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Abstract 
 

An efficient synthesis of the p-phosphonic acid calix[n]arenes, (n = 4, 5, 6 and 8) in five 

steps and excellent yield has been developed. This includes the key use of an acetyl 

protecting group, which is straightforward to introduce and remove using acetic anhydride 

and potassium hydroxide respectively. The synthesized p-phosphonic acid calixarenes are 

water-soluble and the hydrogen bonding prowess of the acidic groups dominates its self-

assembly processes. For p-phosphonic acid calix[4]arene these include the formation of 

nano-rafts in the gas phase (≤ 20 molecules) and nano-particles (3.0(3) and 20.0(2) nm) of 

the calixarene in water using spinning disc processing stabilized by acetonitrile. The larger 

p-phosphonic acid calix[5,6,8]arenes also show nano-raft formation in both solution and the 

gas phase. 

 

An extensive study of the supramolecular chemistry of calix[5]arene has also been 

undertaken to better understand its rich structural diversity. This includes the formation of 

chloromethane inclusion complexes of p-tert-butyl-calix[5]arene and p-H-calix[5]arene 

with dichloromethane, p-phenyl-calix[5]arene with chloroform and their potential 

application as gas storage materials. Along with these three investigated inclusion 

complexes are two sublimates of p-H-calix[5]arene (α and β) with only the β-polymorph 

active for sorption of carbon dioxide at room temperature and 1 atm. The α-polymorph 

adopts an inverted cone conformation and forms helical stacks in the extended structure 

whereas the β-polymorph adopts the usual cone conformation and packs in both ‘self 

included’ and ‘back-to-back’ helical arrangements. 

 

The three chloromethane inclusion complexes were discovered during the investigation of 

calix[5]arenes with the three isomers of carborane. p-tert-Butyl-calix[5]arene forms 1:1 

inclusion complexes with o- and m-carborane, which form two C-H….π interactions with 

the inner wall of the calixarene. However in the case of p-carborane, which can only form 

one such interaction, the above mentioned chloromethane complexes were isolated. NMR 

Job plots were performed, which confirmed the 1:1 stoichiometry and NMR titrations gave 

association constants of 6.4 ± 0.3 and 3.8 ± 0.1 M-1 for o- and m-carborane respectively. 
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Competition experiments showed selective association in the solid state according to the 

inequality m- > o- > p-carborane. 

 

Further research into p-H-calix[5]arene inclusion complexes as potential gas storage 

materials led to discovery that p-H-calix[5]arene has a remarkable selectivity for the 

different isomers of xylene. This manifests itself through a different spatial interplay of the 

calixarenes and has implications in using crystallization as a means of separating a mixture 

of xylenes. Competition experiments showed some selectivity with p-H-calix[5]arene 

according to the inequality m- > o- > p-xylene. Complementary to this study involved the 

p-H-calix[5]arene inclusion complexes with fluoro-, chloro-, bromo- and iodobenzene. All 

but the iodobenzene complexes are isostructural forming columnar arrays in the extended 

packing comprised of ‘tri-calix[5]arene’ segments. Iodobenzene is too large to form the 

respective ‘tri-calix[5]arene’ segments and instead forms sheets in the extended packing. 

To better understand the type and nature of the intermolecular interactions present within 

the supermolecules and extended structures a detailed Hirshfeld surface analysis was 

performed. 

 

A detailed Hirshfeld surface analysis was also performed on O-octadecyl-calix[6]arene, 

which crystallizes in the inverted double cone conformation. Three alkyl chains on either 

side interplay to form one side of hexagon in an hexagonal close packed array of 

interdigitated alkyl chains. This was the first Hirshfeld surface analysis performed at 

variable temperatures and enhanced the description of such a large supramolecular system. 

The related compound O-octadecyl-calix[4]arene was found to crystallize from toluene or 

benzene as supramolecular bilayers, 32.2(4) and 32.7(2) Å thick respectively. The 

calixarenes adopt the cone conformation and the alkyl chains interplay to form a continuous 

hexagonal motif similar to that seen for O-octadecyl-calix[6]arene. The formation of stable 

bilayers using octadecyl chains leads to the possibility of inserting long chain calixarenes 

with suitable functionalization into biological membranes. Such functionalization could 

include upper rim phosphorylation as seen for the p-phosphonic acid calixarenes to produce 

phospholipid mimics. 
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1 General Introduction 
1.1 Overview 
 

This thesis aims to add to the fundamental knowledge on the supramolecular chemistry of 

calixarenes in general, and specifically their host-guest interactions. Special emphasis will 

be given to a new class of water-soluble calixarenes, namely p-phosphonic acid 

calix[n]arenes, (n = 4, 5, 6 and 8), and their self-assembly into nano-rafts. The thesis will 

also examine the host-guest inclusion properties of p-R-calix[5]arenes, where R = H, But, 

Ph and Bn, and the solid state packing of O-octadecyl-calix[n]arenes, (n = 4 and 6), into 

continuous bilayers, which was chemistry established en route to the p-phosphonic acid 

calixarenes. 

 

1.2 Supramolecular Chemistry 
 

Supramolecular chemistry is the broad term used to describe molecular assemblies held 

together by a variety of inherently weak non-covalent bonds. Jean-Marie Lehn, a leading 

advocate of supramolecular chemistry, who shared the Nobel prize in 1987 for his work in 

this area defined it as ‘chemistry of molecular assemblies and of the intermolecular bond’ 
[1]. This can be redefined as ‘chemistry beyond the molecule’; other pertinent definitions 

include ‘the chemistry of the noncovalent bond’ and ‘nonmolecular chemistry’ [2]. 

 

The most important aspect of supramolecular chemistry is the reversible intermolecular 

forces that hold together the molecular assemblies. This is in stark contrast to assemblies 

held together via covalent bonds that are not dynamic in nature. This reversible feature 

enables the researcher to rationally design functional architectures that are otherwise 

impossible by covalent means. Chemists often base their model architectures around 

biological systems found in nature and then rely upon organic and inorganic chemistry to 

synthesize the pre-organized components required. They then use physical techniques to 

explore the properties of this designed supramolecular assembly. As such supramolecular 
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chemistry is a multidisciplinary field encompassing the chemical, physical and biological 

disciplines and requires a general knowledge in a range of basic concepts and principles. 

Figure 1.1 summarizes the general concepts behind supramolecular chemistry leading to the 

prospect of molecular and supramolecular devices via the formation of supermolecules.  

Supermolecules are defined as the molecular and structural assemblies resulting from the 

association and interaction between the discrete molecular components forming one or 

more molecular entities [3]. 

 

A
B

C
D

SYNTHESIS
covalent
  bonds

RECEPTOR

SUBSTRATE

INTERACTION
intermolecular
      bonds

SUPERMOLECULE

RECOGNITION

TRANSFORMATION

TRANSLOCATION

SELF-ASSEMBLY
SELF-ORGANISATION

 FUNCTIONAL
COMPONENTS

 MOLECULAR AND
SUPRAMOLECULAR
          DEVICES

CHEMISTRY

SUPRAMOLECULARMOLECULAR

polymolecular
   assemblies

 
Figure 1.1 Schematic overview of supramolecular chemistry. Adapted from [3]. 

 

Due to the diverse nature of supramolecular chemistry, the terminology used for the 

receptor and substrate that interact to form the supermolecule, as depicted in Figure 1.1, 

varies between disciplines and a summary of these terminologies are given in Table 1.1 [4]. 

 
Table 1.1 Summary of the synonymous terminology used. Adapted from [4]. 

Host Guest 

Ligand Metal 

Enzyme Substrate 

Receptor Substrate 

Receptor Drug 

Antibody Antigen 
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In chemistry the components of a supermolecule are defined as a receptor denoted (ρ) and 

a substrate denoted (σ) or host (h) and guest (g) respectively, with the substrate usually 

being the smaller of the two components. The terms host and receptor or guest and 

substrate will be used indiscriminately throughout this thesis as they convey the 

relationship between biological receptor-substrate interactions and solid state host-guest 

interactions (inclusion phenomena). A receptor ρ binding with a specific substrate σ results 

in a supermolecule (ρσ), but this does not specify the mode of interaction. There are three 

types of interactions in this instance, partial inclusion, total inclusion and complete 

encapsulation, which are given the symbols ∩, ⊂ and @ respectively. For example the 

partial inclusion of σ by ρ is denoted by (σ∩ρ), total inclusion of σ by ρ is denoted by 

(σ⊂ρ) and complete encapsulation of σ by ρ is denoted by (σ@ρ). 

 

1.3 Host-Guest Chemistry and Molecular Recognition 
 

Complexes (supermolecules) are defined as two or more compounds bound to one 

another in a definable structural relationship [5]. The complexing partners are the hosts and 

the guests with the guests having suitable binding properties for selective recognition by the 

host. Selective binding was first introduced by Emil Fisher in 1894 as the ‘lock and key’ 

principle [6], whereby the host is the lock and the guest is the key. The host and guest must 

have both steric and electronic complementarity for molecular recognition. Thus binding of 

a guest by a host is not necessarily recognition unless it involves maximizing 

(thermodynamic and kinetic) stability and selectivity through a well-defined set of 

intermolecular interactions [3]. The process by which complexes spontaneously form from 

their components is called self-assembly [7], and in order to achieve large binding 

coefficients between host and guest several factors have to be taken into account; 

 

• Steric (shape and size) complementarity 

• Interactional complementarity 

• Large contact areas 

• Multiple interaction sites 
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• Strong overall binding 

• Medium effects 

 

The host and guest are usually pre-organized so they have complementarity for self-

assembly into well defined supramolecular architectures under a certain set of conditions. 

In solution, equilibria are established that control the balance between enthalpy and entropy 

and any errors that creep into the self-assembly processes leads to a thermodynamically 

unfavourable product [8]. An unfavoured product can dissemble and then self-assemble 

again into a thermodynamically favourable product thus eliminating any unwanted side 

products. This is in contrast to covalent synthesis that forms kinetically stable bonds due to 

differences in enthalpy, which cannot correct any errors and leads to yields that are rarely 

quantitative. 

 

There are many different types of molecular receptors, which are organic structures held 

together by covalent bonds that can participate in molecular recognition. In the next 

section, macrocyclic ligands are dealt with, which are one class of molecular receptors. 

 

1.4 Macrocyclic Ligands 
 

A macrocyclic ligand is a polydentate molecule containing a minimum of nine member 

atoms with at least three donor atoms [9]. The member atoms can include any heteroatom 

and the donor atoms are usually incorporated rather than attached to the cyclic backbone. 

Due to their cyclic nature these ligands usually have a well defined cavity determined by 

the size of the macrocycle, the rigidity of the backbone and the hybridization of the donor 

atoms. Macrocyclic ligands are involved in a number of biologically important processes, 

such as photosynthesis or oxygen transport due to their enhanced kinetic and 

thermodynamic stabilities. Porphyrins are natural macrocyclic ligands found in iron-

containing haem proteins and synthetically prepared modified porphyrins have been used 

for catalysis, complexation of metal ions, dyes and molecular electronics. Since 1960 there 

has been great interest in synthesizing model compounds that complement natural 

macrocycles to try and take advantage of the lessons learned by Nature. There is a range of 
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natural and synthetically prepared macrocyclic ligands such as the crown ethers, 

cyclodextrins, resorcinarenes and calixarenes, Figure 1.2, however only the calixarenes will 

be discussed in depth in this thesis [10, 11].  

 

 
Figure 1.2 Representative structures of (i) Porphyrin core; (ii) Crown ether; (iii) Calixarene; (iv) 

Cyclodextrin; and (v) Resorcinarene. 

 

1.5 Calixarenes 
 

1.5.1 History of Calixarenes 
 

The process that led to the class of compounds that we now recognize as calixarenes first 

began in 1872 with Adolf von Baeyer [12-14]. Baeyer heated aqueous formaldehyde with 

phenol in the presence of a mineral acid to produce a hard resinous product, which he was 

unable to characterize with the analytical tools available at the time. Then in 1894 two 

German chemists found that the base induced reaction between formaldehyde and phenol 

led to the formation of o-hydroxymethylphenol and p-hydroxymethylphenol via a 
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dehydration process [15, 16]. The conditions of the reaction were crucial with mild conditions 

leading to the substituted phenols and more strenuous conditions leading to the hard 

resinous tar product observed by Baeyer. 

 

Next in 1905-1909, Leo Baekeland managed to devise a process to manufacture a hard 

resilient resin using phenol-formaldehyde chemistry, which he named Bakelite [17]. This 

was the beginning of the modern synthetic plastics era. It was not until 1942 when Alois 

Zinke started to investigate phenol-formaldehyde chemistry using p-substituted phenols 

that better well defined products were observed [18]. This was due to fact that the phenols 

could now only react at the ortho positions and not also the para positions. However a 

structure had not yet been fully assigned to any of these products but the idea of a cyclic 

structure was favoured. This was mainly due to work of Niederl and Vogel who proposed a 

cyclic tetrameric structure for the products they obtained by the acid catalyzed 

condensation of phenols and aldehydes [19]. It took Zinke until 1952 to assign the cyclic 

tetrameric structure to his products by performing molecular weight measurements [20], 

Figure 1.3. 

 

 
Figure 1.3 Proposed structure by Zinke of the cyclic tetrameric structure [20]. 

 

The cyclic tetrameric structure was further accepted by the work of Hayes and Hunter 

who completed a stepwise synthesis of the cyclic tetramer formed by p-cresol and 

formaldehyde [21, 22]. Another contender in the field was Cornforth and co-workers who on 

repeating the Zinke experiments isolated two products using p-tert-butylphenol [23, 24]. This 
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was intriguing as Zinke had given no indication of multiple products in any of his 

experiments. After much deliberation the products were assigned as diastereoisomers of the 

cyclic tetramer and not cyclic structures with differing ring sizes. This was later to be 

proved wrong by the work of Gutsche. 

 

The Petrolite Corporation was interested in the manufacture of oil demulsifiers and 

during their research program the ‘Petrolite procedure’ was established [25-27]. This 

procedure involved the reaction of p-tert-butylphenol, paraformaldehyde and a small 

amount of 50% KOH in xylene yielding a high melting insoluble compound. On searching 

the literature they assigned their product as the cyclic tetramer, which again would be 

proved wrong by the work of Gutsche. 

 

 Gutsche began his work on phenol-formaldehyde chemistry in 1972 in his quest for 

molecules able to mimic the action of enzymes. He began his investigation by looking into 

the Petrolite procedure and a modified procedure using potassium tert-butoxide and tetralin 

instead of KOH and xylene [28]. His experimental results pointed toward the existence of a 

cyclic octamer and not a cyclic tetrameric structure. This was confirmed by mass spectral 

analysis of a trimethylsilyl derivative and unequivocally in 1985 by X-ray crystallography 
[29]. This result indicates that the product obtained by Zinke and Cornforth was indeed the 

cyclic octamer and not the cyclic tetramer as proposed. It is also now known that the 

Petrolite chemists isolated a mixture of cyclic octamer and cyclic hexamer. Further research 

into the reaction of p-tert-butylphenol and formaldehyde by the group of Gutsche has 

established synthetic protocols for the selective synthesis of the cyclic tetramer [30], 

hexamer [31] and octamer [32]. With these protocols in hand, researchers now have an 

abundant source of these cyclic molecules for further synthetic modification. 

 

1.5.2 Nomenclature of Calixarenes 
 

Calixarenes have been designated many names along the years but calixarene is the name 

that has been accepted by researchers around the world to describe this class of compound. 

The name was coined by Gutsche and is derived from the Greek word calix meaning 

‘chalice’ and arene indicating the presence of aryl units [33]. Other names used in the past 
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include ‘Mehrkernmethylenephenolverbindungen’ by Zinke, cyclic tetranuclear novolaks 

by Hayes and Hunter, 1:8:15:22-tetrahydroxy-4:11:18:25-tetra-m-benzylenes by Cornforth 

and [1n]metacyclophanes by Cram [34]. 

 

The ring size of the calixarene is denoted as n where n = 4 - 20 and is inserted as follows, 

calix[n]arene. Any para substituent is added as a prefix to calix[n]arene so the cyclic 

octamer formed from the condensation of p-tert-butylphenol is called p-tert-butyl-

calix[8]arene. To avoid any unnecessary repetition throughout this thesis, two shorthand 

versions will be used depending on the calixarene. For p-substituted calix[n]arenes 

including tert-butyl, phenyl, benzyl and H, the following will be used; TBC[n], PPC[n], 

PBC[n] and PHC[n] respectively, Figure 1.4. For other functionalized calixarenes the 

following system will be used. Any substitution at the lower rim will be added as a prefix 

to [n] and any para substituents will be added as a superscript suffix to [n]. For example 

tetra(diethoxyphosphoryl)-tetrabutoxy-calix[4]arene will be assigned as Bu[4]P(O)(OEt)2, 

Figure 1.4. 

 

 
Figure 1.4 Representative examples of calix[n]arenes with the appropriate nomenclature. 

 

1.5.3 Synthesis of Calixarenes 
 

Due to the pioneering work by Gutsche in the 1980s the most commonly studied 

calixarene system is that of p-tert-butylphenol. However a range of p-substituted phenols 

are suitable for condensation with formaldehyde, with electron donating substituents such 

as alkyl or aryl groups often necessary for a successful reaction. Table 1.2 shows the 
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diverse range of p-substituted calixarenes available via a one pot procedure. Other synthetic 

procedures are available for making calixarenes including a stepwise and a fragment 

condensation synthesis, which are useful for making mixed p-substituted calixarenes. 

 
Table 1.2 Selected yields for the one pot synthesis of various p-substituted calix[n]arenes. References are 

given in brackets. [a] Pentylt = 1,1-dimethylpropyl and [b] Octylt = 1,1,3,3-tetramethylbutyl. Adapted from 
[35].  

R n = 4 n = 5 n = 6 n = 7 n = 8 

Me    22 [36]  

Et    24 [36]  

Pri 10 [37]  26 [37]   

But 49 [30] 10-15 [38, 39] 83-88 [31] 6-17 [40, 41] 62-65 [32] 

Pentylt [a] 6-7 [42]  30 [42]  37-41 [42] 

Octylt [b] 31 [43]    30 [44] 

Adamantyl     71 [45] 

Phenyl 9 [46] 5 [46] 10 [47]  7-14 [47] 

Benzyl 60 [48] 33 [49] 16 [49] 16 [50] 12 [49] 

Cumyl   21 [51]   

 

1.5.3.1 One Pot Synthesis 
 

In the early years of calixarene chemistry the synthesis of TBC[4] was beset by a number 

of failings that led to unpredictable yields of the desired product. However, careful 

investigation of the reaction conditions by Gutsche revealed the importance that the 

concentration of the base catalyst at various temperatures has on the outcome of the 

reaction [52]. Figure 1.5 shows the influence of the concentration of NaOH on the formation 

of TBC[4] and TBC[6]. It can be seen that the yield of TBC[4] is optimized at around 0.03 

mol equivalents of base (with respect to the phenol) and drops away as the concentration 

increases. However at higher concentrations TBC[6] forms as the sole product and shows a 

maximum yield at around 0.4 mol equivalents of base (with respect to the phenol). As 

noted earlier the temperature of the reaction is also an important consideration as lower 

temperatures lead to the formation of TBC[8] as the sole product [32]. This can rationalized 
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by the fact that TBC[4] is the thermodynamically favoured product and TBC[8] the 

kinetically favoured product. 

 

 
Figure 1.5 Influence of base concentration on the yield of TBC[4]. Adapted from [52]. 

 

One other noteworthy factor is the influence of the cation on the course of the reaction. 

This effect is smaller that the effect of the concentration of base but nonetheless can give an 

extra degree of control over the product distribution. It has been found that NaOH tends to 

favour higher yields of cyclic octamer and KOH, RbOH or CsOH tends to favour higher 

yields of cyclic hexamer [37]. The reaction time and ratio of p-tert-butylphenol to 

formaldehyde has little influence on the yield and product distribution. Taking all these 

factors into account, the major calix[n]arenes, (n = 4, 6 and 8), can be reproducibly 

synthesized in good yield. 

 

The synthesis of the odd (minor) numbered calix[n]arenes, TBC[5] and TBC[7], cannot 

be accomplished selectively as for TBC[4,6,8] and they can only be isolated by selective 

separation from a product mixture consisting of both major and minor calixarenes [38-41]. 

TBC[5] and TBC[7] are separated by selective crystallisation from acetone and diethyl 

ether respectively. Recently the synthesis of large calix[n]arenes, (n = 9 - 20), has been 

documented by an acid catalysed reaction employing p-toluenesulfonic acid [53]. The crude 

composition of the reaction mixture generally contained < 5% of each large calixarene and 

involved a complex separation process to isolate each calixarene. 
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1.5.3.2 Stepwise Synthesis 
 

The stepwise synthesis of calixarenes allows access to a greater range of p-substituted 

calixarenes through the use of individual arylation steps but the process is long and tedious, 

generally leading to yields < 10% [54-59]. Using the procedure established by Hayes and 

Hunter [21, 22], Kämmerer succeeded in improving this procedure to produce p-hexamethyl-

p-butyl-calix[7]arene in 16 steps [56]. In general the synthesis involves protection of one of 

the ortho sites by bromination yielding an o-bromo-p-alkylphenol, Scheme 1.1. Then a 

series of alternating hydroxymethylation and condensation steps are used to build up the 

linear oligomer to the desired length. The oligomer is then deprotected by dehalogenation 

and cyclized under dilute conditions to give the cyclic product. 

 

 
Scheme 1.1 General procedure for the stepwise synthesis of p-substituted calix[n]arenes. Adapted from [35]. 

 

1.5.3.3 Fragment Condensation 
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Another important procedure for the preparation of calixarenes is via fragment 

condensation using preformed well defined fragments [60]. The major advantage of this 

procedure is that it is convergent rather than a non-convergent stepwise procedure, and 

fewer steps are required although it leads to restriction in the degree of variation in the p-

substituents. The precursors are commonly synthesized in a stepwise manner and primarily 

condensed in a “3 + 1” [61] or “2 + 2” [62] manner to give calix[4]arenes. Less common is a 

“6 + 3” condensation that yields a range of large calix[n]arenes, (n = 9 – 12), albeit in less 

than 1.5% yield [63]. The condensation step is ideally performed using a large excess of 

TiCl4, which circumvents the need for high dilution [61], Scheme 1.2.  

 

 
Scheme 1.2 General procedure for the “3 + 1” (a) and “2 + 2” (b) fragment condensation to synthesize p-

substituted calix[n]arenes. Adapted from [35]. 

 

1.5.4 Synthesis of Heteroatom-Bridged Calix[4]arenes 
 

Although carbon is routinely found as the bridging element in natural and synthetic 

macrocycles such as porphyrins, it plays no part in the binding of guest molecules. 

Replacing carbon by elements such as nitrogen, sulfur or silicon creates macrocycles with 

additional coordination sites and also in the case of calixarenes causes a subtle change in 

the size of the cavity. These changes have major implications on the macrocycles host-

guest chemistry. Modifying calixarenes with -NR-, -S-, or -SiR2- bridging units is often a 

difficult process that requires multiple steps and results in low yields.  
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O-Methyl azacalix[4]arenes can be prepared via a convergent stepwise approach in 4 

steps and the completely N-methylated azacalix[4]arene has a remarkable ability to act as a 

CH….π donor and acceptor at the same time [64], Figure 1.6. Thiacalix[4]arene can be 

synthesized in a one pot procedure by the reaction of p-tert-butylphenol with elemental 

sulfur to furnish pure thiacalix[4]arene in 54% yield [65], Figure 1.6. The thiacalix[4]arene 

can be oxidized to either the sulfinyl or sulfonylcalix[4]arene and their ability to extract 

transition and alkaline earth metals from solution has been studied [66, 67]. O-Methyl 

silacalix[4]arene can be prepared from p-tert-butylmethoxybenzene in a convergent 

stepwise approach using n-BuLi and Me2SiCl2 in 4 steps [68], Figure 1.6. The -SiMe2- 

bridge is longer than the -CH2- bridge in TBC[4] and facilitates the inter-conversion of the 

different conformations. 

 

 
Figure 1.6 General representation of heteroatom bridged calix[4]arenes [64-68]. 

 

1.5.5 Mechanism of Calixarene Formation 
 

The mechanism or ‘pathway’ of calixarene formation depends on whether the reaction is 

thermally-induced or base or acid catalyzed. The base catalyzed reaction has been explored 

for over two decades and involves the formation of a phenoxide ion, which effects the 

nucleophilic attack onto formaldehyde to yield a hydroxymethyl phenol, Scheme 1.3. This 
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hydroxymethyl phenol can then be converted to an o-quinonemethide intermediate that 

subsequently reacts with a phenolate ion in a Michael-like process to form the 

corresponding diarylmethyl compound. The diarylmethyl compound undergoes a similar 

set of transformations to form linear oligomers, which are the precursors to calixarene 

formation. The mechanism for the conversion of the linear oligomers to calixarenes is 

complicated as it has been shown that there are at least three dozen linear oligomers prior to 

cyclization [69]. 

 

 
Scheme 1.3 Base catalysed mechanism for the formation of linear oligomers prior to cyclization. Adapted 

from [11]. 

 

The postulated mechanism for the formation of the kinetic product, TBC[8], in the base 

catalysed reaction involves the pairing of linear tetramers to form a hydrogen bonded cyclic 

dimer [70, 71]. These dimers can then cyclize by expulsion of water and formaldehyde to 

yield the cyclic octamer. The proposed route to the thermodynamic product, TBC[4], is via 

molecular mitosis of TBC[8] under high temperature [72]. However there are possible 

competing pathways to molecular mitosis such as fragmentation-recombination processes. 

To test the molecular mitosis hypothesis a deuterated sample of TBC[8] was refluxed with 

non deuterated TBC[8] to yield a product distribution indicating both processes were active 
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pathways for formation of TBC[4] [72], Figure 1.7. The mechanism for TBC[6] has been 

postulated as involving a linear hexamer intermediate rather than a pair of linear timers [73]. 

 

 
Figure 1.7 Overview of the molecular mitosis mechanism test. (Black and white circles represent deuterated 

and protonated residues respectively). Adapted from [72]. 

 

The mechanism for the acid catalysed and thermally induced condensation of p-

alkylphenols and formaldehyde is even less well understood and so will not be covered in 

this discussion. 

 

1.5.6 Conformations of Calixarenes 
 

One of the most interesting aspects of calixarene chemistry is the protean ability of these 

compounds to adopt a variety of different conformations. This results from the free rotation 

about the σ bonds of the Ar-CH2-Ar moieties, whereby the hydroxyl groups or p-

substituents swing through the annulus. The size of the ring and p-substituents along with 

the solvent(s) all affect the rotation of the aryl moieties through the annulus. If the 

calixarene cannot rotate then it is conformationally locked as is the case for TBC[4] and 

TBC[5] at room temperature. For a conformationally mobile calix[4]arene there are four 
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possible conformations it could adopt. These are designated as cone, partial cone (paco), 

1,2-alternate (1,2-alt) and 1,3-alternate (1,3-alt) [74], Figure 1.8. 

 

 
Figure 1.8 The four possible conformations of calix[4]arene. Adapted from [74]. 

 

Calix[4]arenes usually adopt the cone conformation both in solution and the solid state 

due to the hydroxyl groups forming a circular hydrogen bonded network. Analysis of the 

cone conformation by 1H NMR reveals a pair of doublets for the bridging methylene 

protons indicating an AB spin system. The 2J coupling constant is generally between 12 

and 14 Hz and the axial protons appear about 0.8 ppm further upfield than the equatorial 

protons. This is confirmed in the 13C NMR spectrum whereby there is a single carbon 

resonance at around 30 – 33 ppm [75]. When the calix[4]arene is conformationally mobile 

more than one conformation may be present at the same time in solution, complicating the 
1H NMR spectrum [76]. Table 1.3 summarizes the 1H and 13C NMR resonances for the four 

possible conformations of TBC[4]. 

 
Table 1.3 1H and 13C NMR resonances for the 4 different conformations of TBC[4]. s = singlet and d = 

doublet (J = 12 Hz). Adapted from [76]. 

  1H NMR   13C NMR   

Conformation ArH CH2 C(CH3)3 Ar CH2 C(CH3)3 C(CH3)3 

Cone 1s 1d 1s 4 1 1 1 

Partial Cone 
2s and 2d  

or 4s (ratio 1:1:1:1) 

2d or 1d and 

1s (ratio 1:1) 

3s (ratio 

1:2:1) 

12 2 3 3 

1,2-Alternate 2s (ratio 1:1) 
1s and 2d 

(ratio 1:1) 
1s 

4 2 1 1 

1,3-Alternate 1s 1s 1s 4 1 1 1 
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As mentioned above the solvent has a major role to play in the ability of the calixarene to 

interconvert between different conformations. Polar solvents such as pyridine interact with 

the lower rim hydroxyls disrupting the circular hydrogen bonded network. This results in a 

decrease in the energy required to interconvert, ΔG‡, which can be calculated from the 

coalescence temperature obtained by variable temperature NMR (VT NMR). Table 1.4 

gives a list of ΔG‡ values for TBC[4] and PHC[4] in a range of different polarity solvents. 

It can be see that the coalescence temperature, Tc, for TBC[4], is 325 K in chloroform but 

only 288 K in pyridine due to disruption of the hydrogen bonded network, leading to a 2 

kcalmol-1 drop in activation energy [77]. 

 
Table 1.4 Coalescence temperatures and ΔG‡ values for the inversion of TBC[4] and PHC[4]. Adapted from 
[77]. 

p-Substituent Deuterated Solvent Tc (oC) ΔG‡ (kcal mol-1) 

But Chloroform 52 15.7 

 Bromobenzene 43 15.2 

 Toluene 39 14.9 

 Carbon Disulfide 36 14.9 

 Benzene 35 14.8 

 Pyridine 15 13.7 

H Chloroform 36 14.9 

 Bromobenzene 23 14.1 

 Toluene 18 13.9 

 Benzene 15 13.8 

 Acetonitrile 0 13.3 

 Acetone -5 13.1 

 Pyridine -22 11.8 

 

Calix[5]arenes, like calix[4]arenes usually adopt the cone conformation both in solution 

and the solid state and can adopt the same four possible conformations, the cone, partial 

cone, 1,2-alternate and 1,3-alternate conformations. VT NMR on TBC[5] in chloroform 

gave a Tc value of 271 K and a corresponding ΔG‡ of 13.2 kcal mol-1 [78]. Comparing this to 
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the Tc value of 325 K for TBC[4] indicates that TBC[5] can interconvert more freely than 

TBC[4] due to its larger ring size. This is confirmed in the crystal structures of both 

compounds with TBC[4] having shorter O….O and O….H distances than TBC[5] 

indicating a greater degree of hydrogen bonding. Also in agreement are the respective force 

constants for the O-H stretching vibration in their IR spectra (3160 cm-1 for TBC[4] and 

3260 cm-1 for TBC[5]) and the chemical shift of the OH resonance in their 1H NMR 

spectrums (δ10.2 for TBC[4] and δ8.7 for TBC[5]). 

 

Calix[n]arenes larger than calix[5]arene have no preference for the cone conformation 

due to the increased size of their rings. TBC[6] and TBC[8] can adopt 8 and 16 main 

conformations respectively as well as numerous others in which one or more of the 

phenolic units project outward from the average plane of the molecule [77]. 1H NMR data 

indicate the preferred preference to be a hinged conformation for TBC[6] and a pleated 

loop conformation for TBC[8]. TBC[9-20] are even more flexible and have no well defined 

stable conformations. Figure 1.9 shows a graph of the ΔG‡ values for TBC[4-20] indicating 

that calixarenes that have a ring size that is a multiple of four have particular stability. This 

can be attributed to these particular ring sizes being able to incorporate cone-like and/or 

pleated loop-like arrangements into their cyclic arrays [53]. 

 

 
Figure 1.9 Plot of ΔG‡ values for TBC[4-20] in CDCl3. Adapted from [53]. 
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1.5.7 Functionalisation of Calixarenes 
 

One of the main reasons why calixarenes are popular substrates is the ease at which they 

can be synthetically modified. Functionality can be introduced at either the upper or the 

lower rim, Figure 1.10, and there are well documented procedures for full substitution or 

partial substitution at these two sites. The reactive hydroxyl groups on the lower rim are 

obvious starting points for the introduction of new functionality such as esters and ethers. 

The upper rim can be modified by numerous methods such as halogenation, nitration and 

sulfonation amongst others. This versatility means researchers can impart the various 

chemical and physical properties required onto a calixarene substrate for the majority of 

potential applications [10, 11, 79]. 

 

 
Figure 1.10 Designation of the upper and lower rim for TBC[4]. 

 

1.5.7.1 Lower Rim Functionalisation 
 

1.5.7.1.1 Ether and Ester Formation 

 

An interesting feature of calix[4]arene is that small alkyl groups such as methyl and ethyl 

can pass through the annulus and are thus conformationally mobile [80]. The base used for 

deprotonation of the hydroxyl groups and solvent are critical for the distribution of 

conformers in the product and under careful conditions all four conformations of 

EtO2CCH2[4] can be isolated [81]. Using larger alkyl groups such propyl and butyl lock 

calix[4]arenes in the cone conformation as they are too bulky to pass through the annulus 
[80]. 
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The protocol for complete alkylation of the lower rim hydroxyl groups is generally 

universal for calix[4-8]arenes and proceeds in good yield without any problems [82]. The 

standard procedure is the use of NaH in DMF or a DMF/THF mixture [83] and for TBC[4] 

this yields products in the cone conformation when groups larger than ethyl are used. The 

reaction is thought to proceed via proximal 1,2-dialkylated intermediates with the sodium 

cation acting as a template restricting rotation of the OH groups [84]. Changing the cation to 

Cs+ means no templating effect can occur due to the larger size of Cs+ and the use of 

Cs2CO3 in DMF results in selectivity towards the 1,3-alternate conformation for a range of 

p-substituted calix[4]arenes [85]. Interestingly the polarity of the solvent used has a profound 

effect on the conformer distribution with the percentage of the cone conformation 

increasing as the solvent polarity increases [86]. This can be rationalized by the dipole 

moments of the cone and partial cone conformation being 0.858 and 0.528 D respectively. 

A detailed analysis of etherification and esterification has been described for calix[4]arene 
[76], calix[5]arene [78, 87], calix[6]arene [88] and calix[8]arene [88], taking into account the 

various possible conformations. It has been shown that the conformer ratio of the product is 

due to competition between the rates of interconversion and derivatisation [89, 90]. As such, 

the reactivity of the alkylating agent, strength and cation of the base, bulkiness of the p-

substituent, temperature and solvent are all factors that influence the conformational 

distribution of the product. 

 

Functionalized alkylating reagents can also be used to allow further functionalization of 

the lower rim. These reagents have the general formula XCH2Y where X is a leaving group, 

generally Br or tosyl, and Y is a functional group. Representative examples for Y include 

allyl ethers [91], propargyl ethers [92], amides [93, 94] and ketones [94], Figure 1.11. 

 

 
Figure 1.11 Representative examples of possible calixarenes using functionalized alkylating reagents [91-94]. 
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The hydroxyl groups on the lower rim of calix[4]arene can also be selectively 

functionalized to give mono-, di- and triethers depending on the reaction conditions. 

Monoethers can be prepared by direct alkylation using NaH in toluene as non polar solvents 

deactivate the phenoxide anions by the formation of tight ion pairs and as dianions are 

harder to form than monoanions etc [95]. Alternatively the use of Ba(OH)2 in DMF yields 

monoethers by deactivation of the phenoxide ions through complexation with Ba2+ [95]. A 

third method includes demethylation of Me[4] using 3 mol equivalents of Me3SiI to give 

monoMe[4] in 65% yield [96].  

 

Diethers with 1,3-substitution (distal substitution) can be readily synthesized using the 

weak base K2CO3 in acetone with excellent yields [97]. However diethers with 1,2-

substitution (proximal substitution) are more difficult to synthesize than the related 1,3-

diethers but nevertheless can be prepared by selective demethylation using TiBr4 in CHCl3 
[98]. Selectivity between 1,2 and 1,3-alkylation is possible due to 1,2-alkylation involving 

selective reactivity of the proximal ArO- and 1,3-alkylation involving selective anion 

formation at the distal ArOH [10]. Finally triethers can be prepared by methylation using 

Me2SO4 and BaO.Ba(OH)2 in DMF in moderate yield [76]. Interestingly TBC[6] can be 

selectively methylated using K2CO3 and methyl-p-toluenesulfonate to give a 1,3,5-

methylated product [99] and TBC[8] can be selectively benzylated using K2CO3 and 

benzylbromide in THF/DMF to give a 1,3,5,7-benzylated product [100]. 

 

1.5.7.1.2 Substitution of OH with H, NH2 and SH 

 

Replacing the lower rim hydroxyls with different functionality endows calixarenes novel 

physical and chemical properties with deoxy-calix[4]arenes of particular interest for 

conformational studies [101]. The completely dehydroxylated TBC[4] can be synthesized by 

reduction of the corresponding tetraphosphate ester, (EtO)2(O)P[4], using K/NH3 [102], 

Scheme 1.4. Converting the OH groups of TBC[4] to NH2 groups is somewhat problematic 

and conversion of the diphosphate ester, 1,3-(EtO)2(O)P[4], with KNH2 and NH3 yields the 

corresponding monoamine and diamine in 44% and 8% yield respectively [103], Scheme 1.4. 
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Complete replacement of OH with SH for TBC[4] has been accomplished using the 

Newman - Kwart procedure to give tetramercapto-calix[4]arene in modest yield [104], 

Scheme 1.4. A noteworthy feature of this compound is that it favours the 1,3-alternate 

conformation due to the fact that SH groups are stronger donors but weaker acceptors than 

OH groups. As a consequence of this the intramolecular hydrogen bonding is weaker and it 

is not sufficient to hold the compound in the cone conformation. 

 

 
Scheme 1.4 Synthetic pathways for the lower rim replacement of OH with H, NH2 and SH [102-104]. 

 

1.5.7.2 Upper Rim Functionalisation 
 

There are two main routes for the functionalisation of the upper rim of calixarenes. The 

first route involves removal of the But groups from TBC[n] by a reverse Friedel-Crafts 

reaction [105], Scheme 1.5. The product, PHC[n], can then undergo electrophilic substitution 

with a range of different electrophiles at the para position. The Lewis acid-catalyzed de-
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tert-butylation is performed using AlCl3 in toluene with a small amount of phenol, which 

acts as a better acceptor molecule than toluene for the But groups. Other calixarenes that 

undergo this reaction contain p-alkyl groups such as p-tert-pentyl and p-1,1,3,3-

tetramethylbutyl, which are both easy to synthesize like TBC[n]. A noteworthy point is that 

selective removal of But groups can be achieved by the fact that those para to free OH 

groups are easier to remove than those para to an OR group. This can be seen for 1,3-

dimethyl TBC[4], which undergoes selective de-tert-butylation in the 2,4-position in 78% 

yield [106, 107]. The second route involves direct ipso-substitution of the But groups by the 

electrophile thus circumventing the need to remove the But groups in a separate step, 

Scheme 1.5. However this route is not applicable to all electrophiles. 

 

 
Scheme 1.5 The two routes for electrophilic substitution of TBC[n]. 

 

1.5.7.2.1 Electrophilic Substitution 

 

The first work to be done in this area was the sulfonation of PHC[6] using sulfuric acid at 

100 oC to give [6]SO3H in 75% yield [108], Scheme 1.6. Further investigation of this reaction 

lead to discovery that TBC[6] can undergo ipso-substitution to yield [6]SO3H in 50% yield 

under specific reaction conditions [109], Scheme 1.6. At around the same time several 

research groups were trying to nitrate PHC[4] using nitric acid but they were hindered by 

oxidation of the calixarene core. This was overcome by ipso-nitration of [6]SO3H using nitric 

acid for 10 h at 0 – 5 oC to produce [6]NO2 in 15% yield [110], Scheme 1.6. The sulfonate 

groups protect the calixarene skeleton due their electron withdrawing effect making it less 

susceptible to oxidation. Alternatively PHC[4] can be converted to [4]NO by Bridge’s 
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procedure and then oxidized to [4]NO2 using dilute nitric acid in 53% yield or converted 

straight to [4]NO2 using nitric acid in an acetic acid-benzene solution in 87% yield [111], 

Scheme 1.6. 

 

 
Scheme 1.6 General synthetic procedures for the sulfonation and nitration of TBC[n] [108-111]. 

 

Further work in the area of electrophilic substitution has now produced protocols for all 

the common substitution reactions, which are amenable for phenols and phenol ethers to 

calixarenes and p-alkyl-calixarenes substrates respectively. These include bromination of 

Me[4] and Octyl[4] using N-bromosuccinimide (NBS) to produce Me[4]Br and Octyl[4]Br 

respectively in good yield [112, 113]. If a more reactive substrate is required then iodination 

using Hg(OCOCF3)2 or CF3CO2Ag and I2 can be performed on PHC[4] or Octyl[4] to 

produce [4]I and Octyl[4]I in 40 and 70% yield respectively [114, 115]. Calixarenes with p-

halo-substituents are excellent substrates for Suzuki coupling reactions and Me[4]Ph and 

Hexyl[4]Ph have been synthesized from the corresponding tetrabromo calix[4]arene in 75 

and 62% yield respectively [116]. 

 

Other common reactions include sulfochlorination [117], chloromethylation [118], 

aminomethylation [119], phosphorylation [120] and acylation [121], amongst others. Like the 

lower rim it is also desirable to be able to selectively functionalize the upper rim. This in 

the most part is possible by selectively functionalizing the lower rim and then using the 

more reactive phenolic moieties to introduce functionality onto the upper rim. Scheme 1.7 
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shows a brief schematic of some of the possible reactions, which are amenable to 

calixarene substrates. 

 

 
Scheme 1.7 Schematic of the functionalization possible at the upper rim. E = electrophile, Nu = nucleophile. 

Adapted from [10]. 

 

1.6 Water-Soluble Calixarenes and their Applications 
 

TBC[n] and PHC[n] are sparingly soluble in aqueous media, which limits their usefulness 

in biological applications such as mimicking the action of enzymes in vivo. To overcome 

these limitations water-soluble groups can be graphed onto the calixarene skeleton on either 

the upper or lower rim. These water-soluble calixarenes have become an important general 

class of compounds for host-guest and supramolecular chemistry. The calixarene is usually 

size matched for its particular application and Table 1.5 lists the diameter and height of the 

three major calixarenes [122]. 
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Table 1.5 External dimensions of PHC[4,6,8]. Adapted from [122]. 

Substrate Diameter (Å) Height (Å) 

PHC[4] 5.90 11.75 

PHC[6] 4.96 16.24 

PHC[8] 9.23 22.40 

 

1.6.1 Carboxylic Acids 
 

The first water-soluble calixarene reported in the literature contained carboxylic acid 

groups tethered to the lower rim of TBC[4] in the cone conformation [123], Figure 1.12. The 

compound showed solubilities in water in the presence of alkali and ammonium salts of 

between 5 x 10-4 and 5 x 10-3 M depending on the cation used (Na+ < K+ < Cs+ < NH4
+ < 

Li+). The high reactivity of the phenolic functional groups normally makes them the first 

site for derivatisation, however substitution at the para groups has been achieved with 

water-soluble groups. The addition of carboxylic or amide polar groups to the para position 

of PHC[5-8], [5-8]CH2CH2CO2H and [5-8]CH2NR2 respectively can solubilize a range of 

polycyclic aromatic hydrocarbons in water [118], Figure 1.12. 

 

 
Figure 1.12 Water-soluble calixarenes substituted at the upper rim or lower rim with carboxylic or amide 

polar groups [118, 123].  

 

1.6.2 Boronic Acids 
 

The development of receptors that can bind to saccharides in aqueous media has recently 

gained much attention. One of the most promising functional groups investigated are the 
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boronic acids, which have favourable interactions with saccharides [124, 125]. This leads the 

way to the design of model systems able to mimic the mode of sugar action in nature. The 

addition of 1,2-diboronic acid groups to the upper rim of a calix[4]arene substrate shows 

allosteric binding of saccharide guests in the presence of alkali metal ions [126], Figure 1.13. 

The complexation of D-glucose, D-talose and D-allose show negative allosterism in the 

presence of Mg2+, Ca2+, Li+ and Na+ and positive allosterism in the presence of K+, Rb+ and 

Cs+. In a different study the addition of a tertiary amine in close proximity to the boronic 

acid group created a photoinduced electron transfer (PET) sensor due to a Lewis acid-base 

interaction [127], Figure 1.13. The binding of the saccharide causes suppression of the PET 

to the fluorophore and thus increases the fluorescence. 

 

 
Figure 1.13 Diboronic acids used for the binding of saccharides in aqueous solution [126, 127]. 

 

1.6.3 Amino Groups 
 

Amino-calixarenes show interesting properties in water due to their strong interactions 

with a range of anionic substrates, in particularly nucleic acids. They also show 

considerable zwitterionic character in polar solvents due to an intramolecular proton 

transfer process that creates a phenoxide anion and an ammonium cation [119], Figure 1.14. 

This can be observed for [4]CH2NMe2 which has Tc values of 52 and 67 oC in chloroform and 

acetonitrile respectively and substantial downfield chemical shifts in the 1H NMR of the N-

methyl protons in polar solvents. An amino-calix[4]arene locked in the cone conformation 

by p-bromobenzenesulfonate groups on the lower rim has been shown to extract metal ions 
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from solution [119], Figure 1.14. These include the metals Ni2+, Cu2+, Pd2+, Co2+ and Fe2+ 

and ion transport studies showed the amino-calixarenes to be poor metal ion transporters.  

 

 
Figure 1.14 Zwitterionic character of amino-calixarenes and a p-(2-amino-ethyl) substituted calix[4]arene 

used for the extraction of metal ions [119]. 

 

1.6.4 Sulfonic Acids 
 

The most widely studied water-soluble calixarene systems are the p-sulfonato-

calix[n]arenes, (n = 4, 5, 6 and 8), which show solubilities of greater than 0.1 M in aqueous 

solution. There has been a substantial amount of research into the solution and solid state 

chemistry of the sodium salts of [4,5]SO3H, which relates to their tendency to adopt the cone 

conformation. The aryl moieties of [4]SO3H have been shown to form hydrogen bonds with 

water in the solid state, which is of importance in many biological systems [128]. [4]SO3H has 

also been shown to adopt complex architectures based around the Archimedean solids 

forming either icosahedra or cuboctahedra spheroids [129, 130]. The catalytic action of [6]SO3H 

has also been explored in relation to its ability to mimic the dehydrogenase responsible for 

the acid-catalyzed hydration of nicotinamide adenine dinucleotide (NADH) [108]. 

 

1.6.5 Phosphonic Acids 
 

The least studied water-soluble calixarenes are the p-phosphonato-calix[n]arenes, mainly 

due to the involved synthetic procedures required to attach phosphonate groups directly to 

the para position [120]. To overcome this most research groups have developed 
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phosphorylation at the phenolic units [131] or by taking advantage of more reactive benzylic 

positions on the upper rim [118], Figure 1.15.  

 

 
Figure 1.15 Selected phosphonic acids substituted in three different ways [118, 120, 131]. 

 

1.6.5.1 Lower Rim Substitution 
 

One of the most widely studied lower rim phosphorylated calixarene is di-(OH)2(O)P[4] 
[132] and its solid state packing with a variety of guest molecules. Crystallisation of di-

(OH)2(O)P[4] with 1,3-diaminopropane in a mixture of ethanol/water yielded a self-

assembled calixarene aqua-channel system [133]. The channel is composed of dimeric 

calix[4]arenes stacked in a head to head manner, which assemble as two stacked symmetry 

related trimers to form a hexameric tube of 15 Å radius and 16 Å depth. This hexameric 

assembly then propagates into a channel via propane diammonium cations and ethanol 

molecules as spacers between the hexameric units, Figure 1.16. The channel contains water 

molecules in both hydrophilic and hydrophobic environments. This system may be useful 

as a biological mimic for membrane water channels and has a strong structural analogy to a 

class of membrane water channel proteins called aquaporins [134].  
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Figure 1.16 Transformation of di-(OH)2(O)P[4] into 40 Å channels with the surface coloured red and blue for 

hydrophilic and hydrophobic regions respectively. Adapted from [133]. 

 

Di-(OH)2(O)P[4] has a propensity to form dimeric capsules in a head to head stacked 

manner. This can be seen for the complex with 1,6-diaminohexane, with the dimer 

embedded within a three-dimensional matrix of diammonium cations [135] or for the 

complex with 1,10-phenanthroline whereby the dimers act like a cage trapping π-π stacked 

dimers of 1,10-phenanthroline [136]. Di-(OH)2(O)P[4] also forms dimers in the presence of a 

variety of bipyridyl ligands ranging from 2,2’-bipyridine, 4,4’-bipyridine and 1,2-

bipyridylethane [137]. In all three complexes the extended packing consists of alternating 

layers of dimeric calixarenes and bipyridyl ligands generating a one-dimensional ladder 

network, Figure 1.17. Di-(OH)2(O)P[4] has also been shown to complex L-lysine [138], 

which offers many potential biological applications including the binding of proteins 

amongst others [139]. 

 

 
Figure 1.17 The range of bipyridyl ligands and a projection of the one-dimensional ladder network for 1,2-

bipyridylethane. Adapted from [137]. 



Chapter 1: General Introduction 

 31

 

Lower rim phosphorylated calix[4]arenes have found widespread application in rhodium-

catalyzed olefin hydroformylation with the calixarene acting as a platform from which to 

tether the ligands. Hydroformylation is an important industrial process for the production of 

aldehydes from alkenes using carbon monoxide and hydrogen. The original catalyst used 

for this transformation was HCo(CO)3 however rhodium catalysts are now more widely 

used, which incorporate bulky phosphite ligands to increase the rate of the reaction. The 

following examples highlight the work done in this field on the hydroformylation of 1-

octene as a model substrate, Figure 1.18.  

 

 
Figure 1.18 Hydroformylation of 1-octene, with three potential phosphorus based ligands represented as L*. 

Adapted from [140]. 

 

Figure 1.18 also shows three phosphorus ligands that impart high chemoselectivity for the 

production of aldehydes with no olefin hydrogenation or alcohol production [140]. The yield 

and n/iso-selectivity ranged from 46.0-99.9% and 0.72-1.73 respectively and were highly 

dependent on the ligand used and Rh:ligand ratio. Other suitable phosphorus based ligands 

include di–OP(OPh)2 which showed n/iso-selectivities of 2.35-10.70 [141], di-biuret derived 
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ligands, which showed n/iso-selectivities of 0.7-2.6 [142] and mono functionalized calixarene 

phosphites showed n/iso-selectivities of 1.2-3.6 [143, 144]. A noteworthy observation from 

this research was the increased catalytic efficiency of phosphorus ligands with large bite 

angles [145, 146]. 

 

1.6.5.2 Upper Rim Substitution 
 

There are predominantly two different ways to functionalize the upper rim of calixarenes 

with phosphonate ester groups. The first method involves using a CH2 linker between the 

calixarene and phosphonate ester [118] and the second method involves direct substitution 

onto the para position of the calixarene [120]. The synthesized calixarenes are water-soluble 

and often show remarkable properties in aqueous media. 

 

The introduction of methylene phosphonate groups is achieved by chloromethylation 

using chloromethyl-n-octyl ether to give a chloromethylated precursor, which undergoes a 

classical Arbuzov reaction with triethyl phosphite to yield the corresponding methylene 

phosphonate [118], Scheme 1.8. The phosphonate ester can then be desterified with 

bromotrimethylsilane (BTMS) to furnish the phosphonic acid in good yield. 

Methylenediphosphonic acids are also readily synthesized from a dichloromethylated 

precursor by treatment with sodium diethylphosphite, which can then be desterified with 

BTMS to yield a diphosphonic acid [147], Scheme 1.8. 

 

 
Scheme 1.8 General synthetic route to methylene phosphonates [118, 147]. 
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Methylene phosphonic acids have been used for a variety of different applications 

including their ability to act as alkaline phosphatase inhibitors [147] and for the complexation 

of transition metal ions including Cu(I) salts indicating their potential role as cation carriers 

in biological environments [148]. However their most interesting chemistry relates to their 

ability to form molecular capsules with complementary calixarenes that possess four 

cationic groups on their upper rim such as tetraanilinium, tetrapyrazolium or 

tetraammonium [149, 150], Figure 1.19. The host-guest chemistry of theses capsules were 

investigated using various guests ranging from alcohols, sulfoxides, benzene derivatives, 

ammonium and pyrazinium guests [151]. However due to the high stability of the capsules 

(Ka ~ 105 M-1) no guest inclusion was observed, with the guests loosely bound to the ionic 

seam. The stability of the capsules has also been investigated by ESI-mass spectroscopy 

with MS-MS experiments required to analyze the complex species found in the solution, 

which are not detected during routine NMR titrations [152]. The formation of hydrogen 

bonded capsules using self-complementary components is noteworthy in relation to their 

ability to act as nano-reaction chambers and for the selective encapsulation of guest 

molecules amongst others [153-159]. 

 

 
Figure 1.19 Complementary cationic and anionic half-spheres which form discrete 1:1 complexes, with 

energy minimized structures for (a) tetrabenzylphosphonate-tetraanilinium assembly and (b) 

tetrabenzylphosphonate-tetrabenzylammonium assembly. Adapted from [151]. 
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The direct attachment of phosphonate groups onto the upper rim at the para position 

requires a nickel catalysed Arbuzov reaction on a bromo-substituted calixarene [120], 

Scheme 1.9. The phosphonate ester can then be converted to the phosphonic acid as noted 

earlier using BTMS. This route is more involved than the trivial one step procedure for the 

synthesis of p-sulfonato-calixarenes [108], which has limited the investigation into p-

phosphonato-calixarenes. 

 

 
Scheme 1.9 General synthetic route for the formation of R[4]P(O)(OH)2 [120]. 

 

p-Phosphonato-calixarenes also undergo capsule formation in a similar manner to 

methylenephosphonate calixarenes forming more rigid capsules due to a decrease in 

rotational freedom [151]. There has been substantial investigation into the ability of these 

amphiphilic molecules to be incorporated into monolayers and a Bu[4]P(O)(OEt)(OLi) doped 

stearic acid monolayer has been shown to attract peptides and proteins from the aqueous 

phase [160]. The proteins range from histone H1, cytochrome c, albumin, ferritin and DNA 

(36mer) and can be detected at concentrations around 10-8 M. Similarly a Decyl[4]P(O)(OH)2 

monolayer at the air-water interface can detect mono and dications [161]. 

 

A range of p-phosphonato-calix[4]arenes have been show to recognize amino alcohols in 

water due to favourable binding of the guest in the calixarenes hydrophobic cavity [162]. The 

guests include ephedrine, norephedrine and noradrenaline hydrochloride forming 1:1 

complexes with association constants up to 145 M-1. They have also been shown to form 

1:1 complexes with a range of uracil derivatives in a MeOH-MeCN-THF-H2O (15-10-5-70, 

v/v) mixture with association constants within the range 1200-54,300 M-1 [163]. Finally 

diphosphonic acids form complexes with Ca and Ln (Ln = La, Pr and Nd) to form sheets of 

compact two-dimensional nets in the case of Ca and porous three-dimensional polymeric 

structures in the case of Ln [164], Figure 1.20. 
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Figure 1.20 Crystal packing of the diphosphonic acid-Nd complex showing its porous nature, with the Nd 

atoms either adopting an eight (square antiprism) or nine (three-capped trigonal antiprism) coordination 

sphere. Adapted from [164]. 



Chapter 2: Introduction to Series of Papers 

 36

2 Introduction to Series of Papers 
 

Water-soluble calixarenes have been extensively studied by researchers around the world 

since the first report of a water-soluble calix[4]arene with carboxylic functionalization in 

1984 [123]. They have found many applications, especially in the biomedical field where 

they have the potential to act as direct bio-active molecules [122] and have become an 

important general class of compounds for host-guest and supramolecular chemistry. The 

need to develop and investigate new water-soluble calixarenes is particularly important in 

keeping this class of compounds at the forefront of science. The p-phosphonic acid 

calixarenes have been considered an important target in supramolecular chemistry, 

medicinal chemistry and nano-science for over two decades. However there has only been 

one documented report on the synthesis of [4]P(O)(OH)2 and its potential application in 

inhibiting thrombus formation in mammals [165]. The synthesis involved iodination of 

PHC[4] with mercury trifluoroacetate and I2 to yield [4]I, which was reacted with diethyl 

phosphite under palladium catalysis to yield [4]P(O)(OEt)2, Scheme 2.1. The phosphonate 

ester was desterified with strong acid to yield [4]P(O)(OH)2 in good yield. 

 

 
Scheme 2.1 Three step synthesis of [4]P(O)(OH)2 via a tetraiodo intermediate [165]. 

 

The synthetic route has a number of flaws especially when the larger calix[n]arenes, (n = 

6 and 8), are sought, which has major implications for researchers who need easy access to 

the full range of common calixarene sizes for them to be readily utilized. The use of 

palladium catalysis requires the use of a reactive tetraiodo precursor, which is highly 

insoluble and hinders its practical applicability. Also the iodination reaction uses a highly 

toxic mercury salt, which is not practical from an industrial viewpoint. 
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To overcome these issues a new synthetic route has been developed that provides 

[n]P(O)(OH)2, (n = 4, 5, 6 and 8), in five steps and excellent yield, Scheme 2.2 [166, 167]. The 

new procedure involves the key use of an acetyl protecting group required for the nickel 

catalyzed Arbuzov reaction and has the added benefit of helping to solubilize the 

brominated precursor. The acetate groups are then easily cleaved under basic conditions in 

quantitative yield, followed by desterification of the ethoxy groups using 

bromotrimethylsilane (BTMS) also in quantitative yield. Calixarenes [n]P(O)(OH)2, (n = 4, 5, 

6 and 8), have been fully characterized and shown to have novel properties, such as their 

formation into nano-rafts both in solution and the gas phase. 

 

 
Scheme 2.2 New five step synthesis of [n]P(O)(OH)2, (n = 4, 5, 6 and 8) [166, 167]. 

 

As part of the ongoing investigation into the supramolecular chemistry of calixarenes the 

solid state properties of calix[5]arenes has been explored. Researchers are starting to show 

a greater interest in PHC[5] due to the larger size of its cavity compared to PHC[4] and as 

new synthetic protocols are being developed, useable quantities can now be readily 

prepared. Crystal engineering first emerged in the 1990s as researchers began believing that 

crystal design was indeed an achievable feat, driven in part by supramolecular chemistry 
[168]. The ability to engineer crystals is a paradigm shift from supramolecular chemistry 

where the bonds between components in a crystal can be translated to those between 

components in a supermolecule.  
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Crystal engineering has been instrumental in the design of microporous materials such as 

metal-organic frameworks (MOF’s), which have the ability of guest transport and storage 
[169-171]. More recently calixarenes have been shown to display remarkable properties in van 

der Waals crystals whereby seemingly nonporous organic solids have the ability of gas 

separation [172] and absorption of gases such as hydrogen and acetylene [173, 174]. The 

development of novel materials for gas storage is of considerable importance in the 

potential use of hydrogen fuel cells as an alternative to the world’s thirst for oil. With the 

possibility of peak oil in the near future and the political fallout of global warming the US 

Department of Energy (DOE) has set a target of 6.0 weight percentage storage of H2 for 

storage materials [175]. 

 

The solid state structures of TBC[5], PHC[5] and PPC[5] have been elucidated as 

chloromethane inclusion complexes and their potential application as gas storage material 

has been discussed, Figure 2.1 [176]. Complementary to this paper is the ability of sublimed 

PHC[5] to absorb carbon dioxide at room temperature and 1atm [177]. It is noteworthy that 

two different forms of PHC[5] can be isolated as either the α- or β-polymorph with only the 

β-polymorph active for gas sorption. The α-polymorph consists of helical hydrogen bonded 

chains whereby the calixarenes adopt an inverted cone conformation. The β-polymorph 

consists of both ‘self-included’ and ‘back-to-back’ helical arrangements with the calixarene 

in the cone conformation. Interestingly the β-polymorph can also be isolated by 

recrystallization from iso-propyl alcohol (IPA). 

 

 
Figure 2.1 (a) TBC[5] and DCM: side view of the packing of the calixarenes showing the back-to-back 

arrangement and channels of DCM molecules (along a axis); (b) PHC[5] and DCM: Top view of the packing 

diagram showing the interplay of the calixarenes and the included DCM molecules; and (c) PPC[5] and 

CHCl3: The overall packing of calixarenes within the extended structure [176]. 
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To round off the investigation into the supramolecular chemistry of TBC[5] the solution 

and solid state binding of o-, m- and p-carborane by TBC[5] has been explored [178]. This 

follows on from work previously performed in the Raston research group whereby it was 

discovered that PHC[5] forms inclusion complexes with o-carborane in the presence of 

DCM or toluene, Figure 2.2 [179]. In the current study o- and m-carborane form 1:1 host-

guest supermolecules with TBC[5] with the p-But substituents creating a snug fit for the 

carboranes in the presence of toluene or DCM, Figure 2.2. In the case of p-carborane and 

TBC[5] no 1:1 host-guest supermolecules were isolated in the solid state but instead pure 

toluene or DCM solvates were isolated. Also isolated in the presence of p-carborane were 

the PHC[5]/DCM and PPC[5]/CHCl3 solvates, which were discussed above in their relation 

to new gas storage materials. The m-carborane complex with PHC[5] was also elucidated. 

 

 
Figure 2.2 Space filling for the host-guest complexes of PHC[5] [179] (a) and TBC[5] [178] (b) with o-carborane 

showing the carborane embedded deeper into the calixarene cavity for TBC[5]. 

 

During the investigation into novel materials for gas storage the remarkable ability of 

PHC[5] to exhibit a large degree of selectivity for structurally similar solvents has been 

discovered [180]. This includes the PHC[5] inclusion complexes with o-, m- and p-xylene, 

which all partake in a different spatial interplay of the calixarenes and leads to the 

possibility of separating a mixture of xylenes by crystallization, Scheme 2.3. Also reported 

are the toluene and mesitylene inclusion complexes, which are isostructural with the o-

xylene and m-xylene inclusion complexes respectively. The separation of xylenes is a 

challenging process mainly due to the close proximity of the boiling points of m- and p-

xylene. Extractive distillation and adsorption onto Y zeolites or metal-organic frameworks 

are amongst some of the ways to separate the different isomers [181, 182].  
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Scheme 2.3 Schematic representation for the formation of methyl substituted benzene inclusion complexes 
[180]. 

 

Along with the elucidation of various methyl substituted inclusion complexes mentioned 

above a series of mono-halobenzene inclusion complexes has also been structurally 

characterized [183]. This includes the isostructural 1:1 complexes with fluoro-, chloro- and 

bromobenzene, which form columnar arrays of calixarenes in the extended packing and a 

1:1 iodobenzene complex, which forms sheets of calixarenes in the extended packing, 

Scheme 2.4. A detailed Hirshfeld surface analysis was performed to facilitate an 

understanding of the type and nature of the intermolecular interactions in the 

supermolecules and extended structures [184, 185]. The use of Hirshfeld surfaces has been 

generating significant interest of late as a useful graphical tool for exploring crystal packing 

arrangements and depicting the immediate environment of a molecule within a crystal [186, 

187]. More recently, it is now possible to quantitatively analyze these intermolecular 

interactions and this will ultimately lead to a greater degree of control in the design and 

engineering of crystals [188]. 

 

 
Scheme 2.4 Schematic representation for the formation of halobenzene inclusion complexes [183]. 
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As noted earlier the use of Hirshfeld surfaces is a new technique that is gaining greater 

attention as a useful graphical tool for understanding the type and nature of intermolecular 

interactions in the supermolecules and extended structure within a crystal [184, 185]. However 

this technique has mainly been used to analyze and compare small molecules at the same 

temperature. The first variable temperature Hirshfeld surface analysis, and thus a variable 

temperature X-ray diffraction study, was performed on H37C18[6], which crystallizes in the 

inverted double cone conformation [189]. The calixarenes pack in an hexagonal arrangement 

with interdigitation of the alky chains forming a pseudo bilayer, Figure 2.3. The Hirshfeld 

surfaces revealed an expansion of the structure with increasing temperature and an increase 

in disorder of one of the alkyl chains. Complementary to this study is the similar hexagonal 

close packing seen for either the toluene or benzene solvate of H37C18[4] [190]. 

 

 
Figure 2.3 Overall packing showing the interdigitation of the alkyl chains within the supramolecular bilayers 

comprised of H37C18[6] [189]. 
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4 Critical Discussion 
 

The synthesis of new compounds with novel properties is essential in any field of 

chemistry and allied fields to keep at the cutting edge of international research. Within the 

field of supramolecular chemistry, water-soluble calixarenes are an exciting and 

challenging class of compounds to work with. The Raston research group has executed an 

extensive research program into water-soluble calixarenes [n]SO3H, (n = 4, 5, 6 and 8), over 

the past decade and it was seen as a natural progression to try and extrapolate the 

knowledge known about [n]SO3H, (n = 4, 5, 6 and 8), to the corresponding phosphonic acids 
[191, 192]. The first step in this new direction would be to establish an efficient synthetic 

procedure for [n]P(O)(OH)2, (n = 4, 5, 6 and 8), and then begin a thorough investigation into 

their properties. 

 

The synthesis of [n]P(O)(OH)2, (n = 4, 5, 6 and 8), represented a significant challenge [166, 

167], in contrast to the ubiquitous one step synthesis of the analogous sulfonic acids [108]. 

However an efficient five step synthesis has been established that produces [n]P(O)(OH)2, (n = 

4, 5, 6 and 8), in multi-gram quantities from the commercially available PHC[n] and for 

example [4]P(O)(OH)2 can be prepared in 62% overall yield from PHC[4] [167]. The major 

advantage of this route over the previous literature route [165] is that it is applicable to the 

four most commonly used PHC[n], (n = 4, 5, 6 and 8), and not restricted to PHC[4]. If 

solubility is the limiting factor in the synthesis of the fully brominated precursor then all 

known PHC[n], (n = 4 - 20), will be amenable to this new route. 

 

The use of the nickel catalyzed Arbuzov reaction [120] is crucial as the palladium catalyzed 

substitution reaction [164] will not proceed with a less reactive brominated precursor. The 

acetyl protecting group was chosen according to the ease of addition and removal of the 

group [193], in contrast to the commonly used methyl group [116]. Methyl groups can be 

added by alkylation using MeI in excellent yield but the usual removal using BBr3 failed in 

the presence of either phosphonate ester or phosphonic acid groups. Other common 
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removal agents such as pyridine hydrochloride did not give characterizable products [194]. 

The use of other protecting groups such as silyl ethers or benzyl ethers were not considered 

as they are not as atom efficient as an acetyl protecting group. BTMS was chosen for the 

cleavage of the phosphonate ester as quantitative yields have been well documented in the 

literature, however one drawback is the low atom efficiency of the reaction [162, 164]. The use 

of strong acid or base failed to desterify the phosphonate ester along with different energy 

sources such as microwave and sonic energy instead of conventional heating. 

 

The most efficient way of synthesizing the p-phosphonato-calixarenes would be via a one 

pot procedure like the p-sulfonato-calixarenes [108], however all attempts at phosphorylating 

PHC[4] with phosphoric or chlorophosphonic acid failed along with numerous attempts to 

ipso-phosphorylate [4]SO3H. Further optimization of this new synthetic route would be 

advantageous including reducing the number of steps required or replacing BTMS with a 

more atom efficient cleavage agent. 

 

The use of process intensification rotating surface (PIRS) technology to form specially 

3.0(3) and 20(2) nm particles of [4]P(O)(OH)2 at 3000 rpm is revolutionary in the 

advancement of control over the size of nano-particles [167]. To change the size of the nano-

particles, the speed of the disc can be controlled with decreasing disc speeds creating larger 

nano-particles, for instance 2000 rpm affords 80(7) nm nano-particles. This result has major 

implications in the field of material engineering and leads to the possibility of creating 

specific particle sizes under certain parameters reproducibly. 

 

The structure of the nano-rafts for [4]P(O)(OH)2 has been deduced from single crystal X-ray 

diffraction and X-ray powder diffraction (XRPD), and shown to be constructed of bilayers 

of calixarenes linked together by hydrogen bonding between phosphonic acid groups from 

different bilayers [167]. The nano-rafts show extraordinary stability in solution and are stable 

for 36 hours in dimethyl sulfoxide (DMSO) whereas dimers formed from calix[4]arene 

tetraureas ‘denature’ within seconds upon addition of a few mol percent of DMSO [195]. It 

was not possible to elucidate the size of the nano-rafts in solution however in the gas phase 

aggregates of up 20 molecules were observed using MALDI-TOF mass spectrometry. 
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Calixarenes do not exclusively exist as discrete monomers in solution as evident by mass 

spectrometric measurements [196]. TBC[6-8] has been shown to form discrete dimers and 

trimers in solution, arising from intermolecular hydrogen bonding, whereas TBC[4,5] exists 

as monomers due to strong intramolecular hydrogen bonding arrays holding them in the C4 

or C5 symmetrical cone conformation respectively. None of the dimers or trimers were 

evident in solution. Thus the remarkable ability of [4]P(O)(OH)2 to self-assemble into nano-

rafts in the gas phase (≤ 20 molecules) is noteworthy. No other calixarene system favours 

the formation of such large aggregates.  

 

A new synthetic route has been devised to produce [n]P(O)(OH)2, (n = 4, 5, 6 and 8), in five 

steps and good yield. An initial investigation into their properties revealed novel nano-rafts, 

and the ability to control the size of nano-particles of [4]P(O)(OH)2 using PIRS technology. 

Further optimization of the controlled formation of stable synthetic nanometer-scale rafts 

could lead to a range of potential applications in particularly in the biomedical fields where 

phosphonic acid moieties are key components. The incorporation of lanthanide elements 

into these nano-rafts could lead to their potential as reaction surfaces for chemical and 

biological transformations, amongst others [197]. The larger calixarenes, such as [n]P(O)(OH)2, 

(n = 6 and 8), which do not adopt the cone conformation may lead to new packing within 

the nano-rafts and ultimately different materials with altered properties as compared to 

[n]P(O)(OH)2, (n = 4 and 5) [167]. 

 

For the synthesis of [5]P(O)(OH)2, moderate quantities of TBC[5] were required so multi-

gram quantities of the corresponding phosphonic acid could be synthesized. This is not a 

trivial exercise as noted in the general introduction compared to TBC[4,6,8], however 

significant quantities of TBC[5] can be prepared [39]. With a larger amount of TBC[5] in 

hand than was required for the synthesis of [5]P(O)(OH)2 it was decided to expand upon an 

earlier investigation within the Raston research group into the binding of o-carborane by 

PHC[5] [179] by including all three isomeric carboranes and TBC[5] [178]. 
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It was discovered that for TBC[5] and PHC[5], inclusion of chloromethane solvents is at 

the expense of inclusion of p-carborane, affording TBC[5]/DCM and PHC[5]/DCM 

inclusion complexes respectively [176, 178]. This is due to the limited ability of p-carborane to 

form a single C-H….π interaction with the inner wall of the calixarene cavity. This is in 

contrast to o- and m-carborane which can form two corresponding C-H….π interactions and 

carboranyl inclusion complexes can be isolated [178]. TBC[5] shows selectivity for m-

carborane over o-carborane over p-carborane and this selective binding has implications in 

the separation of the isomeric carboranes, which is traditionally achieved using 

chromatography [198]. 

 

It was subsequently discovered that in the absence of p-carborane the same 

chloromethane inclusion complexes for TBC[5] and PHC[5] were isolated and p-carborane 

had no templating effect for different packing arrangements [176]. This protocol was then 

extended to the deep cavity calixarenes, PPC[5] and PBC[5], whereby only a PPC[5] 

inclusion complex was isolated, PPC[5]/CHCl3. The three inclusion complexes isolated 

were deemed to be excellent candidates for gas sorption studies, in particularly 

TBC[5]/DCM. The packing arrangement of TBC[5]/DCM includes channels containing 

DCM molecules, which can be easily removed to yield a porous material via multiple 

frustrated phases [199, 200]. The PHC[5]/DCM and PPC[5]/CHCl3 inclusion complexes are 

yet to undergo preliminary testing into their gas sorption properties. 

 

A second method to produce porous (and non-porous) organic solids for gas sorption 

studies is based on high temperature sublimation. This method has been successfully 

utilized in the past for TBC[4] and PHC[4] and it was considered likely that PHC[5] would 

show similar interesting gas sorption properties [201, 202]. Indeed PHC[5] can be isolated as 

two different polymorphs, α and β, with only the β-polymorph active for sorption of CO2 at 

room temperature and 1 atm [177]. A potentially key new discovery is the fact that the β-

polymorph can be isolated by crystallization from IPA without the need for high 

temperature sublimation, which causes extensive degradation of PHC[5]. Unsubstituted 

calixarenes show very poor solubility in alcohols such as methanol and ethanol, however 

PHC[5] is sufficiently soluble in IPA to yield enough material for gas sorption studies. 
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The initial investigation into carboranyl inclusion complexes has led to the discovery of 

three potentially new gas storage materials in the form of chloromethane inclusion 

complexes. Further research needs to be undertaken to gain a greater understanding into 

these inclusion complexes and the processes by which desolvation may lead to porous 

material without total collapse of the lattice structure. In the case of the TBC[5]/DCM 

inclusion complex this occurs via frustration of the solvate lattice before total desolvation 

causes collapse of the lattice structure and creates a non-porous material, which is ‘dead’ 

with respect with gas sorption [200]. A different approach to the same goal involves 

sublimation of unsubstituted calixarenes to produce a desolvated lattice structure that is 

porous. This has been achieved through the β-polymorph of PHC[5] and a new improved 

procedure has been developed which includes recrystallisation of PHC[5] from IPA to 

produce exclusively the β-polymorph without the need of high temperature sublimation 
[177]. A more challenging task will be the development of a procedure to selectivity produce 

the α-polymorph in significant enough quantity so gas sorption experiments can be 

performed. 

 

In the search for candidates for gas sorption studies a host of different PHC[5] inclusion 

complexes were synthesized ranging from mono-, di- and trimethyl benzenes and mono-

halobenzenes [180, 183]. In the case of methyl substituted benzenes it was discovered that the 

three isomers of xylene (o-, m- and p-) partake in a different spatial interplay of calixarenes 

leading to possibility of separating a mixture of xylenes by crystallization [180]. PHC[5] 

shows remarkable versatility considering the structurally similar solvents differing only 

slightly in the degree and pattern of methyl substitution. The preference of PHC[5] for the 

three isomers was determined by competition experiments and shown to have modest 

selectivity, m- > o- > p-xylene. Further research could investigate the scope of this rich 

structural diversity by looking at the xylene inclusion complexes of TBC[4,5] and PHC[4] 

to see whether this phenomenon is universal (in regard to the cone conformation 

calixarenes) or restricted to PHC[5]. 

 

In the case of mono-halobenzenes, the size of the halogen atom is crucial in determining 

the crystal packing arrangement. For fluoro-, chloro- and bromobenzene the crystal packing 

is isostructural involving columnar arrays formed from ‘tri-PHC[5]’ segments. For 
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iodobenzene the iodine atom is too sterically bulky blocking the formation of ‘tri-PHC[5]’ 

segments and instead packs into sheets in the extended packing. To investigate the type and 

nature of intermolecular interactions occurring within the components in the crystal a 

detailed Hirshfeld surface analysis was performed. The Hirshfeld surface analysis allowed 

for a clear and precise description of the interplay involved within the crystal, which would 

not have otherwise been possible. The technique is gaining in popularity as researchers 

appreciate the usefulness of this powerful analytical tool for analyzing the interplay of 

components in supramolecular complexes. 

 

Overall a range of new chemistry of calix[5]arene has been explored and documented. A 

range of carboranyl inclusion complexes have been synthesized for TBC[5] and PHC[5], 

which has implications in a more efficient and convenient separation of carboranes over the 

traditional chromatography route where high volumes of solvent are used. Finally the 

structural diversity of PHC[5] has been explored in the presence of small molecules, which 

has led to a greater understanding of the supramolecular chemistry of calixarenes. 

 

The new technique of Hirshfeld surface analysis has until now only been focused on 

comparing structures at the same temperature. Carrying out Hirshfeld surface analysis at 

various temperatures was deemed to offer enhanced understanding of the nature of 

interactions especially when large molecules are involved as is usually the case in complex 

supramolecular systems. This was developed for H37C18[6] at 100, 200 and 300 K, which 

crystallizes in an inverted double cone conformation forming a pseudo bilayer arrangement 
[189]. The Hirshfeld surfaces clearly highlight an expansion of the structure with increasing 

temperature and the highly efficiently packed nature of the calixarenes at 100 K. The 

advantage of using variable temperature Hirshfeld surface analysis will give researchers 

increased control in crystal engineering and design by providing extra information about 

the interplay of the components. This has implications for example in gas storage, whereby 

crystals could be designed to store larger quantities of gas or store only specific gases. 

 

A related compound to H37C18[6] is H37C18[4] that has been synthesized and structurally 

characterized as either a toluene or benzene inclusion complex [190]. An interesting feature 

of this compound is that the octadecyl chains interplay to form a continuous hexagonal 
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motif creating a bilayer arrangement in the solid state, despite the absence of polar head 

groups. The bilayers are approximately 32.2 and 32.7 Å for the toluene and benzene 

complex respectively and highlight the fact that calixarenes substrates can support the 

formation of stable bilayers. This has important implications in biological systems whereby 

further functionalization at the upper rim could extend the calixarene to insert itself into 

biological membranes to form permanent channels. One potential derivatisation includes 

building upon the chemistry learnt from the synthesis of [n]P(O)(OH)2, (n = 4, 5, 6 and 8), to 

produce phospholipid mimics. These model compounds could then be used to explore 

certain processes such as transmembrane ion transport and how it can be inhibited. 



Chapter 5: Appendices 

 99

5 Appendices 
 

1. Front cover for S. J. Dalgarno, J. Tian, J. E. Warren, T. E. Clark, M. Makha, C. L. 

Raston, J. L. Atwood, Chem. Commun. 2007, 4848. 

 

2. Front cover for T. E. Clark, M. Makha, C. L. Raston, A. N. Sobolev, Dalton Trans. 

2006, 46, 5449. 

 

3. Front cover for T. E. Clark, M. Makha, J. J. McKinnon, A. N. Sobolev, M. A. 

Spackman, C. L. Raston, CrystEngComm 2007, 9, 566. 

 

4. Online supporting information for T. E. Clark, M. Makha, A. N. Sobolev, H. Rohrs, J. 

L. Atwood, C. L. Raston, Chem. Eur. J. DOI: 10.1002/chem.200701472. 

 

5. Online supporting information for T. E. Clark, M. Makha, A. N. Sobolev, D. Su, H. 

Rohrs, M. L. Gross, J. L. Atwood, C. L. Raston, New J. Chem. Accepted for 

publication. 

 

6. Online supporting information for S. J. Dalgarno, J. Tian, J. E. Warren, T. E. Clark, M. 

Makha, C. L. Raston, J. L. Atwood, Chem. Commun. 2007, 4848. 

 

7. Online supporting information for T. E. Clark, M. Makha, C. L. Raston, A. N. Sobolev, 

Dalton Trans. 2006, 46, 5449. 



Chapter 6: References 

 115

6 References 
 

[1] J.-M. Lehn, Pure Appl. Chem. 1978, 50, 871. 

[2] J. W. Steed, J. L. Atwood, Supramolecular Chemistry, J. Wiley & Sons, Chichester, 

2000. 

[3] J.-M. Lehn, Supramolecular Chemistry, Concepts and Perspectives, VCH, 

Weinheim, 1995. 

[4] P. D. Beer, P. A. Gale, D. K. Smith, Supramolecular Chemistry, Oxford University 

Press, Oxford, 1999. 

[5] D. J. Cram, Angew. Chem. Int. Ed. Engl. 1986, 25, 1039. 

[6] E. Fischer, Ber. Deutsch. Chem. Ges. 1894, 27, 2985. 

[7] D. S. Lawrence, T. Jiang, M. Levett, Chem. Rev. 1995, 95, 2229. 

[8] G. M. Whitesides, E. E. Simanek, J. P. Mathias, C. T. Seto, D. N. Chin, M. Mannen, 

D. M. Gordon, Acc. Chem. Res. 1995, 28, 37. 

[9] L. F. Lindoy, The Chemistry of Macrocyclic Ligand Complexes, Cambridge 

University Press, Cambridge, 1989. 

[10] C. D. Gutsche, Calixarenes Revisited, Royal Society of Chemistry, Cambridge, 

1998. 

[11] C. D. Gutsche, Calixarenes, Royal Society of Chemistry, Cambridge, 1989. 

[12] A. Baeyer, Ber. 1872, 5, 25. 

[13] A. Baeyer, Ber. 1872, 5, 280. 

[14] A. Baeyer, Ber. 1872, 5, 1094. 

[15] L. Lederer, J. Prakt. Chemie 1894, 50, 223. 



Chapter 6: References 

 116

[16] O. Manasse, Ber. 1894, 27, 2409. 

[17] L. H. Baekeland, US Patent 942,699 1908. 

[18] A. Zinke, E. Ziegler, Ber. 1944, 77, 264. 

[19] J. B. Niederl, H. J. Vogel, J. Am. Chem. Soc. 1940, 62, 2512. 

[20] A. Zinke, R. Kretz, E. Leggewie, K. Hossinger, Monatsh. 1952, 83, 1213. 

[21] B. T. Hayes, R. F. Hunter, Chem. Ind. 1956, 193. 

[22] B. T. Hayes, R. F. Hunter, J. Appl. Chem. 1958, 8, 743. 

[23] J. W. Cornforth, P. D. A. Hart, G. A. Nicholls, R. J. W. Rees, J. A. Stock, Br. J. 

Pharmacol. 1955, 10, 73. 

[24] J. W. Cornforth, E. D. Morgan, K. T. Potts, R. J. W. Rees, Tetrahedron 1973, 29, 

1659. 

[25] R. S. Buriks, A. R. Fauke, F. E. Mange, US Patent 4,032,514 1977. 

[26] R. S. Buriks, A. R. Fauke, F. E. Mange, US Patent 4,098,717 1978. 

[27] R. S. Buriks, A. R. Fauke, J. H. Munch, US Patent 4,259,464 1981. 

[28] T. B. Patrick, P. A. Egan, J. Org. Chem. 1977, 42, 382. 

[29] C. D. Gutsche, A. E. Gutsche, A. I. Karaulov, J. Inclusion Phenom. 1985, 3, 447. 

[30] C. D. Gutsche, M. Iqbal, Org. Synth. 1990, 68, 234. 

[31] C. D. Gutsche, B. Dhawan, M. Leonis, D. Stewart, Org. Synth. 1990, 68, 238. 

[32] J. H. Munch, C. D. Gutsche, Org. Synth. 1990, 68, 243. 

[33] C. D. Gutsche, R. Muthukrishnan, J. Org. Chem. 1978, 43, 4905. 

[34] D. J. Cram, H. Steinberg, J. Am. Chem. Soc. 1951, 73, 5691. 

[35] V. Bohmer, Angew. Chem. Int. Ed. Engl. 1995, 34, 713. 

[36] Z. Asfari, J. Vicens, Makromol. Chem. Rapid Commun. 1989, 10, 181. 

[37] B. Dhawan, S.-I. Chen, C. D. Gutsche, Makromol. Chem. 1987, 188, 921. 



Chapter 6: References 

 117

[38] K. Iwamoto, K. Araki, S. Shinkai, Bull. Chem. Soc. Jpn. 1994, 67, 1499. 

[39] D. R. Stewart, C. D. Gutsche, Org. Prep. Proc. Int. 1993, 25, 137. 

[40] Y. Nakamoto, S. Ishida, Makromol. Chem. Rapid Commun. 1982, 3, 705. 

[41] F. Vocanson, R. Lamartine, P. Lanteri, R. Longeray, J. Y. Gauvrit, New J. Chem. 

1995, 19, 825. 

[42] S. R. Izatt, R. T. Hawkins, J. J. Christensen, R. M. Izatt, J. Am. Chem. Soc. 1985, 

107, 63. 

[43] K. Araki, A. Yanagi, S. Shinkai, Tetrahedron 1993, 49, 6763. 

[44] V. Bocchi, D. Foina, A. Pochini, R. Ungaro, Tetrahedron 1982, 38, 373. 

[45] I. E. Lubitov, E. A. Shokova, V. V. Kovalev, Synlett 1993, 9, 647. 

[46] M. Makha, C. L. Raston, Tetrahedron Lett. 2001, 42, 6215. 

[47] C. D. Gutsche, P. F. Pagoria, J. Org. Chem. 1985, 50, 5795. 

[48] M. Makha, C. L. Raston, Chem. Commun. 2001, 23, 2470. 

[49] B. Souley, Z. Asfari, J. Vicens, Pol. J. Chem. 1992, 66, 959. 

[50] P. Thuery, M. Nierlich, B. Souley, Z. Asfari, J. Vicens, J. Chem. Soc., Dalton 

Trans. 1999, 14, 2589. 

[51] A. Ettahiri, A. Thozet, M. Perrin, Supramol. Chem. 1994, 3, 191. 

[52] C. D. Gutsche, M. Iqbal, D. Stewart, J. Org. Chem. 1986, 51, 742. 

[53] D. R. Stewart, C. D. Gutsche, J. Am. Chem. Soc. 1999, 121, 4136. 

[54] H. Kammerer, G. Happel, B. Mathiasch, Makromol. Chem. 1981, 182, 1685. 

[55] H. Kammerer, G. Happel, Monatsh. Chem. 1981, 112, 759. 

[56] H. Kammerer, G. Happel, Makromol. Chem. 1980, 181, 2049. 

[57] H. Kammerer, G. Happel, V. Bohmer, D. Rathay, Monatsh. Chem. 1978, 109, 767. 

[58] G. Happel, B. Mathiasch, F. Caesar, Makromol. Chem. 1975, 176, 3317. 



Chapter 6: References 

 118

[59] H. Kammerer, G. Happel, F. Caesar, Makromol. Chem. 1972, 162, 179. 

[60] K. H. No, C. D. Gutsche, J. Org. Chem. 1982, 47, 2713. 

[61] V. Bohmer, F. Marschollek, L. Zetta, J. Org. Chem. 1987, 52, 3200. 

[62] V. Bohmer, L. Merkel, U. Kunz, J. Chem. Soc., Chem. Commun. 1987, 896. 

[63] I. Dumazet, J.-B. R. d. Vains, R. Lamartine, Synth. Commun. 1997, 27, 2547. 

[64] H. Tsue, K. Ishibashi, H. Takahashi, R. Tamura, J. Org. Chem. 2005, 7, 2165. 

[65] H. Kumagai, M. Hasegawa, S. Miyanari, Y. Sugawa, Y. Sato, T. Hori, S. Ueda, H. 

Kamiyama, S. Miyano, Tetrahedron Lett. 1997, 38, 3971. 

[66] G. Mislin, E. Graf, M. W. Hosseini, A. D. Cian, J. Fischer, Chem. Commun. 1998, 

1345. 

[67] N. Iki, H. Kumagai, N. Morohashi, K. Ejima, M. Hasegawa, S. Miyanari, S. 

Miyano, Tetrahedron Lett. 1998, 39, 7559. 

[68] B. Konig, M. Rodel, P. Bubenitschek, P. G. Jones, Angew. Chem. Int. Ed. Engl. 

1995, 34, 661. 

[69] E. Ziegler, Scientia Pharmaceutica 1951, 209. 

[70] F. Vocanson, R. Lamartine, Supramol. Chem. 1996, 7, 19. 

[71] S. Usui, K. Deyama, Y. Fukazawa, T. Sone, Y. Ohba, Chem. Lett. 1991, 20, 1387. 

[72] C. D. Gutsche, D. E. Johnston, D. R. Stewart, J. Org. Chem. 1999, 64, 3747. 

[73] F. Vocanson, R. Lamartine, R. Perrin, Supramol. Chem. 1994, 4, 153. 

[74] C. D. Gutsche, Acc. Chem. Res. 1983, 16, 161. 

[75] C. Jaime, J. d. Mendoza, P. Prados, P. M. Nieto, C. Sanchez, J. Org. Chem. 1991, 

56, 3372. 

[76] C. D. Gutsche, B. Dhawan, J. A. Levine, K. H. No, L. J. Bauer, Tetrahedron 1983, 

39, 409. 



Chapter 6: References 

 119

[77] C. D. Gutsche, L. J. Bauer, J. Am. Chem. Soc. 1985, 107, 6052. 

[78] D. R. Stewart, M. Krawiec, R. P. Kashyap, W. H. Watson, C. D. Gutsche, J. Am. 

Chem. Soc. 1995, 117, 586. 

[79] P. L. Boulas, M. Gomez-Kaifer, L. Echegoyen, Angew. Chem. Int. Ed. Engl. 1998, 

37, 216. 

[80] K. Araki, K. Iwamoto, S. Shinkai, T. Matsuda, Chem. Lett. 1989, 18, 1747. 

[81] K. Iwamoto, S. Shinkai, J. Org. Chem. 1992, 57, 7066. 

[82] A Versatile Class of Macrocyclic Compounds, Kluwer, Dordrecht, 1991. 

[83] J. D. V. Loon, W. Verboom, D. N. Reinhoudt, Org. Prep. Proc. Int. 1992, 24, 437. 

[84] K. Iwamoto, K. Araki, S. Shinkai, J. Org. Chem. 1991, 56, 4955. 

[85] W. Verboom, S. Datta, Z. Asfari, S. Harkema, D. N. Reinhoudt, J. Org. Chem. 

1992, 57, 5394. 

[86] K. Iwamoto, A. Ikeda, K. Araki, T. Harada, S. Shinkai, Tetrahedron 1993, 49, 

9937. 

[87] G. Barrett, M. A. McKervey, J. F. Malone, A. Walker, F. Arnaud-Neu, L. Guerra, 

M.-J. Schwing-Weill, C. D. Gutsche, D. R. Stewart, J. Chem. Soc., Perkin Trans. 2 

1993, 1475. 

[88] C. D. Gutsche, L. J. Bauer, J. Am. Chem. Soc. 1985, 107, 6059. 

[89] C. D. Gutsche, P. A. Reddy, J. Org. Chem. 1991, 56, 4783. 

[90] M. Iqbal, T. Mangiafico, C. D. Gutsche, Tetrahedron 1987, 43, 4917. 

[91] L. C. Groenen, B. H. M. Ruel, A. Casnati, P. Timmerman, W. Verboom, S. 

Harkema, A. Pochini, R. Ungaro, D. N. Reinhoudt, Tetrahedron Lett. 1991, 32, 

2675. 

[92] S. Kanamathareddy, C. D. Gutsche, J. Org. Chem. 1995, 60, 6070. 



Chapter 6: References 

 120

[93] P. L. H. M. Cobben, R. J. M. Egberink, J. G. Bomer, P. Bergveld, W. Verboom, D. 

N. Reinhoudt, J. Am. Chem. Soc. 1992, 114, 10573. 

[94] F. Arnaud-Neu, E. M. Collins, M. Deasy, G. Ferguson, S. J. Harris, B. Kaitner, A. J. 

Lough, M. A. McKervey, E. Marques, B. L. Ruhl, M. J. Schwing-Weill, E. M. 

Seward, J. Am. Chem. Soc. 1989, 111, 8681. 

[95] K. Iwamoto, K. Araki, S. Shinkai, Tetrahedron 1991, 47, 4325. 

[96] A. Casnati, A. Arduini, E. Ghidini, A. Pochini, R. Ungaro, Tetrahedron 1991, 47, 

2221. 

[97] P. J. Dijkstra, J. A. J. Brunink, D. E. Bugge, D. N. Reinhoudt, S. Harkema, R. 

Ungaro, F. Ugozzoli, E. Ghidini, J. Am. Chem. Soc. 1989, 111, 7567. 

[98] A. Arduini, A. Casnati, L. Dodi, A. Pochini, R. Ungaro, J. Chem. Soc., Chem. 

Commun. 1990, 1597. 

[99] J. K. Moran, D. M. Roundhill, Inorg. Chem. 1992, 31, 4213. 

[100] P. Neri, C. Geraci, M. Piattelli, Tetrahedron 1993, 34, 3319. 

[101] F. Grynszpan, Z. Goren, S. E. Biali, J. Org. Chem. 1991, 56, 532. 

[102] Z. Goren, S. E. Biali, J. Chem. Soc., Perkin Trans. 1 1990, 1484. 

[103] F. Ohseto, H. Murakami, K. Araki, S. Shinkai, Tetrahedron Lett. 1992, 33, 1217. 

[104] C. G. Gibbs, C. D. Gutsche, J. Am. Chem. Soc. 1993, 115, 5338. 

[105] V. Bohmer, D. Rathay, H. Kammerer, Org. Prep. Proc. Int. 1978, 10, 113. 

[106] J. D. V. Loon, A. Arduini, L. Coppi, W. Verboom, A. Pochini, R. Ungaro, S. 

Harkema, D. N. Reinhoudt, J. Org. Chem. 1990, 55, 5639. 

[107] J. D. V. Loon, A. Arduini, W. Verboom, R. Ungaro, G. J. V. Hummel, S. Harkema, 

D. N. Reinhoudt, Tetrahedron Lett. 1989, 30, 2681. 



Chapter 6: References 

 121

[108] S. Shinkai, S. Mori, H. Koreishi, T. Tsubaki, O. Manabe, J. Am. Chem. Soc. 1986, 

108, 2409. 

[109] S. Shinkai, H. Kawaguchi, O. Manabe, J. Polymer Sci., Polymer Lett. 1988, 26, 

391. 

[110] S. Shinkai, T. Tsubaki, T. Sone, O. Manabe, Tetrahedron Lett. 1985, 26, 3343. 

[111] K. No, Y. Noh, Bull. Korean Chem. Soc. 1986, 7, 314. 

[112] M. Conner, V. Janout, S. L. Regen, J. Org. Chem. 1992, 57, 3744. 

[113] F. Hamada, S. G. Bott, G. W. Orr, A. W. Coleman, H. Zhang, J. L. Atwood, J. Incl. 

Phenom. Mol. Recogn. 1990, 9, 195. 

[114] P. Timmerman, W. Verboom, D. N. Reinhoudt, A. Arduini, S. Grandi, A. R. Sicuri, 

A. Pochini, R. Ungaro, Synthesis 1994, 185. 

[115] A. Arduini, A. Pochini, A. Rizzi, A. R. Sicuri, R. Ungaro, Tetrahedron Lett. 1990, 

31, 4653. 

[116] R. K. Juneja, K. D. Robinson, C. P. Johnson, J. L. Atwood, J. Am. Chem. Soc. 1993, 

115, 3818. 

[117] Y. Morzherin, D. M. Rudkevich, W. Verboom, D. N. Reinhoudt, J. Org. Chem. 

1993, 58, 7602. 

[118] M. Almi, A. Arduini, A. Casnati, A. Pochini, R. Ungaro, Tetrahedron 1989, 45, 

2177. 

[119] C. D. Gutsche, K. C. Nam, J. Am. Chem. Soc. 1988, 110, 6153. 

[120] V. I. Kalchenko, L. I. Atamas, V. V. Pirozhenko, L. N. Markovskii, Zh. Obshch. 

Khim. 1992, 62, 2623. 

[121] S. Shinkai, T. Nagasaki, K. Iwamoto, A. Ikeda, G.-X. He, T. Matsuda, M. Iwamoto, 

Bull. Chem. Soc. Jpn. 1991, 64, 381. 



Chapter 6: References 

 122

[122] E. D. Silva, A. N. Lazar, A. W. Coleman, J. Drug Del. Sci. Tech. 2004, 14, 3. 

[123] A. Arduini, A. Pochini, S. Raverberi, R. Ungaro, J. Chem. Soc., Chem. Commun. 

1984, 981. 

[124] G. Deng, T. D. James, S. Shinkai, J. Am. Chem. Soc. 1994, 116, 4567. 

[125] J. Yoon, A. W. Czarnik, J. Am. Chem. Soc. 1992, 114, 5874. 

[126] F. Ohseto, H. Yamamoto, J. Matsumoto, S. Shinkai, Tetrahedron Lett. 1995, 36, 

6911. 

[127] P. Linnane, T. D. James, S. Shinkai, J. Chem. Soc., Chem. Commun. 1995, 1997. 

[128] J. L. Atwood, F. Hamada, K. D. Robinson, G. W. Orr, R. L. Vincent, Nature 1991, 

349, 683. 

[129] J. L. Atwood, L. J. Barbour, S. J. Dalgarno, M. J. Hardie, C. L. Raston, H. R. Webb, 

J. Am. Chem. Soc. 2004, 126, 13170. 

[130] G. W. Orr, L. J. Barbour, J. L. Atwood, Science 1999, 285, 1049. 

[131] P. Shahgaldian, A. W. Coleman, V. I. Kalchenko, Tetrahedron Lett. 2001, 42, 577. 

[132] V. I. Kalchenko, J. Lipkowski, Y. A. Simonov, M. A. Vysotsky, K. Suwinska, A. A. 

Dvorkin, V. V. Pirozhenko, I. F. Tsimbal, L. N. Markovsky, Zh. Obshch. Khim 

1995, 65, 1311. 

[133] A. W. Coleman, E. D. Silva, F. Nouar, M. Nierlich, A. Navaza, Chem. Commun. 

2003, 826. 

[134] K. Murata, K. Mitsuoka, T. Hirai, T. Walz, P. Agre, J. B. Heymann, A. Engel, Y. 

Fujiyoshi, Nature 2000, 407, 599. 

[135] B. Rather, B. Moulton, M. J. Zaworotko, F. Perret, N. Morel-Desrosiers, E. D. 

Silva, A. W. Coleman, Cryst. Eng. 2003, 6, 15. 

[136] A. N. Lazar, A. Navaza, A. W. Coleman, Chem. Commun. 2004, 1052. 



Chapter 6: References 

 123

[137] A. N. Lazar, N. Dupont, A. Navaza, A. W. Coleman, Cryst. Growth Des. 2006, 6, 

669. 

[138] A. N. Lazar, O. Danylyuk, K. Suwinska, A. W. Coleman, J. Mol. Struct. 2006, 825, 

20. 

[139] Principles of Biochemistry, 3rd ed., Worth Publishers, New York, 2000. 

[140] C. Kunze, D. Selent, I. Neda, M. Freytag, P. G. Jones, R. Schmutzler, W. Baumann, 

A. Borner, Z. Anorg. Allg. Chem. 2002, 628, 779. 

[141] S. Steyer, C. Jeunesse, J. Harrowfield, D. Matt, Dalton Trans. 2005, 1301. 

[142] C. Kunze, D. Selent, I. Neda, R. Schmutzler, A. Spannenberg, A. Borner, Heteroat. 

Chem. 2001, 12, 577. 

[143] S. Steyer, C. Jeunesse, D. Matt, R. Welter, M. Wesolek, J. Chem. Soc., Dalton 

Trans. 2002, 4264. 

[144] F. J. Parlevliet, C. Kiener, J. Fraanje, K. Goubitz, M. Lutz, A. L. Spek, P. C. J. 

Kamer, P. W. N. M. v. Leeuwen, J. Chem. Soc., Dalton Trans. 2000, 1113. 

[145] D. Semeril, C. Jeunesse, D. Matt, L. Toupet, Angew. Chem. Int. Ed. Engl. 2006, 45, 

5810. 

[146] P. W. N. M. v. Leeuwen, P. C. J. Kamer, J. N. H. Reek, P. Dierkes, Chem. Rev. 

2000, 100, 2741. 

[147] A. I. Vovk, V. I. Kalchenko, S. A. Cherenok, V. P. Kukhar, O. V. Muzychka, M. O. 

Lozynsky, Org. Biomol. Chem. 2004, 2, 3162. 

[148] M. Psychogios, J.-B. Regnouf-de-Vains, Tetrahedron Lett. 2002, 43, 7691. 

[149] F. Corbellini, F. W. B. v. Leeuwen, H. Beijleveld, H. Kooijman, A. L. Spek, W. 

Verboom, M. Crego-Calama, D. N. Reinhoudt, New J. Chem. 2005, 29, 243. 

[150] R. Zadmard, T. Schrader, T. Grawe, A. Kraft, Org. Lett. 2002, 4, 1687. 



Chapter 6: References 

 124

[151] R. Zadmard, M. Junkers, T. Schrader, T. Grawe, A. Kraft, J. Org. Chem. 2003, 68, 

6511. 

[152] R. Zadmard, A. Krafft, T. Schrader, U. Linne, Chem. Eur. J. 2004, 10, 4233. 

[153] N. Takeda, K. Umemoto, K. Yamaguchi, M. Fujita, Nature 1999, 398, 794. 

[154] L. J. Prins, J. Huskens, F. d. Jong, P. Timmerman, D. N. Reinhoudt, Nature 1999, 

398, 498. 

[155] B. Olenyuk, J. A. Whiteford, A. Fechtenkotter, P. J. Stang, Nature 1999, 398, 796. 

[156] S. Hiraoka, M. Fujita, J. Am. Chem. Soc. 1999, 121, 10239. 

[157] T. Heinz, D. M. Rudkevich, J. Rebek, Nature 1998, 394, 764. 

[158] J. Kang, J. Rebek, Nature 1997, 385, 50. 

[159] O. Mogck, V. Bohmer, W. Vogt, Tetrahedron 1996, 52, 8489. 

[160] R. Zadmard, T. Schrader, J. Am. Chem. Soc. 2005, 127, 904. 

[161] E. Houel, A. Lazar, E. D. Silva, A. W. Coleman, A. Solovyov, S. Cherenok, V. I. 

Kalchenko, Langmuir 2002, 18, 1374. 

[162] D. Witt, J. Dziemidowicz, J. Rachon, Heteroat. Chem. 2004, 15, 155. 

[163] O. Kalchenko, A. Marcinowicz, J. Poznanski, S. Cherenok, A. Solovyov, W. 

Zielenkiewicz, V. Kalchenko, J. Phys. Org. chem. 2005, 18, 578. 

[164] J. Plutnar, J. Rohovec, J. Kotek, Z. Žák, I. Lukeš, Inorg. Chim. Acta 2002, 335, 27. 

[165] K. M. Hwang, Y. M. Qi, S.-Y. Liu, T. C. Lee, W. Choy, J. Chen, US Patent 

5,409,959 1995. 

[166] T. E. Clark, M. Makha, A. N. Sobolev, D. Su, H. Rohrs, M. L. Gross, J. L. Atwood, 

C. L. Raston, New J. Chem., Accepted for publication. 

[167] T. E. Clark, M. Makha, A. N. Sobolev, H. Rohrs, J. L. Atwood, C. L. Raston, Chem. 

Eur. J., DOI: 10.1002/chem.200701472. 



Chapter 6: References 

 125

[168] D. Braga, Chem. Commun. 2003, 2751. 

[169] J. L. C. Rowsell, O. M. Yaghi, Angew. Chem. Int. Ed. Engl. 2005, 44, 4670. 

[170] S. Kitagawa, R. Kitaura, S.-I. Noro, Angew. Chem. Int. Ed. Engl. 2005, 43, 2334. 

[171] R. J. Hill, D.-L. Long, N. R. Champness, P. Hubberstey, M. Schroder, Acc. Chem. 

Res. 2005, 38, 335. 

[172] J. L. Atwood, L. J. Barbour, A. Jerga, Angew. Chem. Int. Ed. Engl. 2004, 43, 2948. 

[173] P. K. Thallapally, L. Dobrzanska, T. R. Gingrich, T. B. Wirsig, L. J. Barbour, J. L. 

Atwood, Angew. Chem. Int. Ed. Engl. 2006, 45, 6506. 

[174] P. K. Thallapally, G. O. Lloyd, T. B. Wirsig, M. W. Bredenkamp, J. L. Atwood, L. 

J. Barbour, Chem. Commun. 2005, 5272. 

[175] Hydrogen, Fuel Cells & Infrastructure Technologies Program: Multi-Year 

Research, Development and Demonstration Plan, U.S. Department of Energy, 

2005, http://www.eere.energy.gov/hydrogenandfuelcells/mypp/. 

[176] T. E. Clark, M. Makha, C. L. Raston, A. N. Sobolev, Cryst. Growth Des. 2006, 6, 

2783. 

[177] S. J. Dalgarno, J. Tian, J. E. Warren, T. E. Clark, M. Makha, C. L. Raston, J. L. 

Atwood, Chem. Commun. 2007, 4848. 

[178] T. E. Clark, M. Makha, C. L. Raston, A. N. Sobolev, Dalton Trans. 2006, 5449. 

[179] M. J. Hardie, C. L. Raston, Eur. J. Inorg. Chem. 1999, 195. 

[180] T. E. Clark, M. Makha, A. N. Sobolev, S. J. Dalgarno, J. L. Atwood, C. L. Raston, 

Cryst. Growth Des. 2007, 7, 2059. 

[181] L. Alaerts, C. E. A. Kirschhock, M. Maes, M. A. v. d. Veen, V. Finsy, A. Depla, J. 

A. Martens, G. V. Baron, P. A. Jacobs, J. F. M. Denayer, D. E. D. Vos, Angew. 

Chem. Int. Ed. Engl. 2007, 46, 4293. 



Chapter 6: References 

 126

[182] E. Santacesarla, M. Morbidelli, P. Danise, M. Mercenari, S. Carra, Ind. Eng. Chem. 

Process Des. Dev. 1982, 21, 440. 

[183] T. E. Clark, M. Makha, A. N. Sobolev, C. L. Raston, Cryst. Growth Des. 2008, 8, 

890. 

[184] J. J. McKinnon, M. A. Spackman, A. S. Mitchell, Acta Cryst. 2004, B60, 627. 

[185] J. J. McKinnon, A. S. Mitchell, M. A. Spackman, Chem. Eur. J. 1998, 4, 2136. 

[186] J. L. Scott, A. Almesaker, Y. Sumi, K. Tanaka, Cryst. Growth Des. 2007, 7, 1049. 

[187] M. Makha, J. J. McKinnon, A. N. Sobolev, M. A. Spackman, C. L. Raston, Chem. 

Eur. J. 2007, 13, 3907. 

[188] J. J. McKinnon, D. Jayatilaka, M. A. Spackman, Chem. Commun. 2007, 3814. 

[189] T. E. Clark, M. Makha, J. J. Mckinnon, A. N. Sobolev, M. A. Spackman, C. L. 

Raston, CrystEngComm 2007, 9, 566. 

[190] T. E. Clark, M. Makha, C. L. Raston, A. N. Sobolev, CrystEngComm 2006, 8, 707. 

[191] S. J. Dalgarno, J. L. Atwood, C. L. Raston, Chem. Commun. 2006, 4567. 

[192] M. J. Hardie, C. L. Raston, J. Chem. Soc., Dalton Trans. 2000, 2483. 

[193] H. L. Ngo, W. Lin, J. Am. Chem. Soc. 2002, 124, 14298. 

[194] C. R. Schmid, C. A. Beck, J. S. Cronin, M. A. Staszak, Org. Proc. Res. Dev. 2004, 

8, 670. 

[195] R. K. Castellano, S. L. Craig, C. Nuckolls, J. Rebek, J. Am. Chem. Soc. 2000, 122, 

7876. 

[196] F. Inokucki, S. Shinkai, J. Chem. Soc., Perkin Trans. 2 1996, 601. 

[197] O. R. Evans, H. L. Ngo, W. Lin, J. Am. Chem. Soc. 2001, 123, 10395. 

[198] R. N. Grimes, Carboranes, Academic Press, New York, 1970. 



Chapter 6: References 

 127

[199] P. K. Thallapally, S. J. Dalgarno, J. L. Atwood, J. Am. Chem. Soc. 2006, 128, 

15060. 

[200] T. E. Clark, M. Makha, A. N. Sobolev, J. L. Atwood, C. L. Raston, Unpublished 

results. 

[201] J. L. Atwood, L. J. Barbour, A. Jerga, B. L. Schottel, Science 2002, 298, 1000. 

[202] J. L. Atwood, L. J. Barbour, A. Jerga, Science 2002, 296, 2367. 

 

 


