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ไดสังเคราะหเฮเทอรโรไดทอพปครีเซพเตอร 14 และ 15 ซึ่งประกอบดวยสวนประกอบหลักของคาลิกซ[4]เอรีน
และบิสไทโอยูเรียซึ่งเปนตัวรับแอนไอออนที่ดานโลเวอรริม ทั้งสองสวนนี้เช่ือมกันโดยหมูเอไมดหรือเอสเทอร  สารประกอบ 
14 และ 15 มีวิธีการที่เหมาะสมในการสังเคราะหที่แตกตางกัน เปอรเซนตผลิตภัณฑโดยรวมของการสังเคราะห 14 เปน 
3.7% และการสังเคราะห 15 เปน 15%  โครงสรางของแมคโครโมเลกุล 14 และ 15 ในสารละลายคลอโรฟอรมหรือแอซิ
โตไนไตรลปรากฏอยูในรูปของโคนคอนฟอรเมชัน  โครงสรางทางเอ็กซเรยบงชี้วาโครงสรางของโมเลกุล 14 เปนแบบโคลส
แฟลททินโคนคอนฟอรเมชัน  งานวิจัยนี้ไดทําการศึกษาสมบัติการจับของทั้งสองรีเซพเตอรกับแคทไอออน แอนไอออน และ
การทํางานรวมกันของไอออนทั้งสองชนิดในสารละลายแอซิโตไนไตรล โดยใชวิธีโปรตอนเอ็นเอ็มอารไตเตรชันซึ่งจะสามารถ
คํานวณหาสัดสวนในการเกิดสารประกอบเชิงซอน ความสามารถในการจับ และพลังงานอิสระกิบบสของการเกิดสาร
ประกอบเชิงซอนได 

จากการศึกษาพบวารีเซพเตอรทั้งสองสามารถจับกับแอลคาไลแคทไอออนได โดยจับไดดีที่สุดกับโซเดียม ถึงแมวา
สารประกอบ 14 และ 15 มีโครงสรางที่คลายคลึงกัน  สารประกอบ 15 เปนโฮสตที่แสดงสมบัติการเลือกจับตอแคทไอออน
มากกวาสารประกอบ 14  นอกจากนี้แมคโครโมเลกุล 14 แสดงการเลือกจับกับคารบอกซีเลตแอนไอออนที่มีโครงสรางแบบ
ตัวอักษรวายขณะที่โมเลกุล 15 แสดงการเลือกจับกับฟอสเฟตแอนไอออนที่มีโครงสรางแบบเตตระฮีดรอล 

นอกจากนี้ยังพบวาการเลือกจับกับกรดอะมิโนที่อยูในรูปของแอนไอออนไดรับอิทธิพลจากไซดเชนของกรดอะมิโน
แตผลกระทบนี้มิไดเดนชัดมากมาย  อยางไรก็ดีรีเซพเตอร 14 แสดงความสามารถในการเลือกจับกับเกลือคารบอกซีเลตของ
ลิวซีนในขณะที่แมคโครโมเลกุล 15 เลือกจับกับเกลือคารบอกซีเลตของฟไนลอลานีนและแอสพาราจีน  จากการศึกษาพบ
วา คาคงที่การเกิดสารประกอบเชิงซอนของเกลือคารบอกซีเลตของแอสพาติกแอซิดและแอสพาราจีนมากกวาเกลือคารบอก
ซีเลตของกลูตามิกแอซิดและกลูตามีนตามลําดับ แสดงวาทั้งสองอนุพันธสามารถเกิดสารประกอบเชิงซอนกับเกลือของกรด
อะมิโนที่มีขนาดสั้นไดดีกวาเกลือของกรดอะมิโนขนาดยาว  นอกจากนี้ลิแกนด 14 สามารถเกิดสารประกอบเชิงซอนกับได
คารบอกซิเลตของอะมิโนแอซิด เชน แอสพาติกแอซิดหรือกลูตามิกแอซิดไดดีกวาโมโนคารบอกซิเลตของอะมิโนแอซิด เชน 
แอสพาราจีนและกลูตามีน ในทางตรงกันขามลิแกนด 15 สามารถเกิดสารประกอบเชิงซอนกับโมโนคารบอกซิเลตของอะมิ
โนแอซิด เชน แอสพาราจีนและกลูตามีนไดดีกวาไดคารบอกซิเลตของอะมิโนแอซิด เชน แอสพาติกแอซิดหรือกลูตามิกแอซิด 

คาคงที่ในการเกิดสารประกอบเชิงซอนระหวาง 14·Na+ กับคารบอกซิเลตหรือฟอสเฟตแอนไอออนสามารถ
คํานวณไดในระบบของไดฟไนลฟอสเฟตเพียงอยางเดียวเนื่องจากผลของไอออนแพร และพบวาผลท่ีไดเปนแบบเนกาทีฟ
เอลาวสเตอรริสซึม  การไมแสดงผลการเลือกจับซ่ึงเปนผลมาจากผลกระทบของไอออนแพรนี้ไมเดนชัดในกรณีของ 15·Na+ 
ซึ่งสามารถจับกับท้ังคารบอกซิเลตและฟอสเฟตแอนไอออนได โดยเลือกจับไดดีกับฟอสเฟตแอนไอออนเหมือนกับกรณีของ
โมเลกุล 15 ซ่ึงยังไมเกิดสารประกอบเชิงซอนกับโซเดียม โดย 15·Na+ แสดงการจับกับแอนไอออนไดดีกวาโมเลกุล 15 
เนื่องจากผลของซินเนอจิสติก  นอกจากนี้ยังพบวา 15·Na+ สามารถเลือกจับกับไดไฮโดรเจนฟอสเฟตโดยมีคาคงที่การเกิด
สารประกอบเชิงซอนมากที่สุดและจับกับแอซิเตดโดยมีคาโคออพเพอเรติวิตีสูงที่สุด  นอกจากนี้ยังพบวาการเกิดสารประกอบ
เชิงซอนของโมเลกุล 14 กับโซเดียมมีผลทําใหการเลือกจับกับเกลือคารบอกซีเลตของแอสพาติกแอซิด เปนแบบโพสิทีฟเอ 
ลาวสเตอรริสซึม สวนการเลือกจับกับเกลือคารบอกซีเลตของกลูตามิกแอซิดเปนแบบเนกาทีฟเอลาวสเตอรริสซึม  และทําให
การเลือกจับของ 15·Na+ กับไดคารบอกซีเลตของแอสพาติกแอซิด หรือ กลูตามิกแอซิดลดลงอยางมาก 
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Two novel macrocyclic heteroditopic receptors 14 and 15 which were comprised of 

calixarene scaffolds and bis-thiourea binding sites bearing two amide or ester moieties at the 
lower rim were synthesized.  The proper synthetic pathway for the preparation of calix[4]arene 
amide 14 (3.7%) and ester 15 (15%) were different.  Both macromolecule 14 and its analogous 
15 existed in cone conformation in either chloroform or acetonitrile solution.  The x-ray 
structure of 14 indicated the closed flattened cone conformation.  The cations, anions (both 
basic anions and amino acid anions) as well as cooperative binding properties of both receptors 
were investigated.  1H-NMR titration was employed to measure the stoichiometry of the 
complexes, binding constants and Gibbs free energy in acetonitrile-d3.   

Both receptors recognized alkali cations with highest selectivity towards sodium.  
Compared to 14, compound 15 was found to be a more efficiency and specific host for sodium.  
Despite their similar structures, macromolecule 14 can selectively bind Y-shaped carboxylate 
anions while analogous molecule 15 displayed a good selectivity with tetrahedral phosphate 
type anions.   

Moreover, the binding affinity of both receptors towards TBA salt of amino acids was 
affected by changing the amino acid side chain.  Bis-thiourea 14 and 15 did not show a 
significant difference in binding affinity among various amino acids.  However, receptor 14 
showed a moderate selectivity for TBA salt of leucine whereas ester macromolecule 15 formed 
a remarkably strong complex with carboxylate salts of phenylalanine and asparagine.  Both bis-
thiourea derivatives were more selective for TBA salts of shorter amino acids (aspartic acid and 
asparagine) than those of longer amino acids (glutamic acid and glutamine).  Additionally, 
ligand 14 preferentially recognized dicarboxylate amino anions (aspartic acid and glutamic 
acid) over monocarboxylate amino anions (asparagine and glutamine) while the inverse trend 
was observed for ligand 15. 

The binding efficiency of sodium bound 14 towards common carboxylate or phosphate 
anion could be evaluated only with diphenylphosphate as a negative allosterism.  Unlike bound 
14, the sequestering by ion-pairing effect in the case of bound 15 was not predominantly 
observed.  Both free and sodium bound 15 preferentially recognized phosphate type anions, in 
which the latter system was controlled by synergistic effects.  The strongest binding efficiency 
was found in the case of dihydrogen phosphate whereas the highest cooperativity factor was 
discovered in the case of acetate.  On the other hand, the presence of sodium cation in the 
amide cavity of 14 displayed the positive allosterism in the case of dicarboxylate salt of 
aspartic acid and negative allosterism in the case of dicarboxylate anion of glutamic acid.  On 
the contrary, the binding affinity of the sodium bound 15 towards bis-TBA salts of aspartic acid 
and glutamic acid were decreased. 
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CHAPTER I 

INTRODUCTION 

1.1 Supramolecular Chemistry 

Research in the area of supramolecular chemistry which may be defined as 

“chemistry beyond the molecule”[1] is now an interesting branch of chemistry.  These 

molecular systems result from the association of two or more chemical species held 

together by intermolecular forces, not by covalent bonds.  Supramolecular chemistry 

is thermodynamically less stable, kinetically more labile and dynamically more 

flexible than ordinary molecules. 

 Supramolecular chemistry may be divided into two broad categories, 

supermolecules and supramolecular assemblies.  Supermolecules come from 

intermolecular association of a few components.  Supramolecular assemblies are 

polymolecular entities that result from the spontaneous association of a large number 

of components into a specific phase having more or less well-defined microscopic 

organization and microscopic characteristic.  The development of supramolecular 

chemistry has led to a growing interest in the design and synthesis of macrocyclic 

molecules incorporating intermolecular cavities. 

1.2 Molecular Recognition 

 Molecular recognition is a critical component of intermolecular processes, 

including enzyme-substrate recognition, receptor-ligand binding, molecular self-

assembly, and chemical sensing.  The design of new hosts and/or guests is essential 

for providing insight into the factors governing molecular recognition and for 

preparing new materials with desirable properties. 

Basically, molecular recognition is defined by energy and information 

involved in the binding and selection of substrate(s) by a given receptor molecule 

containing a specific function.  Sometimes, this idea is described as “Lock and Key” 

principle (Figure 1.1).[2]  The arrangement of binding sites in the host (lock) is 

complementary to the guest (key) both sterically (structurally) and electronically.   
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X
Y

covalent
synthesis

non-covalent
   synthesis

 Host
(lock)

Guest
(key)

Molecular building blocks

Complex

Supermolecule  

Figure 1.1. Supramolecular chemistry and molecular recognition represented by 

“Lock and Key” principle.[2]  

Molecular receptors are defined as organic structures held by covalent bonds, 

that are able to bind ionic or molecular substrates (or both) by means of various 

intermolecular interactions such as electrostatic interaction, ion-dipole interaction, 

dipole-dipole interaction, hydrogen bonding,[3] π-π stacking interaction, cation-π 

interaction, hydrophobic effects and close packing in the solid state, leading to an 

assembly of two or more species.  Design of receptor molecules depends on numerous 

types of complementary between host and guest such as geometry, size and electron 

cloud and interactions.  Moreover, the large contact area and multiple interaction sites 

which lead to the strong overall bindings are also affected.[1]  Molecular recognition 

can be divided into neutral substrate recognition,[4] cation recognition,[5-6] and anion 

recognition.[7-10] 

 Supramolecular chemists hope to probe fundamental aspects of molecular 

recognition through design and synthesis of completely artificial receptors, followed 

by examination of the structures and stabilities of artificial receptors and their 

complexes.  Applications of these kinds of synthetic receptors can be used in a 

number of areas, such as medical analysis, detection of toxic compounds in 

environments, development of biosensors, separation of mixtures of compounds, 

including separation of enantiomers. 
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1.3 Cation Recognition 

Both alkali and transition metal cations play important roles across many 

fields such as industry,[11] environments,[12] biology[13] and chemical therapy.[14]  This 

thesis involves the chemistry of alkali cation recognition; therefore, solely the role of 

alkali cations will be briefly mentioned. 

In living systems, the energy source called adenosine triphosphate (ATP) is 

strictly balanced its 4-ionic charge by alkali and alkaline earth metal cations.  In 

addition, the Na+/K+-ATPase enzyme is an example of a transmembrane enzyme; i.e. 

an enzyme that exists in the phospholipid membrane of a biological cell, to transport 

the alkali metal cation; Na+ and K+, against the concentration gradient from one side 

of the cell membrane to the other.[15]  On the other hand, there is an increased interest 

in the development of optical sensors for the determination of clinically important 

metal ions such as sodium, potassium and lithium. 

Cation complexation of chemistry has effectively given birth to the whole 

field of molecular recognition since the late 1960s.  There are several kinds of cation 

based receptors such as podands, crown ethers, lariat crown ethers, cryptands, 

spherands[16] and calixarenes.[17]  A principle in the design of artificial receptors is 

based on using the proper binding sites and the proper cavity size.  The chemistry of 

them mainly depends on the hard-soft acid-base concept.[18]  Ion-ion interactions, ion-

dipole interactions and cation-π interactions play important roles in this kind of 

chemistry. 

1.4 Anion Recognition 

The design of anion receptors is particularly challenging and this area of 

supramolecular chemistry has become a well established in the last 2 decades.  There 

are a number of reasons for a sudden growth in this new area of coordination 

chemistry.   Anions such as deoxyribonucleic acid (DNA) and adenosine triphosphate 

(ATP) are ubiquitous throughout biological systems.  DNA, a polyanion containing 

phosphate esters along its ribose backbone, carries genetic information by 

transcription and translation processes.[19]  The free energy of life process (ATP), 

made up of adenosine diphosphate (ADP) and dihydrogen phosphate (H2PO4), is itself 

an anion bound by enzymes in order to perform many metabolic functions.  
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Moreover, the majority of enzyme is carboxypeptidase A (CPA), an enzyme that 

coordinates to the C-terminal carboxylate group of polypeptides by the formation of 

an argenine-aspartate salt-bridge and catalyses the hydrolysis of this residue.  The 

salt-bridge motif is also observed in zinc finger DNA complexes and RNA 

(ribonucleic acid) stem loop-protein interactions.  In addition, dicarboxylate anions 

are essential components of numerous metabolic processes in a living cell such as 

Krebs cycle (citric acid cycle).[20]  Dicarboxylate species such as succinate, fumarate, 

oxaloacetate, α-ketoglutarate and malate are important intermediates for generating 

ATP in this cycle.[20] 

Chemically, anions serve as nucleophiles, bases, redox mediators and phase-

transfer catalysts.[21]  The chemical reactivity of some molecules can alter after 

coordinating to anion(s) leading to ability to separate hazardous anions or stabilization 

of unstable anionic species. 

Anions also involve in pollution problems.  In particular, nitrate[22] and 

phosphate that use in fertilizers on agricultural land as well as the phosphate anion 

that use in detergents and insecticides[23] often pollute natural water sources. 

Medically, anions are of great importance in many disease pathways.  Cystic 

fibrosis is caused by misregulation of chloride channels.[24]  There is a real need for 

selective halide detection as established methods of chloride analysis are unsuitable 

for biological application.  Cancer is caused by the uncontrolled replication of 

polyanioic DNA.  Anion-binding proteins have also been implicated in the 

mechanism of Alzheimer’s disease.[25] 

Anion recognition chemistry actually grew from its beginnings in the same 

period as cation and neutral molecule recognition.  Non-covalent interactions that 

used in anion-host binding can be actually categorized into 4 types; hydrogen-

bondings, electrostatic interactions, metal or Lewis acid center (dipole-dipole 

interactions) or hydrophobic effects.[26]  In comparison to cation and neutral molecule 

coordination chemistry, design and synthesis of anion receptors are a recent 

development due to a number of reasons.  Firstly, the ordinary interaction is 

electrostatic forces.  Most anion sizes are greater than isoelectronic cations, thus their 

charge to radius ratio are lower.  This means that electrostatic binding interaction is 

less effective in the case of larger anions.  Secondly, some anions such as 
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carboxylates, phosphates and sulphates exist in narrow pH window.  Thus, the 

stability and the basicity of anions should be considered for a well-match between 

hosts and anions.  Finally, there are wide varieties of geometry and coordination 

number.  Therefore, a higher degree of design may be required to make receptors 

complementary to their anionic guests.  A well-designed host molecule would gain 

both high selective and great sensitive binding.  

1.5 Neutral Hydrogen Bonding Receptors for Anions 

The design and synthesis of neutral anion receptors have been a subject of 

current interest in host-guest chemistry due to their possible applications to ion 

sensors such as ion-selective electrodes and optodes.  The synthetic anion receptors 

can be actually divided into two classes: positively charged and uncharged 

receptors.[27]  Many receptors for anion substrates reported in the first period are 

charged molecules for example polyammonium receptors, guanidinium based 

receptors, cobalticinium and ferrocinium based receptors.  The particularly important 

anion receptor is neutral hydrogen bonding receptors, which show higher selectivity, 

although they are able to operate only in apolar non-competing media.  Furthermore, 

the neutral receptor must compete with solution ion-pairing of guest leading to the 

lower sensitivity.   

In nature, neutral anion binding proteins are known to bind anions only via 

hydrogen bonding interactions[28-29] which are the most important of all noncovalent 

bond types in biochemistry.  Hydrogen bonds play an essential role in the formation 

of biological macromolecules such as the globular proteins and the DNA double helix 

and in the mechanism of enzyme-substrate recognition.  Additionally, phosphate or 

sulfate binding proteins are naturally known examples that bind anions strongly and 

selectively via neutral proton-donor groups using the main chain protein NH-groups.  

Therefore, the formation of hydrogen bonds as a driving force of the molecular 

recognition has also been widely used in artificial receptors.[30] 

Hydrogen bonds are in general significantly weaker than electrostatic 

interactions when the corresponding carboxylate anions are involved.  The former 

interaction may become a dominating force in the association process if several 

hydrogen bond donor and acceptor sites act concertedly; for instance, the carboxylate 

binding pocket of the vancomycin group antibiotics in nature.[31-32]  This implies that 
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hydrogen bonding is one of the most important recognition elements in anion sensing.  

Thus, the design and synthesis of hydrogen bonding receptors for biologically and/or 

chemically important anions are of current interest.[33-34] 

The relatively strong hydrogen bonding of urea and thiourea groups has been 

used in the development of neutral anion receptors, because the hydrogen bond is 

directional in character, and correct orientation of the hydrogen bond donors can 

provide selective anion recognition.  Urea and thiourea are particularly good hydrogen 

bond donors and are excellent receptors for anions such as carboxylate via the 

formation of two hydrogen bonds (Figure 1.2). 

HNO

O HN

HNO

O HN
R R SO

Carboxylate-Urea Carboxylate-Thiourea

- -

 

Figure 1.2. Formation of hydrogen bonding in carboxylate bound urea or thiourea. 

In general, thiourea derivatives show stronger anion binding ability due to 

stronger hydrogen-bond donor capability than that of the corresponding ureas because 

of the higher acidity of the former.[35]  The higher acidity of the thiourea hydrogens 

dominates the weaker hydrogen bond accepting ability of sulfur as compare to 

oxygen, unlikely to interfere in conformational or complexing studies involving other 

strong acceptor centers.[36-37] 

1.6 Receptor for Amino Acids 

Amino alcohol moieties are found in many natural products (amino polyols, 

amino sugars, amino acids, etc.) of biochemical and pharmacological interest.[38]  In 

addition, the protein amino acids are the basic building blocks for all peptide chains 

(amino acid polymers and oligomers) and protein chains (a protein is a large 

polypeptide), which make up the structure of an enormous number of biological 

molecules.  The chains are held together by peptide links (amino bonds), formed by 

intermolecular condensation reactions between the acid and amine parts of amino 

acids.  Amino acids are chiral molecules, and in the living systems the range of 

proteins found is limited to be L-α-amino acids.  In bacteria and fungi, a much wider 
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range of amino acids is found.  L-amino acids are easy to synthesize or to separate 

from some bacteria, but the D-enantiomers must be synthesized by the different route.  

The precise selectivity of an effective receptor towards a kind of amino acid would be 

ideally to serve as an indicative of some diseases in biological system.  Additionally, a 

particular challenge has been the enantiospecific binding of chiral species such as 

protonated amino acids.  The twenty primary protein constitutes are shown in Figure 

1.3.  All are α-amino acids except proline which is a cyclic α-amino acid. 
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Figure 1.3. Twenty primary amino acids. 
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As a consequence of the rapid development of supramolecular chemistry, 

supramolecular technology has allowed the development of probes for amino acid. 

Artificial receptors can be tailored to bind small, biologically relevant molecules, such 

as models of natural receptors, carriers or enzymes.[39]  Targeting guest molecules of 

biological importance also invite opportunities for practical applications of the hosts, 

e.g. as chemosensors or chemotherapeutic agents.  The intermolecualr interactions 

involved in this processes are of direct relevance to many biological events and may 

also lead to new biosensors, therapeutics, transport systems and separation of peptide 

mixtures. 

1.7 Ditopic Receptors 

The design of receptors for cations, and more recently anions, is a continuing 

challenge to supramolecular chemists.  However, as stimulated by the needs of new 

selective extraction and transportation reagents for metal salt species in environmental 

and biological systems, ditopic receptors have been developed.  As its name, a ditopic 

receptor contains two binding cavities.  These two cavities are probably for either the 

same or different ions.  In the case that ditopic receptors are designed for two alkali 

cations,[40] two transition metal cations,[41-43] or one organic salt with the same 

ends,[44-46] they are defined as “homoditopic receptors”.  On the other hand, the 

receptors for alkaline earth cation-transition metal cation,[47] alkali cation-anion,[48-50] 

transition metal cation-anion[51-52] or organic ion-pairs[53] are categorized as 

“heteroditopic receptors”. [54] 

The simultaneous complexation of cationic and anionic guest species by 

heteroditopic multisite receptors named “ion-pair recognition” is a new field of 

supramolecular chemistry which is the interface of cation and anion coordination.[55]  

The basic approach to develop receptors that recognize the salt as an associated ion-

pair is to reduce the interference of anions during cation binding study or vice versa.  

These heteroditopic receptors consist of two recognition moieties that are either 

directly linked to allow a highly efficient communication or connected by a flexible 

spacer to ensure an optimal approaching of the ion-pair.  Therefore, these bifunctional 

receptors can be designed to exhibit novel co-operative or allosteric behavior, which 
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one charged guest can enhance binding ability of another through hydrogen bonding, 

hydrophobic functionality, electrostatic force and conformational effects.[56-57] 

In biological systems, the selective recognition of oxoanion substrates such as 

phosphate and sulfate often take place by a combination of hygrogen bonds and 

electrostatic interactions.[58-61]  The effective receptors have been expected to be the 

artificial carriers and channels for the symport (co-transport) of inorganic and organic 

salts across lipophilic membranes and to the selective extraction and transportation 

reagents for ion-pair species of environmental importance and for zwitterion 

recognition.  The subsequent coordination of the pairing anion has been demonstrated 

by a number of ditopic crown ethers funtionalised boron, uranyl, polyammonium, 

amide, urea and amide-urea calix[4]arene based receptor systems.[55] 

1.8 Calixarene Building Block 

Calix[n]arenes, a family of synthetic macrocyclic receptors consisting of 

cyclic arrays of n phenol moieties linked by methylene groups,[62] were chosen as the 

putative hosts.  This cyclic oligomer made up of phenols and formaldehydes provides 

new fascinating platforms.[63]  The most famous calixarene is calix[4]arene because it 

is easiest to prepare.  Calix[4]arene can adopt 4 conformations: cone, partial cone, 

1,2-alternate and 1,3-alternate.  Cone conformation is the most stable due to an array 

of hydrogen bonding between the phenolic-OH groups at the narrow rim of the 

macrocycle.  This conformation is particular useful because of its “bucket” shape 

leading to the rigidify cavity. 

This cavity-containing molecule posses hydroxyl groups on the lower rim and 

potentially free para position on the upper rim.  The hydroxyl group provides 

convenient points for attachment of various moieties, as numerous other researchers 

have been demonstrated.[64-65]  Calixarene with the appropriate appended groups are 

good candidates for probes because they have been shown to be highly specific 

ligands.  In addition, their potential applications as sensing agents have received 

increasing interest.  Indeed, the most significant feature of chemistry of these rigid 

macrocyclic molecules is their ability to bind selectively alkali, alkaline earth, 

transition metal cations[63] and a wide variety of anions inside the cavity.[66] 
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 Their potential application in the treatment of metal rich nuclear wastes has 

been investigated worldwide.[67-68]  Calixarene-based receptors were found to form 

complexes with cationic or anionic species and also a variety of organic ion or organic 

compounds.[69]  Furthermore, calixarene derivatives can be used as more sophisticated 

molecules, for example, they are used as chemical sensors,[70] enzyme mimetics,[71] 

allosteric molecules[72] and peptide libraries.[73]  

1.9 Thiourea-Based Receptor 

In recent years, a number of molecules possessing thiourea functional groups 

have been designed as neutral receptors for various anions.  Molecular recognition is 

achieved by establishing multiple hydrogen bonds with the relatively acidic NH- 

protons of these groups which are located in a well-defined position and direction 

with complementary acceptor groups in a specific and predictable manner.  The 

potential for establishing highly ordered hydrogen bond networks with these 

functional groups is also used to construct supramolecular structures both in 

solution[74-75] and in solid state.[76-77]  Several receptors contain thiourea functional 

groups with suitable spacers such as benzene and cyclohexene are particularly useful 

in the construction of neutral hydrogen bonding receptors. 

1.10 Determination of Binding Constant[78-79] 

In the viewpoint of molecular recognition systems, the weak chemical 

interaction is amplified, integrated and converted to physical signal that can readily 

read out and record.  This data are related to complexation process.  There are several 

methodologies to determine binding constant such as UV-VIS spectroscopy, NMR 

spectroscopy, bomb calorimeter, electrochemical instrument and fluorescence 

depending on the molecular design.   

1H-NMR titration is one of the most useful techniques available to chemists 

for the investigation of dynamic molecular processes.  Appeared NMR spectra are 

basically treated to display a qualitative description of reversible dynamic processes.  

This topic is often introduced with a discussion of simple two-site exchange systems; 

slow and fast exchange.  It is stated that the spectrum consists of two signals under 

“slow-exchange” conditions.  The binding constant can be evaluated by ratio of 
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integration of the NMR signals for free and bound hosts.  The bound and free 

molecules give rise to discrete NMR signals that can be integrated to determine [G] 

and [HG] directly and association constant (βi) finally.  Occasionally, observation of 

slow chemical exchange is classified as a moderately tightly bound host-guest system 

(βi ≈ 103).  The exchange rate of ligand does not necessarily correlate with the binding 

constant.  There is just one signal at the population-averages chemical shift under 

“fast-exchange” conditions.  Most of the host-guest equilibria are fast on the NMR 

time scale.  Basically, the association constant (βi) of either slow or fast exchange 

process is represented by the following equation. 

βi = [H·Gi]/[H][G]i 

Generally, the Job’s plot of chemical induced shift based on a series of 

solution containing both host and guest in varying proportions is essential to perform 

before any determination of βi.  The total concentration in each solution ([H]0+[G]0) is 

constant in this continuous variation analysis.  Mole ratios between a host and a guest 

are in the range of 0 > [H]0/([H]0+[G]0) < 1.  It is worth mentioning that the data 

obtained to determine stoichiometry are not the best data for abstracting the 

association constant.  Therefore, the separate experiments should be planned and 

executed. 

In a typical fast exchange NMR titration experiment, a small aliquot of a guest 

may be added to a known concentration solution of a host in a deuterated solvent and 

the NMR spectrum is monitored as a function of the guest concentration or a host to 

guest ratio.  Commonly, changes in chemical shift (∆δ) are noted for various atomic 

nuclei attributed to the influence of guest binding on their magnetic environments.  As 

a result, two kinds of information are gained.  Firstly, the location of nuclei most 

affected may give qualitative information about the selectivity of guest binding.  More 

importantly, the shape of the titration curve plot of chemical induced shift (δ or ∆δ) 

against added guest concentration gives quantitative information about the binding 

constant.  Such titration curves are often analyzed by modern curve fitting procedure; 

for instance, EQNMR, EMUL/MULTIFIT or NMRTIT.  Although several methods 

have been developed to determine the association constant, curve fitting approaches 

are more widely used.  Clear advantages of curve fitting treatments are that the 

experimental conditions are less constrained and more complex binding models (non 
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1:1 stoichiometry) can be accommodated.  NMR based determinations of βi are 

usually only reliable for association constants in the range of 10-104 M-1.  To 

maximize the reliability of NMR titration data, the experiment needs to be designed.  

The binding curve should cover a large range of percentage bound (ideally from 20 to 

80%).  For βi ≈ 1-5 M-1, ∆δmax cannot be accurately measured.  On the other hand, the 

graph of ∆δ against [H]0/[G]0 become too steep to determine within convenient 

measurement times in the case of βi ≈ 105 M-1.  A more dilution condition probing by 

a more sensitive NMR will slightly extend the range of measurable association 

constants.   

1.11 Literature Review 

 A few group have been devoting their research efforts towards the molecular 

design of p-tert-butylcalix[4]arene containing thiourea.  However, it seems to be no 

report, to our knowledge, about the macrocyclic framework containing both of them. 

Derivatives of p-tert-butylcalix[4]arene which are functionalized with two or 

four (thio)urea groups (Figure 1.4) reported by Scheerder et al. in 1994[80] were found 

to selectively bind spherical anions exclusively through hydrogen bonding.  It was 

found that anions bound phenyl substituted derivatives 1a stronger than t-butyl 1d, 

octyl 1c and propyl 1b substituted which can be explained in term of steric hindrance.  

The larger bulky group, the less intramolecular hydrogen bonding was occurred 

leading to the higher binding constant.  Moreover, they found that urea derivative 1a 

bound anions stronger than thiourea derivative 2.  Thiourea is a better hydrogen bond 

donor thus it is easier to form intramolecular hydrogen bonding.  In addition, bis-urea 

derivative 3 bound anions stronger than tetrakis-thiourea derivative because of more 

preorganization and less self-association.  1H-NMR spectroscopy in CDCl3 reveals a 

selectivity for Cl- over Br- and I-.  The stoichiometry is 1:1 in all cases as confirmed 

by Job’s plots.  All receptors are not selectively bound H2PO4
- because this anion is 

too large to fit into the cavity.  Moreover, hydrogen bond donor and acceptor sites of 

anions are not complementary with the hydrogen bond donor sites in the cavity. 
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Figure 1.4. Two or four (thio)urea groups functionalized on p-tert-butylcalix[4]arene. 

 Four years later, calix[4]arene tetramide mono(thio)urea derivatives (Figure 

1.5) were synthesized to reduce the effect of intramolecular hydrogen bonding by 

Pelizzi and co-worker.[81]  These derivatives act as heteroditopic receptors containing 

amide moieties at the lower rim of calixarene as cation binding site and (thio)urea at 

the upper rim of calixarene as anion binding sites.  These receptors were found to 

selectively bind Y-shape carboxylate anions over spherical anions.  Receptors 5 and 6 

bound acetate stronger than benzoate and formate which could be explained in term of 

pKa (pKa of acetate, benzoate and formate are 12.60, 10.90 and 10.26, respectively).  

Compared to urea 5b, thiourea 5a is a more effective ligand due to the higher degree 

of hydrogen bond donating.  Sodium ion was encapsulated at the narrow rim in a slow 

exchange manner with the free ligand.  The apolar cavity of the calix[4]arene building 

block is also rigidified by encapsulation of alkali ions.  In addition, the anion 

coordination ability of the molecule that contains methylene linkage between the 

calixarene scaffold and the thiourea moiety has been affected by addition of sodium 

ion in the solution of the host.  Receptor 6 containing thiourea group directly 

connected to the aromatic units is more efficient than 5a, which has methylene spacer, 

because of electron-delocalization effect.  Co-bound sodium ion in 5a enhanced 

binding ability of anions towards receptor 4 due to intermolecular hydrogen bonding 
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and electrostatic interactions.  Nevertheless, the cooperative binding decreases the 

selectivity.   
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Figure 1.5. Calix[4]arene mono(thio)urea derivatives. 

 Deetz and co-worker reported an X-ray crystal structure of heteroditopic 

receptor 7 binding NaCl as a solvent separated ion-pair.[82]  However, the binding 

cooperativity would be improved if the salt were bound to the receptor as a contact 

ion-pair.  Later, they designed host 8 as a salt binding analogous of 7 but with a 

shorter distance between the anion and cation binding site.[83]  These results suggested 

that macrocycle 8 is the first unambiguous example of a ditopic salt receptor that 

binds alkali halide as their contact ion-pair in solution more strongly than either of 

free ions (sodium or potassium was used as cation while chloride was served as 

anion).  The solvent separated ion-pair of 7 and contact ion-pair of 8 are displayed in 

Figure 1.6.  Furthermore, they also found that the significant binding enhancements 

were obtained in a less polar solvent like CDCl3:DMSO-d6 (85:15).  The binding 

affinity of 8 towards chloride anion is higher in the presence of potassium, compared 

to sodium.  When receptor 8 accommodated sodium cation, the diazacrown alters its 

conformation and reduced its effective binding.  Even though chloride anion is 

located closer to the four diazacrown oxygen in 8·Na+, the association constant is 

much less than 8·K+·Cl-.  This explained by the fact that the closer of contact ion-pair 

in 8·Na+ increase ion-dipole repulsions between chloride and diazacrown oxygen. 
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Figure 1.6. Effect of the chain length towards the formation of solvent separate or 

contact ion-pairing. 

Analogous receptors have been reported by Mahoney et al (Figure 1.7).[84]  

Compared to heteroditopic 9, bicyclic 10 was found to be a better host towards 

chloride anion either in the absence or the presence of an alkali cation (sodium or 

potassium).  The crystal structure of [10·NaCl] was obtained.  The contact ion-pair 

affect was found as expected.  Although the x-ray structure reveals that the Na-Cl 

distance is shorter than Na-Cl distance in crystalline NaCl, it does not lead to the 

effective enhancement like KCl.  This also resulted from the repulsion between 

chloride anion and oxygen on diazacrown.  Moreover, the binding of a cation or an 

anion was also revealed to displace any trapped solvent molecules (water and 

methanol).  Therefore, they did not inhibit the binding of the second counterion. 
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Figure 1.7. Other contacted ion-pair recognitions by which the number of hydrogen 

bond donor controlled the stability of complex. 
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Arduini and co-workers have found a positive allosteric effect during ion-pair 

binding by extended-cavity calix[4]arenes in the cone conformation.[85]  In the 

complex, the sulfonate anion interacted with the phenolic upper rim of the calixarene 

by hydrogen bonds and, subsequently, the binding cavity of this macromolecule was 

further preorganized for complexing tetramethylammonium cation using chloroform-

d as solvent (Figure 1.8).  Therefore, sulfonate substrate was stabilized in the complex 

by hydrogen bonding and electrostatic forces. 

OO O O

HOOHOH OH

H3C
N

CH3

CH3
CH3

CH3

SO3-

11  

Figure 1.8. Ion-pair recognition of tetramethylammonium sulfonate in a calixarene 

derivative. 

Macrobicyclic anion receptors 13a and 13b (Figure 1.9) containing 

calix[4]arene as building block, two L-alanine units as chiral center and 2,6-

diacylpyridine or a phthaloyl bridge (to reduce conformational flexibility) were 

synthesized by Sansone et al.[86]  Receptor 12 which is the clef like molecule without 

rigid spacer was found to bind anions less strongly than 13a and 13b which contained 

rigid linkages to reduce mobility.  The rigid receptors showed selectivity towards Y-

shaped carboxylate anions over other basic inorganic anions (Cl-, I-, NO3
-, H2PO4

-).  

Moreover, all receptors prefer to bind benzoate to acetate.  Both hydrogen-bonding 

interactions and π-π stacking interactions are involved in the efficiency and the 

selectivity of these anion receptors.  
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Figure 1.9. Chiral macrobicyclic anion receptors containing two L-alanine units as 

chiral center. 

1.12 Scope of This Thesis 

 To gain a basic understanding of molecular recognition, synthesis of receptor 

molecules with a high selectivity for a particular guest molecule has been of interest 

to supramolecular chemists.  This has been one of the driving forces for design of 

synthetic receptors.   

 In the last few years evidence has been accumulated showing that 

preorganization plays a fundamental role in molecular recognition by synthetic 

receptors.  Preorganization and rigidity of host molecules are usually obtained by 

covalently linking binding groups or rigid spacers to suitable templates. 

However, these seems to be no report, to our knowledge, on calixarene based 

receptors having thiourea groups as a part of macrocyclic framework, despite the fact 

that preorganization of the binding sites would improve the binding ability and 

selectivity.  Our approach utilizes cyclic framework to control molecular architecture 

and consequently to preorganize the host molecules.  Moreover, the rigid molecular 

components have been used to hold hydrogen-bonding groups at a fixed distance.  

Recently, separation of two thiourea units by 1,3-(dimethylene)benzene leads to 

receptors that form strong, multiple hydrogen bonded complexes with dihydrogen 

phosphate.[87]  Thus, the novel neutral bifunctional receptors for the simultaneous 
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complexation of anions and cations in organic media have been developed.  In these 

receptors, the appropriate binding sites for both anionic and cationic species are 

covalently combined in a neutral molecule. 

The frame of this thesis aims at the understanding of molecular recognition 

processes involving cations and anions.  According to the proposed concept, the 

synthesis of two p-tert-butylcalix[4]arene derivatives containing bis-thiourea moieties 

14 and 15 have been developed (Figure 1.10).  Their binding ability and selectivity 

towards several guests, cations, anions or both of them, have been investigated.  The 

complex stoichiometry and binding association (βI) for the complexation between the 

receptors and several guest substrates have been determined by 1H-NMR 

spectroscopy in acetonitrile-d3.  The target receptors are designed to contain thiourea 

moieties as carboxylate binding site.  Calix[4]arene acts as a building block to 

maintain rigidity of the molecule.  Amide or ester moiety is designed as a part of a 

flexible linkage between calixarene unit and the thiourea group to ensure an optimal 

approaching of them and also functions as alkali metal receptor to enhance binding 

ability of the receptor towards anions.  The direct effect of ester and amide moieties 

on the binding efficiency for a wide variety of anions will also be evaluated.  Both 

receptors possess two thiourea groups connected by 1,3-(dimethylene)benzene as a 

rigid spacer group.  The aromatic unit which is linked between two thiourea moieties 

participates in the selective binding due to size-dependence and π-π stacking 

interactions.  Both receptors are expected to be the stronger salt binders with guests 

containing phenyl groups.   
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Figure 1.10. The novel p-tert-butylcalix[4]arene derivatives containing bis-thiourea 

moieties 14 and 15 that were designed and synthesized in this thesis. 



CHAPTER II 

EXPERIMENTAL SECTION 

2.1 Synthesis of Heteroditopic Receptors 

2.1.1 General Procedure 

2.1.1.1 Materials 

Tetrahydrofuran was dried and distilled under argon from sodium 

benzophenone ketyl immediately before use.  Acetone was dried with anhydrous 

potassium carbonate and distilled.[88]  Other dried reagents and solvents; acetonitrile, 

benzene, dichloromethane, pyridine and triethylamine, were dried and distilled from 

calcium hydride prior to use.[88]  p-tert-Butyl calix[4]arene was prepared according to 

a modified literature procedure.[89]  All other reagents and solvents, unless otherwise 

noted, were employed as purchased without further purification.  Most reactions were 

carried out under argon atmosphere.  Chromatograpic seperations were performed on 

silica gel flash column (Sorbsil C60, 40-60 mesh), small amount of triethylamine was 

added to neutralized silica gel if necessary.  Thin Layer Chromatography was 

performed on aluminium backed plates coated with silica gel (0.25 mm) which 

contained the fluorescent indicator UV254. 

2.1.1.2 Instrumentation 

1H-NMR spectra were obtained at 200 MHz on Brüker AC-200, at 300 MHz 

on Brüker AC-300, Brüker AM-300 and Brüker DPX-300 spectrometer as well as at 

400 MHz on a Brüker DPX-400 spectrometer.  13C-NMR spectra were recorded at 50 

MHz on a Brüker AC-200, at 75.5 MHz on a Brüker AC-300 and at 100 MHz on a 

Brüker DPX-400 spectrometer.  Two dimentional NMR spectra were obtained using 

Brüker DPX-400 spectrometer.  Chemical shifts are reported in ppm on the δ scale 

relative to the residual proton peak of the deuterated solvent.  Coupling constants 

were given in Hertz.  Assignments of 1H-NMR and 13C-NMR spectra were carried out 

using either Distortionless Enhancement by Polarization Transfer (DEPT) or two-

dimentional NMR experiments. 
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Electrospray mass spectra were determined on a Micromass Platform 

quadrupole mass analyser with an electrospray ion source using acetonitrile as 

solvent.  Infrared spectra were carried out on either a Bio-Rad FT-IR 

spectrophotometer or a Nicolet Impact 410 FT-IR spectrophotometer.  Spectrum were 

obtained as neat films supported on sodium chloride plates for the former FT-IR 

spectrophotometer while the latter one afforded spectrum as potassium bromide 

pellet.  Elemental analysis were analyzed by a Perkin Elmer CHON/S analyzer 

(PE2400 series II).  All melting points were measured in open capillary tubes using an 

Electrothermal 9100 apparatus and are uncorrected. 

2.1.2 Experimental procedure 

2.1.2.1 Synthesis of 5,11,17,23-Tetra-tert-butyl-25,27-N,N’-1,3-bis(methoxyl-

carbamoylpropylthioureidomethyl)benzene-26,28-bis(3-oxabutyloxy)calix[4] 

arene, 14 

tert-Butyl N-(3-aminopropyl)carbamate,[90] 16 

H2N N
H

O

O

H2N NH2

(Boc)2O/ DCM
RT 24 hours

16
93%

(2.1)

 

 This procedure was modified from the procedure reported by Muller et al.[90] 

Di-tert-bytyl dicarbonate (4.50 g, 20.62 mmol) in dichloromethane (400 mL) 

was added dropwise to a solution of excess 1,3-diaminopropane (8.00 g, 107.92 

mmol) in dichloromethane (40 mL) for over a period of 12 hours with vigorous 

stirring.  The stirring was continued for further 36 hours at room temperature.  The 

reaction mixture was washed with aqueous sodium carbonate (2x120 mL) and water 

(2x100 mL).  The organic layer was dried over magnesium sulfate and the solvent 

was evaporated under reduced pressure.  The purified product was obtained from 

column chromatography (30% methanol in dichloromethane) as a colourless viscous 

liquid (3.35 g, 93%). 

Characterization data for 16 

TLC: Rf = 0.82 (30% methanol in dichloromethane) 
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IR (neat)/cm-1: 3332 (NH), 1961 (CO) 

1H-NMR (400 MHz, CDCl3): δ = 4.93 (broad s, 1H, –CH2NHCOO-), 3.20 (q, J = 6 

Hz, 2H, –CH2CH2NH-, 2.75 (t, J = 7 Hz, 2H, H2NCH2CH2-, 1.60 (quint, J = 7 Hz, 

2H, –CH2CH2CH2-), 1.43 (s, 9H, –COOC(CH3)3), 1.38 (s, 2H, H2NCH2CH2-) 

13C-NMR (75 MHz, CDCl3): δ = 156.30 (s, –NHCOOC(CH3)3-), 79.1 (s, –

CH2CH2NH-), 39.7 (s, H2NCH2CH2-), 38.5 (s, –CH2CH2CH2-), 35.5 (s, –

COOC(CH3)3), 28.5 (s, –COOC(CH3)3) 

All spectroscopic data are consistent with those reported in the literatures.[91-92]  

5,11,17,23-Tetra-tert-butyl-25,27-dihydroxy-26,28-bis(3-oxabutyloxy)calix[4]arene, 
[93] 17  

OHOH OHOH OO OHOH

O O

Br OMe

K2CO3/ ACN

reflux 36 hours

17

73%

(2.2)

 

This procedure was modified from the procedure reported by Wieser and co 

worker.[94]  

A suspension of p-tert-butylcalix[4]arene (5.00 g, 7.70 mmol) and potassium 

carbonate (2.50 g, 18.09 mmol) was stirred at room temperature in dried acetonitrile 

(125 mL) for half an hour.  Then, 2-bromoethyl methyl ether (2.68 g, 1.81 mL, 19.28 

mmol) was added and the reaction mixture was heated at reflux for 36 hours under 

argon atmosphere.  After the mixture cooled down to room temperature and the solid 

was filtered, the solvent was removed to dryness.  The residue was dissolved in 

dichloromethane (100 mL) then washed with 2M HCl (2x50 mL) and subsequently 

with water (2x50 mL).  The organic layer was dried over anhydrous magnesium 

sulfate and then purified by column chromatography (5% ethyl acetate in 

dichloromethane).  After evaporation of the solvent, the purified product was obtained 

as a white solid (4.28 g, 73%). 
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Characterization data for 17 

TLC: Rf = 0.35 (5% ethyl acetate in dichloromethane) 

Melting point: 221-222 °C 

IR (film)/cm-1: 3368 (broad) (OH) 

1H-NMR (400 MHz, CDCl3): δ = 7.80 (s, 2H, –ArOH), 7.23 and 7.08 (2s, 8H, ArH-

calixarene), 4.58 and 3.50 (AB spin system, 8H, –ArCH2Ar-, 2J = 13 Hz), 4.33 and 

4.06 (2t, 8H, –OCH2CH2O-, J = 5 Hz), 3.72 (s, 6H, –CH2OCH3), 1.47 and 1.23 (2s, 

36H, –ArC(CH3)3) 

13C-NMR (100 MHz, CDCl3): δ = 150.62, 149.73, 146.81, 141.17, 132.64, 127.47, 

125.53, 125.01 (8s, aromatic-C), 75.16 and 71.28 (2s, –OCH2CH2O-), 59.06 (1s, –

CH2OCH3), 33.85 and 33.64 (2s, –ArC(CH3)3), 31.58 and 31.00 (2s, –ArC(CH3)3), 

31.35 (s, –ArCH2Ar-) 

LRMS (ES+): m/z (%) = 787.6 (100) [M+Na]+ 

Elemental analysis:  Anal Calcd. for C50H68O6: C, 78.49; H, 8.96.  

Found. C, 78.24; H, 8.96. 

All spectroscopic data are consistent with those reported in the literature.[94]  

5,11,17,23-Tetra-tert-butyl-25,27-bis(methoxycarbonylmethoxy)-26,28-bis(3-oxa-

butyloxy)calix[4]arene,[95] 18 

OO OHOH

O O

OO O O

O O

O O

O O

Br OMe

O
Na2CO3/ ACN

reflux 24 hours

18

70%

17

(2.3)

 

 This procedure was modified from the procedure reported by Jeunesse and co-

worker.[95]   
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A suspension of compound 17 (1.87 g, 2.44 mmol) and sodium carbonate 

(0.78 g, 7.36 mmol) was stirred at room temperature in dried acetonitrile (100 mL) for 

half an hour.  Then methyl bromoacetate (1.13 g, 0.70 mL, 7.39 mmol) was added and 

the reaction mixture was heated at reflux for 36 hours under argon atmosphere.  After 

the mixture cooled to room temperature and the solid was filtered, the solvent was 

removed to dryness.  The residue was dissolved in dichloromethane (70 mL) and 

washed with 2M HCl (2x30 mL) and subsequently with water (2x30 mL).  The 

organic layer was dried over anhydrous magnesium sulfate and then purified by 

column chromatography (SiO2) eluting with 10% ethyl acetate in dichloromethane.  

The purified product was a white solid after dryness (1.56 g, 70%). 

Characterization data for 18 

TLC: Rf = 0.33 (10% ethyl acetate in dichloromethane) 

Melting point: 138-139 °C 

IR (film)/cm-1: 1762 (CO) 

1H-NMR (300 MHz, CDCl3): δ = 6.89-6.86 and 6.74-6.71 (2m, 8H, ArH-calixarene), 

4.97-4.96, 4.83-4.82 and 4.75-4.74 (3m, 4H, –OCH2COO-), 4.71-4.66 and 3.20-3.16 

(2m, 8H, –ArCH2Ar-), 4.12-4.07 and 3.89-3.83 (2m, 8H, –OCH2CH2O-), 3.80-3.77 

(m, 6H, –CH2COOCH3), 3.45-3.44 (m, 6H, –CH2OCH3), 1.16-1.14 and 1.05-1.03 

(2m, 36H, –ArC(CH3)3) 

13C-NMR (100 MHz, CDCl3): δ = 171.09 and 165.25 (2s, -COOCH3), 153.26, 

153.23, 152.97, 152.89, 145.19, 145.08, 145.06, 144.73, 133.88, 133.86, 133.81, 

133.37, 133.33, 133.29, 125.41 and 124.97 (16s, aromatic-C), 73.19, 73.14, 71.92 and 

71.89 (4s, –OCH2CH2O-), 70.91 and 70.53 (2s, –OCH2COO-), 60.38, 58.67 and 

58.58 (3s, –CH2OCH3), 52.15 and 51.35 (2s, -CH2COOCH3), 33.86 and 33.77 (2s, –

ArC(CH3)3), 31.69, 31.61, 31.03 and 30.53 (4s, –ArC(CH3)3), 31.43 and 30.36 (s, –

ArCH2Ar-) 

LRMS (ES+): m/z (%) = 931.8 (48) [M+Na]+ 

Elemental analysis: Anal Calcd. for C56H76O10: C, 73.98; H, 8.43.  

Found. C, 73.95; H, 8.49. 
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All spectroscopic data are consistent with those reported in the literature.[95] 

5,11,17,23-Tetra-tert-butyl-25,27-bis(hydroxycarbonylmethoxy)-26,28-bis(3-oxa-

butyloxy)calix[4]arene,[96] 19 

OO O O

O O

O O

O O

OO O O

OH OH

O O

O O

reflux 24 hours

19

NaOH/ EtOH

70%

18

(2.4)

 

 This procedure was modified from the procedure reported by Araki et al.[97] 

A mixture of compound 18 (1.79 g, 1.97 mmol) and sodium hydroxide (0.20 

g, 5.00 mmol) in ethanol (100 mL) was heated at reflux for 24 hours under argon 

atmosphere.  The solvent was then evaporated to dryness.  Cold 3M HCl (50 mL) was 

added into the solid with vigorous stirring till pH reached 1 to afford a white 

precipitate.  The solid was filtered off, taken up in dichloromethane (70 mL) and then 

washed with 3M HCl (2x50 mL) and sodium chloride solution (2x30 mL).  After 

drying in vacuo, the desired product in dichloromethane was crystallized as white 

needle crystals (1.21 g, 70%) by adding methanol.  

Characterization data for 19 

Melting point: 262-263 °C 

IR (film)/cm-1: 3252 (OH), 1758 (CO) 

1H-NMR (300 MHz, CDCl3): δ = 7.18 and 6.58 (2s, 8H, ArH-calixarene), 4.76 (s, 

4H, –OCH2COOH), 4.42 and 3.26 (AB spin system, 8H, –ArCH2Ar-, J = 13 Hz), 

3.99-3.75 (m, 8H, –OCH2CH2O-), 3.47 (s, 6H, –CH2OCH3), 1.35 and 0.84 (2s, 36H, –

ArC(CH3)3) 

13C-NMR (75 MHz, CDCl3): δ = 170.43 (s, –OCH2COOH), 153.01, 149.96, 147.23, 

145.98, 134.78, 132.10, 126.04 and 125.34 (8s, aromatic-C), 76.23 (s, –OCH2COOH), 
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72.00 and 70.91 (2s, –OCH2CH2O-), 58.74 (s, –CH2OCH3), 34.18 and 33.70 (2s, –

ArC(CH3)3), 31.57 and 30.94 (2s, –ArC(CH3)3), 30.79 (s, –ArCH2Ar-)  

LRMS (ES+): m/z (%) = 902.8 (100) [M+Na]+ 

Elemental analysis:  Anal Calcd. for C54H72O10: C, 73.61; H, 8.24.  

Found. C, 73.61; H, 8.40. 

All spectroscopic data are consistent with those reported in the literature.[97]  

5,11,17,23-Tetra-tert-butyl-25,27-bis(3-tert-butoxycarbonylaminopropylcarbamoyl-

methoxy)-26,28-bis(3-oxabutyloxy)calix[4]arene, 20 

OO O O

OH OH

O O

O O

OO O O

NH HN

NHBocBocHN

O O

O O1) SOCl2/ benzene
     reflux 24 hours
2) 16/ toluene
     TEA, DMAP
     RT 24 hours

20

42%

19

(2.5)

 

 This procedure was modified from the procedure reported by Boehmer and his 

co-worker[98] as well as Kawaguchi and his co-worker.[99] 

 To a solution of compound 19 (1.00 g, 1.13 mmol) in benzene (50 mL), 

thionyl chloride (0.30 g, 0.18 mL, 2.52 mmol) was added dropwise.  The reaction 

mixture was heated at reflux for 24 hours under argon atmosphere.  After drying in 

vacuo, the white solid of 5,11,17,23-tetra-tert-butyl-25,27-bis(chlorocarbonyl-

methoxy)-26,28-bis(3-oxa-butyloxy)calix[4]arene was used in the next step without 

further purification.* 

                                                           
*Characterization data for 5,11,17,23-tetra-tert-butyl-25,27-bis(chlorocarbonyl-
methoxy)-26,28-bis(3-oxa-butyloxy)calix[4]arene 
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 The mixture of compound 16 (0.45 g, 2.58 mmol), triethylamine (0.25 g, 0.34 

mL, 2.47 mmol) and 4-(dimethylamino)pyridine (0.02 g, 0.16 mmol) was stirred for 

approximately 15 minutes in toluene (20 mL) and then it was added to a solution of 

the previous white solid (acid chloride derivative) in toluene (40 mL).  The reaction 

mixture was stirred at room temperature for 5 hours under argon atmosphere.  After 

the solid was filtered, the solution was evaporated to dryness.  The solid was 

dissolved in dichloromethane (30 mL) and washed with water (2x20 mL).  The 

organic layer was dried over anhydrous magnesium sulfate and then purified using 

column chromatography (5% methanol in dichloromethane) to yield an oily yellowish 

compound (0.56 g, 42%). 

Characterization data for 20 

TLC: Rf = 0.28 (10% methanol in dichloromethane) 

Melting point:130-131 °C 

IR (film)/cm-1: 1695 (CO), 3347 (NH) 

1H-NMR (300 MHz, CDCl3): δ = 8.33 (broad s, 2H, –CH2NHCOOC(CH3)3), 7.27 

and 7.05 (2s, 8H, ArH-calixarene), 6.55 (broad s, 2H, –CH2CONHCH2-), 4.73 (s, 4H, 

–OCH2CONH-), 4.43 and 3.26 (AB spin system, 8H, –ArCH2Ar-, J = 13 Hz), 4.09-

4.08 and 3.46-3.44 (2 broad m, 8H, –OCH2CH2O-), 3.49 (q, 4H, –

CH2CH2NHCOOC(CH3)3, J = 7 Hz), 3.39 (s, 6H, -CH2OCH3), 3.16 (q, 4H, –

CONHCH2CH2-, J = 4 Hz), 1.86 (broad s, H2O), 1.82 (quin, 4H, –CH2CH2CH2-, J = 6 

Hz), 1.43 (s, 18H, –COOC(CH3)3), 1.28 and 0.89 (2s, 36H, –ArC(CH3)3) 

                                                                                                                                                                      
1H-NMR (300 MHz, CDCl3): δ = 7.16 and 6.46 (2s, 8H, ArH-calixarene), 5.47 (s, 
4H, –OCH2COCl), 4.71 and 3.23 (AB spin system, 8H, –ArCH2Ar-, J = 13 Hz), 3.95-
3.79 (m, 8H, –OCH2CH2O-), 3.55 (s, 6H, –CH2OCH3), 1.37 and 0.85 (2s, 36H, –
ArC(CH3)3) 
13C-NMR (75 MHz, CDCl3): δ = 171.63 (s, –OCH2COCl), 152.75, 152.07, 146.25, 
144.87, 134.93, 131.59, 126.06 and 124.61 (8s, aromatic-C), 77.86 (s, –OCH2COCl), 
74.33 and 71.95 (2s, –OCH2CH2O-), 59.11 (s, –CH2OCH3), 34.04 and 33.51 (2s, –
ArC(CH3)3), 31.56 and 30.95 (2s, –ArC(CH3)3), 31.36 (s, –ArCH2Ar-) 

All spectroscopic data are consistent with those reported in the literature.[97] 
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13C-NMR (75 MHz, CDCl3): δ = 174.07 (s, –COOC(CH3)3), 170.91 (s, –

OCH2CONH-), 156.20, 154.05, 150.37, 145.59, 133.55, 132.05, 126.28 and 125.04 

(8s, ArC-calixarene), 78.71, 74.47, 73.83, 69.99, 37.58 and 36.76 (6s, –OCH2CH2O-, 

–OCH2CONH- and –CONHCH2CH2CH2NH-), 58.75 (s, –CH2OCH3), 33.97 and 

33.71 (2s, –ArC(CH3)3), 33.71 and 31.50 (2s, –ArC(CH3)3), 31.08 (s, –COOC(CH3)3), 

28.46 (s, –COOC(CH3)3)  

LRMS (ES+): m/z (%) = 1215.6 (100) [M+Na]+ 

Elemental analysis: Anal Calcd. for C70H104N4O12·4H2O: C, 66.43; H, 8.92;  

N, 4.43.  

Found. C, 66.56; H, 8.78; N, 4.69. 

5,11,17,23-Tetra-tert-butyl-25,27-bis(3-isothiocyanatopropylcarbamoylmethoxy)-

26,28-bis(3-oxabutyloxy)calix[4]arene, 21 

OO O O

NH HN

NHBocBocHN

O O

O O

OO O O

NH HN

NCSNCS

O O

O O

21

2) NaHCO3(aq)/DCM
    RT 2 hours
3) CSCl2/ DCM, K2CO3/water
     RT 2 days

62%

20

1) TFA/DCM
     RT 2 hours

(2.6)

 

 To a solution of compound 20 (0.50 g, 4.19x10-1 mmol) in dichloromethane 

(20 mL), trifluoroacetic acid (5 mL) was added dropwise and the mixture was stirred 

at room temperature for 2 hours.  After removal of the solvent in vacuum, the residue 

which was dissolved in dichloromethane was washed with sodium hydrogen 

carbonate solution (2x30 mL) and water (2x30 mL).  The organic layer was dried over 

anhydrous magnesium sulfate and then evaporated to dryness.  The yellowish liquid 

was used in the next step without further purification. 

 The above oily compound was taken up in dichloromethane (15 mL) and then 

stirred with potassium carbonate (0.18 g, 1.30 mmol) in water (5 mL).  After that, 
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thiophosgene (0.10 g, 0.07 mL, 8.70x10-1 mmol) was slowly dropped into the 

mixture.  The reaction was stirred at room temperature for 4 days.  After extracting 

with dichloromethane (2x15 mL), the organic layer was washed with water (2x20 

mL), dried over anhydrous magnesium sulfate, and then evaporated to dryness in 

vacuo.  The purified product was eluted from column chromatography (SiO2) using 

10% methanol in dichloromethane as eluent to provide a white solid (0.28 g, 62%). 

Characterization data for 21 

TLC: Rf = 0.48 (10% methanol in dichloromethane) 

Melting point: 185-187 °C 

IR (film)/cm-1: 1664 (CO), 2105 (NCS), 3336 (NH) 

1H-NMR (400 MHz, CDCl3): δ = 8.46 (t, 2H, –CH2CONHCH2-, J = 6 Hz), 7.09 and 

6.54 (2s, 8H, ArH-calixarene), 4.76 (s, 4H, –OCH2CONH-), 4.46 and 3.28 (AB spin 

system, 8H, –ArCH2Ar-, J = 13 Hz), 4.11 and 3.45 (2t, 8H, –OCH2CH2O-, J = 4 Hz), 

3.63 (t, 4H, –CH2CH2NCS, J = 7 Hz), 3.53 (q, 4H, –CONHCH2CH2-, J = 7 Hz), 3.41 

(s, 6H, –CH2OCH3), 2.10 (quin, 4H, –CH2CH2CH2-, J = 7 Hz), 1.80 (broad s, H2O), 

1.32 and 0.89 (2s, 36H, –ArC(CH3)3) 

LRMS (ES+): m/z (%) = 1099.4 (100) [M+Na]+ 

Elemental analysis: Anal Calcd. for C62H84N4O8S2·1.5H2O: C, 67.42; H, 7.94; 

N, 5.07.  

Found. C, 67.43; H, 7.80; N, 5.21. 
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5,11,17,23-Tetra-tert-butyl-25,27-N,N’-1,3-bis(methoxylcarbamoylpropylthioureido-

methyl)benzene-26,28-bis(3-oxabutyloxy)calix[4]arene, 14 

OO O O

NH HN

NCSNCS

O O

O O

OO O O

NH HN

HNNH

O O

O O

NH HN
SS

NH2NH2

Pyridine
RT 2 days

14

40%

21

(2.7)

 

 To a solution of 1,3-bis(aminomethyl)benzene (20.6 mg, 0.02 mL, 1.51x10-1 

mmol) in dried pyridine (20 mL), the solution of compound 21 (100.0 mg, 9.28x10-2 

mmol) in dried pyridine (5 mL) was slowly dropped for a period of 12 hours.  The 

reaction mixture was stirred under argon atmosphere at room temperature for further 3 

days.  After concentrating in vacuo, the residue was dissolved in dichloromethane (50 

mL) and washed with water (2x50 mL).  The organic layer was dried over anhydrous 

magnesium sulfate and then evaporated under vacuum.  The desired product was 

eluted from column chromatography (SiO2) using 10% methanol in dichloromethane 

as eluent.  This product could be further purified by precipitation in methanol (45.2 

mg, 40%). 

Characterization data for 14 

TLC: Rf = 0.33 (10% methanol in dichloromethane) 

Melting point: 158-159 °C 

IR (film)/cm-1: 1735 (CO), 2206 (NCS), 3308 (NH) 
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1H-NMR (400 MHz, CDCl3): δ = 8.67 (broad s, 2H, –CH2CONHCH2-), 7.58 (broad 

s, 2H, –CH2CH2NHCSNH-), 7.36-6.50 (m, 4H, ArH-linkage), 7.14 and 6.47 (2s, 8H, 

ArH-calixarene), 6.66 (broad s, 2H, –NHCSNHCH2Ar-), 5.30 (s, CH2Cl2), 4.80 (s, 

4H, –OCH2CONH-), 4.75 (broad s, 4H, –NHCSHNCH2Ar-), 4.42 and 3.30 (AB spin 

system, 8H, –ArCH2Ar-, J = 13 Hz), 4.07 and 3.36 (2 broad s, 8H, –OCH2CH2O-), 

3.61 (broad s, 4H, –NHCSNHCH2CH2-), 3.43 (broad s, 4H, –CONHCH2CH2-), 3.35 

(s, 6H, -CH2OCH3), 1.92 (broad s, 4H, –CH2CH2CH2-), 1.91 (broad s, H2O), 1.36 and 

0.85 (2s, 4H, –ArC(CH3)3) 

13C-NMR (100 MHz, CDCl3): δ = 182.03 (s, –NHCSNH-), 171.73 (s, –CH2CONH-), 

154.44, 149.69, 145.85, 145.72, 133.59, 131.46, 126.63 and 124.93 (8s, aromatic-C 

(calixarene)), 138.49, 135.95, 128.65 and 124.93 (4s, aromatic-C (linkage)), 75.03 

and 69.40 (2s, –OCH2CH2O-), 73.39 (s, –OCH2CONH-), 58.75 (s, –CH2CH2OCH3), 

47.53 (s, –NHCSNHCH2Ar-), 45.91 (s, –CONHCH2CH2-), 41.42 (s, –

CH2CH2NHCSNH-), 36.68 (s, –CH2CH2CH2-), 33.99 and 33.65 (2s, –ArC(CH3)3), 

31.51 and 30.97 (2s, –ArC(CH3)3), 29.06 (s, –ArCH2Ar-) 

LRMS (ES+): m/z (%) = 1235.2 (100) [M+Na]+ 

Elemental analysis: Anal Calcd. for C70H96N6O8S2·0.5CH2Cl2·H2O: C, 66.46; 

H, 7.83; N, 6.60.  

Found. C, 66.55; H, 7.53; N, 6.37. 

2.1.2.2 Synthesis of 5,11,17,23-Tetra-tert-butyl-25,27-N,N’-1,3-bis(methoxyl-

carbonylpropylthioureidomethyl)benzene-26,28-bis(3-oxabutyloxy)calix[4]arene, 

15  

tert-Butyl N-(3-hydroxypropanol)carbamate, (22) 

HO N
H

O

O

HO NH2

(Boc)2O/DCM, TEA

97%

22

(2.8)

 

This procedure was modified from the procedure reported by Dubowchik et 

al.[100] 
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To a mixture of 3-amino-1-propanol (3.11 g, 3.17 mL, 41.41 mmol) and 

triethylamine (4.50g, 6.20 mL, 44.47 mmol) in dichloromethane (150 mL), the 

solution of di-tert-butyl dicarbonate (9.15 g, 41.92 mmol) in dichloromethane (50 

mL) was added dropwise.  The reaction mixture was stirred for further 24 hours.  

After that it was washed with 10% acetic acid solution (2x100 mL) and water (2x50 

mL).  The organic layer was dried over anhydrous magnesium sulfate and purified by 

column chromatography (SiO2) using 20% ethyl acetate in dichloromethane as eluent 

to afford a colourless oil (7.07 g, 97%). 

Characterization data for 22 

TLC: Rf = 0.33 (50% ethyl acetate in dichloromethane) 

1H-NMR (300 MHz, CDCl3): δ = 4.99 (broad s, 1H, –CH2NHCOO-), 3.62 (t, 2H, 

HOCH2CH2-, J = 6 Hz), 3.23 (broad s, 2H, –CH2CH2NH-), 3.09 (broad s, 1H, 

HOCH2-), 1.64 (q, 2H, –CH2CH2CH2-, J = 6 Hz), 1.41 (s, 9H, –COOC(CH3)3) 

13C-NMR (75 MHz, CDCl3): δ = 156.90 (s, –NHCOOC(CH3)3-), 79.16 (s, 

HOCH2CH2-), 59.08 (s, –CH2CH2NH-), 36.90 (s, –CH2CH2CH2-), 32.38 (s, –

COOC(CH3)3), 28.16 (s, –COOC(CH3)3) 

All spectroscopic data are consistent with those reported in the literature.[101] 

tert-Butyl N-(3-(bromoacetatepropyl)carbamate), 23 

HO N
H

O

O

O N
H

O

O
Br

O

Br Br

O
TEA/ Toluene
  RT 5 hours

45%

2322

(2.9)

 

 A solution of bromoacetyl bromide (0.70 g, 0.30 mL, 3.44 mmol) in dried 

toluene (50 mL) was added dropwise for a period of 2 hours to a mixture of 

compound 22 (0.57 g, 3.25 mmol), triethylamine (0.36 g, 0.5 mL, 3.56 mmol), a 

catalytic amount of 4-dimethylaminopyridine (0.04 g, 3.27 mmol) and toluene (10 

mL) in an iced bath (-5 °C).  The reaction mixture was stirred under argon atmosphere 

for 5 hours.  After the solid was filtered, the solvent was removed in vacuum.  
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Column chromatography (SiO2) was done immediately using 10% ethyl acetate in 

dichloromethane as eluent to yield a yellow liquid (0.43 g, 45%). 

Characterization data for 23 

TLC: Rf = 0.50 (10% ethyl acetate in dichloromethane) 

IR (neat)/cm-1: 1686 (CO), 3347 (NH) 

1H-NMR (300 MHz, CDCl3): δ = 4.80 (broad S, 1H, –CH2NHCOO-), 4.22 (t, 2H, –

COOCH2CH2-, J = 6 Hz), 3.83 (s, 2H, BrCH2COO-), 3.20 (q, 2H, –CH2CH2NH-, 1J = 

10 Hz, 2J = 6 Hz), 1.84 (quin, 2H, –CH2CH2CH2-, 1J = 6 Hz, 2J = 7 Hz), 1.41 (s, 9H, 

–COOC(CH3)3) 

13C-NMR (75 MHz, CDCl3): δ = 167.48 (s, –NHCOOC(CH3)3-), 156.07 (s, –

CH2COOCH2-), 79.45 (s, –COOC(CH3)3), 60.00 (s, –COOCH2CH2-), 37.37 (s, –

CH2CH2NH-), 29.04 (s, –CH2CH2CH2-), 28.52 (s, –COOC(CH3)3), 25.93 (s, 

BrCH2COO-) 

LRMS (ES+): m/z (%) = 295 (66) [M] and 296 (43) [M+H]+ 

5,11,17,23-Tetra-tert-butyl-25,27-bis(3-(tert-butoxycarbonylamino)propylcarbonyl-

methoxy)-26,28-bis(3-oxabutyloxy)calix[4]arene,  24 

Method I 

OO O O

OH OH

O O

O O

OO O O

O O

NHBocBocHN

O O

O O1) SOCl2/ benzene
     reflux 24 hours
2) 22/ toluene
     TEA, DMAP
     RT 24 hours

24

60%

19

(2.10)

 

 To a solution of compound 19 (0.50 g, 5.67x10-1 mmol) in benzene (25 mL), 

thionyl chloride (0.16 g, 0.10 mL, 1.34 mmol) was added.  The reaction mixture was 
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heated at reflux for 24 hours under argon atmosphere.  After drying in vacuo, the 

white solid was used in the next step without further purification. 

 The mixture of compound 22 (0.22 g, 1.26 mmol), triethylamine (0.15 g, 0.20 

mL, 1.48 mmol) and 4-(dimethylamino)pyridine (0.02 g, 1.64 mmol) was stirred for 

15 minutes in toluene (10 mL) and then it was added to a solution of the previous 

white solid (acid chloride derivative) in toluene (20 mL).  The reaction mixture was 

stirred under argon atmosphere for further 20 hours at room temperature.  After 

filtration, the solution was dried in vacuo,  dissolved in dichloromethane (20 mL) and 

washed with water (2x15 mL).  The organic layer was dried over anhydrous 

magnesium sulfate and then purified by column chromatography (SiO2) using 5% 

methanol in dichloromethane as eluent to provide an off-white solid 24 (0.34 g, 60%) 

Method II 

OO OHOH

O O

OO O O

O O

NHBocBocHN

O O

O O

23/ acetone
K2CO3, NaI
reflux 4 days

24

42%

17

(2.11)

 

 A suspension of compound 17 (1.00 g, 1.31 mmol), potassium carbonate (0.42 

g, 3.04 mmol) and a catalytic amount of sodium iodide (0.05 g, 0.33 mmol) in dried 

acetone (15 mL) was stirred at room temperature for half an hour.  Then a solution of 

compound 23 (0.83 g, 2.80 mmol) in dried acetone (10 mL) was added dropwise for 

half an hour.  The reaction mixture was heated at reflux for 24 hours.  After allowing 

to cool to room temperature, the solid was filtered off and the solution was evaporated 

to dryness.  The residue was taken up in dichloromethane (30 mL) and washed with 

water (2x25 mL).  The organic layer was dried over anhydrous magnesium sulfate.  

Compound 24 was purified by column chromatography using 5% methanol in 

dichloromethane as eluent to provide an off-white solid as a product (0.55 g, 42%). 
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Characterization data for 24 

TLC: Rf = 0.28 (10% methanol in dichloromethane) 

Melting point: 77-78 °C 

IR (film)/cm-1: 1695 (CO), 3337 (NH) 

1H-NMR (400 MHz, CDCl3): δ = 6.85 and 6.69 (2s, 8H, ArH-calixarene), 5.32 (s, 

CH2Cl2), 5.07 (broad s, 2H, –CH2NHCOOC(CH3)3), 4.81 (s, 4H, –OCH2COO-), 4.63 

and 3.16 (AB spin system, 8H, –ArCH2Ar-, J = 13 Hz), 4.23 (t, 4H, –COOCH2CH2-, 

J = 6 Hz), 4.07 and 3.85 (2t, 8H, –OCH2CH2O-, J = 5 Hz), 3.44 (s, 6H, –CH2OCH3), 

3.14 (broad s, 4H, –CH2CH2NH-), 2.53 (q, N(CH2CH3)3), 1.84 (quin, 4H, –

CH2CH2CH2-, J = 6 Hz), 1.43 (s, 18H, –COOC(CH3)3), 1.32 (t, N(CH2CH3)3), 1.13 

and 1.01 (2s, 36H, –ArC(CH3)3) 

13C-NMR (100 MHz, CDCl3): δ = 170.69 (s, –NHCOOC(CH3)3), 155.96 (s, –

CH2COOCH2-), 153.07, 152.78, 145.08, 144.72, 133.79, 133.13, 125.34 and 124.88 

(8s, aromatic-C), 79.48, 79.06, 72.98, 71.75, 70.84 and 61.72 (6s, –OCH2CH2O- and 

–OCH2COOCH2CH2CH2NH-), 58.50 (s, –CH2OCH3), 33.80 and 33.78 (2s, –

ArC(CH3)3), 33.69 (s, –ArCH2Ar-), 31.36 and 31.33 (2s, –ArC(CH3)3), 28.92 (s, –

NHCOOC(CH3)3), 28.40 (s, –NHCOOC(CH3)3) 

LRMS (ES+): m/z (%) = 1217.8 (100) [M+Na+] 

Elemental analysis: Anal Calcd. for C70H102N2O14·CH2Cl2·N(CH2CH3)3: C, 66.93; 

H, 8.68; N, 3.04. 

Found. C, 67.27; H, 8.72; N, 2.95. 
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5,11,17,23-Tetra-tert-butyl-25,27-bis((3-isothiocyanatopropyl)carbonylmethoxy)-

26,28-bis(3-oxabutyloxy)calix[4]arene, 25 

OO O O

O O

NHBocBocHN

O O

O O

OO O O

O O

NCSNCS

O O

O O

25

1) TFA/DCM
     RT 2 hours
2) NaHCO3(aq)/DCM
    RT 2 hours
3) CSCl2/ DCM, 
    K2CO3/water
    RT 2 days

24

OO O O

O NH

O O

O O

26

+ (2.12)
6%

 

 To a solution of compound 24 (203 mg, 2.04x10-1 mmol) in dichloromethane 

(10 mL), trifluoroacetic acid (2.5 mL) was added dropwise and the mixture was 

stirred at room temperature for 2 hours.  After the solution was concentrated in 

vacuum, the residue was dissolved in dichloromethane was washed with sodium 

hydrogen carbonate solution (2x15 mL) and water (2x15 mL).  The organic layer was 

dried over anhydrous magnesium sulfate and then evaporated to dryness. The 

yellowish oil was used in the next step without further purification. 

 The above oily compound was taken up in dichloromethane (7 mL) and then 

stirred with potassium carbonate (56 mg, 4.05x10-4 mol) in water (3 mL).  After that, 

thiophosgene was slowly dropped into the mixture.  The reaction was stirred at room 

temperature for 3 days.  After extracting with dichloromethane (2x10 mL), the 

organic layer was washed with water (2x10 mL), dried over magnesium sulfate, and 

then the solvent was evaporated to dryness in vacuo.  Products were obtained by 

precipitation in methanol.  Then they were purified by column chromatography (SiO2) 

using 10% methanol in dichloromethane as eluent to provide two white solids, 

compound 25 (13 mg, 6%) and compound 26 (5,11,17,23-tetra-tert-butyl-25,27-(3-

carbonyl-9-carbamoyl-4-propyl-1,11-dimethoxy)-26,28-bis(3-oxa-

butyloxy)calix[4]arene) (50.2 mg, 27%). 

Characterization data for 25 

TLC: Rf = 0.43 (10% methanol in dichloromethane) 



 37

Melting point: 118-119 °C (decomposed) 

IR (film)/cm-1: 2092 (NCS), 1758 (CO) 

1H-NMR (400 MHz, CDCl3): δ = 6.94 and 6.65 (2s, 8H, ArH-calixarene), 4.91 (s, 

4H, –OCH2COO-), 4.63 and 3.18 (AB spin system, 8H, –ArCH2Ar-, J = 13 Hz), 4.29 

(t, 4H, –COOCH2CH2-, J = 6 Hz), 4.05 and 3.83 (2t, 8H, –OCH2CH2O-, J = 5 Hz), 

3.51 (t, 4H, –CH2CH2NCS, J = 7 Hz), 3.44 (s, 6H, –CH2OCH3), 2.01 (quin, 4H, –

CH2CH2CH2-, J = 6 Hz), 1.20 and 0.98 (2s, 36H, –ArC(CH3)3) 

13C-NMR (100 MHz, CDCl3): δ = 179.60 (s, -CH2NCS), 170.50 (s, –CH2COOCH2-), 

155.96, 152.92, 145.30, 144.78, 134.23, 132.81, 125.53 and 124.88 (8s, aromatic-C), 

73.33, 71.92, 70.66, 60.64, 45.97 and 41.85 (6s, –OCH2CH2O-, –OCH2COO- and –

COOCH2CH2CH2NCS-), 58.64 (s, -CH2OCH3), 33.93 and 33.71 (2s, –ArC(CH3)3), 

31.48 and 31.26 (2s, –ArC(CH3)3), 29.22 (s, –ArCH2Ar-)  

LRMS (ES+): m/z (%) = 1101.4 (100) [M+Na]+ 

Elemental analysis: Anal Calcd. for C62H82N2O10S2: C, 68.99; H, 7.66; N, 2.60.  

Found. C, 68.96; H, 7.74; N, 2.62. 

Characterization data for 26 

TLC: Rf = 0.70 (10% methanol in dichloromethane) 

Melting point: 260-261 °C 

IR (KBr pellet)/cm-1: 1697 (CO), 3343 (NH) 

1H-NMR (400 MHz, CDCl3): δ = 8.65 (t, 1H, –CH2CONHCH2-), 7.14 and 7.11 (2s, 

4H, ArH-calixarene),  6.50 (dt, 4H, –ArH-, 1J = 6 Hz, 2J = 2 Hz), 4.96 (s, 2H, –

OCH2COO-), 4.91 (s, 2H, –OCH2CONH-), 4.74, 4.48, 3.22 and 3.20 (ddd, 8H, –

ArCH2Ar-, J = 13 Hz), 4.55 (t, 2H, –COOCH2CH2-, J = 5 Hz), 4.17 and 3.61 (ddd, 

2H, –OCHaHbCHcHdO-, 1J = 12 Hz, 2J = 8 Hz, 3J = 4 Hz), 3.87 and 3.53 (dt, 2H, –

OCHaHbCHcHdO-, 1J = 12 Hz, 2J = 4 Hz), 3.78 (q, 2H, –CH2CH2CONH-, J = 5 Hz), 

3.41 (s, 6H, –CH2OCH3), 2.19 (quin, 2H, –CH2CH2CH2-, J = 5 Hz), 1.36, 1.35 and 

0.83 (3s, 36H, –ArC(CH3)3)  
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13C-NMR (100 MHz, CDCl3): δ = 171.77 (s, –CH2CONHCH2-), 171.93 (s, –

CH2COOCH2-), 156.37, 155.84, 151,81, 145.43, 135.03, 134.50, 132.22 and 132.08 

(8s, aromatic-C), 126.64, 126.41, 125.59 and 124.72 (4s, aromatic-CH), 75.30 and 

71.42 (2s, –OCH2CH2O-), 74.98 (s, –OCH2CONH-), 73.19 (s, –OCH2COO-), 65.28 

(s, –COOCH2CH2-), 59.39 (s, –CH2OCH3), 40.41 (s, –CH2CH2CONH-), 34.49, 34.40 

and 34.05 (3s, –ArC(CH3)3), 32.08, 32.05 and 31.50 (2s, –ArC(CH3)3), 31.89 (s, –

ArCH2Ar-), 27.73 (s, –CH2CH2CH2-) 

LRMS (ES+): m/z (%) = 920.5 (100) [M+H+] and 942.5 (37) [M+Na+] 

Elemental analysis: Anal Calcd. for C57H77NO9: C, 74.40; H, 8.43; N, 1.52. 

Found. C, 74.26; H, 8.21; N, 1.39. 

1,3-Bis(isothiocyanatomethyl)benzene,[102] 27 

NH2NH2 NCSNCS

CSCl2, TEA, DCM

80%

RT 2 hours

27

(2.14)

 

This procedure was modified from the procedure reported by Gross et al.[102] 

To a mixture of 1,3-bis(aminomethyl)benzene (1.03 g, 1.0 mL, 7.56 mmol) 

and triethylamine (1.82 g, 2.5 mL, 17.99 mmol) which was stirred in dried 

dichloromethane (30 mL) for about 15 minutes, the solution of thiophosgene (1.96 g, 

1.3 mL, 17.05 mmol) in dried dichloromethane (10 mL) was added dropwise.  The 

reaction mixture was stirred at room temperature for further 2 hours, then the solution 

was heated at boiling for 1 hour.  After evaporating to dryness, the residue was 

dissolved in dichloromethane and washed with water (2x30 mL).  The purified 

product was eluted from column chromatography (SiO2) using 20% ethyl acetate in 

petroleum ethers as eluent to afford a yellow oil (1.34 g, 80%) 

Characterization data for 27 

TLC: Rf = 0.40 (20% ethyl acetate in petroleum ethers) 

1H-NMR (300 MHz, CDCl3): δ = 7.47-7.26 (m, 4H, –ArH-), 4.76 (s, 4H, –

ArCH2NCS) 
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13C-NMR (75 MHz, CDCl3): δ = 171.12 (s, –CH2NCS), 135.14, 129.66, 126.78 and 

125.20 (4s, aromatic-C), 48.38 (s, –ArCH2NCS) 

LRMS (ES+): m/z (%) = 440.9 (4) [2M+H]+ 

All spectroscopic data are consistent with those reported in the literature.[103] 

1,3-Bis(N’-hydroxypropylthioureidomethyl)benzene, 28 

27

NCSNCS

N
H

H
N

H
N

N
H

OH

OH

S

S

H2N OH
Acetone
2 hours

Quantitative

28

(2.15)

 

 This procedure was modified from the procedure reported by Benito and co-

worker.[104] 

 To a solution of 3-aminopropanol (0.88 g, 0.9 mL, 11.72 mmol) in dried 

acetone, the solution of compound 27 (1.16 g, 5.27 mmol) was added dropwise.  

While the reaction mixture was stirred for 2 hours, the white solid precipitated.  The 

solid was filtered off and dried (1.95 g, 100%). 

Characterization data for 28 

Melting point: 122-123 °C 

IR (film)/cm-1: 2129 (NCS), 3268 (NH), 3391 (OH)    

1H-NMR (400 MHz, DMSO-d6): δ = 7.92 (broad s, 2H, –NHCSNHCH2Ar-), 7.58 

(broad s, 2H, –CH2CH2NHCSNH-), 7.41-7.26 (m, 4H, ArH-linkage), 4.74 (broad s, 

4H, –NHCSNHCH2Ar-), 4.61 (t, 2H, –CH2CH2OH, J = 5 Hz), 3.55 (t, 4H, –

CH2CH2OH, J = 6 Hz), 3.54 (t, 4H, –CH2CH2NHCSNH-), J = 6 Hz), 1.75 (quin, 4H, 

–CH2CH2CH2-, J = 7 Hz) 
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13C-NMR (100 MHz, DMSO-d6): δ = 180.70 (s, –HNCSNH-), 137.52, 126.33, 

124.34 and 123.90 (4s, aromatic-C), 56.62 (s, –NHCSNHCH2Ar-), 45.06 (s, –

CH2CH2OH), 39.11 (s, –CH2CH2NHCSNH-), 30.04 (s, –CH2CH2CH2-) 

LRMS (ES+): m/z (%) = 371.1 (22) [M+H]+  

Elemental analysis: Anal Calcd. for C16H26N4O2S2: C, 51.86; H, 7.07; N, 15.12. 

   Found. C, 51.49; H, 7.24; N, 14.79. 

5,11,17,23-Tetra-tert-butyl-25,27-N,N’-1,3-bis(methoxylcarbonylpropylthioureido-

methyl)benzene-26,28-bis(3-oxabutyloxy)calix[4]arene, 15 

Method I 

OO O O

O O

NCSNCS

O O

O O

OO O O

O O

HNNH

O O

O O

NH HN
SS

NH2NH2

Pyridine
RT 2 days

15

17%

25

(2.13)

 

 To a solution of 1,3-bis(aminomethyl)benzene (7.2 mg, 7 µL, 5.30x10-2 mmol) 

in dried pyridine (10 mL), the solution of compound 25 (52 mg, 4.82x10-2 mmol) in 

dried pyridine (5 mL) was slowly dropped for over a period of 12 hours.  The reaction 

mixture was stirred under argon atmosphere at room temperature for further 3 days.  

After evaporation in vacuo, the residue was dissolved in dichloromethane (30 mL) 

and washed with water (2x30 mL).  The organic layer was dried over anhydrous 

magnesium sulfate and then evaporated under vacuum.  The designed product was 
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purified from column chromatography (SiO2) using 10% methanol in 

dichloromethane as eluent to yield the off-white solid (10.1 mg, 17%). 

Method II 

OO O O

OH OH

O O

O O

OO O O

O O

HNNH

O O

O O

NH HN
SS

15

43%

19

1) SOCl2/ benzene
    reflux 24 hours
2) 28/ THF
    DMAP
    RT 2 hours

(2.16)

 

To a solution of compound 19 (50.2 mg, 5.70x10-2 mmol) in benzene (2 mL), 

thionyl chloride (16.3 mg, 10 µL, 1.37x10-1 mmol) was added.  The reaction mixture 

was heated at reflux for 20 hours under argon atmosphere.  After drying in vacuo, the 

white solid was used in the next step without further purification. 

 To a mixture of compound 28 (23.1 mg, 6.23x10-2 mmol) and 4-

(dimethylamino)pyridine (15.1 mg, 1.24x10-1 mmol) in dried tetrahydrofuran (3 mL), 

the solution of previous white solid (acid chloride derivative) in dried tetrahydrofuran 

(2 mL) was added dropwise.  The reaction mixture was further stirred under argon 

atmosphere for 5 hours.  After the solid was filtered, the solution was evaporated to 

dryness.  The product was carried out as a white solid from column chromatography 

(SiO2) using 10% methanol in dichloromethane as eluent (29.7 mg, 43%). 
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Method III 

OO O O

OH OH

O O

O O

OO O O

O O

HNNH

O O

O O

NH HN
SS

15

41%

19

1) SOCl2/ benzene
     reflux 24 hours
2) 28/ acetonitrile
     DMAP
     DCM
     RT 2 hours

(2.17)

 

To a solution of compound 19 (51.1 mg, 5.80x10-2 mmol) in benzene (2 mL), 

thionyl chloride (16.3 mg, 10 µL, 1.37x10-1 mmol) was added.  The reaction mixture 

was heated at reflux for 20 hours under argon atmosphere.  After drying in vacuo, the 

white solid was used in the next step without further purification. 

 To a warm solution of compound 28 (22.9 mg, 6.18x10-2 mmol) and 4-

(dimethylamino)pyridine (15.0 mg, 1.23x10-1 mmol) in dried acetonitrile (2 mL), the 

solution of the above white solid (acid chloride derivative) in dried dichloromethane 

(2 mL) was added dropwise.  Then the reaction mixture was stirred for 5 hours.  After 

drying in vacuo, the product was obtained as a white solid from column 

chromatography (SiO2) using 10% methanol in dichloromethane as eluent (28.9 mg, 

41%). 
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Method IV 

OO O O

OH OH

O O

O O

OO O O

O O

HNNH

O O

O O

NH HN
SS

15

39%

19

1) SOCl2/ benzene
     reflux 24 hours
2) 28/ THF
     TEA
     RT 2 hours

(2.18)

 

To a solution of compound 19 (50.8 mg, 5.77x10-2 mmol) in benzene (2 mL), 

thionyl chloride (16.3 mg, 10 µL, 1.37x10-1 mmol) was added.  The reaction mixture 

was heated at reflux for 20 hours under argon.  After drying in vacuo, the white solid 

was used in the next step without further purification. 

 To a mixture of compound 28 (22.7 mg, 6.13x10-2 mmol) and triethylamine 

(14.5 mg, 20 µL, 1.43x10-1 mmol) in dried tetrahydrofuran (2 mL), the solution of the 

above white solid (acid chloride derivative) in dried tetrahydrofuran (2 mL) was 

added dropwise.  The reaction mixture was further stirred under argon atmosphere for 

5 hours.  After the solid was filterd off, the solution was evaporated to dryness.  The 

product was obtained as a white solid from column chromatography (SiO2) using 10% 

methanol in dichloromethane as eluent (27.3 mg, 39%). 

Characterization data for 15 

TLC: Rf = 0.45 (10% methanol in dichloromethane) 

Melting point: 193-194 °C 

IR (film)/cm-1: 1739 (CO), 2206 (NSC), 3262 (NH) 
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1H-NMR (400 MHz, CDCl3): δ = 8.21 (broad s, 2H, –CH2CH2NHCSNH-), 8.01 

(broad s, 2H, –NHCSNHCH2Ar-), 7.70-7.09 (m, 4H, ArH-linkage), 7.15 and 7.05 (2s, 

8H, ArH-calixarene), 5.31 (s, CH2Cl2), 4.78 (d, 4H, –NHCSNHCH2Ar-, J = 4 Hz), 

4.65 (t, 4H, –COOCH2CH2-, J = 7 Hz), 4.49 (s, 4H, –OCH2COO-), 4.35 and 3.35 (AB 

spin system, 18H, –ArCH2Ar-, J = 12 Hz), 4.08 and 3.55 (2m, 8H, –OCH2CH2O-), 

3.76 (q, 4H, –CH2CH2NHCSNH-, J = 6 Hz), 3.35 (s, 6H, –CH2OCH3), 2.18 (quin, 

4H, –CH2CH2CH2-, J = 6 Hz), 1.86 (broad s, H2O), 1.18 and 1.10 (2s, 36H, –

ArC(CH3)3) 

13C-NMR (100 MHz, CDCl3): δ = 183.36 (s, –NHCSNH-), 171.23 (s, –

CH2COOCH2-), 148.81, 148.71, 148.18, 147.84, 138.37, 138.29, 134.54, 134.39, 

128.42, 126.96, 126.42 and 125.91 (12s, aromatic-C (calixarene and linkage)), 75.92 

and 69.95 (2s, –OCH2CH2O-), 72.60 (s, –OCH2COO-), 65.02 (s, –COOCH2CH2-), 

58.79 (s, –CH2OCH3), 49.13 (s, –NHCSNHCH2Ar-), 40.32 (s, –CH2CH2NHCSNH-), 

34.21 and 34.06 (2s, –ArC(CH3)3), 31.27 and 31.15 (2s, –ArC(CH3)3), 29.42 (s, –

ArCH2Ar-), 27.76 (s, –CH2CH2CH2-) 

LRMS (ES+): m/z (%) = 1237.3 (100) [M+Na]+ 

Elemental analysis: Anal Calcd. for C70H94N4O10S2·2H2O·CH2Cl2: C, 63.80;  

H, 7.54; N, 4.19 

Found. C, 64.07; H, 7.86; N, 4.28. 

2.2 Binding Studies 

2.2.1 General Procedure 

2.2.1.1 Materials 

Deuterated acetonitrile was purchased from Apollo® and stored over 

molecular seives (4 Å).  All cations, lithium, sodium and potassium perchlorate, were 

dried in an oven at 105 oC prior to use.  All tetra-n-butylammonium (TBA) salts were 

prepared under normal atmosphere and dried using either a freeze dryer or a rotary 

evaporator.  All compounds were dried in vacuo over both silica gel and phosphorus 

pentaoxide prior to use. 
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2.2.1.2 Instrumentation 

1H-NMR titration experiments were carried out at 200 MHz on a Brüker AC-

200 and at 300 MHz on either Brüker AC-300 or Brüker DPX-300.  All titration 

experiments were recorded in acetonitrile-d3 and using a residual proton signal as 

internal standard.   

2.2.2 Experimental Procedure 

2.2.2.1 General Procedure for Determination of Binding Constants: 1H-NMR 

Titration  

2.2.2.1.1 Cation Complexation 

In a typical titration experiment, a stock solution of 0.0025 g (0.0021 mmol) of 

a host in CD3CN (1.1 mL) was prepared.  Then, a 600 µL aliquot was transferred to a 

5 mm NMR tube.  The initial NMR spectrum was recorded.  A solution of the alkali 

salt in the previous host solution was prepared (Table 2.1) and then added via 

microsyringe in 5 µL portions into the NMR tube (Table 2.2).  The 1H-NMR 

spectrum of each solution was recorded and the chemical shifts of the diagnostic 

protons obtained at 12-21 different host-guest concentration ratios were plotted 

against the equivalents of guest added, then the binding constants were calculated 

using Christopher A. Hunter’s 1:1 complexation model program (Department of 

Chemistry, University of Sheffield, UK).[105]  In the case of complexation with 

compound 14, the binding constant was calculated using integration data[79] 

processing in microsoft excel instead of chemical shift data in the program. 

Table 2.1. Amounts of alkali cations that used in cation complexation study with 

compounds 14 and 15. 

Cations 

Name Weight (g) 

Li+ 

Na+ 

K+ 

0.0010 

0.0011 

0.0013 
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Table 2.2. Volume of the guest stock solution that added in each portion. 

Total volume of 

added alkali (µL) 

Total volume 

in NMR tube (µL) 

Mole of alkali 

(mmol) 

Mole ratio of 

alkali:host 

0 

5 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

120 

140 

160 

180 

200 

250 

300 

350 

400 

600 

605 

610 

620 

630 

640 

650 

660 

670 

680 

690 

700 

720 

740 

760 

780 

800 

850 

900 

950 

1000 

0.00000 

0.00009 

0.00019 

0.00037 

0.00056 

0.00075 

0.00093 

0.00112 

0.00131 

0.00150 

0.00168 

0.00187 

0.00224 

0.00262 

0.00299 

0.00337 

0.00374 

0.00467 

0.00561 

0.00654 

0.00748 

0.00 

0.08 

0.16 

0.32 

0.48 

0.63 

0.77 

0.91 

1.04 

1.18 

1.30 

1.43 

1.67 

1.89 

2.11 

2.31 

2.50 

2.94 

3.33 

3.68 

4.00 

2.2.2.1.2 Anion Complexation 

Typically, a stock solution of 0.0025 g (0.0021 mmol)* of a host in CD3CN 

(1.1 mL) was prepared (Table 2.3 and Table 2.4).  Then, a 600 µL aliquot was 

transferred to a 5 mm NMR tube.  The initial NMR spectrum was recorded.  A 

solution of the guest in the previous host solution was prepared and then added via 

microsyringe in 5 µL portions into the NMR tube.  These amounts were increased 

until completion of complexation of the host.  The 1H-NMR spectrum of each solution 
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was recorded and the chemical shifts of the diagnostic protons obtained at 21 different 

host-guest concentration ratios were plotted against the equivalents of guest added, 

then the binding constants were calculated using Christopher A. Hunter’s 1:1 

complexation model program (Department of Chemistry, University of Sheffield, 

UK).[105] 

Table 2.3. Amounts of tetrabutylammonium salts that used in anion complexation 

study with compound 14. 

Anions Hosts 

Name Weight (g) 

14 

 

CH3COO- 

C6H5COO- 

H2PO4
- 

Ph(H)POO- 

(PhO)2PO2
- 

-OOC(CH2)2COO- 
-OOC(CH2)3COO- 

-OOCCH2CH(NH2)COO- 

-OOC(CH2)2CH(NH2)COO- 

H2NOCCH2CH(NH2)COO- 

H2NOC(CH2)2CH(NH2)COO- 

C6H5CH2CH(NH2)COO-

(CH3)2CHCH2CH(NH2)COO- 

(CH3)CH(OH)CH(NH2)COO- 

HOCH2CH(NH2)COO- 

0.0028 

0.0034 

0.0032 

0.0036 

0.0046 

0.0056 

0.0058 

0.0058 

0.0059 

0.0035 

0.0036 

0.0038 

0.0035 

0.0034 

0.0033 
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Table 2.4. Amounts of tetrabutylammonium salts that used in anion complexation 

study with compound 15. 

Anions Hosts 

Name Weight (g) 

15 

 

CH3COO- 

C6H5COO- 

H2PO4
- 

Ph(H)POO- 

 (PhO)2PO2
- 

-OOC(CH2)2COO- 
-OOC(CH2)3COO- 

-OOCCH2CH(NH2)COO- 

-OOC(CH2)2CH(NH2)COO- 

H2NOCCH2CH(NH2)COO- 

H2NOC (CH2)2CH(NH2)COO- 

C6H5CH2CH(NH2)COO-  

(CH3)2CHCH2CH(NH2)COO- 

(CH3)CH(OH)CH(NH2)COO-

HOCH2CH(NH2)COO- 

0.0056* 

0.0034 

0.0032 

0.0072* 

0.0046 

0.0056 

0.0058 

0.0058 

0.0059 

0.0035 

0.0036 

0.0038 

0.0035 

0.0034 

0.0032 

*0.0050 g of compound 15 was used in the case of titration with either 

phenylphosphinate or acetate anion. 

 2.2.2.1.3 Binding Enhancement of Anions in the Presence of Cations 

In a typical titration experiment, a stock solution of 0.0025 g (0.0021 mmol) of 

host and 1 equivalent of NaClO4 in CD3CN (1.1 mL) was prepared (Table 2.5 and 

Table 2.6).  Then, a 600 µL aliquot was transferred to a 5 mm NMR tube.  The initial 

NMR spectrum was recorded.  A solution of the guest in the previous host solution 

was prepared and then added via microsyringe in 5 µL portions into the NMR tube.  

These amounts were increased until completion of complexation of the host.  The 1H-

NMR spectrum of each solution was recorded and the chemical shifts of the 

diagnostic protons obtained at 21 different host-guest concentration ratios were 

plotted against the equivalents of guest added, then the binding constants were 
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calculated using Christopher A. Hunter’s 1:1 complexation model program 

(Department of Chemistry, University of Sheffield, UK).[105] 

Table 2.5. Amounts of NaClO4 and tetrabutylammonium salts that were used in the 

case of titration with compound 14. 

Guests 

Cations Anions 

 

Host 

Name Weight (g) Name Weight (g) 

14 Na+ 

Na+ 

Na+ 

Na+ 

Na+ 

Na+ 

Na+ 

0.00024 

0.00024 

0.00024 

0.00024 

0.00024 

0.00024 

0.00024 

CH3COO- 

C6H5COO- 

H2PO4
- 

Ph(H)POO- 

 (PhO)2PO2
- 

-OOCCH2CH(NH2)COO- 

-OOC(CH2)2CH(NH2)COO- 

0.0028 

0.0034 

0.0032 

0.0036 

0.0046 

0.0058 

0.0059 

Table 2.6. Amounts of NaClO4 and tetrabutylammonium salts that were used in the 

case of titration with compound 15. 

Guests 

Cations Anions 

 

Host 

Name Weight (g) Name Weight (g) 

15 Na+ 

Na+ 

Na+ 

Na+ 

Na+ 

Na+ 

Na+ 

0.00025 

0.00025 

0.00025 

0.00025 

0.00025 

0.00025 

0.00025 

CH3COO- 

C6H5COO- 

H2PO4
- 

Ph(H)POO- 

(PhO)2PO2
- 

-OOCCH2CH(NH2)COO- 
-OOC(CH2)2CH(NH2)COO- 

0.0028 

0.0034 

0.0032 

0.0036 

0.0046 

0.0058 

0.0059 
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2.2.2.2 General Procedure for Determination of Binding Stoichiometry: 

Conventional Job’s Plots[106] 

Stock solution of host (0.0050 g) and tetrabutylammonium anion salts in 1.1 

mL of CD3CN was prepared separately (Table 2.7).  In the case of binding 

enhancement, 1 equivalent of NaClO4 was added with a solution of a host in this step.  

Six NMR tubes were filled with 300 µL mixtures of the host and guest solutions in 

various ratios (Table 2.8).  The 1H-NMR spectrum were recorded and the complex 

concentrations were calculated as follows:  

[Host·Guest] = [Host]total·(δobs - δhost)/(δhost·guest - δhost) 

where  [Host]total is the total concentration of the host in solution 

δobs is the observed chemical shift 

δhost is the chemical shift of the observed protons of the host 

δhost·guest is the chemical shift of the observed protons of the complex 

Table 2.7. Amounts of NaClO4 and tetrabutylammonium salts that were used in the 

Job’s plot experiment. 

Guests 

Cations Anions 

 

Host 

Name Weight (g) Name Weight (g) 

14 

15 

15 

15 

15 

15 

Na+ 

- 

- 

- 

-  

Na+ 

0.00050 

- 

- 

- 

- 

0.00050 

CH3COO- 

HOCH2CH(NH2)COO- 

H2NOCCH2CH(NH2)COO- 

(CH3)CH(OH)CH(NH2)COO- 

C6H5CH2CH(NH2)COO-  

Ph(H)POO- 

0.00124 

0.00154 

0.00159 

0.00148 

0.00167 

0.00158 
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Table 2.8. Volume of solution of hosts and anions in each NMR tube. 

Host Anion 

Volume (µL) Mole (mmol) Volume (µL) Mole (mmol) 

Mole ratio 

host: anion 

300 

240 

180 

150 

120 

60 

0 

0.00124 

0.00090 

0.00067 

0.00056 

0.00045 

0.00022 

0.00000 

0 

60 

120 

150 

180 

240 

300 

0.00000 

0.00022 

0.00045 

0.00056 

0.00067 

0.00090 

0.00124 

1.00:0.00 

1.00:0.24 

1.00:0.67 

1.00:1.00 

0.67:1.00 

0.24:1.00 

0.00:1.00 

 



CHAPTER III 

RESULTS AND DISCUSSION 

3.1 Synthesis of Heteroditopic Receptors 

 It is our interest to combine a p-tert-butylcalix[4]arene framework with a cage 

constructing unit to form an interesting compound that can simultaneously bind metal 

ions and anions.  Ligands 14 and 15 are ditopic ion receptors possessing a cavity of 

phenolic oxygen donors similar to a cryptand[107] providing a cage to accommodate an 

alkali cation via ion-dipole interactions.  In addition, both macromolecules contain 

thiourea moieties as neutral anion receptors which are well-known to bind anions 

especially Y-shaped carboxylate anion by means of hydrogen bonding interactions.  

Thus both receptors 14 and 15 can possibly exhibit appealing host-guest binding with 

both cations and anions.  All calix[4]arenes containing thiourea that mentioned in 

Chapter I[80-81] are not cyclic compounds.  The cyclic molecule is expected to display 

an advantage in terms of selectivity.  Therefore, compounds 14 and 15 were 

synthesized and their binding abilities with cations and anions were investigated. 

3.1.1  Synthesis and Characterization of Receptor 14 

 The synthesis of host 14 was carried out via 6 steps from p-tert-

butylcalix[4]arene in 3.7% overall yield as shown in Scheme 3.1.   
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Scheme 3.1. Synthetic scheme for calix[4]arene amide receptor 14.* 
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H2N NH2 H2N N
H

O

O
(a)

16

 

*Reagents and conditions: (a) di-tert-butyl dicarbonate, DCM, RT, 24 hours, 

93%; (b) 2-bromoethyl methyl ether, K2CO3, ACN, reflux, 36 hours, 73%; (c) methyl 

bromoacetate, Na2CO3, ACN, reflux, 24 hours, 70%; (d) NaOH, EtOH, reflux, 24 

hours, 70%; (e) i. SOCl2, benzene, reflux, 24 hours, ii. 16, TEA, DMAP, toluene, RT, 

24 hours, 42%; (f) i. TFA, DCM, RT, 2 hours, ii. NaHCO3 (aq), DCM, RT, 2 hours, iii. 

CSCl2, K2CO3 (aq), DCM, RT, 2 days, 62%; (g) 1,3-bis(aminomethyl)-benzene, 

pyridine, RT, 2 days, 40%. 
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In the first step, disubstituted compound 17 was prepared by a nucleophilic 

substitution of p-tert-butylcalix[4]arene and 2.5 equivalents of 2-bromoethyl methyl 

ether using potassium carbonate as base in acetonitrile at reflux for 36 hours.  The 

product was purified by column chromatography using 5% ethyl acetate in 

dichloromethane as eluent to gain 73% yield of the product.  The condition that used 

2-ethoxyethyl tosylate as a reagent and refluxed for a longer time would improve the 

yield up to 82%.[108]  The formation of derivative 17 was indicated by the arising of 

two triplet of –OCH2CH2O- signals at 4.06 and 4.33 ppm and one singlet of –

CH2OCH3 at 3.72 ppm.  Moreover, the spectrum also displayed typical signals of 

disubstituted p-tert-butylcalix[4]arene at the opposite phenol units (two singlets with 

an equal of integration (4H:4H) at 7.08 and 7.23 ppm belonging to ArH-calixarene 

and two singlets with an integral of 18H:18H corresponding to –ArC(CH3)3 at 1.23 

and 1.47 ppm).  Additionally, the doublet of doublet signals at 3.50 and 4.58 ppm 

owing to the methylene bridge protons on the lower rim with a coupling constant of 

13 Hz indicated that this compound oriented in a cone conformation.[109-110] 

The excess of methyl bromoacetate was reacted with the rest of phenolic-OH 

moieties of 17 in the presence of sodium carbonate as a base in acetonitrile at reflux 

for a day.  After the residue was purified by column chromatograpy using 10% ethyl 

acetate in dichloromethane, the tetrasubstituted compound 18 was obtained in 70% 

yield.  According to the literature, other bases and solvents such as sodium hydride in 

tetrahydrofuran,[111] sodium hydride in dimethylformamide,[112-113] sodium hydride in 

tetrahydrofuran and dimethylformamide,[97] sodium butoxide (NaOBut) in 

tetrahydrofuran and dimethylformamide[94] could be used to produce this product.  

Compared to other conditions using different bases and solvents, the condition that 

used in this experiment was easy to work up and resulted in high yield of the desired 

product.  1H-NMR data of derivative 18 displayed signals of –CH2COOCH3 at 3.77-

3.80 ppm and –OCH2COO- at 4.74-4.75, 4.82-4.83 and 4.96-4.97 ppm in place of the 

–ArOH signal.  In addition, the infrared spectra exhibited the absence of broad OH 

and the arising of sharp CO at 1762 cm-1.  Even though the 1H-NMR and 13C-NMR 

spectra of compound 18 showed complicated spectra due to the mixed conformation 

in chloroform-d solution, the structure of this product was confirmed by electrospray 

mass spectrometry, infrared spectrophotometry, melting point and elemental analysis.   

Moreover, acid derivative 19, which was afforded from treating 18 with sodium 
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hydroxide in ethanol at reflux for 24 hours, was in a cone conformation.  This was 

signified by the coupling constant of the methylene bridge signal (J = 13 Hz).[109-110]  

The structure of 19 was easily diagnosed by the typical symmetry pattern for p-tert-

butylcalix[4]arene derivatives in 1H-NMR spectra.  The absence of –CH2COOCH3 

signal in 1H-NMR spectra and the appearance of broad OH signal at 3252 cm-1 in the 

infrared spectra supported the existence of product.  Compared to tetrasubstituted 

calixarene derivative 18, either its starting material 17 or subsequent product 19 

showed well-defined 1H-NMR spectra of cone conformation.  This may be stemmed 

from the disappearance of intramolecular hydrogen bonding in macromolecule 18.  In 

addition, the ethyl methyl ether chains were probably not steric enough for protecting 

the rotation of aromatic unit on calixarene building block.  Therefore, the unexpected 

conformational behavior was observed in both 1H- and 13C-NMR spectra of 

tetrasubstituted calixarene 18. 

The acid derivative 19 was then transformed to acid chloride derivative using 

thionyl chloride in benzene at reflux for 24 hours.  Previously, this reaction was 

carried out with other reagents and solvents (Table 3.1) but thionyl chloride and 

benzene yielded a better product in the case of quantity and quality due to the 

strongest vigorous condition (highest temperature).  In spite of a broad NMR spectra, 

the intermediate compound was assigned by the downfield shift of –OCH2COCl 

signal (from 4.76 to 5.47 ppm) affecting by the presence of the acid chloride group 

instead of the carboxylic acid (–OCH2COOH).  Attributed to the unstable property of 

this intermediate, only characteristic 1H-NMR and 13C-NMR spectrum were used as 

tools for characterization and this step must be done immediately prior to use.[114]  

After that, this acid chloride was condensed with boc-protecting diaminopropane 16 

which prepared in toluene using triethylamine as organic base and 4-

(dimethylamino)pyridine as a catalyst at room temperature for 24 hours according to 

the procedure reported in the literature.[98-99]  The purified product 20 was obtained in 

42% yield.  In the absence of 4-(dimethylamino)pyridine, only 23% of the product 

was received.  This implied that, 4-(dimethylamino)pyridine acted as a catalyst in this 

reaction.  The 1H-NMR spectrum showed a broad signal of –CH2CONHCH2- at 6.55 

ppm and –CH2NHCOOC(CH3)3 at 8.33 ppm which were confirmed by COSY and 

deuterium exchanged experiment as well as an additional signal of boc-protecting 

moiety (–COOC(CH3)3) at 1.43 ppm accompanied with two t-butyl signal of the 
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calixarene scaffold (0.89 and 1.28 ppm).  In addition, the infrared spectra displayed 

the signal of CO (1695 cm-1) and NH (3347 cm-1). 

Table 3.1. Product yields of the conversion of the acid 19 to the acid chloride under 

various conditions. 

Conditions 

Reagents Solvents 

Percentage yield of  

acid chloride derivative (%)

(COCl)2 

(COCl)2 

SOCl2 

SOCl2 

DCM and DMF 

- 

DCM 

benzene 

57 

55 

85 

99 

In the next step, the protecting group was deprotected by trifluoroacetic acid at 

room temperature for 2 hours to obtain trifluoroacetate salt.  Then the salt was 

extracted with sodium hydrogen carbonate solution and dichloromethane.  After 

removal of the solvent, amine 31 was obtained.  It was further reacted with 

thiophosgene using potassium carbonate in aqueous solution as a base to afford 

thiocyanate 21 in 62% yield after purification by a column chromatography (10% 

methanol in dichloromethane).  Other bases as shown in Table 3.2 were also used.  

Barium carbonate gave a low percent yield while sodium hydrogencarbonate did not 

give the desired product at all.  This could be ascribed by the basicity of inorganic 

base (K2CO3 > Ba2CO3 > NaHCO3).  The product had characteristic signals of –

CH2NCS in the infrared spectra (2105 cm-1) and a highest molecular mass at 1099.4 

according to [M+Na]+ species. 

Table 3.2. Product yields of the conversion of the amine to the thiocyanate 21 under 

various conditions. 

Base Percentage yield (%) 

NaHCO3 

Ba2CO3 

K2CO3 

0 

40 

62 
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Compared to thiocyanate 30 (Scheme 3.2) which prepared from compound 29 

using potassium carbonate as base, a much lower yield was obtained in our case.[115]  

The unstable primary amine in intermediate 31 could attack the carbonyl group of the 

opposite substituent.  Thus, after deprotecting, some of compound 31 was cyclised to 

gain a cyclic compound 32 (Scheme 3.3) and 1,3-diaminopropane before treating with 

thiophosgene.  The existence of compound 26 is an evidence to support this 

assumption (see Section 3.1.2). 

Scheme 3.2. Synthetic scheme of 5,11,17,23-tetra-tert-butyl-26,28-dihydroxy-25,27-

bis(2-isothiocyanoethoxy)calix[4]arene from its amine analogue.* 

HOOH O O

NH2 NH2

30

HOOH O O

NCS NCS

29  

*Reagent and condition: CSCl2, BaCO3, DCM, RT, 24 hours, 96%.[115] 

Scheme 3.3. Proposed by-product during the preparation of the thiocyanate 21. 
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From the literature, the isothiocyanates were readily transformed to the 

corresponding symmetric N,N’-disubstituted thioureas by a simple treatment with 

pyridine-water.[116]  Therefore, the last step was carried out by treating compound 21 
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with 1,3-bis(aminomethyl)benzene in pyridine at room temperature for 2 days.  

Separation of the desired product by a column chromatography using 10% methanol 

in dichloromethane as an eluent gave bis-thiourea calix[4]arene amide 14 in 40% 

yield.  The symmetrical structure of molecule 14 resulted in a well-defined 1H-NMR 

spectra.  The spectrum showed broad singlets of both –NHCSNHCH2Ar- at 6.66 ppm 

and –CH2CH2NHCSNH- at 7.58 ppm.  The signal of –CH2CH2NHCSNH- at 3.61 

ppm and the signal of –HNCSNHCH2Ar- at 4.75 ppm as well as signals of ArH-

linkage in aromatic region indicating by the integration were observed in the 

spectrum.  The characteristic signal of thiourea appeared at 182.03 ppm in the 13C-

NMR spectrum and 2206 cm-1 in the infrared spectrum.     

This reaction was also done at 60 οC, compound 14 was obtained in higher 

yield (60%) but it existed as a mixture of at least two conformations in either 

chloroform-d or methanol-d4 solution.  Nevertheless, a rod crystal of size 0.26 x 0.08 

x 0.06 mm was obtained from this condition.  Crystal of ligand 14 was clear and 

colorless.  Single rod crystal of receptor 14 was obtained by rapidly cooling a 

methanol solution to gain a small crystal and consequently by slowly cooling this 

solution to grow the crystal.  X-ray crystallographic analysis produced the crystal 

structure shown in Figure 3.1.   
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Figure 3.1. Crystal structure of 14 with the common numbering scheme. 

The hydrogen atoms are omitted for clarity.  The structure is solvated by one 

molecule of methanol and two molecules of pyridine.  The x-ray structure of this 

desired product 14 is in C2 symmetry.  The crystal data and details of data collection 

together with structure refinement are displayed in Appendix A. 

The crystal structure indicates that compound 14 adopts a closed flattened 

cone conformation[117] which is a type of the pinch cone conformations to reduce the 

steric strain of the macromolecule.  The closed flattened cone conformation is defined 

as the pinched cone conformation that 2 aromatic units of the calixarene building 

block which contain larger substituted group are parallel while other 2 units composed 

of smaller substituents are flattened.  Vice versa, two aromatic units with the larger 

substituents are flattened while the rest of them are parallel in an open flattened cone 

conformation (Figure 3.2).  Receptor 14 hardly exists in an open flattened cone 

conformation due to the presence of bis-thiourea linkage.   
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             (a)                        (b) 

Figure 3.2. Examples of an open (a) and a closed (b) flattened cone conformation of 

calix[4]arene derivatives.[117]  

3.1.2 Synthesis and Characterization of Receptor 15 

The analogous derivative 15 was synthesized by the similar procedure as host 

14 via either 6 steps (0.2%) or 4 steps (0.3%) (Scheme 3.4).  The aim of this synthesis 

is to compare the functional group specificity towards the interaction between the 

ester donor and cations with the interaction between the amide donor and cations in 

the case of derivative 14. 
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Scheme 3.4. Synthetic scheme for calix[4]arene ester receptor 15.* 
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*Reagents and conditions: (h) di-tert-butyl dicarbonate, TEA, DCM, RT, 24 

hours, 97%; (i) bromoacetyl bromide, TEA, toluene, RT, 5 hours, 45%; (j) i. SOCl2, 

benzene, reflux, 24 hours, ii. 22, TEA, DMAP, toluene, RT, 24 hours, 59%; (k) 23, 

K2CO3, NaI, acetone, reflux, 4 days, 42%; (l) i. TFA, DCM, RT, 2 hours, ii. 

NaHCO3(aq), DCM, RT, 2 hours, iii. CSCl2, K2CO3(aq), DCM, RT, 4 days, 6%; (m) 

1,3-bis(aminomethyl)benzene, pyridine, RT, 2 days, 17%. 
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First, the starting material for compound 24 was the acid chloride derivative 

which was prepared by the same procedure as previously mentioned.  After that, this 

acid chloride was coupled with compound 22 which was prepared according to the 

literature[100] in toluene using triethylamine as an organic base and 4-(dimethyl-

amino)pyridine as a catalyst.  After purifying by column chromatography using 5% 

methanol in dichloromethane as eluent, product 24 was obtained in 59% yield.  

Column chromatography in this step needed to be neutralized by a few drops of 

triethylamine and the product needed to be separated immediately.  Otherwise the 

desired product was transformed to another compound such as polymer.  The 1H-

NMR spectrum showed a broad singlet of –CH2NHCOOC(CH3)3 at 5.07 ppm, a 

triplet of –COOCH2CH2- at 4.23 ppm, a broad singlet of –CH2CH2NH- at 3.14 ppm, a 

quintet of –CH2CH2CH2- at 1.84 ppm and a singlet of –COOC(CH3)3 at 1.43 ppm as 

well as the typical signals of p-tert-butylcalix[4]arene molecule. 

Alternatively, compound 24 was able to prepare from a substitution reaction of 

compound 17 and compound 23 using 2.3 equivalents of base, potassium carbonate, 

and a catalytic amount of sodium iodide.  The same product which was characterized 

by 1H-NMR spectroscopy and electrospray mass spectroscopy was separated by 

column chromatography in 42% yield.  Although this step gave the lower yield, the 

total yield was higher (old route: 21%, new route: 31%).  The second procedure was 

thus the optimum condition and was used to prepare 24. 

Subsequently, the trifluoroacetate salt was yielded by treating the boc-

protecting compound 24 with trifluoroacetic acid at room temperature for 2 hours.  

After that, the salt was extracted with sodium hydrogen carbonate solution and 

dichloromethane to yield amine derivative 33.  Then, it was reacted with thiophosgene 

using potassium carbonate in an aqueous solution as base to yield thiocyanate 

derivative 25.  After separation by column chromatography (10% methanol in 

dichloromethane), the desired product was obtained in only 6% yield.  Unfortunately, 

the much lower yield was obtained in this step compared to that of compound 21.  

This can be explained in the similar manner as compound 31 and 32.  The reactive 

primary amine moiety in compound 33 leaded to a chiral compound 26 (Scheme 3.5).  

Chiral molecule 26 was eluted from column chromatography before compound 25 

due to its less polarity.  In the case of di-thiocyanate macromolecule 25, the signals of 

–CH2NHCOO(CH3)3 in 1H-NMR spectra disappeared while the characteristic signal 
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of –CH2NCS was found at 179.60 ppm in 13C-NMR spectra.  The absorption band at 

2092 cm-1 according to NCS functionality in the infrared spectrum supported the 

proposed structure.  Chiral compound 26 was fully characterized by all techniques to 

support the structure.  Compared to derivative 25, 1H-NMR and 13C-NMR spectrum 

of compound 26 was more complicated owing to the chirality playing a role to the 

symmetry of its molecule.  The NMR spectrum contained a signal of –

CH2CONHCH2- at 8.65 ppm with integration for only one proton in the proton type.  

There was no –CH2NCS signal in the spectra but a signal of -CH2CONHCH2- at 

177.77 and a signal of –CH2COOCH2- at 171.93 ppm were found in the 13C-NMR 

spectrum.    The structure of both compounds 25 and 26 were confirmed by LRMS 

and elemental analysis.  Unlike compound 25 or the others, the major peak in the 

electrospray mass spectra of chiral 26 was the molecular mass of monomer and proton 

[M+H]+, not the molecular mass of monomer and sodium ion [M+Na]+.  Another base 

was also used to improve the yield of compound 25 (Table 3.3), but potassium 

carbonate produced a better percentage yield because of the stronger basicity. 

Table 3.3. Product yields of the conversion of the amine to the thiocyanate 25 under 

various conditions. 

Base Percentage yield (%) 

Ba2CO3 

K2CO3 

0 

6 

Scheme 3.5. The unexpected reaction during preparation of thiocyanate 25. 
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Finally, the last step was carried on by converting di-thiocyanate 25 to host 15 

by stirring with 1,3-bis(aminomethyl)benzene in pyridine at room temperature for 2 

days.  The desired product was eluted in 17% yield from column chromatography 

using 10% methanol in dichloromethane as eluent.  The 1H-NMR spectra of receptor 

15 displayed two broad singlets of –NHCSNHCH2Ar- and –CH2CH2NHCSNH- 

signals at 8.01 and 8.21 ppm, respectively.  Their NMR data also consisted with a 

doublet of –NHCSNHCH2Ar- at 4.78 ppm, a triplet of –COOCH2CH2- at 4.65 ppm, , 

a quatet of –CH2CH2NHCSNH- at 3.76 ppm, a quintet of –CH2CH2CH2- at 2.18 ppm 

as well as multiplet signal of ArH-linkage in aromatic region.  The spectrum was also 

composed of typical signals for calix[4]arene in cone conformation. 

In summary, bis-thiourea calix[4]arene ester 15 was able to prepare by the 

same procedure as amide receptor 14, but the overall percent yield was much lower.  

In order to improve the yields of ligand 15, an alternative strategy was developed and 

carried out via 4 steps.  Receptor 15 was efficiently prepared by the procedure shown 

in Scheme 3.6 (15%). 
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Scheme 3.6. Another synthetic route to achieve ester derivative receptor 15.* 
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*Reagents and conditions:(n) CSCl2, TEA, DCM, RT, 2 hours, 80%; (o) 3-

aminopropanol, acetone, RT, 2 hours, quantitative; (p) i. SOCl2, benzene, reflux, 24 

hours, ii. 28, DMAP, THF, RT, 2 hours, 43%. 

Compound 27 was prepared according to the literature.[102]  The quantitative 

yield of bis-thiourea linkage 28 was obtained from treating 27 with 2.2 equivalents of 

3-aminopropanol in acetone at room temperature for 2 hours.  Then, the reaction 

mixture was stirred with acid chloride in dry tetrahydrofuran using 4-

(dimethylamino)pyridine as a base to obtain bis-thiourea calix[4]arene ester 15.  This 

reaction was carried out using different bases and solvents as shown in Table 3.4 to 

find out the best condition.  The higher yield under the condition of 4-
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(dimethylamino)pyridine and tetrahydrofuran could be explained by a stronger 

basicity of base and a higher polarity of solvent. 

Table 3.4. Product yields of the conversion of the acid chloride to bis-thiourea 

calix[4]arene ester 25 under various conditions. 

Condition 

Base Solvent 

Percentage yield 

(%) 

DMAP 

DMAP 

TEA 

TEA 

TEA 

TEA 

THF 

ACN and DCM 

THF 

ACN and DCM 

DMF and DCM 

DCM 

43 

41 

39 

0 

0 

0 

 The latter route was discovered to be the optimum procedure to obtain 

compound 15 because it gave much higher overall yield and also took less time.  

Moreover, this methodology gave access to study the binding property because 

enough material was obtained (>100 mg).  

3.2 Investigation of Binding Ability 

Both synthetic molecules 14 and 15 are heteroditopic receptors which are 

expected to encapsulate both cations and anions simultaneously.  As previously 

mentioned in Chapter 1, the binding ability of this kind of receptors towards anions 

should be enhanced by electrostatic forces between cations and anions.[56-57]  Thus the 

binding efficacy of receptors will be investigated towards cations, anions as well as 

ion-pairs. 

The solvent used in the binding recognition study is very important because 

the stability of the host-guest adducts is strongly dependent on the polarity of the 

media.  In fact, salts are present as ion pairs or as aggregates of ion pairs in apolar 

media.  Compared to a chloroform-d solution, the ion-pairs exist as the free species in 

more polar solvents such as methanol-d4, dimethylsulfoxide-d6 or acetonitrile-d3.  The 

free species will give an advantage in binding study compared to the aggregated ion-

pairs. 
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The solubility of a host and a guest is the main criteria in recognition study.  

Receptor 14, receptor 15 as well as tetrabutylammonium anions were able to dissolve 

in chloroform-d while the cation perchlorate salts were hardly soluble in this media.  

Thus, other solvents will be considered to use in this experiment.  

The electron pair donor (EPD) and electron pair acceptor (EPA) solvent are 

also one of the main criteria for complexation in supramolecular chemistry area.  

Some solvents mainly act as donors while some solvents prefer to serve as acceptors.  

However, all solvents are amphoteric.  A measurement of the nucleophilicity of EPD 

solvents is provided by the donor number DN (or donicity) whereas a quantity for 

characterization of the electrophilicity is the acceptor number AN (acceptivity).[118]  

EPD solvents are particularly important for cation complexation.  Reciprocally, EPA 

solvents play a particular important role for anion complexation.  Table 3.5 exhibits 

the donor or acceptor numbers of some organic solvents.  The higher DN and AN 

reflect the stronger interaction of solvents towards cations and anions, respectively.  

Therefore, acetonitrile-d3 was the solvent of choice for the whole experiment. 

Table 3.5. Donor numbers and acceptor numbers of organic solvents.[118] 

Solvents DN/ (kcal·mol-1) AN 

Acetone 

Acetonitrile 

Dimethyl sulfoxide 

Dichloromethane 

Chloroform 

Methanol 

Water 

17.0 

14.1 

29.8 

- 

- 

- 

- 

12.5 

18.9 

19.3 

20.4 

23.1 

41.5 

54.8 

1H-NMR spectroscopy has been widely employed to investigate receptor-

substrate interactions.  This technique allows access to the detail of the interaction 

between a host and a guest molecule.  Therefore the binding ability of the novel 

multidentate thiourea receptors based on calix[4]arene building block in acetonitrile-

d3 was investigated by 1H-NMR titration technique to determine the stoichiometry of 

the complexes, association constant and Gibbs free energy.  The concentration of 

hosts in this experiment is ~0.0018 mol/L while the stock solution of guests is 10 
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fold-higher in concentration.  No effort was made to maintain a constant pH, but care 

was taken to avoid water absorption from the atmosphere.  The calculated association 

constants for the different curves were within 10% of the error. 

Both receptors exist in cone conformation in acetonitrile-d3; like in 

chloroform-d, which could observed from a pair of doublet[109-110] at 4.4861 and 

3.2986 for 14 (2J = 13 Hz) and a pair of doublet at 3.4423 and 4.3514 ppm for 15 (2J 

= 12 Hz).  Compared to other conformations of calix[4]arene, cone is the most steric 

conformation but it is stabilized in polar solvents due to the higher dipole moment 

(µ).[109-110]  In the non-polar solvent, a mixture of conformation is observed. 

3.2.1 Binding Ability of Receptors 14 and 15 towards Cations 

Basically, a proper cation for investigating the enhancement of anion binding 

should be found out before the cation enhancement anion recognition study.  To 

reduce the effect of ion pair, perchlorate or hexafluorophosphate should be used as 

counter anions.  For this purpose, compounds 14 and 15 were titrated with perchlorate 

salts of lithium, sodium and potassium to evaluate binding constants.  

Addition of cations, lithium, sodium and potassium, caused a decrease in 

intensity of most signals in the 1H-NMR spectra of 14 upon addition of successive 

aliquots of guests.  In addition, a new set of signals was found to appear which 

became well resolved after the addition of 1 equivalent of sodium perchlorate.  This 

result suggested that a new species was formed upon the addition of sodium.  The 

simultaneously decrease in intensity of the unbound calixarene and increase in 

intensity of the host-guest complex indicated the relatively slow of the recognition 

process on the NMR time scale.  For lithium and potassium perchlorate, the broaden 

spectrum were not well resolved at any equivalent of the guests added.  The 

integration ratios of bound and unbound receptor were stable at 1.7 and 1.0 

equivalents of lithium and potassium, respectively.  Unlike the sodium case, the 

spectrum without unbound species was not monitored in both lithium and potassium 

cases.  Therefore, receptor 14 exhibited changeable binding kenetics, showing the 

slower chemical exchange for lithium and potassium compared to sodium ion.  This is 

supported by the more complicated spectrum of 14·Li+ and 14·K+, compared to 

14·Na+. 
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In the case of 14·Na+, slow interconversion between free ligand and the 

complex was shown by two sets of –ArCH2Ar- signals (4 doublets), –OCH2CONH- 

(2 singlets), –OCH2CH2OCH3 (4 triplets), –CH2CH2NHCSNH- (2 broad singlets), –

NHCSNHCH2Ar- (2 broad singlets), –CH2ArHCH2- (4 singlets) and –ArC(CH3)3 (3 

singlets).  After 1 equivalent of sodium perchlorate was added, only one set of all 

previously mentioned signals appeared in the 1H-NMR spectrum of 14 at the higher 

magnetic field (upfield) as compared to those of free ligand.  Moreover, these 

complicated signals might be induced by the calixarene based molecule.  The similar 

change to 14·Na+ was observed in the system of lithium and potassium perchlorate, 

but the spectrum was not as well-resolved as in the sodium case.   

The stoichiometry of 14·Na+ complex was 1:1 as judged by the disappearance 

of the old set of signals as well as the rise of the new set of NMR peaks at 1 

equivalent of sodium perchlorate in the 1H-NMR spectrum.  Indeed, it was not 

possible to measure an association constant by monitoring the change in the peak 

positions of any proton signal.  However, the stability constants could be easily 

determined from the variation of the integration ratio between complex and ligand at 

various amount of the cationic salt.  When a 1:1 complex formation between receptor 

14 and each cation takes place, the stability constant (β1) for the equilibrium is 

expressed as:[79] 

β1  =               [HG] 

([H]0 – [HG])([G]0 – [HG]) 

β1 =       nhg/[H]0 

  (1 – nhg)(R – nhg) 

where [H]0 represents initial concentration of the host 

[G]0 represents initial concentration of the guest  

[HG] represents concentration of the complex 

[HG] = nhg[H]0   

nhg =     Ihg   

Ihg + Ih 

where Ihg represents integration of the complex 

Ih represents integration of the host 

and R = [G]0/[H]0 
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On the other hand, the complexation of receptor 15 towards alkali cations, was 

a fast process on the NMR time scale, and accordingly a singlet set of time-averaged 

signals was observed for both free ligand and complexed species of the host and the 

guest.  Upon addition of increasing amounts of lithium perchlorate (up to 4 

equivalents) in an acetonitrile-d3 solution of 15, the triplet signal of –COOCH2CH2- 

moved upfield from 4.5077 to 4.4801 ppm (∆δ = -0.0276 ppm) and the quartet signal 

of –CH2CH2NHCSNH- also moved upfield from 3.6694 to 3.6658 ppm (∆δ = -0.0036 

ppm). The signal at 4.5419 ppm which belonged to –OCH2CO- moved to the 

downfield region with ∆δ = +0.0056 ppm.  Concomitantly, the downfield shifts were 

observed with –OCH2CH2OCH3 shifting +0.0276 ppm (from 4.0647 to 4.0923 ppm) 

at 3.68 equivalents.  The –CH2CH2NHCSNHCH2Ar- and –CH2CH2NHCSNHCH2Ar- 

signals underwent the upfield complexation induced shift of respective -0.3709 and -

0.2902 ppm (from 8.1811 and 8.1004 to 7.8102 ppm).  Changes in the –

OCH2CH2OCH3, –ArCH2Ar- and –CH2ArHCH2- of receptor 15 with lithium cation 

were also monitored.  The singlet signal of –OCH2CH2OCH3 was deshielded from 

3.3173 to 3.3191 (∆δ = +0.0018 ppm).  The –ArCH2Ar- and –CH2ArHCH2- signals 

moved downfield from 4.3797 to 4.3814 (∆δ = +0.0017 ppm) and from 7.3707 to 

7.3726 (∆δ = +0.0019 ppm), respectively. 

In the system of sodium or potassium, the similar complexation induced shifts 

in the spectrum of 15 upon the NMR titration were observed (Figure 3.3).  The greater 

effect towards most signals was shown in both sodium and potassium cases compared 

to the lithium one.  Unless otherwise noted, all data are presented at 4 equivalents of 

added cation.  The positive sign in the following figure reflects the downfield shift 

while the negative sign indicates the upfield shift.  
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Figure 3.3. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 15·Li+ (b) 15·Na+ and (c) 15·K+. 

The downfield shift of –OCH2COO- and the upfield shift of –COOCH2CH2- 

can be explained by the α-H and the normal cation complexation, respectively.  It is 

still not clear why NH-thiourea and their adjacent methylene protons continuously 

shift to the highfield region.  The upfield shift of NH-thiourea signals is probably a 

consequence of encapsulation of cationic substrate at the ester and crown cavity 

which enlarges the size of cavity until the intramolecular hydrogen bonding between 

both NH-thiourea groups are broken.[119]  The breaking of any hydrogen bond 

interactions was indicated by the upfield movement of that proton signal in NMR 
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spectrum.  The shift to the highfiled region of both NH-thiourea signals was also 

observed in the system of receptor 14. 

The association stoichiometry of 15·cation complexes indicated by the titration 

curves were confirmed by the continuous variation method (Job’s plots).  The bell-

shaped Job’s plots which obtained from the modified data of 1H-NMR titration of 

receptor 15 with 0-100 µL of cationic solution added in acetonitrile-d3 showed the 

symmetry curve with maxima for mole ratio [G]t/{[G]t + [H]t} about 0.5 or [G]t/[H]t 

of 1 indicating a 1:1 complex.  ∆δ(1-X) is the supramolecular complex concentration 

as determined by the chemical shift changes (∆δ) for the corresponding protons 

multiplied by their inverse mole fractions (1-X).  These were supported by the 

titration curve for all signals which were fitted well to a 1:1 binding model.  Figures 

3.4 and 3.5 show the Job’s plots and titration curves, respectively, for only –

OCH2COO- signals in all complexes due to the closest of this proton to the binding 

site as well as its clearly resolved signal in the 1H-NMR spectrum.  For the case of 

any 1:1 complexes which display the faster exchange rate than the NMR time scale, 

the association constant can be calculated using NMRTit_HG program.[105]   

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

0.0045

0 0.2 0.4 0.6 0.8 1 1.2

Mole fraction of cation (X)

∆δ(1-X)

15.lithium
15.sodium
15.potassium

Figure 3.4. Job’s plots of –OCH2COO- in 15·Li+, 15·Na+ and 15·K+ complexes. 
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Figure 3.5. Titration curves of –OCH2COO- in 15·Li+, 15·Na+ and 15·K+ complexes. 

It was revealed that either 14 or 15 bound lithium, sodium as well as 

potassium perchlorate with the association constants and Gibbs free energies in 

acetonitrile-d3 as shown in Table 3.6.  The binding data of all 14·cation complexes 

were calculated from the integration of –ArCH2Ar- signal plus –OCH2CONH- signal 

according to their clear change.  On the other hand, β1 and ∆G values of the 15·cation 

complexes were obtained by the complexation induced shift (CIS) of the –

OCH2COO-, –COOCH2CH2- and –OCH2CH2OCH3.  It should be noted that ∆G is 

calculated from ∆G = -RTlnβi when R = 8.314 J·mol-1·K-1 and T = 298 K.  

Table 3.6. The average association constants and Gibbs free energies upon the 

formation of 14·cation and 15·cation complexes in acetonitrile-d3. 

Complex 

Type Stoichiometry 

Association Constant 

(M-1) 

Gibbs free energy 

(kJ·Mol-1) 

14·Li+ 

14·Na+ 

14·K+ 

15·Li+ 

15·Na+ 

15·K+ 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

914 

5531 

617 

371 

15500 

688 

-16.9 

-21.4 

-15.9 

-14.7 

-23.9 

-16.2 
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Both novel calixarene compounds 14 and 15, which contained the cation 

binding site closed to a lower rim of calixarene building block showed strong binding 

towards sodium.  The binding recognition of lithium and potassium afford slightly 

different in the systems of either 14 or 15.  However, bis-thiourea 14 exhibited a 

slightly more selective to lithium over potassium.  Vice versa, analogous 15 showed a 

particularly more selective to potassium over lithium (Figure 3.6).  Additionally, 

calix[4]arene ester 15 appeared to be more efficient and more selective for alkali 

cation complexation.  This could be rationalized by hard-soft acid-base (HSAB) 

concept and size complementary.   
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Figure 3.6. The selectivity of receptors 14 and 15 towards sodium over potassium and 

lithium cation. 

The main idea of HSAB concept is shown in Scheme 3.7.[18]  Oxygen donor 

atoms in receptors 14 and 15 are hard bases because of their high electronegativity.  

Alkali cations are hard acid due to their non-polarisable sphere.  Receptor 15 contains 

10 hard bases (10 oxygen atoms) whereas compound 14 contains 8 hard bases (8 

oxygen atoms) as cationic binding site.  Thus, it was reasonable that the complex 

formation constant of 15·Na+ was larger than that of 14·Na+ and the kinetic of 

complexation of the former was faster than the latter.  It is worth mentioning that the 

amide[40, 120-123]  and ester[55, 124] cavity on the lower rim of calix[4]arene always afford 

the slow and the fast exchange on NMR time scale, respectively. 
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Scheme 3.7. Lewis theory of acids and bases (                        favorable combination 

and                                 unfavorable combination).[18]  

        A         +        :B          A-B 

     Acid      Base        Acid-Base Complex 

     Hard      Hard 

      Soft       Soft 

The hard acid of alkali cations is in the order Li+ > Na+ > K+ owing to their 

sizes.  Thus, the selectivity trend did not absolutely control by HSAB concept.  If we 

consider the size of alkali cations, potassium ion is larger than sodium and lithium 

(Table 3.7).  Among the three ions, the size of sodium cation probably has the most 

proper size to fit into the cavity of ligands 14 and 15.  The lithium cation is too small 

to be bound tightly with the ligands while potassium cation is too large to bind with 

the receptors without causing significant strain in the calixarene scaffold. 

Table 3.7. A comparison of the ionic radius (Å) of isoelectronic alkali cations.[125]  

Alkali Cations r (Å) 

Li+ 

Na+ 

K+ 

0.69 

1.02 

1.38 

For 14·cation complexes, the result suggested that alkali cation was 

encapsulated in the cavity by cleaving the intramolecular hydrogen bonding between 

two amide groups using the ion-dipole interaction between two CO-amide groups and 

a cation as previously discovered in the literature.[120]  Murakami and Shinkai 

proposed the closed form of calix[4]arene amide before complexation due to the 

intramolecular hydrogen bonding (Figure 3.7 (a)).  Their structures were confirmed 

by IR spectroscopy and the more downfield shift of –CONH- signals in the 1H-NMR 

spectrum, compared to their analogous non-intramolecular hydrogen bonding –

CONH- signal.  Moreover, they also found that the encapsulation of a cation induced 

an opened form of the receptors (Figure 3.7 (c)).[121, 126]  The 1H-NMR and IR data in 

this experiment could not compare to those reported in the literatures due to the 

different solvent system.  Furthermore, the NH-thiourea in our receptor interfered 

with the –CONH- signal in the IR spectrum.  However, if we have a look back at our 
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experimental data (Chapter II), -CONH- signals in bisprotected diamine 20, 

bisisothiocyanate 21 and cyclic receptor 14 were identified at 6.55, 8.46 and 8.67 

ppm, respectively.  The more deshielding of NH-amide signals in compounds 21 and 

14 as compared to those in 20 might be arisen from the hydrogen bonding which 

could be either intra- or intermolecular hydrogen bonding.  The dilution experiment is 

the best method to differentiate the hydrogen bonding interaction.  1H-NMR spectra 

of 1.87 mmol/L and 3.75 mmol/L of receptor 14 in CD3CN showed virtually the same 

position of –CONH- signal (δ at 7.5307 and 7.5298 ppm, respectively) implying the 

insignificant intermolecular hydrogen bonding. 

The complexation of cation in the cavity of host 14 broke the intramolecular 

hydrogen bonding and induced the rearrangement of calixarene building block.  The 

former was evidenced by the upfield shift of –CONH- signal while the latter was 

supported by a new set of nearly all signals, especially –ArCH2Ar-, –CH2ArHCH2- 

and –ArC(CH3)3 which are not likely to directly interact with the alkali cation.  The 

appearance of new –OCH2CH2OCH3 in 14·cation spectrum can be attributed to the 

involving of both oxygen atoms in the cation recognition.   

The two carbonyl groups in free calix[4]arene ester 15 were turned outward to 

reduce electrostatic repulsion among carbonyl oxygens, while bound Na+ 

mechanically changed from the exo-annulus carbonyls (Figure 3.7 (b)) to the endo-

annulus carbonyls (Figure 3.7 (c)) for the oxygen carbonyls to trap Na+ ion.  X 

represents of NH and O in the case of receptor 14 and 15, respectively. 
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Figure 3.7. From the intramolecular hydrogen bonding in amide 14 (a) or the exo-

annulus carbonyl (b) in ester 15 to the proposed structure of 14·cation and 15·cation 

complexes (c). 

Major resources of these changing might stem from the rearrangement of the 

molecule to exist in the most stable conformation during complexation.  All of these 

cation complexes existed in the cone conformation, which was determined by two 

singlets for tert-butyl groups, two singlets for ArH-calixarene and a doublet of 
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doublet signal of AB system which belonged to the bridging methylene on calixarene 

skeleton with coupling constant 2J ≈ 12-13 Hz in the 1H-NMR spectrum.  In addition, 

the closer of two –CH2ArHCH2- signals as well as the closer of two –ArC(CH3)3 

signals in complexes upon the addition of metal perchlorates implied that the pinched 

cone conformation of free ligand 14 or 15 adopted to a nearly cone conformation after 

an inclusion of an alkali cation into their cavities (Scheme 3.8).[127]  

Scheme 3.8. The interconversion between cone and pinched cone conformation of 

calix[4]arene.[128]  

 

This observation allowed us to study the effect of sodium ion complexation on 

the anion binding because of the well-resolved 1H-NMR spectrum of 14·Na+ complex 

and a pretty high stable complex of 15·Na+.  Hereby, it was possible to saturate the 

cationic binding site, by adding one equivalent of sodium perchlorate, and then 

evaluate the association constants with anions. 

3.2.2 Binding Ability of Receptors 14 and 15 towards Anions 

To minimize possible effects of ion-pair formation on the determination of the 

association constants as well as to solubilize anions into organic solvents, the bulky 

tetrabutylammonium ion was chosen as a counter ion for all anions.  There are a 

variety of tetrabutylammonium anions in which the geometry, basicity and branched 

chain (substituted unit) determine the selectivity.  In this case, the branched alkyl 

ammonium cation (n-Bu4N+) is hardly approach the cationic binding site and 

consequently forms exclusively exo-complexes.  

A solid-liquid extraction was performed for selecting proper anions for 

titration experiments.  To a solution of ligand 14 or 15 in chloroform-d, the solid of a 

wide variety of the excess amount of sodium and potassium salts (about 50 mg of 

chloride, bromide, nitrate, hydrogen sulfate, acetate, benzoate, hydrogen phosphate, 

dihydrogen phosphate, phenylphosphate, diphenylphosphate, phenylphosphinate, 
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hydrogen phenylphosphonate and phenylphosphonate) was added, shaken at room 

temperature overnight, and then centrifuged for 15 minutes.  The solution phase was 

carefully removed and filtered through a pasteur pipet with cotton wool.  Extraction of 

anionic salts into the complex species which are soluble in organic phase can be 

detected by peak shifts in the 1H-NMR spectrum.   

Generally, the thiourea group in the receptors acts as acid site for base (anion).  

The preliminary results revealed that receptor 14 bound phenylphosphinate and 

diphenylphosphate preferentially that can be observed from the peak shifts in the 1H-

NMR spectrum.  Acetate also bound substantially with this host.  On the other hand, 

the spectrum of bis-thiourea 15 was predominantly changed in the presence of 

benzoate, dihydrogen phosphate or phenylphosphinate.  The observed selectivity for 

phosphate and carboxylate type could be rationalized based on the sum of the guest 

basicity (Table 3.8) and the complementary structure.  The oxyanions like tetrahedron 

HSO4
- and trigonal planar NO3

- could bind the hosts in a similar manner to H2PO4
- 

and CH3COO- but much weaker complexes would be formed due to much stronger 

hydrogen bond acceptor.  The low basicity spherical inorganic anions like chloride 

and bromide did not display any significant different from the free host molecules.  

Compared to phenylphosphinate, the less binding was found in the case of hydrogen 

phenylphosphonate.  This was probably due to the higher pKa as well as the smaller 

size of phenylphosphinate.   
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Table 3.8. Geometry and basicity of various anions. 

Anions Geometry pKa at 25 °C 

in water[129-130] 

pKa at 25 °C 

in DMSO[81] 

Chloride 

Bromide 

Nitrate 

Hydrogen sulphate 

Acetate 

Benzoate 

Hydrogen phosphate 

Dihydrogen phosphate 

Phenylphosphate 

Diphenylphosphate, 

Phenylphosphinate 

Hydrogen phenylphosphonate 

Phenylphosphonate 

Spherical 

Spherical 

Trigonal planar 

Tetrahedral 

Trigonal planar 

Trigonal planar 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral 

Tetrahedral 

< -2 

< -2 

-1.64 

< -2 

4.75 

4.20 

7.21 

2.12 

- 

- 

2.1 

1.83 

7.07 

- 

- 

- 

- 

12.60 

10.90 

- 

- 

- 

- 

- 

- 

- 

These receptors formed remarkably strong complexes with carboxylate and 

phosphate.  Therefore, 1H-NMR titration experiments of receptors 14 and 15 would be 

done with acetate (35), benzoate (36), dihydrogen phosphate (37), phenylphosphinate 

(38) and diphenylphosphate (39) (Figure 3.8) to determine the effect of geometry and 

the benzene substituent upon complexation process.  Additionally, the two different 

unsubstituted dicarboxylate anions like succinate (40) and glutarate (41) (Figure 3.8) 

were chosen aiming to discriminate the effect of the second carboxylate functionality 

and the length of guest molecules.  In the presence of the low basicity anions, the NH-

protons of thiourea functionality were hardly shifted and these affects were too small 

to determine either the association constant or the stoichiometry using this 

spectroscopy.  However, the association constants of weakly bound anions in some 

cases would be intensively enhanced when they are in ion-pairing system.  Thus 

determination of stability constants of some of the above anions like hydrogen sulfate 

or nitrate would be worth trying by other techniques such as calorimetry.  This might 

be suitable to do as a future work because the calorimetric titration has recently been 
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exploited in the evaluation of weakly binding small molecular systems to widely 

apply in biological complexation.[131]  
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Figure 3.8. The structures of anions that used in this experiment. 

The quantitative anion binding ability of the novel bidentate thiourea receptors 

14 and 15 was investigated by titrated with the aliquots of TBA salts of acetate, 

benzoate, dihydrogen phosphate, phenylphosphinate and diphenylphosphate.  NMR 

titrations were performed and changes in chemical shifts that occurred in several 

signals of ligand 14 or 15 upon complexation were monitored.  The continuous 

movement of signals indicated the faster exchange of complexation processes than the 

NMR time scale 

The binding of compound 14 using acetate anion was initially investigated.  

This anion has been known to form strong directional hydrogen bonding with a 

thiourea due to its basicity.[87, 132-134]  Moreover, the carboxylate itself is a functional 

group of great biological relevance which leads to a wide application in 

biotechnology.[135]  The addition of one equivalent of tetrabutylammonium acetate 
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resulted in large downfield shifts in the 1H-NMR spectrum of ligand 14.  The lower 

field of thiourea proton –CH2CH2NHCSNHCH2Ar-, the higher field of thiourea signal 

–CH2CH2NHCSNHCH2Ar- and amide hydrogen atoms –OCH2CONHCH2- strongly 

shifted downfield (∆δ = +2.1438, +1.3852 and +0.7329 ppm, respectively).  

Moreover, the hydrogen atoms at –NHCSNHCH2Ar- and –CH2CH2NHCSNH- shifted 

downfield with ∆δ = +0.0532 and +0.0321 ppm, respectively.  This clearly indicates 

that all thiourea NH-protons are involved in anion binding.  A similar behavior was 

observed for –OCH2CH2OCH3, –OCH2CH2OCH3 and –OCH2CH2OCH3 as well as –

OCH2CONH- hydrogen atoms +0.0137, +0.0634, -0.0125 and +0.0603 ppm.  The 

shift of signals which were not closed to hydrogen bond donor site (–OCH2CH2OCH3 

and –OCH2CONH- signals) was probably derived from the preorganization of 

molecule.  This also supported by the upfield shift of –ArCH2Ar- (∆δ = +0.0203 ppm) 

and –CH2ArHCH2- (∆δ = -0.0215 ppm) signals which were the outstanding signals of 

calixarene unit.  Additionally, both –CH2ArHCH2- signals were continuously shifted 

close to each other to propose the interconversion from pinched cone to cone 

conformation.  Unless the movement of building block, the hydrogen signals which 

are far from the NH-thiourea should not be changed. 

1H-NMR spectra of 14·C6H5COO-, 14·H2PO4
-, 14·Ph(H)POO- and 

14·(PhO)2PO2
- were shifted in the similar manner as 14·CH3COO- but different 

amount of effect as shown in Figure 3.9.  Such chemical shift changes for intracavity 

interactions and effect of all 15·anion complexes are shown in Figure 3.10.   



 83

OO O O

NH HN

HNNH

O OO O

NH HN
SS

+2.1438

+1.3852 +1.7725

+0.7329 +0.7978

+0.0532 +0.0332

+0.0321 +0.0433

+0.0160

+0.0603 +0.0364
+0.0634 -0.0544

+0.0137 -0.0870

-0.0125 -0.0771

+0.0203 +0.0927, -0.0515

-0.0215, -0.0058 -0.0341, -0.0243

-0.1001 -0.0985
TBA+: +0.0098
CH3COO-: -0.1278

TBA+: +0.0021
C6H5COO-: -0.0211

(a) (b)

(c) (d)

(e)

TBA+: +0.0145
H2PO4

-: -
TBA+: +0.0047
Ph(H)POO-: 
-0.1138 (PH), 
-0.0477 (PH), 
+0.0320 (Ph),
-0.0133 (Ph)

TBA+: +0.0020
(PhO2)PO2

-: -0.0175 (Ph)

+1.8480 +1.4340

+1.1697

+1.0081 +0.6457

+0.3343

-0.0133 (1.30 eq) +0.0137

+0.0278

-0.0178 (1.04 eq) +0.0023

+0.0063

-0.0113
> +0.0286

+0.0855 +0.0285

+0.0043

+0.0922 +0.0161

-0.0035

+0.0905 -0.0054

-0.0129

-0.0384

-0.0262

+0.2323 +0.1295

+0.0915

-0.0265, -0.0240 -0.0250, -0.0090

-0.0333, -0.0129

-0.0124 (1.04 eq) -0.2163

OO O O

NH HN

HNNH

O OO O

NH HN
SS

OO O O

NH HN

HNNH

O OO O

NH HN
SS

OO O O

NH HN

HNNH

O OO O

NH HN
SS

OO O O

NH HN

HNNH

O OO O

NH HN
SS

 

Figure 3.9. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 14·CH3COO- (b) 14·C6H5COO- (c) 14·H2PO4
-, (d) 14·Ph(H)POO- (e) 

14·(PhO)2PO2
-. 
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Figure 3.10. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 15·CH3COO- (b) 15·C6H5COO- (c) 15·H2PO4
-, (d) 15·Ph(H)POO- (e) 

15·(PhO)2PO2
-.  
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Compared to the CIS of any signals of 14·H2PO4
- in chloroform-d in the 

preliminary experiment, the shift in acetonitrile-d3 solution was much easier to 

observe.  This could be ascribed to the effect of solvents.  The halohydrocarbon 

solvent like chloroform is classified as Lewis acid due to its acidic C-H bond.  Hence, 

anion (such as H2PO4
-) is able to form hydrogen bonding to the thiourea functionality 

of receptor 14 and the acidic C-H of chloroform.  The halohydrocarbon solvents are 

able to break the hydrogen bonding leading to the less stable complex.  This 

phenomenon is also found in living organisms.  For instance, the anaesthetic 

properties of some halogen-containing solvents have been connected with their ability 

to hinder the formation of biologically important hydrogen bonds.[118]  

The broadened and the large (>1 ppm) changes in the chemical shifts of 

thiourea and amide NH-protons were the evidence for the presence of hydrogen 

bonding in anion complexation.  In addition, the upfield shifts for CH2-protons 

adjacent to hydrogen bonded NH groups in the presence of anions were usually 

observed.[136]  This might be attributed to the more basicity at methylene protons 

compared to NH-thiourea, the through space effect from electron density of anions or 

the anisotropic effect of carbonyl or phosphonyl group.   

The Job’s plots of all 14·anion complexes corresponded to an association 

stoichiometry of 1:1 (Figure 3.11).  The Job’s analysis for the anion complexation by 

15 which composed of two ester moieties instead of amide groups indicated that 15 

favored binding acetate, phenylphosphinate and diphenylphosphate anion in a simple 

1:1 complex (Figure 3.12).  For benzoate and dihydrogen phosphate anion, the 

distorted bell-shaped curves with a maximum at X ≈ 0.66 had been shown in Job’s 

plots (Figure 3.12).  This indicated a 1:2 host-guest stoichiometry.  
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Figure 3.11. Job’s plots of –CH2CH2NHCSNH- in 14·CH3COO-, 14·C6H5COO-, 

14·H2PO4
-, 14·Ph(H)POO- and 14·(PhO)2PO2

- complexes. 
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Figure 3.12. Job’s plots of –NHCSNHCH2Ar- in 15·CH3COO-, 15·C6H5COO-, as 

well as 15·H2PO4
- and –CH2CH2NHCSNH- in 15·Ph(H)POO- as well as 

15·(PhO)2PO2
- complexes. 
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 The titration curves of 14·anion and 15·anion complexes are shown in Figure 

3.13 and Figure 3.14, respectively.  The chemical shifts of some other signals were 

also plotted against the equivalent of added TBA anion (see Appendix B).   
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Figure 3.13. Titration curves of –CH2CH2NHCSNH- in 14·CH3COO-, 14·C6H5COO-, 

14·H2PO4
-, 14·Ph(H)POO- and 14·(PhO)2PO2

- complexes. 
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Figure 3.14. Titration curves of –NHCSNHCH2Ar- in 15·CH3COO-, 15·C6H5COO-, 

15·H2PO4
-, 15·Ph(H)POO- and 15·(PhO)2PO2

- complexes. 
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The normal looking titration curves of 14·anion complexes (Figure 3.13), 

15·CH3COO-, 15·Ph(H)POO- and 15·(PhO)2PO2
- (Figure 3.14) supported a 1:1 

association stoichiometry.  In the case of 15·C6H5COO- and 15·H2PO4
-, both titration 

curves displayed a small variation of sigmoidal curve which was a characteristic of an 

association of more than two species.[137]  Unfortunately attempts to relate these 1:2 

complexes with their molecular mass in ESI-MS (Electrospray Ionization Mass 

Spectrometry) have so far been unsuccessful as it was not possible to obtain the 

correct mass of 15 and anions.[138]  Electrospray ionization is served as one of the 

softest ionization methods to date and this technique has rapidly gained momentum to 

study noncovalently bound complexes.  However, the study of hydrogen bond in 

supramolecular aggregates from smaller organic building blocks by ESI-MS is 

relatively rare.[139]  This is presumably according to the lower binding constants of 

these species when compared to, for example, the protein-substrate complex.  Another 

technique that can used to support this formation is molecular weight determination 

by means of Vapor Pressure Osmometry (VPO).[140]  

The ∆δ of the more sensitive –CH2CH2NHCSNH-, –NHCSNHCH2Ar- and –

OCH2CONH- (in the system of 14) as well as adjacent methylene signals which 

located next to the thiourea moiety were used to evaluate binding efficacy.  The 

association constants (β1) in acetonitrile-d3 of all 14·anion complexes as well as 

15·CH3COO-, 15·Ph(H)POO- and 15·(PhO)2PO2
- complexes were evaluated from a 

1:1 curve fitting binding model provided by Hunter’s NMRTit_HG program.[105]  On 

the other hand, the degree of complexation selectivity of 15·C6H5COO-
 and 15·H2PO4

- 

could be calculated using NMRTit_HGG program.[105]  The average binding abilities 

and Gibbs free energies are displayed in Table 3.9.  The good fit between 

experimental data and calculation of the titration curves in NMRTit_HGG program 

supported that compound 15 forms stable 1:2 complexes with both benzoate and 

dihydrogen phosphate. 

 

 

 



 89

Table 3.9. The average association constants and Gibbs free energies upon the 

formation of 14·anion and 15·anion complexes.  

Complex 

Type Stoichiometry 

Association Constant 

(M-1) 

Gibbs free energy 

(kJ·Mol-1) 

14·CH3COO- 

14·C6H5COO- 

14·H2PO4
- 

14·Ph(H)POO- 

14·(PhO)2PO2
- 

15·CH3COO- 

15·C6H5COO- 

 

15·H2PO4
- 

 

15·Ph(H)POO- 

15·(PhO)2PO2
- 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:2 

 

1:2 

 

1:1 

1:1 

30400 

3290 

858 

17100 

2330 

2010 

8300 

286350000 (M-2) 

9710 

10583900 (M-2) 

14300 

3240 

-25.6 

-20.1 

-16.7 

-24.1 

-19.2 

-18.8 

-22.4 

-48.2 

-22.7 

-40.1 

-23.7 

-20.0 

In order to compared to the others, only β1 of 15·C6H5COO- and 15·H2PO4
- are 

shown in Figure 3.15.  The amide 14 recognizes acetate better than 

phenylphosphinate, benzoate, diphenylphosphate and dihydrogen phosphate while the 

analogous ester 15 binds phenylphosphinate slightly stronger than dihydrogen 

phosphate (β1), benzoate (β1), diphenylphosphate and acetate.  The β1 value does not 

follow the amount of complexation induced shifts.  Sometimes the titration data with 

smaller ∆δ could yield the higher β1 than the larger ∆δ data, for example, in the case 

of 14·CH3COO- and 14·C6H5COO-.[141]  Hence, the binding constant depends on the 

characteristic of curve not the shifting values.  The more the curve bents, the higher 

the binding constant is. 
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Figure 3.15. The selectivity of receptors 14 and 15 towards various anions.  

The binding data of 14·anion and 15·anion complexes does not undergo the 

same trend.  The replacement of the amide group in compound 14 with the ester 

moiety yields the decrease in selectivity, change in stoichiometry of association and 

binding affinity trend as well as increase in the association constant when complexing 

with phenyl substituted anions.  These selectivity trends are explained by basicity, 

complementary structure, π-π interaction and Oδ--π repulsion.  Compared to 

macromolecule 15, compound 14 displayed a stronger acidity and consequently from 

a more stable complex with a stronger base.  Thus, host 14 recognized acetate better 

than benzoate and dihydrogen phosphate.  The opposite trend (H2PO4
- > C6H5COO- > 

CH3COO-) was observed in the system of 15. 

The complementary structure between the host and the guest molecule is 

another factor to control selectivity.  For the thiourea base receptor, this type of ligand 

was discovered to bind guests via hydrogen bonding which is a directional interaction.  

Presumably, the arrangement of the directional hydrogen bond donor on NH-thiourea 

in both receptors might be different attributed to the number of lone pair on –CONH- 

in 14 and –COO- atom in 15.  This preorganization leaded to the preferential of 

receptor 14 to Y-shaped carboxylate and the preferential of ligand 15 to tetrahedral 

phosphate anion.  A number of reports showed the binding ability of simple acyclic 

thiourea (42a-42c)[87, 132, 142] and cyclophane based cyclic thiourea (43a-43c)[143] 
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towards both dihydrogen phosphate and acetate over other anions, with preferentially 

to the former over the latter (Figure 3.16).  The selectivity trend of these receptors 

was found to be against basicity due to the lack of additional acid site.  Like receptor 

15, the structure complementary dominated the other effects. 

HNNH
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R

NH
R

SS
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42b
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R = Bu
R = Ph
R =1-naphthyl

BuBu

HNNH

NHHN

SS

R

43a

43b

43c

R = 

R = 

R =        -(CH2)3-

BuO OBu

OBuBuO

 

Figure 3.16. Simple acyclic thiourea and cyclophane cyclic thiourea receptors. 

In the case of less acidic molecule like compound 15, the solvent also plays a 

role in complexation.  There are some examples about the effect of media through the 

selectivity trend.[144, 145]  This interrelation between solvation effects and receptor 

structure is also used to achieve anion binding selectivity in nature.[146]  The more 

steric hindrance around the central atom of anion resulted in the less effective of the 

binding of solvents towards anions.  Therefore, it is easier for acetonitrile to donate 

electron to central C of acetate compared to P of dihydrogen phosphate yielding β1 

(15·CH3COO-) < β1 (15·H2PO4
-).  

Compared to 14·H2PO4
- and 15·H2PO4

-, the higher affinity of receptors 14 and 

15 towards phenylphosphinate was aided by size and shape complementary as well as 

π-π interaction.  In contrast to phenylphosphinate, the diminished binding strength of 

diphenylphosphate is likely explained by steric effect and the negative-negative 

repulsion between oxygen-ester of host and the electron-rich-aromatic guest. 

As previously mentioned, the chemical shift of –OCH2CONH- of receptor 14 

displayed a large downfield shift in all cases indicating that two NH-amide moieties 
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might be incorporated in hydrogen bonding for complexation.  Although the NH-

amide donor atoms are far from the main binding site (thiourea), they could involve in 

anion recognition.  Recently, Nam and co-worker attached the similar bis-urea linkage 

on the narrow rim of calix[4]arene 44 (Figure 3.17).[147]  The negative effect of 

quinone units; which are far from urea function in nearly the same length as 

compound 14, on the calixarene scaffold towards anion recognition due to the ion-

dipole repulsion was reported.  

OO O O

OO

HNNH

HNNH
OO

44  

Figure 3.17.  Macrocyclic bis-urea calix[4]quinone.[147]   

Attempt to grow crystals suitable for x-ray analysis produced inappropriate 

single crystals.  Therefore, the 14·anion and 15·anion complexes are proposed based 

on the x-ray structures of 13b·CH3COO-[117] (Figure 3.18) and cyclic(thiourea)·H2PO4
-

[148] (Figure 3.19) as well as the proposed structures of bis(guanidinium)·H2PO4
-[149] 

and bis(thiourea)·H2PO4
-[132] as well as bis(thiourea)·C6H5COO- complexes.[132]  

Generally, the stability of these complexes are aided by CH3-π and π-π interaction.  

The proposed structures of anion complexes are shown in Figure 3.20.  X represents 

of NH and O in the case of compounds 14 and 15, respectively.  R1, R2 and R3 refer to 

the substituted group on acetate, benzoate, dihydrogen phosphate, phenylphosphinate 

and diphenylphosphate as presented in Figure 3.8. 
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Figure 3.18. X-ray structure of 13b·CH3COO- complex.[117] 
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Figure 3.19. X-ray structure of cyclic(thiourea)·H2PO4
-.[148]  
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Figure 3.20.  The proposed structures of 1:1 anion complexes (46-47). 
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Owing to the important role of dicarboxylate in our biological system as well 

as the high and moderate association constant of respective 14·CH3COO- and 

15·CH3COO- complexes, recognition studies of both receptors towards some 

dicarboxylate anions are worth performing.  Succinate and glutarate which employed 

as their bis-TBA salts were used in the titration experiment because the numbers of 

carbons between two carboxylate groups correspond to the chosen amino acid in 

Section 3.2.3.  These dicarboxylate titration results will be compared to 

monocarboxylate recognition. 

When a complex is formed, various protons display signal shifts to indicate a 

rapid exchange behavior.  Chemical shifts of all the NH-signals of the receptor in the 

mixture of 14 and succinate anion shifted much larger downfield compared to the 

remaining signals (+0.8825 ppm for –CH2CH2NHCSNHCH2Ar- and +0.4228 ppm for 

–OCH2CONH-).  The adjacent signals were slightly shifted downfield.  For instance, 

the –NHCSNHCH2Ar- signal moved +0.0482 ppm and the –CH2CH2NHCSNH- 

proton shifted +0.0344 ppm.  The aromatic linkage moved downfield with ∆δ = 

+0.1445 ppm.  The –OCH2CH2OCH3, –OCH2CH2OCH3 as well as –OCH2CH2OCH3 

moved to the lower magnetic field (downfield) by complexation with succinate anion 

for +0.0423, +0.0236 and +0.0059 ppm, respectively.  NMR titration analysis also 

showed the downfield shift of the –OCH2CONH- signal from +4.4636 to +4.5204 

ppm.  The aromatic protons of calixarene unit on thiourea 14 shifted upfield with ∆δ = 

-0.0192 and -0.0261 ppm upon addition of 4 equivalents of succinate whereas the –

ArCH2Ar- protons shifted downfield about +0.0981 ppm.  This result supports the 

preorganization of the receptor molecule.  The aromatic unit on calixarene scaffold 

was probably changed from pinched cone to cone conformation.  Thus, two phenyl 

units were presumably moved close to each other and caused the anisotropic effect to 

occur.  Although the shifts of some signals seem to be very small but their titration 

curves are in a normal shape (see Appendix B).   

Changes in the peak positions during the formation of 14·glutarate2- (Figure 

3.21), 15·succinate2- and 15·glutarate2- complexes (Figure 3.22) were found in the 

similar manner as 14·succinate2-.  However, greater shifts were observed in the case of 

glutarate compared to succinate.  The superscript a is denoted as the sigmoidal 

titration curves and superscript b is referred to the inverse titration curves. 
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Figure 3.21. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 14·succinate2- (b) 14·glutarate2-.  
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Figure 3.22. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 15·succinate2- (b) 15·glutarate2-. 

Data sets from the titration experiments verified the bell-shaped curve with a 

maximum point at X ≈ 0.5 indicating a 1:1 stoichiometry for all complexes in Job’s 

analysis (Figure 3.23 and Figure 3.24).   
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Figure 3.23. Job’s plots of –OCH2CONH- in 14·succinate2- and 14·glutarate2- 

complexes.  

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 0.2 0.4 0.6 0.8 1 1.2

Mole fraction of anion (X)

∆δ(1-X)

15.succinate
15.glutarate

Figure 3.24. Job’s plots of –NHCSNHCH2Ar- in 15·succinate2- and 15·glutarate2- 

complexes. 

The titration curves of 14·succinate2-, 14·glutarate2- and 15·succinate2- 

complexes correlated well with a 1:1 binding model whereas the titration curve of 

15·glutarate2- did not agree with that model at all (Figures 3.25 and 3.26). 
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Figure 3.25. Titration curves of –OCH2CONH- in 14·succinate2- and 14·glutarate2- 

complexes.  
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Figure 3.26. Titration curves of –NHCSNHCH2Ar- in 15·succinate2- and 

15·glutarate2- complexes.  

The titration curve of 15·glutarate2- complex featured a slow shifting until 1 

equivalent of TBA glutarate was added, after that the shifting was accelerated until 

stable at about 1.5 equivalents of anion.  This sigmoidal curve was observed for –

CH2CH2NHCSNHCH2Ar-, –CH2CH2NHCSNHCH2Ar- (see Appendix B) as well as -
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OCH2CH2OCH3 signals.  The ArH-calixarene was also shifted in this pattern but in 

the opposite direction (upfield).  Interestingly, the titration curves of –

NHCSNHCH2Ar-, –CH2CH2NHCSNH- and –OCH2CH2OCH3 showed the upfield 

shift immediately before the inverse shift at about 1 equivalent.  From the literatures, 

the normal titration curve could be either 1:1[150] or 1:2[144] host-guest stoichiometry.  

The sigmoidal or inverse curve have been reported only in the case of a 1:2 

association.[131, 144]  However, the Job’s plots in 15·glutarate2- did not show a 

maximum at X ≈ 0.66.  Therefore, it is impossible to assign this interaction to a 

discrete 1:2 complex.  Consequently, the association constant has not been calculated 

in 15·glutarate2- case.  The sigmoidal curve could be originated the negative ion-pair 

effect of its counter cation (n-Bu4N+).  Table 3.10 displays the average association 

constants and Gibbs free energies which belongs to 14·succinate2-, 14·glutarate2- and 

15·succinate2-.  The average calculated β1 of dicarboxylate complexes are compared as 

shown in Figure 3.27. 

Table 3.10. The average association constants and Gibbs free energies upon the 

formation of 14·dicarboxylate2- and 15·dicarboxylate2-. 

Complex 

Type Stoichiometry 

Association Constant 

(M-1) 

Gibbs free energy 

(kJ·Mol-1) 

14·succinate2- 

14·glutarate2- 

15·succinate2- 

15·glutarate2- 

1:1 

1:1 

1:1 

1:1 

11000 

42900 

2020 

- 

-23.1 

-26.4 

-18.9 

- 
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Figure 3.27. The selectivity of receptors 14 and 15 towards dicarboxylate anions 

compared to the monocarboxylate complexes. 

Receptor 14 was found to bind succinate weaker and to recognize glutarate 

slightly better than acetate while compound 15 showed the moderate stability 

constants with acetate and succinate with similar binding abilities.  The selectivity 

trend of both receptors towards succinate and glutarate could not be explained by 

basicity (Table 3.11).  Therefore, there should be other effects such as size or length 

of anions to control the selectivity. 

Table 3.11. Geometry and basicity of carboxylate anions. 

Anions Geometry pK at 25 °C 

in water[130] 

pK at 25 °C 

in DMSO[81] 

Acetate 

Succinate 

Glutarate 

Trigonal planar 

Trigonal planar 

Trigonal planar 

4.75 

4.21 

3.77 

12.60 

- 

- 

The sizes of cavities between two thiourea functions in either 14 or 15, which 

are rigidified by the aromatic linkage and the calixarene scaffold, are probably too 

small to bind both carboxylate ending sites simultaneously.  Compared to receptor 15, 

the amide group in compound 14 can be served as an additional anionic binding 

site.[151]  From our result, the length of cavities in macromolecules 14 (from thiourea 
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to amide moiety) are well-match with the length of longer dicarboxylate anion like 

glutarate, but not with shorter dicarboxylate anion like succinate.  In the system of 

compound 15, insignificant preferential recognition were observed due to the lack of 

amide group.  Therefore, the selectivity of these receptors highly depends on the 

number of hydrogen bonding interactions.  The more involving hydrogen bonding 

interactions resulted in larger binding constants.[141]  For instance, the crystal structure 

of tris-guanidinium·tricarballate complex which reported by Anslyn and co-workers 

showed the involvement of all guanidinium moieties to three carboxylate groups in 

the guest (Figure 3.28).[152]  
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Figure 3.28. Tris-guanidinium·tricarballate complex.[152]   

From the x-ray structure of tris-guanidinium·tricarballate complex and 

proposed structures of amide-carboxylate[151] association, the structures of 

dicarboxylate anion  complexes are proposed in Figure 3.29 (X= NH or O; n = 2 or 3). 

OO O O

X X

HNNH

O OO O

NH HN
SS O O

(CH2)n

OO

49

-

-

 

Figure 3.29.  The proposed structures of 1:1 dicarboxylate complexes (49).    
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3.2.3 Binding Ability of Receptors 14 and 15 towards Amino Acids in Anionic 

Forms 

The effective receptors for biorelevant oxoanions such as amino acids have 

recently received attention in the development of ion-selective electrodes or the 

carriers for drug delivery because amino acids are the most important substrates in 

living organisms.  A well-designed receptor for amino acid should be able to dissolve 

in aqueous solution and comprises of at least two main recognition sites under neutral 

condition: ammonium and carboxylate groups.  In addition, host should contain 

stereochemically active site.  Accordingly, amino acids do actually exist as chiral 

zwitterions in blood system. 

Although our receptors (14 and 15) are not specifically designed for amino 

acids, a good selectivity for either mono- or dicarboxylate anions over other inorganic 

anions have been found.  Therefore, it is worth studying the binding ability of both 

receptors towards a wide range of underivatized amino acids.  Basically, common 

amino acids provide a rich variety of side chains.  To achieve a good selectivity for 

each amino acid, another moiety should be incorporated in the receptor.  The aromatic 

linkage between two thiourea moieties which mainly used to preorganize receptor 14 

and 15 is predicted to serve as an additional site for the side chain of aromatic 

containing amino acids.  The chiral recognition is not expected due to the lack of 

stereochemically dependent.  All amino acids are used as their optically pure L-

enantiomer due to their importance species and cheaper cost. 

The solid-liquid extraction was performed for some amino acids (glycine, L-

alanine, D-alanine, β-alanine, 4-aminobutyric acid, L-phenylalanine, L-aspartic acid 

and L-glutamic acid).  The excess amount of amino acids (about 50 mg) were added 

into acetonitrile-d3 and dimethylsulfoxide-d6 solutions of either 14 or 15.  The 

mixtures were shaken overnight and centrifuged for 15 minutes to precipitate the 

solid.  A small amount of organic layer was collected and characterized by the 

complexation induced shift in 1H-NMR spectrum.  There was no peak shift observing 

in the spectrum at all.  This reflected that none of the association between solid amino 

acids and receptors because amino acids would not exist as their zwitterionic form in 

acetonitrile-d3 or dimethylsulfoxide-d6.  Consequently, the dipole-dipole repulsion 

between NH-thiourea and OH-carboxylic acid hydrogen bond donor inhibited the 
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complexation.  Although some common amino acids are able to solvate and display as 

zwitterions in methanol in which both host molecules 14 and 15 are hardly soluble 

prohibiting the preliminary extraction experiment in methanol-d4. 

Generally, artificial receptors for amino acids have been synthesized using 

single charged substrate, under either acidic (amino acid or amino ester salts) or basic 

(carboxylate salts or N-protected amino acid) condition.[153]  Most receptors based on 

positively and negatively charged binding sites are able to collapse internally or 

aggregate into dimers or oligomers.  Both bis-thiourea calix[4]arene amide 14 and 

ester 15 can serve as receptors for basic amino acids like carboxylate salts.  Therefore, 

instead of the neutral zwitterions, amino acids are modified to their 

tetrabutylammonium carboxylate anions to dissolve in acetonitrile-d3 and to reduce 

ion-pair effect. 

A number of model receptors for recognition of unsubstituted dicarboxylate 

anion have been prepared and evaluated.  Examples of suitable ligands for the 

selective complexation of mono- and dicarboxylate anions of amino acids are scarce.  

Consequently, the binding properties of supramolecules 14 and 15 were investigated 

towards various TBA salts of amino acids.  The aspartic acid (50) and glutamic acid 

(51) were chosen due to their dicarboxylate groups and the equivalent of carbon to 

succinate (40) and glutarate (41) anion as previously discussed in Section 3.2.2.  To 

probe the chain length and effect of functional side chain of amino acid, binding 

properties of receptors 14 and 15 towards a wide range of amino acid in anionic form; 

asparagine (52), glutamine (53), phenylalanine (54), leucine (55), threonine (56) and 

serine (57), were also investigated.  The structures of all substituted mono- and 

dicarboxylate anions that used in this experiment are displayed in Figure 3.30. 
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Figure 3.30. The structures of all amino acid anions in this experiment. 

1H-NMR spectra of free and bound receptors 14 and 15 showed only one set 

of signals corresponding to the faster exchange rate compared to the NMR time scale 

which was the same as observed in the carboxylate and phosphate anion recognition.  

The binding property of compound 14 towards the bis-TBA salt of aspartic acid was 

firstly investigated.  The association of host 14 and this substituted dicarboxylate 

anion was supported by the partial separation of the overlapping NH-thiourea signals 

in the 1H-NMR spectrum of 14·Asp2-.  The acetonitrile-d3 solution of the complex 

displayed a magnificent downfield shift with ∆δ = +3.3079 ppm due to the –

CH2CH2NHCSNHCH2Ar- protons and with ∆δ = +3.0465 ppm owing to –

CH2CH2NHCSNHCH2Ar- protons.  In addition, –CH2CH2NHCSNH- signal 

experienced the upfield shift (∆δ = -0.1323 ppm), while the –NHCSNHCH2Ar- 

signals tended to broaden until disappear after shifting to a lower magnetic field (from 

4.6817 to 4.6870 ppm, ∆δ = +0.0053 ppm) in the presence of 0.32 equivalent of the 
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bis-TBA salt of aspartic acid.  Another significant downfield shift for this association 

process was discovered at 7.5617 ppm belonging to the NH-amide protons (∆δ = 

0.9637 ppm).  One of the aromatic linkage protons was moved to the higher magnetic 

field with ∆δ = -0.1636 ppm.  Moreover, the downfield shift from 4.4630 to 4.5950 

ppm (∆δ = +0.1320 ppm) of the –OCH2CONH- signal was observed.  Other 

downfield shifts were also revealed for –OCH2CH2OCH3 (∆δ = +0.1070 ppm) and –

OCH2CH2OCH3 (∆δ = +0.1023 ppm) signals in 1H-NMR titration data whereas the 

changing of –OCH2CH2OCH3 was observed as an upfield shift, ∆δ = -0.0342 ppm.  

The downfield shift of n-Bu4N+ signal (∆δ = +0.0140 ppm) suggested that this bulky 

cation was situated in the close proximity to the anionic substrate.  In addition, the 

changing in the peak position of both –ArCH2Ar- (∆δ = +0.2304, -0.0145 ppm) and –

CH2ArHCH2- (∆δ = -0.0094, -0.0038 ppm) which were characteristic signals of the 

calixarene building block were also monitored.   

Titrations of an acetonitrile-d3 solution of either 14 or 15 with aliquots of 

substituted mono- and dicarboxylate guests resulted in several shifts as displayed in 

Figure 3.31 and Figure 3.32.   
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Figure 3.31. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 14·Asp2-, (b) 14·Glu2-, (c) 14·Asn-, (d) 14·Gln-, (e) 14·Phe-, (f) 14·Leu-, 

(g) 14·Thr- and (h) 14·Ser-. 
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Figure 3.31. Continued. 
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Figure 3.32. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 15·Asp2-, (b) 15·Glu -, (c) 15·Asn-, (d) 15·Gln- (e) 15·Phe-, (f) 15·Leu-, (g) 

15·Thr- and (h) 15·Ser-. 
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Figure 3.32. Continued. 

The downfield shift observed for the signals corresponding to the NH-thiourea 

moiety of all complexes in the presence of TBA salt of amino acid is an indicative of 

the intermolecular hydrogen bonding.  In some cases (glutamine, phenylalanine and 

threonine), the signal for the –CH2CH2NHCSNHCH2Ar- of host 14 could not be 

followed because the NH-resonance disappears after coalesce in the aromatic signal 

region upon adding 0.05 equivalents of the anion.  However, the strong hydrogen 

bonding in complexes was indicated by the significant downfield shift before 

completely disappearing.   
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The complex stoichiometry in an acetonitrile-d3 solution was judged by Job’s 

plot consistent with the titration curve of the 1H-NMR binding data.  The formation of 

simple 1:1 complexes in cases of all 14·amino carboxylate complexes (Figure 3.33) 

and 15·Asp2-, 15·Glu2-, 15·Leu- as well as 15·Ser- (Figure 3.34) was evidence by the 

symmetric bell-shaped (X ≈ 0.5) in Job’s analysis.  In contrast, Job’s plots of amino 

monocarboxylate anions such as asparagine, glutamine, phenylalaine and threonine 

were asymmetrical and exhibited a maximum point when the mole fraction was ~0.66 

(Figure 3.34), which reflected the formation of an unexpected 1:2 stoichiometry.   

Bis-thiourea calix[4]arene amide 14 was found to bind anions in 1:1 fashions 

whereas analogous ester 15 was able to recognize these guests in either 1:1 or 1:2 

fashions.  Theoretically, a 1:2 binding fashion is possible to confirm by ESI-MS[138-

139] or VPO.[140]   Our attempts to observe the molecular peak in ESI+/ESI- mass 

spectra of this complex were unsuccessful because the complex was probably not 

stable enough under MS conditions. 
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Figure 3.33. Job’s plots of –CH2CH2NHCSNHCH2Ar- in 14·Asp2-, 14·Glu2-, 14·Asn-, 

14·Gln-, 14·Phe-, 14·Leu-, 14·Thr-, and 14·Ser- complexes (using –NHCSNHCH2Ar- 

signal in case of 14·Leu-).  
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Figure 3.34. Job’s plots of –CH2CH2NHCSNHCH2Ar- in 15·Asp -, 15·Glu2-, 15·Asn-, 

15·Gln-, 15·Phe-, 15·Leu-, 15·Thr-, and 15·Ser- complexes. 

Generally, the shape of titration curves is dependent on types of complexation.  

The titration plots of all 14·amino acid anion (Figure 3.35) as well as receptor 15 in 

the presence of TBA salt of aspartic acid, glutamic acid or leucine (Figure 3.36) 

exhibited the normal looking curve for the 1:1 stoichiometry complex.  In the 

presence of carboxylate salt of serine, the straight lines of titration curves were 

displayed in both systems (14 or 15) and subsequently, no equilibrium was observed 

(Figures 3.35 and 3.36).  The titration curve of the remaining cases (15·Asn-, 15·Gln-, 

15·Phe-, and 15·Thr-) indicated the successive binding of two anions (Figure 3.36).  

This singly and doubly bound in each case were nearly coincident leading to two 

indistinguishable events.[131]  Such a behavior was more clearly displayed in the case 

of TBA salt of phenylalanine. The suitable technique to observe these multiple 

binding equilibria is the calorimetric titration due to the distinct nature of the enthalpy 

of the alternate complexes.   
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Figure 3.35. Titration curves of –CH2CH2NHCSNHCH2Ar- in 14·Asp2-, 14·Glu2-, 

14·Asn-, 14·Gln-, 14·Phe-, 14·Leu-, 14·Thr-, and 14·Ser- complexes. 
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Figure 3.36. Titration curves of –CH2CH2NHCSNHCH2Ar- in 15·Asp2-, 15·Glu2-, 

15·Asn-, 15·Gln-, 15·Phe-, 15·Leu-, 15·Thr-, and 15·Ser- complexes. 

Having verified the 1:1 and 1:2 stoichiometry for the associations by means of 

continuous variation method, the stability constants were determined by NMRTit_HG 

and NMRTit_HGG program, respectively.[105]  The average association constants and 

Gibbs free energies which are based on monitoring of both NH-thiourea and their 
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adjacent methylene protons as well as the NH-amide signals (in the case of ligand 14) 

are displayed in Table 3.12.  Binding curves of 15·Asp-, 15·Glu-, 15·Phe- and 15·Thr- 

were fitted well in NMRTit_HGG program.  Clearly, formation of the 1:2 fashion of 

these complexes can be observed from the sigmoidal curve.  The binding data of 

15·Asp- and 15·Phe- complexes gave the association constants at the upper limit of 

detectability using NMR titrations (>104 M-1) whereas the binding data of 14·Ser- and 

15·Ser- complexes are at the lower limit of this techniques (<10 M-1), thus the binding 

constants have been reported approximately.[78, 154-155] 

Table 3.12. The average association constants and Gibbs free energies upon the 

formation of 14·amino carboxylate and 15·amino carboxylate complexes. 

Complex 

Type Stoichiometry 

Association Constant 

(M-1) 

Gibbs free energy 

(kJ·Mol-1) 

14·Asp2- 

14·Glu - 

14·Asn- 

14·Gln- 

14·Phe- 

14·Leu- 

14·Thr- 

14·Ser- 

15·Asp2- 

15·Glu2- 

15·Asn- 

 

15·Gln- 

 

15·Phe- 

 

15·Leu- 

15·Thr- 

 

15·Ser- 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1:2 
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1:1 

1:2 
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- 
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The binding data in Table 3.12 implied that the association constants of the 

singly bound complexes (K1) of 15·Asn-, 15·Gln-, 15·Phe- and 15·Thr- are much larger 

than the doubly bound complexes (K2).  This can be rationalized by the anion-anion 

repulsion.  K1 and K2 are stepwise formation constants which define by the following 

equations.   

K1 = [HG]/[H][G] 

K2 = [HGG]/[HG][G] 

The association constants of all amino carboxylate complexes are displayed in 

Figure 3.37.  In the case of 1:2 association, the first bound association constant (β1) 

are shown. 
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Figure 3.37. The selectivity of receptors 14 and 15 towards various amino mono- and 

dicarboxylate anions. 

Like the anion recognition study, receptors 14 and 15 did not display the same 

stoichiometry ratio and trend of selectivity in the presence of TBA salt of amino 

acids.  Macromolecule 15 displayed the higher efficiency and selectivity than 

compound 14.  Presumably, either amide or ester function played a role in partially 

controlling the recognition process by means of the complementary structure and the 

acid-base property. 
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The binding constants of amide compound 14 towards all amino acid anions 

suggested the following order of affinity: leucine > phenylalanine > aspartic acid > 

asparagine > glutamic acid > threonine > glutamine >> serine.  On the other hand, the 

binding efficiency of ester 15 was as follows: phenylalanine ≈ asparagine > glutamine 

> aspartic acid > threonine > glutamic acid > leucine > glutamine >> serine.  

Generally, the design of a receptor for selective recognition of the amino acid side 

chain is a difficult task.[153]  Therefore, it is reasonable that the association constant of 

all complexes is ~104. 

Except for 14·Leu- and 15·Asn-, both receptors displayed the largest affinity 

towards TBA salt of phenylalanine.  This can originate from π-π interaction in the 

similar manner as phenylphosphinate complexes.  The strongest affinity of host 14 

towards TBA salt of leucine compared to other amino acid anions (especially TBA 

salt of threonine) as well as the preference of macromolecule 15 to carboxylate anion 

of threonine over leucine might be attributed to acid-base property (Table 3.13).  The 

more acidic receptor like 14 preferred the more base like TBA salt of leucine.  Vice 

versa, the less acidic host like 15 better recognized the less base like carboxylate 

anion of threonine.  The effect of acid-base in the system of 14·Leu- was strong 

enough to override the complementary structure in 14·Phe-.   

Table 3.13.  Basicity of some amino acids in water at 25 °C.[130] 

Amino acid Type of anion pKa1  pKa2  

D-Aspartic acid 

L-Glutamic acid 

L-Asparagine 

L-Glutamine 

L-Phenylalanine 

L-Leucine 

L-Threonine 

L-Serine 

Dicarboxylate 

Dicarboxylate 

Carboxylate 

Carboxylate 

Carboxylate 

Carboxylate 

Carboxylate 

Carboxylate 

- 

2.13 

- 

2.15 

2.16 

2.328 

2.088 

2.186 

3.87 

4.31 

8.80 

9.00 

9.31 

9.744 

9.100 

9.208 

The 1H-NMR data of either 14·Ser- or 15·Ser- showed moderate spectral 

changes, however, their calculated association constants displayed a very low stability 

complex.  Presumably, the OH group on serine was able to form the intramolecular 
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hydrogen bonding (Figure 3.38) which was more stable than the intermolecular 

hydrogen bonding.  This leaded to a generally unfavorable interaction between host 

and TBA salt of serine.  The presence of methyl group on the carboxylate anion of 

threonine gave an advantage in preventing the rotation of OH moiety to form a six-

membered ring.  Hence, the host-guest interaction in the system of TBA salt of 

threonine displayed four orders of magnitude larger than serine. 

O

O-CH
H2N

H2C

57

O
H

 

Figure 3.38. Intramolecular hydrogen bonding of carboxylate anion of serine. 

Ligand 14 bound TBA salt of aspartic acid stronger than asparagines and TBA 

salt of glutamic acid stronger than glutamine.  Conversely, macromolecule 15 

recognized carboxylate anion of asparagine better than aspartic acid and carboxylate 

anion of glutamine better than glutamic acid.  Receptor 14 preferred to bind amino 

dicarboxylate anions whereas host 15 preferred to encapsulate amino 

monocarboxylate anions which had the same length.  This could be rationalized based 

on the complementary of hydrogen bond donors and acceptors.  In addition to the NH-

thiourea, compound 14 contained amide as a hydrogen bond donor to an acceptor like 

carboxylate group of dicarboxylate salt of aspartic or glutamic acid[151]  whereas the 

ester moiety in macromolecule 15 acted as a hydrogen bond acceptor for a donor like 

amide group of monocarboxylate salt of asparagine or glutamine.  The selectivity 

trend of these amino mono and dicarboxylate anion complexations seemed to be a 

combination of two binding sites. 

The ability of either receptor 14 or 15 towards TBA salts of aspartic acid, 

glutamic acid, asparagine and glutamine also clearly depended on the chain length n 

of amino acid anions.  The order of binding ability are aspartic acid (n = 2) > glutamic 

acid (n = 3) and asparagine (n = 2) > glutamine (n = 3) when n is defined as number 

of carbon between two carboxylate end sites. A slightly lower efficiency of both 

receptors towards longer amino acids (n = 3) was observed.  This could be ascribed to 

the compensation of the steric hindrance by hydrogen bonding. 
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The binding efficacies of 14 and 15 towards unsubstituted and substituted  

dicarboxylate anions are displayed in Figure 3.39.  In most cases, receptor 14 

preferred to bind acetate stronger than dicarboxylate while ligand 15 recognized 

dicarboxylate better than acetate.     
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Figure 3.39. The selectivity of receptors 14 and 15 towards monocarboxylate anion 

(acetate), unsubstituted dicarboxylate anion (succinate and glutamine) and substituted 

dicarboxylate anion (aspartic acid and glutamic acid).  

Bis-thiourea 14 is the more effective receptor for the longer unsubstituted 

dicarboxylate like glutarate compared to the shorter one like succinate.  Conversely, 

the shorter substituted dicarboxylate anion such as bis-TBA salt of aspartic acid is 

better recognized by either 14 or 15 compared to the longer one like bis-TBA salt of 

glutamic acid.  The different in affinity trend could be described in terms of the more 

rigid of the side chains of substituted dicarboxylates.  Compared to receptor 15, the 

greater recognition ability of host 14 towards either unsubstituted or substituted 

dicarboxylate was supported by the preference of ligand 14 to encapsulate acetate.  

The observed selectivity order demonstrated the importance of complementary 

between the substituted unit of guests and the binding site of the hosts as well as the 

acid-base property.  The most stabilized complex occurred when this match is 

optimized.  Although it is not able to indicate the exact position of the guest, the 

structure of amino acid anion complexes are proposed based on our 1H-NMR titration 
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data and the structures reported in literature[34, 151, 156] (Figure 3.40). X represents of 

NH and O in the case of compounds 14 and 15, respectively.  R refers to the 

substituted group on TBA salts of aspartic acid, glutamic acid, asparagine, glutamine, 

phenylalanine, threonine, leucine and serine as presented in Figure 3.30. 

OO O O

X X

HNNH

O OO O

NH HN
SS

58

O O

CH
H2N R

 

Figure 3.40.  The proposed structures of 1:1 amino acid anion complexes (58). 

3.2.4 Binding Enhancement of Receptors 14 and 15 towards Anions Using 

Sodium Cation 

Moving to the realm of allosteric system, a new approach for the specific 

design of a receptor is very important in the allosteric study.  To design a positively 

heteroditopic system, the first guest binding must make the remote site more suitable 

for the second guest binding.  In order to complex an ion-pair successfully, the 

receptor should design to complex cation and anion species as either contact ion-

pairs[83, 157] or solvent separated ion-pair (C+-solvent-A-)[82, 157]  

Calixarenes are attractive host molecules to construct recognition sites for 

target guests.  Although calix[4]arene structural framework has been widely modified 

at the lower rim for the recognition of cations or anions, the design and synthesis of 

ditopic calix[4]arene to simultaneously bind cations and anions is still relatively rare.  

Receptors 14 and 15 which contain a potential cation binding site and an effective 

anion binding site are well designed for ion-pair recognition.  Ion-pair recognition can 
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be achieved based on the sum of weak interactions.  Generally, favourable 

electrostatic forces are strong, but not directional; hydrogen bonding is directional, 

but usually not strong enough to compete with multiple solvation effects in polar 

protic media.  The combination of both types of interactions and preorganization 

effect would enhance the binding efficiency, both ability (quantity) and selectivity 

(quality). 

Macromolecules 14 and 15 were found to strongly bind cations and anions 

separately; therefore, the ability to bind an ion-pair of both receptors was able to 

achieve in two ways.  One equivalent of cation was encapsulated in calix[4]arene 

amide or ester and followed by evaluating anion binding affinity.  Alternatively, one 

or two equivalents molar of anions (depends on the previous data in anion 

recognition) were added to the acetonitrile solution of host and then titrated with a 

cation.  The former choice was employed in this thesis, since the latter could form 

either 1:1 or 1:2 complexes.  Sodium cation was added as its perchlorate salt whereas 

anions are used as their tetrabutylammonium salts.  Anions used in this binding study 

are carboxylate and phosphate type anion (acetate (37), benzoate (38), dihydrogen 

phosphate (39), phenylphosphinate (40) and diphenylphosphate (41)) as well as 

dicarboxylate anions of aspartic acid (52) and glutamic acid (53) as the representative 

of essential amino acids.  The binding of either receptor 14 or 15 to cation make a 

room for anion at the thiourea cavity.  This enabled us to study the effect of cation-

calixarene complex on the stability of anion complexes.  The fact that both cations 

and anions are involved in many biochemistry processes, the detection of the anion 

binding ability of these cation bound receptors maybe important for better 

understanding of interactions with the important anion bearing a large number of 

cations.   

The exchange rates of either anions or amino acid anions in the presence of 

sodium were observed as the time-averaged signals.  The 1H-NMR spectra of the 

mixture of host 14 and one equivalent of sodium perchlorate with various amount of 

acetate were obtained. The spectra of bound receptor 14 exhibited a markedly 

downfield shift of broaden signal of –CH2CH2NHCSNHCH2Ar- with ∆δ = +1.8323 

ppm and of –CH2CH2NHCSNHCH2Ar- with ∆δ = +2.0848 ppm due to the 

intermolecular hydrogen bonding towards the carboxylate group of the guest.  The 

upfield shift of the adjacent methylene protons –NHCSNHCH2Ar- and –
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CH2CH2NHCSNH- were found from 4.6808 to 4.6588 ppm (∆δ = -0.0220 ppm) and 

from 3.6334 to 3.5991 ppm (∆δ = -0.0343 ppm), respectively.  Proton signals of 

aromatic linkage shifted to the higher magnetic field with ∆δ = +0.1277 ppm.  

Addition of Bu4N+CH3COO- also caused considerable upfield shifts of the signals at δ 

4.1290, 3.3189 and 4.3956 ppm, which attributed to –OCH2CH2OCH3- (∆δ = -0.0331 

ppm), –OCH2CH2OCH3- (∆δ = -0.0294 ppm) and –OCH2CONH- (∆δ = -0.0265 

ppm), respectively, and a downfield shift of the signals at δ 3.4970 ppm, which was 

attributed to –OCH2CH2OCH3- (∆δ = +0.0839 ppm).  Both aromatic signals of 

calix[4]arene building block were shielded with ∆δ = -0.0186 and -0.0256 ppm.   

The addition of Bu4N+X-; X = CH3COO-, C6H5COO-, H2PO4
-, Ph(H)POO- and 

(PhO)2PO2
-, into the acetonitrile-d3 solution of sodium trapped 14 or 15 caused the 

similar shifting as shown in Figure 3.41 and Figure 3.42. 
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Figure 3.41. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 14·Na+·CH3COO- (b) 14·Na+·C6H5COO- (c) 14·Na+·H2PO4
-, (d) 

14·Na+·Ph(H)POO- and (e) 14·Na+·(PhO)2PO2
-. 
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Figure 3.42. The complexation induced shifts of some proton signals on 1H-NMR 

spectra (a) 15·Na+·CH3COO- (b) 15·Na+·C6H5COO- (c) 15·Na+·H2PO4
-, (d) 

15·Na+·Ph(H)POO- and (e) 15·Na+·(PhO)2PO2
-. 
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Upon addition of tetrabutylammonium dihydrogen phosphate, the observed 

peak positions of nearly all signals, except for –CH2CH2NHCSNHCH2Ar-, -

OCH2CONH- and –ArCH2Ar-, did not show any change compared to the parent 

molecule (14·Na+).  However, the binding constant could not be calculated from these 

three signals because of the unverified Job’s analysis (Figure 3.43).  These proton 

signals were closed to the cationic binding site, thus the shifting were probably 

attributed to the rearrangement around the sodium cation.  This indicated that the 

presence of sodium in amide cavity inhibited the binding of bis-thiourea 14 towards 

dihydrogen phosphate owning to the uncomplimentary hydrogen bonding. 

The 1:1 stoichiometry ratios of the 14·Na+·(PhO)2PO2 - and all 15·Na+·anion 

complexes were suggested by the Job’s plots (Figures 3.43 and 3.44).  The titration 

curves of 14·Na+·(PhO)2PO2
-, 15·Na+·CH3COO-, 15·Na+·C6H5COO- and 

15·Na+·(PhO)2PO2
- are almost normal looking and correlate well with the 1:1 binding 

model (Figures 3.45 and 3.46).     
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Figure 3.43. Job’s plots of –NHCSNHCH2Ar- in 14·Na+·CH3COO-, 

14·Na+·C6H5COO-, 14·Na+·Ph(H)POO- and 14·Na+·(PhO)2PO2
- complexes. 
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Figure 3.44. Job’s plots of 15·Na+·CH3COO-*, 15·Na+·C6H5COO-§, 15·Na+·H2PO4
-§, 

15·Na+·Ph(H)POO-* and 15·Na+·(PhO)2PO2
-* complexes (* using –NHCSNHCH2Ar- 

signal and § using –NHCSNHCH2Ar- signal). 
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Figure 3.45. Titration curves of –CH2CH2NHCSNH- signals in 14·Na+·CH3COO-, 

14·Na+·C6H5COO-, 14·Na+·Ph(H)POO- and 14·Na+·(PhO)2PO2
-* complexes (* using –

NHCSNHCH2Ar- signal).  
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Figure 3.46. Titration curves of –NHCSNHCH2Ar- signals in 15·Na+·CH3COO-, 

15·Na+·C6H5COO-, 15·Na+·H2PO4
-, 15·Na+·Ph(H)POO- and 15·Na+·(PhO)2PO2

-* 

complexes (* using –NHCSNHCH2Ar- signal). 

In the case of 14·Na+·CH3COO-, 14·Na+·C6H5COO- and 14·Na+·Ph(H)POO-, 

the stoichiometric ratios could not be verified by Job’s analysis and the titration 

curves existed as sigmoidal curves (Figures 3.45 and 3.46).  Compared to the titration 

curve of unbound 14 with acetate, the plotting of initial host containing sodium 

perchlorate was different (Figure 3.47).  It seemed to be no affinity of NH-thiourea in 

14·Na+ to acetate until 1 equivalent of this anion was added.  The subsequent addition 

reactivated the host as evidence by the sudden downfield shift of NH-thiourea signals.  

Sodium can stoichiometrically sequester acetate and the hydrogen bond recognition 

site is reactivated in response to the excess amount of guest.  The binding curves of 

14·Na+·C6H5COO- and 14·Na+·Ph(H)POO- displayed the similar events.  This 

sequestering effect by negative ion-pairing in the system of a heteroditopic receptor 

was recently reported by Gale et al.[158]  The species during the titration of anions are 

also proposed in Figure 3.47. 
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Figure 3.47. Titration curves of –CH2CH2NHCSNHCH2Ar- in 14·Na+·CH3COO- 

compared to 14·CH3COO- complex. 

The similar titration curves were previously reported by Shukla et al.[159] and 

Al-Sayah et al.[160]  Both research groups reported the sigmoidal curves which did not 

arise from the 1:2 stoichiometry complex.  The former case was rooted from the ion-

pair effect of its counter cation in anion recognition study (Scheme 3.9 (59-60)).  The 

latter report was stemmed from the intramolecular hydrogen bonding at the cationic 

binding site of the heteroditopic receptor by another end side of its molecule (Scheme 

3.9 (61-63)).  Both articles displayed the replacements of anion-host interactions by 

cations. 
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Scheme 3.9. The effects of cation on the binding curves. 
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The salts of alkali cations do not usually exist as free ions in most organic 

solvents.  Instead, they present as solvent separated ion-pairs, contact ion-pairs, and/or 

aggregated contact ion-pairs.[159]  Hereby, the difficulty in investigating simultaneous 

cation and anion binding is that there are a number of competing equilibria involved 

(Scheme 3.10).[55]  The predominant equilibria is judged by types of cation, anion and 

ion-pair species as well as the medium.  The precipitation of ion-pair salt which is not 

soluble in the solvent will be the major event to compete with anion binding by the 

bound receptor. 
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Scheme 3.10. Equilibrium involved in ion-pair binding (H = host, C = cation and A = 

anion).[55]  

H (soln) + C+A 
-
(s) C+

(soln) A
-
(soln) H (soln) HA-

(soln) + C+
(soln)

A-
(soln) + HC+

(soln) HCA (soln)

K1 K2

K3 K4

K5

K6

 

Basically, a heteroditopic host is designed in order to inhibit the negative ion-

pairing association between anions and its counter cations.  However, the sequestering 

effect in our result can be discussed by two explanations.  First, the sodium presenting 

in solution, in our experiment, was assumed to bind host 14 or 15 completely.  It is 

possible that the unbound cation presenting in the solution associates with anion then 

leading to the decrease or inhibit in strength of anion binding during the first period of 

titration.  Second, the bound sodium could associate with anion leading to the ion-

pairing species.  

The replacement of amide in 14 with ester moiety in 15 intensively changed 

the affinity of these receptors for ion-pair recognition.  On the other hand, the ester 

calix[4]arene compound is known to strongly complex alkali metal cations,[161] thus 

ligand 15 will minimize competing negative ion-pairing interactions more effectively 

than host 14.  The stronger interaction of ester moiety in 15 towards sodium compared 

to the amide donor in 14 confirms by the larger β1 of the former.  This explanation is 

supported by an article by Olmstead et al which reported the effective elimination of 

the negative ion-pairing effect of sodium and [CH3COCHCOCH3]- by addition of a 

cryptand (1 equivalent)[162] which is a well-known receptor for sodium cation.  

Generally, the ion-pair association constant of alkali or alkaline earth cation towards 

various anions in a number of dipolar aprotic solvents is greater in the presence of the 

more effective electron donor (anions).  Sodium has been reported to be the largest 

ion-pairing cation among the alkali metal cations (sodium, potassium and cesium).[159]  

In the absence of sodium, macromolecule 14 displayed a more acidic property than 

compound 15.  The acidity of host 14 was enhanced by the entrapped sodium.  Hence, 

anions were able to compete with the solvent molecules for a site in the coordination 

sphere of the sodium.[163]  The negative ion-pair effect was found in the system of host 
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14, but not in the case of receptor 15.  The weakest ion-pairing effect of 

14·Na+·(PhO)2PO2
- complex can be rationalized by the lowest basicity of 

diphenylphosphate.[130]   

For the systems of 15·Na+·H2PO4
- and 15·Na+·Ph(H)POO-, NMR evidences 

displayed the sigmoidal titration curves despite of their 1:1 stoichiometry ratio from 

Job’s analysis.  This could be explained by the stepwise formation of complex from 

15·Na+·A- to 15·Na+·2A- (A-: H2PO4
- or Ph(H)POO-).  Thus, the association constants 

of 15·Na+·H2PO4
- and 15·Na+·Ph(H)POO- were evaluated using the data range from 0-

2 equivalents of anions by 1:1 binding model.  The quantitative evaluation of average 

association constants and Gibbs free energies of 14·Na+·(PhO)2PO2
- as well as all 

15·Na+·anion complexes are listed in Table 3.14 and Figure 3.48.   

Table 3.14. The average association constants and Gibbs free energies upon the 

formation of 14·Na+·anion and 15·Na+·anion complexes.  

Complex 

Type Stoichiometry 

Association Constant 

(M-1) 

Gibbs free energy 

(kJ·Mol-1) 

14·Na+·(PhO)2PO2
- 

15·Na+·CH3COO- 

15·Na+·C6H5COO- 

15· Na+·H2PO4
- 

15·Na+·Ph(H)POO- 

15·Na+·(PhO)2PO2
- 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

1790 

28000 

982 

53900 

45800 

11100 

-18.6 

-25.4 

-17.1 

-27.0 

-26.6 

-23.1 
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Figure 3.48. The selectivity of sodium bound 14 and 15 towards various anions.  

The sodium bound 14 selectively recognized diphenylphosphate while the 

sodium trapped 15 bound dihydrogen phosphate more tightly than phenylphosphinate, 

acetate, diphenylphosphate and benzoate.  The sodium bound 15 exhibited remarkable 

selectivity towards tetrahedral dihydrogen phosphate whereas it tended to form 

weaker complex towards Y-shaped acetate in spite of the substantially higher basicity 

of the latter.  This trend is similar to the previously result of the unbound 15.  The 

binding ability of 15·Na+ towards carboxylate and phosphate anions can be explained 

in terms of complexation geometry[132] and coordinated solvent. 

The phenyl containing anions play a positive role in the system of unbound 15 

while these anions play a negative role in the system of 15·Na+.  This could be 

ascribed by the larger pKa of acetate over benzoate and dihydrogen phosphate over 

phenylphosphinate because the basicity plays an important role in the ion-pair 

recognition.  The weakest complex of 15·Na+·(PhO)2PO2
[164] among other phosphate 

anions is explained by the lowest basicity and the largest steric hindrance of 

diphenylphosphate.  From our results, the complementary interactions between donor 

and acceptor sites determine selectivity whereas both steric hindrance and basicity 

determine the binding efficiency.   

The cooperativity factors which generate from the ratio of anion association 

constant in the presence of cation to the anion binding ability in the absence of 
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cation[159] are displayed in Figure 3.49.  Sodium enhances anion recognition of 

receptor 15 towards acetate, dihydrogen phosphate, phenylphosphinate and 

diphenylphosphate (cooperativity factor > 1); thus, they are termed as positively 

heterotropic allosterism.  On the contrary, the presence of sodium in 

14·Na+·(PhO)2PO2
- and 15·Na+·C6H5COO- reduces the anion binding efficacy 

(cooperativity factor < 1); therefore, they are classified as negatively heterotropic 

allosterism.    
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Figure 3.49. The cooperativity factors of sodium bound to receptor 14 or 15 in the 

presence of various anions. 

The lower association constant of 14·Na+·(PhO)2PO2
- compared to 

14·(PhO)2PO2
- complex can be explained by the less number of intermolecular 

hydrogen bonding.  Only two –CH2CH2NHCSNHCH2Ar- donor protons are involving 

in ion-pairing complex but another NH-thiourea and NH-amide are inactive which 

evidences by a slightly upfield shift.  However, the association constant of 

14·Na+·(PhO)2PO2
- does not show much lower ability.  The stability of this complex 

can be compensated by the π-π and Na+-π[165] interaction. 

The cooperativity trend of ditopic receptor 15 was found to be slightly 

different from ion-pair recognition selectivity.  The addition of sodium perchlorate 

changed the molecule into a conformation that demonstrated the interestingly greatest 

enhancement towards acetate (cooperativity factor = 13.9) but totally inhibited 
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inclusion of benzoate (cooperativity factor = 0.1).  The largest effective of entrapped 

Na+ towards acetate in the system of 15 can be explained by the highest pKa of 

acetate.  Sodium cation is thus a positive effector that can activate the molecule 

recognition event of host 15.  Presumably, the negative allosterism in the presence of 

benzoate arises from the uncomplimentary hydrogen bonding.  This present system is 

a rare example which features both positively and negatively heteroditopic 

allosterisms between metal ions and anions in a calix[4]arene host.   

The positive allosteric property can generally be explained by two possible 

reasons.  Firstly, the ditopic receptor 15 in the presence of sodium has a stronger 

affinity for anion leading to an additional coulombic force.  Secondly, the receptor has 

the same affinity for anions, but sodium binds one anion stronger than other anions.  

However, these two explanations refer to the complementary hydrogen bonding 

(thiourea-anion) and the cooperative acting of the electrostatic component (sodium-

anion).  In addition, the positive allosterism of heteroditopic 15 in the presence of 

sodium can be discussed by the enthalpy effect.[57, 131]  This explanation should be 

supported by thermodynamic data by either variable-temperature 1H-NMR titration 

method[57] or isothermal titration calorimetry (ITC).[166]  

The presence of phenyl group in phosphate anion leaded to the decrease in 

positive allosteric effect.  In contrast, it induced the negative allosterism in the case of 

carboxylate anions.  The stability of 15·Na+·PhP(H)OO- can be compensated by π-π 

and electrostatic interactions whereas the steric hindrance in 15·Na+·(PhO)2PO2
- can 

be compensated by π-π, Na+-π and electrostatic interactions.  The effective ion-pair 

recognition can be achieved based on the sum of weak interactions. 

Based on the NMR titration data, the proposed structure of cation and anion 

complexes as well as the literatures[54, 157, 167-168] of ion-pair complexes, the structure 

of the 1:1 ion-pair complexes are proposed in Figure 3.50. X represents of NH and O 

in the case of compounds 14 and 15, respectively.  R1, R2 and R3 refer to the 

substituted group on acetate, benzoate, dihydrogen phosphate, phenylphosphinate and 

diphenylphosphate as presented in Figure 3.8. 
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Figure 3.50.  The proposed structures of cation enhancement anion complexes (64-

65). 

Moving on from common carboxylate and phosphate anions to amino 

carboxylate anion, bis-TBA salts of aspartic acid and glutamic acid were chosen as 

the substrates to investigate the ion-pairing binding ability of the ditopic bis-thiourea 

calix[4]arene 14 and 15.  Addition of the dicarboxylate salts of aspartic acid caused 

either downfield or upfield shift depend upon the complexation induced effects.  The 

predominantly large downfield shift from 6.9235 to 9.2190 ppm (∆δ = +2.2955 ppm) 

upon adding 2.94 equivalents of the anion was found in the case of –

CH2CH2NHCSNHCH2Ar- signal.  This signal could not be followed after 3 

equivalents because it was broaden and disappeared.  Another NH-thiourea signal (-

CH2CH2NHCSNHCH2Ar-) coalesced with other peaks in the aromatic region after 

displayed a movement to the lower magnetic field (∆δ = +0.2035 ppm).  However, 

both NH-thiourea chemical shifts intensively changed in the presence of TBA salt of 

aspartic acid.  These results signified that 14 interacted with dicarboxylate anion of 

aspartic acid via hydrogen bonding like other anion systems.  The typical upfield shift 

experienced by the –NHCSNHCH2Ar- and –CH2CH2NHCSNH- protons were found 

at 1.89 and 1.43 equivalents, respectively.  The shift of the former protons was 

observed from 4.6802 to 4.6443 ppm (∆δ = -0.0359 ppm) whereas the latter one was 

shifted from 3.6327 to 3.6014 ppm (∆δ = -0.0313 ppm).  One of the aromatic linkage 

signal moved to the higher magnetic field with ∆δ = -0.1235 ppm.  The protons on 
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methyl ethyl ether substituted chain were moved with ∆δ = +0.0214, +0.0646 (1.89 

eq) and -0.0632 ppm; they were attributed to –OCH2CH2OCH3, -OCH2CH2OCH3 and 

–OCH2CH2OCH3, respectively.  The –OCH2CONH- protons which absorbed at 

around 4.3931 ppm shifted upfield with ∆δ = -0.0239 ppm in the present of 2.31 

equivalent of anion.  One of the –ArCH2Ar- protons shifted downfield with ∆δ 

+0.0302 ppm while the –CH2ArHCH2- signals shifted upfield with ∆δ = -0.0287 and -

0.0335 ppm causing by the π cloud of the aromatic rings.  The addition of 

dicarboxylate salt of aspartic or glutamic acid to bis-thiourea 14 or 15 depicted the 

similar shifting as shown in Figure 3.51 and Figure 3.52. 
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Figure 3.51. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 14·Na+·Asp2- and (b) 14·Na+·Glu2-. 
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Figure 3.52. The complexation induced shifts of some proton signals on 1H-NMR 

spectrum (a) 15·Na+·Asp2- and (b) 15·Na+·Glu2-. 

NMR evidence showed the formation of a 1:2 complexes of 14·Na+·Asp2- (X ≈ 

0.66) whereas the 1:1 fashion of 14·Na+·Glu2-, 15·Na+·Asp2- and 15·Na+·Glu2- (X ≈ 

0.5) were verified by means of Job’s analysis (Figures 3.53 and 3.54).  The different 

in the type of formation between 14·Na+·Asp2- and 15·Na+·Asp2- can be ascribed to the 

difference in the hydrogen bond donor site of each thiourea in the host molecule.  

Job’s plots of all systems corresponded with their titration curves (Figures 3.55 and 

3.56).  The determination of a 1:2 complex from binding curve were verified by two 

sudden change points during titration which belonged to two binding equilibrium like 

in the system of 14·Na+·Asp2-.  The titration curve of the remaining systems generated 

only one sudden change point as a normal looking titration curve like other 1:1 cases.  

No negative ion-pairing effect presented in ion-pair recognition of either receptor 14 

or 15 towards both amino dicarboxylate anions in spite of the use of sodium as cation 

bound substrate.  This could be ascribed to the lower basicity of both dicarboxylate 

anions of aspartic acid and glutamic acid compared to acetate and benzoate as well as 

the effect of entrapped sodium.  These amino acid anions comprised of two 

carboxylate ending sites and their chains were long enough to stabilize by NH-

thiourea and bound sodium. 
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Figure 3.53. Job’s plots of –CH2CH2NHCSNHCH2Ar- in (a) 14·Na+·Asp2- and (b) 

14·Na+·Glu2- complexes. 
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Figure 3.54. Job’s plots of –CH2CH2NHCSNHCH2Ar- signal in (a) 15·Na+·Asp2- and 

(b) 15·Na+·Glu2- complexes. 
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Figure 3.55. Titration curves of –CH2CH2NHCSNHCH2Ar- in (a) 14·Na+·Asp2- and 

(b) 14·Na+·Glu2- complexes. 
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Figure 3.56. Titration curves of –CH2CH2NHCSNHCH2Ar- signal in (a) 

15·Na+·Asp2- and (b) 15·Na+·Glu2- complexes. 

 Association constants and Gibbs free energies of all sodium amino 

dicarboxylate are shown in Table 3.15.  The quantitative binding efficiencies were 

calculated by an iterative curve fitting method by the use of NMRTit_HG and 

NMRTit_HGG program for 1:1 and 1:2 complexes, respectively.[105] 
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Table 3.15. The average association constants and Gibbs free energies upon the 

formation of 14·Na+·dicarboxylate2- and 15·Na+·dicarboxylate2- complexes. 

Complex 

Type Stoichiometry 

Association Constant 

(M-1) 

Gibbs free energy 

(kJ·Mol-1) 

14·Na+·Asp2- 

 

14·Na+·Glu2- 

15·Na+·Asp2-

15·Na+·Glu2- 

1:2 

 

1:1 

1:1 

1:1 

> 104 

> 108 (M-2) 

5370 

162 

93.6 

- 

- 

-21.3 

-12.6 

-11.2 

The binding constants of both sodium bound receptors towards TBA salts of 

aspartic acid and glutamic acid compared to common carboxylate anions like acetate 

are shown in Figure 3.57.  In order to compare to the others, only β1 of 14·Na+·Asp2- 

is displayed. 
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Figure 3.57. The selectivity of receptors 14 and 15 towards various carboxylate 

anions.  

The entrapped sodium in the lower rim cavity of 14 and 15 seems to introduce 

the new site for recognizing the carboxylate anions indicating by either the higher or 

lower affinity compared to efficiency of the free receptor.  Both receptors in the 

absence or presence of sodium tend to display the size-complementary with 
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dicarboxylate anion of aspartic acid over glutamic acid.  Based on the same geometry 

of guests, the length of alkyl chain determines the selectivity.  The cavity of ligands 

14 and 15 are too short for dicarboxylate anion of glutamic acid despite of the 

presence of sodium cation.   

The positive or negative allosteric effect of encapsulated sodium in cavity of 

14 or 15 towards substituted dicarboxylate anions is quantitatively displayed by the 

cooperativity factor (Figure 3.58). 
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Figure 3.58. The cooperativity factors of sodium bound to receptor 14 or 15 in the 

presence of carboxylate anions. 

The binding ability of receptor 14 towards the bis-TBA salt of aspartic acid 

was activated by the entrapped sodium whereas the selectivity towards the bis-TBA 

salt of glutamic acid was inhibited by the same cation.  The binding efficacy of host 

15 towards both dicarboxylate anions poorly recognized in the presence of sodium.  

Presumably, the preorganization of receptor 15 after including sodium in the cavity 

leads to the mismatch between the hydrogen bond donor site in the host and the 

acceptor site in the guest. 

The sodium bound 14 was recognized dicarboxylate anion especially 

dicarboxylate anion of aspartic acid while the presence of sodium in compound 15 

afforded the much greater selectivity with monocarboxylate anion like acetate.  This 
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could be ascribed to the presence of amide and ester moiety in macromolecules 14 

and 15, respectively.  The amide function is widely served as anionic binding site,[151, 

169] therefore, it is possible to interact with the second carboxylate in dicarboxylate salt 

of aspartic acid and stabilized ion-pair complexes.   

In summary, the presence of sodium cation in the system of macromolecule 14 

was effective both in the enhancement of amino acid anion binding site using a cation 

and in the differentiation of dicarboxylate salts of aspartic acid and glutamic acid.  

The unbound receptor 14 displayed a small ability in differentiating these two 

substituted dicarboxylate anions. 

The structures of ion-pair complexes between sodium bound molecules 14 and 

15 towards substituted dicarboxylate anions are proposed based on our NMR data, 

structure of amino acid anion complexes[34, 151, 156] and ion-pair complexes[54, 152, 157, 

167] (Figure 3.59).  R represents side chains of dicarboxylate anions of aspartic acid 

and glutamic acid. 
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Figure 3.59.  The proposed structures of 1:1 sodium amino acid anion complexes 

(66). 
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3.2.5 Binding Ability of Chiral 26 

There is no chiral center in compound 26 which is cyclised from compound 

24, however, it is a chiral molecule.  Macrocyclic molecule 26 can act as traditional 

hydrogen bond donor like amide moiety which is known to form stable complexes 

with anions.  Therefore, it is worth testing the efficacy in chiral recognition.  The 

amino carboxylate binding studies were conducted by solid-liquid extraction with 

compound 26 as a preliminary screening.  Interactions of chiral molecule 26 with 

some TBA salts of amino acids were investigated by 1H-NMR spectroscopy. 

Chiral 26 displayed poor solubility in DMSO or methanol, but it was found to 

be soluble in chloroform-d in which the guest substrates were not soluble.  Therefore, 

acetonitrile-d3 was again the choice of solvent owing to the well-resolved 1H-NMR 

spectrum of compound 26 in this media.  The difference in amino acid side chains and 

configuration (L and D) were expected to give difference in selectivity.  The solid of 

mono- or dicarboxylate anions (L-phenylalanine, L-alanine and D-alanine) were 

added into an acetonitrile-d3 solution of compound 26 and they were shaken at room 

temperature overnight.  After that the mixtures were centrifuged for 15 minutes and 

consequently filtered through a pasteur pipet with cotton.  The clear solutions were 

measured by the NMR technique.  Attempts to study the complexation of all guests 

with 26 in acetonitrile-d3 were unsuccessful.  By monitoring the complexation 

induced shift (CIS) of the NH-amide or any other signals, the 1H-NMR spectra 

showed negligible shift of the NH-amide signal for all salts probably because of the 

less flexible and too small cavity of receptor 26. 



CHAPTER IV 

CONCLUSION 

4.1 Conclusion 

The synthesis of U-shaped macrocyclic receptor 14 was carried out from 

p-tert-butylcalix[4]arene in 3.7% overall yield.  A nucleophilic substitution reaction of 

p-tert-butylcalix[4]arene with 2-bromoethyl methyl ether using potassium carbonate as 

base in acetonitrile yielded 17 (73%), then followed by a substitution reaction with 

methyl bromoacetate in the presence of sodium carbonate as base in acetonitrile to 

afford 18 (70%).  After that 18 was treated with sodium hydroxide in ethanol to gain 19 

(70%).  The acid derivative 19 was transformed to acid chloride using thionyl chloride 

in benzene and subsequently by a condensation reaction with boc-protecting 

diaminopropane 16 in toluene in the presence of triethylamine as base and 

4-(dimethylamino)pyridine as catalyst to give product 20 (42%).  In the next step, the 

protecting group was deprotected by trifluoroacetic acid and consequently extracted 

with sodium hydrogen carbonate solution.  Then it was immediately reacted with 

thiophosgene using potassium carbonate as base to afford thiocyanate derivative 21 

(62%).  Compound 14 was obtained by treating compound 21 with 

1,3-bis(aminomethyl)benzene in pyridine (40%).  The crystal structure of compound 

14 showed the closed flattened cone conformation of the calix[4]arene unit.  Compound 

15 was synthesized by treating the acid chloride derivative with bis-thiourea linkage 28 

using 4-(dimethylamino)pyridine as base in dry tetrahydrofuran (43%).  This method 

gave calix[4]arene ester 15 in 15% overall yield.  Except for tetrasubstituted 

calix[4]arene 18, other derivatives clearly existed in cone conformation.   

Binding recognition of both receptors in acetonitrile-d3 was investigated 

towards cations, anions (common and amino acid anion) and ion-pairs using 1H-NMR 

titration technique.  The alkali cations were used as their perchlorate salts while either 

common or amino acid anions were prepared as mono- or di-tetrabutylammonium salts.  

The exchange rate between the complexed and uncomplexed cationic guest in the inner 

cavity of macromolecule 14 was slower than the 1H-NMR time scales, giving rise to 

new separate NMR peaks assignable to the 14·cation complex.  However, the exchange 

rate of the 15·cation complexes was faster than the NMR time scale affording the 
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time-average signals.  From either integral intensity ratio or chemical induced shift, 

stoichiometry of complexes, binding constants and Gibbs free energies were evaluated. 

Both receptors showed the selective recognition towards sodium; however, 

receptor 15 displayed the more sensitive and selective to this alkali cation [14·sodium 

(5531 M-1) > 14·lithium (914 M-1) > 14·potassium (617 M-1) and 15·sodium (15500 M-1) 

> 15·potassium (688 M-1) > 15·lithium (371 M-1)].  The selectivity and affinity trend 

could be ascribed to the HSAB concept and size complementary. 

The anion recognition at the thiourea binding site of calix[4]arene amide 14 and 

ester 15 displayed the different complex stoichiometry and selectivity trend.  

Macromolecule 14 preferred to bind trigonal planar carboxylate anion over tetrahedral 

phosphate anion [glutarate (42900 M-1) > acetate (30400 M-1) > succinate (11000 M-1) 

> phenylphosphinate (17100 M-1) > benzoate (3290 M-1) > diphenylphosphate (2330 

M-1) > dihydrogen phosphate (858 M-1)].  On the other hand, compound 15 bound 

phosphate type anions stronger than carboxylate anions [phenylphosphinate (14300 

M-1) > dihydrogen phosphate (9710 M-1) > benzoate (8300 M-1) > diphenylphosphate 

(3240 M-1) succinate (2020 M-1) > acetate (2010 M-1)].  These selectivity trends can be 

rationalized by the complementary structure, the acid-base property and the solvent 

effect. 

Receptor 14 was discovered to bind anionic form of leucine stronger than other 

amino acids [leucine (49600 M-1) > phenylalanine (24800 M-1) > aspartic acid (21200 

M-1) > asparagine (19600 M-1) > glutamic acid (15500 M-1) > threonine (10300 M-1) > 

glutamine (8270 M-1) >> serine (<10 M-1)] while analogous 15 was selectively 

recognized TBA salt of phenylalanine and asparagine [phenylalanine ~ asparagine 

(>104 M-1) > glutamine (39100 M-1) > aspartic acid (17700 M-1) > threonine (17100 M-1) 

> glutamic acid (11900 M-1) > leucine (10200 M-1) >> serine (<10 M-1)].  Both hosts 14 

and 15 had the greatest recognition towards TBA salt of phenylalanine.  Both 

macrocyclic compounds 14 and 15 had the lowest stability constant towards 

carboxylate anion of serine.  Interestingly, the ability of both receptors towards TBA 

salts of aspartic acid, glutamic acid, asparagine and glutamine clearly depended on the 

chain length n of amino acids.  The order of binding ability was aspartic acid (n = 2) > 

glutamic acid (n = 3) and asparagine (n = 2) > glutamine (n = 3).  Either the amide 

function in 14 or ester group 15 acted as alkali cation binding sites and as a remote 
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anion binding sites to discriminate anion and ion-pair binding.  The bis-thiourea 14 

preferred to bind carboxylate anion of aspartic acid over asparagine and carboxylate 

salt of glutamic acid over glutamine.  On the other hand, analogous 15 afforded the 

better recognition towards TBA salt of asparagine over aspartic acid and TBA salt of 

glutamine over glutamic acid.  The binding efficacy towards amino carboxylate anions 

could be explained in terms of acid-base property and complementary structure from 

additional moiety. 

After bound with sodium cation, calix[4]arene amide 14 did not associate with 

dihydrogen phosphate.  Only the binding efficacy upon the addition of TBA salts of 

diphenylphosphate, aspartic acid and glutamic acid could be evaluated attributed to the 

negative ion-pairing effect in the remaining systems [aspartic acid (>104 M-1) > 

glutamic acid (5370 M-1) > diphenylphosphate (1790 M-1)].  The presence of sodium 

cation enhanced the binding recognition of dicarboxylate anion of aspartic acid due to 

the combination of hydrogen bonding and electrostatic effects but retarded the 

association process in the case of TBA salts of glutamic acid and diphenylphosphate.  

Comparison to unbound 14, the bound receptor displayed much higher ability in 

differentiating these two amino acid anions. 

Relative stabilities for receptor 15 towards anions were as follow: dihydrogen 

phosphate (53900 M-1) > phenylphosphinate (45800 M-1) > acetate (28000 M-1) > 

diphenylphosphate (11100 M-1) > benzoate (982 M-1) > aspartic acid (162 M-1) > 

glutamic acid (94 M-1).  The 15·Na+ receptor served as a positive allosteric system in 

the presence of dihydrogen phosphate, phenylphosphinate, acetate or 

diphenylphosphate while it acted as a negative allsoterism in the presence of benzoate, 

aspartic acid or glutamic acid.  The acid-base property as well as the complementary of 

donor-acceptor binding sites determined the selectivity. 

4.2 Suggestions for Future Work 

The host-guest association of these complexes could be studied by other 

techniques such as infrared spectroscopy,[170] UV-VIS spectroscopy[171] or 

calorimetry.[166]  Furthermore, attempts to recrystalize each complex to obtain a crystal 

structure should be carried out to reveal the solid state structure of the complexes. 
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Generally, anions, especially, carboxylate, dicarboxylate and phosphate play an 

important role in chemical and biological process.[172]  Our receptors are able to bind 

these anions well in different detail, so it might be valuable to modify our receptor to be 

an electrochemical[173-174] or naked-eye[175-176] sensors that are able to response a 

specific anion by giving an electrochemical response or color changes.  After that the 

high sensitive and selective electrochemical response receptor should be incorporated 

in an electrode membrane and used as an ion selective electrode.[177]  A covalent 

attachment of these receptors to solid-phase HPLC is another possible application for 

separation of anions.[178] 

An introduction of pendent arms of amino acid or a short chain of peptide on a 

part of any substituted unit[179-180] would afford a higher specific ligand for an 

oligopeptide.  An attachment of this oligopeptide receptor to a polystyrine resin will 

provide a peptide library based on calix[4]arene which is a powerful tool for 

investigation of host-guest interactions.[73, 181] 
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Table 1. Crystal data and structure refinement. 
 
Identification code  01sot145     
Empirical formula  C72H104N6O10S2 
Formula weight  1277.73 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pna21  
Unit cell dimensions a = 23.8484(9) Å α = 90° 
 b = 20.3212(6) Å β = 90° 
 c = 15.0907(4) Å γ  = 90° 
Volume 7313.4(4) Å3 
Z 4 
Density (calculated) 1.160 Mg / m3 
Absorption coefficient 0.131 mm−1 
F(000) 2760 
Crystal Rod; colourless 
Crystal size 0.26 × 0.08 × 0.06 mm3 
θ range for data collection 2.96 − 24.40° 
Index ranges −27 ≤ h ≤ 27, −23 ≤ k ≤ 21, −17 ≤ l ≤ 16 
Reflections collected 25269 
Independent reflections 11335 [Rint = 0.0646] 
Completeness to θ = 24.40° 99.1 %  
Absorption correction Semi−empirical from equivalents 
Max. and min. transmission 0.9922 and 0.9667 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11335 / 1 / 851 
Goodness-of-fit on F2 1.010 
Final R indices [F2 > 2σ(F2)] R1 = 0.0530, wR2 = 0.1214 
R indices (all data) R1 = 0.0864, wR2 = 0.1389 
Absolute structure parameter 0.75(9) 
Extinction coefficient 0.0017(3) 
Largest diff. peak and hole 0.358 and −0.227 e Å−3 
 
Diffractometer: Enraf Nonius KappaCCD area detector (φ scans and ω scans to fill Ewald 
sphere). Data collection and cell refinement: Denzo (Z. Otwinowski & W. Minor, Methods 
in Enzymology (1997) Vol. 276: Macromolecular Crystallography, part A, pp. 307−326; C. 
W. Carter, Jr. & R. M. Sweet, Eds., Academic Press). Absorption correction: SORTAV (R. 
H. Blessing, Acta Cryst. A51 (1995) 33−37; R. H. Blessing, J. Appl. Cryst. 30 (1997) 
421−426). Program used to solve structure: SHELXS97 (G. M. Sheldrick, Acta Cryst. (1990) 
A46 467−473). Program used to refine structure: SHELXL97 (G. M. Sheldrick  
(1997), University of Göttingen, Germany).   
 
Further information:  http://www.soton.ac.uk/~xservice/strat.htm  
 
Special details:  
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Table 2. Atomic coordinates [× 104], equivalent isotropic displacement parameters [Å2 × 103] 
and site occupancy factors. Ueq is defined as one third of the trace of the orthogonalized Uij 
tensor. 
 
Atom  x y z Ueq S.o.f. 
 
C71 9287(2) 5117(2) 8285(3) 54(1) 1 
C72 9383(2) 4777(2) 1810(3) 50(1) 1 
O9 9311(1) 4444(1) 8047(2) 44(1) 1 
O10 9316(1) 5441(2) 2054(2) 50(1) 1 
C1 7550(2) 3935(2) 6290(2) 30(1) 1 
C2 7338(1) 3359(2) 5909(2) 29(1) 1 
C3 6914(2) 3028(2) 6365(3) 32(1) 1 
C4 6694(2) 3256(2) 7159(3) 32(1) 1 
C5 6898(2) 3851(2) 7478(2) 35(1) 1 
C6 7324(2) 4205(2) 7051(2) 33(1) 1 
C7 6232(2) 2870(2) 7656(3) 40(1) 1 
C8 5940(6) 2382(8) 7213(7) 70(4) 0.50 
C9 6529(4) 2539(5) 8520(7) 54(3) 0.50 
C8' 5752(5) 2712(8) 6871(9) 75(4) 0.50 
C9' 6455(4) 2225(5) 7868(8) 63(3) 0.50 
C10 5887(3) 3311(3) 8250(4) 93(2) 1 
C11 7518(2) 3126(2) 5000(3) 34(1) 1 
C12 7218(2) 3531(2) 4302(3) 32(1) 1 
C13 7490(2) 3965(2) 3724(2) 31(1) 1 
C14 7184(2) 4400(2) 3195(2) 31(1) 1 
C15 6598(2) 4352(2) 3193(3) 38(1) 1 
C16 6315(2) 3886(2) 3695(3) 40(1) 1 
C17 6634(2) 3501(2) 4265(3) 37(1) 1 
C18 5679(2) 3773(2) 3625(3) 45(1) 1 
C19 5413(2) 3691(2) 4537(3) 56(1) 1 
C20 5581(2) 3136(2) 3076(3) 58(1) 1 
C21 5387(2) 4343(2) 3139(3) 54(1) 1 
C22 7459(2) 4933(2) 2639(2) 34(1) 1 
C23 7304(2) 5616(2) 2965(2) 30(1) 1 
C24 6877(2) 5966(2) 2522(2) 33(1) 1 
C25 6667(2) 6563(2) 2820(3) 33(1) 1 
C26 6885(2) 6805(2) 3600(3) 33(1) 1 
C27 7306(2) 6486(2) 4074(2) 29(1) 1 
C28 7527(2) 5906(2) 3731(2) 28(1) 1 
C29 6209(2) 6934(2) 2291(3) 38(1) 1 
C30 5920(3) 7437(4) 2825(5) 143(4) 1 
C31 6498(3) 7263(4) 1497(5) 128(3) 1 
C32 5789(3) 6468(3) 1898(6) 115(3) 1 
C33 7470(2) 6710(2) 5002(2) 31(1) 1 
C34 7455(2) 4903(2) 7372(2) 34(1) 1 
C35 7175(2) 6272(2) 5668(2) 29(1) 1 
C36 6596(2) 6210(2) 5601(3) 36(1) 1 
C37 6291(2) 5751(2) 6084(3) 36(1) 1 
C38 6585(2) 5354(2) 6664(3) 39(1) 1 
C39 7166(2) 5395(2) 6775(2) 33(1) 1 
C40 7451(2) 5873(2) 6281(2) 31(1) 1 
C41 5654(2) 5688(2) 5924(3) 47(1) 1 
C42 5552(2) 5620(3) 4918(3) 81(2) 1 
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C43 5369(2) 6296(2) 6272(4) 65(1) 1 
C44 5413(2) 5064(2) 6375(3) 57(1) 1 
C45 8278(2) 3568(2) 2927(3) 39(1) 1 
C46 8202(2) 2843(2) 3024(3) 43(1) 1 
C47 8536(3) 1907(2) 3792(4) 75(2) 1 
C48 8190(2) 6338(2) 7148(3) 35(1) 1 
C49 8057(2) 7052(2) 7060(3) 41(1) 1 
C50 8272(3) 8008(2) 6244(4) 71(2) 1 
C51 8483(2) 4341(2) 6350(3) 38(1) 1 
C52 9018(2) 4242(2) 5837(3) 35(1) 1 
C53 9480(2) 4118(2) 4399(3) 37(1) 1 
C54 9779(2) 3466(2) 4275(3) 43(1) 1 
C55 10068(2) 3213(2) 5105(3) 41(1) 1 
C56 11048(2) 3637(2) 5233(3) 37(1) 1 
C57 11997(2) 3959(2) 5710(3) 47(1) 1 
C58 8467(2) 5538(2) 3699(3) 32(1) 1 
C59 8992(2) 5712(2) 4221(2) 30(1) 1 
C60 9426(2) 5930(2) 5645(3) 35(1) 1 
C61 9666(2) 6608(2) 5746(3) 41(1) 1 
C62 9946(2) 6879(2) 4922(3) 40(1) 1 
C63 10951(2) 6568(2) 4860(3) 37(1) 1 
C64 11935(2) 6289(2) 4471(4) 54(1) 1 
C65 12237(2) 5682(2) 4761(3) 35(1) 1 
C66 12823(2) 5687(2) 4723(3) 45(1) 1 
C67 13126(2) 5129(3) 4951(3) 49(1) 1 
C68 12848(2) 4575(2) 5231(3) 44(1) 1 
C69 12271(2) 4567(2) 5316(3) 38(1) 1 
C70 11969(2) 5122(2) 5074(3) 37(1) 1 
N1 8984(1) 4102(2) 4985(2) 36(1) 1 
N2 10501(1) 3658(2) 5456(2) 37(1) 1 
N3 11390(1) 3979(2) 5766(2) 39(1) 1 
N4 8939(1) 5871(2) 5059(2) 32(1) 1 
N5 10418(1) 6486(2) 4602(2) 36(1) 1 
N6 11330(1) 6228(2) 4370(2) 42(1) 1 
O1 8077(1) 3953(1) 3672(2) 32(1) 1 
O2 8575(1) 2599(1) 3682(2) 47(1) 1 
O3 8035(1) 5944(1) 6385(2) 31(1) 1 
O4 8404(1) 7334(1) 6396(2) 46(1) 1 
O5 7991(1) 4242(1) 5829(2) 33(1) 1 
O6 9468(1) 4330(1) 6246(2) 38(1) 1 
O7 7962(1) 5606(1) 4197(2) 31(1) 1 
O8 9445(1) 5672(1) 3822(2) 36(1) 1 
S1 11285(1) 3220(1) 4349(1) 50(1) 1 
S2 11134(1) 7054(1) 5715(1) 51(1) 1 
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Table 3. Bond lengths [Å] and angles [°]. 
 
C71−O9 1.415(5) 
C71−H71A 0.9800 
C71−H71B 0.9800 
C71−H71C 0.9800 
C72−O10 1.408(5) 
C72−H72A 0.9800 
C72−H72B 0.9800 
C72−H72C 0.9800 
O9−H9 0.8400 
O10−H10 0.8400 
C1−C6 1.382(5) 
C1−C2 1.399(5) 
C1−O5 1.407(4) 
C2−C3 1.395(5) 
C2−C11 1.513(5) 
C3−C4 1.388(5) 
C3−H3 0.9500 
C4−C5 1.390(5) 
C4−C7 1.545(5) 
C5−C6 1.401(5) 
C5−H5 0.9500 
C6−C34 1.531(5) 
C7−C8 1.385(12) 
C7−C9' 1.450(11) 
C7−C10 1.511(7) 
C7−C9 1.629(9) 
C7−C8' 1.680(12) 
C8−H8A 0.9800 
C8−H8B 0.9800 
C8−H8C 0.9800 
C9−H9A 0.9800 
C9−H9B 0.9800 
C9−H9C 0.9800 
C8'−H8'1 0.9800 
C8'−H8'2 0.9800 
C8'−H8'3 0.9800 
C9'−H9'1 0.9800 
C9'−H9'2 0.9800 
C9'−H9'3 0.9800 
C10−H10A 0.9800 
C10−H10B 0.9800 
C10−H10C 0.9800 
C11−C12 1.517(5) 
C11−H11A 0.9900 
C11−H11B 0.9900 
C12−C17 1.394(5) 
C12−C13 1.399(5) 
C13−C14 1.397(5) 
C13−O1 1.403(4) 
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C14−C15 1.402(6) 
C14−C22 1.518(5) 
C15−C16 1.387(6) 
C15−H15 0.9500 
C16−C17 1.390(5) 
C16−C18 1.539(6) 
C17−H17 0.9500 
C18−C19 1.525(6) 
C18−C21 1.537(6) 
C18−C20 1.554(6) 
C19−H19A 0.9800 
C19−H19B 0.9800 
C19−H19C 0.9800 
C20−H20A 0.9800 
C20−H20B 0.9800 
C20−H20C 0.9800 
C21−H21A 0.9800 
C21−H21B 0.9800 
C21−H21C 0.9800 
C22−C23 1.519(5) 
C22−H22A 0.9900 
C22−H22B 0.9900 
C23−C28 1.403(5) 
C23−C24 1.411(5) 
C24−C25 1.387(5) 
C24−H24 0.9500 
C25−C26 1.377(6) 
C25−C29 1.549(6) 
C26−C27 1.392(5) 
C26−H26 0.9500 
C27−C28 1.392(5) 
C27−C33 1.523(5) 
C28−O7 1.392(4) 
C29−C30 1.473(7) 
C29−C32 1.501(7) 
C29−C31 1.537(7) 
C30−H30A 0.9800 
C30−H30B 0.9800 
C30−H30C 0.9800 
C31−H31A 0.9800 
C31−H31B 0.9800 
C31−H31C 0.9800 
C32−H32A 0.9800 
C32−H32B 0.9800 
C32−H32C 0.9800 
C33−C35 1.515(5) 
C33−H33A 0.9900 
C33−H33B 0.9900 
C34−C39 1.512(5) 
C34−H34A 0.9900 
C34−H34B 0.9900 
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C35−C36 1.392(5) 
C35−C40 1.395(5) 
C36−C37 1.389(5) 
C36−H36 0.9500 
C37−C38 1.382(6) 
C37−C41 1.546(6) 
C38−C39 1.398(6) 
C38−H38 0.9500 
C39−C40 1.400(5) 
C40−O3 1.409(4) 
C41−C43 1.505(6) 
C41−C42 1.543(7) 
C41−C44 1.549(6) 
C42−H42A 0.9800 
C42−H42B 0.9800 
C42−H42C 0.9800 
C43−H43A 0.9800 
C43−H43B 0.9800 
C43−H43C 0.9800 
C44−H44A 0.9800 
C44−H44B 0.9800 
C44−H44C 0.9800 
C45−O1 1.450(4) 
C45−C46 1.492(6) 
C45−H45A 0.9900 
C45−H45B 0.9900 
C46−O2 1.423(5) 
C46−H46A 0.9900 
C46−H46B 0.9900 
C47−O2 1.419(5) 
C47−H47A 0.9800 
C47−H47B 0.9800 
C47−H47C 0.9800 
C48−O3 1.451(4) 
C48−C49 1.491(5) 
C48−H48A 0.9900 
C48−H48B 0.9900 
C49−O4 1.419(5) 
C49−H49A 0.9900 
C49−H49B 0.9900 
C50−O4 1.425(5) 
C50−H50A 0.9800 
C50−H50B 0.9800 
C50−H50C 0.9800 
C51−O5 1.427(4) 
C51−C52 1.505(5) 
C51−H51A 0.9900 
C51−H51B 0.9900 
C52−O6 1.251(4) 
C52−N1 1.320(5) 
C53−N1 1.477(5) 
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C53−C54 1.518(5) 
C53−H53A 0.9900 
C53−H53B 0.9900 
C54−C55 1.519(6) 
C54−H54A 0.9900 
C54−H54B 0.9900 
C55−N2 1.471(5) 
C55−H55A 0.9900 
C55−H55B 0.9900 
C56−N3 1.339(5) 
C56−N2 1.349(5) 
C56−S1 1.679(4) 
C57−N3 1.449(5) 
C57−C69 1.520(6) 
C57−H57A 0.9900 
C57−H57B 0.9900 
C58−O7 1.427(4) 
C58−C59 1.521(5) 
C58−H58A 0.9900 
C58−H58B 0.9900 
C59−O8 1.238(4) 
C59−N4 1.311(5) 
C60−N4 1.465(5) 
C60−C61 1.500(5) 
C60−H60A 0.9900 
C60−H60B 0.9900 
C61−C62 1.515(6) 
C61−H61A 0.9900 
C61−H61B 0.9900 
C62−N5 1.462(5) 
C62−H62A 0.9900 
C62−H62B 0.9900 
C63−N5 1.340(5) 
C63−N6 1.358(5) 
C63−S2 1.682(4) 
C64−N6 1.455(5) 
C64−C65 1.493(6) 
C64−H64A 0.9900 
C64−H64B 0.9900 
C65−C70 1.388(5) 
C65−C66 1.399(6) 
C66−C67 1.390(6) 
C66−H66 0.9500 
C67−C68 1.373(6) 
C67−H67 0.9500 
C68−C69 1.382(6) 
C68−H68 0.9500 
C69−C70 1.386(6) 
C70−H70 0.9500 
N1−H1 0.8800 
N2−H2 0.8800 
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N3−H3A 0.8800 
N4−H4 0.8800 
N5−H5A 0.8800 
N6−H6 0.8800 
 
O9−C71−H71A 109.5 
O9−C71−H71B 109.5 
H71A−C71−H71B 109.5 
O9−C71−H71C 109.5 
H71A−C71−H71C 109.5 
H71B−C71−H71C 109.5 
O10−C72−H72A 109.5 
O10−C72−H72B 109.5 
H72A−C72−H72B 109.5 
O10−C72−H72C 109.5 
H72A−C72−H72C 109.5 
H72B−C72−H72C 109.5 
C71−O9−H9 109.5 
C72−O10−H10 109.5 
C6−C1−C2 122.2(3) 
C6−C1−O5 121.8(3) 
C2−C1−O5 116.0(3) 
C3−C2−C1 117.5(4) 
C3−C2−C11 120.1(3) 
C1−C2−C11 122.1(3) 
C4−C3−C2 122.7(4) 
C4−C3−H3 118.7 
C2−C3−H3 118.7 
C3−C4−C5 117.1(3) 
C3−C4−C7 121.3(3) 
C5−C4−C7 121.6(3) 
C4−C5−C6 122.8(4) 
C4−C5−H5 118.6 
C6−C5−H5 118.6 
C1−C6−C5 117.5(3) 
C1−C6−C34 123.4(3) 
C5−C6−C34 118.6(3) 
C8−C7−C9' 69.1(9) 
C8−C7−C10 115.8(7) 
C9'−C7−C10 127.2(6) 
C8−C7−C4 119.2(5) 
C9'−C7−C4 107.8(5) 
C10−C7−C4 112.0(4) 
C8−C7−C9 108.0(8) 
C9'−C7−C9 44.8(6) 
C10−C7−C9 90.4(6) 
C4−C7−C9 106.8(4) 
C8−C7−C8' 34.8(8) 
C9'−C7−C8' 103.5(8) 
C10−C7−C8' 99.2(7) 
C4−C7−C8' 103.9(5) 
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C9−C7−C8' 141.4(7) 
C7−C8−H8A 109.4 
C7−C8−H8B 109.5 
C7−C8−H8C 109.5 
C7−C9−H9A 109.5 
C7−C9−H9B 109.5 
C7−C9−H9C 109.5 
C7−C8'−H8'1 109.5 
C7−C8'−H8'2 109.5 
H8'1−C8'−H8'2 109.5 
C7−C8'−H8'3 109.5 
H8'1−C8'−H8'3 109.5 
H8'2−C8'−H8'3 109.5 
C7−C9'−H9'1 109.5 
C7−C9'−H9'2 109.5 
H9'1−C9'−H9'2 109.5 
C7−C9'−H9'3 109.5 
H9'1−C9'−H9'3 109.5 
H9'2−C9'−H9'3 109.5 
C7−C10−H10A 109.5 
C7−C10−H10B 109.5 
H10A−C10−H10B 109.5 
C7−C10−H10C 109.5 
H10A−C10−H10C 109.5 
H10B−C10−H10C 109.5 
C2−C11−C12 109.0(3) 
C2−C11−H11A 109.9 
C12−C11−H11A 109.9 
C2−C11−H11B 109.9 
C12−C11−H11B 109.9 
H11A−C11−H11B 108.3 
C17−C12−C13 117.8(3) 
C17−C12−C11 118.3(3) 
C13−C12−C11 123.8(3) 
C14−C13−C12 120.9(3) 
C14−C13−O1 120.0(3) 
C12−C13−O1 119.1(3) 
C13−C14−C15 118.5(4) 
C13−C14−C22 122.8(4) 
C15−C14−C22 118.6(3) 
C16−C15−C14 122.1(4) 
C16−C15−H15 119.0 
C14−C15−H15 119.0 
C15−C16−C17 117.2(4) 
C15−C16−C18 122.9(4) 
C17−C16−C18 119.9(4) 
C16−C17−C12 123.1(4) 
C16−C17−H17 118.5 
C12−C17−H17 118.5 
C19−C18−C21 108.9(3) 
C19−C18−C16 111.4(3) 
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C21−C18−C16 111.5(4) 
C19−C18−C20 109.1(4) 
C21−C18−C20 107.8(4) 
C16−C18−C20 108.0(3) 
C18−C19−H19A 109.5 
C18−C19−H19B 109.5 
H19A−C19−H19B 109.5 
C18−C19−H19C 109.5 
H19A−C19−H19C 109.5 
H19B−C19−H19C 109.5 
C18−C20−H20A 109.5 
C18−C20−H20B 109.5 
H20A−C20−H20B 109.5 
C18−C20−H20C 109.5 
H20A−C20−H20C 109.5 
H20B−C20−H20C 109.5 
C18−C21−H21A 109.5 
C18−C21−H21B 109.5 
H21A−C21−H21B 109.5 
C18−C21−H21C 109.5 
H21A−C21−H21C 109.5 
H21B−C21−H21C 109.5 
C14−C22−C23 111.6(3) 
C14−C22−H22A 109.3 
C23−C22−H22A 109.3 
C14−C22−H22B 109.3 
C23−C22−H22B 109.3 
H22A−C22−H22B 108.0 
C28−C23−C24 116.9(3) 
C28−C23−C22 123.9(3) 
C24−C23−C22 118.9(3) 
C25−C24−C23 123.2(4) 
C25−C24−H24 118.4 
C23−C24−H24 118.4 
C26−C25−C24 117.0(4) 
C26−C25−C29 122.3(4) 
C24−C25−C29 120.8(4) 
C25−C26−C27 123.0(4) 
C25−C26−H26 118.5 
C27−C26−H26 118.5 
C26−C27−C28 118.5(3) 
C26−C27−C33 121.2(3) 
C28−C27−C33 119.8(3) 
O7−C28−C27 117.7(3) 
O7−C28−C23 121.0(3) 
C27−C28−C23 121.2(3) 
C30−C29−C32 110.0(5) 
C30−C29−C31 109.6(6) 
C32−C29−C31 105.5(6) 
C30−C29−C25 112.6(4) 
C32−C29−C25 111.6(4) 
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C31−C29−C25 107.3(3) 
C29−C30−H30A 109.5 
C29−C30−H30B 109.5 
H30A−C30−H30B 109.5 
C29−C30−H30C 109.5 
H30A−C30−H30C 109.5 
H30B−C30−H30C 109.5 
C29−C31−H31A 109.5 
C29−C31−H31B 109.5 
H31A−C31−H31B 109.5 
C29−C31−H31C 109.5 
H31A−C31−H31C 109.5 
H31B−C31−H31C 109.5 
C29−C32−H32A 109.5 
C29−C32−H32B 109.5 
H32A−C32−H32B 109.5 
C29−C32−H32C 109.5 
H32A−C32−H32C 109.5 
H32B−C32−H32C 109.5 
C35−C33−C27 108.5(3) 
C35−C33−H33A 110.0 
C27−C33−H33A 110.0 
C35−C33−H33B 110.0 
C27−C33−H33B 110.0 
H33A−C33−H33B 108.4 
C39−C34−C6 109.3(3) 
C39−C34−H34A 109.8 
C6−C34−H34A 109.8 
C39−C34−H34B 109.8 
C6−C34−H34B 109.8 
H34A−C34−H34B 108.3 
C36−C35−C40 117.7(3) 
C36−C35−C33 117.7(3) 
C40−C35−C33 124.2(3) 
C37−C36−C35 122.7(4) 
C37−C36−H36 118.6 
C35−C36−H36 118.6 
C38−C37−C36 117.4(4) 
C38−C37−C41 123.4(4) 
C36−C37−C41 119.2(4) 
C37−C38−C39 123.0(4) 
C37−C38−H38 118.5 
C39−C38−H38 118.5 
C38−C39−C40 117.3(4) 
C38−C39−C34 118.9(3) 
C40−C39−C34 123.7(4) 
C35−C40−C39 121.8(3) 
C35−C40−O3 118.8(3) 
C39−C40−O3 119.4(3) 
C43−C41−C42 110.3(4) 
C43−C41−C37 108.7(4) 
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C42−C41−C37 108.4(4) 
C43−C41−C44 110.6(4) 
C42−C41−C44 107.5(4) 
C37−C41−C44 111.4(3) 
C41−C42−H42A 109.5 
C41−C42−H42B 109.5 
H42A−C42−H42B 109.5 
C41−C42−H42C 109.5 
H42A−C42−H42C 109.5 
H42B−C42−H42C 109.5 
C41−C43−H43A 109.5 
C41−C43−H43B 109.5 
H43A−C43−H43B 109.5 
C41−C43−H43C 109.5 
H43A−C43−H43C 109.5 
H43B−C43−H43C 109.5 
C41−C44−H44A 109.5 
C41−C44−H44B 109.5 
H44A−C44−H44B 109.5 
C41−C44−H44C 109.5 
H44A−C44−H44C 109.5 
H44B−C44−H44C 109.5 
O1−C45−C46 114.6(3) 
O1−C45−H45A 108.6 
C46−C45−H45A 108.6 
O1−C45−H45B 108.6 
C46−C45−H45B 108.6 
H45A−C45−H45B 107.6 
O2−C46−C45 109.7(3) 
O2−C46−H46A 109.7 
C45−C46−H46A 109.7 
O2−C46−H46B 109.7 
C45−C46−H46B 109.7 
H46A−C46−H46B 108.2 
O2−C47−H47A 109.5 
O2−C47−H47B 109.5 
H47A−C47−H47B 109.5 
O2−C47−H47C 109.5 
H47A−C47−H47C 109.5 
H47B−C47−H47C 109.5 
O3−C48−C49 114.4(3) 
O3−C48−H48A 108.7 
C49−C48−H48A 108.7 
O3−C48−H48B 108.7 
C49−C48−H48B 108.7 
H48A−C48−H48B 107.6 
O4−C49−C48 109.4(3) 
O4−C49−H49A 109.8 
C48−C49−H49A 109.8 
O4−C49−H49B 109.8 
C48−C49−H49B 109.8 
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H49A−C49−H49B 108.2 
O4−C50−H50A 109.5 
O4−C50−H50B 109.5 
H50A−C50−H50B 109.5 
O4−C50−H50C 109.5 
H50A−C50−H50C 109.5 
H50B−C50−H50C 109.5 
O5−C51−C52 113.3(3) 
O5−C51−H51A 108.9 
C52−C51−H51A 108.9 
O5−C51−H51B 108.9 
C52−C51−H51B 108.9 
H51A−C51−H51B 107.7 
O6−C52−N1 124.3(4) 
O6−C52−C51 117.0(3) 
N1−C52−C51 118.6(3) 
N1−C53−C54 115.5(3) 
N1−C53−H53A 108.4 
C54−C53−H53A 108.4 
N1−C53−H53B 108.4 
C54−C53−H53B 108.4 
H53A−C53−H53B 107.5 
C53−C54−C55 114.0(3) 
C53−C54−H54A 108.7 
C55−C54−H54A 108.7 
C53−C54−H54B 108.7 
C55−C54−H54B 108.7 
H54A−C54−H54B 107.6 
N2−C55−C54 114.0(3) 
N2−C55−H55A 108.7 
C54−C55−H55A 108.7 
N2−C55−H55B 108.7 
C54−C55−H55B 108.7 
H55A−C55−H55B 107.6 
N3−C56−N2 115.1(3) 
N3−C56−S1 122.3(3) 
N2−C56−S1 122.6(3) 
N3−C57−C69 115.5(3) 
N3−C57−H57A 108.4 
C69−C57−H57A 108.4 
N3−C57−H57B 108.4 
C69−C57−H57B 108.4 
H57A−C57−H57B 107.5 
O7−C58−C59 113.6(3) 
O7−C58−H58A 108.8 
C59−C58−H58A 108.8 
O7−C58−H58B 108.8 
C59−C58−H58B 108.8 
H58A−C58−H58B 107.7 
O8−C59−N4 124.8(3) 
O8−C59−C58 116.7(3) 



 173

N4−C59−C58 118.5(3) 
N4−C60−C61 116.1(3) 
N4−C60−H60A 108.3 
C61−C60−H60A 108.3 
N4−C60−H60B 108.3 
C61−C60−H60B 108.3 
H60A−C60−H60B 107.4 
C60−C61−C62 114.8(3) 
C60−C61−H61A 108.6 
C62−C61−H61A 108.6 
C60−C61−H61B 108.6 
C62−C61−H61B 108.6 
H61A−C61−H61B 107.5 
N5−C62−C61 114.3(3) 
N5−C62−H62A 108.7 
C61−C62−H62A 108.7 
N5−C62−H62B 108.7 
C61−C62−H62B 108.7 
H62A−C62−H62B 107.6 
N5−C63−N6 114.2(4) 
N5−C63−S2 122.8(3) 
N6−C63−S2 122.9(3) 
N6−C64−C65 116.0(3) 
N6−C64−H64A 108.3 
C65−C64−H64A 108.3 
N6−C64−H64B 108.3 
C65−C64−H64B 108.3 
H64A−C64−H64B 107.4 
C70−C65−C66 118.7(4) 
C70−C65−C64 123.7(4) 
C66−C65−C64 117.6(4) 
C67−C66−C65 120.2(4) 
C67−C66−H66 119.9 
C65−C66−H66 119.9 
C68−C67−C66 119.6(4) 
C68−C67−H67 120.2 
C66−C67−H67 120.2 
C67−C68−C69 121.2(4) 
C67−C68−H68 119.4 
C69−C68−H68 119.4 
C68−C69−C70 119.0(4) 
C68−C69−C57 118.3(4) 
C70−C69−C57 122.7(4) 
C69−C70−C65 121.1(3) 
C69−C70−H70 119.4 
C65−C70−H70 119.4 
C52−N1−C53 122.0(3) 
C52−N1−H1 119.0 
C53−N1−H1 119.0 
C56−N2−C55 124.8(3) 
C56−N2−H2 117.6 
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C55−N2−H2 117.6 
C56−N3−C57 124.0(4) 
C56−N3−H3A 118.0 
C57−N3−H3A 118.0 
C59−N4−C60 121.7(3) 
C59−N4−H4 119.1 
C60−N4−H4 119.1 
C63−N5−C62 124.4(3) 
C63−N5−H5A 117.8 
C62−N5−H5A 117.8 
C63−N6−C64 124.0(4) 
C63−N6−H6 118.0 
C64−N6−H6 118.0 
C13−O1−C45 112.5(3) 
C47−O2−C46 112.8(4) 
C40−O3−C48 113.4(3) 
C49−O4−C50 111.9(4) 
C1−O5−C51 113.9(3) 
C28−O7−C58 113.9(3) 
 
Symmetry transformations used to generate equivalent atoms:  
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Table 4. Anisotropic displacement parameters [Å2× 103]. The anisotropic displacement 
factor exponent takes the form: −2π 2[h2a*2U11 + ... + 2 h k a* b* U12 ]. 
 
Atom U11 U22 U33 U23 U13 U12 

 
C71 66(3)  59(3) 37(3)  −1(2) −4(2)  −1(3) 
C72 66(3)  47(3) 38(3)  −4(2) 3(2)  6(2) 
O9 50(2)  53(2) 30(2)  0(1) −2(2)  1(2) 
O10 57(2)  63(2) 31(2)  −1(1) 0(2)  6(2) 
C1 26(2)  36(2) 27(2)  7(2) −2(2)  0(2) 
C2 27(2)  33(2) 28(2)  5(2) −5(2)  2(2) 
C3 33(2)  30(2) 33(2)  2(2) −6(2)  0(2) 
C4 29(2)  36(2) 31(2)  7(2) −4(2)  −4(2) 
C5 37(2)  41(3) 27(2)  2(2) 4(2)  −3(2) 
C6 32(2)  37(2) 29(2)  3(2) −2(2)  −5(2) 
C7 34(2)  35(3) 50(3)  2(2) 10(2)  −3(2) 
C8 74(9)  118(12) 18(6)  −7(6) 7(5)  −63(9) 
C9 47(6)  70(7) 45(6)  42(5) −4(5)  −15(5) 
C8' 38(7)  139(14) 49(8)  3(7) −5(5)  −51(8) 
C9' 52(6)  69(8) 68(7)  36(6) 18(6)  2(5) 
C10 88(4)  87(5) 103(5)  −22(4) 58(4)  −43(4) 
C11 39(2)  33(2) 30(2)  0(2) −1(2)  −1(2) 
C12 34(2)  29(2) 32(2)  −5(2) −6(2)  −2(2) 
C13 32(2)  36(2) 24(2)  −2(2) −5(2)  −2(2) 
C14 36(2)  35(2) 22(2)  −3(2) −3(2)  2(2) 
C15 47(3)  34(2) 31(2)  0(2) −9(2)  4(2) 
C16 39(2)  40(2) 40(2)  −7(2) −8(2)  4(2) 
C17 39(2)  37(2) 36(2)  5(2) −2(2)  −5(2) 
C18 42(2)  49(3) 45(2)  0(2) −4(2)  8(2) 
C19 48(3)  54(3) 65(3)  7(2) 2(2)  2(2) 
C20 52(3)  53(3) 68(3)  2(2) −23(2)  −6(2) 
C21 45(3)  54(3) 62(3)  1(2) −9(2)  9(2) 
C22 39(2)  42(3) 22(2)  0(2) −3(2)  9(2) 
C23 28(2)  38(2) 24(2)  5(2) 4(2)  4(2) 
C24 30(2)  40(2) 28(2)  5(2) 3(2)  −1(2) 
C25 29(2)  37(2) 33(2)  3(2) −1(2)  1(2) 
C26 35(2)  32(2) 32(2)  4(2) 6(2)  2(2) 
C27 29(2)  25(2) 32(2)  2(2) 3(2)  −3(2) 
C28 28(2)  32(2) 25(2)  9(2) 1(2)  3(2) 
C29 33(2)  43(3) 38(2)  2(2) −4(2)  5(2) 
C30 147(6)  182(8) 99(5)  −74(5) −72(5)  142(6) 
C31 61(4)  192(8) 131(6)  113(6) 9(4)  43(5) 
C32 88(5)  90(5) 168(7)  −16(5) −86(5)  26(4) 
C33 30(2)  31(2) 32(2)  1(2) −1(2)  0(2) 
C34 35(2)  37(3) 30(2)  1(2) 4(2)  −8(2) 
C35 30(2)  32(2) 24(2)  −2(2) 2(2)  −1(2) 
C36 37(2)  39(2) 33(2)  −6(2) 5(2)  1(2) 
C37 30(2)  43(2) 36(2)  −1(2) 8(2)  −4(2) 
C38 40(3)  42(3) 35(2)  −1(2) 7(2)  −4(2) 
C39 39(3)  31(2) 28(2)  0(2) 6(2)  −4(2) 
C40 31(2)  34(2) 27(2)  −7(2) 1(2)  2(2) 
C41 38(2)  56(3) 48(3)  8(2) 5(2)  0(2) 
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C42 54(3)  129(5) 60(3)  10(3) −11(3)  −34(3) 
C43 42(3)  54(3) 99(4)  23(3) 21(3)  2(2) 
C44 37(3)  56(3) 77(3)  −1(3) 6(2)  −11(2) 
C45 48(3)  44(3) 25(2)  −6(2) 2(2)  7(2) 
C46 47(3)  47(3) 35(2)  −6(2) −4(2)  3(2) 
C47 105(5)  45(3) 76(4)  9(3) 5(3)  12(3) 
C48 37(2)  42(3) 27(2)  −5(2) −1(2)  −6(2) 
C49 43(2)  46(3) 35(2)  −16(2) −2(2)  3(2) 
C50 109(4)  32(3) 73(4)  1(2) −31(3)  −4(3) 
C51 32(2)  50(3) 33(2)  1(2) −1(2)  −6(2) 
C52 37(2)  35(2) 33(2)  5(2) −4(2)  −3(2) 
C53 28(2)  46(3) 35(2)  4(2) 4(2)  6(2) 
C54 37(2)  47(3) 45(3)  −8(2) 1(2)  0(2) 
C55 45(3)  33(2) 45(3)  0(2) −4(2)  3(2) 
C56 39(2)  39(2) 31(2)  9(2) 2(2)  11(2) 
C57 43(3)  42(3) 56(3)  4(2) −10(2)  4(2) 
C58 29(2)  42(2) 26(2)  −2(2) 2(2)  4(2) 
C59 31(2)  31(2) 27(2)  5(2) 2(2)  1(2) 
C60 32(2)  43(2) 29(2)  −2(2) 0(2)  0(2) 
C61 34(2)  50(3) 39(2)  −10(2) −1(2)  1(2) 
C62 38(2)  33(2) 49(3)  −3(2) −6(2)  0(2) 
C63 44(3)  29(2) 36(2)  8(2) −3(2)  −4(2) 
C64 40(3)  44(3) 77(3)  7(2) 6(2)  −3(2) 
C65 37(2)  37(2) 33(2)  −5(2) 4(2)  −2(2) 
C66 41(3)  62(3) 31(2)  −6(2) 2(2)  −12(2) 
C67 29(2)  78(3) 39(2)  −3(2) 2(2)  5(2) 
C68 38(3)  55(3) 38(2)  0(2) −8(2)  10(2) 
C69 39(2)  49(3) 27(2)  −7(2) −4(2)  −2(2) 
C70 31(2)  43(2) 38(2)  −2(2) 1(2)  −1(2) 
N1 30(2)  43(2) 33(2)  4(2) −4(2)  0(2) 
N2 40(2)  35(2) 35(2)  0(1) −2(2)  5(2) 
N3 43(2)  34(2) 41(2)  −1(2) −1(2)  −3(2) 
N4 28(2)  40(2) 28(2)  −1(1) −2(1)  0(2) 
N5 43(2)  31(2) 34(2)  0(1) −1(2)  −2(2) 
N6 40(2)  38(2) 48(2)  −5(2) 0(2)  1(2) 
O1 30(2)  38(2) 28(1)  −2(1) −1(1)  1(1) 
O2 53(2)  40(2) 48(2)  2(1) −5(2)  4(1) 
O3 30(2)  34(2) 29(1)  −1(1) −1(1)  −1(1) 
O4 64(2)  34(2) 41(2)  −3(1) −4(2)  −2(1) 
O5 29(1)  45(2) 25(1)  6(1) −3(1)  −5(1) 
O6 27(2)  49(2) 38(2)  −1(1) −10(1)  1(1) 
O7 22(1)  40(2) 31(2)  6(1) 1(1)  5(1) 
O8 32(2)  44(2) 32(2)  −1(1) −1(1)  5(1) 
S1 54(1)  54(1) 44(1)  −8(1) −1(1)  15(1) 
S2 53(1)  48(1) 52(1)  −9(1) −9(1)  −11(1) 
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a) NMR titration data for lithium with receptor 14 in CD3CN  

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   9.14x102 M-1 (ave) 

Integration signal of –ArCH2Ar- and –OCH2CONH-/mm Volume added 

/µL Unbound receptor Bound receptor 

0 1.80 0.00 
5 1.95 0.00 
10 2.00 0.40 
20 1.75 0.50 
30 1.55 0.45 
40 1.40 0.70 
50 1.40 0.80 
60 1.15 0.85 
70 1.10 1.15 
80 0.85 1.25 
90 0.90 1.30 
100 0.60 1.30 
120 0.60 1.60 

K1 9.14x102 
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b) NMR titration data for sodium with receptor 14 in CD3CN  

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   5.53x103 M-1 (ave) 

Integration signal of –ArCH2Ar- and –OCH2CONH-/mm Volume added 

/µL Unbound receptor Bound receptor 

0 2.05 0.00 
5 2.10 0.55 
10 2.15 0.80 
20 1.70 0.65 
30 1.30 0.90 
40 1.05 1.20 
50 0.75 1.65 
60 0.40 1.85 

K1 5.53x103 
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c) NMR titration data for potassium with receptor 14 in CD3CN  

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   6.17×102 M-1 (ave) 

Integration signal of –ArCH2Ar- and –OCH2CONH-/mm Volume added 

/µL Unbound receptor Bound receptor 

0 2.10 0.00 
5 1.95 0.00 
10 2.20 0.45 
20 1.95 0.50 
30 1.80 0.65 
40 1.55 0.80 
50 1.65 1.15 
60 1.50 1.10 
70 1.10 1.10 
80 1.00 1.15 
90 1.00 1.45 
100 1.00 1.45 
120 1.00 1.35 
140 0.60 1.55 
160 0.60 1.90 
180 0.60 1.50 

K1 6.17x102 
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d) NMR titration data for lithium with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   3.71x102 M-1 (ave) 

Volume added

/µL 

-OCH2COO- 

/ppm 

-COOCH2- 

/ppm 

-CH2CH2OCH3 

/ppm 

-OCH3 

/ppm 

0 4.5419 4.5077 4.0647 3.3173 
5 4.5428 4.5077 4.0748 3.3176 
10 4.5428 4.5072 4.0743 3.3180 
20 4.5427 4.5042 4.0747 3.3182 
30 4.5427 4.5025 4.0747 3.3183 
40 4.5430 4.5018 4.0857 3.3186 
50 4.5433 4.5016 4.0659 3.3187 
60 4.5436 4.5000 4.0663 3.3184 
70 4.5438 4.4990 4.0690 3.3186 
80 4.5444 4.4975 4.0746 3.3183 
90 4.5445 4.4964 4.0868 3.3186 
100 4.5448 4.4958 4.0671 3.3186 
120 4.5449 4.4959 4.0671 3.3185 
140 4.5456 4.4939 4.0674 3.3185 
160 4.5453 4.4900 4.0769 3.3186 
180 4.5456 4.4880 4.0966 3.3185 
200 4.5467 4.4879 4.0806 3.3190 
250 4.5459 4.4861 4.0773 3.3188 
300 4.5470 4.4859 4.0691 3.3192 
350 4.5470 4.4860 4.0923 3.3190 
400 4.5475 4.4801 4.0746 3.3191 

K1 1.03x101 1.26x102 - 9.78x102 
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Titration curves for lithium with receptor 15 in CD3CN 
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Job’s plots for lithium with receptor 15 in CH3CN 
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e) NMR titration data for sodium with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 14.7 mM 

Association constant:   1.55x104 M-1 (ave) 

Volume added

/µL 

-OCH2CO-

/ppm 

-COOCH2- 

/ppm 

-CH2CH2OCH3 

/ppm 

-OCH3 

/ppm 

0 4.5414 4.5076 4.0720 3.3172 
5 4.5421 4.5057 4.0852 3.3177 
10 4.5423 4.5022 4.0664 3.3177 
20 4.5448 4.4939 4.0748 3.3180 
30 4.5468 4.4779 4.0772 3.3188 
40 4.5485 4.4684 4.0713 3.3193 
50 4.5506 4.4595 4.0711 3.3195 
60 4.5521 4.4486 4.0845 3.3199 
70 4.5529 4.4408 4.1067 3.3208 
80 4.5539 4.4367 4.0786 3.3212 
90 4.5547 4.4308 4.0770 3.3212 
100 4.5549 4.4289 4.0865 3.3212 
120 4.5555 4.4249 4.0969 3.3214 
140 4.5559 4.4271 4.0863 3.3210 
160 4.5558 4.4249 4.1005 3.3213 
180 4.5562 4.4211 4.0982 3.3212 
200 4.5559 4.4211 4.0885 3.3212 
250 4.5563 4.4190 4.0824 3.3211 
300 4.5562 4.4231 4.1023 3.3209 
350 4.5570 4.4231 4.0865 3.3207 
400 4.5568 4.4190 4.0887 3.3207 

K1 9.85x103 2.66×104 - 9.95x103 
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Titration curves for sodium with receptor 15 in CD3CN 
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Job’s plots for sodium with receptor 15 in CH3CN 

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0 0.2 0.4 0.6 0.8 1 1.2

Mole fraction of cation (X)

∆δ(1-X)

OCH2CO
COOCH2CH2
OCH2CH2O
OCH3

 
 

 

 

 

 



 186

f) NMR titration data for potassium with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   6.88x102 M-1 (ave) 

Volume added

/µL 

-OCH2CO-

/ppm 

-COOCH2- 

/ppm 

-CH2CH2OCH3 

/ppm 

-OCH3 

/ppm 

0 4.5411 4.5062 4.0730 3.3156 
5 4.5418 4.5044 4.0886 3.3157 
10 4.5433 4.5054 4.0693 3.3164 
20 4.5452 4.5039 4.0753 3.3185 
30 4.5444 4.4995 4.0750 3.3172 
40 4.5449 4.4961 4.0903 3.3174 
50 4.5459 4.4940 4.0677 3.3174 
60 4.5468 4.4821 4.0773 3.3175 
70 4.5469 4.4782 4.0703 3.3175 
80 4.5472 4.4758 4.0711 3.3181 
90 4.5478 4.4705 4.0800 3.3178 
100 4.5489 4.4683 4.0803 3.3186 
120 4.5493 4.4639 4.0928 3.3184 
140 4.5500 4.4604 4.1139 3.3186 
160 4.5510 4.4542 4.0805 3.3190 
180 4.5510 4.4508 4.0959 3.3189 
200 4.5516 4.4505 4.0966 3.3190 
250 4.5525 4.4486 4.0965 3.3191 
300 4.5532 4.4447 4.0885 3.3191 
350 4.5533 4.4408 4.0850 3.3191 
400 4.5536 4.4388 4.0754 3.3191 

K1 5.01x102 8.74×102 - - 
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Titration curves for potassium with receptor 15 in CD3CN 
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Job’s for potassium with receptor 15 in CH3CN 

-0.01

-0.005

0

0.005

0.01

0.015

0 0.2 0.4 0.6 0.8 1 1.2

Mole fraction of cation (X)

∆δ(1-X)

OCH2CO
COOCH2CH2
OCH2CH2O
OCH3

 
 

 

 

 

 



 188

g) NMR titration data for acetate with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   3.04×104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0188 7.5221 3.5344 4.6849 
5 7.0923 7.5378 3.5344 4.6822 
10 - 7.5851 3.5328 4.6966 
20 7.3950 7.6473 3.5512 4.6982 
30 7.6038 7.7070 3.5453 4.7127 
40 7.7744 7.7876 3.5453 4.7205 
50 7.8842 7.8741 3.5555 4.7268 
60 8.1091 7.9304 3.5524 4.7326 
70 8.1713 7.9785 3.5551 4.7361 
80 8.2084 8.0387 3.5579 4.7389 
90 8.2370 8.0899 3.5602 4.7393 
100 8.2534 8.1216 3.5586 4.7353 
120 8.2410 8.1431 3.5614 4.7412 
140 8.2898 8.1666 3.5641 4.7232 
160 8.3054 8.1658 3.5653 4.7424 
180 8.3136 8.1380 3.5657 4.7420 
200 8.3324 8.1545 3.5618 4.7420 
250 8.3633 8.1764 3.5535 4.7412 
300 8.3786 8.2061 3.5555 4.7393 
350 8.3989 8.2409 3.5633 4.7401 
400 8.4040 8.2550 3.5665 4.7381 

K1 1.11×104 - - 4.97×104 
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Titration curves for acetate with receptor 14 in CD3CN 
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Job’s plots for acetate with receptor 14 in CH3CN 
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h) NMR titration data for benzoate with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   3.29x103 M-1 (ave) 

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0381 7.5209 3.5327 4.6850 
5 - 7.5930 - - 
10 - 7.6199 3.5368 4.6852 
20 - 7.7354 3.5439 4.6882 
30 7.4922 7.8378 3.5469 4.6912 
40 7.6374 - 3.5586 4.6916 
50 7.7332 8.0139 3.5582 4.7018 
60 7.8201 8.0765 3.5588 4.6949 
70 - 8.1316 3.5658 4.7059 
80 - 8.1711 3.5693 4.7080 
90 - 8.2030 3.5680 4.7080 
100 - 8.2250 3.5705 4.7099 
120 - 8.2493 3.5732 4.7102 
140 8.4056 8.2626 3.5693 4.7123 
160 8.5036 8.2758 3.5759 4.7126 
180 8.5641 8.2824 3.5735 4.7136 
200 8.6136 8.2923 3.5724 4.7154 
250 8.6939 8.2800 3.5715 4.7147 
300 8.7512 8.3088 3.5703 4.7164 
350 8.7842 8.3088 3.5771 4.7180 
400 8.8106 8.3187 3.5760 4.7182 

K1 5.66x102 5.42x103 5.02x103 2.11x103 
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Titration curves for benzoate with receptor 14 in CD3CN 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 1 2 3 4 5 6 7 8

Concentration of anion (mmol)

∆δ
(ppm)

CSNHCH2CH2
CONH
CH2CH2NHCS
ArCH2NHCS

 
 

Job’s plots for benzoate with receptor 14 in CH3CN 
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i) NMR titration data for dihydrogen phosphate with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   8.58x102 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0301 7.5273 3.5338 4.6870 
5 7.0768 7.5616 3.5317 4.6836 
10 - 7.6038 3.5363 4.6828 
20 7.3984 7.6629 3.5350 4.6816 
30 7.5091 7.7315 3.5358 4.6795 
40 7.6133 7.8076 3.5296 4.6787 
50 7.6125 7.8658 3.5247 4.6799 
60 7.9274 7.9274 3.5193 4.6758 
70 8.1080 7.9890 3.5160 4.6787 
80 8.2097 8.0403 3.5434 4.6762 
90 8.2697 8.0832 - 4.6737 
100 8.3081 8.1233 - - 
120 8.4077 8.2015 - - 
140 8.5160 8.2647 - - 
160 8.5813 8.3110 - - 
180 8.6313 8.3515 - - 
200 8.6888 8.2846 - - 
250 8.7574 8.4453 - - 
300 8.8115 8.4838 - - 
350 8.8520 8.5148 - - 
400 8.8781 8.5354 - - 

K1 8.76x102 8.40x102 - - 
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Titration curves for dihydrogen phosphate with receptor 14 in CD3CN 
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Job’s plots for dihydrogen phosphate with receptor 14 in CH3CN 
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j) NMR titration data for phenylphosphinate with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   1.71×104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0024 7.5205 3.5340 4.6861 
5 7.0990 7.5671 3.5309 4.6845 
10 - 7.6007 3.5297 4.6861 
20 7.4157 7.6942 3.5324 4.6830 
30 - 7.8049 3.5344 4.6908 
40 - 7.8874 3.534 4.6986 
50 - 7.9664 3.5344 4.6923 
60 8.1807 8.0328 3.5336 4.6935 
70 8.2910 8.0747 3.5379 4.6955 
80 8.3394 8.1036 3.5336 4.6963 
90 8.3676 8.1087 3.5352 4.6982 
100 8.3692 8.1220 3.5356 4.6978 
120 8.3899 8.1251 3.5371 4.6994 
140 8.3883 8.1369 3.5379 4.6959 
160 8.3950 8.1412 3.5363 4.6970 
180 8.4091 8.1467 3.5356 4.6986 
200 8.4208 8.1510 3.5363 4.7009 
250 8.4235 8.1506 3.5367 4.7013 
300 8.4259 8.1576 3.5379 4.7009 
350 8.4368 8.1693 3.5363 4.7103 
400 8.4364 8.1662 3.5363 4.6998 

K1 3.08x104 1.70x104 - 3.63x103 
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Titration curves for phenylphosphinate with receptor 14 in CD3CN 
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Job’s plots for phenylphosphinate with receptor 14 in CH3CN 
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k) NMR titration data for diphenylphosphate with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   2.33×103 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0086 7.5202 3.5340 4.6849 
5 7.0587 7.5335 3.5465 4.6849 
10 7.1224 7.5593 3.5473 4.6857 
20 - 7.5983 3.5394 4.6872 
30 - 7.6316 3.5426 4.6896 
40 7.4118 7.6692 3.5461 4.6920 
50 7.5037 7.6973 3.5465 4.6963 
60 7.5679 7.7176 3.5406 4.7025 
70 7.6132 7.7333 3.5410 4.7025 
80 7.6758 7.756 3.5434 4.7045 
90 - 7.7677 3.5430 4.7060 
100 - 7.7732 3.5438 4.7060 
120 - 7.7939 3.5438 4.7072 
140 - 7.8092 3.5410 4.7092 
160 8.1693 7.8127 3.5410 4.7103 
180 8.1873 7.8260 3.5410 4.7127 
200 8.1834 7.8354 3.5414 4.7115 
250 8.1768 7.8322 3.5426 4.7111 
300 8.1830 7.8401 3.5403 4.7119 
350 8.1811 7.8471 3.5410 4.7162 
400 8.1783 7.8545 3.5403 4.7127 

K1 - 1.84x103 - 2.81x103 
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Titration curves for diphenylphosphate with receptor 14 in CD3CN 
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Job’s for diphenylphosphate plots with receptor 14 in CH3CN 
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l) NMR titration data for succinate with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   1.10x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0244 7.5303 3.5326 4.6785 
5 7.0749 7.5758 3.5332 4.6795 
10 7.1411 7.5925 3.5339 4.6852 
20 - 7.6242 3.5459 4.6957 
30 - 7.6823 3.5502 4.7003 
40 - 7.7200 3.5527 4.7068 
50 7.4701 7.7531 3.5572 4.7113 
60 7.5141 7.7773 3.5655 4.7167 
70 7.5625 7.8003 3.5646 4.7159 
80 7.6120 7.8157 3.5658 4.7172 
90 7.6232 7.8299 3.5665 4.7193 
100 7.6504 7.8412 3.5658 4.7183 
120 7.6905 7.8663 3.5680 4.7226 
140 7.7079 7.8782 3.5685 4.7239 
160 7.7497 7.8960 3.5694 4.7243 
180 7.7717 7.9055 3.5671 4.7277 
200 7.8036 7.9103 3.5688 4.7271 
250 7.8222 7.9256 3.5676 4.7309 
300 7.8420 7.9399 3.5666 4.7276 
350 7.8860 7.9487 3.567 4.7249 
400 7.9069 7.9531 3.5655 4.7267 

K1 1.23x103 1.38x103 3.53x104 6.09x103 
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Titration curves for succinate with receptor 14 in CD3CN 
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Job’s plots for succinate with receptor 14 in CH3CN 
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m) NMR titration data for glutarate with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   4.29x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0247 7.5309 3.5330 4.6795 
5 7.0784 7.5452 3.5327 4.6828 
10 7.5177 7.6211 3.5299 4.6838 
20 7.5980 7.8500 3.5181 4.6900 
30 8.0833 8.0833 - 4.6975 
40 8.2857 8.4705 - 4.6996 
50 8.4275 8.7048 - 4.7065 
60 8.5315 8.9790 - 4.7092 
70 8.6166 9.2133 - 4.7301 
80 8.6816 9.4015 - 4.7334 
90 8.7292 9.5554 - - 
100 8.7676 9.6688 - - 
120 8.8183 9.7956 - - 
140 8.8303 9.8208 - - 
160 8.8342 9.8241 - - 
180 8.8348 9.8262 - - 
200 8.8345 9.8252 - - 
250 8.8314 9.8188 - - 
300 8.8315 9.8119 - - 
350 8.8281 9.8041 - - 
400 8.8246 9.8027 - - 

K1 6.89x103 7.90x104 - - 
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Titration curves for glutarate with receptor 14 in CD3CN 
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Job’s plots for glutarate with receptor 14 in CH3CN 
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n) NMR titration data for acetate with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   2.01×103 M-1 (ave) 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.1353 8.0727 3.6979 4.6822 
5 8.2468 8.1533 3.6971 4.6802 
10 8.3934 8.2589 3.6947 4.6779 
20 8.5639 8.3856 3.6857 4.6732 
30 8.7074 8.4841 3.6799 4.6697 
40 8.8166 8.5807 3.6720 4.6646 
50 8.9124 8.6507 3.6674 4.6634 
60 8.9753 8.7133 3.6646 4.6611 
70 9.0340 8.7696 3.6646 4.6618 
80 9.0840 8.8166 3.6619 4.6622 
90 9.1153 8.8690 3.6630 4.6618 
100 9.1615 8.9139 3.6630 4.6618 
120 9.2190 8.9835 3.6599 4.6618 
140 9.2635 9.0418 3.6603 4.6622 
160 9.3116 9.1032 3.6591 4.6626 
180 9.3468 9.1529 3.6584 4.6630 
200 9.3840 9.1939 3.6572 4.6630 
250 9.4427 9.2721 3.6552 4.6626 
300 9.4872 9.3418 3.6560 4.6634 
350 9.5338 9.3844 3.6541 4.6650 
400 9.5604 9.4258 3.6509 4.6654 

K1 4.96x102 2.41x102 5.30x103 - 
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Titration curves for acetate with receptor 15 in CD3CN 
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Job’s plots for acetate with receptor 15 in CH3CN 
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o) NMR titration data for benzoate with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   K1: 8.30x103 M-1 (ave)  

K2: 3.45x104 M-1 (ave) 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.1868 8.1133 3.6736 4.6640 
5 8.2281 8.1332 3.6714 4.6631 
10 8.2497 8.1648 3.6693 4.6619 
20 8.2720 8.1927 3.6651 4.6615 
30 8.3072 8.2360 3.6636 4.6617 
40 8.3314 8.2775 3.6607 4.6618 
50 - 8.3313 3.6551 4.6631 
60 - 8.3852 3.6512 4.6636 
70 - 8.4339 3.6499 4.6643 
80 - 8.4769 3.6467 4.6658 
90 - 8.5137 3.6407 4.6664 
100 - 8.5472 3.6390 4.6680 
120 - 8.6098 3.6354 4.6701 
140 - 8.6551 3.6313 4.6694 
160 8.6396 8.6837 3.6307 4.6703 
180 8.6549 8.7134 3.6299 4.6707 
200 8.6874 8.7355 3.6306 4.6719 
250 8.6979 8.7803 - 4.6725 
300 8.7297 8.8190 3.6284 4.6734 
350 8.7408 8.8317 3.6272 4.6738 
400 8.7540 8.8500 3.6286 4.6749 

K1 

K2 

3.78x103 

1.48x103 

1.13x104 

2.06x103 

9.81x103 

1.00x105 

- 

- 
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Titration curves for benzoate with receptor 15 in CD3CN 
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Job’s plots for benzoate with receptor 15 in CH3CN 
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p) NMR titration data for dihydrogen phosphate with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   K1: 9.71x103 M-1 (ave) 

     K2: 1.09x103 M-1 (ave) 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2353 8.1576 3.7016 4.6688 
5 8.2581 8.1688 3.7003 4.6679 
10 8.2635 8.1795 3.7008 4.6679 
20 8.2965 8.1998 3.7012 4.6679 
30 8.3044 8.2242 3.6987 4.6671 
40 8.3283 8.2531 3.6921 4.6663 
50 8.3374 8.2916 3.6904 4.6655 
60 8.3606 8.3345 3.6801 4.6609 
70 - 8.3759 3.6722 4.6617 
80 - 8.4275 3.6693 4.6576 
90 - 8.4714 3.6623 4.6551 
100 - 8.5143 3.6594 4.6551 
120 - 8.5805 3.6536 4.6518 
140 8.3908 8.6478 3.6446 4.6477 
160 8.3998 8.7144 3.6371 4.6473 
180 8.4292 8.7528 3.6396 4.6436 
200 8.4205 8.7999 3.6379 4.6498 
250 8.4701 8.8748 3.6574 4.6473 
300 8.4995 8.9173 3.6718 4.6580 
350 8.5102 8.9578 3.6598 4.6609 
400 8.5350 8.9810 3.6545 4.6576 

K1 

K2 

- 

- 

9.84x103 

1.25x103 

9.64x103 

1.02x103 

9.65x103 

9.93x102 
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Titration curves for dihydrogen phosphate with receptor 15 in CD3CN 
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Job’s plots for dihydrogen phosphate with receptor 15 in CH3CN 
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q) NMR titration data for phenylphosphinate with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.34 mM 

Concentration of guest solution: 50.4 mM 

Association constant:   1.43×104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.1279 8.0571 3.6963 4.6822 
5 8.3215 8.2386 3.6865 4.6759 
10 8.4638 8.3574 3.6756 4.6704 
20 8.6359 8.5342 3.6505 4.6591 
30 8.7825 8.6746 3.6325 4.6493 
40 8.8948 8.7817 3.6157 4.6423 
50 8.9538 8.8443 3.6083 4.6380 
60 8.9824 8.8670 3.6024 4.6376 
70 8.9886 8.8791 3.6017 4.6349 
80 8.9988 8.8866 3.5997 4.6356 
90 8.9964 8.8893 3.6005 4.6356 
100 8.9992 8.8916 3.6001 4.6356 
120 9.0070 8.8967 3.5985 4.6360 
140 9.0074 8.8959 3.5997 4.6349 
160 9.0105 8.8971 3.5989 4.6352 
180 9.0109 8.8995 3.5985 4.6356 
200 9.0069 8.8924 3.5946 4.6297 
250 9.0042 8.8978 3.5930 4.6293 
300 9.0069 8.8982 3.5938 4.6289 
350 9.0046 8.9021 3.5938 4.6289 
400 9.0050 8.9049 3.5926 4.6301 

K1 2.28x104 1.84x104 6.37x103 9.65x103 
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Titration curves for phenylphosphinate with receptor 15 in CD3CN 
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Job’s plots for phenylphosphinate with receptor 15 in CH3CN 
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r) NMR titration data for diphenylphosphate with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 29.7 mM 

Association constant:   3.24×103 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.1251 8.0575 3.6963 4.6826 
5 8.2425 8.1740 3.6611 4.6708 
10 8.2550 8.2167 3.6318 4.6630 
20 8.2565 8.2405 3.6052 4.6556 
30 8.2706 8.2573 3.5829 4.6493 
40 8.2788 8.2663 3.5653 4.6435 
50 8.2718 8.2718 3.5328 4.6399 
60 8.2812 8.2812 3.5399 4.6376 
70 8.2863 8.2863 3.5344 4.6352 
80 8.2753 8.2886 3.5406 4.6337 
90 8.2780 8.2925 3.5356 4.6309 
100 8.2624 8.2992 3.5281 4.6290 
120 8.2561 8.2992 3.5211 4.6270 
140 8.2577 8.3043 3.5011 4.6259 
160 8.2561 8.3050 3.4976 4.6255 
180 8.2550 8.3078 3.4949 4.6247 
200 8.2546 8.3136 3.4906 4.6227 
250 8.2542 8.3097 3.4871 4.6219 
300 8.2573 8.3136 3.4851 4.6216 
350 8.2558 8.3117 3.4832 4.6212 
400 8.2467 8.3116 3.4772 4.6168 

K1 - 6.93x103 1.46x103 1.34x103 
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Titration curves for diphenylphosphate with receptor 15 in CD3CN 
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Job’s for diphenylphosphate plots with receptor 15 in CH3CN 

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0 0.2 0.4 0.6 0.8 1 1.2

Mole fraction of anion (X)

∆δ(1-X)

CSNHCH2CH2
CSNHCH2Ar
CH2CH2NHCS
ArCH2NHCS

 
 

 

 

 

 



 212

s) NMR titration data for succinate with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   2.02x103 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2574 8.1755 3.6940 4.6780 
5 8.2792 8.1915 3.6948 4.6773 
10 8.3012 8.2032 3.6952 4.6779 
20 8.3165 8.2098 3.6944 4.6771 
30 8.3207 8.2220 3.6935 4.6771 
40 8.3272 8.2306 3.6928 4.6767 
50 8.3296 8.2355 3.6932 4.6769 
60 8.3316 8.2328 3.6924 4.6770 
70 8.3450 8.2350 3.6914 4.6771 
80 8.3450 8.2327 3.6913 4.6768 
90 8.3492 8.2438 3.6934 4.6768 
100 8.3439 8.2429 3.6912 4.6768 
120 8.3435 8.2460 3.6904 4.6763 
140 8.3479 8.2501 3.6911 4.6763 
160 8.3591 8.2502 3.6904 4.6765 
180 8.3668 8.2501 3.6903 4.6760 
200 8.3626 8.2537 3.6909 4.6763 
250 8.3658 8.2576 3.6901 4.6762 
300 8.3680 8.2602 3.6888 4.6758 
350 8.3724 8.2646 3.6857 4.6754 
400 8.3757 8.2646 3.6868 4.6753 

K1 - 2.02x103 - - 
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Titration curves for succinate with receptor 15 in CD3CN 
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Job’s plots for succinate with receptor 15 in CH3CN 
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t) NMR titration data for glutarate with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   - 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2690 8.1680 3.6951 4.6778 
5 8.2979 8.2006 3.6921 4.6764 
10 8.3223 8.2204 3.6883 4.6759 
20 8.3480 8.2561 3.6811 4.6720 
30 8.3890 8.3022 3.6765 4.6720 
40 - 8.3262 3.6611 4.6608 
50 - 8.3703 3.6549 4.6576 
60 - 8.4066 3.6527 4.6681 
70 - 8.4781 3.6294 4.6735 
80 8.7059 8.6056 3.6477 4.6746 
90 8.9163 8.8205 3.6729 4.6749 
100 9.1306 9.0108 3.6952 4.6746 
120 9.5698 9.5698 3.7071 4.6721 
140 9.6859 9.6859 3.7154 4.6736 
160 9.8129 9.6973 3.7180 4.6732 
180 9.8151 9.7061 3.7190 4.6718 
200 - 9.7160 3.7195 4.6685 
250 - 9.7304 3.7201 4.6644 
300 - 9.7249 3.7200 4.6624 
350 - 9.7260 3.7201 4.6604 
400 - 9.7228 3.7200 4.6573 

K1 - - - - 
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Titration curves for glutarate with receptor 15 in CD3CN 
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Job’s plots for glutarate with receptor 15 in CH3CN 
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u) NMR titration data for carboxylate anion of aspartic acid with receptor 14 in 

CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   2.12x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CONH c- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0396 7.0396 7.5617 3.5329 4.6817 
5 - - 7.6253 3.5289 4.6875 
10 - - 7.7066 3.5196 4.6850 
20 8.2768 8.2768 8.0107 - 4.6870 
30 8.7544 8.7544 8.1947 - 4.6851 
40 9.1582 9.0451 8.3250 - - 
50 9.4763 9.2978 8.4103 3.4256 - 
60 9.7426 9.5346 8.4681 3.4212 - 
70 9.9395 9.7227 8.5054 3.4258 - 
80 10.0868 9.8891 8.5223 3.4213 - 
90 10.2395 9.9935 8.5296 3.3988 - 
100 10.2920 10.0420 8.5271 3.3964 - 
120 10.3517 10.0917 8.5255 3.3914 - 
140 10.3690 10.1037 8.5212 3.3989 - 
160 10.3788 10.1091 8.5223 3.3975 - 
180 10.3654 10.1091 8.5213 3.4007 - 
200 10.3753 10.1056 8.5226 3.3996 - 
250 10.3698 10.1061 8.5242 3.3987 - 
300 10.3687 10.0979 8.5233 3.4003 - 
350 10.3555 10.0951 8.5244 3.3997 - 
400 10.3475 10.0861 8.5254 3.4006 - 

K1 2.00x104 2.14x104 2.29x104 2.06x104 - 
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Titration curves for carboxylate anion of aspartic acid with receptor 14 in CD3CN 
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Job’s plots for carboxylate anion of aspartic acid with receptor 14 in CH3CN 
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v) NMR titration data for carboxylate anion of glutamic acid with receptor 14 in 

CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   1.55x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CONH c- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0403 7.0403 7.5297 3.5322 4.6827 
5 - - 7.6140 3.5306 4.6870 
10 7.4221 7.4221 7.7044 3.5237 4.6888 
20 7.9336 7.9336 - 3.5084 4.6874 
30 8.4045 8.4045 8.1404 3.4921 4.6875 
40 8.7962 8.7962 8.3017 - 4.6860 
50 9.0472 9.0472 8.4085 - - 
60 9.2089 9.2089 8.4752 - - 
70 9.4070 9.3685 8.5405 - - 
80 9.5314 9.4733 8.5862 - - 
90 9.6260 9.5456 8.6174 3.4624 - 
100 9.6843 9.5797 8.6370 - - 
120 9.7350 9.6314 8.6555 3.4745 - 
140 9.7834 9.6532 8.6629 3.4844 - 
160 9.7834 9.6604 8.6643 3.4834 - 
180 9.7878 9.6615 8.6669 3.4825 - 
200 9.7989 9.6622 8.6662 3.4820 - 
250 9.8121 9.6805 8.6657 3.4806 - 
300 9.8121 9.6830 8.6664 3.4800 - 
350 9.8044 9.6791 8.6638 3.4797 - 
400 9.8176 9.6881 8.6646 3.4794 - 

K1 1.57x104 1.41x104 1.67x104 - - 
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Titration curves for carboxylate anion of glutamic acid with receptor 14 in CD3CN 
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Job’s plots for carboxylate anion of glutamic acid with receptor 14 in CH3CN 
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w) NMR titration data for carboxylate anion of asparagine with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   1.96x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CONH c- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0273 6.9695 7.522 3.5329 4.6838 
5 7.0866 7.0202 7.5914 3.5322 4.6850 
10 - - 7.6198 3.5309 4.6957 
20 7.4416 - 7.7938 3.5277 4.7092 
30 7.7255 - 7.9038 3.5251 4.7244 
40 7.9071 - 8.0191 3.5221 4.7394 
50 8.1502 - 8.2604 3.5197 4.7534 
60 8.2307 - 8.3890 - 4.7596 
70 8.2967 - 8.4971 - 4.7637 
80 8.3331 7.3453 8.5761 - 4.7671 
90 8.3583 7.4593 8.6382 - 4.7687 
100 8.3740 7.5557 8.6595 - 4.7688 
120 8.3936 7.7199 8.7037 - 4.7709 
140 8.4026 7.8334 8.7575 - 4.7720 
160 8.4105 7.9369 8.7902 - 4.7762 
180 8.4181 8.0130 8.8369 - 4.7756 
200 8.4253 8.0756 8.8732 - 4.7742 
250 8.4370 8.1809 8.9512 - 4.7724 
300 8.4455 8.2471 8.9970 - 4.7742 
350 8.4518 8.2872 9.0568 - 4.7710 
400 8.4559 8.3184 9.0867 - 4.7680 

K1 1.93x104 1.36x103 - - 1.99x104 
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Titration curves for carboxylate anion of asparagine with receptor 14 in CD3CN 
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Job’s plots for carboxylate anion of asparagine with receptor 14 in CH3CN 
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x) NMR titration data for carboxylate anion of glutamine with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   8.27x103 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CONH c- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0268 6.9651 7.5196 3.5329 4.6842 
5 7.0760 7.0126 7.5881 3.5328 4.6834 
10 7.1358 - 7.5969 3.5321 4.6897 
20 - - 7.6552 3.5306 4.6907 
30 7.5213 - 7.7597 3.5450 4.7007 
40 7.7002 - 7.8435 3.5439 4.7130 
50 7.9446 - 7.9786 3.5431 4.7279 
60 8.0076 - 8.1239 3.5375 4.7344 
70 8.0751 - 8.3022 3.5435 4.7348 
80 8.1318 - 8.4188 3.5435 4.7440 
90 8.1732 - 8.5178 3.5398 4.7477 
100 8.2087 - 8.5894 3.5387 4.7507 
120 8.2601 - 8.7324 - 4.7542 
140 8.2890 - 8.7930 - 4.7499 
160 8.3073 - 8.8591 - 4.7492 
180 8.3383 - 8.9382 - 4.7520 
200 8.3571 - 9.0043 - 4.7472 
250 8.3934 - 9.1143 - 4.7545 
300 8.4166 - 9.1925 - 4.7500 
350 8.4365 - 9.2310 - 4.7513 
400 8.4489 - 9.2850 - 4.7494 

K1 4.37x103 - 1.03x103 - 1.94x104 
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Titration curves for carboxylate anion of glutamine with receptor 14 in CD3CN 
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Job’s plots for carboxylate anion of glutamine with receptor 14 in CH3CN 
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y) NMR titration data for carboxylate anion of phenylalanine with receptor 14 in 

CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   2.48x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CONH c- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0185 - 7.5088 3.5331 4.6809 
5 7.0732 - 7.5772 3.5320 4.6817 
10 - - 7.6223 3.5299 4.6906 
20 - - 7.7479 3.5254 4.6992 
30 7.6047 - 7.8963 3.5229 4.7184 
40 7.9458 - 8.0461 3.5174 4.7336 
50 8.1817 - 8.4873 3.5164 4.7444 
60 8.3266 - 8.5676 3.5247 4.7547 
70 8.4114 - 8.5522 3.5252 4.7635 
80 8.4816 - 8.6301 3.5311 4.7733 
90 8.5151 - 8.6872 - 4.7754 
100 8.5271 - 8.7009 - 4.7755 
120 8.5353 - 8.7315 - 4.7753 
140 8.5447 - 8.7923 - 4.7754 
160 8.5519 - 8.8185 - 4.7745 
180 8.5597 - 8.8540 - 4.7755 
200 8.5624 - 8.8900 - 4.7797 
250 8.5686 - 8.9363 - 4.7755 
300 8.5677 - 9.0110 - 4.7710 
350 8.5729 - 9.0253 - 4.7753 
400 8.5688 - 9.0374 - 4.7709 

K1 4.00x104 - 2.77x103 - 3.16x104 
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Titration curves for carboxylate anion of phenylalanine with receptor 14 in CD3CN 
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Job’s plots for carboxylate anion of phenylalanine with receptor 14 in CH3CN 
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z) NMR titration data for carboxylate anion of leucine with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   4.96x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CONH c- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0245 6.9662 7.5021 3.5329 4.6801 
5 7.1468 7.5276 7.6156 3.5328 4.6910 
10 - - 7.8696 3.5280 4.7114 
20 8.1185 7.9028 7.9028 3.5229 4.7342 
30 8.3882 8.4739 8.4739 - 4.7565 
40 8.5434 8.7213 - - 4.7711 
50 8.6149 8.8887 - - 4.7775 
60 8.6376 8.9669 - - 4.7773 
70 8.6424 8.9490 - - 4.7674 
80 8.6498 8.9350 - - 4.7697 
90 8.6508 8.9821 - - 4.8070 
100 8.6514 8.9856 - - - 
120 8.6554 9.0085 - - - 
140 8.6585 9.0352 - - - 
160 8.6602 9.0407 - - - 
180 8.6580 9.0506 - - - 
200 8.6596 9.1232 - - - 
250 8.6596 9.1848 - - - 
300 8.6582 9.2355 - - - 
350 8.6580 9.2949 - - - 
400 8.6558 9.3125 - - - 

K1 8.64x104 1.27x104 - - - 
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Titration curves for carboxylate anion of leucine with receptor 14 in CD3CN 
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Job’s plots for carboxylate anion of leucine with receptor 14 in CH3CN 
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aa) NMR titration data for carboxylate anion of threonine with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   1.03x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CONH c- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0191 - 7.5265 3.5330 4.6841 
5 7.0751 - 7.5182 3.5324 4.6830 
10 - - 7.6027 3.5316 4.6916 
20 - - 7.7080 3.5295 4.7043 
30 7.5047 - 7.8205 3.5265 4.7184 
40 7.7197 - 7.9189 3.5237 4.7298 
50 7.9106 - 8.0306 3.5212 4.7435 
60 - - 8.1166 3.5188 4.7512 
70 - - 8.1880 3.5009 4.7630 
80 8.2364 - 8.3409 - 4.7655 
90 8.2749 - 8.4300 - 4.7687 
100 8.3017 - 8.4135 - 4.7691 
120 8.3135 - 8.4179 - 4.7721 
140 8.3314 - 8.4476 - 4.7691 
160 8.3475 - 8.4819 - 4.7656 
180 8.3608 - 8.5041 - 4.7689 
200 8.3702 - 8.5064 - 4.7715 
250 8.3448 - 8.5583 - 4.7712 
300 8.3956 - 8.5745 - 4.7746 
350 8.4013 - 8.6169 - 4.7777 
400 8.4051 - 8.6269 - 4.7736 

K1 1.18x104 - 1.90x103 - 1.71x104 
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Titration curves for carboxylate anion of threonine with receptor 14 in CD3CN 
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Job’s plots for carboxylate anion of threonine with receptor 14 in CH3CN 
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ab) NMR titration data for carboxylate anion of serine with receptor 14 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   0.95x100 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CONH c- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0219 6.9751 7.5308 3.5331 4.6829 
5 7.0280 6.9773 7.5218 3.5336 4.6821 
10 7.0369 6.9960 7.5277 3.5336 4.6837 
20 7.0620 7.0126 7.5441 3.5333 4.6834 
30 7.0869 - 7.5495 3.5333 4.6870 
40 7.1139 - 7.5759 3.5331 4.6865 
50 7.1490 - 7.5914 3.5330 4.6885 
60 - - 7.6042 3.5330 4.6881 
70 - - 7.6135 3.5328 4.6910 
80 7.2314 - 7.6253 3.5324 4.6927 
90 - 7.6245 7.6245 3.5320 4.6953 
100 - 7.6456 7.6456 3.5380 4.6981 
120 - 7.6983 7.6983 3.5385 4.7009 
140 7.4022 7.7193 7.7193 3.5374 4.7041 
160 7.4557 7.7486 7.7486 3.5364 4.7047 
180 7.5207 7.7641 7.7641 3.5350 4.7106 
200 7.5661 7.7915 7.7915 3.5351 4.7125 
250 7.6904 7.8414 7.8414 3.5354 4.7182 
300 7.7984 7.8886 7.8886 3.5352 4.7259 
350 - 7.9249 - 3.5352 4.7297 
400 - 7.9182 - 3.5351 4.7343 

K1 - - 1.28x100 - 1.29x100 
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Titration curves for carboxylate anion of serine with receptor 14 in CD3CN 
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Job’s plots for carboxylate anion of serine with receptor 14 in CH3CN 
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ac) NMR titration data for carboxylate anion of aspartic acid with receptor 15 in 

CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   1.77x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.1638 8.1066 3.6732 4.6647 
5 8.2133 8.1407 3.6710 4.6628 
10 8.2497 8.1727 3.6676 4.6624 
20 8.3190 8.2410 3.6641 4.6608 
30 8.3895 8.3522 3.6581 4.6699 
40 8.4973 8.4743 3.6514 4.6543 
50 8.5248 8.3227 3.6478 4.6599 
60 8.7581 8.7344 3.6433 4.6633 
70 - 8.8726 3.6541 4.6637 
80 - 9.0365 3.6325 4.6489 
90 - 9.1304 3.6244 4.6483 
100 - 9.2139 3.6167 4.6479 
120 - - 3.6116 4.6479 
140 - 9.4668 3.6124 4.6472 
160 - 9.5423 3.6137 4.6639 
180 - 9.5642 3.6078 4.6630 
200 - 9.6006 3.6071 4.6628 
250 - 9.6286 3.6093 4.6618 
300 - 9.6638 3.6060 4.6608 
350 9.7618 9.6416 3.6063 4.6602 
400 - - - - 

K1 - 1.93x104 8.85x103 - 
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Titration curves for carboxylate anion of aspartic acid with receptor 15 in CD3CN 
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Job’s plots for carboxylate anion of aspartic acid with receptor 15 in CH3CN 
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ad) NMR titration data for carboxylate anion of glutamic acid with receptor 15 in 

CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   1.19x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.1882 8.1112 3.6930 4.6778 
5 8.2201 8.1468 3.6915 4.6766 
10 8.2632 8.1772 3.6866 4.6759 
20 8.3292 8.2425 3.6815 4.6732 
30 8.4326 8.3653 3.6698 4.6579 
40 8.5977 8.5195 3.6653 4.6532 
50 8.7297 8.6592 3.6555 4.6592 
60 8.8508 8.7754 3.6695 4.6632 
70 8.9355 8.8794 3.6494 4.6644 
80 9.0224 8.9927 3.6424 4.6637 
90 9.0683 9.0683 3.6393 4.6647 
100 9.0974 9.1369 3.6351 4.6638 
120 - 9.2297 3.6308 4.6637 
140 - 9.3076 3.6369 4.6634 
160 - 9.3417 3.6335 4.6630 
180 - 9.3691 3.6349 4.6619 
200 - 9.3882 3.6247 4.6621 
250 - 9.4109 3.6270 4.6601 
300 - 9.4494 3.6288 4.6757 
350 - 9.4395 3.6269 4.6751 
400 - 9.4505 3.6269 4.6750 

K1 - 1.06x104 1.55x104 9.67x103 
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Titration curves for carboxylate anion of glutamic acid with receptor 15 in CD3CN 
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Job’s plots for carboxylate anion of glutamic acid with receptor 15 in CH3CN 
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ae) NMR titration data for carboxylate anion of asparagine with receptor 15 in 

CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   K1: 8.90x105 M-1 (ave)  

     K2: 1.49x103 M-1 (ave) 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2701 8.1637 3.6955 4.6766 
5 8.2881 8.1799 3.6942 4.6761 
10 8.2924 8.1924 3.6928 4.6752 
20 8.3096 8.2120 3.6909 4.6746 
30 8.3284 8.2272 3.6882 4.6731 
40 8.3315 8.2324 3.6705 4.6720 
50 8.3484 8.2768 3.6759 4.6599 
60 8.4036 8.3091 3.6696 4.6698 
70 8.4873 8.4245 3.6759 4.6726 
80 8.6237 8.4918 - 4.6741 
90 8.7222 8.5397 - 4.6733 
100 8.7876 8.6039 - 4.6731 
120 8.8893 8.6692 - 4.6729 
140 8.9431 8.7193 - 4.6730 
160 9.0064 8.7603 - 4.6728 
180 9.0229 8.7899 - 4.6730 
200 9.0512 8.8159 - 4.6729 
250 9.1167 8.8979 - 4.6709 
300 9.1827 8.9617 - 4.6706 
350 9.2209 8.9954 - 4.6695 
400 9.2534 9.0297 - 4.6688 

K1 

K2 

1.75x106 

8.01x102 

3.09x104 

2.17x103 

- 

- 

- 

- 
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Titration curves for carboxylate anion of asparagine with receptor 15 in CD3CN 
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Job’s plots for carboxylate anion of asparagine with receptor 15 in CH3CN 
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af) NMR titration data for carboxylate anion of glutamine with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   K1: 3.91x104 M-1 (ave)  

     K2: 7.23x102 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2554 8.1696 3.6949 4.6771 
5 8.2876 8.1834 3.6940 4.6762 
10 8.2958 8.2037 3.6920 4.6755 
20 8.3276 8.2188 3.6862 4.6745 
30 8.3539 8.2497 3.6814 4.6724 
40 8.3704 8.2813 3.6769 4.6699 
50 8.4210 8.3187 3.6684 4.6576 
60 8.4749 8.3605 3.6681 4.6553 
70 8.5004 8.4178 3.6497 4.6615 
80 8.5862 8.4651 3.6460 4.6635 
90 8.6302 8.5075 3.6438 4.6663 
100 8.6730 8.5620 3.6438 4.6680 
120 8.7358 8.6342 3.6417 4.6697 
140 8.7942 8.7037 3.6572 4.6712 
160 8.8492 8.7568 3.6444 4.6718 
180 8.9061 8.8130 3.6353 4.6711 
200 8.9667 8.8541 3.6346 4.6698 
250 9.0472 8.9405 3.6317 4.6703 
300 9.1354 9.0156 3.6313 4.6687 
350 9.1882 9.0721 3.6298 4.6693 
400 9.2519 9.1005 3.6275 4.6675 

K1 

K2 

9.46x103 

4.29x102 

1.10x104 

6.99x102 

9.69x104 

1.04x103 

- 

- 
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Titration curves for carboxylate anion of glutamine with receptor 15 in CD3CN 
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Job’s plots for carboxylate anion of glutamine with receptor 15 in CH3CN 
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ag) NMR titration data for carboxylate anion of phenylalanine with receptor 15 in 

CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   K1: 1.48x107 M-1 (ave)  

     K2: 2.94x103 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2515 8.1719 3.6956 4.6784 
5 8.2909 8.1860 3.6945 4.6777 
10 8.2968 8.1978 3.6953 4.6775 
20 8.3211 8.2206 3.6923 4.6768 
30 8.3271 8.2394 3.6883 4.6755 
40 8.3506 8.2568 3.6824 4.6738 
50 8.3638 8.2772 3.6780 4.6628 
60 8.4606 8.3506 3.6728 4.6715 
70 8.6246 8.4716 3.658 4.6731 
80 8.7809 8.5663 3.6428 4.6737 
90 8.8843 8.6366 3.6373 4.6732 
100 8.8919 8.6638 3.6325 4.6732 
120 9.0121 8.7670 3.6303 4.6740 
140 9.0909 8.8140 3.6228 4.6737 
160 9.1408 8.8579 3.6247 4.6735 
180 9.1792 8.8845 3.6288 4.6729 
200 9.2098 8.8984 3.6299 4.6727 
250 9.2552 8.9452 3.6299 4.6710 
300 9.2866 8.9679 3.6312 4.6712 
350 9.3081 8.9859 3.6176 4.6709 
400 9.3258 8.9963 3.6327 4.6698 

K1 

K2 

4.43x107 

3.28x103 

4.24x103 

5.37x103 

2.34x105 

1.83x102 

- 

- 
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Titration curves for carboxylate anion of phenylalanine with receptor 15 in CD3CN 
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Job’s plots for carboxylate anion of phenylalanine with receptor 15 in CH3CN 
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ah) NMR titration data for carboxylate anion of leucine with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   1.02x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2543 8.1647 3.6962 4.6785 
5 8.2969 8.1958 3.6938 4.6772 
10 8.3298 8.2352 3.6859 4.6749 
20 8.4254 8.3275 3.6760 4.6621 
30 8.6896 8.4145 3.6615 4.6729 
40 8.8458 8.6070 3.6683 4.6745 
50 9.0814 8.7338 3.6289 4.6741 
60 9.2013 8.8142 3.6188 4.6747 
70 9.2905 8.8855 3.6188 4.6732 
80 9.3565 8.9350 3.6222 4.6727 
90 9.3796 8.9713 3.6225 4.6713 
100 - 9.0088 3.6243 4.6718 
120 9.4996 9.0517 3.6231 4.6697 
140 9.5040 9.0770 3.6246 4.6697 
160 9.5282 9.1034 3.6265 4.6685 
180 9.5513 9.1243 3.6273 4.6668 
200 9.5766 9.1507 3.6268 4.6653 
250 9.5908 9.1858 3.6283 4.6627 
300 9.6152 9.2102 3.6289 4.6615 
350 9.6328 9.2334 3.6270 4.6591 
400 9.5095 9.2542 - 4.6570 

K1 6.35x103 1.90x103 2.22x104 - 

 

 

 

 

 

 

 

 



 243

Titration curves for carboxylate anion of leucine with receptor 15 in CD3CN 
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Job’s plots for carboxylate anion of leucine with receptor 15 in CH3CN 
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ai) NMR titration data for carboxylate anion of threonine with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   K1: 1.71x104 M-1 (ave)  

K2: 1.82x103 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2592 8.1682 3.6959 4.6780 
5 8.2724 8.1780 3.6945 4.6781 
10 8.2902 8.1966 3.6944 4.6775 
20 8.3034 8.2121 3.6924 4.6768 
30 8.3198 8.2328 3.6895 4.6761 
40 8.3429 8.2453 3.6849 4.6749 
50 8.3550 8.2751 3.6798 4.6733 
60 8.3935 8.2923 3.6770 4.6619 
70 8.4023 8.3374 3.6665 4.6609 
80 8.4408 8.3645 3.6697 4.6661 
90 8.5047 8.4034 3.6602 4.6695 
100 8.5278 8.4331 3.6561 4.6707 
120 8.6102 8.4913 3.6461 4.6717 
140 8.6553 8.5091 3.6456 4.6719 
160 8.6883 8.5515 3.6356 4.6717 
180 8.7190 8.5601 3.6382 4.6719 
200 8.7457 8.5865 3.6387 4.6720 
250 8.7809 8.6278 3.6457 4.6715 
300 8.8149 8.6589 3.6499 4.6711 
350 8.8324 8.6676 3.6376 4.6714 
400 8.8602 8.6983 3.6483 4.6710 

K1 

K2 

2.02x104 

2.68x103 

2.18x104 

1.82x103 

9.18x103 

9.61x102 

- 

- 
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Titration curves for carboxylate anion of threonine with receptor 15 in CD3CN 
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Job’s plots for carboxylate anion of threonine with receptor 15 in CH3CN 
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aj) NMR titration data for carboxylate anion of serine with receptor 15 in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 3.74 mM 

Concentration of guest solution: 37.4 mM 

Association constant:   1.22x101 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 8.2518 8.1674 3.6957 4.6779 
5 8.2682 8.1678 3.6966 4.6782 
10 8.2726 8.1833 3.6958 4.6782 
20 8.2858 8.1919 3.6954 4.6776 
30 8.2922 8.1930 3.6934 4.6773 
40 8.3034 8.2033 3.6925 4.6766 
50 8.3067 8.2074 3.6907 4.6765 
60 8.3223 8.2119 3.6907 4.6756 
70 8.3243 8.2232 3.6897 4.6763 
80 8.3243 8.2317 3.6881 4.6757 
90 8.3309 8.2391 3.6879 4.6758 
100 8.3386 8.2406 3.6829 4.6751 
120 8.3551 8.2536 3.6826 4.6725 
140 8.3607 8.2672 3.6813 4.6731 
160 8.3695 8.2748 3.6793 4.6708 
180 8.3935 8.2842 3.6750 4.6650 
200 8.4024 8.2945 3.6718 4.6700 
250 8.4386 8.3365 3.6574 4.6620 
300 8.4937 8.3705 3.6541 4.6640 
350 8.5277 8.4022 3.6548 4.6584 
400 8.5649 8.4337 3.6494 4.6621 

K1 1.13x101 1.31x101 - - 
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Titration curves for carboxylate anion of serine with receptor 15 in CD3CN 
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Job’s plots for carboxylate anion of serine with receptor 15 in CH3CN 
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ak) NMR titration data for acetate with 14·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   - 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9007 6.9007 3.6334 4.6808 
5 6.9623 6.9623 3.6355 4.6808 
10 7.0090 7.0090 3.6355 4.6816 
20 7.0326 7.0326 3.6450 4.6783 
30 7.0698 7.0698 3.6367 4.6766 
40 7.1107 7.1107 3.6338 4.6770 
50 - - 3.6384 4.6799 
60 - - 3.6400 4.6712 
70 - - 3.6235 4.6725 
80 - - 3.6264 4.6741 
90 7.6374 7.6374 3.6182 4.6685 
100 7.9055 7.9055 3.6235 4.6729 
120 8.2618 8.4023 3.6169 4.6613 
140 8.3961 8.6367 3.6131 4.6580 
160 8.5114 8.7437 3.6136 4.6576 
180 8.5577 8.8086 3.6090 4.6580 
200 8.5945 8.8533 3.6065 4.6576 
250 8.6454 8.9120 3.6057 4.6576 
300 8.6838 8.9446 3.6049 4.6584 
350 8.7028 8.9698 3.6007 4.6588 
400 8.7330 8.9855 3.5991 4.6630 

K1 - - - - 
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Titration curves for acetate with 14·Na+ in CD3CN 
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Job’s plots for acetate with 14·Na+ in CH3CN 
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al) NMR titration data for benzoate with 14·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   - 

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9652 6.7512 3.6336 4.6847 
5 7.0168 6.8099 3.6329 4.6783 
10 7.0444 6.8535 3.6311 4.6797 
20 7.0646 6.8816 3.6339 4.6775 
30 7.0700 6.8804 3.6319 4.6761 
40 7.0775 6.8848 3.6358 4.6770 
50 7.0949 6.8913 3.6360 4.6816 
60 7.1037 6.8947 3.6348 4.6752 
70 7.1136 - 3.6353 4.6802 
80 7.1291 - 3.6330 4.6830 
90 7.1510 - 3.6370 4.6807 
100 7.1719 - 3.6318 4.6794 
120 - - 3.6346 4.6819 
140 - - 3.6346 4.6858 
160 - - 3.6359 4.6907 
180 - - 3.6310 4.6861 
200 8.0382 8.0382 3.6306 4.6906 
250 8.5334 8.5334 3.6293 4.6949 
300 8.6478 8.6478 3.6290 4.6990 
350 8.7114 8.7114 3.6336 4.7016 
400 8.7397 8.7397 3.6344 4.7024 

K1 - - - - 
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Titration curves for benzoate with 14·Na+ in CD3CN 
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Job’s plots for benzoate with 14·Na+ in CH3CN 
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am) NMR titration data for dihydrogen phosphate with 14·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   - 

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9086 6.6784 3.6388 4.6795 
5 6.9164 6.6949 3.6429 4.6828 
10 6.9115 6.7106 3.6454 4.6828 
20 6.9127 6.6974 3.6396 4.6841 
30 6.9127 6.6895 3.6392 4.6861  
40 6.9127 6.6812 3.6412 4.6849 
50 6.9123 6.6891 3.6396 4.6861  
60 6.9119 6.6854 3.6379 4.6812  
70 6.9127 6.6912 3.6396 4.6824  
80 6.9148 6.6974 3.6446 4.6849  
90 6.9127 6.6850 3.6425 4.6828 
100 6.9127 6.6866 3.6396 4.6841  
120 6.9135 6.6908 3.6408 4.6828  
140 6.9131 6.6994 3.6404 4.6841  
160 6.9131 6.6990 3.6404 4.6849 
180 6.9160 6.7069 3.6437 4.6861 
200 6.9164 6.7015 3.6371 4.6870 
250 6.9144 6.7213 3.6388 4.6828  
300 6.9156 6.7284 3.6388 4.6828  
350 6.9139 6.7366 3.6392 4.6808 
400 6.9168 6.7569 3.6417 4.6828 

K1 - - - - 
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Titration curves for dihydrogen phosphate with 14·Na+ in CD3CN 
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Job’s plots for dihydrogen phosphate with 14·Na+ in CH3CN 
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an) NMR titration data for phenylphosphinate with 14·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   - 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9662 6.9207 3.6404 4.6821 
5 6.9378 6.9175 3.6392 4.6828 
10 6.9377 6.9115 3.6388 4.6766 
20 6.9048 6.9044 3.6280 4.6746 
30 6.9072 6.9067 3.6357 4.6770 
40 6.9077 6.9072 3.6408 4.6793 
50 6.9084 6.9079 3.6385 4.6789 
60 6.9066 6.9061 3.6402 4.6753 
70 6.9029 6.9033 3.6387 4.6782 
80 6.9063 6.9068 3.6403 4.6795 
90 6.9041 6.9036 3.6394 4.6731 
100 6.8964 6.8969 3.6401 4.6753 
120 6.8832 6.8827 3.6403 4.6723 
140 6.8756 6.8751 3.6412 4.6689 
160 6.8590 6.8585 3.6402 4.6711 
180 6.8446 6.8442 3.6400 4.6632 
200 6.8249 6.8254 3.6404 4.6563 
250 6.8183 6.8178 - 4.6458 
300 6.7467 - - 4.6466 
350 6.7335 - - 4.6488 
400 6.7324 - - 4.6477 

K1 - - - - 
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Titration curves for phenylphosphinate with 14·Na+ in CD3CN 
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Job’s plots for phenylphosphinate with 14·Na+ in CH3CN 
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ao) NMR titration data for diphenylphosphate with 14·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   1.79×103 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9206 6.9206 3.6398 4.6796 
5 7.0206 6.9122 3.6243 4.6769 
10 - 6.9067 3.6147 4.6731 
20 - 6.8955 3.5895 4.6652 
30 7.4968 6.8871 3.5710 4.6606 
40 7.5266 6.8821 - 4.6533 
50 7.6014 6.8799 - 4.6503 
60 7.7214 6.8778 - 4.6477 
70 7.7662 6.8793 - 4.6432 
80 7.8472 6.8719 - 4.6403 
90 7.8931 6.8809 - 4.6405 
100 7.9524 6.8729 - 4.6387 
120 8.0315 - - 4.6310 
140 8.0437 - - 4.6279 
160 8.0756 - - 4.6260 
180 8.1042 - - 4.6262 
200 8.1052 - - 4.6256 
250 8.1262 - - 4.6246 
300 8.1448 - - 4.6235 
350 8.1504 - - 4.6230 
400 8.1603 - - 4.6220 

K1 2.15×103 - - 1.42×103 
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Titration curves for diphenylphosphate with 14·Na+ in CD3CN 
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Job’s for diphenylphosphate plots with 14·Na+ in CH3CN 
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ap) NMR titration data for carboxylate anion of aspartic acid with 14·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   K1: 1.74x105 M-1 (ave) 

K2: 1.84x104 M-1 (ave) 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9235 6.9128 3.6327 4.6802 
5 6.9624 6.9138 3.6360 4.6845 
10 6.9943 6.9128 3.6357 4.6740 
20 7.0426 6.9158 3.6281 4.6776  
30 7.1029 6.9182 3.6319 4.6764  
40 - 6.9203 3.6282 4.6809 
50 - 6.9251 3.6337 4.6790 
60 7.5839 6.9333 3.6215 4.6677  
70 7.8525 6.9831 3.6121 4.6610 
80 8.3960 7.0601 3.6028 4.6500 
90 8.5887 7.1163 3.6021 4.6407  
100 8.6865 7.1063 3.6014 4.6434  
120 8.7997 - - 4.6447 
140 8.8909 - - 4.6431 
160 8.9766 - - 4.6443 
180 9.0450 - - 4.6565 
200 9.0505 - - 4.6749 
250 9.2190 - - 4.6670 
300 - - - 4.6667 
350 - - - 4.6489 
400 - - - 4.6721 

K1 

K2 

1.74x105 

1.84x104 

- 

- 

- 

- 

- 

- 
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Titration curves for carboxylate anion of aspartic acid with 14·Na+ in CD3CN 
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Job’s plots for carboxylate anion of aspartic acid with 14·Na+ in CH3CN 
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aq) NMR titration data for carboxylate anion of glutamic acid with 14·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   5.37x103 M-1 (ave) 

Volume added

/µL 

-NHbCH2- 

/ppm 

-CONHc- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9068 6.7122 3.6375 4.6785 
5 6.9073 7.0323 3.6390 4.6796 
10 6.9149 7.1742 3.6410 4.6778 
20 6.9445 - 3.6333 4.6732 
30 - 7.8545 3.6310 4.6644 
40 - 8.2152 3.6175 4.6620 
50 8.0461 8.4008 3.6062 4.6542 
60 8.1176 8.5522 3.6059 4.6520 
70 8.2265 8.6403 3.6055 4.6512 
80 8.3135 8.7335 3.6053 4.6534 
90 8.3497 8.7842 3.6035 4.6543 
100 8.3530 8.7986 3.6029 4.6556 
120 8.4233 8.8699 3.6025 4.6620 
140 8.4728 8.9613 - 4.6665 
160 8.5138 9.0122 - 4.6738 
180 8.5399 9.0703 - 4.6810 
200 8.5620 9.0978 - 4.6868 
250 8.5961 9.1858 - 4.6904 
300 8.6169 9.2312 - 4.6873 
350 8.6277 9.2598 - 4.6969 
400 8.6312 9.2718 - 4.6951 

K1 6.30x103 4.44x103 - - 
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Titration curves for carboxylate anion of glutamic acid with 14·Na+ in CD3CN 
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Job’s plots for carboxylate anion of glutamic acid with 14·Na+ in CH3CN 
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ar) NMR titration data for acetate with 15·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 10.7 mM 

Association constant:   2.80×104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 7.0325 6.8226 3.6622 4.6833 
5 7.0800 6.9059 3.6632 4.6858 
10 7.1195 6.9476 3.6632 4.6785 
20 7.1017 7.1017 3.6638 4.6768 
30 - - 3.6617 4.6761 
40 - - 3.6621 4.6721 
50 7.4914 7.4914 3.6614 4.6705 
60 7.5485 7.5485 3.6620 4.6688 
70 7.6289 7.6717 3.6620 4.6682 
80 7.8304 7.7744 3.6608 4.6652 
90 7.9038 7.9038 3.6598 4.6627 
100 8.0228 8.0228 3.6605 4.6606 
120 8.3177 8.4938 3.6597 4.6567 
140 8.3957 8.5761 3.6585 4.6548 
160 8.4248 8.6150 3.6588 4.6549 
180 8.4420 8.6313 3.6592 4.6553 
200 8.4582 8.6519 3.6582 4.6546 
250 8.5247 8.7338 3.6544 4.6524 
300 8.6049 8.8382 3.6492 4.6494 
350 8.6478 8.8855 3.6462 4.6475 
400 8.6521 8.8832 3.6452 4.6466 

K1 3.65x104 3.82x104 - 9.28x103 
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Titration curves for acetate with 15·Na+ in CD3CN 
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Job’s plots for acetate with 15·Na+ in CH3CN 
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as) NMR titration data for benzoate with 15·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 10.7 mM 

Association constant:   9.82x102 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.8561 6.5929 3.6766 4.6841 
5 6.8564 6.6023 3.6768 4.6848 
10 6.8572 6.5984 3.6733 4.6840 
20 6.8616 6.6047 3.6808 4.6847 
30 6.8731 6.6144 3.6775 4.6927 
40 6.8904 6.6377 3.6784 4.6956 
50 6.8936 6.6395 3.6752 4.6867 
60 6.8968 6.6401 3.6776 4.6961 
70 6.8993 6.6415 3.6769 4.6999 
80 6.9011 6.6467 3.6758 4.6966 
90 6.9022 6.6565 3.6774 4.6966 
100 6.9034 6.6563 3.6796 4.7002 
120 6.9075 6.6557 3.6769 4.7002 
140 6.9102 6.6608 3.6788 4.6955 
160 6.9118 6.6609 3.6746 4.6971 
180 6.9141 6.6654 3.6767 4.6978 
200 6.9159 6.6687 3.6779 4.6959 
250 6.9218 6.6733 3.6780 4.6938 
300 6.9283 6.6769 3.6637 4.6938 
350 - - - - 
400 - - - - 

K1 - 9.82x102 - - 
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Titration curves for benzoate with 15·Na+ in CD3CN 
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Job’s plots for benzoate with 15·Na+ in CH3CN 
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at) NMR titration data for dihydrogen phosphate with 15·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 10.7 mM 

Association constant:   5.39x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9222 6.6846 3.6784 4.6845 
5 6.9375 6.7094 3.6755 4.6857  
10 6.9478 6.7197 - 4.6878 
20 6.9805 6.7647 3.6879 4.6874  
30 7.0094 6.7850 3.6859 4.6861 
40 7.0334 6.8429 3.6809 4.6812  
50 7.0615 6.8627 3.6830 4.6770 
60 7.0884 6.8920 3.6921 4.6820 
70 7.0979 6.9247 3.6892 4.6841  
80 7.1128 6.9263 3.6875 4.6803  
90 7.1148 6.9342 3.6863 4.6696  
100 7.1247 6.9578 3.6879 4.6787  
120 7.1648 6.9757 3.6842 4.6766  
140 - 7.0371 3.6875 4.6750 
160 - 7.1016 3.6879 4.6766 
180 - 7.3583 3.6896 4.6762 
200 - 7.3579 3.6917 4.6770 
250 - 7.3566 3.6834 4.6774 
300 - 7.3558 3.6830 4.6737 
350 - 7.3554 3.6863 4.6750 
400 7.6769 7.3732 3.6871 4.6729 

K1 2.95x104 7.82x104 - - 
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Titration curves for dihydrogen phosphate with 15·Na+ in CD3CN 
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Job’s plots for dihydrogen phosphate with 15·Na+ in CH3CN 
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au) NMR titration data for phenylphosphinate with 15·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 22.7 mM 

Association constant:   4.58x104 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.9072 6.6669 3.6769 4.6843 
5 7.0189 6.7969 3.6769 4.6843 
10 7.1149 6.9179 3.6725 4.6785 
20 - - 3.6667 4.6755 
30 - - 3.6582 4.6672 
40 - - 3.6500 4.6596 
50 7.7157 7.7157 3.6477 4.6604 
60 7.7477 7.7477 3.6466 4.6585 
70 7.7762 7.7762 3.6450 4.6554 
80 7.8081 7.8081 3.6442 4.6554 
90 7.8960 7.8960 3.6418 4.6554 
100 7.9258 7.9258 3.6413 4.6532 
120 8.0271 8.0271 3.6395 4.6536 
140 8.1834 8.1834 3.6337 4.6543 
160 8.3418 8.3418 3.6299 4.6527 
180 8.4486 8.4486 3.6255 4.6497 
200 8.5587 8.5587 3.6208 4.6453 
250 8.7448 8.8295 3.6093 4.6378 
300 8.7722 8.8580 3.6073 4.6362 
350 8.7755 8.8580 3.6067 4.6358 
400 8.7733 8.8613 3.6056 4.6357 

K1 3.90×104 1.25×105 9.61×103 9.56×103 
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Titration curves for phenylphosphinate with 15·Na+ in CD3CN 

-0.5

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7 8

Concentration of anion (mmol)

∆δ
(ppm)

CSNHCH2CH2
CSNHCH2Ar
CH2CH2NHCS
ArCH2NHCS

 
 

Job’s plots for phenylphosphinate with 15·Na+ in CH3CN 
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av) NMR titration data for diphenylphosphate with 15·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.17 mM 

Concentration of guest solution: 18.7 mM 

Association constant:   1.11×104 M-1 (ave) 

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 - - 3.9935 - 
5 - - 3.6339 4.6909 
10 - - 3.6085 4.6787 
20 - - 3.5590 4.6571 
30 - - - 4.6488 
40 - - - 4.6375 
50 - - - 4.6307 
60 - - - 4.6278 
70 - - - 4.6272 
80 - - - 4.6257 
90 - - - 4.6227 
100 - - - 4.6228 
120 - - - 4.6225 
140 - - - 4.6208 
160 - - - 4.6190 
180 - - - 4.6039 
200 - - - 4.5952 
250 - - - 4.6024 
300 - - - 4.5992 
350 - - - 4.5998 
400 - - - 4.6028 

K1 - - - 1.11×104 
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Titration curves for diphenylphosphate with 15·Na+ in CD3CN 
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Job’s plots for diphenylphosphate with 15·Na+ in CH3CN 
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aw) NMR titration data for carboxylate anion of aspartic acid with 15·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 10.7 mM 

Association constant:   1.62x102 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.8641 6.6163 3.6783 4.6797 
5 6.8859 6.6355 3.6757 4.6889 
10 6.9133 6.6680 3.6773 4.6797 
20 6.9650 6.7289 3.6802 4.6785 
30 6.9962 6.7849 3.6801 4.6928 
40 7.0301 6.8307 3.6747 4.6849 
50 7.0773 6.8818 3.6739 4.6687 
60 7.1007 - 3.6717 4.6698 
70 7.1513 - 3.6783 4.6712 
80 7.1106 - 3.6775 4.6756 
90 7.1657 - 3.6740 4.6825 
100 7.1668 - 3.6622 4.6844 
120 - - 3.6764 4.6842 
140 - - 3.6768 4.6777 
160 7.4034 - 3.6652 4.6776 
180 7.4077 - 3.6631 4.6733 
200 7.4110 - 3.6675 4.6727 
250 7.4435 - 3.6652 4.6742 
300 7.4840 - 3.6785 4.6679 
350 - - 3.6683 4.6647 
400 7.5720 - 3.6605 4.6627 

K1 1.62x102 - - - 
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Titration curves for carboxylate anion of aspartic acid with 15·Na+ in CD3CN 
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Job’s plots for carboxylate anion of aspartic acid with 15·Na+ in CH3CN 
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ax) NMR titration data for carboxylate anion of glutamic acid with 15·Na+ in CD3CN 

Solvent:    CD3CN 

Starting volume of host solution: 600µL 

Concentration of host solution: 1.87 mM 

Concentration of guest solution: 10.7 mM 

Association constant:   9.36x101 M-1 (ave)  

Volume added

/µL 

-NHbCH2- 

/ppm 

-NHaCH2- 

/ppm 

-CH2
eNH- 

/ppm 

-CH2
dNH- 

/ppm 

0 6.8767 6.6201 3.6799 4.6766 
5 6.8939 6.6433 3.6762 4.6889  
10 6.9181 6.6719 3.6703 4.6812  
20 6.9512 6.7084 3.6805 4.6871  
30 6.9648 6.7522 3.6786 4.7011  
40 7.0086 6.7941 3.6787 4.6943  
50 7.0306 6.8345 3.6826 4.6816  
60 7.0594 6.8720 3.6799 4.6704 
70 7.0877 6.8898 3.6765 4.6706  
80 7.1148 - 3.6791 4.6728 
90 7.1473 - 3.6813 4.6781 
100 7.1583 - 3.6785 4.6750 
120 - - 3.6779 4.6781 
140 - - 3.6823 4.6854 
160 7.4048 - 3.6791 4.6844 
180 7.4130 - 3.6792 4.6749 
200 7.4212 - 3.6788 4.6811 
250 7.4421 - 3.6780 4.6769 
300 7.4618 - 3.6786 4.6774 
350 7.4809 - 3.6788 4.6771 
400 7.5035 - 3.6684 4.6702 

K1 9.36x101 - - - 
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Titration curves for carboxylate anion of glutamic acid with 15·Na+ in CD3CN 
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Job’s plots for carboxylate anion of glutamic acid with 15·Na+ in CH3CN 
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