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Abstract 

This thesis presents a study of apolar host-guest complexations between a bowl-shaped 

cavitand host and small neutral organic guest molecules in aqueous solutions. The water-

soluble host molecule-cavitand 1, with methyl groups on the r im positions and hydrophilic 

phosphate groups at the pendent positions, was synthesized. It forms 1:1 host-guest complexes 

in aqueous solutions exclusively with most investigated guest molecules. Binding constants of 

these complexes were determined from ' H N M R titration experiments. The strongest bindings 

were found between host 1 and small ester guest molecules. Variable temperature N M R 

titration experiment uncovered that binding processes were driven by favorable enthalpy 

changes accompanied with unfavorable entropy changes. These results were discussed in 

terms of the attractive van der Waals interactions between host and guest as wel l as the 

hydrophobic effect. The geometry of the complexes in aqueous solution was elucidated by ' H 

N M R spectroscopy and molecular mechanics calculations. For guests containing two potential 

binding sites, they form isomeric complexes with host 1. 

R R 
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Chapter 1. Introduction 

1.1. General Introduction 

Molecular recognition is the process by which molecules selectively recognize other 

molecules in a structurally well-defined pattern through weak intermolecular forces.1 This 

process, i.e., the formation of host-guest complexes, plays a fundamental role in many 

biological processes. Enzymes, receptors, antibodies, membranes, carriers and channels are 

all examples of natural systems that take part in molecular recognition events. Figure 1 

depicts a schematic representation of host-guest complexation.2 These biological processes 

are typically highly efficient and selective towards a given substrate. Despite extensive 

research efforts, the forces that control molecular recognition processes in nature are not 

yet fully understood. 

Figure 1.1 Selective complexation (molecular recognition) of a convex molecular 

guest by a spatially complementary (concave) organic host molecule. 

1 



Pederson's discovery of stable crown ether metal ion complexes in 1967 was the first 

published example of complexation with synthetic receptors.3 Since then, others have put 

much effort into mimicking and understanding biological molecular recognition processes 

by using structurally much simpler synthetic receptors.4 This has led to the development of 

the field of supramolecular chemistry. Supramolecular chemistry is the discipline of 

chemistry which involves all intermolecular interactions where covalent bonds are not 

established between the interacting species.5 One aspect of the supramolecular chemistry, 

host-guest chemistry, is mimicking nature to develop substrate specific receptor molecules. 

Many of these non-natural systems studied are characterized by the formation of inclusion 

complexes between a larger, well-defined, structurally rigid host possessing a relatively 

apolar cavity and the specific smaller organic guests. 

Many of these systems have been studied in organic media,6 in which weak 

noncovalent interactions can be readily observed and utilized. The studies in aqueous 

media are of particular interest as they closely resemble the natural systems and as such 

may provide better insight into them. The intermolecular forces that occur in aqueous 

solutions, which include van der Waals, hydrophobic interactions, hydrogen bonding, and 

electrostatic interactions, are identical to those partaking in fundamental biological 

processes. Among these noncovalent forces, hydrophobic interactions play a predominant 

role in biological processes. Hydrophobic interaction denotes the tendency of nonpolar 

molecules to form aggregates in aqueous solutions. In 1959, Kauzmann introduced the 

concept of hydrophobic interactions as the solvent-induced attractive forces between apolar 

molecules or moieties in aqueous solution.7 These interactions are related to the nature of 

water which is a liquid characterized by an extended network of hydrogen bonds and an 

2 



extremely high cohesive energy density.8 One point of view to account for hydrophobic 

interaction is when the nonpolar molecules intrude into water, the strong intermolecular 

hydrogen bonding of water must be modified at the surface of the nonpolar solute molecule 

to accommodate them. The resulting orientations are more restricted in the presence of 

nonpolar solute molecules, which lead to a large loss of entropy. The tendency for water 

molecules to avoid entropically unfavorable interactions with apolar solutes provides the 

large driving force for the aggregation of the apolar solutes. This demonstrates the 

"classical" view of interactions between apolar species in water, which is believed to be 

entropy driven. But this view is still quite controversial since many workers have found 

that the hydrophobic association may be either driven entropically or enthalpically.9 This 

encouraged scientists to explore new water-soluble synthetic host molecules that facilitate 

the study of hydrophobic association in water. 

This thesis studies the hydrophobic association between cavitand host 1 (Figure 1.2) 

and various small, neutral organic guest molecules in aqueous solutions. By measuring the 

binding constants and thermodynamic data involved in the complexation processes, we 

gain valuable insight into the non-covalent forces that control the molecular recognition in 

water. The next sections of this chapter will give an overview on several well-known 

examples of water-soluble hosts and their complexation properties in aqueous solutions. 

3 
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Figure 1.2 Structure of cavitand 

1.2. Water-Soluble Hosts and Their Complexing Properties 

Of all known water-soluble hosts, cyclodextrins (CDs) provided the first, and 

probably the most important, examples of relatively simple organic compounds that 

exhibited complex formation with other organic molecules in water.10"14 CDs are a-1,4-

linked cyclic oligomers of D-glucopyranose (six, seven or eight sugar moieties for 

a- , (3-, y-CD's, respectively), (Figure 1.3). Since they are nontoxic, and commercially 

available natural products, they have found wide applications in pharmaceutical science,10 

food chemistry, and separation and sensor technologies. n ' 1 2 The host-guest chemistry of 

cyclodextrins has been the subject of numerous books and recent review articles.11'13"14 In 

context of the present work, an in depth discussion of CD's host guest chemistry is beyond 

the scope of this thesis. Thus, the following sections will primarily focus on artificial hosts. 

4 
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a P y 

Figure 1.3 Schematic representation of a - , (3- and y-cyclodextrin 

A. Water-Soluble Cyclophanes and Their Complexation Properties 

Cyclophanes, which are bridged aromatic macrocycles, play a central role in 

supramolecular chemistry.15 The term "cyclophane" (derived from Cram and Steinberg's 

[2,2]paracyclophane 2) 1 6 encompass all molecular receptors with at least one aromatic ring 

bridged by at least one aliphatic n-membered chain.1 5 8 

2 

Figure 1.4 Cram and Steinberg's [2,2]paracyclophane 2 

Cyclophanes have become the major class of synthetic organic hosts that substitute 

cyclodextrins to study host-guest chemistry in aqueous solutions.15 Other macrocycles such 

as calixarenes, resorcinarenes and cavitands, which will be discussed in more detail in later 

sections, are all in fact special types of cyclophanes. 

5 



In the early 1970's, Tabushi, Murakami and co-workers first examined host-guest 

interactions of cyclophanes in aqueous solution.17 Since then, a large variety of water-

soluble cyclophanes with diverse hydrophobic cavities have been synthesized and their 

complexation properties with a variety of guest molecules have been studied extensively.15 

However, it was not until 1980, that Koga reported the first conclusive evidence for the 

18 

inclusion of an apolar guest within the cavity of cyclophane 3 in aqueous media. 

Cyclophane 3 is water soluble only at pH < 2 due to protonation of the nitrogen. X-ray 

crystallography showed the product that was crystallized from an aqueous solution doped 

with durene contained the durene guest in the central cavity of cyclophane 3. This data 

provided the first unambiguous proof that it was indeed possible to design and build a 

water-soluble organic molecule with a hydrophobic cavity into which lipophilic guests 
i o 

would bind. 

This subsequently led to the synthesis of numerous analogues of Koga's initial 

design, differing only in the aliphatic linker.19 These Koga-type host's selectively bind 

aromatic guests over aliphatic guests on the basis of steric complementary between host 

and guest. 

3 

Figure 1.5 Koga's type cyclophane 
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Diederich introduced an important class of hosts, e.g., macrocycle 4, which has a 

21 

spiro-fused ring containing a quaternary ammonium moiety to induce water solubility. In 

these systems, the water solublizing nitrogens were located away from the cavity. These 

structures and their derivatives contain a purely hydrophobic binding site and have been 

extensively studied by Diederich and co-workers.21 For example, host 4 binds perylene 

very strongly (with A G 0 = -40.2 k> mof1 (A«>10 7 ) ) . 2 1 c Diederich studied binding with a 

number of lipophilic aromatic hydrocarbons. The Ka (binding constants) values obtained 

extensively follow the aqueous solubility sequence for these guests. At the mean time, a 

large reduction in binding stability was observed when the complexation was studied in 

methanol. These binding studies showed a favorable enthalpic contribution and a large 

unfavorable entropic contribution to the free energy of complexation in water. It is found 

that this large favorable enthalpic driving force is present only in aqueous solution, which 

indicate a special driving force for complexation exists only in water. Since water 

molecules are much less polarizable than organic substrates, the dispersion interactions 

between water molecules and the organic surfaces of both the binding site and the guest are 

less favorable than the interactions between the organic surfaces in the complex. Therefore, 

it is believed that hydrophobic and van der Waals interactions were the main forces for 

complexation of neutral aromatic guests in water for this host.21 

7 
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Figure 1.6 Diederich's cyclophane 4 and guest perylene 

Dougherty introduced a series of anthracene-bridged cyclophanes with the 

prototypical structure 5. 2 2 The bicyclic bridge greatly preorganized the structure, locking 

the diphenyl methane unit into a rigid, face-to-face arrangement that would appear to be 

optimal for binding. Also, it allowed the introduction of carboxylate groups, held rigidly in 

a position remote from the hydrophobic cavity, to impart water-solubility. Interestingly, 

Dougherty found that these hosts (e.g. 5) preferentially bound electron-deficient aromatic 

guests, which provided evidence that electron donor-acceptor rc-stacking interactions were 

more important than hydrophobic effects for complexations between these electron rich 

hosts and neutral guest molecules in aqueous media.22 Thermodynamic data revealed that 

large negative enthalpic values were accompanied with binding of electron-deficient guests 

(e.g. G l and G2), while a more positive entropy was found when binding with a more 

hydrophobic guest (e.g. G4). 
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Figure 1.7 Structure of cyclophane 5 

Penades made a number of "glycophanes" (e.g. 6) which can be considered as hybrids 

of cyclodextrins and cyclophanes.23 These are particularly useful for studying carbohydrate 

recognition processes; such recognition is considered to be more complicated than 

recognition of other biological molecules such as amino acids (for example) due to the 

molecular complexity of the carbohydrates. 

6 

Figure 1.8 Structure of glycophane 6 
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Vogtle,2 4 Diederich25 and Collet2 6 have developed a number of elegant 

"macrobicyclic" systems, for example, 7, 2 4 8,2 4 9, 2 5 and 10.26 (Figure 1.9) These 

macrobicyclics provide a preorganized three-dimensional enforced hydrophobic cavity 

which is far superior for hydrophobic binding since noncovalent host-guest interactions are 

more effective in a well-desolvated and hydrophobic microenvironment.6 

For example, compound 10a can incorporate dichloromethane and chloroform into 

the spherical cavity in D 2 0 at 300 K.26 The driving force for stoichiometric C H 2 C I 2 

inclusion was measured as A G 0 = -5.3±0.5 kca> mol"1. These complexes are approximately 

1.4-2.0 kca> mol"1 more stable than those formed by the same guests and the analogous host 

10b (R=Me) in organic solvents.26 This reflects the stronger driving forces for neutral 

molecular complexation in aqueous solutions compared to organic solvents. 

7 8 

Figure 1.9 Structures of cyclophane 7-10 (to be continued) 
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B. Water-Soluble Calixarenes 

Calix[n]arenes are [1„] metacyclophanes, which are synthesized by condensation of 

formaldehyde with phenol under basic conditions.27 The bracketed number "n" between 

"calix" and "arene" specifies the size (or the number of benzene rings) of the macrocycle 

(mainly 4, 6 and 8). Calixarenes are a type of receptor that are structurally related to the 

cavitand host l(see Figure 1.2) which is the research focus of this thesis. 

The calix[4]arene skeleton has four different possible conformations in which the 

cone conformation (Figure 1.10) with all phenolic oxygen atoms on the same side of the 

molecule is most widely used. Calixarenes contain two distinct regions: (i) the "upper rim" 

11 



defined by the substituents para to the phenolic hydroxyl groups, and (ii) the "lower rim" 

defined by the phenolic groups adjacent to the methylene bridges. Derivatization of the 

upper and lower rims with appropriate polar groups can result in substantial solubility in 

aqueous media. 

2 R 

ORT R I O 

Cone Partial cone 1,2-alternate 1,3-Alternate 

Figure 1.10 Conformations of calix[4]arene 

Ungaro reported the first example of a water-soluble calix[4]arene in the fixed cone 

conformation,28 i.e., compound l i b , which was obtained by introducing four carboxylate 

groups at the lower rim of the parent compound 11a. Further reaction of tetracarboxylic 

acid l i b with amino acids gave the chiral water-soluble compound 11c. 

R' 

2 9 

n=4 

R' a: R=H, R'=C(CH3)3 

b: R=CH2COOH, R'=C(CH3)3 

c: R=CH2COONHCH(R")C02H, R'=C(CH3)3 

d: R=CH3, R'=C02H 

OR RO 

Figure 1.11 Calixarenes l la -d 

Introduction of carboxylic acid moieties at the upper rim, giving calixarene such as 

l i d , for example, has been reported by Gutsche et al 30 

12 



Calix[4]arene 11a forms inclusion complexes with aromatic guests such as benzene, 

toluene, and /^-xylene in the solid-state, but complexation of these guests in water by the 

analogous calix[4]arene tetracarboxylic acid l i b could not be observed. The same 

behavior was also observed by Gutsche with tetracarboxylic acid derivatives l i d . Due to 

their larger dimensions, the higher calixarenes l i d (n=6, 8) were able to bind polyaromatic 

guests such as naphthalene and perylene in water with association constants varying from 

less than 100 up to 4.4xl04 M " ' . 3 0 b Recently, the chiral tetracarboxylic acid 11c was used as 

a mobile phase additive in capillary electrophoresis allowing the enantiomeric resolution of 

racemic (± ) - l , l '-binaphthyl-2,2'-diyl hydrogen phosphate (BNHP). 2 9 

Shinkai and co-workers have reported several highly water-soluble sulfonated 

calix[n]arenes such as 12b.31 By applying similar methodology, Ungaro synthesized many 

lower rim functionalized, upper rim sulfonatocalix[4]arenes 12c4-12h4 (The subscript has 

the same meaning with the bracketed number "n").32 Synthetically, these compounds were 

readily obtained by treating the appropriate protio calixarene precursor (e.g. 12a4) with 

concentrated sulfuric acid.31 Calixarene 12b4 is conformationally mobile, while sulfonated 

calix[4]arenes 12c4-12h.4 are all locked in the cone conformation, differing only in cavity 

shape and rigidity due to the substituents at the lower rims. 

n=4 

a: R1=R2=H, R3=H 
b: R1=R2=H, R3=S03Na 
c: R1=R2=CH2C02H, R3=S03Na 
d: R1=R2=CH2CON(CH3)2, R3=S03Na 
e: R1=R2=CH2CH2OCH2CH3, R3=S03Na 
f: R^H, R2=CH2COOH, R3=S03Na 
g: R1=H, R2=CH2CH2OCH2CH3, R3=S03Na 
h: R1=R2=CH2CH(CH3)CH2CH3, R3=S03Na 

Figure 1.12 Calixarenes 12 
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At pD=7.3, calix[4]arene 12b4 formed complexes with trimethylanilinium cation 13 

(TMA, ^,=5600 M"1) and adamantyltrimethylammonium cation 14 (^-21000 M" 1). 3 1 

© <E 
NMe3CI 

0 © © 
NMeCI 

13 14 

The hexasulfonated calix[6]arene 12b6 and octasulfonated calix[8]arene 12bs have 

greater conformational flexibility compared to the homologous calix[4]arene 12b4. 

However both these hosts can bind ions and neutral molecules through an "induced fit" 

mechanism.31 Organic cations such as T M A form 1:1 host-guest complexes with 

calix[6]arene 12bfi, and both 1:1 and 1:2 complexes with the calix[8]arene 12bg. The 

stability constants are, however, lower than those found for calix[4]arene 12b. Examination 

of the thermodynamic parameters for the complexation process reveals that binding is due 

to both electrostatic and apolar forces, with the latter contributing more significantly in the 

case of hexa- and octa- sulfonated compounds (A large negative enthalpy was found in 

binding of 12b4, while a positive entropy change was accompanied with the complexation 

of 12b6 and 12bg.).31 A similar conclusion was reached in 1993 by Lokel and Kaifer who 

studied the inclusion complexation of ferrocene derivatives 15-17 in calix[6]arene 

hexasulfonate 12b6 in aqueous solution.33 £ a ' s of 10930±960 M" 1 , 7610±680 M" 1 , 

3650±360 M" 1 were calculated respectively for the ferrocene derivatives 15-17. *H NMR 
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data showed that the ferrocene moiety of the guests were included into the flexible 

calixarene cavity. 

Fe 
»H 

Fe Fe 

15 16 17 

Figure 1.13 Ferrocene derivatives 15-17 

The complexation behavior of calix[4]arene 12c4-12h4 with T M A , tetramethyl 

ammonium cation (TEMA), and oc-amino acids were also investigated.32 Although the 

observed inclusion of the apolar groups of T M A and a-amino acids suggest that 

hydrophobic effects may account for their complexation, all the studies thus far, indicated 

that these inclusion processes are in fact charge assisted. For example, using an analogue of 

12c4 which lacks of the sulfonate groups on the upper rim of the calixarene as host leads to 

a much smaller binding affinity with the guests that mentioned above. Usually the 

electrostatic interactions between the ammonium ion and the charged aromatic cavity are 

the major driving forces for this inclusion. 

Interestingly, derivatizing the lower versus the upper rim of calix[n]arenes with 

sulfonate groups results in hosts with different binding properties. 

A comparison of the binding properties of water-soluble calixarenes of type 12 

(Ri=R2=Me, Bu, Hex) and of type 18 using pyrene as the guest led to the conclusion that 

compounds 12 have a strong but non-selectively apolar binding site, whereas calixarenes 

18 have a relative weak but more selective binding site.34 For example, pyrene was 

15 



selectively bound by the calix[6]arene 18c, but not by the terra- or octa- derivatives of 18c. 

In contrast, the binding strengths of pyrene with calix[n]arenes 12 (Ri=R.2=Bu) increased 

with the number of n (n=4-8). This may be accounted for as follows: that alkyl groups on 

the different positions of the calixarenes act differently in the binding, viz.: alkyl groups at 

lower rims act as a cooperative binding site, while alkyl groups at upper rims control the 

cavity size. 

R 
a: R=H 
b: R=n-C 4 H 9 

c: R=C(CH 3 ) 3 

0 ( C H 2 ) 3 S 0 3 N a 

18 

Figure 1.14 Calixarenes 18a-c 

Other methods for imparting water-solubility include introduction of phosphonate,35 

trialkyl ammonium,3 6 and amino acid 3 7 groups at the upper rim of the calixarene. 

Besides the charged calixarenes that were mentioned above, some neutral water-

soluble calix[n]arenes have also been synthesized.38"41 The first such example was reported 

in 1990 by Shinkai and Reinhoudt,38 who synthesized calix[4]arene sulfonamide 194 by 

conversion of sulfonatocalix[4]arene 12b4 to its acid chloride using thionyl chloride and 

subsequent reaction with diethanolamine. 
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19: R^H, R2=S02N(CH2CH2OH)2 

20: Ri=CH3, R2=CH2C[C(0)NHC(CH2OH)3]3 
21a: R^CHaCOaCHaCHg, R2=S02NHC(CH2OH)3 

21b:R 1-CH 2C0 2CH 2CH 3, R2=S02N(CH2CH2OH)2 

Figure 1.15 Calixarenes 19-21 

Neutral water-soluble calixarenes 19 (n=6,8) bind strongly with naphthalene sulfonate 

compounds 22 and 23. 3 9 It was discovered that 23 is bound to calix[6]arene 196 and 

calix[8]arene 19g more strongly than 22, which was attributed to the fact that the more 

linear molecule 23 could be bound deeper into the calixarene cavity than the wider and 

bulkier shaped 22. Calix[8]arene 198 has a Ka value 4.2 times greater than that o f hexa-

derivative. 3 9 Since calix[8]arene 19s is advantageous in an induced-fit-type complexation; 

it is easier for calix[8]arene 19s to adopt a face-to-face orientation, which is required for 

hydrophobic interactions. Hydrophobic forces are explained as the main driving forces 

behind complexation in this system. 

Figure 1.16 Ionic guests 22 and 23 
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Newkome et. al. developed the silvanols (e.g. 20) with hydroxyl group-containing 

amides at the upper rim, 4 0 of which the calix[4]arene derivative contains 36 hydroxyl 

groups. Reinhoudt found that water-solubility of calixarenes can be dramatically improved 

by increasing the number of hydroxyl groups in calix[4]arene sulfonamides. Each 

additional hydroxyl group per aromatic unit of the calix[4]arene leads roughly to a 

hundred-fold increase in water-solubility41 For example, compound 21a can dissolve in 

water up to 0.3 M , while calix[4]arene 21b is only water soluble up to 9X10" 4 M 4 1 

C . Water-Soluble Resorcin[4]arenes 

Resorcin[n]arenes are calixarenes that are made using resorcinol. The acid-catalyzed 

condensation of resorcinol and aldehydes (formaldehyde, aliphatic and substituted 

benzaldehydes) lead to the selective formation of resorcin[4]arenes 24 4 2 Just like 

calix[4]arenes, resorcin[4]arenes consist of a number of distinct conformers of which the 

crown conformer (comparable to the cone conformer of the calix[4]arenes) is 

predominantly formed. Although resorcinarenes have been known for decades,42 very little 

complexation studies in aqueous media have been conducted with these systems. 
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H Q ,0H P--

HQ O 

HO O 

HO' OH O P' 
24 R=alkyl, aryl 25 

Scheme 1.1 Deprotonation of 24 under basic condition 

It is well known that in alkaline solution, each of the resorcinol units in 

resorcin[4]arene 24 is only singly deprotonated, resulting in the tetra-anion 25, which 

exhibits high stability (even in sodium methoxide solution) due to the formation of four 

charged hydrogen bonds and the derealization of the negative charges.433 

Schneider et al. first studied the host-guest complexation of resorcin[4]arene 25 in 

alkaline solution with a series of trimethyl ammonium derivatives.43 They concluded that 

the observed strong binding (Ka = 3xl0 4 M" 1 in 0.5N NaOD) with this host is due to 

electrostatic attraction between R.3N +Me and the anionic macrocycle. The binding strength 

is only moderately affected by changing the solvent polarity,43b which indicates that the 

hydrophobic effect is not the main driving force for this inclusion. It was found that the 

decrease in binding energy A G 0 has a linear relationship with the increase in distance (r) 

between the charge centers O" (on the host) and N + (on the guest) (estimated from CPK 

models), and it satisfied the simple Coulombic relationship. Also, neutral molecules, e.g. 

tert-butylphenol (Ka = 7 M"1 in 0.5N NaOD) are hardly complexed with the 

resorcin[4]arene 25.44 This indicates that the interaction is based almost exclusively on 

electrostatic interactions between the positively charged R.3N +Me and the negative charges 

in 25.45 More recently, the complexation of alkylammonium cations with resorcin[4]arenes 
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2 5 has also been confirmed by X-ray crystallographic analysis.46 This strong binding of 

methylammonium cations by resorcinarene 2 5 also suggests potential application as a 

molecular sensor. 4 7 For example, the orange fluorescence of the pyrene modified 

pyridinium dyes can be strongly quenched by complexation with 2 5 . On addition of the 

neurotransmitter acetylcholine to the nonflurescent solution of pyridinium dyes and 2 5 , the 

fluorescence regeneration can be observed. But the fluorescent spectra can not be affected 

by the addition of any other low molecular weight neurotransmitters. 

In 1990, Manabe and Shinkai made a new water-soluble resorcin[4]arene (26 ) by 

introducing hydrophilic sulfonate groups into resorcinarene 2 4 through a diazo-coupling 

reaction with jp-sulfonato benzene diazonium.48 Such extension of the upper cavity of 

resorcin[4]arenes enables complexation of even larger guest molecules, for example, 

adamantane (Ka = 2.0xl04 M"1), pyrene (Ka = 3.7xl04 M' 1) and coronene (Ka = 4.6xl04 

adamantane coronene pyrene 

Figure 1.17 Structures of the aromatic guests 
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N-Q-SOgNa 26 R=CH 3 , X= // 
— N 

27 R=CH 2 CH 2 S 0 3 Na a: X=H 
b :X=CH 3 

c: X=OH 

28 a : R = C H 3 X = H 2 C - N ^ j N - C H 3 

b: R=CH 3 X = C H 2 N ( C H 3 ) C H 2 C H 2 O H 

c: R=CH 3 X=CH 2 N(CH 3 )CH 2 CH 2 -Pyr 

d: R=CH 3 X= H 2 C-Np 

H0 2 C 

e: R=CH 3 X= H 2 C - r O 
H02<f 

_ / C H 3 

f : R=CH 3 X= H 2 C - N _ N © 
N C H 3 

g: R=CH 2 CH 2 S 0 3 Na X= H 2 C - l £ ) 
H0 2 C 

Figure 1.18 Structures of resorcinarenes 26-28 

Acid-catalyzed condensation of sodium 2-formyl ethane-1-sulfonate with resorcinol 

afforded tetra-sulfonate derivatives of resorcinarenes 27a-c.49 These molecules are readily 

soluble in water with solubilities up to 0.4 M at room temperature. 

Resorcin[4]arene tetrasulfonates 27a-c bind a series of relatively hydrophobic mono 

saccharide derivatives (some aldopentases and deoxy and methylated sugars), aliphatic 

alcohols (ethanol-hexanol)49 and (hydrophobic) amino acids50 in water with association 

constants in the order of 1 to 102 M" 1 . 'H NMR complexation induced shift data indicate 

that the hydrophobic moiety of the guest is incorporated in the aromatic cavity of the host. 
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Higher binding affinities were obtained in the cases of 27b (X=CH3) and 27c (X=OH) than 

with 27a (X=H), due to the electron-donating capacity of the CH3 and OH groups. Both 

27b and 27c favor hydrophobic over hydrophilic guests, viz., saccharides bearing three or 

more hydroxyl groups are hardly complexed by either of the hosts (Ka<10 M"1). However, 

hydrophilic guest molecules form stronger complexes with 27b, which has a more 

hydrophobic cavity. These results lead to the conclusion that for these calixarene 

derivatives, binding in water is not simply due to the hydrophobic effect but the CH-7C 

interactions involving the electron-rich benzene rings of the host as re-bases play an 

important role.51 

Matsushita and Matsui utilized the Mannich reaction to functionalize resorcin[4] 

arenes. Reaction of 24 (R=CH3) with formaldehyde and a secondary amine gave 

compounds 28a-c in 59-69% yield all of which are water-soluble under neutral conditions. 

Schneider and Schneider permethylated aminoresorcin[4]arene 28a to afford the 

quaternary ammonium salt 28f.53 More recently, Aoyama et. al. synthesized the chiral 

derivative 28g by introducing the L-prolinylmethyl moieties on the upper rim of the 

sulfonated resocinarene 27a using the Mannich reaction.54 Resorcin[4]arene 28g was used 

as a non-lanthanide chiral NMR shift reagent for aromatic guests in water. Thus, upon 

complexation of a pair of enantiomers, readily distinguishable NMR shifts for the aromatic 

hydrogen atoms of the guest appear.54 

Kijima et al obtained water-soluble dicationic resorcin[4]arene 29 by condensation of 

/?-amino benzaldehyde and resorcinol under acidic conditions, but no binding studies were 

reported.55 
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RG\ ,0R 29 R , = - 0 - N H 2 R 2 = -O-NH3CI R = H 

R Q OR 
30 R , = R 2 = C H 3 ; R = C H 2 C ( 0 ) N H ( C H 2 ) 3 N ( C H 3 ) 2 

OH 

RO OR 31 R = H ; R , = R ; 

OH 
RO OR 

Figure 1.19 Structures of resorcinarenes 29-31 

Williams et al. made the first neutral, water-soluble octaamino resorcin[4]arene 30 by 

alkylation of the hydroxyl group of the precursor resorcin[4]arene 24 with ethyl 

bromoacetate, followed by conversion of the ester groups with 3-(N, N-dimethylamino) 

propylamine to octaamide 30. 5 6 These authors have used 30 as an artificial esterase for 4-

nitrophenyl esters of a variety of carboxylic acids. The overall mechanism is believed to 

involve complexation of the substrate with the resorcin[4]arene 30 in the first step, 

followed by an intracomplex nucleophilic reaction of the dimethylamino moiety with the 

ester. The reactive N-acyl-ammonium species that is then formed breaks down rapidly via 

reaction with water to form an acid and regenerates the amines. At pH 9.6, resorcin[4]arene 

30 has a catalytic efficiency towards 4-nitro phenyl acetate 180 times higher than a 

dimethyl amino group of similar pKa
5 6  

Curtis developed the glycoside resorcin[4]arenes 31 by condensation of resorcinol 

with glysosidic aldehydes followed by deacylation of the hydroxyl group. It was 

suggested that 31 can be used as a potential chiral receptor. 
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D. Water-Soluble Cavitands 

By bridging the hydroxyl groups of the resorcinarene, one can make a new type of 

macrocycle with an extremely rigid cavity. The name cavitands was given by Cram to this 

class of synthetic compounds, which contain an enforced concave cavity sufficiently large 

to accommodate other molecules or ions.58 Cavitands are excellent receptors for specific 

binding of cations and neutral molecules due to their rigidity and enforced cavity. Most of 

the complexation studies to date of the cavitands have been performed in organic media. 

Water-soluble cavitand hosts are not as readily available as the other synthetic water-

soluble hosts discussed this far. As a result, little research has been published on the host-

guest complexation in aqueous media for these systems. 

i. Introducing Hydrophilic Functionalities into the Cavitand Rims 

Our group first synthesized the water-soluble cavitands 32a and 32b. 5 9 Both have 

similar solubilities (up to 0.4 M) in aqueous solutions, but they behave differently in water. 

The 'HNMR spectrum of 32b in D2O is sharp, well resolved and concentration 

independent. In contrast, the spectrum of 32a is broad, suggesting the pendent phenethyl 

groups promote aggregation in water.59 The thiol derivative 33a has been used to create de 

novo protein in aqueous solutions, by coupling 33a with peptide chains to give the so-

called "caviteins" 33b (i.e., covftand protein hybrid).60 However, no complexation studies 

were reported. 
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32 a: R ,= O N a R 2 = C H 2 C H 2 P h 

33 a : R , = S H 

b: R ,= O N a + R 2 = C H 3 

b: R^S-Pept ide R 2 = C H 3 

R 2 - C H 3 

34 R a. R 2 = C H 3 

b. R 2 = C 5 H n 

c. R 2 = C n H 2 3 

35 R ! = C H 2 B r a. R 2 = C H 3 

b. R 2 = C 5 H ! i 

c. R 2 = C U H 2 3 

Figure 1.20 Structures of cavitands 32-35 

More recently, Reinhoudt's group synthesized cationic cavitands 34a-c by reaction of 

bromomethyl cavitands 35 with pyridine in ethanol.61 These new cavitands show different 

behavior in water. Interestingly, it was found that the most hydrophobic cavitand 34c 

exhibits the highest water-solubility. This is attributed to the formation of aggregates as is 

evidenced from the considerable peak broadening observed in the 'H NMR spectra of 34b 

and 34c in water. 

Synthesis of another water-soluble cavitand by incorporating water-solubilizing 

groups at the rim position has been reported by Lemaire. Reaction between cavitand 35a 

and K C N in dry DMSO gave the tetrakis(cyanomethyl) cavitand which was hydrolyzed in 

an EtOH/H 2 0 mixture with K O H to give the carboxymethylene analogue 36 in 74% yield. 

Reaction between 35a and diethanol amine in dry DMSO gave 37 in 88% yield. 6 2 Water-

solubility studies showed that tetracarboxylic acid 36 was only soluble at pH 11, while 

cavitand 37 was soluble both in neutral and basic aqueous media. 
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36 R=COOH 

37 R=N(CH2CH2OH)2 

38 R - N — - . N 

Figure 1.21 Structures of cavitands 36-38 

Lamaire studied the complexing behavior of cavitands 32b, 36, and 37 with Cs + by 

UV-visible analysis.62 By measuring the absorption changes in the U V wavelength range 

for the ligand in the presence of increasing amounts of CsCl, they found only 32b showed a 

significant hypsochromic shift, which led to a stability constant value of 35x10 M" for a 

1:1 stoichiometry of Cs + and 32b.6 2 

Hong and coworkers synthesized another water-soluble cavitand 38 by reaction of 

bromomethylcavitand 35a with hexamethylenetetramine in C H C I 3 . 6 3 This cationic host 

binds anionic, aromatic guests strongly (Ka varied from 102 to 104 M" 1). 6 3 In this instance, 

electrostatic interactions as well as hydrophobic interactions are the major binding forces 

for the strong complexation in water. 
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ii. Introduction of Hydrophilic Functionalities into the Cavitand's Pendent 
Groups 

Incorporating the water-solubilizing functionalities into the pendent group of the 

cavitand can lead to a more "clear-cut" separation between the hydrophobic cavity and the 

polar groups that are necessary for water solubility. This could increase the lipophillicity of 

the binding site and aid in the analysis of binding phenomena by derealization of the 

hydrophilic end from hydrophobic cavity. 

Recently, our group has synthesized novel water-soluble cavitand 41 from the 

hydroxyl-footed methylene-bridged cavitand 39. 6 5 a Phosphate footed benzyl bromide 41a 

and benzyl thiol 41b were synthesized by phosphorylation of the propanolic feet with di-

tert-butyl N, N-diethylphosphoramidite (DDP). Oxidation with hydrogen peroxide at -78°C 

followed to afford terra tert-butyl-protected phosphate 40. Subsequent removal of the tert-

butyl groups with T F A afforded phosphate-footed benzyl bromide 41a. 41b was obtained 

via similar route accompanied by the protection and deprotection of the thiol group. 

a: R=Br b: R=SH 

Scheme 1.2 Synthetic route of cavitand 41 

Unfortunately, the phosphorylation did not proceed to completion and resulted in 

residual amounts of the corresponding tris-phosphate impurity. Attempts to further purify 
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the compound before and after removal of the tert-butyl groups were unsuccessful, but 

further derivatization led to isolable products. Thus, these new types of water-soluble 

cavitands open the door to a variety of new areas of cavitand chemistry for molecular 

recognition studies. They have also been used as templates for the organization of peptide 

structures.65b 

Rebek made the water-soluble cavitand 42b with an extended deep cavity.M b 

Octaamido cavitand 42 a shows moderate affinity for adamantane and cyclohexane 

derivatives in nonpolar solvents.643 The resulting complexes exhibit high kinetic stability. 

Desilylation of 42a with aqueous HC1 yields a dodecahydroxy cavitand, which quickly 

rearranged to the corresponding octahydroxyl tetraammonium salt 42b. 6 4 b 42b exhibits 

excellent water solubility and shows gross conformational changes by adding appropriate 

guests. The resulting complexes show slow exchange on the NMR time scale and high 

kinetic stability in water.6415 

R R 

Figure 1.22 Structures of cavitands 42a-b 
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Compound 42b forms dimer in water in its kite form (C2V symmetry, Figure 1.23) 

which equilibrates with the velcrand form (D2d symmetry), as is evident from 'H N M R and 

mass spectroscopies. By addition of appropriate guests, such as aminomethyladamantane 

and aminomethylcyclohexane hydrochlorides and N-methyl quinuclidinium trifluroacetate, 

the host symmetry returns to C4 V with guest signals showing slow exchange on 'H NMR 

time scale in which both the bound and the free guest signals are observed.64b 

Figure 1.23 Proposed schematic representation of the C4v-C2v-D2d conformation 

equilibrium for water-soluble cavitand 39b 

Hydrophobic interactions are believed to be the main driving forces here. 

Additionally, the convex hydrocarbon surfaces of the guests are complementary to the 

concave 7t-bonded inner surface of host 42b. However, cation-7t interactions are not strong, 

since the smaller guest wobutylammonium hydrochloride also fixes the vase cavity of 39b 

but doesn't result in a kinetically stable complex (indication of a weaker binding). There is 

certainly not enough hydrophobic contact within the host-guest complex to slow the 

exchange.6415 
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iii. Water-Soluble Carceplexes 

Hemicarceplexes are well-known candidates for drug delivery systems.66 Yoon and 

Cram synthesized the first water-soluble hemicacerand 44 in 15% yield by reaction of tetrol 

45 with dibromide 46 in N-methylpyrrolidinone (NMP) in the presence of CS2CO3. The 

67 
resulting ester 44 was then hydrolyzed to give octaacid 43 in 90% yield. 

Figure 1.24 Hemicarcerands 43,44 and their building blocks 45,46 

Hemicarcerand 43 can include various neutral aromatic and aliphatic compounds with 

different size, polarity and water-solubility within its enforced spherical cavity. NMR 

spectroscopy shows the guest's chemical shifts moved upfield by as much as 4 ppm 

30 



indicating that the guest is deeply held within the shielding interior of host 43. 

Unfortunately, no thermodynamic data was reported.66 

Based on Cram's structure, two novel closed-shell hemicarerands with enlarged 

portals have also been synthesized by Deshayes group.68 Host 47 was prepared from tetrol 

49, and 48 was obtained from triol 50, which is a by-product of 49. 

47 R=H R'=OH 

48 R=Et R'=H 

49 R'=OH 
50 R'=H 

Figure 1.25 Hosts 47,48 and their building blocks 49, 50 

Deshayes determined the thermodynamic values for hosts 47 and 48 for binding of 

neutral organic molecules. 'H NMR and microcalorimetry studies show this class of hosts 
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can tightly bind organic guests in water with binding constants in some cases greater than 

10 8 M" 1 , and that the binding depends upon guest hydrophobicity and shape.68 In all cases, 

the binding is enthalpy controlled, which indicates the association between host and guest 

is driven by guest desolvation as well as specific C H - T C interactions. Also, a general 

preference for binding aromatic guests over saturated ones was observed. An increase in 

van der Waals interactions between aromatic components could be responsible. 

1.3. Summary and Thesis Goal 

From the overview that was discussed so far, we can see that the study of host-guest 

chemistry in water with simple synthetic organic host molecules is quite promising to 

understand the fundamental aspect of molecular recognition involving organic guests. 

Many classes of water-soluble macrocycles like cyclophanes, calixarenes and 

resorcinarenes have been investigated extensively. Hydrophobic forces are definitely the 

main driving forces for binding of neutral, lipophlic organic molecules in water, but it is 

still unclear as to the nature of hydrophobic binding in these systems. Since many studies 

concluded that hydrophobic binding in these non-natural systems are controlled by the 

favorable change in enthalpy, which is contrary to that observed in many bio-systems 

where binding is driven by a favorable entropy change. Other attractive intermolecular 

forces, such as van der Walls forces, must also be considered. 

As we have seen, little research has been done on the hydrophobic association with 

cavitand type hosts. Will the cavitand, which is advantageous from its highly-preorganized 

structure, show stronger binding affinity toward neutral hydrophobic guests? If so, to what 
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extent will the hydrophobicity contribute to the binding in these systems? These questions 

compelled us to study the binding properties of water-soluble cavitand 1 (described in 

section 1.1) in aqueous solutions. The results are discussed in the following chapter. 
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Chapter 2. Synthesis and Binding Studies of Water-Soluble 

Phosphate-Footed Cavitand 

2.1. Introduction 

In chapter one, several types of water-soluble receptor host molecules were introduced. 

Many examples of diverse hydrophobic cavities suitable for selective inclusion of specific 

guest molecules were discussed. Besides the extensively studied water-soluble cyclophanes, 

calixarenes and resorcinarenes, there are only a few examples of water-soluble cavitands. The 

complexation behavior of cavitand-based receptors has been far less investigated (see chapter 

one). Cavitands are ideal for the study of host-guest complexation, since, unlike the above, 

they possess rigid concave cavities.1'2 The rigidity of cavitands has been extensively exploited 

to explore binding with neutral molecules in organic solvent,3 while little work has been done 

in water.4 

Our group first introduced a method of incorporating water-solubilizing phosphate 

groups into the pendent groups of the cavitand.5 This design is essential for study of host-

guest chemistry in aqueous solution, since the "charge-free" rim position is suitable for further 

derivatization to generate cavities with diverse size and shape. This facilitates us to study the 

host-guest chemistry of cavitand in water. Complexation of neutral molecules with cavitands 

may be much stronger in aqueous solutions due to the hydrophobic effect. 
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In this thesis, we describe the synthesis of a new water-soluble phosphate-footed 

cavitand 1 with methyl groups on the upper-rim positions of the hydrophobic cavity and the 

complexation behavior of cavitand 1 toward small neutral organic molecules in water. The 

importance of possible driving forces, i.e., hydrophobic interactions, van der Waals 

interactions, that control the observed associations were investigated by studying the binding 

thermodynamics. Our results suggests that the hydrophobic binding in water is controlled by 

both van der Waals and hydrophobic interactions. 

2.2. Synthesis and Characterization of Phosphate-Footed Cavitands 

Our group has previously reported the selective bridging of hydroxyl footed 

resorcinarenes 51a and 51b to afford cavitands 52a and 52b in yields up to 60%.6 The 

selective intramolecular bridging of adjacent phenols leaves the hydroxyl feet untouched. 

Subsequent derivatization led to functionalization of the upper rim and the incorporation of 

phosphate feet to give benzylthiol and benzylbromo cavitands 41a-41b as described earlier in 

chapter one.5 

X X 
HO. CH2BrCI, 

K 2 C 0 3 

R R 
51 52 

a. R = (CH2)4OH, X=H (35%), Br (55%) 
b. R = (CH2)3OH X=H (30%), Br (57%) 

Scheme 2.1 Synthesis of cavitand 52 via methylene bridging. 
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Hydroxyl-footed 2-methyl cavitand 54 was synthesized according to a previously 

reported procedure.5 Reaction of 2-methyl resorcinol with 2,3-dihydrofuran under acidic 

conditions gave compound 53 after one week in 81% yield. Subsequently, selective bridging 

of the phenolic hydroxyl groups with BrCFkG afforded rigid 2-methyl cavitand 54 in 53% 

yield. 

Scheme 2.2 Synthetic route of phosphate-footed cavitand. 
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Introduction of phosphate functionalities to the pendent groups of propanol footed 54 

was accomplished by a tetrazole catalyzed phosphorylating reaction to give 55. This reaction 

is often used for phosphorylation of many biomolecules such as phospholipids, carbohydrates 

and oligonucleotides.8 In our lab, di-tert-butyl-TV^-diethylphosphoramidite was previously 

used to phosphorylate the hydroxyl feet of cavitand 41a and 41b. This reagent works quite 

well for the benzylthiol cavitand 41b, but doesn't react completely with the benzyl-bromo 

cavitand 41a giving around 15% of the tris-phosphorylated by-product, which is inseparable 

from 41a.5 Di-tert-butyl-AVV-diethylphosphoramidite was first chosen to phosphorylate the 2-

methyl cavitand 54. This phosphorylation reaction gave 55 in very low yield; presumably 

tetrazole facilitated the decomposition of di-tert-iVyV-diethylphosphoramidete reagent.9 In 

contrast, 55 was more efficiently prepared with diphenyl-TA/^-diethylphosphoramidite 

(DDP). 1 0 Size-exclusion chromatography followed by radial chromatographic purification 

successfully separated the tetra-phosphorylate product from the tris-phosphorylated 

byproduct. (Evidence of the tris-phosphorylated cavitand as a separable by-product was 

obtained from MALDI MS spectra.) 

Further optimization of the phosphorylation conditions gave improved results (see Table 

2.1). From Table 2.1, it can be seen that increasing the ratio of cavitand 54:DDP (entries 

1,3,5) and extending the reaction time (entries 4-7) can increase the product yield 

tremendously, pushing the reaction to complete phosphorylation. It is believed that the first 

three OH- groups react very fast, while phosphorylation of the fourth hydroxyl group of 

cavitand 54 is the rate determining step. From entries 4-7, we can see that increasing the 

reaction time resulted in the formation of more tetra-phosphorylated product, and reduced the 

yield of tris-phosphorylated byproduct. Unfortunately, reaction times > 20 min. led to the 

42 



formation of another unidentified byproduct (as observed by T L C analysis). The optimized 

reaction conditions (entry 7) involved addition of 15 equivalents of DDP with a reaction time 

of 20 min, which gave 55 in 65% yield. Subsequent removal of the benzyl group by palladium 

(10% Pd/C) catalyzed hydrogenation (at 1 atm) afforded phosphate-footed 2-methyl cavitand 

56 (in 86% yield, scheme 2.1). To increase the water-solubility of the phosphate footed 

cavitand at moderate pH, the ammonium salt 1 of cavitand 56 was prepared by dissolution in a 

pH 9 buffer consisting of 0.10 M ammonium carbonate, which was freeze-dried (ammonium 

carbonate was used as buffer due to its volatility). This procedure was repeated three times to 

ensure full conversion to the ammonium salt. 

Table 2.1 Reaction conditions and the yields of the phosphorylating reaction. 

entry Rxn time 

(min) 

54:DDP:tetrazole 

(mole ratio) 

Yield of 55 Product ratio (55: tris-

byproduct) (mole ratio) 

1 10 1:5:15 10% -

2 5 1:10:30 11% -

3 10 1:10:30 15% -

4 5 1:15:45 18% 1.1:1 

5 10 1:15:45 40% 1.9:1 

6 15 1:15:45 57% 3.9:1 

7 20 1:15:45 65% Less than 1% of tris-

phosphorated product 
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Figure 2.1 400 MHz *H NMR spectra of the ammonium salt 1 (a) and its sodium salt 

analogue (b) in D 2 0 at ambient temperature. The symbols on the top-left corner of the spectra 

(a), (b) are just the symbolization of the specific salt, they don't present the true stoichiometry 

of the cation and anion in the salt. 
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Both sodium and ammonium salts of cavitand 56 was prepared to increase the water-

solubility of the phosphate-footed cavitand at moderate pH. 1 1 The sodium salt of 56 was made 

by adding 8 equivalents of sodium hydroxide in methanol drop-wise to a methanol solution of 

56, then the salt was precipitated out by adding drops of THF in the solution and evaporating 

some of the solvent. The ammonium salt 1 was finally chosen as the host in the binding 

studies, since its synthesis and purification is much more straightforward. Interestingly, the 

'H NMR spectrum (Figure 2.1a) of the ammonium salt 1 shows a slight downfield chemical 

shift (5HC

=3.90ppm) for the H c signal compared to the sodium salt counterpart of 56 

(8Hc=3.74ppm). This phenomenon is also observed when dissolving compound 54 in different 

phosphate or borate buffer solutions of varied pH's. The H c signal progressively shifts upfield 

with increasing basicity of the buffer solutions. This indicates that the protonation state of the 

four phosphate feet changes with pH and affects the chemical shift of the neighboring H c 

(Scheme 2.3). The phosphate groups of the sodium salt are more fully deprotonated than those 

of the ammonium salt. 

Scheme 2.3 Schematic representation of different deprotonation states of the phosphate feet in 

the cavitand under varying conditions. 
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Microanalysis showed that only 3.5 protons were replaced by NH3 and 4 H2O molecules 

were bound to each cavitand molecule. The same results were obtained in a second run even 

after resubmitting the sample to a higher concentration of (NH4) 2CC»3 buffer followed by 

freeze-drying. Since there are four phosphate groups in each cavitand molecule which are 

spatially close to each other, complicated intra- and inter- molecular hydrogen-bonding 

interactions may exist amongst the phosphates, H2O and ammonium ions. As more protons 

are removed from the phosphate feet, the acidity of the remaining protons decreases. 

2.3. Binding Studies 

A. Theory and Procedure 

Quantitative host-guest binding data is often obtained by measuring the association 

constants Ka of the complexation processes described by Equation 2.1. In most cases, a 1:1 

stoichiometric complex forms between the host and the guest (Equation 2.1). Many 

experimental methods have been developed for determination of binding constants, utilizing 

NMR, fluorescence, and UV/vis spectroscopies, as well as calorimetry, liquid-liquid 

extraction and chromatography. ' For systems involving interactions with aromatic rings, 

NMR spectroscopy has become the most useful method for the evaluation of binding 

constants (Ka). This is typically done by titration experiments, recording complexation 

induced shifts (CIS) as a function of the host or guest concentrations.12'13 The observed 

chemical shift changes are due to the different orientations of host and/or guest protons 

towards the shielding and deshielding regions of surrounding aromatic rings in the complex. 

Valuable structural information about the complexes in solution can also be obtained from the 
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NMR chemical shifts measurements of the complexed species; such information is difficult to 

extract from other methods. 

Host + Guest - Host-guest complex 

H G HG 

Equation 2.1 

K _ [HG] 

" [H][G] 

Equation 2.2 

([H], [G], [HG]= concentrations of the free host, free guest, and of the host-guest complex, 

respectively.) 

Guest exchange could be fast or slow on the NMR time scale. In most binding systems, 

fast complexation-decomplexation rates (fast exchange) compared to the 'H NMR time scale 

are observed, where the observed chemical shifts are the weighted average between the bound 

and unbound species. In slow exchange, the chemical shifts of the bound and free species are 

both observed in the *H NMR spectrum. 

i. Determination of Stoichiometry of the Complexes 

The stoichiometry of the binding between two species can be determined by applying 

10 

the continuous variation method (Job's plot). Basically, the method involves the preparation 

of a series of solutions that contain varied ratios of host and guest components. This is subject 

to the condition that the sum of the total host and guest concentration stays constant. If only a 

single stable complex formed in solution, the stoichiometry of the complex can be derived 
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from the maximum point of the conventional Job plot; For example, in a 1:1 binding system, 

the complex concentration [HG] will be the highest (maximum) in a solution where the total 

host concentration is equal to the total guest concentration ([H]0 = [G]n, guest mole fraction 

X G = 0.50). When [G] 0 < [H]0 (guest mole fraction is lower than 0.50) or [G] 0 > [ H ] 0 (guest 

mole fraction is higher than 0.50), the [HG] will be lower due to the limitation of the guest 

concentration or the host concentration. Similarly, the maximum point achieved at X G = 0 . 3 3 

(2[G] = [H]) indicates formation of a 2:1 (H:G) binding stoichiometry. In a 3:1 (H:G) binding 

system, a maximum at X G = 0.25 will be achieved. 

For each complex, ten solutions were typically prepared, ! H N M R spectra were 

recorded, and the H:G complex concentration [HG] for each solution is determined from 

Equation 2.3: 

[HG] = [ G ] 0 x - A -
max 

Equation 2.3 

Where [G]o is the initial guest concentration before binding, A is the difference between 

the chemical shifts of free guest (8 G ) and the guest in the presence of the host (80b s), and A m a x is 

the difference between 8 G and fully bound guest (8HG)- (This equation is for the fast-exchange 

system.) From Equation 2.3, we can see that the [HG] is proportional to [G]oxA (Amax is a 

constant for a particular bound guest). Hence, the Job's plot can be graphed as [G]o-A vs. 

guest mole fraction. 

ii. Determination of the Binding Constant 
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12 The binding constants were determined through the "mole ratio method". These 

experiments involve preparing a series of solutions in which the concentration of either the 

host or guest is kept constant, while the other is varied. The chemical shift changes of the 

static component are recorded as a function of changes in concentration of the varied 

component. (In this thesis, the guest's chemical shift changes were monitored upon addition 

of the host.) 

For a 1:1 binding system, in the fast exchange condition, the observed chemical shift 

difference of the guest has a hyperbolic dependence on the free (unbound) host concentration 

(Equation 2.4). Equation 2.4 is usually called the 1:1 binding isotherm 

A=Amm-Ka-[U] 

l + * f l - [H] 

Equation 2.4 

The free host concentration, [H], is related to the total host/guest concentrations ([H]o, 

[G]o) by Equation 2.5. 

A 
[H] = [ H ] „ - [ G ] „ x 

A 
max 

Equation 2.5 

The 1:1 binding isotherm has three linear plotting forms as follows: 

1 1 1 
- + • 

A A _ - * f l - [ H ] A ^ 

Equation 2.6 

Equation 2.6 is the double-reciprocal plotting form (also called Bensi-Hildebrand plot). 

[ H ] _ [ H ] + 1 

^ ^max ^max 

Equation 2.7 
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Equation 2.7 is the y-reciprocal plotting form. 

-£- = -Ka'A + Ama Ka 

Equation 2.8 

Equation 2.8 is the x-reciprocal form (also known as the Scatchard plot). 

The binding constant Ka and the maximum chemical shift change value Amax can be 

derived from Equation 2.4 or from one of its three linear form (Equation 2.6-2.8) by fitting the 

chemical shift data in one of these equations. To date, most people prefer to use the non-linear 

regression method (Equation 2.4) to estimate the binding constants, since it is superior to the 

linear transformations (Equation 2.6-2.7) when the condition [H]o » [G]o is not valid (where 

the approximation [H] = [H]o is not valid). Also, linear transformations introduce error into 

the independent variable and transform the error in the data to a non-Gaussian distribution.12 

The changed data spacing in the linear transformations complicated the weight on certain 

measurement.12 Recent research on the effect of experimental parameters on the reliability of 

the estimated binding constants further suggests nonlinear regression method give the most 

accurate and precise estimates for the binding constants.14 

Due to the reasons mentioned above, Equation 2.4 combined with the mass balance on 

host (Equation 2.5) were used to derive the Ka and A m a x in this thesis. The initial estimated Ka 

and Amax, which are used in the nonlinear regression procedure, are derived from the slope and 

intercept of double-reciprocal plot (Equation 2.6). The three linear equations are used to test 

the good fit of a particular experimental design to the 1:1 binding model ( The linearities of 

the three linear plots are the diagnosis of 1:1 binding formation.). A thorough discussion of 

the mathematical basis of above equations and the curve fitting method used for extracting the 

Ka and A m a x values can be found in various texts.12'13 

50 



iii. Determination of Thermodynamic Data 

Thermodynamic data such as enthalpy and entropy of binding systems can be obtained 

using variable temperature NMR data from a "van't Hoff plot". The enthalpy (AH) and 

entropy (AS) values are related to the binding constant Ka by Equation 2.9: 

- / T l n ( i e J = ^ A H ° - A S 0 

Equation 2.9 

By measuring the binding constants over a range of temperatures, a plot of-/?ln(^ a) vs. (1/T) 

can be graphed, where the slope corresponds to AH° and the y-intercept correspond to AS°. 

B. Result and Discussion 

i. Solubility of Cavitand 1 in Aqueous Solutions 

To perform successful ! H NMR experiments in water, both host and guest compounds 

must have reasonable water solubilities (at least in the millimolar range). Initial investigations 

into the water solubility of compound 56 suggested low solubility in neutral pH buffer 

solutions (< 2 mM). The water solubility is sufficient only in buffers of pH > 8, probably due 

to elimination of the strong intramolecular hydrogen bond formed between the phosphate feet. 

However, in more basic solutions (pH >10), potential guests (i.e., EtOAc) undergo hydrolysis. 

To enhance the rate of dissolution at a more neutral pH, 56 was converted to its ammonium or 
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sodium salt, which was found to have good solubility in water (> 20 mM). Ammonium salt 1 

was finally chosen as the host molecule since it was easily synthesized and purified. 

ii. Aggregation Behavior of the Host 1 

For apolar complexation in water, one of the problems that needs to be addressed is the 

potential self-aggregation of host or guest molecules due to hydrophobic interactions, which 

leads to the formation of higher molecular weight aggregates. Diederich stated that "the 

hydrophobic interactions that act as driving forces for stoichiometric host-guest complexation 

can lead to the segregated association of host and/or guest molecules, and to the formation of 

mixed aggregated products with poorly defined orientation of host and guest similar to 

micellar systems".15 Therefore, the formation of stoichiometric complexes should be studied 

at concentrations where complexation equilibria are not perturbed by the aggregation 

equilibria. 

The critical aggregation concentration (CAC) of the host molecule can be determined by 

NMR spectroscopy.16 At concentrations lower than the C A C value, the host is present in a 

molecular-dispersed form, and the chemical shifts are independent of the host concentration. 

At concentrations higher than C A C , the chemical shifts become dependent of the 

concentration. This is because the anisotropic regions of the aromatic rings influence the 

chemical shifts of the aggregating hosts. Also, strong line broadening of all signals can be 

1 7 

observed above the C A C , due to the slow exchange between many aggregates. 

'H NMR spectra of 1 recorded in D20/(NH4)2C03 buffer between 0.5-10 mM showed 

no line broadening and no significant changes in chemical shift (A8 < ±0.02 ppm). This 
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indicated that the tested concentration range was well below the C A C and it was suitable to 

perform the binding experiments under 10 mM. 

iii. Binding Studies 

1. Guest Screening 

The inclusion of a particular guest in the cavity of host 1 can be easily probed through 

' H NMR spectroscopy. Upon binding, the guest proton signals shift upfield due to the 

"aromatic ring current effect" provided by the aryl-lined host cavity. The observation of only 

one set of guest signals indicates the fast exchange between bound and unbound guests on the 

NMR time scale. Interestingly, no chemical shift changes of the host protons were observed. 

Based on CPK models, cavitand 1 has a very rigid and enforced hydrophobic cavity, 

which is relatively small and can't be occupied by anything larger than a methyl group. 

Therefore, seventeen "small" molecules (see Table 2.2, 2.3) with different sizes, shapes and 

hydrophobicities were chosen as potential guests. The 1:1 complexes of each guest with 1 

were analyzed in D 2 0 by 'H NMR. Binding constants (7Ca's) were quantified for the ten guests 

in Table 2.2 whose chemical shifts showed significant upfield shifts upon complexation. The 

other seven molecules (Table 2.3) showed very weak or no binding with 1. 
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Table 2.2 Successful guest molecules 

CH3CN CHCIa CH2CI2 

O 

a H 2 

b 

O w 

H3C O CH 3 

c 

CH, 
Hr 

H m 

X 
H3C O' -CH3 

b 
H3C^_^L. 

Table 2.3 Unsuccessful guest molecules 

CH, 
CH3OH CH3CH2OH H3C- OH 

CH 3 

OH 

O Q 
CH 3 0 
0 " 

a). Unsuccessful Guests 

Methanol and methylpyridinium iodide showed very small upfield shifts of their proton 

signals (A8 < 0.02), which indicated weak binding. To obtain meaningful binding constants, a 

sufficient portion of binding curve has to be covered in the titration experiments and AS well 

outside of error must be observed. For the other guests in Table 2.3, no chemical shift changes 
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of the guest signals were observed. Poor binding may be either because the guests are not 

structurally complementary to the host's cavity, or because solvation of the guest is too 

strong, or both. 

b). Successful Guests that were not Included in Binding Studies 

CH2CI2 and dimethyl carbonate showed multiple binding modes with host 1 in aqueous 

solution. The non-linear least-square plot (Equation 2.4) of these data was clearly inconsistent 

with a 1:1 binding mode (e.g. Ka < 0), which indicates that higher order complexes are likely 

present. This results in a more complicated derivation of Ka. For example, suppose the system 

contains 1:1 (HG) and 1:2 (H2G) complexes, in the fast exchange condition, the observed 

chemical shift changes of the guest (A) has the relationship with the stepwise bind constants 

(Ku and K12) as shown in the Equation 2.10. 

A _ A 1 , ^ „ [ H ] + A 1 2 ^ 1 , iJ: , 2 [H] 2 

l + Kn[U] + KnKn[n]2 

Equation 2.10 

where An, A12 are the chemical shift differences between the fully bound guest (in H G 

and H2G, respectively) and the free guest. 

The known experimental data (A and [H]) are not sufficient to extract all the parameters 

in the Equation 2.10. Also, examining the binding curve over an extensive range is essential to 

get reliable results, but this is impossible for these two binding systems due to the relatively 

weak binding. 
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2. Determination of Stoichiometry of the Complex 1-guest 

The stoichiometrics of complexes formed between 1 and methyl acetate, ethyl acetate, 

methyl propionate, and dimethyl carbonate were determined by the continuous variation 

method (Job's plot). The Job's plots are shown in Figure 2.2. 

(a) 

(c) 

o [EtOAc]»delta(delta Ha) 

• [EtOAc]*delta(delta Hb) 

v [EtOAc]*delta(delta He) 

0.4 0.6 0.8 

X=[EtOAc)/([EtOAc]+[1]) 

(d) 

[EtC02Me]*delta(delta Ha) 

[EK02Me]*delta(delta Hb) 

[EtC02Me]*delta(delta He) 
o 
S3 

0.2 0.4 0.6 0.8 
X=[EtC02Me]/([EtC02Me]+[1]) 

o [MeOAc] x delta(delta Ha) 

• [MeOAc] x delta(delta Hb) 

0.2 0.4 0.6 0.8 

X=[MeOAc]/([MeoAc]+[1]) 

0.4 0.6 0.8 
X=[DMC/([DMC]+[1]) 

Figure 2.2 Job's plots of (a) 1 with ethyl acetate binding system; (b) 1 with methyl acetate 

binding system; (c) 1 with methyl propionate binding system; (d) 1 with dimethyl carbonate 

binding system.3 

a The 'H NMR data was extracted at ambient temperature and the curves was obtained by applying the 

polynomial curve-fitting procedure to the experimental data. 
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The Job's plot of ethyl acetate is very symmetrical, with maximum at Xguest = 0.50, 

indicating that ethyl acetate form a 1:1 complex with 1. The same result was for 1« methyl 

acetate (Xguest (max) - 0.52) and 1'methyl propionate (Xguest (max) = 0.50). However, the Job's 

plot of dimethyl carbonate had a significantly asymmetrical appearance (Xguest (max) = 0.40): 

the complex concentrations are much higher when Xguest < 0.5 compared to the complex 

concentration in the solutions where Xguest > 0.5. This indicates that a single discrete complex 

is not formed. Probably, there exists a substantial amount of 2:1 (H:G) complex in equilibrium 

with the 1:1 complex. The existence of higher order equilibrium was also supported by using 

the "mole ratio method" to determine the binding constants (Ka's) (see page 18). 

3. Determination of the Binding Constants K a 

As mentioned earlier in this chapter, no chemical shift changes for the host protons were 

observed upon binding. The upfield shifts of the guest's proton signals is due to the inclusion 

of guest into the hydrophobic cavity of the host 1. For our system, fast exchange of the guest 

protons compared to the ! H NMR time scale leads to only one set of guest signals, which 

corresponds to the weighted average of the chemical shifts of free and bound guest. The 

binding constants of eight successful guests shown in Table 2.2 were determined by the "mole 

ratio" *H NMR titration method.12 Figure 2.3 exemplifies typical image of guest chemical 

shift change upon binding by *H NMR spectroscopy. The guest chemical shift data was fit to 

the 1:1 binding mode (Equation 2.4) and tested by observing the curvature of the titration 

curve and the linearity of the three linear plots (Equation 2.6-2.8). Except dimethyl carbonate 

and CH2CI2, most of the host-guest binding systems did fit a 1:1 binding mode very well. 
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CHCI 3 blank 

I CHCI,:1 =1:0.5" 

CHCI3:1=1:1.0 

CHCL:1=1:1.5 JUL 
CHCU:1=1:2.0 

C H C L 1 =1:2.5 

CHCL:1=1:3.1 

C H C L 1 =1:3.8 

CHCI3:1 =1:4.4 

CHCI3:1=1:5.0 

CHCL:1 =1:5.6 

J 

- I 1 1 1 ' 1 1 1 ' 1 1 i 1 1 ' 1 ' 1 ' 1 ' 1 1 I 1 I 1 I 1 1 1 I 1 1 1 i <~ 

8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 
(ppm) 

Figure 2.3 Stack plot of lU NMR (500 MHz) spectra of CHC1 3 with increased amount of 

compound 1 in 50 mM (NH^COs buffered D 2 O solutions. 
a pD = 9.4. [CHCI3] = 1.2 mM. The ratio shown in the plot is the starting mole ratio of host 1 and guest CHC1 3 . 

As a representative, *H NMR titration curve that of N C H C I 3 is shown in Figure 2.4 

(related to Equation 2.4). The data points in the binding curve of Figure 2.4 were derived from 

*H NMR spectra shown Figure 2.3. Figure 2.5a-c show the three linear transformations 
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(Equation 2.6-2.8) of the binding curve in Figure 2.4, in which the correlation coefficients R > 

0.99. 

0 0.002 0.004 0.006 
[H] 

Figure 2.4 Binding isotherm of 1 •CHC1 3 binding system. 

(a) (b) 

0 0.2 0.4 
delta(delta) 

Figure 2.5 Three linear forms of the binding isotherm shown in Figure 2.4. (a) double-

reciprocal plot; (b) y-reciprocal plot; (c) x-reciprocal plot. 
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a). Selection of the Optimal Concentration Range 

In determining binding constants, it is generally accepted that over half of the saturation 

range of the binding curve should be covered to obtain a meaningful value and if possible, the 

test points should fall within 20%-80% of the binding saturation range.12 Points either less 

than 20% or larger than 80% will cause significant error.12 Person concluded that the ligand 

concentration should be extended to at least the value of 0.1 IKa (when the ligand 

i R 

concentration is in excess). This could be used as a guideline for choosing a starting point 

for a suitable concentration range. In practice, the end point of the concentration range is 

limited by host or guest solubility, the non-ideal behavior of the solution, and the sensitivity of 

the chosen instrumental method. 

Scatchard plots (Equation 2.8) were used to test the covered range of the binding curve 

in a particular experimental design, because the chemical shift range (from 0~100% binding) 

of the observed protons is visually apparent on the abscissa scale of the plot. For example, in 

the binding experiment with 1 and methyl propionate, the experiment was first designed as 

[G]o = 1 mM, [H]o varied from 0.1 to 5 mM. The resulting Scatchard plot is shown in Figure 

2.6. We can see the chemical shift of H c in the methyl propionate would shift upfield to about 

3.2 ppm upon 100% binding. Only a small portion of binding saturation was covered (about 

37%), most of the testing points fall into the region where the binding saturation fraction/HG < 

0.2,19 where the point of /HG = 0.2 corresponds to the [H] = 2 mM. Therefore, this 

experimental design is not suitable for extracting a reliable Ka. The optimum host 

concentration range would be from 2 mM to at least 8 mM (which correspond to^nG = 0.5), 

and ideally up to 25 mM (which correspond to the / H G - 0.8). 
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Figure 2.6 Scatchard plot of 1 •methyl propionate binding system (H c was followed). 

[G] = I m M , [H] varied from 0.1-5 m M , chemical shift data was extracted from 400 M H z spectra. 

In this thesis, a concentration of the host that is higher than 10 mM was not used, since 

the ideality of the solution may change in a higher concentration solution for such a high 

molecular weight molecule. Also, since the concentration of the host is subject to change, at 

higher [H]:[G] ratio ([H] » [G]), the host peaks would be much bigger than the guest peaks, 

which makes the guest peaks disappear under the huge host peaks. It was found that the guest 

peaks were hard to detect due to the huge host peaks when the [H]:[G] ratio was higher than 

10:1. Therefore, in addition to a maximum of lOmM host concentration, the host-guest ratio 

was not extended over 10:1. 

b). Conformations of Complexation 

Having chosen the optimal concentration range, the titration experiment for each binding 

system was performed and the binding constants and the maximum chemical shift changes for 
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each guest were extracted (by fitting data in Equation 2.4). Table 2.4 shows the calculated 

complexation induced shifts (CIS) on 100% binding for different guests. 

Table 2.4 The calculated CIS on 100% binding of 1 with various guests 

guest A a b 

(CH 3 ) 2 CO 2.25 ± 0 . 1 0 - C H 3 

C H 3 C N 3.00 ± 0 . 1 8 - C H 3 

Toluene 1.06 ± 0 . 0 5 -Hp 

0.91 ± 0 . 1 4 - H m 

0.93 ± 0.08 - H 0 

2.65 ± 0.23 - C H 3 

Benzene 0.58 ± 0 . 1 2 Aromatic-H 

CHC1 3 
1.07 ± 0 . 0 2 - C H 

C H 3 C H 2 C ( 0 ) O C H 3 2.11 ± 0 . 1 1 - H a 

1.22 ± 0 . 0 4 - H b 

3.45 ± 0.05 - H c 

C H 3 C ( 0 ) O C H 2 C H 3

c 3.52 ± 0.04 - H a 

0.74 ± 0.01 - H b 

0.93 ± 0.01 - H c 

CH 3 C(Q)OCH 3

d 2.19 ± 0 . 0 3 - H a 

2.01 ± 0.02 - H b 

a The error shown in the A m a x is the standard error derived from non-linear curve fitting 
process. b Protons that were used for the fitting procedure. The proton assignment is the same 
as those shown in Table 2.2. c A m a x value is the average from four runs of parallel 
experiments. d' value is the average value from two runs of parallel experiments. 

Careful analysis of the complexation-induced shift (CIS) data of gave us valuable 

information about the guest orientation in the bound state. Evidently the methyl protons 

experience the largest CIS compared to the other protons in the molecule for each guest 
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studied. Therefore it is very likely that the methyl groups protrude deeply into the cavity of 

the host. This is consistent with CPK molecular modeling, which indicated that the host cavity 

size is complementary to a methyl group. Acetyl methyl protons of acetone, methyl acetate 

and ethyl acetate experienced CIS values of different magnitudes, although they have similar 

steric demands. Since it is likely that the bound guest can bind in many orientations in the host 

cavity, the observed chemical shifts of the guest in the existence of the host are probably the 

weighted average arising from multiple binding orientations. If this is true, then the difference 

in the observed CIS data for similar protons in different guests is caused by the different ratio 

of the individual orientations of bound guest in different binding systems. 

The existence of multiple binding orientations for the guest is evidenced by comparing 

the CIS for different protons in "unsymmetrical" guest molecules. The guest proton signals 

were found shifted upfield to different extents upon binding. For toluene, the protons 

experienced CISs in the following order: CH3 > H p > H 0 > H m (Figure 2.7a), which indicates 

there are two binding orientations for the guest toluene, namely: the CH3 site and the para-H 

site. Both sites are unselectively included into the host cavity. In methyl acetate, both methyl 

groups penetrate into the cavity (Figure 2.7d). A similar pattern was found in the cases of 

ethyl acetate and methyl propionate, in which both methyl and ethyl groups are competitively 

bound within the cavity of the host (Figure 2.7b,c). It is apparent that for the guests containing 

two or more potential binding modes, they form isomeric complexes with host 1 in aqueous 

solutions and the two binding modes are in equilibrium (Figure 2.8). 
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0.002 0.004 0.006 0.008 0.01 0.002 0.004 0.006 0.008 

[H] (M) [H] (M) 

(c) (d) 

Figure 2.7 Observed CIS as a function of host concentration for (a) l» toluene, (b) l» ethyl 
acetate, (c)l 'methyl propionate, (d)l • methyl acetate binding systems.8 

a. Proton assignments are as shown in Table 2.2. 

This is a very important observation, since the isomeric binding (Figure 2.8) probably 

happens not only with the '^insymmetricar' guests, but also with the non-spherical 

symmetrical guests, such as acetone and benzene. If this is true, then the calculated CIS for 

the guest protons would be the weighted average of the CIS that results from each individual 
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isomeric complex (Equation 2.11) and the calculated binding constant would be the sum of 

12 13 
the individual binding constants of each isomeric complexes (Equation 2.12). ' 

Amax 

Equation 2.11 

K a ~ KHG + KGH 

Equation 2.12 

Where A H G , A G H are the C I S o f individual isomeric complex; KHG and KGH are the individual 

binding constants of the isomeric complexes. 

O R O ' ^ R R= P 0 3 H G r o 
R O U N O R 

Figure 2.8 Schematic presentation of dual modes inclusion o f the guest. 

c). Stability of the Complexation 

Table 2.5 shows all the calculated 1:1 binding constants (Ka's) derived from ' H N M R 

titration experiments as well as binding free energies ( A G 0 ) . 
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Table 2.5 The binding constants of 1 • guests and hydrophobicities of the guests at 298K. 

Guest logPoct Ka (M"')b AG0 (kcal/mole) c 

(CH 3 ) 2 CO -0.24 19±1 -1.7±0.1 - C H 3 

C H 3 C N -0.34 42±3 -2.2±0.1 - C H 3 

Toluene 2.69 30±3 -2.0±0.2 - C H 3 

Benzene d 2.13 55±16 -2.4±0.2 Aromatic-H 

CHCI3 1.97 116=1=4 -2.8±0.2 - C H 

C H 3 C H 2 C ( 0 ) O C H 3

e 0.68 210±6 -3.210.1 -OCH3 

C H 3 C ( 0 ) O C H 2 C H 3

f 0.73 234±8 -3.210.1 - O C C H 3 

CH 3 C(0)OCH 3 0.18 270±19 -3.310.1 - O C H 3 

a log Poet = partition coefficient between octanol and water. The titration experiments for 

each guest were repeated under optimized conditions at least once except for benzene. The 

errors shown were the standard deviations from non-linear curve-fit procedure or the standard 

deviations of averaged Ka's from several repeating experiments under the same conditions. 

For toluene, benzene and chloroform, the concentrations were determined from the integration 

of the ! H NMR signals, allowing 20% error. c Protons that were used in the curve-fitting 

procedure. d Measured under ambient temperature around 20°C, all the other Ka's were 

measured under 298K. e The titration experiment of EtOAc was repeated 4 times under 

optimized conditions. f The titration experiment of MeOAc was repeated 2 times under 

optimized conditions. 

Data validity: The binding constants shown in table 2.5 were calculated from the 

chemical shifts of those guest protons that had the largest CIS. For guests that have two 

potential binding orientations, other protons in the guests are also used to extract the Ka. The 

results are shown in Table 2.6. 
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Table 2.6 Binding constants calculated from fitting of different proton data of the guests 

Guest 

M e t h y l acetate Ethy l acetate Methy l propionate Toluene 

Proton8 H a H b H a Hb H c 
H a Hb H c H m H 0 Hp C H 3 

K a

b 270 270 234 179 170 64 92 210 26 36 32 30 

(21) (19) (8) (14) (6) (5) (4) (6) (4) (4) (2) (3) 

a ' Proton labels are shown in Table 2.2 (pg. 54). b- Errors i n Ka (in brackets) are derived from non-linear curve-

fitting procedure. 

We can see, from Table 2.6, that the binding constants calculated from fitting different 

CIS data of each type of protons agree for methyl acetate and toluene, but not for ethyl acetate 

and methyl propionate. Based on Connors' interpretation of isomeric binding, even in a dual 

mode binding function, only one binding constant should be derived from fitting of different 

proton's CIS, which is the sum of the individual 1:1 binding constants of the two binding 

modes. Then, there must be some reason for the large deviation in magnitude of binding 

constants derived from different proton CIS data. Observing the CIS data shown in Figure 2.7 

carefully, we would see that although there are two binding modes that exist in the complexes 

of 1» ethyl acetate and 1» methyl propionate, the inclusion of the two binding sites of the 

guests are not equal. Inclusion of the methyl group in the two guests is favored over inclusion 

of the C H 3 in the ethyl group. Also, from molecular modeling, the cavity size of the host 1 is 

limited and very rigid, which allows inclusion of only one methyl group inside the cavity. So, 

when inclusion of one site of the guest occurs, the other site of the guest is still exposed to the 

solvent phase. In a fast exchange system, the observed CIS is the weighted average of proton 

signals in different environments. In other words, not only the inclusion of a certain proton 

inside the cavity can induce the shift of this proton signal, some other factors, such as random 

collision of the guest with the host, can also cause the shifting of the proton signal. Stamm 
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called the shielding caused by random collision of the host and the guest as "additional 

unspecific shielding (AUS)". 2 1 He interpreted the problem of inconsistent Ka's from different 

protons in the same binding system as the AUS effect. It is found that the size of the AUS is 

proportional to the host concentration and this AUS effect usually results in a markedly 

smaller Ka. in the calculation.21 In the case of ethyl acetate and methyl propionate, when the 

methyl site of the guest preferably sits in the cavity of the host, the ethyl site of the guest juts 

out from the cavity and experiences AUS, which leads to the error in Ka. And the magnitude 

of Ka extracted from the CIS data from different nuclei is consistent with the degrees of AUS 

on the individual protons. For example, in 1» methyl propionate complex system, the 

influence of AUS on the individual protons follow the order H a > Hb > H c , which results in Ka 

(Ha) < Ka (Hb) < Ka (Hc) as seen from Table 2.6. 

So, due to the reasons above, only the protons with large CIS's were used in the 

calculation of thermodynamic parameters in order to minimize the error resulting from the 

AUS effect. 

Guest selectivity: It is well known that host-guest complexation depends on the 

stereoelectronic complementary between the surfaces common to both host and guest.22 Size 

and shape appear to be crucial to determine the binding strength of a guest to be included. 

Host 1 binds much stronger with the small aliphatic molecules than the bulky aromatic 

compounds. Investigation by CPK model shows that the cavity of host 1 can only include a 

methyl group deeply due to the limited dimensions of the host cavity. Aromatic compounds 

like benzene are probably too large to penetrate deeply into the cavity, which leads to a much 

weaker binding. The rationale for that is hydrophobic binding depends on desolvation of the 
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lipophilic guest molecules and the host hydrophobic cavity from water and release of the 

"structured" water molecules around the guest molecule and the host cavity into the bulky 

water phase. If the guest molecule can't protrude deeply into the host cavity, then there must 

be a substantial area of the guest surface still exposed to the water phase, which leads to a 

small hydrophobic force. Also, less steric complementary between the common surfaces of 

the host and guest also results in weaker non-covalent attractions. 

Guest hydrophobicity also controls the binding strength. For a given guest molecule, the 

partition coefficient between octanol and water can be considered as a quantitative expression 

of its hydrophobicity (The more positive the value of log P o ct is, the more hydrophobic the 

molecule is).2 3 We noticed that for the bulky guests, no inclusion was observed for the more 

hydrophilic guests (e.g. THF, pyrizine and phenol and t-butyl alcohol) or the guests with a 

charge (e.g. methyl-pyridinium ion), while the very hydrophobic guests like benzene and 

toluene can bind weakly with the host, despite their bulky size. For smaller linear or spherical 

guests, very hydrophilic molecules like methanol and ethanol don't bind with the host 1, 

probably because these molecules form strong interactions (i.e. hydrogen bonding) with 

water. Although sterically, they fit well into the cavity of the host, inclusion is not favored 

since the interactions between alcohols and water are weakened. Weak binding was observed 

for the hydrophilic guests like acetone and acetonitrile. Much stronger binding was observed 

for the hydrophobic guests like chloroform, and simple esters listed in Table 2.5. The binding 

strength followed the partition coefficient of these guests to some extent, but not strictly. 

Interactions other than the hydrophobic effect may play a role in binding. 

Interestingly, host 1 binds the moderately polar esters selectively. Binding is favored by 

0.5 kcal/mole compared to the binding of the more hydrophobic but less polar guest, 
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chloroform.. Hydrophobic interactions alone can't explain this selectivity, since the binding 

strength doesn't follow the hydrophobicity of the guests strictly, van der Waals attractive 

forces between the host and guest may contribute to binding stability. CPK models show that 

the overall sterics of chloroform versus esters might not be important, since only part of the 

guest can be included into the small host cavity. For chloroform, CI is probably favored to be 

included into the cavity than H. For esters, both alkyl and acetyl methyl groups of esters can 

penetrate into the host cavity. Since host 1 contains a relatively electron rich cavity, there are 

possible attracting interactions between the 7t-rich rings of the host and the electron deficient 

groups on the guest. While, the methyl group in the CH3O- and C H 3 C O O - is much electron 

deficient than the chlorine in the C-Cl. Upon binding, the favorable CH-7C interaction between 

the host aromatic system and the guest methyl group may be fairly strong, much stronger than 

the CC1-7C interaction. Strong CH-7t interactions may also account for favored binding Me- site 

over Et- site of the esters. Such strong CH-7t interactions between the host 7t-rich rings and the 

electron deficient guest have been reported in many other synthetic host binding systems.24 

Possible n-n and TC—TC interactions between the guest carbonyl group and the host aromatic 

rings may also strengthen binding. 

iv. Determination of Thermodynamic Data of Binding with Esters 

From binding studies of host 1 with various guest molecules mentioned above, we've 

seen that cavitand host 1 selectively binds small aliphatic esters over other guests. What is the 

nature of such a selective inclusion? To answer this, the thermodynamic parameters for these 

binding systems were determined by measuring the temperature dependence in the stabilities 

of complexation between host 1 and ester guests. The *H NMR titration experiments were 
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performed at 4-5 different temperatures. Each binding constant Ka at each temperature was 

calculated and van't Hoff plots were graphed (JogKa vs. 1/T). From these linear correlations, 

the enthalpies and entropies of the binding processes were obtained from the slope and the 

intercept of the van't Hoff plot, respectively. 

Since Ka is a function of temperature, the quality of temperature control and 

measurement will decide the accuracy of Ka and finally influence the linearity of the van't 

Hoff plot. Hence, each temperature was measured and calibrated using ethylene glycol (0 °C ~ 

143 °C) or methanol (-95 °C ~ 57 °C) standards (see Experimental). To ensure the temperature 

consistency during the whole titration process, each NMR tube was equilibrated in the NMR 

probe for 5-10 min before data acquisition. It was found that the lock signal of the solvent 

D2O drifted with temperature. Therefore, the time needed for each equilibration was easily 

monitored by observing the lock signal shift. Also, the consistent temperature inside the N M R 

probe depends on the sensitivity and stability of the temperature control system. The 

temperature may vary over an extended period of time. Due to this reason, the temperature 

was tracked during the whole titration process. Runs in which the temperature varied more 

than ± 0.5 °C from the first to last measurement gave larger errors for binding constant Ka and 

subsequently resulted in larger deviations from linear van't Hoff plots. Therefore these runs 

were not used in the van't Hoff plots. 

Another factor that may influence the linearity of the van't Hoff plot is the temperature 

range in which the Ka was measured, van't Hoff plots were set up on the assumption that the 

enthalpy of the binding is constant with the temperature change. It is known that the enthalpy 

does change with the temperature by a factor of ACp (heat capacity) as can be seen from the 

equation: AH = A H 0 + T • ACp (AH 0 is the enthalpy under standard conditions.).25 Thus, linear 
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van't Hoff plots are only valid when ACp is close to zero or the temperature is varied in a very 

narrow range. In several initial variable temperature experiments, binding constants of the 

investigated systems were found to be quite sensitive to temperature change, which indicated 

a large ACp. Hence, a comparatively narrow temperature range (20-25 K) was chosen to 

avoid non-linearity in van't Hoff plots. 

Table 2.7-2.9 show the calculated binding constants of three 1« guest systems at 

different temperatures. 

Table 2.7 Binding constants (Ka) of complex 1 • methyl acetate at different temperatures 

7(K) 285 292 298 304 

CH 3CO 423±15 347±10 291+7 242±9 

(M"1) CH 3 0 439±12 352±11 289±7 243±10 

Ka
b (average) 431 ±8 350±3 290±1 243±1 

a Errors are derived from the non-linear curve-fit procedure. Errors are the standard 

deviation of the average Ka. 

Table 2.8 The binding constants of complex 1 •ethyl acetate at different temperatures 

T(* ) 283 287 292 298 303 

^ ( M - ' ) a 

(CH3CO) 

353±3 301±7 273±4 235±3 206±3 

a Errors are derived from the non-linear curve-1 it procedure. 

72 



Table 2.9 The binding constants of complex 1 •methyl propionate at different temperatures 

7(K) 286 292 298 302 307 

Ka(M-lf 

(CH 30) 

286±4 235±8 210±6 179±2 152±6 

a Errors are derived from the non-linear curve-1 it procedure. 

The van't Hoff plots of the three systems investigated are shown in Figure 2.9. The 

errors for each Ka was also shown in the plot. Temperatures were within ±0.5K around the 

true value. The extracted enthalpies, entropies and free energies for these systems are listed in 

Table 2.10. The thermodynamic data of EtOAc binding system shown in Table 2.10 are the 

average value derived from two parallel experiments. 

0.0032 0.0033 0.0034 0.0035 0.0036 

l/TGO 

Figure 2.9 van't Hoff plots of investigated 1-guest binding systems 

• Correlation coefficient R > 0.99 for all these plots. 
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Table 2.10 Thermodynamic data (at 298K) for the investigated 1-guest systems 

guest AG° AH° a A S o a T A S ° 

kcal/mol kcal/mol cal/mo> K kcal/mol 

C H 3 C O O C H 3 -3.4 -5.2±0.1 -6.210.2 -1.8 

CH3COOCH2CH3 -3.2 -4.2±0.2 -3.410.9 -1.0 

CH3CH2COOCH3 -3.1 -5.110.3 -6.611.1 -2.1 

a Errors are derived from the linear fit of the Van Hoff plot. 

As can be seen from Table 2.10, the free energies of the three binding systems are 

similar and each of them is composed of a favorable enthalpy factor and an unfavorable 

entropy factor. This indicates that the complexations of host 1 with small esters are driven by 

the favorable attracting forces between the host and the guest upon binding. Judged from the 

nature of both binding sites in the host and guests, CH-7C interactions are probably the main 

driving forces for the formation of the complexes. The observed unfavorable entropy change 

of binding is consistent with the observations of many other binding systems formed between 

synthetic water-soluble hosts and aliphatic guests.26 Upon binding, the internal rotational 

entropy of each guest is considerably reduced. Hydrophobic effects seemed to be a minor 

contributor to the binding abilities of these esters from the classical view that the hydrophobic 

effect is evidenced from a possible entropy change. 

We may conclude that binding between host 1 and the tested guests are controlled by 

various favorable interactions between host and guests, but not by the hydrophobic effect. But 

we've seen (in section iii) that the hydrophobicity of the guests is relevant to the binding 

strength. If the hydrophobic effect plays a minor role in binding, similar studies in non

aqueous solvents should yield the same results, thereby proving that the binding is driven only 
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by interactions between the host and the guest. To address this question, the binding 

experiments of methyl acetate with the three analogues of host 1 (the hosts 54-56 in Scheme 

2.1) in other organic solvents (CDCI3 and CD3OD) were performed. The protons of the two 

methyl groups of the guest MeOAc experienced only small upfield shifts (0.02-0.03 ppm) 

(Table 2.11) upon addition of the hosts, which indicates that methyl acetate is barely included 

in the host cavity in the organic solvents. These much weaker bindings in organic solutions, 

compared to those in aqueous solutions cannot be explained simply by differences in 

attractive host-guest interactions. Hence, the large differences in binding strengths must come 

from factors related to the nature of the different solvents. 

Table 2.11 Observed chemical shift change of methyl acetate protons in solutions with 5 

times excess of various hosts at 298K in organic solvents 

solvent C D 3 O D CDCI3 C D 3 O D 

Host 54 55 56 

Aobs C H 3 C O 0.03 0.03 0.03 

(ppm) OCH3 0.03 0.02 0.03 

Diederich had similar observations on account of the solvent effect.27 The complexation 

behavior of cyclophane type host 10 (shown in Chapter 1) with pyrene both in water and in 

other organic solvents was studied. The stability of the complex was found to be considerably 

reduced in organic solvents than in water (an extra 8.1 kcal/mol in free binding energy was 

found upon changing from water to carbon disulfide). *H NMR studies showed that the pyrene 

complex adopts a very similar geometry in all solvents which indicates the host-guest 

interactions are very similar in aqueous and non-aqueous environment. The study also 

showed that there is a linear relationship between the free energies of complexation and the 
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empirical solvent polarity parameters ET(30).2 7 Binding is the strongest in solvents having low 

molecular polarizabilities and high cohesive interactions, such as water. Thermodynamic data 

also show that the binding is enthalpically driven and entropically unfavorable in water, and 

the much weaker binding in methanol mainly results from a less favorable enthalpic term. 

As Diederich commented: "the host-guest binding in water is a comprehensive result of 

favorable and unfavorable interactions between host-guest (HG), host-solvent (SG), guest-

solvent (SG) and solvent-solvent (SS)."27, as can be seen from Equation 2.13: 

A G 0 = A H 0 - T- AS 0 = (AH° S H + A H ° S G + A H ° S S + A H ° H G ) - 7 ; - ' ( A S o S + A S ° G + AS 0") 

Equation 2.13 

Host-guest binding in water is a process in which the host and guest molecules lose their 

interactions with water molecules (positive A H S H and AH S G ) and develop up interactions with 

each other (negative A H H G , negative AS G and ASH), at the same time, solvent (water) 

molecules are released to the bulk solvent phase (negative A H S S and positive AS S). 

Since the geometries of the complexes in water and methanol are very similar, the 

intermolecular host-guest enthalpic term, A H H G , should be similar.15 In aqueous solutions, the 

interactions between solvent molecules and host and guest molecules are mainly induced 

dipole-induced dipole interactions, in other words, London dispersion forces. The dispersion 

forces between water molecules and the host or guest surface are weaker than the forces 

between the host and guest surfaces ((AH S H+AH S G)<AHH G). 1 5 This is seen by comparing the 

polarizability a of different groups since London dispersion interactions are proportional to 

the polarizability a. For example, for water oxygen atoms a=0.84A3, hydroxyl residues 

a=1.20A3, C H 2 a=1.77A3, C H 3 a=2.17A3, aromatic CH group a=2.07A3. Since methanol 

possesses a polarizable methyl group which interacts favorable with the host and the guest, the 

76 



resulting A H S H and A H S G becomes more positive. So, the differences in dispersion interactions 

27 

between the non-binding and binding states in methanol are not as large as that in water, 

which leads to a much weaker binding in methanol. 

Although numerous van der Waals contacts in "tight" complexes generate a very 

favorable host-guest interaction term A H H G , the translational and rotational degrees of 

freedom of the guest upon binding are considerably reduced (the host entropy is not 

influenced very much because of its highly preorganized structure). As a result, the favorable 

entropy of desolvation AS S does not completely compensate for a large unfavorable entropy 

term A S G for host-guest association.15 

In conclusion, hydrophobic effects can be reflected in not only a favorable entropy 

change but also a favorable enthalpy change in a binding process. This is contrary to the 

classical opinion that the hydrophobic binding is driven by the favorable entropy change upon 

releasing the structured water into the bulk water phase. It is really dependent on the nature of 

the host and the guest, as well as the pattern of how they bind each other. 

v. Computer Assisted Molecular Modeling 

Hyperchem ChemPlus28 package was used to simulate the binding of free host 1 and 

eight successful guests in a water box with MM+ force field. The optimized structures shown 

in Figure 2.13 refer most stable conformations of each complex (energy minimum, which are 

obtained by calculations starting from several different orientations of the guests in the host 

cavity). Some of the relevant distances are shown in Table 2.12. The distance.between the 

upper rim methyl groups (a in Figure 2.11), and that between the bottom carbon atoms of the 
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aromatic rings (b in Figure 2.11), respectively, revealed that the cavity shape of the free host 1 

in water is almost a perfect square (Top view), with one of the sides slightly longer than the 

other sides (Figure 2.10). This pseudo-square shape is in agreement with Cram's X-ray crystal 

structure of another cavitand containing a similar cavity.22 In water, the host molecule must 

undergo a rapid C 2 V - C 2 V interconversion to give an averaged structure with C^y symmetry as 

evidenced from the NMR spectrum. The data for free and complexed hosts show that the 

inclusion of the guests does not have large influence on the cavity shape of the host (Table 

2.12) (except 1). This reflects the high rigidity of the cavity. From Figure 2.12 (structures b, c 

and f-m) we can see that the guests orient themselves with the methyl groups protruding 

deeply into the cavity. Seen from the distance between the host and guest carbons (distance of 

C G - Q and C G - C b in Table 2.12), all the methyl groups of the aliphatic guests protrude deeply 

into the cavity (compared to the C-C van der Waal's distance 3.4A) each to a similar extent. 

This indicates that the different CIS values observed in the ] H NMR titration experiment for 

methyl groups of different guests are the result of averaged values from two binding modes 

rather than the result of different orientations of the guests lying in the cavity. Inclusion of the 

aryl H's of the aromatic ring of toluene is not favored compared to inclusion of the methyl 

group since it substantially changes the cavity shape (structure 1 in Figure 2.12 compare to the 

top view of cavitand in Figure 2.10). Both surfaces of benzene and toluene are hardly covered 

by the cavity upon binding, which indicates low complementary between the surfaces of the 

host 1 cavity and the aromatic guests ( structures e, m and i in Figure 2.12). Since most of the 

surface area of these arenes are still exposed to water in the host-guest complex, binding is 

weak. The energy differences (Table 2.13) between the two binding modes of those 

'Asymmetrical'' guests review the relative selectivity of binding one of the binding site in 
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these 'Asymmetrical" guests. The results are consistent with those concluded from NMR 

titration experiments for methyl acetate, methyl propionate and toluene but conflict for ethyl 

acetate binding system. This reflects that the calculation simulates the experiments well but 

not perfectly. 

Figure 2.10 Computed top (left) and side (right) view of cavitand 1 

Figure 2.11 Schematic presentation of cavity size of host 1 (side view) 

7 9 
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Figure 2.13 Stable conformations of 1 • guests obtained by MM+ optimization 



Table 2.12 Relevant distances (in A) for host 1 and its complexes with investigated guests 

obtained by MM+ optimization. 

1 MejCO MeCN CHCI, MeCO z Et C H 3 C 0 2 C H 3 E t C 0 2 C H , CH 3 Ph PhH 

g f h « j k m 1 1 2 

CH,- 9.77 9.78 9.71 9.81 9.72 9.74 9.76 9.78 9.79 9.78 9.86 9.74 9.94 

CH, 9.53 9.57 9.66 9.61 9.61 9.58 9.56 9.58 9.52 9.59 9.65 9.74 9.51 

C b -C b 5.10 5.09 5.09 5.09 5.12 5.13 5.12 5.08 5.09 5.09 5.10 5.09 5.04 

5.17 5.15 5.14 5.14 5.14 5.16 5.17 5.15 5.17 5.14 5.11 5.09 5.17 

C G - C H , ' 4.92 4.80 5.05 4.88 4.81 4.77 4.80 4.84 4.83 5.02 4.98 4.71 4.80 

4.80 4.94 4.38 4.84 4.89 5.11 4.95 4.97 4.88 4.67 4.79 4.30 5.69 

4.89 4.97 5.03 4.81 4.94 4.96 4.86 4.83 4.85 4.93 4.81 4.90 4.81 

4.83 4.80 5.42 4.95 5.00 4.79 4.89 4.93 4.98 5.08 5.00 5.65 4.26 

CG-Ct 4.15 4.00 4.68 4.06 3.91 3.88 3.97 3.98 3.99 4.13 4.17 4.13 4.22 

4.02 4.11 4.10 4.02 3.99 4.22 4.13 4.10 4.03 3.82 3.96 3.72 5.04 

4.10 4.15 4.67 3.98 4.05 4.08 4.04 3.96 4.02 4.06 3.99 4.32 4.25 

4.04 3.98 5.01 4.13 4.10 3.90 4.07 4.06 4.14 4.23 4.19 5.00 3.71 

A C G refers to the guest carbon which intrudes into the host cavity most deeply. 

Table 2.13 Calculated energy difference between two binding modes of "unsymmetrical" 

guest. 

Guest CH 3 COOEt CH3COOCH3 EtCOOCH 3 CH3PI1 

Conformation f g h i j k 1 m 

E (kcal/mol)a -660.4 • •658.1 -690.8 -690.8 -689.2 -701.3 -694.3 -698.6 

AE (kcal/mol) 2.3 0.0 2.1 4.3 

E refers to the tota energy relative to the same atoms that are not interacting. 

2.4. Conclusion and Future 

The synthesis and the binding properties of a water-soluble phosphate-footed cavitand 1 

with four methyl groups on its upper rim was discussed. This cavitand is a good model for 

studying hydrophobic association in aqueous solutions, since it contains a pure hydrophobic 

and highly rigid cavity. 
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In aqueous solutions, host 1 selectively binds small neutral organic molecules and forms 

1:1 stoichiometric complexes with most of the investigated guest molecules. The selectivity of 

the binding is controlled by the complementary of the common surfaces between the host 

cavity and the guests as well as the hydrophobicity of the guests. For those guests containing 

two potential binding sites, it is believed more than one possible binding mode exists.. 

Thermodynamic parameters obtained by 'H NMR data indicated that various attractive 

intermolecular forces are the main driving forces of inclusions rather than the entropically 

favored desolvation of the guests. The enthalpically driven and entropically unfavorable 

character of the associations for host 1 with small neutral molecules supports Diederich's and 

many other scientists' work that the hydrophobic association formed from the tight 

complexation of small solutes in water is a process that is quite different from those 

established for the formation of looser aggregates in micelle and membrane systems. 

The present work opens the door for the development of various water-soluble 

cavitands, designed for selective inclusion of particular guest molecules with different 

chemical/physical properties. The methyl groups on the upper rim of the host 1 can readily be 

converted to other functional groups, thereby increasing the selectivity of guest inclusion. 

Also it lays the groundwork for the formation of larger molecular assemblies in water. 
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2.5. Experimental 

A. Synthesis 

i. General 

All chemicals were reagent grade (Aldrich) except di-Benzyl-AyV-diethyl 

phosphoramidite (Toronto Research Chemicals) which was technical grade and used without 

further purification. THF was distilled under N 2 from sodium benzophenone ketyl. D M A 

o 

(A^V-dimethyl acetamide) was dried over 4 A molecular sieves. 

Liquid secondary ionization mass spectra (LSIMS) were recorded on a Kratos Concept 2 

HQ using various matrices as noted in the next section. Matrix-assisted laser desorption 

ionization (MALDI) mass spectra were recorded on a Bruker Reflex in reflectron mode using 

2,5-dihydroxy benzoic acid (DHB) as the matrix. Melting points (uncorrected) were 

determined on a Fisher-Johns hot-stage melting point apparatus. 

Microanalyses were performed by Mr. P. Borda of the U B C Microanalytical laboratory 

on a Carlo-Erba C H N elemental analyzer, model 1106 or a Fisons CHN-0 elemental analyzer, 

model 1108. 

*H NMR spectra were recorded on a Bruker WH-400 spectrometer at ambient 

temperature using residual H signals from deuterated solvents as a reference (CDCI3, 7.24; 

MeOD, 3.30; DMSO-J 6 , 2.49; D 2 0 , 4.63 ppm) 

3 1 P NMR spectra were recorded on a Bruker AC-200 spectrometer referenced to external 

H 3 P O 4 (0.00 ppm). 

Silica gel (230-400 mesh, BDH) was used for column chromatography and silica gel 

glass backed analytical plates (0.2 mm, Aldrich) were used for t.l.c. with U V detection. Size 
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exclusion chromatography was performed using Sephadex LH-20. All products were dried 

overnight at RT and 0.1 Torr. 

Radial Chromatography was performed on a Chromatotron (Model 7924T Harrison 

research) with self-made plates using silica gel (60 PF254 containing gypsium (EM science)). 

ii. Synthetic Procedures 

Benzyl Phosphorylated Methyl Cavitand 53 

53 

1-H-Tetrazole (380 mg, 5.4 mmol) was added to a THF solution of hydroxyl-footed-2-

methyl cavitand 52 (0.10 g, 0.12 mmol) and di-phenyl AyV-diethylphosphoramidite (0.54 mL, 

1.82 mmol) and stirred for 20 min under N2 atmosphere. The reaction mixture was then 

cooled to -78 °C and H2O2 (0.20 mL, 1.82 mmol) was added. After slowly warming to RT 

(over 30 min), the reaction mixture was washed with 10% Na2S20s, saturated NaHCC>3 (aq.), 

saturated NaCl (aq.), and dried over MgSC>4 and evaporated to dryness. The residue was 

purified by size-exclusion chromatography (EtOAc: MeOH: H2O = 40:10:4) followed by 

radial chromatography (chromatotron) (CHCI3: MeOH = 100:2) to afford benzyl protected 

methyl phosphated 53 as a colorless oil (0.15 g, 65%). 
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*H NMR (CDCI3, 400MHz) 8 7.28 (s, 40H, CH2Ph), 6.90 (s, 4H, H p a r a ) , 5.85 (d, J= 6.9 

Hz, 4H, H o u t ) , 4.99 (d, J= 8.2 Hz, 16H, POCH 2), 4.79 (t, J= 8.2 Hz, 4H, Hm e thi„ e), 4.23 (d, J 

= 6.9Hz, 4H, H i n ), 4.07 (m, 8H, H c), 2.25 (bm, 8H, H b), 1.95 (s, 12H, CH 3 ) , 1.63 (bm, 8H, H a) 

ppm 

3 1P NMR (CDCI3, 81 MHz) 8 0.00 (s) ppm 

HRMS (LSIMS +, 3-NBA) Calculated for (M + H) +: 1865.6251; Found 1865.6261 

Phosphated-Footed 2-Methyl Cavitand 54 

A catalytic amount of 10% palladium/carbon was added to a solution of pure benzyl 

phosphorylated cavitand 53 (140 mg, 0.075 mmol) in EtOAc: C H 3 O H (1:1, 30 mL) and 

stirred for 10 min under H 2 atmosphere. The reaction mixture was evaporated under vacuum 

to afford phosphate-footed-2-methyl cavitand 54 as a white solid (86.6 mg, 86%). 

! H NMR (CD3OD, 500 MHz) 8 7.15 (s, 4H, H p a r a ) , 5.83 (d, J= 7.1 Hz, 4H, H o u t ) , 4.76 

(t,J = 7.6 Hz, 4H, H m e t h i ne), 4.25 (d, J =1.1 Hz, 4H, H i n), 4.11 (bm, 8H, H c), 2.40 (bm, 8H, 

H b), 1.96 (s, 12H, CH 3 ) , 1.69 (bm, 8H, H a) ppm 

3 1P NMR (CD3OD, 81 MHz) 8 1.77 (s, 4P) ppm 

HRMS (LSIMS +, thioglycerol) Calculated for (M + H) +: 1145.2556; Found: 1145.2497 

Phosphate ammonium salt 1 

To a 15 mL centrifuge tube was added 20 mg of 54 and 10 ml of 0.1 M (NH4)2C03 

buffer solution. The dissolved material was freeze dried. The procedure was repeated three 

times to assure full conversion of 54 to 1. 
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*H N M R (D 2 0, 400 MHz) 8 7.25 (s, 4H, H p a r a ) , 5.92 (d, J= 12 Hz, 4H, H o u t ) , 4.11 (d, J 

= 7.1 Hz, 4H, H i n), 3.90 (bm, 8H, H c), 2.35 (bm, 8H, H b), 1.88 (s, 12H, CH 3 ) , 1.60 (bm, 8H, 

H a) ppm 

3 1 P N M R (D 2 0, 81 MHz) 8 3.41 (s) ppm 

MS (LSIMS +, thioglycerol + H 2 0) m/z (rel intensity): 1145 (M-4NH 3 + H) +; 100) 

Anal. Calcd for C 4 80 2 4 H 6 oP4«3.5NH3»4H 2 0: C, 45.16; H, 6.20; N, 3.84. Found: C, 

45.18; H , 6.13; N, 3.76. 

B. Binding Study 

i. General 

All chemicals used as potential guests in the binding studies were HPLC grade or 

reagent grade (Fisher) and used without further purification except methyl pyridinium iodide, 

which was synthesized by a known literature procedure. 

'H NMR spectra were recorded on a Bruker AMX-500 spectrometer at 25°C, or on a 

Bruker WH-400 spectrometer at ambient temperature [(20±2)°C]. Chemical shifts (8) were 

referenced to the residual proton signals of the solvents (D 2 0, 4.63; CD3OD, 3.30; CDCI3, 

7.24 ppm). 

All of the aqueous binding experiments were performed in pD 9.4 ammonium 

carbonate-D20 buffer solution. 

The pD's of the buffer solutions were determined using a Fisher Scientific Accumet® 

pH meter 915 calibrated with two purchased buffered standards (pH 4.0 and pH 10.0). pD 

value was then calculated as: pD = pH + 0.4 
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ii. Determination of Binding Stoichiometry 

Stock solutions of host and guest were prepared (5 mM each) and separated into NMR 

tubes to give the following Guest:Host volume ratios (in UL): 500:0, 450:50, 400:100, 

350:150, 300:200, 250:250, 200:300, 150:350, 100:400, 50:450. 'H NMR spectra of all 

samples were obtained and the standard Job's plot was graphed to determine the binding 

stoichiometry. 

The sample preparing information and guest proton chemical shift data are shown in 

Table 2.14-2.17, where X is the mole fraction of the guest in the sample solution (X = 

[G]o/([G]o+[H]0). 

Table 2.14 'H NMR assignments of guest chemical shifts for Job's plot of methyl acetate at 

ambient room temperature. 

x 
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

[ G ] 0 ( m M ) 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 

8Ha(ppm) 1.97 1.84 1.69 1.56 1.42 1.32 1.21 1.09 1.03 1.95 

A H a (ppm) 0 0.13 0.28 0.41 0.55 0.65 0.76 0.88 0.94 1.02 

[G] 0-AH a 
0 0.58 1.1 1.4 1.6 1.6 1.5 1.3 0.94 0.51 

8Hb (ppm) 3.57 3.44 3.31 3.19 3.07 2.97 2.88 2.76 2.72 2.64 

A H b (ppm) 0 0.13 0.26 0.38 0.50 0.60 0.69 0.81 0.85 0.93 

[G]o-AHb 0 0.59 1.0 1.3 1.5 1.5 1.4 1.2 0.85 0.47 
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Table 2.15 'H NMR assignment of guest signals for Job's plot of ethyl acetate at ambient 

room temperature. 

X 
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

[ G ] 0 ( m M ) 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 

8Ha (ppm) 1.97 1.83 1.64 1.51 1.33 1.13 0.99 0.81 0.63 0.49 

A H a (ppm) 0 0.14 0.33 0.46 0.64 0.84 0.98 1.16 1.33 1.48 

[G] 0 -A H a 0 0.63 1.3 1.6 1.9 2.1 2.0 1.7 1.3 0.74 

8^ (ppm) 4.03 4.01 3.97 3.95 3.92 3.88 3.85 3.82 3.74 3.74 

AHT, (ppm) 0 0.02 0.06 0.08 0.12 0.15 0.18 0.21 0.30 0.30 

[GkAHb 0 0.10 0.24 0.29 0.34 0.38 0.36 0.32 0.30 0.15 

8Hc (ppm) 1.14 1.11 1.07 1.03 1.00 0.95 0.92 0.87 0.83 0.80 

A H c (ppm) 0 0.03 0.07 0.11 0.14 0.19 0.22 0.27 0.31 0.34 

[G]O-AHO 0 0.14 0.29 0.37 0.43 0.47 0.45 0.40 0.31 0.17 

Table 2.16 'H NMR assignment of guest signals for Job's plot of methyl propionate at 
ambient room temperature. 

X 
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

[G ] 0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 

8Ha 0.98 0.95 0.92 0.89 0.85 0.81 0.77 0.73 0.68 0.63 

A H a 0 0.03 0.06 0.09 0.13 0.17 0.21 0.25 0.30 0.35 

[G] 0 -A H a 0 0.12 0.23 0.32 0.38 0.42 0.42 0.37 0.30 0.17 

8HT> 2.29 2.27 2.24 2.22 2.19 2.16 2.13 2.10 2.06 2.02 

AHb 0 0.02 0.05 0.07 0.10 0.13 0.16 0.19 0.23 0.26 

[G]0-AHb 0 0.09 0.18 0.25 0.30 0.33 0.32 0.28 0.23 0.13 

8HC 3.58 3.45 3.33 3.19 3.06 2.91 2.77 2.64 2.49 2.31 

A H C 0 0.13 0.25 0.39 0.52 0.67 0.81 0.94 1.09 1.27 

[G]o-A H c 0 0.58 1.0 1.4 1.6 1.7 1.6 1.4 1.1 0.64 
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Table 2.17 'H NMR assignment of guest signals for Job's plot of dimethyl carbonate 

X 

1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

[G]„ 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 

8cH30 3.63 3.53 3.42 3.23 2.14 2.92 2.76 2.55 2.32 2.26 

AcH30 0 0.10 0.22 0.40 0.49 0.71 0.87 1.08 1.31 1.37 

[G](T AcH30 0 0.45 0.87 1.4 1.5 1.8 1.7 1.6 1.3 0.68 

iii. General Procedure for Determination of Binding Constants 

Stock solutions of host 1 were prepared as follows: Host 1 (36.4 mg, 28.5 mmol) was 

weighed into a 3.0 mL volumetric flask and the remaining volume was filled with ammonium 

carbonate-D20 buffer (50 mM). 100 mM stock solutions of each guest were prepared in a 

similar fashion in D 2 0 . For the very hydrophobic guests such as chloroform, dichloromethane, 

benzene, and toluene, the saturated solutions were prepared and the concentration of the 

solutions were determined through NMR integrations against a standard solution of EtOH in 

D 2 0 (100.5 mM). 

An equal volume of the stock solution of a guest (10(iL) were added to 12 NMR tubes. 

The host stock solution was then added to each NMR tube in increasing increments as follows 

(in nl): 0, 80, 100, 120, 160, 200, 250, 300, 350, 400, 450, 490. This provided a range of 

•host:guest ratios from 0 to 5 equivalents. The solutions in each NMR tube were then diluted to 

500 Jul with D 2 0 buffer. The NMR tubes were then capped and wrapped with parafilm. 

Diagnostic guest peak shifts were followed by NMR and the titration curves ([H] against A) 

were fit to the 1:1 binding model using the nonlinear least-squares curve-fitting program 

GraFit™.30 The errors reported with the binding constant values are derived from this 
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procedure. For those very hydrophobic guests (benzene, toluene and chloroform), the 

saturated solutions of a particular guest in D 2 0 under room temperature were prepared as the 

stock solutions. Both host and guest stock solutions were then adjusted to proper volumes to 

perform binding experiments. 

The chemical shifts of the guest protons from the titration experiments are shown in the 

following tables where R is the mole ratio of host:guest; [H]o, [G]o are the initial host/guest 

concentrations, respectively; V H , V G are the volumes of host or guest stock solutions for 

preparing a specific sample solution with hostrguest ratio equal to R; Sis the observed 

chemical shift for a specific guest proton; A is the chemical shift difference between guest 

proton chemical shifts with presence and absence of host. 

Table 2.18 Guest signal assignment for acetone binding in pD 9.4 carbonate buffer at 298K. -
0 (T8-1 LO-1 lJ-1 L 9 0 2Ski 3.3:1 3.8:1 4.3:1 4.7:1 

~0 L52 1.90 2.28 3.80 5.71 6.66 7.61 8̂ 56 932 

2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

2.06 2.00 1.98 1.97 1.91 1.85 1.81 1.78 1.75 1.72 

0 0.06 0.08 0.09 0.15 0.22 0.25 0.28 0.31 0.33 

Table 2.19 NMR assignment of guest signal for C H 3 C N binding in pD 9.4 carbonate 

buffer at 298K. 

R 

~~0 L0-1 T i i l 2Sii 33a 180 4J-I 477-1 

~0 1.90 3.04 3.80 5.71 6.66 7.61 8/56 932 

2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

1.90 1.69 1.58 1.51 1.36 1.27 1.20 1.14 1.10 

0 0.21 0.32 0.38 0.55 0.63 0.70 0.76 0.81 

[H]0 (mM) 

[G] 0 (mM) 

5CH3 (ppm) 

ACH 3 (ppm) 

[H]0(mM) 

[G]o(mM) 

8 C H 3 (ppm) 

A C H 3 (ppm) 
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Table 2.20 NMR assignment of guest signal for benzene binding in pD 9.4 carbonate 

buffer at 2 9 8 K . A 

R 
0 0.5:1 0.7:1 0.9:1 1.1:1 2.3:1 2.8:1 3.4:1 

VH(U1) 0 40 60 80 100 200 250 300 

[H]o (mM) 0 0.76 1.14 1.52 1.90 3.80 4.76 5.71 

Vo(ul) 200 200 200 200 200 200 200 200 

[G] 0 (mM) 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69 

5CH (ppm) 7.31 7.29 7.28 7.21 7.26 7.22 7.20 7.18 

ACH (ppm) 0 0.02 0.03 0.04 0.05 0.09 0.11 0.14 

4.2 mM stock solution of benzene was used. 

Table 2.21 *H NMR assignment of guest signals for toluene binding in pD 9.4 carbonate 

buffer at 2 9 8 K . 

R 
0 0.6:1 0.9:1 1.2:1 1.8:1 2.5:1 3.1:1 3.7:1 4.9:1 5.5:1 6.1:1 7.7:1 

v„(ui) 0 20 30 40 60 80 100 120 160 180 200 250 

[H]0(mM) 0 0.38 0.57 0.76 1.14 1.52 1.90 2.28 3.04 3.42 3.80 4.76 

Voftil) 250 250 250 250 250 250 250 250 250 250 250 250 

[G]0(mM) 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 

8CH3 (Ppm) 2.19 2.16 2.15 2.14 2.11 2.08 2.05 2.03 1.98 1.95 1.93 1.87 

A C H 3 (ppm) 0 0.03 0.04 0.06 0.08 0.11 0.14 0.16 0.21 0.24 0.26 0.32 

8 H o (ppm) 7.13 7.12 7.11 7.10 7.09 7.08 7.07 7.06 7.04 7.03 7.02 6.99 

AHo(PPm) 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.09 0.10 0.11 0.14 

8 f t a (ppm) 7.19 7.18 7.18 7.17 7.16 7.15 7.14 7.14 7.12 7.12 7.11 7.09 

AHm(Ppm) 0 0.01 0.01 0.02 0.03 0.04 0.05 0.05 0.07 0.07 0.08 0.10 

8H p(Ppm) 7.08 7.07 7.07 7.06 7.05 7.04 7.03 7.02 6.99 6.98 6.97 6.94 

A H p (PPm) 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.09 0.10 0.11 0.14 
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Table 2.22 1 H NMR assignment of guest signal for chloroform binding in pD 9.4 carbonate 

buffer at 298K. a , b 

R 
0 0.5:1 1.1:1 1.6:1 2.2:1 2.7:1 3.4:1 4.1:1 4.8:1 5.4:1 6.1:1 

V H ( u l ) 0 40 80 120 160 200 250 300 350 400 450 

[H]0(mM) 0 0.65 1.30 1.96 2.61 3.26 4.08 4.89 5.71 6.52 7.34 

V 0 ( u l ) 50 50 50 50 50 50 50 50 50 50 50 

[G]0(mM) 1.20 1.20 1.20 1.20 1.20 1.20 1.20 • 1.20 1.20 1.20 1.20 

6cH(Ppm) 7.53 7.46 7.40 7.35 7.31 7.27 7.22 N/A 7.14 7.10 7.07 

A C H (ppm) 0 0.07 0.12 0.17 0.22 0.26 0.31 N/A 0.39 0.43 0.46 

a 12.0 mM stock solution of guest was used; b 8.15 mM stock solution of host was used. The 
host concentration of the stock solution is determined from 'H NMR integration; 

Table 2.23 'H NMR chemical shift of guest protons for methyl acetate binding in pD 9.4 

carbonate buffer at 298K. 

R 

0 0.8:1 1.0:1 1.1:1 1.5:1 1.9:1 2.4:1 2.9:1 4.3:1 4.7:1 

[H]0 (mM) 0 1.52 1.90 2.28 3.04 3.80 4.76 5.71 8.56 9.32 

[G]o(mM) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

8 H a (ppm) 1.93 1.41 1.33 1.20 1.05 0.91 0.78 0.67 0.43 0.39 

AH a(ppm) 0 0.52 0.60 0.73 0.88 1.02 1.15 1.26 1.50 1.55 

8Mb (ppm) 3.52 3.05 2.97 2.86 2.72 2.61 2.47 2.37 2.15 2.11 

AHb (ppm) 0 0.48 0.55 0.67 0.80 0.92 1.05 1.16 1.37 1.41 
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Table 2.24 1 H NMR assignment of guest protons for ethyl acetate binding in pD 9.4 carbonate 

buffer at 298K. 

R 
0 0.8:1 1.0:1 1.1:1 1.5:1 1.9:1 2.4:1 2.9:1 3.3:1 3.8:1 4.3:1 4.7:1 

[H]0(mM) 0 1.52 1.90 2.28 3.04 3.80 4.76 5.71 6.66 7.61 8.56 9.32 

[G]o(mM) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

8Ha (ppm) 1.92 1.25 1.12 0.99 0.74 0.55 0.35 0.16 0.02 -0.11 -0.21 -0.29 

A H a (PPm) 0 0.67 0.81 0.94 1.18 1.37 1.57 1.76 1.90 2.03 2.14 2.21 

&m> (PPm) 3.99 3.86 3.83 3.81 3.77 N/A N/A N/A 3.63 3.59 3.56 3.55 

Am (PPm) 0 0.12 0.15 0.17 0.22 N/A N/A N/A 0.36 0.40 0.42 0.44 

5„ c(ppm) 1.09 0.94 0.90 0.87 0.82 0.77 0.72 0.67 0.63 0.59 0.56 0.54 

AHc(PPm) 0 0.15 0.19 0.22 0.27 0.32 0.37 0.42 0.46 0.50 0.53 0.55 

Table 2.25 'H NMR assignment of the guest protons for the methyl propionate binding in pD 

9.4 carbonate buffer at 298K. 

R 
0 0.8:1 1.0:1 1.1:1 1.9:1 2.4:1 2.9:1 3.8:1 4.3:1 4.7:1 

[H]0 (mM) 0 1.52 1.90 2.28 3.80 4.76 5.71 7.61 8.56 9.32 

[G] 0 (mM) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

5 H a (ppm) 0.94 0.77. 0.73 0.69 0.56 0.47 0.41 0.29 0.22 0.19 

A H a (ppm) 0 0.17 0.21 0.25 0.37 0.47 0.53 0.64 0.72 0.75 

5 H b (ppm) 2.24 2.11 2.08 2.05 1.96 1.90 N/A N/A N/A 1.71 

AHb (ppm) 0 0.13 0.17 0.19 0.28 0.34 N/A N/A N/A 0.54 

8Hc(ppm) 3.54 2.87 2.71 2.58 2.19 N/A N/A N/A 1.44 1.34 

A H c (ppm) 0 0.67 0.83 0.96 1.35 N/A N/A N/A 2.10 2.19 
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iv. Variable temperature (VT) *H N M R experiments 

V T 'H NMR spectra were recorded on a Bruker AMX-500 spectrometer. The entire 

titration experiments for a certain guest were run at 4 to 5 different temperatures. The 

NMR tubes were equilibrated for at least 5 min in the spectrometer prior to data 

acquisition. The probe temperature was calibrated against either a methanol or an ethylene 

glycol thermometer (see page 97 for the preparation of the thermometers). The binding 

constants for each temperature points were calculated using a non-linear least square 

procedure and binding enthalpies and entropies were obtained from the slope and intercept 

of the van't Hoff plot (1/T against LnATa). Errors of the calculated enthalpies and entropies 

were obtained from the linear fit of the Equation 2.9. 

Table 2.26 *H NMR assignment of guest protons for methyl acetate V T experiments 

R 

0 0.8:1 1.0:1 1.1:1 1.5:1 1.9:1 2.4:1 2.9:1 4.3:1 4.7:1 

[H]o (mM) 0 1.52 1.90 2.28 3.04 3.80 4.76 5.71 8.56 9.32 
[G]o (mM) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

5Ha (ppm) 1.93 N/A 1.39 1.28 1.14 0.99 0.87 0.77 0.52 0.48 

304 K A H a (ppm) 0 N/A 0.54 0.65 0.79 0.94 1.06 1.16 1.41 1.45 
304 K 

8Hb(ppm) 3.52 3.11 3.03 2.93 2.79 2.67 2.56 2.45 N/A 2.20 

Anb (ppm) 0 0.42 0.49 0.59 0.73 0.85 0.96 1.07 N/A 1.32 
5Ha(ppm) 1.93 1.41 1.33 1.20 1.05 0.91 0.78 0.67 0.43 0.38 

298 K AH a(ppm) 0 0.52 0.60 0.73 0.88 1.02 1.15 1.26 1.50 1.55 
298 K 

OHb(ppm) 3.52 3.05 2.97 2.86 2.72 2.61 2.47 2.37 2.15 2.11 
AHb(ppm) 0 0.48 0.55 0.67 0.80 0.92 1.05 1.16 1.37 1.41 
5Ha(ppm) 1.93 1.34 1.27 1.14 0.97 0.83 0.68 0.57 0.34 0.30 

292 K A H a (ppm) 0 0.59 0.66 0.79 0.96 1.10 1.25 1.36 1.59 1.63 
292 K 

SHI, (ppm) 3.52 2.98 2.91 2.80 2.64 2.51 2.38 N/A 2.07 2.03 
Anb(ppm) 0 0.54 0.61 0.73 0.88 1.01 1.14 N/A 1.45 1.49 
8H a(pPm) 1.93 1.28 1.19 1.04 0.89 0.76 0.60 1.49 0.25 0.22 

286 K AH a(ppm) 0 0.65 0.74 0.89 1.04 1.17 1.33 1.44 1.68 1.71 
286 K 

5Hb(ppm) 3.52 2.92 2.84 2.71 2.55 2.41 N/A 2.18 1.98 1.95 

AHb(ppm) 0 0.60 0.69 0.82 0.97 1.11 N/A 1.34 1.54 1.57 
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Table 2.27 ! H NMR assignment of guest protons for of ethyl acetate V T experiments 

R 

0 0.8:1 1.0:1 1.1:1 1.5:1 1.9:1 2.4:1 2.9:1 33:1 3.8:1 43:1 4.7:1 

[H] 0 (mM) 0 1.52 1.90 2.28 3.04 3.80 4.76 5.71 6.66 7.61 8.56 9.32 

[G] 0 (mM) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

303 K SHa(ppm) 1.92 1.25 1.11 0.99 0.74 0.55 0.35 0.16 0.02 -0.11 -0.21 -0.29 

A H a (ppm) 0 0.67 0.81 0.93 1.18 1.37 1.57 1.76 1.90 2.03 2.14 2.21 

298 K 5Ha(ppm) 1.92 1.18 1.03 0.91 0.65 0.46 0.25 0.07 -0.08 -0.22 -0.33 -0.40 

A H a (ppm) 0 0.74 0.89 1.01 1.27 1.46 1.67 1.85 2.00 2.14 2.25 2.32 

292 K 8Ha(ppm) 1.92 1.09 0.94 0.79 0.52 0.32 0.10 -0.09 -0.25 -0.38 -0.50 N / A 

A H a (ppm) 0 0.83 0.98 1.13 1.40 1.60 1.82 2.01 2.17 2.30 2.42 N / A 

288 K 8Ha(ppm) 1.92 1.04 0.88 0.75 0.45 0.26 -0.01 -0.16 -0.33 -0.43 -0.55 -0.64 

A H a (ppm) 0 0.88 1.04 1.17 1.47 1.66 1.93 2.08 2.25 2.35 2.47 2.55 

283 K 6Ha(ppm) 1.92 0.96 0.79 0.63 0.35 0.12 -0.12 -0.30 -0.46 -0.59 -0.67 -0.74 

A H a (ppm) 0 0.95 1.13 1.29 1.57 1.80 2.03 2.22 2.38 2.50 2.59 2.66 

Table 2.28 H NMR assignment of guest protons for methyl propionate V T experiments ' 

R 

0 0.8:1 1.0:1 1.1:1 1.9:1 2.4:1 2.9:1 3.8:1 4.3:1 4.7:1 

[H]o 0 1.52 1.90 2.28 3.80 4.76 5.71 7.61 8.56 9.32 

3 0 7 K 6Ha(ppm) 3.49 2.93 2.80 2.69 2.34 2.12 2.00 ' 1.72 1.58 1.51 

A H a (ppm) 0 0.56 0.69 0.81 1.16 1.37 1.49 1.77 1.91 1.98 

302 K 5Ha(ppm) 3.49 2.86 2.72 2.60 N/A 2.00 1.83 N/A N/A 1.37 

A H a (ppm) 0 0.63 0.77 0.89 N/A 1.49 1.66 N/A N/A 2.12 

298 K 5Ha(ppm) 3.54 2.87 2.71 2.58 2.19 N/A N/A N/A 1.44 1.34 

A H a (ppm) 0 0.67 0.83 0.96 1.35 N/A N/A N/A 2.10 2.19 

2 9 2 K 5Ha(ppm) 3.47 2.72 2.55 2.42 2.00 1.82 1.62 1.33 1.20 1.10 

AH a(ppm) 0 0.74 0.92 1.04 1.47 1.65 1.85 2.14 2.27 2.36 

2 8 6 K 5Ha(ppm) 3.51 2.67 2.50 2.35 N/A 1.67 N/A 1.26 1.13 1.08 

AH a(ppm) 0 0.84 1.00 1.15 N/A 1.83 N/A 2.25 2.38 2.43 

a Guest concentration was calculated from the 'H NMR integration data due to the partial 
decomposition of methyl propionate in buffer solution. For runs at 298K and 292K, [G]o=1.79 
mM. For runs at 307K, 302K, and 286K (after one week), [G]0=1.63 mM; b ' HDO peaks were 
not calibrated at different temperature. 
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1. Calibration of the Temperature 

Preparing the thermometers'?1 (a) 500-750 JLLI of pure methanol (HPLC grade, Fisher) 

or ethylene glycol (reagent grade, Aldrich) were added to a 5 mm NMR tube, respectively. 

The tube was then connected to a vacuum line, and the other side of the tube was inserted into 

a liquid nitrogen bath to freeze the methanol/ethylene glycol inside. The air in the tube was 

pumped away and the tap to the vacuum line was closed. The methanol/ethylene glycol was 

allowed, to melt. The cooling and evacuation were repeated several times to remove the 

dissolved oxygen. Finally, the tube was sealed with a gas-oxygen flame, (b) 500 (iL of a D 2 0 

pD 9.4 ammonium carbonate buffer was added to a 5 mm NMR tube and a capillary sealed 

with pure ethylene glycol was put into the bottom of the NMR tube. The NMR tube was then 

capped and wrapped with parafilm. 

Two methods were used to calibrate the temperature: 

Calibration from a temperature calibration chart. The methanol or ethylene glycol 

thermometer was placed in the spectrometer and the spectrometer was set at a specific 

temperature (T). After the temperature was equilibrated, a spectrum was acquired and the 

chemical shift difference (A8) between the OH peak and the C H peak were recorded. These 

A 8 values were graphed against T (T was read directly from the temperature measurement 

device attach on the NMR instrument). On the same plot, the standard curve of AS against T 

was also drawn (Figure 2 .13). 3 2 The actual temperature was then extrapolated from this 

calibration chart. For example: if the temperature shown on the temperature measuring device 

is 3 4 0 K , from the calibration chart we can see that the point corresponds to 340 K on the 

measured curve gives AS = 1.05 ppm. Consequently, the point on the standard curve which 

corresponds to 1.05 ppm gives the actual temperature of 360 K . 
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Figure 2.14 V T calibration curves for Bruker A M X 500 spectrometer, (ethylene glycol 

as a thermo-standard) 

Determined from calibration equations. During the 'H NMR titration experiment at a 

certain temperature, the sample tube was displaced by the thermometer and the chemical shift 

difference (A5) between the C H and OH proton resonances was recorded. The temperature 

was calculated using the following two equations: 

T (K) Methanol = 409.0 - 36.53 A5 - 21.85 (A8)2 

T (K) Ethylene glycol = 466.5 - 102.0 A8 

The above temperature measurement was repeated at the beginning, the middle and the 

end of each titration experiment. This method was finally chosen as a better method to 

calibrate the temperature in V T experiments for van't Hoff plot, since the air current and the 
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liquid N 2 level used in the temperature control procedure may vary each time when one does 

the V T experiments. 

2. Calibration of the Chemical Shift of the D 2 0 Solvent Residue Peak 

The chemical shift of the D 2 0 solvent residue peak (HOD) is temperature dependent.33 

The calibration curve of the residual HOD chemical shifts against temperature were graphed 

by referencing the EtOAc acetyl proton chemical shift (8 = 1.92 ppm). The calibration curve 

was shown in Figure 2.14 (The temperatures used in the Figure 2.14 were calibrated using the 

method shown on page 98). 

5 H 11 n 1111111111111111111111111111 n 1111111111 y 

8 

4.8 

4.4 

4.6 

275 280 285 290 295 300 305 310 315 320 
T(K) 

Figure 2.15 D 2 0 residue peak chemical shift as a function of temperature 
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v. Molecular Mechanics Calculations 

9R 

The calculations were performed with the Hyperchem/Chemplus package. First, the 

conformation minimum was found for the host and the guests through a conformational search 

using an MM+ force field. Then, the atomic charges of the host and guests molecules were 

calculated by the semi-empirical AMI method. Next, the free host or guest was put into a box 

containing 200 water molecules, and a minimum was calculated for each host/guest. Finally, 

each complex was inserted into a box containing around 300 water molecules and minima 

were calculated. The calculations were performed with the MM+ force field, using the 

standard parameters of the package. The minimization was performed by the conjugate 

gradient method (Polak-Ribiere) and was carried out until the RMS (Root-mean-square) 
° 1 1 

gradient reached a value of 0.1 kcal A" mol" . 
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