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ABSTRACT 
 

 

 Coordination polymers based on cavitand tetra-carboxylic acids and judiciously 

chosen transition metals were synthesized.  This was in order to obtain materials which 

incorporated the well known molecular recognition properties of these cavitands.  The 

reaction of 2-ethylphenyl footed cavitand tetra-acid with Zn(NO3)2�6H2O resulted in 

large hexameric nanocapsules each consisting of tetra-carboxylate units and ZnII.  These 

nanocapsules were further linked to form a one dimensional polymer.  The reaction of 

phenethyl footed cavitand tetra-acid with Cu(NO3)2�2.5H2O on the other hand afforded 

neutral two dimensional sheets, each resembling an egg carton.     

 Cavitand-supported N-heterocyclic carbene salts were also synthesized and employed, 

(with a Pd source), in the promotion of the well known Suzuki coupling reaction.  These 

imidazolium functionalized cavitands displayed reasonable activity especially in the 

presence of Pd(OAc)2.  As a first step towards incorporating these catalytic carbene 

functionalities into molecular capsules bis-cavitand functionalized imidazolium moiety 

was also synthesized.  These molecules also displayed good activity in promoting the 

coupling of p-chlorotoluene and benzene bronic acid.   



 vi

 An alcohol ((±)-2-ethyl-1-hexanol, 2EH) and water mediated methyl footed 

calix[4]resorcinarene (2.1) hexameric capsular assembly of the type 2.16·(2EH)6·(H2O)2 

was obtained by the slow evaporation of 2.1 from 2EH.  This assembly which resembles 

the Atwood sphere, 2.16·(H2O)8 , was characterized by single crystal and powder X-ray 

diffraction.  A survey of assemblies afforded by other alcohols yielded dimeric and non-

capsular architectures in the solid state. The aggregation behavior of 

calix[4]resorcinarene (in chloroform) in the presence of varying amounts of these 

alcohols was studied by solution 1H NMR.  Titration 1H NMR to probe the effect of the 

amount of ROH on the aggregation behavior of calix[4]resorcinarene was undertaken.  

The presence of two distinct molecular aggregates at certain 

calix[4]resorcinarene:H2O:ROH ratios were observed, influenced by the amount of ROH 

present as the amounts of the other components were kept constant.  This system was 

further probed by pulsed gradient spin echo diffusion 1H NMR to ascertain the coefficient 

of diffusion, D, of aggregates present in the chloroform solution.  On the basis of the D 

values obtained it was observed that a hexameric aggregate was indeed predominant at 

low ROH equivalents, however at high ROH equivalents a dimeric aggregate gained 

prominence.   

 An array of synthetic organic ligand targets which incorporate N-heterocyclic carbene 

functionality were synthesized, with the goal of incorporating catalytic properties into 

coordination polymers.  Although the construction of the desired coordination polymers 

was unsuccessful, these studies afforded efficient routes to the syntheses of these organic 

bridging ligands which may remain the subject of further studies.  
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Chapter 1: Introduction  

1.1 Supramolecular Chemistry 

Nature is replete with a wide variety functions.  From enzymes, crucial for 

numerous chemical transformations, to capsular biological aggregates like viral capsids 

vital for the protection of RNA and DNA, which are necessary for the storage of genetic 

information, the elegance with which nature merges structure with function becomes 

quite apparent.1  A common characteristic of these biological assemblies is the use of 

non-covalent interactions such as hydrogen bonds, π-π interactions, hydrophobic effects 

and dispersion forces, to name a few, in their construction and function.  In addition, 

molecular recognition and self assembling processes are integral to these assemblies.   

Molecular recognition describes a specific process in which two or more 

complementary molecules are bound via non-covalent interactions.2  These recognition 

processes play an important role in antigen-antibody and enzyme-substrate associations 

and are crucial in drug action, such as the effect of vancomycin on amino acid residues in 

bacterial cells.3  On 

the other hand, self- 

assembly describes 

the construction of 

well defined 

architectures from 

smaller building units.2a  The inherent reversibility of the non-covalent interactions 

Figure 1.1. The assembly of Ferritin from twenty-four identical      
polypeptide units. Reproduced with permission from ref. 3a 
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employed, ensure that the system is self correcting, ultimately affording structures that 

are thermodynamically favored, albeit not necessarily a global thermodynamic minimum.  

For example, the iron storage and transport protein Ferritin is constructed from twenty 

four identical peptide subunits (Figure 1.1).3b Another case which further exemplifies the 

power of molecular recognition and self assembly is that of the tobacco mosaic virus, 

which spontaneously assembles from 2130 identical protein subunits forming a helical 

rod-like architecture, with a diameter of 180 Å, enclosing a single strand RNA of 6400 

base pairs.3c, d    The interrelationship of these two processes cannot be over emphasized.  

For assembly to occur there has to be molecular recognition and the reverse is true also.  

Much like a jig-saw puzzle, the aggregating moieties first have to recognize their partners 

and this leads to their forming distinct assemblies.  This is quite evident in DNA where 

specific bio-recognition events between base pairs lead to the assembly of a truly 

remarkable double helix.  From the recognition and binding of proteins in our food by 

enzymes to the transport of ions in and out of cells it is reasonable to conclude that 

molecular recognition and assembly are indeed critical for life.  In addition these 

processes are conducted with high degree of selectivity and specificity in biological 

systems. As a result, these features and a host of others gleaned from natural systems 

remain a source of inspiration for research efforts in modern organic chemistry.   

Having made significant strides in the manipulation of strong covalent 

connections over the last hundred or so years, synthetic chemists in general, and 

supramolecular chemists in particular, have only recently begun exploiting weak 
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intermolecular links much like the ones in natural systems.  Since the late 1800s a 

number of molecular aggregates employing these loose molecular links have been 

observed; the Werner complexes immediately come to mind.4  However, what sets 

supramolecular chemistry apart is the emphasis on the design and synthesis of molecules 

such that they are able to interact in a prescribed manner.  By incorporating the 

algorithms guiding their assembly at the design stage, a variety of novel motifs have been 

achieved, with increasing control.  In addition, though these individual interactions are 

weak, by employing a large number of them, robust architectures have been obtained.  In 

essence, just as individual atoms form molecules, molecules can be designed to come 

together utilizing an array of 

reversible non-covalent 

interactions in the formation of 

supramolecular aggregates.  

Furthermore the assemblies 

produced, often display vastly 

different characteristics than their 

smaller building units.  The 

wealth of information gathered 

in the last fifty or so years have 

guided the understanding of the assembly processes involved.  In recent years 

supramolecular chemistry has witnessed tremendous growth with important contributions 

Figure 1.2. Chart showing the number of publications   
with the concept of supramolecular chemistry each year 
(source: Scifinder Scholar) 
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to materials science, nanotechnology and other branches of chemistry.  The importance of 

this area of research was further underscored by the award of the 1987 Nobel Prize in 

chemistry to Donald J. Cram, Jean-Marie Lehn, and Charles J. Pedersen, “for their 

development and use of molecules with structure specific interactions of high 

selectivity”.5  Over the years this field has witnessed an explosion of published literature 

as highlighted in the Figure 1.2.  In the year 2007 alone there were about 4,266 articles 

which mentioned concepts of “supramolecular” according to a Scifinder Scholar search.   

Over the last six decades vast arrays of supramolecular motifs have been obtained 

and continue to elicit considerable interest in the research community at large, perhaps 

none more so than the design and synthesis of artificial receptors.  Their ability to 

selectively bind other molecules portends great potential in the use of these receptors in 

sensing, separations, and storage technologies, among others.  The association of these 

receptors and appropriate molecules within the cavities provided afford species broadly 

described as host-guest complexes.  “Hosts” have been defined as molecules with 

convergent binding sites capable of spatially accommodating smaller “guest” molecules 

possessing complementary divergent binding sites.1f,j  In solution, the intricate 

relationship between them is maintained by non-covalent interactions and the low 

enthalpic gain is often complemented by an entropic gain due to the release of associated 

solvent molecules.1   

Among the many naturally occurring hosts are cyclodextrins, a class of cyclic 

oligosaccharides comprised, most commonly, of 6 to 8 glucopyranosides linked at the 1 
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and 4 positions.6  By presenting a hydrophilic exterior coupled with a hydrophobic 

interior these hosts are able to bind organic molecules thus extracting them into water or 

other sufficiently polar solvent.  This property has been exploited in the food industry 

where they are employed in the removal of cholesterol from food, in environmental 

protection by complexing harmful organic molecules, in odor eliminators such as 

Febreze, drug delivery and chromatography.7a  The possession of a rigid, well defined 

cavity is not always essential for complex formation; in some cases a host molecule may 

undergo conformational rearrangements leading to the formation of a void.  One such 

example is the often under-appreciated host-guest complex of iodine molecules and 

starch.  Its formation gives rise to the observed blue color thus indicating the presence of 

this carbohydrate.8, 3b   Hence even in the absence of a cavity, native to this glucose 

polymer, the presence of molecular iodine is thought to instigate the formation of 

amylose helices which bind the iodine molecules.  

Before C. J. Pedersen’s seminal communication on crown ethers in 1967, 9 there 

were very few examples of non-natural host systems possessing well defined cavities. 

The discovery of crown ethers spurred an intense interest in the design and synthesis of 

other hosts molecules giving rise to similar systems such as cryptands and spherands, 

among others (Figure 1.3).  The vast majority of these molecules remain the subject of 

much research today and have led to the development of even more intricate systems.  

Crown ethers, cryptands and spherands have been used to bind alkali metal ions and  
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                           Figure 1.3. Common Host Molecules 
 
ammonium ions with unusual selectivity and specificity.  By modifying their ring size, 

their substrate selectivity can be altered.  For instance, while 18-crown-6 preferentially 

binds potassium ions over sodium, the converse is true for 16-crown-5.1d,9  In addition, 

while the voids present in these hosts (crown ethers and cryptands) may hold on to 

available ions, in their absence the voids are filled by parts of the hosts themselves.10  



 7

Single crystal X-ray diffraction studies have shown that these molecules fill their cavities 

with their methylene groups in the solid state.  However in the presence of an appropriate 

cation the host undergoes a conformational reorganization in order to accommodate it.  

Similar reorganization might be expected of podands, linear oligomeric hosts, which may 

have to encircle their guest thus binding them much like linear versions of crown ethers.    

Spherands on the other hand possess a roughly spherical cavity lined with lone 

electron pairs for coordination to guest cations of complementary size.  The cavities 

presented in this class of hosts are preorganized due to the rigidity of their molecular 

frameworks in stark contrast to those in crown ethers (delineated in Figure 1.4).  While 

stereoelectronic complementarity has to exist between host and guest, the strength of this 

association is governed by the extent of host reorganization prior to complexation.1j In 

general, spherands exhibit a greater degree of recognition in comparison to crown ethers 

and cryptands due to the negligible loss of conformational entropy on guest binding.1j,11  

These observations, have been enumerated and described as the principle of 

complementarity and pre-organization by Cram.1j  Though exceptions exist, they 

generally follow the trend detailed above as seen in a snap shot of the complexation free 

energies of three host molecules shown in Figure 1.5.  The extensive study of these 

ionophores, crown ethers and similar compounds, has led to the emergence of important 

requirements critical for the structure of non-natural hosts that would not only bind 

charged species but neutral species also. 
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Figure 1.4. Reorganization vs Preorganization (a) Reorganization of crown ether for 
 complexation; (b) Preorganized spherand complexing lithium ion1j 

 

The principal requirement for an effective receptor is that they should be rigid 

macrocycles possessing a well defined cavity with multiple binding sites.  Being 

macrocyles, these hosts are better able to effectively surround their guest without 

accompanying entropic costs associated with re-organization.11  This is better appreciated 

upon comparing the free energies of complexation of a crown ether and a spherand for 

identical guests (Figure 1.5).   
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In addition, less synthetically challenging routes to molecules which incorporate 

these “host” requirements, and which allow for ready modification of their molecular 

recognition properties are particularly desirable.   

 

Figure 1.5:  Comparison of free energies of complexation -∆G° (kcal mol-1) at 25°C in 
CDCl3

1j 

 

With this in mind, a number of molecules which exhibit these characteristics have 

been synthesized.  Perhaps one of the more notable classes of molecules that fulfill the 

criteria set above are cavitands, bowl shaped molecules with rigidly enforced cavities, 

examples of which include calix[n]arenes, cavitands and cucubit[n]urils (Figures 1.3 and 

1.6, respectively).  By providing electron rich cavities or rims these cavitands afford a 

well defined pocket ideal for binding stereo-electronically complementary guests.  In 

addition, these molecules (cavitands) provide a scaffold, amenable to chemical 

modification, hence providing a handle for tuning their molecular recognition properties.  
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Figure 1.6. Common cavitand host-guest complexes (a) a cavitand tetra acid including p-
xylene; (b) p-tert-butyl-calix[4]arene including acetonitrile; (c) cucubit[7]uril 
including oxaliplatin;(d) Gibb’s deep cavitand including adamantanechloride.  

                    

This has led to the wide spread increase in the synthesis and study of various cavitand 

derivatives by various research groups.  Cavitands have been modified and have been 

used in a number of synthetic strategies.  As a somewhat arbitrary, but significant 

example, Rebek’s amide functionalized deep cavity cavitand have been shown to 

a b 

d c 
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promote the Menshutkin reaction, increasing the reaction rates by a factor of 1600 

(Scheme 1.1).12b   

 

Scheme 1.1.  Deep cavitand mediated Menshutkin reaction.  
 

Another example is the use of cavitands in the synthesis of rotaxanes, topologically 

interesting compounds with great potential in the design of molecular machines, and 

other complex molecules.12,13  The potential of cavitands as drug delivery vehicles has 

been explored in studies of inclusion compounds of cucubit[7]uril and oxaliplatin.14  It 

was shown that the drug stability was enhanced on encapsulation and there was a 

decrease of undesirable side effects due to a reduction in its activity towards L-

methionine residues in vivo.14   
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As neutral molecular species have become targeted guest species, even more 

sophisticated hosts systems which completely surrounded smaller molecules have been 

developed.  These host systems would rely on weak intermolecular interactions to bind 

their guests.    

 

1.2 Evolution of Containers   

Capsule-like molecules, molecular containers, are nearly closed surface entities 

which, unlike cubane or pentaprismane, encompass molecule sized cavities.1e  Among 

this class of molecules are the cryptophanes and (hemi)carcerands,  which are constructed 

using covalent bonds, and a host of others mediated by non-covalent or coordinative 

covalent interactions.   A unifying feature of these containers is that guest ingress and 

egress is mechanically restricted by the host.  A consequence of this is that certain 

complexation phenomena may be enhanced such that their study may be possible. 

Chronologically, the earliest examples of this class of molecules appear to be 

Collet’s cryptophanes.  First synthesized in 1981, these molecules are comprised of two 

[1.1.1] o-cylcophane macrocycles covalently connected to each other by three bridging 

groups.15  They bind suitably sized guest molecules reversibly (Fig. 1.7).  From the onset, 

this class of molecules displayed truly remarkable molecular recognition properties.  

Notably, the analytical resolution of bromochlorofluoromethane by (+)-cryptophane-C, 

Figure 1.7 (Y = OCH2CH2O, R = OCH3, H), highlighted their potential in separation 

technologies.15   The prospects displayed by this class of compounds spurred intense 
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research interests in 1985, Cram and coworkers reported the synthesis of the first 

carcerand.16  These four-fold symmetric molecules, comprised of two appropriately 

functionalized resorcinarene based cavitands connected by four bridging groups, 

permanently incarcerated a multitude of guests.16a  Though the first member of this family 

of compounds proved intractable due to its apparent insolubility in a variety of common 

organic solvents, more soluble derivatives have since been obtained.  More soluble 

examples were made by chemical modifications of the reacting units used.  Additionally, 

further changes in the molecular framework led to other carcerand analogues that do not 

permanently imprison their guest molecules.  Predictably, a number of questions arose 

about the nature of the interaction between the guests in these containers and how their 

properties were modified upon encapsulation.   

 Despite the inherent modularity of these covalent capsules their low synthetic 

yield, often below 15%, remains a severe hindrance to their widespread use.  As such, 

self-assembling or reversible methods have been employed in the synthesis of a diverse 

array of molecular capsules.10, 17  By synthesizing appropriate building units, one might 

obtain truly complex capsules.  This bottom-up approach to capsule synthesis relies on 

the reversibility of these non-covalent interactions, directing reactions toward the most 

energetically favorable product.  This method of synthesis has provided access to 

increasingly complex capsules, the covalent analogues of which would be quite 

challenging to obtain.   
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Figure 1.7. A sampling of different molecular capsules17 
 

A cross section of the different types of molecular capsules is given in Figure 1.7.  

These capsules display remarkable properties.  For instance, Fujita’s coordination driven 

capsule has been employed in a regioselective Diels Alder reaction (Figure 1.8).18   

 

 

 

 

Rebek’s Hydrogen bond mediated 

Capsule 1993 

Raymond’s Metal-Mediated 

Capsule Capsule 1998 

Collet’s Cryptophanes 1981 Cram’s (Hemi)carcerands 1985 
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Figure 1.8. A Regioselective Diels-Alder reaction promoted by molecular capsule 
[(Pd(TMED))6·(1.5)4·12(NO3)]

18
           

 

 

While the substituted anthracene 1-4 typically reacts with the dienophile 1-5 to afford the 

Diels-Alder adduct 1-6 with the reaction occurring across carbon 9 and 10, the octahedral 

host enforces the reaction to occur across carbons 1 and 4, affording adduct 1-7.  The 

reaction outcome is obviously due to the constraints imposed by the host on the spatial 

disposition of the guests with respect to each other.  This system provides convenient 

1-2 

1-3 

1-5 1-6 

1-2 

1-4 

1-7 
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access to derivatives that may otherwise prove difficult to obtain.  In the same vein, 

Raymond’s catecholate based capsule (Figure 1.7) has been employed in the protection of 

reactive cationic species.   

The question immediately arises as to how these molecular containers and their 

host-guest complexes compare to other systems.  Consider the potential energy diagram 

of the host-guest complexes shown in Figure 1.9.    Figure 1.9a shows a host-guest 

complex which exhibits a large negative free energy of complexation, which inevitably 

favors complexation.  It also exhibits a high kinetic stability due to its high activation 

energy for decomplexation.  On the other hand, the complex depicted in Fig. 1.9b, with a 

small negative free energy of complexation and a small activation barrier to complexation 

is not as thermodynamically or kinetically stable as the host-guest complex 1.9a.  

Consequently, the host depicted in Fig. 1.9b will not exist for extended periods of time.  

However, a contrasting picture is obtained with the complex depicted in Fig. 1.9c.  

Though possessing only a small negative free energy of complexation, a high activation 

barrier towards complexation (and decomplexation) provides a complex which persists 

for extended periods of time, even though there is little driving force for complexation.1  

This phenomenon is sometimes referred to as the “container effect”, or according to 

Cram, constrictive binding.1     

 The constrictive binding energy, the activation free energy of complexation 

(∆Gc
≠
), is particularly important in controlling the entry and exit of guests from the host’s 

interior.  Intrinsic binding on the other hand accounts for the free energy of complexation, 
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∆Gi° of the host-guest complex.  These effects govern the properties of molecular 

containers as they continue to interest researchers globally. 

 

Figure 1.9. Potential Energy diagram of different classes of host-guest complexes with; 
(a) Large thermodynamic stability and large kinetic stability; (b) Low kinetic and 
thermodynamic stability; (c) Low thermodynamic stability and high kinetic stability. 
∆Gc

≠ = Activation free energy of complexation (constrictive binding).   ∆Gi° = Free 
energy of complexation (intrinsic binding).   ∆Gd 

≠ = Activation free energy of 
decomplexation10,19 

 

 

1.3 Thesis Overview 

A large number of supramolecular assemblies has been synthesized and studied 

over the last 40 years, as very briefly introduced above.  As a number of technological 

applications have been envisioned for supramolecular aggregates in recent times, much 

research is being conducted in this remarkable field of chemistry to further exploit it.  In 

particular, the construction and study of some of these aggregates forms the basis of this 

thesis. 

a)                                      b)                                              c) 



 18

Chapter 2 describes the construction of coordination driven supramolecular 

assemblies, generated from judiciously chosen transition metals and receptors which 

possess unique molecular recognition properties.  It was believed that these macrocyclic 

receptors may transfer their unique properties into materials derived from them.  Outlined 

within this chapter are the detailed syntheses of a variety of tetra-carboxylic 

functionalized cavitands.  These carboxylic acid functionalized macrocycles were then 

complexed with an array of metals under a variety of reaction conditions to afford 

intriguing structures which were analyzed by single crystal and powder X-ray 

crystallography, in addition to other techniques. 

Chapter 3 describes efforts geared towards the syntheses of hemicarcerand host 

molecules which incorporate novel functionalities on their interiors and exteriors.  By 

incorporating ligating functionalities on the exterior of these molecular capsules, these 

molecules may be employed in the construction of transition metal mediated coordination 

polymers.  It was anticipated that such polymers, when obtained, would display 

properties carried over from the molecular capsules employed.  In addition, by 

incorporating catalytic functionalities into the interiors of these capsules, it may be 

possible to exploit their “container effect” in catalysis.  The chemical functionalities of 

interest included carboxylic acids (exterior), and carbenes (interior).  The incorporation 

of latent carbene functionalities onto resorcinarene based cavitands is also outlined in 

Chapter 3.  In addition, the application of these latent carbene functionalized cavitands in 

the promotion of Suzuki cross coupling reactions is also described.   
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Calix[4]resorcinarenes afford remarkable hydrogen bond mediated capsular and 

non-capsular assemblies as observed via X-ray crystallographic analysis of suitable single 

crystals.  Solution based studies geared at ascertaining if the above mentioned assemblies, 

(capsular and non-capsular), are present in a chloroform solution constituted the focus of 

research described in Chapter 4.  To this end, a series of simple 1D and diffusion 1H 

NMR experiments was conducted to investigate the calix[4]resorcinarene based 

assemblies mediated by simple alcohols and water. 

Finally, Chapter 5 details efforts at incorporating latent carbene functionalities 

onto the framework of coordination polymers.  This bottom up approach allows for the 

dialing in of certain desired material properties by the choice of building units, one of 

which in this case could be an �-heterocyclic carbene.  The development of a class of 

ligands with inherent catalytic activity was sought with respect to constructing solid state 

polymeric materials which may display interesting chemical properties.  The positioning 

of ligating functionalities such as pyridyl and carboxylic acid groups orthogonal to the 

latent carbene, and the use of this molecule in the construction of interesting materials are 

explored in this chapter.     
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Chapter 2. A Self-Assembled Capsule and Coordination Polymers 

Derived From a Carboxylic Acid Functionalized Cavitand
*
 

 

2.1 Introduction 

The design and synthesis of functional materials, for various technological and 

everyday applications, has been an ongoing theme for material scientists since late in the 

19th century.  Materials which incorporate accessible cavities (i.e. permanent porosity) 

have proven advantageous due to their myriad of uses.   

Perhaps one of the most well known and most widely utilized classes of porous 

materials are zeolites.  With the general formula Ma+
a[(AlO2)b(SiO2)c]

b-
.dH2O, these 

aluminosilicates possess intricate structures which afford channels or pores of varying 

sizes (4-13 Å) and shapes exploited in numerous applications.1  Central to the remarkable 

properties displayed by these materials are their size and shape selective pores, through 

which molecules diffuse, ultimately becoming incorporated.  Upon inclusion, these 

molecules may be stored and thus separated from the bulk, or, among other possibilities, 

partake in chemical transformations.  The observed channels result from shared LO4 

tetrahedron (L= Si/ Al), which define the size of these pores.1  As a result of their 

porosity, these materials have had a profound impact on the chemical and allied 

industries since their discovery in 1862.2, 3   

Despite the remarkable properties displayed by zeolites, it remains quite difficult 

to incorporate novel chemical functionalities within them during their synthesis.  

Recently, a self assembling approach employing reversible coordinate-covalent bonds has 

 
* Portions of this chapter have been published in Chem. Commun. 2008, 1404. 
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been employed in the synthesis of novel extended polymeric framework materials, some 

of which are akin to zeolites in their properties.4  Generally these structures could best be 

described as being comprised of metal ions or metal-ligand clusters serving as nodes and 

polytopic organic moieties acting as bridges, though a few examples exist where these 

roles are reversed.5,6  Figure 2.1 delineates the assembly of two different polymers, with 

(a) based on the tetrahedral geometry around a suitable metal center, (eg. CuI), while (b) 

exploits the octahedral symmetry about a Zn4O
+6 cluster.7,8  Further, while the former 

framework is based on the connections to a point, that of the former is constructed about 

an octahedron.  The different topologies that arise from the connection of the various 

types of nodes and links have been enumerated by Wells into a series of nets, and remain 

particularly useful in framework design and construction.9         

 The modular nature of coordination polymers (also know as metal-organic 

frameworks, MOF) allows for the ready interchange of components which ultimately 

allow for the introduction of various functionalities.  As such, a broad range of 

properties- namely storage,10 catalytic,11 magnetic,12 biomedical (imaging and drug 

delivery),13 separation14 and optical,15-may be engineered into these microporous 

materials.  In addition, coordination polymers grant access to a large variety of structures 

in comparison to zeolites.4  Many coordinating groups have been employed in the 

syntheses of these metal organic frameworks include phosphines, sulphonates, cyano, 

nitrogen containing heterocycles, amines and carboxylates.  

 Although various coordination polymers have been developed which employ the 

numerous possible metal-ligand interactions, metal carboxylates have emerged as a very 
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important class of materials.  In general, coordination polymers built on metal-

carboxylate interactions are more robust than those built around linkages between other 

coordinating groups and metals due to the strength of the metal oxygen bonds.5d,e  

 

 

Figure 2.1.  Assembly of coordination polymers from metal ions and organic bridging 
units; (a) tetrahedral arrangement of 4, 4I-bipyridine molecules around a CuI metal center 
affording a diamondoid extended structure (M, bown; N, blue; C, grey); (b) Extended 
network derived via the connection of octahedral [M4O]n+ clusters (M, blue; O, red; C, 
grey; H, white).5b     

 

Yaghi and coworkers have reported extended polymeric framework materials, built on 

metal carboxylates, which possess surface areas in excess of 3000 m2/g, though Férey has 

reported the largest surface area (5900 m2/g) reported to date.16a,b  When contrasted with 

a) 

b) 

+ 

+ 

Extended Unit 

Extended Unit 
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zeolite Y or activated carbon with a surface areas of 904 m2/g (the largest among 

structurally ordered materials) and 2800 m2/g  respectively,17 it is clearly observed that 

quite a number of MOFs surpass the state of the art conventional porous materials.  

Further a metal carboxylate based MOF, constructed from 2-1 and ZnII ions with a 

surface area of 5640 m2/g, has been shown to store 8% by weight of hydrogen at 77 K 

(Fig. 2.2).16b  In the same vein, very recently Zhou and coworkers reported a coordination 

polymer, derived from 2-2 and CuII, that adsorbed 230% by weight of methane at 290 K 

and 35 bar.16b  

 

Figure 2.2. Two ligands that have been employed in the syntheses of remarkable 
coordination polymers.16a,b  
 
 
These observations are against the backdrop the targets of 6.5% (H2) and 28% (CH4) at 

close to room ambient temperature, and pressure generally less than 100 bars by 2010 set 

by the department of energy.18   

 In addition to the formation of these polymeric entities, discreet units may also be 

obtained via this metal ligand coordination approach.  These species, which range from 

relatively simple molecular squares19 to more intricate polyhedra,20 (Figure 2.3) continue 

2-1 2-2 
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to elicit a great deal of interest in modern inorganic chemistry due to their remarkable 

structural characteristics.  Recently, it has become possible to strategically target these 

discreet species coordination driven entities following key design principles as observed 

from the studies of Stang,21 Fujita,22 MacGillivray,23 among others.24  Self assembling 

approaches towards these molecular polygons and polyhedra have utilized building 

blocks possessing structural features which, when combined, are vital for the construction 

of desired discreet coordination driven entities.  For instance, Fujitas molecular square,25 

(Fig. 2.3a), employs a cis-protected Pt center and a linear ligand i.e. 4,4׳-bipyridine.  In 

this example the vertices are defined by the platinum centers, with the sides of the square 

being defined by the organic ligands.  The near 90º spatial disposition of the ligands 

results is enforced by the available coordination sites on the metal which are likewise 

oriented.  Likewise, polyhedrons may be viewed simplistically as arising from the 

connection of the various shapes.  For example the combination of angular 1,3-benzene 

dicarboxylic acid afforded a truncated cuboctahedron.26  This structure may be viewed as 

a combination of squares (as defined by the metal carboxylate cluster) and truncated 

triangles defined by the carboxylate carbons connected to these squares (Fig. 2.3b).  

 While molecular polygons may form inclusion compounds of some importance,27 

the polyhedrons however have gained greater interest.28  As the diameters of such 

polyhedrons extend significantly into the nanometer regime their structures often 

resemble cages, allowing ready exchange of small molecule guests.  By possessing nearly 

closed-surfaces, these many component polyhedrons provide kinetic barriers to the 

ingress/ egress of small molecules.  This property has led to interests in their use as 
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possible drug delivery agents,29 reaction nanovessels and catalysts,30 storage materials,31  

and as environments within which to protect and study reactive intermediates.32 
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Figure 2.4. Transition metal mediated and assemblies Atwoods dimeric assembly (C, 
grey; O, red; Ga, pink)33a and Beers trimer (C, grey; N, deep blue; O, red; S, purple; Cu, 
light blue)34a 

 

As these macrocycles possess unique molecular recognition properties they may in turn 

pass them (properties) to the metal mediated assemblies generated from the macrocycles.  

For example, Zn6·(2-4)·7.5EtOH, (Fig. 2.4), has been shown to complex fullerenes 

strongly.34b  In these examples, and others, it would appear that the bowl shaped 

monomeric units are predisposed towards the assembly of large capsular assemblies 

mediated by the coordination bonds.  However, it still seemed probable that extended 

polymeric systems might also be obtained.  With this in mind, cavitand acids H42.3-

R2= C5H11                   R= C3H7, R
2= C5H11 

     2-3                                           2-4 

Ga12·(2-3)6·24H2O                            Zn6·(2-4)3·7.5EtOH 
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H42.26 (Scheme 2.1) were synthesized for their use in the construction of novel 

superstructures.  Cavitand acid 2.26 has been shown to form capsular aggregates, via 

hydrogen bonds, with 2-5 and 2-amino pyrimidine (2-6) respectively (Fig. 2.5).35  In 

addition, Kobayashi and coworkers have demonstrated that these capsules control the 

orientation of entrapped guest molecules.35b  

 

Figure 2.5. X-ray crystal structures of (H42.26)·(2-5)35a and (H42.26)2·(2-6)4,
35b a 

sampling of capsular aggregates derived from cavitand acid H42.26.  

 
 
These properties, among others, partly informed the decision to employ these cavitand 

acids in the construction of coordination driven assemblies.  

H42.6                                          2-5 

2-6 

(H42.6)·(2.5)                                        (H42.6)2·(2-6)4 
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2.2 Cavitand Tetracarboxylic-acid Ligands  

2.2.1 Synthetic Scheme 

A total of six-rim functionalized cavitand tetracarboxylic acids were initially targeted.  

Four acids were synthesized according to well known procedures outlined in scheme 

2.1.36  Starting with the acid catalyzed condensation of resorcinol and suitable aldehydes 

affording previously reported cyclic tetrameric octols 2.1-2.6.37   

 

Scheme 2.1.  Synthesis of cavitand tetra-acids (H42.23 – H42.26); (a) HCl; (b) NBS; (c) 
CH2BrCl; (d) BuLi, ClCO2Me; (e) NaOH, HCl.36-41 
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These octols were then brominated with �-bromosuccinimide (NBS) to give the 

known octol tetra bromides 2.7-2.12,38 which were then rigidly reinforced as cavitands by 

reacting with bromochloromethane.  These cavitand tetrabromides 2.13-2.18
39 were 

lithiated and transformed into methyl esters 2.19-2.22
40 which were then hydrolyzed to 

give the corresponding tetra acids H42.23-H42.26.41    

 

2.2.2 Single Crystal X-ray Structures of Some Molecules Obtained
†
 

 During the course of the studies presented here solvates and organic co-crystals of 

some of the synthesized compounds were obtained.  Resorcinarenes (octol) 2.1-2.6 each 

possess eight hydroxy functionalities and are capable of participating in multiple 

hydrogen bonding interactions, with the bowl like shapes being maintained via these H-

bonds.  These molecules have long been employed in the syntheses of supramolecular 

networks.  Similar studies were conducted and presented in this section and in Chapter 4.  

Octol 2.1, for example, was crystallized from dioxane to give (2.1)·(C4H8O2)2.5, which 

packs in a P-1 space group. Each 2.1 unit has a dioxane molecule residing just above its 

cavity as shown in Fig 2.6a.  Macrocycle 2.3 was co-crystallized with 4,7-phenanthroline 

from methanol. This co-crystal, 2.3·(C12H8N2)·(MeOH), packs in a P-1 space group, and 

also features a molecule of 4,7-phenanthroline protruding into the upper rim of 2.3.  

Solvate 2.5·ACN·(Et2O)2 also packs in a P-1 space group, with the solvent molecules 

associated with the upper rim of the octol (Fig. 2.6c).  Co-crystallization of 2.6 and 4,4׳-

 
† Structural details of X-ray data are given in Section 2.6.2. 
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bipyridine (4,4׳-bpy) from a mixture of methanol and ethanol afforded a linear wave like 

polymer analogous to a 2.1·(4,4׳-bpy) structure reported by MacGillivray et al.42  

Likewise co-crystallization of 2.6 and 2,2׳-bpy from water affoded 2.6·(2,2׳-

bpy)·(MeOH)5, which also packs in triclinic P-1 space group.  
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Figure 2.7. X-ray single crystal structures obtained during the course of this study of: (a) 
2.6; (b) 2.12·DMF; (c) 2.13; (d)2.15 moieties.  Thermal ellipsoid plots are shown in 50% 
probability. 

 
 Figure 2.7 also shows a crystal structure of the 2.6 moiety from crystals of 

2.6·5DMF.  This DMF solvate of 2.6 packs in a monoclinic P21/n space group.  Octol 

tetrabromide 2.12, cystallized from a 3:1 mixture of DMF and acetonitrile, as 

2.12·(CH3CN)1.5·(DMF)2  packed in  monoclinic P21/n space group.  The upper rim of 

the macrocycle, 2.12, is occupied by the DMF molecules as shown in the Fig 2.7b, while 

the cavity defined by the pendant CH2CH2Ph (2-ethylphenyl) groups was occupied by the 

acetonitrile molecules.  A low temperature structure, (163 K), of bromocavitand 

2.13·CHCl3·C6H14 was obtained and packed in a triclinic P-1 space group.39a  The 

a) b) 

            2.6                                            2.12·DMF 

2.13                                                    2.15 

c) d) 
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observed unit cell dimensions, for the structure obtained at 163 K, are smaller than those 

reported at room temperature (298 K).  The chloroform and isopropyl solvate of 2.15, 

(i.e. 2.15·CHCl3·
iPrOH), packed in a monoclinic P21/n space group at 173K.  The 

chloroform molecule resided just above the cavity of 2.15, while the severely disordered 

alcohol molecule occupied the lattice space.  

  

2.3 Metal-Organic 4anocapsules Derived From Cavitand Ligands 

 It was reasoned that reaction of the C4v symmetric tetra-carboxylic acid 

functionalized cavitands H42.23-H42.26
43 with transition metals would yield either 

polymeric frameworks or discrete metal-organic capsules, depending upon the choice of 

metal salt and reaction conditions.  The reaction of H42.26 and Zn(NO3)2·6H2O afforded 

a chiral, closed-surface, metal–organic hexameric nanocapsule (Figure 2.8).44  Three fold 

symmetric [Zn(ArCOO)3]
+ clusters, formed from the complexation of the Zn2+ ions and 

the cavitands upper rim carboxylates, hold these hexameric nanocapsules, [Zn16(2.26)]8+, 

together.  Simple ZnII–arylcarboxylates tend toward octahedral [Zn4(µ4-O)(O6C12)] 

clusters, four-fold symmetric paddle-wheel type [Zn2(O8C4)] clusters, or three-fold 

symmetric [Zn2(O6C3)] (Fig. 2.8c) clusters.  Notably, simple molecular models exclude, 

on steric grounds, the possibility of Zn2+ complexes of 2.26
4- forming the octahedral or 

four-fold symmetric clusters. Moreover, Yaghi and co-workers have established the 

tendency for bulky 2,6-disubstituted aryl carboxylate ligands, such as 2.26
4, to adopt the 

less crowded three-fold symmetric cluster.45  Reaction of H42.26 with Zn(NO3)2·6H2O at 

room temperature in acetone led to the precipitation of colorless, single phase, crystalline 
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[Zn16(2.26)6(µ-OH)(H2O)14][NO3]7·solvent in ca. 21% yield. X-Ray analysis of single 

crystals of [Zn16(2.26)6-(µ-OH)(H2O)14][NO3]7·solvent‡ established the presence of 

hexameric nanocapsules based upon core [Zn16(2.26)6]
8+ assemblies consisting of sixteen 

Zn2+ ions and six 2.26
4- ligands.  The [Zn16(2.26)6]

8+ hexamers are sustained primarily by 

the formation of eight three-fold symmetric A-type [Zn2(ArCOO)3]
+ clusters (Fig. 2.8) 

and, neglecting the ancillary ligands (vide infra), are in fact chiral (racemic), closely 

approximating 432 (O) point group symmetry.  Indeed, the three-fold symmetric A-type 

clusters complement the four-fold symmetric cavitand ligands such that each 

[Zn16(2.26)6]
8+ capsule is most accurately described, according to the classification 

system of Atwood and MacGillivray,46 as an Archimedian snub-cube—one of only two 

possible convex uniform polyhedra constructed from regular 3- and 4-gons (the other 

possibility being a rhombicuboctahedron, Figure 2.9).  Thus, the chirality does not arise 

from the individual constituents, but from their spatial arrangement.  Each cavitand 

ligand is turned clockwise (or counterclockwise) about the four-fold symmetry axis by 

approximately 10° (α, Fig. 2.8) relative to a rhombicuboctahedral arrangement.  The 

cavitands are turned so as to alleviate steric interactions between the O-CH2-O 

methylenic bridges that line the rim of the cavitands (Fig. 2.10).  The result, remarkably, 

is a closed-surface species, the largest portals being the 2.0 Å diameter windows at the 

base of the cavitand ligands themselves (Fig. 2.11).  Further, the nanocapsules reside on 

sites of crystallographically imposed -3 symmetry.  As such one sixth of the capsule is 

unique by symmetry.   

 
‡ Structural details may be found in section 2.6.2 
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Figure 2.8.  (a) Assembly of sixteen Zn2+ ions with six cavitand ligands, 2.26
4-, yields a 

[Zn16(2.26)6]
8+ nanocapsule sustained by [Zn2(ArCOO)3]

+ coordination clusters; (b) The 
capsular entity from the X-ray single crystal structure of [Zn16(2.26)6(µ-
OH)(H2O)14][NO3]7·solvent.  The solvent accessible internal volume is depicted in 
orange.  For clarity, the 2-ethylphenyl substiututents of 2.26 are depicted as methyl 
groups; (c) Common Zn carboxylate clusters observed in coordination polymers. 

 
The crystallographic site symmetry is higher than that which can be sustained by the 

chiral capsules such that each cavitand ligand within the asymmetric unit is disordered 

over two equivalent positions.  Due to extensive crystallographic disorder, the interiors of 

the nanocapsules are poorly defined. 

a) 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
c) 

A 

2.28nm 

Zn(NO3)2 

CH3COCH3 

[Zn16·(2.26)6]
8+ 

[Zn16·(2.26)6]
8+ 

Zn4(µ4-O)O12C6       Zn2O8C4                    Zn4O8C3 
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                  Figure 2.9.  Archimedian solids (a) Snub cube; (b) Rhombicuboctahedron.   

  

Each of the eight [Zn2(ArCOO)3Ln]
+ clusters projects one of its apical water (or 

hydroxyl) ligands, L, toward the center of the internal cavity, thereby segregating the ca. 

680 Å3 cavity into seven nearly discrete compartments (Fig. 2.10b).  Six of the 

compartments are defined by the bowl-shaped cavitand ligands and are each occupied by 

either an acetone molecule or a nitrate anion, which are crystallographically 

indistinguishable, but the former is deemed more likely for electrostatic reasons.  

 

 

Figure 2.10. (a) Spacefill rendition of nanocapsule [Zn16(2.26)6]
8+; (b) the 680 Å3 solvent 

accessible internal cavity as calculated from Connolly surface models. 

     

The central compartment is smaller, but appears to be of sufficient size to house 

an additional molecule of acetone. Each of the eight [Zn2(ArCOO)3Ln]
+ clusters also 

a) b) 

a) b) 
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projects an apical ligand away from the surface of the capsules. Six of these clusters are 

clearly terminated by water ligands whereas two serve to connect adjacent nanocapsules 

via linear µ-hydroxy (or µ-oxo) linkages (Fig. 2.11). The nanocapsules are thus formally 

polymerized into 1D chains propagating along the [001] crystallographic axis. It is likely, 

in fact, that crystal growth is instigated by the polymerization process; the needle shaped 

crystals are longest along the [001] direction.  Indexing the experimentally determined 

powder pattern afforded a trigonal R-3 unit cell.  Further experiments (1H NMR, ESI-MS, 

MALDI) however did not offer evidence for the existence of discrete 

[Zn16(2.26)6(H2O)16�guests]n+ capsules in solution. 

   

 

Figure 2.11: (a) Cross sectional view of the nanocapsule (2-ethylphenyls omitted), (b) the 
µ-OH (or µ-O) linkage resulting in (c) 1D polymerization of the nanocapsules. 
 

 

 

It is therefore suspected that discrete [Zn16(2.26)6(H2O)16�guests]n+ capsules are initially 

formed in solution and ultimately condense via slow deprotonation/dehydration under the 

acidic reaction conditions.   
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 The phase purity of the synthesized [Zn16(2.26)6(µ-OH)(H2O)14][NO3]7·solvent 

was confirmed via comparison of the simulated and experimentally determined powder 

X-ray diffraction (Fig. 2.12).   

 

Figure 2.12. X-ray powder diffraction patterns of (a) calculated from single crystal data 
(173K); (b) artificially broadened calculated pattern (173K); (c) experimentally observed 
(298K); (d) comparison of the unit cell parameters obtained by single crystal and powder 
X-ray diffraction. (Int. = Intensity) 
 

The powder XRD data was indexed to an R-3 trigonal unit cell.  Comparison of the unit 

cell parameters extracted from the single crystal X-ray determination and the indexed 

powder X-ray data are given in the Fig. 2.12 above.  

  

 

c 

b 

a 

d 
 
                      Single crystal          Powder XRD 
a,b  (Å)          44.783(6)                45.918(4) 
c      (Å)         22.093(6)                22.720(4) 
V      (Å3)       38373(12)               41489(8) 

2θ 

Int. 
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2.4 An Egg-Carton Cavitand Based Polymer  

 The room temperature reaction between H42.26 and Cu(NO3)2·5/2H2O in DMF 

under slightly acidic conditions yielded dark blue crystals.  Structural elucidation of these 

crystals via single crystal X-ray diffraction, though still a work in progress due to 

extensive disorder, showed the existence of an extended sheet like network.  Each layer is 

related to the layer above it by an n-glide.  Single crystal X-ray data were collected at 298 

K and 90 K and yielded tetragonal (P4/nnm) and orthorhombic (Pccn) and respectively.§  

A tetragonal unit cell was also obtained upon indexing the room temperature powder X-

ray diffraction pattern, thus also confirming the phase purity of this material Fig 2.13.  

Although the crystal structure obtained from either collection (273K or 90K) were of 

very low resolution, they were of sufficient quality to ascertain the general overall 

structure of the material. 

 In general, the network structure obtained may best be described as an egg carton 

in which the wells and peaks are defined by the cavities of the cup shaped 

calix[4]resorcinarene (Figure 2.13).  The higher symmetry room temperature structure 

features each of the cup-shaped cavitand ligands being connected to four others via four 

linear, intermolecular ArCOO-CuII-OOCAr linkages.  Unfortunately, the structure is 

severely disordered, with the 2-ethylphenyl pendant groups, coordinated and 

uncoordinated solvents and even the CuII ions all highly disordered.   Apparently, the 

linkages between the carboxylates groups and the metal centers are effectively a mixture 

of three different coordination modes, illustrated in Fig 2.14.  However, the more 

 
§ Some details of these structures may be obtained section 2.6.2. 
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symmetric coordination mode A, in which only the de-protonated oxygen atoms of two 

carboxylates are connected to the CuII center, appears to be the more predominant.  This 

determination was based on the occupancy of the metal center.  Probing this material by 

infra-red spectroscopy did not garner any useful information on the exact nature of this 

connection as the carbonyl and C-O stretching frequencies obtained were essentially an 

overlap of the expected values for the individual coordination modes.47  Two DMF 

molecules are observed to be coordinated to the CuII ions, as such affording either a 

square planar or an octahedral environment about the metal center in the various 

coordination modes (Fig. 2.14).  In the room temperature structure, there exist large voids 

which were reasoned to be occupied by solvent DMF molecules.  The poor resolution and 

extensive disorder of this structure does not aid in the determination of the solvent DMF 

molecules present in these voids.   
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Figure 2.13. Simplified renditions of Cu·2.26·6.5DMF; (a) a view looking down the c-
axis; (b) egg carton; (c) tilted view delineating the connection of one cup to four others; 
(d) side view of the Cu 2D polymer; (e) comparison of its calculated experimental 
observed and simulated powder X-ray diffraction pattern.  

 

The low temperature (90K) structure reveals the packing of the two dimensional egg 

carton polymer in a Pccn space group.  The apparent loss of crystal symmetry is no doubt 

due to the freezing out of the various conformations of the individual units.   A review of 

the low temperature structure revealed that the individual layers are in general similarly 

arranged like the room temperature one.  The linear ArCOO-Cu-OOCAr linkages are 

clearly present in this low temperature structure; though they remain disordered.  

  a b c 

d e 
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Coordination mode B appears to be slightly predominant.  In addition to the two DMF 

molecules coordinated to the Cu metal center, there is a solvent (DMF) molecule residing 

in the cavity defined by the upper rim of the cavitand ligand.  Another DMF molecule 

resides in the cavity defined by the phenyl rings of the pendant 2-ethylphenyl groups, 

with yet another within the lattice space.  Further, there is sufficient electron density 

within this low temperature structure to suggest the existence of one or two more DMF 

molecules.  

 

Figure 2.14. Cu carboxylate connection scheme in Cu·2.26·6.5DMF. 

 

 Due to the low quality of the crystal data the stoichiometry of the organic components of 

this material was examined by via 1H NMR.  This was achieved by the dissolution of a 

small amount of the 2D Cu polymer in deuterated dimethyl sulfoxide (DMSO) in the 

presence of a very small amount of nitric acid (HNO3).  Integration of the DMF peaks 

and those of the cavitand ligands revealed a stoichiometry of 6.5:1 (DMF:2.26).  These 

studies taken together suggest that this material may be formulated as Cu·2.26·6.5DMF.   

A                                          B                                C 



         47

 In general, reaction of all other cavitand acids H42.23- H42.25 with transition 

metals did not afford suitable single crystals for X-ray diffraction studies.  While in some 

cases amorphous powders were obtained, in most cases crystallization experiments 

afforded solutions devoid of precipitates of any kind.  In set ups where no solids were 

obtained, the systematic addition of bases such as pyridine and 2,6-dimetyl pyridine 

among others were added to promote deprotonation of the cavitand acids and thus 

coordination of the carboxylates to the metal centers.  Likewise, in cases where powders 

were obtained, a proton source such as HNO3 was added to the solution in order to slow 

the coordination polymer assembly process thereby increasing the possibility of single 

crystal formation.  In addition, a variety of solvents were employed, these included 

acetone, MeOH, DMF, NMP, DMSO, and DMA among others.    

                       

2.5 4itrogen Adsorption Study 

 The adsorption of small molecules by coordination polymers remains a major 

theme in their research.  Some of the small molecules often employed in adsorption 

studies include CO2, H2, and CH4 among others. One can begin to think of potential 

energy applications for materials which may hold on to hydrogen or methane gases, 

essentially affording solid state cylinders.  These “cylinders” hold on to specific small 

molecules under certain conditions and give them up under others.  Also one can begin to 

imagine a material which preferentially binds carbon dioxide or carbon monoxide thereby 

removing such poisonous gases.  Additionally, selective adsorption of some molecules 

over others afford other applications, namely separations and, potentially, chemical 
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transformations on chosen species.  In order for sorption studies to be conducted on 

coordination polymers, solvent molecules are typically removed in a bid to induce 

sustained, permanent pores and accessible voids available to adsorbed molecules.  

Typically the solvents are evacuated thermally and/or under reduced pressure.  Cavitand 

acid 2.26 is sensitive to high temperatures as it forms a lactone (even in the solid state) 

(Fig. 2.15) under acidic conditions at 50ºC, and this was taken into consideration in the 

evacuation process.41    

 

 

Figure 2.15. Formation of lactone from 2.26 under acidic conditions and >50ºC.41a 

 

The Zn 1D polymer, [Zn16(2.26)6-(µ-OH)(H2O)14][NO3]7·solvent, was dried under appropriate 

conditions to give Zn162.266(µ-OH)(H2O)14(NO3)6·n(CH3COCH3) (n ≈ 2), hereafter known as 

Zn-1Devac.  The acetone content was deduced via 1H NMR.  Likewise, evacuation of the two 

dimensional egg carton copper mediated polymer afforded Cu2·2.26·1DMF, hereafter referred to 

as Cu-2Devac, also the DMF content being deduced by 1H NMR.  The adsorption of N2 by the 

evacuated materials, Zn-1Devac and Cu-2Devac, were obtained at 77K, by monitoring pressure 

changes at various nitrogen gas volumes using a Quantochrome Autosorb-1.  This afforded 

>50 ˚C 
H+ 

R= PhC2H4 

2.6 
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adsorption isotherms for the evacuated materials.  Strictly speaking the physisoprtion of N2 onto 

Zn-1Devac and Cu-2Devac was followed.   
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      Figure 2.16. BET isotherm of the adsorption of N2 by Zn 1Devac at 77 K  

 

 The solvent evacuated Zn-1D polymer, Zn-1Devac, exhibited a Type 3 isotherm 

which, in effect, indicated that it was not porous (Fig. 2.16).  This was also the case with 

the copper egg carton polymer, Cu-2Devac, which also displayed a Type 3 isotherm (Fig. 

2.17).  The N2 adsorption behavior Cu-2Devac does not display any hysteresis.  These 

materials are not microporous, but macroporous (pore size > 50 nm) as typified by their 

Type 3 isotherms.48  Surface areas of 20.1 m2 g-1 and 3.6 m2 g-1 determined for the copper 

and zinc materials respectively are much lower than what is obtainable in the field, 

presently as high as 5900 m2 g-1.16d     
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 Although desolvation of the coordination networks described above afforded 

seemingly non-porous materials, it is important to note that these studies were narrow in 

scope and as such only preliminary in nature.  It is still possible that appropriately 

treated/evacuated materials described above may yet display significant affinity via the 

sorption of volatile solvent molecules, and gases such as CO2.  Hence, the possibility still 

exists for Zn 1Devac and Cu 2Devac to display selective sorption of suitable molecules, and 

this may indeed form the basis of further studies.    
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             Figure 2.17. BET isotherm of the adsorption of N2 by Cu 2Devac at 77K 
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2.6 Experimental 

 All chemicals were reagent grade and purchased from Aldrich (Milwaukee, WI), 

Acros (Pittsburgh, PA), or Alfa Aesar (Ward Hill, MA) and used without further 

purification unless otherwise stated.  All deuterated solvents were obtained from 

Cambridge isotopes laboratories (Andover, MA). Tetrahydrofuran (THF) was freshly 

distilled under nitrogen from sodium and benzophenone.  Dimethyl sulfoxide (DMSO), 

�, �-dimethyl acetamide (DMA) and �, �-dimethyl formamide (DMF) were dried over 

activated 4Å molecular sieves, stored over these sieves and used as needed.  All reactions 

are conducted under a nitrogen atmosphere unless otherwise stated.  1H NMR and 13C 

NMR spectra were recorded on a Varian Inova 300MHz spectrometer in acetone-d6, 

chloroform-d, or DMSO-d6 and all chemical shifts are reported relative to residual solvent 

peak.  Flash chromatography was conducted on ultra pure Silicycle silica gel 60 

(silicycle) particle size 32-64 µm.  Thin-layer chromatography was conducted on glass 

backed, pre-coated silica gel plates, 150 Å, 1000 µm layer thickness, from Sigma-

Aldrich, and was visualized by ultraviolet light (254 nm).  Elemental analysis was carried 

out on a Perkin-Elmer PE2400 microanalyzer.  Surface area analysis was conducted, with 

the aid of Sayon Kumalah, on a Quantachrome Autosorb 1 Automated Gas Sorption 

System at Georgetown University. 

 Single crystal X-ray data was collected on a Siemens SMART 1000 (or APEX II) 

CCD platform X-ray diffractometer using monochromated Mo Kα radiation (λ= 0.71073 

Å).  The frames collected were then integrated using the SAINT software suite, and 

absorptions corrections were employed using SADABS.  The structures were then solved 
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using direct methods and refined using the SHELX-97-2 software suite in the X-Seed 

graphical user interface.49  Non-hydrogen atoms were refined anisotropically, where 

possible, while hydrogen’s were either located via difference Fourier maps or calculated 

and refined using a riding model, or located in the difference Fourier maps and refined 

upon.  Powder X-ray diffraction was collected on Rigaku Rapid R-axis X-ray 

diffractometer using Cu-Kα radiation (λ= 1.54178 Å).  Data analysis and pattern indexing 

were performed using JADE 5.0 software. 

2.6.1 Single crystal X-ray details 

 Suitable single crystals of 2.1 were grown from a concentrated dioxane solution at 

RT.  Single crystals of 2.6 were grown from a concentrated DMF solution, while 2.11 

were grown from a DMF, acetonitrile mixture at RT.  Suitable single crystals of 2.13 and 

2.15 were obtained via slow evaporation from respective chloroform solutions at RT.  Due 

to the extensive disorder of the solvent molecules the SQUEEZE subroutine of PLATON 

was employed to estimate the number of chloroform molecules in their unit cell.  Co-

crystals of 2.6 and 4, 4׳-bypyridine (4,4′-bpy) or 2, 2׳-bipyridine (2,2′-bpy) were obtained 

from EtOH/MeOH mixture and MeOH respectively.  Due to the high degree of disorder in 

the 2.6, 4,4-bpy structure a SQUEEZE analysis, subroutine of PLATON,50 was used to 

determine ultimately the relative number of methanol and ethanol molecules.  Co-crystals 

of 2.3 and 4,7-phenantroline were obtained by cooling a warm methanol solution of these 

compounds.  Finally single crystals of 2.5 were grown via vapor diffusion of diethyl ether 

into acetonitrile solution of the macrocycle.  The syntheses of [Zn16(2.26)6(µ-OH)(H2O)14] 

[NO3]7·solvent, and Cu2·2.26·6.5DMF are described in detail in section 2.6.2. 
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Table 2-1: Summary of single crystal X-ray crystallographic data 

Compound (2.1)·(C4H8O2)2.5 (2.6)·(4,4′-

bpy)2·MeOH0.5·EtOH0.5 

empirical 

formula 

C42H52O13 C83H82O11N4 

fw 764.84 1311.53 

T, K 173 192 

cryst sys Triclinic Triclinic 

space group P-1 P-1 

a, Å 11.921(3) 11.358(2) 

b, Å 11.982(3) 12.519(3) 

c, Å 15.356(4) 24.390(5) 

α, deg. 74.059(5) 84.687(4) 

β, deg. 78.902(5) 89.536(4) 

γ, deg. 63.516(4) 71.1224(4) 

V, Å3 1881.4(8) 3266.5(12) 

Z 2 2 

ρcalc, g cm3 1.356(4) 1.333 

µ, mm-1  0.100 0.088 

F(000) 816.0 1392.0 

θ range, deg 1.91-28.0 0.84-27.99 

size mm 0.34 x 0.32 x 0.26 0.46 x 0.44 x 0.38 

GOF 0.904 1.083 

Rint  0.0288 0.0176 

R1, 

wR2[I>2σ(I)] 

0.0472, 0.1083 0.0525, 0.1307 

R1, wR2 (all 

data) 

0.0937, 0.1202 0.0721, 0.1390 
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Compound (2.5)·(CH3CN)·(Et2O)2 (2.3)·(C12H8N2)·(CH3OH) 

empirical 

formula 

C82H133NO10 C54H64N2O10 

fw 1292.89 901.07 

T, K 173 100 

cryst sys Triclinic Triclinic 

space group P-1 P-1 

a, Å 10.0012(9) 10.0343(16) 

b, Å 16.1524(15) 15.136(2) 

c, Å 24.932(2) 16.358(3) 

α, deg. 86.054(2) 81.800(3) 

β, deg. 84.969(2) 82.059(3) 

γ, deg. 76.996(2) 71.778(3) 

V, Å3 3904.2(6) 2324.1(6) 

Z 2 2 

ρcalc, g cm3 1.100 1.288 

µ, mm-1  0.070 0.088 

F(000) 1392.0 964.0 

θ range, deg 1.30-27.00 1.80-27.99 

size mm 0.64 x 0.50 x 0.46 0.40 x 0.36 x 0.30 

GOF 1.087 1.030 

Rint  0.0247 0.0438 

R1, 

wR2[I>2σ(I)] 

0.0619 ,0.1649 0.0438, 0.1099 

R1, wR2 (all 

data) 

0.0936, 0.1784  0.0461, 0.1198 
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Compound (2.12)·(CH3CN)1.5·(DMF)2 (2.6)·(DMF)5 

empirical 

formula 

C75H83.50Br4N4.50O11 C80H101N5O13 

fw 1543.60 1340.66 

T, K 193 190 

cryst sys Monoclinic Monoclinic 

space group P21/n P21/n 

a, Å 13.0503(9) 14.5341(11) 

b, Å 33.752(2) 17.4364(13) 

c, Å 16.2984(11) 28.998(2) 

α, deg. 90 90 

β, deg. 92.5630(10) 94.435(2) 

γ, deg. 90 90 

V, Å3 7171.8(8) 7326.7(10) 

Z 4 4 

ρcalc, g cm3 1.430 1.215 

µ, mm-1  2.307 2.307 

F(000) 3172.0 2880.0 

θ range, deg 1.67-27.00 1.36-28.32 

size mm 0.40 x 0.36 x 0.36 0.46 x 0.42 x 0.38 

GOF 1.041 1.042 

Rint  0.0444 0.0644 

R1, 

wR2[I>2σ(I)] 

0.0533, 0.1520 0.0897, 0.2054 

R1, wR2 (all 

data) 

0.0543, 0.0849 0.0650, 0.1495 
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Compound (2.13)·CHCl3·C6H14 (2.15)·CHCl3·C3H8O 

empirical 

formula 

C43H43Br4Cl3O8 C48H53Br4Cl3O9 

fw 943.67 1066.65 

T, K 163 173 

cryst sys Triclinic Monoclinic 

space group P-1 P21/n 

a, Å 12.0549(9) 13.5297(10) 

b, Å 18.6344(14) 17.4581(13) 

c, Å 20.3099(16) 20.6070(15) 

α, deg. 113.1110(10) 90 

β, deg. 106.4070(10) 109.1190(10) 

γ, deg. 92.5560(10) 90 

V, Å3 3962.3(5) 4598.9(6) 

Z 2 4 

ρcalc, g cm3 1.582 1.541 

µ, mm-1  4.176 3.720 

F(000) 1860.0 2108 

θ range, deg 1.15-28.00 1.97-28.32 

size mm 0.46 x 0.44 x 0.44 0.36 x 0.36 x 0.28 

GOF 1.064 1.018 

Rint  0.0332 0.0503 

R1, 

wR2[I>2σ(I)] 

0.049, 0.0946 0.0401, 0.0955 

R1, wR2 (all 

data) 

0.0481, 0.0983 0.0593, 0.1010 
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Compound (2.6)·( 2,2′-bpy)·(MeOH)5 

 

[Zn16(2.26)6(µ-OH)(H2O)14] 

 [NO3]7·solvent 

 empirical 

formula 

C74.5 H82.25N2 O12.75  C444 H507 N7 O191 Zn16 

fw 1209.67 10043.49 

T, K 173 103 

cryst sys Triclinc Trigonal 

space group P-1 R-3 

a, Å 10.4541(7) 44.783 (6) 

b, Å 16.9393(11) 44.783 (6) 

c, Å 19.7184(12) 22.093 (6) 

α, deg. 78.3960(10) 90 

β, deg. 89.5040(10) 90 

γ, deg. 75.5840(10) 120 

V, Å3 3309.6(4) 38373(12) 

Z 2 3 

ρcalc, g cm3 1.214 1.304 

µ, mm-1  0.082 0.827 

F(000) 1291 15684 

θ range, deg 2.01-28.33 1.58 – 21.00 

size mm 0.40 x 0.36 x 0.34 1.20 × 0.21 × 0.21 

GOF 1.030 0.914 

Rint  0.0388 0.1169 

R1, 

wR2[I>2σ(I)] 

0.0641, 0.1685 0.0913, 0.2431 

R1, wR2 (all 

data) 

0.1225, 0.2020 0.1467, 0.27726 
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Compound Cu2·2.26·6.5DMF**
 Cu2·2.26·6.5DMF** 

empirical 

formula 

C86H96O25N6Cu2 C129H141O33N9Cu2 

fw 1740.8 2472.63 

T, K 296 100 

cryst sys Tetragonal Orthorhombic 

space group P4/nmm Pccn 

a, Å 15.3827(5) 47.7783(32) 

b, Å 15.3827(5) 15.3079(10) 

c, Å 19.0891(13) 37.1758(25) 

α, deg. 90 90 

β, deg. 90 90 

γ, deg. 90 90 

V, Å3 4517.01(6) 27189.78(10) 

Z 16 8 

ρcalc, g cm3 0.6924 1.3559 

 

 

Table 2-2: Indexed Powder X-Ray Unit Cell  
Parameters of Cu2·2.26·6.5DMF  
 
 Cell Parameters 
a,b (Å) 15.4824(5) 
c (Å) 19.1312(7) 
V (Å3) 4585.86(5) 
 

All single crystals reported in this section were grown at room temperature. 

 

 
** Refinements are not complete. 
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2.6.2 Syntheses.   

All reactions were conducted under a nitrogen atmosphere unless otherwise noted.  

Melting points were obtained on a Thomas uni-melt apparatus. 

 

 

    Figure 2.18: Synthesized octols 37 

Octols 2.1-2.6 were prepared with a slight modification of literature methods as 

described below. 

C-methylcalix[4]resorcinarene 2.1
37 

 

To a cooled 0ºC solution of resorcinol (55.1 g, 500 mmol) in 200 ml of absolute ethanol, 

200 ml water and 100 ml concentrated HCl was added 22.0g (28.2 ml, 50.0 mmol.) of 

acetaldehyde drop wise.  The solution was allowed to warm to room temperature and was 

stirred for a further 48 hours.  The mixture was filtered; the precipitate was washed with 

water and dried to afford 42.0 g (62 %, 30.0 mol) of 2.1 as an off white crystalline solid.  

1H NMR ((CD3)2CO) δ 8.47 (s, 8 H, OH), 7.65 (s, 4 H, Ar-H, meta to OH), 6.22 (s, 4 H, 

Ar-H ortho to OH), 4.53 (q, 4 H, methine H, J = 7.1 Hz), 1.77 (d, 12 H, CH3, J = 7.1 

Hz); 13C NMR ((CD3)2CO) δ 19.64, 28.07, 102.98, 124.62, 125.51, 151.66.      
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C-ethylcalix[4]resorcinarene  2.2
37   

55.1 g (500 mmol) of resorcinol was dissolved in 500 ml 4:1 95% ethanol: concentrated 

HCl was cooled to 0°C.  To this solution was added 24.0 g (36.1 ml, 50.0 mmol) of 

propanal, allowing to warm to room temperature.  After 3 days the precipitate formed 

was filtered, washed with cold water and dried to give 36.0 g (48 %, 30.0 mol) of 2.2 as a 

white crystalline solid. 1H NMR ((CD3)2CO) δ 8.41 (s, 8 H, OH), 7.56 (s, 4 H, Ar-H, 

meta to OH), 6.24 (s, 4 H, Ar-H ortho to OH), 4.19 (t, 4 H, methine H, J = 7.5 Hz),  2.32 

(s, 8H, CH2, J = 7.2 Hz)  1.77 (t, 12 H, CH3,  J = 7.0 Hz); 13C NMR ((CD3)2CO) δ 12.42, 

16.65, 28.68, 100.39, 103.27, 123.92, 152.13. 

 

C-propylcalix[4]resorcinarene 2.3
37  

To a solution of 27.5 g (250 mmol) of resorcinol in a 100 ml of absolute ethanol, was 

added 100 ml of water and 50 ml of concentrated HCl and this was cooled to 0°C.  18.0 g 

(23.0 ml, 250 mmol) of butanal was added and the mixture was refluxed for 48 hours.  

This reaction mixture was filtered to give 29.0 g (71 %, 178 mmol) of 2.3 as an orange 

crystalline solid.  1H NMR ((CD3)2CO) δ 8.47 (s, 8 H, OH), 7.60 (s, 4 H, Ar-H, meta to 

OH), 6.25 (s, 4 H, Ar-H ortho to OH), 4.34 (t, 4 H, methine H, J = 7.8 Hz), 2.30 (t, 8 H, 

CH2CH2CH3 J = 7.5 Hz),  1.34 (s, 8 H, CH2CH2CH3 J = 7.7 Hz)  0.961 (t, 12 H, 

CH2CH2CH3 J = 7.6 Hz); 13C NMR ((CD3)2CO) δ 13.70, 21.20, 35.30, 124.60, 152.06.  
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C-pentylcalix[4]resorcinarene 2.4
37  

To a solution of 110 g (1.00 mol) of resorcinol in 500 ml of 95 % ethanol was added 500 

ml of water and 250 ml of concentrated HCl.  The stirred solution was cooled to 0°C and 

100 g (100 ml, 100 mmol) of hexanal was added in a dropwise fashion over 30 minutes.  

The mixture was then warmed to room temperature and a solid mass formed after an 

hour, the mixture was then refluxed for 36 hours, cooled and filtered to give 161.0 g (84 

%, 840.0 mmol) of 2.4 as a yellow crystalline solid.  1H NMR ((CD3)2CO) δ 8.52 (s, 8 H, 

OH), 7.57 (s, 4 H, Ar-H, meta to OH), 6.26 (s, 4 H, Ar-H ortho to OH), 4.52 (t, 4 H, 

methine H, J = 7.6 Hz), 2.29 (bs, 8 H, CH2(CH2)3CH3) 1.33 (bs, 24 H, CH2(CH2)3CH3) 

0.89 (t, 12 H, CH3, J = 7.1 Hz); 13C NMR ((CD3)2CO) δ 13.86, 22.87, 33.12, 33.65, 

33.76, 102.93, 103.05, 124.62, 124.74, 152.08.  

 

C-undecylcalix[4]resorcinarene 2.5
37

   

A solution of 25.0 g (220 mmol) of resorcinol in 200 ml 3:1 methanol concentrated HCl 

mixture was cooled to 0°C.  42.0 g (220 mmol, 29.3 ml) of dodecanal was dropwise 

added to the solution.  This reaction was then refluxed for 18 hours with the formation of 

a bright yellow solid.  The mixture decanted and the solid mass recrystallized from 

methanol, filtered and dried to give 39.0 g (61 %, 134 mmol) of 2.5 as a light yellow 

crystalline solid.  Melting point 292-294 ºC.   1H NMR ((CD3)2CO) δ 8.45 (s, 8 H, OH), 

7.55 (s, 4 H, Ar-H, meta to OH), 6.25 (s, 4 H, Ar-H ortho to OH), 4.32 (t, 4 H, methine 

H, J = 7.5 Hz), 2.29 (bs, 8 H CH2(CH2)9CH3), 1.31 (bs, 72 H, CH2(CH2)9CH3) , 0.91 (t, 
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12 H, CH2(CH2)9CH3 J = 7Hz); 13C NMR ((CD3)2CO) δ 14.48, 23.44, 30.33, 30.64, 

32.400, 34.40, 125.25, 125.35, 142.13, 152.7.  

 

C-2-phenylethylcalix[4]resorcinarene 2.6
37

   

To a 500 ml 4:1 ethanol concentrated HCl solution was added 55.0 g ( 500 mmol) of 

resorcinol, and this mixture was cooled to 0°C.  To this mixture was added dropwisely 

67.0 g (500 mmol, 61.0 ml) of dihydrocinnamaldehyde.  This mixture was subsequently 

warmed to room temperature, after which the clear solution turned a tan color.  It was 

subsequently refluxed for 2 days and cooled.  150 ml of deionized water was added to the 

cooled reaction mixture, which was then filtered to 81.4 g (72 %, 358 mmol) of 2.6 as a 

orange highly crystalline solid.  1H NMR ((CD3)2CO) δ 8.51 (s, 8 H, OH), 7.05- 7.28 (m, 

20 H, Ar-H) 7.17 (s, 4 H, Ar-H, meta to OH), 6.30 (s, 4 H, Ar-H ortho to OH), 4.38 (t, 4 

H, methine H, J = 7.2 Hz), 2.60 (bs, 16 H CH2CH2Ph); 13C NMR ((CD3)2CO) δ 34.66, 

35.67, 37.0, 125.36, 129.16, 129.43, 143.46, 152.87.  

 

   Figure 2.19: Synthesized tetra bromo-octols38 
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C-methyltetrabromocalix[4]resorcinarene 2.7
38 

To a stirring orange solution of 2.1 (30.0 g, 55.0 mmol) in 450 ml of 2-butanone was 

added 78.3 g (440 mmol, 8.00 equivalents) of �-bromosuccinimide, in portions, 

accompanied by a measurable increase in the temperature of the reaction temperature.  

Within minutes the product began to precipitate; this mixture was stirred for a further 6 

hours and the precipitate collected by filtration.  It was washed with cold 2-butanone, and 

dichloromethane to give 33.2 g (70 %, 386 mmol) of 2.7 as a white solid.  1H NMR 

((CD3)2SO) δ 8.36 (s, 8 H, OH), 6.81 (s, 4 H, Ar-H ortho to OH), 4.643 (q, 4 H, methine 

H, J = 7.1 Hz), 1.38 (d, 12 H, CH3 J = 7.1 Hz); 13C NMR ((CD3)2SO) δ 150.13, 131.11, 

127.46, 106.24, 27.29, 21.15.  

 

C-ethyltetrabromocalix[4]resorcinarene 2.8
38

   

To a solution of 2.2 (5.00 g, 8.40 mmol) in 100 ml of 2-butanone, was slowly added 12.9 

g (72.6 mmol, 8.60 equiv.) of �-bromosuccinimide with stirring.  The solution was 

stirred at room temperature overnight with the exclusion of light.  The mixture was then 

filtered and the precipitate washed with copious amounts of cold methanol and 2-

butanone and dried to give 3.80 g (50 %, 4.2 mmol) of 2.8 as a white solid.  1H NMR 

((CD3)2SO) δ 8.46 (s, 8 H, OH), 6.82 (s, 4 H, Ar-H ortho to OH), 4.63 (q, 4 H, methine 

H, J = 7.2 Hz), 2.41 (m, 8 H, CH2), 1.56 (t, 12 H, CH3 J = 7 Hz); 13C NMR ((CD3)2SO) δ 

148.69, 126.11, 123.79, 101.18, 37.57, 2.04, 12.48.   
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C-propyltetrabromocalix[4]resorcinarene 2.9
38

 

To a stirred solution of 13.0 g (20.0 mmol) of 2.3 in 100 ml of 2-butanone, was added 

28.1 g (158 mmol, 7.90 equivalents) of �-bromosuccinimide at room temperature.  The 

resulting solution was stirred for a further 18 hours and then filtered, washed with cold 

methanol and dried to give 8.30 g (66 %, 13.2 mmol) of 2.9 as a white crystalline solid.  

1H NMR ((CD3)2SO) δ 10.12 (s, 8 H, OH), 7.57 (s, 4 H, Ar-H, meta to OH), 4.41 (t, 4 H, 

methine H, J  = 7.4 Hz), 2.08-2.29 (m, 8 H, CH2CH2CH3), 1.16-1.34 (m, 8 H, 

CH2CH2CH3), 0.96 (t, 12 H, CH2CH2CH3 J = 7.2 Hz); 13C NMR ((CD3)2SO) δ 179.82, 

148.98, 125.99, 124.20, 101.61, 39.30, 35.66, 29.96, 21.01, 14.21. 

 

C-pentyltetrabromocalix[4]resorcinarene 2.10
38

   

A slurry of 10.0 g (13.0 mmol) of 2.4, 13.9 g (78.0 mmol) of �-bromosuccinimide in 100 

ml of 2-butanone was stirred at room temperature for 18 hours.  The precipitate formed 

was filtered, washed with 2-butanone and dried to give 11.0 g (78 %, 10.1 mmol) of 2.10 

as a white solid.  1H NMR ((CD3)2SO) δ 8.96 (s, 8 H, OH), 7.46 (s, 4 H, Ar-H, meta to 

OH), 4.41 (t, 4 H, methine H, J = 7.6 Hz), 2.29 (bs, 8 H, CH2(CH2)3CH3) 1.26 (bs, 24 H, 

CH2(CH2)3CH3) 0.88 (t, 12 H, CH3, J = 6.6 Hz); 13C NMR ((CD3)2SO) δ 13.94, 22.87, 

27.38, 31.42, 33.55, 33.76, 103.35, 124.62, 125.74, 142.60.  

 

C-undecyltetrabromocalix[4]resorcinarene  2.11
38

  

To a slurry of 2.5 (110 g, 100 mmol) in 100 ml of 2-butanone was added �-

bromosuccinimide (85.4 g, 480 mmol) slowly, maintained at room temperature and left to 
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stir in the dark for 18 hours. The solution was filtered and the precipitate washed with hot 

methanol and dried in vacuo to give 2.11 as an off white powder (46.0 g, 36.0 mmol, 33 

%).  1H NMR ((CD3)2SO) δ 8.45 (s, 8 H, OH), 7.55 (s, 4 H, Ar-H, meta to OH), 4.32 (t, 4 

H, methine H, J = 7.2 Hz), 2.29 (bs, 8 H CH2(CH2)9CH3), 1.31 (bs, 72 H, 

CH2(CH2)9CH3), 0.91 (t, 12 H, CH2(CH2)9CH3, J = 7.1 Hz); 13C NMR ((CD3)2SO) δ 

28.7, 28.8, 31.0, 33.7, 35.2, 101.11, 123.1, 124.9, 148.5.  

    

C-2-phenylethyltetrabromocalix[4]resorcinarene  2.12
38 

100 g (110 mmol) of 2.6 was placed in 100 ml of 2-butanone and stirred for 5 minutes, 

then 116 g (65.5 mmol) of �-bromosuccinimide was added in small portions to this 

mixture.  This reaction was left to stir for 12 hours, the precipitate formed was filtered 

and washed with cold 2-butanone to afford 85.0 g (64 %, 70.0 mmol) of 2.12 as a white 

solid.  1H NMR ((CD3)2SO) δ 9.25 (s, 8 H, OH), 7.52 (s, 4 H, Ar-H, meta to OH), 6.99- 

7.29 (m, 20 H, Ar-H), 4.23 (t, 4 H, methine H, J = 6.8 Hz), 2.3- 2.62 (m, 16 H 

CH2CH2Ph); 13C NMR ((CD3)2CO) δ 34.90, 36.28, 101.92, 126.31, 129.27, 142.46, 

149.50.  
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Figure 2.20: Synthesized tetra bromo-cavitands39 

Bromocavitands 2.13 – 2.18 were synthesized with slight modification of already 

published procedures.  In the case of bromocavitands 2.14 and 2.15 an adaptation of the 

procedure for the syntheses of 2.18 was employed.  

 

C-methyltetrabromocavitand 2.13
39

 

A mixture of vacuum oven dried 2.7 (1.00 g, 1.16 mmol), Cs2CO3 (6.06 g, 18.6 mmol), 

and CH2BrCl  (1.23 g, 9.51 mmol) in 50.0 ml of anhydrous dimethyl sulfoxide was 

stirred at 70 °C for 24 hours. The mixture was then cooled and filtered through celite.  

The solvent, DMSO, was then removed under reduced pressure leaving a dark brown 

residue. The residue was dissolved in CH2Cl2 and washed with brine, water and dried 

over magnesium sulfate. The solvent was evaporated and to give a yellow solid which 

was dissolved a little chloroform and chromatographed on silica gel column with CH2Cl2 

as the mobile phase to give 2.13 as a white solid (560 mg, 0.580 mmol, 50 %).  1H NMR 

(CDCl3) δ 7.17 (s, 4 H, Ar-H meta to OCH2O), 5.97 (d, 4 H, outer  OCH2O, J = 7.4 Hz), 

5.08 (q, 4 H, methine H, J = 7.3 Hz), 5.08 (d, 4 H, inner OCH2O, J = 7.4 Hz), 1.76 (d, 12 
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H, CH3 J = 7.3 Hz); 13C NMR (CDCl3) δ 16.06, 16.13, 113.73, 118.69, 118.77, 140.40, 

151.96.  

 

C-ethyltetrabromocavitand 2.14
38

 

A mixture of 2.8 (1.20 g, 1.30 mmol), K2CO3 (3.80 g, 27.5 mmol) and CH2BrCl (1.20 g, 

9.27 mmol) was placed in a round bottom flask and 30.0 ml of DMF was added.  The 

mixture was then heated to about 70 °C for 48 hours.  After the first 24 hours, 1.20 g 

(9.27 mmol) of CH2BrCl was added.  The DMF was then removed and the tan solid left 

was chromatographed on a silica gel column with dichloromethane as the mobile phase to 

afford 480 mg (28 %, 0.360 mmol) of 2.14 as a white crystalline solid.  1H NMR (CDCl3) 

δ 7.04 (s, 4 H, Ar-H, meta to OCH2O), 5.96 (d, 4 H, outer OCH2 H
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6.97 (s, 4 H, Ar-H, meta to OCH2O), 5.96 (d, 4 H, outer OCH2O, J = 7.1 Hz), 4.88 (t, 4 

H, methine H, J = 6.9 Hz), 4.40 (d, 4 H, inner OCH2O, J = 7.1 Hz), 2.17- 2.24 (m, 8 H, 

CH2CH2CH3), 1.39- 1.46 (m, 8 H, CH2CH2CH3), 1.04 (t, 12 H, CH2CH2CH3, J = 6.0 

Hz); 13C NMR (CDCl3) δ 152.31, 139.50, 119.36, 113.76, 98.71, 37.51, 32.08, 20.99, 

14.28. 

 

C-pentyltetrabromocavitand 2.16
38

 

To a stirred mixture of 54.1 g (52.0 mmol) of 2.10 in 500 ml of anhydrous DMF was 

added 110 g (796 mmol) of K2CO3 and 66.8 g (516 mmol) of bromochloromethane.  This 

mixture was maintained at 80 °C for 24 hours with the subsequent addition of 15.0 ml of 

bromochloromethane and left for a further 48 hours.  The reaction was then cooled and 

the solvent evaporated under vacuum.  The residue was the dissolved in CHCl3 

concentrated and subjected to flash chromatography on a silica gel column with 

dichloromethane as the mobile phase affording 18.5 g (48 %, 25.0 mmol) of 2.16 as a 

white powder.  1H NMR (CDCl3) δ 6.97 (s, 4 H, Ar-H, meta to OCH2O), 5.88 (d, 4 H, 

outer OCH2O, J = 7.6 Hz), 4.78 (t, 4 H, methine H, J = 8.0 Hz), 4.31 (d, 4 H, inner 

OCH2O, J = 7.6 Hz), 2.03- 2.23 (m, 8 H, CH2(CH2)3CH3), 1.16- 1.43 (m, 24 H, 

CH2(CH2)3CH3), 0.83 (t, 12 H, CH3 J = 7 Hz); 13C NMR (CDCl3) δ 14.10, 22.60, 27.39, 

29.80, 31.84, 37.66, 98.45, 113.50, 119.01, 139.26, 152.04.  
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C-undecyltetrabromocavitand 2.17
38

 

To a reaction flask containing 2.11 (5.30 g, 3.75 mmol) and K2CO3 (6.75 g, 48.8 mmol ) 

in anhydrous DMF (120 ml), was added  CH2BrCl (5.02 g, 38.8 mmol), and the mixture 

was stirred for 48 hours at 65 °C.   After 48 hours, an additional 5.00 ml of CH2BrCl was 

added and the reaction was heated further.  After 48 hours the solvent was removed under 

reduced pressure to give a dark brown gum. This residue was dissolved in diethyl ether 

(300 ml) and added to 20.0 ml of added 2 M HCl and stirred for 20 minutes.    The ether 

phase was then collected and washed with water, brine and then dried over anhydrous 

magnesium sulfate.  Evaporation of the solvent gave a clear brown gum which was 

subjected to column chromatography, eluting with a 1:1 hexanes/ CH2Cl2 mixture, the 

product was recrystallized from diethyl ether giving 2.00 g (50 %, 1.90 mmol ) of 2.17 as 

a colorless highly crystalline solid.  1H NMR (CDCl3) δ 7.04 (s, 4 H, Ar-H meta to 

OCH2O ), 6.10 (d, 4 H, outer OCH2O, J = 7.0), 4.86 (t, 4 H, methine H, J = 8.0 Hz),  

4.42 (d, 4 H, inner OCH2O, J = 8.0 Hz), 2.23-2.17 (bs, 8 H, CH2(CH2)9CH3), 1.42-1.27( 

bs 72 H, CH2(CH2)9CH3), 0.89 (t, 12 H, CH2(CH2)9CH3, J = 6.4 Hz ); 13C NMR (CDCl3) 

δ 13.8, 22.4, 27.4, 29.4, 31.6, 37.0, 99.2, 114.2, 119.8, 140.0, 152.7. 

 

C-2-phenylethyltetrabromocavitand 2.18
38

 

To a stirred mixture of 4.00 g (3.30 mmol) of 2.12 in 50.0 ml of anhydrous DMF was 

added 6.00 g (4.34 mmol) of K2CO3 and 2.63 g (20.3 mmol) of bromochloromethane.  

This mixture was maintained at 80 °C for 24 hours with the subsequent addition of 2.00 

ml of bromochloromethane and left for a further 24 hours.  The reaction was then cooled 
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and the solvent removed under reduced pressure.  The residue was the dissolved in 

CHCl3 concentrated and subjected to flash chromatography on a silica gel column with 

dichloromethane as the mobile phase affording 2.20 g (53 %, 1.80 mmol) of 2.18 as a 

white powder.  1H NMR (CDCl3) δ 7.00- 7.34 (m, 24 H, Ar-H), 5.98 (d, 4 H, outer 

OCH2O, J = 7.0), 4.96 (t, 4 H, methine H, J = 7.7 Hz), 4.42 (d, 4 H, inner OCH2O, J = 

7.0 Hz) 2.40- 2.74 (m, 16 H CH2CH2Ph); 13C NMR (CDCl3) δ 32.46, 34.35, 37.94, 

114.03, 119.00, 126.41, 128.50, 128.83, 139.24, 141.27, 152. 

 

 

Figure 2.21: Synthesized cavitand tetra-esters40 

The syntheses of cavitand esters 2.19 and 2.20 were adapted from the modified literature 

procedures for 2.21 and 2.22.  In addition in all cases the cavitand esters 2.19-2.22l 

crystallized upon elution of the flash chromatographic column.  

 

C-methyltetramethylestercavitand 2.19
40

  

1.50 g (1.80 mmol) of 2.13 was dispersed in 100 ml of freshly distilled tetrahydrofuran.  

The mixture was then cooled to -78 °C, and 15.0 ml of n-butyl lithium (2.50 M in 
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hexane) was added via syringe, after stirring for 30 minutes at this temperature 10.0 ml of 

methyl chloroformate was also added.  The reaction mixture was maintained at -78 °C for 

30 minutes and then allowed to warm to room temperature and left overnight.  The 

solvent was removed under vacuum, and the residue extracted with chloroform/water 

several times.  The combined organic portions were washed with brine and dried over 

magnesium sulfate to give an off white solid.  This solid was dry loaded on a silica gel 

flash column with a mobile phase 2:1 ethyl acetate/ hexanes mixture to give 750 mg (54 

%, 0.970 mmol) of 2.19 as a white solid.  1H NMR (CDCl3) δ 7.29 (s, 4 H, Ar-H meta to 

OCH2O), 5.66 (d, 4 H, outer  OCH2O, J  7.4 Hz), 5.00 (q, 4 H, methine H, J = 7.2 Hz), 

4.96 (d, 4 H, inner OCH2O, J = 7.4 Hz), 3.84 (s, 3 H, COOCH3), 1.76 (d, 12 H, CH3 J = 

7.2 Hz); 13C NMR (CDCl3) δ 165.52, 150.96, 139.13, 123.36, 120.99, 99.564, 52.64, 

30.63, 15.71. 

 

C-propyltetramethylestercavitand 2.20
40

 

2.00 g (1.90 mmol) of 2.15 was dispersed in 100 ml of freshly distilled tetrahydrofuran.  

The mixture was then cooled to -78 °C, and 20.0 ml of n-butyl lithium (2.50 M in 

hexane) was added via syringe, after stirring for 30 minutes at this temperature 10.0 ml of 

methyl chloroformate was slowly added.  The reaction mixture was maintained at -78 °C 

for 30 minutes and then allowed to warm to room temperature and left overnight.  The 

solvent was removed under vacuum, and the residue extracted with chloroform/water 

several times.  The combined organic portions were washed with brine and dried over 

magnesium sulfate to give an off white solid.  This solid was dry loaded on a silica gel 
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flash column with a mobile phase 3:1 ethyl acetate/ hexanes mixture to give 936 mg (51 

%, 0.970 mmol) of 2.20 as a highly crystalline white solid.  Melting point 324-326 ºC.    

1H NMR 1H NMR (CDCl3) δ 7.17 (s, 4 H, Ar-H, meta to OCH2O), 5.96 (d, 4 H, outer 

OCH2O, J = 7.2 Hz), 4.88 (t, 4 H, methine H, J = 6.9 Hz), 4.57(d, 4 H, inner OCH2O, J = 

7.2 Hz), 3.84 (s, 12 H, COOCH3), 2.17- 2.24 (m, 8 H, CH2CH2CH3), 1.39- 1.46 (m, 24 H, 

CH2CH2CH3), 1.04 (t, 12 H, CH2CH2CH3); 
13C NMR δ 165.71, 151.51, 138.36, 123.06, 

121.06, 100.16, 52.51, 36.41, 32.66, 21.47, 14.43.  C52H56O16 Calc. C, 66.66; H, 6.02; O, 

27.32; anal. C, 66.43; H, 6.19; (O, 27.38 by difference). 

   

C-pentyltetramethylestercavitand 2.21
40

 

5.80 g (4.70 mmol) of 2.16 was dispersed in 300 ml of freshly distilled tetrahydrofuran.  

The mixture was then cooled to -78 °C, and 30.0 ml of n-butyl lithium (2.50 M in 

hexane) was added via syringe, after stirring for 30 minutes at this temperature 13 ml of 

methyl chloroformate was added slowly.  The reaction mixture was maintained at -78 °C 

for 30 minutes and then allowed to warm to room temperature and left overnight.  The 

solvent was removed under vacuum, and the residue extracted with chloroform/water 

several times.  The combined organic portions were washed with brine and dried over 

magnesium sulfate to give an off white solid.  This solid was dry loaded on a silica gel 

flash column with a mobile phase 4:1 dichloromethane/ hexanes mixture to give 3.20 g 

(65 %, 3.10 mmol) of 2.21 as a yellow crystalline solid.  1H NMR (CDCl3) δ 7.04 (s, 4 H, 

Ar-H meta to OCH2O), 6.10 (d, 4 H, outer OCH2O, J= 7.0), 4.86 (t, 4 H, methine H, J= 

7.8 Hz),  4.42 (d, 4 H, inner OCH2O, J= 7.0 Hz), 2.23-2.17 (bs, 8 H, CH2(CH2)9CH3), 
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1.42-1.27(bs, 24 H, -CH2(CH2)3CH3), 0.89 (t, 12 H, CH2(CH2)9CH3, J= 6.4 Hz; 13C 

NMR (CDCl3) δ 165.51, 151.30, 138.21, 123.41, 121.49, 99.56, 52.61, 52.53, 36.21, 

32.66, 31.78, 29.66, 27.34, 22.55, 13.96.   

 

C-2-phenylethyltetramethylestercavitand 2.22
40

 

6.00 g (4.70 mmol) of 2.18 was dispersed in 600 ml of freshly distilled tetrahydrofuran.  

The mixture was then cooled to -78 °C, and 35.0 ml of n-butyl lithium (2.50 M in 

hexane) was added via syringe, after stirring for 30 minutes at this temperature 12.0 ml of 

methyl chloroformate was added slowly.  The reaction mixture was maintained at -78 °C 

for 30 minutes and then allowed to warm to room temperature and left overnight.  The 

solvent was removed under vacuum, and the residue extracted with chloroform/water 

several times.  The combined organic portions were washed with brine and dried over 

magnesium sulfate to give an off white solid.  This solid was dry loaded on a silica gel 

flash column with a mobile phase 2:1 ethyl acetate/ hexanes mixture to give 5.20 g (89 

%, 4.20 mmol) of 2.22 as a white solid.  1H NMR (CDCl3) δ 2.43- 2.73 (m, 16H, 

CH2CH2), 4.27 (d, 4 H, inner OCH2O, J = 6.9 Hz), 4.89 (t, 4H, methine, J = 7.1 Hz), 5.7 

(d, 4H, outer OCH2O, J = 6.9 Hz) 7.07-7.34 (m, 24 H, ArH); 13C NMR (CDCl3) δ 

123.97, 126.36, 128.48, 138.25, 141.3, 151.73, 165.8. 
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Figure 2.22: Synthesized cavitand tetra-acid41,43 

 

Only the syntheses of cavitand tetra-acids 2.23
43a

 (BuLi and CO2 vs ester route presented 

here) and 2.26
41

 exist in literature. In addition there are no reports of the syntheses of 

2.24 in the literature.  A detailed account of the synthesis of 2.25 is not given in the 

literature although it is alluded to in the literature.
41

   The ester route adopted was borne 

out of the fact that mono, di-, and tri-substitution side products are often formed and the 

separation of the ester derivatives are easier than the acids.   

 

C-methylcavitand-tetracarboxylicacid H42.23
41

 

Tetramethyl ester 2.19 (0.500 g, 0.610 mmol), sodium hydroxide (4.0 g in 10 ml of 

water), and ethanol (100 ml) were placed in a reaction vessel.  This reaction mixture was 

then refluxed for 18 hours.  The solvent was removed; the residue was then diluted with 

water and washed with dichloromethane to remove unreacted starting material.  The 

aqueous solution was then acidified with 2 M HCl, and then extracted with 2-butanone.  

The combined organic portion was then evaporated to yield 430 mg of 2.23 as a white 
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solid (92 %, 0.560 mmol).  Melting point 247-249 ºC.    1H NMR ((CD3)2CO) δ 7.84 (s, 4 

H, Ar-H meta to OCH2O), 5.71 (d, 4 H, outer OCH2O, J = 7.6 Hz), 4.93 (q, 4 H, methine 

H, J = 7.4 Hz), 4.52 (d, 4 H, inner OCH2O, J = 7.6 Hz), 1.85 (d, 12 H, CH3 J= 7.4 Hz); 

13C NMR ((CD3)2SO) δ 165.25, 160.89, 149.10, 139.37, 124.94.  

 

C-propylcavitand-tetracarboxylicacid H42.24
41

 

2.19 (1.00 g, 1.10 mmol), sodium hydroxide (8.00 g in 20.0 ml of water), and ethanol 

(250 ml) were placed in a 500 ml round bottom flask.  This reaction mixture was then 

refluxed for 18 hours.  The solvent was removed; the residue was then diluted with water 

and washed with dichloromethane to remove unreacted starting material.  The aqueous 

solution was then acidified with 2 M HCl, and then extracted with 2-butanone.  The 2-

butanone portions were then combined and evaporated to give 770 mg of 2.23 as a white 

solid (82 %, 0.900 mmol).  Melting point 212-214 ºC.  1H NMR ((CD3)2CO) δ 7.74 (s, 4 

H, Ar-H, meta to OCH2O), 5.73 (d, 4 H, outer OCH2O, J = 6.3 Hz), 4.79 (t, 4 H, methine 

H, J = 7.1 Hz), 4.52 (d, 4 H, inner OCH2O, J= 6.3 Hz), 2.30-2.42 (m, 8 H, CH2CH2CH3), 

1.29-1.46 (m, 24 H, CH2CH2CH3), 1.01 (t, 12 H, CH2CH2CH3, J = 6.2 Hz);  13C NMR 

((CD3)2CO) δ 165.94, 151.93, 139.70, 125.85, 123.92, 37.35, 32.25, 21.70, 14.45.  

C48H48O16 Calc. C, 65.45; H, 5.49; O, 29.06; anal. C, 65.68; H, 5.57; (O, 28.75 by 

difference).   
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C-pentylcavitand-tetracarboxylicacid H42.25
41

  

Tetramethyl ester 2.21 (1.20 g, 0.610 mmol), sodium hydroxide (8.00 g in 20.0 ml of 

water), and ethanol (250 ml) were placed in a reaction vessel.  This reaction mixture was 

then refluxed for 18 hours.  The solvent was removed; the residue was then diluted with 

water and washed with dichloromethane to remove unreacted starting material.  The 

aqueous solution was then acidified with 2 M HCl, and then extracted with 2-butanone.  

The combined organic portions were collected and evaporated to yield 1.00 g (90 %, 

0.550 mmol) of 2.25 as a white solid.  Melting point 198-202 ºC.  1H NMR ((CD3)2CO) δ 

7.84 (s, 4 H, Ar-H meta to OCH2O ), 5.72 (d, 4 H, outer OCH2O, J = 7.6 Hz), 4.76 (t, 4 

H, methine H, J = 7.7 Hz),  4.51 (d, 4 H, inner OCH2O, J = 7.6 Hz), 2.41 (m, 8 H, 

CH2(CH2)4CH3), 1.31( m, 24 H, -CH2(CH2)3CH3), 0.91 (t, 12 H, CH2(CH2)4CH3, J= 6.7 

Hz); 13C NMR  δ 166.80, 152.70, 140.53, 126.70, 124.52, 101.51, 38.51, 33.619, 29.36, 

24.36, 15.35.  C56H64O16 Calc. C, 67.73; H, 6.50; O, 25.78; anal. C, 68.33; H, 7.05; (O, 

24.62 by difference).   

 

  C-2-phenylethylcavitand-tetracarboxylicacid H42.26 
41 

Tetramethyl ester 2.22 (4.00 g, 3.30 mmol), sodium hydroxide (24.0 g in 60.0 ml of 

water), and ethanol (500 ml) were placed in a reaction vessel.  This reaction mixture was 

then refluxed for 18 hours.  The solvent was removed; the residue was then diluted with 

water and washed with dichloromethane to remove unreacted starting material.  The 

aqueous solution was then acidified with 2.0 M HCl, and then extracted with 2-butanone.  

The organic portions were then combined and evaporated to yield 3.20 g of 2.26 as a 
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white solid (84 %, 2.80 mmol).  Melting point 232-235 ºC, lit (230-240 ºC).  1H NMR 

((CD3)2CO) δ 2.68 (bs, 8 H, CH2CH2Ph ), 4.549 (d, 4 H, inner of OCH2O, J = 7.2 Hz), 

4.84 (t, methine, J = 7.1 Hz), 5.75 (d,4 H, outer of OCH2O, J = 7.2 Hz) 7.22 (m, 24 H, 

pendant C6H5) 7.78 (ArH); 13C NMR ((CD3)2SO) δ 123.26, 126.21, 126.75, 129.09, 

129.14, 139.09, 142.10, 150.52, 166.03, 209.59.  

 

[Zn16(2.26)6(µ-OH)(H2O)14][�O3]7·12CH3COCH3·47H2O 

A vial was charged with 35.0 mg (0.0300 mmol) of H42.26, 12ml of acetone and 37.0 mg (0.120 

mmol) of Zn(NO3)2·6H2O.  A colorless crystalline precipitate formed after a few hours.  This 

precipitate was collected after 72 hours to afford 51.0 mg (21 %) of the title compound. Anal 

Calc. (%) for Zn162.266(µ-OH)(H2O)14(NO3)6·12(CH3COCH3)·47(H2O); C, 50.24%  H, 5.02%  

N, 0.86%  Found  C, 49.91% H, 5.39% N 1.23%.  The crystal structure has been deposited in the 

CSD (CCDC 662426). 

 

 

[Cu2·2.26·6.5DMF] 

A vial charged with 5.0 ml of a 5.0 mM DMF solution of H42.26, 10 ml of a 20 mM DMF 

solution of Cu(NO3)2·2.5H2O and 1.0 ml of a 5.0 mM DMF solution of HNO3 was left to sit at 

room temperature for several week to form deep blue crystals of the title compound.  In the 

absence of nitric acid, pale blue precipitate forms.  In spite of efforts at purifying this compound, 

results from its elemental analysis were outside the accepted 0.4 % margin.    
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Chapter 3. Towards Suitably Functionalized Hemicarcerands and 

Cavitands  

 

3.1 Introduction 

3.1.1 Hemicarcerands; Closed Surface Macrocycles 

Molecular containers represent a major leap in the evolutionary design and 

synthesis of non-natural receptors.  As the name implies, these compounds completely 

surround their guest, thus sequestering it from the bulk.  Among the many members of 

this class of compounds are Cram’s carcerands and hemicarcerands, which, unlike other 

closed surface molecules (e.g. cubane and C60), possess molecular sized cavities capable 

of complexing suitable organic substrates.1,2  This ability to encapsulate smaller 

molecules has led to studies regarding their potential application as micro-reaction 

vessels, drug or molecular delivery agents, among others.3  As expected, these capsule-

like entities demonstrate remarkable molecular recognition properties and without doubt 

will remain the subject of much research for years to come.    

Structurally, (hemi)carcerands are usually comprised of two C4 symmetric bowl 

shaped resorcinarene based cavitand units connected by four bridging groups.  This 

generates a capsular macrocycle encompassing an elliptical cavity.  The nearly closed 

surface nature of these molecules is illustrated by the space-fill rendition of a tetra m-

xylyl bridged hemicarcerand (Figure 3.1).     
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Figure 3. 1. (a) General Structure of hemicarcerand; (b) X-ray structure of a 
hemicarcerand where Y is m-xylyl unit.2 
 

 Furthermore, the properties displayed by the compounds are readily modified by 

the manipulation of Y, X or R.  For instance, by changing the identity of the inter-

cavitand bridge (Y) the length of the cavity can be changed.  This in effect would also 

increase or decrease the size of the portals available for entry into and exit from the 

cavity interior.  This in effect dictates the size and cross-sectional area of the substrates 

that may access their cavity.  Further, the number of bridging groups employed may also 

be varied, from 1-4, which would also affect substrate capture and release of the formed 

macrocycle.  The identity of Y may be modified such that, for example, chirality is 

introduced into the hemicarcerands structure.  The identity of X may also be changed by 

varying the length of the intra hemisphere bridging group, thereby increasing the 

diameter of the individual cup shaped molecules that constitute the hemicarcerand.  

Further, the pendant R groups may also be varied to impart desirable solubility and 

a) b) 
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crystallization properties.1  The electronics of the arene scaffold may also be modulated 

to prime the capsules for other applications such as, among others, anion sensing.4  

Though the majority of the compounds in this class of molecules are based on the bowl 

shaped tetramer, there are also examples of hemicarcerands based on cyclic pentamers.5  

Host-guest complexes of carcerands and hemicarcerands are described as 

carceplexes and hemicarceplexes, respectively, differing only in the manner of their guest 

release.6  In carceplexes the liberation of guest molecules does not occur even at elevated 

temperatures and can only happen via the rupture of covalent bonds.6,7  This is a 

consequence of the large energy barrier (constrictive binding) that has to be overcome 

prior to guest egress as delineated in Figure 1.9.   On the other hand, guest escape from 

the confines of hemicarcerands occurs at elevated temperatures, though these 

hemicarceplexes are stable under ambient conditions.  In general, the shorter the inter- 

cavitand bridging group Y (Fig. 3.1) the higher the kinetic barrier to guest ingress.   Table 

3-1 illustrates the thermodynamic and kinetic contributions towards guest capture and 

escape in a known hemicarcerand (where X= CH2, Y= o-xylyl, R= C2H4Ph).  The data 

obtained from a series of measurements on this macrocycle illustrate the low 

thermodynamic stability of the hemicarceplexes in deuterated o-xylene, featuring values 

between -3.7 and -5.4 kcal mol-1 for the free energies of complex formation, ∆Gº at 100 

ºC (the intrinsic binding energy).  However the high activation barriers for complexation 

with values between 23.5 and 25.9 kcal mol-1, ensure that these complexes exhibit 

unusual kinetic stability.8  Consequently, these hemicarceplexes persist on a time scale of 

hours, even at 100ºC.  The values are borne out of the energetic costs associated with the 
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re-organization of the hosts for guest ingress/ egress to occur.9  

While the positive entropy change for host guest complex formation is 

counterintuitive, it can be explained as resulting from a combination of two factors. The 

first involves the liberation of solvents associated with the host and guest to the bulk.   

Table 3-1 .  Kinetic and thermodynamic parameters for hemicarcerand host (where   Y= 
1,2 ((CH2)2C6H4 and R= C2H4Ph, refer to Figure 3.1) and its complexation with some 
guests in o-xylene d10 at 100ºC. 2   

Guest (CH3)2COCH3 CH3CH2O2CCH3 CH3CH2COCH3 

∆Gi º (kcal mol-1) -3.7 -3.8 -5.3 

∆H (kcal mol-1) -1.5 -3.1 -2.5 

∆S  (cal K-1 mol-1) +6 +2 +7.5 

Complexation    

∆G
ǂ (kcal mol-1) 23.5 25.9 24.8 

∆H
ǂ
 (kcal mol-1) 16.3 19.2 17.7 

∆S ǂ (cal K-1 mol-1) -19.4 -17.9 -19.0 

Decomplexation    

∆G
ǂ
 (kcal mol-1) 27.2 29.8 30.1 

∆H
ǂ
 (kcal mol-1) 20.5 22.2 20.8 

∆S ǂ (cal K-1 mol-1) -18.3 -23.1 -25.3 

 

The other has been described by Cram as the so-called “entropy of dilution of empty 

space”.10  This refers to the dispersion of the “empty space” within these host molecules 

(upon displacement by the guest) into smaller pockets in the bulk solvent, leading to a 

dilution of this “void” throughout the solvent system, which is thought to be entropically 

favorable.  These considerations, taken together, rationalize the observations that 

(hemi)carceplex formation can often be an entropically driven processes.   
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The unique environment that exists within these host systems confers interesting 

properties upon their imprisoned guests.11  Perhaps one of the most noticeable is the 

change in chemical shift of these guests by as much as ∆δ= 4.5, in comparison to their 

free, solvated twin.  This is a result of the shielding effects of the host’s shell on the guest 

molecule and its magnitude is dependent on the region of the host in proximity to these 

guests.  For instance, the regions defined by the arene ring (poles) effect the most 

shielding, while those around the bridging groups linking the individual rings (equator) 

are often less shielding.    

The confines of these hosts also impart certain effects on the physical processes of 

their chosen guests.  Encapsulation of 	, 	-dimethylforamide (DMF) in a hemicarcerand 

(Figure 3.1, X, Y =CH2, and R= C2H4Ph) in nitrobenzene, increases the activation barrier 

to rotation about its amide bond by 2.3 kcal mol-1 to a value of 20.3 kcal mol-1.12  The 

basicity of entrapped amines was also studied.  Generally, encapsulated bases which have 

their nitrogen atoms localized around the hosts’ equatorial regions displayed comparable 

basicity to the free counterparts.13  However, bases such as pyridine which had their 

nitrogen located in the poles displayed reduced basicity.    

The protective nature of these hosts is highlighted as imprisoned dibromomethane 

is inert to the attack of the highly reactive butyl lithium.13  This, of course, is in stark 

contrast to the near instantaneous reaction that occurs in the absence of the host molecule.  

These hosts have also found use in the stabilization of reactive substrates such as 

diazomethane, cyclobutadiene, nitrenes, carbenes and benzyne.14,15  Other than storage 

applications, containers such as Fujita’s coordination driven capsule (Figure 1.8) have 
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been used to influence the rate and the stereochemical outcome of reactions conducted 

within them.16,17 These remarkable properties taken together have led to the inner cavity 

of these hemicarcerands being referred to as a new phase of matter.1    This has led to the 

synthesis and study of a variety of (hemi)carcerands and their host guest complexes.  

 

3.1.2 Towards Materials That Incorporate Microcavities Within Micorpores 

The incorporation of the aforementioned characteristics of molecular containers 

into a porous material would be quite appealing.  In order to achieve this goal 

coordination chemistry, as shown in Chapter 2, may be exploited in the synthesis of 

coordination polymers and metal organic frameworks.  This may be achieved by 

positioning groups such as pyridyls and carboxylates, which can participate in metal-

ligand interactions, onto the exterior molecular frame of a capsule.  The coordination of 

these ligating groups to metal ions could lead to a polymeric material as shown in Figure 

3.2 

 

Figure 3.2. Microcavity within micropore material. 
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The material shown above incorporates microcavities (native to the molecular capsules) 

within micropores (resulting from void spaces obtained upon coordination).  The 

remarkable and tunable recognition properties of the capsule suggest that such a material, 

if obtained, may be employed in small molecule (e.g. gas) separations, and/ or storage 

applications, among others.  To this end a number of synthetic targets (3-1-3-3) were 

proposed as shown in Figure 3.3.  For simplicity, only molecules with a methylenic 

OCH2O intra-hemispheric bridge, (A, see Fig. 3.1a), were sought in this study.  

Carboxylate groups were chosen as the ligating agents because they, in general, make 

strong coordinate covalent bonds with suitable metals, in contrast to other groups such as 

pyridyls.  These ligating functionalities were envisioned at the 3-position of the m-xylyl 

bridging unit because this position is readily accessible and the overall molecule is more 

symmetric.  As stated earlier the pendant groups impart solubility, which is important 

during the syntheses of the various hemicarcerands and also in the crystallization of these 

molecules.  In general, cavitands and hemicarcerands bearing the 2-phenylethyl 

(PhCH2CH2) pendant group more readily form crystalline samples than in cases where 

their alkyl counterparts are employed.1,18 This becomes important as coordination 

polymer characterization depends to a large extent on the elucidation of their structures 

by single crystal X-ray determination.  However, shorter alkyl groups, especially 

methyls, were also desirable.  Retrosynthetic analysis of these targets afforded readily 

accessible starting materials for either kinetic (Scheme 3.1, 3.2) or thermodynamic 

(Scheme 3.3) approaches.  The stirring, under high dilution, of suitably functinalized 

cavitands and bridging groups to afford hemicarcerands has traditionally been the most 
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utilized method for molecular container syntheses.19,20,21  However a major drawback of 

this reaction as this approach is its low yield.  On the other hand, thermodynamic 

approaches, utilizing reversible covalent interaction, have recently become desirable in 

container molecule syntheses.  Though yields are generally higher in this approach, the 

product formed may vary as a consequence of slight changes, (namely; solvent, ratio of 

reactants, temperature), in the reaction condition.24      

                                       

                              Figure 3.3. Target container molecule ligands.  
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Schemes 3.1. Retrosynthetic analysis of the target molecules going through a one-step  
coupling of two cavitand moieties and four bridging linkers. 
 

             
 
Scheme 3.2. Retrosynthesis employing a two step approach towards the target molecular 
container ligand.      

+ 

+ 
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Scheme 3.3. A dynamic covalent approach towards desired molecular capsule. 

 

3.2 Synthetic Scheme 

 Previously reported tetrols (3.1, 3.2, 3.4, and 3.6)5,12,19 were synthesized from 

their corresponding tetra-bromides 2.13–2.18, (described in chapter 2), often with 

accompanying formation of triol side products (3.3 and 3.5). The synthesis of 

hemicarcerand (3-1) by the reaction of two molecules of any of the previously prepared 

tetrols and the bridging methyl-3,5-bis(bromomethyl)benzoate under high dilution was 

then attempted (Scheme 3.4).  Unfortunately, none of these reactions yielded desirable 

hemicarcerand products despite numerous attempts and several modifications to the 

reaction conditions. 

+ 
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Scheme 3.4. Synthesis of tetrols and attempted synthesis of hemicarcerand 3-1 
(a) BuLi, NaOH/ H2O2; (b) Cs2CO3, DMF/ DMSO/ DMA/ NMP.                 

 
 

This initial setback required an alternative route towards hemicarcerands via a 

capping method.  In this approach, first the cavitand is extended, obtaining a deeper 

cavity macrocycle, and then it is capped with another cavitand.  This begins with the acid 

catalyzed condensation of 2-methyl resorcinol and a desired aldehyde generating the 

known methyl calix[4]resorcinarenes 3.7-3.10 (Fig. 3.4).20,21
 (Though a similar stepwise 
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route may be envisaged for the tetrols described in Scheme 3.3, their overall yield for 

capped cavitands was generally lower.)2g,22  Though the tetrameric macrocyles are the 

preferred thermodynamic product, a small amount of the pentameric and hexameric 

analogues are often obtained as impurities (usually < 5% of overall product) and have 

been reported.23  Hexameric analogue of 3.8 (3.8b) were obtained and characterized by 

single crystal X-ray diffraction (Fig. 3.4).     

The cup shaped molecules, (3.7-3.10), were rigidly reinforced by reacting with 

bromochloromethane to form the tetra methyl cavitands 3.11-3.14.20,21  The crystal 

structure of compounds 3.11 and 3.12, shown in Fig. 3.4, were elucidated by single 

crystal X-ray diffraction.  The rim located methyl groups of 3.11-3.14 were then 

brominated with 	-bromosuccinimide to give 3.15–3.18.20c,21b  The bromomethyl 

cavitands were then reacted with suitably functionalized resorcinols to afford deep 

cavitands 3.19-3.21.  The coupling of previously unreported 3.20, 3.21 with 3.18 and 

3.17, respectively, however, did not yield quantifiable amounts of 3-2.   

 Another approach utilizing reversible covalent bonds (imine formation) was 

employed.24  This necessitated the synthesis of known tetrals 3.23 and 3.25
25

 from the 

respective tetrabromides with the trials 3.22 and 3.24 as attendant side products (Scheme 

3.6). The tetrals were then reacted with appropriate, previously synthesized ester diamine 

under acidic conditions, affording octaimine (3.27) in good yield.  This material was then 

reduced in the presence of sodium borohydride to afford octaamine tetraester (3.28) as 

shown in Scheme 3.6.  
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 Scheme 3.5. Attempted synthesis of 3-2 via the capping approach (a) HCl; (b) K2CO3, 
CH2BrCl; (c) 	-bromosuccinimide, benzoyl peroxide; (d) Cs2CO3, DMF; (e) Cs2CO3, 
DMF/ DMA.    
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Figure 3.4. Diagram detailing the molecular structure of (a) 3.8; (b) 3.8b and 3.11; (c) 
3.12; (d) X-ray structure of 3.8b·6MeOH (hydrogens removed for clarity); (e) 
3.11·CHCl3 moiety; (f) 3.12·CHCl3 moiety.  All thermal ellipsoids are at 50% 
probability. 

 

 

 

  

a) 

3.12·CHCl3 
3.11·CHCl3 

3.11   R= CH3 
3.12   R= C2H5 

3.8  R= C2H5 

 
3.8b  R= C2H5 

c) b) 

3.8· 6MeOH 

 

f) e) d) 
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Scheme 3.6. Dynamic covalent chemistry approach to hemicarcerand synthesis: (a) BuLi, 
	-formylmorpholine; (b) Trifluoroacetic acid; (c) NaBH4. 

  

This molecule, 3.28, was slowly hydrolyzed in the presence of metal salts (e.g. Zn(NO3)2, 

Cu(NO3)2, etc) with a view to obtaining a coordination polymers incorporating 

microcavities within micropores.  However, this study was unsuccessful in the synthesis 

of single crystals of the desired materials.  A major drawback in employing such large 

ligands in coordination polymer synthesis is that it is often quite difficult to obtain single 

crystals with them.      
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3.3 Toward -heterocyclic Functionalized Cavitands  

3.3.1 Functionalized Cavitands 

 The challenging nature of hemicarcerand synthesis necessitated a shift in focus 

towards exploiting cavitands instead.  The incorporation of catalytic functionalities that 

are able to mediate organic transformations onto the scaffolds of these cavitands was 

sought.  The choice of cavitand macrocycles was predicated on their molecular 

recognition properties, which may ultimately be capable of selectively reacting with 

appropraite reagents from mixtures, bypassing the need for separation.26 The catalytic 

functionality chosen was the readily accessible 	-heterocyclic carbenes.  As such, there 

have been recently a few reported examples of macrocycles bearing NHCs.27,28  In 

addition, since these macrocycles are bulky they might discourage the aggregation of 

palladium, thus faciliting continued catalyst activity.   

Among the many examples in which the cavities of these macrocycles have been 

exploited in affecting chemical reactivity is the report by Rebek on the promotion of the 

deuteration of activated alkenes by 3-4 (Figure 3.5).29  This deep cavitand provided a 

cavity within which an organic base (in this case quinuclidine) resided, forming an adduct 

with an activated alkene.  This adduct ultimately afforded the desired product 1600 times 

faster than in the absence of 3-4, as such the “cavity effect” of this macrocycle is 

exploited to great effect.    
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Figure 3.5. Promotion of α-deuteration of methyl acrylate by 3-4 

 
 
3.3.2 -Heterocyclic Carbenes 

Carbenes have long fascinated chemists since the late nineteenth century owing to 

their peculiarity in comparison to other common organic radicals.30  They are defined as 

neutral molecules with a divalent electron deficient carbon possessing 6 valence 

electrons.  The unshared electrons on the carbon may then be paired or unpaired giving 

rise to singlet or triplet carbenes.  These highly reactive moieties are important transient 

species in numerous chemical transformations.  In spite of the long history of these 

species it was not till 1988 that the first isolable example was reported by Bertrand and 

coworkers (3-5, Figure 3.6).31 This was followed with the report of the first crystalline 

carbene, 3-6, by Arduengo and coworkers.32 
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           Figure 3.6.  Phosphinocarbene 3-5,
31 

 Diadamantyl carbene 3-6
32

 

 

Organometallic species such as Fischer33 type and Schrock34 type carbenes have found 

immense applications in catalysis, however 	-heterocyclic (NHC) type carbenes are 

perhaps the most versatile available.  

 First reported in 1968 by Wanzlick and Öfele,35 	HCs are readily generated from 

	, 	-disubstituted imidazolium or other azolium moieties (3-7 - 3-11).  These singlet 

carbenes have also been obtained from a number of other readily accessible molecules in 

good yield (Figure 3.7).  	HCs display a range of remarkable properties which have led 

to their widespread application in a variety of transformations.  For instance they are 

strong σ donors with comparable or superior activity relative to phosphines.36  In 

addition, their salts are often stable and readily accessible on a large scale.32  Further, 

	HCs are known to form stable metal-carbene complexes with high and low valence 

metals.32   They also exhibit a high degree of structural versatility which allow for the 

incorporation of desirable properties/functionalities on their molecular skeleton. These 

may include chelation, water solubility, chirality, and immobilization among others.  All 

these features have led to their use as ancillary ligands for catalytically active transition 

metals.  A classic example is their coordination to ruthenium in Grubbs second 
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generation catalyst 3-11 (Figure 3.7).  

             

             

                  Figure 3.7.  Examples of 	-heterocyclic carbenes 

 

Lastly, their ability to act as nucleophilic organocatalysts further underscores their 

importance in mediating chemical transformations.37 

        The stability of NHCs is a result of a combination of the steric and electronic effects 

of the carbene (Figure 3.8).  The more electronegative nitrogen atoms inductively 

withdraw electron density from the carbene carbon effectively lowering its energy level. 

 

                        Figure 3.8.  Electronic stabilization effects of NHCs  

 
However, the mesomeric donation of π electron density from the nitrogen atoms into the 

vacant p orbital of the carbene leads to an increase in the energy of it pπ orbital.38  These 

two effects lead to an increase in the σ-pπ energy gap, favoring the carbene’s singlet 

state.  These electrophilic singlet carbenes may be obtained via the deprotonation of NHC 

salts 3-12, potassium mediated desulphurization of thiourea derivatives 3-13, and the 
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thermolysis of adducts 3-14 (Figure 3.9).   

 

Figure 3.9. Examples of common synthetic routes to free carbenes. 

  

3.4 Results and Discussion 

Cavitands modified at the rims by latent NHCs, namely, imidazoliums and 

imidazoliniums, were readily obtained via the nucleophilic substitutions on cavitand 

bromomethyls by imidazole and its substituted analogues, affording a variety of these 

substituted macrocycles (3.29-3.38) in high yields (Scheme 3.7).  It must be mentioned 

that previously reported 3.31 and 3.32 have been shown to display reasonable anion 

recognition properties.39  As an aside, preliminary attempts to couple 3.32 and 3.18 in an 

effort to obtain a hemicarcerand molecular capsule incorporating a latent NHC 

functionality were unsuccessful and were not pursued further.   
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Scheme 3.7. Syntheses of rim imidazole functionalized cavitands: (a) NaH, imidazole;39  
(b) ∆, methyl/ mesityl imidazole.  

 
In addition, molecules 3.29–3.32 were employed in crystallization experiments with 

metal salts aimed at constructing novel coordination polymers, but to no avail.   

 The single crystal structures of cavitands 3.29, 3.32 and 3.34 were determined and 

shown in Fig. 3.10.  Cavitands 3.29, 3.32 and 3.34 all packed in triclinic P-1 space group.  
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These molecules all crystallized as solvates and their structural details as obtained by 

single crystal X-ray diffraction are given in section 3.4.1.  

  

Figure 3.10.  Thermal ellipsoid plots, at 50 % probability, of:  (a) 3.29 moiety from the 
X-ray structure of 3.29·DMF·

iPrOH; (b) 3.32 unit of 3.32·DMF·0.5Et2O·H2O; (c) 3.34 

unit of 3.34·4PF6·MeOH·(CH3)2CO.  

 
          Novel cavitands 3.33–3.38, bearing latent carbene functionalities, were employed 

in catalyzing the Suzuki-Miyaura coupling of phenylboronic acid and p-chlorotoluene.  

The Suzuki reaction, as it is commonly referred to, is a palladium or nickel catalyzed C-C 

forming reaction of aryl or vinyl boronic acids and aryl or vinyl halides.40  The 

mechanism of this reaction can be described as a series of steps occurring typically 

around a Pd (0) species.  The first step involves an oxidative addition of the halide to the 

metal, followed by transmetallation involving the migration of the organic component of 

the boronic acid onto the Pd species formed from the first step (Scheme 3.8).  The cycle 

is repeated with the liberation of the coupled product via reductive elimination from the 

metal.  The synthetic utility of this reaction has lead to a variety of studies aimed at 

modifying the sterics and electronics around the Pd center, developing much improved 

catalysts.  Among the groups used to impart desirable properties onto the metal center 

a) c) b) 
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include phospines,41 phophinous acid42 and 	-heterocyclic carbenes.43  In addition to the 

superior σ donor ability of NHCs, their chemical modification is often readily achieved, 

in contrast to many other ligand systems.    

 

             

                      Scheme 3.8. General Scheme for Suzki-Miyaura Reaction. 

 
 
 Previously unreported 1,3-disubstituted imidazolium 3.41 was also synthesized 

according to Scheme 3.9, the idea being that, under appropriate conditions, bis-cavitand 

molecules might present a capsule like environment which may impose a cavity effect on 

the outcome of reactions conducted within them.  Finally, molecule 3.43 was also 

synthesized as a control (Scheme 3.10). 
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Scheme 3.9. Synthesis of a bis-cavitand functionalized imidazolium PF6
- salt: (a) 	-

bromosuccinimide, AIBN; (b) NaH, imidazole; (c) 3.36.                  
                        
 

 

Scheme 3.10. Synthesis of control molecule: (a) 	-bromosuccinimide, benzoyl peroxide; 
(b) mesityl imidazole.    

 

Though Pd complexes of simple NHCs have been reported,44 a well documented in situ 

approach towards their synthesis was taken.45  In this case, the NHC salts and a palladium 

source in the presence of a base presumably generate the Pd-NHC complex in solution.  
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To this solution was then added the reactants, aryl halide and aryl boronic acid, and the 

reaction was monitored by thin layer chromatography (TLC), followed by complete work 

up.  The choice of palladium sources were (Ph3P)4Pd(0), Pd(OAc)2 or PdCl2 due to their 

ready availability, and well documented use in this capacity.44,45   

 Reaction conditions under which the cavitand based 	HCs, in addition to the Pd 

sources, effected an improvement of the reaction yield were sought.  Under the 

conditions given in the Table 3-2, it was noted that all three Pd sources promoted the 

Suzuki coupling reactions of 4-chlorotoluene to phenyl boronic acid (entries 1-3), with 

Pd(PPh3)4 being the best.  The addition of NHC salts 3.34, 3.35, 3.37 and 3.38 to the 

various Pd sources, in general, afforded a marked improvement in the yield of the cross-

coupled product.  The addition of the listed cavitands to PdCl2 (entries 4-7) yielded 

similar modest levels in the promotion of the yield.  This similarity is again seen with 

combinations of these cavitands 	HC salt 3.34, 3.35, 3.37, and 3.38 with the Pd(OAc)2 

palladium sources (entries 8-11).  The  addition of the 	HC salt 3.34, 3.35, 3.37, and 3.38 

had no positive effects on the yields of reactions promoted by Pd(PPh3)4 (entries 12-15).  

Also, it would appear that there were only marginal benefits in replacing the methyl 

substituent with a mesityl on the imidazole ring (entries 4-15).   

NHC salts 3.34 and 3.37 were used further for other studies for uniformity, while 

Pd(OAc)2 which appeared to be the most dramatically affected Pd source was also 

utilized.  A survey of the effect of choice of base used on the above reaction yield is 

presented in Table 3-3.  In this study also it would appear that the Cs2CO3 is only 

marginally favored relative to the other carbonate bases used.                
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      Table 3-2: Pd Catalyzed Suzuki-Miyaura Reaction 

              

 
 

Entry 6HC Salt Pd Source Yield % 

1 None PdCl2 14 

2 None Pd(OAc)2 30 

3 None Pd(PPh3)4 75 

4 3.34 PdCl2 20 

5 3.35 PdCl2 18 

6 3.37 PdCl2 23 

7 3.38 PdCl2 21 

8 3.34 Pd(OAc)2 68 

9 3.35 Pd(OAc)2 70 

10 3.37 Pd(OAc)2 78 

11 3.38 Pd(OAc)2 70 

12 3.34 Pd(PPh3)4 71 

13 3.35 Pd(PPh3)4 70 

14 3.37 Pd(PPh3)4 73 

15 3.38 Pd(PPh3)4 73 
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  Table 3-3. Pd Catalyzed Suzuki-Miyaura Reaction (Base Variation) 

 

Entry NHC Salt Pd Source Solvent Base Yield % 

1 None Pd(OAc)2 Dioxane Cs2CO3 30 

2 3.34 Pd(OAc)2 Dioxane Cs2CO3 78 

3 3.34 Pd(OAc)2 Dioxane K2CO3 74 

4 3.34 Pd(OAc)2 Dioxane Na2CO3 70 

5 3.37 Pd(OAc)2 Dioxane Cs2CO3 82 

6 3.37 Pd(OAc)2 Dioxane K2CO3 71 

7 3.37 Pd(OAc)2 Dioxane Na2CO3 70 

 

       

Finally, NHC salts 3.41 and 3.43 were utilized and their activity was compared to those 

of compounds 3.34, and 3.37 under identical conditions.  The results are presented in 

table 3-4.  Yields obtained in the presence of control molecule 3.43 were noticeably 

higher than those observed in the presence of 3.34 and 3.37 (entries 1,2 and 4).  Bis-

cavitand functionalized imidazolium 3.41 afforded a lower yield in contrast to the other 

NHCs employed (entry 4).  These cavitand supported NHCs promote the reaction in 

question slightly better than cesium carbonate, it is still less than what is considered state 
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of the art in the literature.46   

         Table 3-4.  Comparison of listed 	HC salts   

 
 

Entry 6HC Salt Yield % 

1 3.34 74 

2 3.37 78 

3 3.41 63 

4 3.43 90 

 

 As stated, the intended goals of this research was to combine the molecular 

recognition properties of the known macrocycles with catalysis brought about by 

incorporating suitable functionalities onto these molecules.  Success in this endeavor 

would in effect afford a supramolecular catalyst displaying a measure of selectivity 

uncommon in catalytic systems known presently.  It is worth mentioning that though 

examples exist of desirable supramolecular catalysts, they are painfully few.  

 With respect to the 	HC functionalized cavitands, a number of new approaches 

may be undertaken.  One such approach may involve reacting substrates which double as 

guests, thus feeling a greater effect of the cavities afforded by the macrocycles ultimately 

affecting the course of the reaction.  Also, solvophobic effects may be investigated in 
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aiding these 	HC functionalized cavitands in acting as supramolecular catalysts.  Perhaps 

in appropriate solvents, some substrates are forced to occupy the cavity of these cavitand 

	HCs, in which reactions occur.  However, it appears more likely that chemical 

modification may prove vital to exploiting the cavity effect of these macrocycles, with 

the formation of functionalized hemicarcerands.  For example, molecular capsules 

incorporating one or two bridging imidazole molecules may be synthesized (Fig. 3.11).  

The ready syntheses of 3-15 and 3-16 are contingent on the separation of their bis-

bromomethyl analogues which, though, challenging is possible.†  However the synthesis 

of 3-17 may indeed prove to be quite challenging.  The enforced cavities provided by 

these hemicarcerands would without doubt impose restrictions on the size and shape of 

the substrates that are entrapped.  Possibilities still abound for these sorts of 

supramolecular catalysts, however the inherent challenges in the syntheses continue to 

plague such systems as they lag behind other known inorganic, organic and 

organometallic catalysts.  Ultimately capsular equivalents of 3-18
27a may yet become 

common attainable (Fig. 3.12).  

 

 

 

 
† Bis and tris(bromomethyl) analogues of 3.39 were obtained during the course of this study, but were not 

fully characterized, and as such are not reported here.    
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Figure 3.11. Possible future directions in supramolecular catalysts 

 

 

Figure 3.12. Recently reported calixarene based NHC (a) 3-18; (b) X-ray structure of 3-
18 moeity of 3-18���� C8H10����CH2Cl2.

27a (Pd, cyan; Cl, yellow; O, red; C, grey; N, blue)   

 

 

 

 

 

 

 

 

3-15 3-16 3-17 

3-18  

a) b) 
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3.5  Experimental 

 For reagents and instrumentation employed, please refer to Section 2.6.  

Compounds 3.20, 3.21, 3.29, 3.30, 3.33 – 3.41, 3.43 are reported for the first time here.  

Though all other compounds have been reported in the literature, the syntheses of a 

number of them also proved difficult to reproduce.  Modified procedures are therefore 

noted herein.  Azobisisobutronitrile, AIBN, and benzoyl peroxide were obtained from 

Sigma-Aldrich (Milwaukee, WI).    

 

 3.5.1 Crystal growth and X-ray crystallography 

 An impure sample of 3.8, containing less than 10% of 3.8b as ascertained by 1H 

NMR, was dissolved in methanol.  The concentrated solution was allowed to stand for a 

week after which colorless single crystals precipitated.  One of these crystals was 

mounted onto a glass fiber and the crystal structure determined to be that of 

3.8b·6MeOH. Calix[6]resorcinarene 3.8b packs in a similar fashion to related 

compounds, for example where the pendant R groups are n-propyls.47  Cavitand 3.11 was 

recrystallized by cooling a warm concentrated chloroform solution.  Single crystals of 

3.12 were obtained by layering 2-propanol on a dilute solution of the cavitand in 

chloroform.  A SQUEEZE48 analysis was conducted on the data to ascertain unaccounted 

electron density, further determined to be seventy-six electrons per unit cell.  As such 

there were essentially nineteen electrons per asymmetric unit, which equated to half a 2-

propanol molecule (17e-).  Single crystals of 3.15, and 3.29 were obtained via the vapor 

diffusion of diethyl ether into their respective concentrated DMF solutions.  Single 
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crystals of 3.32 were grown from a 1:1 acetone: methanol solution of this compound.  A 

number of other crystals were obtained however their structural determinations were of 

poor quality and were used solely for qualitative purposes.  The structural parameters 

obtained from these experiments are given in Table 3-5.  
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Table 3-5.  Summary of X-ray single crystal structure crystallographic data 

Compound (3.8b)·6(CH3OH) (3.12)·(CHCl3)1.5·(
iPrOH) 

empirical 

formula 

C66H96O18 C46.5H53Cl3O8.5 

fw 1177.43 824.19 

T, K 100 173 

cryst sys Trigonal Orthorhombic 

space group R-3c Pnma 

a, Å 24.044(3) 16.9351(14) 

b, Å 24.044(3) 19.7943(17) 

c, Å 18.88(5) 12.0263(10) 

α, deg. 90.0 90.0 

β, deg. 120.0 90.0 

γ, deg. 90.0 90.0 

V, Å3 9456.67 4031.4(6) 

Z 6 4 

ρcalc, g cm3 1.241 8 

µ, mm-1  0.081 0.282 

F(000) 3816.0 1736.0 

θ range, deg 1.10 1.98 

size mm 27.99 28.36 

GOF 1.127 1.051 

Rint  0.0473 0.0443 

R1, 

wR2[I>2σ(I)] 

0.0479, 0.0707 0.0910, 0.1724 

R1, wR2 (all 

data) 

0.0707, 0.1558 0.0630, 0.2032 
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Compound (3.11)2·3.5(CHCl3) (3.29)·DMF·((CH3)2CHOH 

empirical 

formula 

C42.5H41.75Cl7.5O8 C59H65N9O10 

fw 946.38 1060.20 

T, K 173 183 

cryst sys Orthorhombic Triclinic 

space group Pmc21 P-1 

a, Å 19.243(2) 12.7608(13) 

b, Å 26.050(3) 14.8379(15) 

c, Å 16.5359(17) 17.5419(18) 

α, deg. 90 88.903(2) 

β, deg. 90 76.262(2) 

γ, deg. 90 81.940(2) 

V, Å3 8289.1(15) 3194.2(6) 

Z 8 2 

ρcalc, g cm3 1.517 1.102 

µ, mm-1  0.566 0.076 

F(000) 3906.0 1124.0 

θ range, deg 1.80-25.00 1.82-27.00 

size mm 0.60 x 0.54 x 0.52 0.46 x 0.44 x 0.32 

GOF 1.005 0.954 

Rint  0.0423 0.0428 

R1, 

wR2[I>2σ(I)] 

0.0446, 0.1196 0.0616, 0.1678 

R1, wR2 (all 

data) 

0.0524, 0.1248 0.1074, 0.1834 

 

 



 123

Compound (3.32)·DMF·0.5Et2O·H2O (3.35)·(CH3)2CO·(CH3)2CHOH 

empirical 

formula 

C74H93N10O11 C78H100F24N8O10P4 

fw 1298.58 1889.54 

T, K 163 173 

cryst sys Triclinic Triclinic 

space group P-1 P-1 

a, Å 14.4935(10) 15.616(4) 

b, Å 15.1846(11) 18.154(5) 

c, Å 16.1491(11) 18.482(5) 

α, deg. 97.2750(10) 111.541(4) 

β, deg. 99.1920(10) 96.345(4) 

γ, deg. 92.7260(10) 97.815(4) 

V, Å3 3471.8(4) 4755(2) 

Z 2 2 

ρcalc, g cm3 1.242 1.320 

µ, mm-1  0.084 0.182 

F(000) 1390.0 1960 

θ range, deg 1.90-28.35  

size mm 0.60 x 0.56 x 0.56 0.38 x 0.30 x 0.30 

GOF 0.875 0.950 

Rint  0.0685 0.1284 

R1, 

wR2[I>2σ(I)] 

0.0805, 0.2096 0.1197, 0.2760 

R1, wR2 (all 

data) 

0.1929, 0.2415 0.2935, 0.3119 
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3.5.2 Syntheses 

All reactions were conducted under anhydrous conditions and a nitrogen atmosphere 

unless otherwise noted.  Poly(methylhydrosiloxane), average Mn 1,700-3200, and glyoxal 

solution, 40 weight % in H2O, were both purchased from Sigma-Aldrich and used  

without purification.  These chemicals were of reagent grade and were used without 

further purification.    

 

Figure 3.13: Synthesized cavitand tetrols12 

 

Cavitand Tetrol 3.1
12 

A suspension of C-methyltetrabromocavitand 2.13 (1.50 g, 1.70 mmol) in freshly 

distilled THF (300 ml) was warmed till it dissolved.  The solution was then cooled to -

78°C and n-butyl lithium (10 ml of a 1.5 M solution in hexanes, 15.0 mmol) was added.  

After 20 minutes B(OMe)3 (3.00 ml, 26.5 mmol) was added, and the solution was 

allowed to warm to room temperature over 2 hours.  The reaction was then cooled to -

78°C and 1.5 M sodium hydroxide- 15% hydrogen peroxide (50 ml) was added, and the 
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solution was allowed to warm to room temperature again.  Sodium metabisulfite (10.0 g, 

50.0 mmol) was added to quench peroxide.  The organic solvent was removed under 

vacuum and the white solid in the residual water was removed by filtration and washed 

with water.  The filtrate was acidified with 10% aqueous HCl and extracted with ethyl 

acetate.  The combined organic portions were washed with brine, dried with magnesium 

sulfate, concentrated and dry loaded onto a silica gel column and eluted with ethyl 

acetate-hexanes (3:1) affording 430 mg (40%, 0.680 mmol) of 3.1, (melting point > 360 

ºC),  as a white solid. 1H NMR ((CD3)2CO) δ 7.78 (s, 4 H, Ar-OH), 7.13 (s, 4 H, Ar-H 

meta to OCH2O), 5.86 (d, 4 H, outer  OCH2O, J = 7.4 Hz), 4.91 (q, 4 H, methine H, J = 

7.0 Hz), 4.36 (d, 4 H, inner OCH2O, J = 7.4 Hz), 1.74 (d, 12 H, CH3 J = 7.0 Hz); 13C 

NMR ((CD3)2CO) δ 165.25, 160.89, 149.10, 139.37, 124.94, 46.06.  

 

Cavitand Tetrol 3.2
12 

To a solution of C-pentyltetrabromocavitand 2.16 (7.00 g, 6.20 mol) in 400 ml of dry 

THF stirred at -78°C under nitrogen was added was added 20.0 ml of 2.5 M solution of n-

BuLi in pentane (50.0 mmol).  After 30 minutes, 20.0 ml (210 mmol) of B(OCH3)3 was 

added over 30 minutes, then the reaction mixture was warmed to ambient temperature 

and held for 1 hour.  It was then cooled to -78°C again and 150 ml of 3.0 M sodium 

hydroxide in 15% aqueous hydrogen peroxide was carefully added. The solution was 

warmed to ambient temperature again and stirred for 12 hours, after which 30 g of 

sodium metabisulfite was carefully added to the mixture.  The solvent was then 

evaporated under reduced pressure and to give a yellow solid which adsorbed onto silica 
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gel and dry loaded onto a silica column and eluted with 2:1 ethyl acetate-chloroform 

mixture to give 3.00 g (55%, 3.40 mmol) of 3.2, (melting point 233-235 ºC), as an off 

white solid.  1H NMR ((CD3)2CO) δ 7.04 (s, 4 H, Ar-H meta to OCH2O ), 5.83 (d, 4 H, 

outer OCH2O, J = 7.5), 4.72 (t, 4 H, methine H, J = 6.9 Hz), 4.39 (d, 4 H, inner OCH2O, 

J = 7.5 Hz), 2.20-2.44 (m, 8 H, CH2(CH2)3CH3), 1.24-1.39 (m, 24 H, -CH2(CH2)9CH3), 

0.91 (t, 12 H, CH2(CH2)9CH3, J = 6.8 Hz ); 13C NMR ((CD3)2CO) δ 13.8, 22.4, 27.4, 

29.4, 31.6, 37.0, 99.2, 114.2, 119.8, 140.0, 152.7. 

 

Cavitand Tetrol 3.3 and 3.4
19

 

C-undecyltetrabromocavitand 2.17 (3.00 g, 2.04 mmol) dissolved in 100 ml of dry THF 

was cooled to -78°C and  n-BuLi (8.0 ml, 20.0 mmol, 2.5 M solution in pentane) was 

added.  After 30 minutes 3.0 ml (30.0 mmol) of B(OCH3)3 was added and the reaction 

was slowly warmed to ambient temperature.  After 1 hour the solution was cooled to -

78°C and the reaction was quenched with a 40.0 ml of a 3 M sodium hydroxide solution 

in 30% hydrogen peroxide solution and stirred at ambient temperature for 12 hours after 

which 10.0 g of sodium metabisulfite was carefully added to the mixture.  The solvent 

was then evaporated under reduced pressure to give a yellow solid which was adsorbed 

onto silica gel and dry loaded onto a silica column and eluted with 3:1 ethyl acetate-

hexanes mixture to give 400 mg (17%, 0.30 mmol) of 3.3, (melting point 149-151 ºC), 

and 1.2 g (49%, 1.03 mmol) of 3.4, (melting point 195-197 ºC), both as an off white 

solids.  3.3: 1H NMR (CDCl3) δ 7.10 (s, 1 H, Ar-OH), 6.66 (s, 3 H, Ar-OH, Ar-H ortho to 

OCH2O) 6.51 (s, 3 H, Ar-H meta to OCH2O ), 5.88 (dd, 4 H, outer OCH2O, J = 8.0 Hz, 4 
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Hz),5.31 (s, 1H, Ar-H meta to OCH2O ), 4.71 (t, 4 H, methine H, J = 7.3 Hz),  4.42 (dd, 

4 H, inner OCH2O, J = 8.0 Hz, 4 Hz), 2.17-2.21 (bs, 8 H, CH2(CH2)9CH3), 1.23-1.40(bs 

72 H, -CH2(CH2)9CH3), 0.87 (t, 12 H, CH2(CH2)9CH3, J = 6.8 Hz ); 13C NMR (CDCl3) δ 

155.1, 142.3, 142.1, 141.7, 139.9, 139.3, 138.9, 138.6, 121.2, 116.1, 115.8, 109.9, 109.4, 

97.9, 97.5, 38.7, 38.4, 29.8, 29.6, 29.5, 27.1, 14.8. 

3.4: 1H NMR (CDCl3) δ 6.71 (s, 4 H, Ar-OH), 5.96 (d, 4 H, outer OCH2O, J = 7.3), 5.41 

(s, 4 H, Ar-H meta to OCH2O ), 4.76 (t, 4 H, methine H, J = 7.1 Hz),  4.50 (d, 4 H, inner 

OCH2O, J =7.3 Hz), 1.81-1.86 (m, 8 H, CH2(CH2)9CH3), 1.31-1.41 (bs 72 H, 

CH2(CH2)9CH3), 0.91 (t, 12 H, CH2(CH2)9CH3, J = 6.9 Hz ); 13C NMR (CDCl3) δ 142.6, 

141.0, 137.8, 110.2, 99.4, 36.3, 32.6, 28.9, 28.1, 27.6, 26.0, 22.7, 14.3 

 

Cavitand Tetrol 3.5 and 3.6
12 

To a flame dried flask was added 5.00 g (3.94 mmol) of C-2-

phenethyltetrabromocavitand 2.18 and 600 ml of anhydrous THF.  The solution was 

cooled to -78°C and 30.0 ml (75.0 mmol) of 2.5 M n-BuLi was added.  After 20 minutes 

15 ml (131 mmol) of B(OCH3)3 was added and the reaction was warmed to ambient 

temperature and stirred for an hour.  The mixture was then cooled to -78°C, and 100 ml 

of 3.0 M sodium hydroxide in 15% hydrogen peroxide solution was added.  The mixture 

was then warmed to ambient temperature and stirred for 3 hours, after which 20.0 g of 

sodium metabisulfite was carefully added to quench the reaction.  THF was removed 

under reduced pressure and the residue extracted into ethyl acetate.  The organic portion 

was then evaporated and the residue was dry loaded on a silica column and a mobile 
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phase of a 3:1 ethyl acetate-hexanes mixture eluted triol 3.5, m.p. 271-273 ºC, (1.11 g, 

28%, 1.09 mmol) and tetrol 3.6, m.p. 306-308 ºC, (1.90 g, 48%, 1.92 mmol) as white 

solids.  Note that tetrol 3.6 precipitates as a white solid upon elution off the column, and 

may be separated from triol 3.5 by simple filteration.  3.5:  1H NMR (CD3)2CO δ 8.00 (s, 

1 H, Ar-OH), 7.70 (s, 1 H, Ar-OH), 7.17-7.35 (m, 24 H, Ar-H), 6.60 (s, 1 H, Ar-OH), 

5.85 (dd, 4 H, outer OCH2O, J = 7.3Hz, 7.1 Hz), 4.83 (t, 4 H, methine H, J = 7.5 Hz), 

4.48 (dd, 4 H, inner OCH2O, J = 7.3Hz, 7.1Hz), 2.55- 2.73 (m, 16 H CH2CH2Ph); 13C 

NMR (CD3)2CO δ 155.36, 142.93, 142.89, 142.79, 142.59, 138.97, 138.85, 138.81, 

138.56, 128.69, 128.63, 126.00, 116.86, 110.30, 99.96, 37.51, 34.56, 32.41. 

3.6: 1H NMR (CD3)2CO δ 7.93 (s, 4 H, Ar-OH), 7.16-7.28 (m, 20 H,C6H5), 7.12 (s, 4 H, 

Ar-H, meta to OCH2O), 5.84 (d, 4 H, outer OCH2O, J = 7.1), 4.73 (t, 4 H, methine H, J = 

7.8 Hz), 4.42 (d, 4 H, inner OCH2O, J = 7.8Hz), 2.54- 2.77 (m, 16 H CH2CH2Ph); 13C 

NMR (CD3)2CO δ 156.66, 149.82, 142.73, 138.74, 138.60, 136.22, 125.26, 122.84, 

43.71, 35.71. 

 

 
Figure 3.14: Synthesized methyl octols20 
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C-methyltetramethylcalix[4]resorcinarene 3.7
20

 (prepared with slight modification of 

literature methods)  

To a solution of 62.0 g (0.500 mol) of 2-methyl resorcinol in a 250 ml of ethanol were 

added 250 ml of water and 125ml of concentrated hydrochloric acid under nitrogen.  This 

solution was then cooled to 0˚C, and 28.3 ml (22.0 g, 0.500 mol) of acetaldehyde was 

added drop wise.  This mixture was then left to warm to room temp and stirred under 

nitrogen for a period of 48 hours.  The product precipitated over this time period and was 

collected by filtration.  Recrystallization from methanol gave 38.0 g (67 %, 335 mmol) of 

3.7 as an orange solid.  1H NMR ((CD3)2CO) δ 8.02 (s, 8 H, OH), 7.71 (s, 4 H, Ar-H, 

meta to OH), 4.36 (q, 4 H, methine H, J = 7.1 Hz), 1.96 (s, 4 H, Ar-CH3), 1.80 (d, 12 H, 

CH3, J = 7.1 Hz); 13C NMR ((CD3)2CO) δ 150.18, 123.66, 121.43, 101.17, 28.01, 18.91. 

 

C-ethyltetramethylcalix[4]resorcinarene 3.8
20

 (prepared with slight modification of 

literature methods)  

To a solution of 12.5 g (0.101 mol) of 2-methyl resorcinol in a 50 ml of ethanol were 

added 50 ml of water and 13 ml of concentrated hydrochloric acid under nitrogen.  This 

solution was then cooled to 0˚C, and 7.2 ml (5.80 g, 999 mmol) of propanal was added.  

This mixture was then left to warm to room temp over 2 hours and then refluxed for 36 

hours.  The precipitated product was collected by filtration and dried under vacuum to 

give 10.0 g (61 %, 59.7 mmol) of 3.8 as a white solid.  1H NMR ((CD3)2CO) δ 8.41 (s, 8 

H, OH), 7.56 (s, 4 H, Ar-H, meta to OH), 6.24 (s, 4 H, Ar-H ortho to OH), 4.19 (t, 4 H, 

methine H, J = 7.5`Hz),  2.32 (m, 8 H, CH2, J = 7.2 Hz)  1.92 (t, 12 H, CH3,  J = 7.0 
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Hz); 13C NMR ((CD3)2CO) δ 12.42, 36.28, 16.77, 102.72, 123.89, 149.43, 35.72, 11.56.  

C-propyltetramethylcalix[4]resorcinarene 3.9
21

 (prepared with slight modification of 

literature methods)  

To a solution of 12.5 g (0.101 mol) of 2-methyl resorcinol in a 50 ml of ethanol were 

added 50 ml of water and 13 ml of concentrated hydrochloric acid under nitrogen.  This 

solution was then cooled to 0˚C, and 9 ml (7.10 g, 100 mmol) of butanal was added.  This 

mixture was then left to warm to room temp over 2 hours and then refluxed for 48 hours.  

The precipitated product was collected by filtration and dried under vacuum to give 13.1 

g (73 %, 736 mmol) of 3.9 as an orange solid.  1H NMR ((CD3)2CO) δ  8.11 (s, 8 H, OH), 

7.36 (s, 4 H, Ar-H, meta to OH), 4.43 (t, 4 H, methine H, J = 7.2 Hz), 2.05-2.19 (m, 8 H, 

CH2CH2CH3), 2.00 (s, 3 H, Ar-CH3 ), 1.14-1.39 (m, 8 H, CH2CH2CH3) 0.96 (t, 12 H, 

CH3, J = 7.1 Hz); 13C NMR ((CD3)2CO) δ 150.54, 127.78, 122.29, 36.48, 26.75, 16.39, 

11.36. 

 

C-pentyltetrametylcalix[4]resorcinarene 3.10
20

  

To a solution of 25.0 g (210 mmol) of 2-methyl resorcinol in a 120 ml of ethanol were 

added 120 ml of water and 25 ml of concentrated hydrochloric acid under nitrogen.  This 

solution was then cooled to 0˚C, and 28 ml (20.1 g, 210 mmol) of hexanal was added.  

This mixture was then warmed to room temp over 2 hours and then refluxed for 48 hours.  

The precipitated product was collected by filtration, recrystallized from methanol and 

dried under vacuum to give 31.6 g (75 %, 151 mmol) of 3.10 as a yellow solid.  1H NMR 

((CD3)2CO) δ  7.95 (s, 8 H, OH), 7.43 (s, 4 H, Ar-H, meta to OH), 4.38 (t, 4 H, methine 
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H, J = 7.8 Hz), 2.19-2.40 (m, 8 H, CH2(CH2)3CH3), 2.00 (s, 3 H, Ar-CH3 ), 1.18-1.43 (m, 

24 H, CH2(CH2)3CH3) 0.90 (t, 12 H, CH3, J = 7.1 Hz); 13C NMR ((CD3)2CO) δ 151.40, 

126.67, 123.28, 113.06, 36.45, 35.72, 33.80, 24.47, 15.47, 10.81.  

 

Figure 3.15: Synthesized methyl cavitands20,21 

In general, the syntheses 3.11-3.14, required the use of excess CH2BrCl, (higher than 

those reported), had to be employed in order to obtain reasonable yields. 

 

C-methyltetramethylcavitand 3.11
21

  

To a 500 ml 3-neck reaction flask equipped with a magnetic stir bar was added 2.00 g 

(3.30 mmol) of 3.7, 3.52 g (27.2 mmol) of bromochloromethane, 15.0 g (108 mmol) of 

potassium carbonate and 250 ml of DMA.  This mixture was warmed to 70ºC and 

maintained at this temperature for 3 days.  The mixture was then cooled and filtered 

through celite and the solvent removed under vacuum to give a tan solid.  This solid was 

dissolved in dichloromethane and washed with water, brine, dried over magnesium 

sulfate and concentrated.  This was then chromatographed on silica gel using 

dichloromethane as the mobile phase to give 1.50 g (68 %, 2.17 mmol) of 3.11 as a white 

solid.  
1H NMR (CDCl3) δ 7.12 (s, 4 H, Ar-H meta to OCH2O), 5.90 (d, 4 H, outer  
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OCH2O, J = 6.9 Hz), 5.00 (q, 4 H, methine H, J = 7.5 Hz), 4.28 (d, 4 H, inner OCH2O, J 

= 6.9 Hz), 1.98 (s, 12 H, Ar-CH3), 1.75 (d, 12 H, CH3 J = 7.5 Hz);  13C NMR (CDCl3) δ 

153.5, 139.5, 124.2, 117.7, 99.1, 31.9, 16.7, 11.0.  

 

C-ethyltetramethylcavitand 3.12
20

  

A mixture of 7.00 g (10.6 mmol) of 3.8, 25.0 g (13.0 ml, 200 mmol) of 

bromochloromethane and 32.9 g (238 mmol) of potassium carbonate in 500 ml of DMF 

was stirred at 100ºC for 2 days.  The mixture was then cooled to room temperature and 

the solvent removed under vacuum affording a tan residue.  This residue was then 

dissolved in dichloromethane and washed with water, dried over magnesium sulfate.  The 

organic portions were then concentrated and chromatographed on a silica column with 

dichloromethane as the mobile phase to give 4.16 g (64 %, 6.8 mmol) of 3.12 as a white 

solid.  1H NMR (CDCl3) δ 6.98 (s, 4 H, Ar-H, meta to OCH2O), 5.89 (d, 4 H, outer 

OCH2O, J = 6.9 Hz), 4.68 (t, 4 H, methine H, J = 8.1 Hz), 4.27 (d, 4 H, inner OCH2O, J 

= 6.9 Hz), 2.16- 2.32 (m, 8 H, CH2CH3), 1.98 (s, 12 H, Ar-CH3), 0.98 (t, 12 H, CH2CH3, 

J = 7.2 Hz); 13C NMR (CDCl3) δ 153.64, 138.07, 123.92, 117.74, 23.16, 12.67, 10.54.   

 

C-propyltetramethylcavitand 3.13
20

  

To a round bottom flask was added 20.0 g (28.1 mmol) of 3.9, 58.0 g (30 ml, 460 mmol) 

of bromochloromethane, 37.8 g (274 mmol) of potassium carbonate and 450 ml of DMF.  

This mixture was stirred at 40ºC for 24 hours, then the reaction mixture was stirred at 

100ºC for 2 more days. The mixture was then cooled, the solvent removed under vacuum, 
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the residue dissolved in dichloromethane and washed several times with water.  The 

combined organic portion was then dried over magnesium sulfate and the solvent 

evaporated under vacuum.  The residue was then purified by column chromatography 

(silica gel- dichloromethane) to give 16.0 g (80%, 22.5 mmol) of 3.13 as a white solid.  

1H NMR (CDCl3) δ 7.01 (s, 4 H, Ar-H, meta to OCH2O), 5.86 (d, 4 H, outer OCH2O, J = 

6.9 Hz), 4.81 (t, 4 H, methine H, J = 8.1 Hz), 4.28 (d, 4 H, inner OCH2O, J = 6.9 Hz), 

2.21- 2.26 (m, 8 H, CH2CH2CH3), 1.99 (s, 12 H, Ar-CH3), 1.35-1.47 (m, 8 H, 

CH2CH2CH3, J = 7.5), 1.04 (t, 12 H, CH2CH2CH3, J = 7.2 Hz); 13C NMR (CDCl3) δ 

153.20, 137.89, 123.56, 117.59, 32.07, 20.90, 14.24, 10.28. 

 

C-pentyltetramethylcavitand 3.14
20

  

To a 3 neck round bottom flask was added 3.10 (37.3 g, 44.7 mmol), 

bromochloromethane (56.0 g, 433 mmol), potassium carbonate (112 g, 810 mmol) and 1 

liter of DMF.  The mixture was maintained at 80 ºC for 3 days, cooled and the filtered 

through celite.  The filtrate was evaporated under vacuum to give a tan solid which was 

dissolved in dichloromethane, washed with water, brine and dried over magnesium 

sulfate.  The dichloromethane solution was then concentrated and the material purified to 

give 33.5 g (86%, 38.4 mmol) of 3.14 as an off white solid.  1H NMR (CDCl3) δ 6.99 (s, 

4 H, Ar-H, meta to OCH2O), 5.89 (d, 4 H, outer OCH2O, J = 7.0 Hz), 4.77 (t, 4 H, 

methine H, J = 8.1 Hz), 4.27 (d, 4 H, inner OCH2O, J = 7.0 Hz), 1.98 (s, 12 H, Ar-CH3), 

1.94- 2.14 (m, 8 H, CH2(CH2)3CH3), 1.26- 1.47 (m, 24 H, CH2(CH2)3CH3), 0.91 (t, 12 H, 

CH3 J = 7.2 Hz); 13C NMR (CDCl3) δ 153.20, 137.92, 123.57, 117.52, 36.45, 32.05, 
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29.95, 27.64, 22.68, 14.09, 10.30.                                        

 

Figure 3.16: Synthesized tetrakis(bromomethyl) cavitands20,21 

                                    

Tetrakis(bromomethyl)cavitand 3.15
20c 

A solution of 3.11 (2.00 g, 3.08 mmol), NBS (2.24 g, 12.6 mmol), and about 10.0 mg of 

AIBN in 150 ml of carbon tetrachloride was refluxed for 10 hours.  The color of this 

solution changed from orange to white as the reaction progressed with the formation of a 

precipitate.  After cooling to room temperature, the precipitate was collected by filtration 

and the filtrate was evaporated to give a crude product which was triturated in cold 

dichloromethane.  The cold CH2Cl2 solution was filtered and concentrated to ≈ 5ml and 

the material purified by column chromatography, with a 2:1 mixture of CH2Cl2 and  

hexane as the eluting solvent, to give 1.8 g (60%, 7.6 mmol) of 3.15 as a white solid.  1H 

NMR (CDCl3) δ 7.26 (s, 4 H, Ar-H meta to OCH2O), 6.03 (d, 4 H, outer  OCH2O, J = 

7.1 Hz), 5.01 (q, 4 H, methine H, J = 7.3 Hz), 4.56 (d, 4 H, inner OCH2O, J = 7.1 Hz), 

4.42 (s, 8 H, Ar-CH2Br), 1.75 (d, 12 H, CH3 J = 7.3 Hz);  13C NMR (CDCl3) δ 153.80. 

139.69, 125.10, 99.78, 32.19, 17.04. 
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Tetrakis(bromomethyl)cavitand 3.16
20a

 

A solution of 3.12 (1.10 g, 1.54 mmol), NBS (1.12 g, 6.30 mmol), and about 10.0 mg of 

AIBN in 100 ml of carbon tetrachloride was refluxed for 10 hours.  The initial orange 

color slowly discharged with the precipitation of succinimide as the reaction progressed.  

After cooling to room temperature, the precipitate was collected by filtration and the 

filtrate was concentrated to ca. 5 ml and purified on a chromatography column by a 2:1 

CH2Cl2:hexane mobile phase to give upon evaporation 1.3 g (80%, 1.23 mmol) of 3.16 as 

a highly crystalline yellow solid.  1H NMR (CDCl3) δ 7.14 (s, 4 H, Ar-H, meta to 

OCH2O), 6.03 (d, 4 H, outer OCH2O, J = 7.4 Hz), 4.70 (t, 4 H, methine H, J = 6.9 Hz), 

4.58 (d, 4 H, inner OCH2O, J = 7.4 Hz), 4.43 (s, 8 H, Ar-CH2Br),2.25 (m, 8 H, CH2CH3, 

J = 7.2 Hz), 0.97 (t, 12 H, CH2CH3, J = 7.2 Hz); 13C NMR (CDCl3) δ 156.43, 139.11, 

124.71, 120.51, 24.32, 14.16, 9.90.   

 

Tetrakis(bromomethyl)cavitand 3.17
21b 

NBS (11.7 g, 65.5 mmol), and about 10.0 mg of benzoyl peroxide were added to a 

solution of 3.13 (10.0 g, 13.1 mmol) in carbon tetrachloride (200 ml).  This mixture was 

then refluxed 12 hours.  The reaction mixture changed from orange to white with 

accompanying precipitation of succinimide as the reaction progressed.  After cooling, the 

solution was filtered and the filtrate evaporated to give a yellow solid.  This crude 

material was then purified on a silica column using a 3:1 CH2Cl2 : hexanes mixture as a 

mobile phase.  The purified fractions were collected together and evaporated under 

vacuum to give 12.1 g (85%, 11.1 mol) of 3.17 a highly crystalline deep yellow solid.  1H 
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NMR (CDCl3) δ 7.15 (s, 4 H, Ar-H, meta to OCH2O), 6.02 (d, 4 H, outer OCH2O, J = 

6.6 Hz), 4.81 (t, 4 H, methine H, J = 8.1 Hz), 4.53 (d, 4 H, inner OCH2O, J = 6.6 Hz), 

4.42 (s, 8 H, Ar-CH2Br), 2.13- 2.24 (m, 8 H, CH2CH2CH3), 1.33-1.38 (m, 8 H, 

CH2CH2CH3, J = 7.5), 1.04 (t, 12 H, CH2CH2CH3, J =7.2 Hz); 13C NMR (CDCl3) δ 

157.40, 138.69, 125.46, 120.15, 35.57, 23.56, 15.11, 10.26. 

 

Tetrakis(bromomethyl)cavitand 3.18
20b

 

NBS (9.16 g, 51.5 mmol), and about 10.0 mg of benzoyl peroxide were added to a 

solution of 3.14 (10.0 g, 11.5 mmol) in carbon tetrachloride (200 ml).  This mixture was 

then refluxed 12 hours.  After cooling to room temperature, the solution was filtered and 

the filtrate evaporated to afford a crude yellow powder.  This powder was purified by 

column chromatography utilizing CH2Cl2 as the mobile phase to give upon evaporation 

of the collected fractions 11.5 g (84%, 9.66 mmol) of 3.18 a highly crystalline orange 

solid.  1H NMR (CDCl3) δ 7.13 (s, 4 H, Ar-H, meta to OCH2O), 6.02 (d, 4 H, outer 

OCH2O, J = 6.3 Hz), 4.78 (t, 4 H, methine H, J = 7.5 Hz), 4.55 (d, 4 H, inner OCH2O, J 

= 6.3 Hz), 4.42 (s, 8 H, Ar-CH2Br), 2.07- 2.31 (m, 8 H, CH2(CH2)3CH3), 1.18- 1.49 (m, 

24 H, CH2(CH2)3CH3), 0.91 (t, 12 H, CH3 J= 6.0 Hz); 13C NMR (CDCl3) δ 154.13, 

138.64, 125.10, 121.56, 99.55, 37.50, 32.60, 30.68, 28.17, 23.28, 14.67. 
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Figure 3.17: Syntheses of deep cavitands; (a) syntheses of methyl 3,5-dihydroxy 

benzoate; (b) synthesized aryl rim functionalized cavitands 

 

Synthesis of methyl 3,5-dihydroxy benzoate
49

 

10.0 g (64.9 mmol) of 3,5-dihydroxy benzoic acid, 2.00 ml of H2SO4 and 100 ml of 

methanol were placed in a 250 ml round bottom flask.  This mixture was refluxed for 16 

hours, after which it was cooled and the excess methanol was removed under reduced 

pressure.  The residue was dissolved in ethyl acetate and the resulting solution was 

washed with water and then with a 2.0 M sodium bicarbonate solution.  The organic 

portions were collected, dried over anhydrous Mg2SO4 and the solvent was removed 

under reduced pressure to give 9.30 g (85%, 55.9 mmol) of methyl-3,5-dihydroxy 

benzoate as a white solid.  1H NMR (CDCl3) δ 9.63 (s, 2 H, Ar-OH), 6.81 (d, 2 H, Ar-H, 
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J = 2.1 Hz), 6.43 (t, 1 H, Ar-H, J = 2.1 Hz), 3.78 (s, 3 H, COOCH3); 
13C NMR (CDCl3) δ 

216.10, 176.72, 169.01, 142.64, 118.21, 117.53, 61.82. 

  

Cavitand 3.19
21b

 (synthesized following procedures for its propyl analogue) 

To a 250 ml flame dried flask was added tetrakis(bromomethyl)cavitand 3.18 (3.30 g, 

2.77 mmol), resorcinol (6.13 g, 56 mmol), cesium carbonate (300 mg, 0.92 mmol) and 

120 ml.  This mixture was the stirred at 80 °C for 3 days, after which it was then cooled 

and filtered through celite.  The filtrate was evaporated under reduced pressure.  The 

residue was then dissolved in dichloromethane, washed with water, dried over 

magnesium sulfate and concentrated.  This concentrate was then purified on a silica gel 

column chromatography using 2:1 ethyl acetate-hexane mixture to give 1.80 g, 50% of 

3.19 (m.p. 176-178 ºC) as a yellow solid.  1H NMR (CDCl3) δ 8.31 (bs, 4 H, Ar-OH), 

7.78 (m, 4 H, Ar-H, ortho to OH, and C-O), 7.01 (s, 4 H, cavitand base Ar-H meta to 

OCH2O) , 6.30-6.48 (m, 12 H, bridging aryl, Ar-H),  5.83 (d, 4 H, outer OCH2O, J = 6.3 

Hz), 4.89 (s, 8 H, Ar-CH2O), 4.56 (d, 4 H, inner OCH2O, J = 6.1 Hz), 4.05 (t, 4 H, 

methine H, J = 7.0 Hz), 1.96- 2.36 (m, 8 H, CH2(CH2)3CH3), 1.25- 1.511 (m, 24 H, 

CH2(CH2)3CH3), 0.93 (t, 12 H, CH3 J= 6.03 Hz);  13C NMR (CDCl3) δ 160.7, 158.8, 

154.6, 138.6, 130.2, 123.8, 122.7, 108.4, 106.6, 102.2, 32.2, 22.8, 13.8.  Analytically 

calculated C80H88O16 : C, 73.60; H, 6.79; Found: C, 73.47; H, 7.06. 
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Cavitand 3.20  

Tetrakis(bromomethyl) cavitand 3.17 (1.1 g, 0.93 mmol), methyl-3,5-dihydroxybenzoate 

(3.1 g, 18.5 mmol) and potassium carbonate (2.7 g, 19.5 mmol) in 50 ml of anhydrous 

DMF was stirred at 100°C for 3 days.  The solvent was then evaporated under reduced 

pressure and partitioned between water and dichloromethane.  The organic phase was 

washed with brine and dried over magnesium sulfate.  The solvent was concentrated and 

purified on a silica column using 2:1 ethyl acetate-hexane mixture to afford 572 mg 

(40%) of 3.20 (m.p. 256-258 ºC)  as a highly crystalline off white solid.  1H NMR 

(CDCl3) δ 7.80 (s, 4 H, Ar-H, o-Ar-OH(R)),  7.06 (s, 4 H,  Ar-H, o-Ar-COOCH3), 6.64 

(s, 4 H,  Ar-H, meta to OCH2O), 5.90 (d, 4 H, outer OCH2O, J = 7.1 Hz), 4.98 (s, 12 H, 

Ar-CH2O), 4.85 (t, 4 H, methine H, J = 8.1 Hz), 4.55 (d, 4 H, inner OCH2O, J = 7.1 Hz), 

2.34- 2.51 (m, 8 H, CH2(CH2)3CH3), 1.21-1.56 (m, 8 H, CH2(CH2)3CH3, J = 7.5), 0.92 (t, 

12 H, CH2(CH2)3CH3, J =8.1 Hz); 13C NMR (CDCl3) δ 166.37, 160.44, 158.70, 154.67, 

154.63, 138.60, 132.48, 123.42, 122.97, 106.86, 21.22, 13.74.  Analytically calculated 

C88H96O24 : C, 68.74; H, 6.29; Found: C, 68.46; H, 6.11. 

 

Cavitand 3.21  

5.0 g (4.64 mmol) of tetrakis(bromomethyl)cavitand 3.17, 15.3 g (91 mmol) of methyl-

3,5-dihydroxybenzoate and 31.0 g (93.3 mmol) of cesium carbonate in 150 ml of 

anhydrous DMF was stirred at 100°C for 3 days.  The reaction was cooled and filtered 

through celite, the filtrate was evaporated and partitioned between ethyl acetate and 

water.  The organic portion was washed with brine, dried over magnesium sulfate, 
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concentrated and purified on a silica column using 3:1 ethyl acetate-hexane mixture to 

afford 2.50 g (38%) of 3.21 (m.p. 292-294 ºC) as a highly crystalline gold colored solid.  

1H NMR (CDCl3) δ 8.67 (bs, 4 H, Ar-OH), 7.91 (s, 4 H, Ar-H, o-Ar-OH(R)),  7.69 (s, 8 

H,  Ar-H, o-Ar-COOCH3), 6.64 (s, 4 H,  Ar-H, meta to OCH2O), 5.86 (d, 4 H, outer 

OCH2O, J = 7.1 Hz), 5.01 (s, 12 H, Ar-CH2O ), 4.91 (t, 4 H, methine H, J = 8.6 Hz), 4.55 

(d, 4 H, inner OCH2O, J = 7.1 Hz), 3.79 (s, 12 H, COOCH3), 2.35- 2.50 (m, 8 H, 

CH2CH2CH3), 1.34-1.52 (m, 8 H, CH2CH2CH3, J = 7.5), 1.03 (t, 12 H, CH2CH2CH3, J 

=7.1 Hz); 13C NMR (CDCl3) δ 168.00, 162.06, 160.34, 156.26, 140.23, 134.12, 125.05, 

108.74, 108.62, 53.40, 22.68, 15.39.  Analytically calculated C80H78O24 : C, 67.41; H, 

5.66; Found: C, 67.47; H, 5.63. 

 

 

Figure 3.18: Synthesized cavitand aldehydes25a 

 

Cavitand aldehydes 3.22, 3.2 3
25a 

C-pentyltetrabromocavitand 2.16 (3.00 g, 3.54 mmol) was dissolved in 200 ml of freshly 

distilled THF.  The solution was then cooled to -78°C, and n-BuLi (18.0 ml, 45.0 mmol, 

2.5 M in pentane) was carefully added via syringe.  After 30 minutes at this temperature, 
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	-formylmorpholine (4.00 ml, 4.56 g, 39.6 mmol) was added to mixture and the reaction 

was gently warmed to ambient temperature of 2 hours.  The reaction was quenched with 

10.0 ml of 3 M HCl, and the solvent removed under reduced pressure.  The residue was 

extracted with dichloromethane and water.  The organic portion was washed with a 

saturated sodium bicarbonate solution and brine.  This was the then concentrated and 

purified on a silica column with dichloromethane-ethyl acetate (17:1) mixture to give 500 

mg (21%, 0.743 mmol) of tri-aldehyde 3.22 (m.p. 226-229 ºC) and 1.10 g, (46%, 1.42 

mmol) of tetra-aldehyde 3.23 (m.p. 243-245 ºC) as yellow solids.  3.22. 
1H NMR 

(CDCl3) δ 10.31 (s, 1 H, Ar-CHO), 10.29 (s, 2 H, Ar-CHO), 7.28 (bs, 4 H, Ar-H), 5.82 

(d, 2 H, outer OCH2O, J = 7.2 Hz), 5.74 (d, 2 H, outer OCH2O, J = 7.2 Hz), 4.83-4.93 

(m, 4 H, methine H), 4.66 (d, 2 H, inner OCH2O, J = 7.2 Hz), 4.53 (d, 2 H, inner OCH2O, 

J = 7.1 Hz), 2.11-2.36 (m, 8 H, CH2(CH2)3CH3), 1.31-1.54 (m, 24 H, CH2(CH2)3CH3), 

0.96 (t, 12 H, CH2(CH2)3CH3, J = 8.1 Hz); 13C NMR (CDCl3) δ 190.13,187.46, 187.10, 

166.13, 164.95, 163.15, 139.94, 139.41, 137.46, 137.95, 126.23, 126.15, 99.87, 63.24, 

35.46, 30.47, 29.57, 24.44, 23.22, 19.36, 19.11, 14.53, 14.16. 

 3.23. 
1H NMR (CDCl3) δ 10.26 (s, 4 H, Ar-CHO), 7.29 (s, 4 H, Ar-H), 5.85 (d, 4 H, 

outer OCH2O, J = 7.5 Hz), 4.91 (t, 4 H, methine H, J = 7.7 Hz), 4.47 (d, 4 H, inner 

OCH2O, J = 7.5 Hz), 2.14-2.31 (m, 8 H, CH2(CH2)3CH3), 1.29-1.52 (m, 24 H, 

CH2(CH2)3CH3), 0.92 (t, 12 H, CH2(CH2)3CH3); 
13C NMR (CDCl3) δ 190.13, 154.95, 

139.41, 137.95, 125.04, 124.50, 100.37, 60.67, 36.17, 29.77, 27.69, 22.92, 21.07, 18.82, 

14.44, 14.32. 
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Cavitand aldehydes 3.24, 3.25
8b,24d,25b 

C-2-phenethyltetrabromocavitand 2.18 (6.00 g, 4.72 mmol) was dissolved in 450 ml of 

anhydrous THF and cooled to -78°C.  To this solution was added 25.0 ml (62.5 mmol) of 

n-BuLi (2.5 M in pentane) via syringe.  After stirring at for 15 minutes 5 ml, (5.7 g, 49.5 

mmol), of 	-formylmorpholine was added and the reaction was stirred at -78°C for 10 

minutes, then subsequently warmed to ambient temperature.  The reaction mixture was 

then stirred for another 6 hours and quenched with 10.0 ml of 3 M HCl.  THF was 

removed under reduced pressure and the residue was extracted with chloroform / water.  

The organic portions were concentrated and purified on silica with 9:1 dichloromethane-

ethyl acetate mixture to give 350 mg (14%, 0.661 mmol) of tri-aldehyde 3.24 (m.p. 274-

277 ºC, lit. 276-280 ºC) and 3.2 g (62%, 2.93 mmol) of tetra-aldehyde 3.25 (m.p. 278-282 

ºC, lit. 283-285 ºC)  as off white solids.  3.24. 
1H NMR (CDCl3) δ 10.33 (s, 1 H, Ar-

CHO), 10.32 (s, 2 H, Ar-CHO), 7.16-7.43 (m, 24 H, Ar-H), 5.97 (d, 2 H, outer OCH2O, J 

= 7.2 Hz), 5.89 (d, 2 H, outer OCH2O, J = 7.8 Hz), 4.98 (t, 2 H, methine H, J = 7.5 Hz), 

5.06(t, 2 H, methine H, J = 7.5 Hz), 4.49-4.58 (m, 4 H, inner OCH2O), 2.48-2.85 (m, 16 

H, PhCH2CH2); 
13C NMR (CDCl3) δ 155.36, 155.13, 154.89, 141.56, 141.21, 139.84, 

139.30, 138.92, 129.02, 128.65, 126.66, 124.89, 36.32, 34.36, 32.29, 21.35, 14.47; 3.35. 

1H NMR(CDCl3) δ
 10.32 (s, 4 H, Ar-CHO); 7.14-7.38 (m, 24 H, Ar-H); 5.96 (d, 4 H, 

outer OCH2O, J = 7.5 Hz), 5.08 (t, 4 H, methine H, J = 7.8 Hz), 4.54 (d, 4 H, inner 

OCH2O, J = 7.5 Hz), 2.50-2.80 (m, 8 H, CH2CH2Ph); 13C NMR (CDCl3) δ 155.12, 

141.18, 139.38, 139.29, 129.03, 128.62, 126.65, 124.91, 100.47, 34.50.   
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Figure 3.19: Syntheses of 3.26: (a) (diethylene glycol) methyl ether, para-toluene 

sulfonic acid; (b) Pd(OAc)2, Polymethylhydrosiloxane, KF. R= -(CH2)2O(CH2)2OCH3)
24c

 

 

Methoxy Ethoxy Ethyl 3,5-Dinitrobenzoate (MEED)24c
 

 To a round bottom flask fitted with a Dean-Stark apparatus was placed 3,5-

dinitrobenzoic acid (1.01g, 4.76 mmol), di(ethylene glycol) methyl ether (1.01 g, 0.986 

ml, 8.41 mmol), 20.0 mg of 4-methylbenzensulfonic acid and 140 ml of toluene.  This 

mixture was refluxed for 24 hours and the solvent removed under vacuum.  The residue 

was dissolved in ethyl acetate and then washed with a saturated aqueous solution of 

sodium bicarbonate and dried over magnesium sulfate.  The excess EtOAc was then 

removed under vacuum and the yellow oil residue was purified on a gravity column with 

a EtOAc: hexanes (2:3) mixture as the eluent, to afford 1.30 g (87%, 4.14 mmol) of the 

desired product as a yellow oil.  1H NMR (CDCl3) δ  9.24 (t, 1 H, Ar-H ortho to the two 

NO2,   J = 2.6 Hz), 9.18 (d, 2 H, Ar-H ortho to COOR, J = 2.2 Hz), 4.62 (m, 2 H, 

OCH2CH2O), 3.90 (m, 2 H, OCH2CH2O), 3.71 (m, 2 H, CH2CH2OCH3), 3.58 (m, 2 H, 

CH2CH2OCH3 ), 3.40 (s, 3 H, O-CH3); 
13C NMR (CDCl3) δ 162.6, 148.6,133.8, 129.6, 

122.4, 71.9, 70.6, 68.8, 65.8, 59.1.  
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2-(2-methoxyethoxy)ethyl 3,5-diaminobenzoate 3.26 
24c,50 

A flame dried round bottom flask was charged with palladium acetate (11 mg, 0.05 

mmol), methoxy ethoxy ethyl 3,5-dinitrobenzoate (31.0 mg, 98.6 µmol) and anhydrous 

THF (10 ml).  This reaction mixture was purged with nitrogen during which 2.00 ml of a 

1 M aqueous solution of KF was added via syringe.  After purging 0.5 ml of 

polymethylhydrosiloxane was added drop wise to the reaction mixture, and it was left to 

stir while monitoring by TLC.  After 4 hours, 10 ml of diethyl ether was added to the 

mixture.  After stirring for a further 5 minutes the mixture was extracted with more 

diethyl ether.  The organic portions were filtered through a plug of celite and neutral 

alumina, the filtrate obtained was then concentrated and purified on a silica column with 

ethyl acetate acting as the mobile phase to afford the diamino product (3.26) as a yellow 

oil (20.3 mg, 78.9 µmol, 80 %).  1H NMR (CDCl3) δ  6.80 (d, 1 H, C-H ortho to the two 

NH2,   J = 2.6 Hz), 6.22 (d, 2 H, C-H ortho to COOR, J = 2.2 Hz), 4.43 (m, 2 H, 

OCH2CH2O), 3.91 (m, 2 H, OCH2CH2O), 3.70 (m, 2 H, CH2CH2OCH3), 3.58 (m, 2 H, 

CH2CH2OCH3 ), 3.39 (s, 3 H, O-CH3), 2.36 (bs, 4 H, NH2) ; 
13C NMR (CDCl3) δ 167.1, 

147.7, 133.0, 107.8, 105.9, 72.6, 70.6, 69.3, 64.2, 58.4.   

 

Hemicarcerand 3.27
24c

 

Cavitand tetra-aldehyde 3.25 (100 mg, 0.939 mmol), 10 µl trifluoroacetic acid, and 3.26 

(51.0 mg, 0.200 mmol) were placed in 10.0 ml of anhydrous chloroform.  The mixture 

was stirred for 24 hours at room temperature; the solvent was then evaporated under 

reduced pressure.  The residue was then washed with water and purified on silica-gel 
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with a 9:1 CH2Cl2:EtOAc mixture to afford 60.0 mg (42 %, 0.394 mmol) of 3.27 as a 

white solid. (Stoddart and coworkers have reported a significant loss of product upon 

purification on the silica column which was also noted by the author.)24  1H NMR 

(CDCl3) δ 8.61 (s, 8 H, ArNCH), 7.64 (s, 4 H, ArH ortho to both CN=C), 7.21-7.33 (m, 

48 H, ArH of cup molecule), 6.77 (m, 4 H, ArH meta to CN=C), 5.76 (d, 8 H, outer 

OCH2O, J = 7.2Hz), 5.11 (t, 8 H, methine H, J = 7.4 Hz), 4.69 (d, 8 H, inner OCH2O, J = 

7.2Hz), 3.80-4.51 (m, 32 H, ArCH2CH2),   3.41 (s, 12 H, OCH3),  2.65-2.86 (m, 16 H, 

COOCH2CH2O), 2.51-2.76 (m, 16 H, OCH2CH2O); 13C NMR (CDCl3) δ 166.11, 158.30, 

154.11, 153.43, 142.13, 138.74, 132.69, 128.87, 128.51, 126.33, 124.19, 122.76, 122.26, 

116.59, 100.65, 71.86, 70.62, 69.37, 64.51, 59.14, 36.72, 34.39, 32.40. 

 

Hemicarcerand 3.28 

To 100 mg (33.3 µmol) of 3.27 in 10 ml of THF was added 25.0 mg (66.1 mmol) of 

sodium borohydride.  The reaction mixture was refluxed for 16 hours after which the 

reaction was quenched with methanol.  The mixture was concentrated and the product 

purified on a gravity column with EtOAc as the eluent to give 97 mg (96 %, 32.3 µmol) 

of 3.38 as an off-white solid. Melting point 312-314 ºC.  1H NMR (CDCl3) δ 7.44 (d, 8 

H, ArNCH2, J = 2Hz), 5.01 (t, 8 H, methine H, J = 7.6 Hz ), 4.59 (d, 8 H, inner OCH2O, J 

= 7.6 Hz), 3.77 (s, 12 H, OCH3),  3.58-3.61 (m, 32 H, ArCH2CH2), 3.46-3.51 (m, 16 H, 

OCH2CH2O), 2.46-2.78 (m, 16 H, COOCH2CH2O); 13C NMR (100 MHz) (CDCl3) δ 

153.95, 153.28, 141.37, 138.67, 128.68, 128.42, 126.21, 124.16, 105.06, 71.83, 70.54, 

69.19, 68.57, 59.07, 34.36.  Despite efforts at purifying 3.28, results from its elemental 
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analysis were outside the accepted 0.4 % margin.  

 

Figure 3.20: Synthesized imidazole rim functionalized cavitands 

 

Cavitand tetraimidazole 3.29
39

 

 Imidazole (350 mg, 5.14 mmol) was added to 20.0 ml of dioxane in a flame dried round 

bottom flask.  To this homogeneous solution was added sodium hydride (0.25 g, 10.4 

mmol) and the resulting mixture was refluxed for 30 minutes.  This solution was then 

cooled and bromomethyl cavitand 3.15 (1.00 g, 1.04 mmol) was added.  The mixture was 

stirred at 70 ºC for 36 hours, after which it was filtered and the precipitate was washed 

with cold dioxane to give 580 mg (64%, 0.666 mmol) of 3.29(m.p. > 360 ºC) as a white 

solid.  1H NMR (CD3)2SO) δ 7.76 (s, 4 H, NCHCHNCH2), 7.66 (s, 4 H, NCHCHNCH2), 

7.05 (s, 4 H, Ar-H), 6.85 (s, 4 H, NCHN), 6.28 (d, 4 H, outer OCH2O, J = 7.0 Hz), 4.93 

(s, 8 H, ArCH2), 4.87 (q, methine CH, J = 7.1Hz), 4.46 (d, 4 H, inner OCH2O, J = 7.0 

Hz), 1.80 (d, 4 H, CH3, J = 7.1 Hz); 13C NMR (CD3)2SO) δ 152.21, 139.34, 137.66, 

128.23, 122.56, 119.70, 99.31, 32.20.  Analytically calculated C52H50N8O8 : C, 68.20; H, 

5.51; N12.25; Found: C, 68.12; H, 5.80; N, 12.09. 
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 Cavitand tetraimidazole 3.30
39

 

 To a warm solution of imidazole (530 mg, 7.78 mmol) and sodium hydride (0.28 g, 11.7 

mmol) in 45.0 ml of dioxane was added bromomethyl cavitand 3.16 (1.60 g, 1.57 mmol).  

The resulting mixture was maintained at 70 ºC for 48 hours, and the precipitate formed 

was filtered, washed with cold dioxane to afford 1.24 g (80 %, 1.26 mmol) of 3.30 (m.p. 

> 360 ºC) as an off white solid.  1H NMR (CD3)2SO) δ 7.77 (s, 4 H, NCHCHNCH2), 7.68 

(s, 4 H, NCHCHNCH2), 7.11 (s, 4 H, Ar-H), 6.87 (s, 4 H, NCHN), 6.29 (d, 4 H, outer 

OCH2O, J = 7.1 Hz), 4.93 (s, 8 H, ArCH2), 4.88 (q, methine CH, J = 7.0Hz), 4.41 (d, 4 H, 

inner OCH2O, J = 7.1 Hz), 2.46-2.51 (m, 8 H, CH2CH3), 1.80 (t, 4 H, CH2CH3, J = 7.0 

Hz); 13C NMR ((CD3)2SO) δ 152.18, 139.34, 128.22, 123.04, 119.33, 101.17, 31.21, 

15.71. 

 

Cavitand tetraimidazole 3.31
39

 

Imidazole (3.20 g, 47.0 mmol), sodium hydride (710 mg, 29.6 mmol), and bromomethyl 

cavitand 3.17 (10.0 g, 9.28 mmol) were placed in 100 ml of anhydrous dioxane and 

refluxed for 24 hours.  It was then cooled and warmed to room temperature, filtered, 

washed with cold dioxane and yielding 7.24 g (76 %, 7.05 mmol) of 3.31 (m.p. > 360 ºC) 

as a white solid.  1H NMR (CD3)2SO) δ 7.54-7.69 (m, 8 H, NCHCHN), 7.01 (s, 4 H, 

NCHN), 6.84 (s, 4 H, Ar-H), 6.26 (d, 4 H, outer OCH2O, J = 7.3 Hz), 4.61 (s, 8 H, 

ArCH2N), 4.36 (d, 4 H, inner OCH2O, J = 7.3 Hz), 4.16 (t, 4 H, methine H, J = 7.8 Hz) 

2.16-2.47 (m, 8 H, CH2CH2CH3), 1.08-1.42 (m, 8 H, CH2CH2CH3), 0.82 (t, 12 H, 

CH2CH2CH3, J= 6.9 Hz); 13C NMR (CD3)2SO) δ 152.74, 138.26, 137.40, 135.10, 128.36, 
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123.36, 119.41, 31.38, 22.21, 13.93.    

 

Cavitand tetraimidazaole 3.32
39

 

Imidazole (3.40 g, 49.9 mmol), sodium hydride (1.80 g, 75.0 mmol), and 100 ml of 

anhydrous dioxane were placed in a flame dried round bottom flask and refluxed for an 

hour.  This mixture was then cooled, and bromomethyl cavitand 3.18 (12.1 g, 10.2 

mmol.) was added and the reaction was refluxed for a further 18 hours.  The solution was 

then cooled to room temperature and filtered to give 8.90 g (78%, 7.96 mmol) of 3.32 

(m.p. 311-313 ºC) as a white solid.  1H NMR (CD3)2SO) δ 7.54-7.69 (m, 8 H, 

NCHCHN), 7.01 (s, 4 H, NCHN), 6.84 (s, 4 H, Ar-H), 6.26 (d, 4 H, outer OCH2O, J = 

7.3 Hz), 4.61 (s, 8 H, ArCH2N), 4.36 (d, 4 H, inner OCH2O, J = 7.3 Hz), 4.16 (t, 4 H, 

methine H, J = 7.8 Hz) 2.16-2.47 (m, 8 H, CH2(CH2)3CH3), 1.08-1.42 (m, 24 H, 

CH2(CH2)3CH3), 0.82 (t, 12 H, CH2(CH2)3CH3, J= 6.9 Hz); 13C NMR (CD3)2SO) δ 

152.74, 138.26, 137.40, 135.10, 128.36, 123.36, 119.41, 31.38, 22.21, 13.93.    

 

 

Figure 3.21: Synthesis of mesityl imidazole51 

  Mesityl Imidazole
51

 

This was prepared according to methods described by Arduengo and later modified by 

Waymouth.51  A mixture of glyoxal (17.4 g, 34.4 ml, 0.300 mmol), and formaldehyde 
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(9.01 g, 23 ml, 0.300 mmol) in acetic acid (60 ml) was stirred at 70ºC for 30 minutes.  To 

this stirring mixture was added mesityl amine (40.6 g, 0.300 mmol), ammonium acetate 

(23.1 g, 0.355 mmol) and acetic acid (80.0 ml).  The reaction was stirred at this 

temperature for 16 hours, and then poured into a 2.00 L saturated solution of NaHCO3.  

The pH was adjusted to 8, and then the mixture was filtered.  The precipitate was then 

washed with a copious amount of water and then dried.  The solid obtained was dry 

loaded onto a column and chromatographed using a 3:2 hexane:THF then a 45:55 hexane 

: THF as  eluting solvents.  This afforded 16.0 g (28%, 0.084 mmol) of the mesityl 

imidazole product as a brown powder.  1H NMR (CDCl3) δ 1.97 (s, 6 H, o-CH3), 2.36 (s, 

3 H, p-CH3), 6.87 (t, 1 H, ArN-CH=C, J = 1.6 Hz), 6.96 (d, 2 H, m-Mes-H, J =1.3 Hz), 

7.24 (t, 1 H, ArN-CH=CH, J = 1.6 Hz), 7.44 (t, 1 H, N-CH=N, J = 1.3 Hz); 13C NMR 

(CDCl3) δ 17.56, 21.24, 121.16, 129.41, 130.54, 134.37, 136.11, 138.33, 139.30. 

 

 

Figure 3.22: Synthesized of imidazolium rim functionalized cavitands 
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Cavitand tetraimidazaolium 3.33 

To 50.0 ml of anhydrous dioxane was added bromomethyl cavitand 3.15 (1.00 g, 1.04 

mmol), and methyl imidazole (411 mg, 5.0 mmol).  This solution was then refluxed for 

24 hours and the precipitate formed was collected via filtration, to give 691 mg (56%, 

0.582 mmol) of 3.30 (m.p. > 360 ºC) as a white solid.  1H NMR ((CD3)2SO) δ 9.19 (s, 4 

H, NCHN), 7.70 (bs, 8 H, NCHCHN), 7.65 (s, 4 H, ArH), 6.30 (d, 4 H, outer OCH2O, J 

= 7.5 Hz), 5.24 (s, 8 H, ArCH2N), 4.83 (q, methine H, J = 7.4 Hz), 4.44 (d, 4 H, inner 

OCH2O, J = 7.5 Hz), 3.87 (s, 12 H, NCH3), 1.90 (d, 12 H, CH3, J = 7.4 Hz); 13C NMR 

((CD3)2SO) δ 153.46, 139.22, 137.22, 124.58, 123.19,, 36.65, 32.01, 22.88, 14.62. 

Analytically calculated C56H60N8O8Br4 : C, 52.03; H, 4.68; N, 8.67; Found: C, 52.26; H, 

4.66; N, 9.01. 

 

Cavitand tetraimidazaolium 3.34 

To 100 ml of anhydrous dioxane in a flame dried round bottom flask were added 

bromomethyl cavitand 3.17 (5.00 g, 4.64 mmol) and methyl imidazole (2.00 g, 24.4 

mmol).  The mixture was refluxed for 24 hours, then cooled and filtered to afford 3.31 

(5.60 g, 3.71 mmol, 80%, m.p. > 360 ºC) as a white solid.  (Its PF6 analogue was obtained 

by its precipitation with an aqueous solution of NH4PF6.)  
1H NMR ((CD3)2SO) δ 9.17 (s, 

4 H, NCHN), 7.73 (s, 4 H, NCHCHN), 7.58 (s, 4 H, NCHCHN), 7.53 (bs, 12 H, ArH), 

6.26 (d, 4 H, outer OCH2O, J = 7.0 Hz), 5.21 (s, 8 H, ArCH2N), 4.59 (q, methine H, J = 

7.3 Hz), 4.43 (d, 4 H, inner OCH2O, J = 7.1 Hz), 3.54 (s, 24 H, Ar-CH3 (mesityl, ortho 

methyls)), 2.33-2.38 (m, 8 H, CH2CH2CH3), 1.21-1.26 (m, 8 H, CH2CH2CH3), 0.93 (d, 12 
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H, CH2CH2CH3, J = 6.9 Hz); 13C NMR ((CD3)2SO) δ 153.22, 138.90, 136.99, 124.34, 

122.91, 121.24, 100.20, 42.74, 36.38, 31.38, 20.97, 14.36, 14.32.  Analytically calculated 

C64H76N8O8Br4 : C, 55.71; H, 5.45; N, 7.98; Found: C, 55.68; H, 5.84; N, 7.43. 

 

Cavitand tetraimidazaolium 3.35 

Dioxane (60.0 ml), bromomethyl cavitand 3.18 (6.00 g, 5.05 mmol), and methyl 

imidazole (2.00 g, 24.4 mmol) were placed in a dry round bottom flask and refluxed for 

18 hours.  The formed precipitate was collected via filtration to give 5.10 g (68%, 3.43 

mmol) of 3.32 as yellow solid (m.p. > 360 ºC).  (Its PF6 analogue was obtained by its 

precipitation with an aqueous solution of NH4PF6.)  
1H NMR (CD3)2SO) δ 9.08 (s, 4 H, 

NCHN), 7.73-7.66 (m, 8 H, NCHCHN), 7.58 (s, 4 H, ArH), 6.23 (d, 4 H, outer OCH2O, J 

= 7.8 Hz), 5.18 (s, 8 H, ArCH2N), 4.61 (t, 4 H, methine H, J = 8.1 Hz), 4.40 (d, 4 H, inner 

OCH2O, J = 7.8 Hz), 2.27-2.41 (m, 8 H, CH2(CH2)2CH3), 1.16-1.45 (m, 24 H, 

CH2(CH2)2CH3), 0.84(t, 12 H, CH2(CH2)2CH3, J = 6.9 Hz); 13C NMR (CD3)2SO) δ 

152.73, 138.48, 136.49, 123.76, 122.39, 120.87, 35.93, 31.40, 27.26, 22.15, 13.83.  

Analytically calculated C72H92N8O8Br4 : C, 57.00; H, 6.11; N, 8.44; Found: C, 56.77; H, 

5.82; N, 8.14. 

 

Cavitand tetraimidazaolium 3.36 

To 50.0 ml of anhydrous dioxane was added bromomethyl cavitand 3.15 (1.00 g, 1.03 

mmol), and mesityl imidazole (1.00 g, 5.37 mmol).  This solution was then refluxed for 

24 hours and the precipitate formed was collected via filtration, to give 0.80 g (43%, 
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0.443 mmol) of 3.33 (m.p. > 360 ºC) as a brown solid.  1H NMR ((CD3)2SO) δ 9.62 (s, 4 

H, NCHN), 7.89 (s, 4 H, NCHCHN), 7.78 (s, 4 H, NCHCHN), 7.13 (bs, 12 H, ArH), 6.21 

(d, 4 H, outer OCH2O, J = 7.0 Hz), 5.38 (s, 8 H, ArCH2N), 4.79 (q, methine H, J = 7.2 

Hz), 4.45 (d, 4 H, inner OCH2O, J = 7.0 Hz), 3.53 (s, 24 H, Ar-CH3 (mesityl, ortho 

methyls)), 2.31 (s, 12 H, Ar-CH3 (mesityl, meta methyl)), 1.98 (d, 12 H, CH3, J = 7.2 

Hz); 13C NMR ((CD3)2SO δ 152.96, 140.72, 140.13, 138.17, 134.72, 131.54, 129.70, 

124.74, 123.48, 123.40, 120.69 66.78, 21.02, 17.39, 17.27, 16.66.  Analytically calculated 

C88H92N8O8Br4 : C, 61.83; H, 5.42; N, 6.56; Found: C, 61.44; H, 5.20; N, 6.37. 

 

 Cavitand tetraimidazaolium 3.37 

To 100 ml of anhydrous dioxane in a flame dried round bottom flask were added 

bromomethyl cavitand 3.17 (5.00 g, 4.64 mmol) and mesityl imidazole (4.3 g, 23.1 

mmol).  The mixture was refluxed for 24 hours, then cooled and filtered to afford 3.31 

(6.71 g, 3.43 mmol, 74%, m.p. > 360 ºC) as a dark brown solid.  1H NMR ((CD3)2SO) δ 

9.49 (s, 4 H, NCHN), 7.87 (s, 4 H, NCHCHN), 7.79 (s, 4 H, NCHCHN), 7.70 (bs, 4 H, 

ArH), 7.13 (bs, 8 H, mesityl ArH), 6.18 (d, 4 H, outer OCH2O, J = 7.0 Hz), 5.34 (s, 8 H, 

ArCH2N), 4.68 (q, methine H, J = 7.3 Hz), 4.43 (d, 4 H, inner OCH2O, J = 7.1 Hz), 2.46 

(s, 12 H, Ar-CH3 (mesityl, methyls para to CNimidazole)), 2.01 (s, 24 H, Ar-CH3 (mesityl,  

methyls ortho to CNimidazole )), 3.30-3.34 (m, 8 H, CH2CH2CH3), 1.22-1.28 (m, 8 H, 

CH2CH2CH3), 0.91 (d, 12 H, CH2CH2CH3, J = 7.2 Hz);  13C NMR ((CD3)2SO δ 153.23, 

140.77, 138.89, 138.14, 134.69, 131.56, 129.68, 124.64, 123.67, 121.22, 66.79, 31.19, 

21.00, 20.67, 17.10, 14.10.  Analytically calculated C96H108N8O8Br4 : C, 63.30; H, 5.98; 
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N, 6.15; Found: C, 62.96; H, 6.54; N, 5.91. 

 

Cavitand tetraimidazaolium 3.38 

Dioxane (100 ml), bromomethyl cavitand 3.18 (6.00 g, 5.05 mmol), and mesityl 

imidazole (4.30 g, 23.1 mmol) were placed in a dry round bottom flask and refluxed for 

18 hours.  The formed precipitate was collected via filtration to give 4.23 g (68%, 3.43 

mmol) of 3.32 as a light brown solid (m.p. 316-320 ºC).  1H NMR (400 MHz)  

((CD3)2SO) δ 9.48 (s, 4 H, NCHN), 7.92 (s, 4 H, NCHCHN), 7.81 (s, 4 H, NCHCHN), 

7.72 (bs, 4 H, ArH), 7.16 (bs, 8 H, mesityl ArH), 6.20 (d, 4 H, outer OCH2O, J= 7.6 Hz), 

5.34 (s, 8 H, ArCH2N), 4.62 (q, methine H, J = 8.0 Hz), 4.43 (d, 4 H, inner OCH2O, J= 

7.6 Hz), 2.34 (s, 24 H, Ar-CH3 (mesityl, methyls ortho to CNimidazole)), 1.97 (s, 12 H, Ar-

CH3 (mesityl, methyl para to CNimidazole)), 2.27 (m, 8 H, CH2(CH2)3CH3), 1.17-1.40 (m, 

24 H, CH2(CH2)3CH3), 0.82 (d, 12 H, CH2(CH2)3CH3 J= 7.2 Hz);  13C NMR (100 MHz) 

((CD3)2SO  δ 153.94, 153.14, 152.84, 138.10, 137.97, 134.60, 131.53, 129.68, 124.65, 

31.40, 29.21, 22.52, 21.00, 17.07, 14.26.  Analytically calculated C104H124N8O8Br4 : C, 

64.60; H, 6.46; N, 5.79; Found: C, 64.93; H, 6.72; N, 5.46. 

 

Monobromomethyl Cavitand 3.39 

To 80.0 ml of CCl4 was added cavitand 3.17 (4.00 g, 5.26 mmol), 	BS (900 mg, 5.06 

mmol) and a small amount of benzoyl peroxide. The solution was refluxed for 16 hours.  

This mixture was then cooled and filtered.  The filtrate was concentrated, loaded on a 

gravity column and eluted with 4:1 hexanes: EtOAc mixture to afford 2.11 g (50%, 2.63 
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mmol) of 3.39 (m.p. 226-228 ºC) as a white powder. 1H NMR (CDCl3) δ  7.18 (bs, 4 H, 

ArC-H meta to OCH2O), 5.96 (d, 2 H, outer OCH2O, J = 7.2Hz), 5.88 (d, 2 H, outer 

OCH2O, J = 7.2Hz), 4.72-4.86 (m, 4 H, methine H), 4.61 (s, 2 H, ArCH2Br), 4.43 (d, 2 H, 

inner OCH2O, J = 7.2Hz), 4.38 (d, 2 H, inner OCH2O, J = 7.2Hz), 2.12-2.30 (m, 8 H, 

CH2CH2CH3), 1.96 (m, 9 H, ArCH3), 1.35-1.45 (m, 8 H, CH2CH2CH3), 1.01-1.06 (m, 12 

H, CH2CH2CH3) (CDCl3) δ  13C NMR (CDCl3) δ 153.6, 153.5, 153.3, 153.2, 138.3, 

138.0, 137.8, 136.9, 123.9, 117.1, 99.9, 99.0, 36.6, 34.5, 32.1, 31,6, 25.3, 20.8, 14.1, 10.5, 

10.2.  In spite of efforts at purifying this compound, results from its elemental analysis 

were outside the accepted 0.4 % margin for carbon. 

 

Cavitand 3.40 

Cavitand 3.39 (1.00 g, 1.19 mmol), imidazole (88.6 mg, 1.30 mmol) and Cs2CO3 (0.70 g, 

2.15 mmol) were placed in dioxane (40.0 ml) and the mixture was refluxed for 24 hours.  

The reaction was filtered and the filtrate was concentrated to give 689 mg, (70%, 0.833 

mmol) 3.40 (m.p. 295-297 ºC) as a yellow solid. 1H NMR (CDCl3) δ 7.69 (s, 2 H, 

NCHCHN), 7.52 (s, 1 H, NCHN), 7.09 (s, 4 H, ArC-H meta to OCH2O), 6.12 (d, 2 H, 

outer OCH2O, J = 7.2Hz), 5.96 (d, 2 H, outer OCH2O, J = 7.2Hz), 5.04 (s, 2 H, 

ArCH2N), 4.81-4.84 (m, 4 H, methine H), 4.41 (d, 2 H, inner OCH2O, J = 7.2Hz), 4.30 

(d, 2 H, inner OCH2O, J = 7.2Hz), 3.61-3.62 (m, 9 H, ArCH3), 2.06-2.11 (m, 8 H, 

CH2CH2CH3), 1.31-1.48 (m, 8 H, CH2CH2CH3), 0.94-1.06 (m, 12 H, CH2CH2CH3); 
13C 

NMR (CDCl3) δ 153.71, 153.56, 153.53, 139.15, 138.59, 138.36, 137.78, 135.16, 124.18, 

121.86, 66.96, 57.99, 21.07, 13.72.  In spite of efforts at purifying this compound, results 
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from its elemental analysis were outside the accepted 0.4 % margin for nitrogen.      

Di-Cavitand 3.41 

Cavitands 3.40 (500 mg, 0.604 mmol) and 3.39 (508 mg, 0.604 mmol) were placed in 

dioxane (20.0 ml) and the mixture was refluxed for 48 hours.  The solvent was 

evaporated under reduced pressure and the yellow residue was washed with chloroform 

to remove unreacted starting material.  The product 3.41 was then recrystallized from 

methanol to give 563 mg (56 %, 0.338 mmol) of 3.38 as a yellow solid.  M.p. 326 

(decomposition).  1H NMR ((CD3)2SO) δ 9.14 (s, 1 H, NCHN), 8.57 (s, 2 H, NCHCHN), 

7.71 (s, 1 H, ArC-H meta to OCH2O), 7.41-7.54 (s, 6 H, ArC-H meta to OCH2O), 7.34 (s, 

1 H, ArC-H meta to OCH2O), 6.06 (d, 2 H, outer OCH2O, J = 7.2Hz), 5.92 (d, 2 H, outer 

OCH2O, J = 7.5Hz), 5.02 (s, 4 H, ArCH2N), 4.58-4.71 (m, 4 H, methine H), 4.42 (d, 2 H, 

inner OCH2O, J = 7.5Hz), 4.11 (d, 2 H, inner OCH2O, J = 7.2Hz), 3.55-3.60 (m, 18 H, 

ArCH3), 2.21-2.41 (m, 8 H, CH2CH2CH3), 1.16-1.42 (m, 8 H, CH2CH2CH3), 0.90-1.08 

(m, 12 H, CH2CH2CH3);   13C NMR ((CD3)2SO) δ 153.39, 153.24, 139.34, 139.32, 

139.23, 138.68, 138.79, 124.42, 67.07, 37.17, 21.26, 14.61, 10.63.  Analytically 

calculated C99H113N2O16Br : C, 71.34; H, 6.83; N, 1.68; Found: C, 71.51; H, 7.16; N, 

2.03. 

 

Molecule 3.42
52 

To 100 ml of CH2Cl2 in a round bottom flask was added 5.0 g (33 mmol) of 2,6-

dimethoxy toluene, and 6.0 g (34 mmol) of 	BS. The mixture was refluxed for 16 hours, 

then cooled and filtered. The filtrate was concentrated and subjected to column 
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chromatography with CH2Cl2 as the eluting solvent, to give 3.6 g, (48 %, 16 mmol) of 

3.42 as a yellow crystalline solid.  1H NMR (CDCl3) δ 7.36 (t, 1 H, ArH para to 

ArCH2Br, J = 8.6 Hz), 6.64 (d, 2 H, ArH meta to ArCH2Br, J = 8.6 Hz), 4.91 (s, 2 H, 

ArCH2Br), 3.90 (s, 6 H, OCH3); 
13C NMR (CDCl3) δ 156.53, 131.22, 114.27, 104.11, 

56.04, 35.67.      

 

Molecule 3.43 

In a round bottom flask equipped with a magnetic stir bar was placed 3.42 (0.70 g, 3.0 

mmol), mesityl imidazole (1.8 g, 10 mmol) and dioxane (35 ml).  This mixture was then 

refluxed for 24 hours.  This was then cooled and the solvent evaporated under reduced 

pressure.  The residue was dissolved in methanol and then concentrated.  An aqueous 

solution of ammonium hexafluorophosphate was added to this concentrate yielding 3.43 

as an off-white crystalline solid (1.1 g, 2.3 mmol, 77 %).  Melting point 263-265.  1H 

NMR ((CD3)2CO) δ 10.12 (t, 1 H, NCHN, J = 1.5 Hz), 7.89 (t, 1 H, ArCH2NCHCHN, J 

= 2.1 Hz), 7.79 (t, 1 H, ArCH2NCHCHN, J = 1.8 Hz),  7.67 (d, 2 H, ArH meta to 

ArCH2Br, J = 9.0 Hz), 7.12 (m, 1 H, ArH para to ArCH2Br), 5.82 (s, 2 H, ArCH2Br), 

4.02 (s, 6 H, OCH3), 2.35 (s, 6 H, o-CH3), 2.08 (s, 3 H, p-CH3); 
13C NMR (CDCl3) δ 

183.41, 141.29, 138.11, 135.74, 133.51, 132.82, 131.10, 130.12, 119.47, 110.64, 107.20, 

58.65, 35.52, 22.39, 16.48.  Analytically calculated C13H17N2O2PF6 : C, 41.28; H, 4.53; 

N, 7.41; Found: C, 40.93; H, 4.17; N,7.80.  
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General Procedure for catalytic study 

A mixture of the NHC salt (0.2 mmol), carbonate base (0.6 mmol), and palladium acetate 

(0.05 mmol, 5 mol %) were refluxed in 15 ml of anhydrous solvent for 30 minutes.  To 

this solution was then added 4-chlorotoluene (1 mmol) and phenyl boronic acid (1.25 

mmol).  The reaction was refluxed for 4 hours, and then cooled, the organic components 

extracted with chloroform, concentrated and purified on a silica column with hexanes as 

the eluent to give the desired biphenyl as an off white solid.  1H NMR (CDCl3) δ 7.49-

7.53 (m, 2 H), 7.48 (d, 2 H, J = 8.2 Hz), 7.37 (dd, 2 H, J = 7.9 Hz, 7.9 Hz), 7.29 (t, 1 H, J 

= 8.1 Hz), 7.23 (dd, 2 H, 8.2 Hz), 2.35 (s, 3 H, CH3);
 13CMR (CDCl3) δ 142.11, 138.52, 

137.47, 131.64, 131.55, 129.86, 129.24,  127.45, 21.48.   
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Chapter 4. Supramolecular Assemblies Derived From 

Calix[4]resorcinarenes 
 
 
4.1 Introduction 

 

4.1.1 Bottom up Approach in Capsule Formation  

 
 Molecular recognition and encapsulation phenomena have evolved from the 

capture of cationic species by macrocylic crown ethers and cryptands to the design of 

receptors, which employ much weaker interactions in substrate binding.1  In this regard, 

container-like molecules, which represent the state of the art in synthetic receptor design, 

have been synthesized and studied.  While the covalent syntheses of these molecular 

capsules remain quite challenging, self-assembling approaches have become proven 

alternatives.  Of the noncovalent interactions often employed, hydrogen bonds remain 

perhaps the most widespread.2  By strategically incorporating functional groups that can 

participate in this interaction onto small molecular units it has become possible to 

generate intricate capsular species, which form reversibly and encapsulate appropriately 

sized species. 

   In 1994, Rebek and coworkers reported an early example of a designer molecular 

capsule derived from two identical molecules, stitched together by eight hydrogen bonds 

with an internal volume of about 0.250 nm3 (Figure 1.7).3  Assembled in non-competing 

solvents, like CHCl3, this capsule encapsulated small molecules such as methane, 

tetrafluoromethane and ethane, among others, showing great potential for gas storage.  

The monomeric components employed consisted of two glycouril units linked by an aryl 

group (Figure 4.1) and were primed for capsule formation as a result of the inherent 



 168

curvature they possess.4  Systematic variation in the length of the linking aryl unit, 4-1- 

4-3, ultimately led to even larger capsules (≈ 0.400 nm3).  Though these molecules 

consistently generate container-like structures under appropriate conditions, the synthesis 

of the monomer groups were also quite involved.     

                                                   

  

                         Figure 4.1. Monomeric units of varying lengths. 

 

The readily accessible calix[4]resorcinarenes (octols) and the closely related 

pyrogallolarenes and calix[n]arenes provide a scaffold rich with hydrogen bond donor 

and acceptor sites.  The presence of these functionalities and the bowl like conformation 

of these molecules has led to the generation of a variety of self-assembled capsular and 

polymeric assemblies with great success.5  Among these included a “dimeric” ten 

component assembly of octol 2.6 and 2-propanol which encompassed a volume of about 



 169

0.230 nm3, which is held by 24 hydrogen bonds (Figure 4.2).6  Also, a 6 component 

capsule was formed via the co-crystallization of octol 2.6 and 4,4'-bipyridine (bipy) from 

nitrobenzene.5c        

 

   Figure 4.2. (a) Examples of Calix[4]resorcinarenes; (b) (2.1)

2·fFlsx*5=M4 

                         (c) (2.6)

2·fh>ugO*TaCfixAuem obCu Dev ACdeuC4rSulcx*C

CC Oe[ v u]Cci CAlb4ev uxCloCh··pCFxC0c[eeACSoACtS4?lrrlvuSxCedCSCrSum ]C4iluSr]Ci HSD ul4C Sbb DFrxC edC 4SrlHu beu4lo,5∞Su o C fe4cer* ]C f2.1)
6·(H2O)8 (Scheme 4.1),7  and the subsequent report of a related hexamer, ( 4-4) 6,8 from pyrogallolarenes were of particular significance to the fields of self-assem bly and molecular encapsulation.9  Whereas the building blocks of other designer molec ular capsules often require multi-step syntheses and yield cavities that encapsulate a few small molecules, the discovery of ( 2.1)

6·(H2O)8, and ( 4-4) 6 demonstrated that particularly large cavities (1.4-1.5 nm3) can be achieved from simple, commercially available sta rting materials.  Indeed, these two readily accessible macrocycles assemble nearly quan titatively in solution10 and (4-4)6 has even been synthesized in a single step by solvent-free means.11  The (2.1)6·(H2O)8 “hexamer” is actually a fourteen component particle that further encapsulates several 
a) b) c) 
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small molecule guests such as CHCl3.10a  More significantly, however, is the notion that 

these species may guide design strategies toward increasingly sophisticated many-

component supramolecular assemblies.12  The large cavity afforded by these species 

allow for the encapsulation of multiple or comparatively large guests.  As such, extensive 

studies of these assemblies and other related large molecular containers have been of 

broad interest.13  

   

 

Scheme 4.1. Assembly of hexameric hydrogen bond mediated nanocapsules7,8,9 

 
The structure reported by Atwood and coworkers showed that (2.1)6·(H2O)8, the 

so called “Atwood sphere”,  packs in a cubic I432 space group, possesses chiral O point 

group symmetry, and is sustained by an impressive array of sixty complementary H-

bonds.  The topology of the assembly formed has been described as a polyhedron known 

as the Archimedean snub cube, (Figure 2.5), a consequence of the combination of three 

and four fold rotation axes of symmetry.9a  A breakdown of the 60 hydrogen bonds that 

hold this system show that there are 24 intramolecular hydrogen bonds which maintain 

the bowl like shape of the calix[4]resorcinarenes.  Water mediates 24 intermolecular 

(2.1)6·(H2O)8 (4-4)6 
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hydrogen bonds connecting the individual macrocyclic units, with four of the eight H2O 

molecules projecting a hydrogen atom off the surface of this sphere.  Finally, 12 

intermolecular hydrogen bonding interactions exist between the calix[4]resorcinarenes.  

Alternatively, this system may be viewed as a cube, with the 6 faces representing the cup 

molecules and the waters located on the vertices as illustrated in Figure 4.3.   

 

Figure 4.3. Cross-section of the hydrogen bond breakdown of the Atwood sphere (waters 
in bold) and a cube representation of this assembly where the faces represent the 
calix[4]resorcinarenes and the vertices are occupied by the waters.7 

 
It must be mentioned that, although the discovery of this assembly is widely attributed to 

Atwood and MacGillivray due to their important crystallographic characterization of 

(2.1)6·(H2O)8, solution studies by Aoyama, in 1989, and Hartzell, in 1997, had suggested 

the existence of an aggregate consisting of 6 octol units. 14  

 The presence of (2.1)6·(H2O)8 in the solution and gas phase has also been probed 

by a variety of analytical techniques.15,16,17  Rissanen and Schalley have exploited the 

cation-π interactions between the electron rich cavity of this hexameric capsule and 

suitable cationic guests in ESI-MS studies.15  The thermodynamics and kinetics of guest 
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ingress and egress from (2.1)6·(H2O)8 was also probed by a combination of 1D and 2D 

NMR studies.16  Recently, diffusion NMR,18  the technique of choice in the identification 

of molecular aggregates in solution, has been utilized in probing this assembly.17    

Cohen and coworkers probed the role of water in mediating resorcinarene (octol 

2.5) hexamers in chloroform by monitoring the change in the chemical shift of water as 

the H2O/ octol ratio was varied.17a  As the chemical shift of water is dependent on its 

chemical environment, a change in the chemical shift of H2O may be observed with a 

change in the H2O/octol ratio as the observed chemical shift of water lies somewhere 

between the values for free (1.56 ppm) and bound (~ 5.0 ppm) species.  When there are 

less than 8 waters for 6 calix[4]resorcinarenes, all the waters are essentially bound in the 

form of the hexameric sphere and this manifests in large downfield chemical shift  for the 

water (~ 4.8 ppm).   

             

Scheme 4.2. 1D 1H NMR study of the role of H2O in the (2.5)6·(H2O)8 H-bond 
assembled capsule. (Reproduced in part with permission from reference 17b) 

 

6(2.5) 

8H2O 

CDCl3 

CDCl3 = 

  2.5 

(2.5)6·8H2O�6 CDCl3 

 H2O= 

2.5 : H2O 
6 : 8.4 
 
2.5 : H2O 
6 : 14.3 
 
2.5 : H2O 
6 : 26.3 
 
2.5 : H2O 
6 : 114.4 
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Where this ratio is large, i.e. >> 8 waters for every 6 octols, a significant fraction of the 

waters are free and there is an upfield shift of the water peak (Scheme 4.2).   

 

4.1.2 
1
H *MR Diffusion Studies of (2.5)6·(H2O)8   

As mentioned earlier, diffusion NMR is useful in probing the size of molecular 

aggregates in solution.  This method affords the determination of the coefficient of 

translational self-diffusion, D.18a Hence, for a species diffusing in a medium, this 

coefficient can be related to its size as shown by the Stokes-Einstein equation given 

below. 

         rkTD πη6/=  

Where k, is the Boltzman constant, T, the absolute temperature, η, the viscosity of the 

medium and r is the hydrodynamic radius, a measure of the size of the diffusing species.  

Intuitively, larger species diffuse more slowly and smaller ones tend to diffuse faster.   

 Cohen’s studies of the assembly of hexameric H-bonded resorcinarene 

nanocapsules in chloroform (Scheme 4.2) illustrated that at 298 K, (2.5)6·(H2O)8 diffused 

slowly (D = 2.4 ± 0.01 X 10-6 cm2 s-1), its D was comparable to that of a similarly sized 

assembly.17  The diffusion coefficient of water was also affected by its amount relative to 

that of the octol.  For ratios less than 8:6 (water: octol), the diffusion coefficients of water 

and capsule were essentially identical.  However, as the ratio of water to octol increased, 

the higher was the observed coefficient of diffusion for water.  In principle, it would be 

expected that encapsulated, surface bound, and free waters would all possess different 

diffusion coefficients.  However, only one peak for water is observed as the exchange for 



 174

the three species occurs in the fast regime, suggesting that the diffusion coefficient 

obtained is an average of the D of free H2O and H2O engaged in (2.5)6·(H2O)8 

complexes.17   Additionally, in an experiment conducted in chloroform (CHCl3 vs. 

CDCl3), it was observed that the encapsulated chloroform molecules diffused at 

approximately identical rates as the capsules, while their free counterparts diffused much 

faster, as expected.17   This was readily observed as encapsulated CHCl3 exchanges with 

the unencapsulated species slowly on the NMR timescale thus affording a separate signal.  

Further, the addition of solvents such as methanol and dimethyl sulfoxide 

disrupted the assemblies.  This, in effect, freed encapsulated guests and increased the 

diffusion coefficient of the resorcin[4]arenes.  Cohen determined that a 500:6 (83.3:1) 

ratio of methanol: octol led to the disruption of (2.5)6·(H2O)8; however, the system was 

not probed carefully at smaller ratios.10,17    

 

4.2  Results and Discussion 

4.2.1  An Achiral Hexameric Hydrogen Bonded Assembly
*
 

 As alluded earlier,  each water molecule in (2.1)6· (H2O)8 participates in three 

intermolecular H-bonds (Figure 4.3).  The H-bonding pattern dictates that four of the eight 

water molecules must function as double donors and single acceptors and four must serve 

as single donors and double acceptors.  As such, four water molecules therefore direct their 

“extra” hydrogens away from the surface of the capsule.  Though the waters play an 

integral role by participating in twenty-four of the thirty-six intermolecular H-bonds, it was 

 
* Portions of this work have been published in Chem. Commun. 2006, 2144 (reference 19). 
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conceivable that four of them might be readily replaced by alcohols.  This could give 

assemblies of the form (2.1)6·(ROH)4·(H2O)4, exhibiting an array of H-bonds identical to 

(2.1)6· (H2O)8, but decorated with selected, and perhaps strategically functionalized 

alcohols (Figure 4.4). 

 That alcohols might effectively replace the water molecules of the hexameric 

capsule (2.1)6· (H2O)8 is not immediately obvious.  In a supramolecular sense, alcohols are 

by no means isomorphous with water.  Clearly, water, with its two hydrogens, is capable of 

functioning as a double H-bond donor whereas alcohols are single H-bond donors.  

Notably, it has already been demonstrated by single crystal X-ray crystallography that 

certain alcohols (e.g., 2-propanol) can promote the assembly of 2.6 into a “dimeric” 

(actually, ten-component), carcerand-like capsule, (2.6)2·(ROH)8, wherein each alcohol 

participates in two intermolecular H-bonds, functioning simultaneously as a single donor 

and a single acceptor (Figure 4.2).6    

 

Figure 4.4. Proposed substitution of four waters for alcohols. 
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 In exploration of this theme, 2.n (2.1-2.6) were crystallized from several alcoholic 

solvents. As expected, single crystal X-ray analyses revealed that some alcohols yielded 

dimeric capsules of the form 2.n2·(ROH)8 (e.g. ROH= 2-ethylbutan-1-ol (2EB), 2-butanol 

(2-But) in (2.1)2·(2EB)8, (2.6)2·(2-But)8) and others yielded non-capsular structures.  

Single crystal X-ray analysis of crystals of 2.1 grown by slow evaporation from (±)-2-

ethyl-hexan-1-ol (2EH), however, revealed a large, self-assembled capsule consisting of 

six molecules of 2.1, six molecules of 2EH, and two adventitious water molecules.  The 

capsule is thus formulated as 2.16·(2EH)6·(H2O)2, hereafter referred to as 4.1 (Fig. 4.5).19  

Though the atomic positions of the guests encapsulated by 4.1 are highly disordered in the 

structure, SQUEEZE20 analysis estimates the cavity volume and number of electrons 

corresponding to encapsulated species to be 1290 Å3 and 220 electrons, respectively.  

These data correspond well to three molecules of 2EH (calc. 222 electrons).  Moreover, 

compositional analysis of the crystals by 1HNMR, thermal gravimetric analysis (TGA), and 

elemental analysis confirm that 4.1 encapsulates three molecules of 2EH in the solid state.  

The material was thus formulated as 4.1�3(2EH) and its phase purity was confirmed by 

powder X-ray diffraction (Fig. 4.5c).  TGA showed a loss of 26.8% (2EH), in good 

agreement with the expected 27 % for 4.1�3(2EH) (Fig. 4.5d).  

 On cursory examination, 4.1 bears a strong resemblance to Atwood’s hexamer, 

except that six of the eight water molecules have been replaced by 2EH molecules, the six 

sites being disordered between the two enantiomers of 2EH.  A more careful inspection, 

however, reveals several important differences between 4.1 and (2.1)6·(H2O)8.  The most 

significant difference is perhaps the fact that, neglecting hydrogen atoms, 4.1 adopts perfect 
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3-bar (S6) point group symmetry and is achiral (Fig. 4.5b), whereas (2.1)6·(H2O)8 exhibits 

432 (O) symmetry and is chiral.  The differing point group symmetries arise not because of 

packing effects or structural specifics of the alcohol, but rather because of significant 

differences in the three-dimensional arrangements of the resorcinarenes about the surface 

of the capsules.  This difference is most noticeable upon viewing the two capsules from a 

direction normal to the resorcinarene-capped faces.  From this perspective, the foremost 

and furthest resorcinarenes in (2.1)6·(H2O)8 are rotated from one another by an angle of θ = 

45°, whereas in 4.1 the two resorcinarenes are perfectly eclipsed (θ=0°), as seen in Fig. 4.5, 

compare with Scheme 4.1.  The different symmetries of 4.1 and (2.1)6·(H2O)8 arise in 

consequence to subtly different intermolecular H-bonding patterns.  However, 4.1 does not 

exhibit the 6:4:4 (2.1:ROH:H2O) stoichiometry that is rationalized above and therefore 

cannot be isostructural to (2.1)6·(H2O)8. The observed 6:6:2 (2.1: 2EH: H2O) stoichiometry 

dictates that the surface of 4.1 is deficient of two H-bond donors relative to (2.1)6·(H2O)8.  

Thus, 4.1 is held together by a total of fifty-eight H-bonds (vs. sixty in (2.1)6·(H2O)8).  

However, the loss of two intermolecular H-bonds at the surface of 4.1 is compensated for 

by formation of H-bonds between the two surface water molecules and two of the three 

encapsulated 2EH guests, bringing the total number of H-bonds in the particle, including 

guests, to sixty.  Though the encpasulated 2EH guest molecules are significantly 

disordered in the crystal structure, their oxygen atoms are clearly located 2.62(2) Å from 

the oxygen atoms of the surface water molecules, indicating a significant H-bonding 

interaction.  It is instructive to note that unlike 2.1, octol 2.6 does not afford a hexameric 

species upon crystallization from 2EH much.  Though this crystal structure was poor, it 
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was of sufficient quality to show that 2EH molecules dangle off the rims of the octols.  

This may suggest that the pendant methyl groups of the resorcinarene caps are necessary 

for hexamer formation in the solid state, though the crystal structure is just a static 

representation.   

  

Figure 4.5. (a) Ball and stick model illustrating the topology of the resorcinarenes of the 
the alcohol 4.1 assembly; (b) Spacefill model as viewed down the S6 improper rotation 
axis; (c) Powder X-ray diffraction of 4.1�3(2EH) illustrating the phase purity of the 
material; (d) Thermogravimetric analysis of 4.1�3(2EH) illustrating the amount of 2EH 

lost. Encapsulated guests have been omitted for clarity, in addition only one of the 
disordered enantiomers of (±)-2EH is shown.   

 

 

c) a) 

d) b) 

H2O 

2EH 

26.8% 
obs. 
27.05% 
calc. 
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4.2.2 Other Alcohol Calix[4]resorcinarene Assemblies 

 As alluded to earlier, unlike 2EH, other alcohols employed in the crystallization of 

octols did not afford hexamers.  A survey of the single crystals obtained showed that 

“dimeric” (10 component) capsules were obtained with isopropanol, 2EB and 2-But (in 

(2.1)2·(2EB)8�(2EB)†, and (2.6)2·(2-But)8�(2-But)‡) (Figure 4.6).  These capsules are 

similar to 2EB 2.n2·(ROH)8�ROH, in the X-ray structure of (2.6)2·(i
PrOH)8·C60, Fig. 4.2, 

reported by Atwood.6  These capsules are held together by a total of 24 H-bonds,  eight of 

which are intramolecular hydrogen bonds, used in maintaining the bowl like shape of the 

octols (four for each cup).  The other sixteen connections were mediated by the eight 

alcohols participating in two hydrogen bonds each, once as a donor and the other as an 

acceptor. A mixture of ethanol and methanol afforded a mixed solvate with 2.6, namely 

(2.6)2·(MeOH)·(EtOH)4, with the calix[4]resorcinarenes forming channels occupied by 

these alcohols.  Similarly, the crystallization of 2.6 from 1-pentanol afforded a similar 

network of channels generated by octol 2.6, which were occupied by severly disordered 1-

pentanol.‡  The crystallizaton of 2.6 from (±)-2-octanol (2-Oct) gave a similar network, 

with alcohols being associated with the upper rims of the calix macrocylcles (Figure 4.7).    

 It is instructive to note that unlike with 2EH, which gives hexamer 4.1, the 

crystallization of 2.1 from 2EB affords a carcerand-like (2.1)2·(2EB)8�2EB dimer.  It 

appears that the size and shape of  2EH precludes it from being encapsulated by the 

dimeric capsule. 

 
†  Refer to Table 4-1 in section 4.4.1 for full X-ray details of all reported structures. 
‡  X-ray details are given in the appendices. 
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                Figure 4.6. Single crystal X-ray structure of “Dimeric” (ten component)     
                assembly of (2.1)2·(2EB)8 (hydrogen atoms removed for clarity)  

   

 As such, dimer formation is likely frustrated in pure 2EH solution, hence hexamer 

formation is consequently facilitated.  These details notwithstanding, it should be possible 

for other alcohols to sustain hexameric 4.1-like species in solution, while the crystal 

structures obtained may be influenced by other packing constraints upon crystallization.   

                                       

  Figure 4.7. The Non-capsular X-ray single crystal structure of rim linked (2.6)·(2-Oct)2 

 

Further, crystal growth from pure alcohol solutions may be more likely to yield dimeric 

(octol)2·(ROH)8 assemblies than (octol)6·(ROH)8 hexamers, since the medium affords 

excess available alcohol and the dimeric assemblies display a greater ROH: octol ratio.  

(±)-2-Ethylbutan-1-ol 
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4.2.3 Solution 
1
H *MR Study on The Alcohol Mediated Assemblies   

 Solution-based studies, much like those of Cohens16,17,18 were undertaken to probe 

the (2.1)6·(2EH)6·(H2O)2 complex in an effort to establish the identity- capsular (hexamer 

or dimeric) or non capsular- of the alcohol mediated complex that exists in solution.  It had 

earlier been established that 2.5, the dodecyl footed analogue of 2.1, assembles 

spontaneously to form a water mediated hexamer (2.5)6(H2O)8 in chloroform solution, akin 

to the Atwood sphere.17,10  Given the observation of 4.1, it would be expected that if 

alcohol molecules were present in solution they may compete with some of the waters on 

the surface of the spheres thereby liberating them.  This, in turn, should effect a noticeable 

change in the chemical shift of the waters.  It is also possible that one or more alcohol 

molecules might be encapsulated (Scheme 4.3). 

 

Scheme 4.3. From (2.5)6·(H2O)8 to (2.1)6·(2EH)x·(H2O)8-x 

 
  In exploring this system, a series of 1D 1H NMR experiments were conducted.  Fig. 

4.8 shows the room temperature 1H NMR spectrum (300 MHz) of a 30 mM solution of 2.5 

8H2O 

+ 

6(2.5) 
(2.5)6·(H2O)8 
�6(CHCl3) 
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dissolved in partially dried CDCl3.§  The sample contains approximately a 6:11 ratio of the 

octol to residual H2O.   

 
Figure 4.8. (a) 1H NMR spectrum of 2.5 dissolved in CDCl3 (30mM, 2.5: H2O ≈ 6:11, 
300MHz, 298 K).  (2.5)6·(H2O)8 is known to be the predominant Octol (2.5) containing 
specie under these conditions;  (b) after adding 7.9 equiv. of dry 2EH; (c) after adding 
47.1 equiv. of dry 2EH.  The peaks labeled Yn correspond to the appearance of non-
hexameric octol species.    
 
 
 The conditions and spectral features are nearly identical to those of Cohen and co-

workers wherein the predominant 2.5-containing species, according to diffusion 

coefficients, were unequivocally demonstrated to be the (2.5)6·(H2O)8�solvent assembly.10   

Upon the addition of 2EH, new signals appeared in the upfield region of the spectrum, (< 0 

ppm) corresponding to encapsulated 2EH molecules.  Of particular importance here is the 

residual water resonance appearing at 4.5 ppm in Figure 4.8a.  At near stoichiometric ratios 

of 2.5:H2O, (6:11 in this case), most of the water molecules are engaged in H-bonding with 

 
§ CDCl3, with 0.5 wt. % Ag foil as stabilizer, was employed in all studies presented herein.  It must be 
mentioned that amylenes, used to stabilize CHCl3, does not adversely affect the 1H NMR titration 
experiments conducted.  
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2.5 as the (2.5)6·(H2O)8 species.  Thus, the water signal resonates at 4.5 ppm, well 

downfield from ‘free’ water in chloroform (1.56 ppm).  Upon addition of 7.9 equivalents of 

carefully dried 2EH (~1.4 eq. relative to water),21 the water signal shifts dramatically 

upfield, but its integrated area remains unchanged (Fig. 4.8).  Additionally, the hydroxyl 

resonance of 2EH that appears, is downfield shifted from the ‘free’ hydroxyl peak in 

chloroform solutions of this concentration (30 mM).  Also observed was the emergence of 

peaks at negative ppms indicative of encapsulated 2EH.  The appearance of these 

encapsulation peaks indicates that 2EH competes favorably with CDCl3 in occupying the 

cavity of hexamer 4.1.  The data can be rationalized in terms of the equilibria depicted in 

Scheme 4.3.  Replacement of some number, x, of the eight water molecules on the surface 

of (2.5)6·(H2O)8 by 2EH, results in (2.5)6·(2EH)x·(H2O)8-x �solvent species and x liberated 

water molecules.  An increase in the molar ratio of free, relative to bound, waters results in 

a significant upfield shift of the water resonance.  Moreover, as a significant percentage of 

the 2EH molecules are engaged in hydrogen bonding interactions with octol 2.5, the 

resonance of their hydroxyl groups appear downfield shifted (~ 2.0 ppm) relative to where 

one would expect the free signal (~1.6 ppm).  Addition of more 2EH releases more water 

molecules from the assembly and the water signal shifts further upfield.  So, too, does the 

2EH hydroxyl resonance shift upfield as the molar ratio of free to bound 2EH molecules 

also increase.  With increasing 2EH, however, a new species (Y) eventually emerges, as 

suggested by the appearance of a second set of resonances corresponding to 2.5 as 

indicated in Figure 4.8c.   



 184

 With the continued addition of 2EH  the set of peaks indicative of the octol ArOH 

groups, gradually broaden and eventually coalesce giving rise to a broad singlet.  The 

emergent aryl C-H (H2) of the emergent species ‘Y’, meta to the phenol hydroxyls, also 

appears upfield (∆δ = 0.22 ppm) relative to the corresponding peak of its hexamer twin.  

This again is the case with the methynyl C-H (H3) of the emergent specie, Y, which is 

observed upfield (∆δ = 0.14 ppm) relative to the H3 resonance of the hexamer.   

  

Figure 4.9. (a) Partial 1HNMR spectrum of 2.5 dissolved in CHCl3 (30mM, 2.5: H2O ≈ 
6:12, 300MHz, 298 K).  (2.5)6·(H2O)8 is known to be the predominant 2.5 containing 
specie under these conditions;  (b) after 3.9 equivalents of dry 2EH; (c) after adding 15.6 
equivalents of dry 2EH; (d) after adding 33 equivalents of 2EH.  (The peaks 
corresponding to the signals for the encapsulated CHCl3 solvent molecules are at 
chemical shifts between 4.8 and 5.1 ppm.) 2EH resonances overlap with those of 2.5 

undecyl pendant group.   
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The emergent aryl C-H (H1) ortho to the phenolic hydroxy groups of the new species Y, 

however, resonates slightly downfield (∆δ = 0.04)  with respect to its hexamer counterpart.  

The peaks for the new species increase in prominence as 2EH is added and ultimately 

become the sole species in solution at high 2EH concentration.  Coincident upon the 

emergence of Y, is the loss of all peaks corresponding to encapsulated 2EH, in addition to 

the movement of the chemical shift of water upfield towards free water. 

 Conducting similar titration NMR experiments in CHCl3 afforded identical 

observations which are presented in Figure 4.9.  The upfield portions of the spectra are 

shown to illustrate some essential features.  For instance, the peak at about 5 ppm, 

corresponding to encapsulated CHCl3, in Fig. 4.9a diminishes in size upon the addition of 

sub-equivalents of dry 2EH, with the emergence of alcohol encapsulation resonances (Fig. 

4.9b).  Further additions of 2EH  led to an increase in intensity of these encapsulated 

peaks, and the upfield shift of the water resonance.  Finally the emergence of the new 

species Y can be seen in Fig 4.9d.  Qualitatively, in cases where relatively greater amounts 

of water are initially present, larger equivalent amounts of 2EH were needed to effect the 

emergence of the new set of peaks corresponding to Y.   

 A series of NMR titration experiments were also conducted to probe the effect of 

adding other alcohols to the hexameric (2.5)6·(H2O)8 assembly in chloroform.  It was 

anticipated that the spectral changes effected by these related molecules might shed some 

light as regards to these alcohols being able to maintain similar aggregates in solution.   

 2EB, from which 2.1 crystallized as a “dimeric” assembly (2.1)2·(2EB)8, was 

employed in an identical NMR titration experiment as 2EH (Figure 4.10).  The spectral 
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changes observed were similar to those first seen with 2EH.  However, some of the 

features are greatly enhanced, and as such are better illustrated.  As with 2EH, the 

sequential addition of 2EB to a 30 mM solution of 2.5 in CDCl3, with very very little native 

water, resulted in the gradual upfield shift of the water peak (Figure 4.10a).  This suggests 

the liberation of some water molecules from the surface of the (2.5)6·(H2O)8 assembly and 

the formation of (2.5)6·(2EB)x·(H2O)8-x species. Increasing equivalents of 2EB afforded 

peaks corresponding to encapsulated 2EB at negative ppms, as expected due to the 

shielding environment effected by the walls of these capsules.  Further addition of 2EB led 

to an increase in the size of the encapsulated guest peaks.  It is worth noting that these 

peaks are more prominent in the 2EB system as compared to the 2EH system suggesting 

that the capsular (2.5)6·(ROH)x·(H2O)8-x species shows a strong preference for 2EB 

binding vs. 2EH.  This preference may be related to the symmetry, size and shape of 2EB, 

making it a better guest than 2EH, as such there might actually be more encapsulated .  The 

emergence of a new, presumably non-hexameric species “Y” is also observed when large 

amounts of 2EB are added, Y eventually becoming the sole species in solution at high 

equivalents of 2EB (Figure 4.10 c-e).  Identical chemical shift differences to those 

observed in the 2EH experiments are observed for peaks corresponding to Y and those of 

the preceeding hexamer on titration with 2EB.  Notably the observed spectral changes in 

solution were essentially identical for 2EH and 2EB, even though crystallization of 2.1 

from these alcohols yielded entirely different assemblies (hexameric and dimeric 

respectively) in the solid state. 
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 Isopropyl alcohol (2-propanol) and 2-butanol, both from which crystallization of 

2.6 gives dimeric capsules (vide supra),6 also afforded similar spectral behavior in NMR 

titration experiments (see experimental section).  Other alcohols, such as 1-pentanol and 

(±)-2-octanol from which 2.6 crystallizes as non-capsular H-bonded network structures 

were also employed in 1H NMR titration experiments.  These experiments also yielded 

identical results to those observed with 2EH and 2EB.  For example, the titration 

experiments with (±)-2-octanol are shown in Figure 4.11. 

  

Figure 4.10. (a) 
1HNMR spectrum of 2.5 dissolved in CDCl3 (30mM, 2.5: H2O ≈ 6:13, 

300MHz, 298 K); (b) after 1.5 equivalents of dry 2EB; (c) after adding 8 equivalents of 
dry 2EB; (d) after 34 equivalents of dry 2EB; (e) after the addition of 57 equivalents of 
dry 2EB.  

  

 Identical experiments were also conducted with methanol, which is known to 

disrupt the nanocapsular (2.5)6·(H2O)8 assembly.  The results are similar (Figure 4.12).  It 
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must be noted that although peaks indicative of the hexameric and non-hexameric 

assemblies are not observed together in methanol as with other alcohols, the Y species is 

indicated by its distinctive chemical shifts.  Essentially as one goes from adding 17 to 84 

equivalents of methanol to the (2.5)6·(ROH)x·(H2O)8-x species in chloroform, one goes 

from observing a hexamer only to new species Y only.  In addition, encapsulated MeOH 

molecules are not observed presumably because they may be obscured by the peaks of the 

alkyl group of 2.5.  A survey of all primary C1-C9 alcohols showed that they all displayed 

identical spectral behavior when employed in the titration experiments.   

 The series of 1D 1H NMR titration experiments suggest that simple alcohols sustain 

the hexameric (2.5)6·(ROH)x·(H2O)8-x assembly at certain alcohol to octol ratios, above 

which a different assembly, labelled Y, is formed.   

  

Figure 4.11. (a) 
1HNMR spectrum of 2.5 dissolved in CDCl3 (33mM, 2.5: H2O ≈ 6:13, 

300MHz, 298 K); (b) after 0.9 equivalents of dry (±)-2-Oct.; (c) after adding 37 
equivalents of dry (±)-2-Oct.;  (d) after 54 equivalents of dry (±)-2-Oct..  
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 It is worthy to note that Cohen determined that an 83.3:1 (MeOH:Octol (2.5)) 

effected the destruction of the (2.5)6·(H2O)8 assembly to its constituent free octols with D ≈ 

4.8 X 10-6 cm2 s-1.17    This may suggest that the new species may be the octol monomers 

Figure 4.12d.  In general, it took larger equivalents of longer chain alcohols to give new 

species Y, in contrast to their short chain counterparts.    

 

Figure 4.12. (a) 
1HNMR spectrum of 2.5 dissolved in CDCl3 (33mM, 2.5: H2O ≈ 6:14, 

300MHz, 298 K); (b) after 0.7 equivalents of dry MeOH; (c) after adding 17 equivalents 
of dry MeOH;  (d) after 84 equivalents of dry MeOH.  

 

4.2.4 
1
H *MR Diffusion Studies on Alcohol-Mediated Assemblies 

 Diffusion 1H NMR was used to probe the nature of the 2.5, ROH, H2O system in 

CDCl3, in order to ascertain the size and identity of the individual aggregation species 

including unknown Y, described in 4.23, present in solution.  The experimental conditions 

for this study were similar to those utilized in the 1D 1H NMR study presented in section 
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4.2.3 however, only 2EH and 2EB were employed in the diffusion studies presented here.  

This was because calix[4]resorcinarene 2.1 affords hexameric 4.1 and dimeric 

(2.1)2·(2EB)8 upon recrystallization from 2EH and 2EB respectively, even though the 

latter alcohol is only two carbons shorter than the former.  Figure 4.13 and 4.14 delineate 

the coefficient of diffusion obtained for all distinct species in solution with 2EH and 2EB 

respectively.   

 The diffusion behavior of 2EH in chloroform, in the absence of 2.5,  was studied by 

monitoring the highlighted proton of C4H9CH(C2H5)CH2OH resonance.  This monitored 

peak displayed diffusion coefficients ranging from (17.1 ± 0.08) x 106 cm2 s-1 at low 

concentrations of 2EH in CDCl3 to (16.2 ± 0.05) x 10-6 cm2 s-1 at higher concentration of 

this alcohol.  This decrease in D suggests the formation of aggregates of 2EH which should 

diffuse at a slower rate than the individual alcohol molecules.  A 30 mM solution of 2.5 in 

chloroform was prepared, allowed to equilibrate, and the ratio of 2.5:H2O was determined 

to be 6:13 by 1H NMR, similar to Fig. 4.8. The difussion coefficient of the 

calix[4]resorcinarene moiety, obtained by monitoring the decay of the methine H3 

resonance, was observed to be (2.14 ± 0.03) x 10-6 cm2 s-1 at 22 ºC.**  This is very close to 

the value of (2.4 ± 0.01) x 10-6 cm2 s-1 reported by Cohen and coworkers for 

(2.5)6·(H2O)8,10,17 thus establishing that the predominant 2.5 containing species is indeed 

the hexamer under these conditions.  The D value of water was observed to be (3.61 ± 

0.33) x 10-6 cm2 s-1 which is higher than that observed for 2.5 (vide supra).  This D value is 

expected as it is an average of the “free” and “bound” waters which exchange rapidly under 

 
** Other protons of the 2.5 gave similar values for D. 
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experimental conditions.  Further this value is far lower than the (41.5 ± 0.6) x 10-6 cm2 s-1, 

observed for free water in the absence of 2.5, reported by Cohen and coworkers.17b  The 

addition of small amounts of 2EH does not appear to significantly alter the coefficients of 

diffusion of the principal 2.5 species observed in solution, suggesting that an assembly 

effectively identical in size to the hexameric octol 2.5 water complex persists in the 

presence of 2EH.  The addition of this alcohol also leads to an increase in the coefficients 

of diffusion of the water molecules in the chloroform solution from (3.61 ± 0.33) x 10-6 cm2 

s-1 initially to (7.33 ± 0.31) x 10-6 cm2 s-1.  This suggests that at least some (but not all) of 

the waters are indeed freed from the surface of the hexameric (2.5)6·(2EH)x· (H2O)8-x entity 

in solution, resulting in the higher average diffusion coefficient.  As such, the addition of 

small amounts of 2EH leads to the liberation of some of the H2O, also observed by the 

upfield shift in the H2O resonance.  

 The diffusion coefficient of 2EH was monitored in the presence of octol 2.5.  

There was an increase in the value of D for non-encapsulated 2EH, obtained by 

monitoring the highlighted RCH2OH resonance, with its continued addition to the 30 mM 

octol 2.5 chloroform solution.  It was shown to vary, with increasing amounts of 2EH 

relative to 2.5, from (8.3 ± 0.07) x 10-6 cm2 s-1 to (13.3 ± 0.06) x 10-6 cm2 s-1 (Figure 

4.13).  This is lower than the range of (17.1 ± 0.08) x 10-6 cm2 s-1 and (16.2 ± 0.05) x 10-6 

cm2 s-1 for 2EH in the absence of octol 2.5.  (In order to compare the diffusion behavior 

of 2EH in the presence of 2.5 to that in its absence, the D values were taken at identical 

concentrations of the alcohol, (2EH), in the chloroform solution.)  This overall increase 

in the values of D for 2EH, in the presence of the octol, suggests that some of the alcohol 
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molecules interact with the slow-diffusing spherical aggregate specie.  From this we can 

conclude that hexamer (2.5)6·(2EH)x· (H2O)8-x is present in solution at low concentrations 

of 2EH.  There is an increase in the value of the observed coefficient of diffusion of 2EH 

at higher concentrations and in the presence of 2.5.  However these values are not higher 

than those observed at identical concentrations for 2EH in the absence of 2.5 (Fig. 4.13).    

In addition, at very small concentrations of 2EH encapsulated alcohol peaks (-1 to 0 

ppm) were too small to determine their D.  At higher concentrations of 2EH, the 

diffusion coefficient of these encapsulation alcohol resonances could be determined to 

range from (2.13 ± 0.06) x 10-6 cm2 s-1 to (2.51 ± 0.04) x 10-6 cm2 s-1, within 

experimental error to those of the capsule.  This is expected, as encapculated species 

should travel together with the capsule as one unit and have identical diffusion 

coefficients if guest exchange occurs very slowly relative to the diffusion measurement.  

These results are consistent with Cohen’s observation of D for encapsulated CHCl3.17  At 

about 40:6 equivalents of added 2EH to octol, new signals of 2.5 appear, earlier 

described as the new species “Y”.  The diffusion coefficient of “Y” was obtained by 

following the decay of its methine Y3 proton and the values showed that D for this new 

species was about 1.5 times more than that displayed by the hexamer (2.5)6·(2EH)x· 

(H2O)8-x.  The values ranged from (3.41 ± 0.01) x 10-6 to (3.90 ± 0.01) x 10-6, and are 

close to those reported for a known dimeric octahydroxypyridine[4]arene capsular 

assembly, which had a diffusion coefficient of (3.5 ± 0.08) x 10-6 in chloroform (Fig. 

4.14).22  On the basis of its D, one may conclude that the “Y” species is in fact a dimer, 

likely of the composition (2.5)·(ROH)8-x·(H2O)x�CDCl3.   
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 Just as in the earlier described experiments with 2EH, the coefficient of diffusion 

for 2EB was obtained by following the decay of the protons attached to the carbon bearing 

the OH group (i.e. Et2CHCH2OH).  This set up allowed for the comparison of the 

aggregation behavior of 2EB in the presence and absence of the calix[4]resorcinarene.  It 

was observed that value of D decreased with increasing concentration of the alcohol from 

(1.93 ± 0.01) x 10-5 to (1.74 ± 0.01) x 10-5 cm2 s-1.  This decrease is due to the aggregation 

of this alcohol in chloroform.  There is an increase in the value of the observed coefficient 

of diffusion of 2EB at higher concentrations in the presence of 2.5.   

 

Figure 4.13. Coefficient of diffusion of various species as a function of the 2EH/6(2.5) 
ratio at 22 ºC.  D values are obtained from individual tubes containing identical volumes 
(0.70 ml) of a 30 mM 2.5 in CDCl3 (stock solution).  These tubes vary only in the amount 
of 2EH in them.  A separate experiment investigating the D value of 2EH as a function of 
the concentration is also given.  The amount of 2EH added in either experiment is identical 
and is expressed in terms of the number equivalents relative to 6(2.5) in the first and in 
terms of concentration (i.e.[2EH]) in the other (i.e. experiment in the absence of octol 2.5). 
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These values, however, are not higher than those observed at identical concentrations for 

2EB in the absence of 2.5 (Fig. 4.14).  It was also noted that the D values for 2EB in the 

presence and absence of 2.5 did not seem to approach each other unlike in the case of 2EH 

(Fig. 4.14).   

 In the absence of 2EB, (ratio of 2.5:H2O was 6:14), the coefficient of diffusion of 

proton H3 (2.5) was determined to be (2.26 ± 0.01) x 10-6 cm2 s-1 strongly suggesting that 

an octol species ressembling 4.1 exists in solution.  The addition of 2EB to the 30 mM 

CDCl3 solution of octol 2.5 afforded broadly similar trends as those observed with 2EH as 

described above and illustrated in Fig. 4.15.  The addition of small equivalents of this 

alcohol, (2EB), effected an increase in the coefficient of diffusion of water, suggesting that 

2EB some of the H2O molecules are liberated by the alcohol (Fig. 4.15).  However this 

increase is more gradual compared to what was observed in the presence of 2EH, and may 

be a result of 2EB not being as effective at competing with water for the surface sites on 

(2.5)6·(2EB)x·(H2O)8-x.  Sequential addition of small amounts of 2EB resulted in no 

adverse change in the coefficient of diffusion of the predominant octol containing 

aggregate in the CDCl3 solution with values ranging (2.26 ± 0.01) x 10-6 cm2 s-1 to (2.87 ± 

0.01) x 10-6 cm2 s-1.  In essence, 2.5 remains a hexamer.  Resonances ascribed to the 

encapsulated guest molecules were observed to possess coefficients of diffusion very close 

to those observed for the hexameric (2.5)6·(2EB)x·(H2O)8-x species as delineated in Figure 

4.15 with values ranging from (1.91± 0.02) x 10-6 cm2 s-1 to  (2.36 ± 0.02) x 10-6 cm2 s-1.    
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Figure 4.14.  Octahyroxypyridine[4]arene22 

 

 Addition of thirty or more equivalents of 2EB (relative to 6 equivalents of 2.5) to 

the 30 mM chloroform solution of 2.5, led to the emergence of a new species “Y”.  The 

assembly, “Y”, had a coefficient of diffusion ranging from (3.22 ± 0.03) x 106 cm2 s-1 to 

(3.56  ± 0.02) x 106 cm2 s-1 determined from the decay of the Y3 resonance.  These values 

are very close to that observed with 2EH and the known dimeric assembly of 

octoahydroxypyridine[4]arene ((3.5 ± 0.08) x 106 cm2 s-1).22a  At high concentrations of 

2EB the hexameric species disappears in favor of the dimer.  It was also observed that 

higher concentrations of 2EH was required for this same change (i.e. hexamer to dimer) 

under identical 2.5:H2O ratios.    

 In conclusion observations gathered from one dimensional titration and diffusion 

1H NMR experiments establish unequivocally that water is shown to be partially 

displaced from the surface of (2.5)6·(H2O)8 by the 2-ethylbutan-1-ol and (±)-2-

ethylhexan-1-ol.  As observed in both sets of diffusion 1H NMR experiments, an increase 

in the coefficient of diffusion of water occurred with the addition of the alcohols (2EH 

and 2EB) to a chloroform solution of octol 2.5.  At low concentrations of added alcohol a 

hexamer-like species presumably of the general formula (2.5)6·(ROH)x·(H2O)8-x exists in 
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solution.  However high concentrations of 2EB or 2EH, gave rise to a dimer of the 

general formula (2.5)·(ROH)8-x·(H2O)x.  Further, it is suggested that the alcohols studied 

here display identical behavior under the experimental conditions described here.                                  

It was interesting to note that there was a marked increase in the coefficients of diffusion 

for all the 2.5 containing species accounted for in this section when the diffusion 

experiments were conducted at 25 ºC as opposed to 22 ºC.  This significant difference 

seemingly brought about by the 3 ºC change in temperature, may in future be worth 

further study.  

 

Figure 4.15. Coefficient of diffusion of various species as a function of the 2EB/6(2.5) 
ratio at 22 ºC.  D values are obtained from individual tubes containing identical volumes 
(0.70 ml) of a 30 mM 2.5 in CDCl3 (stock solution).  These tubes vary only in the amount 
of 2EB in them.  A separate experiment investigating the D value of 2EB as a function of 
the concentration is also given.  The amount of 2EB added in either experiment is identical 
and is expressed in terms of the number equivalents relative to 6(2.5) in the first and in 
terms of concentration (i.e.[2EB]) in the other (i.e. experiment in the absence of octol 2.5).   
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4.3  An Anion-Mediated Calix[4]resorcinarene Capsule 

 Capsular assemblies derived from calix[4]resorcinarenes have been observed to 

encapsulate ammonium and phosphonium salts.10,17,23  The electron-rich surfaces of the 

arenes that define the cavities participate in useful cation-π interactions with the confined 

guests.  As such, these species prefer cationic guests as demonstrated by the displacement 

of CDCl3 from the cavity of hexameric (2.5)6·(H2O)8 by certain alkyl ammonium salts 

such as N(n-C3H7)4Br and N(n-C6H13)4Cl.10  In addition, ammonium salts have been 

shown to form a variety of discreet and extended aggregates with the octol monomers.23  

The halide counter ions of these salts have been shown to participate in hydrogen 

bonding interactions with the hydroxyl functionalities on the macrocycles.23  In the 

example given in Figure 4.16a, 2.3 was co-crystallized with tetra-ethyl ammonium 

chloride from methanol affording {[(2.3)2·(MeOH)6·2Cl]�[NEt4]}- as a dimeric 

capsule.23  In addition to being characterized by single crystal X-ray diffraction, this 

dimer was also observed via ESI-mass spectrometry.  The six methanol and two chloride 

molecule each participated in two intermolecular hydrogen bonds mediating the 

association between two octol 2.3 molecules in  [(2.3)2·(MeOH)6·2Cl]2-, affording a 

cavity in which one +NEt4 cation resides.23h   
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Figure 4.16. Anion and solvent mediated calix[4]resorcinarene assemblies; (a) Discreet 
hydrogen bonded “dimeric” capsule of [(2.3)2·(MeOH)6·2Cl]-

�[NEt4];23h (b) Extended 
assembly generated from linked capsules [(2.2)2·(MeOH)6·Cl�NEt4]∞

23f 

 
 On the other hand, an extended H-bonded assembly is obtained when octol 2.2 

and tetra-ethyl ammonium chloride are co-crystallized from methanol giving rise to 

[(2.2)2· (MeOH)6·Cl�NEt4]∞ as seen in Figure 4.16b.23f
  This assembly is made up of 

individual dimeric capsules connected to one another via hydrogen bonds mediated by 

chloride anions.  The capsules are constructed via hydrogen bonds mediated by six 

methanol molecules and two chloride anions.  These chloride anions further connect the 

assembled capsules and as such each participates in four H-bond interactions while each 

methanol participates in two.   The above structures and others similar to them have been 

obtained via the co-crystallization of the ammonium halides and octols from various 

protic solvents.  In all cases, the protic solvents are incorporated as components of the 

assemblies.  It was hypothesized that perhaps, in the absence of a solvent that can 

compete with the halides in hydrogen bonding interactions, a cation-encapsulating 

assembly mediated only by these anions may be obtained.   

a) b) 
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A series of experiments were conducted, aimed at co-crystallizing a variety of alkyl 

ammonium halides and octols 2.1–2.6 from solvents that do not compete for hydrogen 

bonds.  The co-crystallization of 2.6 and tetraethyl ammonium chloride from 

nitrobenzene yielded a material [(2.6)2·4Cl�NEt4]·3NEt4·3(PhNO2)·0.5H2O††
 packed in 

a monoclinic P21/n space group.  Immediately observed was a discreet, “dimeric” 

capsular unit [(2.6)2·4Cl)]3- within which is encapsulated one NEt4
+ cation (Figure 4.17).  

The aggregate is held together by 16 hydrogen bonds, 8 of which are intramolecular in 

nature and maintain the bowl-like structure of the octols 2.6.  Ignoring the phenethyl 

groups, each of the macrocyclic units adopts an approximate C4 symmetry as a result of 

the hydrogen bond network which reinforces their bowl-like conformations. The two 

octol units are then connected via eight intermolecular (OH···Cl-, 3.03(2) Å) hydrogen 

bonds.  A disordered tetraethyl ammonium cation is found inside the [(2.6)2·4Cl]4-, it 

interacts with the arene centers by a combination of CH···π and cation-π interactions.  

The other ammonium cations reside in the lattice space of this unit cell.  It would be 

interesting to characterize this dimer in solution by diffusion NMR.     

  The generation of this dimer, shifted interests to the formation of an even larger 

capsule.  As such large ammonium salts were employed with a view of templating the 

formation of larger assemblies, perhaps a hexamer.  The co-crystallization of choline 

iodide and octol 2.1 from nitrobenzene afforded single crystals suitable for X-ray 

 
†† X-ray crystallographic details are given in section 4.4.1 
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crystallographic studies.  The structural data, though poor, showed a material 

(2.1)·4(choline iodide)·4(PhNO2)‡‡ which was not a capsular entity.   

 

 

Figure 4.17. Space-fill representation of the [(2.6)2·4Cl�NEt4]3- species in the crystal 
structure of [(2.6)2·4Cl�0 NEt4]·3NEt4·3(PhNO2)·0.5H2O.  

 

Although a few other co-crystals were also obtained from THF and CHCl3, their 

structural elucidation via X-ray diffusion were thwarted in all cases as a result of severe 

twinning in most cases.   

 

 

 

 

 

 

 
‡‡ Details of the single crystal X-ray analysis are given in the appendices. 

[(2.6)2·4Cl�NEt4]3- 
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4.4 Experimental 

 For the synthesis of all macrocyles (octols resorcinarenes) used in this study 

please refer to Chapter 2, Section 2.5.2.  Ethanol, methanol, 2-propanol and 2-ethylbutan-

1-ol were anhydrous grade were purchased from Sigma Aldrich (Milwaukee, WI).  All 

other reagents were reagent grade, purchased from Aldrich or Alfa Aesar chemicals, and 

were degassed and stored over 4Å molecular sieves.  Anhydrous deuterated chloroform 

(without added tetramethyl silane) stabilized by silver wire, was obtained from Sigma 

Aldrich.  ACS spectroscopic grade chloroform, with amylene stabilizers, was used for all 

non-deuterated 1H NMR studies.  1H NMR (300 MHz) and 13C NMR (75.5 MHz) 

spectra were recorded on a Varian Inova Spectrometer.  All spectra were collected at 

25°C and referenced to the residual solvent signal.   

 

4.4.1 X-Ray Crystallography  

 General instrumental details may be obtained in 2.5.  Single crystals of 4.1 were 

grown by slow evaporation from a concentrated solution of octol 2.1 in (±)-2-ethyl 

hexan-1-ol.  In a similar fashion single crystals of (2.1)2·(2EB)8�2EB was obtained from 

2-ethylbutan-1-ol.  Octol 2.6 was crystallized from (±)-2-octanol via vapor diffusion with 

diethyl ether to give (2.6)2·(2-Oct)2.  Single crystals of (2.6)2·(MeOH)·(EtOH)4 were 

obtained via the crystallization of octol 2.6 from a 4:1 EtOH:MeOH solution.  

[(2.6)2·2Cl�0.5NEt4]·1.5NEt4·3(PhNO2)·0.5H2O was obtained by cooling a warm 5 ml 

solution of tetraethyl ammonium chloride and octol 2.6 of nitrobenzene.  A summary of 

the crystallographic data from these experiments are given in Table 4-1.  
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Table 4-1.  X-Ray Crystallography Details 

 
Compound [(2.6)2·4Cl�NEt4]·3NEt4 

·3PhNO2·0.5H2O 

(2.6)2·(MeOH)·(EtOH)4 

empirical 

formula 

C94H171Cl4N7O14.50  C129H139O21 

fw 1613.27 2025.40 

T, K 173 100 

cryst sys Monoclinic Monoclinic 

space group P 21/n Pc 

a, Å 18.8264(16) 19.5011(15) 

b, Å 20.1395(17) 12.4511(10) 

c, Å 23.103(2) 22.3901(18) 

α, deg. 90 90 

β, deg. 101.0070(10) 91.6760(10) 

γ, deg. 90 90 

V, Å3 8598.5(13) 5434.2(7) 

Z 4 4 

ρcalc, g cm3 1.246 1.238 

µ, mm-1  0.143 0.083 

F(000) 3438 1069 

θ range, deg 2.02-28.00 1.64-25.00 

size mm 0.52 x 0.40 x 0.38 0.60 x 0.60 x 0.25 

GOF 1.038 1.056 

Rint  0.0502 0.0257 

R1, 

wR2[I>2σ(I)] 

0.0529, 0.1426 0.0432, 0.1092 

R1, wR2 (all 

data) 

0.1033, 0.1588 0.0558, 0.1151 
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Table 4-1.   

Compound (2.1)2·(2EB)8�2EB 2.16·(2EH)6·(H2O)2�3(2EH) 

CCDC 601015 

empirical 

formula 

C62H102O13 C264H358O59 

fw 1055.47 4475.50 

T, K 100 188 

cryst sys Triclinic Trigonal 

space group P-1 R-3 

a, Å 14.5335(14) 34.976(3) 

b, Å 15.1281(15) 34.976(3) 

c, Å 15.3014(15) 18.24(3) 

α, deg. 90.2910(10) 90 

β, deg. 109.0340(10) 90 

γ, deg. 110.9530(10) 120 

V, Å3 2941.6(5) 19330(4) 

Z 2 3 

ρcalc, g cm3 1.105 1.153 

µ, mm-1  0.076 0.080 

F(000) 1069 7242 

θ range, deg 1.89-28.30 2.33-22.57 

size mm 0.60 x 0.56 x 0.54 0.42 x 0.40 x 0.36 

GOF 1.065 1.007 

Rint  0.0237 0.048 

R1, 

wR2[I>2σ(I)] 

0.0537, 0.1508 0.054, 0.1438 

R1, wR2 (all 

data) 

0.0825, 0.1664 0.0776, 0.1557 



 204

Table 4-1.   
Compound 2.62·2(2-Oct) 

empirical 

formula 

C68H74O9 

fw 1035.27 

T, K 173 

cryst sys Monoclinic 

space group P21/n 

a, Å 14.043(3) 

b, Å 20.715(4) 

c, Å 23.220(4) 

α, deg. 90 

β, deg. 94.006(4) 

γ, deg. 90 

V, Å3 6738(2) 

Z 4 

ρcalc, g cm3 1.021 

µ, mm-1  0.067 

F(000) 2216 

θ range, deg 1.32-25.00 

size mm 0.36 x 0.36 x 0.32  

GOF 0.942 

Rint  0.1387 

R1, 

wR2[I>2σ(I)] 

0.0934, 0.2222 

R1, wR2 (all 

data) 

0.1910, 0.2611 
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4.4.2 1D 
1
H *MR titration studies 

Anhydrous grade methanol, 2-propanol, and 1-butanol were purchased from 

Sigma-Aldrich and were degassed and dried further over 3Å and 4Å molecular sieves.  

All other alcohols employed were of reagent grade were degassed and dried over 3Å and 

4Å molecular sieves.  Octol 2.5 was dried at 343 K in a vacuum over for 48 hours to prior 

to being used.  Stock solutions of 30-33 mM were made of calix[4]resorcinarene 2.5 in 

CDCl3 or CHCl3 for the 1D 1HNMR experiments recorded on a Varian Inova 300MHz 

spectrometer.  A general procedure involved a set of at least two NMR tubes.  In one tube 

was placed a 0.70 ml of the stock octol solution.  While, in the other, an identical volume 

of the neat solvent used to prepare the stock solution (CDCl3 or CHCl3) was placed.  This 

second tube served as control, affording information on the water content of the studied 

alcohol.  This is important as the goal of this experiment was to monitor how the spectral 

features of octol 2.5 are affected by the amount of added alcohol present. This would 

ensure that only this effect was observed and not one brought about by the increase in 

water also.  In addition, the spectra obtained from the either set of experiments (control 

and non-control) were also compared.   

Following this, microliter amounts of the alcohols were added to the solution 

incrementally and their 1HNMR spectra were recorded and the concentration of the 

alcohols were determined by integrating the alcohol and octol resonances.  All additions 

were made using either an Eppendorf micopipette (2-20 µl), or a Hamilton microsyringe 

(10 µl), however discrepancies existed between desired additions and actual additions.  

As such, exact equivalents of added alcohols were determined by integrations of NMR 
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signals of the alcohols relative to the calix[4]resorcinarenes of known concentration.  

This treatment was also extended 1HNMR diffusion experiments described in section 

4.4.3.  The following are a sampling of the 1D spectra obtained.       

 
 
Figure 4.18.  (a) 1HNMR spectra of 2.5 dissolved in CDCl3 (30mM, 2.5: H2O ≈ 6:14, 
300MHz, 298 K).  (2.5)6·(H2O)8 is known to be the predominant 2.5 containing specie 
under these conditions;  (b) after the addition of 0.6 equiv. of dry iPrOH; (c) after adding 
46 equiv. of dry iPrOH; (d) after adding 70 equiv. of iPrOH.   
 

 
Figure 4.19. (a) 1HNMR spectra of 2.5 dissolved in CDCl3 (30mM, 2.5: H2O ≈ 6:14, 
300MHz, 298 K).  (2.5)6·(H2O)8 is known to be the predominant 2.5 containing specie 
under these conditions;  (b) after the addition of 23 equiv. of dry 1-Oct; (c) after adding 
60 equiv. of dry 1-Oct.   
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Figure 4.20.  (a) 1HNMR spectra of 2.5 dissolved in CDCl3 (30mM, 2.5: H2O ≈ 6:10, 
300MHz, 298 K).  (2.5)6·(H2O)8 is known to be the predominant 2.5 containing specie 
under these conditions;  (b) after the addition of 0.6 equiv. of dry 2-Butanol (2-BL); (c) 
after adding 46 equiv. of dry 2-BL; (d) after adding 76 equiv. of 2-BL. 
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Figure 4.22. (a) 1HNMR spectra of 2.5 dissolved in CDCl3 (30mM, 2.5: H2O ≈ 6:14, 
300MHz, 298 K).  (2.5)6·(H2O)8 is known to be the predominant 2.5 containing specie 
under these conditions;  (b) after the addition of 0.3 equiv. of dry Hex; (c) after adding 15 
equiv. of dry Hex; (d) after adding 33 equiv. of Hex.  (Hex = 1-Hexanol)   
 

 

 

4.4.3 Diffusion *MR 

 

Diffusion 1H NMR was collected on a Varian Unity INOVA 500 MHz 

spectrometer equipped with a gradient probe employing the PGSE pulse sequence Figure 

4.23.18§§  To 11 NMR tubes was added 0.70 ml of a 30 mM chloroform solution of 2.5.  

To ten of the tubes, varying amounts of 2EH was added, ensuring that each of these tubes 

contained a different concentration of the alcohol.  The eleventh tube was left unaltered 

(i.e. no 2EH was added to it).  The ratio of 2.5:H2O:2EH was determined via integration 

of their peaks, this also aided the determination of the concentration of 2EH in the 

 
§§ These experiments were conducted by Dr. Leah Casabianca and Prof. Angel C. deDios on samples 

prepared by the author. 
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respective tubes.  A similar set up was undertaken for experiments with 2EB as well.  

The coefficient of diffusion for each specie reported (2.5, 2EH, 2EB, and H2O) were 

obtained by following the decay of H3, Y3 and RCH2OH (2EH, 2EB).  Each observation 

was made in duplicate.  In addition each experiment was repeated at least twice using 

different stock solutions and afforded identical results.  Further experiments which 

explored the behavior of the alcohols (2EB, 2EH) were conducted in similar fashion as 

described above.  However the “stock solution” in this case was CDCl3.  A pulse gradient 

spin echo pulse sequence was employed to obtain information on the diffusion of the 

species.  The pulse sequence employed is given below in Figure 4.24.18    

 

Figure 4.23. PGSE pulse sequence; d1 is an initial delay period, π/2 is a 90º pulse, G1 is 
the amplitude of the applied gradient pulse, δ is the duration of the applied gradient pulse, 
∆ is the time between the start of each gradient pulse, π is a 180º pulse. 
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Chapter 5. Towards �-Heterocyclic Carbene Functionalized 

Coordination Polymers 
 

5.1 Introduction 

 As described in Chapter 2, coordination polymers are an important class of new 

materials related to zeolites.  They are derived from the coordination of polytopic ligands 

to judiciously chosen metal centers as shown earlier (Chapter 2).1  A major focus of 

studies on this class of polymers has been directed towards the construction of materials 

which exhibit permanent porosity.  This porosity property portends their use in gas 

storage, in particular hydrogen gas, separation technologies, and catalysis among others.2   

The inherent modularity in the synthesis of these materials allows for variations in 

the choice of organic linking groups affecting the pore size, and thereby the substrate 

selectivity of the material.  In addition to porosity, catalysis has emerged as another 

highly desirable characteristic to be engineered into these polymers. This can be achieved 

by utilizing vacant coordination sites on the metal, creating active sites after the 

framework is synthesized or by employing catalytically active bridging groups during 

synthesis.3    

 Perhaps the earliest example of a coordination polymer mediating a reaction was 

that reported by Fujita and coworkers in 1994.4  The two dimensional framework, 

Cd(bpy)2·(NO3)2·H2O, obtained via the reaction of 4,4-bipyridine (bpy) and cobalt nitrate  

in a water ethanol mixture was used to promote the cyanosilylation of benzaldehyde with 

a yield of 77%.4   
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Figure 5.1. Cyanosilylation of aldehydes in the presence of a coordination polymer 5-1 

(Cd(bpy)2·(NO3)2·H2O)  (Zn, yellow; C, grey; N, deep blue)4 

 

This reaction reportedly occurred only in the presence of the two dimensional polymer, 

and was not mediated by either cadmium nitrate or bipyridine.  In addition, it displayed 

5-1 
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obvious size and shape selectivity as α-, and β-naphthaldehyde both yielded 

cyanosilylated adducts, although the bulkier 9-anthraldehyde did not.   

 Efforts, naturally, have turned to achieving enantioselective catalysis, a task not 

well exhibited by zeolites as there are few chiral examples.1a  Wenbin Lin and co-

workers, for example, have reported a three dimensional homochiral framework derived 

from (R)-5-2.5  The ligand possesses orthogonal functionalities, with one being used to 

propagate the polymer while the other being employed in the generation of an 

asymmetric catalytically active site.5  Framework H25-3 was obtained from a DMF/ 

MeOH mixture by employing the axially chiral molecule 5-2 in Fig. 5.2, consisting of a 

binol core and coordinating 4,4′-bipyridyl moieties.   

 

Figure 5. 2. Lin’s homochiral framework (R)-H25-3 (Cd3Cl6(5-

2)3·4DMF·6MeOH·3H2O)5a  (N, deep blue; Cd, light blue; C, gray; Cl, yellow; O, red)  

(R)-H25-3 

(R)-5-2 
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Figure 5.3. (a) Lin’s Formation of titanium binolate from (R)-5-3; (b) Asymmetric 
addition of diethylzinc to aromatic aldehyde.5a   

 

The three-dimensional framework packed in the chiral triclinic P1 space group and 

possessed solvent accessible asymmetric pockets with cross sectional dimensions of ~16 

x 18 Å, lined with the naphthol groups of the bridging ligand 5-2.  The reaction of 

framework H25-3 with Ti(OiPr)4, afforded the catalytically active Lewis acidic Ti(5-

3)(OiPr)2 moiety (Figure 5.3).  This framework was then employed in the addition of 

diethyl zinc to aldehydes with moderate to good ee’s, comparable to the catalytic action 

of a binol titanium tetraisopropoxide mixture.5  The heterogeneous nature of this process 



 219

was further confirmed as the supernatant liquid from the framework mixture did not yield 

the desired products.  In addition, this study by Lin and coworkers illustrates the 

feasibility of post synthetic modification of assembled coordination polymers.   

 Another class of catalytic frameworks in which the bridging group possesses a 

catalytic functionality prior to the formation of the framework, was reported by Hupp’s 

group at Northwestern University.6  This example utilized a structure obtained from 

biphenyl dicarboxylate (H2bpdc), a dipyridyl functionalized salen ligand, and zinc ions.  

While the dicarboxylate coordinates to the zinc ions forming two-dimensional layers, the 

salen ligands, 5-4, connect them thereby generating a three dimensional framework 

(Figure 5.4).     

The epoxidation of olefins with a soluble oxidizer was studied and results showed 

that the framework, 5-4, with the immobilized salen moieties displayed activity with 

good ees, comparable to those obtained with the free salen ligand.  Furthermore Hupp 

and coworkers observed that the framework immobilized salen displayed increased 

stability, recyclability and higher turnover number than the free salen counterpart.6    

The remarkable catalytic applications of these coordination polymers illustrate 

their unique potential as novel heterogeneous catalysts.  In addition, there are very few 

reported examples of coordination polymers which incorporate catalytic functionalities 

within their framework.  To this end, a study was initiated geared towards the design and 

synthesis of catalytically active bridging ligands which could afford frameworks that 

would demonstrate remarkable catalytic activity.   
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Figure 5.4. Synthesis of 5-5 Zn2(bdc)2(5-4)·10DMF·8H2O.6  (Zn, green; N, dark blue, C, 

gray; O, red; Cl, yellow; Mn, pink) 

 

5.2 Ligand Design  

 As mentioned earlier (Section 3.3), �-heterocyclic carbenes (NHCs) continue to 

attract immense interest due to their application as ancilliary ligands7 and as nucleophilic 

catalysts8 in their own right.  A wide range of transformations have been accomplished 

with this class of molecules in either role.  For example, Organ and coworkers have 

recently described the first room temperature Negishi cross coupling reaction of two 

unactivated alkyl centers, promoted by a Pd �-heterocyclic carbene catalyst formed in 

situ (Fig. 5.5a).9  The utility of NHCs as nucleophilic organocatalysts is seen in the 

asymmetric intramolecular Stetter reaction shown in Fig. 5.5b.10  N-Heterocyclic carbene 

salts are readily modified, such that their stereochemical properties are easily tuned.11 

 Due to the successes attributed to NHCs, a study was initiated in which carbene 

functionalities would be incorporated into the frameworks of coordination polymers.  

5-5 
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Figure 5.5.  �-Heterocyclic carbenes: (a) as ancilliary ligands;9 (b) as nucleophilic 
organocatalyst.10

 

 

This could be accomplished by placing a latent carbene functionality orthogonal to 

ligating groups, such as carboxylate and pyridyl units, which would propagate the 

framework, potentially affording a catalytically active material (Scheme. 5.1).   

 

Scheme 5.1. Schematic of proposed catalytically active extended polymeric material. 

 
Although a few examples exist wherein organic ligand molecules, incorporating latent 

NHC functionalities in the molecular skeletons, have been employed in the construction 

b) 

a) 
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of coordination polymers, none has addressed the use of the catalytic carbene 

moieties.12,13  Secondly, these ligands feature saturated alkyl units intervening between 

the azolium units (bearing latent carbene) and the framework propagating 

functionalities.13  These ligands are often quite flexible and do not impose directionality 

onto the frameworks they are used to construct as illustrated in Fig. 5.6.12  Moreover, 

there are no examples of permanently porous coordination polymers containing latent 

carbenes.  At present the extended polymeric structures obtained by the complexation of 

latent NHC-containing ligands and metals have only been studied with a view to 

elucidating their structural and physical properties.12,13    
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The goals of the present study were three fold, namely- 

i. Identify desirable polytopic ligand molecular skeletons with incorporated latent 

NHC bearing functionalities, 

ii. Identify suitable and efficient synthetic routes to the target molecules identified in 

i above, 

iii. Utilize the ligands obtained in the syntheses of coordination polymers. 

Though flexible azolium bearing ligands have been employed in the construction of 

extended framework materials (Fig. 5.6), rigid molecules were sought in the study 

described herein.  This choice was made in order to avert conformational changes 

associated with flexible frameworks (Fig 5.7), which often provide avenues for collapse 

of a framework and rarely allow for permanent porosity.  Employing an imidazole or 

imidazolium core as the latent carbene functionality, it was proposed that 4-pyridyl or 4-

arene carboxylates units be placed on the nitrogen atoms of these heterocycles would 

impose a rigid ligand structure.  These proposed rigid spacers may act exclusively as 

linear (or near linear) linkers in contrast to flexible ligands which in addition, are capable 

of acting as angular spaces.12,13,14   

 

Figure 5.7. Ditopic H5-8 and possible conformational orientations of their carboxyl 
groups: a) drawing of 5-8; b) rendition of 5-8 with both carboxyl groups pointing in the 
same direction from;12a c) 5-8 moiety, with carboxyl groups displaced in opposite 
directions, from H5-8·Br.  (Hydrogen atoms have been removed for clarity. N, dark blue; 
C, gray; O, red).13b 

a) b) c) 



 224

To this end, a basic structural skeleton was proposed for a desirable rigid ligand which 

incorporates a latent carbene.  These ligands would be based on an imidazole/ 

imidazolinium core (section A), and pyridines or arenes with coordinating functionalities, 

(such as carboxylates), at the 4 position in section B (Fig. 5.8) in order to enforce a nearly 

linear geometry.  As seen in Fig. 5.8b, c, the 2- and 3-substituted arenes may direct their 

coordinating groups, R1, either in the same or in opposite directions, without clearly 

favoring one.  As such, only 4-pyridyl or 4-benzoic acid derivatives, (section B Fig. 5.8d) 

with coordinating nitrogen and carboxylate groups connected to the central imidazole 

ring would be sought.   Further, the choice of the substitution pattern on the arene rings 

(section B) may effect critical structural consequences on the coordination polymers 

generated from the ligand.  It has been shown that in the absence of substitution at the 2 

and 6 positions (Fig. 5.8d, f) all three sections of the NHC precursor (A and B) appear to 

be in the same plane.15  On the other hand, when groups significantly larger than 

hydrogens occupy the 2 and 6 positions of the arenes attached to the central azolium ring, 

sections A and B are forced to be perpendicular to each other due to size of these groups 

(Fig. 5.8e, g).16   Further, orthogonal positioning of the A and B sections afford ready 

access to the carbene functionality.   

 Taking the above mentioned factors into consideration, a series of synthetic 

molecules was targeted (Scheme 5.2).  Substituted imidazolinium 5.7[X] and its 

unsaturated counterpart, 5-11[X], were identified with the goal of employing the 

carboxylate functionality in propagating the framework.  Since 5.7
17

 had previously been 

reported, it appeared to be a reasonable starting point in framework construction.     
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Figure 5.8. (a) General structure of proposed rigid ligands; (b) possible structure of latent 
�HC with substitution at the 2-position on the adjoined arene; (c) possible structure of 
latent �HC with substitution at the 3-postion of the adjoined arene; (d) 5-9[X] with 
substitution at the 4 position on the phenyl rings; (e) 5-10[X] with substitution at the 2, 4 
and 6 position on the phenyl rings; (f) 5-9 moiety from the crystal structure of 5-

9·Cl·2H2O;15,16 (g) 5-10 moiety from the crystal structure of (5-10)2·2Br.18      

 

Both molecules may exist as diacid salts as represented in Scheme 5.2, or as zwitterions 

in which one of the carboxylates has lost a proton.  In either case, the carboxylate 

functionalities would be made available under the conditions of the coordination polymer 

syntheses.   

 In order to exploit the catalytic properties of the carbene functionalities 

incorporated in 5.7 and 5-11, these ligands must be modified prior to framework 

syntheses.  This may be achieved by transforming the charged latent carbenes into stable 

5-9[x] 

a) 

5-10[x] 

g) f) 

d) e) 

c) b) 

5-10 
R1= R2= Me 

5-9 
R1= Me 
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neutral molecules such as methanol and thiane adducts 5-15, and 5-17 respectively.  

These may then generate a “free” carbene species like 5-16 post framework construction 

as outlined in Scheme 5.2b.  Also, the transition metal functionalized molecule, 5-18, 

may be synthesized and employed in framework construction.  Thus, it appears feasible 

to embed a catalytically active metal into the framework.  Ligands 5.9[X] and 5.12[X], 

which could exploit the coordinating abilities of the 4-pyridyl units in the syntheses of 

coordination polymers were also targeted.  Further, these ligands should be capable of 

undergoing identical synthetic modification as described for 5.7 and 5-11 above.  In 

targets 5-12 and 5-13 were ligands which grant ready access to the catalytically active 

sites, a result of the methyl aryl rings being perpendicular to the azolium ring.  However, 

it must be noted that when groups larger than hydrogen are connected to the carbene 

carbon, the imidazolium ring is usually perpendicular to the arene rings bonded to its 

nitrogens.18   
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Scheme 5.2. (a) Structure of proposed primary target ligands; (b) Synthetic routes to the 
derivatization of primary target compounds (D= represents discreet species; P= part of a 
coordination polymer).  

 

5.3 General Synthetic Approaches to 4HCs  

 A variety of reliable and convenient synthetic routes to latent NHCs are available.  

Perhaps one of the simplest is the one-pot reaction of glyoxal, an amine (moderate to 

electron-rich) and paraformaldehyde which affords a symmetric disubstituted 

imidazolium compound (Scheme 5.3a).19 This reaction may be broken into two steps, 

b) 

a) 
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first one equivalent of the di-aldehyde reacts with two equivalents of a suitable amine to 

form a diimine.  This diimine then reacts with paraformadehyde, which provides CH 

connecting the two nitrogen atoms, affording the desired product.  In general, this 

reaction is challenging when electron-poor amines are employed, as observed during the 

course of these studies. 

 

Scheme 5.3. Synthetic routes towards latent carbenes and their derivatives.11
  

 

The aforementioned method may be modified such that a monosubstituted imidazole is 

formed, which may then be reacted with an alkyl halide or an activated aryl halide to 

yield an unsymmetric disubstituted imidazolium salt (Scheme 5.3b).  Similarly, 

sequential substitution reactions starting from imidazole have been used to great effect in 
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the syntheses of latent NHC species as detailed in Scheme 5.3c.  Here, imidazole is 

alkylated/ arylated, followed by a second substitution reaction conducted by the more 

basic nitrogen. Secondary diamines, derived as shown in Scheme 5.3d, or the reduction 

of diamides (Scheme 5.3e),20 may be reacted with triethyl orthoformate to afford NHC 

precursors in which the central nitrogen containing heterocyclic moiety is partially 

saturated.  The nucleophilic attack on suitable substrates such by electron- deficient 

amines is expected to be difficult, and this was the case during the course of the research 

presented here.   

 A variety of chemical transformations were conducted to generate the target 

molecules. The condensation of 4-methylaniline with glyoxal afforded the previously 

reported diimine 5.1, a portion of which was reduced with sodium borohydride to give 

5.3
21

 in 70% yield (Fig. 5.9).  Compounds 5.1 and 5.3, were subsequently transformed 

into the previously reported imidazolium (5.2
+) and imidazolinium (5.4

+) chloride salts, 

respectively, in 50% and 80% yield upon reacting the former with chloromethyl ethyl 

ether and the latter with triethyl orthoformiate in an acidic medium.21  

 The permanganate oxidation of the methyl groups on 5.2 and 5.4 was attempted 

with the view of obtaining diacids 5.7 and 5-11.  This synthesis proved unsuccessful, 

with the formation of an intractable mixture of products in both cases due to the 

instability of the central imidazolium or imidazolinium moieties of 5.2
+
 or 5.4

+
 towards 

permanganate oxidation.  

 Single crystals of 5.2[Cl]·2H2O were obtained from methanol.  This structure had 

previously been reported.15  However, a higher quality crystal structure is presented here.  
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5.2[Cl]·2H2O crystallizes in the chiral tetragonal P42212 space group (Fig. 5.10a).  This 

crystal structure features rows of 5.2 each hydrogen bonding to a water molecule, which 

is in turn further hydrogen bond to a chloride anion (Fig. 5.10b).   

  

 

   Figure 5.9. Attempted synthesis of �HC diacids;(a) gloxal,  H+; (b) ClCH2OC2H5; 
   (c) KMnO4; (d) NaBH4, H

+; (e) H+, HC(OEt)3; (f) KMnO4.  

 

A different approach was sought.  Employing the nucleophilic substitution 

reaction of inexpensive isopropyl-4-aminobenzoate on 1,2-dibromoethane afforded 5.5 in 

very low yields (< 5%) as shown in Fig.5.11.17  This low yield was in stark contrast to 
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one of the 70% reported by Jaenicke and Brode, who did not characterize this material 

fully, except for elemental and melting point analyses.17  This material, however, was 

reacted with triethyl orthoformate under acidic conditions followed by precipitation by 

ammonium hexafluorophosphate to give the compound 5.6[PF6] in good yield.  A small 

portion of this material was then hydrolyzed to give diacid 5.7[PF6].       
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dimethyl sulfoxide solvate of 5.8 (Fig. 5.12d) were obtained by the cooling a warm 

concentrated DMSO solution of the diamide to room temperature.  The X-ray single 

crystal structure of this molecule, grown from acetone, had previously been reported.22  

This solvate crystallized in a P-1 space group with half of 5.8 and one dimethyl sulfoxide 

molecule in the asymmetric unit.  Each molecule of 5.8 hydrogen bonded to two DMSO 

molecules as observed in the X-ray structure (Fig. 5.12d). The formed diamide was then 

reduced with borane tetrahydrofuran complex to give the diamine.  The crude product 

was then further reacted with triethylorthofomate to give dipyridy substituted 

imidazolium 5.9, which was isolated as a PF6 salt (Fig. 5.12).    

 

Figure 5.11. Synthesis of �HC diacid 5.7. (a) 1,2-dibromoethane, K2CO3; (b) H+, 
HC(OEt)3; (c) HCl. 

 
This amide approach appeared to be a reasonable means to obtaining a higher yield of 

5.7
+
 as there were reports of the selective reduction of amides in the presence of the 

traditionally more reactive ester functionality.17,23  Following the high yielding synthesis 

of diamide 5.10, it was subjected to slightly milder reaction conditions compared to 
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diamide 5.8, yielding the dibenzyl alcohol substituted imidazolinium compound 

5.11[PF6]  as opposed to the dibenzoic acid analogue 5.7
+.17  This reaction was repeated 

on four separate occasions and the reduction reaction times varied from 6 hours to 24 

hours in 6 hour increments.  Reaction times over 11 hours were enough to reduce both 

the amide and ester groups of 5.10.  On the other hand, a reaction time of 6 hours did not 

yield 5.7.  While the benzyl alcohol substituted imidazolinium moieties were not specific 

targets they may become useful in the synthesis of other molecular assemblies.  

 

Figure 5.12. Syntheses via oxalyl chloride route; (a)Oxalic acid diethylester; (b) 
BH3·THF; (c)H+, HC(OEt)3; (d) Oxalyl chloride; (e)BH3·THF; (f)H+, HC(OEt)3; (g) 
5.8·2DMSO moiety as observed in the X-ray structure of  (5.8)0.5·DMSO with thermal 
ellipsoids at 50% probability. 

 

Another approach explored was the nucleophilic aromatic substitutions on 

suitable arenes by the imidazole moiety to provide access to useful disubstituted NHCs 
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(Scheme 5.3b, c).24  To this end, commercially available 4-chloropyridine hydrochloride 

and ethyl 6-chloropyridine-3-carboxylate appeared particularly attractive for the potential 

syntheses of 4-pyridyl and 4-carboxylate substituted NHC precursors.  In a one-pot 

reaction, in the presence of cesium carbonate, one equivalent of imidazole was reacted 

with 4-chloropyridinium chloride and precipitated as the hexafluorophosphate salt to give 

1,3-di(4-pyridyl)imidazole, 5.12, in low yield of 20% (Figure 5.14).  Attempts at 

performing stepwise substitution on the pyridyl units by the imidazole molecule afforded 

even lower yields.  A stepwise approach was taken for the substitution on the 6 position 

of ethyl 6-chloropyrine-3-caboxylate affording the mono-substituted imidazole, 5.13, in 

high yield.  Disubstitution however, was unsuccessful upon further reaction of the mono-

substituted product with excess of the pyridine carboxylate mentioned above, even under 

very harsh conditions (refluxing DMF, 14 days!).   

 

Figure 5.13. Substitution route; (a) Cs2CO3; (b) NaH; (c) ethyl 6-chloropyridine-3- 
carboxylate, NH4PF6; (d) NaOH, HCl. 
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Subjection of 5.13 to a variety of conditions followed by the precipitation by ammonium 

hexaflorophosphate afforded the protonated hexafluorophosphate salt 5.14[PF6] in about 

95% yield.  Similarly a one-pot approach employing 2 equivalents of ethyl 6-

chloropyrine-3-caboxylate, 1 equivalent of imidazole and excess of base afforded 5.14 

exclusively. Failure of the disubstitution reaction suggests that the mono-substituted 

imidazoles 3-nitrogen is significantly less nucleophilic than imidazole.  The inability to 

successfully add another pyridine carboxylate moiety onto this imidazole prompted the 

synthesis of 5.15 from both 5.13 and 5.14[PF6].  5.7[PF6], 5.12[PF6], and 5.15, were 

employed in crystallization experiments with a variety of metal ions under various 

conditions, however, coordination polymers are yet to be obtained.    

 

Figure 5.14.  X-ray structure of: (a) 5.13; (b) 5.13·5.14[PF6] (thermal ellipsoids at 50% 
probability.  (N, dark blue; C, gray; O, red; H, white; P, green; F, yellow) 

 

Substituted imidazole 5.13 was crystallized from methanol, and its single crystal 

X-ray crystal structure illustrate that it packs in the monoclinic P21/c space group with 



 236

one molecule in the asymmetric unit (Fig. 5.14a).  The crystal structure of 5.14 was 

shown to actually be 5.13·5.14[PF6] as shown in Fig. 5.14b.A seemingly suitable starting 

point towards the syntheses of 5-12 and 5-13 was 4-bromo-2,6-dimethylaniline (4BDA).  

The bromo group of this molecule, (4BDA), could be transformed into a carboxylic 

moiety.  The reaction of the substituted aniline with glyoxal gave the previously reported 

diimine 5.16, of which the reduction with sodium borohydride gave the known diamine 

5.18 in good yield.25  Formation of the imidazolium and imidazolinium salts was readily 

achieved from 5.16 and 5.18, respectively, affording previously reported 5.17[Cl] and 

5.19[Cl], respectively (Fig. 5.15).25   

 

Figure 5.15. Synthesis of 5.17[Cl] and 5.19[Cl]; (a) glyoxal; (b) paraformaldehyde; (c) 
NaBH4; (d) HC(OEt)3,H

+. 

 

A single crystal structure of 5.17[PF6] was obtained from single crystal X-ray data 

collected on suitable crystals grown from methanol.   This salt, (i.e. 5.17[PF6]), packs in 

the monoclinic C2/c space group, with a full molecule in the asymmetric unit (Fig. 5.16).   
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Figure 5.16.  Single crystal X-ray structure of 5.17[PF6]. (Thermal ellipsoids shown at 
50% probability).  Br, yellow; N, blue; C, grey, H, white; P, green; F, pink. 

 
The use of BuLi followed by ClCOOCH3, was proposed to enable the substitution 

of the bromine atoms of 5.17 and 5.19 with methyl carboxylate groups.  However, the 

conditions of this reaction would also afford the substitution of the proton on the latent 

carbene carbon by COOCH3 moiety, as observed in related compounds.26  As such the 

thiane adduct of 5.17[Cl], i.e. 5.20, was synthesized and subjected to lithiation with n-

BuLi follwed by the addition of methylchloroformate (Fig. 5.17).  As the reaction 

mixture stirred it appeared that the thiane decomposed without giving the desired 

product.  Instead a black solid was obtained for which was neither the stating material nor 

the desired product. 

 

Figure 5.17.  Syntheses of thiane 5.20: (e) Na, S8; (f) BuLi, ClCO2Me. 

 

 Alternatively, it was thought that perhaps the substitution of the bromo groups 
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prior to formation of the heterocycle may be possible and then these groups can be 

carried on to the desired targets.  

Subjecting compound 5.18 to the Rosemund-von Braun conditions surprisingly 

led to the formation of a brownish crystalline material determined to be 4-amino-3,5-

dimethylbenzonitrile (5.22) as confirmed by common laboratory methods (GC-MS, 1H 

NMR).  This molecule, however, did not react appreciably with glyoxal to afford a 

diimine.   

 

 

Figure 5.18.  Proposed synthetic route to 5-24; (a) CuCN; (b) Acetic acid anhydride; (c) 
glyoxal; (d) BuLi, ClCO2Me; (e) H+. MeOH; (f) HC(OEt)3,H

+; (g) H+. 

 

Diamine 5.18 was then reacted with acetic acid anhydride affording the diacetamide 5.21, 
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which could serve as a point along the synthetic route to the particularly attractive target 

5-24 as delineated in Figure 5.18. 

During the course of these reactions involving imidazole and ethyl 6-

chloropyridine-3-carboxylate it became apparent that a molecule which could chelate 

strongly to metals while simultaneously being capable of forming extended frameworks 

might be attractive.  Though not incorporating a latent carbene moiety within it, 5.24 

might be useful in constructing fairly rigid frameworks, which might retain their structure 

upon evacuation of their guests.   

 

 

 

 

 

 

 

 

 

 

 

Such a framework would be particularly useful from a gas (H2) storage 

standpoint. For this purpose, pyrazole was reacted with the above mentioned pyridine 

carboxylate in the presence of a carbonate base to give the 5.23 in excellent yield, which 

 

Figure 5.19.  Synthesis of 5.24; (a) K2CO3; (b) NaOH, HCl; (c) structure of 
chelating unit. 
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was readily hydrolyzed under basic conditions to give 5.24 (Figure 5.19).  Chelation of 

the free carboxylate to the metal centers could lead to interesting materials.  In addition, it 

ought to be possible to employ two different metals in such an assembly, which may give 

rise to rather interesting properties.  At present extended framework materials are yet to 

be obtained with 5.24, as such this study remains ongoing.   

 

5.4 Conclusion 

A series of new molecules potentially capable of functioning as coordination 

polymer bridging ligands have been synthesized with varying degrees of success via a 

variety of synthetic methods.  As synthesized coordination polymers are principally 

characterized via single crystal X-ray diffraction, it was quite disappointing that 

diffraction quality crystals were not obtained.  However, the knowledge that there are 

very few examples of these kinds of materials that can catalyze chemical transformations 

as such the leaves the door open to newer approaches to this problem.  The molecules 

discussed herein remain the subject of ongoing research. 
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5.5 Experimental 

 For reagents and instrumentation employed, please refer to Section 2.6. 

 

5.5.1 X-ray crystallography 

Crystallization experiments aimed at generating interesting frameworks from the reaction 

of compounds 5.7, 5.9, 5.12, 5.15, 5.24 and various transition metals were setup, however 

suitable single crystals were not obtained.  

Suitable single crystals of compounds 5.8, 5.13, 5.14 and 5.17[PF6] were 

obtained from DMSO, dioxane, methanol and ethanol respectively.  Colorless single 

crystals of 5.2[Cl]�2H2O were obtained by slowly evaporating a concentrated methanol of 

5.2[Cl].  Colorless single crystals of 5.8����DMSO were obtained by cooling a warm 

concentrated DMSO solution of 5.8.  Colorless single crystals of 5.13 were obtained by 

evaporation of a concentrated dioxane solution of 5.13.  Colorless single crystals of 

5.13����[5.14]����PF6 were obtained by cooling a concentrated methanol solution of this salt.  

Finally orange single crystals of 5.17[PF6] were obtained by slow evaporation of an 

ethanol solution of this hexafluorophosphate salt.  The crystal structure details are given 

in the tables below. 
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Table 5-1. Summary of Crystallographic Data 

Compound 5.8·2(DMSO) 5.13 

empirical formula C8H11N2O2S C11H11N3O2  

fw 199.06 217.23 

T, K 100 173 

cryst sys Triclinic Monoclinic 

space group P-1 P2(1)/c 

a, Å 7.999(3) 11.7634(15) 

b, Å 8.008(3) 11.2435(14) 

c, Å 8.406(3) 7.8655(10) 

α, deg. 91.389(6) 90 

β, deg. 101.319(6) 90.23(2) 

γ, deg. 117.466(6) 90 

V, Å3 464.4(3) 1040.3(2) 

Z 2 4 

ρcalc, g cm3 1.425 1.387 

µ, mm-1  0.317 0.099 

F(000) 210 456 

θ range, deg 2.49-28.0 2.51-28.0 

size mm 0.32×0.30×0.24 0.40×0.40×0.36 

GOF 1.074 0.992 

Rint  0.0368 0.0342 

R1, wR2[I>2σ(I)] 0.0340, 0.860 0.0410, 0.1039 

R1, wR2 (all data) 0.0508, 0.0902 0.0873, 0.1133 
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Compound 5.13·[5.14]·PF6 5.17·PF6 

empirical formula C22H23F6N6O4P C19H19Br2F6N2P 

fw 580.44 580.15 

T, K 173 100 

cryst sys Triclinic Monoclinic 

space group P-1 C2/c 

a, Å 10.4339(14) 13.9492(19) 

b, Å 11.2564(15) 10.0897(14) 

c, Å 11.9368(16) 31.165(4) 

α, deg. 117.919(2) 90 

β, deg. 95.088(2) 96.908(2) 

γ, deg. 91.478(2) 90 

V, Å3 1230.3(3) 4354.4(10) 

Z 2 8 

ρcalc, g cm3 1.567 1.77 

µ, mm-1  0.201 3.856 

F(000) 596 2288 

θ range, deg 1.94-25.00 2.50-28.00 

size mm 0.48x0.46x0.38 0.60x0.46x0.44 

GOF 1.002 1.042 

Rint  0.0326 0.069 

R1, wR2[I>2σ(I)] 0.0439, 0.1076 0.0485, 0.1040 

R1, wR2 (all data) 0.0839, 0.1177 0.0920, 0.1122 
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Compound 5.2[Cl]·2H2O
15

 

empirical formula C17H21N2O2 

fw 320.13 

T, K 173 

cryst sys Tetragonal 

space group P42212 

a, Å 17.8260(15) 

b, Å 17.8260(15) 

c, Å 5.0332(9) 

α, deg. 90 

β, deg. 90 

γ, deg. 90 

V, Å3 1599.4(3) 

Z 4 

ρcalc, g cm3 1.324 

µ, mm-1  0.247 

F(000) 672 

θ range, deg 1.76-27.46 

size mm 0.54 × 0.28 × 0.20 

GOF 1.112 

Rint  0.0315 

R1, wR2[I>2σ(I)] 0.0478, 0.1361 

R1, wR2 (all data) 0.0541, 0.1415 
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5.4.2 Syntheses 

All reactions were conducted under a nitrogen atmosphere unless otherwise noted. 

 

Glyoxal-bis-(4-methylphenyl)imine, 5.1
21

 (by modified procedure of a similar compound 

class)  

To a solution of 10.7 g (100 mmol) of 4-aminotoluene in 100 ml of 1-propanol was added 

a solution of 7.26 g, 50 mmol, of 40% glyoxal solution in 30.0 ml of a 2:1 1-propanol-

water mix.  This mixture was stirred at ambient temperature for 24 hours with the 

formation of a yellow precipitate.  After 24 hours, 100 ml of water were added to the 

reaction mixture and the yellow precipitate was collected by filtration and dried to afford 

17.7 g, 37.5 mmol (75%) of 5.1.  1H NMR (CDCl3) δ 8.42 (s, 2 H, N=CH), 7.23 (s, 8 H, 

Ar-H), 2.51 (s, 6 H, p-CH3) 
13C NMR (CDCl3) δ 121.8, 130.6, 138.1, 149.2.  

 

1,3-Bis-(4-methylphenyl)imidazolium chloride, 5.2[Cl]
21

 (by modified procedure of 

similar compound class)
  

To a solution of 1.80 g (18.3 mmol) of chlormethylethyl ether in 3 ml of THF was added 

4.3 g (18.3 mmol) of 5.1 in 40.0 ml of THF.  The reaction was stirred at 50°C for 20 

hours, cooled and the light pink precipitate collected via filtration to give 2.60 g, 9.15 

mmol (50%) of 5.2.  1H NMR ((CD3)2SO) δ 10.33 (s, 1 H, N-CH-N), 8.55 (s, 2 H, N-

CHCH-N), 7.81 (d, Ar-H meta to methyl, J = 8.2 Hz), 7.50 (d, Ar-H ortho to methyl, J = 

7.7 Hz), 2.42 (s, 6 H, Ar-CH3); 
13C NMR ((CD3)2SO) δ 138.16, 135.46, 131.98, 119.07, 
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21.07. 

�,�’-Bis-(4-methylphenyl)ethane dihydrochloride, 5.3
21,27

 (by modified procedure of a 

similar compound class)
  

A solution of 23.6 g (100 mmol) of 5.1 in 300 ml of THF was cooled to 0°C and 16.0 g 

(423 mmol) of sodium borohydride was added in 1.00 g portions over a few minutes.  

The mixture was then warmed to ambient temperature and stirred for 12 hours and then 

refluxed for another 12 hours.  This was followed by the addition of 300 ml of cold water 

and 300 ml of 3 M HCl, after which a colorless precipitate formed and was collected by 

filtration and dried under reduced pressure to afford 22.0 g, 70.0 mmol (70%) of 5.3.  1H 

NMR ((CD3)2SO) δ 7.17 (d, 4 H, Ar-H ortho to CH3), 6.29 (d, 4 H, Ar-H meta to CH3), 

3.45 (bs, N-H), 3.36 (s, 4 H, N-CH2), 2.22 (s, 6 H, Ar-CH3); 
13C NMR (CDCl3) δ 145.73, 

116.36, 130.94, 126.76, 43.41, 20.33.  

 

1,3-Bis-(4-methylphenyl)imidazolinium chloride, 5.4[Cl]
21 

A solution of 9.50 g (30.3 mmol) of 5.3 in 100 ml triethyl orthoformate and 2.0 ml of 

formic acid were refluxed for 24 hours.  Upon cooling to ambient temperature a white 

precipitate formed and was collected by filtration affording 6.89 g, 24.2 mmol (77%) of 

5.4 as a white solid.  1H NMR ((CD3)2SO) δ 10.03 (s, 1 H, N-CH-N), 7.56 (d, Ar-H meta 

to methyl, J = 8.5 Hz), 7.35 (d, Ar-H ortho to methyl, J = 8.3 Hz), 4.55 (s, 2 H, N-

CH2CH2-N), 2.35 (s, 6 H, Ar-CH3); 
13C NMR δ ((CD3)2SO) 151.9, 138.0, 134.52, 130.7, 

119.0, 21.1. 
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�,�’-Bis-(4-isopropylbenzoate)ethane, 5.5
17

 

To 150 ml of anhydrous DMF was added 18.0 g (100 mmol) of  4-isopropyl amino 

benzoate, 34.5 g (250 mmol) of potassium carbonate and 4.70 g (25.0 mmol) of 1,2-

dibromoethane.  This reaction mixture was stirred at 120 °C for 48 hours, cooled, filtered 

through celite and the solvent removed under reduced pressure.  The residue was 

extracted with ethyl acetate/water, dried over magnesium sulfate, concentrated and 

purified on silica with a mobile phase of ethyl acetate to give 800 mg, 2.00 mmol (2.1 %) 

of 5.5 as a gold colored solid.  1H NMR ((CD3)2SO) δ 7.70 (d, 4 H, Ar-H ortho to C-

CO2
iPr, J = 8.2 Hz), 6.61 (d, 4 H, Ar-H, meta to C-CO2

iPr, J = 7.6 Hz), 5.92 (s, 2 H, N-

H), 5.04 (m, 2 H, CO2CH(CH3)2), 1.25 (d, 12 H, CO2CH(CH3)2 J = 7.2 Hz);  13C NMR 

((CD3)2SO) δ 166.11, 154.07, 153.22, 131.74, 117.35, 117.12, 113.34, 111.69, 22.43.   

 

1,3-Bis-(4-isopropylbenzoate)imidazolinium chloride, 5.6[Cl] 

400 mg (1.04 mmol) of 5.5 in 50 ml of triethyl orthoformate was refluxed for 36 hours.  

This was then cooled to ambient temperature and concentrated followed with the addition 

of 5.00 ml of concentrated aqueous solution of ammonium hexafluorophosphate 

affording 162 mg, 0.624 mmol (60%) of 5.6 as a white solid.  1H NMR ((CD3)2SO) δ 

10.22 (s, 1 H, NArCHNAr), 8.12 (d, 4 H,  Ar-H ortho to C-CO2
iPr, J = 6.7 Hz), 7.78(d, 4 

H, Ar-H, meta to C-CO2
iPr, J = 7.6 Hz), 5.16 (m, 2 H, CO2CH(CH3)2), 4.65 (s, 4 H, 

ArNCH2CH2NAr), 1.34 (d, 12 H, CO2CH(CH3)2 J = 6.2 Hz);   13C NMR  ((CD3)2SO) δ 

193.2, 165.74, 152.83, 131.38, 118.54, 111.43, 66.75, 21.65.  
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1,3-Bis-(4-benzoicacid)imidazolinium hexafluorophosphate, 5.7[PF6]
17 

In 10.0 ml of ethanol was placed 100 mg (0.186 mmol) of 5.5 and 20.0 mg (0.52 mmol) 

of sodium hydroxide.  The solution was stirred at reflux for 24 hours.  It was then cooled 

the solvent evaporated and the residue dissolved in water.  The product was precipitated 

with concentrated hydrochloric acid to give a white precipitate.  The solid was collected, 

dissolved in methanol, and precipitated as the PF6
-1 salt by a concentrated aqueous 

NH4(PF6) solution  to give 30.8 mg, 0.100 mmol (50%) of 5.7.  1H NMR ((CD3)2SO) δ 

9.81 (s, 1 H, NCHN), 8.06 (d, 4 H, CH ortho to C-COOH, J = 2.2 Hz), 7.53 (d, 4 H, CH 

meta to C-COOH, J = 2.2 Hz), 7.16 (s, 1 H, NCHCHN); 13C NMR ((CD3)2SO) δ 194.6, 

171.3, 146.1, 141.2, 130.9, 133.2, 129.8, 126.6. 

 

�,�’-4Dipyridyl oxalamide, 5.8
22

 

To 75.0 ml of dioxane was added 4-aminopyridine (10.0 g, 106 mmol), and oxalic acid 

diethyl ester (7.80 g, 53.0 mmol).  The solution was stirred at 100 ºC for 6 hours, cooled 

to ambient temperature and filtered to yield 10.6 g, 49.3 mmol (93%) of 5.8.  In addition, 

this material was once synthesized by following method reported by Tzeng and 

coworkers22: 

To a cooled solution of 9.88 g (105 mmol) of 4-aminopyridine and 15.5 ml (110 mmol) 

of triethyl amine in 150 ml of dry methylene chloride was added dropwise 4.40 ml (50.0 

mmol) of oxalyl chloride. The reaction was then warmed to room temperature and stirred 

for 24 hours. The solution was then filtered, the precipitate washed with water and dried 
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to afford 10.9g, 47.7 mmol (90%) of 5.8.  (It should be noted that efforts at reproducing 

the latter method proved unsuccessful possibly due to the nature of the oxalyl chloride 

employed.) 1H NMR ((CD3)2SO) δ 11.28 (s, 2 H, amide N-H), 8.53 (d, Ar-H ortho to 

pyridyl N, J = 7.6 Hz), 7.6 (d, Ar-H meta to pyridyl N, J = 7.6 Hz); 13C NMR 14.25, 

144.35, 150.42, 158.86. 

 

1,3-Bis(4-pyridyl)-imidazolinium chloride, 5.9[Cl] 

To 5.8 (3.00 g, 12.5 mmol) in a flame dried reaction vessel was added 1M BH3�THF 

solution (100 ml, 100 mmol) under nitrogen.  The reaction mixture was refluxed for 48 

hours, cooled to room temperature and methanol was added to quench the reaction.  Two 

milliliters of concentrated hydrochloric acid was subsequently added, followed by the 

removal of the organics under reduced pressure.  The white residue left was then 

suspended in 120 ml of triethyl orthoformate and stirred under reflux conditions for 12 

hours.  Upon cooling to room temperature the solution was filtered and the solid dried to 

afford 0.986 g, 3.75 mmol (30%) of 5.9 as a white solid.  1H NMR ((CD3)2SO) δ δ 10.03 

(s, 1 H, N-CH-N), 8.33 (d, 4 H, C-H ortho to pyridyl N, J = 8.3 Hz), 7.04 (d, 4 H, C-H 

meta to pyridyl N, J = 8.3 Hz), 4.67 (s, 2 H, N-CH2CH2-N);  13C NMR ((CD3)2SO) δ 

194.3, 158.5, 151.3, 109.7, 46.3.  C14H17F6N4P, calc. C, 43.53; H, 4.44; N, 14.50, 

observed C, 43.61; H, 4.60; N, 14.96.      

 

�,�’-(4-Disopropylbenzoate) oxalamide, 5.10 

To a cooled solution of 18.8 g (105 mmol) of isopropyl 4-aminobenzoate and 15.5 ml 
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(110 mmol) of triethyl amine in 150 ml of dry methylene chloride was added dropwise 

4.40 ml (50.0 mmol) of oxalyl chloride. The reaction was then warmed to room 

temperature and stirred for 16 hours. The solution was then filtered, the precipitate 

washed with water and dried to yield 10.6g, 40.9 mmol (78%) of 5.10.  1H NMR 

((CD3)2SO) δ 11.16 (s, 2 H, amide H), 7.90- 8.15 (m, 8 H, Ar-H), 5.01-5.18 (m, 2 H, 

CO2CH(CH3)2), 1.31 (d, 12 H, CO2CH(CH3)2  J = 6.2 Hz);  13C NMR. 139.03, 135.65, 

132.29, 131.46, 119.65, 21.94.  C22H24N2O6, calc. C, 64.07; H, 5.87; N, 6.79, observed C, 

64.52; H, 6.03; N, 6.62.        

 

1,3-Bis(4-benzyl alcohol)-imidazolinium hexafluorophosphate, 5.11[PF6] 

To 5.10 (5.00 g, 12.5 mmol) in a flame dried reaction vessel was added 1M BH3�THF 

solution (100 ml, 100 mmol) under nitrogen.  The reaction mixture was stirred at 40 ºC 

for 48 hours, cooled to room temperature, and then methanol was added to quench the 

reaction.  Two milliliters of concentrated hydrochloric acid was subsequently added 

followed by the removal of the organics under reduced pressure.  The remaining white 

residue was then suspended in 120 ml of trimethyl orthoformiate and stirred under reflux 

conditions for 12 hours.  Upon cooling to room temperature the solution was 

concentrated and a 15.0 ml of an aqueous solution of NH4PF6 was added with subsequent 

precipitation which was collected by filtration to afford 4.12 g, 10.0 mmol (80%) of 

5.11[PF6] as a white solid.  1H NMR ((CD3)2SO) δ 9.96 (s, 1 H, N-CH-N), 7.55 (d, 4 H, 

C-H meta to methylene, J= 7.4 Hz), 7.35 (d, 4 H, C-H ortho to methylene, J = 8.1 Hz), 

4.54 (s, 4 H, N-CH2CH2-N), 2.34 (s, 4 H, Ar-CH2OH); 13C NMR ((CD3)2SO) δ  151.37, 
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137.19, 135.08, 130.98, 119.10, 49.02, 21.46. C17H19F6N2O2P, calc. C, 47.67; H, 4.47; N, 

6.54; observed C, 47.18; H, 4.10; N, 6.88. 

 

1,3-Bis(4-pyridyl)imidazolium hexafluorophosphate, 5.12[PF6] 

Imidazole (1.50 g, 22.0 mmol), 4-chloropyridinium chloride (3.30 g, 44.0 mmol) and 

potassium chloride (7.50 g, 54.3 mmol) were placed in 30 ml of anhydrous DMF and 

were warmed at 150ºC for 36 hours.  The reaction mixture was then cooled to room 

temperature, filtered and the filtrate evaporated under reduced pressure.  The residue was 

then dissolved in methanol and an aqueous solution of NH4PF6 was added with 

subsequent precipitation.  This precipitate was filtered to yield 817 mg, 4.49 mmol (20%) 

of 5.12 as a white solid.  1H NMR ((CD3)2SO) δ 10.13 (s, 1 H, NCHN), 8.76 (d, 4 H, 

ortho to pyridyl N, J = 10.13 Hz), 8.56 (s, 2 H, imidazole NCHCHN) 8.15 (d, 4 H, J 

=10.2 Hz)   13C NMR ((CD3)2SO) δ 197.6, 152.6, 120.6, 112.9.  C13H11N4PF6 calc C, 

42.40; H, 3.01, N, 15.22; Found C, 42.17; H, 2.89; N, 15.63. 

 

Ethyl-6-(1-imidazoyl)pyridine-3-carboxylate, 5.13 

Imidazole (1.40 g, 20.6 mmol), and sodium hydride (1.00 g, 41.6 mmol) were placed in 

50 ml of anhydrous dioxane and stirred at 80°C.  After an hour ethyl-6-chloropyridine-3-

carboxylate (3.70 g, 20.0 mmol) was added to this mixture and the reaction was 

maintained at this temperature for 48 hours.  The reaction was cooled and filtered.  This 

was followed by the removal of 1,4-dioxane from the filtrate under reduced pressure to 

yield 4.16 g, 19.2 mmol (90%) of 5.13, (melting point, 107-109 ºC), as a yellow 
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translucent solid.  1H NMR ((CD3)2CO) δ 9.30 (s, 1 H, ortho to pyridyl N), 9.09 (dd, 1 H, 

para to pyridyl N, J = 0.9, 2.25 Hz), 8.37 (dd, 1 H, N-CH-N, J = 2.2, 8.4 Hz), 8.28 (s,1 

H, meta to pyridyl N), 8.08 (d, 1 H, imidazole Ar-N-CH, J = 1.7 Hz), 7.62 (s, 1 H, 

imidazole N-CH), 4.43 (q, 2 H, OCH2CH3, J = 7.1 Hz), 1.40 (t, 3 H, OCH2CH3)  13C 

NMR δ 164.15, 151.16, 150.70, 140.07, 135.09, 130.923, 124.92, 115.93, 111.12, 61.39, 

14.05.  C11H11N3O2 calc. C, 60.82; H, 5.10; N, 19.34; observed C, 60.66; H, 5.18; N, 

19.71. 

 

Ethyl-6-(1-imidazolium)pyridine-3-carboxylate hexafluorophosphate, 5.14[PF6] 

To 100 ml of 1,4-dioxane was added 1.0 g (4.6 mmol) of 5.13 and 850 mg (4.6 mmol) of 

ethyl 6-chloropyridine-3-carboxylate.  The reaction was stirred at 70°C for 48 hours, 

cooled and concentrated.  An aqueous solution of NH4PF6 was added with the formation 

of a yellow precipitate that was collected via filtration to afford 1.5 g, 4.37 mmol (95%) 

of 5.14.    1H NMR ((CD3)2CO) δ 9.72 (bs, Imidazole N-H), 9.33 (s, 1 H, ortho to pyridyl 

N), 9.13 (dd, 1 H, para to pyridyl N, J= 1.0, 2.1 Hz), 8.63 (dd, 1 H, N-CH-N, J = 2.2, 8.4 

Hz), 8.32 (s,1 H, meta to pyridyl N), 8.11 (d, 1 H, imidazole Ar-N-CH, J = 1.7 Hz ), 7.66 

(s, 1 H, imidazole N-CH), 4.42 (q, 2 H, OCH2CH3, J = 7.1 Hz), 1.40 (t, 3 H, OCH2CH3)  

13C NMR δ 165.63, 152.34, 142.695, 137.00, 127.99, 119.58, 63.30, 15.33.  

C11H12F6N3O2P, calc. C, 36.38; H, 3.33; N, 11.57, observed C, 36.41; H, 3.36; N, 11.68.      

 

1-imidazolium pyridine-3-carboxylic acid, 5.15 

To 100 ml of ethanol was added 1.20 g (5.50 mmol) of 5.14 and 440 mg (11.0 mmol) of 
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NaOH in 10.0 ml of water.  This mixture was refluxed for 24 hours, cooled and 

concentrated to 10.0 ml.  This was then acidified; the precipitate formed was filtered and 

dried to give 900 mg, 4.95 mmol (90%) of 5.15 as a white solid.  1H NMR ((CD3)2SO) δ 

9.13 (s, 1 H, ortho to pyridyl N), 8.30 (d, 1 H, para to pyridyl N, J = 4.8 Hz), 8.01 (d, 1 

H, N-CH-N, J = 5.1 Hz), 7.61 (s,1 H, meta to pyridyl N), 7.45 (d, 1 H, imidazole Ar-N-

CH, J = 1.7 Hz), 7.16 (s, 1 H, imidazole N-CH); 13C NMR ((CD3)2SO) δ 179.3, 170.0, 

153.9, 150.5, 134.6, 128.1, 126.7, 113.8.  C10H8N2O2, calc. C, 63.82; H, 4.28; N, 14.89, 

observed C, 63.57; H, 4.56; N, 14.64.      

 

�,�’-bis(4-bromo-2,6-dimethylphenyl)imine, 5.16
25

 

To 200 ml of 1-propanol in a dry reaction vessel was added 4.00 g, (20.0 mmol) of 4-

bromo-2,6-dimethylaniline and 1.40 g (10.0 mmol) of glyoxal.  This solution was stirred 

under nitrogen atmosphere at ambient temperature for 18 hours to give upon filtration, 

3.00 g, 7.11 mmol (71%) of 5.16 as a yellow powder.  1H NMR  (CDCl3) δ 8.18 (s, 2 H, 

N=CH), 7.26 (s, 4 H, Ar-H ), 2.17 (s, 12 H, Ar-CH3);  13C NMR (CDCl3) δ 119.10, 

129.03, 131.19, 148.86, 163.91. 

 

1,3-Bis(4- bromo-2,6-dimethylphenyl)imidazolium chloride, 5.17[Cl]
25

 

Paraformaldehyde (200 mg, 6.6 mmol) was added to 2.80 g (6.6 mmol) 5.16 in 100 ml of 

toluene.  This mixture was heated at 70 ºC for an hour followed by the addition of 2.00 

ml of concentrated HCl, and was then left to stir at this temperature for another 48 hours.  

The reaction was then cooled to room temperature and a brown precipitate formed was 
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filtered and dried to give 1.85 g, 3.92 mmol (60%) of 5.17. 1H NMR ((CD3)2SO) δ 9.80 

(s, 1 H, Imidazole NCHN), 8.36 (s, 2 H, Imidazole NCHCHN), 7. 72 (s, 4 H, meta Ar-H), 

2.16 (s, 12 H, ortho CH3); 
13C NMR ((CD3)2SO) δ 138.59, 137.36, 132.66, 131.41, 

124.52, 123.65, 17.61. The hexafluorophosphate salt, 5.17[PF6], was synthesized by 

NH4PF6 precipitation of a methanol solution of 5.17[Cl].  This was achieved by making a 

concentrated methanol solution (≈1.0 M) of 5.17[Cl] and stirring in and equal volume of 

1.0 M aqueous solution NH4PF6.  This afforded a white precipitate 5.17[PF6] which was 

collected by filtration.  

 

�,�’-bis(4- bromo-2,6-dimethylphenyl)ethylenediamine, 5.18
25

 

To a suspension of 5.16 (4.22 g, 10 mmol) in 50 ml of anhydrous THF was added NaBH4 

(2.00 g, 52.8 mmol) in 500 mg portions over 2 hours.  The mixture was refluxed for 16 

hours, after which it was cooled and water was carefully added to quench the reaction.  

The product was extracted into dichloromethane with the subsequent removal of solvent 

under reduced pressure to yield 3.97 g, 9.40 mmol (94%) of 5.18.  1H NMR (CDCl3)
 δ 

7.10 (s, 4 H, meta Ar-H), 3.05 (s, 4 H, Ar-NCH2), 2.19 (s, 12 H, Ar-CH3); 
13C NMR 

(CDCl3)
 δ 146.11, 132.19, 131.36, 115.01. 

 

1,3-Bis(4- bromo-2,6-dimethylphenyl)imidazolinium hexafluorophosphate, 5.19[PF6]
25

 

To 100 ml trimethyl orthoformate was added 2.00 g (5.00 mmol) 5.18, and 1 ml of 

concentrated HCl.  This reaction mixture was refluxed for 12 hours, concentrated and an 

aqueous solution of NH4PF6 was added to precipitate 5.19 (1.98 g, 4.28 mmol, 85%).  1H 
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NMR ((CD3)2SO) δ 9.33 (s, 1 H, Imidazole NCHN), 7.56 (s, 4 H, meta Ar-H), 4.50 (s, 4 

H, dihydroimidazole NCH2CH2N), 2.38 (s, 12 H, ortho CH3); 
13C NMR ((CD3)2SO) δ 

162.31, 138.57, 133.04, 131.02, 122.81, 50.75, 18.21. 

 

1,3-Bis(4- bromo-2,6-dimethylphenyl)imidazole-2-thiane, 5.20 

To a flame dried reaction flask was added 1.00 g (2.12 mmol) of 5.17 and 30.0 ml of 

anhydrous methanol.  To this mixture was added 510 mg (21.2 mmol) of sodium hydride 

in 10.0 ml of anhydrous methanol dropwise then 500 mg (15.7 mmol) of elemental 

sulfur.  The reaction was stirred for 24 hours under ambient conditions and filtered 

through celite to remove inorganic salts.  The filtrate was then acidified to pH 5.0, and 

concentrated under reduced pressure to give 5.20, (melting point, 211-213 ºC), as a grey 

powder (642 mg, 1.37 mmol, 65%).  1H NMR (CDCl3) δ 7.36 (s, 4 H, Ar-H), 6.79 (s, 2 

H, Imidazole HC=CH) 13C NMR (CDCl3) δ 15.95, 16.15, 18.13, 118.25, 123.25, 131.85, 

138.42.  C15H10Br2N2S, calc. C, 43.93; H, 2.46; N, 6.83, observed C, 44.28; H, 2.19; N 

6.47. 

 

�,�’-bis(4- bromo-2,6-dimethylphenyl)ethylenediacetamide, 5.21 

1.00 g (2.00 mmol) of 5.18 was placed in 100 ml of acetic anhydride and refluxed for 18 

hours.  The solution was cooled and the solvent removed under reduced pressure to yield 

5.21 (981 mg,  96%) as a grey highly crystalline solid. 1H NMR (CDCl3) δ 7.32 (s, 4 H, 

Ar-H), 3.80 (s, 4 H, ArN-CH2), 2.24 (s, 12 H, Ar-CH3), 1.71 (s, 6 H, CH3CO); 13C NMR 

(CDCl3) δ 171.06, 140.15, 137.84, 131.92, 121.81, 46.85, 21.54, 18.13.  C22H26N2O2Br2, 
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calc. C, 51.78; H, 5.14; N, 5.49, observed C, 51.43; H, 5.49; N, 5.11.       

4-amino-3,5-dimethylbenzonitrile, 5.22 attempted synthesis of �,�’-bis(4- cyano-2,6-

dimethylphenyl)ethylenediamine 

A mixture of 5.18 (650 mg, 1.30 mmol) and CuCN (1.88 g, 21.0 mmol) in anhydrous 

DMF (30 ml) was refluxed for 36 hours.  The mixture was then cooled and concentrated 

then added to a stirring solution of FeCl3·6H2O (5.00g) in 10 ml of water.  The solution 

was stirred for 45 minutes followed by the addition of concentrated HCl (5 ml).  The 

solution was then extracted in chloroform, washed with water and brine and evaporated 

to give 273 mg, 0.936 mmol (72%) of 5.22,  (melting point, 108-110 ºC), as a yellow 

highly crystalline solid.  1H NMR (CDCl3) δ 7.19 (s, 2 H, Ar-H), 4.08 (bs, 2 H, N-H), 

2.15 (s, 6 H, Ar-CH3); 
13C NMR (CDCl3) δ 147.12, 131.96, 121.34, 120.46, 99.27, 17.21. 

CI-MS 147.1 (M+1) 

 

Ethyl 6-(1-pyrazoyl)pyridine-3-carboxylate, 5.23 

Pyrazole (1.40 g, 20.5 mmol), and potassium carbonate (6.00 g, 43.4 mmol) were placed 

in 50.0 ml of anhydrous dioxane and stirred at 80°C.  After an hour, ethyl-6-

chloropyridine-3-carboxylate (3.70 g, 19.9 mmol) was added to this mixture and the 

reaction was maintained at this temperature for 48 hours.  The reaction was cooled and 

filtered.  The yellow filtrate was concentrated and purified on a silica column with ethyl 

acetate as the eluent to give 4.00 g, 18.4 mmol (90%) of 5.23, (melting point, 69-71 ºC), 

as a white translucent solid.  1H NMR (CDCl3) δ 8.90 (d, 1 H, Ar-H ortho to pyridyl N, 

J= 2.17 Hz), 8.59 (d, 1 H, Ar-H para to pyridyl N, J= 2.5 Hz), 8.36 (dd, 1 H, Ar-H meta 
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to pyridyl N, J = 8.7, 2.4 Hz), 8.00 (m, 1 H, pyrazole Ar-N-C-H), 7.74 (m, 1 H, pyrazole 

Ar-N-N-C-H), 6.46 (m, 1 H, pyrazole NCHCHCHN), 4.40 (q, 2 H, ArCOOCH2CH3, J = 

7.16 Hz), 1.39 (t, 3 H, ArCOOCH2CH3, J = 7.13 Hz) 13C NMR (CDCl3) δ 165.21, 

153.89, 150.46, 143.64, 140.18, 128.17, 61.64, 33.00.  C11H11N3O2, calc. C, 60.82; H, 

5.10; N, 19.34; observed C, 60.46; H, 5.47; N, 19.22. 

 

Ethyl 6-(1-pyrazolium)pyridine-3-carboxylic acid, 5.24 

To 100 ml of ethanol was added 1.2 g (5.52 mmol) of 5.23 and 440 mg (11.0 mmol) of 

NaOH in 10 ml of water. This mixture was refluxed for 24 hours, cooled and 

concentrated.  This was then acidified, the precipitate formed was filtered and dried to 

give 1.00 g, 5.29 mmol (96%) of 5.24 as a white solid.  1H NMR ((CD3)2SO) δ 13.42 (bs, 

COOH ), 8.95 (d, 1 H, Ar-H ortho to pyridyl N, J = 2.17 Hz), 8.68 (d, 1 H, Ar-H para to 

pyridyl N, J = 2.5 Hz), 8.42 (dd, 1 H, Ar-H meta to pyridyl N, J = 6.4 Hz), 8.02 (m, 1 H, 

pyrazole Ar-N-C-H), 7.90 (m, 1 H, pyrazole Ar-N-N-C-H), 6.63 (m, 1 H, pyrazole 

NCHCHCHN) 13C NMR ((CD3)2SO) δ 179.44, 156.52, 150.38, 135.74, 134.96, 133.70, 

116.19, 113.44, 107.48.  C9H7N3O2, calc. C, 57.14; H, 3.73; N, 22.21, observed C, 56.83; 

H, 4.14; N, 21.85.  
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Appendices 

 
All infra-red spectra were obtained on a Varian 3100 FT-IR Excalibur instrument, using a 
KBr pellet. 
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Table 6-1: Summary of single crystal X-ray crystallographic data 

Compound 2.1·4(C7H16O2N) 

·4(PhNO2)·4I*
 

(2.6)2·9(C4H10O)* 

empirical 

formula 

C210H210O48N8I4 C156H186O25 

fw 4121.56 2461.13 

T, K 163 163 

cryst sys Monoclinic Monoclinic 

space group Pb21a Cc 

a, Å 14.3633(1) 23.3506(2) 

b, Å 18.1474(2) 19.8941(2) 

c, Å 62.2394(5) 32.3276(4) 

α, deg. 90 90 

β, deg. 90 92.53 

γ, deg. 90 90 

V, Å3 4517.01(5) 15002.8(5) 

Z 4 4 

ρcalc, g cm3 1.5041 1.3113 

 

 

 

 

 

 

 
* Incomplete refinement 
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Compound (2.6)2·3(C5H11OH)†
  

empirical 

formula 

C135H142O11  

fw 1940.57  

T, K 173  

cryst sys Tetragonal  

space group P4  

a, Å 16.4137(8)  

b, Å 16.4137(8)  

c, Å 12.1697(1)  

α, deg. 90  

β, deg. 90  

γ, deg. 90  

V, Å3 3278.63(8)  

Z 16  

ρcalc, g cm3 1.2733  

 

 
† Refinements are incomplete. 
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