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ABSTRACT 

The investigation reported in this thesis was carried out in two parts. The first part of 

the study involved a computational investigation of various host-guest systems. A 

computational model employing the MM3 force field was used to calculate approximate 

binding energies and predict the enantiomeric preference of theoretical chiral 

pentacycloundecane (PCU) cage macrocycles (S,S)-49 and (S,S)-50 towards chiral 

ammonium ions. The calculations were performed in the "gas phase" using the MM3 

force field in Alchemy 2000 and the results were compared with the results obtained 

previously for host-guest systems studied using the same computational model. Chiral 

cage annulated macrocycles (S,S)-49 and (S,S)-50 were found to have higher binding 

energies than cage annulated macrocycles (S,S)-46 and (R)-27. (S,S)-49 was found to 

have greater chiral recognition than macrocycles (R)-27 and (S,S)-47 reported 

previously. 
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Cram's binaphthyl crown ether (18) that was tested previously using the computational 

model, exhibited the highest calculated enantioselectivity of 1.4 kcal mol"1. This result 

was set as a benchmark for subsequent computational studies. A theoretical crown ether 

(S,S)-33 was postulated and its enantiomeric recognition was calculated using the same 

computational model. (S,S)-33 compared favourably with Cram's binaphthyl crown 

ether (R,R)-18, exhibiting a calculated chiral preference of 1.52 kcal mol"1. 
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The use of solvent in MM3 calculations gives a more realistic representation of binding 

energy and enantiomeric recognition since experimental work is done in the solvent 

medium. The computational model was extended to include calculations examining 

solvent effects (water and chloroform) on the binding energy and enantioselectivity of 

host-guest complexes. Host-guest complexes (S,S)-41 with (S)-31 and (S,S)-41 with 

(R)-31 were subjected to MM3 optimizations in MacroModel. Calculations were 

performed in no solvent (gas phase), water (solvent phase) and chloroform (solvent 

phase). Calculations performed in the solvent phase (water and chloroform) resulted in 

an increase in the calculated binding energies to an extent. It was also observed that the 

polarity of the solvent does have an effect on the enantiomeric recognition. The use of a 
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polar solvent such as water results in lower enantioselectivity when compared with the 

use of a less polar solvent such as chloroform. The increase in the binding energies 

calculated in the solvent medium (water and chloroform) when compared with the 

binding energies calculated in the gas phase, indicates that a weak host-guest complex is 

formed in the solvent phase. 

The second part of the study involved the multi-step synthesis of precursors for PCU 

cage annulated macrocycles. During the synthesis of the precursors for the PCU cage 

annulated macrocycles, four PCU crystal structures were isolated. The X-ray study of 

the crystal structures of the PCU cage diol (25), a novel PCU dimer (76) and PCU ketal 

(77) will be reported to our knowledge for the first time. The crystal structure obtained 

of the PCU dione (20) will also be discussed. A complete NMR elucidation of the 

structure of the PCU dione (20), the PCU diol (25), PCU endo-endo diol (73), a novel 

PCU derivative (76) and the PCU ketal (77) are also reported for the first time to our 

knowledge. 

20 25 73 76 77 
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CHAPTER ONE 

HOST-GUEST CHEMISTRY 

This thesis focuses on the applications and enantiomeric recognition capabilities of 

chiral crown ethers, as well as the synthetic routes to some precursors of cage annulated 

macrocycles. This chapter reviews the significance of chirality in molecular recognition 

processes, the lock-key system in enzymes and an introduction to host-guest chemistry. 

A brief discussion on the synthesis and applications of achiral and chiral crown ethers 

will also be covered. 

A central feature in Nature is that complexes are characterized by a high degree of 

mutual structural recognition between host and guest molecules. In enzyme catalysis, 

transport mechanisms and regulatory systems, complexation occurs which results in the 

chemical and physical properties of both host and guest being vastly altered. An 

important objective in current synthetic organic chemistry is the imitation of Nature's 

selective and highly efficient biological processes. In such processes mutual 

recognition of a species at a molecular level is essential. With the development of 

modern and sophisticated synthetic, separation and analytical techniques, chemists are 

trying to design and synthesize host compounds that will demonstrate some properties 

of nature's catalysts, carriers and regulators. Chirality and the process of enantiomeric 

recognition will be explained next, to enable a better understanding of the concept of 

molecular recognition. 

1.1 THE BIOLOGICAL IMPORTANCE OF CHIRALITY 

There has been a demand for optically pure chiral compounds and one may ask, "Why 

is there such a demand for asymmetric synthesis and chiral molecules?" 

In order to answer this question, the importance of chirality in the world around us 

should be considered. The need for chiral synthesis of pharmaceutical drugs will then 

become apparent. A molecule is said to be chiral if it is not superimposable on its 

mirror image. In nature the biological macromolecules of most living systems consist 

of building blocks made up of largely one enantiomeric form only. This is also true for 

the proteins in our food chain as well as the protein synthesis in our bodies. 
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The biological significance of chirality and the need for asymmetric synthesis becomes 

apparent when one is considering a biologically active, chiral compound (guest) such as 

a drug interacting with a target receptor site (host), which is also chiral. A host can be 

described as an organic molecule, which is non-covalently interacting with a guest to 

form a host-guest complex (see detailed definition in §1.3). It is obvious that two 

enantiomeric drugs [(R)-guest and (S)-guest] will interact differently with chiral 

receptor sites in living organisms, leading to different effects since it is most likely that 

second enantiomer will not be able to fit into the same receptor site, but could fit 

perfectly into an unwanted receptor site. 

It is known that two enantiomers can have quite distinct biological activity. A good 

example is the drug Propranolol (-)-(l) that was introduced in the 1960's as a treatment 

for heart disease. The enantiomer (+)-(l) acts only as a contraceptive, indicating why 

enantiomeric purity is crucial for clinical use. 

NHPrJ 

Pr'HN 

(-)-l (+)-l 

Sometimes one enantiomer may be used as a drug, while the other enantiomer may be 

ineffective. This is the case of the alkaloid levorphanol (-)-(2), which is a powerful 

narcotic analgesic with an activity five times stronger than morphine. Its enantiomer 

dextrorphan (+)-(2) is totally devoid of this activity. 

HO HO 

NMe 

(-)-2 (+)-2 
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Conventional synthesis is only feasible when there is one-stereogenic unit producing 

two enantiomers [i.e (R)- or (S)-isomer], which can be separated by resolution or other 

separation techniques. This may still be inefficient as one of the enantiomers could be 

ineffective with no commercial value. In molecules with multiple stereogenic centres, 

the desired product with the correct stereochemistry at each centre can in general only 

be prepared using asymmetric synthesis. This is the case with the artificial sweetener 

aspartame (-)-(3), in which only one stereoisomer is sweet and the other three 

stereoisomers (+)-(3), (-)-(4) and (+)-(4) are all slightly bitter and must be avoided in 
2 

the manufacturing process. 

HOOC 

H7N 

HOOC 

H 
Nv. /COOMe 

(-)-3 

Ph 

HOOC. 

XOOMe 

HOOC. 

H,N 

(+)-3 

H 
N. .COOMe 

O 

(+)-4 
Ph 

An expensive asymmetric synthetic procedure may be justified if it produces 

exclusively the active stereoisomer. Another reason why asymmetric synthesis is 

becoming increasingly important is due to environmental factors. Inactive 

stereoisomers in agrochemicals may seem to be inert in the short term but unless they 

are rapidly and safely biodegraded there is a risk of long-term side effects due to 

bioaccumulation. It is undesirable for an active pharmaceutical drug to be administered 

together with several inactive isomers, which could possibly be harmful in the future. 

Although it is desirable to use biologically active compounds as the pure stereoisomer, 

it is difficult to separate enantiomers and more effective resolution methods are still 

being developed. At present many synthetic routes to optically pure compounds exist 

but to produce the pure stereoisomer may prove to be prohibitively expensive in some 
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cases. As health laws are becoming stricter, laws are being enforced on pharmaceutical 

companies to manufacture drugs that are in optically pure form. 

The purpose of this study is to investigate chiral host-guest interactions of chiral 

macrocyclic hosts towards chiral ammonium guest ions utilizing a computational 

model, which could ultimately be used to resolve racemic amino compounds via U-tube 
3 4 

or W-tube ' experiments. To understand host-guest interactions better, the lock-key 

system in enzymes will be discussed as this represents a host-guest interaction in its 

simplest form in nature. 

1.2 THE LOCK-KEY SYSTEM IN ENZYMES 

A host-guest relationship is a subject of great interest to chemists. It is studied for the 

purpose of designing better host systems, which could lead to a better understanding of 

wide range of host-guest interactions in nature such as the relationship between enzyme 

and substrate. In many cases such host systems are macrocyclic in nature, although 

bidentate or multidendate ligands also serve as host systems. 

Receptor sites are usually concave surfaces on the enzyme, onto which substrates with 

convex surfaces can bind. The receptor site has a strong affinity for the substrate. Upon 

substrate' binding, which involves non-covalent interactions, the enzyme-substrate 

complex is formed. It is imperative that the substrate molecules have the correct shape 

or functional groups to fit into the active site and participate in the interactions. This 

interaction of (chiral) enzymes with (chiral) substrates is called a lock-key system, and 

depends on structural recognition when binding to the substrate. Complexation of 

crown ethers with guest molecules functions according to the same principles. 

The basis of many biological processes depends on the ability of molecules to recognize 

each other and form well-defined complexes with receptor sites or bioactive sites. The 

binding process is very specific and selective, with one or more compounds of low 

molar mass binding to a specific region in a high molar mass receptor, most often a 

protein or a nucleic acid. Many processes in nature depend on these ideal complexing 

of substrates to enzymes. Such processes include symport, antiport and uniport 

transport mechanisms, neurotransmitter receptors in impulse transmission, antibodies 
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bound to antigens and signal substances bound to receptors and owe their mechanism of 

action and specificity to the ideal complexing of the host to the guest. 

Specificity is a characteristic feature in enzyme-based catalysis. This degree of 

specificity for a substrate can vary from complete specificity to fairly broad specificity. 

Enzyme specificity can also extend to selective discrimination between stereoisomers of 

a substrate molecule. The enzyme (R)-amino acid oxidase is a good example of 

stereospecificity. (R)-amino acid oxidase exhibits specificity for only (R)-amino acids 

and will not catalyse the oxidation of (S)-amino acid stereoisomers. The reason for 

this specificity stems from a more favourable chiral interaction between the (R)-amino 

acid (guest) and the enzyme (host), in comparison with complexation between the (S)-

amino acid (guest) and the enzyme (host). Enzymes with an absolute specificity require 

that the particular substrate have a precise shape, whereas enzymes with a broad 

specificity have more flexible requirements, hence accepting a wider range of substrate 

molecules. 

Structural recognition in complexation is one of the most important means by which 

receptor sites of genes, enzymes and immune systems operate in the evolutionary biotic 

world. High molar mass enzymes (hosts) in reactions normally exhibit a high degree 

of stereospecificity with respect to low molar mass substrates (guests) in terms of 

recognition and catalysis. Host-guest studies attempt to mimic or surpass biological 

host-guest interactions with synthetic hosts. Imitation of these working features has led 

to the design and the synthesis of synthetic entities, which are capable of complexation. 

Host-guest chemistry is a term that is conjoined with the field of synthetic molecular 

complexation chemistry. To obtain a better overview of host-guest interactions, the 

background of host-guest complexation in general will be presented next, including 

examples from achiral systems. 

1.3 HOST-GUEST COMPLEXATION 

The concept of host-guest chemistry describes the chemistry of molecular association. 

Hosts may be acyclic, macrocyclic or oligomeric, and may possess cavities or clefts into 

which the guests fit. Hosts are generally large when compared with guests or with the 

actual portion of the guests that is bound. The term guest is usually used for both 
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metal ions and organic species and can be described as ionic or neutral molecules, 

which possess a complementary part to a would-be host either in charge or 

stereospecificity for effective complexation Organic guests have more complex steric 

requirements and offer a greater variety of bonding possibilities than simple ions. 

Typical guests include ammonium ions, metal ions, and polar neutral species such as 

hydrogen bonding species, aromatic substrates and salts of organic compounds amongst 

others. 

A host-guest complex can be defined as a resultant complex comprising two or more 

molecules or ions held together by electrostatic forces other than covalent bonds. The 

molecular complexes are usually held together by hydrogen bonding, ion pairing, % acid 

to 7i base interaction, metal to ligand binding, van der Waals interactions, attractive 

forces due to solvent reorganization, electron donor-acceptor or hydrophobic 

interactions. Thus in the field of host-guest chemistry, hosts may be referred to as 

synthetic counterparts of the receptor sites and guests as the counterparts of substrates, 

inhibitors or co-factors of biological chemistry. 

The motivation for research in the field of host-guest chemistry has stemmed from the 

desire to mimic enzyme behaviour. In many enzyme systems an important property is 

the ability of the system to differentiate between enantiomeric forms of an organic 

compound. Since enzymes are chiral, they will interact differently with the two 

enantiomers of a chiral substrate. Further developments in host-guest chemistry have 

attempted to synthesize a chiral host that can mimic this enzymatic ability of 

enantiomeric discrimination, especially since the first step in enzyme catalysis involves 

the formation of a highly selective molecular complex containing a favourable 

preorganization of the reactive groups in the system. ' 

The complexing properties of polyethers are not only limited to synthetic ligands, there 

exists a number of naturally occurring compounds with antibiotic properties, that have 

the ability to form lipid soluble alkali and alkaline earth ion complexes. Many of these 

examples contain cyclic ether residues, whilst others are neutral macrocycles with the 

ring composed of amide and ester linkages (for example valinomycin). The cyclic ether 
12 

compounds contain macrocyclic neutral molecules and monobasic acids. 
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Nonactin (5) is a fungal metabolite and is one of the known neutral antibiotics. It 

contains cyclic ether residues. Its structure consists of this fungal metabolite, which 

incorporates repeating enantiomeric units. Four units, two of each enantiomeric form, 

are joined through ester bonds to form a macrocycle. The alternating arrangement of 

the enantiomeric unit means that the molecule possesses a four-fold alternating axis of 

symmetry and this is optically inactive. Alkali metal ions can be complexed in this 

molecule in the sequence Li+ « Na+ « Cs+ < Rb+ < K+. Nonactin (5), in its action 

with a potassium ion, wraps around it in a conformation resembling the seam of a tennis 

ball. The potassium ion has a co-ordination sphere of eight oxygen atoms composed of 

four atoms from the tetrahydrofuran rings and four from the carbonyl groups. 

Biologically neutral and acidic antibodies have a marked effect on alkali metal cation 

transport in respiring cell fragments and on the cation permeability of natural and 

artificial membranes resulting from their complexation ability to certain cations. 12 

Me 

Host-guest chemistry illustrates the 'rules of non-covalency' involved in the 

recognition and binding of a guest by a synthetic receptor such as crown ethers. A brief 

introduction to crown ethers and their applications is discussed below. 

1.4 CROWN ETHERS IN HOST-GUEST INTERACTIONS 

Since the discovery of macrocyclic polyethers (6) by Pederson in 1967 and the 

realization of their ability to form stable selective complexes with alkali and alkaline 

earth metal cations, there has been an increasing interest in the synthesis and qualitative 

complexation studies of crown ethers. ' 
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The ability to form well-defined complexes with salts and neutral molecules has 

sparked interest in synthetic macrocyclic ligands. The chemical and physical properties 

of these complexes have been studied, as well as the factors that determine the ability of 

the host to recognize the guest so that complexation based on the lock and key 

mechanism takes place. Grown ethers are capable of high selectivity and structurally 

specific interactions have been investigated in terms of mimicking the mode of action of 

enzymes. 
15 

This has resulted in the synthesis of novel molecular hosts, which have become more 

complex and challenging in design. First generation crown ethers having only oxygen 

donor atoms (7 and 8 ) were soon followed by the synthesis of ligands having 

additional donor atoms such as nitrogen (9). 16 
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o 
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Bicyclic (10) and tricyclic (11) compounds such as Lehn's cryptands soon 
succeeded monocyclic ligands such as (7). 
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The next advancement was shape selective ligands (12) developed by Cram, which 

contained additional binding sites or chiral steric barriers at strategic positions near the 

cavity of the crown ether. 11,20 

CH, 

CHU 

12 

Chiral discrimination can be described as a molecular interaction in which there is a 

preferred complexation of the chiral host with one enantiomer from a racemic 
21 

mixture. Chirality can be induced on a molecular cavity of a crown ether, which is 

formed by heteroatoms, by incorporating chiral structure elements. There are two 

different types of chiral elements that can be employed for this purpose. 

Type A consists of configurationally stable chiral carbon atoms and type B consists of 

structural elements that owe their chirality to restricted rotations about a carbon-carbon 

bond in the molecule. Crown ethers derived from for example, S-(+) tartaric 

acid, ' ' cyclohexane-l,2-diols ' ' and carbohydrates ' fall into type A, while 

Cram's crown ethers incorporating binaphthyl moieties [such as 12] fall into type B. 

Recently carbohydrates have been used as a versatile and inexpensive source of chirality 
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for crown ethers. ' Sugar units can provide structural constraints to the macrocycles 

and they are rich in the substituent bismethylenedioxy units and functionalities, which 

advantageously offer a vast potential for binding molecules with a variety of shapes and 

sizes. ' ' ' ' The development of synthetic chiral macrocycles, which exhibit a 

measure of chiral recognition during complexation, has therefore resulted in much 

interest. Such chiral macrocyles offer a promise of a tremendous future potential for the 

separation of enantiomers. 

1.5 COMPLEXATION OF AMMONIUM SALTS WITH CHIRAL CROWN 

ETHERS 

Macrocyclic polyethers have the ability to form complexes with primary ammonium 

ions and this provides a strong motivation to study enantiomeric recognition in 

compounds containing the [R-NH3]
+ functional group, since amino acids in their 

12 

zwitterionic and N-protonated forms belong to this class of compounds. Pederson 

discovered that crown ethers could form complexes with both primary ammonium salts 

and metal ions. He further explained that these complexes were formed by ion-dipole 

interactions. ' Later Cram and co-workers demonstrated the binding interaction 

between the crown ethers and primary ammonium salts (see Figure 1). 

CH3 

12 

Figure 1: Host-guest complex of host (12) with arbitrary ammonium guest 

Quantitative data such as the stability constants of these complexes were measured. It 

was then concluded that complexes of crown ethers with primary ammonium salts were 

formed by the three hydrogen bonds together with three direct ion-dipole interactions 

combined alternately (tripod interaction). Further experiments by Cram have shown 
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that it is possible to estimate the relative stability of a host-guest complex formed by a 

chiral host with a chiral guest by applying CPK (Corey-Pauling-Koltun) molecular 

models to view the stereochemical relationship between the host and the guest. 

The ability of chiral crown ethers to selectively complex with one enantiomer of an 

organic ammonium salt can be achieved, provided that the crown ether has effective 

chiral barriers attached to it. The design and synthesis of optically active crown 

compounds that were developed by Cram attempted to model the site of substrate 
9 

binding by enzymes. Applications such as optical resolution and enzyme models use 

optically active crown compounds whose functions resemble the substrate binding by 

enzymes. This is expected to be useful for asymmetric reactions under the mild 

conditions of biosynthesis, as well as in research fields of biochemistry and 

biophysics. Further applications of achiral and chiral crown ethers will be discussed 

below. 

1.6 APPLICATIONS OF CROWN ETHERS 

Crown ethers are extraordinary molecules, which have played an important role in many 

biochemical applications. A field, which Cram has named "host-guest chemistry", has 

become one of the most active and expanding fields of chemical research and 

interest. ' ' ' ' Scientists believe that the unique properties of crown compounds 

hold the potential to break fresh ground in new areas of science such as supramolecular 
41 42 

chemistry and biomimetic chemistry. A variety of modifications to the structure of 

crown ethers have been achieved during the search for new functions. The applications 

of achiral crown ethers will be discussed first, followed by chiral crown ethers. 

The extraordinary ability of crown ethers to form stable selective complexes with 

various cations has been used to advance diverse processes ranging from: phase transfer 

catalysis, ' ' ' the transport of ions through artificial and natural membranes ' 
49 

and for the construction of ion selective electrodes. Crown ether complexes are often 

soluble in apolar solvents due to their lipophilic exterior. This property has been 

successfully exploited in liquid-liquid and solid-liquid phase transfer reactions. Crown 

ethers have also many other applications including isotope separation. By varying the 
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type of hosts it is possible to extract radioactive strontium or toxic cadmium and lead 

ions without affecting the other ions, thereby allowing crown ethers to be used to 

protect the environment. ' 

Nakatsuji and co-workers have examined the potential of crown ethers as models for 

natural ionophores and have succeeded in developing a novel uphill transport system in 

which two different cations are transported in opposite directions against their 

concentration gradients through a bulk liquid membrane by using a pH responsive 

crown ether as the ion carrier. 

Applications for chiral crown ethers also exist. One area of interest is the enantiomeric 

recognition of organic amines by chiral macrocyclic ligands. ' ' The study and 

understanding of enantiomeric recognition of amines and protonated amines by chiral 

macrocyclic ligands is of significance, since such synthetic systems could possibly lead 

to a better understanding of natural systems. Other examples of the extensive use of 

crown compounds in this area are the use of optically active crown compounds for the 

resolution of amino acids, applications to enzyme models or enzyme mimics and 

57 58 59 

enantiomeric recognition of chiral organic ammonium salts. ' ' Synthetic 

macrocyclic polyethers (crown ethers) have played an important role as substitutes for 

naturally-occurring molecules in living systems. A possible field of application is in 

kidney dialysis, since macrocycles are capable of forming complexes with neutral 

molecules, the possibility of using crown ethers as potential selective complexing 

agents for urea has been examined. ' 

There have been many developments reported in the design and synthesis of chiral and 

functional ised complexing agents that are capable of enantiomeric recognition of 

organic primary ammonium cations in the last decade and these are discussed below. 

The design of receptor molecules for primary ammonium cations requires that an 

appropriate macrocyclic subunit be selected, which would display efficient binding 

properties toward primary ammonium cations and provide an anchoring site for the 

cationic -NH3+ head. 

Chiral host macrocycles and chiral guests have been studied over the years using a 

number of different techniques. A high degree of chiral recognition was observed when 
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Cram and co-workers studied chiral crown ethers incorporated with l,l'-binaphthyl 

moieties. The following methods have been used to study enantiomeric recognition of 

chiral crown ethers: !H NMR spectroscopy, ' enantiomeric separation ' ' ' ' by 

silica gel or polystyrene packing material attached to chiral crown molecules (solid-

liquid and liquid-liquid chromatography), UV-studies, ' fluorescence 

spectroscopy ' ' and extraction studies using a U-tube and W-tube. ' Some of the 

applications will be highlighted and expanded on below. 

Recently chiral crown ethers have been incorporated into the walls of nanotubes, 

rendering them useful for enantioselective processes. The ability to incorporate chiral 

functionalities inside the interlocked nanotubes promises to lead to novel chiral zeolitic 

materials exploitable for enantioselective separations and catalysis. It has been shown 

that chiral crown ethers derived from (R)-glucose can be used in catalytic asymmetric 
I C 74 

synthesis to induce enantioselectivity. ' The chiral nature of the crown ether, the 

rigidity of its cavity and the quality of the side arms plays an important role as a phase 
35 75 

transfer reagent in Michael addition and Darzen's condensation reactions. ' 

Since the 1990's fine chemical industries, which supply drug manufacturers with 

complex intermediates and active ingredients, have been acquiring, developing and 

expanding chiral technologies in response to the rising demand for single enantiomers 

of chiral intermediates. Optically active (+)-(18-crown-6)-2,3,ll,12-tetracarboxylic 

acid (13) has been successfully employed as a chiral selector in enantioseparations of 

diverse amino acids and chiral primary amines in capillary electrophoresis. Further 

optimization of these crowns could result in a chiral discrimination tool for optical 
77 

purity tests of amino acid drugs. 

HOOC^ JO O^ ^COOH 

H O O / O O ^COOH 

o 

13 
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Prodi and co-workers have reported the synthesis of an acridino-18-crown-6 ligand 

(14) that exhibits high enantioselectivities for chiral organic ammonium ions. The 

interaction between the crown ether and ions causes a pronounced change in the 

luminescence of the two partners, making the chiral crown ether a suitable fluorescent 

chemosensor for enantiomeric recognition of organic ammonium salts. The application 

of photoluminescence spectroscopy is a very sensitive tool for monitoring the chiral 

recognition of the enantiomerically pure crown ether towards enantiomers of organic 
ammonium salts and is gaining more interest for practical applications. 78 

H,C, (X > C H 3 

14 

Fluorescence spectroscopy has been widely used as a new technique for the chiral 
70 71 72 

resolution of enantiomers. ' ' The study of enantiomeric recognition of chiral 

amines and their perchlorate salts by crown ethers has also been studied using UV-

visible spectroscopy. 

It has been shown that crown ethers play a significant role in many fields and are 

continuously being modified for new applications. The design and modification of 

chiral crown ethers require that many factors be taken into consideration. Chapter 2 

will expand on these factors. 
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CHAPTER TWO 

THE DESIGN OF A THEORETICAL CHIRAL MACROCYCLE 

In order to design a theoretical chiral macrocycle for the purpose of complexation with 

chiral ammonium ions, one must take into account what encompasses a good host and 

secondly the mechanism of host-guest complexation. 

2.1 PROPERTIES OF A GOOD HOST AND FACTORS REQUIRED FOR 

GOOD CHIRAL RECOGNITION 

Cram and co-workers designed host-guest complexes by using and manipulating CPK 

molecular models. Later his co-workers synthesized these host complexes to test them 

experimentally. This demonstrated that host-guest complexes could be designed 

rationally by using molecular modelling and a few physical organic concepts. 

79 3 80 

Chiral agents, such as (R)-a-ephedrine, binaphthol and amino acid derivatives have 
, , . . , , . , . . • , 69,8182,83,84,85,86 ^ ,-

been used to induce chirality in macrocycles. ' For a macrocychc 

receptor to achieve good chiral recognition there are certain rules and properties that 

have to be considered. When designing a host system for the purpose of enantiomeric 

recognition the following rules should be considered: ' 

• Good enantiomeric selectivity requires a stable diastereomeric complex 

between the host and the guest. Enantiomeric discrimination depends on the 

steric repulsion between the substituents at the chiral portion of the host 
88 

macrocycle and the guest molecule. 

• Both the host and guest compounds should be easy to synthesize. Facile 

methods to isolate them in a pure form should exist. 

• The host and guest compounds should be stable, reusable and recoverable. 

• In order to determine the enantioselectivity of the system, the absolute 

configuration of both the host and guest should be known. 

• The systems should be simple and of a low molar mass. 
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• The incorporation of large chiral barriers in crown ethers result in increased 

enantiomeric recognition, however if the chiral barrier is too bulky, 
89 

complexation may be prevented. 

90 

• It has been shown by Still et al. that a rigid diastereomeric complex 

between the host and guest is essential for good enantiomeric discrimination. 

In flexible complexes, the enantiomers usually orientate themselves so as to 

avoid the steric hindrance created by the chiral barriers, at the expense of 

chiral recognition. 

• Stereochemical complementarity should exist between the chiral 
92 

macrocyclic compound and guest enantiomers. 

• Higher enantioselectivity for the chiral recognition of a-chiral primary 

organoammonium ions is shown by macrocyclic ligands possessing C2 and 

D2 symmetry over those with Q, C3 and D3 symmetry. These symmetries 

are preferred so that the host is non-sided and an identical complex is 

obtained if the guest complexes to either side. It was conclusively reported 

that chiral recognition in these environments (Ci, C3 and D3 symmetry) may 

not be feasible. 

2.2 CROWN ETHERS WITH BINAPHTHYL CHIRAL GROUPS 

Between 1970 and 1974, Cram and co-workers designed and synthesized crown ethers 

incorporating 1,1'-binaphthyl units or 1,1 '-ditetralyl subunits as the chiral 
93 94 95 96 97 9$ 

elements. ' ' ' ' ' The principle behind the insertion of the binaphthyl group into 

an optically active crown ether is that a chiral cavity is produced, therefore making it 

possible to utilize optical isomerism by restricted rotation (atropisomerism). 
The absolute configuration of the 2,2-substituted-1,1 -binaphthyl group (15) has been 

99 determined by Yamada et al. see Figure 2 below. 
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Figure 2: 2,2 -disubstituted-1,1 -binaphthyl group (15) 

The advantages of using the 1,1'-binaphthyl unit as a chiral barrier in macrocycles 
87 

are: 

• Firstly the diameter of the cavity is slightly adjustable since the aryl-aryl 

bond angle is variable and acts as a hinge. 

• Moreover the binaphthyl unit can replace an ethylene unit without much 

change in the spacing of the oxygen atoms attached to the 2,2'-positions of 

the 1,1 '-binaphthyl, retaining the normal crown ether backbone. 

• Chains can be attached to the 3,3'-positions to extend the chiral barrier and 

the substituents are directed along the sides (above and below) of the 

macrocycle. Cram and co-workers reported that the methyl groups inserted 

in the 3- and 3'-positions of the 1,1-binaphthyl groups act as additional 

steric barriers thereby increasing the chiral recognition ability. 

• Chains attached to the 6,6'-positions diverge from the binding site and can 

be used to manipulate solubility properties or attach the hosts onto a solid 

support for chiral chromatographic separation. 

When the 2,2'-bisoxy-l,l -binaphthyl unit is present in a macrocyle, the unit rigidly 

extends in three dimensions placing one naphthalene ring above and in a plane tangent 

to the macrocycle and placing the second naphthalene below and tangent to the 

macrocycle. The plane of the naphthalene rings is perpendicular to the plane of the 

macrocycle. The two oxygens are located approximately 75° with respect to one 
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another. A binaphthyl unit possesses useful symmetry properties. It has a C2 axis and 

does not impart the unwanted property of "sidedness" to the hosts. The unit is chiral 

and the aryl rings are potential chiral barriers that should impart the property of chiral 
94 

recognition to the central macrocycle and in turn toward suitable guests. 

The introduction of additional functional groups on the binaphthyl group creates new 

potential binding sites to achieve stereoselective binding with the guest. It was 

proposed that the introduction of methyl groups on the binaphthyl moiety of the 

crown ether (16), sterically inhibits electron derealization into the aromatic rings and 

act as an extension of the chiral barriers. Furthermore the inductive effect of the methyl 

groups makes the aryl oxygen more basic, making it a better binder for cations. 

17 R = CH3 

18 R = CH2C1 

Chiral recognition experiments with binaphthyl crown ethers have been carried out to 

examine the recognition of a racemic guest by optically pure hosts and have succeeded 

in the optical resolution of racemic primary ammonium salts and amino acid ester 

salts. ' The enhanced chiral recognition that was observed during U-tube extraction 

studies was associated with hosts bearing -CH3 (17) and -CH2C1 (18) groups in the 3,3'-

positions of one of the binaphthyl units. Structural refinement of the binaphthyl host 
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(R,R)-16 has resulted in the highest chiral recognition being exhibited. The results were 

predicted in advance from the CPK molecular models which indicated that there was a 

complementarity interaction between the (R,R)-17 host and the (R)-guest and a lack of 

complementarity between the (R,R)-17 host and the (S)-guest. Secondly it was reported 

that the -CH3 (17) and -CH2C1 (18) groups enforce a conformation on the ArOCH2 units 

in which the electron pairs of the oxygen atoms are turned inward and are favourably 

situated for binding with the -NH3+. The experimental results correlated with that 

predicted by the CPK models and showed that the (R)-enantiomer of the guest was 

extracted preferentially into the organic layer. Chiral recognition factors between 

diastereomeric complexes were predicted to be 1.9 kcal mol"1 and 0.42 kcal mol"' for 

host (R,R)-17 with the (R)-C6H5CH(C02CH3)NH3+PF6" guest and host (R,R)-17 with 

the (R)-CH3CH(C02H)NH3+C104" guest respectively.9 

Another moiety, which was incorporated into crown ethers due to its positive properties, 

is the pentacycloundecane (PCU) unit. A brief introduction of the PCU unit and its 

applications is covered in § 2.3. However more focus will be given to the incorporation 

of the PCU skeleton into macrocycles, and its effect on the structural capabilities of 

such macrocycles. The full structural NMR elucidation of the PCU dione and its 

derivatives will be reported in detail in Chapter 6 and the X-ray structures of the PCU 

derivatives will be reported in Chapter 7. 

2.3 APPLICATIONS OF THE PENTACYCLOUNDECANE MOLECULE 

Since 1-aminoadamantane's activity as an anti-viral and anti-Parkinson agent ' ' 

has been established, there has been an increased interest in roughly spherical cage 

amines of similar types. In 1989 a polycyclic amine compound (19, NGP1-01) was 

reported to have calcium antagonistic activity which is used clinically for the treatment 

of a variety of cardiovascular disorders. ' ' Polycyclic cage compounds have a 

wide scope of pharmaceutical applications ranging from the use as an anti-viral agent 

against influenza and the immunodeficiency virus (HIV) to the proposed treatment of 
109 

diseases such as Parkinson's and Alzheimer's disease. 
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Since strained polycyclic cage compounds have a high net volumetric heat of 

combustion associated with them, they have been investigated as a new class of 

propulsion energetic materials. ' ' ' The cage structure has a spatially more 

compact way of arranging the atoms, which is of significance for the potential 
,. , f , • , . . . 114,115,116 

applications of high-energy organic explosives. 

Cage molecules can offer a wealth of information regarding for example, the effects of 

strain upon molecular stability and chemical reactivity and structure-reactivity 
117 

relationships in saturated systems. Such molecules are sometimes used as 
intermediates in highly regioselective syntheses of complex organic molecules and of 

118 

natural products. Cage compounds are highly compact and often contain 
118 

considerable strain energy that results in bond angle and bond length deformations. 

Frequently, the strain energy contained within the cage molecule can express itself 

through unusual patterns in chemical reactivity. Rigid cage molecules have a marked 

advantage over conformationally mobile molecules since their reaction centres are fixed 

with regard to the remainder of the molecular skeleton therefore perturbations due to the 

conformational changes are effectively diminished or removed. This results in the 

understanding of many chemical transformations being simplified and the analysis of 

structure-reactivity relationships being permitted. Mechanistic studies as well as 

organic synthesis have taken advantage of the potential interaction between two reactive 
119 

centres in conformationally restricted molecules. 
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Derivatives of pentacyclo[5.4.0.02'6.0310.05'9]undecane dione (PCUD)120'121 (20) have 

122 

been used as valuable substrates in many organic chemical syntheses. As mentioned 

above, the pentacycloundecane (PCU) moiety has found various applications. One 

application that is of great interest is its incorporation into crown ethers and this will be 

discussed below. 

PCUD (20) has been incorporated into supramolecular systems with a potential 
123 

application as new material for nanotechnology applications. Crown ethers 

containing the PCU skeleton have been designed to complex heavy metals for the 

selective removal of toxic metals from industrial waste disposed in the environment. 

Their binding abilities have been investigated and evaluated by Electrospray 

Ionization/Quadrupole Ion Trap Mass Spectrometry. The PCU moiety has also been 

incorporated into cage functionalized cryptands as hosts for the selective complexation 

and transport of Li+ and Na+ picrates. In 1986 Hayakawa incorporated the first PCU 

moiety into crown ethers such as (21) however their properties as hosts were not 

examined and the PCU moiety was not used as part of the crown ether 
backbone. 

125,126,127 

The incorporation of the cage moiety as part of the backbone of the ligand offers the 

advantage of allowing bridgehead oxygen atoms to participate, together with other 
128 

donating atoms in the complexation of the guest. Simple monocyclic crown ethers 
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lack facial differentiation i.e. there is no distinction between the guest ion approaching 

toward the top side or bottom side of the approximate plane of the crown ether 

backbone. Although the PCU (20) unit is a meso compound, when it is attached to 

chiral ligands it becomes chiral thereby rendering the faces of the crown ether 
128 

inherently diastereotopically non-equivalent. 

According to Cram's initial rules discussed above (see §2.1) this feature is not desirable 

for chiral discrimination. The reason is that the PCU cage annulated crown ether has Ci 

symmetry, which results in two potential complexation "faces" available to the guest 

molecule (see Figure 4, §3.6). According to literature C2 symmetry is preferred for 

maximum chiral influence since it is non-sided and equivalent (see §2.1). However as 

will be demonstrated below, the advantages of using the PCU cage seem to outweigh its 

"disadvantages". Previous studies of cage functionalized crown ethers ' have 

demonstrated that the incorporation of the PCU framework into chiral crown ethers 

leads to the enhanced enantioselectivity by providing: 

128 

• A high degree of rigidity in the crown ethers. 

128 

• Two potential faces to an approaching guest. 

128 

• Increased solubility in non-polar solvents (i.e lipophilicity). 

• Higher rates of transport of chiral organic ammonium salts across the U-tube 
4 

into the organic phase. 

Marchand et al. have previously synthesized non-chiral crown ethers containing the 
129 cage moiety as part of the " backbone" (22). The synthetic route of (22) is shown in 

Scheme 1 below. 

22 



H2C=CH-MgBr 
». 

dryTHF 

20 23 

TsOH 

benzene 
reflux 

XT 

24 

1) HjB.THF/ 

dryTHF 

2) H20/H+ 

22 

n, 
OTs TsO 

NaH, dry THF 

129 

Scheme 1: Synthetic route to cage annulated macrocycle (22) 
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The synthesis of this non-chiral crown ether (22) uses the tosylate leaving group on 

the glycol segment. The cyclisation step is carried out using the cage diol (25) and the 

triethylene glycol ditosylate. 

The first chiral crown ether incorporating the PCU unit (27) was reported in 1999 by 

Marchand et al. The optically active cage functional ized crown ether incorporates 

Cram's l,l'-binaphthyl moiety as a source of chirality. 

27 
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Chiral cage annulated macrocycles such as (27) were synthesized using the following 

synthetic route. In this synthetic approach (Scheme 2) the tosylate leaving groups are 

attached to the cage moiety, which is then coupled to the binaphthol (15). 

TsOCH2CH2OBz 

NaH, THF 

H2 ,55 psig 
10% Pd /C 

15 

TsCl, pyridine, 
CH2C12 

27 

Scheme 2: Synthetic route to chiral cage annulated macrocycle (27) 

3 3 4 

Crown ethers (R,R)-17 , (R,R)-18 and (R)-27 have been tested experimentally using a 

U-tube to determine their chiral recognition capabilities towards chiral organic 

ammonium salts. Cram's crown ethers (R,R)-17 and (R,R)-18 have provided the 

benchmark for subsequent extraction studies with an experimental enantioselectivity of 

78 % and 82 % respectively for (R)-31 over the (S)-31 guest molecule (see Chapter 3 

for reference to these experimental results being used as benchmark for a computational 
model). Marchand's cage annulated crown ether (R)-27 exhibited good 
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enantioselectivity of 79 % with a-methylbenzylammonium ion (32) when tested in 

extraction/transport studies using a U-tube. 

17 18 

27 (R)-31 (S)-31 (R)/(S)-32 

Crown ethers (R,R)-20, (R,R)-32 and (R)-27 have also been studied previously using 

computational methods (see Chapter 3). The computational model also recognises the 

excellent enantiomeric recognition capabilities of the binaphthyl derived crown ethers. 

Since cage macrocycles have exhibited promising results as hosts in both experimental 

extraction studies as well as computational studies, it was decided to design a 

theoretical crown ether that incorporated both the binaphthyl and PCU moieties and 

then examine its enantioselectivity towards chiral ammonium salts utilizing the same 

computational model. 

2.4 DESIGN OF A NOVEL THEORETICAL CAGE CROWN ETHER 

Based on the above literature it was decided to extend the computational study by 

postulating the theoretical crown ether (S,S)-33 incorporating two 1,1 '-binaphthyl 

subunits as well as the pentacycloundecane cage and examining its enantiomeric 

recognition capabilities (see Chapter 3). 
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Several crown ether analogues are possible by the substitution of the R-CH-CH-R group 

in (33). For example a pyridine (34) or benzene (35, 36) moiety can be used for rigidity 

or an ethylene group (-CH2-CH2-, R=H) or diethylene glycol group (37) for flexibility 

of the crown ether. In addition chains can be attached to the 3,3'-positions (R2) of the 

binaphthyl thereby extending the chiral barrier. 

34 35 
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Computational models attempt to supply qualitative predictions of the complexing 

abilities of the crown ether and hence give a "feel" for the expected properties of the 

new host. Computational studies, which were performed (see Chapter 3) on the novel 

crown ether (S,S)-33, indicated that this system could be a good host capable of 

excellent enantioselectivity. However it is imperative that the predicted properties of 

such a system are verified through synthesis and U-tube experiments. 
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CHAPTER THREE 

COMPUTATIONAL CHEMISTRY 

130 

This chapter will expand on a computational model that predicts the 

enantioselectivity of some new host-guest systems as well as their approximate binding 

energies. The computational model was developed as a collaborative project in our 

laboratory. The PhD studies of T Govender and the results of this investigation 

formed the basis for the computational model. This study will compare the results 

obtained using the computational model (MM3 force field "gas phase" calculations in 

Alchemy 2000 ) with the results obtained previously. The current study will 

attempt to improve the computational model by upgrading the MM3 force field "gas 

phase" calculations in Alchemy 2000 to include solvation effects (chloroform and 
132 

water) using MacroModel. The effect of solvation (chloroform and water) on the 

binding energy and enantioselectivity of host-guest complexes will be investigated. 
3.1 INTRODUCTION TO COMPUTATIONAL CHEMISTRY 

Researchers in host-guest chemistry have found that it is difficult to visualize the 

resulting host-guest complex without a three-dimensional representation. Designing a 

new host relies on the aid of molecular models therefore the use of molecular modelling 

on computer has become necessary. 

When designing a host, CPK molecular models have been used in established research 

groups such as that of Cram's to provide invaluable assistance in examining the various 

molecular possibilities between hosts and guests. Since host-guest binding energies are 

relatively small, little energy is available to deform bond angles or to compress groups 
133 

during complexation. Space filling scale models have bond angles and distances that 

are based on X-ray structure data which apply at room temperature and can provide a 

rough guide for testing whether a host structure will bind to a given organic guest 

compound. Force field methods allow for atoms and bonds that are not fixed at one 

size and length and allow the prediction of relative energies and barriers for the 

interconversion of different conformations. Computational chemistry or molecular 
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orbital calculations are at present a better and more advanced option available to organic 

chemists. 

Computational chemistry attempts to supply information about the design of new 

systems or the interpretation of the properties of existing systems. Computational 

methods include model building and geometry optimizations. The geometry 

calculation is performed by a program using mathematical algorithms to search for a 

minimum on the potential energy profile of a specific molecule. The use of different 

software packages allows one to build structures and to perform various molecular 

orbital calculations on them. Computer programs such as Gaussian, ' 

Hyperchem, and Alchemy are commercially available. Some graphics 

workstations contain crystallographic databases as well as templates and builders, which 

allow easy docking operations for the manipulation of the intermolecular positioning. 
139 135 

Molecular orbital calculations include ab initio, semi-empirical and molecular 
, ,. , • 135,140,141,142,143 

mechanics techniques. 

Quantum mechanics and molecular mechanics are the two broad fields within 

computational chemistry, which deals with the structure and reactivity of molecules. 

The basic types of calculations performed using quantum mechanics and molecular 

mechanics include the following amongst others: 

• Calculations of the energy of a particular molecular structure or physical 

arrangement of atoms or nuclei. 

• The geometry optimization of the lowest energy molecular structure, which 

is located in close proximity to the specified start structure. 

• The computations of the vibrational frequencies of molecules, which result 

from interatomic motion within the molecule. 

3.2 QUANTUM MECHANICS 

Electronic structure methods use the laws of quantum mechanics. Quantum mechanics 

states that by solving the Schrodinger equation, the energy and other properties of a 
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molecule may be obtained. The three classes of electronic structure methods are 

described briefly below. 

3.2.1 AB INITIO 

Ab initio methods do not use experimental parameters in their calculations and are 

derived solely from theoretical principles. The laws of quantum mechanics and the 
137 

input values of a small number of physical constants are used in the computations. 

Ab initio computations can provide high quality quantitative predictions for a broad 

range of systems. Ab initio methods derive information by solving the Schrodinger 
137 

equation using a series of mathematical approximations. The introduction of a basis 

set (mathematical description of the molecular orbital) is an approximation present inall 

ab initio methods. The type of basis functions used also influences the accuracy. The 

advantage of using ab initio methods is that once the approximations become small, 

they usually converge to the exact solution. This can be achieved by improving the 

level of theory (e.g. to include electron correlation) and to increase the size of the basis 

set (i.e. remove limitations on the size and geometry of the molecular orbitals). The 

disadvantages of ab initio calculations are that they are expensive in terms of the 
144 

utilization of CPU time, memory and disk space. 

3.2.1 DENSITY FUNCTIONAL THEORY (DFT) 
The Density Functional Theory (DFT) approach approximates the effects of electron 

145 

correlation via the general functional of the electron density. The DFT method is 
146 147 

based on the theory by Hohenberg and Kohn. ' DFT methods are not as expensive 

as ab initio methods, however they require the same resources. DFT methods perform 

calculations from first principles and offer the advantage that only the total electron 
144 

density needs to be considered. Important aspects when using ab initio and DFT 

methods are listed and discussed in the references provided below: 
• The Schrodinger equation. 

149 

• The Born-Oppenheimer approximation of the Schrodinger equation. 
148 • The Hartree-Fock approximation. 
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137 

• Linear Combination of Atomic Orbitals (LCAO) approximation. 

• Electron correlation. 

137 

• Roothaan-Hall equations. 

The choice of basis set and the density functional determine the accuracy of results 

obtained by DFT methods. DFT methods may produce energy values that are lower 

than the true energy. The use of hybrid functionals such as B3LYP ' ' (Becke's 3 

parameter functional where non local correlation is provided by the LYP expression 

[Lee, Yang, Parr]) has improved DFT methods. B3LYP with a 6-31+G(d) basis set was 

used to calibrate the molecular mechanics computational model used in this 

investigation. The model was also calculated with semi-empirical methods since it was 

reported to produce accurate results for organic molecules and is widely used. 

3.2.3 SEMI-EMPIRICAL METHODS 

Semi-empirical methods reduce the computational effort that is associated with ab initio 
144 

methods, by introducing various approximations. Semi-empirical methods, which 

include Austin model 1 (AMI), Parametric method number 3 (PM3) and Modified 

intermediate neglect of differential overlap (MIND03), solve an approximate form of 

the Schrodinger equation using parameters derived from experimental or high level ab 

initio results to simplify the calculation. Semi-empirical methods use an assumption, 

which is the zero differential overlap (ZDO). This approximation neglects all the 

products of basis functions depending on the same electron co-ordinates when located 

on different atoms. The remaining integrals are made into parameters and their values 

are derived from experimental or ab initio results as indicated above. Only a minimum 

basis set is used for the valence electrons. Most semi-empirical methods use only s- and 

p-functions and the basis functions are taken to be Slater type orbitals i.e exponential 

functions. The various semi-empirical methods are defined by how many integrals are 
134 

neglected and how the parameterization is performed. A variety of data such as heats 

of formation, dipole moments and ionization potentials can be reproduced by using 
138 

semi-empirical methods. Generally semi-empirical methods are faster than ab initio, 
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however the results obtained are highly dependent on the parameterisation set of the 

model. 

3.3 MOLECULAR MECHANICS OR FORCE FIELD METHODS 

High quality ab initio calculations are more reliable than semi-empirical calculations in 

model studies. Ab initio and semi-empirical calculations are used in host-guest 

chemistry to determine parameters for subsequent use in other computational methods 

such as molecular mechanics, which is also referred to as force field methods. Ab 

initio and semi-empirical programs can also be used as the sole calculation technique to 

study hosts and their complexes, however ab initio methods are much more expensive 
157 

in terms of computational resources and time. 

A major disadvantage with using both ab intio and semi-empirical techniques in host-

guest chemistry is that the calculations are heavily dependent on computational 

resources for such large molecules. Therefore, it is advisable to use molecular 

mechanics methods, which generally give minimized geometries in a fraction of the 

time needed for either semi-empirical or ab intio calculations. Molecular mechanics 

calculations make use of quite severe approximations, therefore they are inexpensive in 

computer resources and time and can be used for large systems with thousands of 
158 ¥ 

atoms. Usually host-guest chemistry produces systems that are too large for the 

routine handling by ab initio methods but can be handled by molecular mechanics. 

Since molecular mechanics can treat a large number of particles, it is also the only 

realistic method for performing simulations where solvent effects or crystal packing can 

be studied. 

There are two methods of solvent modelling and these generally follow the approach 
159 

described below. The first approach involves the use of a solvent box or solvent 

shell, which consists of several hundred solvent molecules that surround the solute or 

compound of interest. The solvent box makes use of a continuum in which a solvent 

molecule will appear on the other side of the box when one is leaving the box due to 

molecular movement during the optimization. This method is also called a solvent 

implicit model. Thermodynamic data related to the solvation can be extracted from this 
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system. Needless to say, currently the size of these calculations excludes this method 

for quantum mechanical calculations. 

An alternative to this simulation method is a solvent explicit model. Instead of implicit 

solvent molecules, a continuum having an appropriate bulk dielectric constant is 
159 

used. The calculation also makes use of the volume of the substrate molecule. This 
132 

simulation method is employed in the MacroModel software and used in §3.7 to 

calculate the effects of solvent on the binding energies and enantioselectivity of host-

guest complexes. The method is also suitable for quantum mechanical calculations. 

There are a number of force fields available which differ in the complexity of the 

potential energy functions and the parameter sets defined. Force fields such as 

ECEPP, ' ' were developed for proteins and have rigid internal geometries for 

bond lengths and bond angles. MM2 and MM3 are sophisticated force fields, 

which can accurately reproduce the experimental structures and vibrational frequencies 

of organic and bioorganic molecules. Molecular mechanics methods cannot accurately 

describe bond formation or bond breaking or predict molecular properties, which 

depend on electronic effects. 

The potential function and parameter sets for the force fields are more complex, 

resulting in an increased predictive accuracy. However molecular mechanics methods 

should be treated with caution, as the specific force field employed by the software may 

not be calibrated well enough for all chemical systems under investigation. Therefore, 

no force field can be used generally for all molecular systems. Force fields have 

parameters, which are specific for a class of molecules. Extensive studies of the 18-

crown-6 using the MM2 program, making use of more than a hundred and ninety host 

starting conformations, led to the conclusion that the host molecule has a potential 

energy surface with many minima separated by small energy differences. ' Most 

molecular mechanics studies use energy minimization algorithms: these include 

Molecular Dynamics (MD) and Monte Carlo simulations. ' Current molecular 

mechanics studies have correctly reproduced many of the properties of both complexed 

and uncomplexed hosts. Technical inforr 

mechanics methods is provided below (§3.3.1). 

1 f\H 

and uncomplexed hosts. Technical information about the basics of molecular 
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3.3.1 THE BASICS OF A MOLECULAR MECHANICS OPTIMIZATION 

The laws of classical physics are used in molecular mechanics simulations to predict the 

structure and properties of molecules. As discussed earlier, many different molecular 

mechanics methods exist, each with its own specific force field. The following 
158 

components are present in a force field: 

• A set of equations that demonstrates the variation of the potential energy of a 

molecule with the location of its component atoms. 

• The characteristics of an element within a specific chemical context is 

defined by a series of atom types. Each atom type has different 

characteristics and every element has a different behaviour depending upon 

its environment. An atom type is dependent upon hybridization, charge and 

types of atoms to which it is bonded. 

• Different parameter sets fit the equations and atom types to the experimental 

data. Force constants are defined by parameter sets and are properties used 

in equations to relate atomic characteristics to energy components and 

structural data (eg. bond lengths and angles). 

Molecular mechanics calculations are based on interactions among the nuclei rather 

than electrons in a molecular system. Electronic effects are implicitly included in force 
137 

fields using parameter sets. However this only includes crude electronic effects such 

as dipole-dipole interactions and the calculation of static charges. Polarization and 

dispersion effects are too subtle to be included in force fields. Molecular mechanics, or 

force field calculations, calculate energy from simple potential energy functions. 

Calculations involve the treatment of molecules as a group of atoms governed by bond 
169 

stretching, angle bending, dihedral angle torsion and inversion and other interactions. 

The dynamics of the atoms are treated by classical methods e.g. Newton's second law. 

The force field energy can be written as a sum of terms, which describes the energy 
131 

required for distorting a molecule in a specific fashion. 

Potential energy functions describe the features of the molecules and are used to 

calculate the energy of a molecule. The force field is a combination of the energy 
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functions used to calculate the overall potential energy of the molecule. The 

interaction between the atoms of a molecular system and the mechanics of its motion is 

treated with a classical non-quantized potential energy function by the molecular 

mechanics programme. The potential energy function of a molecular system is split 

into a series of additive terms, which describe the different contributions to the overall 

conformational energy (see Equation 1) 

Vtotal — V(,o nd stretch + Vangle bend "*" Vvan ^ e r Waab "^ ^hydrogen bond "^ ^electrostatics Eq. 1 

These terms may be deviations of the potential energy functions from the ideal bond 

lengths, bond angles and torsion angles of the interactions energies due to van der 
170 

Waals forces, hydrogen bonding and electrostatics. 

Using the molecular mechanics optimization, a single conformation of a molecule can 

be found by using a mathematical algorithm to find the minimum of the potential 

energy surface of the wave function as described by the specific software. Optimization 

can be defined as a mathematical process whereby the structure is obtained by 

performing a series of calculations, which try to locate the lowest energy molecular 

structure, which is in close proximity to the starting structure. A geometry optimization 

is mainly dependent on the gradient of the energy profile of the starting structure. The 

structure is modified to make it more consistent with the parameter information within 

the program. An optimization is carried out using potential energy functions, which 

alter the bond lengths, bond angles and torsion angles thereby altering the geometry of 

the molecule slightly and generating a more realistic structure with lower energy. 

Global minimum is the term used to describe the point at which the total energy of the 

system is at its lowest. There may be many local minima in a given system. A local 

minimum is a stationary point on the potential energy curve at which the energy of the 
158 

molecule is lowest within some limited region. Rigid molecules have less 

conformational freedom and it is in principle much easier to obtain the global minimum 

of the system. Larger systems such as macrocycles exhibit more conformational 

flexibility and special care should be taken to ensure a reasonable chance to obtain the 

global minimum. Most mathematical optimization algorithms are sensitive enough to 

be trapped in local minima. Fortunately the inclusion of a guest to a host system seems 
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to impose larger rigidity on the host-guest system, which makes it easier to find 

conformations closer to the global minimum. 

Simulations refer to models involving a statistical component. Note that even 

sophisticated optimization algorithms such as the Monte Carlo algorithm could be 

trapped in a global minimum. A Monte Carlo simulation is used to explore the possible 

states of a system involving large ranges of parameters, by conducting a large number 

of random trials. At the end of the Monte Carlo simulation, the collection of randomly 

chosen points provides you with information about the entire range. Basically instead 

171 

of covering the entire range, results at some random points are calculated. The 

dynamic behaviour and thermodynamic properties of biological macromolecules in 

solution require the use of molecular simulation techniques such as molecular dynamics 

(MD) and Monte Carlo sampling. Such techniques are also well established for 
172 

description of the physical properties of fluids. 

In order to overcome potential energy barriers and to find structures closer to the global 

minimum, various computational solutions are available. One such solution is 

molecular dynamics (MD). These simulations have been valuable and appear 

promising in understanding the dynamic structure of proteins, nucleic acids, their 

complexes, chemical reactivity in condensed media as well as the mechanism of 

enzyme action. Free energy simulations allow the theoretical evaluation of binding free 

energies, thus opening up the possibility of predicting the efficacy and safety of 
172 

potential drug candidates in the future. Molecular dynamics (MD) and simulated 

annealing (SA) techniques are discussed further below. 
3.4 MOLECULAR DYNAMICS (MD) AND SIMULATED ANNEALING (SA) 

Molecular dynamics (MD) is a special molecular mechanics program, developed by 

Allinger and co-workers. ' ' Molecular dynamics (MD) simulations have become 

a powerful tool for studying the structure and dynamics of biologically important 

molecules. ' A brief overview of molecular dynamics calculations is given below. 
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3.4.1 MOLECULAR DYNAMICS (MD) 

A molecular dynamics calculation uses a mathematical algorithm to "heat" the molecule 

to higher temperatures to overcome rotational and other conformational energy barriers. 

This is mathematically achieved by using Newtonian equations of motion, potential 

energy functions and the associated force field. At the start of the dynamics study the 

molecule is in a specific conformation. The next step involves the addition of thermal 

energy in the form of potential energy. This results in the motion of the atoms due to 

the added forces imposed on it according to Newton's laws of motion. The acceleration 

that each atom undergoes can be calculated since at a given time and for each atom, its 

position, mass and the forces acting on it are known. Thus the current force on each 

atom as well as the position can be calculated after a short time. The vibrational motion 

131 
of the molecule as a function of time can also be obtained. 

It is important to know that it has been reported that the temperature scales of the MD 
170 

programs do not correlate with reality. A molecular dynamics simulation performed 

using a cyclohexane molecule in different starting conformations and different 

simulation temperatures have been used to demonstrate this. At temperatures of 400 K, 

cyclohexane oscillated between the different twist boat forms, at 600 K the molecule 

had sufficient kinetic energy allowing it to convert between one of the rigid chair forms 

and twisted forms. Temperature increases of up to 1000 K yielded both the chair and 

twisted conformations. 
170 

This study has shown that the mathematical scale used during the molecular 

dynamics does not correlate correctly with the results found in reality, since it is known 

that cyclohexane interconverts at room temperature (298 K). It is therefore essential 

that the system be allowed to reach equilibrium at a temperature where all 

conformations are explored during the MD run. As the MD algorithm is trying to find 

the lowest energy of the system at the specific temperature the molecule will "occupy" 

low energy conformations for longer times compared with maxima on the energy 

surface. Similarly the molecule will theoretically spend more time at the global 

minimum of the system, especially if the global minimum has a reasonably lower 

energy in comparison with the various local minima. 
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The displacement of atoms in the molecule is followed over a certain period of time, at 

a specific temperature and a specific pressure. The motion of the atoms is calculated at 

separate and small time intervals. Simulations can also be run with varying 

temperatures so as to obtain different families of conformers. Using higher 

temperatures makes it feasible to cross more energy barriers hence allowing the 
170 

structure to convert to more conformers. In practice all the low energy 

conformations associated with minima on the reaction coordinate of a MD run will be 

optimized at 0 K and rank ordered by energy. The simulated annealing technique uses a 

modified approach and the system undergoes cooling as described below. 

3.4.2 SIMULATED ANNEALING (SA) 

Simulated Annealing (SA) examines the equations of state and frozen states of n-body 
1 7^ 11f\ 

systems. ' The manner in which liquids freeze or metals crystallize in the process 

of annealing forms the basis of the concept of simulated annealing. In a typical 

annealing process a melt, which is initially disordered and at a high temperature, is 

slowly cooled. As the cooling proceeds the system becomes more ordered and 
175 

approaches a "frozen" ground state at T = 0 K. To describe the principle of the 

simulated annealing technique, the molecule is first "heated" using a typical MD 

algorithm and then cooled at regular time intervals. The simulation temperature is 

decreased stepwise, so that the conformation changes due to slow cooling lead to the 

location of the local minimum. At the end of this annealing cycle, the geometry that is 

trapped in the nearest local minimum is saved and is used as a starting geometry in 

further simulations at higher temperatures. The simulated annealing is repeated until 
170 

several low energy conformations are obtained which are possible global minima. In 
177 178 

the case of flexible molecules, statistical analysis is required ' to ensure that a slight 

chance exists to obtain structures with lower energy. 
3.5 COMPUTATIONAL MODEL 

Quality assessment is an absolute requirement in computational chemistry. When 

choosing a method, a basic understanding of the theory behind the method is needed as 

well as the knowledge of the performance of that method for similar or other systems. 

When using a computational method, it is necessary to develop a way of calibrating the 
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134 
results that are obtained. It has already been illustrated by Hay and co-workers that 

the MM3 force field is a worthy option for the optimization of crown ethers with alkali 

metal guests. ' Previous work carried out in our laboratory, on the advice of 

Hay and with the initial assistance of Allinger ' ' has examined optimized 

host-guest complexes using co-ordinates from two X-ray structures of host complex 

(R,R)-38 with organic ammonium salts (R)-39 and (R)-40 respectively using MM3, 

AMI, PM3 and DFT calculations. The DFT calculations were performed using 

B3LYP151'152'153 (a hybrid functional) with the 6-31+G(d) basis set. 
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It was found that the MM3 results compared well with the DFT optimized complexes, 

in terms of root mean square (RMS) overlay and relative binding energies. The RMS 

overlay for complexes [(R,R)-38-(R)-39] and [(R,R)-38-(R)-40] optimized with MM3 

differed by 0.035A and 0.082A respectively from the same complexes optimized with 

B3LYP/6-31+G(d). Similarly the binding energies calculated by MM3 were calculated 

to be -45.3 kcal mol"1 and -41.5 kcal mol"1 for complex [(R,R)-38-(R)-39] and complex 

[(R,R)-38-(R)-40] respectively and -53 kcal mol"1 for the complexes when calculated by 

DFT methods. The MM3 results were considerably better than those obtained for the 

PM3 calculations. 

The proposed model, is a qualitative method used to predict the enantioselectivity of 

chiral macrocycles towards chiral ammonium ions. Although the MM3 force field was 
182 

developed for amino acids, including the zwitterions of amino acids the force fields 

have to be adjusted to suit specific systems. On this basis a collaborating project was 

started using MM3 to examine the optimization of macrocycles with chiral organic 
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ammonium salts. All MM3 calculations reported before as well in the initial stage of 

this study were performed in the 'gas phase' or 'in vacuo'. 

The calculations performed using Alchemy 2000 are for two isolated molecules 

excluding all solvent effects. This corresponds to a physical situation, which occurs 

under low pressure (vacuum) or in the gas phase. Experimentally, most chemical 

reactions occur in solution. Reactions occurring in the gas and solution phase are both 

qualitatively and quantitatively different, especially when it involves ions or polar 
172 

species. Molecular properties are also dependent on the type of environment. 

Experimental transport studies are performed in solution (e.g. water or chloroform). 

Therefore the effects of the solvents on the computational model have to be taken into 

account. Due to the importance of solvent effects in these studies, suitable software 
132 

(MacroModel) was purchased and the effects of solvent on the binding energy and 

enantioselectivity were examined (see § 3.7) 

Alchemy 2000 was used to calculate the heats of formation for the complexed and 

uncomplexed hosts. It is important to realize that the counter ion plays an important 

role in the stabilization of host-guest complexes and this was demonstrated by 
183 

Marchand et al. The gas phase interaction between the 20-crown-6 macrocyclic 

host-potassium ion guest and the picrate counterion was calculated to be -64.9 kcal 

moF1 and the basis set superposition error (BSSE) was used to demonstrate that the 
183 

picrate counterion participated as an additional bidentate ligand. 
The approximated interaction energy between a macrocyclic host and a sodium ion was 

75 

calculated using DFT calculations B3LYP with the 6-31+G(d) basis set recently. An 

approximate contribution of one donor atom towards the stabilization of the complex 

was reported to be approximately 6 kcal mol" . 

However in order to simplify the computational model, the contributions of the counter 

ion to the binding energy were neglected. Since the approximate binding energy (see 

Equation 2 below) was calculated as the energy difference between the energy of the 

host-guest complex and the sum of the energies of the free host and free guest, the error 

is supposed to cancel out. 
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The Molecular dynamics algorithm in Alchemy 2000 makes use of 

• A leapfrog algorithm. 

131 

• Coupling dynamic simulations to an external temperature bath. 

• SHAKE algorithm, which constrains certain bond lengths during dynamics 

simulations. 

The binding energy was calculated for each system using Equation 2 and is reported as 

an approximate thermodynamic quantity. 

Binding Energy = Ecompiex-(Ehost + Eguest) Eq. 2 

The computational model used to calculate the enantioselectivity and approximate 

binding energies is described in Appendix 2. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

Previous work done on various macrocycles attempted to correlate the results obtained 

130 
experimentally with that obtained computationally. Previously the MM3 

computational method was applied on temperature-dependent 'H NMR spectroscopy, 

UV spectroscopy studies and extraction studies. 

CO2CH3 

17 R = CH3 

18 R = CH2C1 
(R)-31 

HO 

C02CH3 

(R)-45 

Cram et al. conducted experimental transport studies with crown ethers (R,R)-17 and 

(R,R)-18 using a U-tube. The hosts (R,R)-17 and (R,R)-18 had their chiral barriers 

extended with -CH3 and -CH2CI substituents respectively, and gave the greatest chiral 

recognition ever reported in transport studies. Crown ether (R,R)-17 preferred the 

(R)-31 guest by 78 % and the (R)-45 guest by 74 % and the (R,R)-18 host preferred the 

(R)-31 guest by 82 %.3 

It was previously reported that the computed results obtained using the MM3 

computational model compared favourably with the results from the experimental 

transport studies. This indicates that the model is able to correctly predict the 

enantiomeric preference of the chiral hosts towards the chiral ammonium guests. If the 

experimental results obtained by Cram et al. are taken as a benchmark for 

enantioselectivity, one could determine the calculated degree of chiral preference of the 

crown ethers towards chiral amino ester guests such as CeH5CH(C02CH3)NH3Cl 

(R/S)-(31) and/?-HOC6H4(C02CH3)NH3Cl (R/S)-(45). 
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As mentioned above the experimental result by Cram et al. reported an enantiomeric 

excess (ee) of 82 % for host (R,R)-18 with guest (R)-31. According to the 

computational model an experimental enantiomeric excess (ee) of 82 % correlates 

with a calculated enantiomeric preference of about 1.4 kcal mol*1 of the (R,R)-18 host 

for the (R)-31 guest. Thus it can be assumed that any system with a calculated chiral 

preference higher than 1.4 kcal mol"1 should exhibit an exceptional chiral separation 

experimentally during transport studies using a U-tube. 

C 0 2 C H 3 

P O 
O 

46 (S)-31 

or 
-O / ~ - C 0 2 C H 3 

(H 3C) 2HC«*^-NH H N ^ «CH(CH3)2 ~c O o 
o 

47 (R)-31 

Chiral cage annulated macrocycles (46) and (47) exhibited a weak (29 %) to moderate 

(68 %) enantioselectivity for the (R)-31 guest over the (S)-31 guest during experimental 
185 

U-tube extraction studies. The calculated enantiomeric preference was 0.13 kcal 

mol"1 for host (46) with the (R)-31 guest and 0.72 kcal mol"1 for host (47) with the (R)-
130 

31 guest and these results were in agreement with the experimental results obtained. 

This computational study had three aims: firstly, to determine the binding energy and 

enantiomeric preference of the host systems 33, 41, 42, 49 and 50 for guest molecules 

(S)-31 and (R)-31 and to compare the computed results with those previously 
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reported for host systems 17, 18, 27, 46 and 47. Secondly, to examine whether the 

position of the chiral barriers (phenyl groups) are significant in the design of a chiral 

cage annulated macrocycle .and play a role in chiral discrimination according to the 

computational model. The third aim was to investigate the effects of solvent (water and 

chloroform) on the binding energy and enantioselectivity. 

This computational investigation will concentrate on the results obtained for 

temperature-dependent ]H NMR spectroscopy and extraction studies. Incorporation of 

a pyridine ring into a crown ether provides a Lewis base centre (the pyridine's nitrogen) 

in an aromatic ring. The pyridine ring lends rigidity and a degree of lipophilicity to the 

resulting crown ether with the consequence that such systems can form complexes with 
•I Q£ 

a variety of both ionic and neutral guest molecules. The use of the pyridine nitrogen 

as a macrocyclic donor atom is desirable since Cram and co-workers have shown that 

crown ligands (such as 48) which incorporate a pyridine sub-cyclic unit, form 

complexes with alkylammonium cations which are thermodynamically more stable than 
the corresponding complexes formed by 18-crown-6 crown ligands. 16 

,o 
o 

ex 

o o 
,<x 

48 

Since the ammonium ion binds to 18-crown-6 ligands by hydrogen bonding to alternate 
187 188 

donor atoms, it was postulated that the pyridine nitrogen of (48) forms a stronger 

hydrogen bond with the ammonium hydrogen (see Figure 3) than the corresponding 18-

crown-6 analogue which has an ether oxygen (7). Such macrocyclic ammonium ion 
complexes have been studied as models for enzyme substrate binding. 189,190 
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O R-;N—H N 
H 

48 

Figure 3: Complexation of host (48) with arbitary ammonium guest molecule 

TOPSIDE 

APPROACH 

BOTTOMSIDE 

APPROACH 
22 

Figure 4: The two faces of the PCU cage annulated macrocycle (22) 

The pyridine-based crown ethers are non-sided whereas PCU annulated host systems 

have two diastereotopically non-equivalent sides to which the approaching guest can 

complex (see Figure 4). Complexation can occur on the topside or the bottomside of 

the cage annulated macrocycle. 

rv^ r^^i Y V , 
P h « ^ / 0 (X..^Ph /O O. X) O 

, s \ > &•••"• 9 ° piT ? ? ">" piT 9 9 '""PH 

41 42 43 

The pyridine derived crown ethers (41) and (43) have been studied experimentally by 

Bradshaw et al. using temperature-dependent 'H NMR spectroscopy. ' The 
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experimental H NMR spectroscopy study reports kinetic data therefore the 

thermodynamic data obtained from the MM3 computational model cannot be compared 

with them. It is hoped that comparison of the computed enantiomeric preference 

obtained from this computational study and the experimental enantiomeric preference 

obtained from the systems used in experimental transport studies can be compared. 

This could enable one to predict if hosts (41 and 42) have the potential to be used in 

transport studies and hence lead to a better understanding of host-guest interactions. 

41 43 

+ _ _ + 
NH3 C104 C104 H3N, 

CH, 

(R)-44 

""CH, 

(S)-44 

During the experimental temperature-dependent H NMR spectroscopy studies, crown 

ether (R,R)-41 was reported to have a preference for (R)-[a-(l-naphthyl) ethyl] 

ammonium perchlorate ion [(R)-44, (R)-NapEt)] over the (S)-[a-(l-naphthyl) ethyl] 
89 

ammonium perchlorate ion [(S)-44, (S)-NapEt], while crown (43) was reported to 

have poor enantiomeric recognition capabilities. 57 

Q 

Ph 

O 
N 

V / N H HNv. .„.** 

o 

52 

Ph 

191 185 

Pyridine host systems such as (52) were tested experimentally using extraction 
studies. It was found that the host could not be used in extraction/transport studies due 

18S 188 

to its low lipophilicity. Since it has been postulated that the pyridine nitrogen 

forms a stronger hydrogen bond with the ammonium guest, pyridine nitrogen donor 
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atoms have been used in crown ethers to increase the binding energies with ammonium 

guests. Bradshaw et al. examined macrocycle (R,R)-41 using temperature-dependent 

'H NMR techniques. (R,R)-41 was found to form kinetically stronger complexes with 

one enantiomer of [a-(l-naphthyl) ethyl] ammonium perchlorate guest (NapEt) over the 

other. The (R)-44 guest was preferred to the (S)-44 guest by 2.8 kcal mol" . As 

pointed out above it should be noted that the calculated MM3 thermodynamic data will 

not coincide with the experimental kinetic data (AAGC)+ of the host-guest systems and 

cannot therefore be directly compared. 

(X ,*Ph 

41 42 

....** Ph 

50 

The theoretical chiral cage annulated host systems (49) and (50) were proposed as hosts 

after studying the literature on pyridine-containing macrocycles that were synthesized 

by Bradshaw et al. 57,59,89 
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COjMe 

+ 
NH3CI 

+ 
NH3CI 

C02Me 

CH2OH 
+ 
NH3CI 

+ 
NH3CI CH2OH 

(S) -51 (R)-51 

As mentioned earlier guest molecules (S)-31 and (R)-31 that were used previously 

when studying host-guest systems (17, 18, 27, 46, 47) computationally and 

experimentally in U-tube studies (see Table 1), will be used in this study for comparison 

with results previously obtained. The results obtained for guest molecules (S)-51 and 

(R)-51 with host systems (S,S)-41 and (S,S)-49 will also be reported. 

17 R=CH 3 

18 R=CH2CI 

O Ph 

27 

CH(CH3)2 

The results of the calculated and experimental preferences of host-guest systems 

previously studied are tabulated in Table 1. 
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Table 1: Binding energies of previously studied host-guest complexes 

Host-guest Complex 

(R,R)-17 and (S)-31 
(R,R)-17 and (R)-31 
(R,R)-18 and (S)-31 
(R,R)-18 and (R)-31 

(R)-27 and (S)-31 
(R)-27 and (R)-31 

(S,S)-46 and (S)-31 
(S,S)-46 and (R)-31 
(S,S)-47 and (S)-31 
(S,S)-47 and (R)-31 

Binding energy1/ 
kcal mol"1 

-38.53 
-39.63 
-36.93 
-37.33 
-41.68 
-41.79 
-49.08 
-49.21 
-44.03 
-44.75 

Calculated 
enantiomeric 

preference2/kcal mol"1 

1.1 

1.4 

0.11 

0.13 

0.72 

Experimental 
enantiomeric 

excess (ee) 

78J 

82J 

154 

29* 

68' 
See equation: Binding energy = Ecorap,ex - (Ehost + Egllest) 

2 Relative energy (R)-complex vs (S)-complex 
3 See reference 64, experimental data 
4 See reference 4, experimental data 
5 See reference 185, experimental data 

To get a better understanding of chiral recognition capabilities and for comparison 

purposes, host systems (17,18, 27, 46, 47) with guest molecules (S)-31 and (R)-31 will 

be referred to in this computational study. The systems to be examined in this 

computational study consist of pyridine based crown ethers (S,S)-41 and (S,S)-42 and 

cage annulated macrocycles (S,S)-33, (S,S)-49 and (S,S)-50. The results obtained will 

be compared with the results obtained for the experimental U-tube extraction studies, 

experimental temperature dependent 'H NMR studies and the calculated enantiomeric 

preferences of previously studied macrocycles that are reported in Table 1. 

4.2 RESULTS AND DISCUSSION 

+ _ 
NH3C1 

>—C02Me 

o 
41 (S)-31 (R)-31 

^ ^ 
C02Me 

N 
P h ^ <Q CK > P h 

O Q 
O 

NH3CI 
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The pyridine annulated macrocycle (S,S)-41 was the first host that was studied with 

guests (S)-31, (R)-31, (S)-51 and (R)-51. The calculated results for (S,S)-41 with guests 

(31), are tabulated in Table 2. Table 2: Binding Energies of ECOmpiex host (S,S)-41 with 

guests (S)-31 and (R)-31 

Host-guest complex1 

(S,S)-41 and (S)-31 
BPESa 

(S,S)-41 and (S)-31 
BPESb 

(S,S)-41 and (S)-31 
BPESc 

(S,S)-41 and (S)-31 
BPESd 

(S,S)-41 and (R)-31 
BPERa 

(S,S)-41 and (R)-31 
BPERb 

(S,S)-41 and (R)-31 
BPERc 

(S,S)-41 and (R)-31 
BPERd 

Binding energy / kcal 
mol"1 

-39.18 

-40.43 

-40.42 

-39.94 

-39.46 

-39.66 

-39.87 

-39.75 

Calculated enantiomeric 
preference / kcal mol"1 

0.56 

3D structure and Cartesian co-ordinates of all optimised conformations are available as supplementary 
material on the CD attached to the thesis. BPES (Bradshaw phenyl (S)-ester guest) and BPER (Bradshaw 
phenyl (R)-ester guest) refer to the name of the PDB file and Cartesian co-ordinates on the CD attached 
and in Appendix 2. 
^See equation: Binding energy = Ecomp,ex - (Ehos, + E^ , ) . 
3Relative energy lowest (S,S)-41-(S)-31 complex vs lowest (S,S)-41-(R)-31 complex. 

Host (S,S)-41 which has bulky chiral groups close to the pyridine group, preferred the 

(S)-31 guest to the (R)-31 by 0.56 kcal mol"1. An interesting observation made was that 

the calculated thermodynamic enantioselectivity of host (S,S)-41 toward the (S)-31 

guest produced a thermodynamic result that agreed with the experimental kinetic 
89 

enantioselectivity. Bradshaw et al. mentioned that the kinetic result obtained for host 

(41) was a surprise since it was the first time that a (R,R)-41 host had formed a 

kinetically more stable complex with a guest [(R)-44] of the same configuration. This 

preference indicates that (S,S)-41 exhibits recognition for the enantiomers of (31). 

The calculated binding energy of -40.43 kcal mol"1 for host (S,S)-41 with the (S)-31 

guest was lower than the calculated binding energies of host-guest complexes 

previously reported. This result indicated that a more stable complex is formed 
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between host (S,S)-41 with guest (S)-31 than host (R,R)-17 with guest (R)-31 (-39.63 

kcal mol"1) and host (R,R)-18 with guest (R)-31 (-37.33 kcal mol"1). The calculated 

enantioselectivity of host (S,S)-41 with guest (S)-31 (0.56 kcal mol"1) was higher than 

the calculated enantioselectivity reported for host (R,R)-27 with guest (R)-31 (0.11 

kcal mol"1 and host (S,S)-46 with guest (R)-31 (0.13 kcal mol"1). 

R = CH, 17 R = CH2C1 18 

27 

Host (S,S)-41 was tested with guests (S)-51 and (R)-51 and the results obtained are 

tabulated in Table 3 below. 

Ph 

^S 

O (X >Ph 

O O 
O 

41 

CH2OH 

+ 
NH3C1 

NH3CI 

CHUOH 

(R)-51 
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Table 3: Binding Energies of Ecompiex host (S,S)-41 with guests (S)-51 and (R)-51 

Host-guest complex1 

(S,S)-41 and (S)-51 
BPASa 

(S,S)-41 and (S)-51 
BPASb 

(S,S)-41 and (S)-51 
BPASc 

(S,S)-41 and (S)-51 
BPASd 

(S,S)-41 and (R)-51 
BPARa 

(S,S)-41 and (R)-51 
BPARb 

(S,S)-41 and (R)-51 
BPARc 

(S,S)-41 and (R)-51 
BPARd 

Binding energy2/kcal mol'1 

-31.71 

-31.71 

-31.71 

-31.71 

-30.97 

-31.01 

-30.96 

-31.39 

Calculated enantiomeric 
preference /kcal mol'1 

0.32 

'3D structure of all optimised conformations are available as supplementary material on the CD attached 
to the thesis. BPAS (Bradshaw phenyl (S)-alcohol guest) and BPAR (Bradshaw phenyl (R)-alcohol 
guest) refer to the name of the PDB file and Cartesian co-ordinates on the CD attached and in Appendix 
2. 
^See equation: Binding energy = Ecompiex - (Ehost + E ^ , ) 
'Relative energy lowest (S,S)-41-(S)-51 complex vs lowest (S,S)-41-(R)-51 complex. 

The calculated chiral preference of host (S,S)-41 for guest (S)-51 over (R)-51 is 0.32 

kcal mol"1. The binding energy calculated for host (S,S)-41 with guest (S)-51 is -31.71 

kcal mol"1 which is higher than the binding energy calculated for host (S,S)-41 with 

guest (S)-31 (-40.43 kcal mol"1). This indicates that a weaker complex is formed 

between host (S,S)-41 with guest (S)-51. 

The pyridine-containing crown ether (S,S)-42 which is analogous to crown ether (43), 
57 59 

previously studied experimentally by Bradshaw et al., ' was also studied 

computationally using guests (31). The results obtained are tabulated in Table 4 below. 

^H, 

N 

1 J 
T h 

C0 2 Me 

+ 
NH3C1 

+ 
NH3CI 

CQ2Me 

42 (S)-31 (R)-31 
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Table 4: Binding Energies of EcompleX host (S,S)-42 with guests (S)-31 and (R)-31 

Host-guest complex1 

(S,S)-42 and (S)-31 
BNGESd 

(S,S)-42 and (S)-31 
BNGESa 

(S,S)-42 and (S)-31 
BNGESc 

(S,S)-42 and (S)-31 
BNGESb 

(S,S)-42 and (R)-31 
BNGERb 

(S,S)-42 and (R)-31 
BNGERc 

(S,S)-42 and (R)-31 
BNGERa 

(S,S)-42 and (R)-31 
BNGERe 

Binding energy2/kcal mol"1 

-43.64 

-42.46 

-41.91 

-40.83 

-43.91 

-43.91 

-41.92 

-41.91 

Calculated enantiomeric 
preference3/kcal mol"1 

0.27 

"^SD structure of all optimised conformations are available as supplementary material on the CD attached 
to the thesis. BNGERS (Bradshaw newglycol (S)-ester guest) and BNGER (Bradshaw newglycol (R)-
ester guest) refer to the name of the PDB file and Cartesian co-ordinates on the CD attached and in 
Appendix 2. 
^See equation: Binding energy = Ecompicx - (Ehost + E^tst). 
3Relative energy lowest (S,S)-42-(R)-31 complex vs lowest (S,S)-42-(S)-31 complex. 

A low binding energy of-43.91 kcal mol"1 is calculated for host (S,S)-42 with guest 

(R)-31 which indicates a stable, strong complex is formed. Host (S,S)-42 preferred the 

(R)-31 guest to the (S)-31 guest by 0.27 kcal mol"1. The chiral pyridine-based 

macrocycle (S,S)-42 has phenyl groups positioned at the lower end of the crown ether. 

A decreased enantiomeric recognition is observed probably since the chiral barriers 

farther away from the rigid pyridine moiety and cannot provide sufficient steric 

interaction with the chiral guest. 

P h ^ 6 6^>Ph 

I 
o o 

o 

C02Me 

+ 
NH3C1 

+ 
NH3C1 

41 42 (S)-31 (R)-31 
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Host (S,S)-41 which has chiral barriers close to the pyridine moiety, had a chiral 

preference of 0.56 kcal mol"1 for the (S)-31 guest (see Table 2), while host (S,S)-42 with 

guest (S)-31 had a chiral preference of 0.27 kcal mol"1. Hua et al. suggested that the 

hydrogen bonding of the host with the guest leads to the formation of the complex while 

steric interaction with the chiral substituents contributes to enantiomeric recognition. 

The computational results for cage annulated macrocycle (S,S)-49 and guests (31) are 

tabulated below in Table 5. 

C02Me ^ ^ 

\ + % 
NH3C1 >— C02Me 

p h V / 0 O v ^ P h 

O O 

49 (S)-31 (R)-31 
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Table 5: Binding Energies of Ecomp,ex host (S,S)-49 with guests (S)-31 and (R)-31 

Host-guest 
complex1 

(S,S)-49 and (S)-31 
CPESa top 

(S,S)-49 and (S)-31 
CPESb top 

(S,S)-49 and (S)-31 
CPESc top 

(S,S)-49 and (S)-31 
CPESd top 

(S,S)-49 and (S)-31 
CPESa bot 

(S,S)-49 and (S)-31 
CPESb bot 

(S,S)-49 and (S)-31 
CPESc bot 

(S,S)-49 and (S)-31 
CPESd bot 

(S,S)-49 and (R)-31 
CPERc top 

(S,S)-49 and (R)-31 
CPERd top 

(S,S)-49 and (R)-31 
CPERb top 

(S,S)-49 and (R)-31 
CPERa top 

(S,S)-49 and (R)-31 
CPERa bot 

(S,S)-49 and (R)-31 
CPERd bot 

(S,S)-49 and (R)-31 
CPERb bot 

(S,S)-49 and (R)-31 
CPERc bot 

Topside2 Binding 
energy3/kcal mol"1 

-48.34 

-48.73 

-48.74 

-47.28 

-49.38 

-48.84 

-48.04 

-38.69 

Bottomside2 

Binding 
energy3/kcal mol"1 

39.60 

48.82 

46.72 

-48.14 

-49.18 

-48.79 

-47.93 

41.60 

Calculated 
enantiomeric 

preference4/kcal 
mol-1 

0.56 

'3D structure of all optimised conformations are available as supplementary material on the CD attached 
to the thesis. CPES bot/top (Cage phenyl (S)-ester guest bottom/ top) and CPER (Cage phenyl (R)-ester 
guest bottom/ top) refer to the name of the PDB file and Cartesian co-ordinates on the CD attached and in 
Appendix 2. 
2Four complex structures for each the bottom side and the topside of the complex were obtained 
according to the computational model described in Appendix 4. 
"See equation: Binding energy = Ecompiex - (Ehost + Eg^). 
"Relative energy lowest (S,S)-49-(R)-31 complex vs lowest (S,S)-49-(S)-31 complex. 
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The (S,S)-49 host preferred the (R)-31 guest to the (S)-31 guest by 0.56 kcal mol"1. The 

binding energies calculated for host (S,S)-49 with guests (S)-31 and (R)-31 are lower 

(-49.38 kcal mol'1) than the binding energies that were reported for the cage annulated 

hosts (S,S)-46 (-44.75 kcal mol"1), (S,S)-47 (-49.21 kcal mol^and (R)-27 (-41.79 kcal 

mol"1) with the same guests (31) (see Tablel). This indicates that a more stable 

complex is formed between host (S,S)-49 with the guests (31) than hosts (S,S)-46, 

(S,S)-47 and (R)-27 with guests (31). 

The calculated enantioselectivity of host (S,S)-49 with guest (R)-31 (0.56 kcal mol'1) 

was higher than the calculated enantioselectivity of cage annulated hosts (R)-27 with 

(R)-31 (0.11 kcal mol"1) and (S,S)-46 with (R)-31 (0.13 kcal mol"1). This indicates that 

host system (S,S)-49 exhibits better chiral preference than cage annulated hosts (R)-27 

and (S,S)-46 as well as stronger binding interactions than host systems (R)-27, (S,S)-46 

and (S,S)-47. 

27 

£H(CH3)2 

"'CO-,Me 

(S)-31 

NH3CI 

C02Me 

(R)-31 
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However since host (S,S)-49 has a calculated enantioselectivity of 0.56 kcal mol"1, it is 

not a good enough host system to warrant synthesis as a theoretical enantioselectivity of 

about 1.4 kcal moF1 is required to compete with Cram's host system (18) in U-tube 

studies. 

18 R = CH2C1 

Cage annulated macrocycle (S,S)-49 was next tested with guests (51). The results 

obtained are tabulated in Table 6 below. 

P h*</b cL >*Ph 

o o 

NH3CI 

CH7OH 

49 (S)-51 (R)-51 
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Table 6: Binding Energies of Ecompiex host (S,S)-49 with guests (S)-51 and (R)-51 

Host-guest 
complex1 

(S,S)-49 and (S)-51 
CPASc top 

(S,S)-49 and (S)-51 
CPASa top 

(S,S)-49 and (S)-51 
CPASd top 

(S,S)-49 and (S)-51 
CPASb top 

(S,S)-49 and (S)-51 
CPASb bot 

(S,S)-49 and (S)-51 
CPASa bot 

(S,S)-49 and (S)-51 
CPASd bot 

(S,S)-49 and (S)-51 
CPASc bot 

(S,S)-49 and (R)-51 
CPARa top 

(S,S)-49 and (R)-51 
CPARb top 

(S,S)-49 and (R)-51 
CPARc top 

(S,S)-49 and (R)-51 
CPARd top 

(S,S)-49 and (R)-51 
CPARc bot 

(S,S)-49 and (R)-51 
CPARa bot 

(S,S)-49 and (R)-51 
CPARd bot 

(S,S)-49 and (R)-51 
CPARb bot 

Topside2 Binding 
enei'gy^kcal mol"1 

-38.43 

-37.97 

-37.96 

-36.93 

-41.40 

-41.39 

-41.39 

-36.10 

Bottomside2 

Binding 
energy3/kcal mol"1 

-42.49 

-41.50 

-35.60 

-34.34 

-43.40 

-40.20 

-40.07 

-39.07 

Calculated 
enantiomeric 

preference4/kcal 
mol"1 

0.91 

3D structure of all optimised conformations are available as supplementary material on the CD attached 
to the thesis. CPAS bot/top (Cage phenyl alcohol S guest bottom/ top) and CPAR (Cage phenyl alcohol 
R guest bottom/ top) refer to the name of the PDB file and Cartesian co-ordinates on the CD attached and 
in Appendix 2. 
2Four complex structures for each the bottom side and the topside of the complex were obtained 
according to the computational model described in Appendix 4. 
JSee equation: Binding energy = Ecompiex - (Ehost + Eguest). 
"Relative energy lowest (S,S)-49-(R)-51 complex vs lowest (S,S)-49-(S)-51 complex. 

58 



As shown in Table 5, host (S,S)-49 demonstrated good chiral recognition for guest (R)-

31 (0.56 kcal mol"1). Host (S,S)-49 prefers the (R)-51 to the (S)-51 by 0.91 kcal mol"'. 

The host (S,S)-49 demonstrated greater calculated enantiomeric preference with guest 

(R)-51 than with guest (R)-31. It is possible that the alkyl groups on the chiral carbon 

of the host and guest can be responsible for the steric interaction that contributes to the 

enhanced enantiomeric recognition of the (R)-guest molecules over the (S)-guest 

molecules, in both cases. 

Host (S,S)-50 with the phenyl moieties placed farther away from the cage, was 

examined next, to investigate the effect of changing the position of the chiral barriers on 

the cage annulated macrocycle. 

C02Me 

+ \ 
NH3 CI >—C02Me 

50 (S)-31 (R)-31 

The results obtained for host (S,S)-50 with guests (31) are tabulated in Table 7. 
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Table 7: Binding Energies of Ecompiex host (S,S)-50 with guests (S)-31 and (R)-31 

Host-guest 
complex1 

(S,S)-50 and (S)-31 
CNGESd top 

(S,S)-50 and (S)-31 
CNGESa top 

(S,S)-50 and (S)-31 
CNGESb top 

(S,S)-50 and (S)-31 
CNGESc top 

(S,S)-50 and (S)-31 
CNGESc bot 

(S,S)-50 and (S)-31 
CNGESa bot 

(S,S)-50 and (S)-31 
CNGESb bot 

(S,S)-50 and (S)-31 
CNGESd bot 

(S,S)-50 and (R)-31 
CNGERa top 

(S,S)-50 and (R)-31 
CNGERd top 

(S,S)-50 and (R)-31 
CNGERb top 

(S,S)-50 and (R)-31 
CNGERc top 

(S,S)-50 and (R)-31 
CNGERa bot 

(S,S)-50 and (R)-31 
CNGERd bot 

(S,S)-50 and (R)-31 
CNGERbbot 

(S,S)-50 and (R)-31 
CNGERc bot 

Topside2 Binding 
energy3/kcal mol"1 

-48.61 

-46.39 

-42.95 

-48.61 

-48.64 

-47.95 

-48.64 

-47.94 

Bottomside2 Binding 
energy3/kcal mol"1 

-42.76 

-42.14 

-42.14 

-42.14 

-44.82 

-42.56 

-44.82 

-42.52 

Calculated 
enantiomeric 

preference4/kcal mol"1 

0.03 . 

'3D structure of all optimised conformations are available as supplementary material on the CD attached 
to the thesis. CNGES bot/top (Cage newglycol (S)-ester guest bottom/ top) and CNGER (Cage 
newglycol (R)-ester guest bottom/ top) refer to the name of the PDB file and Cartesian co-ordinates on 
the CD attached and in Appendix 2. 
2Four complex structures for each the bottom side and the topside of the complex were obtained 
according to the computational model described in Appendix 4. 
See equation: Binding energy = E complex v^host Ugliest,/ 

"Relative energy lowest (S,S)-50-(R)-31 complex vs lowest (S,S)-50-(S)-31 complex. Host (S,S)-50 
preferred the (R)-31 guest to the (S)-31 guest by 0.03 kcal mol"1. The effect of moving the chiral phenyl 
barriers farther away from the rigid PCU moiety of the cage annulated macrocycle resulted in poor chiral 
recognition being observed when compared with the cage annulated macrocycle (S,S)-49. (S,S)-49 has 
chiral barriers placed closer to the PCU moiety of the cage macrocycle and had a calculated enantiomeric 
preference of 0.56 kcal mol"1 for the (R)-31 guest. 
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The bulky phenyl substituents are situated in the less rigid portion of the (S,S)-50 

macrocycle, i.e away from the rigid PCU cage moiety, and it appears that the chiral 

barriers are not effective when placed in the less rigid portion of the cage annulated 

macrocycle resulting in reduced enantioselectivity. Poor enantiomeric recognition is 

probably the result of the chiral barriers being unable to provide effective chiral 

interference due to less rigidity at the lower end of the macrocycle. 

Macrocycle (S,S)-33 which was discussed earlier in Chapter 2, was examined for its 

enantioselectivity towards guest molecules (S)-31 and (R)-31. Host (S,S)-33 has the 

advantage of having both the PCU cage moiety as well as chiral binaphthyl groups 

incorporated into the macrocycle . The design of novel crown (S,S)-33 was inspired by 

the superior results obtained by the binaphthyl crown ethers (R,R)-17 (calculated 

enantiomeric preference of 1.1 kcal mol"1) and (R,R)-18 (calculated enantiomeric 

preference of 1.4 kcal mol"1) designed by Cram. 

The synthesis of this crown ether could be very challenging. Nevertheless, in the light 

of the incorporation of the PCU moiety, (S,S)-33 may be an improvement on the chiral 

cage annulated macrocycle (R)-27 synthesized by Marchand et at. , which resulted in a 

calculated chiral preference of 0.11 kcal mol"1 (see Table 1). It has been shown that the 
4 

PCU cage provides rigidity to the macrocycle and also enhances its lypophilicity, 

thereby increasing its extraction ability in U-tube studies. 

33 (S)-31 (R)-31 

The results of (S,S)-33 with guests (31) are tabulated in Table 8. 
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Table 8: Binding Energies of Ecompiex host (S,S)-33 with guests (S)-31 and (R)-31 

Host-guest 
complex1 

(S,S)-33 and (S)-31 
CCESa top 

(S,S)-33 and (S)-31 
CCESb top 

(S,S)-33 and (S)-31 
CCESc top^ 

(S,S)-33 and (S)-31 
CCESd top 

(S,S)-33 and (S)-31 
CCESa bot 

(S,S)-33 and (S)-31 
CCESb bot 

(S,S)-33 and (S)-31 
CCESc bot 

(S,S)-33 and (S)-31 
CCESd bot 

(S,S)-33 and (R)-31 
CCERa top 

(S,S)-33 and (R)-31 
CCERb top 

(S,S)-33 and (R)-31 
CCERc top 

(S,S)-33 and (R)-31 
CCERd top 

(S,S)-33 and (R)-31 
CCERa bot 

(S,S)-33 and (R)-31 
CCERb bot 

(S,S)-33 and (R)-31 
CCERc bot 

(S,S)-33 and (R)-31 
CCERd bot 

Topside2 Binding 
energy3/kcal mol"1 

-39.99 

-40.03 

-38.70 

-34.11 

-36.78 

-37.76 

-38.35 

-38.51 

Bottomside2 Binding 
energy3/kcal mol"1 

-26.8 

-37.81 

-36.46 

-36.5 

-31.88 

-36.37 

-36.30 

-36.49 

Calculated 
enantiomeric 

preference4/kcal 
mol1 

1.52 

'3D structures of all optimised conformations are available as supplementary material on the CD attached 
to the thesis. CCES bot/top (Cage Cram (S)-ester guest bottom/ top) and CCER (Cage Cram (R)-ester 
guest bottom/ top) refer to the name of the PDB file and Cartesian co-ordinates on the CD attached and in 
Appendix 2. 
2Four complex structures for each the bottom side and the topside of the complex were obtained 
according to the computational model described in Appendix 4. 
' See equation: Binding energy = 

^-complex v^host "•" E-guest/-

"Relative energy lowest (S,S)-33-(S)-31 complex vs lowest (S,S)-33-(R)-31 complex. 
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A calculated enantiomeric preference of 1.52 kcal mol"1 was observed for host (S,S)-33 

with guest (S)-31 which indicates that this host system has excellent potential. The 

calculated enantiomeric preference is better than that of Cram's binaphthyl crown 

(R,R)-18, which had a calculated enantiomeric preference of 1.4 kcal mol*1 with guest 

(R)-31 (see Table 1). It would be interesting and challenging to find a synthetic route to 

theoretical host (S,S)-33. The calculated enantioselectivity could then be verified 

experimentally via U-tube transport studies. 

4.3 THE EFFECT OF SOLVENT ON BINDING ENERGY AND 

ENANTIOSELECTIVITY 

192 

It has been shown by Bradshaw et al. that solvation has a notable hindering effect on 

the experimentally observed binding energies in host-guest recognition experiments 
192 

that were performed in solvent (methanol) and in gas phase. Bradshaw et al. 

compared the experimental results obtained using titration calorimetry with molecular 

mechanics calculations performed on these systems. The experimental results using 

methanol as a solvent suggested that solvation decreased the binding energy when 

compared with the experimental gas phase values. As both host and guest molecules 

had benzene ring substituents, recognition was found to be dependent on 7r-stacking 

interaction to a certain extent, which would certainly be different and probably weaker 
192 

in a polar solvent than in the gas phase. It was proposed that solvation of the chiral 

host and guest by a polar solvent such as methanol would lead to a decrease in the 

strength of the interactions between the two chiral species thus resulting in a decrease in 

the binding energy in a solvation medium when compared with the gas phase. It was 

concluded that molecular mechanics calculations yields a reasonable qualitative and 

quantitative estimate of the degree of chiral recognition and that experimental titration 

calorimetry conducted in a polar solvent medium has a negative effect on the extent of 
192 

chiral recognition. 
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Since it is clear that solvent does play a significant role in host-guest interactions, 

calculations were performed to examine the effects of solvent using MacroModel 
132 

software which allows the use of solvent (water and chloroform) in calculations. 

Host-guest complexes (S,S)-41 with (S)-31 and (S,S)-41 with (R)-31 were chosen for 

this study since these complexes were studied previously using gas phase calculations in 

Alchemy 2000131. 

The free host, free guests and the host-guest complexes were subjected to the docking 

procedure as described in Appendix 3. The lowest free host, free guest and the host-
132 

guest complex were subjected to MM3 optimization using MacroModel software. 
Calculations were performed in the absence of solvent, using water as a solvent and 

132 using chloroform as a solvent using MacroModel software and compared with a 

MM3 optimization result performed in the gas phase using Alchemy 2000 software. 

The binding energy as described in Equation 2 was calculated for each host-guest 

complex. 
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Table 9: Binding Energies of Ecompiex host (S,S)-41 with guests (S)-31 and (R)-31 

Host-guest 
complex1 

(S,S)-41 and (S)-31 

(S,S)-41 and (S)-31 

(S,S)-41 and (S)-31 

(S,S)-41 and (S)-31 

(S,S)-41 and (R)-31 

(S,S)-41 and (R)-31 

(S,S)-41 and (R)-31 

(S,S)-41 and (R)-31 

Gas/Solvent Phase 

Gas Phase MM3 
(MacroModel) 
Water MM3 

(MacroModel) 
Chloroform MM3 

(MacroModel) 
Gas Phase MM3 
(Alchemy 2000) 
Gas Phase MM3 
(MacroModel) 
Water MM3 

(MacroModel) 
Chloroform MM3 

(MacroModel) 
Gas Phase MM3 
(Alchemy 2000) 

Binding energy2/ 
kcal mol"1 

-50.98 

-6.34 

-27.13 

-40.43 

-50.42 

-6.00 

-26.46 

-39.94 

Calculated 
enantiomeric 

preference / kcal 
mol1 

0.56 

0.34 

0.67 

0.56 

3D structure of all optimised conformations are available as supplementary material on the CD attached 
to the thesis. PDB files and Cartesian co-ordinates labelled MacroModel: BradshawSShostSguest or 
BradshawSShostRguest are on the CD attached and in Appendix 2. 
2See equation: Binding energy = Ecompiex - (Ehost + Eg^,). 
"Relative energy lowest (S,S)-41-(S)-31 complex vs lowest (S,S)-41-(R)-31 complex. 

The above results indicate that solvent does play a role in enantiomeric recognition. It 

can be observed that binding energies calculated when using solvent (water and 

chloroform) are higher than those obtained in the "gas phase" (Alchemy 2000) or in 
132 

the absence of solvent (gas phase) (MacroModel). Lower binding energies indicate a 

stable complex and a strong binding interaction between the host and guest. Using 

water as a solvent increases the binding energies while the effect of chloroform does so 

to a lesser extent. The MM3 optimization with Alchemy 2000 in the gas phase 

produces comparable binding energies when compared with that of MacroModel with 

no solvent (gas phase). This study indicates that solvent does have a negative effect on 

the binding of ammonium ions by crown ethers in the solvent medium. 

The enantiomeric preference calculated in the gas phase using MacroModel and 

Alchemy 2000 software between host-guest complexes (S,S)-41 and (S)-31 and (S,S)-

41 and (R)-31 produces the same result of 0.56 kcal mol"1 which is higher than the 

calculated enantioselectivity observed in water (0.34 kcal mol"1). The calculated 
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enantioselectivity is decreased in water (0.34 kcal mof1) and increased in chloroform 

(0.67 kcal mol"1). Solvation with a polar solvent decreases the binding energy when 

compared with a less polar solvent. Since both host and guest molecules have benzene 

ring substituents and are lipophilic to a certain extent, chiral recognition will be 

enhanced in a non-polar solvent and would certainly be different and probably weaker 

in a polar solvent such as water. 

193 

It has been suggested that it is possible to improve chiral recognition by making 

small adjustments to the design of the host structure. Variation of the guest structure 

will also affect the extent of recognition that is displayed by a given ligand and the 

stability of the complex formed between the host and the guest. Chiral guests that differ 

by a single methylene group can be differentiated by well-designed hosts, as can the 

(R)- and (S)- forms of the enantiomer. Such precision in molecular recognition can play 

a significant role in the rapid analysis of racemic chiral amines, thus providing vital 

information as to the basis of the structural and enantiomeric recognition process. 

Keeping this in mind, this study can be extended to calculate the chiral recognition of 
193 

various guest molecules, by developing and modifying host systems. 

A computational method can be advantageous to researchers in host-guest chemistry, 

since it provides predictions about the effectiveness of the systems under investigation, 

saving time, labour and costs in the laboratory. The MM3 computational model 

calculates crude relative binding energies, which correspond in most cases to a 

reasonable extent with the magnitude of the reported experimental chiral preferences. 

Consequently new theoretical host systems with promising predicted enantioselectivity 

can then be synthesized and their enantioselectivity can then be tested experimentally 

using transport studies. 

The calculated chiral preference has been determined for the theoretical host systems, 

cage annulated macrocycles (S,S)-49 and (S,S)-50. In Chapter 5, the synthesis of 

precursors to chiral macrocycles such as (S,S)-49 and (S,S)-50 will be reported. 
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CHAPTER FIVE 

THE SYNTHESIS OF MACROCYCLIC PRECURSORS 

In the previous chapters theoretical chiral cage annulated macrocycles (S,S)-49 and 

(S,S)-50 were postulated as possible host systems for the separation of chiral 

ammonium ions. Various synthetic routes that have been used previously will be 

discussed as well as the synthetic routes used to synthesize macrocyclic precursors for 

the chiral cage annulated macrocycles (S,S)-49, (S,S)-50 and (S,S)-53. 

5.1 THE RETROSYNTHETIC ROUTE TOWARDS CHIRAL CAGE 

ANNULATED MACROCYCLES 

Scheme 3a illustrates a possible retrosynthetic route to chiral cage annulated 

macrocycles (S,S)-49 and (S,S)-53 using macrocyclic precursors such as the cage diol 

(25), the cage ditosylate (54) and the chiral glycols (55) and (56) respectively. 

OH HO 

0 \ „,«\Ph 

49: R = Ph 
53: R = CH(CH3)2 

o-""\^ 

OTs TsO 

54 

P K . .OH H O ^ p h 

55: R = Ph 
56: R = CH(CH3)2 

Scheme 3a: Proposed retrosynthetic route to chiral cage annulated macrocycles 

(S,S)-49 and (S,S)-53 
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The retrosynthetic route to the chiral glycols (55) and (56) is illustrated below. 

Ph'V^OH H O - ^ P h 

O O i > 

R 

O 

55:R = Ph 
56: R = CH(CH3)2 

TsO 0 

26 

OTs HO OTHP 

57: R = Ph 
58:R = CH(CH3)2 

o 

H3CO OTHP 

59: R = Ph 
60: R = CH(CH3)2 

V — V — 
HO OH H3CO OH 

63:R = Ph 61:R = Ph 
64: R = CH(CH3)2 62: R = CH(CH3)2 

Scheme 3b : Proposed retrosynthetic route to chiral glycols (S,S)-55 and (S,S)-56 

The flaw in the proposed synthesis in Scheme 3b is the fact that the incoming 

nucleophiles (55 and 56) are sterically hindered due to the close proximity of the R-

groups. If such a synthesis is successful, the yield of the cage annulated macrocycle is 

expected to be very low. 

The macrocyclic precursors, namely the cage diol (25) and the cage ditosylate (54) were 

synthesized via multi-step synthesis beginning with the synthesis of a cage dione (20) as 

shown in Scheme 5 and Scheme 6 (§5.3.1) respectively. The synthesis of the chiral 

glycols (55) and (56) are illustrated in Schemes 8 (§5.3.3) and Scheme 7 (§5.3.2) 

respectively. The syntheses of the macrocyclic precursors will be discussed in detail in 

§5.3. 

Scheme 4 illustrates a possible retrosynthetic route for the chiral cage annulated 

macrocycle (S,S)-50 using macrocyclic precursors such as the cage diol (25) and a 

chiral glycol (65) which is protected with a triflate group instead of a tosylate group. 
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67 
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0^""'Ph 

Scheme 4: Proposed retrosynthetic route to chiral macrocycle (S,S)-50 

The chiral glycol (66) has phenyl substituents attached to the P carbon atoms. The 

preparation of this glycol was reported by Bradshaw et al. to be the most challenging 

194 

part of synthesizing the crown ethers and the yield was not reported. Nevertheless 

the synthesis of a chiral glycol (66) with the phenyl substituents attached to the P carbon 

atoms was attempted. Since the bulky phenyl groups are farther away than in chiral 

glycol 55, it was proposed that ring closure of (S,S)-50 would be more favoured than in 

thecaseof(S,S)-49. 
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The proposed synthetic route for the chiral glycol (66) is illustrated below in Scheme 9 

(§5.3.4). A brief overview on the synthesis of macrocycles will be covered in §5.2. 

5.2 METHODS UNDERTAKEN WHEN SYNTHESIZING MACROCYCLES 

Although several synthetic routes for the crown ethers have been developed during the 

last decade, most methods are tedious and the target compound is obtained in very low 

yields. The synthesis of large macrocycles usually involves condensation reactions of 

two bifunctional molecules (precursors). A major problem is that such molecules tend 

to polymerize thereby decreasing the yield of the product. The template effect and high 

dilution methods are techniques that help prevent the unwanted side reaction of 

polymerization. A general procedure used to avoid polymerization in coupling 

reactions between bifunctional molecules (precursors), is the use of protecting groups. 

Two methodologies, which have resulted in the increased yield of macrocycles, will be 

discussed farther. It has been proposed that the use of cesium carbonate induces a 

kinetic template effect that plays a role in the cyclisation step in the formation of crown 

ethers. In addition, trifluoromethanesulfonate as an improved leaving group on the 

glycol, in comparison with the tosylate leaving group, will be briefly discussed. 

5.2.1 THE TEMPLATE EFFECT 

Some early studies into the preparation of many multi-ring systems involve a base-

induced cyclisation under the conditions of high dilution. Such systems include mono-

co-haloalkyl ethers of hydroquinone, resorcinol and other related dihydric phenols. The 

surprisingly high yields sometimes obtained in the synthesis of macrocyclic compounds 

in base-catalysed Williamson type reactions between diols and dihalides or ditosylates 

suggest that the complexation and encirclement of the metal cation present may act as a 
12 

template facilitating cychzation. 

The template effect can be defined as a reaction in which reactive groups are 

preorganised in a favourable orientation by a complexed metal ion, thereby allowing a 
195 

selective reaction to occur. A two-fold benefit is derived from using the template 

effect, which is: 
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• The suppression of polymerization reactions since the local concentration of 

reactants around the metal ion is very high. 

• Multi-step reactions can be achieved since the metal holds the reactants 

together. 

The use of the metal ion in the kinetic template effect depends on the size of cavity of 

the crown ether to be synthesized, as there is a close link between the cation diameter 

and the size of the cavity of the crown ether. The optimum ring size is 15-18 A for Na+, 

18 A for K+ and 18-21 A for Cs+. Therefore the cyclisation step of a 15-crown-5 or a 

16-crown-5 may be achieved with a sodium ion whereas a 18-crown-6 may require a 

potassium ion. The relatively high yields obtained in the cyclisations of the crown 

ethers can be attributed to the operation of a possible template effect resulting from co­

ordination of the reactants around the potassium ions, although it is likely that 

complexation is important only in the final ring closure. 

There are various factors that may affect the yield of the final product such as the effect 

of solvent or base used. For example the reaction of triethylene glycol with d\-p-

toluenesulphonate in dimethylsulphoxide in the presence of potassium t-butyl 

alcoholate, was reported to give 1,4,7,10,13,16- hexaoxacyclo-octadecane (18-crown-6) 

(7) in a yield of 93 %. However when the same reaction was conducted in 

12 
tetrahydrofuran, yields of 30-60 % were obtained. 

O (X 

o o 

7 

Using ^-butylammonuim hydroxide as a base in tetrahydrofuran (a co-ordinating 

solvent), produced 18- and 21-membered cyclic ethers in decreased yields as most of 

the starting materials polymerized. 

C 
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Figure 5: The template effect of 18-crown-6 (7) 

The cyclization step is a SN2 reaction involving a nucleophilic displacement of a halide 

or tosylate or other leaving group by alkoxide ions. An alkoxide anion brings the two 

ends of the linear bifunctional precursor into close proximity resulting in a cyclic 

structure, which promotes the formation of the crown ether. Although there is a rate 

enhancement due to the proximity effect, there is also a rate retardation factor since the 

alkoxide ion interacts with the metal ion resulting in a reduced nucleophilicity of the 

alkoxide ion. Many cyclisation reactions involving the use of metal ions have resulted 

in increased yields of crown ethers, however the mechanistic nature of the improvement 

196 

remains unclear. The precise role of metal co-ordination in the formation of cyclic 
197 

ethers is still not understood. 
198 

The cesium salt method, which was first developed for peptide chemistry, has been 

applied to the synthesis of crown ethers and has helped in the crucial ring closure 

It is believed that the Cs+ ion can play an irreplaceable role 
reaction 

199,200,201 

compared with Na+ or K+ during the formation of some macrocycles such as (21-crown-

7) since it probably complexes more weakly than for example potassium. It has been 

suggested that cesium helps with the template effect in the early stages of ring closure 
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thereby binding the ends of the glycol and bringing it closer together for the coupling 
t 200 

step. 

5.2.2 TRIFLUOROMETHANESULPHONATE (TRIFLATE) AS A NEW 

LEAVING GROUP IN MACROCYCLIC PRECURSORS 

The conversion of an alcohol to the corresponding ether is a widely used functional 

transformation in organic synthesis. There are several methods available to accomplish 
202 

this reaction under a variety of conditions. Triflate is a leaving group, which is far 
203 

more reactive than the analogous bromides. The use of the triflate in crown ether 

synthesis, due to its excellent leaving group properties has been demonstrated in many 
204,205,206 

cases. 

It has also been reported that treatment of diols with triflic anhydride yields the desired 

ditriflates without affecting the stereochemistry at the carbon. The stereochemistry of 
207 

the glycolization is thus transferred to the ditriflate. It has been shown that alkylation 

of diols with ditriflate using sodium hydride as a base without high dilution conditions 

produced macrocycles in yields of 35 %. A similar procedure based upon the use of 

ditosylate instead of ditriflate was found to be ineffective as a major proportion of the 
208 

starting materials was recovered. A note of caution should be highlighted, if the 

leaving group is very reactive, an elimination reaction can occur as an unwanted side 

reaction. 
5.2.3 HIGH DILUTION EFFECTS 

High dilution techniques help to increase the yield in the synthesis of crown ethers. 

This technique requires the slow mixture of reagents, over approximately 8-24 hours or 

using a very large volume of solvent and a concentration approximately 100 
3 195 

mmol.dm- . A reaction procedure carried out in a highly diluted solution results in a 

lower probability of intermolecular collisions and hence a depression of chain extension 

(polymers). It also encourages ring closure, which is an intramolecular reaction. In 

practice, the reactants are held in separate dropping funnels and over a long period of 

time (usually 8-24 hours), are added drop by drop to a large amount of a solvent 

containing a condensing agent. 
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A 129 

Similar synthetic routes were used by Marchand et ar (see Chapter 2, Scheme 1 and 

Scheme 2) for the synthesis of cage annulated crown ethers. The multi step synthesis of 

precursors for chiral macrocycles (S,S)-49, (S,S)-50 and (S,S)-53 will be illustrated in 

§4.3. 

5.3 THE MULTI-STEP SYNTHESIS OF PRECURSORS FOR CHIRAL 

CAGE ANNULATED MACROCYCLES 

The schemes below show the synthetic routes of precursors for chiral cage annulated 

macrocycles. 

5.3.1 THE MULTI-STEP SYNTHESIS OF THE CAGE DIOL (25) 

Scheme 5 illustrates the synthesis of the cage diol (25) beginning with the synthesis of 

the cage dione (20). 

L/ 

70 

0°C 

dry toluene 

1) 0 3 d r y methanol 

2) NaBH4 

H2C=CH-CH2MgBr 
dryTHF 

TsOH 

benzene 
reflux 
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Scheme 5: Synthetic route for the PCU diol (25) 75 

If two double bonds are within reach of one another in the same molecule, especially if 

one of them is conjugated, a photochemical addition can occur. The adducts of 

cyclopentadiene (70) and of p-benzoquinone (71) have structures that are ideal to meet 
120 121 

those requirements. ' The synthetic route involves the Diels-Alder cycloaddition 
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of freshly cracked cyclopentadiene (70) to ;?-benzoquinone (71) followed by the 

intramolecular [2+2] photocyclization of the resulting endo-cycloaddition. The adduct 

(72) is subjected to ultraviolet (UV) light producing the pentacyclo[5.4.0.02'6.0310.05,9]-
120 121 

undecane-8,11-dione (PCUD) (20). ' The complete NMR elucidation of the PCUD 

(20) structure will be reported Chapter 6 and its X-ray data will be reported in Chapter 

7. 

Formation of the PCU dione (20) is followed by the allyl Grignard addition to the dione 
209 

(20) resulting in the PCU endo-endo diol (73) being produced. The complete NMR 

elucidation of the endo-endo diol will be reported in Chapter 6. The endo-endo 

pentacyclic diol (73) was converted to the PCU diene (74) by removing water 
azeotropically using the Dean-Stark method. 129 

The next step was the ozonolysis of the pentacycloundecane PCU diene (74), which is 

followed by a reduction with NaBFU to form the pentacycloundecane PCU diol (25). 

129 

The procedure used was slightly modified from that of Marchand, using NaBH* 

instead of H3B-THF to produce the diol (25). The full NMR elucidation of the PCU 

diol (25) as well as the X-Ray data are reported in Chapters 6 and 7 respectively. 

p-TsCl, KOH, dry THF, N2 

Scheme 6: Synthesis of the PCU ditosylate (54) 

The PCU diol (25) was reacted with toluenesulphonyl chloride and KOH to produce the 

PCU ditosylate (54) (see Scheme 6). Again a different method was followed from that 

reported by Marchand. ' The PCU diol (25) was added to KOH (5 equivalents) and 

p-toluenesulphonyl chloride (10 equivalents) in dry THF producing the PCU ditosylate 
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(54) in 75 % yield. In the next section the multi-step synthesis of chiral precursors for 

the potential use in macrocycle synthesis will be discussed (refer to Schemes 7 and 8). 

5.3.2 THE MULTI-STEP SYNTHESIS OF THE (S,S)-ISOPROPYL GLYCOL 

(56) 

The isopropyl glycol was synthesised by Bradshaw et al. , however the chemicals used 

in the synthesis were expensive and therefore it was not viable to use the synthetic route 

proposed. It was decided to use the chemicals available and a different synthetic route 

was carried out. 
89 

o 
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Scheme 7: Synthetic route of the isopropyl glycol (56) 89 

Isohydroxy valeric acid (64) was converted to an ester (62) using methanol and thionyl 

chloride. This was followed by protection of the alcohol moiety to produce (60). 

Reduction of the protected ester (60) produced the protected alcohol (58). In order to 

synthesize the chiral glycol (56), 2 equivalents of the alcohol (58) were reacted with 1 

equivalent of diethylene glycol ditosylate (26), followed by deprotection. The final step 

produced the desired chiral glycol (56) in low yields (20 %) and it was decided that it 

was not viable to continue with the present synthetic route. 

The synthetic procedure was modified to synthesize a chiral glycol with phenyl groups 

on the a-carbon of the glycol. Scheme 8 below illustrates the synthetic route to a chiral 

glycol (55). 
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5.3.3 THE MULTI-STEP SYNTHESIS OF THE (S,S)-MANDELIC GLYCOL 
( 5 5 ) 89 ,212 

89 

The mandelic glycol (55) was synthesised in 1991 by Bradshaw et al. with a yield of 
212 

75 %. In 1992 Naemura et al. reported a different synthetic route with a yield of 76 

% . 

63 

MeOH, SOCl2 _ 
0°C, N2 ' ^ 

OTHP 

55 57 

89,212 Scheme 8: Synthetic route of the mandelic glycol (55)' 

Formation of the chiral glycol (55), began with the conversion of the (S)-mandelic acid 

(63). The (S)-mandelic acid (63) was converted to an ester (61) using thionyl chloride 

and methanol. The ester (59) was then reacted with dihydropyran to protect the alcohol 

group. This was followed by a reduction of the protected ester (59) with LiAlHU in THF 

to produce (57). The mandelic glycol (55) was prepared by reacting 2.2 equivalents of 

the tetrahydropyran (THP) protected alcohol (57) with 1 equivalent of diethylene glycol 

ditosylate (26) in the presence of NaH in THF. This is a SN2 reaction with the alkoxide 

of the alcohol being formed acting as a nucleophile. This was followed by column 

purification after deprotection with HC1 and MeOH producing the chiral glycol (55) in 

60 % yield. 
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5.3.4 THE MULTI-STEP SYNTHESIS OF THE CHIRAL GLYCOL (66) 194 

194 
Chiral glycol (66) was synthesised by Bradshaw et al. in 1980 however no yield was 

194 

reported for the final step. This synthetic route was modified to increase the yield of 

the intermediate steps and this will be discussed below. 

butanol.tolucne. 
H2S04 

66 

H3C( H2C)30 OH 

69 

1. NaH , THF, TsO O 

26 

2. TsOH, MeOH 

\ {^^ LiAlH4 THF, 0°C, N2 f^~^ 

HO OH 

68 

Trityl Chloride, 
DMAP,CH2C12 

OTS 

Scheme 9: Proposed synthetic route to chiral glycol (66) 

The chiral glycol (66) was synthesized via a multi-step synthesis beginning with the 

conversion of (S)-(+)-mandelic acid (63) to the butyl ester (69). The original 
194 

procedure involved the reduction of mandelic acid to an alcohol (68) before 

protection. However better yields were obtained by converting the mandelic acid to the 

ester (69) before reduction to the alcohol. 

The limiting factor in this case is the presence of two hydroxyl functional groups of 

comparable reactivity in the molecule, which have to be transformed. This difficulty 

was overcome by protecting one of the hydroxyl functional groups thus allowing the 

manipulation of the desired group. On a practical level there are many difficulties 

involved in selectively protecting and regenerating specific hydroxyl functional groups. 

A method was needed in which only the primary alcohol was protected. This was 

achieved using triphenylmethyl chloride as the protecting group 213 
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The bulky triphenylmethyl group was used to selectively protect the primary hydroxyl 
214 

functional groups in carbohydrates. The original method for the preparation of trityl 

ethers involved the reaction of the primary alcohol substrate with triphenylmethyl 

chloride using pyridine as a solvent, at temperatures ranging from 25°C to 100°C. 
215 

Chaudhary et al. have reported a successful method using trityl chloride, N,N-

dimethylformamide (DMF) solution overnight at room temperature in the presence of 

triethylamine and 4-dimethylaminopyridine (DMAP). DMAP acts as a group transfer 

agent in the triphenylmethylation of alcohols. This procedure produced yields up to 88 

% of the triphenylmethyl-protected alcohol. 
This combination of reagents is also effective in solvents other than DMF. For example 

119 

yields up to 90 % were reported in dichloromethane solution at room temperature. 

This method offers the advantages of increased selectivity, wide choice of solvents, 

milder reaction conditions and simplified workup operations. There are many 

difficulties involved with using pyridine as a solvent, namely the formation of addition 

complexes of the product with pyridine and other trityl ethers which are contaminants 

and which are difficult to remove by simple crystallization. 

Then 2 equivalents of the protected alcohol (67) are reacted with 1 equivalent of 

diethylene glycol ditosylate (26) to produce the protected glycol. This is followed by 

removal of the protecting groups to produce the glycol (66). A negligible yield of the 

chiral glycol (66) was obtained and the majority of the starting materials were recovered 

instead. 
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CHAPTER SIX 

THE NMR ELUCIDATION OF THE PENTACYCLOUNDECANE 

DIONE STRUCTURE AND ITS DERIVATIVES 

The difficulty of assigning the NMR spectrum of pentacyclo-

[5.4.0.02,6.0310.05,9]undecane-8,ll-dione (20) and its derivatives had been commented 
118 217 218 219 220 221 

on by many researchers. ' ' ' ' ' The complete correlation between the 

spectra and the structures of the compounds has so far proved difficult to achieve and in 

many cases it has been necessary to resort where available to single crystal X-ray 
222 

crystallography to elucidate the structures. In 1993 Cadd et al. published the NMR 

assignment of the PCU dione (20) by analogy after studying a PCU derivative (75). 

However the full NMR elucidation of the structure of the dione (20) has not been 

reported. 

75 

The complete NMR elucidation of the structure of the PCU dione (20) will be reported 

in this chapter as well as the structural elucidation of a novel PCU dimer (76) that was 

obtained serendipitously during the synthesis of the macrocyclic precursors. 

The NMR elucidation of the structures of PCU derivatives (25) and (77) was performed 

since it was hoped that the structural similarities present in these PCU derivatives would 

help with the structural elucidation of the novel PCU dimer (76). The complete NMR 

elucidation of the structures of the PCU dione (20) and its derivatives (25), (73), (76) 

and (77) will be reported. 
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73 76 77 

The first PCU structure to be elucidated was the PCU dione (20). 

6.1. THE NMR ELUCIDATION OF THE PCU DIONE (20) STRUCTURE 

20 

The pentacycloundecane dione (20, PCUD) is a meso compound with a plane of 

symmetry, which simplifies the NMR spectra, as each atom except C4 is in duplicate. 

In the ]H NMR spectrum (spectrum 1) the methylene protons (H4a and H4S) are 

registered as an AB spin system at 1.89 and 2.03 ppm. A relatively complex pattern 

between 2.68 and 3.15 ppm, which integrates to eight protons, represents the methine 

protons. The four broad signals at (2.68, 2.79, 2.91 and 3.15 ppm) are due to the long-
223 

range proton-proton interactions in the high field regions. 

It was previously observed and reported from the proton NMR of pentacycloundecane 

derivatives that the geminal coupling constants of the PCU bridgehead methylene 
774 77^ "yyfx jyyn 

protons (H4) are in the order of 10 Hz. • ' ' Therefore it can be concluded that 

the high field chemical shifts of the doublets at 1.89 ppm (H4a) and 2.03 ppm (H4S) with 

J=l 1.3 Hz are associated with the methylene protons on C4. It was previously shown 

that for PCU derivatives the H4a resonates at a higher field than the H4S. ' 



The 13C NMR spectrum (spectrum 2) of the dione exhibits a total of six resonance 

signals. Since the PCU dione is symmetrical it exhibits one carbonyl resonance at 212.1 

ppm, one methylene carbon resonance at 40.5 ppm and four pairs of methine carbon 

resonances at 38.7, 43.8, 44.6 and 54.7 ppm. The electronegative oxygen atoms present 

in the molecule help to draw electrons away from the carbonyl carbons making them 

highly deshielded such that their resonances appear low field region at 212.1 ppm. 

It is evident from the HSQC (Hetero Single Quantum Correlation) spectrum (spectrum 

5) that Ha (1.89 ppm) and Hs (2.03 ppm) are connected to C4 (40.5 ppm). The most 

convenient tool to elucidate the structure of the dione is the NOESY spectrum 

(spectrum 4). From the NOESY spectrum (spectrum 4), long-range connectivities are 

observed between the doublets H4a and H4S, which interact with the methine carbon 

resonances H3/H5 (2.91 ppm). First it is clear that H3/H5 (2.91 ppm) interacts with two 

other protons (2.68 and 3.15 ppm), which should be H2/H6 and/or H9/H10. Both these 

sets of protons should interact with H3/H5, possibly with H4a/H4s and only H2/H6 

should interact with one more set of protons, namely H1/H7. Through elimination it is 

clear that H2/H6 should register at 3.15 ppm and H1/H7 at 2.79 ppm. H9/H10 is 

therefore registered at 2.68 ppm. 

The positions of H4a and H4S can also be verified from the NOESY spectrum (spectrum 

4). H4S (2.03 ppm) interacts with H9/H10 (2.68 ppm) and H4a (1.89 ppm) interacts with 

H2/H6 (3.15 ppm). The rest of the signals can easily be verified utilizing the HSQC 

(heteronuclear single quantum correlation) (spectrum 5), COSY (proton-proton 

chemical shift correlation) (spectrum 3), NOESY (nuclear Overhauser effect 

spectroscopy) (spectrum 4) and HMBC (heteronuclear multiple bond correlation) 

(spectrum 6) spectra. The NMR data for (20) are tabulated in Table 9 below. 
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Table 9: NMR data a b for the PCU dione (20) 

Carbon/Proton 
1/7 
2/6 
3/5 
4a 
4S 

8/11 
9/10 

*H NMR (ppm) 
2.79 (m, 1H) 

3.15 (td, 1H, J=2.9, 6.2 Hz) 
2.91 (m, 1H) 
1.89(d,J=11.3Hz) 
2.03 (d, J=11.3Hz) 
-

2.68 (broad s, 1H) 

UC NMR (ppm) 
43.8 
38.7 
44.6 
40.5 

212.1 
54.7 

MOO MHz for 'H NMR and 100 MHz nC NMR, Solvent CDC13 
bAll NMR data were processed using Mestrec 4.5.91 (NMR data Processing made easy), Copyright 
1996-2005, www.mestrec.com 

The assignments for the dione (20) from HETCOR, COSY, HMBC and NOESY are 

presented in Table 10. These assignments correspond well with the NMR elucidation 

obtained by analogy for (20) through comparison with a related PCU compound (75) by 

Cadd et al. 

Table 10: NMR correlations3 for the PCU dione (20) 

Proton 
1/7 
2/6 
3/5 
4a 

4S 

8/11 
9/10 

COSY correlations 
H2/H6, H9/H10 
H1/H7, H3/H5 
H2/H6, H9/H10, H4a/S 

H4S, H3/H5 
H4a 

-

H1/H7, H3/H5 

NOESY correlations 
H2/H6 
H1/H7, H3/H5 
H9/H10, H2/H6, H4a/S 

H4S, H2/H6 
H4a , H9/H10 
-
H3/H5 

HMBC correlations 
C2/C6, C3/C5, C9/C10 
C1/C7, C3/C5, C4 
C1/C7, C2/C6, C4 
C2/C6, C9/C10,C3/C5 

-

C1/C7, C3/C5, C4 
a400 MHz for COSY, NOESY, HSQC, HMBC spectra, Solvent CDC13 

The dione (20) was used as starting material for the syntheses of the four PCU 

derivatives (25, 73, 76 and 77) and the conversions are shown below. 
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Figure 6: The derivatisation of the PCU dione (20) 

The NMR elucidation of the structure of the novel cage dimer (76), the cage endo-endo 

diol (73) and the cage ketal (77) will be discussed next. 

6.2. THE NMR ELUCIDATION OF THE STRUCTURES OF PCU 

DERIVATIVES 

During the multi-step synthesis of the precursors of PCU macrocycles, a novel PCU 

dimer (76) was serendipitously synthesized and isolated as a by-product (Scheme 10). 

The NMR elucidation of the structure of (76) was performed. The X-ray data (Chapter 

7) of (76) will be reported. 
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RMgBr + 

Scheme 10: Synthesis of the novel PCU cage dimer (76) 

The complete NMR elucidation of the structure of the novel cage dimer (76) is very 

difficult due to the overlapping of both proton and carbon peaks in the spectra. It was 

suggested that the NMR elucidation of the structure of the endo-endo diol (73) as well 

as the structure of the PCU ketal (77) would be useful in solving the NMR elucidation 

of structure (76), as the structural similarities present in (76) are obvious. 

73 76 77 

6.2.1 THE NMR ELUCIDATION OF THE PCU KETAL (77) STRUCTURE 

,223 
The ketal (77) was synthesised from the dione (20) and ethylene glycol in the 

presence of a catalytic amount ofp-toluenesulphonic acid by refluxing in a Dean-Stark 

apparatus using an azeotropic solvent such as benzene as shown in Scheme 11. 
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HOCH2CH2OH, p-TsOH, 

benzene 

20 77 

Scheme 11: Synthesis of the PCU ketal (77) 223 

The usual numbering system for the unsymmetrical cage skeleton is followed. The 400 

MHz 'H NMR spectrum (spectrum 49) of the ketal shows an AB spin system (1.56 and 

1.86 ppm) for the methylene protons (H4a and H4S) and four broad signals due to long-

range proton-proton interactions in the high field region (2.41-2.48 ppm, 2.53-2.62 ppm, 

2.77-2.80 ppm and 2.94 ppm). The peaks at 1.56 ppm (H4a) and 1.86 ppm (H4S) 

which integrate to one proton each, are attached to C4 whereas the peaks at 3.83-3.90-

ppm integrate to the two protons on C2 and CI . The complex pattern at 2.41-2.94 ppm 

integrates to the eight methine protons on the cage (HI, H2, H3, H5, H6, H7, H9 and 

H10). 

The successful synthesis of the ketal (77) is evident from the appearance of one 

carbonyl, one quaternary carbon, three methylene carbons and eight methine carbon 

resonance signals present in the 13C spectrum (spectrum 50). The 13C spectrum 

(spectrum 50) of the PCU ketal exhibits signals that can be associated with thirteen 

different carbons atoms since it is an unsymmetrical compound. The carbonyl carbon 

resonance of C8 is registered at 215.2 ppm. A quaternary carbon resonance is present at 

113.9 ppm and is associated with carbon CI 1 that is attached to two oxygen atoms. The 

other signals present in the 13C spectrum consist of three methylene (C4, CI and C2) 

and eight methine carbon signals (CI, C2, C3, C5, C6, C7, C9 and C10). 

The C2 and CI were assigned to low field signals at 64.5 and 65.7 ppm due to their 

direct attachment to the oxygen atoms, this assignment was confirmed by the 

correlations in the HSQC experiment (HI and H2 at 3.83-3.90 ppm correlates with CI 

and C2) (spectrum 53). At this stage it is not yet possible to distinguish between these 

86 



two methylene groups. C4 was assigned to the signal at 38.7 ppm and this was 

confirmed by the HSQC correlation with the AB spin system at 1.56 and 1.85 ppm with 

a coupling constant J=l 1.0 Hz. 

The NOESY spectrum (spectrum 52) of the ketal shows correlations between the two 

methylene groups (3.83 and 3.90 ppm) and two methine protons on the cage (2.62 and 

2.48 ppm) respectively. This proves to be a valuable handle when solving the NMR 

spectrum of the ketal (77). The ketal (77) was optimised using density functional theory 

(DFT) at the B3LYP level of theory, using a 6-31+G(d) basis set. A high level DFT 

optimization [B3LYP/6-31+G(d)j of (77) indicates two possible conformations for the 

ketal group. The ketal group is twisted with either CI up or C2 down (conformation 

1), or CI down and C2 up (conformation 2). The Cartesian coordinates of the 

optimised conformations are provided on a CD attached to the back of this thesis 

(Appendix 2 §2.9). Both conformations were optimised and it turned out that 

conformation 1 is 0.1 kcal mol"1 lower in energy than conformation 2. Although this 

energy difference is small, a larger fraction of conformation 1 should exist in solution. 

Closer inspection of the DFT optimised structure of conformation 1 indicates that 

proton H2 (3.83 ppm) is in close proximity to HI (2.89 A) and HI (3.90 ppm) to H10 

(3.16 A). The strongest NOESY interaction (largest spot at 2.62 ppm) should therefore 

correspond to HI (2.62 ppm) and the weaker interaction to H10 (2.48 ppm). 

Another convenient approach to solving the NMR elucidation of the structure of the 

ketal (77) is the NOESY correlations between H4a and H3/H5 as well as H2 (2.94 ppm) 

and between H4S and H9/H10 (2.41 and 2.48 ppm) as well as H3/H5. Protons H3/H5 

(2.80 and 2.55 ppm) are the common factor and the positions of H2 (2.94 ppm) and 

H9/H10 (2.41 and 2.48 ppm) are therefore apparent through elimination. At this stage 

distinction between H3 and H5 as well as between H9 and H10 is still required. 

The position of H3 (2.80 ppm) can also be determined from the NOESY interaction 

with H2 (2.94 ppm) and H10 (2.48 ppm). H9 (2.41 ppm) has a NOESY interaction with 

H10 (spectrum 52). H5 can then be assigned to (2.55 ppm) through elimination since 

H-3 (2.80 ppm) is now known. The position of H5 is confirmed through COSY 

correlation with H9 (2.41 ppm) (spectrum 51). The position of the corresponding 

carbon signals is obtained from the HSQC spectrum (spectrum 53). 
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The next convenient tool to be used in the elucidation of the structure of the ketal is the 

HMBC spectrum (spectra 54 and 55). H2 (2.94 ppm) correlates with CIO (53.0 ppm). 

Both H3 (2.80 ppm) and H6 (2.77 ppm) correlate with C9 (50.7 ppm). H3 correlates 

with CI (42.3 ppm) and C6 (36.3 ppm). H6 (2.77 ppm) correlates with CI (42.3 ppm). 

The evading proton H7 (2.53 ppm) is also found through interaction with C9 (50.7 pm). 

Table 11: N M R data a b for the PCU ketal (77) 

Carbon/Proton 
1 
2 
3 
4a 
4S 

5 
6 
7 
8 
9 
10 
11 
1 
2 

J H NMR (ppm) 
2.62 (m, 1H) 
2.94 (td, 1H, J=5.5 Hz, J=6.6 Hz) 
2.80 (m, 1H) 
1.56 (d, lH,J=11.0Hz) 
1.85 (d, lH,J=11.0Hz) 
2.55 (m, 1H) 
2.77 (m, 1H) 
2.53 (dd, 1H, J=l.l Hz, J=2.3 Hz) 

2.41 (m, 1H) 
2.48 (m, 1H) 

3.90 (m, 2H) 
3.83 (dt, 2H, J=6.1 Hz, J=10.0 Hz) 

1 JC NMR (ppm) 
42.3 
41.4 
45.8 
38.7 

42.9 
36.3 
41.3 
215.2 
50.7 
53.0 
113.9 
65.7 
64.5 

a400 MHz for 'H NMR and 100 MHz lsC NMR, Solvent CDC13 
bAll NMR data was processed using Mestrec 4.5.91 (NMR data Processing made easy), 
Copyright 1996-2005, www.mestrec.com 

The COSY (spectrum 51), NOESY (spectrum 52) and HMBC (spectra 54 and 55) 

correlations for the ketal (77) are tabulated in Table 12. 
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Table 12: NMR correlations3 for the PCU ketal (77) 

Proton 

1 
2 
3 
4a 
4S 

5 
6 
7 
8 
9 
10 
11 
1 
2 

COSY 
correlations 
H2 
H1,H3 
H2, H10 
H5, H4S, H9 
H4a 

H6 
H5 

H5 

NOESY correlations 

HI , H2, H7 
H1,H3 
H2, H10 
H2, H4S, H3, H5 
H4a, H3, H5, H9, H10 

HI 

H4S, H10 
HI 

HI 

HMBC correlations 

C3, C6, CIO 
C4, C9 
C1,C6 

C3, C4, C6, C7 
C1,C2, C3, C4, C6 
C2, C5, C9 
-

C3, C4, C6, C7 
C1,C2, C4, C5 
-

C2 
CI 

'400 MHz for COSY, NOESY, HSQC, HMBC spectra, Solvent CDCL 

The NMR elucidation of the structure of the endo-endo diol (73) is discussed next. 

6.2.2 THE NMR ELUCIDATION OF THE PCU ENDO-ENDO DIOL (73) 

STRUCTURE 

The synthesis of the endo-endo diol (73) was achieved through the Grignard addition of 

allylbromide to the dione (20). The endo-endo diol (73) is a meso compound, which 

makes the elucidation of the NMR spectra less complicated since one set of duplicate 

resonance signals is observed. 

73 

The complex pattern of resonances in the !H spectrum (spectrum 21) between 2.36 ppm 

and 2.71 ppm integrates for six protons (H1/H7, H2/H6, H3/H5 and H9/H10). The 
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integration value of the *H spectrum can be used to assign: H4a (1.07 ppm) and H4S 

(1.51 ppm); H3' (5.07 ppm); H2' (5.91 ppm) and OH (5.30 ppm exchange with D20). 

Some of the cage methine protons (2.18 ppm) partially overlap with H-l' (1.97-2.24 

ppm). The resonance pattern between 2.18-2.36 ppm integrates to six hydrogens, which 

belong to the methylene carbon CI' and C9/C10, (four of the hydrogens belong to CI 

and the other two hydrogens still need to be assigned to C9/C10 at this stage. The 'H 

NMR spectrum of the endo-endo diol shows an AB spin system for the methylene 

protons H4a (1.07 ppm) and H4S (1.51 ppm), which integrate to one proton each. 

The 13C spectrum (spectrum 22) consists of nine resonance signals. The endo-endo diol 

is symmetrical, exhibiting one set of duplicate signals except for the bridgehead 

methylene. According to the DEPT spectrum (spectrum 31) there are five methine 

signals (39.9, 42.7, 44.0, 49.1 and 133.7 ppm), three methylene signals (33.8, 43.9 and 

117.8 ppm) and one quaternary carbon at 77.2 ppm. 

Carbon C4 was assigned 33.8 ppm due to correlations in the HSQC (spectra 27 and 28) 

with the AB spin system at 1.07 (H4a) and 1.51 ppm (H4S) (J=10.8 Hz). The same 

approach of using NOESY correlations to elucidate the structure of the ketal (77) was 

also used in the elucidation of the structure of the endo-endo diol (73). H4a (1.51 ppm) 

shows NOESY correlations (spectra 25 and 26) with H3/H5 and H2/H6 and H4s (1.07 

ppm) shows correlations with H3/H5 and H9/H10. H3/H5 (2.36 ppm) is the common 

factor and the positions for H2/H6 (2.45 ppm) and H9/H10 (2.15 ppm) are apparent 

through elimination. • NOESY correlation between OH (5.30 ppm) and H1/H7 (2.44 

ppm) as well as H9/H10 (2.18 ppm) confirms these assignments. 

Interestingly, H2' (5.91 ppm) shows NOESY correlation with H9/H10 (strongest at 2.18 

ppm), HI' (1.97-2.24 ppm), H1/H7 (2.44 ppm) and H3/H5 (2.36 ppm). The positions 

of the carbon signals were obtained from the HSQC spectra (spectra 27 and 28). Note 

that the CI' peak overlaps with C3/C5 peak. Assignment of the C4 methylene carbon 

allowed the CI methylene group to be assigned to 43.9 ppm. Carbon C8/11 of the cage 

was assigned to 77.2 ppm, this was confirmed by the absence of a signal in the HSQC 

spectrum and the visible correlations in the HMBC spectrum (spectra 29 and 30) with 

Cl/7 (2.44 ppm), C9/10 (2.18 ppm) of the cage and CI' (43.9 ppm) of the allylic arm. 

The NMR data of (73) are tabulated in Table 13 below. 
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Table 13: NMR dataab for the PCU endo-endo diol (73) 

Carbon/Proton 
1/7 
2/6 
3/5 
4a 

4S 

8/11 
9/10 
1 
2 
3 

1HNMR(ppm) 
2.44 (m, 1H) 
2.52 (dd, 1H, J=2.6 Hz, J=4.6 Hz) 
2.36 (dd, 1H, J=1.7 Hz, J=3.1 Hz) 
1.07 (d, 1H, J=10.8Hz) 
1.51 (d, 1H, J=10.8Hz) 

2.18 (td, 1H, J=1.3 Hz, J=6.5 Hz) 
1.97-2.24* 
5.91 (m, 1H) 
5.07 (t, 2H, J=13.7Hz) 

"C NMR (ppm) 
42.7 
39.9 
44.0 
33.8 

77.2 
49.1 
43.9 
133.7 
117.9 

a400 MHz for 'H NMR and 100 MHz l3C NMR, Solvent CDC13 
bAll NMR data was processed using Mestrec 4.5.91 (NMR data Processing made easy), Copyright 
1996-2005, VAvw.mestrec.com 
¥ Some of the cage methine protons H9/10 (2.18 ppm) partially overlap with HI' (1.97-2.24 ppm). 

The details of all the NMR correlations for (73) are provided in Table 14 below. 

Table 14: NMR correlations3 for the PCU endo-endo diol (73) 

Proton 
1/7 
2/6 

3/5 
4a 

4S 

8/11 
9/10 

1 
2 

3 

COSY correlations 

H4S, H3/H5, H9/H10 
4a, 2/6, 3/5 

H I , H3 , H1/H7, 
H9/H10 
H1,H2,H1/H7, 
H3/H5, H9/H10 

NOESY correlations 
H I , H9/H10 
H I , H3/H5, H9/H10 

H4 ^ H2/H6, H9/H10 
H4S, H2/H6, H3/H5 
H4a,H3/H5, H9/H10 

H1/H7, H2/H6,H3/H5, 
H4a/S 

H1/H7,H2/H6, H3/H5 
H1,H3,H1/H7, 
H3/H5, H9/H10 
H1,H2,H3/H5, 
H9/H10 

HMBC correlations 
C1,C2/C6, C9/C10 
C1/C7, C3/C5, C4, 
C9/C10 
C1/C7, C4 

C9/C10,C1/C7, CI 
C1/C7, C2/C6, C4 

C8/C11 
C1,C3,C1/C7,C9/C10 

C I , C1/C7, C9/C10 

MOO MHz for COSY, NOESY, HSQC, HMBC spectra, Solvent CDC13 

The NMR elucidation of the structure of the PCU novel dimer (76) was attempted next. 

6.2.3 THE NMR ELUCIDATION OF THE PCU NOVEL DIMER (76) 

STRUCTURE 

Conventional mass spectrometric ionisation techniques lead to molecular decomposition 

of the cage skeleton and produce un-interpretable mass spectra. Molecular ions are 

seldom observed in electron impact (EI) spectra, however the fast atom bombardment 
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mass spectrometry (FAB-MS) is a convenient tool for the analysis of cage compounds 
228 

and derivatives. The appearance of the expected molecular ion peak of m/z 415 

[M+H]+ in the mass spectrum (spectrum 47) confirmed the formation of novel 

compound (76). The presence of one carbonyl absorption band in the IR spectrum 

(spectrum 48) at 1748 cm"' confirmed the structure of the cage dimer (76). 

Taking into consideration the techniques learnt while elucidating the ketal (77) and 

endo-endo diol (73), the same approach was used when trying to elucidate the PCU 

cage dimer (76). The PCU cage dimer (76) is not numbered the conventional way but 

according to the numbering in the X-ray data (see Chapter 7). 

CAGEB 76 

Conventional Numbering 

CAGE B 7 6 

X-ray data Numbering 

Figure 7: The conventional numbering and X-ray data numbering of the novel 

PCU cage dimer (76) 

Confirmatory evidence for the correctness of the allocated structure of the PCU cage 

dimer (76) was obtained from the *H NMR and 13C NMR study and MS spectrum. The 

'H NMR spectrum shows two cage AB spin systems, which appear at high field region 

and are associated with the two different bridgehead methylene groups of (76). There 

are three quaternary carbons (C8, Cll and C28), one carbonyl carbon (C25), six 

methylene carbons and eighteen methine carbons present in this molecule. This data is 

supportive of the structure of the novel cage dimer (76). 
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Since there is major overlap between peaks in the spectra, the structural elucidation is 

complex and certain assumptions have to be made when assigning the exact positions 

on the novel PCU cage dimer (76) by using the same approach as when elucidating the 

structure of the endo-endo diol (73) and ketal (77). In order to elucidate this structure 

systematically the molecule was divided into two parts namely cage A and cage B. 

Cage A consists of the PCU moiety with the two allylic arms ("endo-endo diol part") 

while Cage B consists of the cage with the carbonyl group and ketal linkage ("ketal 

part"). 

There are five methylene carbon signals present in the DEPT spectrum: (35.1, 38.0, 

42.3, 43.2 and 116.9 ppm, which needs to be assigned to the six methylene carbons of 

which C14/C17 are overlapping. The bridgehead methylene carbons C4 and C21 need 

to be assigned to either cage A or cage B. From the !H spectrum of the PCU ketal (77) 

and the PCU endo-endo diol (73), it can be observed that the protons of the methylene 

group appear further downfield for the PCU ketal (77) when compared with PCU endo-

endo diol (73). Furthermore the coupling constants for the PCU ketal (77) (J=l 1.0 Hz) 

are larger than that observed for the PCU endo-endo diol (73) (J=10.8 Hz). Therefore it 

can be assumed that the protons at 1.15 and 1.57 ppm (J=l 0.7 Hz - H4 a/s) belong to C4 

(35.1 ppm) on cage A (the "endo-endo diol part") and those at 1.47 and 1.77 ppm 

(J=10.9 Hz, H21a/s) belong to C21 (38.0 ppm) on cage B (the "ketal part"). 

The peak at 214.0 ppm in the 13C NMR is assigned to the carbonyl at carbon C25 (Cage 

B). The next assumption to be made from the structural elucidation of the PCU endo-

endo diol (73) and PCU ketal (77) is the assignment of the quaternary carbons. The 

quaternary carbon at 105.0 ppm was assigned to carbon C28 of cage B, while signals 

84.0 and 84.3 ppm still need to be assigned to either carbon C8 or carbon CI 1 of cage 

A. 

The structure of cage A ("endo-endo diol part") will be elucidated first. The positions 

of C12/C15 (42.3 and 43.2 ppm), C13/C16 (134.5 and 134.1 ppm) and C14/C17 (116.9 

ppm) can be determined from the DEPT spectrum. The exact positions of these carbons 

still need to be determined. 

In order to determine which side of cage A is left and which side is right, the chemical 

shifts of H12/H15 were used. For the endo-endo diol (73), the corresponding protons 
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(HI') experience a chemical non-equivalence shift of about 1 ppm. For the dimer (76), 

the one set of protons experience a shift of about 1 ppm (1.88 ppm and 2.04 ppm, HI2) 

while the other set of protons is split by about 2.4 ppm (1.82 ppm and 2.16 ppm, H15). 

It seems obvious that the set of protons closer to 025 will experience a larger through 

space shielding and deshielding effect, with result that HI5 will experience much larger 

chemical shifts, when compared with HI 2. 

The positions of C8 (84.3 ppm) and CI 1 (84.0 ppm) can then be assigned using HMBC 

correlations with H12 and H15 respectively. This enables us to assign H14 (4.85 ppm), 

H17 (5.05 ppm), H13 (5.55 ppm) and H16 (5.75 ppm) using the HSQC and NOESY 

spectra. Knowing the position of HI3 and HI6 enables us to distinguish between CI3 

(134.5 ppm) and C16 (134.1 ppm) using the HSQC spectrum. 

The HMBC spectrum can also be used to determine the position of C9/C10. For the 

ketal (77), the proton corresponding to H4 of the dimer showed HMBC correlation with 

carbons corresponding to C9/C10 (51.1 ppm and 49.5 ppm) of the dimer. At this stage 

it is not yet possible to distinguish between the two carbons. The HMBC spectrum can 

also be used for this distinction as the interaction of C9 (49.5 ppm) and CIO (51.1 ppm) 

with HI5 and H12 is observed. The corresponding proton signals, H9 (2.31 ppm) and 

H10 (2.21 ppm) were assigned using the HSQC spectrum. Lastly the positions of CI 

(40.4 ppm) and C7 (41.5 ppm) are also determined through HMBC interaction with H12 

and H15 respectively. The corresponding protons are HI (2.53 ppm) and H7 (2.33 

ppm). 

NOESY interactions between H4a and H2/H6 (2.52 ppm) and H3/H5 (2.27 ppm) are 

observed. The positions of H3/H5 can be confirmed using the COSY spectrum. H4a/s 

interacts with H3/H5, which overlap at 2.27 ppm. The positions of H3/H5 and H9/H10 

are also confirmed through NOESY interaction with H4s. 

Most of the positions of the corresponding carbon and proton signals can be obtained 

from the HSQC spectrum. The positions of C2 and C6 (39.2 and 39.6 ppm) are difficult 

to distinguish from the overlapping proton signals. Possible discrimination can be made 

by a rather uncertain HMBC interaction between H9 and C6 (39.2 ppm). The position 

of C2 (39.6 ppm) is then assigned through elimination. 
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The carbon signals for C3 and C5 are overlapping with C12 and are difficult to 

distinguish. The three carbons peaks register at 42.2, 42.28 and 42.34 ppm. C15 also 

registers at -42 ppm. Note that there is an overlap of five carbon signals at -42 ppm -

see the HSQC spectrum. 

All the protons and carbons have been assigned in Cage A and the structure of Cage B 

can now be elucidated. It was observed from the structural elucidation of the ketal (77) 

and the diol (73) that CIO of (77) is the most downfield methine carbon. Therefore the 

carbon in the most downfield position at 56.8 ppm of the dimer (76) is assigned to the 

corresponding carbon C27 (CIO of the ketal (77) corresponds to C27 of the dimer (76). 

The proton H27 (2.54 ppm) is determined from the HSQC spectrum and is later verified 

using the COSY spectrum (interaction with H26). The position of H21a (1.47 ppm) is 

known by analogue of the corresponding ketal (77) proton and shows HMBC 

correlations with some carbons in the "ketal part" namely C27 (56.8 ppm) and C26 

(50.5 ppm). This allows for assignment of proton H26 to 2.34 ppm using the HSQC 

spectrum. The positions of H26 and H27 should be confirmed later. 

Another important observation made from the NMR data of (77), is that the most 

downfield proton in the PCU ketal (77) was H2 (2.94 ppm). The position of this proton 

corresponds to H19 of the dimer (76). There are two downfield proton signals at 2.81 

and 2.83 ppm for the dimer (76). One proton signal (HI8, 2.81 ppm) shows weak 

HMBC correlations with C28 (105.0 ppm). The second downfield proton signal at 2.81 

ppm also belongs to cage B, but it is still unclear which proton shifted so far downfield. 

Based on the NOESY data of the ketal (77), interaction of H21a with H19 (2.83 ppm), 

H20 (2.72 ppm) and H22 (2.51 ppm) is determined. It appears as if H21a is also 

interacting with a proton which is overlapping with H20. The positions of H20 and H22 

are confirmed using the COSY spectrum. H21a/s interacts with H20 and H22. The 

position of H20 is also confirmed through COSY correlations with HI9. The 

distinction between H20 and H22 also coincide with the assumption that H20 will be 

shifted more downfield compared with H22 as observed for the structural elucidation of 

(77). The position of H20 is confirmed via NOESY interaction with HI9. A clear 

NOESY interaction between H20 and H27 is also observed. 
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One particular NOESY interaction is posing lots of difficulties and confusion with the 

elucidation of the NMR data. The interaction is observed between a proton at 2.81 ppm 

and a proton at 2.32 ppm (H7). The only conclusion is that this is due to a NOESY 

interaction between cage A and cage B; say H7 with HI 8 or H9 with H27. At this point 

is it not possible to confirm that. 

The position of C23 is obtained through HMBC interaction of H21a/s with C23 (35.8 

ppm). H23 is registered at 2.68 ppm (HSQC). H23 also exhibits weak HMBC 

interaction with CI9 (overlap at 42 ppm). H23 shows COSY interaction with HI9, H22 

and H24 (2.4 ppm). H23 shows NOESY interaction with H19, H22 and H24. 

Knowing the position of H23 arid H24 is helpful with the assignment of HI8. H24 

should have two COSY interactions, one with H23 and one with H18 (2.81 ppm). The 

position of HI 8 is verified using NOESY interaction with H24. The position of H26 

should still be confirmed. There appears to be a COSY interaction between H26 and 

H27, although there are major overlaps at 2.54 ppm. 

The only remaining mystery is the NOESY interaction between a proton at 2.81 ppm 

and a proton at 2.32 ppm, mentioned above. According to the X-ray structure close 

interactions between HI and H18 (2.23A) and H7 and H18 (2.4A) are present. Both 

these NOESY interactions are observed in the NOESY spectrum and the specific one is 

between H7 and H18. Note that distance between H18 and H19 is about 2.5A and one 

observes a NOESY interaction between them. 

Again the positions of some of the carbon signals (CI9, C22, and C24) are not clear 

from the HSQC spectrum. C19 is overlapping at about 42 ppm with several other 

carbons. C22 appears to be at 42.6 ppm and C24 is overlapping with C7 at 41.5 ppm. 

Some additional information should be pointed out. There is a NOESY interaction 

between H13 (5.55 ppm) and H20 (2.72 ppm). There are five proton signals 

overlapping at 2.49-2.58 ppm: HI, H2/H6, H22 and H27. Five corresponding carbon 

peaks are visible in the HSQC spectrum. 
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The NMR data for (76) are tabulated in Table 15 below. 

Table 15: NMR dataab for the PCU dimer (76) 

Carbon/Proton 
1 
2 
3 
4 

5 
6 
7 
8 
9 
10 
11 
12 

13 
14 
15 

16 
17 
18 
19 
20 
21 

22 
23 
24 
25 
26 
27 
28 

'H (ppm) 
2.53 
2.52 
2.27 
a= 1.15, (d, J=10.7Hz, 1H) 
s= 1.57, (d, J=10.7Hz, 1H) 
2.27 
2.52 
2.33 

2.31 
2.21 
2.56 
<x= 2.04 
P= 1.88 
5.55 
4.85 
a= 2.16, (dd, J=7.4, 14.0 Hz, 1H) 
(3= 1.82, (dd, J=7.3, 14.0 Hz, 1H) 
5.75 
5.05 
2.81 
2.83 
2.72 

a= 1.47, (d, J= 10.9 Hz, 1H) 
s= 1.77, (d, J= 10.9 Hz, 1H) 
2.51 
2.68 
2.4 

2.34 
2.54 

13C (ppm) 
40.4 
39.6 
42.3 
35.1 

42.3 
39.2 
41.5 
84.3 
49.5 
51.1 
84.0 
43.2 

134.5 
116.9 
42.2 

134.1 
116.9 
44.1 
42.0 
38.0 
214.0 

42.6 
35.8 
214.0 
50.5 
56.8 
105.0 

a400 MHz for 'H NMR and 100 MHz nC NMR, Solvent CDC13 
b All NMR data was processed using Mestrec 4.5.91 (NMR data Processing made easy), Copyright 
1996-2005, www.mestrec.com 
a400 MHz for COSY, NOESY, HSQC, HMBC spectra, Solvent CDC13 

The fifth and last PCU derivative to be elucidated is the PCU diol. 
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6.2.4 THE NMR ELUCIDATION OF THE PCU DIOL (25) STRUCTURE 

The endo-endo diol (73) is an intermediate for the diol (25), which is used in the 

synthesis of various crown ethers and ligands. The same methodology that was used to 

elucidate the structures of the other PCU derivatives was used to solve the NMR 

elucidation of the structure of the diol (25). The PCU diol (25) has a plane of symmetry 

running through the molecule and hence one set of duplicate resonance signals are 

observed except for the methylene bridgehead group. 

9 

l' 

OH 
. OH 

2 
25 

The typical AB spin system in the lH NMR spectrum (spectrum 8) is due to the 

methylene protons on C4. The AB spin system at 1.52 ppm (H4a) and 1.88 ppm (H4S) 

integrates for one proton each. The complex pattern between 2.40 ppm and 2.61 ppm 

integrated to eight cage methine protons (H1/H7, H2/H6, H3/H5 and H9/H10). The 

methylene groups on the arm of the diol present at 3.75 ppm and 2.00 ppm integrate to 

two protons each (HI and H2). 

The I3C NMR spectrum (spectrum 9) enables a quick overview of the PCU diol (25) 

with the presence of one quaternary carbon C8/C11 at 96.4 ppm, three methylene 

carbons at 60.0, 43.4 and 34.2 ppm and four methine carbons at 58.1, 47.6, 44.0 and 

41.3 ppm. The methylene carbons on the arm of the diol were assigned first. CI was 

assigned at 34.2 ppm and C2 was assigned to the low field signal 60.0 ppm due to its 

attachment to the electronegative hydroxyl groups. The assignment of CI and C2 

methylene carbons enabled the assignment of the bridgehead carbon C4. The 

bridgehead C4 carbon was assigned to 43.4 ppm due to correlations in the HSQC with 

the AB spin system of which the coupling constants were J= 10.5 Hz. 
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The HMBC spectrum (spectrum 13) is useful to determine the interaction between HI' 

and C1/C7 as well as with C9/C10. Distinction between C1/C7 and C9/C10 is possible 

through HMBC correlation between H4a and C9/C10, which is not possible with C1/C7. 

Through elimination of NOESY interactions between H4a and H4S with H3/H5, H2/H6 

and H9/H10 the positions of these proton signals are assigned (spectrum 11). H4a 

should exhibit NOESY correlations with C3/C5 and C2/C6 and H4S should exhibit 

NOESY correlations with C3/C5 and C9/C10. Once again C3/C5 is common to both. 

Therefore C3/C5 was assigned to 41.3 ppm, which is confirmed by COSY correlations 

with H4 (spectrum 10). However C2/C6 and C9/C10 still needed to be distinguished 

from each other. The C9/C10 was assigned the downfield signals 58.1 ppm due to its 

direct attachment to the deshielded C8/C11 carbons, which is part of the ether linkage of 

the cage. Furthermore NOESY correlations (spectrum 11) of H9/10 with H2, H4, and 

HI' confirmed the assignment. This allowed C2/C6 to be assigned to 44.0 ppm due to 

HMBC correlations of H2/H6 with C4, C3/C5 and C9/C10. C1/C7 was assigned 

through elimination to 47.6 ppm, which was confirmed by HMBC correlations with 

C9/C10, C4 and CI'. The quaternary carbons of the cage C8/C11 were assigned to 96.4 

ppm due to their absence in the HSQC spectrum (spectrum 12). The HMBC correlation 

of C8/C11 with HI ' and H2' of the allylic arm was also confirmed (spectrum 13). The 

HMBC correlations of H1/H7 with C9/C10, C4 and CI confirmed the assignment at 

2.58 ppm. The NMR data for (25) are tabulated in Table 17 below. 

Table 16: NMR dataab for the PCU diol (25) 

Carbon/Proton 

1/7 
2/6 
3/5 
4a 

4S 

8/11 
9/10 
1 
2 

XH NMR (ppm) 

2.58 (m, 1H) 
2.57 (m, 1H) 
2.40 (br s, 1H)) 
1.52 (d, J=10.5Hz) 
1.88 (d, 1H, J=10.5Hz) 

2.61 (dd, 1H, J=4.8 Hz, J=6.8 Hz) 
2.00 (m, 2H) 
3.75 (m, 2H) 

13C NMR (ppm) 

47.6 
41.3 
44.1 
43.5 

96.4 
58.1 
34.2 
60.0 

a400 MHz for 'H NMR and 100 MHz ' JC NMR, Solvent CDC13 
bAll NMR data was processed using Mestrec 4.5.91 (NMR data Processing made easy), Copyright 
1996-2005, www.mestrec.com 
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Two-dimensional NMR techniques were essential for the full elucidation of the 

structure of the PCU diol (25) and the assignments are tabulated in Table 17 below. 

Table 17: NMR correlations3 for the PCU diol (25) 

Proton 

1/7 
2/6 
3/5 

4a 
4S 

8/11 
9/10 
1 

2 

COSY 
correlations 

H4s 

H4S, H3/ H5 
H4a 

H2 

HI 

NOESY 
correlations 

H2, H4, HI 
HI 
H1/H7.H9/H10, 
H2/H6, H4 
H2/H6, H3/H5 
H9/H10, H3/H5 

H2,H4,H1 
H1/H7, H9/H10, 
H2/H6, H3/H5 
H1/H7, H9/H10 

HMBC correlations 

C9/C10, C4, CI 
C3/C5,C9/C10, C4 
C1/C7, C9/C10, C4 

C1.C2 
C1/C7,C4, CI 
C1/C7, C9/C10, C4 

CI 
a 400 MHz for COSY, NOESY, HSQC, HMBC spectra, Solvent CDC13 
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CHAPTER SEVEN 

THE X-RAY STRUCTURES OF THE PENTACYCLOUNDECANE 

DIONE AND DERIVATIVES 

121 

The pentacycloundecane dione (PCUD, 20) was first synthesised by Cookson et al. 

in 1964, but evaded scrutiny by X-ray crystallographic analysis. This is possibly as a 

result of the difficulty to obtain suitable crystals for X-ray analysis, as the PCUD (20) 

resembles almost a perfect sphere, with the result that the level of disorder in most 

crystals would be too large for effective X-ray analysis. The structure of the PCUD (20) 

will be discussed in further detail in this chapter and the X-ray crystallographic data of 

the PCUD (20) are reported in Appendix 3. The crystal structure of the 

pentacycloundecane diol (25), novel pentacycloundecane cage dimer (76), and the 

pentacycloundecane ketal (77) will also be briefly discussed in this chapter and X-ray 

crystallographic data will be reported in Appendix 3. 

7.1 THE STRUCTURE OF THE PENTACYCLOUNDECANE DIONE 

(PCUD) (20) 

Strained polycyclic "cage compounds" such as (PCUD, 20) have special structural and 

chemical features that render them unique among complex organic compounds, 

especially the deformation of the ideal carbon-carbon-carbon bond angle, the inherent 
229 

ring strain, their unique, distinctive structure and their synthetic challenge. 

20 

Cage compounds have a rigid carbocyclic ring structure which results in a relatively 

fixed molecular geometry. The intramolecular photochemical |V + 7t2] cycloaddition 

reaction has been used as a powerful and convenient tool for the synthesis of highly 
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229 

strained polycyclic ring systems. The considerable amount of strain energy in most 
118 

saturated cage molecules is evident by the fact that they: 

• Contain unusually long carbon-carbon o-bonds. 

• Contain unusual C-C-C bond angles that deviate significantly from 109.5°. 

Since their structures are highly compact, steric constraints are imposed upon the 

carbon-carbon bond lengths as well as bond angles hence causing great deviations from 

the values that are normally associated with a sp3-hybridized carbon in a strain-free 

system. Together with structural compactness and steric strain, cage systems also 

possess properties such as: 118 

Increased positive heat of formation when compared with non-strained 

systems. 

• Increased negative heat of combustion. 

• Increased densities relative to corresponding unstrained systems. 

The PCUD (20) has a rigid and strained open-ended structure composed of four fused 

five-membered rings in envelope conformations and a planar four membered ring. The 
230 

molecule contains two exocyclic ketone moieties. The lengthening of the C1-C7 and 
230 

the C9-C10 bonds accommodates much of the strain inherent in this ring system. 

The corresponding carbon-carbon bonds in a closely related polycyclic system studied 

by Mehta and co-workers have an average length of 1.590A. 

20 
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The PCUD (20) has a mirror plane passing through and bisecting the C9-C10, C2-C6 

and C1-C7 bonds. The two five-membered rings that contain C4 form almost an 
115 232 

ideal envelope conformation. In 1974 Sasaki and co-workers studied Dreiding 

stereo models to examine the molecular geometry of the PCUD (20). It was reported 

that there was a presence of increased strain in the molecular geometry. The C-C bonds 

adjacent to the C-O groups i.e. (Cl-Cll), (C10-C11), (C7-C8) and (C9-C8) were 

extremely stretched as shown in Figure 8. The stereo models were further inspected to 

analyse the transannular distances in the PCUD (20). An interesting observation was 

made, namely that the carbonyl groups in the PCUD (20) are not parallel. The 

estimated transannular distance between the carbonyl carbon atoms, at positions 8 and 

11, was estimated by Dreiding stereo models to be 2.44 A. 

sp2 

3.52 A 

Figure 8: The interatomic distances of selected carbon and oxygen atoms in the 

PCU dione (20) 

The 8,11-ketone groups in the PCUD (20) can be transformed into a variety of 

substituted exocyclic moieties. The PCUD (20) has been used as a convenient starting 

material for the synthesis of several additional PCU derivatives. ' Although several 

235 235 

results of single crystal X-ray structural analyses of some PCU derivatives (78, 79, 

80,235 81,236 82,U1 83122) have been published, the X-ray structure of the title 
237 

compound, the PCUD (20), has not been reported until recently. 
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It is clear from the structures above that substituents on the cage skeleton disturb the 

almost perfect sphere that the unsubstituted PCUD (20) represents. Figure 9 illustrates 

the space filling models of the unsubstituted PCUD (20) and its near-symmetrical 

skeleton. 

Figure 9: Space filling models of the PCU dione (20) showing its near-spherical 

skeleton 

The PCUD (20) and its derivatives (78,235 79,235 80,235 81,236 82,111 83122) are known 

to react with nucleophiles, thereby affording products that give rise to transannular 
118 

reactions across the 8,11-position and further insight is needed, regarding the 

structural features of the PCUD derivatives that account for the ease with which they 
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regarding the structural features of the PCUD derivatives that account for the ease with 

which they undergo transannular reactions. The following significant geometric factors 

should be studied further: 
118 

• The through-space interatomic distance that separates C-8 and C-l 1 in these 

PCUD derivatives. 

• The relative orientation of the 8,11 carbonyl groups in the derivatives of the 

PCUD (20). 

As mentioned earlier a number of X-ray crystal studies have been carried out on PCU 

derivatives and some of the bond lengths are reported below (see Figure 10). 

1.595(4) A 

1.584(4) A ^ 
1.553(2) A 

20 238 

OH 

1.568(2) A 

OH 

241 

1.581(3) A 

1.569(3) A ^ o 

u 
25 77 243 

78 236 

1.568(3) A> 
P h HO H H 

1.589(2) A 

79 
236 80 236 

81 
237 

1.586 A H,C 
1.591 A 

1.585 A r " ^ \ \ 

H3C O O 

84 240 

1.595 A 

1.587 A 

85 239 

Figure 10: C1-C7 and C9-C10 bond lengths of PCU derivatives 
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The C1-C7 and C9-C10 bond lengths for substituted PCU derivatives (79) and (80) are 

1.568(3) A and 1.564(3) A, and 1.574(3) A and 1.566(2) A respectively, which is not 
235 238 

indicative of any significant additional strain. It was reported that substituting the 

carbonyl oxygen atoms of the dione with methylene groups leads to a small change in 

the overall structural framework. The C7-C8 and Cl-Cll and the C8-C9 and C10-C11 

bond distances decrease by 0.02 A when compared with that of the PCUD (20). 
235 

Watson et al reported the C1-C7 bond length in the PCU derivative (78) to be 1.606 

A and the C9-C10 bond length to be 1.586 A, which is unusually longer than that found 

in substituted PCU derivatives (see Figure 10). The distance between the oxygens in 

the substituted dione (84) was reported to be 3.84 A. Varying substitution patterns at 

the highly strained ring junctions make comparisons difficult in some cases. 

The crystals of the PCU compounds (20), (25), (76) and (77) were obtained by the slow 

evaporation of solvent over several days at room temperature. The crystallographic 

details for these compounds (20), (25), (76) and (77) are given in Appendix 3 and in the 

compact disc attached to this thesis. The cage geometry of the PCU derivatives 

obtained is generally consistent with observations made in Figure 10, such as the bond 

length of the C1-C7 bond and the bond length of the C9-C10 bond in particular. The 

carbon-carbon bond lengths of normal sp3 carbons are in the order of-1.54A. 

7.2 THE X-RAY STRUCTURE OF THE PCU DIONE (20) 

A single crystal of compound (20) was subjected to X-ray diffraction analysis in 2003. 

The bond lengths differed from one dione in the unit cell to the next. Initially it was 

thought that the space group (P3i or R3) was incorrect and Professor Demi Levendis 

from the University of the Witwatersrand was consulted. After studying the X-ray data, 

he discovered what the problem was. The automatic system, used by the X-ray 

operator, assigned the slightly different values. For dimensions a and b of the unit cell 

(a= 18.0810, b= 18.1180 and c = 6.4370). For the space group P31 which is a trigonal 

cell, the dimensions of a = b. This must be set manually when the data are collected. 

When a new sample was sent to the University of Witwatersrand in 2005, the crystal 

structure was correctly solved and at the time the X-ray structure of the PCUD (20) 

237 

appeared in literature. Nevertheless the crystal structure of (20) is reported vide 
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infra. (See Appendix 3 for X-ray crystallography data). The numbering used in the 

discussion below is according to Figure 11 below. 

237 

Linden et al reported that the two bonds across from the ketone moieties in the 

PCUD (20) are elongated to 1.584 (4) A (C1-C7 bond length) and 1.595 (4) A (C9-C10 

bond length). This is in agreement with the bond lengths 1.587 (3) A (C1-C7 bond 

length) and 1.595 (3) A (C9-C10 bond length) obtained for the PCU dione (20) that was 

synthesized at the University of KwaZulu-Natal. 

The C9-C10 bond in the PCU dione (20), which lies across from the cyclobutane ring 

and is parallel to and immediately adjacent to the C8-C11 axis, is elongated (1.59 A). 

The long bond length is probably a consequence of the stretching strain introduced by 

the open mouth of the cage, which is formed by the adjacent atoms at C8 and CI 1. The 

C1-C7 bond, which is also immediately parallel to the C8-C11 axis, is elongated as well 

1.587 (3) A. 
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Figure 11: ORTEP diagrams of the PCU dione (20) drawn at the 50 % probability 

level 

The PCU diol (25) is the next crystal structure to be discussed. (See Appendix 3 for X-

ray crystallography data). The numbering used in the discussion below is according to 

Figure 12. 

7.3 THE X-RAY STRUCTURE OF THE PCU DIOL (25)240 

The PCU diol has been used in the synthesis of various macrocycles as discussed in 

Chapter 3. As mentioned earlier certain bonds in PCU cage derivatives tend to be 

longer or shorter than the value of 1.54 A, which is expected for a C-C bond. The Cl-

C7 bond length is 1.553(2) A and the C9-C10 bond length 1.568(2) A for the PCU diol. 

It can be seen that they are shorter than those of the dione (20) which is 1.587(3) for the 

C1-C7 bond length and 1.595(3) A for the C9-C10 bond length. The C9-C10 bond is 

significantly shorter, this can be attributed to the lessened stretching strain since there is 

an oxo bridge linking C8 and C11. 

The bonds involving the C4 atom are shorter than normal, C4-C3 [1.532(2) A] and C4-

C5 [1.531(2) A]. The bonds, which form part of the cyclobutyl group, are also long 

with values of C2-C6 [1.567(2) A] and C1-C7 [1.553(2)] respectively. The bonds 

involving atoms C4, C12 and C14 are shorter than expected: C4-C5 [1.531(2) A], C4-

C3 [1.532(2) A], C11-C13 [1.5090(19) A, C8-C12 [1.5104(19) A], C15-C13 [1.513(2) 

A] and C12-C14 [1.519(2) A]. The ethyl alcohol chains are in the energetically 

favourable all-trans conformation with atoms 03, C15, C14, C8, Ol, CI 1, C12 and C13 
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co-planar. Both the alcohol functional groups on the diol participate in hydrogen 

bonding, each alcohol group acting as both hydrogen-bond donor and acceptor. The 

oxo atom does not interact with any of the hydrogen-bond donors. An interesting 

observation is that the C12-C14 [1.519(2) A] and C13-C15 [1.513(2) A] bonds are also 

short, despite not forming part of the cage. 

ci4^r 

t 
Figure 12: ORTEP diagram of the PCU diol (25) drawn at the 50 % probability 

level 

The next crystal structure to be discussed is the novel PCU dimer (76) (see Appendix 3 

for X-ray crystallography data). The numbering used is according to Figure 13. 

7.4 THE X-RAY STRUCTURE OF THE PCU NOVEL DIMER (76)241 

The dimer is chiral and forms a racemate. The asymmetric unit comprises one molecule 

with both enantiomers in the unit cell. Since there is no such similar structure to that of 

the novel compound (76) in the literature, the structure will be discussed by looking at 

the two cage moieties independently and comparing them with reported cage derivatives 

from literature, which are in Figure 10. In this compound (76) the two PCU cage 

derivatives are connected via a double ether bridge. If the compound (76) has to be 
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divided into two parts, cage A has two allylic arms (similar to the endo-endo diol) while 

cage B has a carbonyl group (similar to the ketal). 

In cage A the C5-C6 bond length is 1.557(17) A and the C2-C3 bond length is 

1.586(17) A and in the cage B the C22-C23 bond length is 1.571(18) A and the C19-

C20 bond length is 1.580 (18) A, these bonds correspond to the C1-C7 position in PCU 

derivatives (see Figure 7). It can be seen that these bond lengths are shorter than those 

obtained for the dione (20) which are 1.587(3) A for the C1-C7 bond length and 

1.595(3) A for the C9-C10 bond length, however these bond lengths are still longer than 

the expected C-C bond length of 1.54 A. 

The unsymmetrical substitution at the mouth of cage B appears to affect bond lengths in 

this cage. The bonds involving atom C21 that contains the ketone substituent are 

shorter than normal C21-C20 [1.514(2) A] and C21-C22 [1.518(18) A]. The 

corresponding bonds on the opposite side of cage B are not affected as severely with 

C18-C23 [1.541(17) A] falling within the expected range and C18-C19 slightly shorter 

than normal at [1.529(17) A]. 
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The C12-C13 and C15-C16 bonds on the allylic arms of cage A are shorter than 

expected at 1.504(2) A and 1.496(18) A respectively. 

Figure 13: ORTEP diagram of the PCU dimer (76) drawn at the 50 % probability 

level 

The C14 group on the allyl arm is disordered over two positions since there are no 

repulsions from carbons C23, C24 and C28. However the CI7 group on the other allyl 

arm is ordered due to the steric hindrance from the carbonyl group on C21, which 

prevents it from being disordered over two positions. 

The final crystal structure to be briefly discussed is the ketal (77) (see Appendix 3 for 

X-ray crystallography data). The numbering used in the discussion below is according 

to Figure 14. 

7.5 THE X-RAY STRUCTURE OF THE PCU KETAL (77)242 

The PCU ketal is unsymmetrically substituted at the mouth of the cage with a ketone 

substituent at atom C7 and a ketal substituent at atom Cll . The asymmetric unit 

comprises one chiral molecule, with eight molecules (four of each enantiomer) in the 
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unit cell. The longest C-C single bond is the C2-C6 bond at 1.581(3) A, with the C3-

C2, C9-C8, C5-C6, C10-C9, C5-C9 and C8-C11 bonds also exceeding the expected 

value of 1.54 A. The length of the C8-C11 bond is 1.569(3) A and the C2-C6 bond is 

1.581(3) A in the ketal, these bonds correspond to the C1-C7 position in PCUD (20). 

These bonds are shorter than that of the PCUD (20) which is 1.587(3) A for the C1-C7 

bond length and 1.595(3) A for the C9-C10 bond length. 

Figure 14: ORTEP diagram of the PCU ketal (77) drawn at the 50 % probability 

level 

Bonds involving the bridgehead atom C4 are shorter than expected with C3-C4 and C4-

C5 exhibiting values of 1.525(3) A and 1.521(3) A respectively. The shortest bond is 

the C7-C8 bond with a value of 1.509(3) A with the C1-C2, C6-C7 and C12-C13 bonds 

also exhibiting short C-C single bond lengths. The unsymmetrical substitution at the 

mouth of the cage results in corresponding bonds in the molecule displaying different 

bond lengths. The C7-C8 bond, which is parallel to the carbonyl group, is shorter 

(1.509 A) than the Cl-Cl 1 bond, which is protected with the ketal group (1.536 A). 
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CHAPTER EIGHT 

CONCLUSION 

Various new synthetic routes were tested to synthesize precursors (54), (55) and (56) to 

theoretical pentacycloundecane (PCU) cage annulated macrocycles. The use of 

different solvents, bases and reaction conditions were investigated during the synthesis 

of precursors to PCU cage annulated macrocycles. The multi-step synthesis of the cage 

ditosylate (54) was successful with a yield of 75 %. The multi-step synthesis of the 

mandelic glycol (55) was successful and (55) was obtained in a 60 % yield. A new 

synthetic route for the synthesis of isopropyl glycol (56) was developed which produced 

(56) in low yield (20 %). 

The X-ray structures of a novel PCU dimer (76), the PCU ketal (77) and the PCU diol 

(25), have been reported for the first time and compared with the X-ray structure 

obtained independently for the PCUD (20). The bond lengths of the PCUD (20) and 

PCU derivatives (25), (76) and (77) are generally in good agreement with similar bond 

lengths found in the substituted PCU derivatives listed in Figure 10. The X-ray study 

has indicated that PCU derivatives display C-C bonds that deviate from the expected 

value of 1.54 A. It was found that carbon C-C bonds involving atoms C4, C8 and CI 1 

are shorter than normal and that the C1-C7 and the C9-C10 bond lengths are longer than 

expected. The complete NMR elucidation of PCU derivatives (20), (25), (73), (76) and 

(77) have been reported for the first time. 

A computational model employing the MM3 force field in Alchemy 2000 was used to 

calculate the binding energies and enantioselectivity of various host-guest complexes. 

Calculations were performed in the gas phase and results indicated that the cage moiety 

does play a role in the enantiomeric process by rigidifying the macrocycle. However 

for optimum enantiomeric recognition to take place, the positions of the chiral barriers 

have to be strategically placed when designing the chiral macrocycles. The theoretical 

cage annulated macrocycle that was postulated exhibited a computed enantioselectivity 

of 1.52 kcal mol"1, which is better than that reported for Cram's crown ether (18) (1.4 

kcal mol"1). 
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A computational investigation using MacroModel software was carried out to 

investigate the effects of solvent on the binding energy and enantioselectivity. 

Calculations were performed in no solvent (gas phase), water (solvent phase) and 

chloroform (solvent phase). Results indicated that solvent does play a significant role in 

both the enantioselectivity and binding energy of macrocycles. A polar solvent such as 

water results in lower enantioselectivity when compared with a less polar solvent such 

as chloroform. The binding energies calculated in the solvent medium (water and 

chloroform) are higher than those obtained in gas phase calculations indicating that a 

weak host-guest complex is formed in the solvent phase. 
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CHAPTER NINE 

EXPERIMENTAL 

Melting points were recorded with a Bombay 400 013 instrument from Shital Scientific 

Industries. All melting points are uncorrected. The infrared spectra were recorded on a 

Nicolet Impact 410 FTIR spectrometer. The one-dimensional NMR spectrum was 

recorded on a Varian Gemini 300 MHz spectrometer, while the two-dimensional NMR 

spectra were recorded on a Varian Unity Inova 400 MHz spectrometer. All one-

dimensional and two-dimensional NMR spectra used for the structural elucidation of the 

PCU derivatives were recorded on a Varian Unity Inova 400 MHz spectrometer. All 

NMR data were processed using Mestrec 4.5.91 (NMR data Processing made easy), 

Copyright 1996-2005, www.mestrec.com. The fast atom bombardment (FAB) mass 

spectra were obtained from a Micromass VG70-70E mass spectrometer, equipped with 

an Intech FAB gun. The samples were bombarded with xenon atoms (1 mA at 8 keV), 

with ra-nitrobenzyl alcohol as the matrix. Electron impact (EI) mass spectra (70 eV) 

were obtained from a Micromass Autospec-TOF mass spectrometer. Elemental 

analyses were obtained from a Leco CHNS 932 instrument. Analytical grade solvents 

were used and were freshly distilled before use. 

9.1 THE MULTI-STEP SYNTHESIS OF THE PCU DITOSYLATE (54) 

The cage ditosylate (54) was synthesized via multi-step synthesis beginning with the 

cage dione (20). 

9.1.1 SYNTHESIS OF 5,8-METHANO-4A,5,8,8ATETRAHYDRO-l,4-

NAPHTHOQUINONE (72)120'121 

/7-Benzoquinone (71) (200 g, 0.54 mol) was dissolved in dry toluene (4.00 1) and placed 

in an ice/salt bath within a dark fumehood. Cold, freshly cracked cyclopentadiene (70) 

(132.00 ml, 1.96 mol) was added over two hours via a dropping funnel. The slow 

addition and cool temperatures ensured a successful Diels-Alder reaction without 

polymerisation of the cyclopentadiene (70). The reaction mixture was left to stir 

overnight. The solution was removed from the ice/salt bath, covered in tin foil and left 

in the dark in the fumehood to allow the complete evaporation of the toluene leaving 
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behind yellow crystals of adduct (72) (230 g, 74 %). m.p. 77°C, IR (KBr): vmax 3308, 

1672 (vs, C=0), 1598, 1296, 1281, 1055 cm"1, 13C NMR [CDC13, 75 MHz]: 5C 48.4 (d), 

48.7 (t), 48.8 (d), 135.3 (d), 142.1 (d), 199.5 (s). Elemental analysis. Calculated 

CnHio02: C, 75.84, H, 5.79 %. Experimental: C, 75.22, H, 6.22 %. M.S. was identical 

to an authentic sample. 

9.1.2 SYNTHESIS OF PENTACYCLO[5.4.0.02'6.0310.05'9]UNDECANE-8-ll-

DIONE (20)120'121 

The synthesised adduct (72) (200 g, 1.149 mol) was added to a volumetric flask (5.00 1) 

and dissolved in 10 % (v/v) acetone in hexane solution (5.00 1). The volumetric flask 

was exposed to direct sunlight until a colourless solution was obtained. The solution 

was evaporated in vacuo to give a white microcrystalline solid (20) (190.10 g, 95 %). 

The crystals of (20) were obtained by the slow evaporation of solvent over several days 

at room temperature, m.p. 240°C. IR (KBr): vmax 3052, 2981, 1755 cm"1 (vs, C=0). JH 

NMR [CDCI3, 400MHz]: 8H 1.89 (H4a, JAB= 11.3 Hz), 2.03 (H4S, JAB= 11.3 Hz) (AB 

quartet, 2H, methylene bridge protons), 2.68 (H9/H10), 2.79 (H1/H7), 2.91 (H3/H5), 

3.15 (H2/H6) (broad absorption, 8H, methine protons). 13C NMR [CDCI3, 100 MHz]: 

8c 38.7 (d, C2/C6), 40.5 (t, C4), 43.8 (d, C1/C7), 44.6 (d, C3/C5), 54.7 (d, C9/C10), 

212.1 (s, C8/C11). Elemental analysis. Calculated CnHio02: C, 75.84, H, 5.79 %, 

Experimental: C, 74.44, H, 5.87 %. M.S. and m.p were identical to an authentic sample. 

9.1.3 SYNTHESIS OF EXO-8-EXO-11-

DIALLYLPENTACYCLO[5.4.0.02'6.0310.05 9]UNDECANE-ENDO-8-

ENDO-ll-DIOL(73)209 

To a mechanically stirred solution of activated Mg (30.3 g, 1.246 mol) in dry ether (300 

ml) under nitrogen in an ice/salt bath was added dropwise a solution of freshly distilled 

allyl bromide (60 ml, 690 mmol) in ether (800 ml) over 8 hours. The resulting mixture 

was stirred at ambient temperature for 17 hours and then refluxed for 1.5 hours. The 

ether phase was then transferred to a dry flask and 800 ml of dry THF was added. A 

solution of (20) (25 g, 143 mmol) in dry THF (300 ml) was added dropwise to the 

above allylmagnesiumbromide-THF complex at 0°C and the resulting mixture was 

stirred mechanically at ambient temperature for 20 hours. It was recooled to 0°C and a 
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saturated NH4CI solution (400 ml) added dropwise. The two layers were separated, the 

aqueous phase was extracted with ethyl acetate (6 x 200 ml). Combined organic 

extracts were added to the upper layer and dried with anhydrous MgSCU. Evaporation 

of the solvent gave a brown residue, which was recrystallized from hexane to give a 

colourless crystalline solid (73) (33 g, 90 %). m.p. 83°C. IR (KBr): vmax 3072, 2959, 

1639 cm"1. !H NMR [CDC13, 400 MHz]: 5H 1.07 (H4a, JAB = 10.8 Hz), 1.51 (H4S, JAB = 

10.8 Hz), 1.97-2.24 (HI', H9/H10, m, 6H), 2.18 (H9/H10), 2.36 (H3/H5), 2.44 

(H1/H7), 2.52 (H2/H6), 5.07 (H3'), 5.30 (OH), 5.91 (H2\ m); 13C NMR [CDC13, 100 

MHz]: 5C 33.8 (t, C4), 39.9 (d, C2/C6), 42.7 (d, C1/C7), 44.0 (t, CI', C3/C5), 49.1 (d, 

C9/C10), 77.2 (s, C8/C11), 117.9 (t, C3'), 133.7 (d, C2'). 

9.1.4 SYNTHESIS OF 3,5-DIALLYL-4-

OXAHEXACYCLO[5.4.1.02'6.0310.05'9.0811]DODECANE(74)129 

A solution of the endo-endo diol (73) (30.5 g, 0.118 mol) and TsOH (0.75 g, 0.395 

mmol, catalytic amount) in benzene (600 ml) was refluxed in a Dean-Stark apparatus 

and the resulting water was removed azeotropically. After every 12 hours additional p-

TsOH (500 mg) was added. When the TLC indicated an absence of the starting material 

(7 days) the reaction mixture was allowed to cool gradually to ambient temperature and 

washed sequentially with 10 % NaHC03 (100 ml) and water (100 ml) and brine (100 

ml). The organic layer was dried with anhydrous MgS04 and filtered and the filtrate 

was concentrated in vacuo. The residue was purified via column chromatography on 

silica gel by eluting with 5 % EtOAc/Hexane. Pure diene (74) (23.8 g, 84 %) was 

obtained as a colourless oil. IR (KBr): vmax 3077, 2959, 1634, 998, 913 cm"1. ,3C NMR 

[CDCb, 75 MHz]: 5c 37.6 (t), 41.8 (d), 43.4 (t), 44.6 (d), 47.9 (d), 58.6 (d) 111.2 (s), 

117.1 (t), 134.5(d). 

9.1.5 SYNTHESIS OF 3,5-[BIS (HYDROXYETHYL)]-4-OXAHEXACYCLO 

[5.4.1.02'6.03'10.05'9.08'n] DODECANE (25)129 

A stirred solution of the diene (74) (5.56 g, 23.30 mmol) dry methanol was cooled to 

-78°C and a slow stream of ozone was bubbled through the solution until a blue-purple 

colour persisted which indicated the presence of excess ozone and the completion of the 

reaction. Passing oxygen through the solution until it turned clear flushed out excess 
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ozone. Sodium borohydride (2.23 g) was added carefully to the solution and the 

reaction mixture stirred for 12 hours until it reached room temperature. The solution 

was then diluted with water (15 ml) and partially concentrated to remove most of the 

methanol. Brine (25 ml) was added and the mixture was extracted with CH2C12 (3 x 40 

ml). The combined organic extracts were dried with anhydrous MgS04 and 

concentrated to give the diol as a white solid (25) (4.23 g, 73 %). The crystals of the 

PCU diol (25) were obtained by the slow evaporation of solvent over several days at 

room temperature, m.p. 153°C. IR (KBr): vmax 3053, 2964, 1269, 742cm"'. 'HNMR 

[CDC13, 400 MHz]: 5 H 1.52 (H4a, JAB = 10.5 Hz), 1.88 (H4S, JAB = 10.5 Hz), 2.00 (HI', 

m), 2.40 (H3/H5), 2.58 (H1/H7), 2.61 (H9/H10), 3.75 (H2\ m) 12.15 (OH), 13C NMR 

[CDCI3, 100 MHz]: 5C 34.2 (CI'), 41.3 (C2/C6), 43.5 (C4), 44.1 (C3/C5), 47.6 

(C1/C7), 58.1 (C9/C10), 60.0 (C2'), 96.4 (C8/C11). Elemental analysis. Calculated: 

C,5H2o03 C, 72.55, H, 8.12 %, Experimental: C, 71.38, H, 8.39 %. 

9.1.6 SYNTHESIS OF 3,5-[BIS(HYDROXYETHYL)]-4-

OXAHEXACYCLO[5.4.1.02'6.0310.05'9.0811]DODECANE DITOSYLATE 
,...210,211 (54) 

To (0.0162 mol, 3.98 g) of the diol (25) in 200 ml of THF was added (8.28 g, 0.1458 

mol) of powdered potassium hydroxide in 50 ml of deionised water at ambient 

temperature under a nitrogen atmosphere. p-Toluene sulphonyl chloride (12.27 g) was 

added over four hours. The solution was left to stir overnight. The solution was diluted 

with 80 ml of water and extracted with ethyl acetate (3 x 100 ml). The organic phases 

were combined and dried over anhydrous MgS04, filtered and concentrated. Column 

chromatography produced (6.81 g, 75 %) of the product (54). 13C NMR [CDC13, 75 

MHz]: 5C 32.0 (t), 41.9 (d), 42.9 (t), 44.0 (d), 48.0 (d), 59.2 (d), 66.9 (t), 93.9 (s), 128.0 

(d), 128.0 (d), 130.0 (d), 144.3 (s). 

9.2 THE MULTI-STEP SYNTHESIS OF THE MANDELIC GLYCOL (55) 

The multi-step synthesis of the mandelic glycol (55) began with the conversion of 

mandelic acid to an ester. 
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9.2.1 SYNTHESIS OF (S)-(+)-METHYL MANDELATE (61)syz12 

To a stirred solution (3.00 g, 0.02 mol) of (S)-(+)-mandelic acid (63) in 150 ml of pure, 

dry methanol was slowly added (1.6 ml, 0.02 mol) of thionyl chloride at -10°C under 

nitrogen. The mixture was stirred at -10°C for 20 min and then at room temperature 

overnight. After evaporation of the solvent, the residue was dissolved in a mixture of 

15 g of ice, 15 ml of water and 50 ml of diethyl ether. The mixture was shaken and 

separated. The organic phase was washed with saturated brine, dried with anhydrous 

MgSC>4 and filtered and the solvent was removed under reduced pressure to give (3.24 

g, 97 %) of (61). Spectral data were identical to those of the authentic sample. 

9.2.2 (S)-(+)-METHYL 2-PHENYL-2-(TETRAHYDROPYRANYLOXY) 

ACETATE (59)89'212 

To a mixture of (61) (3.74 g, 0.023 mol) and of dihydropyran (3.086 g, 0.0345 mol) in 

150 ml of pure, dry CH2CI2 at 0°C and under N2 was added 0.8 g of pyridinium p-

toluenesulphonate (PPTS) catalyst. The reaction mixture was stirred at 0°C for 10 min 

and then at room temperature overnight. The mixture was washed three times with 50 

ml portions of ice-cold water and once with 50 ml NaHCC>3, dried with anhydrous 

MgSC>4 and filtered. The solvent was evaporated under reduced pressure. The residue 

(5.31 g, 89 %), a colourless oil (59), was used in the next step without further 

purification. Spectral data were identical to those of the authentic sample. 

9.2.3 (S)-(+)-2-PHENYL-2-(TETRAHYDROPYRANYLOXY) ETHANOL 
( 5 7 )89,2,2 

A solution of (59) (5.31 g, 0.02 mol) was added drop wise to a stirred suspension of 

(1.63 g, 0.042 mol) of LiAlH4 in 150 ml of dry THF at 0°C under nitrogen over 20 min. 

The reaction mixture was stirred at 0°C for one hour and at room temperature overnight 

and then it was heated at 60°C for 4 hours. The reaction mixture was diluted with 

diethyl ether and then quenched with Na2S04. The white precipitate was filtered and 

washed with ether. The filtrate and washings were combined, dried with anhydrous 

MgSC>4 and then filtered and the solvent was evaporated under reduced pressure to 

produce (57) (4.23 g, 95 %). Spectral data were identical to those of the authentic 

sample. 
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9.2.4 (S,S)-(+)-l,H-DIPHENYL-3,6,9-TRIOXAUNDECANE-l,H-DIOL 

(MANDELIC GLYCOL, 55)89'212 

To a stirred suspension of NaH (0.55 g, 0.0123 mol) (60 % dispersion in mineral oil) 

was added dropwise under nitrogen at 0°C of (57) (1.5 g, 0.00675 mol). The reaction 

mixture was stirred at 0°C for 20 min and at room temperature for 72 hours. After 

evaporation of the solvent under reduced pressure, the residue was dissolved in 80 ml of 

ice and extracted with 50 ml portions of CH2CI2 The organic phases were combined 

and dried with MgSCU and the solvent was evaporated under reduced pressure. The 

residue was dissolved in 170 ml of pure, dry MeOH and 1.5 g ofp-TsOH acid and 

stirred overnight. The solvent was then evaporated under reduced pressure and the 

residue washed once with NaHC03 and extracted with ethyl acetate (3 x 50 ml), the 

organic phases were dried over anhydrous MgS04 and concentrated to produce (55) 

(1.75 g, 75 %). IR (KBr): vmax 3031, 2873, 1641, 1459, 1356, 1249, 1202, 1103, 905, 

775, 750 cm"1. 13C NMR [CDC13, 75 MHz]: 5C 70.3 (t), 70.5 (t), 72.5 (t), 76.6 (d), 126.1 

(t), 127.5 (t), 128.3 (t), 140.2 (s). 

9.3 THE ATTEMPTED MULTI-STEP SYNTHESIS OF THE (S,S)-(+)-2,10-

DIPHENYL-3,6,9-TRIOXADECANE-l,l 1-DIOL (66)194 

The attempted multi-step synthesis of the diphenyl glycol (66) began with the 

conversion of mandelic acid (63) to an ester (69). A new synthetic route was used to 

increase the yield of the intermediate steps. 

9.3.1 SYNTHESIS OF (S)-(+)-BUTYL MANDELATE (85) 

A solution of (S)-(+)-mandelic acid (63) (5 g, 0.0335 mol), butanol (4.2 ml, 0.0470 mol) 

and 0.5 ml of concentrated sulphuric acid (a catalytic amount) in toluene (600 ml) was 

refluxed in a Dean-Stark apparatus for 6 days and the resulting water was removed 

azeotropically. The reaction mixture was allowed to cool gradually to ambient 

temperature and washed sequentially with 10 % NaHCOs (100 ml) and water (100 ml) 

and brine (100 ml). The organic layer was dried with anhydrous MgS04 and filtered 

and the filtrate was concentrated in vacuo. The NMR spectra indicated pure product 

(69) (5.76 g, 82 %) and was used in the next step without any purification. Spectral 

data were identical to those of the authentic sample. 
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9.3.2 (S)-(+)-PHENYH,2-ETHANDIOL (68) 

The ester (69) (4.89 g, 0.0235 mol) was treated with (1.78 g, 0.0470 mol) of lithium 

aluminium hydride in THF at 0°C under a nitrogen atmosphere. The reaction mixture 

was stirred at 0°C for one hour and at room temperature overnight. The reaction 

mixture was diluted with diethyl ether and then quenched with Na2S04 The white 

precipitate was filtered and washed with ether. The filtrate and washings were 

combined, dried with anhydrous MgSC>4 and then filtered and the solvent was 

concentrated under reduced pressure to produce (68) (2.45 g, 75 %). Spectral data were 

identical to those of the authentic sample. 

9.3.3 (S)-(+)-l,4,4,4-TETRA-PHENYL-3-OXA-l-BUTANOL (67)215 

Compound (68) (10 g, 0.0725 mol) was stirred with 12.9 ml triethylamine 

triphenylmethyl chloride (8.07 g, 0.0797 mol) and 4-dimethylaminopyridine (DMAP) 

(0.58 g, 0.003 mol) in dry dichloromethane at 0°C under nitrogen. The reaction mixture 

was allowed to warm up to room temperature and was left stirring overnight. The crude 

product was poured into ice and washed with saturated ammonium chloride, water and 

dried with anhydrous MgSCU and concentrated under reduced pressure. The resulting 

(S)-(+)-l,4,4,4-tetraphenyl-3-oxa-l-butanol (67) (17 g, 61 %) could not be further 

purified. Spectral data were identical to those of the authentic sample. 

9.3.4 (S,S)-(+)-2,10-DIPHENYL-3,6,9-TRIOXAUNDECANE-l,ll-DIOL 

(66) 

Compound (67) (1.04 g, 0.00273 mol) was added to (0.198 g, 0.00496 mol) of NaH in 

THF at 0°C under a nitrogen atmosphere. Diethylene glycol ditosylate (0.514 g, 0.00152 

mol) was added to the reaction mixture and stirred overnight. The resulting mixture 

was cooled and concentrated under reduced pressure and poured into ice. The reaction 

mixture was extracted with dichloromethane and dried over anhydrous MgSCU and 

concentrated under reduced pressure. The crude (S,S)-(+)-l,1,1,4,12,15,15-octaphenyl-

2,5,8,11,14-pentaoxapentadecane was used in the next step without further purification. 

Deprotection of the trityl groups involved the use of p-TsOH acid in methanol at room 

temperature overnight. This was followed by column chromatography, which resulted 

in the starting materials being recovered. 
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9.4 THE SYNTHESIS OF (S,S)-(+)-ISOPROPYL GLYCOL (56)°' 

A modified synthetic route was followed for the synthesis of the isopropyl glycol (56), 

beginning with the conversion of a-hydroxyisovaleric acid (64) to an ester (62). 

9.4.1 SYNTHESIS OF (S)-(+)-HYDROXYISOVALERIC METHYL ESTER 

(62)89 

To a stirred solution of 3 g (0.02 mol) of (S)-(+)-a-hydroxyisovaleric acid (64) in 150 

ml of pure, dry methanol was slowly added 1.6 ml (0.002 mol) of thionyl chloride at 

-10°C under nitrogen. The mixture was stirred at -10°C for 20 min and then at room 

temperature overnight. After evaporation of the solvent, the residue was dissolved in a 

mixture of 15 g of ice, 15 ml of water and 50 ml of diethyl ether. The mixture was 

shaken and separated. The organic phases were washed with saturated brine, dried with 

anhydrous MgS04 and filtered and the solvent was removed under reduced pressure to 

give (1.14 g, 43 %) of (62). Spectral data were identical to the authentic sample. 

9.4.2 (S)-(+)-PROTECTED-HYDROXYISOVALERIC METHYL ESTER (60)89 

To a mixture of (62) (3.74 g, 0.023 mol) and (3.086 g, 0.0345 mol) of dihydropyran in 

150 ml of pure, dry CH2CI2 at 0°C and under N2 was added (0.8 g) of pyridinium p-

toluenesulphonate (PPTS) catalyst. The reaction mixture was stirred at 0°C for 10 min 

and then at room temperature overnight. The mixture was washed three times with 50 

ml portions of ice-cold water and once with 50 ml NaHC03, dried with anhydrous 

MgS04 and filtered and the solvent was evaporated under reduced pressure. The 

residue (2.31 g, 46 %) colourless oil (60) was used in the following step without further 

purification. Spectral data were identical to the authentic sample. 

9.4.3 (S)-(+)-PROTECTED-HYDROXYISOVALERIC ALCOHOL (58)89 

A solution of (60) (2.00 g, 0.009 mol) was added dropwise to a stirred suspension of 

(5.80 g) LiAlH4 in 150 ml of dry THF at 0°C under nitrogen over 20 min. The reaction 

mixture was stirred at 0°C for one hour and at 40-50°C overnight and then it was heated 

at 60°C for 2 hours. The reaction mixture was diluted with diethyl ether and then 

quenched with Na2S04. A white precipitate was filtered and washed with ether. The 
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filtrate and washings were combined, dried with anhydrous MgS04 and then filtered 

and the solvent was evaporated under reduced pressure to produce (58) (0.86 g, 47 %). 

Spectral data were identical to the authentic sample. 

9.4.4 (S,S)-(+)-ISOPROPYL GLYCOL (56)89 

To a stirred suspension of (0.55 g, 0.0123 mol) NaH (60 % dispersion in mineral oil) 

was added dropwise under nitrogen at 0°C of (0.80 g, 0.004 mol) (58). The reaction 

mixture was stirred at 0°C for 20 min and at room temperature for 72 hours. After 

evaporation of the solvent under reduced pressure, the residue was dissolved in 80 ml of 

ice and extracted with 50 ml portions of CH2C12. The organic phases were combined 

and dried with MgSCU and the solvent was evaporated under reduced pressure. The 

residue was dissolved in 170 ml of pure, dry MeOH and (1.5 g) of j^-TsOH acid and 

stirred overnight. The solvent was then evaporated under reduced pressure and the 

residue was washed once with NaHCCb and extracted with ethyl acetate (3 x 50 ml). 

The organic phases were dried over anhydrous MgSCU and concentrated under reduced 

pressure to produce (56) (0.23 g, 20 %). 13C NMR [CDC13, 75 MHz]: 5C 4.98 (d), 74.2 

(t), 70.4 (t), 70.3 (t), 30.8 (d), 18.7 (q), 18.3 (q). 

9.5 THE SYNTHESIS OF THE NOVEL PCU DIMER (76) 

To a mechanically stirred solution of activated Mg (30.3 g, 1.246 mol) in dry ether (300 

ml) under nitrogen in an ice/salt bath was added a dropwise a solution of freshly 

distilled allyl bromide (60 ml, 690 mmol) in ether (800 ml) over 8 hours. The resulting 

mixture was stirred at ambient temperature for 17 hours and then refluxed for 1.5 hours. 

The ether phase was then transferred to a dry flask and 800 ml of dry THF was added. 

A solution of (20) (25 g, 143 mmol) in dry THF (300 ml) was added dropwise to the 

above allylmagnesiumbromide-THF complex at 0°C and the resulting mixture was 

stirred mechanically at ambient temperature for 20 hours. It was recooled to 0°C and a 

saturated NH4CI solution (400 ml) was added dropwise. The resulting layers were 

separated, the aqueous phase was extracted with ethyl acetate (6 x 200 ml). Combined 

organic extracts were added to the upper layer and dried with anhydrous MgSCU. 

Evaporation of the solvent gave a brown residue, which was cleaned by column 

chromatography (60 % ethyl acetate, 40 % hexane) to produce novel compound (76) 

(12.06 g). The crystals of the novel PCU dimer (76) were obtained by the slow 
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evaporation of solvent over several days at room temperature, m.p. 122° C. Elemental 

analysis. Calculated: C28H30O3: C, 81.54, H, 7.95%, Experimental: C, 79.77, H, 7.49%. 

M.S [M+H]+ 415 m/z. IR (KBr) vmax 3068, 2972, 1748 cm"1. See Table 15. 

9.6 THE SYNTHESIS OF THE 

PENTACYCLO[5.4.0.02'6.0310.05'9]UNDECANE-8-l 1-DIONE-MONO-

ETHYLENE KETAL (77)223 

A mixture of (20) (183.00 g, 1.05 mol), ethylene glycol (81.20 ml, 1.45 mol),p-TsOH 

acid (6.11 g, 3.21 x 10"2 mol) and A4 molecular sieves (2 g) in dry benzene (700 ml) 

was refluxed with stirring in a Dean-Stark apparatus for four days. The reaction 

mixture was left to cool and poured slowly into ice cold 10 % (7V) aqueous sodium 

carbonate (1.00 1). This was extracted with dichloromethane (3 x 500 ml). The mixture 

was filtered and the solvent evaporated in vacuo. The resulting brown residue was 

recrystallised from hexane to give the mono-ketal as white crystals (170.05 g, 74 %). 

The crystals of the PCU ketal (77) were obtained by the slow evaporation of solvent 

over several days at room temperature, m.p. 73°C. 'H NMR [CDC13, 400 MHz]: 5H 

1.56-1.85 ppm (2H, bridgehead protons), 2.41-2.94 ppm (8H, methine protons) and 

3.83-3.90 ppm (4H, ketal protons). 13C NMR [CDC13, 100 MHz]: 5C 36.3 (m), 38.7 

(dd), 41.4 (td) 41.3 (dd), 42.3 (m), 42.9 (m), 45.8 (m), 50.7 (m), 53.0 (m), 64.5 (dt), 

65.7(m), 113.9 (s), 215.2 (s) 
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hdtone.dlone In cdclS 
proba-SnwASW 

Pulse Sequence: s2pul 

INDEX 
1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 
13 
14 
15 
16 
17 
IS 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

FREQUENCY 
2095.544 
1263.495 
1262.030 
1260.190 
1256.367 
1256.902 
1253.972 
1170.099 
1167.716 
1165.SB? 
1164.971 
1164.OSS 
1162.224 
1160.576 
1159.643 
1120.654 
1119.S5S 
1116.456 
111B.090 
1116.075 
1114.610 
1113.878 
1113.329 
1112.413 
1111.131 
1073.406 
815.560 
804.206 
752.381 
750.915 
749.450 
741.027 
739.561 
738.096 
642.137 

PPH 
7.240 
3.1S9 
3.1S6 
3.151 
3.146 
3.143 
3.135 
2.92G 
2.920 
2. 9 IS 
2.913 
2.911 
2.906 
2.902 
2.900 
2.802 
2.799 
2.797 
2.796 
2.791 
2.787 
2.785 
2.784 
2.781 
2.778 
2.684 
2.039 
2.011 
1.881 
1.878 
1.874 
1.853 
1.849 
1.846 
1.606 

HEIOHT 
42.4 
15.7 
15.8 
20.1 
17.0 
17.6 
9.8 

11.1 
20.5 
27.4 
19.8 
26.4 
20.0 
9.4 

11.5 
13.9 
17.8 
20.0 
19.8 
17.5 
15.7 
17.6 
17.8 
17.5 
14.8 
33.2 
16.1 
22.9 
14.0 
27.1 
14.9 
10.2 
19.5 
10.6 
50.0 

_i_̂  
•-•%—«v- - r ' • • - 1 — - ' i- - —i 

6 
—r- 1 1-—r— —i 1 1 1 1 1 1 
2 ppn 

SPECTRUM 1: *H NMR spectrum of dione (20) in CDC13 
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cd1one.dtone In cdt 
proba-SwwASW 

Pulse Sequence: «2pul 

OEX 
1 
2 
3 
4 
5 
6 
7 
8 
9 

FREQUENCY 
21328.560 
777S.5B1 
7743.445 
7711.310 
5499.722 
4486.215 
4400.S20 
4068.452 
3892.943 

PPH 
212.089 
77.320 
77.000 
76.680 
54.689 
44.610 
43.758 
40.456 
39.711 

HEIGHT 
8. 

24.3 
26.7 
27.0 
43.9 
46.8 
50.0 
26.4 
38.2 

I I 1 I I I I I I 

180 
• • I ' ' 

160 
1 I ' 
80 20 200 140 120 100 60 40 ppm 

SPECTRUM 2: 13C NMR spectrum of dione (20) in CDC13 
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cydlone.dione in cdc13 
IH Cosy-90 
probe-SamASW 

Pulse Sequence: relayh _/V__X_J\_JI _AA k . 

F l CPP"0 

1 

SPECTRUM 3: COSY spectrum of dione (20) in CDC13 
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NOdlone.dione In cdcl3 
NOESY expt. 
ntx*leec 
probe-5*niASW 

Pulss Sequance: noesy_<la j\ /V_AJL 

J cPp! fPgJ 

1.8-

z.o-

Z.Z 

2.4-

2.6 

2 .8 

3.0 

J o 

® * 

O 
o o 

0. 

A k 1 
•o 

o 

<s> 

• • 1 ' ' ' • i ' ' • ' I 11 i i i 11 •• i i i • i i i 11 i i i i i • i | n i • | i i • i n n i | i i • • i i • • • | " • • I' 

3.2 3.0 Z.8 2.6 2 .4 2 .2 2.0 1.8 1.6 
F l (ppm) 

SPECTRUM 4: NOESY spectrum of dione (20) in CDC13 
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HQdlone.dton* tn Cdc13 
OradMnt HSQC expt . 
w i t h « u l t . e d i t i n g 
probe-SmnASW 

Pulse Sequence: gtuqc_da 

48 46 44 42 

F l (ppm) 

38 36 

SPECTRUM 5: HSQC spectrum of dione (20) in CDC13 
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Gradient HHBC expt, 
probe"5mmASW 

Pulse Sequence: ghmqc_da 

140 1Z0 
F l (ppm) 

SPECTRUM 6: HMBC spectrum of dione (20) in CDC13 
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SPECTRUM 8: *H NMR spectrum of diol (25) in CDC13 
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Puis* liquti 

meouewcY 
ists.ee? 
7 7 7 9 . 4 1 0 
7 7 4 3 . 4 4 8 
7 7 1 1 . 4 0 1 
5 0 4 0 . 8 1 9 
E847.4BS 
4 7 1 0 . 7 8 0 
4 4 2 1 . 8 1 8 
4371 .B78 
4 1 5 1 . 6 0 1 
3 4 4 0 . 3 3 0 

PPM KEIONT 
1 8 . 4 1 * 
7 7 . 9 1 1 
7 7 . 0 0 0 
7 8 . 0 8 1 
oo.ose 
SB.147 
4 7 . 8 3 1 
4 4 . 0 5 6 
4 3 . 4 8 1 
4 1 . 3 8 8 
3 4 . 2 1 0 

1 2 . 8 
S 7 . 1 
2 7 . 7 
2 7 . 2 
4 8 . 0 
4 4 . 5 
4 3 . 2 
6 0 . 0 
2 B . I 
45.a 
4 4 . 0 

OH HO 

1—r~ 
90 

i — , — 

80 110 100 70 60 ppm 

SPECTRUM 9: 13C NMR spectrum of diol (25) in CDC13 
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cvdiol.dfol In cdc13 
1H co*y-90 
probe-SMMASW 

Pulifl Sequencei ralayh 

OH HO 

SPECTRUM 10: COSY spectrum of diol (25) in CDC13 
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uoeav «Mpt. 
mlx-litc 
proba-SmmASW 

Pull* Aaquinctt no««y_da 

OH HO 

1 JULJUL 1> . _A,. 

4 . 0 3 . S 3 . 0 Z . S 2 . 0 
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SPECTRUM 11: NOESY spectrum of diol (25) in CDC13 
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H Q d l o l . d l o l I n Cdc lS 
G r a d i e n t HSQC « x p t . 
w i t h m u l t . e d i t i n g 
probM-5mmASW 

P u l « e S t q u t n c e i ghsqc_da 

OH HO 

£fp g | 
ii 

45 
F l (ppm) 

SPECTRUM 12: HSQC spectrum of diol (25) in CDC13 
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HBt f to l . tHo l In cdcl * 
Qradlant HHAC «xpt . 
probt-S«nASW 
P u l t t S i q u a n e n gh«qc_da 
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SPECTRUM 13: HMBC spectrum of diol (25) in CDC13 
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SPECTRUM 15: 13C NMR spectrum of cage ditosylate (54) in CDC13 
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SPECTRUM 16: 13C NMR spectrum of mandelic glycol (55) in CDC13 
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SPECTRUM 18: 13C NMR spectrum of isopropyl glycol (56) in CDC1, 
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SPECTRUM 19: 13C NMR spectrum of adduct (72) in CDC13 
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SPECTRUM 21: *H NMR spectrum of endo-endo diol (73) in CDC13 
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eyed to 1 .endo ondo dlol In cdcl3 
1H Cosy-90 
p robe-5mmASU 

Pulse Sequenca: reiayh A JIL^ JL^JL 
FZ 
( p p m ] 

1 . 0 

| 3 . 0 -

6 . 0 S . S 5 . 0 4 . S 

SPECTRUM 23: COSY spectrum 1 of endo-endo dioI(73) in CDC13 
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cyadlOl.tndo tndo dioi 1n cdc!3 
IH Coty-IO 
prob«-$HMA5W 
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F2 
Cppmj 
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1.0-i 
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SPECTRUM 24: COSY spectrum 2 of endo-endo diol (73) in CDC13 
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SPECTRUM 25: NOESY spectrum 1 of endo-endo diol (73) in CDC13 
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fiil^3'-,", 
Puise Sequence: ghsqc_da 

43 

110 100 90 an 
Fl (ppmj 

6 0 50 40 

SPECTRUM 27: HSQC spectrum 1 of endo-endo diol (73) in CDC13 
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HQsdlol.endo endo dlol In cdcl3 
Gradient HSQC expt. 
with mult.sdlttng 
probB-SrnmASW 

Pulce Sequence: ghsqc_da 

FZ 
C ppm} 
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SPECTRUM 28: HSQC spectrum 2 of endo-endo diol (73) in CDC13 
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HBedlol.endo endo diol In crtcl3 
Gradient H H B C expt. 
probe»5mmASW 

Pulse Sequence: ghmqc.da 
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8 0 0 

9 Q 

1Z0 110 90 80 
Fl tppm) 

o O O 
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SPECTRUM 29: HMBC spectrum 1 of endo-endo diol (73) in CDC13 
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Or«d1«nt HNBC * M p t . 
proba-SiMBASW 
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F l [ p p m ) 

SPECTRUM 30: HMBC spectrum 2 of endo-endo diol (73) in CDC13 
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Pu!stt Sequenci: dept 

1 0 ppm 

SPECTRUM 31: DEPT spectrum of endo-endo diol (73) in CDC13 
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SPECTRUM 33: 13C NMR spectrum of diene (74) in CDCI3 
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hax.ando.x In cdel3 
proba»5mnASU 

Puis* Saquencai a2pul 
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SPECTRUM 35: *H NMR spectrum of Novel dimmer (76) in CDC13 
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Puis* Soquancet *2pu1 

HOEX 
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S 
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10 
11 
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13 
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5. 

16. 
20. 
47. 
9. 
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• ' i ' ' ' ' ' ' * ' ' i ' * ' ' ' ' ' ' ' i ' ' ' ' ' ' ' ' ' i ' ' * ' ' * * * * i * ' ' ' ' * ' • ' i ' ' * ' ' * ' ' • i ' * * ' i • ' « ' i ' * * ' ' * * * * t * ' * * ' * * ' * i * * * ' ' ' * ' * i 

ZOO ISO 160 140 1Z0 100 80 60 40 ZO ppm 

SPECTRUM 36: 13C NMR spectrum of Novel dimmer (76) in CDC13 
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SPECTRUM 37: COSY spectrum 1 of Novel dimer (76) in CDC13 
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NOex.endo M I n cdcl3 
NOESY e x p l . 
« 1 x * i s e c 
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SPECTRUM 39: NOESY spectrum 1 of Novel dimmer (76) in CDC13 
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HQox.«ndo_x I n ccfcIS 
G r a d i e n t KSQC e x p t . 
w i t h m u l t . e d i t i n g 
probe-SnnASW 

P u l s e Sequence: ghsqc_da 

• ' I ' • ' • I 

13a 120 110 
F l (ppm) 

SPECTRUM 41: HSQC spectrum 1 of Novel dimmer (76) in CDC13 
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HQex.endo x In edc13 
Gradient RSQC expt. 
with nuit.editing 
probe-5nmASW 

Pulse Sequence: ghsqc_da 

- •• ••*•, • k-k*~X*tt.,,rfi„,, ...^,,>.L,,.,koAJ^vA-^J^LL^A*. X A 

SPECTRUM 42: HSQC spectrum 2 of Novel dimmer (76) in CDC13 
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HB«K.«ndo x I n cdc13 
G r a d i e n t HMBC « x p t . 
p r o b » » 5 w n S W 
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SPECTRUM 43: HMBC spectrum 1 of Novel dimer (76) in CDC13 
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HBeM.endox I n cdc ia 
Gradient HMBC expt. 
probe-SneASV 

Pulse Sequence: ghi*qc_da 
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SPECTRUM 44: HMBC spectrum 2 of Novel dimer (76) in CDC13 
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HBax.sntJOM In Cdcl3 
Oradlant RHBC cxpt. 
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SPECTRUM 45: HMBC spectrum 3 of Novel dimer (76) in CDC13 
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SPECTRUM 47: Mass spectrum (FAB) of Novel compound (76) 
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P u l a * S«quanc* i «2pul 

^JUV___A_ 
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SPECTRUM 49: *H NMR spectrum of ketal (77) in CDC13 
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Pul*« Saquanc*i «2pu1 

FREQUENCY 
21944.148 
11456.342 
7774.787 
7743.446 
7711.310 
6607.164 
6466.662 
9331.626 
5101.795 
4608.990 
43oa.aai 
4263.026 
4166.978 
4185.788 
3683.707 
3663.966 

PPM 
2 1 5 . 2 2 7 
1 1 3 . 9 2 1 
7 7 . 3 1 1 
7 7 . 0 0 0 
7 6 . 6 8 0 
6 8 . 7 0 1 
64.SOS 
9 3 . 0 1 7 
5 0 . 7 3 1 
4 5 . 8 3 1 
4 2 . 6 5 7 
4 2 . 2 9 2 
4 1 . 4 5 6 
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S B . 7 1 9 
3 6 . 3 3 9 

MEIOHT 
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12.9 

4 0 . 0 
3 5 . 9 
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' l • 
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13 SPECTRUM 50: 1JC NMR spectrum of ketal (77) in CDC13 
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cykHtal.katel In cdc13 
IH Cosy-90 
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Pulse Sequence: relayh 
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SPECTRUM 51: COSY spectrum of ketal (77) in CDC13 
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SPECTRUM 52: NOESY spectrum of ketal (77) in CDC13 
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H B K a t a l . k e t a l I n c d c l 3 
O r a d l « n t MNQc s x p t . 
prob«*SmmASW 
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SPECTRUM 54: HMBC spectrum 1 of ketal (77) in CDC13 
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HOkatal.Katal In cdcia 
O r a d U n t HMSC ixpt. 
probo-SmmASW 

Pul8 0 S«qu«nc«i Qhmqc^da 

,̂ -ESgy csS^ 

JKXtfMUTSW 

5 0 
F l C p p m ) 

SPECTRUM 55: HMBC spectrum 2 of ketal (77) in CDC13 
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APPENDIX TWO 

COMPUTATIONAL MODEL 



2. DOCKING PROCEDURE 

2.1 DETERMINATION OF THE LOWEST ENERGY STRUCTURE OF THE 

FREE HOST 

Molecular Mechanics calculations were performed using the MM3 force field and the 
1 9 

default parameters presented in Alchemy 2000. The binding energies for the host-guest 

complexes are calculated using the following equation: 

Binding Energy = E complex- (E host + E guest). E q l 

The lowest energy minima structure of the host macrocycles such as (41, 42, 49 and 50) 

was determined using the following MM3 computational model. 

CL > P h 

PIT Q O' ""*Ph 

41 42 

49 

Alchemy 2000, Tripos Inc., Copyright 1998, All rights reserved 
Binding Energy= Ecompicx- (Ehost + EgUest) 
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• Host macrocycles underwent a Molecular dynamics (MD) calculation at 600 K 

for 5 ps. This was performed so that rotational barriers could be overcome. A 

typical plot of the energy vs time during a typical MD calculation is indicated in 

Figure 2.1 below. 

\ 

1 

j 

14JBU -i 

13 BO • 

nso • 

UJOD • 

10 DO • 

9.ao-

8.00 • 

T J O D -

ejoo -

5 S 0 -

*A 
Ah v\ 
I \ /^ 
I ^^N_ ^^^ 

, f. 1 , — J 1 1 k 

r 14.00 

• 13.B0 

r 12.B0 

- 1I.C0 

- 10.80 

- e.oa 

- S.K3 

- T.06 

- 6.D0 

- 5.PQ 
56 100 150 JCff 250 3CS 

Time/x 10 fs 

Figure 2.1 Plot of energy vs. time during a typical MD calculation 

• The energies of the reaction co-ordinate were plotted and the twenty lowest 

minima on the graph were manually chosen and optimised with MM3 (see Figure 

2.2 below). 
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Figure 2 2 A typical Molecular Dynamics plot of Total Energy of the host-guest 

system vs time 

• The structures were then rank ordered and the five lowest structures underwent a 

MD calculation for 5-10 ps at 600 K to obtain a number of "flat" host structures 

which then underwent a full matrix minimization. 

• The host structures were manually inspected for the degree of flatness, were 

selected and used to determine the lowest host-guest complex described in §2.4. 

The lowest energy minima structures of the guests were determined using the MM3 

computational procedure described in §2.2. 
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2.2 DETERMINATION OF THE LOWEST ENERGY STRUCTURE OF THE 

FREE GUESTS 

A similar procedure was used on the guest molecules (31 and 51). 

• MD for 5-10 ps at 600 K was performed on the free guest to obtain a low energy 

guest structure followed by a normal MM3 full matrix optimisation. 

• The same energy EgUest is used in equation 1 , for the same family of guests. 

Therefore the same percentage error is involved with respect to the guest. 

C0 2 Me 

\ + \ 
NH3C1 >—C0 2 Me 

(S) -31 (R) -31 

CH2OH 

(S)-51 (R)-51 
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2.3 DETERMINING THE LOW ENERGY STRUCTURES OF THE HOST-

GUEST COMPLEX 

The following docking procedure was applied in an attempt to obtain a complex structure 

in which there is a high degree of interaction between the host and guest. The 

ammonium moiety of the chiral guest is placed at an approximate distance of 4 A away 

from the centre of the host macrocycle (see Figure 2.3). The N-C (nitrogen-carbon) bond 

is placed perpendicular to the plane of the macrocycle. 

Figure 2.3 Docking procedure used for the host-guest complex 

This is done for each of the starting host structures, which are then subjected to a 

sequence of MM3 molecular dynamics calculations as described below: 

• The structure undergoes MD calculations for 5 ps at 1 K. 

• The total energy of the system is plotted against time. A typical graph may 

exhibit an initial maximum followed by one or more minima. The structure, 

which corresponds to the lowest minimum after the initial maximum, is used in 

the next MD run for 3 ps at 50 K. 
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• The procedure as described before is used to find the low energy structure, which 

undergoes the following MD sequences: 

3 ps at 100 K 

3 ps at 200 K 

5 ps at 300 K and 

3 ps at 100 K 

• In some cases there are weak interactions between the ammonium ion and the 

heavy atoms of the macrocycle or unfavourable steric influences resulting in the 

host-guest complex undergoing dissociation. In these cases the lowest structure at 

100 K is optimised with MM3. 

• The lowest energy complex conformation obtained from this docking is optimised 

using the full matrix MM3 minimization to produce a lower energy structure. 

• The host-guest structures obtained are rank ordered and the lowest energy 

complex is used in the conformational search as described in (§2.4) 
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2.4 CONFORMATIONAL SEARCH TO FIND THE LOWEST ENERGY 

HOST-GUEST COMPLEX 

Although the host-guest system .undergoes huge movements or rotations during the initial 

MD procedure it is possible that the energy barriers restrict movement of the guest with 

regard to the host resulting in the lowest energy complex not being found. In order to 

ensure that the lowest energy complex is found the following conformational search is 

performed: 

• The lowest energy host-guest complex obtained after MM3 full matrix 

minimization is taken and rotated by approximately 70° to produce five new 

starting conformations. Side chains are rotated as well in order to avoid excessive 

steric hindrances caused by the rotation of the guest. 

• The five starting host-guest conformations undergo a sequence of MD 

calculations 3-5 ps at 1 K and 5 ps at 100 K. 

• This is followed by a MM3 optimization of the lowest energy structure. 

• After the MM3 optimization, the five structures are rank ordered by energy. The 

lowest energy Ecompiex is used to determine the approximate binding energy as 

described by equation 1 ? 

• For starting structures with a guest of opposite chirality, the chirality of the guest 

is manually changed. The same MD procedure is followed for the host-guest 

complexes with guests of opposite chirality. The lowest energy structure for each 

system is determined and chiral thermodynamic preference is determined in kcal 

mol"1. 
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2.5 DETERMINING THE EFFECTS OF SOLVENT ON THE BINDING 

ENERGY AND ENANTIOSELECTIVITY 

The free host (S,S)-41, free guest (31) and host-guest complexes (S,S)-41 with (S)-31 and 

(S,S)-41 with (R)-31 underwent the docking procedure as described above. The lowest 

optimised free host (S,S)-41, free guest (31) and host-guest complex (S,S)-41 with (S)-31 

or (S,S)-41 with (R)-31 were selected. Molecular Mechanics calculations were 

performed using the MM3 force field and the default parameters presented in 

MacroModel.3 

Ph O 

O 

N 

O 

41 

o 

o 

xPh 

C02Me 

+ 
NH3C1 

(S)-31 

+ 
NH3CI 

CO,Me 

(R)-31 

Host-guest complexes (S,S)-41 with (S)-31 and (S,S)-41 with (R)-31 underwent MM3 

optimization in MacroModel. Calculations were performed in: 

• No solvent (gas phase) 

• Water (solvent phase) 

• Chloroform (solvent phase) 

The binding energy for the host-guest complexes (S,S)-41 with (S)-31 and (S,S)-41 with 

(R)-31 were calculated using the following equation2: 

Binding Energy = E complex- (E host + E gUest). 

MacroModel is a registered trademark of Schrodinger, LLc, copyright 2004, all rights reserved 
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APPENDIX THREE 

X-RAY CRYSTALLOGRAPHY DATA 
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CRYSTAL STRUCTURE SOLUTION AND REFINEMENT OF (20), (25), (76) 

AND (77) 

Intensity data were collected on a Bruker SMART IK CCD area detector diffractometer 

with graphite monochromated Mo Ka radiation (50 kV, 30 mA). The collection method 

involved co-scans of width 0.3°. Data reduction was carried out using the program 

SAINT+ (Bruker, 1999a). 

The crystal structure was solved by direct methods using SHELXTL (Bruker, 1999b). 

Non-hydrogen atoms were first refined isotropically followed by anisotropic refinement 

by full matrix least-squares calculations based on F2 using SHELXTL. Hydrogen atoms 

were first located in the difference map then positioned geometrically and allowed to ride 

on their respective parent atoms. Diagrams and publication material were generated 

using SHELXTL and PLATON (Spek, 2003). 

REFERENCES 

• Bruker (1999). SAINT+. Version 6.02 (includes XPREP and SADABS). 

Bruker AXS Inc., Madison, Wisconsin, USA. 

• Bruker (1999). SHELXTL. Version 5.1 (includes XS, XL, XP, XSHELL) 

Bruker AXS Inc., Madison, Wisconsin, USA. 

• Spek, A. L., J. Appl. Cryst., 2003, 36, 7 

202 



3.1 DIONE (20) 

TABLE 3.1.1. CRYSTAL DATA 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 27.99° 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)j 

R indices (all data) 

Absolute structure parameter 

STRUCTURE REFINEMENT FOR (20) 

5m_gk3_s 

C11H10O2 

174.19 g/mol 

173(2) K 

0.71073 A 

Trigonal 

P3i 

a = 18.1265(13) A <x= 90°. 

b = 18.1265(13) A- p=90°. 

c = 6.4580(6) A y= 120°. 

1837.6(3) A3 

9 

1.417 mg/m3 

0.097 mm1 

828 

0.38 x 0.36 x 0.33 mm3 

1.30 to 27.99°. 

-17<=h<=23, -23<=k<=23, -8<=1<=8 

22385 

2963 [R(int) = 0.0390] 

100.0% 

None 

Full-matrix least-squares on F2 

2963 /1 /352 

1.038 

Rl = 0.0345, wR2 = 0.0908 

Rl - 0.0373, wR2 = 0.0926 

-10(10) 
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Largest diff. peak and hole 0.247 and -0.266 e.A"3 

TABLE 3.1.2. ATOMIC COORDINATES (X 104) AND EQUIVALENT 

ISOTROPIC DISPLACEMENT PARAMETERS (A2 X 103) FOR (20). 

U(EQ) IS DEFINED AS ONE THIRD OF THE TRACE OF THE 

ORTHOGONALIZED Uu TENSOR. 

x y z U(eq) 

0(1) 

0(2) 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

C(9) 

C(10) 

C(ll) 

O(IA) 

0(2A) 

C(1A) 

C(2A) 

C(3A) 

C(4A) 

C(5A) 

C(6A) 

C(7A) 

6048(1~ 

6096(i; 

7099(i; 

8076(i; 

8195(i; 

8789(i; 

8227(1; 

8055(1] 

7080(i; 

6697(i; 

7315(i; 

7339(i; 

6730(F 

9396(1] 

7929(i; 

7259(i; 

6863(1] 

8102(i; 

7569(1] 

7245(i; 

7455(F 

7860(1] 

) 7350(i; 

) 8797(1] 

) 9469(1] 

) 9832(1] 

) 8569(i; 

) 9080(2; 

) 9420(1] 

) 9245(i; 

) 8874(i; 

) 7971(1] 

) 8013(i; 

) 8613(i; 

> 8938(i; 

) 7250(i; 

) 7254(1] 

) 6268(1] 

> 5282(1] 

> 5114(1] 

) 4527(1] 

) 5110(1] 

) 5288(1] 

) 6275(1] 

) 5128(3] 

) 9566(3] 

) 6706(3] 

) 6933(3] 

) 6289(3] 

) 8065(4] 

) 8885(3] 

) 5141(3] 

) 4881(3] 

) 5686(3] 

) 7330(3] 

) 9166(3] 

) 8642(3] 

) 5647(3] 

) 1268(3] 

) 4158(3] 

I 3960(3] 

) 4528(3] 

) 2772(4] 

) 1974(3] 

I 5711(3] 

) 5949(3] 

37(1 

1 37(1 

1 23(1 

I 24(1 

27(1 

1 31(1 

1 27(1 

1 24(1 

24(1 

23(1 

24(1 

1 24(1 

23(1 

37(1 

36(1 

22(1 

22(1 

26(1 

32(1 

26(1 

24(1 

22(1 
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TABLE 3.1.3 BOND LENGTHS [A] FOR (20) 

C(l)-C(7) 1.587(3) 

C(9)-C(10) 1.595(3) 

C(1A)-C(7A) 1.585(3) 

C(9A)-C(10A) 1.594(3) 

C(1B)-C(7B) 1.585(3) 

C(9B)-C(10B) 1.595(3) 

Symmetry transformations used to generate equivalent atoms: 

DIAGRAMS OF (20) 
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ORTEP DIAGRAMS OF (20) DRAWN AT THE 50% PROBABILITY LEVEL: 
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3.2 DIOL (25) 

TABLE 3.2.1. CRYSTAL DATA AND STRUCTURE REFINEMENT FOR (25). 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 28.00° 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

a= 90°. 

p= 93.78 (10)°. 

y = 90°. 

5m_gk4_s 

C15H20O3 

248.31 g/mol 

173(2)K 

0.71073 A 

Monoclinic 

P2,/c 

a = 8.8011(2) A 

b= 19.8310(4) A 

c = 7.00730(10) A 

1220.35(4) A3 

4 

1.352 mg/m3 

0.093 mm"1 

536 

0.25x0.24x0.11 mm3 

2.05 to 28.00°. 

-1 K=h<=l 1, -26<=k<=26, -9<=1<=9 

12806 

2942 [R(int) = 0.0290] 

99.5 % 

None 

Full-matrix least-squares on F^ 

2942/0/159 

1.037 

R l = 0.0487, wR2 = 0.1249 

R l = 0.0636, wR2 = 0.1354 

0.428 and -0.228 e.A"3 
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TABLE 3.2.3 BOND LENGTHS [A] AND ANGLES [°] FOR (25) 

C(l)-C(7) 

C(2)-C(6) 

C(3)-C(4) 

C(4)-C(5) 

C(8)-C(12) 

C(9)-C(10) 

C(ll)-C(13) 

C(12)-C(14) 

C(13)-C(15) 

1.553(2) 

1.567(2) 

1.532(2) 

1.531(2) 

1.510(19) 

1.568(2) 

1.509(19) 

1.519(2) 

1.513(2) 

C(8)-C(12)-C(14) 113.02(12) 

C(ll)-C(13)-C(15) 111.94(12) 

0(3)-C(14)-C(12) 112.13(13) 

0(2)-C(15)-C(13) 109.36(13) 

Symmetry transformations used to generate equivalent atoms: 

TABLE 3.2.4. HYDROGEN BONDS FOR (25) 

D-H...A . d(D-H)/A d(H...A)/A d(D...A)/A (DHA)/° 

0(2)-H(2A)...0(3)#l 0.84 1.85 2.681(16) 171.1 

0(3)-H(3A)...0(2)#2 0.84 1.90 2.736(17) 174.3 

Symmetry transformations used to generate equivalent atoms: 

#lx-l,y,z+l #2x+l,-y+l/2,z-l/2 
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ORTEP DIAGRAMS OF (25) DRAWN AT THE 50% PROBABILITY LEVEL 

C14 

Cx b 

—o 
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3.3 NOVEL PCU DIMER (76) 

TABLE 3.3.1. CRYSTAL DATA AND STRUCTURE REFINEMENT FOR (76) 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 28.00° 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

a= 86.327(5)°. 

P= 83.046(5)°. 

y = 80.221(5)°. 

5m_gkl_f 

C28 H30 03 

414.52 g/mol 

173(2)K 

0.71073 A 

Triclinic 

p 1 

a = 6.1843(17) A 

b= 10.963(3) A 

c= 15.572(4) A 

1031.7(5) A3 

2 

1.334 mg/m3 

0.085 mm"1 

444 

0.51x0.44x0.30 mm3 

1.32 to 28.00°. 

-8<=h<=7, -14<=k<=14, -20<=1<=20 

10401 

4949 [R(int) = 0.0156] 

99.2 % 

None 

Full-matrix least-squares on F2 

4949/15/284 

1.046 

Rl = 0.0418, wR2 = 0.1179 

R l = 0.0567, wR2 = 0.1324 

0.375 and -0.201 e.A"3 
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TABLE 3.3.2. ATOMIC COORDINATES ( X Kh) AND EQUIVALENT 

ISOTROPIC DISPLACEMENT PARAMETERS (A2X 1(b) FOR (76) 

U(EQ) IS DEFINED AS ONE THIRD OF THE TRACE OF THE 

ORTHOGONALIZED Uu TENSOR. 

x y z U(eq) 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

C(9) 

C(10) 

C(ll) 

C(12) 

C(13) 

C(14) 

C(14B) 

C(15) 

C(16) 

C(17) 

C(18) 

C(19) 

C(20) 

C(21) 

C(22) 

6368(2) 

5375(2) 

4678(2) 

5130(2) 

7623(2) 

8328(2) 

7403(2) 

6941(2) 

6430(2) 

8473(2) 

9154(2) 

7183(2) 

8162(2) 

10303(3) 

7222(14) 

4714(2) 

2463(2) 

2091(3) 

4282(2) 

2317(2) 

1561(2) 

3045(2) 

5334(2) 

6727(1) 

5522(1) 

4962(1) 

5739(1) 

5724(1) 

6256(1) 

4563(1) 

3322(1) 

3780(1) 

4374(1) 

4911(1) 

7199(1) 

8362(1) 

8395(2) 

9473(3) 

5134(1) 

4790(1) 

3655(1) 

7953(1) 

9010(1) 

9334(1) 

8566(1) 

8852(1) 

i36ici; 

1352(i; 

2290(i; 

3016(i; 

2801(i; 

1877(1 

1025(1 

1447(1 

2368(1 

2493(1 

1563(1 

445(1 

457(i; 

411(i; 

187(9; 

3927(1 

4141(i; 

4365(1 

2574(1 

2648(1 

3625(1 

4233(1 

3919(1 

) 22(1 

) 23(1 

) 22(1 

) 20(1 

> 21(1 

) 22(1 

> 28(1 

) 31(1 

> 26(1 

) 24(1 

) 25(1 

) 31(1 

1 35(1 

1 42(1 

> 50(1 

1 23(1 

1 26(1 

) 35(1 

) 21(1 

) 25(1 

) 29(1 

) 28(1 

) 26(1 
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C(23) 

C(24) 

C(25) 

C(26) 

C(27) 

C(28) 

0(1) 

0(2) 

0(3) 

6048(2) 

3310(2) 

1950(3) 

2253(2) 

4816(2) 

5532(2) 

4766(1) 

3654(1) 

2482(2) 

8540(1) 

10162(1) 

11237(1) 

10629(1) 

10261(1) 

9940(1) 

7759(1) 

6913(1) 

8020(1) 

2944(1) 

2266(1) 

2775(1) 

3667(1) 

3633(1) 

2664(1) 

1677(1) 

3051(1) 

4905(1) 

23 

31 

39 

34 

30 

28 

24 

21 

37 

TABLE 3.3.3. BOND LENGTHS [A] FOR (76) 

C(2)-C(3) 

C(5)-C(6) 

C(12)-C(13) 

C(13)-C(14) 

C(13)-C(14B) 

C(15)-C(16) 

C(18)-C(19) 

C(18)-C(23) 

C(19)-C(20) 

C(20)-C(21) 

C(21)-C(22) 

C(22)-C(23) 

1.586(17) 

1.557(17) 

1.504(2) 

1.324(2) 

1.324(3) 

1.496(18) 

1.529(17) 

1.541(17) 

1.580(19) 

1.514(2) 

1.518(18) 

1.571(18) 

Symmetry transformations used to generate equivalent atoms: 
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DIAGRAMS OF (76) 
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ORTEP DIAGRAMS OF (76) DRAWN AT THE 50% PROBABILITY LEVEL 

C23 
C24 

CZ8 

O 
/TSr i4B 

C14 
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3.4 KETAL (77) 

TABLE 3.4.1. CRYSTAL DATA AND STRUCTURE REFINEMENT FOR (77) 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 27.99° 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F^ 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

a= 90°. 

P= 107.914 (2)c 

y = 90°. 

5m_gk5_s 

C13H14 03 

218.24 

173(2)K 

0.71073 A 

Monoclinic 

C2/c 

a = 24.7387(10) A 

b = 6.6340(3) A 

c = 12.7631(5) A 

1993.09(14) A3 

8 

1.455 mg/m3 

0.103 mm-1 

928 

0.37x0.22x0.1 l m m 3 

1.73 to 27.99°. 

-32<=h<=32, -8<=k<=8, -16<=1<=11 

10114 

2394 [R(int) = 0.0261] 

100.0% 

None 

Full-matrix least-squares on F^ 

2394 / 0 /145 

1.057 

R l = 0.0623, wR2 = 0.1676 

R l = 0.0716, wR2 = 0.1754 

0.584 and -0.263 e.A"3 
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TABLE 3.4.2. ATOMIC COORDINATES (X 104) AND EQUIVALENT 

ISOTROPIC DISPLACEMENT PARAMETERS (A2X 103) FOR (77). 

U(EQ) IS DEFINED AS ONE THIRD OF THE TRACE OF THE 

ORTHOGONALIZED U» TENSOR. 

x y z U(eq) 

0(1) 

0(2) 

0(3) 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

C(9) 

C(10) 

C(ll) 

C(12) 

C(13) 

3771(i; 

4259(r 

4330(F 

3870(i; 

3315(r 

3025(i; 

2671(i; 

3157(i; 

3415(i; 

• 4036(i; 

4182(i; 

3622(i; 

3529(i; 

4083(i; 

4307(i; 

4563(i; 

) 2153(3) 

) 1357(2) 

I 3342(3) 

) 2763(3) 

) 2870(4) 

) 4749(4) 

) 5617(5) 

) 5697(4) 

) 3535(4) 

) 3992(3) 

) 5648(3) 

) 6893(3) 

) 6213(3) 

) 4950(3) 

) 1416(4) 

) 469(3) 

4997(1) 

6759(1) 

9040(1) 

6101(2) 

6361(2) 

5692(2) 

6374(2) 

7447(2) 

7596(2) 

8171(2) 

7494(2) 

7113(2) 

5902(2) 

6275(2) 

4949(2) 

6083(2) 

34(1 

28(1 

35(1 

24(1 

31(1 

33(1 

41(1 

34(1 

31(1 

24(1 

26(1 

30(1 

29(1 

25(1 

34(1 

28(1 
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TABLE 3.4.3. BOND LENGTHS [A] FOR (77). 

C(l)-C(2) 

C(l)-C(ll) 

C(2)-C(3) 

C(2)-C(6) 

C(5)-C(6) 

C(5)-C(9) 

C(6)-C(7) 

C(7)-C(8) 

C(8)-C(9) 

C(8)-C(ll) 

C(9)-C(10) 

C(12)-C(13) 

1.510(3) 

1.536(3) 

1.556(3) 

1.581(3) 

1.557(3) 

1.561(3) 

1.514(3) 

1.509(3) 

1.557(3) 

1.569(3) 

1.558(3) 

1.524(3) 

Symmetry transformations used to generate equivalent atoms: 
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DIAGRAMS OF (77): 

ORTEP DIAGRAMS OF (77) DRAWN AT THE 50% PROBABILITY LEVEL 
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