalenes of 12 and the four 

1,3-pyrazine units in 14 resemble flaps that can adopt axial (a) or equatorial (e) 

orientations. Consequently and in close analogy to the cavitands derived from 

resorcin[4]arene 1,2 we expected that cavitands 8, 10, 12 and 14 could also adopt kite 

and vase conformations. The structures of the new cavitands in both conformations 

were energy minimized using the MM3 force-field as implemented in the Scigress 

Program32 (see Figure 2.4 for cavitand 10 including one molecule of DMF).  

The MM3 energy minimized vase (a,a,a,a) conformer of the calix[4]pyrrole cavitands 

possess C4v-like symmetry. In this conformation, the fixed aromatic cavity defined by 

the meso-phenyl substituents is significantly increased by the four bridging aromatic 

panels. For example, in the energy minimized structure of the vase conformer of 10 one 

molecule of DMF and one molecule of chloroform could be included in its deep 

aromatic cavity (Figure 2.4a). The MM3 energy minimized kite structures of the 

cavitands also displayed C4v-like symmetry. As shown for the kite conformer of 10 

(Figure 2.4b) the lone pairs of the eight oxygen atoms are outwardly directed with 

respect to its fixed aromatic cavity. The energy difference for the two conformers of 10 

containing one DMF molecule included in their aromatic cavity is 12.7 kcal/mol more 

favorable as the kite. 
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Figure 2.4. Side and top views of the MM3 energy minimized structures of: a) vase (a,a,a,a) 
conformer of cavitand 10 modeled with one molecule of DMF (shown as CPK model) and one 
molecule of chloroform (stick representation) included in its cavity, and b) kite (e,e,e,e) 
conformer with C4v-like symmetry. Non-polar hydrogen atoms are omitted for clarity. The kite 
conformer is modeled with just one molecule of DMF included. The average orientation of the 
lone-pairs on the oxygen atoms (lp) in the two structures is indicated by green vectors included in 
the plane defined by the lp1-oxygen atom-lp2 and bisecting the angle they define. lp = lone-pair 
electrons of the oxygen atom. 

 

Figure 2.5. Energy minimized structure of the kite conformer of 10 displaying C4 symmetry at 
the BP86-D3/def2-SVP level of theory. 
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We computed the energy difference between the empty vase and kite conformers of 10 

at the BP8633,34-D335/def2-SVP level of theory using TURBOMOLE version 6.4.36 C4 

symmetry restrictions were imposed to both structures in order to speed up the 

calculation time. Interestingly, the energy minimized kite conformer of 10 with C4 

symmetry featured the lone pairs of four of the eight oxygen atoms inwardly directed 

with respect to the aromatic cavity representing an example of an inherently chiral 

concave molecule (Figure 2.5).37 The cyclochiral conformer shown in Figure 2.5 is 

defined to have M axial chirality assuming that the oxygen atom with the inwardly 

directed lone pair takes priority over the one having outwardly directed lone pairs.38,39 

This structure is reminiscent to the kite conformation of resorcinarene cavitands, 

however in this latter case they exhibited C2v symmetry.1,2 At this level of theory, the 

energy difference between the inclusion complexes of 4-phenylpyridine N-oxide 17 

(Figure 2.9) with the vase and kite conformers of 10 is 8 kcal/mol in favor of the kite. 

Taken in concert, the results of the theoretical calculations indicated that cavitand 10 

should adopt exclusively the kite conformation, either displaying C4v or C4 symmetry. A 

reverse trend of energies was computed for the two forms of the inclusion complex of 

the same N-oxide and the pyrazine-based cavitand 1714 (E = 8.8 kcal/mol in favor of 

the vase). Moreover, diazanaphthalene cavitand 12 shows a significant energy 

preference for the vase form of the inclusion complex with phenyl pyridine N-oxide, 

1712 (E = 22 kcal/mol in favor of the vase). 

The 1H NMR spectra of the deep cavitands 10, 12 and 14 taken in different solvents 

(CD2Cl2, toluene-d8) and at different temperatures (-60 ºC to 100 ºC) show sharp proton 

signals, the number of which is consistent with a C4v symmetry. The signals do not 

experience substantial changes in their chemical shifts and shapes as the temperature is 

changed. At room temperature and in CDCl3 solutions the -pyrrolic protons (H2) of the 

aromatic bridged cavitands resonate at  ~ 5.7 ppm (Figure 2.7, see Scheme 2.2 and 

Figure 2.4 for proton assignment). Thus, they appear upfield ( = - 0.32 ppm) from the 

-pyrrolic protons (H2) of the conformationally rigid methylene bridged cavitand 15 

(Figure 2.6) that resonate at  = 6.02 ppm. In addition, the doublet of the H3 protons in 

the resorcinol units of the aryl bridged cavitands ( = 5.84, 5.87, 5.76, and 5.54 ppm for 

8, 10, 12 and 14 respectively) are also shifted upfield ( ~ - 0.4-0.7 ppm) with respect 
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to the same signal in 15 ( = 6.3 ppm). In short, the -pyrrolic protons H2 and the 

aromatic protons H3 in cavitands 8, 10, 12, and 14 must be close to the shielding cone 

exerted by the bridging aromatic ring. In sum, these NMR observations suggest that in 

solution and in the range of studied temperatures the aromatic bridged cavitands are 

locked in the kite (e,e,e,e) conformation. A result that is not in agreement with the 

theoretical calculations discussed above. 

 

Figure 2.6. Synthetic scheme of the methylene bridged cavitand 15.  

Moreover, a kite conformer displaying C4v symmetry would explain the reduced number 

of proton signals observed in the 1H NMR spectra. However, the putative existence of a 

chemical exchange process (cycloenantiomerization) between two cyclochiral C4 kite 

conformers that is fast on the 1H NMR chemical shift time scale at any of the 

investigated temperatures (213-378 K) could also explain the absence of signal splitting 

for diastereotopic protons, i.e. H4 and H4’, which can be expected for a kite structure 

with C4 symmetry (Figure 2.8). 
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Figure 2.7. Downfield region of 1H NMR spectra of CDCl3 solutions of cavitands a) 8 b) 10 c) 12 
d) 14 and e) 15. See Scheme 2.2 and Figure 2.6 for proton assignment. 

Luckily, single crystals of cavitands 8, 10 and 12 suitable for X-ray diffraction analysis 

grew from separate solutions of acetonitrile or acetonitrile/dichloromethane mixtures. In 

the three cases, the cavitands, in the solid state, adopted a kite conformation with C4 

symmetry having one molecule of solvent included in their fixed aromatic cavites: DMF 

for 10 and CH3CN for 8 and 12. The solvent molecule is hydrogen bonded 

simultaneously to the four pyrrole N-H hydrogen atoms and the calix[4]pyrrole core 

adopts a cone conformation (Figure 2.8). 
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Figure 2.8. Side and top views of the X-ray structures of the C4 kite conformer of cavitands. Top: 
DMF10 and bottom: CH3CN12. Only the M cyclochiral conformer is shown and the length of 
the meso-alkyl groups is truncated to three methylenes for clarity. The cavitands are displayed in 
stick representation and the included solvent molecules are shown as CPK models. 

For the three different cavitands, as could be expected, the two cyclochiral (M and P) 

enantiomers of the C4 kite conformer are present in the packing of the lattice. Most 

likely, in solution the kite structures of the cavitands are also C4 symmetric but the two 

cyclochiral conformers are rapidly interconverting on the 1H NMR timescale (Scheme 

2.3).  

The structure of the transition state for the cycloenantiomerization process was 

investigated by means of theoretical calculations at the BP86-D3/def2-SVP level of 

theory for the interconversion between the cyclochiral conformers of the octacyano 

cavitand 10. The energy of the transition state lies just 0.9 kcal/mol higher than the C4 

kite ground state of the cyclochiral conformers. The structure of the transition state is 
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similar to that of a kite conformer with C4v symmetry obtained in the energy 

minimization runs using MM3 (Figure 2.4b). The low energy barrier computed for the 

transition state suggests that it is not possible to induce a slow exchange interconversion 

process on the NMR timescale by lowering the temperature. Consequently, in 

agreement with experiment, the diastereotopic protons H4 and H4’ (see Scheme 2.2 and 

Scheme 2.3 for proton assignment) of the C4 kite conformers are observed as one signal. 

 

Scheme 2.3. Cycloenantiomerizaton equilibrium between the two cyclochiral M and P kite C4 
conformers of 8. The structures of the two cyclochiral enantiomers were extracted from the 
packing of the X-ray structure of the crystal. The meso-alkyl groups are truncated to three carbons 
for clarity. In solution the interconversion process is fast on the 1H NMR chemical shift timescale 
and the diasterotopic protons H4 and H4’ resonate as one signal even at temperatures below 220 K.  

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Synthesis, structure and binding properties of lipophilic cavitands based on a 

calix[4]pyrrole-resorcinarene hybrid scaffold 

 

-89- 

 

2.2.5 Molecular recognition studies of pyridine N-oxides derivatives by 

calix[4]pyrrole based deep cavitands. Attempts to change the relative 

thermodynamic stabilities of the vase and kite forms by guest inclusion 

Pyridine N-oxides are important targets for molecular recognition studies due to their 

pronounced biological activity.40,41 We reported that aryl extended calix[4]pyrroles42 

and their supramolecular capsular derivatives43,44,45 bind pyridine N-oxides and other 

aromatic and aliphatic N-oxides with high affinity. The oxygen atom of the N-oxide 

knob forms four simultaneous hydrogen bonds with the pyrrolic NHs of the 

calix[4]pyrrole core. The guests are bound deep in the aromatic cavity of the host and 

experience additional CH- and - intermolecular interactions with the meso-aryl 

substituents. Based on our previous findings, we decided to investigate the interaction 

of the calix[4]pyrrole deep cavitands synthesized in this work with a series of pyridine 

N-oxides (Figure 2.9).  

 

Figure 2.9. Molecular structures of the pyridine N-oxide derivatives used in this work 

We first probed the binding of the N-oxides by these cavitands in CDCl3 solution using 
1H NMR spectroscopy. The addition of 0.5 equivalents of 4-dimethylaminopyridine N-

oxide 16 to a 1 mM CDCl3 solution of octanitro cavitand 8 resulted in two sets of 

signals of equal intensity for the protons of the host (Figure 2.10). The two sets of 

signals belong to the protons of free and bound host 8, indicating that the chemical 

exchange process is slow on the 1H NMR timescale. The large downfield shift (Δ = 

1.29 ppm) observed for the pyrrole NHs of bound 8 is indicative of the formation of 

hydrogen bonds with the oxygen atom of the bound N-oxide 16. Protons H2, H3 and H4 
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of host 8 experience reduced changes of their chemical shifts with respect to the free 

state, while H1 shifts slightly upfield (Δ = -0.23 ppm). This effect is probably due to 

the shielding effect of the bound N-oxide. The signals assigned to the aromatic protons 

of bound 16 moved upfield (Ha Δ = -3.13 ppm and Hb Δ = -0.42 ppm) supporting the 

inclusion of the N-oxide in the fixed aromatic cavity of 8. In the presence of 1 

equivalent of 16 only the proton signals assigned to the bound host and the bound guest 

were detected. This observation indicates the quantitative formation of a 1:1 complex, 

168, for which a stability constant value larger than 104 M-1 can be estimated.  

 

Figure 2.10. Selected region of 1H NMR spectra acquired during the titration of a 1 mM CDCl3 

solution of cavitand 8 with incremental amounts of DMAP N-oxide 16: a) 0 eq. b) 0.5 eq. c) 1.5 
eq. Panel d) 1H NMR spectra of free N-oxide 16 in CDCl3 solution. Primed letters and numbers 
indicate protons in the 168 complex. See Scheme 2.2 and Figure 2.9 for proton assignments. 

The addition of an excess of 16 did not induce any change in the chemical shifts of the 

protons assigned to the 1:1 complex. However, signals for the protons of free 16 

became visible in the 1H NMR spectrum of the mixture. A 2D-EXSY experiment 

performed on a 1 mM solution of cavitand 8 containing 1.5 equivalents of N-oxide 16 

revealed the absence of cross peaks between the signals of the free and bound N-oxide. 

This result shows that the exchange rate between the free and bound N-oxide is too slow 
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to be measured with this technique and suggest that the 168 complex is kinetically 

very stable (> 5 s).  

It is worth noting that the incremental addition of N-oxide 16 to the CDCl3 solution of 8 

induced the emergence and subsequent growth of the proton signals characteristic for 

DMF. We rationalized this observation assuming that cavitand 8 is isolated as a DMF 

solvate. The DMF molecule is included in the cavity of 8 and it is bound to the four 

pyrrole NHs through the oxygen atom (see X-ray structure of 10 in Figure 2.11). The 

included DMF could not be removed even after heating a sample of 8 for 24 h under 

high vacuum conditions. Most likely, the octanitro cavitand 8 binds N-oxide 16 

considerably stronger than DMF inducing the exchange of guests and the release of free 

DMF to the bulk solution. The exchange of a bound DMF molecule by the included N-

oxide is observed in all titration experiments performed with the cavitand series. The 

elemental analysis of the yellow solid isolated as cavitand 8 is in agreement with the 

presence of one molecule of DMF for each cavitand. 

The minimal chemical shift changes observed for the H2 and H3 protons of 8 upon 

binding suggest that in the 168 complex the cavitand maintains the kite conformation. 

Single crystals of the 168 complex suitable for X-ray diffraction grew from the CDCl3 

solution. The solid state structure of the 168 complex is in complete agreement with 

that assigned in solution based on the observed chemical shift changes. In the crystal, 

the bound octanitro cavitand 8 is in the kite form with the calix[4]pyrrole core in the 

cone conformation displaying an overall C4-like symmetry. The oxygen atom of the 

bound N-oxide 16 is hydrogen bonded to the four pyrrole NHs. The aromatic protons, 

alpha to the nitrogen atom, are included in the fixed aromatic cavity of 8. The pyridyl 

group of the N-oxide experiences simultaneous - and CH- interactions with the 

meso-aryl walls of the cavitand. 
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Figure 2.11. Side and top views of the X-ray structure of the 168 complex. Non polar hydrogen 
atoms of 8 are removed and alkyl chains are pruned for clarity. N-oxide 16 is shown as CPK 
model and cavitand 8 in stick representation. 

Completely analogous results were obtained in the titration of octacyano cavitand 10 

with 4-dimethylaminopyridine N-oxide 16.  

After the addition of 1 equivalent of DMAP N-oxide 16 to a 1 mM CDCl3 solution of 

cavitand 12, the formation of a 1:1 inclusion complex was observed in the 1H NMR 

spectrum. The large downfield shift of the pyrrolic NHs (Δ = 1.59 ppm) and the 

upfield shift of the protons for the included guest clearly support the formation of the 

inclusion complex 1612. In contrast with the titration results obtained for the previous 

cavitands, 8 and 10, the formation of the 1:1 inclusion complex between the DMAP N-

oxide 16 and the tetradiazanaphthalene cavitand 12 generated a reduced upfield shift for 

the H1 proton (Δ = -0.08 ppm for 1612 vs -0.23 ppm for 168 and 1610). 

Concomitantly, the H3 proton of bound cavitand 12 moved downfield (Δ = 0.15 ppm). 

The chemical shift of the H3 proton in cavitands 8 and 10 was almost unaffected upon 

N-oxide binding. These unparalleled chemical shift changes observed for the H1 and H3 

protons in the titration of tetradiazanaphthalene cavitand 12 with 16 suggested to us the 

possible existence of a conformational switch of the diazanaphthalene flaps, from the 

axial to equatorial position, induced by the binding of the N-oxide. That is, the 1612 

complex could exist in solution as an undetermined mixture of vase and kite forms of 

the cavitand involved in a fast chemical exchange on the 1H NMR timescale. 

To further explore the putative complexation induced conformational switch of 12, we 

decided to use 4-phenylpyridine N-oxide 17 as a guest. Our expectations were that the 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Synthesis, structure and binding properties of lipophilic cavitands based on a 

calix[4]pyrrole-resorcinarene hybrid scaffold 

 

-93- 

 

para-phenyl substituent of N-oxide 17 should favor the formation of the 1712 

complex in vase form. On the one hand, the phenyl substituent is shape and size 

complementary to the additional aromatic cavity present in the vase conformer of 12 

compared to the kite. Additionally, the vase conformer of complex 1712 should be 

energetically favored by additional π-π and CH- interactions established between the 

para-phenyl substituent of 17 and the diazanaphthalene flaps in the axial conformation 

(Figure 2.12). As expected, the interaction of phenyl N-oxide 17 with cavitand 12 

featured a slow chemical exchange process on the 1H NMR timescale. The 1H NMR 

analysis of an equimolar mixture of 17 and 12 in CDCl3 solution revealed the 

quantitative formation of the 1712 complex. Unexpectedly, the magnitude of the 

downfield shift experienced by the H3 proton in the 1712 complex (Δ = 0.15 ppm) 

was coincident with the one observed for inclusion of the shorter N-oxide 16. This result 

constituted an indication of the failure to provoke a notable guest-induced switch of the 

kite to the vase form in the inclusion complex 1712. 

 

Figure 2.12. MM3 energy minimized structure of the putative 1712 complex in the vase form. 

In addition, the signals of the protons pertaining to the para-phenyl substituent of 

included 17 did not shift noticeably with respect to those of the free N-oxide. To 

evaluate if the modification of the electronic properties of the p-phenyl ring of the 
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pyridine N-oxide had any effect on the possible conformational switch of the bound 

cavitand 12, we prepared 4-(4-methoxyphenyl)pyridine N-oxide 18 and 4-(4-

nitrophenyl)pyridine N-oxide 19 (Figure 2.9). Both pyridine N-oxide derivatives 

produced 1:1 complexes with 12. The stability constant values for these complexes can 

be estimated to be larger than 104 M-1 in CDCl3 solution. In the case of the methoxy N-

oxide 18, the signal of the H3 proton of 12 in the inclusion complex 1812 shifts 

downfield 0.14 ppm, a value that coincides with the one observed for the 1712 

complex. Interestingly, the downfield shift experienced by the H3 proton in the 1912 

complex with the nitro N-oxide is larger, 0.21 ppm. Additionally, the signal of the ortho 

protons of the p-nitrophenyl ring of 19 in the latter complex move somewhat upfield 

(Δδ = -0.23 ppm). Taken together, these results suggest, that in solution, the nitro N-

oxide 19 is capable of inducing a kite to vase conformational switch of the bound 

cavitand 12 in a larger, although undetermined, extent than the other pyridine N-oxide 

derivatives 17 and 18. In contrast with these findings, the analysis of the X-ray 

diffraction data of single crystals of complexes 1712, 1812 and 1912 revealed that, 

in the solid state, cavitand 12 exclusively adopts the kite form in the three inclusion 

complexes (Figure 2.13). 

 

Figure 2.13. X-ray structures of the complexes a) 1712 b) 1812 c) 1912. Bound guest is 
shown as CPK and host in stick representation. Dodecyl chains are truncated to three methylene 
units for clarity. 

Calculated chemical shifts using TURBOMOLE for the bound protons in both the kite 

and vase conformation of 1712 complex are presented in Table 2.1. The experimental 

values are in very good agreement with the calculated chemical shifts for the kite 

conformer. 
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 Vase Kite Experimental 

Ha 4.26 5.38 5.41 

Hb 4.74 7.07 7.19 

Hc 4.64 7.39 7.51 
 

Table 2.1. Calculated and experimental chemical shift values (ppm) for the protons of bound 17 

in the 1712 complex for both the kite and vase conformers. See Figure 2.9 for proton 

assignment. 

 

Pyridine N-oxides 18 and 19 were also used to investigate the putative guest induced 

conformational switch using the shorter aryl bridged cavitands 10 and 14. The obtained 

results point to exclusive formation of inclusion complexes in which the shorter 

cavitands are in the kite form. 

Tetramethylene bridged cavitand 15 is deprived of aromatic flaps and constitutes an 

ideal reference to determine the expected chemical shift changes for the protons of the 

host induced by the inclusion of N-oxides. The equimolar mixture of methylene bridged 

cavitand 15 and 4-(4-methoxyphenyl)pyridine N-oxide 18 in CDCl3 solution at 1 mM 

concentration produced the quantitative formation of the 1815 complex. The 1H NMR 

spectrum of the mixture indicated that, in response to guest inclusion, the H1 proton in 

15 moves upfield (Δ = -0.53 ppm). Most likely, the observed chemical shift change is 

due to the shielding effect produced by the para-phenyl group of the included N-oxide. 

In addition, the chemical shift values of protons H2 and H3 in 15 are insensitive to the 

inclusion process. These results provide strong support to the hypothesis that the 

detected changes in chemical shifts for equivalent protons in cavitand 12 are indeed 

caused by a conformational change in the aromatic flaps. 

We wanted to evaluate the effect of temperature in the kite to vase conversion of 

cavitand 12 when involved in the formation of inclusion complexes with N-oxides. It is 

known that in related cavitands derived from a resorcin[4]arene scaffold, the vase form 

is favored at high temperatures owed to an increase in the negative entropic term over 

the positive enthalpy component of the kite to vase conversion.46 The variable 

temperature experiments were performed in solutions of tetrachloroethane-d2, a solvent 
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with a boiling point of 146 ºC. In this solvent and at 298 K, the chemical shift changes 

experienced by the protons of the complexes between cavitand 12 and the series of 

pyridine N-oxides 17, 18 and 19 were similar to those observed in CDCl3 solution. 

Increasing the temperature to 398 K amplifies the chemical shift changes. For the three 

inclusion complexes, the downfield shift experienced by H3 in bound 12 increases two-

fold. Similarly, the upfield shift of the ortho-proton, Hc, in the phenyl substituent of the 

included N-oxides doubles its magnitude. Taken in concert, these data suggest that the 

increase in temperature favors the vase form of the cavitand 12 in the inclusion 

complexes. Unfortunately, the available data do not allow the determination of an 

accurate percentage of kite and vase forms of the cavitand in these complexes at 

different temperatures. 

Similar variable temperature experiments performed with an equimolar mixture of the 

shorter tetrapyrazine cavitand 14 and methoxyphenyl N-oxide 18, revealed that in the 

1814 complex the chemical shifts of protons H3 and Hc are not modified by 

temperature changes. This result underlines a clear conformational preference for the 

kite form in bound cavitand 14. This is in contrast with the observations made with 

related pyrazine cavitands based on resorcin[4]arene scaffolds, which are locked in the 

vase form.2 

From the results obtained in the 1H NMR titration experiments, the stability constants of 

the 1:1 inclusion complexes formed between cavitands, 8, 10, 12 and 14, and pyridine 

N-oxide derivatives, 16, 17, 18, 19 and 20, were estimated to be larger than 104 M-1 

(quantitative formation of the 1:1 complex in the presence of equimolar amounts of host 

and guest at mM concentration). For this reason, we undertook the calculation of 

accurate values for the stability constants of these 1:1 complexes using isothermal 

titration calorimetry (ITC) experiments. The ITC data obtained for the titrations of 

designated cavitands (12 and 10) with phenyl pyridine N-oxide 17 pictured double 

sigmoid curves. The two inflexion points of the double sigmoid binding isotherm are 

centered at values close to 0.25 and 1 for the molar ratio [17]/[12]. ITC dilution 

experiments performed on both the cavitand and the pyridine N-oxide showed 

insignificant release of heat. In addition, a DOSY NMR experiment carried out with a 

CDCl3 solution containing a 2:1 mixture of cavitand 12 and phenyl N-oxide 17 provided 
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similar diffusion coefficient values for the free and bound cavitand. These findings 

ruled out the existence of dimerization/oligomerization processes for 12 or 17 in 

solution in the range of used concentrations. As we already commented above, the solid 

isolated as cavitand 12 was in fact, to a great extent, a DMF solvate of 12. Based on this 

precedent and using the HypDH software, we were able to fit the double sigmoid 

binding curve to a theoretical binding model that considers the existence of three 

species and five stoichiometric states: free 12, free DMF, free 17, DMF12 and 1712. 

The concentration of DMF in the calorimetric cell was determined to be 0.85  [12].47 

In short, only 15% of the molecules in the solid isolated as 12 do not include a molecule 

of DMF. The fit of the ITC data returned the values of H(DMF12) = - 4.1 kcal/mol, 

H(1712) = - 6.3 kcal/mol, K(DMF12) = 5.5  105 M-1 and K(1712) = 6.3  107 M-1. The two 

orders of magnitude difference measured for the stability constants of the complexes of 

12 indicates the almost exclusive formation of the 1712 complex when DMF and N-

oxide 17 are in solution in an equimolar ratio with respect to 12. The speciation profiles 

derived from the ITC experiments are in complete agreement with the observations 

made in the 1H NMR titrations of 12 with 17 (release of approximately one equivalent 

of DMF to the bulk solution on addition of one equivalent of 17). We attempted to 

remove the DMF from the solid isolated as cavitand 12 by continuous heating under 

high vacuum. However, the ITC experiments performed with samples of 12 treated as 

indicated above also produced double-sigmoid binding curves with reduced changes in 

the molar ratio of the first inflexion point. The deep inclusion of DMF in the 

conformationally rigid aromatic cavity of 12 means that its release is energetically 

highly disfavored because it produces an empty cavity (vacuum). The deep inclusion 

nature of complexes 1712 and DMF12 is also responsible of the favorable entropic 

terms (3.3 kcal/mol and 3.7 kcal/mol, respectively) determined for their complexation 

processes. Both host and guest must experience strong desolvation processes prior to the 

formation of the inclusion complex. The release of solvating chloroform molecules to 

the bulk solution assists binding entropically, even in such a non-polar solvent, 

overcoming the loss of translational and rotational entropy of one of the partners and of 

the conformational flexibility of host and guest bound in the complex. 
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We decided to grade the stability constant values of some inclusion complexes of 

cavitands 12 and 10 with designated phenyl N-oxides by performing pairwise 

competitive experiments and analyzing them using 1H NMR spectroscopy. An 

equimolar mixture of cavitand 12 with 4-phenylpyridine N-oxide 17 and 4-(4-

methoxyphenyl)pyridine N-oxide 18 in CDCl3 produced inclusion complexes 1712 

and 1812 in an exact 1:1 ratio, demonstrating that the stability constant values of the 

two complexes are independent of the electronic nature of the para-phenyl substituent 

of the N-oxide. We also performed a pairwise competitive experiment by mixing 

equimolar amounts of cavitands 10 and 12 with 4-(4-methoxyphenyl)pyridine N-oxide 

18. The obtained CDCl3 solution was analyzed by 1H NMR spectroscopy indicating the 

formation of complexes 1810 and 1812 in equal amounts. This latter result proves 

that the stability constants of the caviplexes resulting from calix[4]pyrrole cavitands 10 

and 12 and pyridine N-oxides are not significantly influenced by the characteristics of 

the bridging aromatic ring. 

The preference exhibited by cavitand 12 to adopt the kite form in the inclusion 

complexes with pyridine N-oxides prompted us to investigate the formation of three-

component aggregates involving one molecule of a bis-N-oxide (ditopic guest) and two 

units of cavitand 12. Molecular modeling studies indicate that 4,4’-dipyridyl-N,N’-

dioxide 20 is a suitable molecular platform to study such assembly process. The energy 

minimized structure of the complex 20122 did not show clear signs of attractive or 

repulsion interactions between the two units of 12 (Figure 2.14). The binding of bis-N-

oxide 20 with 12 was probed in CDCl3 solution using 1H NMR spectroscopy. Addition 

of 0.25 equivalents of bis-N-oxide 20 resulted in the appearance of a new set of signals 

(Figure 2.15b). We assigned the new signals to the protons of the cavitand 12 in the 

20122 complex. The pyrrole NHs of the cavitand in the 1:2 complex resonate 

downfield at δ = 9.27 ppm indicating the formation of hydrogen bonds with the oxygen 

atom of bound 20. The protons of bound 20 appear highly upfield shifted: i.e.  = 5.82 

ppm and 7.68 ppm for Ha” and Hb”, respectively and as unique set. These observations 

are in agreement with the inclusion of each binding site of 20 in one unit of 12 

producing a 1:2 complex, 20122, featuring D4h-like symmetry. 
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Figure 2.14. Energy minimized structure of the 20122 complex. One unit of 12 is depicted in 
stick representation, the other as van der Waals surface and the bis-N-oxide 20 is shown as CPK 
model.  

 

Figure 2.15. Selected regions of the 1H NMR spectra acquired during the titration of a 1 mM 
CDCl3 solution of tetradiazanaphthalene cavitand 12 with bis-N-oxide 20. Equivalents added: a) 0 
b) 0.25 c) 0.75 d) 1.5. Panel e) corresponds to the same regions of the 1H NMR spectrum of free 
20. Primed letters and numbers indicate protons in the 2012 complex and doubly primed for the 
20122 complex. 

In the presence of 0.5 equivalents of bis-N-oxide 20 we observed the emergence of a 

new set of proton signals for 12 that do not correspond with those assigned to the free 

host or the 1:2 complex. These signals must correspond to a new inclusion complex in 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Chapter 2 

 

-100- 

 

which the pyrrole NHs resonate at  = 9.40 ppm. Upon further addition of 20, the 

intensity of the signals of the latter complex grew at the expenses of those of 20122 

(Figure 2.15c,d). Interestingly, the protons of bound 20 in the new complex resonate as 

four separate signals. Two of them appear at chemical shift values that are in line with 

those observed for the included N-oxide in the 20122 complex. The other two, 

however, are just slightly upfield shifted with respect to the protons in free 20. The 

relative integrals for these four signals are 1:1:1:1. When 0.75 equivalents of 20 are 

added the signals for the protons of free N-oxide start to arise. In the presence of 1.5 

equivalents of 20 the 2012 complex is the major species in solution. Taken together, 

these observations indicate that the incremental addition of 20 induces the destruction of 

the 20122 complex and induces the formation of a new 1:1 complex, 2012. The 

observation of four proton signals for the included N-oxide in the 2012 complex is 

consistent with its lower symmetry. The determination of accurate values for the 

stability constants of the 1:1 complex from the 1H NMR titration data is hampered by 

the large value of the microscopic binding constants (Km > 104 M-1) assigned to the 

interaction of the pyridine N-oxide group with the cavitand 12. Nevertheless, after all 

the free cavitand is consumed, it is possible to determine an average value for the 

equilibrium constant of the destruction process Kd (equation 1) by integrating the signals 

assigned to the 2012 and 20122 complexes in the presence of different amounts of 

20. 

 

Scheme 2.4. Equilibria involved in the destruction of the 20122 complex (1) and in the 
formation of the 2012 (2) and 20122 (3) complexes. The relationship of the equilibrium 
constants with Km (microscopic constant),  (the cooperativity factor), and statistical correction 
factors are shown. 

Using the relationship that exists between Kd and the cooperativity factor () of the N-

oxide 20 (Equation 3 in Scheme 2.4) we determined  to be 0.09. A value of  < 1 for 
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20 indicates the existence of a negative cooperativity in the assembly process of the 

20122 complex. In other words, the second binding event (3) leading to the formation 

of the 20122 complex from the preformed 2012 is less favorable than the statistical 

estimate derived from the microscopic constant value of the first binding event. Most 

likely, the binding of the second unit of 12 is disfavored by a combination of 

electrostatic and steric effects. On one hand, the upfield shift observed for the protons of 

the diazanaphthalene flaps in the 20122 complex suggest their involvement in - 

stacking interactions between adjacent units of 12. On the other hand, the reduced 

downfield shift experienced by the pyrrole NHs in the 20122 complex compared to 

those in 2012 points to the formation of larger hydrogen bonds in the latter. This can 

be either a consequence of repulsive interactions between the two units of 12 in the 

20122 complex or to a modification of negative density of the free oxygen atom of the 

N-oxide in the 2012 complex. The existence of a negative cooperativity in the 

assembly of the 20122 complex is also supported by the observation of a solution 

mixture of free 12, 1:1 and 1:2 complexes when working under strict stoichiometric 

control (ratio of [20]/[12] = 0.5). 

2.2.6 Two-walled cavitands based on a calix[4]pyrrole scaffold 

In order to prepare more conformationally flexible cavitands, we decided to synthesize 

calix[4]pyrrole cavitands with only two aromatic flaps installed at their upper rim. 

Tetrahydroxy calixpyrrole 21 (Scheme 2.5) with methyl groups at the meso position was 

chosen as the starting building block because we expected two-walled cavitands to be 

soluble in most common organic solvents. The reaction of calixpyrrole 21 with 2,3-

dichloroquinoxaline 11 in the presence of potassium carbonate as a base affords bis-

quinoxaline calixpyrrole 22 as a white solid in 14% yield after flash chromatography 

purification. Similarly, the reaction between calixpyrrole 21 and 2,3-dichloro-1,4-

pyrazine 13 in the presence of potassium carbonate produces bis-pyrazine calixpyrrole 

23. Finally, as a reference compound, bis-methylene calixpyrrole cavitand 24 was 
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prepared in good yield by treatment of tetrahydroxy calixpyrrole 21 and 

bromochloromethane in the presence of potassium carbonate.  

 

Scheme 2.5. Reaction scheme for the preparation of two-walled cavitands based on a 
calix[4]pyrrole scaffold. 

To simplify the analysis, we will focus exclusively on the chemical shift of host proton 

H3, the most sensitive to the kite-to-vase switch. In the kite conformation, H3 is located 

below the aromatic ring of the quinoxaline/pyrazine groups of cavitands 22 or 23. Thus, 

H3 protons should resonate more upfield shifted in the kite conformation than in the 

vase as a consequence of the shielding of the aromatic ring. As reference value, proton 

H3 in the bis-methylene cavitand 24 bearing no aromatic rings resonates at 6.8 ppm 

(Figure 2.16c). Theoretical calculations using TURBOMOLE assign a difference of 1 

ppm between the chemical shift of H3 in the kite and vase conformers. With these 

values, we expect that H3 protons would resonate at ~ 6.8 ppm in the vase and ~5.8 ppm 

in the kite conformer. 

H3 protons resonate at 6.0 ppm in a CDCl3 solution of cavitand 22 (Figure 2.16a). 

Variable temperature 1H NMR performed on a CDCl3 sample of cavitand 22 reveals 

that at 328K, H3 protons are barely downfield shifted (δ = 6.1 ppm). This result 
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indicates that in solution cavitand 22 is locked in the kite conformation in the range of 

temperatures studied.  

 

Figure 2.16. Downfield region of 1H NMR spectra of CDCl3 solutions of cavitands a) 22 b) 23 
and c) 24. See Scheme 2.5 for proton assignment. 

Suitable crystals for X-ray analysis that grew from an acetonitrile solution of cavitand 

22 (Figure 2.17) revealed that in the solid-state, the pyrrolic core of cavitand 22 is in the 

cone conformation, stablishing four hydrogen bonds with a molecule of acetonitrile and 

the quinoxaline rings at the upper rim are adopting a kite conformation. As observed in 

the X-ray structures of four-walled cavitands, the cavity is inherently chiral (C2 

symmetry). In solution, the fast interconversion between enantiomers is responsible for 

the observance of average proton signals in accordance to a C2v symmetry.  
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Figure 2.17. Top and side views of the X-ray structure of the acetonitrile solvate of bis-
quinoxaline cavitand 22.  

To study the effect of the guest complexation in the conformational switch, 1 equivalent 

of 4-(4-methoxyphenyl)pyridine N-oxide 18 (Figure 2.9) was added to a chloroform 

solution of cavitand 22. The formation of a 1822 complex (Figure 2.18a) was 

evidenced by the downfield shift of the pyrrolic NHs (δ = 10.00 and 9.93 ppm) and the 

upfield shift of the bound protons of the guest (δHa = 4.92 ppm). H3 protons in the 

complex 1822 resonate at 6.2 ppm, pointing to the exclusive formation of the kite 

complex in solution.  

A CDCl3 solution of N-oxide 18 and reference bis-methylene cavitand 24 produced the 

expected signals for the formation of a complex 1824 (Figure 2.18b). H3 protons in the 

reference complex 1824 resonated at 6.80 ppm, the same chemical shift observed for 

H3 protons in the free cavitand 24. Hc protons of the guest (Figure 2.9) are the most 

sensitive to the kite-to-vase transition. In a CDCl3 solution of guest 18, Hc protons 

resonate at δ = 7.56 ppm. Similarly, in the reference complex 1824 the same protons 

resonate at 7.50 ppm. We expect that in a putative vase conformation, Hc protons 

experience an intense upfield shifting as result of the shielding by the 

quinoxaline/pyrazine aromatic walls. Molecular calculations using TURBOMOLE 

assign a difference of 0.7 ppm between the chemical shift values of bound Hc in the 
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vase and kite conformation. In so, we expect that bound Hc protons resonate at ~ 7.5 

ppm in the kite and ~ 6.8 ppm in the vase. In the 1822 complex, Hc
 protons of the 

bound guest are upfield shifted just 0.12 ppm (δ = 7.44 ppm) compared to the same 

chemical shift in free 18, which is in agreement with the exclusive presence of the kite 

conformer in solution.  

 

Figure 2.18. 1H NMR spectra of CDCl3 solutions of complexes a) 1822 and b) 1824. Primed 
letters and numbers indicate protons in the complex. See Scheme 2.5 for proton assignment. 

Solid-state data of the 1822 complex shows the cavitand in the kite conformation with 

guest 18 bound within the calixpyrrole cavity (Figure 2.19).  

 

Figure 2.19. X-ray structure of the 1822 complex. Guest is shown as CPK model and host is 
depicted in stick representation.  
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Variable temperature 1H NMR performed on a a tetrachloroethane-d2 solution of the 

1822 complex revealed an incremental upfield shift of the Hc protons of just 0.13 ppm 

at 398K. These findings point that two-walled cavitands are as conformationally rigid as 

their four-walled counterparts even at high temperatures. Similar results are obtained 

using pyrazine cavitand 23. In other solvents of different polarity (DMSO-d6, THF-d8, 

benzene-d6) no significant presence of the vase conformer was detected either. 

2.2.7 Molecular capsules based on a calix[4]pyrrole cavitand 

Inspired by the works of Rebek in the preparation of self-assembled dimeric capsules 

based on resorcin[4]arene scaffolds (Figure 2.20a),8 we decide to prepare a 

calix[4]pyrrole cavitand with imide groups at the upper rim that could dimerize to form 

a molecular capsule held together by an array of 16 hydrogen bonds possesing a large 

cavity and polar interior (Figure 2.20b).  

 

Figure 2.20. a) Reaction scheme of the dimerization of a resorcin[4]arene scaffold decorated with 
imide groups at the upper rim described by Rebek and co-workers. b) Energy-minimized (MM3) 
structure of a putative molecular capsule based on a calix[4]pyrrole cavitand with imide groups at 
the upper rim. 

The installation of the imide groups at the upper rim of calixpyrrole 2b was performed 

by using an analogous method to the one described by Rebek. Treatment of calixpyrrole 

2b with 5,6-dicarboxylic acid imide 25 in the presence of triethylamine as a base affords 
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calixpyrrole 26 as a brownish solid after flash chromatography purification (Scheme 

2.6). 

 

Scheme 2.6. Reaction scheme for the preparation of tetraimide calixpyrrole cavitand 26. 

Single crystals suitable for X-ray analysis grew from a mixture of THF and ethanol. In 

the solid-state calixpyrrole 26 is adopting a kite conformation (Figure 2.21). 

Surprisingly, a chloride anion is bound within the cavity establishing four hydrogen 

bonds with the pyrrolic NHs. As a counter-ion a triethylammonium cation is found in 

the crystal packing. Most likely, the triethylammonium chloride formed in situ during 

the reaction is bound within the calixpyrrole cavity and the salt is not removed from the 

cavity even after silica gel chromatography.  

 

Figure 2.21. Side and top views of the X-ray structure of calixpyrrole 26 complexed with 
triethylammonium chloride. Ion-pair is shown as CPK model and the host is depicted in stick 
representation. Dodecyl groups are truncated to three methylene units for clarity. 
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Preliminary solution studies points to the absence of the formation of a dimeric capsule, 

most likely due to the high energy transition state to afford the required vase conformer. 

In addition, the impossibility to remove the strongly bound chloride anion made us 

abandon this strategy to build molecular capsules with polar interiors. The use of a 

dimeric template that brings together two cavitands is an attractive idea to assemble the 

desired dimeric capsule that should be explored in the future.48 

2.2.8 Calix[4]pyrrole cavitands linked by methyne bridges 

Gibb and coworkers described the preparation of resorcin[4]arene cavitands linked 

together by methyne bridges bearing aryl groups by the reaction of resorcin[4]arene 

with benzal bromides.49 The introduction of additional aromatic rings having bromide 

groups allowed for the formation of covalent carcerand-like molecular baskets by the 

linking of vicinal bromide groups with aromatic rings e.g. resorcinol (Scheme 2.7a).50 

With this in mind we sought the preparation of analogous calix[4]pyrrole cavitands with 

methyne bridges and aryl aromatic groups at the upper rim to prepare covalent capsules 

with functionalized interiors (Scheme 2.7b).  

 

Scheme 2.7. Reaction scheme for a) preparation of resorcin[4]arene cavitands bearing aryl groups 
at the methyne bridges and subsequent elaboration into a covalent container as described by Gibb 
et al. and b) preparation of calix[4]pyrrole cavitands with aromatic rings at the methyne bridges. 
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The reaction of calixpyrrole 2b with benzal bromide 27 in the presence of DBU as a 

base affords a complicated reaction mixture from which only one product containing a 

calixpyrrole scaffold could be isolated in very low yield (< 5%).51 The structure of the 

product was unambiguously assigned by X-ray diffraction analysis of a single crystal 

that grew by diffusion of acetonitrile to a chloroform solution to that of desired product 

28 (Figure 2.23). The solid state data reveals that the calixpyrrole core is in the cone 

conformation, establishing four hydrogen bonds with a molecule of acetonitrile. 

Cavitand 28 presents a C4v symmetry and unlike previous calix[4]pyrrole cavitands the 

cavity is not inherently chiral. Interestingly, the conformation of the methyne bridges in 

calix[4]pyrrole cavitand 28 is different than in the analogous resorcin[4]arene cavitand 

described by Gibb. The methyne bridges of the resorcinarene cavitand adopts a boat-

chair conformation, locating the smaller methyne protons inwardly directed towards the 

cavity (Figure 2.22). 

 
Figure 2.22. Energy-minimized structure (MM3) of the tetramethylene bridged cavitand based on 
a resorcin[4]arene scaffold and its molecular basket analogue reported by Gibb et al.  
 

On the contrary, methyne bridges of cavitand 28 adopts a boat-twistboat conformation, 

locating both the aromatic rings and the methyne protons away from the cavity.52 The 

conformation adopted by the methyne bridges in cavitand 28 locates the aromatic rings 

distant from each other, which impedes the linking of vicinal bromide groups with 

resorcinol to obtain a covalent carcerand-like capsule.  
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Figure 2.23. Side and top views of the X-ray structure of the acetonitrile solvate of calixpyrrole 
28. Acetonitrile is shown as CPK model and the host is depicted in stick representation. Dodecyl 
groups are truncated to three methylene units for clarity.  

2.2.9 En route to water soluble calix[4]pyrrole cavitands 

We decided to exploit the strong preference observed in cavitands derived from a 

calix[4]pyrrole scaffold to adopt a kite conformation (see section 2.2.5) by preparing 

water soluble calixpyrrole cavitands. We envisaged that two calixpyrrole cavitands 

adopting a kite conformation could dimerize in water by the formation of favorable π-π 

interactions (hydrophobic effect) between the aromatic rings installed at the upper rim 

(Figure 2.14). Water-soluble cavitands derived from a resorcin[4]arene scaffold are 

well-known and a plethora of different water-solubilizing groups have been used for this 

purpose.53,54,55 We reckoned that the synthetic strategy most appealing to introduce 

water solubilizing groups in calixpyrrole cavitands would be the introduction of ester 

functions at the upper rim of a tetraimide derivative calixpyrrole cavitand (Scheme 2.8). 

The ester groups can be hydrolyzed under mild conditions at a later stage to afford 

tetracarboxylic acid cavitands that could be water soluble under basic conditions.42,56 

We chose octahydroxy meso-methyl calixpyrrole 2a as the starting building block for 

the preparation of the tetraimide cavitands. As we expect the final product to be water 

soluble, the dodecyl chains present in octahydroxy 2b should not be present in the initial 

scaffold.  
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Scheme 2.8. Reaction scheme for the preparation of tetraimide calixpyrrole cavitands. 

 

Calixpyrrole 2a was reacted with 5,6-dicarboxylic acid imide 29 in the presence of 

triethylamine as a base to obtain cavitand 30. However, the low solubility of cavitand 

30 in most common organic solvents difficulted the purification of the reaction crude. 

Similar results are obtained with 5,6-dicarboxylicacid imide 31.57 To increase the 

solubility in organic solvents of the cavitands, we prepared 5,6-dicarboxylicacid imide 

33 bearing an hexyl chain. In this case, purification of the reaction crude afforded pure 

cavitand 34. However, after extensive screening of hydrolysis conditions to produce the 

tetracarboxylic acid derivative only ring-opening reaction products were obtained.58  

2.3 Conclusions 

 

We have prepared a novel family of deep-cavitands based on a calix[4]pyrrole scaffold. 

The cavitands have been characterized both in the solid state and in solution. Whereas 

resorcinarene-based cavitands easily switch between the vase and the kite 

conformations with temperature, the calix[4]pyrrole-derived cavitands are 

conformationally more rigid than their resorcinarene analogs. In the range of conditions 

studied they are locked in a C4 kite form as a racemic mixture of two cycloenantiomers. 

Molecular modeling studies are in agreement with the experimental observations. The 

energy barrier calculated for the interconversion between cycloenantiomers is very low 

(0.9 kcal/mol) explaining the fast interconversion observed in solution. Pyridine N-
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oxide derivatives are included by the deep cavitands yielding 1:1 caviplexes that are 

thermodynamically and kinetically highly stable. The putative conformational switch 

between the kite and vase forms of the calix[4]pyrrole cavitands was studied using 

variable temperature 1H NMR experiments and by including N-oxide guests that are size 

and shape complementary to the vase form. The obtained results suggest that only the 

cavitand decorated with four diazanaphthalene flaps undergoes such conformational 

switching when complexed with an electron-poor pyridine N-oxides derivative and at 

elevated temperature. The extent of the conformational switch could not be determined 

but the magnitude of the observed chemical shift changes suggest that it is reduced. The 

complexation of the ditopic bipyridine bis-N-oxide 20 with cavitand 12 produced the 

formation of the 1:2 complex through a non-cooperative binding process. 

In addition, the preparation of different calixpyrrole cavitand derivatives (i.e. two-

walled, methyne-bridged or imide-functionalized cavitands) was explored and serves to 

illustrate the potential of this new family of compounds. 

 

2.4 Experimental section 

2.4.1 General information and instrumentation 

1H-NMR and 13C NMR spectra were recorded on a 400 and 500 MHz spectrometer. All 

solvents were dried prior to use. 1,2-difluoro-4,5-dinitrobenzene,59 4-methoxy(4-

phenyl)pyridine,60 4-nitro(4-phenyl)pyridine,61 calixpyrrole 2a,20 calixpyrrole 21,21 

calixpyrrole 24,21 5,6-dicarboxylic acid imide 257 and benzal bromide 2750 were 

prepared according to reported procedures. Other reagents and solvents were 

commercially available and used without further purification.  

2.4.2 Synthetic procedures 

Synthesis of 4: To an oven-dried 100-mL round-bottomed flask containing magnesium 

turnings (1.46 g, 60 mmol) dry ether (15 mL) was added under argon atmosphere. 

Bromododecane (7.5 mL, 30 mmol) was added dropwise through a dropping funnel 

over 30 min under reflux. From the last addition, the reaction was kept under reflux for 
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further 45 min, then a solution of 3,5-dimethoxybenzaldehyde (5 g, 30 mmol) in dry 

ether (25 mL) was added dropwise and the mixture was left reacting for three additional 

hours. The reaction was quenched by addition of a saturated solution of NH4Cl (35 mL). 

The collected organic layers were washed with water, brine and dried over sodium 

sulphate. The solvent was removed under reduced pressure affording 9.5 g (95% yield) 

of a white solid that was used without further purification. 1H NMR (400MHz, CDCl3): 

δ= 6.50 (d, J = 2.3 Hz, 2H), 6.37 (t, J = 2.3 Hz, 1H), 3.79 (s, 6H), 2.93 (t, J = 7.6 Hz, 

2H), 1.72 (m, 2H), 1.21-1.33 (m, 18H), 0.87 (t, J = 6.5 Hz, 3H). HRMS-ESI+ m/z calcd 

for C21H35O2 (M-OH)+ 319.2637, found 319.2641. 

 

Synthesis of 5: In a 250-mL round-bottomed flask filled with dry dichloromethane (40 

mL), pyridinium chlorochromate (3.84 g, 17.8 mmol), silica (3.84 g) and alcohol 4 (2 g, 

5.9 mmol) were added in one portion. The reaction mixture was stirred at rt for two 

hours, then diluted with ether and filtered over a bed of celite (1 cm) and silica (3 cm). 

The filtrate was concentrated under reduced pressure and the residue was recrystallized 

from methanol affording 1.5 g (75% yield) of a white crystalline solid. 1H NMR 

(500MHz, CDCl3, 298K): δ= 7.09 (d, J = 2.4 Hz, 2H), 6.64 (t, J = 2.4 Hz, 1H), 3.84 (s, 

6H), 2.91 (t, J = 7.6 Hz, 2H), 1.71 (m, 2H), 1.21-1.39 (m, 18H), 0.87 (t, J = 6.8 Hz, 3H). 

HRMS-ESI+ m/z calcd for C21H35O3 (M+H)+ 335.2586, found 335.2585. 

 

Synthesis of 6: In a 10-20 mL microwave vial, ketone 5 (1 g, 3 mmol) and pyridinium 

chloride (3.45 g, 30 mmol) were irradiated at 250 ºC for one hour. The residue was 

partitioned between water and ethyl acetate. The aqueous layer was extracted three 

times with ethyl acetate. The combined organic layers were dried over sodium sulphate 

and the solvent was removed under reduced pressure. Recrystallization of the residue 

afforded 452 mg (49% yield) of 6 as white solid. 1H NMR (400MHz, CDCl3, 298K): δ= 

6.99 (d, J = 2.3 Hz, 2H), 6.54 (t, J = 2.3 Hz, 1H), 2.87 (m, 2H), 1.69 (m, 2H), 1.23-1.33 

(m, 18H), 0.87 (t, J = 6.7 Hz, 3H). HRMS-ESI- m/z calcd for C19H29O3 (M-H)- 

305.2117, found 305.2115. 
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Synthesis of octahydroxy calixpyrrole 2b: To a 100 mL round-bottomed flask 

containing a solution of pyrrole (0.25 mL, 3.6 mmol) in MeOH (6 mL), 

methanesulfonic acid (0.24 mL, 10.77 mmol) was added dropwise. The mixture was 

stirred for 5 minutes, then a solution of ketone 6 (1.1 g, 3.6 mmol) in MeOH (18 mL) 

was added slowly and the reaction was left at rt overnight protected from light; then, 

quenched by addition of water (30 mL) and extracted with ethyl acetate (4 x 50 mL). 

The combined organic layers were dried over sodium sulphate and the solvent was 

removed under reduce pressure. The mixture crude was purified by chromatography 

(SiO2; dichloromethane : ethyl acetate from 8:2 to 6:4) affording a brownish solid that 

was recrystallized from acetonitrile (245 mg, 19 % yield). 1H-NMR (500 MHz, MeOD, 

25°C): δ (ppm) = 8.89 (bs, 4H), 6.18 (d, J = 2.0 Hz, 8H), 6.15 (t, J = 2.0 Hz, 4H), 5.89 

(d, J = 2.4 Hz, 8H), 2.30 (m, 8H), 1.35 (m, 74H), 0.89 (t, J = 7.0 Hz, 12H); 13C NMR: 



HRMS-MALDI+ m/z calculated for C92H132N4O8Na 

(M+Na)+ 1443.9942, found 1443.9937 M.p. > 142º C (decomp). 

 

Synthesis of octanitro calixpyrrole cavitand 8: A mixture of octahydroxycalix[4]pyrrole 

2b (145 mg, 0.102 mmol) and 1,2-difluoro-4,5-dinitrobenzene (91 mg, 0.445 mmol) are 

placed in an oven-dried Schlenk flask and dried under vacuum for 10 minutes. Dry 

DMF (15 mL) was added under argon, and while stirring, triethylamine (distilled over 

calcium hydride, 0.136 mL, 0.972 mmol) is added dropwise. The flask is heated to 85 

ºC overnight. The reaction is concentrated under reduced pressure and the residue is 

purified by column chromatography (silica gel, dichloromethane : hexane 6:4) to give 

product 8 (100 mg, 47% yield) as a yellowish solid that can be recrystallized from 

acetonitrile. 1H NMR (CDCl3/400 MHz) bs, 4H), 7.66 (s, 8H), 6.93 (t, J = 

2.0Hz, 4H), 5.85 (d, J = 2.2Hz, 8H) 5.79 (d, J = 2.0Hz, 8H), 2.17 (m, 8H), 1.36-1.13 (m, 

80H), 0.88 (t, J = 6.2Hz, 12H); 13C NMR (CDCl3/100 MHz) 



MS-MALDI- m/z calcd for C116H132N12O24 (M)- 

2076.95, found 2076.8. Anal. Calcd for C116H132N12O24·DMF: C, 66.43; H, 6.51; N, 

8.46. Found: C, 66.82; H, 6.28; N, 8.49. M.p. T > 251 ºC (decomp). 
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Synthesis of octanitrile calixpyrrole cavitand 9: In a sealed tube the 

octahydroxycalix[4]pyrrole 2b (200 mg, 0.141 mmol) and 4,5-difluorophthalonitrile (99 

mg, 0.605 mmol) are dissolved in 5 mL of dry DMF. Triethylamine (distilled over 

calcium hydride, 0.196 mL, 1.406 mmol) is added, and the tube is heated to 85 ºC 

overnight. The reaction is concentrated under reduced pressure and the residue is 

purified by column chromatography (silica gel, dichloromethane) and recrystallized 

from acetonitrile to afford 9 (186 mg, 69% yield) of an off-white solid. 1H NMR 

(CDCl3/500 MHz) bs, 4H), 7.52 (s, 8H), 6.93 (t, J = 2.4Hz, 4H), 5.87 (d, J = 

2.6Hz, 8H) 5.70 (d, J = 2.4Hz, 8H), 2.17 (m, 8H), 1.37-1.24 (m, 80H), 0.90 (t, J = 

6.3Hz, 12H); 13C NMR (CDCl3/100MHz) 



HRMS-MALDI+ m/z calculated for C124H132N12O8 (M)+ 

1917.0291, found 1917.0286. M.p. T > 292 ºC (decomp).

 

Synthesis of tetraquinoxaline calixpyrrole cavitand 12: In a sealed tube the 

octahydroxycalix[4]pyrrole 2b (500 mg, 0.352 mmol), 2,3-dichloroquinoxaline (361 

mg, 1.758 mmol) and dry potassium carbonate (486 mg, 3.52 mmol) are placed. 10 mL 

of dry DMF are added and the tube is heated to 85 ºC overnight. HCl 1N (10 mL) was 

added and the precipitate was filtered under vacuum. Purification of the solid by column 

chromatography (silica gel, dichloromethane) and recrystallization from acetonitrile 

afforded 12 as a white solid (345 mg, 51% yield). 1H NMR (CDCl3/500 MHz) 

bs, 4H), 7.95 (dd, J1 = 3.4Hz, J2 = 6.2Hz, 8H), 7.76 (dd, J1 = 3.4Hz, J2 = 6.2Hz 

8H), 7.16 (t, J = 2.0Hz, 4H), 5.78 (d, J = 2.0Hz, 8H), 5.61 (d, J = 2.0Hz, 8H), 2.04 (m, 

8H), 1.38-1.12 (m, 80H) 0.92 (t, J = 6.1Hz, 12H);  13C NMR (CDCl3/100 MHz) 



MS-MALDI+ 

m/z calcd for C124H140N12O8 (M)+ 1925.1, found 1925.0Anal Calcd for 

C124H140N12O8·DMF: C, 76.28; H, 7.41; N, 9.11. Found: C, 76.08; H, 7.36; N, 9.14. 

M.p. T > 328 ºC (decomp). 
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Synthesis of tetrapyrazine calixpyrrole cavitand 14: In a sealed tube the 

octahydroxycalix[4]pyrrole (305 mg, 0.214 mmol), 2,3-dichloropyrazine (118 µL, 1.072 

mmol) and dry potassium carbonate (296 mg, 2.145 mmol) are placed; 10 mL of dry 

DMF are added and the tube is heated to 85 ºC overnight, and then, 10 mL of HCl 1N is 

added and the precipitate is filtered under vacuum. Purification of the solid by column 

chromatography (silica gel, dichloromethane : THF 98:2) and recrystallization from 

acetonitrile afforded 14 as a white solid (45 mg, yield 12%). 1H NMR (CDCl3/500 

MHz) bs, 8H), 8.12 (s, 4H), 7.00 (t, J = 2.2Hz, 4H), 5.70 (d, J = 2.5Hz, 8H), 

5.54 (d, J = 2.2Hz, 8H), 2.04 (m, 8H), 1.38-1.12 (m, 80H) 0.88 (t, J = 6.5Hz, 12H) 13C 

NMR (CDCl3/100 MHz) 

M.p. T > 275 ºC (decomp). HRMS-ESI+ m/z calcd for 

C108H132N12O8 (M+Na)+ 1748.0189, found 1748.0188. 

 

Synthesis of tetramethylene calixpyrrole cavitand 15: In a 25 mL oven-dried Schlenk 

tube, the octahydroxycalixpyrrole 2b (21 mg, 0.015 mmol) and oven-dried potassium 

carbonate (24 mg, 0.174 mmol) were placed and dried under high vacuum for three 

hours. Then, under argon, 1.2 mL of dry DMF was added. The flask is heated to 85 ºC 

and then, bromochloromethane (50 µL, 0.769 mmol) is added in just one portion. The 

flask is heated for an additional three hours. The reaction is concentrated under reduced 

pressure and purified by column chromatography (silica gel, dichlorometane : hexane 

1:1 to pure dichloromethane) to afford the product as a white solid (4 mg, yield 18%). 
1H NMR (CDCl3/500 MHz) bs, 4H), 6.46 (t, J = 2.1Hz, 4H), 6.38 (d, J = 2.1Hz, 

8H), 6.10 (d, J = 7.6Hz, 4H), 6.02 (d, J = 2.6Hz, 8H), 5.37 (d, J = 7.6Hz, 4H), 2.35 (m, 

8H), 1.38-1.12 (m, 80H), 0.90 (t, J = 6.9Hz, 12H). 13C NMR (CDCl3/100 MHz) 



HRMS-ESI+ m/z calcd for C96H132N4O8 (M+Na)+ 1491.9943, 

found 1491.9920. 

 

Synthesis of 4-(4-methoxyphenyl)pyridine N-oxide 18: In a 100 mL round bottomed 

flask, 4-methoxy(4-phenyl)pyridine (150 mg, 0.810 mmol) is dissolved in 20 mL of dry 

chloroform. Then, mCPBA is added is small portions (300 mg, 1.215 mmol). After 
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stirring for 2.5 hours at room temperature, an extra portion of mCPBA is added (200 

mg). After one hour the reaction is concentrated and eluted through a column of basic 

alumina, first with dichloromethane and finally with dichloromethane:methanol 9:1 

until elution of the pure product as a hygroscopic yellow solid (130 mg, 80% yield). 1H 

NMR (CDCl3/500 MHz) d, J = 7.2Hz, 2H), 7.54 (d, J = 8.9Hz, 2H), 7.48 (d, J = 

7.2Hz, 2H), 7.01 (d, J = 8.9Hz, 2H), 3.87 (s, 3H). 13C NMR (CDCl3/400 MHz) 

HRMS-ESI+ m/z calcd for 

C12H12NO2 (M+H)+ 202.0868, found 202.0863. 

 

Synthesis of 4-(4-nitrophenyl)pyridine N-oxide 19: In a 50 mL round bottomed flask, 4-

nitro(4-phenyl)pyridine (22 mg, 0.109 mmol) was dissolved in 10 mL of water and 10 

mL of 2-butanone. Then, sodium bicarbonate was added (276 mg, 3.28 mmol) and the 

mixture was stirred vigorously. Oxone® is added in small portions (202 mg, 0.328 

mmol) and the reaction was stirred at room temperature for three hours. Then 50 mL of 

brine were added and the reaction was extracted three times with chloroform. The 

organic layers are combined, dried over sodium sulfate and concentrated under reduced 

pressure to afford the N-oxide as yellow needles (20 mg, yield 85%). 1H NMR 

(CDCl3/500 MHz) d, J = 8.3Hz, 2H), 8.32 (d, J = 6.1Hz, 2H), 7.77 (d, J = 8.3Hz, 

2H), 7.57 (d, J = 6.1Hz, 2H). 13C NMR (CDCl3/100 MHz) 

HRMS-ESI+ m/z calcd for C11H9N2O3 (M+H)+ 217.0613, found 

217.0618. 

 

Synthesis of bis-quinoxaline cavitand 22: In a 10 mL Schlenk tube, calixpyrrole 21 (168 

mg, 0.23 mmol), potassium carbonate (157 mg, 1.13 mmol) and 1,3-

dichloroquinoxaline (113 mg, 0.57 mmol) are placed and dried thoroughly under 

vacuum. Then 3 mL of dry DMF are added under argon and the reaction is stirred at 85 

ºC overnight. The reaction mixture is concentrated and the crude is purified by column 

chromatography (silica gel, dichloromethane) to afford 31 mg (14% yield) of a white 

solid, that can be recrystallized from acetonitrile for further purification. 1H NMR 

(CDCl3/500 MHz) dd, J1 = 3.4Hz, J2 = 6.4Hz, 4H), dd, J1 = 3.4Hz, J2 = 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Chapter 2 

 

-118- 

 

6.4Hz, 4H), 7.61 (bs, 2H), 7.32 (m, 8H), 7.18 (d, J = 7.2Hz, 4H), 7.10 (bs, 2H), 6.02 (t, 

J = 2.0Hz, 4H), 5.80 (d, J = 2.7Hz, 4H), 5.43 (d, J = 2.7Hz, 4H), 1.89 (s, 12H). HRMS-

ESI+ m/z calcd for C64H48N8O4Na (M+Na)+
 1015.3696, found 1015.3680. 

 

Synthesis of bis-pyrazine cavitand 23: In a 10 mL Schlenk tube, calixpyrrole 21 (191 

mg, 0.26 mmol) and potassium carbonate (178 mg, 1.29 mmol) are placed and dried 

thoroughly under vacuum. Then under argon, 3 mL of dry DMF are added. Finally, 2,3-

dichloropyrazine (60 µL, 0.57 mmol) is added in one portion. The reaction is stirred 

under argon at 85 ºC overnight. The reaction mixture is concentrated and the crude is 

purified by column chromatography (silica gel, pure dichloromethane to 

dichloromethane : acetonitrile 97:3) to afford 31 mg (14% yield) of a white solid. 1H 

NMR (CDCl3/500 MHz) (s, 4H), 7.64 (bs, 2H), 7.34 (bs, 2H), 7.15 (dd, J1 = 

7.9Hz, J2 = 2.3Hz, 4H6 (m, 4H)d, J = 7.9Hz, 4H), 5.92 (d, J = 2.6Hz, 4H), 

5.87 (t, J = 2.3Hz, 4H), 5.74 (d, J = 2.6Hz, 4H), 1.84 (s, 12H). HRMS-ESI+ m/z calcd 

for C56H44N8O4Na (M+Na)+
 915.3383, found 915.3369. 

 

Synthesis of tetraimide calixpyrrole cavitand 26: In a 25 mL Schlenk tube are placed 

calixpyrrole 2b (251 mg, 0.18 mmol) and 5,6-dicarboxylic acid imide 25 (180 mg, 0.83 

mmol) and dried under high vacuum. Then, 5 mL of dry DMF are added under argon. 

Finally, distilled and dry triethylamine (0.22 mL, 1.54 mmol) is added in one portion. 

The flask is heated at 82 ºC overnight under argon. The reaction mixture is concentrated 

under reduced pressure. The residue is recrystallized from acetonitrile to remove excess 

25. Flash chromatography (silica gel, dichloromethane : methanol 95:5) afforded a 

brownish solid (29%). 1H NMR (CD2Cl2/500 MHz) 11.29 (s, 4H), 7.91 (bs, 4H), 6.72 

(bs, 8H), 6.02 (bs, 8H), 2.57 (m, 8H), 1.39-0.85 (m). MS-MALDI+ m/z calcd for 

C116H128N16O16 (M)+ 2000.96, found 2001.0. 

 

Synthesis of 5,6-dicarboxylic acid imide 33:  

a) Preparation of hexyl 2-aminoacetate: In a 100 mL round bottomed flask, 

glycine (2.2 g, 29.3 mmol) is dissolved in 60 mL of hexanol. Then, thionyl 

chloride (9.84 mL, 135 mmol) is added slowly. The flask is heated at 70 ºC 
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overnight. The reaction is concentrated under reduced pressure (careful! excess 

thionyl choride). The residue is triturated twice with hexanes to afford a 

yellowish solid. 1H NMR (CDCl3/500 MHz)  8.51 (bs, 2H), 4.19 (bs, 2H), 

4.01 (bs, 2H), 1.65 (bs, 2H), 1.32 (bs, 6H), 0.90 (bs, 3H) HRMS-ESI+ m/z 

calcd for C8H18NO2 160.1337, found 160.1333. 

b) In a 10 mL sealed tube, 5,6-dichloropyrazine-2,3-dicarboxylic acid anhydride7 

(104 mg, 0.47 mmol) is dissolved in 3 mL of acetic anhydride. Then, hexyl 2-

aminoacetate (136 mg, 0.85 mmol) is added and the vial is heated at 120 ºC for 

two hours. The reaction is concentrated under reduced pressure and purified by 

column chromatography to afford 56 mg (33% yield) of product 33. 1H NMR 

(CDCl3/500 MHz) .56 (s, 2H), 4.20 (t, J = 6.9Hz, 2H), 1.66 (m, 2H), 1.31 

(m, 6H), 0.90 (t, J = 6.7Hz, 3H). 13C NMR  

 

 

Synthesis of tetrahexyl imide calixpyrrole cavitand 34: In a 10 mL Schlenk flask, 

calixpyrrole 2a (25.5 mg, 0.032 mmol) and compound 33 (50 mg, 0.139 mmol) are 

dried under high-vacuum for three hours. Then, under argon 1 mL of dry DMF is added. 

Once both solids are completely dissolved, a solution of triethylamine (44 µL, 0.32 

mmol) in 0.3 mL of dry DMF is added dropwise. The reaction is stirred under argon 

overnight. The reaction is concentrated under reduced pressure and the residue is 

purified by flash chromatography (silica gel, dichloromethane to dichloromethane : 

THF 98:2) to afford a yellow solid (8 mg, 13% yield). 1H NMR (CD2Cl2/500 MHz) 

7.32 (t, 4H), 6.03 (bs, 4H), 6.00 (d, 8H), 4.65 (s, 8H), 4.22 (t, 8H), 1.89 (s, 12H), 1.35 

(m), 0.93 (t, 12H). HRMS-MALDI+ m/z calcd for C104H96N16O24 (M)+ 1952.6778, 

found 1952.6851. 
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2.4.3 Experimental section: Figures 

 

Figure 2.24. Selected region of a variable temperature 1H NMR spectra of a solution of 
tetraquinoxaline cavitand 12 in toluene-d8. See Scheme 2.2 for proton assignment. 
 

 

Figure 2.25. Selected region of a variable temperature 1H NMR spectra of a solution of 
tetraquinoxaline cavitand 12 in CD2Cl2. See Scheme 2.2 for proton assignment. 

 

Figure 2.26. 1H NMR spectrum of an equimolar mixture of octanitrile cavitand 10 and 4-
dimethylaminopyridine N-oxide 16 in CDCl3. See Scheme 2.2 and Figure 2.9 for proton 
assignments. 
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Figure 2.27. 1H NMR titration of a solution of tetraquinoxaline cavitand 12 in CDCl3 with 4-
dimethylaminopyridine N-oxide 16 a) 0 eq. b) 0.5 eq. c) 1 eq. d) 1.5 eq. e) free 16. Primed letters 
and numbers indicate protons in the complex. See Scheme 2.2 and Figure 2.9 for proton 
assignments. 

 
Figure 2.28. 1H NMR titration of a solution of tetraquinoxaline cavitand 12 in CDCl3 with 4-
phenylpyridine N-oxide 17 a) 0 eq. b) 0.5 eq. c) 1 eq. d) 1.5 eq. e) free 17. Primed letters and 
numbers indicate protons in the complex. See Scheme 2.2 and Figure 2.9 for proton assignments. 
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Figure 2.29. 1H NMR titration of a solution of tetraquinoxaline cavitand 12 in CDCl3 with 4-(4-
methoxyphenyl)pyridine N-oxide 18 a) 0 eq. b) 0.5 eq. c) 1 eq. d) 1.5 eq. e) free 18. Primed letters 
and numbers indicate protons in the complex. See Scheme 2.2 and Figure 2.9 for proton 
assignments. 

 

Figure 2.30. 1H NMR titration of a solution of tetraquinoxaline cavitand 12 in CDCl3 with 4-(4-
nitrophenyl)pyridine N-oxide 19 a) 0 eq. b) 0.5 eq. c) 1 eq. d) 1.5 eq. e) free 19. Primed letters and 
numbers indicate protons in the complex. See Scheme 2.2 and Figure 2.9 for proton assignments. 
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Figure 2.31. 1H NMR spectrum of an equimolar mixture of octanitrile cavitand 10 and 4-(4-
methoxyphenyl)pyridine N-oxide 18 in CDCl3. See Scheme 2.2 and Figure 2.9 for proton 
assignments. 

 

Figure 2.32. 1H NMR spectrum of a mixture of octanitrile cavitand 10 and 4-(4-
nitrophenyl)pyridine N-oxide 19 in CDCl3. * Protons for free cavitand 10. See Scheme 2.2 and 
Figure 2.9 for proton assignments. 

 

Figure 2.33. 1H NMR spectrum of a mixture of tetrapyrazine cavitand 14 and 4-(4-
methoxyphenyl)pyridine N-oxide 18 in CDCl3. * Proton signals for free 18. See Scheme 2.2 and 
Figure 2.9 for proton assignments. 

 

Figure 2.34. 1H NMR spectrum of an equimolar mixture of tetrapyrazine cavitand 14 and 4-(4-
nitrophenyl)pyridine N-oxide 19 in CDCl3. See Scheme 2.2 and Figure 2.9 for proton 
assignments. 
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Figure 2.35. 1H NMR spectrum of an equimolar mixture of tetramethylene bridged cavitand 15 
and 4-(4-methoxyphenyl)pyridine N-oxide 18 in CDCl3. See Scheme 2.2, Figure 2.6 and Figure 
2.9 for proton assignments. 

 

Figure 2.36. Selected region of a-c) variable temperature 1H NMR spectra of an equimolar 
mixture of tetraquinoxaline cavitand 12 and 4-phenylpyridine N-oxide 17 in tetrachloroethane-d2 
and d) 1H NMR of free 17 in tetrachloroethane-d2 at 298 K. See Scheme 2.2 and Figure 2.9 for 
proton assignments. 

 

Figure 2.37. Selected region of a-c) variable temperature 1H NMR spectra of an equimolar 
mixture of tetraquinoxaline cavitand 12 and 4-methoxy(4-phenyl)pyridine N-oxide 18 in 
tetrachloroethane-d2 and d) 1H NMR of free 18 in tetrachloroethane-d2 at 298 K. See Scheme 2.2 
and Figure 2.9 for proton assignments. 
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Figure 2.38. Selected region of a-b) variable temperature 1H NMR spectra of a mixture of 
tetraquinoxaline cavitand 12 and 4-nitro(4-phenyl)pyridine N-oxide 19 in tetrachloroethane-d2 
and c) 1H NMR of free 19 in tetrachloroethane-d2 at 298 K. See Scheme 2.2 and Figure 2.9 for 
proton assignments. 

 

Figure 2.39. Selected region of variable temperature 1H NMR spectra of an equimolar mixture of 
tetrapyrazine cavitand 14 and 4-methoxy(4-phenyl)pyridine N-oxide 18 in tetrachloroethane-d2. 
See Scheme 2.2 and Figure 2.9 for proton assignments. 

 

 

Figure 2.40. 1H NMR spectrum of an equimolar mixture of tetraquinoxaline cavitand 12, 4-
phenylpyridine N-oxide 17 and 4-methoxy(4-phenyl)pyridine N-oxide 18 in CDCl3.  
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Figure 2.41. 1H NMR spectrum of an equimolar mixture of tetraquinoxaline cavitand 12¸ 
octanitrile cavitand 10 and 4-methoxy(4-phenyl)pyridine N-oxide 18 in CDCl3.  

 

Figure 2.42. DOSY NMR of a CDCl3 solution of tetraquinoxaline cavitand 12 and 4-
phenylpyridine N-oxide 17 in a 2:1 ratio. The complex 1712 and free cavitand 12 have similar 
diffusion coefficients ruling out the possibility of dimerization of free 12 in solution.  

DFree = 5.3 ± 0.1 × 10-10 m2/s  

DComplex = 5.2 ± 0.1 m2/s  

The calculated hydrodynamic radii (Stokes radius) are in both cases approximately 7.6 Å 
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Figure 2.43. Left. Normalized integration heat vs molar ratio obtained in the ITC experiment of a 
CHCl3 solution of tetraquinoxaline cavitand 12 with 4-phenylpyridine N-oxide 17. Fit to the 
theoretical binding isotherm (red line) using a binding model that considers that initially the DMF 
solvate is not quantitatively in solution. Right. Speciation diagram. The mathematical analysis of 
the titration data was performed using HypDH software. The fit estimates that in solution there 
are approximately 15-18% of the binding sites with not a DMF molecule. After extensive drying 
of the host, the fit of the ITC experiment reveals that in solution there are approximately 7% of 
the binding sites with not a DMF molecule. 

 

Figure 2.44. Left. Normalized integration heat vs molar ratio obtained in the ITC experiment of a 
CHCl3 solution of octanitrile cavitand 10 with 4-phenylpyridine N-oxide 17. Fit to the theoretical 
binding isotherm (red line) using a binding model that considers that initially the DMF solvate is 
not quantitatively in solution. Right. Speciation diagram. The mathematical analysis of the 
titration data was performed using HypDH software. The fit estimates that in solution there are 
approximately 35% of the binding sites with not a DMF molecule.  
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Figure 2.45. Variable temperature 1H NMR of a CDCl3 solution of bis-quinoxaline cavitand 22. 
See Scheme 2.5 for proton assignment. 

 

Figure 2.46. 1H NMR titration of a CDCl3 solution of bis-quinoxaline cavitand 22 with 4-
methoxy(4-phenyl)pyridine N-oxide 18 a) 0 eq. b) 0.5 eq. c) 1 eq. d) 2 eq. Primed letters and 
numbers indicate protons in the complex. See Scheme 2.5 and Figure 2.9 for proton assignment. 
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Figure 2.47. Variable temperature 1H NMR of an equimolar mixture of bis-quinoxaline cavitand 
22 and 4-methoxy(4-phenyl)pyridine N-oxide 18 in tetrachloroethane-d2. See Scheme 2.5 and 
Figure 2.9 for proton assignment. 

 

Figure 2.48. 1H NMR spectrum of an equimolar CDCl3 solution of bis-pyrazine cavitand 23 and 
4-methoxy(4-phenyl)pyridine N-oxide 18. See Scheme 2.5 and Figure 2.9 for proton assignment. 
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3.1 Introduction 

Self-assembled molecular capsules based on hydrogen bonding interactions are a well-

known class of synthetic molecular containers.1,2,3,4,5 They enclose small spaces in 

which molecules are confined, contiguously enclosed and completely isolated from the 

bulk solvent. However, the extensive use of aromatic panels in the scaffolds of the 

capsule’s components challenges the inclusion of polar groups that can be presented on 

the encapsulated guests.6,7,8,9,10 Consequently, the interiors of most hydrogen bonded 

capsules do not have polar binding sites and are simply size11 and shape12 

complementary to one or multiple encapsulated neutral guests that usually lack polar 

functional groups. By the same token, the attractive interactions that exist between the 

encapsulated guests and the container’s walls are weak.13 This allows the former to 

rotate,14 tumble15,16 or even exchange positions17 within the limited space provided by 

the latter at rates that are usually fast on the NMR timescale. When steric effects restrict 

some of the guests’ motions, the non-ordered nature of the encapsulation complexes is 

revealed by NMR spectroscopy. In fact, the emergence of social15 and constellational18 

isomers in encapsulation complexes of multiple guests resulted from the absence of 

directional interactions in the capsule’s interior. 

In contrast, biological receptors contain a mixture of polar and hydrophobic residues 

converging in their binding sites. The formation of ordered encapsulation complexes 

and the encapsulation of polar guests require the inclusion of polar functions in the 

cavity of the container.19 This approach has the added benefit to increase the selectivity 

and thermodynamic stability of the formed capsular aggregates. The decoration of the 

internal cavities of molecular containers with polar groups has been achieved to a 

reasonable extent for receptors having a purely covalent structure.13 On the contrary, the 

decoration of the interior of hydrogen-bonded supramolecular containers with polar 

groups is still in its infancy.20 
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Figure 3.1. Line-drawing structures of tetraurea calix[4]pyrrole receptor 1, N-oxides 2, 3 and 5, 
the P-oxide 4, model systems 9-11, betaines 12 and 13 and the tetraalkylammonium salts 6-8 
employed as guests. 
 

Few years ago, we described that in CDCl3 solution the tetraurea aryl-extended 

calix[4]pyrrole 1 dimerizes by encapsulating one molecule of 4,4’-bipyridine-N,N’-

dioxide 2 to yield the capsular assembly 212 stabilized by a cyclic array of 16 

hydrogen bonds (Figure 3.2a).21 The dimeric capsule 12 featured a polar interior and 

established multiple directional interactions (hydrogen bonds) with the encapsulated 

guest. Later on, we demonstrated the pairwise encapsulation of trimethylamine N-oxide 

3 (Figure 3.2b) and trimethylphosphine oxide 4 in the same dimeric molecular container 

12.
10 The inclusion of polar functions in the cavity of 12 was also responsible for the 

selective binding of 3 and the formation of ordered homo- and hetero-encapsulation 

complexes, 3·312 and 3·412, respectively. 

In non-polar solvents, calix[4]pyrroles are known to function as heteroditopic receptors 

for ion-pairs.22,23 The calix[4]pyrrole unit binds anions by establishing four convergent 

hydrogen bonds with the pyrrole NHs. Upon anion binding, the calix[4]pyrrole core 

adopts the cone conformation creating a shallow aromatic cavity opposite to the bound 

anion. The π-surfaces that shape this cavity are electron-rich making it an ideal site for 

the recognition of cations that are size and shape complementary.24 On the other hand, 

the hydrogen bond donor properties of the NHs in the syn-syn form of the urea group 

have been extensively exploited for the recognition of anions.25 Accordingly, tetraurea 

calix[4]pyrrole 1 bearing two different binding sites for anions and one binding site for 

cations undoubtedly qualifies as a multitopic ion-pair receptor.26,27  
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Figure 3.2. Energy-minimized (MM3) structures of dimeric tetraurea calix[4]pyrrole capsules a) 
212 and b) 3·312. 

In this work, we describe the stoichiometrically controlled self-sorting process of 

tetraurea calix[4]pyrrole 1 with a polar neutral guest, trimethylamine N-oxide 3 or beta-

alanine betaine 12, and methyltrioctylammonium chloride salt (MTOACl, 6), in two 

diverse supramolecular architectures differing in morphology and stoichiometry. On the 

one hand, we observed that 1 dimerized by co-encapsulating the chloride anion and the 

polar guest to afford a five particle capsular assembly (Cl¯·polar guest)12·MTOA+ 

when a 2:1:1 molar ratio of the components (tetraurea 1, polar guest, MTOACl) was 

used. On the other hand, a mixture of the components in 1:1:1 molar ratio produced 

exclusively a four particle inclusion complex, polar guest1·MTOACl. It is worth 

noting that in the capsular assembly (Cl¯·polar guest)12·MTOA+ the encapsulated 

guests were ordered and oriented using directional interactions and no exchange of 

positions was detected on the EXSY timescale. 
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3.2 Results and discussion 

3.2.1 Formation of a four-particle assembly between tetraurea 1, pyridine N-

oxide and ion-pairs 

The 1H NMR spectrum of tetraurea 1 in non-polar solvents like CDCl3 or CD2Cl2 

showed broad and ill-resolved signals. This is the result of aggregation phenomena 

induced by intermolecular hydrogen bonding interactions between urea groups. 

Molecular modeling studies (MM3) assigned a packing coefficient value of 50% to the 

pairwise encapsulation complex of pyridine N-oxide 5 in the hydrogen-bonded capsule, 

(5·5)12. We calculated a similar packing coefficient for the encapsulation of the 

capsular assembly 212.
21 Surprisingly to us, the addition of an equimolar amount of 

pyridine N-oxide 5 to CDCl3 or CD2Cl2 suspensions of tetraurea 1 produced the 

formation of a white precipitate.28 We hypothesized that pyridine N-oxide 5 was indeed 

included in the deep aromatic cavity of tetraurea 1 but the resulting 51 complex did 

not dimerize to form the expected (5·5)12 capsular assembly. Instead, the initially 

formed 51 complex experienced a strong aggregation process, probably mediated by 

hydrogen bonding interactions between their urea groups, yielding polymeric aggregates 

that precipitated out of solution. Inspired by the concept of tuning sol-gel properties of 

urea derivatives by anion binding,29 we considered the use of a tetraalkylammonium 

chloride salt to disrupt the urea-urea hydrogen bonding interactions and redissolve the 

white precipitate. The addition of one equivalent of a tetraalkylammonium chloride salt 

(MTOACl, 6 or TBACl, 7) to the liquid samples (CD2Cl2 or CDCl3 solvents) containing 

the white precipitate produced, after shaking the mixture for several minutes, a 

transparent solution. The 1H NMR spectrum of the solution showed sharp proton signals 

indicative of the formation of a well-defined assembly with C4v symmetry (Figure 3.3). 

All proton signals were easily assigned using 2D NMR experiments. The pyrrolic NH 

protons (Hc) of 1 resonated downfield shifted ( = 10.29 ppm). In contrast, the protons 

alpha and meta with respect to the nitrogen atom of the bound pyridine N-oxide 5 

moved upfield (H1, Δ = -3.7 ppm and H2, Δ = -0.45 ppm) with respect to the 

corresponding signals in free 5. Taking together, these observations indicated the 
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inclusion of 5 in the deep aromatic cavity of the cone conformation of 1. The inclusion 

process was driven by the formation of four hydrogen bonds between the oxygen atom 

of the N-oxide 5 and the pyrrole NHs of 1. However, the location and binding geometry 

of the ammonium chloride salt (ion-pair) in the formed aggregate remained to be 

clarified. In the specific case of MTOACl 6, we noticed that the N-methyl group of the 

organic cation appeared at  = 0.74 ppm (Δ = -2.6 ppm). This intense upfield shift 

supported its inclusion in the shallow π-cavity offered by the cone conformation of 1, 

opposite to the included N-oxide 5.30  

 

Figure 3.3. 1H NMR spectrum of a CD2Cl2 equimolar solution of tetraurea 1, pyridine N-oxide 
and MTOACl (6). See Figure 3.1 for proton assignment. *Residual water. 

The intermolecular close-contact cross peaks observed in a 2D ROESY experiment of 

the aggregate, between the methyl and methylene protons alpha to the nitrogen atom in 

the MTOA cation with the beta-pyrrolic protons of 1 Hd were in complete agreement 

with the placement of the MTOA cation. In non-polar solvents, like CDCl3 and CD2Cl2, 

and at the millimolar concentrations used to perform the 1H NMR experiments, chloride 

alkylammonium salts are not significantly dissociated.31 For this reason the formed 

aggregate involving the MTOA cation must also be ion-paired. We observed that the 

signals corresponding to the NHs of the urea groups (Hg, Hh) in the formed aggregate 

appeared downfield shifted compared to the signals in the free mono-urea reference 

compound 9. This observation indicated their involvement in hydrogen bonding 
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interactions. We located the bound chloride anion hydrogen-bonded to the urea groups 

at the upper rim of the aryl extended tetraurea calix[4]pyrrole 1. The C4v symmetry of 

the aggregate indicated a fast chemical exchange between free and bound urea arms on 

the NMR timescale. Based on the integration values of selected proton signals, we 

assigned a 1:1:1 stoichiometry to the aggregate. The morphology of the aggregate 

51·MTOA+·Cl¯ is that of an inclusion complex displaying a receptor separated 

binding geometry for the ion-pair. The use of other alkyl ammonium salts i.e. TBACl 

(7), MTOABr (8) produced identical results. Conversely, TBAPF6 comprising a non-

hydrogen bonding competitive anion was not effective in dissolving the precipitate. In 

short, the cation effect is not perceptible in the formation of the 1:1:1 complex from the 

precipitate but the use of hydrogen bonding competitive anions is required in order to 

disrupt the aggregation between urea groups. A DOSY NMR experiment performed on 

a CDCl3 equimolar solution of tetraurea 1, pyridine N-oxide 5 and MTOACl 6 provides 

an equal diffusion coefficient value (4.3  0.1  10-10 m2s-1) for the three counterparts 

that is significantly smaller than for the free counterparts. This observation supported 

the involvement of 1, 5 and 6 in a larger but unique aggregate. The binding geometry 

for the four particle aggregate 51·MTOA+·Cl¯ proposed in solution was fully 

supported by the X-ray diffraction analysis of a single crystal grown from chloroform. 

The crystal structure showed the pyridine N-oxide 5 hydrogen-bonded and deep 

included in the calix[4]pyrrole cavity (Figure 3.4). The N-methyl group of the MTOA 

cation is comprised in the shallow electron-rich cup provided by the calixpyrrole cone 

conformation. Three of the four urea groups are oriented in the same sense of rotation 

and the chloride is bound to two adjacent urea groups oriented in opposite sense of 

rotation by means of the formation of four hydrogen bonds. 
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Figure 3.4. X-ray structure of the 51·MTOA+·Cl¯ complex. See Figure 3.1 for proton 
assignment. Octyl substituents of MTOA cation were truncated to ethyl groups for clarity. 
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3.2.2 Assessment of the binding affinities of urea and calix[4]pyrrole units 

towards pyridine N-oxides and tetraalkylammonium chloride salts 

We selected N-benzyl-N’-phenyl urea 9 and the ,,,-tetraphenyl calix[4]pyrrole 10 

as model systems for assessing the binding affinities of pyridine N-oxide 5,32 MTOACl 

6 and TBACl 7, in CDCl3 solution towards the two different hydrogen bonding sites 

present in the multitopic receptor 1.  

Using 1H NMR titration experiments we calculated the values of the binding constants 

for the 1:1 complexes formed between the urea 9 and the three guests. The affinity of 

the calix[4]pyrrole 10 for TBACl was also determined using NMR spectroscopy. In 

contrast, the accurate determination of the large binding constant values for the 1:1 

complexes of the calix[4]pyrrole 10 with the pyridine N-oxide 11 and MTOACl 6 

required isothermal calorimetry titration (ITC) experiments. The calculated binding 

constants values are summarized in Table 3.1. 

 Guests

Host 11 6 7 

9 30a 800a 800a 

10 1x106 b 2800b 20a 

Table 3.1. Association constant values (M-1) determined for the 1:1 complexes of urea 9 and 
calix[4]pyrrole 10 with N-oxide 11, and the tetraalkylammonium chloride salts 6 (MTOACl) and 
7 (TBACl). a 1H NMR titration. b ITC experiment.  
 

The relative order of interactions’ strengths measured for the 1:1 complexes of the 

model receptors 9 and 10 with N-oxide 11, and MTOACl 6 (Table 3.1) was in complete 

agreement with the binding geometry present in the 51·MTOA+·Cl¯ complex: (a) 

preferential inclusion of the pyridine N-oxide 5 in the deep aromatic cavity of the 

calix[4]pyrrole 1 and (b) higher affinity of the chloride ion-pairs (MTOACl) for the urea 

groups. The high selectivity in binding MTOACl, in comparison to TBACl, displayed 

by calix[4]pyrrole 10 derived from the known heteroditopic nature of this type of 

receptors24,33,22 for ion-pair binding. Conversely, urea 9 being a monotopic anion 

receptor exclusively recognized the chloride and did not show any sign of selectivity in 

the binding of MTOACl 6 vs TBACl 7. 
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3.2.3 Assembly of a dimeric capsule of tetraurea 1 induced by co-encapsulation 

of trimethylamine N-oxide and chloride 

The addition of 1 equiv. of MTOACl to a CDCl3 suspension of tetraurea 1 produced a 

transparent solution, but contrary to our expectation it did not induce the formation of a 

capsular aggregate i.e. (Cl¯·Cl¯)12·(MTOA+)2. The observation of broad signals in the 
1H NMR spectrum of the mixture hinted to the formation of stoichiometrically ill-

defined aggregates. This negative result prompted us to study the dimerization of 1 

induced by co-encapsulation of a suitable N-oxide and the chloride anion. Recently, we 

reported the quantitative pairwise encapsulation of trimethylamine N-oxide 3 yielding a 

capsular assembly (3·3)12.
10 Thus, we decided to investigate the use of trimethylamine 

N-oxide 3 as co-encapsulation guest with chloride in the polar cavity of the 12 capsule. 

We expected that a capsular assembly of the type (N-oxide·Cl¯)12·MTOA+ would 

allow the fine tuning of the cavity filling and also eliminating the plausible electrostatic 

repulsion between two negatively charged encapsulated guests. We considered that the 

preferential assembly of the (N-oxide·Cl¯)12·MTOA+ encapsulation complex would 

require working under strict stoichiometric control of the components. 

The 1H NMR spectrum (Figure 3.5) of an equimolar CDCl3 solution of 3 and MTOACl 

containing 2 equiv. of tetraurea 1 revealed the presence of sharp and well resolved 

signals that did not coincide with those of the encapsulation complex (3·3)12. We 

observed two different signals for the hydrogen-bonded pyrrole NH protons of bound 1. 

This was indicative of complexation of 1 with two different guests. Both pyrrole NH 

signals were downfield shifted ( = 11.96 and 10.85 ppm) compared to the singlet ( = 

10.29 ppm) detected for the same protons in the inclusion complex 51·MTOA+·Cl¯, 

obtained using pyridine N-oxide 5 instead of trimethylamine N-oxide 3. In addition, the 

benzylic protons Hi of bound 1 split into non equivalent signals. Two different sharp 

signals ( = 7.87 and 7.60 ppm) were also visible for the NHs of the urea alpha to meso-

phenyl groups of 1 (Hg). The chemical shift values of these NHs suggested their 

involvement in hydrogen bonding interactions. The methyl groups of 3 resonated 

upfield shifted at  = 0.90 ppm and positioned the N-oxide deep included in the 
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aromatic cavity of 1. Taken together, these observations hinted to the formation of a 

capsular dimeric assembly (3·Cl¯)12·MTOA+.  

 

Figure 3.5. 1H NMR spectrum of a CDCl3 solution of tetraurea 1, trimethylamine N-oxide and 
MTOACl in a 2:1:1 molar ratio. See Figure 3.1 and Figure 3.3 for proton assignment. *Residual 
water. 

The co-encapsulation of two different guests produced the desymmetrization of the 

capsular assembly 12 and rendered the two hemispheres chemically non-equivalent. 

Another independent element of asymmetry present in the (3·Cl¯)12·MTOA+ capsular 

assembly derived from the unidirectional orientation of the urea groups that was 

kinetically stable on the 1H NMR timescale. This provoked the existence of the capsular 

aggregate (3·Cl¯)12·MTOA+ as a pair of enantiomers. The latter asymmetry was 

expressed by the observation of resolved non equivalent signals for some of the 

aromatic protons in 12. Other non equivalent protons appeared as broad signals. Because 

the two hemispheres in (3·Cl¯)12·MTOA+ are chemically non-equivalent a total of 

eight non equivalent signals can be expected for the meso-phenyl protons Ha and Hb and 

four for the benzylic protons Hi. Nevertheless, proton signal overlapping and 

broadening hampered the observation of separate signals for the eight protons. The 

number of proton signals observed for the capsule was in agreement with a C4 

symmetry, in contrast to the C4v symmetry determined for the inclusion complex 

51·MTOA+·Cl¯. 

The N-methyl group of the co-bound MTOA cation resonated as a broad singlet at  = 

0.38 ppm testifying its inclusion in the exo cavity defined by the four pyrrole rings 

opposite to the bound chloride. A ROESY experiment provided additional evidence for 

the capsule formation. We observed cross-peaks due to close spatial proximity between 
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the methyl protons of encapsulated 3 and the pyrrole NH protons resonating at  = 

10.85 ppm. This allowed the assignment of the pyrrole NH protons appearing at  = 

11.96 ppm to the ones forming hydrogen bonds with the encapsulated chloride. It is 

worth noting that we did not observe any chemical exchange cross-peak between the 

pyrrole NH protons of the two hemispheres. This observation suggested that the 

exchange of positions of the encapsulated guests was slow on the EXSY timescale. 

The calculation of the packing coefficient for the assembly (3·Cl¯)12·MTOA+ capsule 

provided a value of 39%. Most likely, a molecule of solvent is co-encapsulated with the 

two guests to achieve a packing coefficient closer to the optimum value of 55%. Indeed, 

the recalculation of the packing coefficient value considering the co-encapsulation of 

the three guests, 3, Cl¯ and CDCl3 returned a value of 58% (Figure 3.6a). The triple 

encapsulation was also implied by differences in the proton signals of the 1H NMR 

spectra of the capsular aggregates (3·Cl¯)12·MTOA+ registered in CDCl3 or CD2Cl2 

solutions that cannot be explained by a simple change in solvent.  

A 1D-GOESY NMR experiment performed at 253 K using a non-deuterated CHCl3 

solution of tetraurea 1, trimethylamine N-oxide 3 and MTOACl in 2:1:1 molar ratio 

revealed a proton signal at  = 6.60 ppm involved in a slow chemical exchange process 

with the bulk solvent. We assigned this signal to the proton of the molecule of 

chloroform that was co-encapsulated. The proton of the encapsulated CHCl3 molecule 

showed a reduced upfield shift ( = - 0.66 ppm) compared to that experienced ( = - 

3.90 ppm) in its encapsulation by a tetraurea calix[4]pyrrole/tetraurea calix[4]arene 

mechanically locked capsule.34 Nucleus independent chemical shifts (NICS) 

calculations in related molecular capsules based on resorcin[4]arene scaffolds showed 

that the magnetic shielding caused by the aromatic rings had a minimum effect in the 

middle region surrounded by the seam of hydrogen bonds.35,36 All together, these results 

indicate the co-encapsulation of three different guest in the capsular assembly of 12 

producing a single constellational isomer18 owing to the directional interactions present 

in the cavity. The two polar guests, N-oxide 3 and chloride, occupied the polar ends of 

the container with the CHCl3 molecule was sandwiched between them. Previous 

example of constellational encapsulation isomers of dimeric capsules were always 

produced as mixtures of isomers.37 
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Figure 3.6. Energy-minimized (MM3) structures of a) capsular assembly (3·Cl¯)12·MTOA+ b) 
31·MTOA+·Cl¯. MTOA cation has been depicted as tetramethylammonium (TMA) for 
simplicity.  

Disappointingly, the 1H NMR spectra of CDCl3 or CD2Cl2 solutions of tetraurea 1, 

pyridine N-oxide 5, and MTOACl also in a 2:1:1 molar ratio showed sharp proton 

signals corresponding to the 1:1:1 51·MTOA+·Cl¯ complex. Additional broad signals 

were also visible in the spectra of the mixture that were assigned to tetraurea 1 forming 

oligomeric aggregates.38 Most likely, the (5·Cl¯)12·MTOA+ capsular assembly is not 

formed in solution due to a low packing coefficient. In silico, the co-encapsulation of a 

solvent molecule with the two guests 5 and chloride disrupted the capsular structure.  

The gratifying results obtained with N-oxide 3, stimulated us to assess the self-assembly 

properties of the system using a 1:1:1 molar ratio of trimethylamine N-oxide 3, tetraurea 

1, and MTOACl. The analysis of the equimolar mixture using 1H NMR spectroscopy 

(Figure 3.7) revealed the presence of a main set of proton signals for bound tetraurea 1 

that were almost coincident with those observed for the 51·MTOA+·Cl¯ complex. A 

minor set of proton signals corresponding to the capsular assembly (3·Cl¯)12·MTOA+ 

were still visible. 
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Figure 3.7. 1H NMR spectrum of an equimolar CDCl3 solution of tetraurea 1, trimethylamine N-
oxide and MTOACl. See Figure 3.1 and Figure 3.3 for proton assignment.  

In short, the system self-sorted in the almost exclusive formation of the inclusion 

complex 31·MTOA+·Cl¯ in response to the equimolar mixture of components (Figure 

3.6b). Notably, the methyl protons for bound 3 in the 31·MTOA+·Cl¯ complex 

resonate upfield shifted at  = 0.75 ppm. This chemical shift value was markedly 

different from that observed for the same methyl protons of bound 3 in the capsular 

assemblies (3·Cl¯)12·MTOA+ (δ = 0.90 ppm) and (3·3)12 (δ = 0.54 ppm) and 

provided support to the different magnetic environment. The diffusion coefficient 

values calculated for the two species, capsular assembly (3·Cl¯)12·MTOA+ (3.7  0.1 

 10-10 m2s-1) and inclusion complex 31·MTOA+·Cl¯ (4.0  0.1  10-10 m2s-1), by 

performing DOSY experiments on CDCl3 solutions of tetraurea 1, trimethylamine N-

oxide and MTOACl with molar ratios of 2:1:1 and 1:1:1, respectively, were in complete 

agreement with their difference in size (Table 3.2).  

The change of MTOACl by TBACl eliminated the observed stoichiometric control of 

the self-assembly process. On the one hand, the equimolar mixture of trimethylamine N-

oxide 3, tetraurea 1, and TBACl produced the exclusive formation of the 

31·TBA+·Cl¯ complex. On the other hand, working under strict stoichiometric control 

(2:1:1 molar ratio) for obtaining the (3·Cl¯)12·TBA+ capsular aggregate, we observed 

the presence of the encapsulation complex (3·3)12 in combination with other 

unassigned aggregates. In summary, while the cation of the chloride salt played an 

insignificant role in the formation of the four particle inclusion complexes, it was a key 

element in the assembly of the six particle (3·Cl¯)12·MTOA+ encapsulation complex.  
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Probably, the MTOACl is preferentially bound by tetraurea 1 in a host separated ion-

pair geometry, Cl¯1·MTOA+, with the chloride included in the aromatic cavity of the 

calix[4]pyrrole and the N-methyl group of the co-bound cation located in the shallow 

aromatic cavity opposite to the bound anion. In this binding geometry, the urea arms of 

1 in Cl¯1·MTOA+ are available to engage in hydrogen bonding interactions with their 

counterparts in the N-oxide inclusion complex, 31. The net results being the assembly 

of the encapsulation complex (3·Cl¯)12·MTOA+ as the almost exclusive species in 

solution. 

Conversely, TBACl is better bound by tetraurea 1 in a close-contact binding geometry, 

1·TBACl, by establishing hydrogen bonding interactions between the chloride and the 

urea groups (Table 3.1). That is, a direct competition for hydrogen bonding with the 

urea arms in 1 exists between the chloride in TBACl and the urea groups of the 31 

complex. For this reason and to a certain extent the dimerization of the 31 complex 

yielding the encapsulation complex (3·3)12 competes with the oligomerization of 

1·TBACl. The result of the equilibria produced no detectable signals for the 

encapsulation complex (3·Cl¯)12·TBA+.39 
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3.2.4 Assembly of dimeric capsules of tetraurea 1 induced by co-encapsulation 

of betaines and chloride 

We reasoned that certain betaines could also be appropriate co-encapsulation guests 

with chloride in the dimeric capsule 12. Specifically, the beta-alanine betaine 12 was a 

nice fit with respect to size, shape and chemical surface to the inner space of the capsule 

that was left after chloride encapsulation. Calix[4]pyrroles are known to be good 

receptors for carboxylates.40,41 The carboxylate group of 12 can establish hydrogen 

bonds with the endo-directed pyrrole NHs and the trimethylammonium knob form 

favorable coulombic interactions with the co-encapsulated chloride anion. We 

calculated a packing coefficient value for the encapsulation complex 

(12·Cl¯)12·MTOA+ of 55%. 

A CDCl3 solution of tetraurea 1, betaine 12 and MTOACl in a 2:1:1 molar ratio 

produced a 1H NMR spectrum with diagnostic signals of the formation of encapsulation 

complex (12·Cl¯)12·MTOA+ (Figure 3.8).  

 

Figure 3.8. 1H NMR spectrum of a CDCl3 solution of tetraurea 1, betaine 12 and MTOACl in a 
2:1:1 molar ratio. Primed letters indicate diastereotopic protons. Letters marked with asterisk 
indicate protons for different hemispheres. See Figure 3.1 and Figure 3.3 for proton assignment.  

The pyrrolic NHs in the new capsular assembly resonated as two separated signals at  

= 11.37 and 11.27 ppm in agreement with the existence of two chemically non-

equivalent hemispheres. In comparison to the co-encapsulation of chloride with 

trimethylamine N-oxide 3 in (3·Cl¯)12·MTOA+, one of the NHs moved upfield and 

the other downfield (Table 3.2). This observation indicated that the carboxylate group of 

12 formed stronger hydrogen bonds with the endo-calix[4]pyrrole binding sites than the 
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oxygen atom of the N-oxide 3. On the contrary, the chloride being also involved in 

electrostatic interactions with the nearby trimethylammonium group of 12 established 

weakened hydrogen bonds with the calix[4]pyrrole in the opposed hemisphere of the 

(12·Cl¯)12·MTOA+ capsule. We also observed separated signals for the urea NHs 

alpha to the meso-phenyl groups (Hg) in the two hemispheres that are involved in the 

belt of hydrogen bonds holding together the two hemispheres. In analogy to the capsular 

assembly (3·Cl¯)12·MTOA+, the unidirectional orientation of the urea groups of the 

(12·Cl¯)12·MTOA+ was expressed by the observation of non equivalent signals for the 

benzylic groups (Hi) and meso-phenyl protons (Ha, Hb) of the two non-chemically 

equivalent hemispheres. In particular, the meso-phenyl protons (Ha, Hb) appeared as 

broad humps spread throughout an aromatic region 1 ppm wide. 

 

Figure 3.9. Energy-minimized (MM3) structures of a) capsular assembly (12·Cl¯)12·MTOA+ b) 
121·MTOA+·Cl¯. MTOA cation has depicted as tetramethylammonium (TMA) for simplicity.  

A 2D ROESY experiment allowed the assignment of the signals for the two methylene 

protons of encapsulated 12 that appeared at  = - 0.06 ppm ( = -2.63 ppm, alpha to 

the carboxylate) and  = 1.43 ppm ( = -2.21 ppm alpha to the trimethylammonium). 

The protons of the trimethylalkylammonium group resonated at  = 1.47 ppm ( = -
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1.64 ppm) and showed intermolecular NOEs with protons in the meso-phenyls (Ha, Hb) 

and urea groups of the calix[4]pyrrole units. All together, these observations supported 

the co-encapsulation of 12 and chloride in 12 (Figure 3.9a). The N-methyl group of the 

MTOA co-bound cation resonated at  = 0.34 ppm and was located in the base of the 

calix[4]pyrrole unit opposite to the encapsulated chloride. A DOSY NMR experiment 

performed on a CDCl3 solution of tetraurea 1, betaine 12 and MTOACl in a 2:1:1 molar 

ratio provides a diffusion coefficient value of 3.4  0.1  10-10 m2s-1, which is in total 

agreement with that measured for the capsular assembly (3·Cl¯)12·MTOA+. 

Substitution of MTOACl by TBACl produced the corresponding encapsulation 

assembly (12·Cl¯)12·TBA+ in a minimum extent. The 1H NMR spectrum of the 

mixture displayed a set of intense signals assigned to ill-defined aggregates. This result 

reinforced the importance of the MTOA co-bound cation producing a host separated 

binding geometry of the initially formed Cl¯1·MTOA+ complex and reducing the 

hydrogen-bonding competition of the chloride for the urea arms, which constituted a 

detrimental process for the assembly of capsular aggregates. As could be expected, an 

equimolar solution of betaine 12, tetraurea 1 and MTOACl produced a 1H NMR 

spectrum showing sharp and well-resolved signals that were in agreement with the 

formation of the 1:1:1 inclusion complex 121·MTOA+·Cl¯ (Figure 3.10). The 

inclusion of the betaine 12 in the aromatic cavity of 1 was supported by the downfield 

shift of the pyrrolic NHs (δ = 11.23 ppm) and the upfield signals observed for the 

protons of the bound guest. The trimethylalkylammonium group resonated at  = 2.19 

ppm ( = -0.93 ppm), significantly less upfield shifted than in the capsular assembly 

(12·Cl¯)12·MTOA+ and in agreement with the formation of the inclusion complex 

121·MTOA+·Cl¯ (Figure 3.9b, Table 3.2). The methylene protons alpha to the 

carboxylate resonate at  = 0.01 ppm whereas the methylene protons alpha to the 

ammonium knob resonate at  = 2.35 ppm, also less upfield shifted than in the capsular 

assembly (Table 3.2). The placement of the MTOA cation at the shallow cavity of the 

calixpyrrole was evidenced by the chemical shift of the N-methyl protons (δ = 0.33 

ppm). 
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Figure 3.10. 1H NMR spectrum of an equimolar CDCl3 solution of tetraurea 1, betaine 12 and 
MTOACl. See Figure 3.1, Figure 3.3 and Figure 3.8 for proton assignment.  
  

A DOSY NMR experiment performed on a CDCl3 solution of tetraurea 1, betaine 12 

and MTOACl in equimolar molar ratio provides a diffusion coefficient value of 4.1  

0.1  10-10 m2s-1, which was fully consistent with the formation of the 

121·MTOA+·Cl¯ complex based on the previous values determined for related 

aggregates in this work. These results demonstrated that the self-assembly process of 

the chemical system constituted by betaine 12, tetraurea 1 and MTOACl is also 

responsive to stoichiometric control.  

Gratifyingly, the combination of tetraurea 1, betaine 12 and MTOABr in a 2:1:1 molar 

ratio also produces the formation of the dimeric capsular assembly 

(12·Br¯)12·MTOA, in which the betaine and bromide are co-encapsulated. However, 

the higher packing coefficient (58%) for the complex reduces its stability and also 

proton signals for the four-particle 1:1:1 complex 121·MTOA+·Br¯ can be observed 

as a minor species. 

 

N,N,N-trimethyl glycine 13, a.k.a. glycine betaine, has only one methylene carbon as 

linker between its charged carboxylate and trimethyl ammonium groups. The calculated 

packing coefficient value for the capsular assembly (13·Cl¯)12·MTOA+ was 53% 

indicating a reduced size complementarity for the co-encapsulation of 13, instead of 12, 

with chloride. In agreement with this calculation, the 1H NMR spectrum of a solution 

containing a mixture of tetraurea 1, betaine 13 and MTOACl in a 2:1:1 molar ratio was 
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composed of signals for the capsular assembly (13·Cl¯)12·MTOA+ and the inclusion 

complex 131·MTOA+·Cl¯. By integrating selected proton signals in each one of the 

two aggregates we determined that they were present in solution in a ratio close to 1:1.  

 

Figure 3.11. Pseudo-2D DOSY plot NMR spectra of a CD2Cl2 solution of an equimolar mixture 
of tetraurea 1, pyridine N-oxide 5 and MTOACl 6. See Figure 3.1 for proton assignment. 
 

A DOSY NMR experiment performed on the mixture containing the capsular assembly 

(13·Cl¯)12·MTOA+ and the 1:1:1 complex 131·MTOA+·Cl¯ evidenced the 

difference in size of the two aggregates (Figure 3.11). The lower diffusion constant 

value was in agreement with those determined for related capsular assemblies. The 

larger one coincided with the expected for a 1:1:1 inclusion complex. DOSY NMR 

allowed the undoubtedly assignment of proton signals corresponding to each species. 

The methylene protons of bound 13 resonated at 0.70 ppm in the capsular assembly 

(13·Cl¯)12·MTOA+ whereas in the 1:1:1 inclusion complex 131·MTOA+·Cl¯ 

appeared less upfield shifted at  = 0.84 ppm. The N-methyl protons of the MTOA 

cation resonated as a single signal at  = 0.34 ppm. The experienced upfield shift 

indicated their placement at the shallow cavity of the calixpyrrole. The diffusion 

coefficient value calculated for the N-methyl cation represented the weighted average of 
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the two species indicating that the cation was involved in an exchange process that was 

fast on the DOSY time scale. On the contrary, the chemical exchange between the 

calix[4]pyrrole units involved in the two species was slow on the EXSY timescale. The 

use of an equimolar mixture of components produced the 1:1:1 complex as the 

exclusive species in solution. 

Complex 
δs Hc 

(ppm) 

δs for the 
neutral bound 
guests (ppm) 

CIS (Δδ) for the 
neutral bound 
guests (ppm) 

Diffusion 
coeff. 

(x 1010 m2/s) 

51·MTOA+·Cl¯ 10.29 
H1: 4.55 
H2: 6.80 

H1: -3.70 
H2: - 0.45 4.3  0.1 

(3·Cl¯)12·MTOA+ 
11.96 
10.85 

H4: 0.90 H4: -2.40 3.7  0.1 

31·MTOA+·Cl¯ 10.69 H4: 0.75 H4: -2.55 4.0  0.1 

(12·Cl¯)12·MTOA+ 
11.37 
11.27 

H5:- 0.06 
H27: 1.43 
H26: 1.47 

H5: -2.63 

H27: -2.21 
H26: -1.64 

3.4  0.1 

121·MTOA+·Cl¯ 11.23 
H5: 0.01 
H27: 2.35 
H26: 2.19 

H5: -2.56 

H27: -1.29 
H26: -0.93 

4.1  0.1 

(13·Cl¯)12·MTOA+ 
11.42 
10.37 

H28: 0.70 
H30: 1.92 

H28: -3.02 

H30: -1.31 3.6  0.1 

131·MTOA+·Cl¯ 10.71 
H28: 0.84 
H30: 2.02 

H28: -2.88 
H30: -1.21 4.1  0.1 

 

Table 3.2. Chemical shift values (ppm) for the protons of the pyrrole NHs (Hc) and the neutral 
guests in the complexes characterized in this work. The complexation induced shifts (CIS) 
experienced the by the guests’ protons in the complexes and the diffusion coefficient values of the 
latter are also tabulated. See Figure 3.1, Figure 3.3, Figure 3.8, Figure 3.31 and Figure 3.37 for 
proton assignment. 
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3.3 Conclusions 

In summary, the reported findings emphasize the subtlety of the “fit” requisites for 

encapsulation to occur in supramolecular capsules stabilized by hydrogen bonding 

interactions. We conclude that the responsiveness to the stoichiometric control required: 

(a) the use of methyltrialkylammonium cation as chloride counter-ion and (b) that the 

sum of volumes of the encapsulated guests was adequate to fill a little more than half of 

the capsule’s interior.11 We have shown rare examples of ordered encapsulation 

assemblies of multiple guests. The introduction of polar groups in the capsule’s interior 

and the establishment of directional interactions provided unprecedented ordered 

encapsulation complexes of multiple polar guests displaying high kinetic and 

thermodynamic stability. 

 

3.4 Experimental section 

3.4.1 General information and instrumentation 

Chemicals and solvents were purchased from Aldrich and used without further 

purification. 1H NMR spectra were recorded on a Bruker Avance 400 (400.1 MHz for 
1H-NMR) and Bruker Avance 500 (500.1 MHz for 1H-NMR) ultrashield spectrometer. 

The deuterated solvents (Aldrich) used are indicated in the experimental part; chemical 

shifts are given in ppm, relative to residual solvent. DOSY NMR experiments were 

performed using precision Micro NMR tubes from New Era Enterprises (Ref NE-

H5/2.5) for the solutions containing the supramolecular assemblies. Regular 5 mm 

NMR tubes were used for the DOSY experiments of the free guests. In all cases, the 

spectra were acquired at 298K using a big delta (d20) = 150 ms and a little delta (p30) = 

1000 μs on a Bruker Avance 500 MHz equipped with a cryoprobe. The fit of the decay 

data was achieved using the Dynamics Center software, version 2.3, provided by Bruker 

BioSpin GmbH. Packing coefficients were calculated using SwissPDB software.  
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3.4.2 Synthetic procedures 

Tetraurea calixpyrrole 121, calixpyrrole model 1042 , urea model 943 and betaine 1244 

were prepared according to known procedures.  

3.4.3 Experimental section: Figures 

 

Figure 3.12. 1H NMR spectra of a) chloroform-d suspension of tetraurea 1 b) chloroform-d 
solution of tetraurea 1 and 1.2 equivalents of MTOACl c) DMSO-d6 solution of tetraurea 1. See 
Figure 3.1 for proton assignment. 

 

Figure 3.13. 1H NMR titration of a chloroform-d solution of tetraurea 1 with increasing amounts 
of MTOACl.  
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Figure 3.14. 1H NMR spectra in dichloromethane-d2 of an equimolar mixture of tetraurea 1, 
pyridine N-oxide 5 and a) MTOACl b) TBACl c) MTOABr d) PF6TBA. See Figure 3.1 and 
Figure 3.3 for proton assignment. 

 

Figure 3.15. Selected region of a ROESY experiment of a dichloromethane-d2 equimolar solution 
of tetraurea 1, pyridine N-oxide 5 and MTOACl. See Figure 3.1 for proton assignment. 
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Figure 3.16. Selected region of a ROESY experiment of a dichloromethane-d2 equimolar solution 
of tetraurea 1, pyridine N-oxide 5 and MTOACl. See Figure 3.1 for proton assignment. 

 

Figure 3.17. 1H NMR spectra of a dichloromethane-d2 solution of a) free tetraurea and a mixture 
of tetraurea 1, pyridine N-oxide and MTOACl in a b) 2:1:1 molar ratio c) 1:1:1 molar ratio. See 
Figure 3.1 and Figure 3.3 for proton assignment. 
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Figure 3.18. 1H NMR titration of an 8 mM chloroform-d solution of urea model 9 with 
tetrabutylammonium chloride (TBACl) and fit of the chemical shift changes, experienced by the 
signals of NH protons of 9 during the titration with TBACl, using a 1:1 binding model (line) 
implemented in the HypNMR2008 software. The association constant obtained by the fit of the 
chemical shift changes was: 797	 131	 . 
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Figure 3.19. 1H NMR titration of a 9 mM chloroform-d solution of urea model 9 with 
methyltrioctylammonium chloride (MTOACl) and fit of the chemical shift changes, experienced 
by the signals of NH protons of 9 during the titration with MTOACl, using a simple 1:1 binding 
model (line) and the HypNMR2008 software. The association constant obtained by the fit of the 
chemical shift changes was: 710	 128	 . 
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Figure 3.20. 1H NMR titration of a 2.5 mM chloroform-d solution of tetraphenyl calixpyrrole 
model 10 with tetrabutylammonium chloride (TBACl) and fit of the chemical shift changes, 
experienced by the signals of NH protons of 10 during the titration with TBACl, using a 1:1 
binding model (line) implemented in the HypNMR2008 software. The association constant 
obtained by the fit of the chemical shift changes was: 17.0	 1.4	 . 
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Figure 3.21. Top) 1H NMR titration of a 2 mM chloroform-d solution of tetraphenyl calixpyrrole 
model 10 with methyltrioctylammonium chloride (MTOACl). Primed numbers indicate signals of 
protons bound. Bottom) Normalized integration heat vs molar ratio obtained in the ITC 
experiment of a chloroform solution of tetraphenyl calixpyrrole 10 with MTOACl. The 
continuous red line represents the least-squares-fit of the data to a one set of sites binding model. 
The ITC data fitted to a theoretical isotherm considering a 1:1 binding model by using Microcal 
ITC data analysis software. The calculated thermodynamic variables derived from the fit were: 
K610 = 2.8 x 103 ± 1.2 x 103 M1, n = 0.93, ΔH = -2 kcal/mol. 
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Figure 3.22. 1H NMR titration of a 10 mM chloroform-d solution of model urea 9 with pyridine 
N-oxide and fit of the chemical shift changes, experienced by the signals of NH protons of 9 
during the titration with pyridine N-oxide, using a 1:1 binding model (line) implemented in the 
HypNMR2008 software. The association constant obtained by the fit of the chemical shift 
changes was: 28.6	 9.0	 . 
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Figure 3.23. Top) 1H NMR titration of a 3 mM chloroform-d solution of model 
tetraphenylcalixpyrrole 10 with 4-methylpyridine N-oxide 11. See Figure 3.21 for proton 
assignement. Bottom) Normalized integration heat vs molar ratio obtained in the ITC experiment 
of a chloroform solution of tetraphenyl calixpyrrole 10 with 4-methylpyridine N-oxide. Fit to the 
theoretical binding isotherm (red line) using a 1:1 binding model. The mathematical analysis of 
the titration data was performed using the Origin software. The ITC data fitted to a theoretical 
isotherm considering a 1:1 binding model by using Microcal ITC data analysis software. The 
calculated thermodynamic variables derived from the fit were: K = 1.0 x 106 ± 0.2 x 106 M1, n = 
0.80, ΔH = -14 kcal/mol. 
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Figure 3.24. 1H NMR spectra of a chloroform-d solution of tetraurea 1 and a) trimethylamine N-
oxide and MTOACl in a 2:1:1 molar ratio and b) trimethylamine N-oxide in an equimolar ratio. 
See Figure 3.1 and Figure 3.3 for proton assignment. 

 

 

 

Figure 3.25. 1H NMR spectra of a dichloromethane-d2 solution of tetraurea 1 and a) 
trimethylamine N-oxide and MTOACl in a 2:1:1 molar ratio and b) trimethylamine N-oxide in an 
equimolar ratio. See Figure 3.1 and Figure 3.3 for proton assignment. 
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Figure 3.26. Selected region of a ROESY experiment of a chloroform-d solution of tetraurea 1, 
trimethylamine N-oxide and MTOACl in 2:1:1 molar ratio. See Figure 3.1 and Figure 3.3 for 
proton assignment. 

 

 

 

Figure 3.27. GOESY NMR at 253 K of a CHCl3 solution of tetraurea 1, trimethylamine N-oxide 
and MTOACl in a 2:1:1 molar ratio performed by irradiation of the bulk solvent (7.27 ppm). 
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Figure 3.28. 1H NMR spectrum of a chloroform-d solution of a mixture of tetraurea 1, 
trimethylamine N-oxide and TBACl in a 2:1:1 molar ratio. Protons from the 3212 capsule 
marked with a black spot. 

 

 

Figure 3.29. 1H NMR spectrum of a chloroform-d solution of a mixture of tetraurea 1, 
trimethylamine N-oxide and TBACl in an equimolar ratio. Protons from the 3212 capsule marked 
with a black spot. See Figure 3.1 for proton assignment. 
 

 

Figure 3.30. 1H NMR spectrum of a chloroform-d solution of a mixture of tetraurea 1, 
trimethylamine N-oxide and MTOABr in a a) 2:1:1 molar ratio b)1:1:1 molar ratio. Protons from 
the 3212 capsule marked with a black spot. See Figure 3.1 and Figure 3.3 for proton assignment. 
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Figure 3.31. 1H NMR spectrum of a chloroform-d solution of tetraurea 1, betaine 12 and 
MTOACl in a 2:1:1 molar ratio. Letters marked with asterisk indicated protons from different 
hemispheres.  
 
 

 

Figure 3.32. 1H NMR spectrum of a dichloromethane-d2 solution of tetraurea 1, betaine 12 and 
MTOACl in a 2:1:1 molar ratio. See Figure 3.31 for proton assignment. 

 

Figure 3.33. 1H NMR titration of a dichloromethane-d2 suspension of tetraurea 1 with betaine 12 
a) 0 eq. b) 0.5 eq. c) 1 eq. d) 1.5 eq.  
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Figure 3.34. ROESY experiment of a dichloromethane-d2 solution of tetraurea 1, betaine 12 and 
MTOACl in 2:1:1 molar ratio showing close-contact between the included betaine and the 
aromatic protons of the capsule. See Figure 3.31 for proton assignment. 

 

Figure 3.35. 1H NMR spectra of a chloroform-d solution of tetraurea 1, betaine 12 and BrMTOA 
in a a) 2:1:1 molar ratio b) 1:1:1 molar ratio. See Figure 3.31 for proton assignment. 
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Figure 3.36. 1H NMR spectrum of a dichloromethane-d2 solution of tetraurea 1, betaine 12 and 
TBACl in a 2:1:1 molar ratio. See Figure 3.31 for proton assignment. 

 

 

 

 
Figure 3.37. 1H NMR spectra of a chloroform-d solution of a mixture of tetraurea 1, betaine 13 
and MTOACl in a 2:1:1 molar ratio 
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Figure 3.38. 1H NMR spectra of a chloroform-d solution of a mixture of tetraurea 1, betaine 13 
and MTOACl in a 1:1:1 molar ratio. See Figure 3.37 for proton assignment. 

 

 

 
Figure 3.39. 1H NMR spectra of a dichloromethane-d2 solution of a mixture of tetraurea 1, 
betaine 13 and MTOACl in a) 2:1:1 molar ratio b) 1:1:1 molar ratio. See Figure 3.37 for proton 
assignment. 
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Figure 3.40. 1H NMR spectra of a chloroform-d solution of tetraurea 1, betaine 13 and BrMTOA 
in a a) 2:1:1 molar ratio b) 1:1:1 molar ratio. See Figure 3.37 for proton assignment. 

	

Figure 3.41. 1H pseudo-2D DOSY plot of 51·MTOA·Cl¯four-particle assembly. Data fitted to a 
monoexponential function. See Figure 3.1 and Figure 3.3 for proton assignment. 
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Figure 3.42. 1H pseudo-2D DOSY plot of (3·CHCl3·Cl¯)12·MTOA capsular assembly. Data 
fitted to a monoexponential function. See Figure 3.1 and Figure 3.3 for proton assignment. 

 

Figure 3.43. 1H pseudo-2D DOSY plot of 31·MTOA·Cl¯four-particle assembly. Data fitted to a 
monoexponential function. See Figure 3.1 and Figure 3.3 for proton assignment.  
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Figure 3.44. 1H pseudo-2D DOSY plot of (12·Cl¯)12·MTOA complex. Data fitted to a 
monoexponential function. See Figure 3.31 for proton assignment. 

 

Figure 3.45. 1H pseudo-2D DOSY plot of 121·MTOA·Cl¯complex. Data fitted to a 
monoexponential function. See Figure 3.31 for proton assignment. 
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4.1 Introduction 

In recent years, different types of synthetic molecular containers have been developed 

as mimics of protein binding sites, antibodies and enzymes.1,2,3 Molecular containers are 

molecules or supramolecules able to reproduce some of the properties exhibited by their 

biological counterparts. These properties include the reversible inclusion/encapsulation 

of molecular guests within their internal cavities, the isolation of the included guests 

from the bulk solvent and the selection of guests on the basis of host-guest 

complementarity in size, shape and functional groups. In relevant examples, synthetic 

molecular containers can efficiently promote chemical reactions of encapsulated4,5 and 

co-encapsulated substrates,6,7 altering the typical regio- and/or stereochemical outcome 

of the reactions free in solution.8,9 They can also kinetically stabilize highly reactive 

intermediates10 or substrates,11 bind guests in high energy conformations,2,12,13,14 as well 

as modify the catalytic properties of encapsulated organometallic complexes.15,16 In this 

chapter, we describe a significant kinetic stabilization of the N,N-dimethyl-2-propyn-1-

amine N-oxide, 1a, achieved by supramolecular inclusion in two different molecular 

containers. We also present a simple kinetic model that quantitatively relates the 

observed kinetic stabilization with the thermodynamic/kinetic stability of the inclusion 

complexes. The reported results constitute unique examples of the use of molecular 

containers in the kinetic stabilization of reactive species, which would otherwise 

fragment through sigmatropic rearrangements. 

 

Scheme 4.1. Proposed mechanism for the thermal decomposition of tertiary prop-2-ynylic N-
oxides 1.  

Thermally and in non-protic media, tertiary propargyl-amine N-oxides undergo a 

concerted [2,3]-sigmatropic rearrangement to yield O-allenyl ethers 2.17,18 In turn, these 

O-allenyl ethers are kinetically unstable and experience a rapid elimination, akin to a 
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[1,5]-hydrogen shift, generating propenal 3 and the corresponding Schiff base 4. The 

kinetic stability of the intermediate O-allenyl ether 2 depends on the substituents on the 

nitrogen atom.19  

We hypothesized that the confinement of 1a in properly inner functionalized molecular 

containers could reduce or even eliminate its tendency to decompose by increasing the 

energy difference between bound 1a and the transition state (TS) leading to the O-

allenyl ether 2a, compared to that of the reaction occurring free in solution. Both, the 

formation of hydrogen bonds with the oxygen atom of the N-oxide 1a (reduce oxygen 

nucleophilicity) and the induction of steric strain in the cis-conformation of 1a (required 

in the TS) seemed to be good starting points to achieve the goal. Due to the extensive 

use of aromatic panels to shape the concave cavities of uni- and supramolecular 

containers it is synthetically challenging to place polar groups in their interiors.20,21 In 

addition, the lack of inner functionalization disfavors the inclusion of polar guests 

rendering the selectivity of the encapsulation’s process mainly determined by size and 

shape complementarity. In trying to overcome these limitations, we and others have 

used aryl-extended calix[4]pyrroles as privileged scaffolds for the construction of 

unimolecular22 and supramolecular containers with polar interiors.23 
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4.2 Results and discussion 

4.2.1 Design and synthesis 

We previously reported the efficient inclusion of N-oxides in water soluble “four-wall” 

aryl extended calix[4]pyrroles that are structurally related to tetranitro 5 (Figure 4.1).24 

We demonstrated that N-oxides can be encapsulated alone or co-encapsulated with a 

CHCl3 molecule in the mechanically locked capsule 6 (Figure 4.1).25 Molecular 

modeling studies suggested a good match between the trans-conformation of 1a and the 

size, shape and functionality of the inner cavities of the calix[4]pyrrole units of 

containers 5 and 6. Conversely, the cis-conformer of 1a is not a good fit. Interestingly, 

trans-1a forms four hydrogen bonds with the endohedrally directed pyrrole NHs of the 

calixpyrrole units of the containers. Thus, the included/encapsulated trans-1a displays 

the features planned above to alter its inherent reactivity (Figure 4.2). 

The N-oxide of N,N-dimetyl-2-propyn-1-amine, 1a, was obtained as a white solid in 

80% yield from reacting equimolar amounts of m-chloroperbenzoic acid and the amine 

in chloroform solution at 25 ºC followed by column chromatography through alumina.19 

 

Figure 4.1. Molecular structures of N-oxides 1a and 7 and molecular containers 5 and 6.  
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Figure 4.2. Side and top views of the energy minimized complex 1a5. Note that 1a must adopt 
the trans-conformation to fit in the aryl-extended calix[4]pyrrole binding pocket of 5. 

4.2.2 Sigmatropic rearrangement of N-oxide 1a in CD2Cl2 solution 

N-oxide 1a was stable for months when stored as a solid in a refrigerator. In contrast, 

the 1H NMR analysis of a 60 mM dichloromethane solution of 1a at 298 K provided 

evidence for the decomposition of the N-oxide with the appearance of proton signals 

characteristic for propenal 3. The intensity of the proton signals of 3 grew at the expense 

of those assigned to 1a. The observation of the proton signals corresponding to 3 

indicated: a) that the O-allenyl ether intermediate 2a is not kinetically stable and b) that 

the N-methylenemethanamine 4a, a by-product of the formal [1,5]-hydrogen shift 

reaction, decomposes rapidly.26 
1H NMR spectroscopy was used to monitor the decomposition kinetics of a freshly 

prepared CD2Cl2 solution of 1a (Figure 4.3a). The 1H NMR spectrum of the solution 

recorded after 3 hours showed the expected proton signals for 3 ( = 9.6 ppm, CHO, and 

 = 6.5 ppm, HC=CH2) (Figure 4.3b). We followed the change in the integral values for 

both the proton signals of N-oxide 1a and propenal 3 during two half-lives. The 

decomposition process was investigated at three different initial concentrations of 1a 

(26, 60 and 120 mM). The experimental kinetic data were fitted, using global 

multivariate factor analysis and the differential kinetics module implement in 

SPECFIT,27 to a reaction model considering the direct conversion of 1a to 3. We 

obtained very good fits of the experimental data, for both the decomposition and 

formation reactions, at any of the concentration used. The averaged value of the rate 

constant returned from the fits was kobs = 5.0 ± 0.3  10-5 s-1. 
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The half-life of N-oxide 1a free in solution is 3.8 ± 0.2 hours and, as expected for first 

order reactions (t1/2 = 0.693/kobs), independent of its initial amount. The analysis of the 

kinetic data assumes that the rate determining step of the reaction is the [2,3] 

sigmatropic rearrangement of 1a affording the O-allenyl ether 2. This hypothesis is 

substantiated by the following evidence: a) the intermediate O-allenyl ether 2 is not 

detected experimentally in the 1H NMR kinetic experiments and b) the results obtained 

from the theoretical investigation of the reaction pathways.28  

 

Figure 4.3. 1H NMR spectra of a 60 mM CD2Cl2 solution of N-oxide 1a after a) 0 hours b) 3 
hours c) 13 hours. See Figure 4.1 for proton assignment.  

4.2.3 Kinetic stabilization of N-oxide 1a within aryl-extended calix[4]pyrrole 5 

The addition of an equimolar amount of 5 to a freshly prepared 2.5 mM CD2Cl2 solution 

of 1a had a strong impact on the decomposition kinetics. The first half-life of 1a in 

presence of 5 was estimated by simple visual extrapolation of the curves of 

disappearance of 1a5 and formation of 3 as t1/2 > 50 hours. This represents an almost 

eighteen-fold increase compared to the kinetic stability of 1a free in solution. The 1H 
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NMR analysis of the freshly prepared equimolar mixture of 1a and 5 reveals the 

quantitative assembly of the 1a5 inclusion complex (Figure 4.4b).  

 

Figure 4.4. Selected regions of 1H NMR spectra of a 2.6 mM CD2Cl2 solution of a) calixpyrrole 5 
b) a freshly prepared equimolar solution of calixpyrrole 5 and N-oxide 1a c) 1a5 inclusion 
complex after 25 hours d) 1a5 inclusion complex after 60 hours. Primed letters indicate signals 
of proton in the bound receptor. See Figure 4.1 for proton assignment. 

We sought to determine the relationship between the observed kinetic stabilization of 1a 

and the thermodynamic and kinetic properties of the inclusion complex 1a5.29 To this 

end, the kinetic data for the decomposition of 1a in the presence of 5 were fitted, using 

the differential kinetics module of SPECFIT, to a model that also considers the 

reversible formation of the inclusion complex 1a5 (Scheme 4.2). This kinetic model 

implicitly assumes that the decomposition of 1a occurs exclusively when the species is 

free in solution.  
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Scheme 4.2. Kinetic model involving the formation of the stabilizing inclusion complex 1a5. 

In order to minimize the number of variables to fit, the value of the rate constant k1 for 

the decomposition of free 1a was fixed to 5.0  10-5 s-1. This is the value calculated in 

the absence of molecular container 5 (vide supra). Moreover, complex 75 was 

employed as an ideal system to derive reference values for the kinetic and 

thermodynamic properties of 1a5. The 1H NMR spectrum of a CD2Cl2 solution of 5 

containing 0.5 equiv. of N-oxide 7 showed separated proton signals for free and bound 

tetranitro host 5. In addition, half of the total amount of container 5 is bound and no 

proton signals for the free N-oxide 7 are detected. These observations indicated that the 

binding process is slow on the 1H NMR timescale and that the stability constant of the 

inclusion complex can be estimated at K(75) > 104 M-1. We performed a 2D EXSY 

experiment on the mixture at 298 K. Using the integration values of the diagonal and 

cross peaks, we determined the rate constant for the magnetization exchange between 

bound and free states of 5 as k-1mag = 10 s-1. This value is directly related to the 

dissociation rate constant of the 75 complex koff = kmag-1 = 10 s-1 and was used to set 

the value of dissociation rate constant for the 1a5 complex in the data fitting.  

Next, the kinetic data of the supramolecular system 1a/5 (changes in concentrations of 

3, 5 and 1a5 species vs time) were analyzed with the kinetic model in Scheme 4.2 and 

k1 and koff fixed to the above values. The process provided good fits to the experimental 

data and returned the value of the second-order rate constant for complex formation kon 

= 1.2  105 M-1 s-1, as the only variable to refine. The ratio of formation and dissociation 

rate constants for the 1a5 complex affords its thermodynamic stability constant as 

K(1a5) = 1.2  104 M-1. The calculated value is in very good agreement with the one 

measured using ITC experiments for the 75 model complex: K(75) = 1.3 ± 0.2  104 

M-1). This result gives clear indication of the quality and fit of the kinetic data analysis 

used. It also demonstrates that the kinetic stabilization of 1a in the presence of 5 is not 

due to the release of 1a from the container being rate-limiting, but simply to the 

significant reduction of the concentration of free 1a in solution. 
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As long as the release of 1a from the container is not rate determining, the kinetic model 

quantitatively predicts the relationship between the apparent kinetic stabilization of 1a 

and the thermodynamic/kinetic stability of the complexes inhibiting decomposition.30  

4.2.4 Kinetic stabilization of N-oxide 1a within bis[2]catenane 6 

We simulated the expected kinetic speciation for propenal 3 from a 0.5 mM equimolar 

mixture of 1a and a putative container forming an encapsulation complex with a 

stability constant two orders of magnitude larger than for 1a5.31 The first half-life of 

1a was determined as 45 days using curve interpolation of the simulated changes in the 

concentration of 3 vs time. This represents a significant kinetic stabilization of 1a when 

compared to the experimentally measured first half-lives of 3.8 hours for 2.5 mM 

solutions of free 1a or > 50 hours in the presence of 1 equiv. of 5. In short, after forty 

five days only 50% of 1a in solution should have decomposed to propenal 3, if stored 

(encapsulated) in such molecular container.  

N-oxides 1a and 7 are also nicely encapsulated in the calix[4]pyrrole hemisphere of the 

mechanically locked capsule 6, while the calix[4]arene hemisphere is occupied by one 

molecule of solvent as evidenced by GOESY NMR experiments.25,32 The value of K(76) 

was estimated using ITC experiments as > 1.0  106 M-1, supporting the suitability of 6 

as molecular flask for extending the first half-life of 1a in the liquid state. The 1H NMR 

spectrum of a 0.5 mM CD2Cl2 solution containing equimolar amounts of 1a and 6 shows 

the characteristic earmarks for quantitative formation of the encapsulation complex 

1a6 (Figure 4.5). The pyrrole NH protons moved downfield ( = 10.2 ppm; Δ = 1.6 

ppm) as a result of hydrogen bonding interaction between the NHs and the oxygen atom 

of the N-oxide. The protons of the methyl groups for the bound guest appear upfield 

shifted and resonate as two diastereotopic signals ( = 0.82 and  = 0.74 ppm) due to the 

chiral nature of the container.  
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Figure 4.5. 1H NMR spectrum of an equimolar CD2Cl2 solution of N-oxide 1a and biscatenane 6. 
See Figure 4.1 for proton assignment.  

Even after two months, the weekly 1H NMR spectroscopy analysis of the 0.5 mM 

CD2Cl2 solution containing the 1a6 complex did not reveal the presence of signals for 

the protons of 3.33 This observation suggests that K(1a6) should be more than two orders 

of magnitude larger than K(1a5).
 The series of 1H NMR spectra acquired during this time 

period indicated that the encapsulation complex 1a6 remained unaltered in solution. 

Finally, the decomposition of 1a into 3 was induced by competitive release from the 

container by the addition of 4-dimethylaminopyridine N-oxide, a better fit for the cavity 

of 6.  

4.3 Conclusions 

 

In conclusion, we demonstrated that the inherent reactivity of N-oxide 1a affording 3 

can be modulated by inclusion/encapsulation in molecular containers. The containers 

used feature concave, polar interiors based on aryl-extended calix[4]pyrrole scaffolds. 

N-oxide 1a is encapsulated in trans-conformation and forms four hydrogen bonds 

between its oxygen atom and the pyrrolic NH protons of the container. We derived a 

kinetic model that quantitatively explains the relationship between the apparent kinetic 

stabilization of 1a and the thermodynamic/kinetic stability of the complexes formed 

with the molecular flasks. The kinetic stabilization does not result of a rate determining 

dissociation of 1a from the container but simply from the significant reduction of its 

concentration free in solution in presence of the molecular containers. 
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4.4 Experimental section 

4.4.1 General information and instrumentation 

Reagents and solvents were obtained from commercial suppliers (Aldrich) and used 

without further purification. All solvents were of HPLC grade quality, commercially 

obtained and used without further purification. 1H NMR spectra were recorded on a 

Bruker Avance 400 (400.1 MHz for 1H-NMR) ultrashield spectrometer. In all kinetic 

experiments described in this chapter the values of the concentration for the different 

species were calculated by 1H NMR integration of selected proton signals of each 

species. The area of the integral for the residual peak of the non-deuterated methylene 

chloride solvent was used as reference to normalize the areas of the signals of the 

protons of the substrate 1a and product 3. 

4.4.2 Synthetic procedures 

Tetranitro calix[4]pyrrole 5,34 bis[2]catenane 6,25 and reference compounds 935 and 836 

were synthesized according to reported procedures.  

 

Synthesis of dimethyl prop-2-ynyl amine N-oxide 1a 

 

A solution of 0.59 g (2.40 mmol) of m-chloroperbenzoic acid (m-CPBA) in chloroform 

was added gradually at 0-5ºC to an ice-cooled, stirred solution of 0.26 mL (2.40 mmol) 

of dimethyl prop-2-ynyl amine in chloroform. Stirring was continued for a total of 3 

hours, during which the mixture was allowed to reach room temperature. The solution 

was passed through a column of basic alumina (100-200 mesh, ca. 30 times the weight 

of the combined starting materials), and traces of unreacted amine were removed by 

washing with chloroform. Posterior elution with methanol : chloroform (5:95) gave the 

amine N-oxide in 80 % yield, as an off-white solid. The solid rapidly (several hours) 

decomposes at room temperature. 1H NMR (CD2Cl2, 500 MHz, 298K) δ (ppm): 4.06 (d, 

2H, J=2.59 Hz), 3.28 (s, 6H), 2.75 (t, 1H, J=2.59 Hz).18 
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Synthesis of dimethylpropyl amine N-oxide 7 

 

A solution of 1.1 g (12.62 mmol) of dimethylpropylamine in 3 mL of methanol is 

heated for three hours at 90 ºC in a sealed tube in the presence of 0.8 mL (25.2 mmol) 

of hydrogen peroxide. The cooled crude reaction mixture is passed through a basic 

alumina column eluting first with chloroform and finally with chloroform : methanol 

95:5 to elute the desired product as a white solid that was dried overnight under high 

vacuum. 1H NMR (CD2Cl2, 500 MHz, 298K) δ (ppm): 3.17 (m, 2H), 3.12 (s, 6H), 1.89 

(m, 2H), 1.01 (t, 3H, d=7.36 Hz).37 

4.4.3 Experimental section: Figures 

 
Figure 4.6. Kinetic data for the decomposition of 1a (red squares) free in CD2Cl2 solution and the 
formation of 3 (black diamonds). The lines represent the best fit of the data using differential 
kinetics as implement in SPECFIT to the model: 

            
 

[1a]o = 26 mM k1 = 5.3  10-5 ± 0.3  10-5 s-1 

[1a]o = 60 mM k1 = 4.9  10-5 ± 0.4  10-5 s-1 

[1a]o = 120 mM k1 = 4.8 10-5 ± 0.4  10-5 s-1 
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Figure 4.7. Data points corresponding to the concentration changes experienced by the different 
species present in solution during the decomposition reaction of 1a ([1a]0 = 2.5 mM) to propenal 
3 in the presence of 1 equivalent of tetranitro calixpyrrole 5: 1a5 (blue squares), 5 (red 
diamonds) and 3 (green triangles) The lines represent the best fit of the experimental data using 
the differential kinetics module of SPECFIT to the model depicted below: 

 

The first half-life for the decomposition of 1a in the presence of calixpyrrole 5 is estimated by 
visual extrapolation as > 50 hours. The fit returned the value of kon = 1.2  104 M-1 s-1 as the only 
variable to refine. 
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Figure 4.8. Simulated speciation diagram obtained for the decomposition of a solution of N-oxide 
1a ([1a]0 = 0.5 mM) in the presence of 1 equivalent of calixpyrrole 5. The first half-life estimated 
by curve interpolation is 15 hours. Red line represents the formation of acrolein 3 and the blue 
line the disappearance of the 1a5 complex. The concentrations of 1a and 5 free are omitted for 
clarity. This simulation serves to demonstrate that the value of the first half-live of 1a is 
dependent of its initial concentration when the decomposition obeys the kinetic model presented 
in Scheme 4.2. On the contrary, the half-life value of 1a free in solution is independent of its 
initial concentration because it follows a first order decomposition rate law (Figure 4.6). 

 

 
Figure 4.9. Speciation diagram obtained for the simulation of the decomposition of a solution of 
N-oxide 1a (0.5 mM) in the presence of a putative molecular container producing a 1:1 
encapsulation complex with a stability constant K = kon/koff = 2  106 M-1. The first half-life, 
estimated by curve interpolation, is 45 days. Red line represents the formation of acrolein 3 and 
the blue line the disappearance of the putative encapsulation complex of 1a.  
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Figure 4.10. Speciation diagram obtained for the simulation of the decomposition of a solution of 
N-oxide 1a (0.5 mM) in the presence of a putative molecular container producing a 1:1 
encapsulation complex with a stability constant K = kon/koff = 5  106 M-1. The apparent first half-
life estimated by curve interpolation is 112 days. Red line represents the formation of acrolein 3 
and the blue line the disappearance of the putative encapsulation complex 1a. It is worthy to note, 
the dramatic increase in the value of the first half-life that is predicted by the simulation upon 
subtle variations of the stability constant of the encapsulation complex. A 2.5 fold increase in K 
represents a change of 67 days in the first half-life of 1a. 

 

 
Figure 4.11. GOESY 1H NMR spectrum of a CHCl3 solution containing an equimolar mixture of 
N-oxide 1a and biscatenane 6. The signal of the proton corresponding to the co-included molecule 
of chloroform appears at 3.78 ppm. Inset: energy minimized structure of the container 6 with the 
N-oxide 1a included in the cavity and one molecule of chloroform co-included. Both 1a and 
chloroform are showed as CPK models. For clarity non-polar hydrogen atoms have been removed 
in the container that is shown in stick representation. 
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Figure 4.12. EXSY NMR spectrum of a CD2Cl2 solution containing a 2:1 mixture of calixpyrrole 
5 and N-oxide 7. The observation of separate protons signals for the -pyrrolic and NH protons of 
free and bound 5 indicates that they are involved in a chemical exchange process that is slow on 
the 1H NMR timescale. Integration of diagonal and cross peaks allowed the calculation of the rate 
constant values for the spin exchange process. See Figure 4.1 for proton assignment.  

 

Figure 4.13 1H NMR spectra of a 0.5 mM equimolar CD2Cl2 solution of N-oxide 1a and 
biscatenane 6 after: a) 0 hours; b) 1 week, and c) 2 months d) three hours after the addition of 10 
equivalents of competitive guest 4-dimethylaminopyridine N-oxide. The formation of a new 
inclusion complex is evidenced by the emergence of a new signal corresponding to the pyrrolic 
NH protons (Hf2). Thus, 1a is partially removed from the cavity of 6 and rapidly experiences the 
decomposition in the bulk solution affording propenal, which is detected by observation of the 
signals of the aldehyde proton of 4. 
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27 SPECFIT/32 from Spectrum Software Associates. 
28 The geometries of the transition states (TS) for each one of the two sequential rearrangements 

were determined using DFT calculations at the M06-2X/aug-cc-pVDZ level of theory and using a 

continuum solvation model for CH2Cl2. The free energy differences (G*) with respect to trans-

1a for TS1[2,3] and TS2[1,5] are 24.3 and 22.0 kcal/mol. respectively. TS1 is the rate 

determining step and the rate law obeys -k1[1]. The sensible agreement that exists between the 

theoretical and experimental (23.1 kcal/mol) values determined for G* supports the identity of 

k1 = kobs. 
29 It is worthy to note that the half-life of a substrate depends on its initial concentration for all 

reactions not following first order kinetics. 
30 To demonstrate that the encapsulation process of the N-oxide 1a is relevant for its kinetic 

stabilization, we have measured the decomposition kinetics of 1a in two separate experiments and 

using two different calix[4]pyrroles. The first reference compound we used is the octamethyl 

calix[4]pyrrole 9. This compound features the same hydrogen bonding characteristics present in 

both the “four-wall” aryl extended tetranitro calix[4]pyrrole 5 and the aryl extended tetraurea 

calix[4]pyrrole hemisphere of biscatenane 6 that are described in the chapter as effective 

examples of molecular containers capable to kinetically stabilize 1a by encapsulation. The other 

compound used as reference is the two-wall aryl-extended di-nitro calixpyrrole 8. This molecule 

possesses an analogous hydrogen bonding site to 5 and 6 but features an aromatic cleft (aromatic 

cavity open at two sides and on the top), that partially surrounds the surface of 1a. Conversely, 

the aromatic cavity displayed by the molecular containers 5 and 6 is only open at one end and 

fully encapsulates/includes 1a surrounding most of its surface. The obtained kinetic data for 1a in 

the presence of 8 and 9 show a negligible stabilization effect as derived from the determine value 

of its half-life. The half-life of 1a in the presence of the control compounds 8 and 9 are identical 

to the one we determined for 1a alone in solution. In addition, we determined the value of the 

stability constant for the model complexes 78 and 79 as < 10 M-1 and 35 M-1, respectively. 

 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Chapter 4 

 

-200- 

 

 

Based on the kinetic model we propose (Scheme 4.2), which involves the formation of a 

thermodynamically stable complex with 1a that avoids its decomposition, the fact that this 

complex features low or very low stability constants translates into a decomposition kinetic of 1a 

analogous to the one measured for 1a free in solution. Taken together, these data are in complete 

support of the observation that the encapsulation of 1a is critical for its kinetic stabilization. 
31 The speciation simulations provide identical results independently of the absolute values used 

for kon and koff, as long as its ratio is maintained constant and equal to 2.0  106 M-1 and koff > 5  

10-5 s-1. 
32 In dichloromethane solution, the chemical exchange between the encapsulated solvent molecule 

and the bulk solvent molecules is fast on the 1H NMR timescale even at low temperatures.  
33 We estimate that the lower detection limit of our analysis for 3 is 0.2 mM. 
34 Gil-Ramirez, G.; Escudero-Adan, E. C.; Benet-Buchholz, J.; Ballester, P. Angew. Chem., Int. 

Ed. 2008, 47, 4114-4118. 
35 Sessler, J. L.; Gross, D. E.; Cho, W. S.; Lynch, V. M.; Schmidtchen, F. P.; Bates, G. W.; Light, 

M. E.; Gale, P. A. J. Am. Chem. Soc. 2006, 128, 12281-12288. 
36 Cafeo, G.; De Rosa, M.; Kohnke, F. H.; Neri, P.; Soriente, A.; Valenti, L. Tetrahedron Lett. 

2008, 49, 153-155. 
37 Volz, H.; Gartner, H. Eur. J. Org. Chem. 2007, 2791-2801. 
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5.1 Introduction 

The assembly of multiple components into a particular geometry is sometimes not 

readily accessible by classical synthetic methods.1,2 Template molecules are known to 

play an essential role in biological processes3,4,5 (e.g. DNA replication) as well as in 

chemical synthesis.6,7 Specifically, supramolecular chemists have used template 

molecules to favor the formation of a desired reaction product over a competing one by 

shaping a given substrate. In this manner, the substrate is organized in a specific spatial 

arrangement favoring the formation of a single product when more than one possibility 

exists.8,9,10,11 This strategy has been used in a myriad of chemical reactions to obtain 

complex structures directly from simple starting materials, including the synthesis of 

polymers or the formation of catenanes and rotaxanes.12,13,14,15,16,17 In most examples, 

the template molecule is removed after the synthesis to yield the final template-free 

product.18,19 However, in some cases, the tight and constrictive binding exerted by the 

host avoids the release of the template, affording the so-called carcerands.20 

Since the earlier works of Cram,21,22 the efficient synthesis of carcerands and 

hemicarcerands was observed to strongly depend on the use of template molecules to 

control the ring-closing reaction (macrocyclization) and avoid parallel pathways such as 

the oligomerization of the building units.23,24 The yield of the macrocyclization reaction 

was demonstrated to be dependent on the guest used for the synthesis.25 Sherman and 

co-workers demonstrated that the reaction only worked if a suitable template molecule 

was present in the reaction mixture.26 Our group recently described the synthesis of 

macrocycle 1 (Figure 5.1), which was used for the preparation of molecular assemblies 

displaying pseudorotaxane topology and exhibiting promising properties for anion 

recognition.27,28 Macrocycle 1 was prepared by Hay coupling reaction of calix[4]pyrrole 

3 in the presence of one equiv. of 4,4’-bipyridine-N,N’-dioxide 5 as template. With the 

aim to extend our range of molecular containers, we now pursued the use of four-wall 

calix[4]pyrrole 4 for the synthesis of carcerand-like macrocycle 2. We expected that the 

incorporation of two additional aromatic walls to the molecular container (from a two-

wall aryl-extended calixpyrrole macrocycle 1 to a four-wall system 2) would increase 

the thermodynamic and kinetic stability of the complexes formed in solution and allow 
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the complete isolation of the guests from the bulk. The tight and isolated environment 

within the cavity of container 2 makes it interesting for future applications as a reactor 

vessel. 

 

Figure 5.1. Line-drawing structure of calix[4]pyrrole macrocycles and templates used in this 
chapter. 
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5.2 Results and discussion 

5.2.1 Design and synthesis 

Calix[4]pyrrole 4 was prepared by Sonogashira coupling of the α,α,α,α-isomer of an 

ayrl-extended tetraiodo calix[4]pyrrole with ethynyltrimethylsilane followed by 

deprotection of the silyl group with a fluoride salt (Scheme 5.1).  

 

Scheme 5.1. Synthetic scheme of the preparation of tetraalkynyl calixpyrrole 4. 

With molecule 4 in hand, conditions for the preparation of macrocycle 2 via Hay 

coupling of calix[4]pyrrole 4 were screened taking in consideration the template effect. 

The coupling of terminal alkynes to form bisacetylenes was performed with excess 

CuCl and TMEDA in the presence of O2 as oxidant. 

5.2.2 Hay coupling of tetraalkynyl calixpyrrole 4 

In a previous work,27 4,4’-bipyridine-N,N’-dioxide 5 was presumed to act as a ditopic 

template in the Hay coupling reaction of two units of calix[4]pyrrole 3 to produce 

macrocycle 1. Unexpectedly, attempts to prepare 1 in identical reaction conditions but 

in the absence of 5 produced macrocycle 1 in an identical yield to the one obtained 

when 5 was present in the reaction media. Therefore, in this particular case, we 

concluded that molecule 5 was not playing any role on the macrocyclization reaction. 

Unfortunately, Hay coupling reaction of calix[4]pyrrole 4 in the absence of 5 in CH2Cl2 

solution lead to a reaction mixture with reduced solubility in most organic solvents, 

most likely due to the formation of oligomeric ill-defined aggregates. Based on the 

works of Sanders and co-workers in the study of analogous Glaser coupling reactions 
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between porphyrin units,29,8 we rationalised that the first step of the Hay coupling 

reaction of monomer 4 corresponds to the combination of two calix[4]pyrrole units by 

one single covalent bond to yield a dimeric species. Afterwards, either an intermolecular 

reaction with another calix[4]pyrrole monomer 4 or several intramolecular cyclizations 

can take place. Among all the different combinations of intramolecular reactions that 

can occur only one yields desired macrocycle 2. Most likely, under the defined reaction 

conditions the conformation of the generated dimeric species does not display the 

reacting alkyne groups in the optimum disposition to favor the precise intramolecular 

couplings required to afford 2 over competing intramolecular and intermolecular 

couplings. Consequently, oligomerization products featuring low solubility in most 

common organic solvents are exclusively obtained.  

Conversely, in the preparation of the analogous two-wall system 1, the macrocyclization 

reaction happens in the absence of a template. Most likely once the first coupling 

between two calix[4]pyrroles monomers 3 occurs, the only possible intramolecular 

coupling takes place readily. 

Statistically, due to the greater number of alkyne groups present in the four-wall system, 

a higher number of possible coupling combinations exist. As a result, it seems 

reasonable to think that in the four-wall system the presence of a template molecule is 

required by the dimeric species to afford macrocycle 2. We predicted that a positive 

template effect would force the covalently linked calix[4]pyrroles to adopt an adequate 

conformation that brings together the reactive alkyne ends to favor the precise 

intramolecular cyclization. 

We considered that 4,4’-bipyridine-N,N’-dioxide 5 could act as a positive template in 

the Hay coupling reaction of 4. Pyridine N-oxide derivatives are known to bind 

calix[4]pyrroles by stablishing four hydrogen bond interactions between the endo 

pyrrolic core and the oxygen atom of the N-oxide knob.30 We expected that the dimeric 

species generated by the first intramolecular coupling reaction between two molecules 

of 4 would bind 5 ditopically. This binding would display both calix[4]pyrrole units in 

close proximity and assist the intramolecular reaction to afford macrocycle 2. 
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Disappointingly, the reaction of calix[4]pyrrole 4 templated by 0.5 equiv. of 5 yielded 

again a highly insoluble reaction mixture. These unexpected results prompted us to 

study in detail the initial reaction mixture by 1H NMR spectroscopy. 

A CD2Cl2 solution of calix[4]pyrrole 4 was titrated with increasing amounts of bis-N-

oxide 5. Addition of 0.5 equiv. of 5 to a 1 mM CD2Cl2 solution of calix[4]pyrrole 4 

resulted in a broadening of the host proton signals. These results pointed out that the 

equilibria between the free and the bound host is intermediate in the NMR time scale 

(Figure 5.2).  

 

Figure 5.2. Selected region of the 1H NMR spectra of a) free 4, b) 2:1 mixture of 4 and 5, c) 
equimolar mixture of 4 and 5 in CD2Cl2. See Figure 5.1 for proton assignment. Protons for the 
54 complex marked with double primed letters and numbers.  

Addition of higher amounts of guest 5 up to 1 equiv. provoked the sharpening of the 

signals corresponding to both bound host and guest. Proton signals corresponding to 

pyrrolic NHs appeared downfield shifted compared to the free host (∆δ = 2.1 ppm) 

suggesting hydrogen bond interactions (N-H···O) between the pyrrolic core and the 

oxygen atom of the N-oxide knob. The four doublets resonating at 8.27, 7.56, 6.99 and 

4.55 ppm were attributed to the bound guest. The significant upfield shifting of these 
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proton signals compared to free 5 and the desymmetrization of the guest signals (four 

signals instead of two) strongly supported the formation of a 1:1 54 complex featuring 

5 hydrogen bonded to the calix[4]pyrrole cavity and surrounded by the aromatic walls 

of the calixpyrrole.  

Variable temperature 1H NMR experiments performed on a 1 mM CD2Cl2 mixture of 4 

and 0.5 equiv. of 5 provoked the sharpening of the initial broad signals into three 

different sets of signals at 213K (Figure 5.3).  

 

Figure 5.3. Selected regions of variable temperature 1H NMR spectra of a 2:1 mixture of 4 and 5 
in CD2Cl2. See Figure 5.1 for proton assignment. Protons for the 54 complex marked with 
double primed letters and numbers and protons for the 542 capsule marked with primed letters 
and numbers. 

Two sets of signals could be assigned to the free calix[4]pyrrole and to the 1:1 54 

complex previously described. The third set of 1H NMR signals could be assigned to the 

formation of a different complex between 5 and 4 as evidenced by the downfield shift of 

the pyrrolic NH proton signals. Two doublets with ortho coupling were detected for 

bound 5. The upfield shift and integration of the signals of the bis-N-oxide guest and the 

symmetric environment shown by the bound guest pointed to the formation of a ternary-

molecular capsular-like assembly 542 featuring D4h symmetry (Figure 5.4a). In the 

542 homocapsule, each N-oxide group of the encapsulated 5 interacts with one 

calix[4]pyrrole unit. The symmetry assigned to the assembly suggested that the bound 

guest was most likely experiencing fast tumbling and rotation on the NMR timescale. 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Unexpected template effect in the synthesis of a bis(calix[4]pyrrole) macrocycle 

 

-209- 

 

The relative distribution of species in the described conditions at 213K was determined 

as 0.63:0.12:0.25 for the 542:4:54 species, respectively. From these solution studies 

we concluded that the 542 homocapsule is not formed quantitatively but in a mixture 

of a 1:1 inclusion complex and free calix[4]pyrrole. 

 

Figure 5.4. a) MM3 energy-minimized structure of the 542 homocapsule. b) X-ray structure of 
the 642 homocapsule. For clarity, non-polar hydrogen atoms from the host are removed. Guest 
molecules are shown as CPK models, and calix[4]pyrrole 4 is depicted in stick representation. 
 

The MM3 energy-minimized structure of the 542 homocapsule is shown in Figure 

5.4a. The modeling studies revealed that in the 542 homocapsule the terminal alkyne 

groups are not displayed in an adequate disposition and distance to favor the 

intramolecular interaction. The dimer produced in the reaction after the first coupling 

event was expected to bind bis-N-oxide 5 in a ditopic manner bringing both 

calix[4]pyrrole units close in space. Most probably, based on the molecular modeling of 

542, the transition state for the intramolecular reaction of this latter binary assembly is 

high in energy due to steric reasons. In consequence, the macrocyclization is not 

favored over the oligomerization process. We concluded that template 5 is not long 

enough to shape the two calix[4]pyrrole units in an adequate disposition to lower the 

energy barrier for the intramolecular reaction required for the formation of macrocycle 

2. 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Chapter 5 

  

-210- 

 

In view of these results, we decided to evaluate the effect of a longer guest template, 

1,2-bis(4-pyridyl)acetylene N,N’-dioxide 6 (Figure 5.1).  

The interaction between calixpyrrole 4 and bis-N-oxide 6 was probed by 1H NMR 

spectroscopy. The addition of 0.5 equiv. of N-oxide 6 to a 1 mM CD2Cl2 solution of 

calix[4]pyrrole 4 provoked the appearance of a new well-defined set of signals at 

expenses of the proton signals of the free host (Figure 5.5). The number of host/guest 

signals was in agreement with a complex with D4h symmetry. Pyrrolic NHs resonated at 

9.67 ppm indicating their participation in hydrogen bonding with the oxygen atom of 

the N-oxide knob of the guest. The two doublets appearing at 6.78 and 4.51 ppm were 

attributed to the bound guest. The symmetry and strong upfield shift shown by the 

proton signals corresponding to bound 6 compared to those of free 6 denoted the deep 

inclusion of 6 into a homocapsule formed by two identical calix[4]pyrrole hemispheres. 

Contrary to what was observed with N-oxide 5, we demonstrated that the addition of 0.5 

equiv. of a larger N-oxide 6 yielded the exclusive formation of the capsule 642 at room 

temperature with a binding constant higher than 108 M-2. More than three equiv. of 6 

were needed to completely disrupt 642 capsule to yield exclusively the 1:1 64 

complex. 

DOSY NMR experiments were performed on a CDCl3 solution of free 4 and on a 2:1 

mixture of 4 and 6. The difference in diffusion coefficient values obtained (7.83 ± 0.45 

 10-10 m2s-1 for free 4 and 6.63 ± 0.25  10-10 m2s-1 for 642) was in agreement with the 

expected differences in size (hydrodynamic radius) between both species. 

We were able to grow single crystals of the 642 capsule suitable for X-ray diffraction 

from a dichloromethane solution. The X-ray structure was in complete agreement with 

the experiments in solution described above (Figure 5.4b). Bis-N-oxide 6 is included 

within two calix[4]pyrrole 4 units. Each N-oxide moiety stablishes four hydrogen bond 

interactions with a pyrrolic core. The averaged N-H···O distance of the four hydrogen 

bonds is 2.95 Å. The crystal packing showed alternating horizontally and vertically 

aligned calix[4]pyrrole capsules into rows with dichloromethane and toluene molecules 

filling the voids of the crystalline packing.31 
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Figure 5.5. Selected region of the 1H NMR spectra in CD2Cl2 of a) free 4, b) 2:1 mixture of 4 and 
6, c) equimolar mixture of 4 and 6. See Figure 5.1 for proton assignment. Protons for the 64 
complex marked with double primed letters and numbers and protons for the 642 capsule 
marked with primed letters and numbers. 

The results obtained with the larger bis-N-oxide 6, both in solution and in the solid state, 

encouraged us to investigate its effect as a template for the Hay coupling reaction of 

calix[4]pyrrole 4. Hay coupling conditions were applied to a 2:1 molar mixture of 

calix[4]pyrrole 4 and bis-N-oxide 6 in dichloromethane solution (2.6 mM) for five 

hours. Two different products were isolated from the reaction mixture after column 

chromatography. Both products were characterized in solution by 1D and 2D NMR 

spectroscopy, HRMS spectrometry and in the solid state by X-ray diffraction methods. 
1H NMR spectrum of the first eluted compound (7) in CDCl3, showed two singlets at 

10.08 and 9.67 ppm that were attributed to the pyrrolic NHs (Figure 5.6b). The high 

downfield shift of the pyrrolic NHs compared to free 4 (Figure 5.6a) and the presence of 

two upfield shifted doublets at 6.78 and 4.43 ppm attributed to bis-N-oxide 6 clearly 

indicated that guest 6 is interacting with the calix[4]pyrrole core and shielded by the 
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aromatic walls. A singlet resonating at 3.26 ppm was attributed to the acetylenic 

protons, suggesting that the Hay coupling reaction was not completed at the four 

terminal ends of 4. By integration we determined a ratio of one acetylenic proton per 

calix[4]pyrrole unit. The number of signals corresponding to the aromatic walls and the 

-pyrrolic protons indicated the non-symmetric nature of the host. All these data made 

us assign 7 to a species formed by two calix[4]pyrrole units covalently linked through 

three of their four walls displaying an encapsulated 6 molecule binding ditopically each 

calixpyrrole core. One alkyne group of each calix[4]pyrrole unit rested unreacted. The 

included guest experienced fast rotation on the NMR time scale within the macrocycle 

in agreement with the symmetry observed. 
1H NMR spectrum of the second eluted species (8) in CDCl3 showed four singlets at 

10.35, 10.17, 10.01 and 9.99 ppm attributed to the pyrrolic NHs (Figure 5.6c). We 

detected two signals at 6.89 and 4.49 ppm that were assigned to the bound guest 6. The 
1H NMR spectrum of molecule 8 did not display any signals in the region of the 

acetylenic protons. COSY and ROESY 2D experiments were useful for the assignment 

of some proton signals. 

DOSY NMR experiments performed on CDCl3 solutions of both samples separately 

showed very different diffusion coefficients for molecules 7 (6.62 ± 0.10  10-10 m2s-1) 

and 8 (4.79 ± 0.16  10-10 m2s-1). The value obtained for molecule 7 was similar to the 

one obtained for capsule 642 evidencing a similar hydrodynamic radius for both 

species. However, the low diffusion coefficient value obtained for 8 hinted that 

molecule 8 might be formed by more than two calix[4]pyrrole units. However, the 

unambiguous structural assignment of species 8 was not straightforward based 

exclusively on the solution studies. 
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Figure 5.6. Selected regions of 1H NMR spectra in CDCl3 of compounds a) 4, b) 7, c) 8. 
 

The compounds were detected in the gas phase by high resolution mass spectrometry 

(HRMS). The ESI-HRMS+ spectrum of a sample containing 7 confirmed the presence 

of the structure predicted by 1H NMR studies where two calix[4]pyrrole units 4 were 

covalently attached by three C-C bonds and one acetylenic group remained unreacted 

for each unit. The observed mass indicated the presence of bis-N-oxide 6 being part of 

the complex in complete agreement with the results obtained in solution. The observed 

isotopic pattern matched the theoretical one. 

ESI-HRMS+ spectrum of species 8 showed a high intensity signal which perfectly 

matched in both, isotopic distribution pattern and mass with the formation of a 

[2M+2Na]2+ adduct where M was the mass expected for the desired macrocycle 2. 
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Solid state characterization facilitated the assignment of the structures previously 

described in solution. We were able to grow crystals for both 7 and 8 compounds 

suitable for X-ray analysis from slow evaporation of chloroform solutions. As already 

anticipated by solution and gas phase studies, species 7 corresponded to the structure of 

the desired macrocycle 2 but opened in one of the four walls due to the non-reacted 

acetylenic groups (Figure 5.7).32 Bis-N-oxide 6 was ditopically bound to the cavity by 

stablishing four hydrogen bond interaction between each terminal N-oxide knob and the 

calix[4]pyrrole cores.  

The X-ray crystal structure of 8 (Figure 5.7), was crucial for the structural assignment of 

this species. Compound 8 is based on a figure-of-eight-like structure formed by four 

calix[4]pyrrole units covalently connected through C-C bonds. Two molecules of 6 are 

included in the cavity of 8 stablishing four hydrogen bond interactions with each 

calix[4]pyrrole core in a ditopic manner. Structure 8 resembled previous porphyrin 

based structures resulting from Vernier templating having a figure-of-eight 

morphology.33 The figure-of-eight-like structure of 8 explained the dimeric nature of the 

species observed in gas phase by HRMS and the low diffusion coefficient observed by 

DOSY NMR experiments. 

 

Figure 5.7. X-ray crystal structures of compounds 7 (left) and 8 (right). 
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Formation of molecule 8 can be easily explained by the result of the covalent 

connection between two molecules of 7. We speculated that in the reaction course, 

molecule 7 is firstly generated in solution. Once the three intramolecular coupling 

reactions occurred, the intermolecular reaction with another molecule of 7 is preferred 

over the ring-closing reaction to yield macrocycle 2. The analysis of the preliminary X-

ray structure of compound 7 suggested that the fourth intramolecular coupling to afford 

macrocycle 2 would proceed through a high energy transition state. 

Higher dilution reaction conditions (up to 10 times more diluted) were also applied in 

the reaction conditions in order to facilitate the intramolecular reaction and avoid the 

intermolecular one. Unfortunately, the formation of macrocycle 2 was not observed in 

any case.34 

The coupling reaction was monitored by 1H NMR spectroscopy (Figure 5.8). The 1H 

NMR spectra of the reaction crude (0.65 mM) at different reaction times confirmed the 

initial formation of compound 7 and its consumption upon formation of 8. Higher 

dilution conditions (0.32 mM) which required higher reaction times (up to one week) 

yielded the formation of a higher number of species that could not be identified. Most 

likely, the majority of these species corresponded to partially bound species and 

oligomeric compounds. 

Clearly, these results pointed out that the intermolecular reaction between two 

molecules of 7 was favored over the intramolecular ring-closing reaction to yield 2 in all 

the different reaction conditions tested. This preference could be explained by the 

higher ring strain that the 62 complex would experiment over 7 and 8. In addition, the 

high thermodynamic stability of 7 and 8 complexes was corroborated by the 

impossibility to expel the template from the inner cavity of the host, even after column 

chromatography in silica gel. 
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Figure 5.8.
 1H NMR spectra in CDCl3 for the monitoring of the Hay coupling reaction of 

calix[4]pyrrole 4 (0.65 mM) in the presence of template 6.  
 

5.3 Conclusions 

In summary, we pursued the synthesis of macrocycle 2 by means of a templated 

reaction using two different bipyridine bis-N-oxides, 5 and 6, as template molecules. 

The results suggested that template 5 was too short to force the intramolecular over the 

intermolecular reaction and the reaction led to a highly insoluble mixture probably 

composed by polymeric material.  

Template 6 resulted to be a good molecule to template the first three intramolecular 

coupling reactions. However, the fourth intramolecular reaction to yield the desired 

macrocycle 2 did not occur in any case, most likely due to strain reasons. In agreement, 

complex 7 was isolated from the reaction mixture. Moreover, we were able to isolate an 

unusual macrocyclic complex as the major species, molecule 8. Macrocycle 8 consisted 

of a figure-of-eight-like structure formed by the covalent connection between two 

molecules of 7. 
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These results illustrate the high importance of template molecules in the synthesis of 

these type of calix[4]pyrrole macrocycles and open the door to the construction of new 

macrocyclic complex structures from simple starting materials. 

 

5.4 Experimental section 

5.4.1 General information and instrumentation 

Starting materials and reagents were purchased from Sigma Aldrich and used as 

received. All reactions were performed under Ar atmosphere unless specified. 

Anhydrous solvents were obtained from a solvent purification system SPS-400-6 from 

Innovative Technologies, Inc. All solvents were of HPLC grade quality, commercially 

obtained and used without further purification. 1H NMR and 2D NMR spectra were 

recorded on a Bruker Avance II 400 Ultrashield NMR spectrometer. Variable 

temperature experiments were performed on a Bruker Avance 500 (500.1 MHz for 1H 

NMR) Ultrashield spectrometer. CD2Cl2 and CDCl3 from Sigma Aldrich were used for 

NMR studies. Chemical shifts are given in ppm, relative to TMS. Mass spectra were 

recorded on a LCT Premier, Waters-Micromass ESI or Autoflex, Bruker Daltonics 

MALDI mass spectrometer. 

5.4.2 Synthetic procedures 

Synthesis of Tetraiodo calix[4]pyrrole: 

 

 

In a 500 mL round bottom flask 4’-Iodoacetophenone (10 g, 40.6 mmol) was dissolved 

in 200 mL of dichloromethane. 1.2 mL of HCl (aq.) (40.6 mmol) was added dropwise 
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followed by the addition over the course of 30 minutes of 1.8 mL of freshly distilled 

pyrrole (40.6 mmol). The flask was protected from light and the reaction was left 

stirring 48 hours at room temperature. The precipitated formed was filtered to discard 

oligomeric pyrrolic by-products and 300 mL of methanol were added to the solution. 

The solution was concentrated under reduced pressure to remove the dichloromethane 

and an orange solid precipitated. The solid was filtered and washed with acetonitrile. 

This crude was recrystallized several times to afford pure ,,,-isomer (1.97 g, 16% 

yield). 

 
1H NMR (500 MHz, CDCl3) δ (ppm): 7.58 (d, J=8.5Hz, 8H), 7.56 (br, 4H), 6.87 (d, 

J=8.5Hz, 8H), 5.73 (d, J=2.7Hz, 8H), 1.95 (s, 12H). HRMS-ESI- m/z calcd for 

C48H39I4N4 (M - H)- 1178.9359, found 1178.9338. 

 

Synthesis of calix[4]pyrrole 4: 

  

a) A mixture of tetraiodocalixpyrrole (308 mg, 0.261 mmol), Pd(PPh3)2Cl2 (36.6 

mg, 0.052 mmol), and copper iodide (24.85 mg, 0.130 mmol) was placed in a 50 mL 

Schlenk tube and dried under high vacuum for one hour. Then, a 1:1 mixture of dry 

THF : diisopropylamine (20 mL) was added under argon. Finally, 

trimethylsilylacetylene (293 µL, 2 mmol) was added and the mixture was heated at 80ºC 

overnight. The reaction crude was concentrated and purified by column chromatography 

(silica gel, dichloromethane : hexane 1:1) to obtain pure tetratrimethylsilyl protected 

calixpyrrole as a white solid (230 mg, 83% yield). 

 

b) The protected calixpyrrole (230 mg, 0.217 mmol) was dissolved in 50 mL of 

THF in a 100 mL round bottomed flask. Then, tetrabutylammonium fluoride trihydrate 
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was added (383 mg, 2.166 mmol). After three hours the reaction was concentrated and 

purified by column chromatography (silica gel, dichloromethane) to obtain pure 

tetraalkyne calixpyrrole 4 almost quantitatively as a white solid.  

 

4: 1H NMR (500 MHz, CDCl3) δ (ppm): 1H NMR (500 MHz, CDCl3) δ (ppm): 7.64 (br, 

4H), 7.39 (d, J=8.2Hz, 8H), 7.08 (d, J=8.2Hz, 8H), 5.74 (d, J=2.6Hz, 8H), 3.06 (s, 4H), 

1.98 (s, 12H). HRMS-ESI+ m/z calcd for C56H45N4 (M + H)+ 773.3639, found 

773.3639. 

 

Synthesis of bis-N-oxide 6:  

 

 

1,2-di(pyridin-4-yl)ethyne35 (108 mg, 0.6 mmol) was dissolved in a 1:1 mixture of 

water and 2-butanone (60 mL). Under vigorous stirring, sodium bicarbonate (3 g, 36 

mmol) was added followed by small additions of Oxone® (2 g, 3.6 mmol). After one 

hour the reaction was diluted with brine and extracted three times with chloroform. The 

combined organic layers were dried with sodium sulfate and concentrated under 

reduced pressure to afford the bis-N-oxide as a yellowish solid (64 mg, 50% yield).  

 

6: 1H NMR (500 MHz, CDCl3) δ (ppm): 8.19 (d, J=7.4, 4H), 7.39 (d, J=7.4Hz, 4H). 

HRMS-ESI+ m/z calcd for C12H8N2NaO2 (M + Na)+ 235.0483, found 235.0478.  
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Synthesis of 7 and 8:  

 

A mixture of calix[4]pyrrole 4 (50.0 mg, 0.065 mmol) and bis-N-oxide 6 (6.9 mg, 0.032 

mmol) in a 2:1 molar ratio in 25 mL of CH2Cl2 was placed in a round bottom flask. 

Then, CuCl (20 eq) were added in one portion. Finally, 200 L of TMEDA were added 

(20 eq). The reaction was stirred at room temperature for 5 hours in the presence of O2. 

The organic phase was washed successive times with 10 mL of water until the aqueous 

layer showed no presence of copper. The organic phase was dried with sodium sulfate 

and the solvent was concentrated. The resulting mixture of products was passed through 

a silica column using CH2Cl2 : Hexane (6:4) as eluent. Two products were isolated in a 

9% (7, 3 mg) and 67% (8, 20 mg) yield. 

 

7: 1H NMR (500 MHz, CDCl3) δ (ppm): 10.08 (s, 4H), 9.68 (s, 4H), 7.55 (d, J=8.3Hz, 

4H), 7.50 (d, J=8.3Hz, 4H), 7.01 (d, J=8.3Hz, 4H), 6.94 (m, 24H), 6.78 (d, J=7.0Hz, 

4H), 6.14 (m, 16H), 4.43 (d, J=7.0Hz, 4H), 3.25 (s, 2H), 1.96 (br, 12H), 1.88 (s, 12H). 

HRMS-ESI+ m/z calcd for C124H90N10NaO2 (M + Na)+ 1773.7140, found 1773.7136. 

 

8: 1H NMR (500 MHz, CDCl3) δ (ppm): 10.35 (s, 4H), 10.17 (s, 4H), 10.0 (s, 8H), 7.65 

(d, J=8.0Hz, 8H), 7.53 (br, 8H), 6.94 (m, 48H), 6.14 (m, 32H), 4.49 (d, J=6.9Hz, 8H), 

1.98 (br, 12H), 1.90 (s, 12H), 1.86 (s, 12H), 1.74 (s, 12H). HRMS-ESI+ m/z calcd for 

C248H176N20Na2O4 (M + 2Na)2+ 1771.6984, found 1771.6972. 
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5.4.3 Experimental section: Figures 

 

Figure 5.9. COSY NMR of a CDCl3 solution of compound 7. 

 

Figure 5.10. ROESY NMR of a CDCl3 solution of compound 7. 
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Figure 5.11. COSY NMR of a CDCl3 solution of compound 8. 

 

Figure 5.12. ROESY NMR of a CDCl3 solution of compound 8. 
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Figure 5.13. 1H pseudo-2D DOSY profile of calix[4]pyrrole 4 in CDCl3 at 298 K and millimolar 
concentration. Data fitted to a monoexponential function. 

 

 

 

Figure 5.14. 1H pseudo-2D DOSY profile of a 2:1 mixture of calix[4]pyrrole 4 and bis-N-oxide 6 
in CDCl3 at 298 K and millimolar concentration. Data fitted to a monoexponential function.  
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Figure 5.15. 1H pseudo-2D DOSY profile of molecule 7 in CDCl3 at 298 K and millimolar 
concentration. Data fitted to a monoexponential function. 

 

 

 

Figure 5.16. 1H pseudo-2D DOSY profile of molecule 8 in CDCl3 at 298 K and millimolar 
concentration. Data fitted to a monoexponential function.  
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6.1 Introduction 

 

Molecular encapsulation1,2,3 has emerged as an attractive tool in host-guest chemistry 

for the stabilization of reactive intermediates,4,5,6 labile substrates,7,8 to promote or 

accelerate chemical transformations9,10,11 or even alter the typical regio/stereochemical 

outcome of a reaction.12,13 The first molecular containers able to isolate and store guests 

from the bulk solution suffered from long and tedious low-yielding syntheses.14 In spite 

of this, Cram’s carcerands15,16 and Collet’s cryptophanes17,18 formed inclusion 

complexes kinetically very stable,19 which in some cases required harsh conditions to 

release or exchange the included guest. More synthetically appealing, self-assembled 

molecular capsules that rely on non-covalent interactions offered high-yielding capsule 

formation (thermodynamic control) and the release of the guests under mild conditions 

in the NMR or human time scale.20,21,22 During the last decade, growing interest has 

been focused on the development of self-assembled capsules based on dynamic covalent 

bonds, which combine the strength of covalent bonds and the reversibility of non-

covalent interactions.23,24,25 The first examples of dynamic covalent capsules were based 

on a resorcin[4]arene scaffold decorated with formyl groups at the upper rim26,27,28 and 

exploited the reversibility of the imine bonds (Figure 6.1a).29 The subsequent works of 

Warmuth and collaborators30,31 with tetraformyl resorcin[4]arenes32 and derived 

cavitands33,34 produced a new family of dynamic capsules of diverse geometry (Figure 

6.1b)35,36,37 able to stabilize labile species.38 More recently, Rebek’s group has studied 

the reversible binding of different guests within resorcin[4]arene dynamic capsules with 

imine bonds (Figure 6.1c)39,40 and other groups have benefited from the reversibility of 

boronic ester or disulfide bonds to build molecular capsules.23 Nevertheless, it is worth 

noting that all the examples of dynamic covalent capsules reported in the literature are 

lacking polar functionalization in the cavity interior. Thus, the inclusion of guests is 

limited to size and shape exclusion,41 and the affinity and selectivity is often reduced. In 

contrast, biological receptors display a combination of polar and non-polar groups 

orderly arranged to maximize the catalytic activity. However, the introduction of polar 

groups within artificial receptors is still a challenging task.42 In this chapter we will 

describe the template-assisted self-assembly of a calix[4]pyrrole scaffold decorated with 
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aldehyde groups at the upper rim and diamine linkers to form a capsular assembly with 

polar interiors and reversible covalent bonds. The container has been characterized in 

solution, gas phase and remarkably even in the solid-state. 

 

Figure 6.1. a) Line-drawing structure of covalent carcerand designed by Cram b) Energy-
minimized (MM3) structure of covalent hexamer prepared by Warmuth et al. c) Energy-
minimized (MM3) structure of covalent capsule with reversible imine bonds described by Rebek. 
Non-polar hydrogens were removed for clarity. 
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6.2 Results and discussion 

6.2.1 Design and synthesis 

The aim of this work is the preparation of covalent capsules with reversible imine bonds 

and polar interiors. The selected strategy consisted in the self-assembly of two 

tetraaldehyde calixpyrrole units with four diamine linkers (Scheme 6.1). 

 

Scheme 6.1. Selected strategy for the preparation of covalent capsules with reversible bonds and 
polar interiors based on calix[4]pyrrole scaffold 1. Line-drawing structure of the diamine linkers 
used.  

Tetraaldehyde calixpyrrole 1 was prepared by Sonogashira coupling of a tetraiodo 

calixpyrrole with propargylaldehyde diethyl acetal followed by subsequent acetal 

hydrolysis in acidic media (Scheme 6.2).  
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Scheme 6.2. Synthetic scheme for the preparation of tetraaldehyde calixpyrrole 1. 

6.2.2 Template-assisted self-assembly of tetraaldehyde calix[4]pyrrole 1 and 

ethylenediamine 

Firsts attempts to obtain a molecular capsule 6 assembled through dynamic covalent 

bonds were performed by mixing a millimolar CDCl3 solution of calix[4]pyrrole 1 with 

two equivalents of ethylenediamine (2). Formation of the capsule was followed by 1H 

NMR. 

The 1H NMR spectrum of tetraaldehyde aryl-extended calix[4]pyrrole 1 in CDCl3 

showed sharp and well-defined signals. The number of observed signals was in 

agreement with a C4v symmetry (Figure 6.2). The aldehyde protons resonate at their 

typical downfield shift (δ = 9.41 ppm). 

 

Figure 6.2. 1H NMR spectrum of calixpyrrole 1 in CDCl3.*Residual solvents. See Scheme 6.1 for 
proton assignment. 

The addition of two equivalents of ethylenediamine 2 to a CDCl3 solution of 1 

immediately produced a precipitate. The 1H NMR spectrum of the remaining solution 

showed broad and ill-defined signals. We attributed these results to the formation of 

insoluble polymeric aggregates.  

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Template-assisted self-assembly of dynamic covalent capsules with polar interiors 

 

-233- 

 

Most likely, the absence of a suitable template that preorganizes the calixpyrrole core 

into the cone conformation, where the four aldehyde groups are in the right disposition 

to form the desired capsule is responsible for the formation of polymeric aggregates. 

Calixpyrroles are well-known to bind amine N-oxides forming stable 1:1 complexes by 

establishing four convergent hydrogen bonds between the oxygen atom of the N-oxide 

knob and the pyrrolic NHs.43 The addition of 1 equivalent of trimethylamine N-oxide 3 

to a CDCl3 solution of calixpyrrole 1 produced new sharp and well-defined signals that 

were in agreement with the formation of a 1:1 inclusion complex 31 (Figure 6.3). 

Evidences of that were the downfield shift of the pyrrolic NHs (Hd) of the host (δ = 

10.23 ppm) and the upfield shift of the methyl protons for the included 3 (δ = 0.90 

ppm). The addition of two equivalents of ethylenediamine to a CDCl3 solution of the 

31 complex resulted for a second time in the formation of a precipitate. The 1H NMR 

spectrum of the remaining solution showed complex proton signals pointing to the 

formation of more than one single species.  

 

Figure 6.3. 1H NMR spectrum of a CDCl3 equimolar solution calixpyrrole 1 and trimethylamine 
N-oxide 3. *Residual solvents. Bound protons marked with primed letters and numbers. See 
Scheme 6.1 for proton assignment. 

At this point, we envisaged that a ditopic template that could bring two calixpyrrole 

units of 1 closer would assist the capsule formation. 4,4′-Dipyridyl N,N′-dioxide 4 

possesses two N-oxide knobs separated at a fixed length and can act as ditopic guest to 

form 2:1 complexes with calixpyrroles.43,44 To test our hypothesis, we performed a 1H 
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NMR titration experiment of a solution of calixpyrrole 1 in CDCl3 with 4,4′-dipyridyl 

N,N′-dioxide 4 (Figure 6.4).  

 

Figure 6.4. 1H NMR titration of a CDCl3 solution of calix[4]pyrrole 1 with 4,4′-dipyridyl N,N′-
dioxide 4 a) 0 eq. b) 0.5 eq. c) 1 eq. d) 1.25 eq. *Residual solvents. Bound protons marked with 
primed letters and numbers.  
 

Addition of increasing amounts of bis-N-oxide 4 produced the broadening and gradual 

shift of the proton signals corresponding to host 1. The signals for the included guest 

were broad and could not be identified. In the presence of one equivalent of guest 4, the 

proton signals from the host and guest became sharp and well-defined. Four different 

proton signals were detected for the included guest upfield shifted indicating the 

formation of a 1:1 inclusion complex 41 in solution. After the addition of more than 1 

equivalent of guest 4, no changes on the chemical shift of the bound host and guest 

proton signals were detected pointing out that the host-guest complex was quantitatively 
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formed in solution at the working concentration. Taken together these results indicated 

that the regime exchange between bound and free species is fast on the NMR time scale 

and that the association constant is higher than 104 M-1. 

 

Figure 6.5. Variable temperature 1H NMR of a CDCl3 solution of calix[4]pyrrole 1 with 0.5 
equivalents of 4,4′-dipyridyl N,N′-dioxide 4. *Residual solvents. See Figure 6.4 for proton 
assignment. Bound protons marked with primed letters and numbers. 
 

We performed variable temperature 1H NMR experiments on a CDCl3 solution of 

calixpyrrole 1 and 0.5 equivalents of guest 4. At 213 K sharp and well-defined proton 

signals that can be assigned to a mixture of free 1 and 1:1 complex 41 (Figure 6.5) 

were observed. Therefore, no capsule formation was detected using as template guest 4. 

On the contrary, a titration of a CDCl3 solution of calixpyrrole 1 with longer bis-N-

oxide 1,2-bis(4-pyridyl)acetylene N,N’-dioxide 5 produced very different results (Figure 

6.6). Upon addition of 0.5 equivalents of 5 to a millimolar CDCl3 solution of 1 we could 

observe separate sets of proton signals for free and bound host indicating that the 

regime exchange was slow on the NMR time scale. Two doublets at 4.62 and 6.74 ppm 

were attributed to the included guest 5. The symmetry observed for the bound guest 

indicated the formation of a 2:1 complex 512.  
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Figure 6.6. 1H NMR titration of a CDCl3 solution of calix[4]pyrrole 1 with 1,2-bis(4-
pyridyl)acetylene N,N’-dioxide 5 a) 0 eq. b) 0.25 eq. c) 0.5 eq. d) 1 eq. e) 1.5 eq. *Residual 
solvents. Bound protons marked with primed letters and numbers.  
 
The energy-minimized (MM3) molecular modeling of the 512 complex (Figure 6.7a) 

revealed that the template positioned the aldehyde groups from each calixpyrrole 

hemisphere close in the space. Based on this, we envisaged that the addition of a 

diamine linker to the 512 complex would now easily produce the expected dynamic 

covalent assembly. Gratifyingly, we observed that a CDCl3 solution of calixpyrrole 1, 

bis-N-oxide 4 and ethylenediamine 2 in a 1:0.5:2 molar ratio produced the formation of 
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a precipitate and broad and ill-defined proton signals for the remaining solution. 

Conversely, a CDCl3 solution of calixpyrrole 1, bis-N-oxide 5 and ethylenediamine in a 

1:0.5:2 molar ratio produced a clear solution with no precipitate and sharp and well-

defined proton signals (Figure 6.8).45 

 
Figure 6.7. Energy-minimized (MM3) structure of the a) 512 capsule, b) 56 capsule. Non-
polar hydrogens for the host were removed for clarity. Included guest is depicted in CPK whereas 
the host is shown in stick representation. 
 

The observed proton signals were in agreement with the formation of a covalent capsule 

56 (Figure 6.7b). Notably, the proton signal for the aldehyde peak (He) disappeared 

and a new proton signal resonating at 7.90 ppm (Himine) that can be assigned to the new 

formed imine bonds emerged. Guest 5 was encapsulated within the capsule as 

evidenced by the pyrrolic protons (Hd) resonating downfield (δ = 9.45 ppm, Δδ = 1.81 

ppm) due to the formation of hydrogen bonds with the oxygen atom of the N-oxide 

knobs. The protons of the included guest appeared as two doublets upfield shifted in 

comparison to free 5 (H1, Δδ = -3.62 ppm; H2, Δδ = -0.68 ppm). Methylene protons for 

the ethylenediamine linkers (Hen) resonate downfield shifted (δ = 4.25 ppm, Δδ = 1.60 

ppm) as expected for the formation of the imine bonds.33 2D NMR spectra were also in 

agreement with the formation of the capsule. Intermolecular ROE close-contact cross-

peaks between Himine protons and the included guest protons H2 were detected. The 

covalent assembly 56 was even detected in the gas phase by MALDI+. 
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Figure 6.8. 1H NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-bis(4-pyridyl)acetylene 
N,N’-dioxide 5 and ethylenediamine 2 in a 1:0.5:2 molar ratio producing the capsular assembly 
56. *Residual solvents. See Scheme 6.1 for proton assignment. Bound protons marked with 
primed letters and numbers. 
 

Variable temperature 1H NMR (VT-NMR) experiments were performed to a sample 

containing the 56 complex (Figure 6.9) to study the dynamics of the capsule 

depending on the temperature. At 213 K we could detect four different doublets for the 

aromatic proton signals Hb and Hc, two different proton signals for the -pyrrolic 

protons Ha and two proton signals for the methylene protons Hen of the ethylenediamine 

linker. Most likely, at room temperature the Cmeso-phenyl bond of the calixpyrrole was 

rotating fast on the NMR time scale, producing average proton signals for Hb’ and Hc’. 

However, at low temperature, this rotation became slow resulting in the observation of 

Hb and Hc as diastereotopic protons. The rotation around the ethylenediamine linkage 

became more restricted at low temperature, which resulted in observation of 

diastereotopic protons for the Hen protons as well. Diastereotopic -pyrrolic protons Ha 

are also resolved at 213K due to the restricted motion of the capsule at low temperature.  
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Figure 6.9. Variable temperature 1H NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-
bis(4-pyridyl)acetylene N,N’-dioxide 5 and ethylenediamine 2 in a 1:0.5:2 molar ratio. Bound 
protons marked with primed letters and numbers. See Scheme 6.1 for proton assignment. 
 

6.2.3 Template-assisted self-assembly of tetraaldehyde calix[4]pyrrole 1 and 

1,2-diaminocyclohexane 

We wanted to find out if this approach could be extended to other diamine linkers such 

as (1R,2R)-(−)-1,2-diaminocyclohexane, 7 (Scheme 6.1). A mixture of calixpyrrole 1, 

guest 5 and chiral diamine 7 in a 1:0.5:2 molar ratio in CDCl3 produced a clear solution 

with sharp and well-defined proton signals characteristic of a covalent capsule assembly 

58 (Figure 6.11).46 Notably, the characteristic imine proton peak resonated at 7.90 

ppm, and the methyne protons H of the linker resonated downfield shifted compared to 

the same chemical shift in free 7 (δ = 4.25 ppm, Δδ = 2.7 ppm). 2D NMR experiments 

were in agreement with the formation of the capsule. ROE close-contact cross-peaks 

between Himine and H2 and between Himine and H could be observed. Guest 5 was 

included within the capsule as evidenced by the downfield shift of the pyrrolic NHs (Hd, 

δ = 9.45 ppm, Δδ = 1.80 ppm) and the upfield shift of the protons of the bound guest 

(H1, Δδ = -3.85 ppm; H2, Δδ = -0.63 ppm). Intermolecular ROE close-contact cross-

peaks between the included protons of 5 and the aromatic walls of the capsule could 

also be observed. The formation of the capsular assembly was confirmed by DOSY 

NMR experiments. The obtained diffusion coefficient values revealed the expected 
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significant differences in size between free calixpyrrole 1 (D = 7.27 x 10-10 m2/s, r = 5.5 

Å) and the capsular assemblies 512 (D = 4.70 x 10-10 m2/s, r = 8.6 Å) and 58 (D = 

4.30 x 10-10 m2/s, r = 9.3 Å). In addition, the 58 complex was detected in the gas phase 

by high resolution MALDI+ spectrometry. 

 

 

Figure 6.10. 1H NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-bis(4-pyridyl)acetylene 
N,N’-dioxide 5 and (1R,2R)-(−)-1,2-diaminocyclohexane 7 in a 1:0.5:2 molar ratio affording 
capsule 58. *Residual solvent. See Scheme 6.1 for proton assignment. Bound protons marked 
with primed letters and numbers. 

Complex 58 was characterized in the solid-state by X-ray diffraction analysis of a 

single crystal grown from a p-xylene solution (Figure 6.11). It is worth noting that this 

is one of the few solid-state structures of a dynamic covalent capsule.18,47 The X-ray 

showed guest 5 perfectly encapsulated within capsule 8 forming four hydrogen bonds 

with each calixpyrrole core. The cyclohexane rings adopted a chair conformation 

displaying the amine substituents in equatorial position, to minimize unfavorable 

gauche interactions.48 It is interesting to notice that an additional element of asymmetry 

apart from the chiral centers of 7 was introduced by the helical-like directionality of the 

aromatic walls connected through the imine bonds. It is necessary that all the aromatic 

walls have the same sense in their helical-like chirality in order to link the two 

calixpyrrole hemispheres and assemble the covalent capsule. The absolute configuration 

assigned to the capsule was based on the sense of the helix of an aromatic wall when the 

capsule was viewed from the concave side of the calix[4]pyrrole (right-handed P or left-

handed M) (Figure 6.11).  

Theoretically, two diastereomeric capsules could be assembled R,M-8 and R,P-8, being 

R the chirality of the diamine linkers, and M or P the supramolecular chirality of the 

capsule. Experimentally, in the crystal packing of the 58 complex the R,P-8 
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cycloisomer was observed exclusively.49 This evidenced a very strong induction 

chirality from the chiral linker to the supramolecular capsule. 

 

Figure 6.11. Top and side views of the X-ray structure of the 58 complex. Non-polar hydrogens 
for the host removed for clarity. Included guest depicted in CPK whereas the host is shown in 
ball-and-stick representation. 
 

VT-NMR experiments performed in a sample containing the 58 complex showed four 

diastereotopic aromatic protons Hb and Hc at 253K. An EXSY NMR (mixing time = 300 

ms) performed at the same temperature showed chemical exchange between two 

diastereotopic aromatic protons Hc. Analogously to the observations made in the 56 

complex, we proposed the restricted rotation about the Cmeso-phenyl bond at low 

temperatures as the origin of the diastereotopicity of Hb and Hc. At 253 K the rotation 

about this bond is slow on the EXSY timescale explaining the observation of chemical 

exchange between the diastereotopic protons. Interestingly, the -pyrrolic protons Ha 

appear as two separated signals in the whole range of temperatures studied. Most likely, 

the bulkiness and rigidness of the cyclohexyl groups in comparison to the more labile 

ethylenediamine linkers provoked the observation of resolved Ha protons even at room 

temperature. 
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Figure 6.12. Variable temperature 1H NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-
bis(4-pyridyl)acetylene N,N’-dioxide 5 and (1R,2R)-(−)-1,2-diaminocyclohexane 7 in a 1:0.5:2 
molar ratio. Bound protons marked with primed letters and numbers. See Scheme 6.1 for proton 
assignment. 
 

The dynamic nature of the capsule in solution was also tested. A competitive 

experiment was performed between two guests capable of template the capsule 

assembly. 

For instance, 1,2-di(4-pyridyl)ethylene N,N’-dioxide 9 was a good template to assemble 

the molecular capsule 98 (Figure 6.13).50 One equivalent of guest 9 was added to a 

CDCl3 solution of the 58 capsule. Guest exchange was monitored by 1H NMR 

spectroscopy (Figure 6.14). The results showed that even after a week, only minor 

proton signals corresponding to the 98 complex could be observed. We attributed the 

slow exchange between guests to the high kinetic stability of the complexes imparted by 

the covalent capsule.51 
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Figure 6.13. 1H NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-di(4-pyridyl)ethylene 
N,N’-dioxide 9 and (1R,2R)-(−)-1,2-diaminocyclohexane 7 in a 1:0.5:2 molar ratio. *Residual 
solvent. See Scheme 6.1 for proton assignment Bound protons marked with primed letters and 
numbers. 

 
Figure 6.14. 1H NMR spectra of a) 58 capsule, b) 58 capsule and 1 equivalent of guest 9, c) 
58 capsule and 1 equivalent of guest 9 after 1 week, d) 98 capsule. See Scheme 6.1 and Figure 
6.13 for proton assignment. Bound protons marked with primed letters and numbers. 
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6.2.4 Template-assisted self-assembly of tetraaldehyde calix[4]pyrrole 1 and 

tetraamine calix[4]pyrrole 

Given the good results obtained in the self-assembly of calixpyrrole 1 with diamine 

linkers, we decided to pursue the formation of heterocapsules with reversible bonds. By 

definition, heterocapsules exhibit an asymmetric cavity, which makes them interesting 

for the selective encapsulation of different guests, recognition of chiral substrates or 

even for its application as molecular reactor vessels.52 

 
Scheme 6.3. Strategy used for the preparation of heterocapsules with reversible bonds and line-
drawing structure of molecules used. 

First, we attempted the assembly of a calix[4]pyrrole-calix[4]arene covalent capsule 11 

by the reaction of tetraaldehyde calixpyrrole 1 with calixarene 10 templated with 

several guests.53 However, the reaction with the templates used (i.e. trimethylamine N-

oxide, 4-dimethylaminepyridine N-oxide, 4-methylpyridine N-oxide, 4-phenylpyridine 

N-oxide, 4-tertbutylpyridine N-oxide, trimethylglycine) resulted in highly insoluble 

reaction mixtures whatsoever. Instead, we decided to use tetraamine calixpyrrole 12 and 

a suitable template to assemble heterocapsule 13 with two calixpyrrole hemispheres. 

Molecular modeling studies suggested that 4,4′-dipyridyl N,N′-dioxide 4 was a perfect 

fit for the self-assembly of capsule 13 (Figure 6.15a). The mixture of calixpyrrole 1, bis-
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N-oxide 4 and calixpyrrole 12 in a 1:1:1.4 molar ratio54 produced sharp and well-

defined signals that were in agreement with the formation of capsule 413 (Figure 

6.15b).55,56 

 

Figure 6.15. a) Energy-minimized (MM3) structure of the 413 capsule. Non-polar hydrogens of 
the host were removed for clarity. b) Selected region of 1H NMR spectrum of a CDCl3 solution of 
calixpyrrole 1, bis-N-oxide 4 and calixpyrrole 12 in a 1:1:1.4 molar ratio. Primed letters and 
numbers indicate bound proton signals. *Residual solvent. 

The number of proton signals observed was in agreement with the expected capsule 

413 featuring two non-equivalent hemispheres. Accordingly, four upfield shifted 

doublets (H1’, H2’, H3’, H4’) for the included guest were observed, as well as four 

doublets for the aromatic rings (Hb1’, Hb2’, Hc1’, Hc2’) and two different -pyrrolic 

protons (Ha1’ and Ha2’). The imine protons resonated as a singlet at 7.71 ppm. Some 

excess of guest 4 could be observed resonating at the typical chemical shift of free 4 (H1 

and H2). EXSY NMR (mixing time = 300 ms) experiments did not reveal chemical 

exchange between the protons for free and encapsulated 4, evidencing the high kinetic 

stability of the complex. The unusual chemical shift for the bound pyrrolic NHs (Hd1’ 

and Hd2’, δ = 8.30 ppm) pointed out that the hydrogen bonds between the calixpyrrole 

core and the oxygen atom of the N-oxide knobs are weaker than in typical aryl-extended 
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calixpyrrole-amine N-oxide complexes.43 Most likely, the length of bis-N-oxide 4 was 

not optimal to stablish simultaneously eight hydrogen bonds with the calixpyrrole cores.  

Complex 413 was detected in the gas phase by MALDI+. 2D NMR spectra and 

DOSY experiments were in agreement with the formation of the capsule. We calculated 

a hydrodynamic radius for the assembly (D = 4.77 x 10-10 m2/s) of 8.9 Å by application 

of the Stokes-Einstein equation, which was in total agreement with the expected size of 

the capsule. 

We decided to explore the use of other guests that could template the formation of a 

heterocapsular assembly 13. An equimolar CDCl3 solution of calixpyrrole 1, 

trimethylamine N-oxide 3 and calixpyrrole 12 produced the formation of a precipitate. 

The 1H NMR of the remaining solution showed proton signals in accordance to the 

formation of a mixture of the desired 3213 capsule along with the 1:1 312 inclusion 

complex in an approximate 1:1 molar ratio (Figure 6.16). Minor signals for the 31 

complex were also observed. The proton signals assigned to the 3213 capsule were in 

agreement with the dissymmetric environment of the container.  

 

Figure 6.16. Selected regions of a 1H NMR spectrum of an equimolar CDCl3 solution of 
calixpyrrole 1, trimethylamine N-oxide 3 and calixpyrrole 12. See Figure 6.15 and Figure 6.3 for 
proton assignment.  

Bound protons of 3 resonated as two different signals (δ = 0.70 and 0.62 ppm) 

confirming the inclusion of two units of trimethylamine N-oxide 3 in the different 

environment of each hemisphere of container 13. Significantly, protons of the bound 

guest in the 1:1 312 complex resonated less upfield shifted at 1.16 ppm than in the 

capsule 3213. Pyrrolic NHs (Hd1’ and Hd2’) in the 3213 capsule resonated at lower 

field (δ = 10.25 and 10.17 ppm) than in the case of the capsule 413 indicating the 

formation of stronger hydrogen bonds. The inclusion of two smaller monotopic guests 

allowed the formation of better hydrogen bonds with the calixpyrrole cores compared to 
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a ditopic and rigid template 4 with a fixed lenght.57 However, after 2 days most of the 

3213 capsule precipitated out of solution indicating a reduced stability for the 3213 

capsule compared to the 413. It is interesting to notice that a monotopic guest 

templated the formation of covalent heterocapsule 13 whereas the formation of covalent 

capsule 6 demanded a ditopic one. Most likely the reduced number of interactions and 

reactants to form capsule 13 (2 components, 4 imine bonds) compared to the higher 

number of interactions in the formation of capsule 6 (6 components, 8 imine bonds) 

were responsible for this difference.58  

 

6.3 Conclusions 

In brief, we describe the unprecedented self-assembly of a tetraaldehyde calix[4]pyrrole 

1 with diamine linkers to afford covalent capsules with reversible imine bonds and a 

polar interior. We have observed that the role of the template is vital to direct the 

reaction towards the exclusive formation of the desired molecular containers. The 

capsules have been characterized in solution, gas phase and in even in the solid-state. 

We have observed when using a chiral diamine as linker a transfer of the chirality to the 

covalent capsule. In addition, a covalent heterocapsule formed by two different 

calix[4]pyrrole hemispheres was prepared. The different size between the homo and 

hetero-covalent capsules is reflected in the length of the template needed for its 

assembly. In so, it seems promising that the use of templates with different length or 

even shape can direct the self-assembly reaction towards the preparation of covalent 

capsules with polar interior exhibiting novel sizes or shapes.  

Current efforts are directed towards the reduction of the imine bonds to afford covalent 

carcerand-like capsules and the preparation of water-soluble dynamic containers.  
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6.4 Experimental section 

6.4.1 General information and instrumentation 

Reagents were obtained from commercial suppliers (Aldrich) and used without further 

purification. Anhydrous solvents were obtained from a solvent purification system SPS-

400-6 from Innovative Technologies, Inc. All solvents were of HPLC grade quality, 

commercially obtained and used without further purification. Routine 1H NMR spectra 

were recorded on a Bruker Avance 400 (400.1 MHz for 1H-NMR) and Bruker Avance 

500 (500.1 MHz for 1H NMR) ultrashield spectrometer. The deuterated solvents 

(Aldrich) used are indicated in the experimental part; chemical shifts, , are given in 

ppm, relative to TMS. 

6.4.2 Synthetic procedures 

Synthesis of tetraiodo calixpyrrole and guest 5 have been described in Chapter 5. Guest 

9,59 calixpyrrole 1044 and calixarene 1160 were prepared according to reported 

procedures.  

 

Synthesis of Tetraaldehyde Calix[4]pyrrole 1: 

 

a) Tetraiodo calix[4]pyrrole (300 mg, 0.256 mmol), Pd(PPh3)Cl2 (45 mg, 0.065 

mmol) and CuI (24 mg, 0.128 mmol) were placed in a 50 mL Schlenk tube and dried 

under high vacuum for one hour. Then, a mixture of 1:1 THF and diisopropylamine (20 

mL) is added under argon. Finally, propargylaldehyde diethyl acetal (293 µL, 2 mmol) 

is added in one portion and the reaction is stirred at room temperature under argon. 

After the reaction is completed as judged by TLC monitoring (ca. 1 hour) the reaction is 

filtered and concentrated under reduced pressure. The residue is purified by column 

chromatography (silica gel, dichloromethane) to obtain 300 mg of tetraacetal 

calixpyrrole as a bright orange solid (99% yield).  
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1H NMR (500 MHz, CDCl3) δ (ppm): 7.60 (br, 4H), 7.38 (d, J=8.4Hz, 8H), 7.08 (d, 

J=8.4Hz, 8H), 5.73 (br, 8H), 3.83 (dq, 8H), 3.65 (dq, 8H), 2.16 (s, 4H), 1.96 (s, 12H), 

1.29 (t, J=7.2Hz, 24H). HRMS-MALDI+ m/z calcd for C76H84N4O8 (M+) 1180.6289, 

found 1180.6256 

 

b) Tetraacetal calixpyrrole (50 mg, 0.042 mmol) is dissolved in 40 mL of 

dichloromethane. Then, a solution of TFA (260 µL, 3.39 mmol) in 40 mL of 

dichloromethane is added dropwise. After the addition is completed, the reaction is 

washed with water (2x50 mL) and the combined organic layers are dried under reduced 

pressure at room temperature to obtain pure tetraaldehyde calix[4]pyrrole (34 mg, 91%). 

The product must be stored under argon in the fridge.  
 

1H NMR (500 MHz, CDCl3) δ (ppm): 9.41 (s, 4H), 7.68 (br, 4H), 7.52 (d, J=8.6Hz, 8H), 

7.17 (d, J=8.6Hz, 8H), 5.78 (br, 8H), 1.99 (s, 12H). HRMS-MALDI+ m/z calcd for 

C60H44N4O4Na (M+Na)+ 907.3255, found 907.3260 

 6.4.3 Experimental section: Figures 

 
Figure 6.17. 1H NMR spectrum of a CDCl3 solution of calix[4]pyrrole 1 and ethylenediamine in a 
1:2 molar ratio. *Residual solvents. 
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Figure 6.18. 1H NMR spectrum of a CDCl3 solution of calix[4]pyrrole 1, trimethylamine N-oxide 
3 and ethylenediamine 2 in a 1:1:2 ratio. 

 

Figure 6.19. 1H NMR spectrum of a CDCl3 solution of calixpyrrole 1, 4,4′-dipyridyl N,N′-dioxide 
4 and ethylenediamine 2 in a 1:0.5:2 molar ratio.  

 

 

Figure 6.20. 1H NMR spectrum of a CDCl3 equimolar solution of calixpyrrole 1 and calixpyrrole 
12. 
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Figure 6.21. 1H NMR spectrum of a CDCl3 equimolar solution of calixpyrrole 1, 1,2-bis(4-
pyridyl)acetylene N,N’-dioxide 5 and calixpyrrole 12. 

 

Figure 6.22. 1H NMR spectrum of a CDCl3 equimolar solution of two wall aryl-extended di-
alkynylaldehyde calixpyrrole, 4,4′-dipyridyl N,N′-dioxide 4 and di-amine calixpyrrole. Protons 
from the bound capsule are labelled with primed numbers and letters. Protons from the 1:1 
complex between di-alkynylaldehyde calixpyrrole and guest 4 marked with a black spot.  

 

 
Figure 6.23. COSY NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-bis(4-
pyridyl)acetylene N,N’-dioxide 5 and ethylenediamine 2 in a 1:0.5:2 molar ratio. Bound protons 
marked with primed letters and numbers. 
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Figure 6.24. ROESY NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-bis(4-
pyridyl)acetylene N,N’-dioxide 5 and ethylenediamine 2 in a 1:0.5:2 molar ratio. Bound protons 
marked with primed letters and numbers. 

 

 
Figure 6.25. COSY NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-bis(4-
pyridyl)acetylene N,N’-dioxide 5 and (1R,2R)-(−)-1,2-diaminocyclohexane 7 in a 1:0.5:2 molar 
ratio. Bound protons marked with primed letters and numbers. 
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Figure 6.26. ROESY NMR spectrum of a CDCl3 solution of calixpyrrole 1, 1,2-bis(4-
pyridyl)acetylene N,N’-dioxide 5 and (1R,2R)-(−)-1,2-diaminocyclohexane 7 in a 1:0.5:2 molar 
ratio. Bound protons marked with primed letters and numbers. 

 

Figure 6.27. Selected region of a ROESY NMR spectrum of a CDCl3 solution of calixpyrrole 1, 
1,2-bis(4-pyridyl)acetylene N,N’-dioxide 5 and (1R,2R)-(−)-1,2-diaminocyclohexane 7 in a 
1:0.5:2 molar ratio performed at 253 K. Bound protons marked with primed letters and numbers. 
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Figure 6.28. COSY NMR spectrum of an equimolar CDCl3 solution of calixpyrrole 1, 4,4′-
dipyridyl N,N′-dioxide 4 and calixpyrrole 12. Bound protons marked with primed letters and 
numbers. 

 

Figure 6.29. ROESY NMR spectrum of an equimolar CDCl3 solution of calixpyrrole 1, 4,4′-
dipyridyl N,N′-dioxide 4 and calixpyrrole 12. Bound protons marked with primed letters and 
numbers. 
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Figure 6.30. 1H pseudo-2D DOSY plot of a CDCl3 solution of calixpyrrole 1. Data fitted to a 
monoexponential function. 

 

Figure 6.31. 1H pseudo-2D DOSY plot of a CDCl3 solution of calixpyrrole 1 and 1,2-bis(4-
pyridyl)acetylene N,N’-dioxide 5 in a 2:1 molar ratio. Data fitted to a monoexponential function.  

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Chapter 6 

 

-256- 

 

 

Figure 6.32. 1H pseudo-2D DOSY plot of a CDCl3 solution of calixpyrrole 1, 1,2-bis(4-
pyridyl)acetylene N,N’-dioxide 5 and (1R,2R)-(−)-1,2-diaminocyclohexane 7 in a 1:0.5:2 molar 
ratio. Data fitted to a monoexponential function.  

 

Figure 6.33. 1H pseudo-2D DOSY plot of 1H pseudo-2D DOSY plot of an equimolar CDCl3 
solution of calixpyrrole 1, 4,4′-dipyridyl N,N′-dioxide 4 and calixpyrrole 12. Bound protons 
marked with primed letters and numbers. 
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Figure 6.34. Energy minimized (MM3) structure of the 413 complex enclosed within a sphere 
of 8.4Å radius. Non-polar hydrogens of the host removed for clarity. 

 

 

 
Figure 6.35. Simulated and experimental (MALDI+) mass spectrum of a CDCl3 solution of 
calixpyrrole 1, 1,2-bis(4-pyridyl)acetylene N,N’-dioxide 5 and ethylenediamine 2 in a 1:0.5:2 
molar ratio. Mass calculated for C140H112N18O2 (capsule 56) 2076.92, found 2077.0 
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Figure 6.36. Simulated and experimental (HR-MALDI+) high resolution mass spectrum of a 
CDCl3 solution of calixpyrrole 1, 1,2-bis(4-pyridyl)acetylene N,N’-dioxide 5 and (1R,2R)-(−)-
1,2-diaminocyclohexane 7 in a 1:0.5:2 molar ratio. Mass calculated for C156H136N18O2 (capsule 
58) 2293.1092, found 2293.1089 
 
 
 

 
 
Figure 6.37. Simulated and experimental (MALDI+) mass spectrum of an equimolar CDCl3 
solution of calixpyrrole 1, 4,4′-dipyridyl N,N′-dioxide 4 and calixpyrrole 12. Mass calculated for 
C118H92N14O2 (capsule 413) 1736.75, found 1736.8 
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7.1 Introduction 

During recent years, the design and synthesis of receptors capable of recognizing ion-

pairs has attracted great interest.1,2 Simple ditopic ion-pair receptors, so-called 

heteroditopic receptors, contain single sites for the simultaneous recognition of the 

anion and the cation.3 On the other hand, multitopic receptors for ion-pairs contain more 

than one binding site for either the cation or the anion.4 It is widely accepted that both 

heteroditopic and multitopic receptors exhibit improved properties (affinity and 

selectivity) for the complexation of ion-pairs when compared to monotopic counterparts 

capable to bind a single cation or anion. Cooperative interactions between co-bound 

ions (electrostatic) and cooperative allosteric effects induced by the initial binding of 

one of the ions are claimed as being responsible for the enhancement in binding 

properties. In addition, the complexation of the counter-ion of the targeted ion is also 

described as a way of reducing binding interferences arising from ion-pairing and 

solvation effects. Nevertheless, the true cooperativity provided by the simultaneous 

complexation of the cation and the anion is not easy to assess. The formulation of ion-

pair binding requires the consideration of several equilibria: a simple 1:1 model is not 

adequate, which in turn involves the multivariate fit of the obtained titration data to 

elaborated mathematical algorithms.5 For the sake of simplicity, the values frequently 

encountered in literature and the values reported here for the stability constants of ion-

pair complexes correspond to experimental binding constants; Ka,exp, which are 

determined using a simple 1:1 theoretical binding model and thus are reported in M-1 

units. 

An interesting example of multitopic ion-pair receptors derived from a calix[4]pyrrole 

scaffold has been recently described by Sessler et al.6,7 In this work, crown ethers of 

different sizes are covalently linked to the meso-aryl substituents of “two-wall” aryl 

extended calix[4]pyrrole resulting in the formation of stable ion-pair complexes with 

alkali metal (K+ and Cs+) fluoride salts, both in the solid state and in solution (Figure 

7.1). Depending on the cobound alkali metal, the cation is coordinate to the oxygen 

atoms of the crown (K+) or included in the cone-shaped cavity opposite to the bound 

anion (Cs+). 
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Figure 7.1. Line-drawing structure of multitopic receptor described by Sessler et al. consisting in 
a calixpyrrole core with a covalently linked crown ether.  

In more elaborated designs,8 one unit of 1,3-alternate calix[4]crown-5 was bridged 

between the two para position of the meso-aryl substituents of a “two-wall” 

calix[4]pyrrole with ethylenedioxy spacers (Figure 7.2). Receptor 1 consist of one anion 

binding site and, potentially, three cation recognition sites displaying different affinities 

for different alkali metal cations. These extraordinary multitopic receptors were used in 

cation metathesis-based extraction and recovery processes.  

 

 

Figure 7.2. Line drawing structure of the multitopic receptor 1 described by Sessler et al. 
displaying different recognition sites for the cation. 
 
Some of us, recently reported the synthesis of three diastereomeric bis-phosphonate 

cavitands 2 based on the ,,,-isomer of a “four-wall” aryl extended calix[4]pyrrole 

tetrol scaffold (Figure 7.3). The diastereoisomers differ in the relative spatial orientation 

of the P=O groups installed at their upper rim. Owing to the reduction of conformational 
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flexibility imposed by the bridging phosphonates, these cavitands possess a permanent 

deep aromatic cavity closed at one end by the calix[4]pyrrole core.9 

 

Figure 7.3. Line drawing structures of bis-phosphonate cavitands 2 displaying a) close-contact 
binding mode of the ion-pair in 2ii and b) host-separated binding mode of the ion-pair in 2oo. 

 

Bis-phosphonate cavitands 2 qualify as multitopic receptors for ion pairs. They feature a 

single coordination site for the anion, the calix[4]pyrrole core, but two different binding 

sites for the organic cation. One of the cation binding sites is provided by the electron-

rich cup defined by the four pyrrole rings at the lower rim of the receptor and opposite 

to the bound anion. The other binding site for the cation is defined by a cleft generated 

between the bridging phosphonate groups at the upper rim. In this latter binding mode 

the cation is in close-contact to the deep included bound anion. We demonstrated that in 

dichloromethane solution, the diastereoisomers having one or two P=O groups pointing 

towards the center of this cavity, 2io and 2ii isomers respectively (o=out, i=in; indicates 

the orientation of the P=O groups with respect to the cavity) preferentially bound 

tetraalkylammonium chloride salts, with a close-contact arrangement of the ions (Figure 

7.3a). This is due to the existence of electrostatic interactions between the converging 

P=O group/s and the cobound ammonium cation included in the cavity at the upper rim. 

Conversely, the diastereoisomer with the two P=O groups outwardly directed with 

respect to the cavity (2oo) binds tetraalkylammonium chloride salts with a receptor 

separated arrangement of ions (Figure 7.3b), thus placing the cobound ammonium in the 

cup-like cavity at the lower rim opposite to the bound chloride. Interestingly, the 

magnitudes of the stability constants for the ion-paired complexes of quaternary 

ammonium salts and the receptor series follows the trend oo > io > ii. This trend of 

binding affinities was completely reversed when changing the substitution of the 
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organic cation from quaternary to primary. Primary alkylammonium cations are 

involved not only in cation- interactions but also in strong hydrogen bonding 

interactions with the P=O group/s that converge in the cavity at the upper rim of the 

in,out and in,in diastereoisomers. 

When four phenyl phosphonate groups are introduced at the upper rim of 

resorcin[4]arene 3 (Scheme 7.1), up to six tetra-phosphonate diastereoisomers 4 can be 

produced.10,11,12 The theoretical statistical distribution of isomers is 

1[oooo]:1[iiii]:2[ioio]:4[iiio]:4[iioo]:4[iooo] favoring those with one or more phenyl 

group inwardly oriented.11 Conversely, molecular modeling studies disfavored the 

convergence of two or more phenyl groups in the cavity of related phosphonito 

cavitands (iioo, ioio and iooo isomers).13  

 

Scheme 7.1. Reaction scheme for the preparation of tetra-phosphonate resorcinarene cavitands 4. 

Experimentally, the reaction of resorcin[4]arene 3 with dichlorophenylphosphane 5 in 

acetone solution and in presence of triethylamine afforded the 4iooo isomer, with three 

phenyl groups oriented towards the cavity interior as main component of the reaction 

crude (1[oooo]:0[iiii]:2[ioio]:0[iiio]:3[iioo]:10[iooo]).11 The isomers with four (4iiii) 

and three phenyl groups (4iiio) outwardly oriented with respect to the cavity were not 

even detected. 

In toluene solution, the use of 1 equivalent of N-methylpyrrolidine modified the course 

of the reaction and resulted in the almost exclusive production of the 4iiii isomer in a 

51% isolated yield most likely due to the template effect of the pyrrolidine guest.12 The 

different isomers of the tetra-phosphonate cavitands 4 with inwardly oriented P=O 

groups are remarkable receptors for linear alcohols,14,15 N-methyl ammonium salts,16 

primary ammonium salts,15,17 and cesium cations.15 They are also used for the 
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construction of selective sensor devices for molecular recognition applications in solid-

liquid and solid-gas interfaces.18 

These findings in combination with our previous experience in the synthesis of bis-

phosphonate cavitands 2 derived from aryl extended calix[4]pyrroles prompted us to 

prepare tetra-phosphonate calix[4]pyrrole cavitands. 

In this chapter, we describe the upper rim functionalization of the calix[4]pyrrole-

resorcin[4]arene hybrid 6 (Scheme 7.2) with four phosphonate groups providing two 

unprecedented diastereomers. We also disclose the superior binding properties of the 

calixpyrrole tetra-phosphonate cavitands 7 in the complexation of ammonium and 

phosphonium ion-pairs compared to the tetramethylene cavitand 8 bearing no 

phosphonate groups. In addition, the conformational features of the phosphonate 

bridges in calixpyrrole cavitands in comparison to the closely related resorcinarene 

analogous cavitands 4 would be discussed in detail. 

 

 
Scheme 7.2. Reaction scheme for the preparation of tetra-phosphonate cavitands 7 based on a 
calix[4]pyrrole octol scaffold. 
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7.2 Results and discussion 

7.2.1 Design and synthesis 

We first attempted the installation of four phosphonate bridges at the upper rim of the 

methyl-footed octol ,,,-6a using the same synthetic procedure reported for the 

preparation of the bis-phosphonate cavitands 2.9 The treatment of ,,,-6a with five 

equivalents of dichlorophenylphosphane 5 led to an insoluble and intractable reaction 

crude mixture. Recently, we reported the synthesis of ,,,-6b, a lipophilic version19 

of 6a, as parent compound in the preparation of a series of deep cavitands having four 

ortho-disubstituted aryl bridging groups. These molecules exhibited excellent solubility 

in most organic solvents.20 For this reason, we selected octol 6b as a suitable aryl-

extended calix[4]pyrrole alternative for the installation of the bridging phosphonates. 

The room temperature reaction of the lipophilic octol ,,,-6b and 

dichlorophenylphosphane 5 (5 equiv.) in THF solution in the presence of triethylamine 

for 2h produced a crude mixture in which at least two of the six possible tetra-

phosphonate diastereoisomers 7 were present. The two pure stereoisomers 7oooo and 

7iooo were isolated by semipreparative HPLC (Spherisorb silica 250  20 mm, 5 m) 

using hexanes/CH2Cl2 60:40 as eluent. The isomers were further purified by 

crystallization from acetonitrile and obtained in overall yields of 3 and 9%, 

respectively.21  

7.2.2 Configurational assignment and structural characterization 

The configurational assignment of the two isolated tetra-phosphonate stereoisomers was 

performed by combining the data provided by their 1H and 31P NMR spectra with the 

analysis of X-ray diffraction data of single crystals of one of them (7oooo) and of the 

complex with PMe4Cl of the other (7iooo). 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR CONTAINERS BASED ON CALIX[4]PYRROLE SCAFFOLDS 
Albano Galán Coca 



Calix[4]pyrrole cavitands as multitopic receptors for the recognition of ion-pairs  

 

-271- 

 

 

Figure 7.4. Selected regions of 1H and 31P{1H} NMR spectra of a CD2Cl2 solution of tetra-
phosphonate 7oooo. Inset: line drawing structure of 7oooo indicating the proton assignment. 

 

The 1H NMR spectrum of the first tetra-phosphonate cavitand that eluted from the 

semipreparative HPLC column exhibited sharp proton signals in a number that was 

consistent with a C4v symmetry, a clear diagnostic of either the iiii or the oooo isomers 

(Figure 7.4). Also consistent with a C4v symmetry, the 31P NMR spectra of the 

compound revealed the existence of a unique phosphorus signal resonating at  = 13.7 

ppm. By means of 1D and 2D NMR experiments it was possible to assign all proton 

signals but not the unequivocally configuration of the P=O groups. In the bis-

phosphonate series 2, we observed that P=O groups directed away from the cavity had 

phosphorus atoms resonating at higher field, 13.2 ppm for 2oo and 14.2 ppm for 2ii.9 

The  measured for the phosphorus atom of the first isolated tetra-phosphonate isomer 

( = 13.7 ppm) was exactly in the middle of this range. 

It is worth noting that in all the solid state structures reported for the diastereomeric 

resorcin[4]arene phosphonates 4, their eight-membered phosphocine rings always 

adopted a boat-chair conformation. The alternative boat-boat conformation is 

energetically highly disfavored owing to the steric clashes between axially oriented 

substituents (Figure 7.5). Consequently, in resorcin[4]arene phosphonate cavitands 4 the 

relative orientation of the P=O with respect to the aromatic cavity can be read from the 
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chemical shift values of the phenyl protons attached to its P atoms. Phenyl groups 

having upfield shifted protons are indicative of the out (o) orientation of the 

corresponding P=O functionality.11 This result is in striking contrast with our 

observations made in the series of bis-phosphonate diastereoisomers 2 based on a 

calix[4]pyrrole tetrol scaffold.  

 

Figure 7.5. Equilibria involving the two possible conformers, boat-boat and boat-chair, of the 
eight membered phosphocine rings present in the stereoisomers of phosphonate resorcin[4]arene 
cavitands 4. Top. P=O out(o); bottom: P=O in(i). Notice that the boat-chair conformation is 
always preferred, independently of the axial or equatorial position adopted by the phenyl group.  

 

Thus, while studying the structural features of this latter series of diastereoisomers 2, we 

learned that the orientation of the P=O group with respect to the deep aromatic cavity 

had a negligible effect on the chemical shifts values of the protons in the phenyl groups 

attached to the P atoms. This is because, as depicted in Figure 7.6, the fourteen-

membered phosphocine ring of the calix[4]pyrrole phosphonate cavitands is 

conformationally more flexible than the eight-membered analogue in the 

resorcin[4]arene phosphonates 4. Simple molecular modeling calculations (MM3) 

performed on a mono-phosphonate bridged calix[4]pyrrole cavitand showed that the 

phosphocine ring adopted two different low energy conformations, boat-chair and boat-

twistboat, in response to the relative orientation of the P=O group with respect to the 

aromatic cavity. Interestingly, in both of them, the phenyl group is oriented in equatorial 

position pointing away from the aromatic cavity. This eliminates the possibility to relate 
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the chemical shifts values of the phenyl protons to the orientation exhibited by the P=O 

group to which it is attached. The X-ray structures previously described for the three 

stereoisomeric bis-phosphonate 2 testified the exclusive existence, in the solid-state, of 

phosphocine rings having equatorial phenyl groups, that is a boat-chair conformation 

for P=O(i) and a boat-twistboat conformation for P=O(o) bridges.9  

 

Figure 7.6. Equilibria involving the two possible conformers, boat-twistboat and boat-chair, of 
the fourteen-membered phoshocine rings present in the stereoisomers of bis- and tetra-
phosphonate calix[4]pyrrole cavitands. Top. P=O out(o); bottom: P=O in(i). Notice that the 
preferred conformation of the ring is dictated by the equatorial position of the phenyl group. 

 

We calculated at the PB86/def2-SVP level of theory and using TURBOMOLE 6.0 the 

structures and energies of the acetonitrile inclusion complexes of the two stereoisomers 

with C4 symmetry CH3CN7iiii and CH3CN7oooo (Figure 7.7). Only in the case of 

the CH3CN7iiii complex, it was possible to energy-minimize the two possible 

conformers of the phosphocine rings. For the CH3CN7oooo isomer, the energy 

minimized structure, independently of the starting geometry, always converged to the 

conformer displaying boat-twistboat conformation in its phosphocine rings. The 

computed energy difference between the lowest energy conformers, the CH3CN7iiii 
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complex featuring phosphocine ring in boat-chair conformation and the CH3CN7oooo 

complex displaying the same rings in boat-twistboat conformation was 7 kcal/mol, in 

favor of the former. 

 

Figure 7.7. Top and side views of the energy-minimized structures for the inclusion complexes of 
CH3CN7iiii and CH3CN7oooo at the BP86/dev2-SVP level of theory. Structures of the two 
possible conformations of the phosphocine ring were computed only for CH3CN7iiii complex 
(a,c). See text for details. The energy difference with respect to the lowest energy complex, 
CH3CN7iiii with phosphocine rings in boat-chair conformation, are indicated. The average 
orientation of the unshared pairs of electrons of the oxygen bridging atoms in 7oooo is indicated 
by arrows bisecting the angle defined by them. Blue arrow: in orientation; green arrow: out 
orientation. Dodecyl chains at the meso position were truncated to methyl groups to speed up the 
calculations. 
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In the solid state, the 7oooo cavitand featured C4 symmetry with the lone pairs of four 

of the eight bridging oxygen atoms inwardly directed towards its aromatic cavity 

providing an example of inherently chiral molecule. The cyclochiral conformer shown 

is defined to have M axial chirality by assigning priority to the oxygen atom with the 

lone pairs directed towards the cavity.20 Both cycloenantiomers were observed in the 

crystal lattice. The fourteen-membered phosphocine rings adopted a boat-twistboat 

conformation analogous to the one observed also in the solid-state for the bis-

phosphonate 2oo.9 Probably, when the oxygen atoms of the outwardly oriented P=O 

group are moved to the axial position, they are forced into the face of the pyrrole ring. 

In order to minimize this repulsion, the P=O oxygen atom rotates, the unshared electron 

pairs of four of the eight phenolic oxygen atoms face inward and the phosphocine ring 

adopts a boat-twistboat conformation. 

The two dimensions of the aromatic cavity become almost identical (~ 7.5 Å between 

adjacent P atoms). The observed structure of the CH3CN7oooo complex in the solid-

state is nicely reproduced by the DFT calculations (Figure 7.7b depicting the orientation 

of the oxygen lone-pairs). 

In the cyclochiral conformation adopted by the 7oooo stereoisomer the protons Hb, Hb’ 

and Hc, Hc’ are diastereotopic, whereas in the 1H NMR spectrum of the cavitand (Figure 

7.4) they did not resonate as separated signals. This observation suggested that in 

solution and at room temperature the interconversion between the two cyloenantiomers 

was occurring at a rate that is fast on the chemical shift NMR timescale explaining why 

the 1H NMR spectrum is consistent with a C4v symmetry.  

Figure 7.9 shows selected regions of the 1H and 31P-decoupled 1H NMR spectra of the 

second eluted tetra-phosphonate diastereoisomer. The cavitand structure had a reduced 

symmetry producing more complex NMR spectra. A careful analysis of the number of 

resonances of the phosphorus atoms and protons led to the ascription of Cs symmetry, 

diagnostic of the 7iooo and 7iiio isomers. Because of uneven NOE enhancements of the 

signals by decoupling and long longitudinal relaxation times, the 31P NMR were not 

suitable for integration. However, qualitatively it can be stated that three of the four 

phosphorous signals resonated at higher field. As commented above in the bis-

phosphonate cavitand series 2, P=O groups directed away from the cavity had 
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phosphorus atoms resonating at higher field. Taken together, these results allowed the 

tentative assignment of this second isomer as 7iooo. 

 

Figure 7.8. Side and top views of the X-ray structure of tetra-phosphonate 7oooo (C4 symmetry). 
Solvent molecules and non-polar hydrogen atoms are removed. Dodecyl chains are pruned for 
clarity. The depicted cyclochiral enantiomer is assigned M configuration. 
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Figure 7.9. Selected regions of 1H and 31P{1H} NMR of a CD2Cl2 solution of tetra-phosphonate 
7iooo. Inset: line drawing structure of 7iooo indicating the proton assignment. 

 

We assigned the more upfield shifted signal ( = 6.1 ppm) of the β-protons to the 

pyrrole unit involved in the fourteen-membered phosphocine ring having the inwardly 

oriented P=O group. The upfield shift experienced by these protons must be produced 

by the phenyl substituent at the phosphorus atoms located in equatorial position and 

facing the pyrrole ring (Figure 7.6). The high upfield shifts experienced by the aromatic 

protons Hl and Hn are also consistent with an inwardly orientation of the bridging P=O 

group. The configurational assignment of the 7iooo stereoisomer was corroborated by 

solving the X-ray structure of its complex with PMe4Cl (TMPCl, 9). It was rewarding to 

observe that in the solid-state the phosphocine rings in the 97iooo complex adopted 

the two different conformations expected as a function of the relative orientation of the 

P=O group with respect of the cavity (boat-chair for P=O(i) and boat-twistboat 

conformer for P=O(o) bridges. As discussed above, in both ring conformations the 

phenyl substituent occupies an equatorial position.  
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Figure 7.10. Solid-state structure of the complex 97iooo. The cavitand is depicted in stick-
ellipsoid style at 50% probability level for all atoms whereas the TMPCl salt is shown as spacefill 
model. 
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7.2.3 Thermodynamical assessment of the binding of ion-pairs by tetra-

phosphonate 7. Comparison with tetramethylene cavitand 8. 

Tetra-phosphonate 7 forms 1:1 complexes with TMPCl in CD2Cl2 solution displaying 

an association constant higher than 104 M-1. The regime between bound and free 

complexes is slow in the NMR timescale.22,23 We used isothermal titration calorimetry 

experiments to assess accurately the stability constant values for the 97oooo and 

97iooo complexes in CH2Cl2 solution. At the concentrations required for the accurate 

calculation of the stability constants of the complexes, the heat released (0.3-0.5 cal) 

after each injection of TMPCl to a solution of 7 was small, close to the sensibility of the 

calorimeter, and of the same order of the heat released by the simple dilution of the 

injected salt. These limitations are inherent to the systems under study and complicated 

the measurement of reliable data. Nevertheless, we obtained a reasonable fit of the 

integrated heat data, after subtracting the heat of dilution, to theoretical binding 

isotherms for the formation of 1:1 complexes. The binding curves were mono-sigmoidal 

and showed an inflexion point centered at a molar ratio [9]/[Receptor] close to 1. As 

already mentioned, we considered that in CH2Cl2 solution both the salt and the complex 

are ion-paired, thus a 1:1 binding model, although not ideal, it is suitable for the 

mathematical analysis of titration data. The values calculated for the stability constant 

of the different complexes, the free energies of binding and their associated enthalpy 

and entropy terms are summarized in Table 7.1. 

 

Receptor Ka  10-7 G H TS 

7oooo 16.0±5 11.2±0.2 7.2±0.1 4.0±0.2 

7iooo 3.3±1.1 10.2±0.2 5.7±0.1 4.5±0.2 

8 0.2±0.1 8.5±0.3 3.3±0.1 5.2±0.3 

 

Table 7.1. Stability constant values (Ka, M-1), free energies of binding (G, kcal/mol), 
corresponding enthalpic (H, kcal/mol) and entropic (TS, kcal/mol) components determined for 
the 1:1 complexes of TMPCl 9 with diastereomeric tetra-phosphonates 7oooo, 7iooo and cavitand 
8 in dichloromethane solution (298K). 

 
The complexation of TMPCl by the receptors series 7 was both enthalpically and 

entropically favorable. The strong and favorable entropic component measured for the 
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two complexation processes suggested that solvation/desolvation effects must play a 

crucial role in binding. Previous studies with bis-phosphonate calix[4]pyrroles 2, had 

shown that the inward orientation of one P=O group produced an energetic 

disadvantage to a similar extent that the one observed between 7oooo and 7iooo.9 We 

hypothesized that the existence of repulsive electrostatic interactions between the 

negative end of the dipole moment of the inwardly directed P=O group and the included 

chloride was responsible of the reduction in binding affinity. 

The calix[4]pyrrole cavitand 8 was used as model system to quantify the electrostatic 

effect provided by the four phosphonate groups in the 97oooo complex. Methylene 

bridged cavitand 8 forms 1:1 complexes with TMPCl in CD2Cl2 solution displaying an 

association constant higher than 104 M-1. The binding process shows slow exchange 

kinetics in the NMR timescale. The pyrrolic NHs in the complex resonate downfield (δ 

= 11.7 ppm) as expected for the formation of four endohedral hydrogen bonds between 

the chloride and the pyrrolic NHs. The TMP cation is deeply included in the 

calixpyrrole shallow cup as evidenced by the methyl protons of the cation resonating at 

δ = 0.60 ppm. ROE cross peaks between the pyrrolic NHs and the TMP cation support 

the formation of the 1:1 complex displaying a host-separated geometry 

ITC experiments assigned a stability constant of 0.2±0.1 × 107 M-1 to the 98 complex. 

This value is approximately 80 fold smaller (two orders of magnitude) than the one 

calculated for the 97oooo complex. Therefore, the stabilizing electrostatic effect 

provided by the four phosphonate group was quantified to be ~ - 2.5 kcal/mol. This 

value nicely doubles the - 1.4 kcal/mol calculated for the introduction of two P=O 

groups in the bis-phosphonate cavitands 2.9 

7.3 Conclusions 

 

We have synthesized two unprecedented diastereoisomeric tetra-phosphonate cavitands 

7oooo and 7iooo based on a calix[4]pyrrole octol scaffold 6b. The solid-state structures 

available for phosphonate resorcin[4]arene cavitands and the X-ray structures reported 

here for tetra-phosphonate calixpyrrole cavitands revealed significant differences in the 

conformations adopted by their phosphocine rings. The eight-membered phosphocine 
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rings present in the phosphonate resorcin[4]arene cavitands always adopted a boat-chair 

conformation. In contrast, the fourteen-membered phosphocine ring of the 

calix[4]pyrrole phosphonate cavitands is conformationally flexible. Two different low 

energy conformations, boat-chair and boat-twistboat, are observed in response to the 

relative orientation of the P=O group with respect to the aromatic cavity. Interestingly, 

in both of them, the phenyl group is oriented in equatorial position pointing away from 

the aromatic cavity. Using ITC experiments we assessed accurately the binding constant 

values of TMPCl with the two tetra-phosphonate calix[4]pyrrole diastereoisomers. The 

7oooo receptor showed higher affinity, most likely due to the existence of repulsive 

interactions between the negative end of the dipole moment of the inwardly directed 

P=O in 7iooo and the included chloride.  

 

7.4 Experimental section 

7.4.1 General information and instrumentation 

All syntheses were carried out using chemicals as purchased from commercial sources 

unless otherwise noted. All commercial solvents and chemicals were of reagent grade 

quality and were used without further purification except as noted. When required, dried 

and deoxygenated solvents supplied by Sigma-Aldrich Solvent Purification System 

(SPS-200-6) were used. Thin-layer chromatography (TLC) and flash column 

chromatography were performed with DC-Alufolien Kieselgel 60 F254 (Merck) and 

silica gel 60Å for chromatography respectively.  
1H, 13C and 31P NMR spectra were recorded on a Bruker Avance 400 (400.1 MHz for 
1H NMR) or Bruker Avance 500 (500.1 MHz for 1H NMR) ultrashield spectrometers; 

Mass Spectrometry experiments were performed on a LCT Premier, Waters-Micromass 

ESI or Autoflex, Bruker Daltonics MALDI. FT-IR measurements were carried out on a 

Bruker Optics ATR FT-IR Alpha spectrometer equipped with a DTGS detector, KBr 

beam splitter at 4 cm-1 resolution. Isothermal titration calorimetry experiments (ITC) 

were performed using a Microcal VP-ITC Microcalorimeter.  
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7.4.2 Synthetic procedures 

Preparation of calixpyrroles 6b and 8 was described in Chapter 2. Preparation of tetra-

phosphonate cavitands 7 was described in the doctoral thesis of Dr. Moira Ciardi or in: 

Ciardi, M.; Galán, A.; Ballester, P. J. Am. Chem. Soc., 2015, 137, 2047–2055. 

7.4.3 Experimental section: Figures 

 

 

Figure 7.11. Downfield region of the 1H NMR spectrum of a CD2Cl2 solution of a) cavitand 8 b) 
equimolar mixture of cavitand 8 and TMPCl. The free receptor shows broad and ill-defined 
proton signals in CD2Cl2 but upon the complex formation the signals become sharp and can be 
perfectly assigned.  
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Figure 7.12. 2D ROESY NMR spectrum of an equimolar CD2Cl2 solution of cavitand 8 and 
TMPCl. ROE cross-peak between the methyl protons of the TMP cation and the beta pyrrolic 
protons of 8 (H1) is marked. This indicates the formation of a complex exhibiting host-separated 
geometry. Figure 7.11 for proton assignment. 

 
Figure 7.13. Normalized integration heat vs molar ratio obtained in the ITC experiment of a 
CH2Cl2 solution of cavitand 8 with TMPCl. Fit to the theoretical binding isotherm (redline) using 
a 1:1 binding model. The mathematical analysis of the titration data was performed using the 
Origin software. Ka,exp(TMPCl8) = 2.4 ± 1.0 × 106 M-1; N = 1.3; H = – 3.3 ± 0.1 kcal/mol; 
TS = 5.2 ± 0.3 kcal/mol. 
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List of abbreviations 

AIBN  -  Azobisisobutyronitrile 

AMBN  -  2,2’-azobis(2-methylbutyronitrile) 

AMMVN -  2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) 

ATR  -  Attenuated total reflectance 

B3LYP  -  Beckee, three parameter, Lee-Yang-Parr 

ºC  -  Celsius 

CIS  -  Complexation induced shift 

COSY  -  Correlation spectroscopy 

CPK  -  Corey-Pauling-Koltun model 

DBU  -  1,8-Diazabicycloundec-7-ene 

DCM  -  Dichloromethane 

de  -  Diastereomeric excess 

DFT  -  Density functional theory 

DMA  -  Dimethylacetamide 

DMAP  -  4-Dimethylaminopyridine 

DMF  -  Dimethylformamide 

DMSO  -  Dimethylsulfoxide 

DNA  -  Deoxyribonucleic acid 

DOSY   -  Diffusion Ordered Spectroscopy 

equiv.  -  Equivalent 

ESI  -  Electrospray ionization 

EXSY  -  Exchange spectroscopy 
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FT-IR  -  Fourier-transform infrared spectroscopy 

GOESY  -  Gradient enhanced nuclear Overhauser effect 

HPLC  -  High performance liquid chromatography 

HRMS  -  High resolution mass spectrometry 

IR  -  Infrared 

ITC  -  Isothermal titration calorimetry 

K  -  Kelvin 

kcal   -  kilocalorie 

lp  -  Lone pair 

MALDI  -  Matrix-assisted laser desorption ionization 

MCMT  -  Methylcyclopentadienyl manganese tricarbonyl 

MHz  -  Megahertz 

MM3  -  Molecular mechanics force field 

MS  -  Mass spectrometry  

MTOA   -   Methyltrioctylammonium 

MTOABr -  Methyltrioctylammonium bromide 

MTOACl -  Methyltrioctylammonium chloride 

NMR   -   Nuclear magnetic resonance 

NOE  -  Nuclear Overhauser effect 

PC  -  Packing coefficient 

PCC  -  Pyridinium chlorochromate 

ROE  -  Rotating frame Overhauser effect 

ROESY   -  Rotating frame Overhauser effect spectroscopy 
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TBA   -   Tetrabutylammonium 

TBACl  -  Tetrabutylammonium chloride 

TBAF  -  Tetrabutylammonium fluoride 

TFA  -  Trifluoroacetic acid 

THF   -  Tetrahydrofurane 

TLC  -  Thin layer chromatography 

TMA  -  Tetramethylammonium 

TMEDA  -  Tetramethylethylenediamine 

TMP  -  Tetramethylphosphonium 

TMPCl  -  Tetramethylphosphonium chloride 

TMS  -  Tetramethylsilane 

TS  -  Transition state 

UV  -  Ultraviolet 
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