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1.1 Introduction 

Chapter 1 

General introduction 

Ethylene oxides - also named ethylene glycols - are water soluble, hydrolytically stable 

and conformationally flexible compounds with a chelating capacity towards cations. Charles 

Pedersen discovered that cyclic ethylene oxides which he named crown ethers have a 

pronounced affinity for particularly alkali metal ions [I]. The stable complexes that are 

produced are based on non-covalent interactions, and therefore Pedersen's discovery is 

regarded as the beginning of supramolecular chemistry, or - more accurately - the 

beginning of a more fundamental interest in "the chemistry beyond the covalent bond" [2]. 

Supramolecular chemistry is a science in which researchers investigate the basic 'recognition 

motifs' [3] that are employed by assembling molecules. The main strategy in this relatively 

young discipline of research involves the design, synthesis and examination of (aesthetically 

appealing [4]) molecular architectures. Supramolecular chemists find inspiration in natural 

systems, because in these systems the assembly of molecules is precisely regulated, leading 

to, for instance, biological materials [5]. Hair is an example of such a material. On a 

molecular level, peptides form hydrogen bonded triple helices (collagen). In the next ordering 

stages, the collagen threads form nanoscopic filaments and microscopic fibres. The 

hierarchical construction pattern is concluded by the assembly of the fibres to macroscopic 

'hair'. Synthetic systems can also assemble to well-defined, higher-order structures, but also 

for these systems, the understanding of the various stages of assembly is limited [6]. 

Nevertheless, one can imagine that the efforts in the area of supramolecular chemistry lead to 

new materials, devices or applications, although, up to date, the research still has a rather 

fundamental character [7]. 

The presence of chirality is often the difference - generally observed by comparison 

between natural systems and systems designed by mankind. Nature employs chirality in most 

of its 'recognition motifs', whereas chiral building blocks are only sparsely used in synthetic 

supramolecular systems. From one viewpoint, true mimicking of natural systems requires the 

use of chirality. This can cause severe though challenging - synthetic problems, as 

routinely observed in natural product synthesis [8]. From another perspective, chirality can be 

a tool in the examination of synthetic supramolecular architectures. When chirality is 

introduced in a molecule or in a well-defined assembly of molecules, chiroptical techniques 

can give information on the system under investigation [9]. Thus, chiroptical techniques such 

as circular dichroism (CD) spectroscopy and optical rotatory dispersion (ORD) spectroscopy 

are powerful tools in supramolecular chemistry. 



Chapter 1 

The work described in this thesis focuses on the use of the alkyl-substituted ethylene oxide 

unit in the construction and examination of supramolecular assemblies. Particularly, this 

[C*HR-CH20]-unit has been employed to synthesize unconventional amphiphiles; i.e. by 

combining apolar alkyl-substituted ethylene oxide units with polar ethylene oxide units, non

ionic amphiphilic polymers with a stereoregular and regioregular design are obtained. 

Furthermore, the enantiomerically pure [C*HR-CH20]-unit has been used as a chiroptical 

probe in the study of several supramolecular architectures. 

In this Chapter, a short literature survey is presented in which the synthesis and properties of 

ethylene oxides are discussed and in which their role in supramolecular chemistry and 

polymer chemistry is addressed. The use of CD and ORD-spectroscopy in the fields of 

interest is also briefly discussed. Finally, the aim and scope of the work described in this 

thesis will be outlined. 

1.2 Synthesis, properties and applications of polyethylene oxides [1011,11] 

Ethylene oxide a cyclic compound that is obtained by passing ethylene and oxygen over a 

silver-based oxidation catalyst - is the monomer from which polyethylene oxides (PEOs) are 

prepared (Figure 1.1). Polymerization to low molecular weight polyethylene glycols (MW < 
10 kg/mol) with a narrow molecular weight distribution can be achieved by feeding ethylene 

oxide to a solution ofKOH or NaOH in excess of H20, alcohol or ethylene glycol. Alkoxides 

are the active species in this polymerization procedure. High molecular weight material (50 

kg/mol < MW < 1,000 kg/mol) - which is solid, in contrast to the liquid or waxy low 

molecular weight material can be obtained by using catalysts such as CaO, ZnO or SrCO) 

or the very active CaNH20R. 

o 
U 

MC03 or MO 

o 
U 

polymer 

polymer 

Figure 1.1: The polymerization of ethylene oxide. A. Base catalyzed polymerization to low molecular 

weight material. B. Activation by the use of a Lewis acid type of catalyst; in combination with 

nucleophilic initiation, high molecular weight material can be obtained. 
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General introduction 

The increased reactivity of these catalysts is due to the co-ordination of the oxygen ofthe 

ethylene oxide monomer with the appropriate electrophilic metal ion. Catalysts whose activity 

solely depends on this Lewis acid type of co-ordination are for example BF3 and SnCL;. These 

catalysts are not employed frequently, since they produce considerable amounts of dioxane 

and other by-products. 

Polyethylene oxides are soluble in a variety of solvents ranging in polarity from H20 to 

toluene, although higher molecular weight material loses its solubility in the less polar 

solvents. Increased solubility is achieved by increasing temperature, except for aqueous 

solutions of higher molecular weight PEO. These solutions become turbid at a certain 

temperature: the cloud point. This phenomenon is explained by assuming a lower degree of 

hydration ofPEO at higher temperatures, resulting in precipitation of the polymer. 

Aqueous solutions of higher molecular weight PEOs are viscous, but even at low 

concentrations, viscosity is heavily dependent on the shear rate. Also, the turbulence in 

flowing H20 at the interface of a solid surface is strongly reduced by small concentrations of 

PEO. Various applications ofPEO rely on this rheological characteristic, as exemplified by 

the following excerpts from [11]. "Thus, 30 ppm of high molecular weight PEa in water 

flowing through a fire hose reduces the frictional resistance by 80%, increasing the hose 

capacity", and "The use of PEa to reduce friction has been banned from competitive boat 

races and sensitive tests have been developed to detect traces of these polymers in waxes used 

on boat hulls". Important applications ofPEOs include their use in flocculating or 

coagulating agents, water-soluble packaging, detergents and water-borne paints. In organic 

chemistry and biochemistry, ethylene glycols are applied to increase the (water) solubility of 

compounds (e.g. 'pegylated' proteins; PEG PEO). 

The preferred conformation of polyethylene oxide has been determined, both in the solid state 

and in dilute aqueous solutions. X-ray diffraction analysis ofPEO in the solid state has 

established that the dihedral angle around the central C-O bond is nearly trans, whereas the 

corresponding angle around the C-C bond is almost gauche, implying a loose and distorted 72 

helical conformation [12]. Raman spectroscopic studies have shown that also in dilute 

aqueons solutions the trans-trans-gauche conformation is preferred [13]. This ordered 

arrangement is largely absent at higher concentrations ofPEO i.e. in the molten state 

suggesting that incomplete hydration of the PEO-chain does not allow the formation of 

helically ordered PEO. Although the preferred gauche-conformation about the C-C bond of 

PEO would be anomalous if the structure were controlled by classical electrostatic 

interactions, this conformation has correctly been predicted by a quantum mechanical analysis 

using MO-theories [14]. Therefore, the preferred conformation ofPEO is an example of the 

'gauche-effect': stereoelectronic interactions i.e. interactions between non-bonding 

3 



orbitals of electronegative atoms such as oxygen (lone pairs) and antibonding orbitals of 

adjacent bonds - can be more important than electrostatic interactions [15]. 

Ethylene oxide compounds have preferred conformational arrangements, but they are 

foremost characterized by conformational flexibility. The substitution of carbons with 

oxygens in an alkyl chain causes lower conformational energies of the various rotamers and 

thus enhances the flexibility of the chain: the barrier to rotation around the C-C bond in a 

hydrocarbon is about 13 kJ/mol, whereas the barrier to rotation around the C-O bond in an 

aliphatic ether is only about 5 kJ/mol. In contrast to, for instance, the preferred anti-butane 

conformation of poly-n-butylene oxide, the gauche conformation of polyethylene oxide is 

suitable for cation binding (see Figure 1.2). The anti-butane orientation in poly-n-butylene 

oxide is preferred, because in this orientation the C-C and C-H interactions are minimized. It 

is possible for poly-n-butylene oxide to adopt the right gauche conformation for cation 

binding, but this will cost conformational energy that does not have to be sacrificed in the 

case ofPEO-cation binding. Thus, the conformational freedom ofPEO is one of the reasons 

for the 'special' binding capacity of ethylene oxides towards alkali or earth alkaline metal 

ions. Obviously, the most important reason is the presence of several suitably spaced electron 

donating (lone pair carrying) oxygen atoms. 

l 

HJ:~-
Hy-H 

-0 

~l~r~ 
H'~:;;rH 

H 

A B c 

Figure 1.2: Conformations of polyethylene oxide (PEO) and poly-n-butylene oxide around their 

central C-C bonds. The preferred gauche conformation of PEO (A). The preferred anti-butane and 

the higher energy gauche conformation of poly-n-butylene oxide (B and C, respectively). 

1.3 Crown ethers and podands [10] 

The discovery of the special properties of crown ethers several related macrocyclic species 

had already been reported, but their binding properties were not recognized [16] caused an 

intensive search for specific host molecules. The binding characteristics of various newly 

developed cation receptors have been reported in numerous studies. Selectivity and stability 

of cation binding were shown to be governed by (i) the number of electron donating atoms in 

the host, (ii) the dimensions of the cavity and (iii) the pre-organisation of the host molecule, 

as evidenced by the binding characteristics of crown ether, lariat crown ether, cryptand, and 
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General introduction 

spherand receptors [10,17] (see Figure 1.3). Spherands are highly pre-organized and the price 

for this pre-organization is paid in the synthesis of these compounds. In contrast, the synthesis 

of particularly symmetric crown ethers can be very simple. 

Figure 1.3: Cation receptors: a crown ether, a lariat crown ether, a cryptand and a spherand (from 
left to right). 

Synthetic procedures for crown ethers vary from template-assisted cyclizations to high 

dilution techniques. The most important modes of template-assisted cyclizations have already 

been presented in the second of the landmark articles by Pedersen [1] (see Figure 1.4). In later 

years, this type of ring closure technique has been improved, for example by using tosylates 

instead of chlorides. Also, the understanding of the template-assisted cyclization increased by 

numerous studies, addressing the influence of the cation and the anion on the product 

distribution. Particularly, it was found that the size of the applied cation induced a preferential 

formation of the crown ether with the appropriate size. 

--

Figure 1.4: Schematic representation of various template-assisted cyclization techniques. Procedures 

b, c and dare sometimes referred to as [1 + 1] condensation, 'capping', and [2 + 2] condensation, 

respectively. 
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Peculiarly, several studies also reported on the so-called Cs + -effect: the relatively large Cs + 

alkali ion improves the yield of cyclic compounds regardless of the size of the cyclic product 

[18]. High dilution cyctization techniques have usually been neglected in the synthesis of 

crown compounds, although some larger asymmetric crown ethers had to be prepared with 

these techniques. 

In relation to cation binding, linear species of ethylene oxides are referred to as "podands". As 

their cyclic counterparts, podands can also serve as ligands for cation binding, but the stability 

of the podand-cation complexes is much lower. For example, the complex of 18-crown-6 and 

K+ has an association constant oflog K = 6.1, while dimethoxy pentaethyleneglycol (the 

open-chain equivalent of 18-crown-6) displays an association constant oflog K 2.3 for the 

analogous K+ -complex in MeOH [lOa]. The difference between complex stabilities of 

macrocyclic and linear species is called the "macrocyclic effect", and is commonly found for 

ethylene oxide derivatives. The effect is of an enthalpic nature and can be accounted for by 

mctors such as pre-organization of the ligand, relief of dipole-dipole interactions in the ligand 

and differential solvatation of the ligand [lOb]. However, the macrocyclic effect is neither 

trivial nor general: for some thiacrown ether complexes, no such effect has been found [19]. 

Figure 1.5; The spatial arrangement of the co-crystal of H30BF4 and quinolinyl-derivatized 

triethylene glycol (= the crystal structure of hydrated diquinolinium triethyleneglycol) [22]. 

The solid complexes of podands with salts have been studied mainly by Vogtle [20]. 

Crystalline material could be obtained for a variety of ethylene oxide derivatives, including 
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General introduction 

the glycols in the homologous series ofmono-, di-, tri- and tetraethylene glycol. From the 

reported data, it is clear that thiocyanate salts (MSCN) are extremely useful in obtaining 

oligomer-salt complexes. However, single crystals suitable for X-ray analysis could only be 

obtained when rigid endgroups, such as typically the quinoline endgroup, were introduced in 

the ligands. The X-ray data on the complexes of quinoline-derivatized tetra- and triethylene 

glycol with RbI [21] and H30BF4 [22], respectively, revealed helical conformations for the 

linear component. In the 1:1 RbI complex, the Rb+ ion is situated in the centre of the complex 

(see Figure 4.7 in Chapter 4). In contrast, the H30BF4 complex has a 2:1 salt ligand 

stoichiometry and has a clathrate nature; no ions are positioned in between the oxygen atoms 

of one ligand (see Figure 1.5). It could not be established, whether the H30BF4 complex had a 

hydrated quinolinium W -H"'OH2) or a quinoline-hydronium (N ... H-OH2 +) topology, since 

the position of the intermediate proton could not be inferred from the X-ray data available. 

PEOs and also PPOs (polypropylene oxides) are known to form crystalline complexes with 

alkali and earth alkaline salts. In fact, the salt complexes of the higher molecular weight 

polymers are of significant interest because of their appreciable ion conducting properties, 

facilitating their application as solid electrolyte material in batteries [23]. Requirements for 

such 'solid solvent' electrolytes include an electrochemical stability of the polymer and a high 

solvating power of the salts, explaining the usual application of LiCI04 or LiS03CF3 in PEO 

matrices. Conductivity in the PEO-based systems is mainly achieved in the amorphous, 

elastomeric phases, so highly crystalline material is not desired. Therefore, PEOs have been 

crosslinked to inhibit crystallization. Recently, amorphous complexes of hyper branched 

ethylene glycols and LiCI04 have been reported [24] (see Figure 1.6). These complexes 

display conductivities comparable to those found for the salt complexes of crosslinked PEO. 

An advantage of the dendrimer-like systems is their high solubility and processability. 

hyperbranched polymer 
-MeOH 

1 + LiCI04 

n = 0.1,3 
conducting 'solid solvent' 

Figure 1.6: The polycondensation of 3,5 di-(oligoethylene oxide) methyl benzoate to a hyperbranched 
polymer. After addition of LiCI04, a solid electrolyte material is obtained [24}. 
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Crystal structures ofPEO-salt complexes that have been clarified by X-ray analysis include 

those of LiS03CF3, NaCI04, NaI, NaSCN, KSCN and ~SCN [25]. fu all these cases, the 

PEO-chain adopts a helical arrangement, in which the respective cations are enclosed. The 

larger cationic species K+ and ~ + induce a !fatter' PEO helix, implying a shorter repeat 

distance along the axis of the helix. The stoichiometry of these two complexes is four 

ethylene oxide units per cation, as opposed to the 3: 1 stoichiometry found for the Na + or Lt 

complexes. 

It can be concluded that ethylene oxides have a tendency to form helical conformations, as 

indicated by the observation of such arrangements in the solid state (in PEO and in crystalline 

salt complexes of various ethylene oxide derivatives) and in dilute aqueous solutions. 

1.4 Ethylene oxide derivatives in supramolecular chemistry 

This paragraph will present some supramolecular structures in which ethylene oxide moieties 

are involved. The cation binding capacity of ethylene oxides and their ability to act as a 

hydrogen-bonding acceptor contribute to the stability of these structures. However, as the 

examples will illustrate, other favourable interactions also play an important role in the 

assembly of the presented structures and these interactions do not necessarily relate to the 

presence of the ethylene oxide moieties. The examples shown are illustrative for the activities 

in supramolecular chemistry, but do by no means cover the whole research field [26]. 

Percec [27] has shown that liquid crystallinity is possible for molecules such as the one drawn 

in Figure 1.7 A. fu the crown ether containing compound, thermotropic LC behaviour has 

been induced upon complexation with NaS03CF3 or KS03CF3. Disordered hexagonal 

columnar (or discotic) mesophases have been observed in these systems, as evidenced by X

ray data and polarization microscopy. It has been argued that every disc in a column consists 

of six molecules. The crown ether rings are ordered side-by-side in the core of the column 

and the alkyl chains radiate towards the periphery of the column. A variety of similar LC

architectures has been reported by Percec [28], all ofwhlch are reminiscent of the design of 

the tobacco mosaic virus (TMV). fu general, LC behaviour is displayed by 'rod-coil 

molecules', consisting of a rigid part ('rod') and a flexible part ('coil'). Alkyl chains are 

routinely employed for the flexible part, although recently, systems have been introduced that 

have ethylene oxide chains as flexible parts [29]. For example, the molecule drawn in Figure 

1.7B shows a smectic A LC-phase, that can be modified to a cubic LC-phase upon 

complexation with LiS03CF3• 
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A 

C121i2s~ C> ",so,cF:" @ 
KS0:3CF3 

0 

~2Ii2so-Q-CHP~O hexagonal LC-phase 

o QO'b) 

C> ;If 0 0 -
~21i2s ~~ 

-

crystalline material 

B 

\f~~~ LiS0:3CFs 
• LC-phase (cubic) 

n", 11 

LC-phase (smectic A) 

Figure 1. 7: Complexation of cations can induce thermotropic LC-behaviour in these molecules. 

A. Wedges based on gallic acid containing a benzocrown moiety aggregate to hexagonally packed 

columns upon addition of cations; B. Molecule with typical mesogenic group and atypical, flexible, 

ethylene-oxide chain; complexation with Li+ induces change of LC-behaviour [27,29). 

Gibson [30] has used large crown ethers varying in size from 30-crown-lO to 60-crown-20 to 

construct main-chain polyrotaxane structures (these are structures in which cyclic components 

are axially bonded by polymer chains). The synthetic procedure that has been applied for the 

preparation of such polyrotaxanes, involves the polymerization of a monomer in a crown ether 

solvent (see Figure 1.8). The 'threading' of the propagating chain through the cavities of the 

crown ethers is regarded as a statistical process, because no major secondary interactions can 

be accounted for. Remarkably, complete 'dethreading' of the cyclic species in the final 

polyrotaxane product can not be achieved due to physical linkages between the polyrotaxane 

components; repetitive precipitations or continuous dialyses of the polyrotaxanes in good 

solvents for the applied crown ethers result in a saturated stoichiometry of crown ether 

component and polymer component. Different polymers have been applied in the production 

of Gibson's polyrotaxanes, and these polymers have been produced with different 

polymerization procedures including polycondensations and radical polymerizations. The 

physically linked 'copolymers' have specific properties that are different from those of the 

polymeric or cyclic components separately. Also, the blend of the individual components 

9 



1 

behaves different in the solid state or in solution. Thus, these polyrotaxanes offer new 

opportunities in the field of polymer material science. 

60-crown-20 O~~ 
+ N=C=O o 

Figure 1.8: Polymerization oftetraetylene glycol with a di-isocyanate using 60-crown-20 as solvent. 

Polymerization yields a polyurethane polyrotaxane [3~). 

The study of the binding characteristics of charge-transfer complexes consisting of electron

demanding 4,4'-bipyridiniwn compounds and electron releasing hydroquinone derivatives by 

Stoddart [31] has led to the development of an impressive array of supramolecular structures 

of which the 'Olympiadane' [5]catenane is an artistic example [4]. 

li:s'l'd--"'o 

90009 
\......JUL1LJ

1 

. 

Br~Br . 

- Br...... 
MeCN 

I 

- Br' 
-!iIJoo. 

Figure 1.9: [2JCatenane synthesis by Stoddart [31]. The self-assembly of the three components in the 

box consists of (0 nucleophilic attack of a pyridine nitrogen on a benzylic carbon in the dibromide. 

(U) the formation of the intermediate complex I, which is stabilized by 1f-1f-interactions (double lines 

between the aromatic moieties) and hydrogen-bonding interactions (single lines between the 

pyridinium groups and the ethylene oxide chains), and (iii) intramolecular nucleophilic attack of the 

remaining pyridine nitrogen on the benzylic carbon (this final step is promoted by the geometry of I). 

The [2]catenane schematically dravv1l in Figure 1.9 - one of the first published [2]catenanes 

and held up as an example for numerous other systems forms as a result of the self

assembly of the hydroquinone containing 34-crown-l 0 ether and both precursors of the 
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pyridinium cyclophane. It has been established that not only 1t-1t-interactions between the 

electron-rich and the electron-poor aromatic moieties, but also hydrogen bonding interactions 

between the a-bipyridinium hydrogens and the oxygens of the crown ether contribute 

considerably to the stability of the intermediate I This is of importance, since the success of 

the employed synthetic strategy for the pictured [2]catenane can be ascribed to the geometry 

of this intermediate complex I. In this geometry, the size of the crown ether is also an 

important factor [32]. Recently, other suprarnolecular structures consisting of protonated 

amines and similar crown ethers as the one shown in Figure 1.9 have been reported by the 

group of Stoddart [33]. Also in the assembly of these systems, the ability of the employed 

crown ethers to act as an hydrogen-bonding acceptor is crucial. 

Sauvage [34] has also synthesized a wide variety of catenane structures consisting of crown 

ether components. The main interaction responsible for the high yielding syntheses of the 

catenanes is the co-ordination metal bonding between 1,1O-phenanthrolines and Cu+-ions. 

After cyclization, the Cu+-ions can be removed by complexation with CN" anions, so 

eventually the catenanes are of a totally organic nature. The research in this field has led to 

the development of topologically chiral (Figure 1.10) and other complicated interlocked 

compounds, which prompted the authors to introduce terms into organic chemistry, that are 

seemingly more related to maths or sailing (e.g. homeomorphism; from graph theory, trefoil 

knot). 

Figure 1.10: The synthesis of a chiral, but racemic, [2]catenane. The product can be demetalized 

with KeN. The cartoons clarify the topological chirality in systems such as these. The two arrows 

in the cartoons as well as in the left graph - signify the 'direction' of the 4-phenyl suhstituents on the 

1,10-phenantrolines. This 'direction' determines the sign of chirality (i.e. the upper cartoon 

represents the depicted enantiomer) [34J. 
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Chapter 1 

Nolte [35] has shown that the 2H-phthalocyanine depicted in Figure 1.11 displays 

thermotropic and lyotropic LC-behaviour. The aggregates have been studied by SAXS and 

TEM measurements, revealing that the disc-shaped molecules order in columnar mesophases. 

It has been suggested that this system can form molecular electronic cables, due to the 

presence of an electron conducting wire (phthalocyanine core), four ion-conducting channels 

(crown ethers) and an insulating mantle (alkyl periphery). The Si(OH)2-phthalocyanine 

derivative forms monolayers on H20, as well as on aqueous salt solutions ofKCl. The surface 

area occupied by one phthalocyanine molecule increases with KCI concentration, indicating 

that the crown ethers are lifted from the water surface in the absence ofK+-ions and are 

layered on the water surface upon complexation with K+. 

M = 2H or Si(OHh 

Figure 1.11: Phthalocyanines decoratedwithfour benzocrown ethers, each bearing two alkyl chains. 

These molecules display thermotropic and lyotropic Le-behaviour [35]. 

Harada [36] has reported on main-chain polyrotaxane complexes in which polymer chains 

pass through stacks of cyclodextrins (CDs). The axial topology of the reported complexes was 

proven by powder diffraction X-ray data. Various polymers could be used to serve as the 

hydrophobic guest, but especially PEO and polypropylene oxide (PPO) polymers have been 

extensively studied. The formation of so-called 'tubular polymers' could be achieved by 

covalently linking the stacks of cyclodextrins (Figure 1.12). The tubular polymers were 
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prepared by modifYing PEO with amine endgroups, complexating this H2N-PEO-NH2 

polymer with a-CD to form a polyrotaxane structure and allowing the amine endgroups to 

condensate with Saenger's reagent. Thus, 2,4-dinitrobenzene blocking groups were introduced 

and release of the a-CD threading rings could be prohibited. Next, a solution of this 

polyrotaxane was treated with epichiorohydrin resulting in the formation of hydroxy

propylene bridges between the cyclodextrin rings. After cleavage of the blocking groups with 

a concentrated NaOH-solution and removal of the PEG-guest by gel permeation 

chromatography (GPC), the tubular polymers were obtained. 

PEO 

Figure 1.12: The base catalyzed synthesis of tubular polymers from a-CD. P EO and epichlorohydrin. 
The a-CD rings are threaded and lockEd onto the PEO-chain prior to introduction of 
epichlorohydrin {36}. 

The presented examples of Harada's work characterize PEO as hydrophobic. This is peculiar, 

since PEO normally displays hydrophilic behaviour, as is evident from the use of ethylene 

oxides in non-ionic amphiphiles. 

1.5 Arnphiphilicity. hydrophobic effect and non-ionic amphiphilic polymers [37] 

Amphiphiles or surfactants are molecules that combine polar and apolar moieties in their 

constitution, as a result of which they form aggregates in highly polar solvents (such as

most effectively - H20). Depending on the geometry of surfactants, the morphology of their 

aggregates can vary significantly. Israelachvili [38] put forward a simple rule, which enabled 

the prediction of such morphologies. With this rule which involves the calculation of a 

packing parameter from geometric features of the surfactant - the formation of spherical 

micelles, wormlike micelles, vesicle bilayers and inverted structures could be anticipated for 

various systems. However, many amphiphiles can form aggregates with different 

morphologies, even under identical experimental conditions [39] and consequently, 

Israelachvili's rule is not valid under all circumstances and for all amphiphiles. A general 

theory to explain the behaviour of amphiphiles has not been developed yet, so the design and 
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examination of new amphiphilic systems will contribute essentially to the understanding of 

the phenomenon of amphiphilicity [40]. 

The interaction that is the driving force for the aggregation of amphiphiles is referred to in 

literature as 'the hydrophobic effect' or 'hydrophobic interaction'. fu fact, the assembly of 

hydrophobic moieties is not directly related to attractive forces between these moieties, but is 

associated with the features of the solvent: H20. Aggregation of surfactants has also been 

observed in other solvents with a high cohesive energy density, but H20 remains the most 

investigated solvent (the cohesive energy density of a solvent can be expressed in the Gordon 

parameter, which is determined by the surface tension and the molar volume of the solvent; G 

yN m 1/3). Whether the hydrophobic effect and thus the aggregation of amphiphiles is of an 

entbalpic or entropic origin has not been established yet. The classical view, which is referred 

to as the 'iceberg model', stresses the importance oflocally structured H20 around the 

hydrophobic solute [41). The large loss of entropy that is measured for the dissolution of 

apolar solutes is explained by this assumption of an ordered H20 layer. Aggregation of 

solutes will diminish the overall entropy loss of dissolution, and therefore this 'iceberg 

model' suggests that the hydrophobic effect is of an entropic nature. Alternatively, the 

hydrophobic effect can be associated with the large endothermic enthalpy accompanying the 

formation of a cavity in H20 [42]. The latest view on the hydrophobic effect [43] argues that 

H20 in the hydration shell around the apolar solute is almost totally hydrated as in the bulk 

of H20 - but has a preferential orientation. This preferential orientation is put forward to 

explain the entropy loss upon dissolution ofan apolar solute in H20. When the concentration 

of the solute is increased, H20 from the bulk will be used to complete the hydration shells of 

the newly added solute. At a certain point, hydration shells will overlap, because the H20 in 

the bulk is largely consumed. Hydrogen bonds must then be sacrificed and aggregation results 

(thus, this modem view can account for a critical aggregation concentration). 

Non-ionic amphiphiles are defined as amphiphiles in which the polar headgroups or the polar 

blocks are not charged. Almost exclusively, ethylene oxides have been employed to introduce 

polarity in non-ionic amphiphiles. Frequently studied systems include alkyl substituted 

ethylene oxides and PEO-PS (polystyrene) block copolymers [44]. Recently, much attention 

has also been focused on PEOIPPOIPEO block copolymers [45] and on the so-called HEUR 

(hydrophobically end-capped urethane resins) associative thickeners [46]. The 

PEOIPPOIPEO block copolymers, but also the related PEOIPBO(polybutylene oxide )/PEO 

block copolymers [47], show diverse phase behaviour. Micelles are formed in H20 at low 

concentrations, whereas different liquid crystalline phases (lamellar, hexagonal, cubic) are 

observed in H20-xylene mixtures at high concentrations. The influence of temperature and 

block sizes on the phase behaviour has been studied extensively for these block copolymers. 

The HEUR polymers (Figure 1.13) are associative thickeners, i.e. polymers which display a 
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dramatic viscosity increase at a certain concentration. At low concentrations, the polymer 

chains fonn rosette-like structures in which the alkyl endgroups make up the core of the 

rosette. The PEO-based spacers radiate towards the aqueous environment and fold back onto 

the same rosette. At higher concentrations, some polymer chains will connect different 

rosettes, resulting in network fonnation and thus causing a sharp viscosity increase. 

Associative thickening has also been observed in PEOs that have been modified with two 

alkyl endgroups [48]. 

increasing 
concentration 

Figure 1.13: The hydrophobically endcapped urethane resin (HEUR) type. 0/ associative thickeners; 

viscosity increase at higher concentrations is caused by network/ormation o/rosette-like aggregates 

(the hydrophobic cores 0/ these rosettes are indicated with black dots) [46]. 

1.6 Chirality in ethylene oxide derivatives [lOa,lOb] 

As the following examples will illustrate, (synthetic) chiral ethylene oxide derivatives are not 

merely restricted to crown ether compounds. 

Nature has constructed various receptors that can transport cations (ionophores), most of 

which are peptides. There are also some ionophores, that can be described as the natural 

counterparts of the crown ethers or the podands designed by man. In Figure 1.14, monensin 

and compounds from the nactin group are shown. In these molecules, rigidity is introduced by 

furanyl or pyranyl moieties and this results in ion selective binding: monensin binds Na+ 

preferentially, whereas the 32-membered nactins bind ~ + and K+ favourably. Monensin is 

related to grisorixin and nigericin (not shown), which both are also open chain antibiotics. In 

these three open-chain systems, the complexation of the proper cation directs the hydrogen 
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bonding between a carboxyl endgroup and an alcohol function at the other end of the 

molecule. Thus, lactonization upon complexation is facilitated. The natural product synthesis 

of several nactins has been reported and depends on the availability of (2R, 3R, 6S, 8S) 

nonactic acid and its enantiomer [49]. 

(-)£oV---~1 M"" (+) o '0' 
o 0 ~ ~ 

R2~0 ~ 0nY:° 0 ,0 - 0 

(+) ,", 0 R3\- (-) 

A B 

Figure 1.14: The natural counterparts of crown ethers. Monensin (A) and the nactin family of 

ionophores (B) [50). 
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N+NX 0& 
Indinavir (Merck) 

Figure 1.15: Chiral, synthetic ethylene oxides. Oligo(tetrahydrofuran)s (A) are potential building 

blocks for polyether helices with ion channel activity, The cyclitol ionophore (B) and the Indinavir 

anti-HIV drug (C) are both examples of products acquired via cyclo-cis-arenediol chemistry [52]. 

Elegant, chiral, ion-binding receptors have been reported by Koert [51]. The 2,5-trans-linked 

oligo(tetrahydrofurans), such as the example shown in Figure l.l5A, were prepared to serve 
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as building blocks for polyefuer helices with ion channel activity. Other, equally complicated 

systems are the inositol resembling cyclitol conjugates [52]. The specific example drawn in 

Figure 1.15B has a strong Ca2
+ chelating capability and shows a tendency to fonn tubular 

structures. Cyclitols are not derived from sugars, but are produced from cycloarene-cis-diol 

precursors. These chiral building blocks can be attained from aromatic compounds in 

enzymatically controlled oxidations. These enzymatically controlled oxidations can easily be 

scaled up. In fact, the production of the anti-HIV drug Indinavir (Figure 1.1SC) can be 

executed with a high capacity (1,000,000 kg/year), only because the oxidation step from 

indene to the indene-diol precursor ofIndinavir is enzymatically controlled. 

A wide range of chiral crown ethers has been prepared to achieve stereoselective recognition 

ofchiral guests (mostly ammonium derivatives) [53]. In the series of crown ethers, the 18· 

crown-6 derivatives have been studied extensively, since these receptors have the highest 

binding affmity towards ammonium compounds. Crown ethers that display good 

stereoselectivities are rigid, have a confonnation that allows a three-point hydrogen bond and 

can sterically hinder one of the enantiomers. These requirements explain why the most 

successful crown ethers in stereoselective ammonium binding are those containing binaphthyl 

functions (see Figure 1.16A). The initial ideal of Cram [54] of separating a racemic mixture 

of an ammonium salt by (i) pouring this mixture into a separatory funnel charged with an 

enantiomeric crown ether, H20 and CHCI), (ii) shaking and (iii) separating both phases 

(which in this ideal case would coincide with separation of the enantiomers), has to date and 

to our knowledge not been established yet. However - as also achieved for amino acid 

(pirkle colunms) and cyclodextrin derivatives - chiral crown ethers have been attached to 

stationary phases of chromatography columns [55], so enantiomeric separations are actually 

possible by the use of chiral crown ethers. 

B 
more stable less stable 

Figure 1.16: Crown ethers for stereoselective binding of ammonium salts, designed by Cram (A) {56 J 
and Bradshaw (B) {57], respectively. Bradshaw's systems owe their selectivity to K-K-interactions 
between the pyridine ring in the crown ether host and the naphthyl moiety in the ammonium guest 
(here. protonated I-naphthyl ethyl amine is depicted; the nitrogen atom of the ammonium cation is 
not visible in this Newman projection). 
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Besides binaphthyl containing crown ethers, crown ethers with incorporated pyridine rings 

also display a high stereoselectivity towards aromatic ammonium derivatives [57]. For 

example, the (SS)-crown ether in Figure 1.16B has a much higher affmity for the (R)

enantiomer of I-NapCHMeNH3 + (Nap = Naphthyl) than for the (S)-enantiomer, since the 

geometry of the complex with the (R)-enantiomer facilitates unhindered 1t-1t interactions 

between the naphthyl and the pyridine moieties. This particular system has been investigated 

in the solid state by X-ray diffraction and in solution by NMR-spectroscopy, but chiroptical 

techniques have not been used, although these could have contributed to the understanding of 

the conformation of the complex in solution. 

1.7 Chiroptical spectroscopy in conformational studies 

Optical activity is strongly dependent on conformational equilibria [58], and, therefore, CD

spectroscopy and - to a lesser extent - ORO-spectroscopy are two of the techniques that 

can give telling information on the spatial arrangement of molecules in solution. In peptide 

chemistry, CD-spectroscopy is used to determine the extent to which proteins adopt a-helical 

conformations: the specific ellipticity at 220 nm is proportional to the helicity of the protein 

under investigation. In principle, isolated single-stranded a-helices are unstable, so a 100% a

helical arrangement in buffered aqueous solutions is not possible for regular peptides. 

Additional stabilization of the a-helix can either be provided by a less polar solvent (such as 

typically 1,1, I-trifluoroethanol) or by the formation of a stable tertiary structure. For instance, 

the 'coiled coil' tertiary structure - which is displayed by certain hydrophobically 

associating a-helical peptides and in which the peptides have a 100% a-helical conformation 

- can be identified by CD-spectroscopy [59]. Further information on coiled coils is given in 

Chapters 3 and 4. Another notable example in which CD-spectroscopy has shown to be 

indicative for conformational changes, involves the Bilirubin-Albumin complex: the addition 

of one drop ofCHChto a solution of this complex in H20 causes an inverted CD-spectrum 

[60]. Besides conformational changes in polymers, also aggregation of polymers on a 

mesoscopic level can be inferred from chiroptical data, as shown for polythiophene and 

polyphenylenevinylene (PPV) systems [61]. 

ORO-spectroscopy has also been used in studies on the conformational behaviour of 

macromolecules. Coil-helix transitions in poly(amino acids) in general [62], and in poly(y

benzyl-L-glutamate), poly(P-benzyl-L-aspartate) and poly(L-glutamic acid) in particular [63], 

can be monitored by measuring the specific optical rotation at the Na D-line. In several 

studies by Pino [64] and others [65], synthetic polymers including PPOs have been 

studied by ORO-spectroscopy. ORO-spectra of the polymers and of related reference 

compounds were recorded in various solvents. Differences between the spectra were 

explained by (i) conformational changes in the polymers and (ii) changes in the 
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polarizabilities of the four atoms attached to the asymmetrical carbon atom. Nevertheless, up 

to date, no theory has been developed that can reliably predict the sign of optical rotation of 

chiral compounds [9]. Consequently, only a comparative ORD-study (an empirical study) -

as demonstrated by, for example, Pino can give (qualitative) information on the systems 

under investigation. 

1.8 Aim and scope of the thesis 

The research described in this thesis involves the use of chiral ethylene oxide units (i) in the 

construction of supramolecular assemblies and (ii) in the study of these assemblies with CD

spectroscopy or ORD- spectroscopy. The chiral ethylene oxide units have therefore not only 

been used as building blocks, but have also been applied as chiroptical probes. 

The work reported here has focused on three major issues. First, we have designed and 

synthesized new amphiphilic polymers. This has been achieved by incorporating the 

enantiomerically pure ethylene oxide unit (S)-[C*HR-CHzO] at regular intervals in 

polyethylene oxide chains. Hydrophobicity is introduced by choosing an alkyl group for the 

R-residue (methyl and isobutyl groups have been used). Second, we have investigated 

whether the designed amphiphilic polymers can form well-defined supramolecular 

assemblies, such as the coiled coil superstructure. The formation of this specific tertiary 

structure is an actual possibility, since the underlying design characteristics of coiled-coil 

forming peptides are similar to the design features of the amphiphilic polyethylene oxide 

derivatives introduced in this work. Third, the chiral ethylene oxide units have been 

introduced in [2]pseudorotaxane systems, consisting of the 1t-electron poor cyclobis(paraquat

p-phenylene) tetrakis(hexafluoro-phosphate) cyclophane (see Figure 1.9) and 1t-electron rich, 

hydroquinone containing polyethers. These [2] pseudorotaxanes are examples of charge

transfer complexes of which many similar systems have been reported by Stoddart and co

workers. Up to now, attention has mainly been focused on the solid state structures of these 

systems and information on their behaviour in solution has been limited to UV and NMR 

studies. The introduction of chirality in these [2]pseudorotaxane systems facilitates their 

examination with CD-spectroscopy. 

1.9 Outline of the thesis 

The synthesis, polymerization and characterization of2-oxo crown ethers is presented in 

Chapter 2. This Chapter forms an introduction to Chapter 3, in which the syntheses and 

polymerizations of related (S)-alkyl substituted 2-oxo crown ethers have been reported. The 

synthetic approach described in the first part of Chapter 3 leads to amphiphilic polymers, of 

which the molecular characterization and the amphiphilic behaviour has been described in the 
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second part of Chapter 3. In Chapter 4, a comparative ORD-spectroscopy study in 

combination with various microscopy studies have been used to explore the possibilities of 

the newly introduced amphiphilic polymers for the formation of higher-order structures or 

supramolecular assemblies. In Chapter 5, chiral [2]pseudorotaxanes based on the chemistry 

introduced by the Birmingham-group of Stoddart are studied, in particular by CD

spectroscopy. Finally, Chapter 6 reports on the use of the polymers introduced in Chapter 3 as 

guest molecules in main-chain polyrotaxane structures based on cyclodextrin hosts. 
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Chapter 2 

The synthesis and polymerization of oxo-crown ethers 

Summary 

A new synthetic route to and a polymerization procedure of oxo-crown ethers 2,11-dioxo-1S

crown-6 (1), 2-oxo-12-crown-4 (2) and 2-oxo-21-crown-7 (3) are described (see Figure 2.1). 

Cyclization to 1-3 has been achieved by heating the (j)-hydroxycarboxylic acid precursors in 

a kugelrohr apparatus in the presence of a Lewis acid catalyst (CoCIv and a template salt 

(MCI). A highly selective distillation of the oxo-crown ethers takes place, when the right 

temperatures and pressures are applied. Cyclization yields up to 82% (for 2) have been 

reached, using CsCl as the template salt. Oxo-crown ethers 1-3 have been polymerized using 

SnOct2 as catalyst, affording polymers - viscous, sticky oils - with molecular weights of 

approximately 5 kg/mol and dispersities of ca. 1.8 (measured with SEC, employing 

polyethylene oxide standards). The polymerization of 2 was monitored by 1 H NMR and SEC, 

giving information on (a) the influence of temperature and monomericatalyst ratio on the rate 

of polymerization and (b) the influence of temperature on molecular weight (distribution). 

The possibility of introducing specific endgroups to poly(2-oxo-12-crown-4) using the 

SnOctrcatalyzed polymerization was also studied. 

2.1 Introduction 

Oxo-crown ethers (mono-ester crown ethers) have only received limited attention in 

literatnre, although in thirty years time, reports on the syntheses and properties of a wide 

range of crown ethers have been published [1]. Thus far, only Okahara has reported several 

oxo-crown ethers, including 2, Il-dioxo-18-crown-6 (1), 2-oxo-12-crown-4 (2) and 2-oxo-

21-crown-7 (3), which are shown in Figure 2.1. These compOllllds were synthesized in yields 

of 18%,36% and 23% for 1, 2 and 3, respectively [2]. Surprisingly, oxo-crown ethers have 

never been used in ring opening polymerization reactions, although related ether-Iactones 

have been polymerized or co-polymerized to biodegradable materials [3]. Stannyl compounds 

typically stannous 2-ethylhexanoate (in literatnre usually referred to as SnOct2) have 

been applied as catalysts in these polymerizations. 
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In this Chapter, a new synthetic route to the oxo-crown ethers 1-3 - including a convenient 

cyctization procedure of the ro-hydroxycarboxytic acid precursors - as well as their 

polymerization with the SnOct2 catalyst is presented. 
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Figure 2.1: 2,11-Dioxo-18-crown-6 (1): 2-oxo-12-crown-4 (2) and 2-oxo-21-crown-7 (3). 

2.2 Results and discussion 

Synthesis of the precursors of oxo-crown ethers 1-3 

The synthetic route to the ro-hydroxycarboxylic acid precursors of 1-3 is shown in Scheme 

2.1. Monobenzylation of di- and triethylene glycols 4a and 4b was achieved using a four-fold 

excess of glycol [4]. A method reported by Mahboobi [5] was preferred for the 

monobenzylation ofhexaethylene glycol4c, since this procedure only required a two-fold 

excess of glycol. The monobenzylated products Sa, 5b and 5c could be isolated in yields of 

65%, 67% and 70%, respectively. O-Monobenzyl di- and triethylene glycol were coupled 

with bromoacetic acid, yielding carboxylic acids 7a and 7b in one step. The reactions were 

carried out in DMF using 2 equivalents of tert-BuOK as base. After aqueous work-up, the 

acids 7a and 7b were obtained in isolated yields of 55% and 76%, respectively. 0-

Monobenzyl hexaethylene glycol 5c was coupled with tert-butyl bromoacetate in tert-BuOH 

using tert-BuOK as base. After column chromatography, the ten-butyl ester 6c was obtained 

in a 70% yield. Conversion to carboxylic acid 7c was accomplished by hydrolysis in TFA. 

Aqueous work-up afforded 7c in a 86% yield. Catalytic hydrogenation of the protected 

alcohols 7a-7c gave the ro-hydroxycarboxylic acids 8a-Sc in quantitative yields. These ro

hydroxycarboxylic acids showed sensitivity towards esterification. Oligomerization occurred 

spontaneously: even when stored at 4 °C, 15% of compound 8b was converted into 

oligomeric products in two weeks time. 
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Sa n::: 1 
5b n = 2 
5e n = 5 

4a n = 1 
4bn =2 
4en =5 

Scheme 2.1 

6e 

7a n = 1 
7bn =2 
7e n::: 5 

Sa n = 1 
Sbn=2 
Sen =5 

a. BnCI, NaON. Hz{), LI (n = 1,2), or BnCI, tert-BuOK, dioxane, LI (n .5); b. BrCH2COOtert-Bu, 

tert-BuOK, tert-BuON. RT; c. BrCH2COOH, tert-BuOK, DMF, RT; d. TFA, RT; e. Pd/C, H2, HC/, 

dioxane, H20, RT. 

Cyclization to oxo-crown ethers 1-3 

In search of simple cycIization procedures for the ro-hydroxycarboxylic acids 8a-8c, we 

encOlmtered an elegant procedure by Bachrach for the synthesis of macrocyclic esters [6]. 

Lewis acids, such as SnCh, FeCh, MgCh, Co(N03h and CoCh were used for the cyclization 

of glycol monosuccinates, affording the corresponding macrocyclic esters in good yields 

(>80% for 10 to 26 membered rings). Bachrach's procedure comprised the heating of the 

monosuccinate glycol and the Lewis acid catalyst for one hour, maintaining the pressure at 

0.1 mmHg and the temperature at 300°C. A highly selective distillation of the desired cyclic 

product occured. 

When Bachrach's experimental conditions were copied for the synthesis of2-oxo-12-crown-4 

(2), the monomeric and dimeric species of2 were obtained in yields of22% and 11 %, 

respectively. The dimer could easily be isolated by column chromatography, because of its 

lower retention value. Monomer and dimer could also be discriminated by NMR and GC-MS 

analysis (in Figure 2.2, the IH NMR spectra of2 and the dimer of2 are shown). 

The procedure was modified to improve the yield of the monomer 2-oxo-12-crown-4 (2) by 

performing th~ reaction at different temperatures, pressures and CoCh concentrations (CoCh 

is the only Lewis acid catalyst investigated in this work). Additionally, the use oftemplate 

salts MCI was investigated. The best results were obtained when the ro-hydroxycarboxylic 

acid 8b, the CoCh-catalyst (14 mol%) and the template salt CsCI (20 mol%) were heated in a 
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kugelrohr apparatus for 16 h, maintaining the reduced pressure at 18 mbar and the 

temperature at 250 °C. Purification of the distillate gave an isolated yield of 82% (vs. 60% 

without the use ofCsCI). Template salts other than CsCI were also tested. As determined by 

IH NMR, the purity of 2 in the distillate for five experiments scaled as follows: no salt < LiCI 

< NaC! < KCI < CsC!. The spectra of the crude distillates also showed that the formation of 

the by-product l,4-dioxanone was most prominent when LiCI was used [7]. These results 

clearly prove the template effect of the salts used. Remarkably, the Cs-salt showed the best 

template activity, a result reminiscent of the often reported 'Cesium-effect' [8]. An additional 

advantage of the use of template salts as co-catalysts was the improved reproducibility of the 

cyclization reaction. Yields remained constant as the reaction was scaled up (to as far as 3.5 g 

of (I)-hydroxy carboxylic acid precursor 8b). 

monomer 2 0 
r1 ('0O) 

01 dimerof2 C~ ~ 
h fI~JOJ L: 

4.5 4.0 3.5 (ppm) 
4.5 4.0 3.5 (ppm) 

Figure 2.2: lH NMR spectra of2-oxo-12-crown-4 (2) and its dimeric species 2,l4-dioxo-24-crown-8 

inCDCh 

The oxa-crown ether 3 was also synthesized employing the CoCh-catalyzed cyclization 

method. The product was isolated in a yield of32% when no template salt was used. Again, 

the yield increased when CsCI was added to the reaction mixture: an isolated yield of 59% 

was reached. Crown ether 1 was synthesized in an isolated yield of29% (with a crude yield of 

69% distillate), with CsCI being used as the template salt. For both 1 and 3 a temperature of 

250 "C and a pressure of 0.05-0. 1 mbar were applied. 

In order to compare the CoCh-catalyzed template-assisted cyclization technique to other 

cyctization procedures, several high dilution methods known for the cyclization of aliphatic 

ro-hydroxycarboxylic acids were tested on 8b and 8c. A commonly used procedure is reported 

by Corey [9]. This procedure consists of two consecutive steps. The first step is the activation 

of the ro-hydroxycarboxylic acid by transforming it into its 2-pyridinethiol ester derivative 

(see Figure 2.3A). The esterfication is conducted with 1.5 equivalents of dithiodipyridine and 

28 



The synthesis and polymerization of oxo-crown ethers 

PPh3 in dry, oxygen-free xylene at a 0.33 M concentration of the O)-hydroxycarboxylic acid. 

fu the second lactoruzation step, the concentrated xylene solution is added dropwise to a 

hundred fold volume ofrefluxing xylene. Corey reports isolated yields exceeding 80% for 

this method. The exact procedure as reported by Corey was applied to the synthesis of 2-oxo-

21-crown-7 (3). After column chromatography, the 2-oxo-crown ether was obtained in a yield 

of 41 %. Close examination of the thiopyridine ester formation showed that cyctization, but 

also polymerization, already had occurred in the activation step. To reduce the speed of 

polymerization relative to the rate of cyclization the 'activation step' was carried out at room 

temperature at a lowered concentration of 0.03 M O)-hydroxycarboxylic acid 8e. After three 

days of stirring at room temperature and after purification of the reaction mixture, 2-oxo-21-

crown-7 (3) was obtained in an isolated yield of 62%. Remarkably, this simplified version of 

Corey's lactonization method completely failed for the synthesis of2-oxo-12-crown-4 (2): no 

crown ether could be traced. 

~s-sJ} .. 
PPh3, xylene, RT 

xylene, ~ 

A 

B 
HO-(CH2ln-COOH --------i ..... 

MeCN,NE1s,~ 

PhMe. ~ 

Figure 2.3: The cyclization of co-hydroxycarboxylic acids by high dilution techniques. Shown are the 
methods by A. Corey, B. Mukaiyama and C. Yamaguchi. All these techniques depend on the use of an 
activating agent. 

Feasibility studies on other high dilution cyclization methods reported by Mukaiyama [10] 

and Yamaguchi [11] were also carried out (see Figure 2.3 for an explanation of these 
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methods). Following the procedure of Mukaiyama, applying 2-chloro-6-methylpyridinium 

iodide as activating reagent, compounds 2 and 3 were obtained in yields of60% and 38%, 

respectively. With the procedure reported by Yamaguchi, using 2,6-dichlorobenzoyl chloride 

as activating compound, 2-oxo-12-crown-4 (2) was synthesized in an isolated yield 000%. 

In conclusion, the CoCh-mediated and MCI-salt template-assisted ring closure of (0-

hydroxycarboxylic acids 8a-8c has been developed and optimized, establishing a simple and 

convenient route to oxo-crown ethers. The yields of this cyclization procedure are higher than 

those reached for well-known other cyctization methods. 

Polymerization of oxo-crown ethers 1-3. 

Analogous to the polymerization of similar ether-Iactones [3], the polymerization of oxo

crown ethers 1-3 could be conducted using stannous 2-ethylhexanoate (SnOct2) as catalyst. 

Monomer/catalyst molar ratios (MlSnOctz ratios) of 5011, 10011 and 25/1 for 1, 2 and 3 were 

applied, respectively. After reaction for typically 6-24 hours at 130°C, precipitation in EhO 

was carried out and the polymers were obtained as yellowish, viscous, sticky oils. The 

molecular weights (Mn) of the polymers varied from 7 to 11 kg/mol and dispersities between 

·1.5 and 1.9 were found. These data were based on SEC-measurements using polystyrene 

standards [12]. Polymerization of2-oxo-12-crown-4 (2) was also attempted with several other 

catalysts. NaOMe and Y(iPrO)3 - which both have been successfully applied to the 

polymerization of other lactones [13] - were not useful here, as judged from the low 

molecular weight material that was obtained (only dimers and trimers were formed). 

In earlier studies, it has been pointed out that alcohols typically traces of H20 - are the 

main initiators in SnOct2-catalyzed lactone polymerizations [14]. To investigate the 

possibilities of ( a) introducing specific endgroups to the polymer and (b) influencing the 

molecular weight of the polymer, a series of experiments was conducted in which 4-tert

butylbenzyl alcohol (t-BBA) was added to the polymerization mixture of2-oxo-12-crown-4 

(2) and SnOct2. A monomer/catalyst ratio of 5011 and a polymerization temperature of 130°C 

were chosen. In the experiments, the monomer/alcohol molar ratio (the Mlt-BBA ratio) was 

varied from 45/1 to 1011. SEC-analysis of the polymers after precipitation (see Table 2.1) 

showed that the molecular weight (Mn) decreased as the Mlt-BBA ratio decreased. However, 

the observed decrease in molecular weight was not proportional to the decrease in the Mlt

BBA ratio. At low Mlt-BBA ratios, the calculated molecular weight (i.e. the molecular 

weight Mn ofthe polymer, if the polymerization were initiated by t-BBA exclusively) and the 

measured molecular weight of the precipitated polymer were in reasonable agreement. This 

indicates that in this case the added alcohol is the main initiator in the polymerization. At 

higher M/t-BBA ratios, however, the measured molecular weights were significantly lower 

than the calculated molecular weights. This suggests that under these circumstances hydroxy 
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contaminations (typically H20) are the main initiators in polymerization. Initiation by 8nOct2 

itself could not be excluded: in the IH NMR spectra of the precipitated polymers small 

signals were observed that could be assigned to octanoate endgroups. 

Table 2. J: SnOctrcatalyzed polymerizations of 2-oxo J 2-crown-4 (M) with addition of tert
butylbenzyl alcohol (t-BBA). A molar monomer/catalyst ratio (M/SnOctr ratio) of 50/1 and a 
polymerization temperature of 130°C were used. 

MIt-BBA-endgroup Mit-BBA-endgroup molar Mn calculated [c] Mn measured [d] 

molar ratio of crude ratio of precipitated polymer 
(kg/mol) (kg/mol) 

polymer la) (b) 

45/1 85/1 16.2 4.7 

34/1 57/1 10.8 4.0 

20/1 46/1 8.7 3.2 

10/1 24/1 4.6 2.8 

la] determined by 1H NMR; equals the MIt-BBA ratio in the feed. [b) determined by 1H NMR. 
[c1 Mn of the precipitated polymer. if it were exclusively initiated by t-BBA. [d] based on SEC-analyses 
of the precipitated polymer. using polyethylene oxide standards. 

To further examine the 8nOct2-catalyzed polymerizations of oxo-crown ethers, the effect of 

temperature and catalyst concentration on the reaction rate, the molecular weight and the 

molecular weight distribution were studied. For this purpose two series of polymerizations of 

2-oxo-12-crown-4 (2) at 100 °e, 115 °e, 130 0e and 145 °e were conducted. 

100 
M/SnOcf:z = 10011 

o 25 50 o 
Time (h) Time (h) 

Figure 2.4: Conversion vs reaction time plots of the polymerizations of2-oxo-12-crawn-4 (2) at 
monomer/SnOct] molar ratios (MlSnOct] ratios) of 100/1 and 5011, respectively. Temperatures of 
100°C (square), 115°C (circle), 130°C (triangle) and 145 °C (star) Iulve been applied. 
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In the first series, the monomer/catalyst molar ratio (MiSnOct2 ratio) was 10011, in the 

second series a ratio of 5011 was applied. Figure 2.4 shows the conversion vs reaction time 

plots for both polymerization series. Polymerization of the oxo-crown ether 2 can be 

monitored by IH NMR: at 0 3.55 and 3.80 ppm, resonances of the monomer are isolated 

from resonances of the polymer. It is clear that polymerization proceeds faster at higher 

temperatures and that the MlSuOctz ratio has a significant influence on the fmal conversion 

of polymerization. A minimum temperature of ca. liS °C and a minimum amount of catalyst 

are required to achieve complete conversion. The experiment shows that high MlSuOct2 

ratios can not be applied to the polymerization of 2-oxo-2-crown-4 (ratios of 11,250 and 

ratios up to 5,000 have been applied in lactide polymerizations [14] and in I,5-dioxepan-2-

one polymerizations [3], respectively). 

100°C 

3 4 
logM 

130°C 

12.5 hours, 17% 
50.5 hours, 24 % 

5 

1 hour, 38% 
·6 hours, 94% 
50 hours, 100% 

115 ·C 

2 

145°C 

-- 1 hour, 15% 
.· ....... ·4 hours, 43 % 
............... 50 hours, 95% 

3 4 
log M 

5 

--0.5 hour, 38 % 
......... 4 hours, 96% 

···· .. ·········50 hours, 100% 

5 

Figure 2.5: SEC-plots ojpolymerizations oj2-oxo-12-crown-4 (2). Samples were taken at the 

reaction times indicated. Conversions at these reaction times are also indicated. A monomer/SnOell 

molar ratio oj 50/1 and temperatures oj 100°C, 115°C, 130 °C and 145°C were applied Molecular 

weights were calculated with polyethylene oxide calibration standards. Vertical axes have arbitrary 

units. 

Samples were taken during the second polymerization series (MiSnOch == 50) and these 

samples were analyzed by SEC. The polymer was detected using a refractometer and 
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polyethylene oxide was used as a standard. The results of the measurements are depicted in 

Figure 2.5. In all chromatograms, a high molecular weight peak as well as a low molecular 

weight peak are present. The reason for this bimodal molecular weight distribution is not 

quite clear to us. The SEC-plots show that the low molecular weight peak becomes relatively 

smaller as conversion proceeds. A possible explanation is the formation of cyclic oligomers 

that transform into linear species as the polymerization proceeds [15]. The SEC-plots of the 

polymerization at 145°C clearly show that degradation reactions take place at that 

temperature: when the chromatograms of the polymerization at 145 °C after 30 minutes (38% 

conversion), 4 hours (nearly complete conversion) and 50.5 hours (complete conversion) are 

compared, it is evident that the high molecular weight peak is shifted to lower molecular 

weights. This effect can - however, less significantly - also be observed at 130°C. The 

temperature has only a limited influence on the fmal molecular weight of the polymers 

obtained. The observed Mtop of the polymers after 50.5 hours reaction time hardly differs, 

when different temperatures are applied. Molecular weights (Mtop) of 4.1,4.7 and 5.0 kg/mol 

were measured for reaction temperatures of 115°C, 130 °C and 145°C, respectively. 

2.3 Conclusion 

The syntheses of the oxo-crown ethers 1-3 have been performed successfully using a 

powerful and simple cyclization technique: a template (CsCl) and Lewis-acid (CoCh) 

directed distillation of oxo-crown ethers from the co-hydroxycarboxylic acid precursors. In 

contrast to high dilution procedures, this method does not require large amounts of solvent. 

From Bachrach's work [6], it was already clear that this cyclization technique might be 

applicable to a variety of co-hydroxycarboxylic acids. This work shows that this method can 

be improved by the use of well-chosen templates. 

The polymerization of oxo-crown ethers with ring sizes of 12, 18 and 21 has been achieved 

using SnOch as catalyst. Polymers - viscous, sticky oils - with number average molecular 

weights of7-11 kg/mol and dispersities of ca. 1.8 are obtained (SEC with PS-standards [12]). 

Analysis of the 2-oxo-12-crown-4 (2) polymerization shows that a minimum temperature of 

approximately 115°C and a maximum monomer/catalyst molar ratio of ca. 100 are required 

to successfully perform these polymerizations. This molar ratio is much lower than those 

applied in SnOct2-catalyzed polymerizations of smaller lactones. The employed 

polymerization technique facilitates the introduction of specific endgroups to the polymer: 

when an alcohol is mixed with monomer and catalyst, this alcohol acts as initiator and is thus 

introduced into the polymer as an endgroup. However, this introduction can only be achieved 

effectively when low molecular weight polymers are intended. 

The next Chapter will report on the synthesis and polymerization of oxo-crown ethers with 

pendant alkyl groups, thereby introducing an approach towards synthetic amphiphilic 
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polymers with unprecedented architectures. The ring closure and polymerization principles 

reported in this Chapter 2 will be used there. 

Experimental 

General 

Commercially available compounds employed in the syntheses were used without further 
purification. except for stannous octanoate (SnOct2) which was distilled in vacuo in a kugelrohr 
apparatus (0.3 mbar; 200-220 0c) and stored in a glove box. The O-monobenzyl alcohols Sa and Sb 
were prepared according to literature procedures [4]. Solvents were dried if necessary and reactions 
were carried out under an inert atmosphere of dried argon or nitrogen. 

lH_NMR spectra were taken on an AM-400 Bruker spectrometer at 400 MHz or on a Gemini Varian 
300 MHz spectrometer. TMS was used as internal standard. 13C_NMR spectra were taken on the 
Bruker spectrometer at 101 MHz with the solvent as standard. In some cases, inverse gated decoupled 
l3C NMR was conducted to be able to integrate the carbon peaks. SEC-analyses were conducted at 
40 °C with stabilized THF as solvent and an eluent rate of 1 mL/min. The SEC apparatus was 
equipped with two Shodex KF 80-M (linear) columns and a differential refractive index detector 
(Waters 410). Molecular weights were determined with polystyrene or polyethylene oxide calibration 
standards. Infrared spectra were taken on a Perkin Elmer 1605 FTIR-spectrometer with wavenumbers 
between 4400 and 450 cm-1

• GC-MS was performed on a HP 5790 GC with an OV-l column (a fused 
silica capillary column coated with a 0.33 !lm thick poly(dimethylsiloxane) film) and an HP 5970A 
MSD. For the EI-experiments an MS 5970 HP spectrometer was used. Helium was used as carrier 
gas. Electrospray MS (ES-MS) was performed on a Perkin ElmerlSciex API-300 MSIMS (PE-Sciex, 
Foster city, USA). Mostly the negative mode and sometimes the positive mode were applied. 
Elemental analyses were carried out on a PE 240. Thin-layer chromatography (TLC) was performed 
on Merck 5735 Kieselgel 60F glass plates or on neutral type (type E) alumina 60 F254 (type 
aluminium plates. The TLC-plates were air-dried, scrutinized under a UV lamp, and, if necessary, 
either sprayed with a p-anisaldehyde solution and developed using a heat gun or sprayed with an 
aqueous KIIl2 solution [16]. Kieselgel60 (0.040-0.063 mm mesh, Merck 9385), Merck flash silica 
gel 60 (particle size 0.040-0.063 mm) or Merck alumina (63-200 !lID) were used to perform column 
chromatography. 

Kinetic experiments 

All SnOct2-catalyzed polymerizations of2 referred to in the time-conversion plots (Figure 2.4), the 
SEC-plots (Figure 2.5) and in the polymerization series with added 4-tert-butyl-benzylalcohol (Table 
2.1) were conducted in silylated glassware with distilled monomer and distilled SnOct2' In a 
glovebox, a 0.158 M SnOch solution in PhMe, distilled monomer and (if required) pure 4-tert
butylbenzyl alcohol (t-BBA) were brought together in silyiated Schlenk-flasks. Thereafter, the 
solutions were stirred in an inert atmosphere of dried argon at the polymerization temperature. The 
PhMe was not removed in a separate step, because the amount of this solvent was small relative to 
the amount of monomer. When samples were taken from the reaction mixtures during polymerization, 
this was done either in a g1ovebox or under a strong argon flow. Conversions of the polymerizations 
were determined by IH NMR-analysis of the samples taken. Samples from the NMR-tubes were used 
in the SEC-measurements. 
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2,11-Dioxo-18-crown-6 (1) 

CoCh'6H20 (155 mg; 0.65 mmol) and CsCl (166 mg; 0.99 mmol) were added to compound 8a (1.023 
g; 6.23 mmol). The deep-blue mixture was heated to 250°C in a kugelrohr apparatus at 0.05 mbar for 
12 hours. The collected distillate solidified upon cooling. The crude product (627 mg) was dissolved 
in MeCN and filtered over a short column (alumina, MeCN, Rf = 0.82). The filtrate was concentrated 
to give the title compound as a white solid. Yield: 262 mg (29%). IH NMR (CDC13): 04.37 (4H, s), 
4.32 (4H, m), 3.78 (4H, m), 3.71 (8H, m). l3C NMR (CDCh): 0 170.4,72.1,69.9,69.0,68.5,63.6. 
Calcd 292.29 Found GC-MS (FW = 292): mlz 292 (1.6% abundance). 

2-0xo-12-crown-4 (2) 

Method A (optimized method): CoCh'6H20 (160 mg; 0.67 mmol) and CsCl (160 mg; 0.95 mmol) 
were added to compound 8b (1.08 g; 5.19 mmol). The deep blue mixture was heated to 250°C at 
18 mbar in a kugelrohr apparatus for 16 hours. A clear oil was distilled. The crude product contained 
trace amounts of 1,4-dioxanone and dimer and was purified by column chromatography (silica, 
EtOAc, Rr= 0.33) to yield the title compound as a clear oil. Yield: 0.81 g (82%). 
Method B (Bachrach's procedure [6]): Compound 8b (250 mg; 1.20 mmol) and CoClz·6H20 (4 mg; 
0.017 mmol) were brought in a Kugelrohr apparatus and heated to 250°C under a reduced pressure of 
0.1 mmHg. After three hours, a clear liquid was distilled in quantitative yield. TLC-analysis showed 
that a wide range of products was present. The oil was distilled again from CoCh·6H20 (5 mg; 0.021 
mmol), this time at 150°C and 0.1 mmHg. The distillate consisted mainly of the monomer and was 
purified by silica column chromatography using EtOAc as an eluent (Rr = 0.33). Yield: 50 mg (22%). 
The residue was brought in H20 and extracted with Et20. Drying of the Et20 layers with MgS04 and 
evaporation of the solvent yielded 85 mg crude product. TLC-analysis (silica) showed that no 
monomer was present in this product. Silica column chromatography using MeCN as an eluent (Rr = 

0.2-0.3) afforded the dimer as a clear oil. Yield: 25 mg (11 %). 
Title compound: IHNMR(CDC13): 04.35 (2H,m), 4.15 (2H, s), 3.8 (4H,m), 3.7 (2H, m), 3.65 (2H, 
m), 3.55 (2H, m). l3C NMR (CDCh): 0171.0,72.0,71.4,71.3,70.2,69.8,68.8,63.4. GC-MS (FW = 

190.20): mlz 190 « 1% abundance). HRMS Calcd. 190.0841 Found 190.0856. 2, 14-dioxo-
24-crown-8 (dimer):IHNMR (CDCh): 04.35 (4H, m), 4.25 (4H, dd), 3.8-3.7 (12H, m), 3.65 (8H, s). 
l3C NMR (CDCh): 0170.7,71.0,70.9,70.7,70.5,68.9,68.8,63.7. Rr(EtOAc, silica) = 0.10. GC-MS 
(FW = 380.40): mlz 380 « 1% abundance). 

2-Oxo-21-crown-7 (3) 

CoClz'6H20 (90 mg; 0.38 mmol) and CsCl (50 mg; 0.30 mmol) were added to 8e (0.91 g; 2.59 
mmol). The blue solution was heated to 250°C at 0.08 mbar in a kugelrohr apparatus for 8 hours. A 
clear oil was distilled. Column chromatography (silica, EtOAclMeCN (1:1), Rf = 0.2-0.3) gave the 
title compound in a yield of 59% (0.51 g). IH NMR (CDCh): 04.3 (2H, m), 4.25 (2H, s), 3.75-3.6 
(22H, m). l3C NMR (CDCh): 0170.7,71.3,71.0-70.4 (9C), 68.9, 68.7, 63.7. FTIR (KBr, em-I): 
2869, 1753, 1452, 1350, 1203, 1122, 1042,946,850,751. CI-MS (positive CI with NH3): 322 and 
340 CNH4 +-adduct). 

O-Monobenzyl hexaethylene glycol, (5c) 

A solution oftert-BuOK (6.25 g; 56.1 mmol) in tert-BuOH (45.4 g) was added dropwise to 
hexaethylene glycol (4e) (31.41 g; 111.2 mmol) under an argon atmosphere. The mixture was stirred 
at room temperature for 2 hours and thereafter concentrated. The resulting dark brown viscous oil 
was taken up in 25 mL of dry dioxane. Benzyl chloride (7.0 g; 55.3 mmol) was added dropwise at 
room temperature and thereafter, the mixture was maintained at 55°C during 12 hours. The reaction 
mixture was filtered and the residue washed with CH2C12. The filtrate was concentrated and dissolved 

35 



Chapter 2 

in acidic H20 (pH = 2). The aqueous layer was extracted with Et20 to remove the dibenzyl 
hexaethylene glycol by-product. Further extraction with CH2Ch provided the crude title compound, 
which was purified by column chromatography (silica, CH2CI2iMeOH = 1911, Rt- = 0.28) to yield a 
clear oil (14.47 g, 70%). IHNMR (CDCh): 0 7.4-7.2 (5H, m), 4.55 (2H, s), 3.8-3.5 (24H, m), 2.8 
(lH, bs). DC NMR (CDCh): 0 138.1, 128.2, 127.6, 127.4,73.0,72.4,70.4 (8C), 70.2, 69.3, 61.5. IR 
(KBr, em-I): 3381,3030,2870, 1495, 1455, 1351, 1296, 1249, 1206, 1143, 1100,948,738,700. 

[2-{2-(2-[2-{2-(2-Benzyloxy-ethoxy)-ethoxy}-ethoxy]-ethoxy)-ethoxy}-ethoxy]- acetic 
acid tert-butyl ester (6c) 

tert-BuOK (5.80 g, 52 mmol) was added in small portions to a stirred solution of 5c (19.2 g; 52 
mmol) in 80 mL tert-BuOH. The mixture was stirred for 1 hour at room temperature. tert-Butyl
bromoacetate (18.12 g, 93 mmol) was added dropwise, while the solution was cooled in a water bath. 
Upon addition, a precipitate (KBr) formed immediately and the suspension was stirred for a few 
hours. tert-BuOH was evaporated, the residue was brought in H20 and extraction with CH2Ci2 was 
carried out. The collected organic layers were concentrated and the crude product was purified by 
column chromatography (silica, EtOAc, Rt-= 0.32). The tert-butyl ester (6c) was obtained as a clear 
oil (18.54 g, 70%). The product was pure according to NMR and TLC. IH NMR (CDCI): 0 7.4-7.3 
(5H, m), 4.55 (2H, s), 4.02 (2H, s), 3.8-3.55 (24H, m), 1.45 (9H, s). DC NMR (CDCh): /) 170.1, 
138.2, 128.2, 127.6, 127.4,81.7,73.1,70.6,70.5 (10C), 69.3, 69.0, 28.0. FTIR (KBr, cm- I

): 2869, 
1747,1454,1368,1227,1144,1110,943. 

{2-(2-Benzyloxy-ethoxy)-ethoxy}-acetic acid, (7a) 

A solution of O-monobenzyldiethylene glycol Sa (15.0 g; 76.4 mmol) and tert-BuOK (17.14 g; 152.8 
mmol) in dry D:MF was stirred at room temperature for 1 hour under an argon atmosphere. The 
solution turned brown. Bromoacetic acid (11.23 g; 76.43 mmol) in 50 mL of dry D:MF was added 
dropwise, while the solution was cooled in an ice bath. A precipitate (KBr) formed immediately. 
After all the bromoacetic acid was added, the ice bath was removed and the solution was stirred for 
another hour. D:MF was evaporated and the residue was dissolved in 100 mL of aiM NaOH solution 
and stirred for an hour. The starting product Sa was removed by extraction of the aqueous layer with 
CH2Ch. The aqueous layer was then brought to a pH of 2 with a HCI-solution and extraction with 
CH2Ch yielded crude product, which was contaminated with tert-butoxy acetic acid. This 
contamination was removed by coevaporation with tetralin. Distillation in a kugelrohr apparatus 
(200-225 °C; 0.05 mbar) yielded the pure title compound as a viscous clear oil in a yield of 55% 
(10.61 g). IH NMR (CDC h): 0 7.4-7.2 (5H, m), 4.56 (2H, s), 4.18 (2H, s), 3.8-3.55 (8H, m). 
BC NMR(CDCh): () 173.7, 137.7, 128.1, 127.6, 127.4,72.9,70.8,70.3,70.1,69.0,68.1. FTIR(KBr, 
ern-I): 3030,2871, 1744, 1496, 1454, 1354, 1246, 1206, 1119, 1026,931,883,852,740,699. These 
data are in agreement with the data published in an earlier report [17]. 

[2-{2-(2-Benzyloxy-ethoxy)-ethoxy}-ethoxy]-acetic acid, (7b) 

O-Monobenzyltriethylene glycolSb was coevaporated twice with PhMe. A solution of 5b (100.0 g; 
416.7 mmol) in 100 mL dry D:MF was added to a solution oftert-BuOK (93.52 g; 833.3 mmol) in 
150 mL dry D:MF. The mixture turned from yellow to dark brown and was stirred for 2 hours at room 
temperature under an argon atmosphere. Bromoacetic acid (58.48 g; 416.7 mmol) in 100 mL dry 
D:MF was added dropwise over a period of 1 hour, while the mixture was cooled in an ice bath. Upon 
addition of bromo acetic acid, a precipitate (KBr) formed immediately. The mixture was stirred 
overnight. DMF was evaporated and the residue was dissolved in 1 liter of aiM NaOH-solution. 
The deep orange aqueous layer was extracted .. ith CH2Ch to remove all unreacted 5b. (The CH2C12 

layers were collected, dried with MgS04, filtered and concentrated to recover 15.15 g of Sb). The 
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aqueous layer was brought to a pH of 2 with concentrated HCl and thereafter extracted with CH2Ch 
to yield crude product. The tert-butoxyacetic acid contamination was removed by coevaporation with 
tetralin. The title compound was obtained as a brown viscous clear oil. Yield 93.83 g (76%). 
IHNMR (CDCI3): 0 7.4~7.2 (5H, m), 4.55 (2H, s), 4.1 (2H, s), 3.75-3.55 (12H, m). 13C NMR 
(CDC13): 15 173.2, 137.7, 128.0, 127.5, 127.3,72.8,70.7,70.2,70.1 (3C), 69.0, 68.1. FTIR(KBr, 
em-I): 3030,2871, 1755, 1496, 1453, 1350, 1248, 1205, 1110, 1027,944,853, 740, 700.~S 
Calcd. 298.1416 Found 298.1411. 

[2-(2-(2-[2-(2-(2-Benzyloxy-ethoxy)-ethoxy}-ethoxy]-ethoxy)-ethoxy}-ethoxy]-acetic 
acid, (7c) 

A solution ofTF A (23.1 mL; 0.3 mol) and compound 6c (11.3 g; 26.3 mmol) was stirred for 1 hour at 
room temperature under an argon atmosphere. The mixture was concentrated in vacuo and the residue 
was dissolved in 200 mL dry Et20. The solution was added to 450 mL H20, which was kept at a pH 
of 12 by simultaneous addition of a 0.4 M NaOH solution. The aqueous layer was washed with 
CH2Ch and EhO to remove contaminations. After adjustment of the pH to 2, the aqueous layer was 
extracted with CH2Ch. The CH2Cl2 layers were collected, dried with MgS04 and concentrated to 
yield 7c as a viscous clear oil. Yield: 8.60 g (86%). IHNMR (CDCh): 09.8 (tH, bs), 7.3-7.15 (5H, 
m), 4.55 (2H, s), 4.05 (2H, s), 3.75 (2H, m), 3.7-3.5 (22H, m). BC NMR (CDCI3): 15 172.4, 138.1, 
128.2,127.7,127.5,73.1,71.2,70.5·70.4 (9C), 70.3, 69.3, 68.7. FTIR (KBr, em-I): 3467,2872,1740, 
1455,1351,1297,1249,1201,1112,950,849,741. Elemental analysis: Calcd C 58.59 H 7.96 Found 
C 58.36 H 7.57. ES·MS mlz 429 [M - Wr. 

{2-(2-Hydroxy-ethoxy)-ethoxy}-acetic acid, (8a) 

Compound 7a (7.35 g; 26 mmol) was dissolved in a mixture of 100 mL dioxane, 5 mL H20 and a few 
drops of concentrated HCl. PdlC (10%) (0.10 g) was added to this solution and hydrogenation under 
50 psi H2-overpressure during 2.5 hours gave complete dehenzylation. The suspension was filtered 
and the filtrate was concentrated in vacuo to yield the title product as a viscous clear oil, that was 
slightly contaminated with oligomers as a result of esterification. Yield: 4.0 g (93%). IH NMR 
(CDCh): 15 7.0 (2H, bs), 4.17 (2H, s), 3.8-3.55 (8H, m). BC NMR(CDCh): 0172.9,72.2,70.7,70.0, 
68.1, 61.1. ~S Calcd. 164.0685 Found 164.0685. 

[2-(2-(2-Hydroxy-ethoxy)-ethoxy}-ethoxy]-acetic acid, (8b) 

Compound 7b (8.0 g; 26.8 mmol) was dissolved in a mixture of 100 mL dioxane, 5 mL H20 and a 
few drops of concentrated HCl. PdlC (10%) (0.1 g) was added and the mixture was shaken under 50 
psi H2-0verpressure for 7 hours. After 4 hours new PdlC was added. The suspension was filtered and 
concentrated in vacuo. Compound 8b was obtained as a clear oil (97%, 5.35 g). lH NMR (CDCh): /) 
7.6-7.1 (2H, bs), 4.11 (2H, s), 3.75-3.5 (12H, m). BC NMR (CDC!,): /) 172.3,72.3,70.7,70.5,70.1, 
70.0,68.7,61.5. 

[2-{2-(2-[2-{2-(2-Hydroxy-ethoxy)-ethoxy}-ethoxy]-ethoxy)-ethoxy}-ethoxy]-acetic acid, 
(8c) 

Compound 7c (13.0 g, 30 mmol) was dissolved in 100 mL dioxane and PdlC (10%) was added. The 
mixture was shaken for 8 hours under a 30 psi Hroverpressure. The catalyst was removed by 
centrifugion, the solvent was evaporated in vacuo and the title compound was obtained as a yellowish 
clear oil. Yield: 10.0 g (97%). 'H NMR (CDCI): 15 7.0 (2H, bs), 4.15 (2H, s), 3.8-3.5 (24H, m). BC 
NMR (100 MHz, CDCb): 0172.4,72.3,70.9,70.4-70.3 (7C), 70.2, 70.1, 68.5, 61.4. ES-MS mlz 339 
[M-Wr. 
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SnOct2-Catalyzed polymerization of 2,11-dioxo-18-crown-6 (compound 1) 

In a glovebox, 871JL of a 0.158 M solution of SnOct2 in dry PhMe was added to the monomer 1 (0.20 
g: 0.68 mmol). Then, polymerization was carried out under an inert atmosphere of dry argon at 130 
"C. The polymerization was stopped after 20 hours (100% conversion). The crude polymer was 
dissolved in a small amount of CH2Ch and precipitated in EhO. After the Et20 was decanted, the 
polymer was again dissolved in a small amount of CH2CI2• Precipitation in hexane yielded the 
polymer as a yellowish sticky oil. Yield: 0.17 g (85%). Poly-( 1,4.7.1 0.13. 16-hexaoxacyclo
octadecane-2.11-dione): IHNMR (CDCl3): 0 4.30 (2M, m), 4.17 (2H, s), 3.80-3.60 (6H, m). 
DC NMR (CDCIl ): 0170.3,70.8,70.5,68.9,68.5,63.8. SEC-analysis: Mn 7.5 kg/mol, M,jM" 1.7 
(polystyrene calibration standards were used). 

SnOct2-Catalyzed polymerization of 2-oxo-12-crown-4 (compound 2) 

Compound 2 was distilled in vacuo (0.005 mbar; 80 "C) and immediatly transferred to a glovebox. 
There, 2 (2.00 g; 10.5 mmol) was brought in a 10 mL Schlenk-flask which had previously been 
silylated. A 0.158 M solution of SnOct2 in PhMe (1.33 mL) was added to the monomer. The Schlenk
flask was transferred out of the glovebox and the PhMe was evaporated in vacuo. Thereafter, the 
polymerization was conducted at 130°C under dry argon. The reaction was stopped after 20 hours 
(100% conversion). The crude polymer was dissolved in a minimum amount ofCH2Ch and 
precipitated in Et20. The Et20 was decanted and the polymer was again dissolved in CH2Cl2 and 
precipitated in hexane. The polymer was obtained as a clear sticky oiL Yield: 1.77 g (89%). Poly
(l.4,7.10-tetraoxacyclododecan-2-one): IHNMR (CDCb): 04.35-4.29 (2H, m), 4.19 (2H, s), 3.77-
3.60 (IOH, m). DC NMR (CDCb): 0 170.4,70.9,70.5 (3 x), 68.9, 68.4, 63.8. SEC-analysis: Mn = 9.0 
kg/mol, MwfMn 1.87 (polystyrene calibration standards were used). 

SnOct2-Catalyzed polymerization of 2-oxo-21-crown-7 (compound 3) 

Compound 3 (0.20 g; 0.62 mmol) was dissolved in 50 mL of dry PhMe and was heated under reflux 
for 16 hours in a soxhlet extraction apparatus with 3A molsieves in the thimble. The procedure was 
executed under a dry argon atmosphere. The PhMe was evaporated in vacuo. A 0.0248 M solution of 
SnOct2 in dry hexane was prepared in a glovebox and 1 mL of this solution was added to the 
monomer (MJSnOct2 = 25). Dry PhMe was added to collect all monomer at the bottom of the flask. 
The mixture was stirred at 40°C for one hour under a argon atmosphere to evaporate all solvent. 
Polymerization was performed by heating the mixture to 130°C under a dry argon atmosphere. The 
polymerization was stopped after 144 hours (93% conversion). The crude polymer was dissolved in a 
minimum amount ofCH2Ch and precipitated in Et20. The Et20 was decanted and the polymer was 
again dissolved in CH2Ch. Precipitation in hexane yielded the polymer as a brownish sticky oil. Poly
(1,4, 7,JO,13,16,19-heptaoxacyclaheneicosan-2-one): IHNMR (CDCll ): S 4.31-4.28 (2H, m), 4.l8 
(2H, s), 3.64-3.37 (22H, m). BC NMR (CDC!;): () 170.4, 70.9, 70.5 (9x), 68.9, 68.5, 63.8. FTlR 
(KBr, em-I): 3484 (w), 2868, 1959, 1752, 1455, 1350, 1286, 1124, 1042,950,853,724,578. SEC
analysis: Mn 11.4 kg/mol, MwfMn = 1.9 (polystyrene calibration standards were used). 
DSC: Tg 44°C (dCp = 0.89 J'g-I·K-I). 
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Chapter 3 

Unconventional, amphiphilic polymers 

based on chiral polyethylene oxide derivatives 

Summary 

The first representatives of a new class of synthetic, amphiphilic polymers - polyethylene 

oxide based (PEO based) polymers 1-3 are introduced. These polymers are constituted in 

a similar way as coiled-coil forming peptides: the polymers possess a regular repeat of 

apolar (A) residues in a polar (P) sequence of residues. Polymers 1-3 can thus be 

characterized by the formulas [PAPPAPP'j" or [PAPP'j", in which P stands for an ethylene 

oxide unit and A stands for a hydrophobically modified ethylene oxide unit. The preporation 

of 1-3 comprises the synthesis and SnOct2-catalyzed ring opening polymerization of 2-oxo

crown ether monomers (8S)-4 - (S)-6. Alternatively, polymers 1-3 have been obtained by the 

polycondensation of their OJ-hydroxycarboxylic acid precursors. 1 H NMR and J3c NMR 

analysis as well as eiectrospray mass spectroscopy (ES-MS) verified the integrity of the 

followed synthetic route and, therefore, corifirmed the regular repeat of polar and apolar 

segments in 1-3. The critical aggregation concentrations (CACs) of 1-3 in H20 at 20 "c 
were determined by a fluorescence study, using pyrene as an apolar fluorescent probe. The 

CACs (i) were strongly influenced by the size of the hydrophobic segments in the polymer and 

by the frequency at which these segments were repeated in the polymer and (iiJ varied over a 

wide concentration range (i.e. polymer 1 displayed a CA C of ca. 0.002 mglmL, whereas 

polymer 3 showed a CAC of ca. 0.15 mglmLJ. Thus, tailoring of the CAC is possible in these 

new synthetic, amphiphilic polymers. 

1 

3.1 Introduction 

thnr-B n 

2: R=i-Bu 
3: R=Me 

Ampbiphilic polymers are of ftmdamental scientific interest and find their use in industrial 

applications. Over the years, many of these polymers, in which hydrophilic ( or polar) and 



LTJ:UfJlfer 3 

hydrophobic (or apolar) segments are combined, have been investigated. Amphiphilic 

polymers can be obtained by alternating hydrophilic and hydrophobic blocks, as exemplified 

in frequently studied block copolymers such as polystyrene/poly(sodium acrylate) (PSIPANa), 

polystyrene/poly( ethylene oxide) (pSIPEO) or polyethylene oxide/polypropylene oxide 

(PEOIPPOIPEO) [1]. Other approaches to acquire amphiphilic polymers include the co

polymerization of monomers of opposing polarity or the post-modification of polymers [2]. 

Recently, special architectures have been employed to construct new amphiphiles in general, 

and new amphiphilic polymers in particular [3J; dendrimers and star polymers, for instance, 

have been used in the synthesis of amphiphiles [4 J. All these approaches have added to a 

better understanding of the structure-property relationship in amphiphilic (macro )molecules, 

but up to date, no general theory has been put forward to describe the behaviour of 

amphiphiles. Therefore, an increased control over the properties of amphiphiles remains in 

demand, especially regarding the highly specific functions that are possible for amphiphiles, 

as exemplified in some vital natural systems (e.g. phospholipid bilayers in cell membranes, 

enzymes in which hydrophobic microdomains serve as specific receptor-sites). 

, F' 
+ 0

"", GOA' 

, " F " , , I 

"'.. / 
"',' A 0-

S E 

E' 

G' 

A B 

Figure 3.1: Coiled coil representations. The 'helical wheel' representation (Figure A) is an end-on
view of two a-helices that build up a coiled coil. In every 'wheel', the repeating unit of seven amino 
acids is drawn. Positions A and D (andA' and DJ are occupied by hydrophobic residues such as 
leucine (Leu), while pOSitions B, C and D (and B', C' and DJ are occupied by hydrophilic, a-helix 
stabilizing residues such as serine (Ser). Finally, positions E and G (and E' and G J are occupied by 
lysine (Lys) and glutamic acid (Glu), which at the right pH give salt bridges between the two a
helical units of the coiled coil [5 J. The association process is schematically drawn in Figure B. In 
H20, the apolar ribbons on the surfaces of the amphiphilic a-helices -for simplicity drawn as 
cylinders 'click'together, thereby deforming the two helices to two left-handed superhelices. After 

association, the ribbons are buried in the interior of the coiled coil and are thus shieldedfrom the 
aqueous environment. 

A unique 'ribbon'-type of amphiphilicity is observed in coiled-coil forming peptides such as 

myosin [6]. Myosin has a 72-repeat of apolar (A) amino acids in a polar (P) sequence of 
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amino acids and can therefore be characterized by the formula [PAPPAPP]n' This typical 72-

repeat gives rise to a-helical peptides with a hydrophobic ribbon along the surface of the 

a-helix, causing the association of two peptide macromolecules to a double superhelix - a 

so-called coiled coil (see Figure 3.1). 

To our knowledge, the design of non-peptide, synthetic polymers with a potential 'ribbon'

type of amphiphilicity has never been addressed. A first approach to such synthetic analogues 

of coiled coils is presented in this Chapter and involves the synthesis of the chiral, PEO-based 

polymers shown in Figure 3.2. The choice for the PEO-based target polymers 1-3 - the ester 

function in the backbone has been introduced for synthetic reasons - is inspired by the 

solubility and the dominantly hydrophilic behaviour ofPEO in H20 and by the 7r helical 

conformation ofPEO in dilute aqueous solutions. In contrast, PPO and polybutylene oxide 

(PBO) are hardly soluble in H20 [7], while PEOIPPOIPEO as well as PEOIPBOIPEO block 

copolymers show distinct amphiphilic behaviour [8]. Therefore, ethylene oxide fragments are 

regarded as polar (or hydrophilic), whereas alkyl substituted ethylene oxide fragments are 

apolar (or hydrophobic). Consequently, stereoregular placing of isobutyl side-chains at every 

second and fifth unit of a seven unit repeat of ethylene oxides - as shown in polymer 1 -

results in a synthetic analogue of coiled-coil forming polypeptides, in the sense that the design 

of the primary structure is identical. Polymers 2 and 3, both having a [PAPPAPP']

resembling [PPAP']-repeat in the primary structure, can be used to investigate the structure

property relationship in this type of polymers. 

1 2: R=i-Bu 
3: R= Me 

Figure 3.2: Synthetic coiled-coil analogues based on PEO. Isobutyl side-groups are chosen in 
analogy to the isobutyl side-groups of the leucine residues in coiled-coilformingpeptides. The 
methyl side-groups are chosen analogous to the methyl side-groups in PEOIPPOIPEO block
copolymers. Chirality is introduced in analogy to the chirality present in peptides. Polymer 1 and 
polymers 2 and 3 can be abbreviated in the formulas {PAP PAP P '] nand [P PAP,} n , respectively. 

In this Chapter, we report on (i) the synthesis of polymers 1-3, (ii) the molecular 

characterization of 1-3 and their precursors by IH NMR, BC NMR., chromatography 

techniques and electrospray mass spectroscopy (ES-MS) and (iii) experimental evidence for 

the amphiphilic behaviour of macromolecules t-:-3 in aqueous solutions. This evidence 

includes the determination of the critical association concentrations (CACs) ofl-3 in H20 at 

20 °c by fluorescent-probe measurements, employing pyrene as the fluorescent apolar probe. 
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Whether these synthetic polymers 1-3 form well-defined higher structures such as coiled 

coils will be discussed in Chapter 4. 

3.2 Results and discussion 

Synthetic approaches to polymers 1-3 

The chiral fragments in polymers 1-3 - the isobutyl and methyl substituted ethylene oxide 

fragments - have been introduced by starting the syntheses of these polymers with either (S)

leucine or ethyl (S)-lactate (both are commercially available and optically pure). Modification 

of these compounds to monoprotected diols, subsequent Williamson syntheses with glycol 

fragments in combination with protection and deprotection steps and a fmal cyc1ization of ID

hydroxycarboxylic acids will yield the 2-oxo-crown lactones (SS)-4, (S)-5 and (S)-6 (see 

Figure 3.3). 

(SS)-4 R = i-Bu ~o 
~ OH 

--

A~ 

2: R= i-Bu 
3: R=Me 

--

Figure 3.3: Two routes to polymers 1-3. A. Ring opening polymerization of the 2-oxo-crown ether 
monomers (SS)-4 - (S)-6. B. Polycondensation of ((}ohydroxycarboxylic acids. 
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In the lactones, the essential repeat of polar and apolar fragments is combined with the 

presence of a fimctional group that is suitable for polymerization. The desired polymers 1-3 

can therefore be obtained by a ring opening polymerization of these lactone monomers (route 

A in Figure 3.3). An alternative, more direct and simpler approach leading to 1-3 is the 

polycondensation of their ro-hydroxycarboxylic acid precursors (route B in Figure 3.3). 

The synthesis of the alkyl-modified oxo-crown ethers (SS)-4, (S)-5 and (S)-6 

The synthesis of oxo-crown monomers (SS)-4 - (S)-6 is shown in Schemes 3.1-3.3. The 

reactions and compounds shown in Scheme 3.1 have partially been reported in literature 

[9,10]. 

a - b - C R 0 

- H lHPO 01\.. 

d -
(S)-7: R = i-Bu (S)-8: R = i-Bu (S)-9: R = i-Bu 

(S)-10: R = Me 
(S)-11: R = i-Bu 
(S)-12: R = Me 

e -
(S)-13: R = i-Bu 
(S)-14: R = Me 

(S)-15: R = i-Bu 
(S)-16: R = Me 

9 0 R h - Hohoho~~Bn -
(S)-19: R = i-Bu 
(S)-20: R = Me 

o R 

+0~-'2~0/\0~Bn 

R 

(S)-17: R = i-Bu 
(S)-18: R = Me 

0 (S)-5 

hh/\/\ -HO 0 0 0 OH (S)-6 

(S)-21: R = i-Bu 
(S)-22: R = Me 

Scheme 3.1 

a. NaN02, H:;804, H20, RT (54%); b. EtOR, HCI, PhMe, LI (75%); c. DHP, TsOR, EtlO, RT 

(87%,95%); d. LiAlH4' Et20, RT (94%, 92%); e. 1. TsO(CH2CH20hBn (37), KOR, THF, LI 

and 2. TsOR, MeOH, RT (68%, 73%); f BrCH2COOtert-Bu, tert-BuOK, tert-BuOR, RT 

(72%, 78%); g. TFA, RT (97%, 93%); h. Pd/C, H2, dioxane, RT (1 DO%, 100%); i. CoCh 

250°C (72%, 56%). The yields in brackets refer to the isobutyl and methyl substituted 

compounds, respectively. DHP = 3,4-dihydro-2H-pyran; Ts = p-toluene sulfonyl; TFA = 

trifluoroacetic acid. 
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Conversion of leucine (S)-7 by sequential diazotation (H2S04iNaN021H20) and esterification 

with EtOH gave ethyl (S)-leucate (9). Protection of esters (S)-9 and (S)-10 with 3,4-dihydro-

2H-pyran (DHP), employingp-toluenesulfonic acid (TsOR) as catalyst in EilO, yielded the 

tetrahydropyranoxy (THP) ethyl esters (S)-11 and (S)-12 in almost quantitative yields. 

Reduction of these compounds using LiAlH4 in Et20 afforded the THP-monoprotected alkyl

substituted chiral diols (S)-13 and (S)-14. Williamson syntheses of these primary alcohols 

with 2-(2-benzyloxyethoxy)ethyl tosylate (37 [11]) in boiling THF using KOH as base, and 

consecutive removal of the THP-group gave the secondary alcohols (S)-15 and (S)-16. 

Coupling with tert-butyl bromoacetate in tert-BuOH, using lert-BuOK to create the alkoxide, 

gave the tert-butyl esters (S)-17 and (S)-18 in satisfactory yields of72% and 78%, 

respectively. Acid catalyzed hydrolysis of the tert-butyl esters and hydrogenation of the 

benzyl groups gave the (J)-hydroxycarboxylic acids (S)-21 and (S)-22 in almost quantitative 

yields. The final cyc1ization step was achieved by heating the appropriate 00-

hydroxycarboxylic acid precursor with the Lewis acid CoCh (~ 11 mol%) at 250°C in a 

kugelrohr apparatus. An almost pure distillate could be collected, when reduced pressures of 

2-3 mmHg and 8 mmHg were applied for (S)-21 and (S)-22, respectively. Chromatography 

afforded the 2-oxo-12-crown-4 compounds (S)-5 and (S)-6 in yields of72% and 56%, 

respectively. These yields were more than satisfactory, so template-assisted cyclization with 

alkali chlorides, as described in Chapter 2, was not necessary here. The high dilution 

cyclization technique of Mukaiyama [12] gave an inferior yield of 34% for (S)-5. In contrast 

to the CoCh-catalyzed cyc1ization approach, this method produced a small amount of dimeric 

product (7%). 

In Schemes 3.2 and 3.3, the synthesis of the larger 2-oxo-21-crown-7 monomer (SS)-4 is 

shown. Alcohol (S)-13 was coupled with 2-benzyloxyethyl tosylate (34 [13]) in refluxing 

THF using KOH as base. After work-up, the crude product was treated with TsOH in MeOH 

to remove the THP-group. Thus, ether (S)-23 was obtained in a 77% yield. The convenient 

etherification method to produce (S)-23 (KOH, THF, reflux) similarly applied in the 

syntheses of (S)-15 and (S)-16 was introduced by Selve, who used it for the production of 

non-ionic fluoro surfactants [14]. When primary alcohols and primarytosylates are used - as 

in the synthesis of (S)-23 this method gives only low amounts of by-products. When the 

same coupling conditions are applied to the reaction of a secondary alcohol with a primary 

tosylate - as in the syntheses of compounds (S)-24 and (S)-25 more equivalents of 

tosylate and longer reaction times have to be employed to reach reasonable yields (40% and 

67% for (S)-24 and (S)-25, respectively). Evidently, more by-products such as hydrolyzed 

material are formed in these cases. Standard reaction conditions were used to debenzylate (S)-

25 to alcohol (S)-26 and to tosylate (S)-24 to (S)-27. Finally, ethylene oxide oligomer (SS)-28 

could be obtained from alcohol (S)-26 and tosylate (S)-27 in a 68% yield by applying the 

previously described reaction conditions for Williamson syntheses (KOH, THF, reflux). 
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~S~OH a 

HFo"OBO 
b .. 

(S)-13 

/. 
(S)-23 

"~,, ~ "~,, MEMO 0 0 OBn MEMO 0 0 OH 

(S)-25 (S)-26 

(S)-24 

d 1 

I\~I\ 
TaO 0 0 OBn 

(S)-27 

MEUO*r"o*roo. 
(SS)-28 

Scheme 3.2 

(L 1. TsOCH:;CH20Bn (34), KOH, THF. LI and 2. TsOH, MeOH, RT (77%); 
h. 1. THPOCH:;CH20Ts. (35), KOH, THF, LI and 2. TsOH, MeOH, RT (40%); 
c. MEMOCH:;CH20Ts (36). KOH, THF, LI (67%); d. TsCl, pyridine, 4 °C (90%); 
e. Pd/C, Hz, MeOH, RT(91%);f KOH, THF, A (68%). Ts = p-toluenesutjonyl; MEM= 
methoxyethoxymethylene. 

The ZnBr2-catalyzed removal of the methoxyethoxymethylene (MEM) group in compound 

(SS)-28 was achieved in a poor yield of only 44% (see Scheme 3.3). The reaction did not 

proceed to completion and debenzylation occurred simultaneously (7% a,m-diol side-product 

(SS)-33 was isolated). The primary alcohol (SS)-29 was coupled with tert-butyl bromoacetate 

to introduce an ester function. Sequential hydrolysis of the tert-butyl ester and hydrogenation 

of the benzyl group was conducted using standard reaction conditions. The previously applied 

CoCh-catalyzed cyclization procedure was not attempted for the m-hydroxycarboxylic acid 

(SS)-32, because it was anticipated that the monomer (SS)-4 would not be distilled effectively 

at the most extreme reaction conditions feasible in a kugelrohr apparatus (a temperature of 

250 °C and a pressure of 0.01 mmHg). A newly developed and simplified version of a ring 

closure procedure reported by Corey [15] could be used for the final reaction step to (SS)-4: at 

a concentration of 0.03 M, m-hydroxycarboxylic acid (SS)-32 was stirred for three days in 

xylene in the presence of 1.5 molar equivalents of dithiodipyridine and PPh3. 

Chromatography gave 2-oxo-21-crown-7 monomer (SS)-4 in a 50% yield. 
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(55)-28 

1 b 

~~~db"Fr~c t~:r~"O"~O." 
(55)-31 (55)-30 

!d 

H:ho'b~O'b"FrOH 
(55)-32 

e -

Scheme 3.3 

~O~ 0 

CO j (SS)-4 

Lo 0-> 
~ 

a. ZnBr], CH~12 , RT (44%); b. BrCH2COOtert-Bu, tert-BuOK, tert-BuOH, RT (85%); c. 

TFA, RT (94%); d. PdlC, H2, dioxane, H20, RT (100%); e. dithiodipyridine. PPh;, xylene. 

RT(50%). 

The overall yields for the 13-step, 9-step and 7-step syntheses of the 2-oxo crown ethers (SS)-

4, (S)-5 and (S)-6 calculated from the starting materials leucine (S)-7 and ethyl lactate (S)-lO 

are 2%, 11 % and 26%, respectively. The crown ethers have been characterized by IHNMR, 

13C NMR, GC-MS and/or HRMS techniques, FTIR and CD-spectroscopy (the latter two 

characterization techniques have only been applied to the 2-oxo-12~crown-4 ethers). The 

collected data are in agreement with the assigned structures. In Figure 3.4 the lH NMR and 

l3C NMRspectra of (S)-5 are shown: the lHNMR spectrum is rather complex due to the 

chirality of the oxo-crown ether. 

The possibility of partial racemization during the synthesis of the oxo-crown ethers (SS)-4 -

(S)-6 can not be inferred from the results of the characterization techniques mentioned above. 

Therefore, the enantiomeric excesses of several key compounds have been determined to 

analyze the reaction route from (S)-leucine and ethyl (S)-lactate to the crown ethers (SS)-4, 

(S)-5 and (S)-6 stereochemically. 
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Figure 3.4: I H NMR spectrum (upper graph with expansion) and He NMR spectrum (lower graph 
with expansion) Qf2-oxo-5-isobutyl-12-crown-4 (S)-5 in eDCh 

Stereochemical analysis of the synthetic route to (SS)-4, (S)-5 and (S)-6 

The enantiomeric excesses of the starting compounds leucine (S)-7 (e.e. = 97%) and ethyl 

lactate {S)-lO (e.e. > 99.5%) were determined by high pressure liquid chromatography 

(HPLC) on a Daicel CR(+) column and by gas chromatography (GC) on a permethylated~

cyclodextrin column processed at 90°C, respectively. To ensure that these enantiomeric 

excesses were preserved in the fmal oxo-crown ethers, all reaction steps in which (partial) 

racemization could occur were investigated separately. In Figure 3.5, these reaction steps are 

shown; they comprise the diazotation reaction on leucine (S)-7, the esterification reaction on 

leucic acid (S)-8 and the Williamson syntheses on secondary alcohols. 
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(S)-7 

a - ~o 
HO OH 

(S)-8 

b -

(S)-1S 

~o 
HO 01\ 

(S)-9 

d -

c -

Figure 3.5: Reaction steps in the syntheses of(SS)-4 - (8)-6 in which (partial) racemization might 
occur: a. diazotation (NaN02, H~04' H20, RT) and b. esterification (EtON, PhMe, HC1, A). 
Williamson syntheses on secondary alcohols may also lead to racemization. The (reality of the) 
conversions shown at c. and d. (KOH, dioxane or THF, LI) have therefore also been examined. 

The esterification (reaction b. in Figure 3.5) was investigated by heating ethylleucate (S)-8 at 

reflux under esterification conditions for a week. No signs of racemization were visible: for 

the refluxed ethylleucate (S)-8, an e.e. of 97% was determined on a permethylated 13-
cyclodextrin capillary GC-column processed at 100°C. Additionally, this result revealed that 

the diazotation of (S)-leucine (reaction a. in Figure 3.5) could not have given rise to 

racemization (actually, previous research had already shown that diazotations on various 

amino acids, including (S)-leucine, do not lead to racemization [16]). 

Williamson syntheses on secondary alcohols were investigated using (2R)-1,2-propanediol as 

model compound (reaction c. in Figure 3.5). This diol was stirred overnight at 60°C in 

dioxane in the presence ofKOH. After work-up, the diol was analyzed on a permethylated 13-
cyclodextrin capillary GC-column processed at 100°C. Comparison with the (S)-enantiomer 

indicated that no racemization had taken place. Additionally, sec-alcohol (S)-15 was coupled 

with a 3:2 mixture of the (S)- and (lV-enantiomers of2-methylbutyl tosylate (reaction d. in 

Figure 3.5) [17]. The diastereomeric products could be discriminated by IH NMR (see Figure 

3.6). Coupling of (S)-15 with the optically pure (2S)-2-methylbutyl tosylate revealed an 

expected ratio of ca. 65 between the (SS)- and (SR)-diastereomer, confirming that 

racemization does not occur in the employed Williamson syntheses on secondary alcohols. 

Finally, the 2-oxo-crown ethers (8)-5 and (S)-6 could be analyzed on the - in this research 

very useful - permethylated l3-cyclodextrin capillary GC-column. Expected enantiomeric 

excesses of97% and ca. 99.5% were measured for (S)-5 and (S)-6, respectively [18]. 
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SS:SR= 3:2 

SS 

SR 

3.16 3.08 

ppm 

SS 

1.5%SR 

e.e. = 97% 

SR 

3.16 

ppm 

I 

~~~ 
SS 

3.08 

Figure 3.6: iH NMR-detail of the shown (SS)-compound and its (SR)-diastereomer in CDCiJ, The 
isolated double doublet at 3.10 ppm is assigned to one of the two indicated protons of the (SS)
diastereomer. The corresponding diastereotopic proton of the (SR)-diastereomer shows an isolated 
double doublet at 3.17 ppm. 

The preparation of polymers 1-3 

The desired polymers 1-3 could be obtained either by ring opening polymerization of oxo

crown ethers (SS)-4, (S)-5 and (S)-6 or by polycondensation of the ro-hydroxycarboxylic acids 

(S)-32, (S)-21 and (S)-22 (see Figure 3.3 for these approaches). All the ring opening 

polymerizations were executed employing stannous 2-ethylhexanoate (SnOct2) as catalyst, 

applying catalyst/monomer molar ratios (SnOct2/M) higher than 1160 and using a 

polymerization temperature of 130°C (in Chapter 2, a SEC-study has shown that similar 

conditions can conveniently be applied to the SnOctrcatalyzed ring opening polymerization 

of2-oxo-12-crown-4). The polycondensations were performed both with and without the use 

of a Lewis acid catalyst (SnOct2 was also in these cases chosen as the catalyst). Analogous to 

the lipase catalyzed polycondensations of ro-hydroxy alkanoic acids at 55°C [19], the 

polycondensations of monomers (S)-21 and (S)-22 were also attempted with this mild 

polymerization procedure. However, no polymeric material could be obtained [17]. The 

results of all successful polymerizations, including some reference polymerizations of the 

non-substituted monomers 2-oxo-21-crown-7 and 2-oxo-12-crown-4, have been summarized 

in Table 3.1. 

All polymerizations were carried out without solvent. The ring opening polymerizations were 

all conducted under an argon atmosphere, whereas the polycondensations were all performed 

at reduced pressures (to remove the H20 that is liberated during reaction). The application of 

the SnOch-catalyst in the polycondensations could markedly reduce the polycondensation 

temperature - compare entries C with D, H with I and M with N. After reaction times of 
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typically hours only the ring opening reactions of the larger 2-oxo-21-crown-7 monomers 

require reaction times of days (entries B and L) - the reaction mixtures were dissolved in 

minimum amounts ofCH2Clz and precipitated in hexane or hexanelEtzO solvent mixtures to 

yield the polymers as yellowish, sticky oils. The number average molecular weights (Mn) of 

the polymers varied between 2 and 15 kg/mol and the measured dispersities (D) were always 

approximately 2. Unfortunately, the molecular weight of the polymers could not be tuned 

with the applied reaction conditions, probably due to the small scale on which the 

polymerizations were performed. On the basis ofthe results shown in Table 3.1, there is no 

pronounced preference for a certain polymerization procedure, although the non-catalyzed 

polycondensations require harsher reaction conditions and the ring opening polymerizations 

require longer reaction times, especially in the cases of the larger 2-oxo-21-crown-7 

monomers. 

Table 3.1: Polymerization conditions in the preparation of polymers 1-3, po/y(2 -oxo-21-crown-7) 
and poly(2-oxo-12- crown-4). 

Polymer Procedure- SnOct2fM T t Mnla] o [a] 

Polymerization type molar ratio (-) (OC) (h) (kg/mOl) (-) 

1 A - Polycond. 1137 140 7 3.5· 2.1" 

B Ring Opening 1120 130 100 5.2 1.7 

2 C - Polycond. 0 200 5 4.313.0" 2.0/2.0· 

0- Polycond. 1130 135 5 4.0· 1.7· 

E - Ring Opening 1/56 130 20 2.6 2.2 

F - Ring Opening 1123 130 24 7.4/4.6* 2.0 f 1.9' 

G - Ring Opening 1/16 130 20 7.9 2.4 

3 H - Polycond. 0 200 S 3.2 2.0 

I - Polycond. 1/45 140 4 3.5" 2.4· 

J - Ring Opening 1/23 130 20 4.1 2.0 

K - Ring Opening 1124 130 20 14.9/9.1· 2.112.1· 

poly(2-oxo- L - Ring Opening 1125 130 144 11.4 1.9 

21-crown-7) 

poly(2-oxo- M- Polycond. 0 215 S 11.017.7· 2.2/2.1· 

12-crown-4) N- Polycond. 1138 130 6 2.6" 1.S· 

0- Ring Opening 1/50 130 20 9.0 1.9 

la] The number average molecular weights (Mo) and molecular weight distributions (0) were obtained 

by SEC using polystyrene (PS) standards, except in those entries indicated with the asterix (*) in which 

polyethylene oxide (PEO) standards were used. The measured Mn is approximately 30-40% lower 

when PEO-standards are used. 
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The IH NMR and 13C NMR spectra of the polymers 1-3 suggest that polymerization is not 

accompanied with significant degradation or side reactions. As an example the J3C NMR

spectrum of polymer 1 is shown in Figure 3.7: the spectrum accounts for no more than the 

expected 22 carbons. Molecular weights of the polymers could not be determined by IH 

NMR, because the endgroup protons could not be detected separately. 

(ppm) 170 40 (ppm) 30 20 

80 75 
(ppm) 

70 65 

Figure 3.7: The HC NMR spectrum of polymer 1 in CDCh Upper left: the carbonyl signal (one 
carbon atom), upper right: the carbon signals of the isobutylsidegroups (8 carbon atoms), down: all 
carbon signals associated with the backbone ethylene-oxide fragments (13 carbon atoms). 

ES-MS characterization of polymers 1-3 

Further characterization of the polymers was possible by electrospray mass spectrometry (ES

MS). This technique facilitates the characterization of molecules with masses up to 500,000 

Dalton and is therefore widely applied in the study of proteins [20]. ES-MS is a mild mass 

spectroscopy technique, which allows pre-existing ions in solution to be transferred to the gas 

phase with minimumfi'agmentation. Proteins, for example, are converted to polycationic 

species in acidic media and can therefore ideally be detected in the so-called positive ion 

mode. The mass-charge ratios (m/z) of the proteins is measured and from these data the mass 

of the protein can be calculated. Polymers 1-3 can ideally be characterized in the negative ion 

mode, since 1-3 are macromolecules with one carboxylic endgroup. Under neutral or basic 

conditions, the carboxylic acid endgroups will be deprotonated and one macromolecule will 

bear exactly one negative charge. Consequently, m/z-values equal to the molecular weight of 

the polymeric species minus.one will be measured. Polymers 1-3 were analyzed in aqueous 

mixtures ofMeCN, to which CH3COO~ crystals were added to assure deprotonation of the 

carboxylic endgroup. 
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Figure 3.8: ES-MS-spectra of polymers 1, 2 and 3 andpoly(2-oxo-12-crown-4) inflgures A, B, C and 
D, respectively [21}. The y-axes have arbitrary units. The observed molecular weightlcharge-ratios 
(mlz) of the oligomeric species obey the formula mlz = 17 + n' FW monomeric unit, with FW monomeric 
unit = 434, 246, 204 and 190for 1,2,3 andpoly(2-oxo-12crown-4), respectively. 

In Figure 3.8, four ES-MS spectra of polymers 1, 2, 3 and poly(2-oxo-12-crown-4) are shown. 

It can be seen that only discrete molecular weights are measured. The molecular weights of 

the repeating units of 1,2,3 and poly(2-oxo-12-crown-4) are 434, 246, 204 and 190 Dalton, 

respectively, and therefore, the measured discrete values correspond to the deprotonated 

oligomeric species of the investigated polymers (i.e. FWoligomer = (Ooligomer' FWmonomericunit) + 
FW water 1). These results prove the integrity of the synthetic procedure that has been used to 

obtain polymers 1-3. In particular, it shows that during polymerization no significant 

degradation, leading to the disruption of the regular repeat of the polar and apolar segments in 

the polymers, has occurred. From the ES-MS data, a molecular weight distribution different 

from the distribution determined by SEC (see Table 3.1) emerges, because only masses 

smaller than 3000 Dalton have been measured. This observed difference can be explained by 

assuming fragmentation ofthe polyesters at the ester function in the mass spectrometer. A 
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more probable clarification for the observed inconsistency is a lower sensitivity of higher 

molecular weight species for detection in the negative ion ES-MS mode [22]. This 

explanation implies that ES-MS does not characterize the bulk of the material under 

investigation. 

It was also attempted to characterize polymers 1-3 in the positive ion mode. It was 

anticipated that Nl4 + -adducts could be detected. However, this was not the case. In some 

instances, Na+-adducts were detected, although this cation was not added to the solution that 

was measured. This result is comparable to the measurement ofTFA-adducts in the 

characterization of polymer 2 (see Figure 3.8B; TFA was not added, but TFA-adducts were 

measured in small amounts due to the use ofTFA in a previous reaction step). Again, these 

results indicate that ES-MS does not characterize the bulk of the material under investigation. 

Polymers 1-3: a new class of amphiphilic polymers 

The behaviour of polymers 1-3 was studied in H20 and in aqueous solvent mixtures. In H20, 

transparent solutions were only observed at low concentrations « 0.1, < 0.3 and < 1.0 

mg/mL, for polymers 1, 2 and 3, respectively). In contrast to the low molecular weight 

compounds (SS)-28 and (S)-21 [23], stable turbid solutions were obtained when polymers 1-3 

were brought in H20 at concentrations of 1-10 mg/mL [24]. A turbid solution of polymer 1 

and a slightly turbid solution of polymer 3 in H20 were investigated with dynamic light 

scattering (DLS). Aggregates with diameters of ca. 300 and ca. 200 nm were found in the 

solutions of 1 and 3, respectively [25]. The observed behaviour of 1-3 in aqueous solutions is 

reminiscent of the behaviour of amphiphilic polymers in H20, so further examination of these 

systems was conducted. 

A fluorescent-probe study is a simple and effective way to measure the critical aggregation 

concentration (CAC) of amphiphilic compounds or polymers [26,27]. The basis for such a 

study is the dependence of the fluorescent behaviour of an apolar probe on the polarity of the 

environment of this probe. A widely applied probe is pyrene. When association of polymers 

in aqueous solutions takes place, the apolar pyrene will preferentially be positioned within the 

polymer aggregates. Therefore, the presence of aggregates in aqueous solutions of 

amphiphilic polymers can be probed by the measurement ofthe excitation and emission 

spectra of pyrene. 

For clarification, the excitation and emission spectra ofpyrene in the absence and the 

presence of polymer aggregates of 1, are depicted in Figure 3.9. The maximum in the 

excitation spectrum shifts from 335 to 338 nm upon aggregation and thus the 133811335-ratio of 

pyrene is a measure for the presence of polymer aggregates \11. = the intensity of fluorescence 

at wavelength A). In the emission spectrum such a measure is found in the 13I1l -ratio: relative 
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to the II-maximum, the h-maximum increases upon aggregation (ll and 13 are the intensities 

of fluorescence of the first and third vibronic band in the emission spectrum ofpyrene). 

Excitation Emission 

Atnm Atnm 

Figure 3.9: The excitation (A..m == 390 nm) and emission (A..x 338 nm) spectra ofpyrene in aqueous 
solutions of polymer 1. Pyrene concentrations of 4.1,1 (T7 M (both lines) and polymer concentrations 
of 6.4·1 rr mg/mL (solid line, absence of aggregates) and 1.6 mg/mL (dotted line, presence of 
aggregates) were used, respectively. Temperature: 20°C. 

Aqueous solutions with increasing concentrations of polymers 1-3, poly(2-oxo-12-crown-4) 

and PEO were investigated with the fluorescent-probe technique using pyrene as the probe 

[28]. Additionally, the turbidity of the solutions was measured by determination of the 

absorbance of these solutions at 700 nm. All measurements were conducted at 20°C and the 

results of the experiments are summarized in Figure 3.10. A clear picture emerges: three 

regimes can be observed. In the first regime - at low concentrations of polymer - no 

aggregates of polymer chains exist. This situation changes at the CAC of the polymer (the 

onset of the change in 1338/1)35- or I31I1-ratio). Aggregate formation begins, but the aqueous 

solutions remain trarJsparent (regime 2). Further increase of the polymer concentration gives 

the formation of stable turbid solutions, which is the characteristic of regime 3 (in the case of 

poly(2-oxo-12-crown-4) and PEO this third regime is not observed, because the aqueous 

solutions remain trarJsparent). 

A different CAC-value was determined for every polymer under investigation (see Table 3.2, 

in which all measured CAC-values have been collected). For polymers 1-3, poly(2-oxo-12-

crown-4 and PEO, CACs of2.1·1O-3, 1.3'10-2,0.15,0.62 and 1.5 mglmL were measured. The 

introduction of hydrophobic segments in a hydrophilic sequence gives polymers with an 

increased impetus for aggregate formation, as is evident from comparison of the CAC-values 

of polymers 1-3 with those found for poly(2-oxo-12-crown-4) and PEO. Focusing on the 

56 



Unconventional, amphiphilic polymers based on chiral polyethylene oxide derivatives 

calculated average CACs, it is clear that the CAC can be tailored by (i) the frequency at which 

the alkyl side-groups of the polymers repeat and (ii) the size of these alkyl side-groups. A 

slight reduction in the frequency of the repeat of isobutyl groups compare polymers 1 and 

2 - results in a sixfold increase of the CAC. Replacement of the isobutyl side-groups by 

methyl side-groups compare polymers 2 and 3 - gives an approximate tenfold increase in 

the CAC. Finally, the influence of molecular weight on the CAC-value was not noticeable. 

Comparison of the CACs of two batches of polymer 2 with molecular weights of 4.3 and 2.6 

kg/mol, respectively, (entries C and E in Table 3.1) does not show a significant difference in 

CAC (see Table 3.2). 
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Figure 3.10: Fluorescent-probe studies on aqueous solutions of polymer 1-3 and poly(2-oxo-12-
crown-4}. Shown are excitation (Aem 390 nm; 1331/1335; II), emission (.1..x 338 nm; IJh' .. ) and UV
data (A700nm; ~ at different concentrations of polymer in H20 at 20°C. The concentration (log c) is 
calculated in mg/mL. The results concerning polymer 1, 2, 3 and poly(2-oxo-12-crown-4} are shown 
in Figure A, B, C and D, respectively. A pyrene concentration of 4.1,1 tT7 M has been used for all 
data points. 

It must be noted that the accuracy of the measured CAC-values is low: the distribution in the 

collected data is high, so an error in the average CAC of 50% is realistic. However, such an 

57 



Chapter 3 

error is inherent to the determination ofCACs [26]. Moreover, the size of this error is not 

dramatic, because the differences between the CACs of the investigated polymers are an order 

of a magnitude larger. 

Table 3.2: The critical aggregation concentrations (CACs) of polymers 1-3, poly(2-oxo-12-crown-4) 
and PEa in H20 at 20°C as determined by the fluorescent-probe technique. The CACs have been 
derived from both the emission and the excitation spectra of pyrene at various concentrations of the 
polymer in H20. Applied pyrene concentration: 4.1·1 (T7 M Emission spectra: lex = 338 nm. 
Excitation spectra: A..m = 390 nm. Absorption measurements at 700 nm produced the turbidity-data. 

polymer Mn[bl 10gCACem. log CACex. CACaverage [cl Onset 

(entry) [a) (kg/mol) (mg/mL) (mglmL) (mg/mL) turbidity 

(mg/mL) 

1 (A) 3.5* -2.81 -2.53 2.1,10-3 ",0.1 

2 (C) [d) 4.3 -2.00 -1.67 1.5'10-2 ",0.3 

(E) 2.6 -2.21 -1.72 1.1,10-2 

3 (I) 3.5* -n.91 -n.75 1.5'10-1 
'" 1.0 

poly(2-oxo-12- 2.6* -0.16 -n.26 0.62 [g) 

crown-4) (N) 

PEO[e) 8.0 If] 10°18 1.5 [g) 

[a] The entry character defines which polymer batch has been used and it refers to the entries in Table 
3.1. [b] Measured by SEC: PS-standards or PEO-standards (*) were used. [c] The average CAC was 
calculated by taking the average of log CACem. and log CACex. (these are the CACs derived from the 
emission and the excitation spectra. respectively). [d] Here. a pyrene concentration of 1.2'10-7 M and a 
Aex of 339 nm were applied. Ie] Purchased from Sigma Chemicals (Article No. P-2139). If) No clear 
onset was visible. [gJ The solutions did not become turbid at higher concentrations. 

It is interesting to compare the new amphiphilic polymers 1-3 to the amphiphilic 

PEOIPPOIPEO block copolymers, which are chemically and in molecular weight 

similar. Alexandridis[29] has determined the CACs of these block copolymers, varying the 

block sizes of both the PPO and the PEO block (see Table 3.3). It can be seen that the CAC

values ofPEOIPPOIPEO copolymers are considerably higher than the CAC-values obtained 

for 1-3. For block copolymers with PPO-blocks smaller than 50 units in size, the CAC at 

20°C was even higher than 200 mg/mL. A parallel between both amphiphilic systems is the 

possibility to adjust the CAC-value by changing the constitution of the polymer. However, in 

the case of polymers 1-3, CAC-values can be obtained over a much wider concentration 

range (compare the fifth columns of Table 3.2 and Table 3.3). 
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Table 3.3: CAC-values of PEO/PPO/PEO block copolymers in H20 at 20 °C as determined by 
Alexandridis [29]. 1,6-Diphenyl-l,3,5-hexatriene was used as the fluorescent probe. 

polymer [a1 Mn PO-units in PPO- EO-units in PEO- CAC 

(kg/mol) block (-) blocks (-) (mg/mL) 

P103 5.0 60 2 x 17 7 

P104 5.9 61 2 x27 20 

P105 6.5 56 2 x 37 22 

P123 5.8 69 2 x 19 1.8 

F127 12.6 65 2 x 100 40 

Ia] The investigated polymers were Pluronic copolymers purchased from BASF. 

Another characteristic ofPEOIPPOIPEO block copolymers is the formation of cubic, 

hexagonal and lamellar (meso)phases inp-xylenelH20 solvent mixtures. Such phases are 

observed when the solvents are present in only a few weigh~1o [30). In a preliminary study, 

polymer 2 was investigated at 20°C under a microscope with crossed polarizers [31]. 

Varying amounts of p-xylene and/or H20 were added to polymer 2, but no birefringence was 

observed. Consequently, the formation of hexagonal or lamellar phases could be excluded for 

this system. 

Finally, the viscosities of aqueous solutions of polymers 1-3 were measured at concentrations 

both higher and lower than the determined CAC [32}. This was done to investigate whether 

aggregation would give a significant increase in viscosity as for example observed for the so

called associative thickeners [27b,33J. In the case of polymers 1-3, no such increase was 

measurable. In fact, for all solutions, the observed viscosities were equal to the viscosity of 

H20. 

3.3 Conclusion 

PEO-based polymers that possess a regular repeat of hydrophobic segments - small blocks, 

a few atoms in length - in a hydrophilic sequence of segments, exhibit amphiphilic 

behaviour in aqneous solutions. The first representatives of such PEO-based synthetic 

ampbipbilic polymers - polymers 1-3 have been introduced in this Chapter. With a 

fluorescent-probe study, the CACs (critical aggregation concentrations) ofthese polymers at 

20°C have been determined. Aggregation of the polymers was strongly promoted by the 

presence of the hydrophobic segments, as was evident from a comparison of the CACs of 1-3 

with the CACs ofPEO and poly(2-oxo-12-crown-4); polymers lacking hydrophobic 

segments. Additionally, the CAC was dependent on both the size of the hydrophobic segment 
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as well as the frequency at which such a segment was repeated in the polymer. It appears that 

tailoring of the CAC of these amphiphilic polymers over a wide concentration range is 

possible (CACs of ca. 0.002 mg/mL and ca. 0.15 mg/mL were measured for 1 and 3, 

respectively). 

Further research in this field can concern itself with the following questions: "How does the 

stereo- and regioregularity in the PEO-based polymers influence the amphiphilic properties?", 

"Does the described principle of repeating hydrophobic and hydrophilic segments also yield 

amphiphilic polymers when other polar polymers, such as for example PV A-based 

(polyvinylalcohol) or PEA-based (polyethylene amine) polymers, are used?", "Can these 

chiral amphiphiles serve any special functions?", and fmally "Do these polymers form well

defmed higher structures - such as coiled coils - in aqueous solvents?". The following 

Chapter will address to this last question, by studying the polymers with optical rotatory 

dispersion (ORD) spectroscopy, thereby making use of the chirality in the PEO-based 

polymers. The examination of polymers 1-3 with TEM will also be reported in Chapter 4. 

Experimental 

General 

Commercially available compounds employed in the syntheses were used without further 
purification, except tosylchloride which was recrystallized from hexane. The applied KOH had a 
purity> 85%. The used solvents were dried if necessary: EtzO was dried on CaCh and stored on 
sodium wire. Dioxane was distilled from LiAI~, CH2Ch from CaH2 or P20 S, pyridine from KOH 
and PhMe from CaH2; all were stored on activated molsieves (heated at 90°C under vacuum for 24 
hours). THF was inunediately used after distillation from Na. 

Details on the devices used for NMR-spectroscopy, size exclusion chromatography (SEC), 
electro spray mass spectroscopy (ES-MS), gas chromatography mass spectroscopy (GC-MS), 
elemental analysis and infrared spectroscopy (FTIR) as well as information on the materials used for 
column chromatography are collected in the "General" of Chapter 2. Optical rotations were measured 
on a JASCO DIP 370 digital polarimeter. CD-spectra were taken on a JASCO J-600 
spectropolarimeter. Fluorescence measurements were performed on a PE LS 50B luminescence 
spectrometer. Dynamic light scattering (DLS) measurements were conducted on a Malvern 4700C 
with a PCS-lOO spectrometer (J. = 488 nm) at an angle of 90° (spherical shaped aggregates were 
assumed). A PE Auto System GC was used to determine optical purities of several compounds. A 25 
m WCOT fused silica capillary column coated with a 0.25 )..lm thick CP Chirasil DEX CB 
(permethylated l3-cyclodextrin) stationary phase was used. The capillary column had an inner 
diameter of 0.25 mm. Detection was carried out with an FID. Helium was used as carrier gas. The 
determination of the optical purity ofL-leucine was achieved on a chiral Daicel CR (+) HPLC
column (carried out at DSM Research Holland). Differential scanning calometry measurements were 
performed on a PE DSC-2, applying two heating and cooling runs. UV Nis measurements were 
performed on a PE UV Nis Spectrophotometer Lambda 2B. 
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ES-MS measurements 

The compounds (some compounds have been characterized by ES-MS) and polymers were dissolved 
in polar solvents or polar solvent mixtures (such as typically MeCNlHzO) in such a way that solutions 
with concentrations of approximately 0.2 mg/mL were obtained. A few crystals of CH3C00Nl':l4 
were added to the aqueous solutions of the polymers to create a sufficiently basic medium in which 
carboxylates are formed preferentially. Care was taken that the solutions remained clear and did not 
phase separate. 

Fluorescent-probe measurements 

The aqueous polymeric solutions that have been subjected to measurements were prepared as 
follows. Stock solutions of the polymers in MezCO were weighed in precision flasks of 10 mL and to 
every flask 150 ,.u., of a 2.7'10-5 M pyrene stock solution in Me2CO was added. The Me2CO was 
removed in vacuo at room temperature. Finally, 10 mL H20 was added to each flask and the aqueous 
solutions were stirred for 15 hours at 4°C. The flasks were wrapped in aluminum foil to prevent the 
pyrene from degrading. In the luminescence spectrometer, the cuvettes were kept at 20°C by a 
thermostat bath. For the excitation measurements, slits of 6 nm and 4 nm and for the emission 
measurements, slits of 4.25 nm and 3 nm were used for the emission and excitation slits, respectively. 

Poly-(8(S), 17 (S)-di-isobutyl-2-oxo-21-crown-7), 1 

Procedure A: ro-Hydroxycarboxylic acid (SS)-3~ (210 mg; 0.46 mmol) and 25 ilL of a 0.50 M 
SnOct2-solution in PhMe were brought in a Schlenk flask (1137 moleq. SnOct2)' The mixture was 
stirred and was allowed to polymerize for 7 hours at 140°C and 0.04 mbar. Precipitation in hexane 
gave a viscous, yellowish, clear oiL Yield: 160 mg (SO%). SEC: M" = 3.5 kg/mol; D = 2.1 (PEO 
standards). DSC: - 44 °C (~Cp = 0.87 J.g-1oK1). 

Procedure B: 2-Oxo-21-crown-7 (SS)-4 (23 mg; 0.053 mmol) and 17,.u., ofa 0.158 M SnOct2-
solution in PhMe were brought in a Schlenk flask (1120 catalyst/monomer ratio). The PhMe was 
evaporated at 30 mbar and 40 °C. Thereafter, the mixture was stirred at 130°C under an argon 
atmosphere for 4 days. The sticky product was dissolved in a minimum amount of CH2Ch and 
precipitated in 5 mL ice-cold hexane. A yellowish, clear, oily polymer (8 mg; 35%) was obtained. 
SEC: Mn = 5.2 kg/mol; D 1.7 (PS standards). 

1H_NMR (400 MHz, CDCh, 25 °C, TMS): & ~ 4.3 (2H, m, CHz-Clli-CO), 4.2 (2H, s, CO-Clli-O), 
3.9-3.5 (20H, m, further backbone protons), 1.75 (2H, m, CHz-CH(CH3h), 1.45 (2H, m, CH'H"
CH(CH3h), 1.25 (2H, m, CH'H"-CH(CH3h), 0.90 (12H, m, 4 x CH3). 13C_NMR (100 MHz, CDCh, 25 
°C): & = 170.5 (CO), 77.6, 77.5, 74.5, 74.2, 71.3, 70.9, 70.S, 70.6, 69.4(2), 69.1, 68.5, 63.7 (backbone 
carbons), 41.2, 41.1, 24.5(2), 23.3(2), 22.4, 22.3 (isobutyl carbons). 

Poly-(5(S)-isobutyl-2-oxo-12-crown-4), 2 

Procedure C: ro-Hydroxycarboxylic acid (S)-21 (O.S g; 3.03 mmol) was brought in a flask and was 
rotated for 5 hours in a kugelrohr apparatus. The temperature was gradually raised to 200°C and a 
vacuum of 0.1 mbar was maintained. The obtained oil was precipitated from CHzCb in hexane to 
give a viscous, yellowish, clear oil. Yield: 330 mg (45%). SEC: Mn 4.3 kg/mol; D = 2.0 (PS 
standards) and Mn 3.0 kg/mol; D '" 2.0 (PEO standards). 

Procedure D: ro-Hydroxycarboxylic acid (S)-21 (500 mg; I.S9 mmol) was brought in a flask, and 125 
,.u., of a 0.50 M SnOct2-solution in PhMe was added (1130 moleq. SnOct2)' The flask was rotated for 5 
hours in a kugelrohr apparatus. The temperature was kept at 135 °C and a vacuum of 0.6 mbar was 
maintained. The obtained oil was precipitated from CH2Cb in hexane to afford a viscous, yellowish, 

61 



3 

clear oil. Yield: 340 mg (73%): SEC: M" = 4.0 kg/mol; D = 1.7 (PEO standards). DSC: Tg - 34°C 
(dCp 1.12 J.g-I·KI). 

Procedure E: Oxo-crown ether (S)-5 (310 mg; 1.26 mmo1) and 45 !JL of a 0.50 M SnOctz-solution in 
PhMe were mixed in a Schlenk flask (56/1 monomer/catalyst-ratio), after which the PhMe was 
removed by evaporation in vacuo. The mixture was stirred and polymerization was carried out for 20 
hours at 130°C under an atmosphere of argon. Dissolution in a minimum amount of CH1Clz and 
precipitation in hexanelEtzO, 411 gave a yellowish, viscous oil. Yield: 210 mg (68%). SEC: Mn 2.6 
kg/mol; D 2.2 (PS standards). 

Procedure F: Oxo-crown ether (S)-5 (220 mg; 0.89 mmol) and 77 !-!L of a 0.50 M SnOctz-solution in 
PhMe were mixed in a Schlenk flask (23/1 monomer/catalyst-ratio), after which the PhMe was 
removed by evaporation in vacuo. The mixture was stirred and polymerization was carried out for 24 
hours at 130°C under an atmosphere of argon. Dissolution in a minimum amount of CH1Ch and 
precipitation in hexane/Et20, 4/1 gave a yellov.ish, viscous oiL Yield: 125 mg (57%). SEC: Mn 704 
kg/mol; D 2.0 (PS-standards) and 4.6 kg/mol; D = 1.9 (PEO standards). 

Procedure G: Oxo-crown ether (S)-5 (100 mg; 0041 mmol) and 50 !-!L of a 0.50 M SnOctz-solution in 
CHzCh were mixed in a Schlenk flask (16/1 monomer/catalyst-ratio). after which the CHzCh was 
removed by evaporation in vacuo. The mixture was stirred and polymerization was carried out for 20 
hours at 130°C under an atmosphere of argon. Dissolution in a minimum amount of CH1Clz and 
precipitation in hexane gave a yellowish, viscous oiL Yield: 80 mg (80%). SEC: Mn = 7.9 kg/mol; D 

2.4 (PS standards). 

IH_NMR (400 MHz, CDCI3, 25°C): 8 = 4.3 (4H, m, CHz-Cfb-CO and CO-Cfb-O), 3.7-3.4 (9H, m, 
further backbone protons), 1.75 (tH, m, CH2-C!!(CH3)2), 104 (lH, ddd, 2J = 14.0 Hz, 3J 8.5 Hz, 3J = 
5.9 Hz, CH'H"-CH(CH3)z), 1.25 (tH, ddd, 2J = 14.0 Hz, 3J = 8.1 Hz,3J 4.8 Hz, CH'H"-CH(CH3h), 
0.9 (6H, dd, 3J 7.0 and 6.6 Hz, CH2-CH(C!L)2)' 13C_NMR (100 MHz, CDCh, 25°C); 8 170,8 
(CO), 78.0, 75.0,70.6,70.4,69.0,67.7,63.6 (backbone carbons), 40.9, 24.3, 23.2, 22.3 (isobutyl 
carbons). 

Poty-(5(S)-methyl-2-oxo-12-crown-4), 3 

Procedure H: ro-Hydroxycarboxylic acid (S)-22 (300 mg; 1.36 mmol) was brought in a flask, that was 
rotated for 8 hours in a kogelrobr apparatus. The temperature was gradually increased to 200°C and a 
vacuum of 10 mmHg was maintained. The obtained oil was precipitated from CH2Clz in EtzOlhexane, 
111 to give a viscous oil. The oil was dissolved in MeCN and active carbon was added. Filtration and 
evaporation gave 250 mg (90%) ofaclear, viscous oil. SEC; M" = 3.2 kg/mol; D = 2.0 (PS 
standards). 

Procedure I: ro--Hydroxycarboxylic acid (S)-22 (500 mg; 2.25 mmol) and 100!JL of a 0.50 M SnOctr 
solution in PhMe were brought in a Schlenk flask (1145 moleq. SnOch). The mixture was stirred and 
was allowed to polymerize for 4 hours at 140°C and 0.03 mbar. Precipitation from CH2Ch in 
Et20lhexane, 5/1 gave a viscons, yellowish, clear oil. Yield: 330 mg (72%). SEC: M" 3.5 kglmol; D 

204 (PEO standards). DSC; Tg = - 39°C (dCp = 0.85 J.g-1oKI ). 

Procedure J: Oxo-crown ether (S)-6 (150 mg; 0.74 mmol) and 65 J,tL of a 0.50 M SnOct2-s01ution in 
CH2Ch were mixed in a Schlenk flask (2311 monomer/catalyst-ratio). Then, the CH2Ch was removed 
by evaporation in vacuo. The mixture was stirred and polymerization was carried out for 20 hours at 
130°C under an atmosphere of argon. Dissolution in a minimum amount of CH2Ch and precipitation 
in hexane gave a yellowish, viscous, clear oil. Yield: 140 mg (93%). SEC; Mn 4.1 kg/mol; D = 2.0 
(PS standards). 
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Procedure K: Oxo-crown ether (S)-6 (240 mg; 1.18 mmol) and 100)!L ofa 0.50 M SnOctz-solution 
in PbMewere mixed in a Schlenk flask (24/1 monomer/catalyst-ratio). Thereafter, the PhMe was 
removed by evaporation in vacuo. The mixture was stirred and polymerization was carried out for 20 
hours at 130°C under an atmosphere of argon. Oissolution in a minimum amount of CH2Ch and 
precipitation in hexanefEt20, 4/1 gave a yellowish, viscous, clear oil. Yield: 210 mg (88%). SEC: Mn 

9.1 kg/mol; 0 = 2.1 (PEO standards) and Mn = 14.9 kglmol; 0 = 2.1 (PS standards). 

IH_NMR (400 MHz, CDCh, 25°C, TMS): 0 4.3 (2H, m, CHz-Clli-CO), 4.25 (2H, s, CO-Clli-O), 
3.8-3.45 (9H, m, further backbone protons), 1.2 (3H, d, 3J = 6.6 Hz, CH3); 13C_NMR (100 MHz, 
COCh, 25°C): 0 = 170.5 (CO), 75.1(2), 70.3, 70.1, 68.6, 66.6, 63.3 (backbone carbons), 16.6 (methyl 
carbon). 

Poly-(2-oxo-21-crown-7) 
Procedure L: Ring opening polymerization of 2-oKo-21-crown-7 (compound 3 in Chapter 2) at 130 
cc during 144 hours using SnOct2 as catalyst (25/1 monomer/catalyst ratio). SEC: Mn 11.4 kg/mol; 
o 1.9 (pS-standards). See the experimental of Chapter 2 for further details on this polymer. 

Poly-(2-oxo-12-crown-4) 

Procedure M; [2-(2-{2-Hydroxy-ethoxy}-ethoxy)-ethoxy]-acetic acid compound 8b in Chapter 2 
(2.7 g; 13.0 mmol) was brought in a flask, that was rotated in a kugelrohr apparatus for 8 h. The 

temperature was gradually raised to 215 cc, while a vacuum of 2 mbar was maintained. The residue 
was dissolved in a minimum amount of CH2Ch and precipitated in Et20. The polymer was obtained 
as a brown, sticky oil. Yield: 1.95 g (66%). SEC: Mn = 7.7 kg/mol; D 2.1 (PEO standards); Mn = 
11.0 kglmol; 0 = 2.2 (PS standards). OSC: Tg 42 °c (~Cp = 0.96 J.g-loK l

). 

Procedure N: [2-(2-{2-Hydroxy-ethoxy}-ethoxy)-ethoxy]-acetic acid compound 8b in Chapter 2 
(380 g; 1.83 mmol) and 95 JiL of a 0.50 M SnOct2-s01ution in PhMe were brought in a flask (38/1 

monomer/catalyst ratio). The flask was rotated at 130°C for 6 h. A vacuum of 10 mbar was 
maintained. The residue was dissolved in a minimum amount of CH2Ch and precipitated in Et20. The 
polymer was obtained as a yellowish, sticky oil. Yield: 280 mg (80%). SEC: Mn 2.6 kg/mol; 0 = 

1.8 (PEO standards). 

Procedure 0; Ring opening polymerization of2-oxo-12-crown-4 (compound 2 in Chapter 2) at 130 
"C during 20 hours using SnOct2 as catalyst (5011 monomer catalyst ratio). SEC: Mn = 9.0 kglmol; 0 

1.9 (PS standards). See the experimental of Chapter 2 for further details on this polymer. 

(8S, 17 S)-2-0xo-8, 17 -d i-isobutyl-21-crown-7, (SS)-4 

a.,ro-Hydroxycarboxylic acid (SS)-32 (47 mg; 0.10 mmol) was dissolved in 3.5 mL dry and oxygen
free xylene. PPh3 (40 mg; 0.15 mmol) and dithiodipyridine (33 mg; 0.15 mmol) were added and the 
clear solution was stirred for three days (after one day the solution had become slightly turbid). The 
solvent was evaporated and the residue was treated with hexane. Collection of the hexane phases and 
evaporation of the solvent gave crude product that was purified by silica column chromatography. 
Subsequent elution by PhMe!EtOAc, (411) and EtOAc gave 23 mg (50%) of the title compound as an 
oil. IHNMR (COCh): 0 4.4 (2H, m), 4.25 (2H, dd, 2J = 16.9 Hz, O-CfuCOO-), 4.0--3.4 (20H, m), 
1.75 (2H, m), 1.45 (2H, m), 1.15 (2H, m), 0.9 (l2H, d, 3J = 6.6 (4x». 13C NMR (COCI3): 0 170.9 

(CO), 40.9, 40.7, 24.5 (2x), 23.3, 23.2, 22.4, 22.2 (isobutyl carbons), 77.7, 77.5, 75.7, 75.4, 71.2, 71.0 
(2x), 70.5, 69.7, 69.6, 68.9 68.4 and 63.8 (carbons ofthe ring). GC-MS (FW = 434): mlz 434 and 435. 
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(5S)-5-lsobutyl-1 ,4,7,1 O-tetraoxa-cyclododecan-2-one, (S)-5 
Two procedures were followed: 

Method A (improved method): Compound (S)-21 (0.357 g; 1.35 mmol) was brought in a small flask 
together with CoCb·6H20 (45 mg, 0.19 mmol). The blue solution was distilled in a kugelrohr 
apparatus (225-240 °C; 2-3 mmHg). During five h, 0.285 g of a clear oil was collected. TLC analysis 
showed that the oil consisted mainly of the title product and contained also a small amount of dimer. 
Alumina colunm chromatography with hexanelEtOAc, (3/1) gave 240 mg (72%) of a clear oil (Rr = 

0.37). 

Method B: Compound (S)-21 (0.346 g; 1.31 mmol) and triethylamine (1.37 mL; 9.85 mmol) were 
dissolved in 100 mL dry MeCN. This solution was added to a refluxing MeCN solution (125 mL) 
containing 2-chloro-6-methylpyridinium iodide (1.25 g; 4.89 mmol). The addition was performed 
with a mechanical syringe over a period of 9 hours at a constant addition rate. During the reaction the 
colour of the solution changed from yellow to brown. After the addition was complete, the solution 

was heated at reflux for another half an hour. Evaporation of the MeCN and coevaporation with 
MeCN to remove triethylamine yielded a brown sticky semi-solid to which EtOAc was added. 

Collection of the liquid and evaporation of the solvent gave 0.75 g crude product. Alumina colunm 
chromatography with hexanelEtOAc, (311) and EtOAc was performed to give 162 mg monomer with 

a small impurity and 24 mg (7%) dimer. Distillation (100°C, 0.03 mbar) of the crude monomer in a 

kugelrohr apparatus gave a clear yellowish oil. Yield: 110 mg (34%). 

Title compound: IH NMR (CDCb): 0 4.6 (lH, ddd, 2J 12.0, 3J = 7.0, 3J = 2.8), 4.35 and 4.10 (2H, 

dd,2J 16.2 Hz, O-CfuCOO-), 4.1 (lH' ddd, 2J 12.0 Hz, 3J = 5.9 Hz, 3J = 3.0), 3.95 (lH' ddd, 2J 
12.0 Hz, 3J 5.9 Hz, 3J = 2.6),3.75 (lH' ddd, 2J 12.0 Hz, 3J 3.9 Hz, 3J = 2.2),3.7-3.6 (3H, m), 
3.6-3.4 (4H, m), 1.8 (lH, m, CH-CH2-CHCCH3h), 1.5 (lH, ddd, 2J = 14.1 Hz, 3J = 8.8 Hz, 3J = 5.5, 

CH-CH'H"-CH(CH3h), 1.15 (lH, ddd, 2J = 13.7 Hz, 3J 8.8 Hz, 3J 4.5, CH-CH'H"-CH(CH3H 0.9 
(6H, dd, 3J = 7.0 and 6.6 Hz, CH2-CH(CfuH DC NMR (CDC!,): 0170.9 (CO), 40.3, 24.1, 22.9 and 
21.7 (isobutyl carbons), 79.6, 75.7, 71.1, 69.7, 69.3, 68.7 and 62.8 (carbons of the ring). FTIR (em-I): 

v 2950,1760,1465,1355,1290,1190,1140,1050,915,870,825. TLC: Rr(hexanelEtOAc, (3/1), 
alumina) 0.37, Rr (EtOAc, alumina) = 0.80, Rr (EtOAc, silica) 0.45, Rr (hexanelEtOAc, (3/1), 

silica) 0.12. [a]D28 (c = 3.7; CHCh) = + 7.8°. GC-MS (FW 246.3): 246.3 and 247.3. HRMS: 
Ca1cd 246.1467 Found 246.1436. GC-analysis on a permethylated J3-cyclodextrin colunm showed an 

e.e. of 97%, a value equal to the e.e. of the starting compound (S)-leucine (7). CD-spectroscopy 

showed a positive Cotton effect at 220 um (guo 0.005, MeCN, 20°C) [34] . 

. Dimer: lHNMR (CDCh): 0 4.4 (4H, dd,2J 16.6 Hz, O-CfuCOO-), 4.3 (4H, m), 3.75-3.45 (18H, 
m), 1.85 (2H, m, CH-CH2-CHCCH3h), 1.5 (2H, ddd, 2J 14.1 Hz,3J 8.8 Hz, 3J = 5.5, CH'H"
CH(CH3)2),), 1.15 (2H, ddd, 2J:; 12.9 Hz, 3J 8.5 Hz, 3J 4.4, CH'H"-CH(CH3h), 0.9 (12H, dd, 3J = 

6.6 and 6.6 Hz, CH2-CH(Cfu)2)' l3C NMR (CDCh): S 171.1 (CO), 40.9, 24.4, 23.2 and 22.2 (isobutyl 

carbons), 77.7, 76.2, 70.6, 70.5, 69.1, 68.1 and 63.7 (carbons of the ring). Rr (hexanelEtOAc, (311), 
alumina) 0.20, Rr (EtOAc, alumina) 0.80, Rr (EtOAc, silica) = 0.45, Rr (hexanelEtOAc, (3/1), 
silica) 0.05. GC-MS (FW = 492.6) 492.5 and 493.50. 

(5S)-5-Methyl-1 ,4,7,1 O-tetraoxa-cyclododecan-2-one, (S)-6 

Compound (S)-22 (0.526 g; 2.37 mmol) was brought in a small flask together with CoCh·6H20 (51 
mg, 0.21 mmol). The blue solution was distilled (225-250 °C; 8 nunHg) in a kugelrohr apparatus. 

During five hours 0.40 g of a clear oil that mainly consisted of the title product was collected. 
Alumina column chromatography with hexanelEtOAc, (3/1) was performed, giving 270 mg (56%) of 
a pure clear oil (Rr = 0.30). IH NMR (CDCb): S 4.45 (lH, ddd, 2J = 11.8 Hz, 3J 7.0 Hz, 3J 2.6), 
4.25 and 4.05 (2H, dd, 2J = 16.1 Hz, O-CHlCOO-), 4.1 (lH, ddd, 2J = 12.0 Hz, 3J = 5.9 Hz, 3J 2.9), 
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3.85 (lH, ddd, 2J = 11.8 Hz, 3J = 5.9 Hz, 3J 2.6),3.8-3.3 (8H, m), 1.05 (3H, d, 2J 6.6 Hz, 0-
CH(Clli)-CHrO-). l3C NMR (CDC!,): 0 171.0 (CO), 16.9 (methyl carbon), 77.0, 76.1, 71.2, 69.8, 
68.7 (2) and 63.2 (carbons of the ring). TLC: Rr(hexanelEtOAc, (311), alumina) 0.30, Rr 
(hexanelEtOAc, (l/1), alumina) 0.45. [a]D23 (c = 4.0; CHCh) = + 36.9°. FTIR-data (cm-I): v = 

2950,1760,1465,1355,1290,1190,1140,1050,915,870,825. GC-MS (FW 204.2): 204.25. 
FIRMS; Calcd 204.0998 Found 204.0959. GC-analysis on a pennethylated j3-cyclodextrin column 
showed an e.e. > 99.5%, a value equal to the e.e. of the starting compound ethyl (S)-lactate (10). CD
spectroscopy showed a positive Cotton-effect at 220 nm (MeCN, 20 "C). 

(2S)-2-Hydroxy-4-methylpentanoic acid (Ieucic acid), (S)-8 [10] 

A solution of concentrated H2S04 (15 mL; 0.28 mol), 375 mL H20 and (S)-leucine «(S)-7) (50 g; 0.38 
mol) was cooled to 0 °C. A NaNOz-solution (39 g; 0.57 mol, in 100 mL H20) was added dropwise 
over an hour. During this addition the temperature of the reaction mixture was kept below 5 0c. The 
mixture was stirred for 24 hours at 4°C, after which the H20 was evaporated in vacuo. The 
remaining semi-solid was extracted with EtzO. Evaporation of the EtzO yielded a yellowish oil that 
solidified upon cooling. Coevaporation with PhMe to remove traces ofHzO was followed by 
precipitation of the resulting solid in a 1: I mixture of EhO and petroleum ether (40-60 0c) to give 
the pure product. Yield: 27 g (54 %). IH NMR (CDCh): 04.3 (UI, m, HO-CID, 1.9 (tH, In, (CH3n
CJj-CHr ), 1.6 (2H, m, (CH3)2-CH-CHz-), 0.95 (6H, dd, (Clli)2-CH-). BC NMR (CDCI3): 0 179.9 
(C=O), 68.8 (H01;.H), 43.2 (CH3)rCH-hH2-), 24.4, 23.2,21.4 (hH3n-hH-CHz-). [a]Dzo (c = 1.65; 
HzO) - 12.2° (lit. [35] = -13.3°). 

(2S)-2-Hydroxy-4-methylpentanoic acid ethyl ester (ethylleucate), (S)-9 [10] 

Leucic acid, compound (S)-8, (61.5 g; 0.47 mol) was dissolved in a mixture of350 mL EtOH, 175 
mL PhMe and 2.0 mL concentrated HCl. During one hour and a half the solvents were slowly 
distilled, after which a new portion of solvent was added (150 mL EtOH and 80 mL PhMe). The 
removal of solvent was repeated and the remaining yellowish oil was distilled (100°C; 25 mmHg) to 
give a clear colourless oil. Yield: 56 g (75%). tH NMR (CDCI): 0 4.2 (3H, m; HO-CJj-CH2(COOEt)
and 0-CHz-CH3), 3.45 (lB, bs, OH), 1.9 (lH, In, (CH3h-CJj-CHr ), 1.55 (2H, m, (CH3n-CH-CHz-), 
1.3 (3H, 0-CH2-Clli), 0.95 (6H, dd, (Cllin-CH-). BC NMR (CDCh): 0175.7 (C=O), 68.9 (HO-hH
CH2(COOEt)-), 61,3 (0-hH2-CH), 43.2 (CH3)z-CH-hHr), 24.2, 23.0,21.3 (hH3h1;.H-CHr), 14.0 
(0-CH2-hH3)' [a]D20 (p = 0.97 g/mL; neat) =-10.8° (lit. [10] = 10.8°). 

The same procedure as shown for (S)-leucine (7) has also been carned out for racemic leucine (with 
comparable results). 

(2S)-4-Methyl-2-(tetrahydropyran-2-yl-oxy)-pentanoic acid ethyl ester, (S)-11 [10,36] 

Ethylleucate, compound (S)-10, (16.5 g; 103.1 mmol) and 3,4-dihydro-2H-pyran(9.95 g; 118.5 
mmol) were dissolved in 40 mL dry Et20. After cooling of the solution in an ice bath for half an hour, 
TsOH·H20 ("" 0.1 g) was added. The solution was stirred for 20 hours at room temperature, after 
which the reaction mixture was diluted with 30 mL EtzO. The ethereal solution was sequentially 
washed with a saturated NaHC03 solution (20 mL) and with H20 (2 x 10 mL). Drying with K ZC03 

and evaporation of the solvent yielded the crude product that was distilled (75°C, 0.4 mbar) to give a 
clear oil. The product was stored on NaHC03. Yield: 21.9 g (87%). IH NMR (CDCI3): 04.65 (2H, m, 

O-CllR-O), 4.35 (IH, dd, 0-CJj-CH2(COOEt», 4.2-4.1 (4H, m, 0-CHz-CH3), 3.95 (1H, dd, O-CH
CH2(COOEt», 3.9-3.75 and 3.55-3.35 (4H, 4 x m, RCHz-CHz-O ofTHP-group), 1.95-1.45 (18H, 3 
x m, 0-CHz-(CHzkCH02 of the THP-group and CH-CHz-CH(CH3)2), 1.25 (6H, 2 x t, O-CH2-Clli), 
0.95-0.85 (12H, m, CH(CH)3)2' t3C NMR (CDCh): 0 173.4 (C=O), 100.2 and 97.0 (O-hHR-O), 76.6 
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and 72.5 (0-£H-CH2(COOEt», 62.4, 62.1, 60.6 and 60.4 (RCHz-£H2-O of the HIP-group and 0-
£H2-CH3), 41.8 and 41.7 (CH-£H2-CH(CH3)2), 30.3 (2x), 25.3 and 25.2 (0-CH2-£Hz-CHz-£H2-
CH02 of the HIP-group), 24.4, 24.3, 23.2, 22.9, 22.0, 21.4 (CH2-CH(CH3)2), 19.1 and 19.0 (0-CH2-
CH2-£H2-CH2-CH02) of the HIP-group, 14.2 and 14.1 (0-CH2-£H3). TLC: Rf(EtOAc, silica) = 
0.70. [a]D20 (c = 2.77; CHCh) =- 54.3°, (lit. [10]: [a]D20 (c = 1.56%, acetone) = + 56.7°) 

(2S)-2-(Tetrahydropyran-2-yl-oxy)-propionic acid ethyl ester, (S)-12 [9,36] 

Ethyl lactate (S)-10 (50 g; 0.423 mol) and 3,4-dihydro-2H-pyran (41 g; 0.49 mol) were dissolved in 
125 mL dry EtzO. After the solution had been cooled to 0 °C, TsOH·H20 ('" 0.1 g) was added. 
Stirring at room temperature for a day resulted in completion of the reaction. The reaction mixture 
was sequentially washed with a saturated NaHC03 solution (20 mL) and with H20 (2 x 10 mL). 
Drying of the Et20 layer with MgS04 and evaporation of the Et20 yielded the crude product. 
Distillation (84-85 °C; 4.7 mbar) gave the pure title compound as a colourless oil. Yield: 81.2 g 
(95%). 'HNMR(CDCI3): 84.65 (2H, m, O-CRR-O), 4.35 (lH, dd, 0-CH-CH3(COOEt», 4.2-4.1 
(5H, m, 0-Clli-CH3 and 0-CH-CH3(COOEt)), 3.9-3.75 and 3.50---3.35 (4H, 4 x m, RCH2-Clli-0 of 
HIP-group), 1.95-1.45 (12H, 3 x m, 0-CH2-(CllikCH02 of the HIP-group), 1.4-1.3 (6H, dd, CH
C!!J(COOEt)), 1.25 (6H, 2 x t, O-CHz-C!!J). l3C NMR (CDCh): 8173.2 and 173.1 (C=O), 98.1 and 
97.4 (O-£HR-O), 72.4 and 69.8 (0-£H-CH3(COOEt)), 62.3, 62.1, 60.7 and 60.6 (RCHz-£H2-O of the 
HIP-group and 0-£H2-CH3), 30.3, 30.2, 25.3 and 25.2 (0-CH2-£H2-CH2-£H2-CH02 of the THP
group), 19.0 and 18.9 (0-CH2-CHz-£Hz-CH2-CH02) of the THP-group), 18.6 and 17.9 (CH
£H3(COOEt)), 14.1 and 14.0 (0-CH2-£H3). TLC: Rf (EtOAc, silica) = 0.67. [a]D20 (c = 3.19; CHCh) 
=-60.7°. 

(2S)-4-Methyl-2-(tetrahydropyran-2-yl-oxy)-pentan-1-ol, (S)-13 [10,36] 

Compound (S)-ll (20 g; 82 mmol) in 30 mL dry EtzO was added over a period of 30 minutes to an 
ice-cooled suspension ofLiAl~ (2.5 g; 66 mmol) in 130 mL dry Et20. The mixture was allowed to 
react for 45 minutes, after which the reaction was quenched with sequentially 2.5 mL HzO, 2.5 mL of 
a 20% NaOH-solution and 10 mL H20. In the beginning, the suspension became a gel-like mass. 

After thorough stirring a less sticky white suspension was fonned. Addition of K2C03 to the 
suspension, filtration and evaporation of the solvent, afforded a yellowish oil. Coevaporation with 
PhMe to remove traces of H20 was followed by distillation from Na2C03 (80°C; 0.87 mbar). The 
product was a clear, colourless oil.Yield: 15.6 g (94%). 'H NMR (CDCh): 84.75 and 4.45 (2H, m, 0-
CRR-O), 4.15, 4.05, 3.95, 3.85 (4H, 4 x m), 3.7 (2H, m), 3.55-3.4 (4H, m), 2.45 (2H, bs, OH), 1.95-
1.1 (18H, 6 x m, 0-CH2-(Clli)3-CH02 of the THP-group and CH-Clli-CH(CH3)2), 0.95--0.85 (l2H, 
m, CH(CH)3)2. l3C NMR (CDCI3)36: 8101.8 and 97.3 (O-£HR-O), 82.1 and 75.5 (O-£H
CH2(CH20H)), 66.5, 65.0, 64.3 and 63.3 (RCH2-£H2-O of the THP-group and -£H20H), 40.8 and 
40.5 (CH-£Hz-CH(CH3)2), 31.5, 31.0, 25.3 and 24.9 (0-CH2-£H2-CH2-£H2-CH02 of the THP
group), 24.4, 24.2, 23.2, 23.0, 22.4, 22.0 (£H2-£H(£H3h), 21.2, 20.1 (0-CH2-CH2-£H2-CH2-CH) of 
the THP-group). TLC: Rf (EtOAc, silica) = 0.53. [a]D20 (c = 3.18; CHCh) = - 26.6°; (lit. [10]: [a]D20 

(c = 2.8%, acetone) =- 35.4°). 

(2S)-2-(Tetrahydropyran-2-yl-oxy)-propan-1-ol, (S)-14 [9,36] 

Compound (S)-12 (79.4 g; 0,393 mol) in 160 mL dry Et20 was added over a period of 45 minutes to 
an ice-cooled suspension ofLiAl~ (11.5 g; 0.30 mol) in 600 mL dry EtzO. The mixture was allowed 
to react for an hour and a half, after which the reaction was sequentially quenched with 109 ice, 10 
mL of a 20% NaOH-solution and 40 mL H20. In the beginning, the gray suspension turned white and 
fonned a gel-like mass. After thorough stirring a less sticky white suspension was fonned. Decanting 
of the suspension, washing of the remaining solid with Et20, drying of the collected organic phases 
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and evaporation of the solvent gave 66 g crude product. Distillation from Na2C03 (83-85 °C; 6.1 
mbar) gave a clear, colourless oil. Yield: 58 g (92%). IH NMR (CDCh): 0 4.65 and 4.45 (tH, m, 0-
CHR-O), 4.0-3.6 (2H, m), 3.55-3.3 (3H, m), 2.55 (lH, m, OB), 1.85-1.4 (6H, 2 x m, 0-CH2-(Cfu)3-
CH of the THP-group), 1.1-0.9 (3H, dd, 0-CH(CH3)-CH20H). DC NMR (CDCh): 099.6 and 98.9 
(O-~HR-O), 77.3 and 74.6 (0-~H(CH3)-CH20H», 67.0, 66.0, 64.3 and 62.9 (RCH2-~H2-0 of the 
THP-group and~H20H), 31.4, 30.9, 25.2 and 24.9 (O-CH2-~H2-CH2~H2-CH of the THP-group), 
20.7 and 19.9 (O-CH2-CH2"~H2-CH2"CH02) of the THP-group), 17.6 and 17.0 (CH~H3)-CH20H). 
TLC: Rr(EtOAc, silica) 0.42. [a]D2{J (c = 3.15; CHC!,) =- 8.6°. 

(2S)-1-[2-(2-Benzyloxy-ethoxy)-ethoxy]-4-methy\pentan-2-ol, (S)-15 

Compound (8)-13 (5.04 g; 25.0 mmol) and tosylate 37 (11.1 g; 31.7 mmol) were dissolved in 100 mL 
dry THF. Finely ground KOH (85%; 6.1 g; 92.6 mmol) was added and the mixture was heated at 
reflux for two days. A white precipitate (TsOK) was formed. TLC-analysis showed the formation of 
product (Rr (EtOAc, silica) 0.63). After evaporation of the solvent, the remaining mixture was 
suspended in H20. Extraction with CH2CI2, drying of the collected organic layers with MgS04 and 
evaporation of the solvent in vacuo yielded 15.2 g of a yellow oil. The oil was dissolved in 75 mL 
MeOH and after cooling of the methanolic solution in an ice bath for 15 minutes TsOH'H20 (0.15 g; 
0.9 mmol) was added. TLC-analysis (silica) showed that removal of the THP-group was complete 
after 90 minutes stirring at room temperature (title product: Rr (EtOAc, silica) 0.50; DHP: Rr = 

0.60). NaHC03 was addded to quench the reaction. MeOH was evaporated, and coevaporation with 
MeOH was performed to remove all DHP. Et201H20-extraction, drying of the collected EtzO layers 
with MgS04 and evaporation of the solvent yielded 8.4 g crude oily product. TLC-analysis (silica) 
with EtOAc showed that the oil contained besides the title compound also (2S)-4-methyl-l,2-
pentanediol (Rr = 0.22), tosylate 37 (Rr = 0.65), monobenzyl-diethylene glycol (Rr = 0.30) and 
dibenzylated tetraethylene glycol (Rr= 0.50). The last contamination could be discriminated from the 
title compound by TLC-analysis (silica) using CH2Ch as an eluent (Rr-values of 0.05-0. 10 and 0 for 
contamination and product, respectively). Distillation in a kugelrohr apparatus gave three fractions: I 
(20-165 °C; 0.07 mmHg), low boiling side products containing monobenzylated diethylene glycol; II 
(200-210 °C; 0.05 mmHg), title product plus some contaminations; ffi: residue, mainly dibenzylated 
tetraethylene glycol. Fraction II (5.7 g) was purified by silica column chromatography. Sequential 
elution with hexanelEtOAc (1/1) - to remove contaminants and hexanelEtOAc, (112) - to 
collect the product - gave 5.0 g of a clear oil. IH NMR (CDCh): 07.4-7.2 (5H, m, Ph), 4.55 (2H, s, 
O-Cfu-Ph), 3.85 (1H, m, HO-CHR-CH2-D-), 3.7-3.55 (8H, m), 3.45 (lH, dd, 2J 9.9 Hz, 3J = 2.9 Hz, 
HO-CHR-CH'H"-O-), 3.25 (IH, dd, 2J = 9.9 Hz, 3J = 8.0 Hz, HO-CHR-CH'H"-D-), 2.75 (lH, bs, OB), 
1.8 (lH, ill, CH-CHz-CH(CH3n), 1.4 (1H, ddd, 2J = 14.0 Hz, 3J = 9.0 Hz, 3J 5.5 Hz, CH'lI"
CH(CH3n), 1.1 (IH, ddd, 2J = 14.0 Hz, 3J = 8.8 Hz, 3J = 4.4 Hz, CH'H"-CH(CH3h), 0.95 (6H, dd, 3J = 

6.6 Hz, 3J 7.0 Hz, CH(Clli)2). DC NMR(CDCh): 0138.1,128.2,127.6 and 127.5 (Ph), 41.8,24.3, 
23.3 and 22.0 (isobutyl carbons), 73.1 (0-~H2-Ph), 76.2, 70.5 (3x), 69.3, 68.2. FTIR (em-I): v = 3464 
(br), 2953, 2867, 1455, 1352, 1105,739,698. TLC: Rr(hexanelEtOAc, (1/1), silica) = 0.27. [a]D26 (c 

6.08; CHCh) + 1.6"; [a]D27 (c = 0.98; CHCI3) = + 2.4°; [ab20 (p 1 glmL; neat) = - 4.3°. 
Elemental analysis for C17H280 4 (FW = 296): Calcd C 68.92 H 9.46. Found: C = 68.56 H = 

9.54. 

(2S)-1-[2-(2-Benzyloxy-ethoxy)-ethoxy]-propan-2-ol, (S)-16 

Compound (8)-14 (5.15 g; 32.2 mmol) and 2-(2-benzyloxyethoxy)ethyl tosylate (37) (13.4 g; 38.3 
mmol) were dissolved in 120 mL dry THF. Finely ground KOH (85%, 7.2 g; 109.3 mmol) was added 
and the mixture was heated with reflux for three days. A white suspension was formed. Silica TLC
analysis showed that product was present (Rr(EtOAc, silica) 0.55). After evaporation of the THF in 
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vacuo, the remaining semi-solid was suspended in H20. Extraction with CH2Ch, drying of the 
collected organic layers with MgS04 and evaporation of the solvent yielded 12.9 g crude oil. The 
product was dissolved in 90 mL MeOH, and after cooling of the solution in ice for 15 minutes, 
TsOH'H20 (0.15 g; 0.9 mmol) was added. Stirring for four hours at room temperature gave complete 
removal of the THP-group (the title product had an Rrvalue of 0.30, while DHP gave an Rrvalue of 
0.60 (EtOAc, silica». NaHC03 was added to quench the reaction. MeOH was evaporated and 
coevaporation with MeOH was performed to make sure that all dihydropyran (DHP) was also 
removed. H20lEt20 extraction, drying of the collected Et20 layers with MgS04 and evaporation of 
the solvent yielded 9.3 g crude product. The oil contained besides the title compound also (28)-1,2-
propanediol (Rr (EtOAc, silica) = 0.08), tosylate 37 (Rr (EtOAc, silica) = 0.65), monobenzylated 
diethylene glycol (Rr (EtOAc, silica) 0.30 and Rf (MeCN, silica) 0.64) and dibenzylated 
tetraethylene glycol (Rr (EtOAc, silica) = 0.50). Monobenzylated diethylene glycol could be 
discriminated from the title compound using silica TLC-analysis with MeCN as an eluent (title 
compound Rr = 0.67). Distillation in a kugelrohr apparatus gave three fractions I-III. I: (20-150 °C; 
0.05 mmHg) low boiling side products, containing monobenzylated diethylene glycol; II: (150-170 
°C; 0.05 mmHg) title product plus some contaminations; ill: residue, mainly dibenzylated 
tetraethylene glycol. Fraction II (6.5 g) was purified by silica column chromatography. Sequential 
elution with hexanelEtOAc (112) - to remove contaminants (Rf-values of 0.33 and 0.60) - and with 
hexanelEtOAc, (1/3) to collect the product afforded the pure title compound as a clear oil. The 
absence of monobenzylated diethylene glycol was confirmed by TLC-analysis (MeCN, silica). Yield: 
6.0 g (73%). IH NMR (CDCh): 15 7.4-7.2 (5H, m, Ph), 4.55 (2H, s, O-Cfu-Ph), 3.95 (lH, m, HO
CJj(CH3)-CH2-0-), 3.7-3.55 (8H, m), 3.45 (lH, dd, 2J 10.0 Hz, 3J = 3.0 Hz, HO-CHR-CJj'H"-O), 
3.25 (lH, dd, 2J = 10.0 Hz, 3J = 8.1 Hz, HO-CHR-CH'Jj"-O), 3.0 (1H, bs, OID, 1.1 (3H, d, 3J = 6.6 
Hz, HO-CH(Cl!3)-CH2). BC NMR (CDCh): 15 138.0, 128.2, 127.6 and 127.5 (Ph), 18.4 (QH3), 73.1 
(O-QH2-Ph), 76.9, 70.4 (3x), 69.2, 66.1. TLC: Rr(EtOAc, silica) 0.30, Rr(hexanelEtOAc, (112), 
silica) = 0.20, Rr (MeCN, silica) = 0.67. [cr]D26 (c = 6.63; CHCh) + 13.3°. FTIR (cm-I): v = 3448 
(br),2867, 1453, 1352, 1290, 1253, 1102,740, 69<}. 

Tert-butyl (1S)-1-[2-(2-benzyloxy-ethoxy)-ethoxymethyl]-3-methylbutoxy acetate, 
(S)-17 

Compound (S)-15 (8.5 g; 28.7 mmol) was flushed with PhMe and dissolved in 40 mL tert-BuOH, 
after which tert-BuOK (3.58 g; 32.0 mmol) was added. Short heating to 40°C gave a clear, yellow 
solution. After stirring for an hour, tert-butyl bromoacetate (10.7 g; 54.9 mmol) was added dropwise. 
A precipitate (KBr) immediately formed. The reaction mixture was stirred for another hour before the 
solvent was evaporated in vacuo. CH2ClzIH20-cxtraction, drying of the collected organic layers with 
K2C03 and evaporation of the solvent yielded 15.1 g crude product. Silica column chromatography 
with hexanelEtOAc (3/1) afforded a pure clear oil (Rr= 0.23) in a yield of8.5 g (72%). IH NMR 
(CDCh): 0 7.4-7.2 (5H, m, Ph), 4.55 (2H, s, O-Cfu-Ph), 4.10 (2H, dd, 2J = 16.2 Hz, 0-
CJj'Jj"COOtBu). 3.7-3.6 (9H, m), 3.5 (2H, m), 1.8 (lH, m, CH2-CH(CH3h), 1.4 (9H, s, C(Cl!3)3), 1.4 
(lH, ddd, CH-CB'H"-CH(CH3H 1.25 (lH, ddd, 2J = 13.6 Hz, 3J 8.2 Hz, 3J = 5.2 Hz, CH-CH'Jj"
CH(CH3h), 0.95 (6H, dd, 3J 6.6 Hz, 3J "" 6.6 Hz, CH-CHz-CH(CJj3h). DC NMR (CDCh): 15 169.8 
(CO), 138.0, 128.1, 127.5, 127.3 (Ph), 80.8 (Q(CH3)3), 40.8, 24.1, 23.0 and 22.2 (isobutyl carbons), 
27.9 (C(QH3)3), 73.0 (O-QHz-Ph), 77.6, 74.8, 70.5, 70.4 (2x), 69.2 and 68.0. FTIR (em-I): v 2928, 
2868, 1750, 1454, 1368, 1300, 1224, 1126,737,698. [cr]D25 (c = 2.11; CHCh) -12.7°. 

Tert-butyl (1 S)-2-[2-(2-Benzyloxy-ethoxy)-ethoxy]-1-methylethoxy acetate, (S)-18 

Compound (S)-16 (5.75 g; 22.6 mmol) was flushed with PhMe and dissolved in 35 mL tert-BuOH. 
tert-BuOK (2.78 g; 24.8 mmol) was added, which resulted in a clear, yellow solution. After stirring 
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for an hour tert-butyl bromoacetate (8.81 g; 45.2 mmol) was added dropwise. A suspension 
immediately formed. The reaction mixture was stirred for another hour before the solvent was 
evaporated. Et201H20 extraction, drying of the collected organic layers with K2C03 and evaporation 
of the solvent yielded 11.3 g crude product. Silica column chromatography with hexanelEtOAc, (2/1) 
afforded the pure product (Rr= 0.22) as a clear oil in a yield of6.5 g (78%). lHNMR(CDCh): 15 7.4-
7.2 (5H, Tn, Ph), 4.55 (2H, s, O-Cfu-Ph), 4.1 (2H, dd, 2J = 16.6 Hz, O-CH'!rCOOtBu). 3.75-3.6 (9H, 
m), 3.55 (lH, dd, 2J 10.3 Hz, 3J 6.2 Hz, CH(CH3)-CH'H"-O-,) 3.45 (lH, dd, 2J = 10.3 Hz, 3J 4.4 
Hz, CH(CH3)-CH'!f'-O-), 1.45 (9H, 5, C(CTh)3), 1.1 (3H, d, 3J = 6.2 Hz, CH(CTh». BC NMR 
(CDCh): 15 170.1 (CO), 138.2, 128.2, 127.6, 127.5 (Ph), 17.1 (!:;.H3), 81.2 (!:;.(CH3h), 73.1 (O-!:;.H2-
Ph), 28.0 (C(!::.H3)3), 75.5, 75.2, 70.7, 70.6, 70.5, 69.3, 67.4. FTIR (em-I): v = 2975, 2867,1748, 
1454,1368,1298,1250,1226,1127,1028,940,850, 737,699. [a.]D26 (c= 1.85;CHCh) -6.6". 

(1 S)-1-[2-(2-Benzyloxy-ethoxy)-ethoxymethyl]-3-methylbutoxy-acetic acid, (S)-19 

Compound (8)-17 (8.5 g; 20.7 mmol) was coevaporated twice with CHCh before TFA (23.6 g; 207 
mmo1) was added dropwise. After five hours stirring the reaction was complete and the solvent was 
evaporated. The product was dissolved in 50 mL of dry Et20. The ethereal solution was added 
dropwise to 100 mL H20, keeping the pH of the aqueous layer at 11-12 by simultaneously adding a 
0.4 M NaOH-solution. Thereafter, extraction of the aqueous layer with Et20 was performed to 
remove possible contaminations. Remarkably, the volume ratio of both layers was much bigger than 
expected. While an aqueous/ethereal layer volume ratio of 3/1 was expected, a ratio of 2011 was 
observed. It appeared that the product acted as a surfactant, strongly increasing the solubility ofEtlO 
in H20. The aqueous layer was brought to a pH of 2 with an aqueous HC1-solution, after which it was 
extracted with CH2Cb, The collected organic layers were dried (MgS04) and concentrated to give a 
clear oiL Yield: 7.1 g (97%). IHNMR(CDCh): 15 7.4-7.2 (5H, m, Ph), 4.55 (2H, s, O-Cfu-Ph), 4.3 
(lH, d, 2J 17.1 Hz, O-CH'H"COOH), 4.05 (1H, d, 2J = 17.1 Hz, O-CH'H"COOH), 3.75-3.45 (llH, 
m), 1.8 (lH, m, CH2-CH(CH3h), 1.4 (lH, ddd, 2J = 13.9 Hz, 3J = 7.3 Hz, 3J 6.2 Hz, CH-CH'H"
CH(CH)2), 1.25 (IH, ddd, 2J = 13.9 Hz, 3J = 7.7 Hz, 3J = 5.9 Hz, CH-CH'H"-CH(CH3H 0.95 (6H, 
dd,3J 6.7 Hz, 3J = 6.7 Hz, CH2-CH(CTh)2)' l3C NMR (CDC1): 8 172.4 (CO), 137.9, 128.3, 127.7 
and 127.6 (Ph), 40.6, 24.3, 23.0 and 22.5 (isobutyl carbons), 73.1 (O-!:;.H2-Ph), 79.8, 74.2, 70.7, 70.5, 
70.1,69.3 and 68.4. FTIR (cm-I): v = 3100,3063,3030,2950,1763,1453,1352,1247,1202,1120, 
882,739,699. TLC: Rr(EtOAc, silica) = 0-0.10. [a]D26 (c = 2.22; CHCh) = + 17.5°. ES-MS m/z 
353.1 [M-W]-. 

(1 SH2-[2-(2-Benzyloxy-ethoxy)-ethoxy]-1-methylethoxy}-acetic acid, (S)-20 

Compound (8)-18 (6.5 g; 17.7 mmol) was coevaporated twice with CHCh before TFA (20.1 g; 176 
mmol) was added dropwise. After three hours of stirring the reaction was complete and the solvent 
was evaporated. The product was brought in 25 mL of dry Et10. The ethereal solution was added 
dropwise to 100 mL H20, keeping the pH of the aqueous layer on 11 by simultaneously adding a 0.4 
M NaOH-solution. Thereafter, extraction of the aqueous layer with Et20 was performed to remove 
possible contaminations. The aqueous layer was brought to a pH of2 with an aqueous HCI-solution 
and the aqueous layer was extracted with CH2Ch. The collected organic layers were dried (MgS04) 

and concentrated to give a clear yellowish oil. Yield: 5.1 g (93%). IH NMR (CDCh): 15 7.4-7.2 (5H, 
m, Ph), 4.55 (2H, s, O-Cfu-Ph), 4.25 (lH, d, 3J = 16.9 Hz, CH'H"COOH). 4.05 (lH, d, 3J = 16.9 Hz, 
CH'H"COOH), 3.65 (9H, m), 3.5 (2H, m), 1.15 (3H, d, 3J = 6.3 Hz, CH(Cfu». BC NMR (CDCh): 15 
172.6 (CO), 137.9, 128.2, 127.6 and 127.4 (Ph), 16.2 (!:;.H3), 73.0 (O-!:;.HrPh), 76.8, 74.8,70.5,70.4, 
70.1,69.2,67.1. FTIR (cm-I): v = 3100,3063,3030,2870,1761,1453,1352,1248,1204,1116, 

1028,915,883,823,742,699. TLC: Rr (EtOAc, silica) = 0-0.10. [a]D24 (c 2.37; CHCh) + 24.3°. 
ES-MS m/z 311.0 [M - W]-. 
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Chapter 3 

(1S)-1-[2-(2-Hydroxy-ethoxy)-ethoxymethyl]-3-methylbutoxy acetic acid, (S)-21 

PdlC (10%), (0.10 g) was added to a solution of compound (S)-19 (2.5 g; 7.1 mmol) in 30 mL 
dioxane and 0.75 mL H20. Hydrogenation under 50 psi H2-Qverpressure during 3 hours gave a 
complete debenzylation. The suspension was filtered and the remaining solution was coevaporated 
with MeCN to remove traces of H20. A colourless clear oil was collected. Yield: 1.85 g (100%). IH 
NMR (CDCh): S 7.3-6.8 (2H, bs, COOH and OID, 4.3 (lH, d, 2J 16.9 Hz, O-CJj'H"COOH), 4.05 
(lH, d, 2J = 16.9 Hz, O-CHJj"COOH), 3.15-3.45 (lIH, m), 1.8 (lH, 111, CHz-CH(CH3n), 1.45 (lH, 
ddd, 2J = 14.0 Hz, 3J = 6.6 Hz, 3J = 6.6 Hz, CH-CJj'H'-CH(CH3n), 1.25 (tH, ddd, 2J = 14.0 Hz, 3J = 

7.7 Hz, 3J = 5.9 Hz, CH-CHJj"-CH(CH3)2), 0.95 (6H, dd, 3J = 6.7 Hz, 3J 6.6 Hz, CH2-CH(CH3)z). 
BC NMR (CDCI3): S 112.2 (CO), 40.5, 24.4, 22.9 and 22.5 (isobutyl carbons), 79.5, 14.0, 12.4, 70.6, 
69.8,68.2,61.5. FTIR (em-I): v 3350 (br), 2953, 1744, 1462, 1359, 1211, 1123,888,156,610. 
[a1023 (c = 2.32; MeCN) = +9.1°. 

(1S)-2-[2-(2-Hydroxy-ethoxy)-ethoxy]-1-methylethoxy acetic acid, (S)-22 

Compound (S)-20 (2.5 g; 8.0 mmol) was dissolved in 30 mL dioxane and 0.15 mL H20. PdlC (10%), 
(0.10 g) was added. Hydrogenation under 50 psi H2-Qverpressure during 3 hours gave a complete 
debenzylation. The suspension was filtered and the remaining solution was coevaporated with MeCN 
to remove traces of H20. A clear oil was collected. Yield: 1.75 g (100%). IHNMR (CDCI3): S 7.3-
6.8 (2H, bs, COOH andOID, 4.3 (IH, d, 2J= 11.1 Hz,0-CH'H'COOH),4.05 (lH, d, 2J = 11.1 Hz, 0-
CHH"COOH), 3.8-3.5 (1lH, m), 1.2 (3H, d, 3J = 6.3 Hz, CH(CH3)-CH2). 13C NMR (CDCh): S 172.3 
(CO), 16.1 (~H3), 76.3, 74.8, 72.2, 70.4, 69.8, 67.0 and 61.3. FTlR (em-I): v = 3340 (br), 2910, 1743, 
1454,1354,1221,1121,920,890. [a]D23 (c = 2.64; MeCN) = + 22.4°. 

(2S)-1-(2-Benzyloxy-ethoxy)-4-methyl pentan-2-ol, (S)-23 

Alcohol (S)-13 (16.0 g; 79.2 nuuol), tosylate 34 (29.0 g; 94.8 mmol) and KOH (85%; 17.1 g; 269 
mmol) were heated at reflux in 300 mL dry THF. After 72 hours the reaction was stopped. THF was 
evaporated in vacuo, the remaining product was suspended in H20 and extraction with Et20 was 
carried out. The collected organic layers were dried and concentrated to give 29.5 g crude product, 
which was dissolved in 200 mL MeOH. After the solution had been allowed to cool down in an ice 
bath, TsOH·H20 (0.3 g; 1.7 mmol) was added. The mixture was stirred at room temperature for 2 
hours (TLC-analysis showed that the THP-group had been removed). The reaction was quenched by 
the addition ofNaHC03• After removal ofMeOH and DHP (by coevaporation with MeOH), 
H20/CH2Cl2 was carried out to yield 25 g crude product. TLC-analysis showed that besides the title 
product, also compound 34 and (2S)-4-methyl-1 ,2-pentanediol were present. Silica column 
chromatography was carried out (pet. ether (40-60 °C)lEtOAc, (211» to remove the diol (Rr = 0.1), 
and most of the tosylate, after which distillation (125 °C; om mmHg) in a kugelrohr apparatus gave 
the pure oily title compound. Yield: 15.4 g; (77 %). IH NMR (CDCh): S 7.3-7.1 (5H, m, Ph), 4.5 
(2H, O-Cfu-Ph), 3.8 (lH, m), 3.6 (4H, m), 3.45 (lH, dd, 2J 9.9 Hz, 3J = 3.0 Hz), 3.2 (lH, dd, 2J 
9.9 Hz, 3J = 8.3 Hz), 2.7 (tH, bs), 1.75 (III, m), 1.35 (lH, ddd, 2J = 13.8 Hz, 3J = 8.8 Hz, 3J 5.5, 
CJj'H"-CH(CH3n), 1.1 (lH, ddd, 2J = 13.8 Hz, 3J = 8.6 Hz, 3J 4.2, CHJj"-CH(CH3)z), 0.9 (6H, dd, 3J 

7.0 Hz (2x),CHz-CH(CH3)z). 13C NMR (CDCI3): S 138.0, 128.4, 127.8, 127.7 (Ph), 41.8, 24.4, 
23.5,22.1 (isobutyl carbons), 73.2 (~H2Ph), 76.2, 70.6,69.3,68.4. FTIR (em-I): v = 3448 (br), 3025, 
2943,2861, 1496,1449,1355, 1102,908,732,691. TLC: Rr(PhMelEtOAc, (1011), silica) = 0.15; Rr 
(PhMelEtOAc, (30/1), silica) 0.05; Rr(pet. ether (40-60 °C)lEtOAc, (2/1), silica) = 0.35. [a]D20 (p 

1 g/mL; neat) = - 5.7°; [a]D20 (c = 2.02; CHCh) = + 1.8°. 
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(1 8)-2{1-[2-Benzyloxy-ethoxymethyl]-3-methylbutoxy}-ethanoI, (8)-24 

sec-Alcohol (S)-23 (2.0 g; 7.9 mmol), tosylate 35 (5.0 g; 16.7 mmol) and KOH (85%,1.85 g; 28.0 
mmol) were heated at reflux for 48 hours in 20 mL dry THF. H20lEhO extraction was carried out 
after the THF had been evaporated. Drying of the collected organic layers and evaporation of the 
EtzO in vacuo yielded 4.2 g crude product, which was dissolved in 40 mL MeOH. TsOH'H20 (0.10 g; 
0.6 mInol) was added after the methanolic solution was allowed to cool down in an ice bath. The 
solution was stirred for an hour at room temperature, which sufficed to complete the THP-removal. 
NaHC03 was added to quench the reaction. MeOH and DHP were removed by evaporation in vacuo 
and the resulting semi-solid was taken up in H20. Extraction with CH2Ch, drying of the organic 
layers and removal of the solvent yielded 2.3 g crude product. Purification of the title compound was 
only possible via repeated column chromatography. Starting compound (S)-23 (Rf(PhMelEtOAc, 
(3/2), silica) 0.33, Rr(CH2ClzlMeCN, (10/1), silica) 0.20) could be removed by elution with 
PhMelEtOAc, (3/2). Monotosylated ethylene glycol (Rr(PhMelEtOAc, (3/2), silica) = 0.30; Rf 
(CH2ChlMeCN, (2011), silica) = 0.14; Rr(CH1ClzlMeCN, (10/1), silica) = 0.20-0.40) was difficult to 
remove. Silica flash column chromatography with CH1ClzlMeCN, (20/1) was the best purification 
method. Kugelrohr distillation could not be applied in this work-up procedure.Yield: 0.95 g (40%). 
lH NMR (CDCI3): 0 7.3-7.1 (5H, m, Ph), 4.6 (2H, O-Cfu-Ph), 3.75-3.65 (9H, m), 3.5-3.4 (2H, m), 
3.1 (lH, t, OID, 1.75 (UI, m), 1.4 (UI, ddd, 2J 13.8 Hz, 3J = 8.4 Hz, 3J = 5.2 Hz, CffH"-CH(CH3)2), 
1.2 (IH, ddd, 2J 13.8 Hz, 3J = 8.5 Hz, 3J = 4.8, CH'!I"-CH(CH3)2), 0.90 (6H, dd, 3J = 7.0 Hz, 3J 6.7 
Hz, CH(ClliH BC NMR (CDCI3): 0 138.1, 128.3, 127.7 and 127.6 (Ph), 73.2 (O~HrPh), 41.4, 
24.4,23.3,22.3 (isobutyl carbons), 77.5, 74.8, 71.9, 70.6, 69.3, 62.3. FTIR (cm- I

): v = 3448 (br), 
2955,2861, 1496, 1454, 1355, 1099,886,737,698. TLC: Rf(PhMelEtOAc, (3/2), silica) = 0.25; Rr 
(CHzChlMeCN, (20/1), silica) = 0.09, Rr(CH2CI2IMeCN, (10/1), silica) = O.IS; Rr(CH2CblMeCN, 
(5/1), silica) 0.20. [O:]D26 (c = 0.97; CHCb) = + 1.6°. 

(2-(2(8)-[2-(2-Methoxy-ethoxymethoxy)-ethoxy]-4-methylpentyloxy}-ethoxymethyl)
benzene, (8)-25 

Tosylate 36 (6.5 g; 21.4 mInol), compound (S)-23 (4.5 g; 17.9 mInol) and KOH (85%; 4.0 g; 60.7 
mInol) were heated at reflux for 5 days in 70 mL dry THF. After 24 h, portions of compound 36 (2.7 
g; 8.9 mmol) and KOH (85%; 2.0 g; 30.3 mInol) were added, because the alcohol (S)-23 was still 

present in the reaction mixture, while most of the tosylate 36 had already reacted. After 72 hours and 
after 4 days, additional portions oftosylate 36 were added (2.7 g and 0.8 g, respectively). Finally, the 
mixture was worked up by subsequent evaporation of the THF, H20lEt20 extraction of the remaining 
semi-solid, drying of the collected organic layers (MgS04) and evaporation of the solvent. This 
yielded 8.7 g crude product, which could be purified by repeated silica column chromatography using 
PhMelEtOAc, (S/I) as eluent (tosylate 36 eRr = O.IS) was hardly present in the crude product; other 
impurities were detected at Rrvalues > 0.2S). Clear oiL Yield: 4.6 g (67%). IH NMR (CDCl3): S 7.4-
7.2 (5H, m, Ph), 4.75 (O-Cfu-O), 4.S5 (2H, O-Clli-Ph), 3.85 (lH, m), 3.75-3.5 (14H, m), 3.4 (3H, s, 
O-Clli), 1.8 (IH, m), I.S (lH, ddd, 2J = 14.0 Hz, 3J = 8.5 Hz,3J 5.5 Hz, C!!'H"-CH(CH3h), 1.25 
(1H, ddd" 2J 14.0 Hz, 3J = 8.5 Hz, 3J = 4.4 Hz, CH'ff'-CH(CH3h), 0.9 (6H, dd, 3J = 6.6 Hz, 3J = 

6.6 Hz, CH(Clli)2). BC NMR (CDCh): 0 138.2, 128.2, 127.6 and 127.5 (Ph), 9S.5 (O-~H2-0), 73.1 
(O-~H2-Ph), 41.1, 24.3,23.3,22.2 (isobutyl carbons), 58.9 (O·~H3), 77.5, 74.6, 71.7, 70.7, 69.4, 

69.3,673,66.6. TLC: Rr(PhMelEtOAc, (5/1), silica) = 0.11. 

2-(2(8H2-(2-Methoxy-ethoxymethoxy)-ethoxy)-4-methylpentyloxy}-ethanol, (8)-26 

Compound (S)-25 (0.75 g; 1.95 mInol) was dissolved in 15 mL MeOH. PdlC (10%; 0.10 g) was 
added after the solution was flushed with nitrogen. The hydrogenation was conducted at 50 psi Hr 
overpressure. After three hours stirring, the suspension was subjected to centrifugation. Evaporation 
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of the solvent gave 0.52 g (91%) clear oily product. IH NMR (CDCb): 0 4.75 (O-Cfu-O), 3.8 (lH, 
m), 3.75-3.5 (14H, m), 3.4 (3H, s, O-C!L), 2.9-2.6 (Ill, bs, OID, 1.75 (lH, m), 1.5 (Ill, ddd, 2J = 

13.9 Hz, 3J = 8.3 Hz, 3J = 6.2 Hz, C!!'H"-CH(CH3h), 1.25 (Ill, ddd, 2J = 13.9 Hz, 3J 8.1 Hz, 3J 4.8 
Hz, CH'H"-CH(CH3)2), 0.9 (6H, dd, 3J = 6.6 Hz, 6.7 Hz, CH(C!LM. BC NMR (CDCb): 6 95.5 (0-
~H2"O), 40.8, 24.4, 23.2, 22.3 (isobutyl carbons), 61.6 ~H20H), 58.9 (0-~H3), 77.4, 74.1, 72.5, 
71.7,69.2,67.3,66.7. FTIR (cm-\ v 3460 (br), 2943, 2872, 1643, 1461, 1361, 1243, 1126, 1049, 
850. 

2-{1 (S)-[2-Benzyloxy-ethoxymethyl]-3-methylbutoxy}·ethyl tosylate, (S)-27 

Compound (S)-24 (2.7 g; 9.1 mmol) in 5 mL pyridine was added drop, vise to an ice-cooled solution 
of TsCI (1.8 g; 9.5 mmol) in 3 mL pyridine. The solution was stirred overnight at 4°C. The reaction 
mixture was poured into 10 mL ice water after which Et20 and aiM HCI-aqueous solution were 
added. Extraction with Et20 was carried out at a pH-value of 1-2. Drying of the collected organic 
layers and evaporation of the solvent yielded 4.0 g product. Sequential elution on a silica column was 
carried out with CH2Cl/hexane, (3/2) - to remove the excess TsCI- and with CH2Cl/MeCN, (5/1) 
to collect the clear oily product. Yield: 3.7 g (90%). IH NMR (CDCI3): 0 7.8 (2H, d), 7.4-7.2 (7H, m, 
Ph), 4.55 (2H, O-Cfu-Ph), 4.1 (2H, m), 3.85 (Ill, ddd, 2J 11.7 Hz, 3J = 5.1 Hz, 3J 4.0 Hz), 3.7 
(IIL ddd, 2J = 11.7 Hz, 3J = 5.9 Hz, 3J 4.6 Hz), 3.6-3.4 (7H, m), 2.45 (3H, s, Ph-CH3), 1.65 (IH, m), 
1.35 (Ill, ddd, 2J = 14.0 Hz, 3J 8.6 Hz, 3J = 5.3 Hz, CH'H"-CH(CH3H 1.15 (Ill, ddd, 2J 14.0 Hz, 
3J 8.8 Hz, 3J 4.4 Hz, CH'!!"-CH(CH3)2), 0.85 (6H, dd, 3J = 6.6 Hz, 3J = 7.0 Hz, CH(C!L)2). l3C 
NMR(CDCh): 0 138.1,128.2,127.8 and 127.5 (Ph), 144.5, 132.9, 129.6 and 127.4 (Ts), 73.0 (0-
~H2-Ph), 40.8, 24.1, 23.2, 22.0 (isobutyl carbons), 21.5 (~H3), 77.6, 74.7, 70.6,69.6,69.3,67.6. 
FTIR (cm-I

): v = 3063,3030,2954,2867, 1598, 1495, 1452, 1357, 1291, 1177, 1098, 1019,921,816, 
774,738,699,663. TLC: Rr(CH2ChlMeCN, (5/1), silica) = 0.90; Rr(CH2Chlhexane, (3/2), silica) = 

0.10. [aJD22 (c = 0.99; CHCh) - 9.6°. 

(4S, 13S)-1-(2-Methoxy-ethoxymethoxy)-4, 13-diisobutyl-17 -benzyloxy-3,6,9, 12,15-
pentaoxa-heptadecane, (SS)-28 

Tosylate (S)-27 (2.2 g; 4.89 mmol), alcohol (S)-26 (Ll g; 3.74 mm01) and KOH (85%,1.0 g, 15.2 
mmol) were heated at reflux in 15 mL dry THF. After three days the solvent was evaporated in vacuo 
and the resulting semi-solid was suspended in 15 mL H20. Extraction of the aqueous layer with Et20 
was followed by drying of the collected organic layers (MgS04). Evaporation of EtzO gave 2.6 g 
crude product. Silica column chromatography using PhMelEtOAc, (111) afforded an oily, yellowish 
product (Rr = 0.18). Yield: 1.45 g (68%). (TLC-analysis revealed impurities such as the starting 
compounds (S)-26 (Rr= 0.05) and (S)-27 (Rr= 0.68), hydrolyzed (S)-27 (S)-24; Rr= 0.27) and 
coupled product of (S)-27 and (S)-24 (Rr= 0.55); all Rc-values measured with PhMelEtOAc (111); 
silica). lH NMR (CDCh): 0 7.4-7.2 (5H, m, Ph), 4.75 (2H, s, O-Cfu-O), 4.55 (2H, O-Cfu-Ph), 3.85 
(2H, m), 3.7-3.45 (24H, m), 3.4 (3H, s, O-C!L), 1.7 (2H, m), 1.45 (2H, m), 1.25 (2H, m), 0.90 (12H, 
4 x d, 3J 7.0 Hz, 3J 6.6 Hz, 3J == 6.6 Hz, 3J = 6.6 Hz). IlC NMR (CDCh): 6 138.2, 128.2, 127.5 and 
127.4 (Ph), 73.1 (0~H2-Ph), 41.1(2x), 24.3(2x), 23.3(2x), 22.2(2x), (isobutyl carbons), 58.7 (0-
~Hl)' 95.4 (O-~HrO), 77.4(2x), 74.5, 74.4, 71.6, 70.8, 70.7, 70.6, 70.4, 69.3(2x), 69.2,67.3,66.5. 
FTIR (cm-l

): v 2955,2869,1454,1366,1291,1244,1201,1117,1048,851, 737, 698. TLC: Rr 
(PhMelEtOAc, (111), silica) = 0.18; Rr(PhMelEtOAc, (112), silica) = 0.27. [a1020 (c 3.5; MeCN) = 

12.0°. 

72 



Unconventional, amphiphilic polymers based on chiral polyethylene oxide derivatives 

(4S, 13S)-1-Hydroxy-4, 13-diisobutyl-17 -benzyloxy-3,6,9, 12, 15-pentaoxa-heptadecane, 
(SS)-29 

MEM-ether (SS)-28 (2.0 g; 3.5 mmol) was dissolved in 10 mL dry CH2Ch and the resulting solution 
was added to ZnBr2 (7.3 g; 32.4 mmol). The resulting suspension was stirred for three days. 
Thereafter, the reaction was quenched with a saturated NaHC03-s01ution. Extraction with CH2CI2, 
drying of the collected organic layers and evaporation of the solvent gave crude product, which was 
contaminated with MEM-ether (SS)-28 (Rt- (CH2ClzlEtOAc, (111), silica) = 0.25) and with a,OJ-diol 
(SS)-33 (simultaneous removal of the benzyl group had also occurred). Silica column chromatography 
was carried out using CH2ChlEtOAc, (111) as eluent to yield 0.75 g (44%) of the oily product (Rt-= 
0.25). a,ro-Diol (SS)-33 was also isolated, using MeCNlMeOH, (2011) as an eluent (Rt-= 0.25). Yield: 
0.1 g(7%). 

Title compound: IH NMR (CDCh): Ii 7.4-7.2 (5H, m, Ph), 4.55 (2H, O-CHrPh), 3.85 (2H, m), 3.7-
3,45 (20H, m), 3.15 (lH, t, OH), 1.75 (2H, m), 1.45 (2H, m), 1.2 (2H, m), 0.90 (12H, 4 x d, 3J = 7.0 
Hz, 3J = 6.6 Hz, 3J 6.6 Hz, 3J = 6.6 Hz). BC NMR (CDCh): S 138.2, 128.3, 127.6 and 127.5 (Ph), 
73.1 (O-~H2-Ph), 41.3, 41.1, 24.4(2x), 23.3(2x), 22.2(2x), (isobutyl carbons), 77.5, 77,4, 74.8, 74.4, 
71.9,70.8,70.7,70.6,70.3,69.4,69.3,62.2. FTIR (em-I): v = 3470, 2953, 2868, 1586, 1467, 1367, 
1110. TLC: Rt- (CH2ChlEtOAc, (1/1), silica) 0.25; Rr(MeCNlMeOH, (20/1), silica) = 0.50. 

a, (})-Dio/ (SS)-33: IH NMR (CDCh): 0 3.8-3,4 (22H, m), 2.90 (2H, bs, OH), 1.65 (2H, m), 1.50 (2H, 
m), 1.2 (2H, m), 0.90 (12H, d, 2J = 6.7 Hz (4x». BC NMR (CDCh): 0 39.9,39.7,24.5,24.4,22.8 
(2x), 22.6, 22.5 (isobutyl carbons), 61.0, 60.6 ~H20H, 2x), 76.5, 76,4, 72.9, 72.1, 72.0, 70.2, 69.8, 
69.4,69.2,67.1. TLC: Rt-(CH2CblEtOAc, (1/1), silica) 0.05. FTIR (cm-!): v 3333,2952,2872, 
1666,1587,1468,1367,1260,1108,953,891,801. 

Tert-butyl (7 S, 16S)-7, 16-Diisobutyl-20-benzyloxy-3,6,9, 12, 15, 18-hexaoxa-elcosanate, 
(SS)-30 

Alcohol (SS)-29 (0.75 g; 1.55 mmol) was dissolved in 2.5 mL terl-BuOH. tert-BuOK (0.18 g; 1.61 
mmol) was added and the suspension was stirred for an hour resulting in a clear solution. Tert-butyl 
bromoacetate (0.57 g; 2.92 mmol) was added dropwise. A precipitate immediately formed. The 
solvent was evaporated in vacuo after the suspension was stirred for half an hour. The remaining 
semi-solid was suspended in an aqueous NaCI-solution, that was extracted with CH2Ch. Drying of 
the collected organic layers, and evaporation of the solvent yielded 1.04 g crude product, which was 
slightly contaminated with compound (SS)-29 (Rt- (CH2ChlEtOAc, (3/1), silica) 0.05). Silica 
column chromatography using CH2CI2IEtOAc, (3/1) gave the pure title compound as a clear oil (Rf = 
0.30). Yield: 0.82 g (85%). IHNMR (CDCh): 0 7.4-7.2 (5H, m, Ph), 4.55 (2H, O-C.fu-Ph), 4.05 
(2H, s, O-C.fu-COOR), 3.8 (2H, m), 3.7-3.4 (20H, m), 1.7 (2H, m), 1.5 (9H, s, c(CThM, 1,45 (2H, 
m), 1.2 (2H, m), 0.90 (12H, 4 x d, 3J = 7.0, 3J = 7.0 Hz, 3J = 7.0, 3J = 6.6 Hz). BC NMR (CDCh): I) 
138.1,128.1,127,4 and 127.3 (Ph), 169.5 (CO), 73.0 (O-~H2-Ph), 41.0, 40.9, 24.2(2x), 23.2(2x), 
22.1(2x), (isobutyl carbons), 81.1 (C(~H3h), 77.3, 77.2, 74.3 (2x), 70.8, 70.7, 70.6, 70.5, 70.3, 69.2 
(3x), 68.8. FTIR (cm-1

): v 2954,2868,1749,1454,1368,1298,1225,1120,950,844, 736, 698. 
TLC: Rt- (MeCNlMeOH, (10/1), silica) = 0.6. [a]D24 (c = 2.6; CHCI3) = - 16.1°. 

(7S, 16S)-7, 16-Diisobutyl-20-benzyloxy-3,6,9, 12, 15, 18-hexaoxa-eicosanoic acid, (SS)-31 

Compound (SS)-30 (0.82 g; 1.37 mmol) was dissolved in TFA (1. 7 g). Stirring for an hour resulted in 
bydrolysis of the tert-butyl ester. The solvent was evaporated and the resulting oil, which still 
contained significant amounts of the TFA, was brought in 10 mL dry EhO. This ethereal solution was 
added dropwise to H20, that was kept at a constant pH of 2 by simultaneous addition of a 0.4 M 
NaOH-solution. After the addition was completed, the aqueous layer was extracted with Et20. Drying 
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of the collected organic layers and evaporation of the solvent gave 0.70 g (94%) oily product. IH 
NMR(CDCh): 0 7.4-7.2 (5H, m, Ph), 4.55 (2H, O-Clli-Ph), 4.15 (2H, s, O-Clli-COOH), 3.85 (2H, 
m), 3.7-3A (20H, m), 1.75 (2H, m), 1.45 (2H, m), 1.25 (2H, m), 0.90 (12H, 4 x d, 3J 7.0,3J 7.0 
Hz, 3J 6.6, 3J = 6.6 Hz). BC NMR (CDCh): 0 138.0,128.1,127.5 and 127A (Ph), 172.5 (CO), 72.9 
(O-{;HrPh), 40.9, 40.5, 24.3, 24.2, 23.1, 23.0, 22.1(2x), (isobutyl carbons), 77.6, 77.3, 74.2 (2x), 
71.4,70.6,70.5, 70A, 70.3, 69.2, 69.1, 69.0, 68.4. FTIR(cm-1

): v = 3100,2955,2872,1761,1454, 
1366,1260,1104,876,799,737,698. TLC: Rr(MeCNlMeOH, (1/1), silica) 0.50; Rr 
(MeCNlMeOH, (lOll), silica) = O. [a]D20 (c 2.0; MeCN) =- 10.3°. ES-MS m/z 541.4 [M W]-. 

(7S, 16S)-7, 16-0iisobutyl-20-hydroxy-3,6,9, 12,15,18-hexaoxa-eicosanoic acid, (5S)-32 

The benzyl protected precursor (SS)-31 (250 mg; 0.46 mmol) was dissolved in 9 mL dioxane and 1 
mL H20. A catalytic amount ofPdlC (10%) was added to the solution and hydrogenation at 50 psi 
H2-overpressure was carried out during three h. Filtration and evaporation of the solvents gave the 
clear, oily title compound in a quantitative yield (210 mg). IH NMR (CDCh): 1) 5.3 (2H, bs, -OH and 
-COOI!), 4.1 (2H, s, Clli-COOH), 3.8-3A (22H, m), 1.7 (2H, m), 1.4 (2H, m), 1.2 (2H, m), 0.90 
(12H,4 x d, 3J = 6.6, 3J = 6.6 Hz, 3J 6.6, 3J = 6.6 Hz). BC NMR (CDCh): 0 172.3 (CO), 40.6, 40.5, 

24.6,24.5,23.2,23.1,22.5,22.4 (isobutyl carbons), 78.0, 77.5, 74.3 74.0,72.5,71.8,70.8,70.6,70.5, 
69.1 (2x), 69.0, 61.6. 

(45,13S)-4, 13-0iisobutyl-17 -hydroxy-3,6,9,12,15-pentaoxa-heptadecanol, (5S)-33 

Details concerning a,ro-diol (SS)-33 can be found in the experimental of compound (SS)-29. 

2-Benzyloxyethyl tosylate, 34 [131 

A two litre flask was charged with 500 mL tert-butanol and tert-BuOK (56.2 g; 0.50 mol) was added 
in portions. The suspension was stirred and heated to 50°C to dissolve all the butoxide. The resulting 
solution was added dropwise to a stirred solution of ethylene glycol (62.5 g; 1.01 mol). After the 
addition was complete, the solution was stirred for an hour. The solvent was evaporated in vacuo to 
yield a sticky, brown substance to which 200 mL dioxane, tetrabutylanunonium chloride (2.8 g; 2 
mol%) and benzyl chloride (63.3 g; 0.50 mol) were added. The suspension was mechanically stirred 
at 55-65 °c overnight, after which the dioxane was evaporated. The residue was dissolved in a 
mixture of 500 mL H20 and 300 mL EtzO. The pH of the H20 layer was adjusted to 6 by the addition 
of an aqueous 1 M H2S04 solution. The Et20 layer was separated and two extractions with 300 mL 
Et20 were conducted. The collected EtzO layers were washed with 100 mL H20, dried with MgS04 
and concentrated. The brown oily residue was purified by distillation (80°C; 0.1 mmHg) to give 
monobenzylated glycol. Yield: 44.7 g (59%). The spectroscopic data were in agreement with those 
found in literature [37]. IH NMR (CDCh): a 7.4-7.3 (5H, m, Ph), 4.55 (2H, s, O-Clli-Ph), 3.7 (2H, t, 
ClliOH), 3.55 (2H, t, Clli-CH20H), 2.7 (lB, bs, -OH). DC NMR (CDCh): 0 137.7, 128.3, 127.7, 
127.6 (Ph), 73.0 (O-{;H2-Ph), 71.3 (£HrCHzOH), and 61.6 (£H20H). TLC: Rf(hexanelEtOAc, (111), 
silica) 0.30; Rr(hexanelEtOAc, (3/1), silica) = 0.13. Monobenzylated glycol (125.3 g; 0.82 mol), 
TsCI (157.8 g; 0.83 mol) and 500 mL CH2Ch were mixed in a two litre flask. The solution was 
cooled to 0 °c in a salt ice bath. Freshly powdered KOH (85%; 185.9 g; 2.82 mol) was added in 
small portions, while keeping the temperature of the suspension below 5°C. The mixture was stirred 
overnight at 4 °c, after which it was poured into 300 mL CH2Ch and 700 mL ice water. The CH2Ch 
layer was separated and the H20 layer was extracted with CH2Ch. The collected organic layers were 
washed with 200 mL H20, dried with MgS04 and concentrated to yield 255 g (97%) pure product. 'H 
NMR (CDCl3): 07.8 (2H, d, Ts), 7.4-7.25 (7H, m, Ph and Ts), 4.5 (2H. s, O-CH.-Ph), 4.2 (2I1, t, 3J = 

4.7 Hz, -Clli-OTs), 3.7 (2H, t, 3J 4.7 Hz, -Clli-CHz-OTs), 2.45 (3H, s, -CllJ). DC NMR (CDCl3): B 
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144.7,132.8,129.7127.8 (Ts), 137.5, 128.3, 127.7, 127.5 (Ph), 73.0 (~H2Ph), 21.5 (Ph~H3), 69.2, 
67.4. 

2-(Tetrahydropyran-2-yl-oxy)-ethyl tosylate, 35 

TsCI (15 g; 78.7 mmol) was added to an ice-cooled mixture of ethylene glycol (19 g; 306 mmol) and 
35 mL pyridine. The clear solution was stirred at 4 °c overnight, after which the reaction mixture was 
poured into 80 mL ice water. Ether and aiM HCI-solution were added, so that the H20 layer became 
acidic (pH 2). Separation of the two layers, further extraction of the aqueous layer with Et20, 
drying of the collected organic layers (MgS04) and evaporation of the solvent yielded crude product. 
Silica column chromatography with sequentially PhMelEtOAc (1011) - to remove the ditosylated 
side-product CRt- (PhMelEtOAc, (lOll), silica) 0.35) - and with EtOAc to collect the product-
afforded the monotosylated glycol as a clear oil in a yield of 8.1 g (48%). The spectroscopic data of 
this compound were in agreement with those found in literature [38]. IH NMR (CDCh): 0 7.8 (2H, d, 
Ts), 7.35 (2H, d, Ts), 4.1 (2H, t, TsO-Clli-), 3.8 (2H, t, ClliOH), 3.0 (lH, bs, -OI!), 2.45 (3H, s, 
PhClL). l3c NMR (CDCh): 0 145.0, 132.3, 129.8, 127.8, (Ts), 71.6 (QH2-CH20H), 60.3 (~H20H) 
and 21.5 (Ph~H3). TLC: Rr (PhMelEtOAc, (l 0/1), silica) = 0.1 0; Rf (EtOAc, silica) = 0.60. 
Monotosyl ethylene glycol (20 g; 92.6 mmol) and DHP (8.9 g; 106 mmol) were dissolved in 40 mL 
dry Et20. A catalytic amount of TsOH'H20 (0.10 g) was added to the ice-cooled ethereal solution and 
the mixture was stirred for 24 h. Subsequently, the reaction mixture was washed with a saturated 
NaHC03-solution. The EhO layer was dried with MgS04 and concentrated to afford a clear oil. 
Yield: 26.9 g (97%). IHNMR (CDCh): 0 7.8 (2H, d, Ts), 7.35 (2H, d, Ts), 4.55 (lH, 4 O-CHR-O of 
the THP-group), 4.2 (2H, m, TsO-Clli-), 3.85 (IH, m), 3.75 (lH, m), 3.65 (lH, m), 3.45 (lH, m), 
2.45 (3H, s, ClL-Ph), 1.8-1.4 (6H, m). BC NMR (CDCh): 0 144.7, 132.3, 129.7, 127.9, (Ts), 98.6 
(O-~HR-O of the THP-group), 21.5 (Ph~H3), 30.1, 25.2, 15.2 (O-CH2-~H2-~H2-~H2-CH02 ofthe 
THP-group), 69.3, 64.6 and 61.8. TLC: Rf(PhMelEtOAc (5/1), silica) = 0.35. 

2-(Methoxy-2-ethoxymethoxy)-ethyl tosylate, 36 

Monotosyl ethylene glycol (described in the Experimental of compound 35) (1.0 g; 4.6 mmol) was 
stirred in 10 mL ice-cooled CH2CI2. Sequentially, di-isopropylamine (0.9 g; 7.0 mmol) and MEMCI 
(0.85 g; 6.8 mmol) were added. After 15 minutes the ice bath was removed and the reaction mixture 
was stirred overnight (after three hours the reaction was not yet complete). The mixture was diluted 
with 30 mL CH2Ch, before it was washed sequentially with aiM HCI-solution (10 mL), with a 
saturated NaHC03-solution (5 mL) and with H20 (5 mL). The organic layer was dried with MgS04 
and was concentrated. Silica column chromatography with CH2ChlEtOAc, (10/1) gave 1.2 g (85%) 
product. IH NMR (CDCI3): () 7.8 (2H, d, Ts), 7.35 (2H, d, Ts), 4.7 (2H, s, O-Clli-O), 4.2 (2H, t, 
TsO-Clli-), 3.8 (2H, t); 3.65 (2H, t), 3.55 (2H, t), 3.35 (2H, t), 2.45 (3H, s, PhClL). DC NMR 
(CDCl3): 0 144.8, 132.9, 129.8, 127.9, (Ts), 95.4 (O~H2-O), 21.6 (Ph~H3), 58.9 (O~H3), 71.6, 69.1, 
66.8,65.1. 

2-(2-Benzyloxyethoxy)ethyl tosylate, 37 [11]. 

Diethylene glycol (369.5 g; 3.49 mol), benzyl chloride (67.9 g; 0.54 mol) and 300 mL ofa 1:1 (w/w) 
NaOH/H20 solution were brought in a two litre flask. The mixture was heated at reflux for 24 h. The 
solution, which had adopted a deep brown colour, was poured into 700 mL H20 and the resulting 
mixture was extracted with Et20 (4 x 400 mL). The collected organic layers were dried (MgS04) and 
concentrated. The residue was distilled (100°C; 0.01 mmHg) and gave a slightly yellow clear oil 
(benzyl diethylene glycol). Yield: 86.3 g (82%). The spectroscopic data of the compound were in 
agreement with those found in literature [14,39]. IH NMR (CDCI3): 0 7.4-7.3 (5H, m, Ph), 4.55 (2H, 
s, O-Clli-Ph), 3.8-3.55 (8H, m), 2.85 (lH, t, -OID. J3C NMR (CDCh): 0137.6, 128.3, 127.7,127.6 
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(Ph), 73.1 (O-.c:HrPh), 72.4, 70.3, 69.3 and 61.6 (.c:H20H). TLC: Rr(hexanelEtOAc, (1/1), silica) 
0.10. The alcohol (207.6 g; 1.06 mol), TsCI (202.8 g; 1.06 mol) and 500 mL CH2C12 were mixed in a 
two litre flask. The solution was cooled in a salty ice bath. Freshly powdered KOH (85%; 237.5 g; 
3.60 mol) was added in small portions, while keeping the temperature of the suspension below 5°C. 
The mixture was stirred overnight at 4 °C and was then poured into 300 mL CH2Ch and 700 mL ice 
water. The CH2Cb layer was separated and the H20 layer was extracted with 150 mL CH2Cb, The 
collected organic layers were washed with 200 mL H20, dried with MgS04 and concentrated to yield 
361 g (97%) pure title product. The spectroscopic data of the compound were in agreement with 
those found in literature [11]. IHNMR (CDCI): 8 7.85 (2H, d, Ts), 7.4-7.25 (7H, m, Ph and Ts), 
4.55 (2H, s, O-Clli-Ph), 4.2 (2H, t), 3.7 (2H, t), 3.6-3.5 (4H, m), 2.45 (3H, s, PhCa). l3C NMR 
(CDCh): 0138.0,128.4,127.7,127.6 (Ph), 144.7, 132.9, 129.8, 127.9 (Ts) 73.2 (O-.c:HrPh), 21.6 
(Ph.c:Hl ), 70.8, 69.3, 69.2 and 68.8. TLC: Rr (EtOAc, silica = 0.65). 
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Summary 

Chapter 4 

Ordering and assembly of 

chiral polyethylene oxide derivatives 

In design, polyethylene oxide derivatives 1-3 - which are amphiphilic polymers that 

aggregate in H20 [J] - are synthetic analogues of coiled-coil forming peptides. Here, we 

report on (0 a comparative ORD-study - an ORD-study in which polymers 1-3 have been 

examined in various solutions under various circumstances and in which the resulting ORD

data have been related to ORD-data on reference materials and (iO microscopy studies 

(mainly TEM), that both have been used to investigate the ordering and assembly processes 

that are involved in the aggregation of polymers 1-3 in aqueous solutions. ORD-data on,for 

example, polymers 1 and 2 have shown that the transition to a helical conformation in MeOH 

which can be induced by the complexation with KSeN - is accompanied by an inversion 

of optical rotation. Such an inversion could also be induced upon addition of H20 to THF

solutions of the methyl-substituted polymer 3. Therefore, it is proposed that polymer 3 forms 

a helical arrangement in H20. Upon addition of H20 to THF-solutions of the isobutyl

substituted polymers 1 and 2, no inversion of optical rotation could be monitored, because 

these polymers phase separate before an inversion can be detected TEM-studies on surfaces 

onto which polymers 1-3 were depositedfrom aqueous solutions, revealed granular and 

thread-like aggregates, but none of these structures were specific or well-defined in 

dimensions. Thus, the in design synthetic analogues of coiled-coil forming peptides (i.e. 

polymers 1-3) display a distinct, amphiphilic behaviour in H20 andform aggregates in this 

solvent, but substantial evidence for the actual formation of coiled coils or other well-defined 

tertiary structures in H20 is lacking. 

1 2: R = i-Bu 
3: R=Me 
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4.1 Introduction 

Nature provides us with an almost infmite number of well-defmed, functioning, 

supramolecular systems [2] and therefore gives inspiration to chemists in their search for 

useful, new architectures. The construction of synthetic equivalents of structures found in 

nature is challenging and may eventually lead to new insights in the development of materials 

with unique and previously unattainable properties. The ongoing activity in the field of 

supramolecular chemistry has, for instance, led to the synthesis of an equivalent of the 

tobacco mosaic virus, in the sense that the spatial design of the virus has been copied in a 

synthetic system [3]. 

An elegant supramolecular structure found in certain peptides is the so-called coiled coil [4]; 

a structure of associated a-helices, modeled for the first time theoretically by Crick in 1952 

[5] and of which the first precise X-ray data have been published almost forty years later by 

O'Shea [6]. In recent years, coiled-coil superstructures have received enormous attention [7]. 

Not only naturally occurring proteins [8], but also synthetically designed polypeptides [9] 

have been investigated in order to distinguish between the different factors that are involved 

in the formation of coiled coils. It is now generally accepted that coiled coils are formed due 

to hydrophobic interactions between the a-helical parts; these parts have a 3,4 repeat (also 

called a 72-repeat) of apolar amino acids in a polar sequence of amino acids. As a result, the 

hydrophobic residues are directed in an apolar ribbon along the surface of the a-helix. At the 

right pH, the 'ribbon-type' of amphiphiles associate in H20 to bundles of superhelices (Figure 

4.1). 

N 

N 

Figure 4.1: Left: schematic representation of a coiled-coil superstructure consisting of two a-helical 

superhelices. Right: the 'knob-in-hole' representation of a parallel coiled coil. For Simplicity, both 

superhelices are drawn as cylinders. The cylinders have 'knobs '. which represent the side-groups of 

the amino acids. In the hydrophobic interior of the complex, the 'knobs' of one cylinder fit into the 

'holes' of the other cylinder. 

The formation of well-defined, secondary or tertiary structures is not confmed to (natural) 

peptides, since numerous synthetic polymers can form such ordered structures, especially in 

the solid state (e.g. helical arrangements are quite common secondary structures for synthetic 

polymers (10]). A few specific examples of ordered structures formed by synthetic polymers 
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involve the so-called stereocomplexes. In these complexes, polymers of the same chemical 

structure and of opposing stereoregularity form helical arrays in the solid state. Examples are 

the poly-L-Iactide / poly-D-Iactide stereocomplex [11] and the it-PMMA / st-PMMA 

stereocomplex (pMMA = polymethylmethacrylate) [12]. The latter stereocomplex is 

constituted in such a way that the smaller it-PMMA-helix is positioned in the cavity of the 

more bulky st-PMMA-helix. Tertiary structures have also been reported for PEO 

(polyethylene oxide) deposited on graphite. Interpretation of scanning tunneling microscopy 

(8TM) data suggested that PEO can form double helical structures and superhelical coils on 

this surface [13]. However, to our knowledge, coiled-coil formation by synthetic polymers 

involving hydrophobic interactions has never been reported. 

The PEO-based synthetic polymers 1-3 shown in Figure 4.2 are designed to form coiled-coil 

superstructures on the basis of hydrophobic interactions. Their primary structure is a repeat of 

polar ethylene oxide units and apolar, alkyl-substituted ethylene oxide units, addressing the 

repeat of polar and apolar units in coiled-coil forming peptides. The isobutyl and methyl side

chains in 1-3 are not only placed in a regioregular, but also in a stereoregular fashion, 

mimicking the chirality in peptides. Additionally, PEO forms 72 helices in the solid state (14) 

and PEO has a tendency to form helical arrangements in dilute aqueous solutions [15]. 

Therefore, it is possible that the PEO-based polymers 1-3 form 'ribbon-type' amphiphiles-

i.e. helices that have an apolar and a polar face and it can further be imagined that these 

amphiphiles associate to coiled-coil superstructures in H20. 

1 2: R = i-Bu 
3: R= Me 

Figure 4.2: PEO-based polymers 1-3: analogues in primary structure - of coiled-coil forming 
peptides. 

It has been shown in the previous Chapter that the polyethylene oxide derivatives 1-3 form 

aggregates in aqueous solutions at 20°C due to their amphiphilic behaviour [1). In this 

Chapter, it is investigated whether this aggregation is accompanied by the formation of well

defined structures such as coiled coils. In a more general sense, the ordering and assembly of 

1-3 in aqueous solutions is investigated here. The chirality in macromolecules 1-3 is used to 

perform a comparative study, using optical rotatory dispersion (ORD) spectroscopy. ORD

spectra of polymers 1-3 in various solvents and under various conditions have been related to 

each other and to ORD-spectra of similar, oligomeric or polymeric species. The synthesis and 
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characterization of these oligomeric and polymeric species are also described here. 

Additionally, polymers 1-3 have been studied by microscopy techniques (mainly TEM) to 

examine the aggregates that are formed in H20. 

4.2 Results and discussion 

Approach 

Coiled-coil superstructures can conveniently and in detail be examined by investigation of the 

X-ray data of crystals of coiled-coil forming peptides [6]. In solution, CD-spectroscopy of a

helical peptides is a simple and powerful technique to determine the formation of coiled-coil 

structures [16]. In contrast to peptides, polymers 1-3 are not monodisperse, so the (partial) 

crystallization of these sticky oils would be even more laborious than for peptides and is 

presumably not possible at all. Also and evidently, the extensive knowledge on the chiroptical 

behaviour of a-helical peptides can not be used in a study of aqueous solutions of polymers 

1-3 (because these polymers are constituted differently). The possibility of the formation of 

well-defined structures by polymers 1-3 in aqueous solutions can therefore be studied by (i) 

developing new characterization methods, (ii) screening existing characterization methods 

and test whether these methods can be applied to the characterization of the systems under 

investigation and by (iii) using various microscopy methods to directly observe the structures 

or aggregates that are formed. Since option (i) is not connected to our field of research, this 

option was not investigated. Option (ii) has extensively been examined here ORD-

spectroscopy has been screened and results on (iii) are also reported in this work. 

The synthesis of the reference components 

(SS)-4: n = 1 
(SS)-5: n = 2 

7 

(SS)~ 

Figure 4.3: The synthesi=ed oligomeric reference compounds for polymers 1-3. 
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The syntheses of polymers 1-3 and of compounds (SS)-4, (S).10, (S)-12, (S)-13, (SS)-15 and 

17 have been reported in Chapter 3. O-Monobenzyl hexaethyleneglycol has been described in 

Chapter 2. The oligomeric species that have been used as reference compounds for polymers 

1-3 are shown in Figure 4.3. 

The synthesis of oligomer (SS)-5 is analogous to the synthesis of the similar compound (SS)-

4. The secondary alcohol (S)-10 was elongated by a Williamson coupling with 

2-tetrahydropyran-2-yl-oxy ethyl tosylate (17), applying KOH as base and THF as solvent 

(Scheme 4.1). Subsequent deprotection of the HiP-moiety with TsOH in MeOH afforded 

primary alcohol (S)-l1, which was tosylated in pyridine to yield (S)-14. Oligomer (SS)-5 was 

prepared in a 95%-yield coupling reaction of primary alcohol (S)-12 and tosylate (S)-14. 

Dibenzyl-protected (SS)-9 was isolated as a side product, due to the coupling of (S)-14 with 

its hydrolysis product (S)-11. The synthesis of (SS)-8 by such a hydrolysis-coupling sequence 

was attempted by boiling tosylate (S)-13 in THF in the presence ofKOH.1t was anticipated 

that hydrolysis was slower than the following coupling reaction, so that preferential formation 

of the desired compound would be regulated. However, only 43% (SS)-8 could be isolated, 

partly because the alkene elimination product was also formed. 

(S)-10 

(SS)..o 

HO~BO 
(S)-11 

¢, 
! b (n = 1) 

~ ri-. (S)-13 n = 0 
+ Tsoflo 0 l 0 J))Bn (S)-14 n = 1 

n 

Scheme 4.1 

(55)-8 n = 0 
(S5)-9 n = 1 

The synthesis of oligomeric species (88)-5, (88}-8 and (88)-9. a. 1. THPOCH:zCH;OTs (17), 
THF, KOH, LI and 2. TsOH, MeOH, RT (60%); b. TsCl, pyridine, 4 °C (80%); c. KOH, 
THF, LI (95%for (88)-5 and a trace amountfor (88)-9); d KOH, THF, LI (43%). Ts = 
p-toluenesulfonyl. MEM = methoxyethoxymethylene. Bn benzyl. 
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Production of the quinoline-derivatized oligomer (SS)-6 was achieved by tosylation of the 

a,ill-diol (SS)-15 in CH2Ch using KOH as base, and by coupling of the resulting tosylate with 

8-hydroxyquinoline (Scheme 4.2). Yields exceeding 85% could be reached for both steps. 

Further, oligomer 7 (see Figure 4.3) was synthesized by protection of O-monobenzyl 

hexaethylene glycol with MEMCI in refluxing CH2Ch employing N(i-Pr):£t as HCI

scavenger. 

a -
(SS)-15 /b 

(SS)-16 

©R,t~~ (SS)-6 

Scheme 4.2 

The synthesis of oligomer (88)-6. a. TsCl, KOB, CH~h 0 °C (87%); b. 8-hydroxy

quinoline, KOB, HMP A, THF. LI (85%). 

Poly( 4(S)-methyl-€-caprolactone) 19 was prepared as reference polymer to polymer 3 

(Scheme 4.3). The enantiomerically pure (S)-monomer was obtained in an enzymatically 

controlled Baeyer-Villiger oxidation of 4-methylcyclohexanone [17]. Polymerization of the 

monomer (S)-18 was performed at 140°C using stannous 2-ethylhexanoate (SnOct2) as 

catalyst. Two monomer/catalyst molar ratios were applied: a ratio of98/1 gave a sticky oil 

with a molecular weight (Mn) of8A kg/mol and a dispersity of2.3, whereas a ratio of810/1 

gave polymeric material with an increased Mn of29.7 kg/mol and a decreased dispersity of 

104. The latter polymer still was a sticky oil. 

o 

}jo 
140 ·C -

(S)-18 19 

Scheme 4.3 

The polymerization of 4(S)-methyl-c-caprolactone using SnOct, as catalyst, 
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Ordering processes of polymers 1-3 in aqueous solutions? An ORO-analysis 

Polyethylene oxide derivatives 1-3 were studied by ORD-spectroscopy in various solvents 

ranging from apolar EtOAc to polar aqueous solvents. The behaviour of the polymers in 

aqueous solutions had our special interest, since in these solutions hydrophobic interactions 

can playa role. Reliable ORD-spectra can only be recorded when the solutions under 

investigation are sufficiently concentrated, homogeneous, transparent and not 

macroscopically ordered (not birefringent). In practice, ORD-spectroscopy of materials 

without chromophores or large dipoles is performed at concentrations ranging from 

approximately 1 mg/mL to 30 mg/mL. However, in this concentration range, polymeric 

solutions of 1,2 and 3 in pure H20 are stable turbid solutions or give macroscopic phase 

separation (solutions of 1,2 and 3 in H20 become transparent at concentrations lower than 

ca. 0.1,0.3 and 1.0 mg/mL, respectively; see Table 3.2 in Chapter 3). 

The aggregation of polymer 3 in H20 at 20°C was monitored by ORJ)..spectroscopy. The 

methyl-substituted polymer 3 is the only polymer for which such a monitoring experiment is 

possible, since the critical association concentration (CAC) of3 is sufficiently high to allow 

ORD-experiments (the CAC of3 is ca. 0.15 mg/mL; see Figur~ 3.10 in Chapter 3). ORD

spectra of 3 were recorded at concentrations as low as 0.12 mg/mL (at which the polymer is 

molecularly dissolved) to concentrations as high as 1.4 mg/mL (at which the aqueous solution 

is hardly turbid and at which the polymer is aggregated). No change in specific rotation was 

observed upon the increase of the polymer concentration; invariably a positive specific 

rotation of the same magnitude was found. It can therefore be concluded that association of 

polymer 3 does not have any effect on the measured optical rotation. 

The next step in the ORJ)..analysis of polymers 1-3 involved the investigation of the 

chiroptical behaviour of 1-3 in solvents with varying polarity. In contrast to the positive 

specific rotation of3 in H20, all polymers displayed a negative specific rotation in THF. In 

Figure 4.4, the results of the ORD-measurements at 20°C are depicted. All polymers showed 

the same trend: increasing the polarity of the solvent induced a less negative specific rotation. 

In particular for polymer 1, but also for polymer 2, no dramatic changes in specific rotation 

could be induced by changing the polarity of the solvent (plots A and B in Figure 4.4), 

whereas - in contrast - polymer 3 displayed an inversion in optical rotation going from 

apolar to polar solvents, i.e. going from EtOAc or THF to MeOH or H20 (see plots C and D). 

This inversion is only caused by the change in polarity of the solvent and not by the 

aggregation of the polymer, as evidenced by the ORD-data reported in the previous 

paragraph. To put these initial ORD-spectroscopy results in perspective, several reference 

ORJ)..spectra have been recorded .. 
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Figure 4.4: ORD-spectra a/polymers 1 (plot A), :1 (plot B) and 3 (plots C and D) in various solvents 

at 20°C. Specific rotations {a] at 20°C are plotted against the wavelength .1_ Concentrations 0/ ca. 

2.5 mglmL, 10 mglmL. 15 mglmL and 1.5 mglmL have been applied/or plots A, B, C and D, 

respectively. Solvent-solvent compositions are denoted in vi v-ratios. In plot D, volume ratios 0/ H20 
0/0%, 6%, 17%, 31%, 55% and 100% have been used (see the Experimental/or details)_ 

Oligomer (SS)-4 and poly(4(S)-methyl-E-caprolactone) 19 were selected as reference materials 

to polymers 1-2 and to polymer 3, respectively. The oligomer and the polymer were dissolved 

in MeOH and dioxane, respectively. While H20 was added to both solutions, the specific 

rotation at 20°C was monitored by recording ORD-spectra. For both reference experiments, 

less negative rotations were observed upon increasing solvent polarity, but no spectacular 

changes in specific rotation could be induced (see Figure 4.5; plot A and plot B). The 

combined experimental data of Figure 4.4 and Figure 4.5 show that the chiroptical behaviour 

of the methyl-substituted polymer 3 is anomalous: it is the only investigated material that 

shows an inversion in optical rotation upon increasing polarity of the solvent. In literature, 

such inversions of chiropticalrotation have seldom been described for polymers and have 

usually been related to ordering processes of the polymers involved [18]. 

We propose that the inversion in optical rotation of polymer 3 upon increasing polarity of the 

solvent signifies a distinct conformational transition in this polymer. Presumably, polymer 3 
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has a random conformation in good solvents such as EtOAc and THF and is more ordered 

conformationally in polar solvents such as MeOH and particularly H20. Possibly, also 

polymers 1 and 2 are more ordered conformationally in pure H20. However, an inversion in 

optical rotation upon increasing water content can not be measured for aqueous solutions of 1 

and 2, since these polymers are not sufficiently soluble in H20. 
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Figure 4.5: ORD-spectra of oligomer (SS)-4 (plot A) and poly(4(S)-methyl-s-caprolactone) 19 
(plot B) in various solvents at 20°C. Specific rotations [alo are plotted versus the wavelength A.. 
Concentrations of approximately 4 mglmL and 3 mglmL have been used in plot A and B. respectively. 

Solvent-solvent ratios are denoted in vlv-ratios. See the Experimental for details. 

Finally, ORD-spectra of polymer 3 at various temperatures have been recorded. From Figure 

4.6A, it is apparent that the specific rotation of an aqueous solution of polymer 3 becomes 

less positive with temperature. Thus, an increase in temperature of an aqueous solution of 3 

has a similar effect on the monitored specific rotation as a decrease in polarity of the solvent 

would have. In Figure 4.6B, it is shown that a temperature increase in more apolar solvents 

hardly changes the specific rotation of polymer 3. These results are in line with the previously 

mentioned hypothesis or proposal. A higher temperature enlarges the rotational fre~dom of 

polymer 3 in aqueous solution and will result in a less ordered conformation of this 

macromolecule (Figure 4.6A). When the conformation of the polymer is already less ordered, 

as proposed for polymer 3 in apolar i-PrOH-MeCN solutions, an increase in temperature can 

hardly result in a dramatic change in conformation (Figure 4.6B). 

In the described ORD-analysis, it has been argued that the conformation of the methyl

substituted polymer 3 is more ordered in polar solvents than in apolar solvents. Reference 

data of known and extensively studied ordering processes of ethylene oxide compounds can 

lead to a more defined hypothesis concerning the nature of the proposed conformational order 

of the ethylene oxide derivatives in polar solvents. The complexation of ethylene oxide 

compounds with alkali salts is such an extensively studied ordering process. 
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Figure 4.6: ORD-spectra ofpolymer 3 in THFIH:P (65/35) and in i-PrOHlMeCN (62/38) at different 

temperatures. Specific rotations [a] are plotted versus the wavelength A.. Concentrations of 24.4 

mg/mL and 17.9 mglmL are used in plot A and plot B, respectively. Solvent-solvent compositions are 

denoted in vlv-ratios. See the Experimental for details. 

The complexation of chiral ethylene oxide derivatives with alkali salts 

Crystal structures of a wide variety of complexes of ethylene oxide compOlmds with salts 

have been reported, including crown ether complexes and complexes oflinear, oligomeric 

ethylene oxides with alkali salts [19]. Especially the linear, oligomeric ethylene oxides are of 

relevance to this work, because these glycol derivatives are most related to the systems we are 

interested in. Vogtle and co-workers [19] have shown that larger oligomeric species fold into 

helical conformations in complexes with alkali salts. As an example, the crystal structure of 

RbI with (X,O)-O,O'-diquinolinyl modified tetraethylene glycol is shown in Figure 4.7. 

Figure 4.7: The crystal structure of the a, 0>-0, 0 '-diquinolinyl tetraethylene glycol-RbI complex. The 

dihedral angle causing the helical structure of the molecule is indicated with an arrow [20]. 

In analogy to the work ofVogtle, the complexation of the ethylene oxide oligomers (SS)-4, 

(SS)-6 and 7 (all three pictured in Figure 4.3) with the alkali salts RbI, NH4PF6 and in most 
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cases - KSCN was studied. Initially, co-crystallization of the oligomers with KSCN was 

attempted. Standard procedures for the synthesis of co-crystals of KSCN with either the 

diisobutyl substituted (SS)-4 or the unsubstituted oligomer 7 failed. Vogtle has shown that the 

introduction of quinoline endgroups increases the impetus of ethylene oxide derivatives 

towards co-crystallization with alkali salts [19]. Therefore, it was attempted to obtain co

crystals of compound (SS)-6 with KSCN or RbI. Again, all standard procedures failed. 

Apparently, the introduction of asymmetrical features in ethylene oxide compounds - alkyl 

side-chains - blocks the ability of these compounds to form co-crystals with alkali salts. 

Consequently, solid state data of the desired complexes could not be obtained and the study 

of these complexes was confmed to the solution state. 
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Figure 4.8: The complexation of compound (SS)-4 with KSCN in CD30D or MeOH A, Band C: the 

complexation at 20 °C monitored by J3C NMR-spectroscopy. A. The indicated carbons d, c4, el2 

and el 3 (II, .. ..oil and yo; respectively) shift upfield upon complexation. B. Job-plot of complex 

formation, constructed with the data on carbons d, c4, el 2 and el 3. An arbitrary unit that scales 

with the concentration of the complex is plotted against the mole fraction of(SS)-4. C. O-Values of 

carbons d, c4, cl2 and cl3 plotted against the molar equivalents of KSCN added. The solid lines 

indicate the best fits of the data. D. The complexation at 25 °c monitored by the specific optical 

rotation at the Na D-line. The best fit of the data is indicated with the solid line. See the Experimental 

for details. 
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IH NMR, 13C NMR, CD- and ORD-spectroscopy have been used to examine the 

complexation of the ethylene oxide oligomers (SS)-4, (SS)-6 and 7 with alkali salts in MeOH 

(again, KSCN was typically used). The titration of (SS)-4 with KSCN in CD30D at 20°C was 

monitored by DC NMR and all carbon signals of (SS)-4 shifted upon addition of KSCN 

(Figure 4.8A). A Job-plot was constructed to investigate the stoichiometry of the complex and 

it was established that in CD30D a 1: I complex is formed (Figure 4.8B). The induced shifts 

of the carbon signals indicated in Figure 4.8A were plotted against the KSCN-concentration 

and fitting of the data gave an association constant (K) for the (SS)-4-KSCN complex of 

approximately 35 Umol (Figure 4.8C). When the complexation at 25°C was monitored by 

measuring the specific rotation at the Na D-line (A = 589 nm), a K-value in the same range 

was found (K = 29 Umol, Figure 4.8D). 

The complexation of the quinolinyl functionalized ethylene oxide (SS)-6 with KSCN was also 

studied. An association constant of 330 Umol for the I: 1 complex was determined in CD30D 

at 20 °c by monitoring the I3C NMR-spectra upon titration with KSCN. Thus, the effect 

observed by Vogtle [19] is confirmed: the introduction of quinoline endgroups increases the 

stability of glycol-KSCN complexes. Compared to the (SS)-4-KSCN-complex, the Gibbs free 

energy for complexation is ca. 5.5 kl/mollower for the (SS)-6-KSCN complex. The 

association constant of the complex ofunsubstituted oligomer 7 with KSCN in CD30D at 

20 DC was also determined employing DC NMR and was found to be 25 Umol. This value 

for the I: I-complex is in the same order of magnitude as the K-value of the (SS)-4-KSCN 

complex. Apparently, the introduction of isobutyl side chains to linear ethylene glycol 

compounds does not dramatically influence the stability of the complexes these compounds 

can form with alkali salts in solution. 

Complexation of (SS)-6 with salts was briefly studied by CD-spectroscopy. The quinoline 

chromophores of (SS)-6 have absorption maxima at 305 nm (e = 8.5 L'g-I'cm-I) and at 240 

nm (e 96.3 L'g-l'cm-I) and KSCN and RbI absorb in the 200-270 nm wavelength region, so 

the reality of an induced CD-activity in the quinoline chromophores upon complexation with 

these two salts could not be examined. In contrast, :NH4PF6 does not absorb in the wavelength 

region of interest. However, CD-activity in the 200-350 nm region was not observed for the 

:NH4PF6-(SS)-6 complex in MeOH. Addition ofHCI to the complex did also not result in a 

Cotton effect, although it was not checked whether the complex was stable upon protonation 

of the pyridine moieties. Apparently, the quinoline chromophores in the complex are - on a 

time-averaged basis (i) not in each others proximity, (ii) not in a chiral geometry with 

respect to each other or (iii) placed in chiral geometries without an enantiomeric excess of 

either one of the enantiomeric geometries. 

The complex formation of oligomers (SS)-4 and (SS)-6 with KSCN in MeOH at 20°C was 

monitored by ORD-spectroscopy. The results of the titrations of (SS)-4 and (SS)-6 with 
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KSCN are shown in Figure 4.9A and Figure 4.9B, respectively. Similar results were obtained 

for both oligomers: complexation gave an inversion of specific optical rotation [0;].,20. 

Analogous to the complexation of oligomeric species (SS)4 and (SS)-6 with KSCN in 

MeOH, the complexation of polymers 1-3 with KSCN in MeOH was also monitored by 

ORD-spectroscopy. Polymers 1 and 2 displayed inversions of optical rotation, whereas 

polymer 3 gave an increasing specific optical rotation as complexation proceeded (polymer 3 

without added KSCN already has a positive specific rotation in MeOH, see Figure 4.4C). We 

interpret these inversions as conformational changes from an approximately random 

conformation to a helical conformation, assuming a similar geometry of the ethylene oxides 

in solution and in the solid state (see Figure 4.7 for a helical conformation of a complexed 

ethylene oxide in the solid state). 
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Figure 4.9: The complexation of (SS)-4 (plot A) and (SS)-6 (plot B) with KSCN in MeOH at 20°C 
monitored by ORD-spectroscopy. An inversion of specific optical rotation is observed upon titration 
with KSCN. The specific rotation {aio is plotted against the wavelength it in nm. Concentrations of 
0.0145 and 0.020 mollL have been usedfor (SS)-4 and (SS)-6, respectively. 

Summarized, inversions of optical rotation were visible for complexation processes of 

various ethylene oxides in MeOH with KSCN. Since these complexation processes imply the 

formation of helical arrangements of the ethylene oxides involved, ORD-measurements are 

proposed to be indicative for the formation of helical conformations. Polymer 3 displayed an 

inversion of optical rotation on going from apolar to polar solvents (Figure 4.4D) and, 

therefore, it is proposed that in this case a conformational ordering process of 3 occurs. It can 

be imagined that in all the studied ethylene oxide systems i.e. polymers 1"::'3 and their 

oligomeric reference compounds - an inversion of optical rotation stems from a 

conformational transition from an approximately random to a more helically ordered 

arrangement. 

The described ORD-measurements can give information on the conformational behaviour of 

polymers 1-3 in aqueous solutions. However, a solid rationale concerning the probability of 

the formation ofwell-defmed tertiary structures by these polymers in aqueous solutions can 
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not be inferred from all the ORD-data available. The assembly of polymers 1-3 in H20 can be 

studied in more detail applying various microscopy techniques. With these teclmiques the 

shapes of the aggregates can be examined. 

Microscopy studies on polymers 1-3 

Nanoscopic and microscopic structures formed by materials in solution can be studied by 

various microscopy teclmiques, such as atomic force microscopy (AFM), scanning tunneling 

microscopy (STM) and transmission electron microscopy (TEM). The only assumption that 

usually has to be made, is that the observed structures on the substrate surfaces are 

representative for the structures that are formed in aqueous solutions. 

The size of peptide based coiled coils is in the order of 2 nm in diameter, 14 nm in pitch and 

150 nm in length. In principle, coiled-coil superstructures or other well-defined tertiary 

structures can therefore be studied by AFM or STM, although the application of the latter 

teclmique is usually confined to conducting materials. Preliminary and brief AFM-studies on 

polymer 2 as well as STM-studies on polymers 1 and 2 did not reveal any well-defined 

structures. 'rEM is a more developed and more accessible teclmique than AFM or STM, and 
, 

therefore, TEr, has been chosen to study the aggregation behaviour 1-3 in more detail. The 

resolution of rEM is in the order of the previously mentioned dimensions of the coiled coil, 

so our intere . was mainly focused on higher organized structures. Solutions of polymers 1-3 

in H20, ran~'1 g from the dilute transparent solutions to the concentrated turbid solutions, 

were investi ted. A range of sample preparation teclmiques was used, either carbon or 

polymer (fo . var) surfaces were applied and both uranyl acetate negative staining and Pt

shading were employed to make detection of the formed structures possible. 

TEM-pictures have been collected in Figure 4.10 to illustrate all the observed structural 

features. On most grids, clusters of granular and clusters of thread-like structures were found 

(the thread-like structures were not found for the methyl-substituted polymer 3). The 

dimensions of the granules and the 'threads' were in the range of 10-50 nm. In addition to the 

granules and 'threads', vesicle-like structures were also observed. However, the described 

TEM-data must be handled with caution: the structures were not found frequently all over the 

grid and sometimes the results were not reproducible (the vesicle-like structures were only 

found on one grid). Therefore, it must be concluded that macromolecules 1-3 aggregate in 

H20 to diversely shaped structures - structures such as those generally observed for 

amphiphiles. However, there is no evidence that the aggregation of 1-3 is accompanied by the 

formation of the unique coiled coil. 
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A B 
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Figure 4.10: TEM pictures illustrating the aggregates formed by 1, 2 and 3. Granular structures (for 1, 2 and 

3), thread-like structures (for 1 and 2) and 'vesicle-like' structures (in one case for 2) have been observed. The 

granules were ca. 50 nm in diameter, the threads were 8-50 nm in diameter and 80-400 nm in length and the 

'vesicles' were approximately 150 nm in (outer) diameter. This page: (A) 1, separate granules (J mm 36 nm); 

(B) 3, a cluster C?f granules (1 mm ~ 23 nm); (e) 2, cluster of threads (I mm = 53 nm); (D) I, threads (l mm = 

27 nm); (E) 2, 'vesicles' (l mm = 50 nm) and (F) 2, 'vesicles' (/ mm = 30 nm). Next page: left, I, cluster of 

threads and granules (1 mm = 15 nm); right, 2, small threads emanating from cluster of granules and threads 

(l mm = 8 nm). Pt-shadowing was used in all instances. 

95 



See the previous page for details. 

4.3 Conclusion 

TEM-microscopy studies on surfaces onto which polyethylene oxide amphiphiles 1-3 were 

deposited from aqueous solutions, have revealed spherical (granular) and thread-like 

structures. Such structures are typically found for amphiphilic aggregates. However, in this 

case, the formation of the assemblies stems from amphiphiles with an unconventional design 

- i.e. amphiphiles with an unconventional primary structure. In this respect, the formation of 

especially the thread-like structures can be regarded as surprising: for the formation of such 

structures a directionality in the assembling process is necessary. An ORD-analysis on 

polymers 1-3 has been performed to obtain indications for the origin of this directionality. 

Polymers 1-3 have been examined in various solvents at 20°C by an ORD-study, showing 

that the methyl-substituted polymer 3, in contrast to the isobutyl-substituted polymers 1 and 

2, displays an inversion of optical rotation on going from apolar solvents such as THF or 

EtOAc to polar solvents such as MeOH and H20. Inversion of optical rotation in chiral 

ethylene oxides can also be observed, when the complexation of these molecules with alkali 

salts is monitored by ORD-spectroscopy. This complexation process implies the adoption of a 

helical conformation of the ethylene oxide molecules. We therefore propose that inversion in 

optical rotation in the studied polyethylene oxides 1-3 indicates a conformational change 

from an approximately random conformation to a helical arrangement. This formulated 

proposal implies that the methyl-substituted polymer 3 adopts a helical conformation in H20. 

It has not been possible to gather evidence for the formation of helical conformations of 

polymers 1 and 2 in H20, since an inversion of optical rotation upon increasing water content 

in aqueous solutions of 1 or 2 could not be induced due to a sparse solubility of 1 and 2 in this 

solvent [21]. 

In the previous Chapter, the amphiphilic behaviour of polyethylene oxides 1-3 has been 

evidenced by particularly fluorescent-probe measurements. In this Chapter, TEM

measurements have revealed that 1-3 aggregate in assemblies with shapes similar to those 
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observed for regular amphiphilic systems. In addition, ORD-measurements suggest that 

polymers 1-3 form helical conformations in H20. However, there is no substantial evidence 

for the formation of coiled-coil structures or any other well-defined tertiary structures by 

polymers 1-3 in H20. 

Experimental 

General 

Commercially available compounds employed in the syntheses were used without further 
purification, except stannous octanoate (SnOct2) which was distilled in vacuo in a kugelrohr 
apparatus (0.3 mbar; 200-220 0c) and stored in a glove box. The syntheses of compounds (SS)-4, 
(S)-10, (S)-12, (S)-13, (SS)-15 and 17 have been reported in Chapter 3 and have been labeled there as 
(SS)-28, (S)-15, (S)-26, (S)-27, (SS)-33 and 35, respectively. O-Monobenzyl hexaethyleneglycol has 
been reported in Chapter 2 and is labeled 5c there. (S)-4-Methyl-E-caprolactone (18) has been 
reported in literature and was provided by the authors [17]. Solvents were dried and distilled if 
necessary and reactions were routinely carried out under an inert atmosphere of dried argon or 
nitrogen. 
Details on the devices used for NMR-spectroscopy, size exclusion chromatography (SEC), 
electrospray mass spectroscopy (ES-MS), gas chromatography I mass spectroscopy (GC-MS) and 
infrared spectroscopy (FTIR) as· well as information on the materials used for column 
chromatography are collected in the "General" of Chapter 2. Optical rotations were recorded on a 
lASCO DIP-370 polarimeter at a wavelength of 589 nm (Na D-line). ORD- and CD-spectra were 
recorded on a lASCO 1-600 spectropolarimeter. Differential scanning calometry (DSC) 
measurements were taken on a PE DSC-2, applying two heating and cooling runs. UV Nis 
measurements were performed on a PE UVNis spectrophotometer lambda 2B. 

ORD-experiments 

Depending on the applied concentrations, sample holders of 1 cm or 1 dm were used. 
Additional data on Figure 4.4. For plots A, B, C and D polymers 1,2,3 and again 3 were used, 
respectively. The polymer batches that were used, correspond to entries B, G, J and I from Table 3.1 
(Chapter 3). Plot A: concentrations of 2.4, 1.8,3.2 and 2.9 mg/mL were used in the solutions ofTHF, 
THF!H20, EtOAc and MeOH. Plot B: concentrations of 11.1, 9.5,10.2 and 9.3 mglmL were used in 
the solutions ofTHF, THF!H20, MeOH and MeOHlH20. Plot C: concentrations of 13,13,26 and 22 
mglmL were used in the solutions of EtOAc, THF, MeCN, MeOH. Plot D: concentrations of2.3, 2.2, 
2.0, 1.7, 1.1 and 1.2 mglmL were used in the THF !H20-solvent mixtures, containing 0%, 6%, 17%, 
31 %, 55% and 100% (v/v) H20, respectively. A plot similar to plot D (not pictured in Figure 4.4) 
could also be produced by dissolving polymer 3 (entry J in Table 3.1) in THF !H20-solvent mixtures 
at concentrations of21.0, 15.9, 13.1 and 8.7 mglmL and water contents of 0%, 18%,32% and 47% 
(v/v), respectively. 
Additional data on Figure 4.5. In plot A, (SS)-4 was measured in aqueous solutions ofMeOH 
containing 0%, 6% and 21 % H20 (v/v). Concentrations of 4.8,4.5 and 3.8 mglmL were applied, 
respectively. Polymer 19 prepared by procedure B (vide infra) has been used for plot B. 
Concentrations of3.2, 3.1 and 2.7 mglmL were used for the dioxane, dioxane!H20 and EtOAc 
solutions. 
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Additional data on Figure 4.6. Polymer 3 corresponding to entries H and K in Table 3.1, 
respectively, has been used for plots A and B. 
Additional data on Figure 4.8. See "Complexation experiments". 
Additional information on Figure 4.9. For plot A, (SS)-4 was dissolved in MeOH at a concentration 
of8.3 mg/mL 0.0145 mo1JL) and was titrated with 0,1.7,4.0,10.9, and 24.8 molar equivalents 
KSCN, respectively. For plot B, (SS)-6 was dissolved in MeOH at a concentration of 13.05 mg/mL 
(= 0.020 mollL) and was titrated with 0,0.48,0.97, 1.8,4.5 and 8.9 molar e.quivalents KSCN, 
respectively. 

Microscopy measurements 

TEM-samples were prepared by dissolving 1, 2 or 3 in minimum amounts ofMe2CO or MeCN and 
diluting the solutions with H20 to the desired concentrations (the amount of Me2CO or MeCN in the 
aqueous solutions always was < 1%). Concentrations of the final solutions of 1, 2 and 3 varied from 
2'10-4 mg/mL to 8'10-3 mg/mL, from 5'10-5 mg/mL to 0.3 mg/mL and from 2.10-3 mg/mL to 5 
mg/mL, respectively. Droplets of these solutions were brought on Cu-grids covered with carbon or 
polymer (formvar) surfaces. The droplets were either removed after one minute or allowed to 
evaporate overnight, thus varying the deposition time of the polymeric material on the substrates 
substantially. The best results were obtained when dilute solutions of the polymer were used 
(concentrations in the range of2'10-4 mg/mL - 3'10-2 mg/mL), and when the droplets were allowed to 
evaporate overnight. Finally, mainly Pt-shadowing, and sometimes negative staining, was used to 
make detection ofthe formed structures possible. Negative staining was performed by placing a 
droplet of a 2 (w/w)% uranyl acetate (U02(OCOCH3)2) aqueous solution onto the Cu-grid and 
removing it after 15 seconds. Pt-shading was performed by placing the Cu-grid in a Balzers sputter 
unit. All grids were studied with a Philips TEM 201 (60 kV). 
Granular (spherical) and thread-like structures were observed on most grids and in one case -
vesicle-like structures were found. The granular structures were found for polymers 1,2 and 3. The 
diameter of the granules were typically in the order of 50 mn. Clusters of the granules had no specific 
appearance, but had diameters in the order of 800 mn. Thread-like structures were only found for the 
isobutyl-substituted polymers 1 and 2. The clusters of the thread-like structures had diameters in the 
order of 1000 mn. The threads varied in diameter from 8 mn to 50 mn and varied in length from 80 to 
400 mn. Often, the clusters of the threads also contained the previously mentioned granules. Finally 
- in one case 'vesicles' were found for polymer 2. Outer diameters and thicknesses of the 
'bilayers' of ca. 150 mn and 50 mn were observed, respectively. 
Note: None of the found structures were generally or frequently spread over the surfaces of the grids. 

AFM-samples were prepared by dissolving polymer 2 in MeCN and diluting the solution with H20 to 
concentrations of 3'10-3 and 2.5'\ 0-4 mg/mL. Droplets of these solution were brought on a Si-wafer 
substrate and were allowed to evaporate. STM-samples were prepared by dissolving polymer 1 and 2 
in Me2CO and diluting the solutions with H20 to concentrations of 4'10-3 and 5'\0-4 mg/mL. The 
droplets were brought on a crystalline eu-substrate, that had been etched electrochemically. The 
droplets were allowed to evaporate. The AFMlSTM-measurements were performed in an ultra-high 
vacuum chamber (base pressure 10-10 mbar) with Omicron apparatus. The AFM detection mechanism 
is based on the beam-deflection method. The normal and lateral forces experienced by the rectangular 
cantilever with integrated silicon tip were calibrated. 

Complexation experiments 

Attempts to obtain solid complexes of glycols (SS)-4, (SS)-6 and 7 with KSCN or RbI (in the case of 
(SS)-6). Both the ethylene oxide and the salt were dissolved in Me2CO or MeOH-EtOAc solvent 
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mixtures and maintained at reflux overnight. Neither addition of petroleum ether nor cooling to 4 °c 
resulted in the crystallization of a complex. 
Titration experiments. In plots A and C of Figure 4.8 a concentration of 0.34 mollL (SS)-4 has been 
used. In plot B the cumulative concentration of glycol and salt was kept constant (a requirement for 
Job-plots): [KSCN] + [(SS)-4] 0.145 mollL. In plot D a concentration of 0.0357 mollL (SS)-4 was 
applied (employed temperature: 25°C). The diquinolinyl glycol (SS)-6 was titrated in CD}OD with 
KSCN at a concentration of 0.013 mollL. The carbon shifts of two carbons have been used to 
determine the K-value. The titration of ether 7 with KSCN at a concentration of 0.30 mollL was also 
monitored by DC NMR. In this case, only one carbon signal was selected to obtain the K-value. 
Errors in the obtained K-values for the 1:1 complexes of KSCN with (S8)-4, (8S)-6 and 7 did not 
exceed 15%. Unless mentioned otherwise, the titrations were executed in MeOH or in CD30D at 
20°C. 

(4S,13S)-1-(2-Methoxy-ethoxymethoxy)-4, 13-diisobutyl-20-benzyloxy-3,6,9, 12, 15,18-
hexaoxa-eicosane, (SS)-5 

Compound (S)-14 (0.45 g; 0.91 mmol) and 2-{2(S)-[2-(2-ethoxy-ethoxymethoxy)-ethoxy)-4-methyl
pentyloxy}-ethanol (0.15 g; 0.51 mmol, (SS)-12) and KOH (85%,0.10 g; 1.52 mmol) were heated at 
reflux for three days in 4 mL dry THF. After one day an extra portion ofKOH (85%, 0.05 g; 0.76 
mmol) was added. THF was evaporated and the resulting semi-solid was suspended in H20. 
Extraction of the H20 layer with EtzO was carried out, after which the collected organic layers were 
dried (MgS04). Evaporation of the solvent gave 0.6 g crude product. Impurities in the product were: 
both starting compounds and (SS)-9. Alcohol (SS)-11 was not detected. Silica column 
chromatography using PhMefEtOAc, (2/3) as eluent gave the title product as a clear oil. Yield: 0.3 g 
(95%). NMR (CDCh): 15 7.4-7.2 (5H, m, Ph), 4.75 (2H, s, O-Cl:!z-O), 4.55 (2H, O-Cl:!z-Ph), 3.85 
(2H, m), 3.7-3.45 (28H, m), 3.4 (3H, s, O-ClL), 1.7 (2H, m), 1.45 (2H, m), 1.25 (2H, m) and 0.90 
(12H, 4 x d, 3J = 6.6 Hz (4x), CH2-CH(ClLH I3C NMR (CDCI3): 15 13S.1, 12S.3, 127.6 and 127.5 
(Ph), 73.1 (O-!:;;.Hz-Ph), 41.1 (2x), 24.3 (2x), 23.3 (2x), 22.2 (2x), (isobutyl carbons), 58.9 (O-!:;;.H3), 
95.5 (O-~H2-0), 77.4 (2x), 74.5, 74.3, 71.7, 70.8, 70.7 (2x), 70.6 (2x), 70.4, 69.3(3x), 67.3, 66.6. 
TLC: Rt-(PhMelEtOAc, (2/3), silica) = 0.16. Rr(PhMelEtOAc, (1/2), silica) = 0.22. FTIR (cm~l): 
2955,2872, 1461, 1367, 1108, 1043,738,697. Elemental analysis for CnI-IwOIO(FW = 616). Cal cd 
C 64.29 H 9.74 Found: C = 64.60 H = 10.0. [o.]D20 (c 0.78; CHCI3) -7.6°. [o.]D20 (c = 0.78; 
MeOH) 7.3°. GC-MS analysis at 320°C gave retention of only one compound. GC-MS (CI with 
NH3): 634 [M + ~ +]+. 
Di-O,O'-benzyl ether (S8)-9 was also isolated. Clear oil. lHNMR (CDCh): S 7.4-7.2 (IOH, m, Ph), 
4.55 (4H, O-Cl:!z-Ph), 3.75 (2H, m), 3.7-3.45 (2SH, m), 1.75 (2H, m), 1.45 (2H, m), l.25 (2H, m), 
0.90 (12H, dd). l3C NMR (CDCh): S 13S.2 (2x), 128.3 (2x), 127.7 (2x) and 127.5 (2x) (Ph), 73.2 
(2x), (O-!:;;.Hz-Ph), 41.1 (2x), 24.4 (2x), 23.3 (2x), 22.3 (2x), (isobutyl carbons), 77.4 (2x), 74.4 (2x), 
70.S (2x), 70.7 (2x), 70.6 (4x), 69.4 (2x), 69.3 (2x). TLC: Rr(PhMelEtOAc, (2/3), silica) = 0.36. Rr 
(PhMelEtOAc, (112), silica) = 0.44. 

(4S, 13S)-1, 17 -(Di-8-quinolinoxy)-4, 13-diisobutyl-3,6,9, 12, 15-pentaoxa-heptadecane, 
(SS)-6 

A solution of o.,ro-ditosylate (SS)-16 (170 mg; 0.24 mmol) in 2.5 mL THF and 0.5 mL HMP A 
(hexamethylphosphoramide) was added to a boiling suspension of S-hydroxyquinoline (SI.5 mg; 0.56 
mmol) and KOH (85%; 36 mg, 0.55 mmol) in 0.5 mL THF and 0.5 mL HMPA. The suspension, 
which turned green and became turbid, was kept at reflux overnight. Thereafter, H20 and KOH were 
added to the reaction mixture and the aqueous solution was extracted with CH2Ch. The collected 
organic layers were dried with Na2S04 and evaporation of the solvent gave the crude oily product. 
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Sequential elution on an alumina column with hexanelEtOAe, 111 and with EtOAc gave 130 mg 
product (85%). Clear oil. IHNMR(CDCh): 8 8.9 (2H,m), 8.1 (m, 2H), 7.4 (m,6H), 7.1 (m,2H),4.4 
(4H, m), 4.2 (lH, ddd, 2J == 10.9 Hz, 3J 5.9 Hz, 3J == 5.9 Hz), 4.1 (3H, m), 3.75 (lH, m), 3.6-3.5 
(l3H, m), 1.70 (2H, m), 1.45 (2H, m), 1.25 (2H, m), 0.90 (12H, 4 x d, 3J == 7.0 Hz (2x), 6.6 Hz (2x». 
BC NMR (CDCI3): 8154.6,154.5,149.1,149.0,140.3 (2x), 135.7, 135.6, 129.3 (2x), 126.5 (2x), 
121.4,121.3,119.7,119.6, 109.2,109.1 (quinoline carbons), 41.0, 40.9, 24.3, 24.2, 23.2 (2x), 22.1 
(2x) (isobutyl carbons), 77.8,77.3,74.5,74.3,70.7,70.6,70.4,69.5,69.2,68.1, 68.0, 67.8. IH NMR 
(CD30D): 8 8.8 (2H, m), 8.3 (m, 2H), 7.5 (m, 6H), 7.2 (m, 2H), 4.35 (4H, m), 4.2-3.9 (4H, m), 3.7 
(lH, m), 3.6 (lH, m), 3.6-3.4 (12H, m), 1.70 (2H, m), 1.35 (2H, m), 1.2 (2H, m), 0.80 (12H, 4 x d, 3J 

6.7 Hz (2x), 6.6 Hz, 6.2 Hz). I3C NMR(CD30D): 8149.8 (2x), 147.0 (2x), 140.6 (2x), 138.0 (2x), 
130.1 (2x), 128.3 (2x), 122.9 (2x), 120.9, 120.8, 110.8, 110.7 (quinoline carbons), 42.3 (2x), 25.6 
(2x), 23.8 (2x), 22.7 (2x), (isobutyl carbons), 79.0, 78.7, 75.4, 75.2, 71.9, 71.8, 71.5, 70.8, 70.4, 69.7, 
69.6,69.4. [o.]n25 == - 12.3 0 (c == 4.60; THF). TLC: Rr(hexanelEtOAc, 111, silica) == 0.25. Rf(EtOAc, 
silica) 0.80. [o.]D25 ==-11.7 0 (c 3.25; THF). TLC: Rf(hexanelEtOAc, 111, alumina) 0.05. Rr 
(EtOAc, alumina) == 0.38. HRMS Calcd. 648.3775 Found: 648.3803. UV-maxima in MeOH were 
recorded at 305 nm and 240 nm (8 8.5 and 96.3 L-g-I'cm-I, respectively. These maxima shifted to 
252 nm and 358 nm after protonation of the pyridine-moiety with HCI. 

1-(2-Methoxyethoxy-methoxy)-17 -benzyloxy-3,6,9, 12,15-pentaoxa-heptadecane, 7 

Benzyl hexaethylene glycol (0.48 g; 1.34 mmol) was coevaporated with PhMe and thereafter 
dissolved in 2 mL distilled CH2Ch containing N(i-Pr}2Et (330 mg; 2.56 mmol). The solution was 
cooled to 0 °c, MEMCl (380 mg; 3.05 mmol) was added dropwise and the solution was stirred at 
reflux overnight. CH2Cl21H20 extraction the pH of the water layer was kept at 2 - drying of the 
collected organic layers and evaporation ofthe solvent gave 0.65 g crude product. Silica column 
chromatography applying CH2C1iMeOH, 20/1 as eluent and subsequent column chromatography 
using EtOAelMeCN, 4/1 as eluent gave a clear, yellowish oiL Yield: 400 mg (68%). IH NMR 
(CDCb): 8 7.3 (5H, m, Ph), 4.7 (2H, s, O-ClL-O), 4.6 (2H, s, O-ClL-Ph), 3.7-3.6 (26H, m), 3.55 
(2H, m), 3.4 (3H, s). I3c NMR (CDC b): 8 138.0, 128.1, 127.5, 127.3 (Ph), 73.0 (O-£Hz-Ph), 95.4 (0-
£HrO), 58.8 (O£H3), 71.5, 70.4, 70.3 (8x), 70.2, 69.2, 66.6, 66.5. IH NMR (CD30D): 8 7.3 (5H, m, 
Ph), 4.7 (2H, s, O-ClL-O), 4.55 (2H, s, O-ClL-Ph), 3.7-3.6 (26H, m), 3.5 (2H, m), 3.3 (3H, s). BC 
NMR (CD30D): 0139.7,129.3,128.8,128.6 (Ph), 96.5 (0-£H2-0), 59.1 (0£H3), 74.0, 72.9, 71.5 
(9x), 71.4, 70.6, 68.0,67.8. FTIR (em-I): 2868, 1454, 1351, 1296, 1248, 1115,946,851,741,700. 

(5S, 13S)-1, 17 -Dibenzyloxy-5, 13-diisobutyl-3,6,9, 12, 15-pentaoxa-heptadecane, (SS)-8 

The tosylate of2-{ I (S)-[2-benzyloxy-ethoxymethyl]-3-methylbutoxy}-ethanol, (700 mg; 1.56 mmol, 
(SS)-13) was dissolved in 6.2 mL THF. Finely ground KOH (85%, 400 mg; 61 mmol) was added and 
the suspension was stirred at reflux for three days. H20lEt20 extraction, drying of the collected 
organic layers and evaporation of the solvent gave 0.42 g of a crude oil. Purification on a silica 
column using CH2ChlMeCN, 1011 was followed by another chromatographic step on a silica column 
using PhMelEtOAc, 2/1 as an eluent. A clear oil was collected. Yield: 190 mg (43%). IHNMR 
(CDCh): 0 7.3 (lOH, m, Ph), 4.5 (4H, O-ClL-Ph), 4.3 (2H, m), 3.7-3.4 (20H, m), 1.80 (2H, m), 1.4 
(2H, ddd, 2J 14.0 Hz, 3J == 8.5 Hz, 3J == 5.5 Hz), 1.25 (2H, ddd, 2J = 14.0 Hz, 3J '" 8.4 Hz, 3J 4.0 

Hz), 0.90 (l2H, 2xd, 3J = 6.7 Hz, 6.6 Hz). I3C NMR (CDCh): 0138.1 (2x), 128.0 (2x), 127.3 (2x), 
127.2 (2x) (Ph), 72.8 (2x, O-~H2"Ph), 41.0 (2x), 24.1 (2x), 23.1 (2x), 22.0 (2x), (isobutyl carbons), 
77.1 (2x), 74.2 (2x), 70.6 (2x), 70.5 (2x), 69.2 (2x), 69.1 (2x). [o.]D23 ==-16.8 0 (c 2.5; CHCh). 
TLC: Rr (PhMelEtOAc, 211, silica) = 0.34. Rr(CH2ClzlMeCN, 1011, silica) == 0.15. FTIR (em-I): 
3030,2866, 1496, 1454, 1367, 1205, 1103,737,698. Besides the title compound also the elimination 
product, 2-{I(S)-[2-benzyloxy-ethoxymethyl]-3-methylbutoxy}-ethene, was isolated (50 mg; 12%). 
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IH NMR (CDCh): 0 7.3 (5H, m, Ph), 6.3 (1H, dd), 4.6 (2H, s, O-Clli-Ph), 4.3 (lH, dd), 3.9 (2H, m), 
3.7 (4H, m), 3.5 (2H, m), 1.80 (lH, m), 1.55 (lH, ddd), 1.3 (lH, ddd) 0.90 (6H, 2xd). BC NMR 
(CDCh): & 138.2, 128.3, 127.6, 127.5 (Ph), 73.1 (O-~HrPh), 40.5, 24.3,23.1,22.1 (isobutyl 
carbons), 87.9,151.9 (alkene carbons), 77.7, 73.7. 70.9, 69.4. 

(8S, 16S)-1,23-Dibenzyloxy-8,16-diisobutyl-3,6,9,12,15,18,21-heptaoxa-lricosane, (SS)-9 

See the experimental of compound (S8)-5. 

2-{1(S)-[2-(2-Benzyloxy-ethoxy)-elhoxymethyl]-3-methyl-butoxy}-ethanol, (S)-11 

(2S)-I-[2-(2-Benzyloxy-ethoxy}-ethoxy}4-methyl-pentan-2-o1 (3.95 g; 13.3 mmoI, (88)-10), tosylated 
O-THP ethylene glycol (8.0 g; 26.7 romol, 17) and KOH (85%, 2.23 g; 33.8 romol) were heated at 
reflux for 48 h. THF was evaporated, HZOlEt20 extraction was carried out, the collected Et20 layers 
were dried with K2C03 and the resulting solution was concentrated in vacuo. The residue (10.6 g) 
was dissolved in 80 mL MeOH. p-To]uenesulfonic acid hydrate (0.25 g; 1.45 romo]) was added after 
the solution had been cooled to 0 0c, Three h of stirring at room temperature was sufficient to remove 
the THP-group. NaHC03 was added to quench the reaction, MeOH was evaporated and DHP was 
removed by coevaporation with EtOAc. H20/CH2Cb-extraction, collection of the organic layers, 
drying with MgS04 and concentration of the solvent gave 6.7 g crude product Silica column 
chromatography using PhMelEtOAc (Ill) as eluent gave the title product as a clear oil. Yield: 2.7 g 
(60%). IH NMR (CDCh): 0 7.3-7.1 (5H, m, Ph), 4.6 (2H, O-Clli-Ph), 3.75-3.65 (13H, m), 3.5-3.4 
(2H, m), 3.25 (lH, t, OB.), 1.75 (lH, m), 1.4 (lH, m), 1.2 (IH, m), 0.90 (6H, dd). I3C NMR (CDCh): 
o 138.1, 128.2, 127.6 and 127.4 (Ph), 73.0 (O-~H2-Ph), 41.2, 24.3, 23.2, 22.2 (isobutyl carbons), 
77.4,74.6,71.8,70.5 (2x), 70.4, 69.3, 62.1. TLC: Rf(PhMelEtOAc, (111), silica) = 0.20. 

2-{1 (S)-[2-(2-Benzyloxy-ethoxy)-ethoxymethyl]-3-methyl-butoxy}-ethyl tosylale, (S)-14 

Alcohol (8)-11 (1.55 g; 4.56 romol) in 3 mL pyridine was added dropwise to an ice-cooled solution of 
tosylchloride (1.0 g; 5.24 romol) in 2 mL pyridine. The solution was stirred overnight at 4 cc. Then, 
the reaction mixture was poured into 10 mL ice water. Et20 and aIM aqueous HCI-solution were 
added and extraction was carried out at a pH-value of 1-2. Drying of the collected organic layers and 
evaporation of the solvent yielded 2.2 g product. The product contained a small amount of 
tosylchloride, that could be removed by silica column chromatography (PhMelEtOAc, (5/1 ». Clear 
oil. Yield: 1.8 g (80%). IH NMR (CDCl): B 7.8 (2H, d), 7.4-7.2 (7H, m, Ph), 4.55 (2H, O-Clli-Ph), 
4.1 (2H, t, 3J = 4.8 Hz), 3.85 (tH, ddd, 2J = 11.6 Hz, 3J 5.6 Hz, 3J 5.6 Hz), 3.7-3.4 (l2H, m), 2.45 
(3H, S, Ph-C!L), 1.65 (tH, m), 1.30 (lH, ddd, 2J 14.0 3J 8.5 Hz, 3J = 5.5 Hz, CJfH"-
CH(CH3h), 1.15 (tH, ddd, 2J = 14.0 Hz, 3J = 8.5 Hz, 3J 4.5 Hz, CHJf'-CH(CH3h), 0.85 (6H, 2 x d, 
3J 7.1 Hz and 6.6 Hz, CHz-CH(C!Lh). 13C NMR (CDCh): 0 138.1,128.2,127.6 and 127.5 (Ph), 
144.5,133.0,129.6 and 127.5 (Ts), 73.1 (O-r;.H2-Ph), 40.8, 24.2, 23.2, 22.0 (isobutyl carbonsh, 77.6, 
74.7,70.6,70.5 (2x), 69.6, 69.3, 67.6. TLC: Rf(PhMelEtOAc, (5/1), silica):= 0.25. FTIR (em-I): 
3025,2943,2872,1596,1496,1455,1355,1290,1179, 1096, 1014,920,814,773,744,697,662. 

(4S, 13S)-1, 17-Dilosyloxy-4, 13-diisobutyl-3,6,9, 12, 15-penlaoxa-heptadecane, (SS)-16 

(4S,13S)-4, 13-Diisobutyl-17-hydroxy-3,6,9, 12, 1 5-pentaoxa-heptadecanol (110 mg; 0.28 romol, (SS)-
15) and tosylchloride (118 mg; 0.62 romol) were dissolved in 0.4 mL distilled CH2Ch. The solution 
was cooled in an ice bath. Finely ground KOH (85%, 130 mg; 1.97 romol) was added in four 
portions over a IS-minute period, after which the suspension was stirred for 3 h. Ice water and 
CH2Ch were added to the reaction mixture and extraction of the H20 layer was executed. Drying of 
the organic layers with MgS04 and evacuation of the solvent yielded 210 mg crude product. 
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Chapter 4 

Sequential elution on a silica column with hexanelEtOAc, 311 - to remove the TsCI-contaminant 
and with EtOAc gave an oily product. Yield: 170 mg (87%). IHNMR (CD3CN): 0 7.8 (4H, m), 7.4 
(4H, m), 4.1 (6H, m), 3.8 (lH, ddd, 2J = 12.2 Hz, 3J = 4.8 Hz, 3J = 4.1 Hz), 3.6 (3H, m), 3.4 (l2H, m), 
2.45 (s, 6H), 1.65 (2H, m), 1.30 (2H, m), 1.20 (2H, m), 0.85 (12H, 4 x d, 3J = 6.6 Hz (2x), 6.3 Hz,6.2 
Hz). 13C NMR (CD3CN): 0 146.3, 146.2, 133.9 (2x), 131.0 (2x), 128.8(2x), (Ts), 41.8, 41.7, 25.2, 
25.1,23.6 (2x), 22.7, 22.5 (isobutyl carbons), 21.7, 21.1 (Ph-{;H3), 78.2, 77.9, 74.9, 74.5, 71.6, 71.5, 
71.4,71.1,70.9,69.9,69.3,68.2. [a]o25 - 12.3 0 (c = 4.60; THF). TLC: Rr(hexanelEtOAc, 111, 
silica) 0.25. Rr(EtOAc, silica) = 0.80. 

Poly-(4(S}-methyl-s-caprolactone), 19 

TIrls polymer was obtained by polymerization of (4S)-4-methyl-s-caprolactone (18). Purification of 
the monomer was achieved by silica column chromatography using CH2ChlEtCOMe, S/l as eluent 
(Rf = 0.50). The (enantiomeric) purity of the lactone was checked on a fkyclodextrin GC-column, 
that was processed at 145 "C: no traces of contaminants were found. IH NMR (CDCh): 0 4.2 (IH, 
m), 4.1 (lH, m), 2.65 (2H, m), 1.90 (2H, m), 1.75 (lH, m), 1.45 (lH, m), 1.30 (lH, m), 0.95 (3H, d). 
BC NMR (CDCh): 0176.0 (CO), 22.0 KH3), 68.0 (0~H2-)' 37.1, 35.1, 33.1, 30.7. [a]D20 = 53.8" 
(c = 0.77; CH2Ch). FTIR (em-I): 2957,2927,2872, 1740, 1478, 1448, 1389, 1339, 1306, 1282, 1255, 
1163,1095,1079,1008,935,862,796,730,711,585,522. GC-MS (FW 128): 128 and 129 (with 
abundances of 4.2% and 0.5%, respectively). 
Procedure A: (4S)-4-Methyl-E-caprolactone (104 mg; 0.81 mmol, 18) and 10 ).LL of a 0.10 M solution 
of SnOct2 in PhMe (monomer/catalyst ratio of 81 011) were mixed under an argon atmosphere at 140 
"C in a silylated Schlenk flask. After 24 h the oily product was dissolved in CHCh and precipitated in 
MeOH. The polymer was collected as a sticky yellowish oil. Yield: 36 mg (35%). SEC: Mn 29.7 
kg/mol, D 1.36 (data obtained with PS standards). 
Procedure B: (4S)-4-Methyl-E-caprolactone (56 mg; 0.44 mmol, 18) and 9 J.lL of a 0.50 M solution of 
SnOch in PhMe (monomer/catalyst ratio of 98/1) were mixed under an argon atmosphere at 110 °c in 
a silylated Schlenk flask for 3 h. Further reaction at 140 "C for 24 h gave an oily product that was 
dissolved in CHzCl2 and precipitated in hexanelether, 4/1. The polymer was collected as a sticky 
yellowish oil. Yield: 32 mg (57%). SEC: M. = 8.4 kg/mol, D = 2.3 (data obtained with PS standards). 
TIrls polymer was used for the ORD-measurements. 
IH NMR (CDCI3): 0 4.15 (2H, m), 2.30 (2H, m), 1.8-1.4 (5H, m), 0.95 (3H, d, 3J 6.6. Hz). I3C 
NMR (CDCb): 0173.7, (CO), 19.0 (~H3), 62.6 (0~H2-)' 35.2, 31.9, 31.7, 29.5. 
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Summary 

Chapter 5 

Constitutionally asymmetric and chiral 

[2]pseudorotaxanes 

The syntheses are described of (i) constitutionally-asymmetric, acyclic, hydroquinone

containing polyethers and (ii) optically active, acyclic, hydroquinone-containing polyethers, 

in which the ethylene oxide backbone bears two methyl or isobutyl substituents that are 

related to each other in a C2 symmetric fashion. The combination of (i) the tetracationic 

cyclophane, cyclobis(paraquat-p-phenylene) tetrakis(hexafluorophosphate), possessing a 7l

electron deficient cavity, and (ii) the linear, non-centrosymmetric, acyclic polyethers, 

produces {2 Jpseudorotaxanes that have been characterized by 1 H NMR and UVlVis in 

solution and by X-ray crystallography in the solid state. In addition, the characterization of a 

range of chiral {2Jpseudorotaxanes has been explored using CD-spectroscopy. The 

introduction of constitutional asymmetry or chirality gives rise to a number of different 

geometries for the {2 J pseudorotaxanes both in solution and in the solid state. In particular, 

CD-spectroscopic measurements on the optically active (2Jpseudorotaxanes have shown that 

depending on the positions of the chiral centers relative to the hydroquinone ring - the 

chirality in the 7l-electron rich thread-like guest can induce chirality in the supramolecular 

structure as a whole, resulting in a chiral charge transfer (CT) transition involving not only 

the 7l-donors in the chiral guests, but also the 7l-acceptors in the achiral host. 

5.1 Introduction 

Nature uses numerous kinds of processes and interactions to construct - with precision -

large ordered molecular assemblies [1]. In order to build functioning, previously unattainable, 

synthetic systems [2] with conventional chemical teclmiques, chemists are investigating the 

nature of specific recognition motifs, both in the solid state and in solution [3]. Studies in the 

solid state have revealed recognition motifs that are ordered in one-, two- or three

dimensional arrays, incorporating hydrogen bonding [4], metal-ligand complexes [5] and 1t-1t 

interactions [6]. The pioneering study of the complexation of planar 1t-electron deficient 

substrates - most importantly the paraquat dication - by the crown ether 

bis(paraphenylene)-34-crown-IO [7], has led to the development of several supramolecular 

species, including interwoven and mechanically-interlocked, linear systems [8], such as 

catenanes, rotaxanes and pseudorotaxanes [9]. Several [n]pseudorotaxane superstructures 

have been reported, that are composed of the cyclophane cyclobis(paraquat-p-phenylene) 
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tetrakis(hexafluorophosphate) l'4PF6 and linear 1t-electron rich components [10]. These 

[n]pseudorotaxanes assemble in solution via a threading process and form remarkably stable 

species that, as evidenced by solution and solid state investigations, are stabilized by (i) 1t-1t 

interactions [11] between the 1t-electron deficient bipyridinium units of the cyclophane host 

and the 1t-electron rich aromatic residues of the linear guest, (ii) [CH"'O] hydrogen bonds 

[12] between the a-bipyridinium protons on the tetracationic cyclophane and the polyether 

oxygen atoms in the linear 1t-electron rich guest, and (iii) [CH .. ·1t] hydrogen bonds [13] 

between the aromatic ring protons of the inserted 1t-electron rich aromatic residue and the 1t

face of the p-xylyl spacer units of the tetracationic cyclophane. In addition, complex infinite 

arrays are evident in the solid state. 

+ + 

+ +)J~IIII I 
,~~"W.II~ 

+ + 

+~+ 0 

2 ~ 
+ + otvto~ 

~ ?iAV'-{" +~+ + + n 

2 n = 1 
14+ 3 n=2 

Figure 5.1: Schematic representation of the solid state structure of the [2 Jpseudorotaxanes formed 

by the tetracationic cyclophane 1'4PF6 and the :r-electron rich dicarboxylic acid components 2 or 3 

(tr-Jr interactions are drawn as long double lines; hydrogen bonds as short single lines). 

Recently, the assembly of pseudorotaxanes composed of 1t-electron rich polyether 

components 2 and 3, possessing carboxylic acid termini, and the tetracationic cyclophane 

l'4PF6 has been reported [14]. In the solid state, these [2]pseudorotaxane 'monomers' - in 

which the 'threads' are inserted centrosymmetrically into the 1t-electron deficient cavity of the 

cyclophane receptor - assemble via hydrogen bonding interactions between the carboxylic 

acid termini to produce pseudopolyrotaxanes (Figure 5.1) [15,16]. In order to verifY the 

generality and the viability of this noncovalent synthesis ofpseudopolyrotaxanes, (i) 

constitutional asymmetry was introduced by replacing one of the carboxylic acid 

functionalities in the 1t-electron rich 'thread' -components and (ii) chirality was introduced by 
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employing 1t-electron rich 'threads' with C2-related chiral centers in the polyether backbone. 

The introduction of chirality into the linear 'thread' component of the pseudopolyrotaxane 

could, in principle, lead to the formation of helical polymeric superstructures [17]. 

Additionally, the dissymmetry associated with the chiral1t-electron rich 'threads' can be used 

to study the geometry of the [2]pseudorotaxanes in solution by employing circular dichroism 

(CD) spectroscopy. 

In this Chapter, we describe (i) the syntheses of the 1t-electron rich 'thread' components 

featuring a range of terminal functionalities and chiralities, (ii) the characterization of a series 

of [2]pseudorotaxanes consisting of constitutionally-asymmetric or chiral1t-electron rich 

'threads' and the tetracationic cyclophane 1·4PF 6 in solution by UV Nis, IH NMR and CD 

spectroscopy studies, and (iii) the characterization of these asymmetric [2]pseudorotaxanes in 

the solid state by X-ray crystallography. 

5.2 Results and discussion 

The synthesis of the molecular components 

The 1t-electron rich threads that have been synthesized to serve as guests in the complexation 

with the tetracationic cyclophane host 1'4PF6 comprise (i) the constitutionally asymmetric 

monocarboxylic acid 5, (ii) the chiral, C2 symmetric di-alcohols 19-23, (iii) the chiral, C2 

symmetric dicarboxylic acids 29-33 and (iv) the chiral, C2 symmetric di-ethers 34--37 

(Schemes 5.1-5.4). Most of the chiral compounds have been synthesized in both enantiomeric 

forms. Monocarboxylic acid 5 was prepared in a 75% yield by hydrolysis of the 

corresponding methyl ester 4 [18] using NaOH in H20 (Scheme 5.1). 

0 0 

orif If o OH 

¢ NaOH ¢ -H20,~ 
000 000 
UU\ UU\ 

4 5 

Scheme 5.1 

The chiral, 7t-electron rich, dicarboxylic acid components were prepared by the routes shown 

in Schemes 5.2-5.3. All (S)-enantiomers shown in Scheme 5.2 have been reported in 
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literature [19] and have also been described in Chapter 3 (except for the tosylates 15). The 

(R)-enantiomers have been synthesized in similar procedures. Conversion of leucine (S)-6 by 

sequential diazotation (H2S0JNaN(h1H20) and esterification with EtOH gave ethylleucate 

(S)-10. Transesterification oflactide (RR)-7 with EtOH yielded ethyl lactate (R)-9. Protection 

of the alcohol functions in compounds 9 and 10 with 3,4-dihydro-2H-pyran (DHP), 

employingp-toluenesulfonic acid (TsOH) as catalyst, yielded the tetrahydropyranoxy (THP) 

ethyl esters 11 and 12 in yields of ca. 90%. Reduction of these esters using LiAl~ in Et20 

afforded the THP-protected, alkyl-substituted, chiral diols 13 and 14. The methyl-substituted 

alcohols 13 were tosylated using standard conditions (TsCI, pyridine, 4°C) to afford 

compounds 15. 

(S)-6 ~o 010:(" (RR)-7 

H2N OH 
" .. , 0 0 

1a ! b 

H c R 0 d -- H --HO 01\ 
(S)-8 

(S) or (R)-9 R=Me 
(S)-10 R = i-Bu 

e -- --
(S) or (R)-11 R = Me 

(S)-12 R = i-Bu 
(S) or (R)-13 R = Me 

(S)-14 R = i-Bu 

Scheme 5.2 

(S) or (R)-15 R = Me 

a. NaN02, H2S04, H20, RT (54%); b. EtOH, HCI, PhMe, ,1 ,(76%); c. EtOH, HCI, PhMe, ,1, 

(75%); d. DHP, TsOH, Et20, RT, (87-95%); e. LiAlH4' EtlO, RT, (92-94%);f TsCl, 

pyridine, 4 0c, DHP = dihydropyran. Ts = p-toluenesul/onyl 

The chiral 'threads' (SS)-19 and (RR)-19 were prepared by O-alkylation of hydro quinone 16 

with tosylates (S)-15 and (R)-IS, respectively, using KOH as base and TIIFlEtOH as solvent 

mixture (Scheme 5.3). Coupling of the bistosylates 17 and 18 [20] with the THP-protected 

diols 13 and 14, employing KOH as a base in TIIF, and subsequent removal of the THP

protecting groups with TsOH in MeOH, afforded the C2 symmetric, chiral, di-alcohol 'threads' 

20-23 in reasonable yields. O-Alkylation of diols 19-23 with tert-butyl bromoacetate, 

employing tert-BuOK as base in tert-BuOH yielded the tert-butyl diesters 24-28 in 31-46% 
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yields. Hydrolysis of these diesters, using pure TF A or HX (X = CI, Br, CF 3COO) in CH2Ch, 

afforded the dicarboxylic-acid 'threads' 29-33 in quantitative yields. Remarkably, the specific 

optical rotations [a]D of these 'threads' were not reliable for the determination of 

enantiomeric excesses, because the values were very sensitive to changes in temperature, 

concentration and solvent. 

OH 

17 n = 1 
18 n =2 

16 ¢ · (S) or (R)-15 

OH 

lrorK: 
(S) O:(R)-13 r6 n <) 
or (S)-14 17 ~ i?H i 

(SS)-19, (RR)-19: R = Me; n = 0 
(SS)-20. (RR)-20: R = Me; n = 1 
(SS)-21. (RR)-21: R = Me; n = 2 

(SS)-22: R = i-Bu: n = 1 
(SS)-23: R = i-Bu; n = 2 

(SS)-24. (RR)-24: R = Me; n = 0 
(SS)-25, (RR)-25: R = Me; n = 1 
(SS)-26, (RR)-26: R = Me; n = 2 

(SS)-27: R = i-Bu; n = 1 
(SS)-28: R = i-Bu; n = 2 

r ~R -------------' 

R 0 

¢
otorKriH (SS)-29, (RR)-29: R = Me; n = 0 

O
n /i (SS)-30, (RR)-30: R = Me; n = 1 

Y (SS)-31. (RR)-31: R = Me; n = 2 
(SS)-32: R = i-Bu; n = 1 

~ I ~ 1? OH. (SS)-33: R = i-Bu; n = 2 

T l;;\~o '------------' 

Scheme 5.3 

a. 1. (S)-15 or (R)-15. KOH, THF, EtOH, .1 and 2. TsOH, MeOH, RT (23-32%); b. (S)-13, 

(R)-13 or (S)-14, KOH, THF, .1 and 2. TsOH, MeOH, RT (32-72%); c. BrCH~OOtert-Bu. 

tert-BuOK, tert-BuOH, RT (31-46%); d. TFA, RT or HX (X Ct, Br, CF ,cOO), CH~h 

RT (100%). Ts = p-toluene sulfonyl. 

In Scheme 5.4, the syntheses of the chiral, n-electron rich, di-ether 'threads' are shown. 

Compound (SS)-34 was prepared by coupling ofhydroquinone 16 with (S)-2-methylbutyl 

tosylate [21]. The diols (SS)-19 and (RR)-19 were converted to the dimethoxyethers (SS)-35 
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and (RR)-35 with Mel in tert-BuOH using tert-BuOK as a base. In similar reactions, (SS)-19 

was converted to the ethers (SS)-36 and (SS)-37 by coupling with Etl and 2-methoxyethyl 

tosylate [22], respectively. In these two reactions, KOHlTHF was used as base/solvent 

combination (see Scheme 5.4). 

OH 

¢16 
OH 

(SS)-34 

rl 
(SS) or (RRr'. ~ : 

b 
/ 

(SS) or (RR)-35 

'-\ 
cl 

(SS)-36 

Scheme 6.4 

(SS)-37 

a. 1. (2S)-TsOCH]CHMeEt [21], KOB, THF, EtOB, 4 (60%); h. Mel, terl-BuOK, lert

BuOB, RT (70-77%); c. Etl, KOB, THF, 4 (90%); d. TsOCH2CHzOCH3 [22], KOB, THF, 

4 (54%). 

Using the synthetic routes shown in Schemes 5.2-5.4, the enantiomeric excesses of the 

starting compounds, leucine (S)-6, lactide (RR)-7 and ethyl lactate (S)-9 could be preserved in 

the whole reaction sequence to the final compounds [23]. 

1H NMR spectroscopy 

Mixing equimolar portions of the tetracationic cyclophane 1·4PF 6 and separately each of the 

n-electron rich 'threads' in MeCN produced clear, red solutions for the respective 1: 1 

complexes. The colours of these solutions suggest that the n-electron rich 'threads' enter the 

cavity of the tetracationic cyclophane 1·4PF6 and experience stabilizing n-1t interactions with 

the n-electron deficient bipyridinium units. 
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Table 5.1: Chemical shift data (O-values (dO-values) raj) obtainedfrom IH NMR spectra recorded on 

CD3CN-solutions of the ,,-electron rich 'threads' with carboxylic acid termini (2, 3, 29-33) and the 

tetracationic cyclophane l'4PF6 at 298K For both components, a 5mM concentration was used. The 
chemical shifts of the individual components of the [2Jpseudorotaxane are also indicated 

Charged component Polyether component 

Compound or a-CH I3-CH CSH4 CH2N+ ArH CH2CO 

1:1 complex 

1-4PFe [b] 8.86 8.16 7.52 5.74 

2 6.85 4.08 

211'4PFs 8.91 7.90 7.74 5.70 NOlc] 4.20 

(0.05) (-0.26) (0.22) (-0.04) (0.12) 

3 6.84 4.06 

3/1·4PFa 8.91 7.90 7.73 5.72 NO[cJ 3.89 

(0.05) (-0.26) (0.21) (-0.02) (-0.17) 

29 6.84 4.11 

29/1'4PFa 8.91 8.02 7.65 5.73 NO[cJ 4.28 

(0.05) (-0.14) (0.13) (-0.01) (0.17) 

30 6.85 4.11 

30/1'4PFa 8.89 8.01 7.66 5.72 NO[c] 4.18 

(0.03) (-0.15) (0.14) (-0.02) (0.07) 

31 6.84 4.10 

31/1-4PFs 8.88 7.97 7.69 5.72 NO [c] 4.06 

(0.02) (-0.19) (0.17) (-0.02) (-0.04) 

32 6.85 4.15 

3211-4PFe [d] 8.86 (0.00) 8.16 (0.00) 7.52 (0.00) 5.74 (0.00) 6.85 4.15 (0.00) 

8.92 (0.06) 7.86 (-0.30) 7.80 (0.28) 5.72 (-0.02) (0.00) 4.30 (0.15) 

33 6.84 4.13 

3311'4PFe [d) 8.86 (0.00) 8.15 (-0.01) 7.53 (0.01) 5.74 (0.00) 6.84 4.13 (0.00) 

8.89 (0.03) 7.86 (-0.30) 7.79 (0.27) 5.72 (-0.02) (0.00) 4.10 (-0.03) 

[a] The 8&-values indicated in parentheses under the respective &-values relate to the changes in 
chemical shift exhibited by the probe protons upon complex formation. A negative value indicates an 
upfield field. [b) See reference 20. [cJ For these complexes, the hydroquinone proton resonances at 
298 Kin C03CN are broad [24J. [dJ Forthese complexes, exchange between the 1:1 complex and the 
free components is slow on the 1H NMR time scale, thus resulting in the observation of 'free' and 
complexed cyclophane protons in the corresponding spectra at 298K. 

The chemical shift changes observed for protons in the 1:1 complexes 2/1'4PF6 and 3/1'4PF6 

(Table 5.1) - with the free tetracationic cyclophane 1·4PF6 and the free dicarboxylic acids 2 

or 3 as reference compounds - are consistent with those found for similar 1: 1 complexes 

that comprise the tetracationic cyclophane receptor 1·4PF6 [20]. However, the two 1: 1 
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complexes 2/1'4PF 6 and 3/1'4PF 6 do not exhibit exactly the same spectroscopic behaviour. 

There are telling differences between the resonances of the methylene protons adjacent to the 

carboxylic acid termini in the polyether chains of the 1:1 complexes 2/1·4PF6 and 3/1'4PF6, 

compared to the resonances of the same protons in the free dicarboxylic acid components 2 

and 3 in CD3CN. In 3/1·4PF6, the methylene protons undergo a significant upfield shift (M = 
- 0.17 ppm) implying, on a time-averaged basis, that the methylene protons are oriented 

directly over the bipyridinium unit of the tetracationic cyclophane and are therefore shielded, 

whereas in the case of2/1·4PF6, the methylene proton resonances undergo a downfield shift 

(t.10 = + 0.12 ppm). This downfield shift indicates that the termini of the polyether chains 

must be lying in the same plane as the bipyridinium protons of the tetracationic cyclophane. 

a 

(l·CH p-xylyl 

t t 
I3-CH 

t 

'-----'-''----------' 
Complexed p-xylyl 

b 
Complexed j3-CH 

U"-PI"~jl Uncomplexed p-xylyl 

+ Uncomplexed OCsH.O 

t 

----' ,--,,1 L 
I I I I I 

9.5 9.0 a.5 a.o 7.5 7.0 6.5 6.0 5.5 

o 

Figure 5.2: Partial'H NMRspectra of the [2}pseudorotaxane complexes (aJ (SS)-3011'4PF6, and (b) 

(SSJ-3211'4PF6 in CD3CN at 298 K. The concentrations of all components, l'4PF6, (SS)-30 and (SS)-

32i85 mM 
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Similar behaviour was observed in the lH NMR spectra of the methyl-substituted 

[2]pseudorotaxanes 29/1·4PF6, 30/1·4PF6, 3111·4PF6 [24] and the isobutyl-substituted 

[2]pseudorotaxanes 32/1·4PF6 and 33/1·4PF6, where the methylene protons adjacent to the 

carboxylic acid termini in the polyether chains resonate with significant upfield or downfield 

shifts (depending on the length of the polyether chains), when compared to the corresponding 

protons of the free components. However, a comparison between the spectra of the two 1: 1 

complexes 30/1·4PF6 and 32/1·4PF6 revealed differences. The lH NMR spectrum of 

30/1·4 PF 6 (Figure 5.2a) showed the same features as the I H NMR spectrum of 2/1·4 PF 6, 

formed between cyclophane 1·4 PF 6 and the achiral diacid 2. Time-averaged signals - as a 

result of fast exchange between complexed and uncomplexed states - could be observed. In 

contrast, the lHNMR spectrum of 32/1·4PF6 (Figure 5.2b) displayed sets of resonances for 

the complex 32/1·4PF6 and for the individual free components [25]. Similar spectroscopic 

behaviour could be observed for the [2]pseudorotaxane 33/1·4PF6, composed of the longer 

isobutyl-substituted chiral 'thread' 33 and 1·4PF6. This confirms that the introduction of bulky 

isobutyl groups into the polyether chains slows down the threading-unthreading process of 

1·4 PF 6, presumably because of steric and conformational effects [26]. 

Stability constants of [2]pseudorotaxanes 

The stability constants and derived free energies of formation of [2]pseudorotaxanes formed 

by the tetracationic cyclophane 1'4PF6 with the 1t-electron rich 'threads' 2, 3, 5, and 29-34, 

obtained by UVNis spectroscopic titrations [27] in MeCN at 25 °C, are listed in Table 5.2. 

Using the charge transfer (CT) band as the probe, stability constants (Ka) of 1900 mol'dm-3 

and 1800'mol dm-3 could be obtained for 2/1·4PF6 and 3/1·4PF6, respectively, corresponding 

to free energies of complex formation (~GO) of --4.5 kcal'mor1 and --4.4 kcal·mor1, 

respectively; values that are of the same magnitudes as those obtained for similar 1:1 

complexes between analogous 1t-electron rich aromatic components and 1·4PF6 [20]. In 

contrast, the methyl or isobutyl substituted 1t-electron rich diacid 'threads' 29-33 display 

stability constants and free energies of [2]pseudorotaxane formation that are reduced to values 

in the range of 170-900 mol'dm-3 and -3.0 to --4.0 kcal·mor1
, respectively, indicating that the 

introduction of bulky groups within the polyether regions of the 'threads' lowers the 

thermodynamic stabilities of the resulting pseudorotaxanes. 

The stability constant (1800 mol'dm-3
) and free energy (--4.4 kcal·mor1

) of 

[2]pseudorotaxane formation for 5/1·4PF6 are surprisingly of the same magnitude as those 

found for 2/1·4 PF 6 and 3/1·4 PF 6, indicating the possibility of stabilizing interactions between 

the carboxylic acid oxygens of the 'thread' 5 and the acidic hydrogens of the tetracationic 

cyclophane 1·4PF6 which, in the case of the 5/1·4PF6 complex, are in close proximity [28]. 

The association constant for 34/1·4PF 6 (24 mol'dm-3
) is similar to the association constant 

113 



Chapter 5 

reported in literature for the 1: 1 complex formed between l,4-dimethoxybenzene and 1·4PF 6 

(17 mol'dm-3) [20J. 

Table 5.2: Stability constants and absorption maximaJor [2}pseudorotaxanes comprising 1l-electron 

rich 'threads' and the 1!-electron-poor cyclophane 1·4PF6.(in MeCN at 298 K). 

termini on [2]Pseudorotaxane A.max I<" -l\G· [a] 

'thread' 
(nm) (moJdm-3) (kcaJ morl

) 

di-acid 211·4PFe 467 1900 4.5 

di-acid 3/1·4PFe 467 1800 4.4 

di-acid 29/1'4PFe 460 320 3.4 

di-acid 30/1'4PFe 461 310 3.4 

di-acid 31/HPFe 464 860 4.0 

di-acid 3211'4PFe 463 170 [b} 3.0 

di-acid 33/HPFe 467 900 [b] 4.0 

mono-acid 5/1'4PFe 453 1800 4.4 

di-ether 34/1'4PFe 476 24 1.9 

[a] Calculated from the values of 1<". [b] Calculated from the ratios of integrals in the NMRspectra 

of the 1: 1 complexes [25]. 

X-Ray crystallography 

Single crystals of the [2]pseudorotaxanes 5/1'4PF6, (SS)-30!1'4PF6 and (SS)-37!1'4PF6 were 

grown by diffusion of the non-solvent i-Pr20 into 1: 1 solutions of the appropriate components 

in MeCN. Two procedures were quite useful. Either the i-Pr20 was allowed to evaporate in a 

sealed small flask containing another smaller flask with the MeCN solution or i-Pr20 was 

carefully layered on top the MeCN solution in an NMR-tube and was allowed to diffuse into 

the underlying solution. Crystallization was visible after typically days. Table 5.3 in the 

Experimental lists the crystallographic details on the [2]pseudorotaxanes 5/1'4PF6, (SS)-

30/1'4PF6 and (SS)-37/1'4PF6 and gives information on the data collection and refmement 

parameters. 

The X-ray analysis of 5/1·4PF6 shows that the monocarboxylic acid 'thread' is inserted 

through the center of the tetracation with the 1C-electron rich hydroquinone ring sandwiched 

between the two 1C-electron deficient bipyridinium units (Figure 5.3). In addition to this 1C-1t 

stacking interaction, the complex is stabilized by a pair of [CH'''O] hydrogen bonds between 

(i) one of the P-CR bipyridinium hydrogen atoms and the carbonyl oxygen atom ([C'''O] 

distance 3.20 A, [CR"'O] distance 2.30 A, [CR"'O] angle 156°) and Oi) one ofthe (X.-
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bipyridinium hydrogen atoms and the third oxygen atom of the polyether chain ([C"'O] 

distance 3.38 A, [CH"'O] distance 2.47 A, [OH"'O] angle 159°). There is, in addition, a 

[CH···n] T-type aromatic edge-to-face interaction between one of the hydroquinone hydrogen 

atoms and one of the p-xylyl rings of the tetracation ([H···n] distance 2.70 A, [CH'''n] angle 

166°). This latter interaction is accompanied by a noticeable offset of the hydro quinone ring 

towards the interactingp-xylyl ring [29]. 

Figure 5.3: X-Ray crystal structure o/the [2}pseudorotaxane 5Ij·4PF6. 

Inspection of the packing of the 1: I complexes shows the 'threads' to be linked head-to-tail 

via a [OH"'O] hydrogen bond between the hydrogen atom of the carboxylic unit of one 

'thread' and the third oxygen atom of the polyether chain of the next 'thread' ([0"'0] distance 

2.77 A, [OH"'O] distance 1.87 A, [OH"'O] angle 176°), thereby forming a hydrogen-bonded 

pseudopolyrotaxane structure (Figure 5.4). There are no major interactions between adjacent 

pseudopolyrotaxane chains. 

Figure 5A: X-Ray crystal structure o/the pseudopolyrotaxane/ormed by 51j·4PF6 

[2}pseudorotaxane monomers. 

The X-ray analysis of the [2]pseudorotaxane (SS)-30/1'4PF6 reveals a structure where the 

chiral'thread' (SS)-30 is inserted through the c.enter of the tetracation, the hydroquinone ring 
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as usual being sandwiched between the two bipyridinium units (Figure 5.5). An unusual 

feature of note is the adoption of a syn-geometry for the two phenoxyrnethylene carbon atoms 

requiring the O-C6H4-O axis of the hydroquinone ring to be more steeply inclined to the 

mean plane of the cyclophane (76°) compare this angle with that observed in the previous 

structure (48°) and those observed in related systems [20]. This tilt weakens the [H"'n] 

interactions between diametrically opposite hydroquinone ring hydrogen atoms and the p

xylyl rings of the tetracation. Here, these distances are increased to ca. 3 A - compare these 

distances with values of ca. 2.8 A in related hydroquinone-containing systems [20]. 

Figure 5.5: X-Ray crystal structure a/the [2}pseudorotaxane (SS)-3011·4PF .. 

The geometry of the 'thread' (SS)-30 is poorly defined with all the atoms exhibiting high 

thennaI vibration parameters. The position of the carboxyl hydrogen atoms could not be 

located, so hydrogen bonding interactions involving these groups can only be inferred from 

contact distances to the oxygen centers. Inspection of these contacts reveals the possibility of 

[CH"'O] interactions between the ~-CH hydrogen atoms of the bipyridinium units and one of 

the oxygen atoms of each of the carboxylate groups. However, the orientation of the 

carboxylate group directly over the ~-bipyridinium hydrogen atoms precludes on steric 

grounds a nonnal "in line" geometry for the carboxylate hydrogen atoms. Further inspection 
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shows that one of the oxygen atoms of each carboxylate (that with the longer C-O bond) lies 

within intramolecular hydrogen bonding distance of the second oxygen atom (relative to the 

hydroquinone ring) of the polyether chains, thereby providing a possible explanation for the 

folded geometry observed for the 'thread'. Surprisingly, an inspection of the packing of the 

[2]pseudorotaxanes does not reveal any intercomplex 1t-1t stacking or hydrogen bonding 

interactions. 

The X-ray analysis of the [2]pseudorotaxane (SS)-37/1-4PF6 shows the 1t-electron rich 

polyether to be threaded through the cavity of the cyclophane in an approximately 

centrosyrnmetric fashion, with the exception of the methyl groups of the two chiral centers 

(Figure 5.6). The hydroquinone ring of the polyether 'thread' is sandwiched between the two 

1t-electron deficient bipyridinium units with the distances separating the hydroquinone ring 

centroid and the centroid of the C-C bond linking the pyridinium rings being 3.55 and 3.57 

A. The -OC6H40- axis of the hydroquinone ring is inclined to the mean plane of the 

tetracationic cyclophane (as defined by its four methylene carbon atoms) by ca. 52°, with the 

phenoxymethylene groups adopting an anti-geometry. These data contrast with the 

[2]pseudorotaxane (SS)-30/1-4PF6, where the angle is much steeper (76°) and a syn-geometry 

of the phenoxymethylene groups is adopted. Consequently, the [H---1t] interactions observed 

between the diametrically opposite hydroquinone hydrogen atoms and the p-xylyl rings of the 

cyclophane are of more usual strengths, resulting in [Hu.1t] distances of ca. 2.8 A. The 1t-1t 

stacking interactions between the hydroquinone ring and the bipyridinium units of the 

cyclophane are complemented by two pairs of bifurcated [CH"'O] hydrogen bonds between 

the second and the third oxygen atoms of each polyether chain and one of the adjacent a-CH 

bipyridinium hydrogen atoms [30]. 

Figure 5.6: X-Ray crystal structure o/the [2}pseudorotaxane (SS)-3711·4PF6• 
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An inspection of the packing of the molecules reveals the presence of pairs of relatively weak 

[CH· .. 1t] interactions between one of the methylene carbon atoms of the polyether chain of 

one [2]pseudorotaxane and a p-xylyl ring of the tetracation of a lattice-translated 

[2]pseudorotaxane counterpart ([H"'"1t] distances ofJ.12 A and 3.42 A), forming loosely 

linked chains that extend in the crystallographic c-direction (Figure 5.7). 

Figure 5.7: Supramolecular packing o/the [2}pseudorotaxanes (SS)-37Ij'4PF6 in the solid state. 

The [2]pseudorotaxane solid state structures ofl/l·4PF6 and 3/1'4PF6 reveal that all 

'programmed information' in the system charge transfer interactions, hydrogen bonding 

and T -type interactions - is used to construct the crystal lattice. As evidenced by the crystal 

data of5/1·4PF6, (SS)-30/1·4PF6 and (SS)-37/1'4PF6, the introduction of constitutional 

asymmetry or chirality in the 1t-electron rich 'threads' (i) generates a diversity in 

[2]pseudorotaxane structures, i.e. 'threads' 5, (SS)-30 and (SS)-37 are differently bonded in the 

cyclophane receptor l'4PF6, and (ii) causes a variety in packing of these [2]pseudorotaxanes 

in the crystal structure. However, the chirality or asymmetry introduced in the 

[2]pseudorotaxane systems has not led to an asymmetric packing in the supramolecular array: 

helical conformations of hydrogen bonded chiral'threads', for instance, have not been 

observed. Consequently, refined crystal engineering is not possible in these asymmetric 

[2]pseudorotaxane systems, although the symmetric analogues 2/1'4PF6 and 3/1'4PF6 were 

encouraging examples in this respect. 
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CD-Measurements [31] 

Circular dichroism measurements were performed in order to study the geometry of the 

[2]pseudorotaxanes in solution. The measurements were conducted in the wavelength region 

of the charge-transfer (CT) band (400-600 run), where the absorbance of the 

[2]pseudorotaxane can be studied separately from the absorbance of non-com pie xed material. 

Both CD and UV spectra of the solutions were taken in order to determine the g-values 

associated with the observed CD-effects. 

The [2]pseudorotaxanes comprising the methyl-substituted dicarboxylic acids 29-31 were 

investigated initially. Induced chirality in the CT-band could only be observed for the 

enantiomeric complexes (RR)-29/1'4PF6 and (SS)-29/1·4PF6• The observed CD-effects are 

shown in Figure 5.8A. The g450-values of the induced CD-effects were -3.9'10-4 and 3.7'10-4 

for the (SS)- and the (RR)-'threads', respectively [33]. The results suggest that the chiral 

centers of the 'threads' must be close to the hydroquinone ring closer than the second 

oxygen atom of the polyether chain relative to this ring - to give a complex with a 'chiral 

geometry' and thus to influence the electronic transition in the CT-band. Additional CD

measurements were performed on the complexes ofl'4PF6 with the hydroquinone di-alcohols 

19 and 20 to confirm the initial observations. In line with the previous results, (RR)-20/1'4PF6 

did not,' and (RR)-19/1'4PF 6 and (SS)-19/1'4PF 6 did show induced CD-effects in the CT -band 

(see Figure 5.8B). 
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Figure 5.8: (A) The CD and UV spectra ofpseudorotaxanes (SS)-1911'4PF6 (solid) and (RR)-
1911'4PF6 (dashed) in MeCN at 24°C. (B) The CD and UV spectrafor pseudorotaxanes (SS)-
1911'4PF6 (solid) and (RR)-1911'4PF6 (dashed) in MeCN at 24 °C and 20 °C, respectively. All 
ellipsities (11/) are shawn in mdeg. See the Experimental for details. 

However, the nature of the observed CD-effects for the complexes (SS)-19/1-4PF6 and (RR)-

19/1·4PF6 (Figure 5.8B) was different from that observed for the pseudorotaxanes (SS)-

119 



29/1·4PF6 and (RR)-29/1·4PF6 (Figure 5.8A) [34]. One explanation for the observed two 

maxima is an exciton coupling, implying that two chromophores - which are in a 'chiral 

geometry' are in each other's proximity. Another explanation for the observed 

phenomenon is that there are two different CT-transitions in the 19/1·4PF6 

[2]pseudorotaxane, one causing a positive and one causing a negative Cotton effect. The 

superposition of both CD-signals would then result in the observed CD-spectrum. A third 

explanation is that 19 and 1·4PF6 assemble in more than one type of 1:1 complex or assemble 

in aggregates of 19 and 1·4PF 6. The different modes of complexation would then contribute 

to the observed CD-effect. However, in the determination of the association constant for the 

1: 1 complex of 19 and 1·4PF 6, no indications for divers complexation behaviour were found. 

In an additional experiment, CD-effects were measured at ~ concentrations ofl9/1·4PF6. 

For both concentrations, the same gA.-values were obtained, showing that the observed CD

effect can solely be attributed to one type of [2Jpseudorotaxane formed by 19 and 1·4PF6. 

A series of temperature dependent CD-measurements of (SS)-19/1'4PF6 and (SS)-29/1·4PF6 

revealed that, over a wide temperature range (from -6 °C to 45 0q, the CD-effects in both 

pseudorotaxanes remained of the same type, implying that the different geometries observed 

for (SS)-19/1·4PF6 and (SS)-29/1·4PF6 could not be interconverted by temperature changes. 

Additionally, these results confirm that (SS)-19/1'4PF6 exists in only one type of 

[2]pseudorotaxane complex. The g450-value for the pseudorotaxane (SS)-29/1'4PF6 is constant 

over the measured temperature domain, whereas the g44o-value of the pseudorotaxane (SS)-

19/1·4PF6 decreases with increasing temperature, suggesting a slight change in the geometry 

of (SS)-19/1'4PF6 as a result of heating (see Figure 5.9). 
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Figure 5.9: (A) The CD and UV spectra/or the [2Jpseudorotaxane (SS)-2911·4PF6 in MeCN at 

-6°C, 6°C, 20°C, 29 °C and 43°C (increasing UV-absorption and CD effect upon cooling). The 

gm (1)-curve is also shown: gm-values (X Iff) are depicted. (B) The CD and UV spectra/or 

[2Jpseudo-rotaxanes (SS)-1911'4PF6 in MeCN at-6 cC, 6°C, 15°C, 24 °C, 33°C and 43 °C 
(increasing UV-absorption and CD-effect upon cooling). The g44Q (1)-curve is also shown: g440-va[ues 

(XI04) are depicted. All ellipsities (",)are shown in mdeg. See the Experimental/or details. 
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Finally, the circular dichroism in the [2]pseudorotaxanes formed by the (SS)-'threads' 34-37 

and 1·4PF6 was investigated. Pseudorotaxanes (SS)-36/1·4PF6 and (SS)-3711·4PF6 did show a 

CD-effect [35]. Remarkably, pseudorotaxanes (SS)-34/1'4PF6 and (SS)-35/1'4PF6 did not 

show any CD-activity. In (SS)-34/1·4PF6. the positions of the chiral centers relative to the 

hydroquinone ring are the same as in the previously described [2]pseudorotaxanes that exhibit 

CD-activity. However, the second oxygen atoms in the polyether chains, which could form 

hydrogen bonds to the acidic protons of cyclophane 1·4PF6 and therefore 'lock' the 

[2]pseudorotaxane in a 'chiral geometry', are missing. It is difficult to explain the absence of 

CD-activity in the CT-band of the [2]pseudorotaxane (SSj-35/1·4PF6. Apparently, even the 

subtle differences between the pseudorotaxanes (SS)-35/1'4PF6 and (SSj-36/1·4PF6 (only two 

methylene groups per 'thread') can result in the formation of different complexes in solution. 

5.3 Conclusion 

The research discussed in this Chapter deals with the assembly of [2]pseudorotaxanes 

comprising the tetracationic cyclophane 1'4 PF 6 and non-centrosymmetric 1t-electron rich 

'threads', bearing in most cases carboxylic acid termini. In the solid state, the 1t-electron 

rich 'threads' are inserted into the 1t-electron deficient cavity of the tetracationic cyclophane 

1·4PF 6 with conformations that are dependent on the nature and configurations of the 

substituents present in the polyether backbones. Noncovalent bonding interactions between 

adjacent [2]pseudorotaxanes can result in the formation ofpseudopolyrotaxane arrays. Also in 

solution, distinct differences between the [2]pseudorotaxanes could be observed, as evidenced 

by 'H NMR and CD spectroscopy. In particular, it was found that subtle changes in the 

structures of the 'thread' can direct the occurrence and the nature of the CD-effect in the CT

transition of the complex, showing that different geometries/or the {2}pseudorotaxanes are 

possible in solution. The {2}pseudorotaxanes that do show CD-effects in the CT-transitions 

prove that complex/ormation can translate the chirality present in the polyether chains o/the 

1l:-electron rich polyether 'threads' to a chirality that is associated with the whole 

{2}pseudorotaxane geometry. It is proposed that this chiral geometry in solution is the result 

of the locking of the conformation of the 'thread' as a result of hydrogen bonding between the 

oxygen atoms on the 'thread' and the acidic a-bipyridinium protons on the tetracationic 

cyclophane 1·4PF6. 

It may be concluded that, in solution, a variety of [2]pseudorotaxanes differing in geometry 

can be formed. Subtle changes in the structures of the 1t-electron rich 'threads' produce 

significant changes in the solution and in the solid state structures of the resulting 

[2]pseudorotaxanes. 
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Experimental 

General 

THF was distilled from sodium before use (benzophenone was used as an indicator in this distillation 
procedure). Pyridine was distilled from KOH and stored on dried 3A molecular sieves. CH2Ch and 
TFA were both distilled from P20 S before use. All other solvents and materials were used as received. 
The applied KOH was of a purity> 85%. The tetracationic cyclophane 1'4PF 6 [20], the methyl ester 
4 [18], the bistosylates 17 and 18 [20], (2S)-methylbutyl tosylate [21] and 2-methoxyethyl tosylate 
[22] were prepared using previously reported procedures. 

IH NMR spectra were recorded on Bruker AC300 (300 MHz), Bruker AM400 (400 MHz) or Bruker 
AMX400 (400 MHz) spectrometers (using the deuterated solvent as lock and residual solvent or 
tetramethylsilane as internal reference). DC NMR spectra were recorded on a Bruker AC300 (75 
MHz), Bruker AM400 (100 MHz) or AMX 400 (100 MHz) spectrometers using a JMOD pulse 
sequence (assuming IJCH = 143 Hz). Infrared spectra were taken on a Perkin Elmer 1600 series FTIR 
spectrometer with wave numbers between 4400 and 450 cm· l

. Optical rotations were recorded on a 
JASCO DIP-370 polarimeter at a wavelength of 589 nm (sodium D-line). CD-spectra were recorded 
on a JASCO J-600 Spectropolarimeter. Thin-layer chromatography (TLC) was performed on 
aluminium sheets (10 x 5 cm) coated with Merck 5735 Kieselge160F. Developed plates were air
dried, scrutinized under a UV lamp, and, if necessary, then either sprayed with cerium(IV)sulfate
sulfuric acid reagent and heated to ca. 100°C, sprayed with an aqueous KIlI2 solution, or developed in 
an iodine tank. Kieselge160 (0.040-0.063 mm mesh, Merck 9385) or Merck flash silica gel 60 
(particle size 0.040-0.063 mm) was used to perform column chromatography. Melting points were 
determined on an Electrothermal 9200 melting point apparatus or Buchi-apparatus. Mass spectra 
(MS) were obtained from either Kratos Profile or MS80RF instruments, the latter being equipped 
with a fast atom bombardment (F AB) facility (using a krypton primary atom beam in conjunction 
with a 3-nitrobenzyl alcohol matrix). FABMS were recorded in the positive-ion mode at a scan speed 
of30s per decade. Electrospray MS (ES-MS) was performed on a Perkin Elmer Sciex API-300 LC
MSIMS. GC-MS was performed on a HP 5790 GC with an OV-l column and a HP 5970A MSD. 
Microanalyses were performed by the University of North London Microanalytical Service and at the 
Laboratory of Organic Chemistry at Eindhoven University. 

1-[2-(2-Methoxyethoxy)ethoxy]-4-carboxymethylenoxybenzene, 5 

The methyl ester 4 [18] (1.00 g, 3.5 mmol) was added to a solution ofNaOH (430 mg, 10.6 mmol) in 
H20 (100 mL) and the solution was heated under reflux for 4 h. After cooling down to room 
temperature, the mixture was acidified with HCl (50 mL) gave the carboxylic acid 5 as a white 
crystalline solid (710 mg, 75%). M.p. 84-85°C. EI-MS mlz 270 [M]+. IH NMR (CD3CN, 300 MHz) 8 
3.30 (3H, s), 3.50-3.47 (2H, m), 3.62-3.59 (2H, m), 3.75-3.72 (2H, m), 4.06-4.03 (2H, m), 4.59 (2H, 
s), 6.87 (4H, s), 9.50 (lH, br s). DC NMR (CD3CN, 75 MHz) 8 58.9, 66.2, 69.0, 70.4, 71.1, 72.6, 
116.5, 116.5, 153.1, 154.7, 170.6. Anal. Calcd. for CDH I80 6 (282.2): C 43.81, H 6.42 Found C 43.66, 
H 6.31. 

(2S)-4-Methyl-2-(tetrahydropyran-2-yloxy)pentan-1-o1, (S)-14 

Commercially available (S)-leucine (S)-6 (e.e. = 97%, as measured on a chiral Daicel CR (+) HPLC
column) was transformed into (S)-leucic acid (S)-8 by diazotization with NaN02 and H2S04 in Hp. 
Esterification in EtOHIPhMe and a few drops of concentrated HCl yielded ethyl (S)-leucate (S)-10 
(e.e. = 97% as determined on a permethylated ~-cyclodextrin capillary GC-column: no significant 
racemization had occurred during the reaction sequence). Protection with DHP gave compound (S)-
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12 and subsequent reduction afforded the protected alcohol (S)-14. All spectroscopic data of the 
various compounds were in agreement with the data already reported in literature by Morl [19]. The 
experimental details concerning the synthesis of (S)-14 are reported in Chapter 3. 

(2S)-2-(Tetrahydropyran-2-yloxy)propan-1-yl 4-methylbenzenesulfonate, (S)-15 
The synthesis of compound (S)-15 was carried out starting from commercially available ethyl lactate 
(S)-9. OC-analysis with a permethylated j3-cyclodextrin capillary column showed (S)-9 to have an e.e. 
> 99.5% ([a]D24 =-13.60 (c = 3.25 in MeCN». Reaction of (S)-9 withDHP in Et20 and aeatalytic 
amount ofTsOH yielded (S)-ll. Reduction of the ester yielded compound (S)-13. Tosylation of (S)-
13 with TsCI in C~5N - a standard tosylation procedure afforded (S)-15, which was used in the 
following reaction step without pmification. All spectroscopic data of the various compounds were in 
agreement with the data already reported in the literature by Perkins [19]. The experimental details 
concerning the synthesis of (S)-13 are reported in Chapter 3. 

(2R)-2-(Tetrahydropyran-2-yloxy)propan-1-yl 4-methylbenzenesulfonate, (R)-15 

(RR)-Lactide (RR)-7 (8.0 g, 55.6 mmol) was dissolved in a mixture ofEtOH (50 mL), PhMe (25 mL) 
and concentrated HCl (0.3 mL). The solution was heated under reflux for 6 hours in a Soxhlet
apparatus with molecular sieves in the filter. After removal of the solvents, the remaining product 
was pmified by distillation to afford pure ethyl lactate (R)-9 (9.9 g, 76%). GC-analysis with a 
permethylated j3-cyclodextrin capillary column showed (R)-9 to have an e.e. > 99.9% ([a]D24 + 
13.40 (c = 3.19 in MeCN». Ethyl lactate (R)-9 was converted to (R)-15 employing the same 
procedures and resulting in similar yields as those reported for the enantiomer (S)-9. 

1,4-Bis[2(S)-hydroxypropoxy]benzene, (SS)-19 

A solution of compound (S)-15 (9.4 g, 29.9 mmol) in THF (15 mL) was added dropwise to a 
refluxing suspension ofhydroquinone 16 (1.5 g, 13.6 mmol) and KOH (1.65 g, 29.5 mmol) in EtOH 
(15 mL). The solution was maintained at reflux for 2 days. After removal of the solvents in vacuo, a 
1 M NaOH aqueous solution was added and the mixture was extracted with CH2C}z. The collected 
organic layers were washed with a 1M NaOH aqueous solution and dried with MgS04. The crude 
material was dissolved in MeOH and a catalytic amount of TsOH was added. Overnight stirring at 
room temperature resulted in removal of the THP-group. The reaction was quenched by addition of 
NaHC03 and the solvent was removed in vacuo. The reaction mixture was pmified by column 
chromatography (Si02• hexane/EtOAc 3:5 (Rf = 0.25» and crystallization from hexaneIPhMe 1: 1 to 
give (SS)-19 as a white solid (1.0 g, 32%). M.p. = 95"C. [a]D25 =+ 5.80 (c = 2.1 in MeCN). IH NMR 
(CDCh, 400 MHz) 0 6.85 (4IL s), 4.15 (2H, m), 3.9 (2IL dd, 2J = 9.2 Hz, 3J = 3.1 Hz), 3.75 (2H, dd, 
2J 9.2 Hz, 3J = 7.9 Hz). 2.65 (2H, bs), 1.25 (6IL d, 3J = 6.4 Hz). DC NMR (CDCh, 100 MHz) 0 
153.0, 115.5,74.0,66.2, 18.7. FTIR (KBr, em"'): v = 3328, 2976, 2917, 2868, 1514, 1459, 1383, 
1290, 1245, 1111, 1053,994,959,819,788,520. Anal. Calcd for C12H1S0 4 (226.272): C 63.70, H 
8.02 Found C 63.50, H 7.90. 

1,4-Bis[2(R)-hydroxypropoxy]benzene, (RR)-19 

A solution of compound (R)-15 (9.4 g, 29.9 mmol) in THF (15 mL) was added dropwise to a boiling 
suspension ofhydroquinone (1.5 g, 13.6 mmol) and KOH (1.65 g, 29.5 mmol) in EtOH (15 mL). The 
solution was maintained at reflux for 2 days. The work-up of the reaction mixture was conducted as 
described for (SS)-19 to afford (RR)-19 as a white solid (0.7 g, 23%). M.p. = 96 "C. [a]D23 - 9.00 (c 

1.9 in MeCN). The spectroscopic data for compound (RR)-19 were identical to those reported for 
compound (SS)-19. Anal. CaIcd for CI2H,s04 (226.272): C 63.70, H 8.02 Found C 63.88, H 8.21. 
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1,4-Bis[2-(2(S)-hydroxypropoxy)ethoxy]benzene, (SS)-20 

(S)-(Tetrahydropyran-2-yloxy)propan-l-01 (S)-13 (3.3 g, 20.3 mmol, 2.3 mol equiv), the bistosylate 
17 (4.4 g, 8.7 mmol) and KOH (4.5 g, 80.4 mmol) were suspended in dry THF (50 mL). The 
suspension was maintained at reflux for 60 hours under an argon atmosphere. The solvent was then 
removed in vacuo, H20 was added, and the residue was extracted with CH2Ch. The combined 
organic layers were wash~d with H20 and concentrated in vacuo. The crude material was dissolved in 
MeOH and a catalytic amount of TsOH was added. Stirring at room temperature for 1 hour was 
sufficient to remove the THP-group. The reaction was quenched with NaHC03 and the solvent was 
then removed in vacuo, H20 was added and the suspension was extracted with CH2Clz to give 2.8 g 
of a crude product, which was purified by flash column chromatography (Si02, hexaneffHF 4:3 (Rt= 
0.15», followed by crystallization from PhMe to yield (SS)-20 as a white solid (1.35 g, 49%). M.p. 
67-68 °c. [a]o26 = + 12.2° (c 0.89 in MeCN). IHNMR (CDCb, 400 MHz) 8 6.85 (4H, s), 4.10 (4H, 
m), 4.00 (2H, m), 3.85 (4H, m), 3.55 (2H, dd, 2J = 9.8 Hz, 3J = 3.1 Hz), 3.30 (2H, dd, 2J = 9.8 Hz, 3J 
8.2 Hz), 2.70 (2H, bs), 1.10 (6H, d, 3J 6.6 Hz). BC NMR (CDCl3, 100 MHz) 8 152.8, 11 5.4, 76.8, 
69.6,67.7,66.0,18.4. FTIR (KBr, cm'I): 3483, 2970, 2907,1513,1454,1371,1328,1279,1232, 
1135, 1043,929,891,824,751. GC-MS peak at mlz 314.05 (12.1% abundance relative to 59.00). 

1 ,4-Bis[2-(2(R)-hydroxypropoxy)ethoxy] benzene, (RR)-20 

(R)-(Tetrahydropyran-2-yloxy)propan-I-ol (R)-13 (3.4 g, 21.3 mmol, 3.0 mol equiv), the bistosylate 
17 (3.6 g, 7.1 mmol) and KOH (2.4 g, 42.9 mmol) were suspended in dry THF (40 mL). The 
suspeusion was maintained at reflux for 48 hours under an argon atmosphere. The work-up of the 
reaction mixture was conducted as described for (SS)-20 to afford (RR)-20 as a white solid (1.13 g, 
51 %). [a]D21 =:.... 13.4° (c = 1.13 in MeCN). All spectroscopic data were identical to those reported 
for compound (SS)-20. Anal. Calcd for CI~2606 (314.173) C 61.11 H 8.34 Found C 61.44 H 8.04. 

1 ,4-Bls[2-(2-(2(S)-hydroxypropoxy)ethoxy)ethoxy]benzene, (SS)-21. 

2(S)-(Tetrahydropyran-2-yloxy)propan-l-ol (S)-13 (3,0 g, 18.8 mmol, 2.4 mol equiv), the bistosylate 
18 (4.7 g, 7.9 mmol) and KOH (4.7 g, 83.9 mmol) were suspended in dry THF (45 mL). The 
suspension was maintained at reflux for 60 hours under an argon atmosphere. The solvent was then 
removed in vacuo, H20 was added and the residue was extracted with CH2CI2• The combined organic 
layers were washed with H20 and concentrated in vacuo. The crude material was dissolved in MeOH 
and a catalytic amount of TsOH was added. Stirring at room temperature for 1 hour was sufficient to 
remove the THP-group. The reaction was quenched with NaHC03 and the solvent was removed in 
vacuo, H20 was added and the suspension was extracted with CH2Ch to afford 3.4 g of crude 
product, which was purified by flash column chromatography (Si02, hexanerrHF 2:3 0.20» to 
yield (SS)-21 as a white solid (2.3 g, 72%). The product solidified very slowly. M.p. = 32-34 °C. 
[aJo26 + 9.40 (c 0.87 in MeCN). IHNMR(CDCh, 400 MHz) 86.80 (4H, s), 4.10 (4H,m), 3.95 
(2H, m), 3.80 (4H, m), 3.70 (8H, m), 3.50 (2H, dd, 2J 9.9 Hz, 3J = 2.9 Hz), 3.25 (2H, dd, 2J 9.9 
Hz,3J 8,4 Hz), 2.80 (2H, bs), 1.10 (6H, d, 3J = 6.2 Hz). I3C NMR (CDCI;, 100 MHz) () 153.0, 
115.6,76.9,70.6,70.5,69.8,68.0,66.2, 18.4. FTIR (KBr, cm·I): v = 3423, 2970, 2907, 1508, 1458, 
1232,1110,935,830. Anal. Calcd for C2oH340g (402.225): C 59.67, H 8.52 Found C 59.39, H 8.85. 

1 ,4-Bis[2-(2-(2(R)-hydroxypropoxy)ethoxy)ethoxy]benzene, (RR)-21 

2(R)-(Tetrahydropyran-2-yloxy)propan-l-01 (R)-13 (3.0 g, 18.7 mmol, 3.3 mol equiv), the bistosylate 
18 (3.3 g, 5.6 mmol) and KOH (1.9 g, 33.9 mmol) were suspended in dry THF (40 mL). The 
suspension was maintained at reflux for 48 hours under an argon atmosphere. The work-up of the 
reaction was conducted as for (8S)-21 to yield (RR)-21 as a clear, oily product (1.0 g, 45%). [alD21 = 
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- 11.7 ° (c = 0.84 in MeCN). The spectroscopic data were identical to those reported for compound 
(SS)-21. GC-MS peaks at mlz 401.95 and 402.92 (12.1% and 2.9% abundance relative to 58.95). 

1 ,4-Bis[2-(2(5)-hydroxy-4-methylpentoxy)ethoxy]benzene, (55)-22 

4-Methyl-2-(S)-(tetrahydropyran-2-yloxy)pentan-l-01 (S)-14 (3.0 g, 14.9 mmol, 2.5 mol equiv), the 
bistosylate 17 (3.0 g, 5.9 mmol) and KOH (2.5 g, 44.6 mmol) were suspended in dry THF (40 mL). 
The suspension was maintained at reflux for 48 hours under an argon atmosphere. The solvent was 
then removed in vacuo, H20 was added and the residue was extracted with CH2Ch. The combined 
organic layers were washed with H20 and c9ncentrated in vacuo. The crude material was dissolved in 

MeOH and a catalytic amount of TsOH was added. Stirring at room temperature for 2 hours was 
sufficient to remove the THP-group. The reaction was quenched with NaHC03 and the solvent was 
removed in vacuo, H20 was added and the suspension was extracted with CH2Ch to give 3.2 g of 
crude product, which was purified by flash column chromatography (Si02, hexanelEtOAc 1: 1 (Rr= 

0.27)) to yield (SS)-22 as a white solid (0.75 g, 32%). M.p. = 36-38°C. [a]D26 
= - 3.7° (c = 5.09 in 

MeCN). IHNMR(CDCI3, 400 MHz) 0 6.85 (4H, s), 4.05 (4H, m), 3.90 (2H, m), 3.80 (4H, m), 3.55 
(2H, dd, 2J = 9.6 Hz, 3J = 2.8 Hz), 3.30 (2H, dd, 2J = 9.6 Hz, 3J = 8.0 Hz), 2.50 (2H, bs), 1.80 (2H, m), 
1.40 (2H, ddd, 2J = 13.9 Hz, 3J = 9.0 Hz, 3J = 5.5 Hz), 1.15 (2H, ddd, 2J = 13.9 Hz, 3J = 8.4 Hz, 3J = 

4.1 Hz), 0.93 (6H, d, 3J = 6.6 Hz), 0.90 (6H, d, 3J = 6.6 Hz). 13C NMR (CDCh, 100 MHz) 0153.0, 

115.6,76.3,69.9,68.3,68.0,41.8,24.4,23.4,22.0. FTIR (KBr, cm"I): v = 3442, 2955, 1510, 1455, 

1367, 1286, 1231, 1128, 1064,930,826,757. Anal. Calcd for C22H3806 (398.267) C 66.29, H 9.62 
Found C 66.59, H 9.47. 

1 ,4-Bis[2-(2-(2(5)-hydroxy-4-methylpentoxy)ethoxy)ethoxy]benzene, (55)-23 

4-Methyl-2(S)-(tetrahydropyran-2-yloxy)pentan-l-ol (S)-14 (3.0 g, 14.9 mmol, 2.5 mol equiv), the 

bistosylate 18 (3.5 g, 5.9 mmol) and KOH (2.5 g, 44.6 mmol) were suspended in dry THF (40 mL). 
The suspension was maintained at reflux for 48 hours under an argon atmosphere. The solvent was 

then removed in vacuo, H20 was added and the residue was extracted with CH2Ch. The collected 
organic layer were washed with H20 and concentrated in vacuo. The crude material was dissolved in 
MeOH and a catalytic amount of TsOH was added. Stirring at room temperature for 2 hours was 
sufficient to remove the THP-group. The reaction was quenched with NaHC03 and the solvent was 

removed in vacuo, H20 was added and the suspension was extracted with CH2Ch to give 3.7 g of 
crude product, which was purified by flash column chromatography (Si02, hexanelEtOAc 2:3 (Rr = 

0.16)) to yield (SS)-23 as a clear oil (U g, 38%). [a1026 
= - 2.7° (c = 4.76 in MeCN). IH NMR 

(CDCh, 400 MHz) 0 6.85 (4H, s), 4.05 (4H, m), 3.90 (2H, m), 3.80 (4H, m), 3.70 (8H, m), 3.50 (2H, 
dd, 2J = 9.9 Hz, 3J = 3.0 Hz), 3.25 (2H, dd, 2J = 9.9 Hz, 3J = 8.3 Hz), 2.65 (2H, bs), 1.80 (2H, m), 1.40 
(2H, ddd, 2J = 13.6 Hz, 3J = 8.8 Hz, 3J = 5.0 Hz), 1.10 (2H, ddd, 2J = 13.6 Hz, 3J = 8.8 Hz, 3J = 4.4 

Hz), 0.92 (6H, d, 3J = 6.6 Hz), 0.89 (6H, d, 3J = 6.7 Hz). 13C NMR (CDCh, 100 MHz) 0 153.0, 115.5, 

76.2,70.7,70.5,69.8,68.3,68.0,41.8,24.4,23.4,22.0. FTIR (KBr, cm"I): v = 3440, 2955,1510, 

1455, 1367, 1285, 1232, 1112, 1065,950,828. Anal. Calcd. for C26~608 (486.319) C 64.16 H 9.53 
Found C 64.42 H 9.69. 

1 ,4-Bis[2(5)-(tert-butoxycarbonylmethoxy)propoxy]benzene, (55)-24. 

The diol (SS)-19 (0.31 g, 1.37 mmol) and tert-BuOK (0.34 g, 3.04 mmol, 2.2 mol equiv) were 

dissolved in tert-BuOH (4 mL) at 30-40 °C. After the mixture had been allowed to cool down to 

room temperature, tert-butyl bromoacetate (1.04 g, 5.3 mmol, 3.9 mol equiv) was added dropwise 

while the solution was cooled in a water bath. A precipitate formed immediately. The suspension was 

stirred overnight, after which the reaction was quenched with an aqueous NaHC03 solution. The 
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solvent was removed in vacuo and H20 was added to the semi-solid material. Subsequent extraction 
with CH2Ch and concentration of the organic layers gave the crude product that was purified by flash 
column chromatography (Si02, hexanefEtOAc 85:15 (Rr = 0.20» to yield (SS)-24 as a clear oil (270 
mg, 45%). [a]D27 

= - 40.3° (c = 7.96 in Me2CO). IH NMR (CDCh, 400 MHz) 0 6.85 (4H, s), 4.15 
(2H, d, 2J = 16.5 Hz), 4.10 (2H, d, 2J = 16.5 Hz), 4.0 (2H, dd, 2J = 9.2 Hz, 3J = 5.5 Hz), 3.85 (4H, m), 
1.45 (l8H, s), 1.30 (6H, d, 3J = 6.2 Hz). l3C NMR (CDCh, 100 MHz) 0169.8,152.8,115.2,81.2, 
74.6,72.4,67.4,27.9, 17.1. FTIR (KBr, cm-I): v = 2977, 2932, 1748, 1508, 1456, 1368, 1228, 1127, 
1045,939,826. Anal. Calcd. for C24H3S0S (454.56) C 63.42, H 8.43 Found C 63.68, H 8.87. 

1 ,4-Bis[2(R)-(terl-butoxycarbonylmethoxy)propoxy]benzene, (RR)-24 

The diol (RR)-19 (0.30 g, 1.33 mmol) and tert-BuOK (0.33 g, 2.95 mmol, 2.2 mol equiv) were 
dissolved in tert-BuOH (4 mL) at 30-40°C. After the mixture had been allowed to cool down to room 
temperature, tert-butyl bromoacetate (1.1 g, 5.6 mmol, 4.2 equiv) was added dropwise while the 
solution was cooled in a water bath. The work-up of the reaction was conducted as described for (SS)-
24 to afford (RR)-24 as a clear oil (280 mg, 46%). [a]D27 

= + 44.1 ° (c = 6.97 in Me2CO). All 
spectroscopic data were identical to those reported for (SS)-24. Anal. Calcd. for C24H3S0S (454.56) C 
63.42, H 8.43 Found C 63.32 H 8.43. 

1 ,4-Bis[2-(2(S)-(terl-butoxycarbonylmethoxy)propoxy)ethoxy]benzene, (SS)-25 

The diol (SS)-20 (0.50 g, 1.59 mmol) and tert-BuOK (0.51 g, 4.55 mmol, 2.9 mol equiv) were 
dissolved in tert-BuOH (3 mL) at 30-40°C. After the mixture had been allowed to cool down to room 
temperature, tert-butyl bromoacetate (1.37 g, 7.0 mmol, 4.4 equiv) was added dropwise, while the 
solution was cooled in a water bath. A precipitate formed immediately. The suspension was stirred 
overnight and then the solvent was removed in vacuo. The crude product was purified by flash 
column chromatography (Si02, hexanefEtOAc 5:2 (Rr = 0.12)) to yield (SS)-2S as a clear oil (0.40 g, 
46%). [a]D29 = - 5.8° (c = 3.28 in MeCN). IHNMR (CDC13, 400 MHz) 0 6.85 (4H, s), 4.15 (2H, d, 2J 
= 15.5 Hz), 4.10 (2H, d, 2J = 15.5 Hz), 4.05 (4H, m), 3.80 (4H, m), 3.75 (2H, m), 3.60 (2H, dd, 2J = 
10.1 Hz, 3J = 6.4 Hz), 3.55 (2H, dd, 2J = 10.1 Hz, 3J = 4.2 Hz ),1.45 (l8H, s), 1.20 (6H, d, 3J = 6.7 
Hz). l3C NMR (CDCh, 100 MHz) 0170.1,153.1,115.5,81.2,75.7,75.2,69.9,68.0,67.4,28.0,17.0. 
FTIR (KBr, cm-I): v = 2977, 2932, 1747, 1505, 1454, 1369, 1290, 1233, 1132, 1065,938,827,751. 

Anal. Calcd. for C2Slit601O (542.309) C 61.96, H 8.55 Found C 62.39, H 8.43. 

1 ,4-Bis[2-(2(R)-(terl-butoxycarbonylmethoxy)propoxy)ethoxy]benzene, (RR)-25 

The diol (RR)-20 (0.45 g, 1.43 mmol) and tert-BuOK (0.40 g, 3.57 mmol, 2.5 mol equiv) were 
dissolved in tert-BuOH (4 mL) at 30-40°C. After the mixture had been allowed to cool down to room 
temperature, tert-butyl bromoacetate (1.10 g, 5.64 mmol, 3.9 mol equiv) was added dropwise, while 
the solution was cooled in a water bath. A precipitate formed immediately. The suspension was 
stirred overnight, after which additional portions of tert-BuOK (75 mg, 0.7 mmol, 0.5 mol equiv) and 
tert-butyl bromoacetate (166 mg, 0.85 mmol, 0.6 equiv) were added. The work-up of the reaction was 
conducted as described for (SS)-2S to yield (RR)-2S as a clear oil (0.28 g, 36%). [a]D26 = + 5.9° (c = 
1.19 in MeCN). The spectroscopic data were identical to those reported for compound (SS)-2S. Anal. 

Calcd. for C2Slit601O (542.309) C 61.96 H 8.55 Found C 62.03 H 8.57. 

1 ,4-Bis[2-(2-(2(S)-(terl-butoxycarbonylmethoxy)propoxy)ethoxy)ethoxy]benzene, (SS)-
26 

The diol (SS)-21 (0.50 g, 1.24 mmol) and tert-BuOK (0.36 g, 3.21 mmol, 2.6 mol equiv) were 
dissolved in tert-BuOH (3 mL) at 30-40 °C. After the mixture had been allowed to cool down to 
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room temperature, tert-butyl bromoacetate (0.82 g, 4.2 mmol, 3.4 mol equiv) was added dropwise, 
while the solution was cooled in a water bath. A precipitate formed immediately. The suspension was 
stirred overuight and then the solvent was removed in vacuo. The crude product was purified by flash 
column chromatography (Si02, hexanelEtOAc 3:2 (Rr = 0.10» to yield (88)-26 as a clear oil (0.30 g, 
38%). [a]D26 =-4.0° (c = 3.37 in MeCN). IH NMR(CDCI), 400 MHz) 8 6.80 (4H, s), 4.10 (2H, d, 2J 
= 16.5 Hz), 4.05 (6H, m), 3.85 (4H, m), 3.75-3.60 (lOH, m), 3.55 (2H, dd, 2J 10.3 Hz, 3J = 6.3 Hz), 
3.45 (2H, dd, 2J = 10.3 Hz, 3J = 4.0 Hz), 1.45 (I8H, s), 1.20 (6H. d, 3J = 6.2 Hz). l3C NMR (CDCh. 
100 MHz) 8170.1,153.0,115.5,81.2,75.5,75.2,70.8,70.7,69.8, 68.0, 67.4, 28.1,17.1. FTIR (KBr, 
cm-I

): v = 2975, 2931, 1748, 1510,1455, 1368, 1290, 1230, 1125, 1065,941,827,752. Anal. Calcd. 
for C32Hs4012 (630.361) C 60.92, H 8.63 Found C 60.48, H 8.71. 

1,4-Bis[2-(2-(2(R)-(terl-butoxycarbonylmethoxy)propoxy)ethoxy)ethoxy]benzene, (RR)-
26 

The diol (RR)-21 (0.43 g, 1.07 mmol) and tert-BuOK (0.32 g, 2.86 mmol, 2.7 mol equiv) were 
dissolved in tert-BuOH (4 mL) at 30-40 "C. After the mixture had been allowed to cool down to 
room temperature, tert-butyl bromoacetate (0.87 g, 4.5 mmol, 4.2 mol equiv) was added dropwise, 
while the solution was cooled in a water bath. A precipitate formed immediately. The suspension was 
stirred overnight, after which additional portions of tert-BuOK (60 mg, 0.5 mmol, 0.5 mol equiv) and 
tert-butyl bromo acetate (125 mg, 0.6 mmol, 0.6 mol equiv) were added. After 2 hours of stirring, the 
work-up of the reaction mixture was conducted as described for (88)-26 to yield (RR)-26 as a clear oil 
(0.30 g, 44%). [o,]D26 = + 3.70 (c = 2.42 in MeCN). The spectroscopic data were identical to those 
already described for compound (88)-26. Anal. Calcd. for C32H540 12 (630.361) C 60.92 H 8.63 
Found C 60.66 H 8.89. 

1 ,4-Bls[2-(2(S)-( terl-butoxycarbonylmethoxy)4-methylpentoxy)ethoxy] benzene, (SS)-
27 
The diol (88)-22 (0.50 g, 1.26 mmol) and tert-BuOK (0.37 g, 3.30 mmol, 2.6 mol equiv) were 
dissolved in tert-BuOH (3 mL) at 30-40 "C. After the mixture had been allowed to cool down to 
room temperature, tert-butyl bromoacetate (0.98 g, 5.0 mmol, 4.0 mol equiv) was added dropwise 
while the solution was cooled in a water bath. A precipitate formed immediately. The suspension was 
stirred overnight and additional portions of tert-BuOK (85 mg, 0.8 mmol) and fert-butyl 
bromoacetate (0.20 g, 1.03 mmol) were added. After another 3 hours of stirring, the solvent was 
removed in vacuo and the crude product was purified by flash column chromatography (Si02• 

hexanelEtOAc 3:1 (Rr= 0.23» to yield (88)-27 as a clear oil (0.30 g, 38%). [a]D25 = - 14.6" (c = 2.22 
in MeCN). IHNMR(CDCh, 400 MHz) 86.85 (4H, s), 4.20 (2H, d, 2J= 165Hz), 4.10 (2H, d, 2J = 

16.5 Hz), 4.05 (4H, m), 3.80 (4H, m), 3.60--350 (6H, m), 1.80 (2H, m), 1.50 (20H, m), 1.25 (2H, m), 
0.92 (6H, d, 3J = 6.6 Hz), 0.90 (6H, d, 3J 6.6 Hz). J3C NMR (CDCh, 100 MHz) 8 170.0, 153.1, 
115.5,81.1,77.8,75.1,69.9,68.3,68.0,40.9,28.1,24.3, 23.1, 22.4. FTIR (KBr, em-I): v = 2956, 
2870,1748,1509,1455,1392,1368,1301,1231,1128,1047, 929, 826, 751. Anal. Calcd. for 
C34HssOJ() (626.403) C 65.13, H 9.33 Found C 65.67, H 9.57. 

1,4-Bis[2-(2-(2(S)-(terl-butoxycarbonylmethoxy)4-methylpentoxy)ethoxy)ethoxy] 
benzene, (SS)-28 

The diol (88)-23 (0.55 g, 1.13 mmol) and tert-BuOK (0.33 g, 2.95 mmol, 2.6 mol equiv) were 
dissolved in tert-BuOH (3 mL) at 30-40 °C. After the mixture had been allowed to cool down to 
room temperature, tert-butyl bromoacetate (0.88 g, 4.5 mmol, 4.0 mol equiv) was added dropwise 
while the solution was cooled in a water bath. A precipitate formed immediately. The suspension was 
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stirred overnight and additional portions of tert-BuOK (76 mg, 0.7 romol, 0.6 mol equiv) and fer!
butyl bromoacetate (0.18 g, 0.90 romol, 0.8 mol equiv) were added. After another 3 hours of stirring, 
the solvent was removed in vacuo and the crude product was purified by flash column 
chromatography (Si02, hexanelEtOAc 2:1 (R,= 0.21» to yield (SS)-28 as a clear oil (0.25 g, 31%). 
[o.]D25 = - 18.6° (c 1.56 in MeCN). IH NMR (CDCh, 400 MHz) 0 6.85 (4H, s), 4.15 (2H, d, 2J = 
16.2 Hz), 4.10 (2H, d, 2J 16.2 Hz), 4.05 (4H, m), 3.85 (4H, m), 3.70 (4H, m), 3.65 (6H, m), 3.55 
(4H, m), 1.85 (2H, m), 1.45 (20H, m), 1.25 (2H, m), 0.92 (6H, Ii, 3J = 2.5 Hz), 0.90 (6H, Ii, 3J = 2.6 
Hz). BC NMR (CDCll , 100 MHz) 0 170.0, 153.0, 115.5,81.1, 77.8, 74.9, 70.7 (2), 69.8, 68.2, 68.0, 
41.0,28.1,24.3,23.1,22.4. FTIR (KBr, em-I): v = 2955, 2869, 1750, 1508, 1455, 1392, 1368, 1300, 
1230, 1127, 1068,941,826,751. Anal. Calcd for C3sHo.,Ol2 (714.455) C 63.82, H 9.31 Found C 
63.57, H 9.30. 

1 ,4-Bis[2(5)-( carboxymethoxy)propoxy]benzene, (55)-29 

The diester (SS)-24 (170 mg, 0.37 romol) was stirred overnight in dry CH2Clz (5 mL) in the presence 
of TF A (0.4 mL). The solvent was removed in vacuo to afford (SS)-29 as a sticky oily product in 
quantitative yield. [a]o22 = 31.3° (c 4.35 in Me2CO). IH NMR (CDCI3, 400 MHz) 0 ILl (2H, bs), 
6.80 (4H, s), 4.35 (2H, d, 2J 17.2 Hz), 4.20 (2H, d, 2J= 17.2 Hz), 3.90 (6H, m), 1.25 (6H, d, 3J = 6.3 
Hz). BC NMR (CDCh, 100 MHz) 0174.9,152.5,115.3,75.9,72.3,66.9,16.7. ES-MS m/z 341 [M 
H+]-. 

1 ,4-Bis[2(RJ-( carboxymethoxy)propoxy] benzene, (RR)-29 

The diester (RR)-24 (175 mg, 0.39 romol) was stirred overnight in dry CH2Ch (5 mL) in the presence 
ofTFA (0.4 mL). The solvent was removed in vacuo to afford (RR)-29 as sticky oily product in 
quantitative yield. [a ]D21 + 32.5° (c 6.80 in MelCO). The spectroscopic data were identical with 
those reported for compound (SS)-29. ES-MS m/z 341 [M - W]-. 

1,4-Bis[2-(2(5J-(carboxymethoxy)propoxy)ethoxy]benzene, (55)-30 

The diester (SS)-25 (160 mg, 0.30 romol) was stirred in an HBr solution of dry CH2Ch for 1 hour at 
O°C. The solvent was removed in vacuo to yield (SS)-30 as a sticky, oily compound (130 mg, 100%). 
TLC and NMR spectroscopy indicated that the purity of the product was better than 95%. [a1D24 + 
5.80 (c == 3.12 MeCNfMe2CO (2/3, v/v». IH NMR (CDCh, 400 MHz) 010.7 (2H, bs), 6.85 (4H, s), 
4.25 (2H, Ii, 2J 17.3 Hz), 4.10 (2H, d, 2J = 17.3 Hz), 4.05 (4H, m), 3.85 (4H, m), 3.70 (2H, m), 3.55 
(4H, m), 1.15 (6H, d, 3J 6.3 Hz). 13C NMR (CDCh, 100 MHz) 0 173.3, 152.9, 115.6,76.8,75.0, 
69.9,67.6,67.0,16.3. FTIR(KBr, em-I): v = 3100, 2930,1788,1766,1732,1510,1455,1367,1220, 
1170,1130,928,827,756. ES-MS m/z429.0 [M-W]-. 

1 ,4-Bis[2-(2(R)-(carboxymethoxy)propoxy)ethoxy]benzene, (RR)-30 

The diester (RR)-25 (130 mg, 0.24 romol) was stirred in an HBr solution of dry for 1 hour at 
O°C. The solvent was removed in vacuo to yield (RR)-30 as a sticky, oily (105 mg, 100%). TLC and 
NMR spectroscopy indicated that the purity of the product was better than 95%. [o.]D20 7.4° (c = 

2.54 in MeCNfMe2CO (2/3, v/v». The spectroscopic data were identical with those reported for 
compound (SS)-30. ES-MS m/z 429 [M - W]-. 

1 ,4-BIs[2-(2-(2(5)-( carboxymethoxy)propoxy)ethoxy)ethoxy]benzene, (5S)-31 

The diester (8S)-26 (155 mg, 0.25 romol) was stirred in an HBr solution of dry CH2Ch for 1.5 hours 
at O°C. The solvent was removed in vacuo to yield (SS)-31 as a clear oil (130 mg, 100%). TLC and 
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NMR spectroscopy indicated that the purity of the product was better than 95%. [a]021 = + 16.5° (c = 
2.60 in MeCN). IH NMR (CDCI3, 400 MHz) 0 10.0 (2H, bs), 6.80 (4H, s), 4.25 (2H, d, 2J = 17.3 Hz), 
4.10 (6H, m), 3.85 (4H, m), 3.70 (10H, m), 3.50 (4H, m), 1.15 (6H, d, 3J = 6.2 Hz). I3C NMR 
(CDCI3, 100 MHz) 0 173.0, 152.8, 115.4,76.7,74.7,70.5,70.2,69.7,67.8,66.9, 16.1. FTIR (KBr, 
cm-I): v = 3200, 2920, 1766, 1760, 1505, 1455, 1355, 1230, 1120, 1065,930,830,755. ES-MS mlz 
517.2 [M-W]-. 

1 ,4-Bis[2-(2-(2(R)-(carboxymethoxy)propoxy)ethoxy)ethoxy]benzene, (RR)-31 

The diester (RR)-26 (300 mg, 0.48 mmol) was stirred in TF A for 1 hour at room temperature. The 
solvent was removed in vacuo to yield (RR)-31 as a brown, clear oil (245 mg, 100%). TLC and NMR 
spectroscopy indicated that the purity of the product was better than 95%. [a]020 = - 9.5° (c = 3.90 in 
MeCNI Me2CO, (2/3 v/v». The spectroscopic data were identical to those reported for compound 
(SS)-31. ES-MS mlz 517.1 [M-W]-. 

1 ,4-Bis[2-(2(S)-(carboxymethoxy)4-methylpentoxy)ethoxy]benzene, (SS)-32 

The diester (SS)-27 (110 mg, 0.18 mmol) was stirred in an HBr solution of dry CH2Ch for 1.5 hours 
at O°C. The solvent was removed in vacuo to yield (SS)-32 as a clear oil (90 mg, 100%). TLC and 
NMR spectroscopy indicated that the purity of the product was better than 95%. [a]o 21 = + 1.1 ° (c = 

4.4 in MeCN). IH NMR (CDCh, 400 MHz) 0 10.0 (2H, bs), 6.8 (4H, s), 4.30 (2H, d, 2J = 17.3 Hz), 
4.15 (2H, d, 2J = 17.3 Hz), 4.05 (4H, m), 3.85 (4H, m), 3.70-3.50 (6H, m), 1.70 (2H, m), 1.50 (2H, 
m), 1.25 (2H, m), 0.90 (12H, d, 3J = 6.6 Hz). I3C NMR (CDCh, 100 MHz) 0 173.3, 152.9, 115.7, 
79.5,74.5,70.0,68.1,67.6,40.6,24.4,23.0,22.4. FTIR (KBr, cm-I): v = 3174, 2956, 1766, 1732, 
1505, 1455, 1368, 1283, 1231, 1130,928, 827, 757. ES-MS mlz 512.9 [M - W]-. 

1 ,4-Bis[2-(2-(2(SJ-(carboxymethoxy)4-methylpentoxy)ethoxy)ethoxy]benzene, (SS)-33 

The diester (SS)-28 (155 mg, 0.25 mmol) was stirred in an HBr solution of dry CH2Ch for 1.5 hours 
at O°C. The solvent was removed in vacuo to yield (SS)-33 as a clear oil (130 mg, 100%). TLC and 
NMR spectroscopy indicated that the purity of the product was better than 95%. [a]025 = + 5.4° (c = 
1.17 in MeCN). IHNMR (CDCh, 400 MHz) 0 9.8 (2H, bs), 6.8 (4H, s), 4.25 (2H, d, 2J = 17.3 Hz), 
4.05 (2H, d, 2J = 17.3 Hz), 4.00 (4H, m), 3.80 (4H, m), 3.70 (8H, m), 3.65-3.45 (6H, m), 1.70 (2H, 
m), 1.45 (2H, m), 1.25 (2H, ddd, 2J = 14.0 Hz, 3J = 7.5 Hz, 3J = 5.7 Hz), 0.90 (12H, d, 3J = 6.6 Hz). 
I3C NMR (CDCh, 100 MHz) 0 173.0, 152.8, 115.4,79.4,74.1,70.5,70.2,69.7,68.0,67.8,40.5, 
24.2,22.9,22.4. ES-MS mlz 601.4 [M - W]-. 

1,4-Bis(2(S)-methylbutoxy)benzene. (SS)-34 

Hydroquinone 16 (305 mg, 2.77 mmol), KOH (360 mg, 6.43 mmol) and a catalytic amount ofNB1l41 
were suspended in EtOH (5 mL). The suspension turned brown. 2(S)-Methylbutyl tosylate [21] (1.5 g, 
6.20 mmol) in dry THF (10 mL) was added dropwise, after which the suspension was brought to 
reflux for 48 h, The reaction mixture was poured into a mixture of CH2Ch and a 1M NaOH aqueous 
solution. The aqueous layer was extracted with CH2Ch. The combined organic layers were dried 

(MgS04), filtered and concentrated in vacuo to give 0.90 g of crude material, which was purified by 
flash column chromatography (Si02; hexanel CH2Ch, 7:3) to yield (SS)-34 as a white solid (415 mg, 
60%). M.p. 27-29 °C. [a]028 = + 15.1° (c = 2.1 in CHCh). IH NMR (CDCh, 400 MHz) 0 6.85 (4H, 
s), 3.75 (2H, dd, 2J = 8.9 Hz, 3J = 5.8 Hz), 3.65 (2H, dd, 2J = 8.9 Hz, 3J = 6.6 Hz), 1.80 (m, 2H), 1.55 
(m,2H), 1.25 (m, 2H), 1.0 (6H, d, 3J = 6.9 Hz), 0.95 (6H, tr, 3J = 7.5 Hz). I3C NMR (CDCI3, 100 
MHz) 0 153.4, 115.4,73.6,34.8,26.1, 16.5, 11.3. FTIR (KBr, cm-I): v = 2961,2930,2876, 1508, 
1467, 1390, 1228, 1045,823. HRMS mlz Calcd. for CI6H2602 250.1933, Found 250.1935. 
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1,4-Bis(2(S)-methoxypropoxy)benzene, (SS)-35 

The diol (SS)-19 (400 mg, 1.77 mmol) and tert-BuOK (0.435 g, 3.89 mmo!) were suspended in tert
BuOH (6 mL). The mixture was stirred for 15 min at 30-40°C, resulting in the formation of a clear 
yellowish solution. Mel (2.28 g, 16.1 mmol) was added dropwise, giving immediate precipitation of 
KI. The suspension was stirred overnight after which extra portions of tert-BuOK (150 mg, 1.34 
mmol) and Mel (1.0 g, 7.0 mmol) were added. Stirring was continued for another 2 h, after which the 
solvent was removed in vacuo. H20 was added to the residue and the suspension was extracted with 
CH2Ch. The organic layer was dried (MgS04) filtered and concentrated in vacuo. The crude product 
was purified by column chromatography (Si02, hexanelEtOAc, 7:3) to yield (SS)-35 as a yellowish 
clear oil (345 mg, 77%). [0.]025 =- 32.0° (c 6.0 in MezCO). IHNMR(CDCh, 400 MHz) 0 6.85 
(4H, s), 3.90 (2H, dd, 2J 9.6 Hz, 3J =5.9 Hz), 3.85 (2H, dd,2J 9.9 Hz, 3J = 4.5 Hz), 3.70 (2H, m), 
3.45 (6H, s), 1.25 (6H, 3J 6.3 Hz). BC NMR (CDCl3• 100 MHz) 0 153.1, 115.4,75.3,72.0,56.9. 
16.5. FTIR (KBr, em-I): v = 2975, 2929, 2823, 1507, 1455, 1449, 1375, 1231, 1154, 1104, 1069, 
1040,825. HRMS mlz Calcd. for CI4H2204 254.1518, Found 254.1519 

1,4-Bis(2(R)-methoxypropoxy)benzene, (RRJ-35 

The diol (RRJ-19 (135 mg, 0.60 mmol) and tert-BuOK (150 mg, 1.34 mmol) were suspended in tert
BuOH (3 mL). The mixture was stirred for 15 min at 30-40°C, resulting in the formation of a clear 
yellowish solution. Mel (1.50 g, 10.5 mmol) was added dropwise, giving immediate precipitation of 
KI. The suspension was stirred overnight, after which time extra portions oftert-BuOK (100 mg, 0.90 
mmol) and Mel (0.5 g, 3.5 mmol) were added. The work-up of the reaction mixture was conducted as 
described for (SS)-35 to yield (RRJ-35 as a yellowish clear oil (106 mg, 70%). [a]D 26 + 41.10 (c :: 
2.2 in MezCO). The spectroscopic data were identical to those reported for compound (SS)-35. 

1 ,4-Bis(2( S)-ethoxypropoxy)benzene, (SS)-36 

The diol (SS)-19 (55 mg 0.24 mmol), KOH (95 mg 1.70 mmol) and EtI (227 mg, 1.46 mmol) were 
suspended in THF (2.5 mL). The mixture was stirred for 2 days at reflux, after which time extra 
portions ofKOH (35 mg, 0.63 mmol) and EtI (80 mg, 0.51 mmol) were added. The suspension was 
refluxed for another day. The solvent was removed in vacuo and H20 was added to the residue and 
the suspension was extracted with CH2CI2• The organic layer was dried (MgS04), filtered and 
concentrated in vacuo. The crude product was purified by colunm chromatography (CH2Ch and then 
hexanelEtOAc 5:1) to yield (SS)-36 as a yellowish clear oil (65 mg, 90%). [a]o20 = -16.6° (c 1.63 
in Me2CO). IH NMR (CDCh, 400 MHz) 0 6.80 (4H, s), 3.90 (2H, dd, 2J 9.2 Hz, 3J = 5.5 Hz), 3.80 
(4H, m), 3.60 (4H, m), 1.30 (6H, d, 3J = 6.3 Hz), 1.20 (6H, t, 3J = 7.0 Hz). BC NMR (CDCI3, 100 
MHz) 0 153.2, 115.5,73.6,72.3,64.6, 17.4, 15.6. FTIR (KBr, em-I): v = 2974,2928,2871, 1508, 
1456,1374,1230, 1154, 1107, 1067, 1044,825. HRMS, mlz Calcd. for C16H2604 282.1831, Found 
282.1818. 

1,4-Bis[2(S)-(2-methoxyethoxy)propoxy]benzene, (SS)-37 

The diol (SS)-19 (79 mg, 0.35 mmol), KOH (135 mg, 2.41 mmol) and 2-methoxyethyl tosylate [22] 
(480 mg, 2.09 mmol) were suspended in THF (3 mL). The reaction mixture was stirred for 2 days at 
reflux, after which time extra portions ofKOH (45 mg, 0.80 mmol) and tosylate (160 mg, 0.70 mmol) 
were added. The suspension was heated under reflux for a further day. The solvent was removed in 
vacuo, H20 was added to the residue and the suspension extracted with CH2Cl2• The organic layer 
was dried (MgS04), filtered and concentrated in vacuo. The crude product was purified by colunm 
chromatography (CH2C12 and hexanelEtOAc 3:1) to yield an oil that still was not completely pure. 
Further purification by column chromatography (CH2CI/MeCOEt 10:1) gave pure compound (SS)-37 
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(64 mg, 54%). [et]D2Q =-11.6° (c = 1.34 in Me2CO). lH NMR (CDCh, 400 MHz) 1) 6.80 (4H, s), 4.00 
(2H, dd, 2J = 11.2 Hz, 3J = 7.5 Hz), 3.85 (4H, m), 3.75 (4H, t, 3J 4.9 Hz), 3.55 (4H, m), 3.40 (6H, s), 
1.30 (6H, d, 3J = 6.2 Hz). BC NMR (CDCh, lOO MHz) 0 153.0, 115.4,74.4,72.2 (2), 68.7, 59.0, 
17.3. FTIR(KBr, cm-l

): v = 2974, 2925, 2874,1508,1456,1374,1230,1108,1044,826. GC-MS 
peaks at mlz 342 and 343 (2.4% and 0.4% abundance relative to 59). 

1H NMR spectroscopic studies of complexation 

Solutions with a 1: I molar ratio of the 1t-electron rich and 1t-electron deficient components were 
prepared in CD3CN with concentrations of 5.10-3 mol·dm-3

• All chemical shift changes (.<lo) for the 
1: 1 complexes are quoted in ppm and were calculated using the equation: .<l1) Oobserved - Ofree. 

UVlVis spectrophotometric titrations 

The change in the optical density of solutions of complexes were recorded as the relative 
concentrations of 'thread' components of the complexes were increased with respect to the 
concentration of the tetracationic cyclophane l'4PF6 (a titration experiment). In a typical experiment, 
a solution of 1'4PF6 was made up in a volumetric flask and its optical density recorded in a 1 cm path 
length cuvette. A known quantity of the guest was added to the solution, keeping the concentration of 
the cyclophane 1·4PF 6 constant. The optical density of this solution of the complex was recorded and 
the procedure repeated until no significant change in the optical density was observed when further 
guest was added. All stability constants were determined in dry MeCN solution at 298 K. Molar 
ratios of 'threads' to the tetracationic cyclophane employed were in the range 0.1:1 to 30:1 for strong 
1: I complexes and in the range 1: 1 to 100: 1 for weak 1: 1 complexes. The data were treated with a 
non-linear curve fitting program (UltraFit, Biosoft, Cambridge, 1992) running on an Apple 
Macintosh microcomputer. 

CD/UV measurements 

In all cases, 1'4PF6 was dissolved in MeCN with a few molar equivalents (between 1 and 10) of the 
chiral 'thread'. Care was taken for the optical density of the solution to be between 0.1 and 1.5. 
Compounds (88)-19, (RR)-19, (RR)-20, (S8)-29, (RR)-29, (SS)-30, (88)-31, (RR)-31, (SS)-34, (SS)-35, 
(RR)-35, (88)-36 and (SS)-37 (15.2, 5.9, 7.5, 7.1, 6.9,14.5,9.0,8.7,76.0,11.0,15.5,8.1 and 7.0 mg, 
respectively) with 1-4PF6 (10.0, 3.3, 4.2, 4.7,4.3,3.0,2.9,2.6,15,2.8,3.8,6.2 and 5.0 mg, 
respectively) were dissolved in MeCN (3.25, 1.59,2.18, 1.55, 1.69, 1.90, 1.49, 1.45,4.1 1.65, 1.71, 
1.42 and 1.59 g, respectively). These clear solutions were investigated with UV and CD-spectroscopy 
at room temperature. In the UV-spectra, the Amax of the solutions were located at 474, 467, 460, 461, 
464,476,469,467 and 468 nm for the 1'4PF6-complexes of 19,20,29,30,31,34,35,36 and 37, 
respectively. For the experiments shown in Figure 5.8 the following solutions were prepared: Figure 
5.8A: 7.1 mg (8S)-29, 4.7 mg 1-4PF6, 1.55 g MeCN and 5.9 mg (RR)-29, 4.3 mg 1-4PF6, 1.69 g 
MeCN. Figure 5.8B: 15.2 mg (S8)-19, 10 mg 1-4PF6, 3.25 g MeCN and 5.9 mg (RR)-19, 3.3 mg 
1'4PF6, 1.59 g MeCN. The variable temperature measurements (Figure 5.9) were performed with, 
Figure 5.9A: 7.1 mg (SS)-29, 4.7 mg 1-4PF6 and 1.67 g MeCN and Figure 5.9B: 15.2 mg (8S)-19, 10 
mg 1-4PF6 and 3.25 g MeCN. 

X-Ray crystallography 

Table 5.3 lists the crystallographic details on the [2]pseudorotaxanes 5/1-4PF6, (S8)-30/1'4PF6 and 
(SS)-37/1·4PF6 and gives information on the data collection and refmement parameters. The 
structures of the three [2]pseudorotaxanes were solved by direct methods and were refined by full 
matrix least-squares based on n. In 5/1·4PF6, three of the four PF6- anions were found to be 
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disordered, and in each case this disorder was resolved into two alternate partial occupancy 
orientations, the major occupancy atoms of which were refined anisotropically. The non-hydrogen 
atoms of the [2]pseudorotaxane and the MeCN solvent molecules in this structure were refined 
anisotropically. In (SS)-30/1'4PF 6, on account of the limited number of observed data, only the PF 6-

anions and the nitrogen and oxygen atoms of the [2]pseudorotaxane were refmed anisotropically. For 
(SS)-37/1'4PF6, all the fun occupancy non-hydrogen atoms were refmed anisotropically, the 50% 
occupancy MeCN molecule being treated isotropically. In 5/1'4PF6, the hydrogen atoms of the 
carboxylic acid groups were located from I:!.F maps, assigned isotropic thermal parameters, U(H) = 

l.5Ueq(O), and allowed to ride on their parent oxygen atoms. The corresponding hydrogen atoms 
could not be located for (SS)-30/1·4PF6• The remaining hydrogen atoms in all four structures were 
placed in calculated positions, assigned isotropic thermal parameters, U(H) = 1.2Ueq(C), [U(H) = 

1.5Ueq(C-Me)], and allowed to ride on their parent carbon atoms. The absolute stereochemistries of 
(SS)-30/1'4PF6 and (SS)-37/1'4PF6 were determined unambiguously by use of the Flack parameter 
which refined to a value of - 0.1(2) and 0.03(8), respectively. Computations were carried out using 
the SHELXTL PC program system [36]. 

132 



Constitutionally asymmetric and chiral [2Jpseudorotaxanes 

Table 5.3: Crystallographic details: data collection and refinement parameters [aj. 

data 5/1'4PFs (SS)-30/1'4PFs (SS)-37/1'4PFs 

formula C49HsoN40S'4PFs CseHS2N4010'4PFs C54Hs2N40S·4PFs 

solvent 5 MeCN 2 MeCN 2.5 MeCN 

formula weight 1576.1 1613.1 1545.6 

colour. habit orange plate red rhombs red blocks 

crystal size I mm 0.50xO.50xO.17 0.83xO.40xO.40 0.67xO.60xO.53 

lattice type triclinic monoclinic triclinic 

space group Pr P21 P1 

cell dimensions 

a (A) 13.322 (4) 11.554 (2) 11.382 (1) 

b (A) 15.097 (3) 18.325 (4) 12742 (1) 

c (A) 18.748 (4) 17.823 (5) 13.863(1) 

a (deg) 95.99 (2) 86.01 (1) 

~ (deg) 105.11 (2) 100.86 (2) 75.21 (1) 

Y (deg) 101.73 (2) 64.65 (1) 

V (A3
) 3515 (2) 3706 (1) 1754.9 (2) 

Z 2 2 

Dc (gcm-3) 1.489 1.446 1.463 

F(OOO) 1612 1652 793 

11 (mm-1
) 2.06 2.00 2.04 

a-range (deg) 2.5-63.0 2.5-62.1 5.0-60.0 

no. of unique reflections 

measured 10291 6039 5413 

observed, lFol > 4cr(IFoD 8364 4092 4918 

no. of variables 1012 628 896 

Rl [b] 0.071 0.131 0.064 

wR2 [c] 0.184 0.377 0.163 

weighing factors a, b [d] 0.104,5.011 0.306, 3.939 0.096, 2.579 

largest difference peak, 0.80, -0.67 0.87, -0.50 0.53, -0.45 

hole (eA-3) 

[a] Details in common: graphite monochromated CUKa radiation, co-scans, Siemens P4/PC 

diffractometer, 293 K, refinement based on F2. [b] Rl = LllFol-lFclIILIFol. [c] WR2 = A{L[W(F/ - Fc2) 2] I 
L[w(Fo2) 2]}. [d] W-1 = cr2(Fo2) + (ap)2 + bP. 
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Chapter 6 

Polyrotaxane inclusion complexes of ethylene oxide 

derivatives and cyclodextrins 

- a preliminary study -

Summary 

In analogy to similar systems known from literature, ethylene oxide derivatives 1-4 have been 

investigated on their ability to form precipitates with a-CD, jJ-CD and r-CD in H2O. 

Precipitate formation with a-CD was observed for polymers 1 and 2 and for oligomer 4, 

whereas solid complex formation with r-CD occurredfor 2, 3 and 4 (polymer 1 was not 

investigated). Substantial complexation resulting in the formation of significant amounts of 

precipitate was nat observed for jJ-CD with any of the four investigated (macro)molecules. 

The a-CD inclusion complexes have been analyzed by several methods, including most 

importantly powder diffraction X-ray analysis. The X-ray data on the three a-CD complexes 

unambiguously show that the a-CD molecules in the complexes are aligned in hexagonally 

packed channels. Therefore, the three complexes are main-chain polyrotaxanes, i.e. the 

ethylene oxide components are axially bonded in the cavities of the a-CD rings. The three r

CD complexes are also main-chain polyrotaxanes, as evidenced by powder diffraction X-ray 

data, but in these inclusion complexes, the r-CD rings are stacked in tetragonally arranged 

channels. These results combined with previously reported data show that jJ-CD displays a 

Significant inefficiency to form solid inclusion complexes with polymeric guests in general, 

and with ethylene oxide derivatives in particular. 
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Chapter 6 

6.1 Introduction 

Cyclodextrins (CDs) are cyclic, basket-shaped, water-soluble molecules consisting of 0-

glucose units that are coupled via a-glucoside linkages. Since the discovery by Villiers [1] in 

1891 these low cost, non-toxic and biodegradable carbohydrates have been investigated with 

growing interest and the potential of these saccharides and their derivatives in drug delivery 

systems, cosmetics and analytical applications has been addressed [2]. The interior of a CD

molecule is hydrophobic and consequently, cyclodextrins are used in aqueous media as chiral 

and size-specific hosts for guest-host systems. Therefore, cyclodextrins are of particular 

interest to supramolecular chemists [3]. 

Most notably, Harada and Wenz have used the homologous series of a, f3 and y-cyclodeJ!:trin 

- see Figure 6.1 - as threading rings in the preparation of main-chain polyrotaxanes. Wenz 

has studied these complexes in solution, whereas Harada's work is confined to solid state 

main-chain polyrotaxanes. In main-chain polyrotaxane superstructures, the main-chain of the 

polymer guest is axially bonded in the hydrophobic cavities of the cyclodextrin hosts. 

Polymers and oligomers that can function as guests in main-chain polyrotaxanes include 

poly(isobutylene) (Pill) [4], polysqualene [4], oligoethylenes [5], poly(methylvinyl ether) [6], 

polyamines [7], polyamides [7], poly(vinylidene chloride) [8] and - most relevant for this 

study - oligoethylene oxides [9], polyethylene oxides (PEOs) [10] and polypropylene oxides 

(PPOs) [11]. Harada has shown that not every possible combination of poly glycol and CD 

forms main-chain polyrotaxane superstructures: PEO only forms such complexes with a-CD, 

whereas PPO only forms complexes with [3-CD and y-CD. 

n 

n = 6, 7, 8 (a., ~, y) 

1 R=H 
2 R=Me 
3 R = i-Bu 

Figure 6.1: a-, p.. and r-Cyc!odextrins, polymers 1-3 and oligomer 4. 

4 

Poly(2-oxo-12-crown-4) polymers 1-3 and low molecular weight oligomer 4 (see Figure 6.1) 

which have been introduced in Chapters 2 and 3 - have geometries comparable to those 

of oligoethylene oxides, PEO and PPO. It is, therefore, interesting to examine the potential of 

these glycols 1-4 for the formation of main-chain polyrotaxane complexes with 

140 



Polyrotaxane inclusion complexes of ethylene oxide derivatives and cyclodextrins 

cyclodextrins. Here, a study is described, in which the possibilities for complex formation of 

1--4 with a-CD, P-CD and r-CD are investigated. We confined ourselves to the study of solid 

state inclusion complexes. The obtained complexes have been characterized with, most 

importantly, X-ray powder diffraction. 

6.2 Results and discussion 

The complexation of glycol derivatives 1-4 with CDs 

The preparation ofrnain-chain polyrotaxane solids from cyclodextrin hosts and (poly)gJycol 

guests is simple [9-11]: at room temperature, (an aqueous solution ot) the polymer or the 

oligomer is added to a saturated solution of the appropriate cycIodextrin in H20 and 

precipitation of the main-chain polyrotaxane as a white solid occurs instantly, resulting in a 

milky suspension. Sonication of the aqueous solution is required for PPO, since this polymer 

is hardly soluble in H20. A sonication treatment is not necessary for polymers 1-3 or 

oligomer 4, since these glycols do not form macroscopically separated phases in H20. 

The glycol derivatives 1-4 were brought in H20, resulting in a clear solution for 1 and 

slightly turbid, homogeneous solutions for 2, 3 and 4. These solutions or alternatively the 

non-solvated (macro)molecules - were added to saturated aqueous solutions of a-CD, P-CD 

and y-CD (Note: the combination 1/ y-CD was not tested). The combinations of 1, 2 and 4 

with a-CD and the combinations of 2, 3 and 4 with y-CD induced the formation of a milky 

suspension. In contrast, the P-CD host did not give significant amounts of precipitate with 

any of the four guest molecules 1--4 [12]. In several ways these results are remarkable. 

Surprisingly, there was a particular difference in the precipitation process for the a-CD-2 

complex on one hand and all the other complexes on the other hand. The precipitation of all 

the complexes, except for a-CD-2, occurred instantly; after a few seconds a precipitate was 

developing and equilibration was assumed complete after an hour. Conversely, the 

precipitation of a-CD-2 was visible by a slow increase in turbidity, only resulting in a milky 

suspension after 24 hours standing. An explanation for the lower developing rate of the a

CD-2 complex can be found in the 'bulky' character of the propylene oxide units in polymer 

2. It can be argued that this unit is less capable of threading through a-CD rings than regular 

ethylene oxide units. In line with this reasoning is the fact that the even bulkier polymer 3 

does not give a precipitate with a-CD. Analogous behaviour for inclusion complexes of a

CD and polymers has been observed by Wenz [7]. Due to the 'bulky' methyl groups, the 

polyammonium polymer in Figure 6.2 shows a slow complex formation compared to both 

polyamines, as evidenced by NMR-monitoring of the complex formation process (both main

chain polyrotaxanes are soluble in aqueous buffer solutions (PH == 4.6»). 
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k=I=11ork=10,m=3 k=m=11 

Figure 6.2: Polyamine and polyammonium derivatives thatform inclusion complexes with a-CD in 
aqueous solutions [7]. 

The combination of the results reported in literature and the new results reported here, shows 

that in the homologous series of cyclodextrins, ~-CD is least capable of forming solid 

inclusion complexes with ethylene oxide derivatives. In fact, only for PPOs of various 

molecular weights, such precipitates are formed. Polysqualene [4] - which has a geometry 

comparable to PPO - is the only other polymer that forms significant amounts of solid 

complex with ~-CD. Apparently, precipitates of ~-CD complexes are only formed when the 

polymer guest fills the cavities of the ~-CD to a large extent. Such a strict requirement does 

not have to be formulated for y-CD, which forms solid complexes with numerous polymer 

guests of varying geometries. 

The following focuses on several properties of the newly obtained a-CD inclusion complexes 

and compares these with characteristics of previously reported a-CD complexes. The y-CD 

complexes have not been studied quantitatively, but have only been analyzed by powder 

diffraction. 

Characterization of the a-CD-1, a-CD-2 and a-CD-4 complexes 

A few characteristics of main-chain polyrotaxanes based on (poly)glycols and CDs are (i) 

their solubilization upon temperature increase, (ii) the disruption of the superstructure by 

benzoic acid in a competitive binding process (iii) the 2: 1 glycol: CD stoichiometry of the 

complex, implying that the CD-rings are threaded in such a way that no space is left in 

between these rings (the depth of the CD-cavity corresponds to the length of two ethylene 

oxide units) and (iv) the increased thermal stability of CD in the polyrotaxane complexes 

compared to the stability of non-bonded CD [9-11]. The complexes a-CD-I, a-CD-2 and a

CD-4 have been tested on these typical features. 

The a-CD-I, a-CD-2 and a-CD-4 complexes dissolved in H20 when the temperature was 

raised to 60-80 °c. The solvatation was reversible, since the solutions became turbid upon 

cooling. It was also found that benzoic acid could destabilize the three investigated 

complexes. When a few crystals of benzoic acid were added to suspensions of the complexes 

in H20 and the resultant suspensions were sonicated, the turbidity disappeared. Apparently, 
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benzoic acid is more effectively bonded in the a-CD cavity and thus acts as an inhibitor to 

these a-CD complexes. 

The stoichiometry of the a-CD-I, a-CD-2 and a-CD-4 complexes could not be determined 

directly, since these complexes could not be isolated in a pure form. The reason for this is of a 

practical nature and should be explained here. The precipitates that are formed cannot be 

filtered, because the granules are too small. Therefore, centrifugation is the only method to 

isolate the complex properly. However, even centrifugation at high rotation rates leads to the 

formation of a clear aqueous upper layer and a gel-like bottom layer. This gel-like layer traps 

a large amount of aqueous solution with the same composition as the clear aqueous upper 

layer. Consequently, no clear-cut solid product can be obtained and drying of the gel-like 

layer will not give a pure complex. Rinsing of the gel-like layer with H20 was considered, but 

it was observed that this resulted in a partial unthreading of the a-CD rings. Remarkably, 

such a rinsing procedure is routinely described in literature reports concerning the preparation 

of a-CD-PEO, f)-CD-PPO and r-CD-PPO complexes [9-11]. 

Figure 6.3: Schematic representation of the experiment to determine the stoichiometry of the a-CD-l 
complex. a. mixing of aqueous a-CD and polymeric solutions; b. centrifugation of the suspension of 

the formed a-CD-l complex; c. separation of the clear aqueous upper layer and the gel-like bottom 

layer containing the complex; d. drying of the upper and bottom layers. 

The stoichiometry of the a-CD-l complex was determined by the construction of a variation 

plot, employing the procedure schematically drawn in Figure 6.3. Known quantities of a-CD 

and I were dissolved in H20 and mixed (step a). After the complex had formed and the 

suspension was allowed to stand at room temperature for an hour, the suspension was 

centrifuged (step b) and the layers were separated (step c). The two layers were weighed, 

dried and the dried layers were weighed (step d). In addition, the compositions of the dried 

phases were determined by 1 H NMR using DMSO-~ as solvent. The procedure (steps a-d) 

was repeated with varying quantities of polymer I and (approximately) constant quantities of 

a-CD, thus varying the molar ratio of both components in the original aqueous solution. For 
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all procedures, mass balances could be used to calculate (i) the amount of a-CD-l complex 

that had been formed and (i) the amount of non-complexed material. These calculated 

amounts were plotted versus the molar ratio of 1 and a-CD in the original, mixed, aqueous 

solutions. 
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Figure 6.4: A. The amount of calculated complex (.) versus the molar ratio in which 1 and a-CD 

have been mixed in the original aqueous solution. B. The amount of calculated. non-complexed 

material (., left y-axis) and the molar ratio of 1 and a-CD in the dried upper layer (0; right y-axis) 

versus the molar ratio in which 1 and a-CD have been mixed in the original aqueous solution. The 

initial slopes (solid lines) indicate a stoichiometry of ca. 0.7 for the a-CD-I complex. All ratios in 

mol monomeric unit 1 per mol a-CD. 

A stoichiometry of approximately 0.7 could be derived for the a-CD-l complex (see Figure 

6.4, where the stoichiometry is expressed in mol monomeric unit of 1 per mol a-CD). When 

polymer I and an excess of a-CD were mixed in H20, all polymeric material was threaded 

and precipitated as a-CD-I complex (see the open circles on the base line in Figure 6.4B). 

However, the amount of excess a-CD decreased and approached zero as the molar ratio in the 

original aqueous solution approached 0.7 (extrapolation of initial slope of the solid squares in 

Figure 6.4B). Approximately from this molar ratio of 0.7 on, the upper layer does not 

exclusively contain a-CD, but also consists of an excess amount of polymeric material (open 

circles that are not on the base line in Figure 6.4B). In Figure 6.4A the calculated amount of 

complex is plotted versus the molar ratio of I and a-CD in the original aqueous solution. 

Again, the initial slope of this plot reveals a stoichiometry of approximately 0.7 in the a-CD

I complex. This stoichiometry is comparable to the stochiometry of 0.5, that is reported 

invariably for a-CD-PEO and ~-CD-PPO complexes [9,10,11]. 

The a-CD-I complex is most comparable to the complexes a-CD forms with PEOs. A 

significant difference between the a-CD-l complex studied here and the reported complexes 

ofPEOs with a-CD reported in literature [9,10] concerns the molecular weight distribution of 

the ethylene oxide derivatives under investigation. In literature, only polymers with 
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dispersities close to 1 and pure oligomers have been examined. In contrast, the employed 

polymer I has a dispersity of 1.9. This is of importance, because it has been established that 

low molecular weight ethylene oxides (MW < 0.4 kg/mol) do not form precipitates with a

CD and it has been shown that higher molecular weight PEGs (MW > 10 kg/mol) form 

complexes, but at a lower precipitation rate. The average molecular weight of polymer I is ca. 

6.0 kg/mol [13] and is in between 0.4 kg/mol and 10 kg/mol, so the influence of molecular 

weight on the overall complexation process with a-CD was assumed negligible. 
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Figure 6.5: Thermal stability of the complexes a-C~l, a-C~2 and a-CD-4 (clockwise) compared 
to the stability of the individual components by TGA-analysis. In the measurements, the temperature 
was kept either at 110°C or at 120 °C for a few minutes to allow the release of H20. 

Finally, the a-CD-I, a-CD-2 and a-CD-4 complexes were tested on their thermal stability 

by thermogravimetric analysis (TGA). Slow degradation of non-bonded a-CD was detected at 

temperatures higher than 150°C and an initial fast degradation was observed at 

approximately 290 °c (see Figure 6.5, solid lines). The degradation temperature of a-CD was 

increased by about 60°C to 350°C upon complexation in the a-CD-I complex. In the a

CD-2 and a-CD-4 complexes such a stabilization of the a-CD was not observed. Polymer 1 

and oligomer 4 experience a stability increase upon complexation with a-CD, whereas 
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polymer 2 is destabilized by such a complexation (compare the dashed lines with the dotted 

lines in Figure 6.5). Consequently, no clear overall picture emerges from these TGA-results. 

X-Ray powder diffraction of the a-CD and the y-CD inclusion complexes 

X-Ray powder diffraction has frequently been used to determine packing parameters in 

complexes of CDs with both low and higher molecular weight molecules. In our case, this 

technique can be used to verify whether the obtained complexes are of a main-chain 

polyrotaxane nature, implying that the components ofthe complex form a necklace-type of 

structure. 

X-Ray powder diffraction was performed on the a-CD-I, a-CD-2 and a-CD-4 complexes 

(although these complexes could not be isolated in a pure form, vide supra). The dried gel

like bottom layers that contained an excess of complex were employed for this purpose. 29-

Angles of diffraction different from those observed for non-bonded a-CD were measured. For 

all three complexes, the same 29-angles were found and these angles correspond to those 

found for the a-CD-PEO complexes [9-10] (see Table 6.1). Consequently, the three 

complexes a-CD-I, a-CD-2 and a-CD-4 are isomorphous to channel-type a-CD complexes 

of which the complexes with n-hexanol or valerie acid are other examples [14]. The 

crystalline domains in such channel-type complexes have hexagonally packed channels of 

stacked CDs with spacings of a = 13.9 A and b = 15.6 A [14]. 

Table 6.1: X-ray powder diffraction data on a-CD-I, a-CD-2, a-CD-4 and a-CD-PEO [9-10). 

28-angles 

Peak a-CO-1 a-CO-2 a-CO-4 a-CO-PEO [b] 

1 5.49 5.62 5.69 5.5 

2 7.62 7.60 7.49 7.4 

3 12.03 12.15 12.23 11.9 

4 13.05 13.09 13.14 12.9 

5 [a] 16.25 16.25 16.0 

6 19.98 20.00 20.05 19.9 

7 [a] 20.69 [a] 20.6 

8 22.71 22.77 22.78 22.6 

[a] Peak present, but broad. [b]ln the reference articles, only a graph is shown, so these values have 

an error of 0.2. 

The y-CD complexes of 2, 3 and 4 showed similar angles of diffraction and are therefore 

isomorphous. There are no X-ray data available on y-CD complexes with ethylene oxide 
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derivatives, but the three complexes are isomorphous to hydrated complexes of n-propanol 

and y-CD [15], as the comparison of2e-angles in Table 6.2 illustrates. The hydrated complex 

ofy-CD and n-propanol has tetragonally packed channels in its crystalline regions and can 

alter its packing to hexagonally aligned channels upon heating (i.e. upon loss of H20). 

Table 6.2: X-ray powder diffraction data on y-CD--2, r-CD--3, r-CD-4 and r-CD--n-propanoi 

(hydrated/orm) [15}. 

2e-angles 

Peak y-C0-2 y-C0-3Ic] y-CD-4 y -CO-n-propanol 

1 7.55 7.46 7.56 7.45 

21b] 11.57 11.17 11.62 10.52 

3 12.23 12.27 12.19 11.86 

4 14.24 14.20 14.32 14.18 

5 15.01 15.03 15.05 14.95 

6 15.89 [a] 15.93 15.81 

7 16.79 16.64 16.82 16.71 

8 19.27 [a] 19.38 19.06 

9 [a] [a] 20.49 20.39 

10 21.99 [a] 21.90 21.18 

11 22.54 22.47 22.56 22.42 

12 23.79 23.66 23.82 23.70 

[a] Not detected. [b] This angle is sensitive to the degree of hydration of the sample. Ie] These X-ray 
data are of poorer quality due to the presence of non-bonded y-CD. 

Conclusion and concluding remarks 

Polymers 1-3 and oligomer 4 have been tested on their ability to form precipitates with a-, p
and y-CD in H20. None of the four (macro )molecules gave significant amOlmts of solid 

material with p-CD, whereas a-CD and y-CD gave solid complexes in various instances. x
Ray powder diffraction data on the a-CD-I, a-CD-2 and a-CD-4 complexes show that the 

a-CD molecules in the complexes are aligned in channels, which are hexagonally packed. 

Therefore, the three complexes are main-chain polyrotaxanes, i.e. the ethylene oxide 

components are axially bonded in the cavities of the a-CD rings. The a-CD-3 inclusion 

complex can not be formed due to the insufficient size of the a-CD cavity to allow threading 

of the isobutyl-substituted polymer. The obtained y-CD complexes oil, 3 and 4 were 

isomorphous and can also be classified as main-chain polyrotaxanes, since the y-CD rings are 

stacked in tetragonally packed channels. 
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Several characteristics of the main-chain polyrotaxanes a-CD-I, a-CD-2 and a-CD-4 are 

comparable to those reported for the a-CD complexes with PEOs and to those reported for 

the I3-CD and ,},-CD complexes with PPOs: reversible solubilization upon heating in H20 and 

solubilization in H20 upon addition of benzoic acid has been observed. The stoichiometry of 

the a-CD-l main-chain polyrotaxane (in mol monomeric unit 1 per mol a-CD) has been 

investigated by the construction of a variation plot. A stoichiometry of approximately 0.7 has 

been derived, which is unexpected considering the stoichiometry of 0.5 which is invariantly 

reported for the the a-CD-PEO and the I3-CD-PPO main-chain polyrotaxanes [9~ 11]. 

Nevertheless, the found ratio of 0.7 implies that also polymer I is densely packed with a-CD. 

The information in literature on precipitate formation in H20 of inclusion complexes of CDs 

and polymers, combined with the results presented here, suggest that I3-CD is less capable of 

forming such precipitates in H20. Without addressing possible reasons for the anomalous 

behaviour of I3-CD foremost, because no attempts have been made here to explain this 

unusual behaviour it must be noted that also in other respects I3-CD behaves differently 

compared to a-CD or ,},-CD. For instance, the solubility of I3-CD in H20 is ca. 7 and ca. 14 

times lower than for a-CD and ,},-CD, respectively [16]. 

A 

B _. -G-G-G-G-
Figure 6.6: A. The two components of the [2Jcatenane that, in principle, can be polymerized 

according to the concept drawn in B. The black square indicates the polymerizable ester moiety of 

the crown compound. 

The preparation of main-chain polyrotaxanes has received a great deal of attention. One 

specific and elegant synthetic procedure to acquire these superstructures has to our knowledge 

never been addressed. This procedure involves the formation of the desired main-chain 

polyrotaxane from a [2]catenane monomer. This synthetic approach can, in principle, be 

achieved with the aid of cyclodextrins, since various cyclodextrin-based [2]catenanes have 

been reported [3]. In our lab [17], it has been attempted to acquire main-chain polyrotaxanes 
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from [2]catenanes, applying the chemistry developed by Stoddart and co-workers. The two 

components for this [2]catenane have been shown in Figure 6.6. The synthesis of the 

[2]catenane has partly been carried out, but the success of the project was severely hampered 

by the extremely low-yielding synthesis of the crown ether component of the [2]catenane 

[18]. 

Experimental 

General 
IH NMR-spectra were taken on an AM-400 Bruker spectrometer. TMS was used as internal standard. 
13C NMR-spectra were taken at 101 MHz with the solvent as standard. X-ray diffiaction data were 
obtained from a Rigaku diffractometer using Cu-Ku radiation and applying a voltage of 35 V and a 
current of20 mAo The TGA-analyses were recorded on a Perkin Elmer 7. The samples were heated 
from 20 ° to 110 °C or 120 °C in 5 minutes and were maintained at these temperatures for 5-10 
minutes. Finally, the samples were heated to 400-450 °C at a rate of20 °C/min. 

Preparation procedures for the various complexes 
For the obtained precipitates, polymers corresponding to entries 0 (a-CD-l), B (a-CD-2), I (y-CD-
2) and D (y-CD-3) in Table 3.1 (Chapter 3) were used. In contrast to the a-CD-complexes, the y-CD 
complexes were not centrifuged, but only dried. Therefore, the guest components 2-4 were used in a 
small excess to avoid relatively large amounts of uncomplexed y-CD material in these complexes. 
The a-CD-l complex used for the X-ray diffraction experiment and the TGA-analysis was prepared 
as follows. An aqueous solution of 1 (0.44 g; 25 mg l/g solution) was added to a saturated solution of 
a-CD (1.0 g; 115 mg a-CD/g solution) in a centrifugation flask. Thus, the components were mixed in 
a molar ratio of 2.1 mol a-CD per monomeric unit of 1. The solution turned turbid instantly and was 
stirred for an hour. Centrifugation for 10 minutes at a rotation rate of 20,000 min-I resulted in layer 

separation. The upper layer was removed carefully and the gel-like bottom layer was dried in vacuo at 
40°C to yield the a-CD-l complex (110 mg). 
The a-CD-2 complex used for the X-ray diffraction experiment and the TGA-analysis was prepared 
as follows. An aqueous solution of2 (0.21 g; 31 mg2/g solution) was added to a saturated solution of 
a-CD (0.69 g; 115 mg a-CD/g solution) in a centrifugation flask. Thus, the components were mixed 
in a molar ratio of2.4 mol a-CD per monomeric unit of2. Precipitation of a complex started after an 
hour and the solution was allowed to stand for an additional 241l0urs. Centrifugation for a few 
minutes at a rotation speed of 4300 min-I resulted in layer separation. The upper layer was removed 
carefully and the gel-like bottom layer was dried in vacuo at 60°C to yield the a-CD-2 complex (80 
mg). 
The a-CD-4 complex used for the X-ray diffraction experiment and the TGA-armlysis was prepared 
by adding an aqueous solution of 4 (0.12 g; 48 mg 4/g solution) to a saturated solution of a-CD (0.81 
g; 115 mg a-CD/g solution) in a centrifugation flask. Thus, the components were mixed in a molar 
ratio of 7.6 mol a-CD per mol 4. The solution turned turbid instantly and was allowed to stand for 24 
hours. Centrifugation for a few minutes at a rotation speed of 4300 min-I resulted in layer separation. 
The upper layer was removed carefully and the gel-like bottom layer was dried in vacuo at room 
temperature to give 41 mg of complex. 
The y-CD-2 complex used for the X-ray diffraction experiment was prepared as follows. An aqueous 
solution of2 (55 mg; 31 mg 2/g solution) was added to an aqueous solution ofy-CD (17 mg y-CD in 
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58 mg H20). Thus, the components were mixed in a molar ratio of 1.6 mol y-CD per monomeric unit 
of2. The solution turned turbid instantly and was stirred for an hour. The mixture was allowed to 
stand for an additional 5 hours and was thereafter dried in vacuo at 50 DC. 
The y-CD-3 complex used for the X-ray diffraction experiment was prepared as follows. An aqueous 
solution ofy-CD (36 mg y-CD in 200 mg H20) was added to a flask which contained 3.7 mg of 
polymer 3. Thus, the components were mixed in a molar ratio of 1.9 mol y-CD per monomeric unit of 
3. The solution was sonicated and turned turbid instantly. The suspension was stirred for 5 hours and 
was thereafter dried in vacuo at 50 DC. 
The y-CD-4 complex used for the X-ray diffraction experiment was prepared as follows. An aqueous 
solution ofy-CD (16 mg y-CD in 85 mg H20) was added to a flask which contained 2.2 mg of 
oligomer 4. Thus, the components were mixed in a molar ratio of2.6 mol y-CD per monomeric unit 
of 4. The solution was sonicated and turned turbid instantly. The suspension was stirred for an 
additional 2 hours and was thereafter dried in vacuo at 50°C. 

Stoichiometry experiments on the a.-CD-1 complex 

Solutions of polymer 1 in H20 were mixed with saturated solutions of a.-CD in H20 and an extra 
portion of H20 was added to the various solutions to equalize the total amoWlt of material at 
approximately 750 mg. The employed quantities of polymer 1 were 0.6, 1.2, 1.8,2.9,43,5.9,9.2, 
11.9 and 17.7 mg and the corresponding amoWlts of a.-CD were 53, 50, 55, 59,43,47,48,48 and 49 
mg, respectively. 
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Summary 

Chiral ethylene oxide derivatives can be used to construct supramolecular assemblies. In this 

thesis, the syntheses of such ethylene oxides are described and the characterization of the 

structures they can form is reported on. 

First, a new class of synthetic amphiphilic polymers has been introduced; polymers 1, 2 and 3 

are the investigated examples of these newamphiphiles. The regioregular and stereoregular 

polyethylene oxides 1-3 have a polar backbone with apolar methyl or isobutyl side-groups. 

The design of the three polymers is inspired by the design of certain amphiphilic peptides: the 

so-called coiled-coil forming peptides. In fact, the primary structure of polymer 1 (the 

repeat of polar and apolar segments) is directly derived from the primary structure of these 

peptides. A coiled coil is a tertiary structure of dimerized a-helices, which forms in H20 as a 

result of hydrophobic interactions between the a-helical parts. 

Fluorescence measurements and TEM (transmission electron microscopy) have revealed 

aggregate formation of 1-3 in H20. The fluorescence measurements in which pyrene was 

used as an apolar probe - have shown that the three polymers display critical association 

concentrations (CACs) that vary over a broad concentration range. The CAC depends on (i) 

the size of the apolar side-group and on (ii) the frequency in which such a group is repeated in 

the polymer (larger apolar side-groups or more of these groups result in a polymer with a 

higher impetus for aggregate formation and, thus, give a polymer with a lower CAC). TEM

microscopy has shown that the three polymers form granular (more or less spherical) 

aggregates; for 1 and 2 also thread-like aggregates have been found. Both the granular and the 

thread-like aggregates have dimensions in the range of 10-50 om, indicating that these 

aggregates - especially the thread-like structures - might be higher-order structures (the 

TEM-pictures primarily revealed clusters of granular and thread-like aggregates). 

2: R = i-Bu 
3: R= Me 

A comparative ORD (optical rotation dispersion) study has been used to further examine the 

aggregation and ordering behaviour of polymers 1-3 in solution. Indications for the formation 

of helical arrangements of 1-3 in aqueous solutions have been found, but no evidence has 

been found for the formation of well-defined tertiairy structures, such as for example coiled 

coils. 



The syntheses of polymers 1-3 are reported in Chapter 3. Since these syntheses include the 

polymerization of alkyl-substituted oxo-crown ethers, a study of the synthesis and 

polymerization of unsubstituted oxo-crown ethers has been performed. The results of this 

study can be found in Chapter 2. The characterization of polyethylene oxides 1-3 is described 

in Chapters 3 and 4. In Chapter 3, the molecular characterization of 1-3 (NMR-measurements 

and ES-MS-measurements) and the flunrescent-probe measurements are reported, whereas 

Chapter 4 deals with the comparative ORO-study and the TEM measurements. 

Polyethyleneoxides 2 and 3, among other ethylene oxide derivatives, have been used to form 

inclusion complexes with various cyclodextrins (CDs) in H20 (Chapter 6). Remarkably, 

~-CD does not form precipitates with polymers 2 and 3 or other seemingly suitable ethylene 

oxide derivatives. All newly prepared inclusion complexes of (X-CD and 'Y-CD are main-chain 

polyrotaxanes, as revealed by X-ray diffraction measurements. In such complexes, the 

cyclodextrin rings are axially bonded by the polymer chain. The stacks of cyclodextrins are 

packed in hexagonal (in the case of the (X-CD complexes) or tetragonal (in the case of the y

CD complexes) crystal latices. 

The electron-poor cyclobis(paraquat-p-phenylene)-tetrakis(hexajluorophosphate) receptor and 
electron-rich hydroquinone containing guest molecules - of which an example is shown -form 
[2Jpseudorotaxane charge-transfer complexes (Chapter 5). 

Finally, in Chapter 5, several [2]pseudorotaxanes have been investigated that are build up 

from the cyclobis(paraquat-p-phenylene )-tetrakis{hexafluorophosphate) host molecule and a 

chiral, hydroquinone-containing guest molecule (see the upper figure). Similar charge-transfer 

systems are known from literature, but here the first examples of chiral [2]pseudorotaxanes 

are reported. In particular, the [2]pseudorotaxanes have been studied in solution with circular 

dichroism (CD) spectroscopy. The CD-data revealed that the geometry of the 

[2]pseudorotaxanes was not uniform, in spite of the similarity of the investigated 

hydroquinone guest molecules. Also in the solid state, striking differences between the 

investigated [2]pseudorotaxanes were found. 



Samenvatting 

Chirale ethyleenoxides kunnen gebruikt worden om supramoleculaire structuren op te 

bouwen. In dit proefschrift worden de syntheses van dergelijke ethyleenoxides en de 

karakterisering van de structuren die zij kunnen vormen beschreven. 

Op de eerste plaats is een nieuwe klasse van synthetische amfmele polymeren gemtroduceerd; 

de polymeren I, 2 en 3 zijn mervan de onderzochte voorbeelden. Deze stereoregulaire en 

chirale polyethyleenoxides hebben een polaire hoofdketen met apolaire, op regelmatige 

afstanden gepositioneerde, methyl- of isobutylgroepen. Het ontwerp van de dOe polymeren is 

afgeleid van het ontwerp van bepaalde amfifiele peptides: de coiled-coil vormende peptides. 

De primaire structuur van polymeer 1-de 7r herhaling van polaire en apolaire segmenten 

is zelfs rechtstreeks afgeleid van de primaire structuur van deze peptides. Een coiled coil is 

een tertiaire structuur van gedimeriseerde a-helices: een dUbbelspiraal. Vit de literatuur is 

bekend dat deze structuren gevormd worden in H20 als gevolg van hydrofobe interacties 

tussen de a-helices. 

Met fluorescentiemetingen en TEM (transmissie elektronenmicroscopie) is aangetoond dat 

polymeren 1-3 aggregaten vormen in H20. Fluorescentiemetingen waarin pyreen als apolaire 

probe werd gebruikt, tonen aan dat de kritische aggregatieconcentatie (CAC) van de drie 

polymeren sterk varieert en afhangt van de grootte van de apolaire zijgroep en de mate waarin 

deze groep in het polymeer voorkomt (hoe meer zo een groep voorkomt en hoe groter deze 

groep is, hoe beter de polymeren aggregeren en hoe lager de gemeten CAC). TEM-metingen 

gaven aan dat de dOe polymeren granulaire (min ofmeer bolvormige) aggregaten vormen; 

voor 1 en 2 zijn bovendien staafvormige aggregaten waargenomen (op de TEM-foto's werden 

voomamelijk clusters van de aggregaten waargenomen). Zowel de granulaire als de 

staafvormige aggregaten hadden afmetingen in de orde van 10-50 nm, wat erop duidt dat de 

aggregaten - met name de staafyorminge - hogere structuren kunnen zijn. 

1 2: R=i-Bu 
3: R=Me 

Om de aggregatie en de ordening van polymeren 1-3 in H20 verder te bestuderen is een 

vergelijkende ORO (optical rotation dispersion) studie uitgevoerd. Aanwijzingen voor de 

vorrning van helix conformaties door 1-3 in waterige oplossingen zijn weI gevonden, maar 

bewijs voor de vorming van goed gedefmieerde tertiaire structuren, zoals dubbelspiralen, kon 

niet worden geleverd. 



De syntheses van polymeren 1-3 staan beschreven in Hoofdstuk 3. Omdat deze syntheses de 

polymerisatie van oxo-crown ethers inhouden, is een voorstudie betreffende de synthese en 

polymerisatie van soortgelijke, maar ongesubstitueerde, oxo-crown ethers uitgevoerd. Deze 

studie staat beschreven in Hoofdstuk 2. De karakterisering van polyethyleenoxides 1-3 is 

verdeeld over de Hoofdstukken 3 en 4. In Hoofdstuk 3 zijn de moleculaire karakterisering 

(o.a. NMR-metingen en ES-MS metingen) en de fluorescentiemetingen ondergebracht, terwijl 

in Hoofdstuk 4 de ORD-studie en de TEM-metingen worden beschreven. 

Naast andere ethyleenoxides zijn ook polyethyleenoxides 2 en 3 gebruikt om inclusie

complexen met cyclodextrioes (CDs) te vormen (Hoofdstuk 6). Het is gebleken dat P-CD in 

H20 geen precipitaatvorming geeft met polymeren 2 en 3 of soortgelijke ethyleenoxides. De 

vaste (l-CD en y-CD complexen die weI geisoleerd werden, zijn allemaal hoofdketen

polyrotaxanen. Dit werd afgeleid uit X-ray diffiactiemetingen. In de complexen zijn de 

cyclodextrineringen aaneengeregen door het axiaal gebonden polymeer. De cilinders die zo 

gevormd worden, zijn geordend in hexagonale (in het geval van de (l-CD complex en) of 

tetragonale (in het geval van de y-CD complexen) kristalpakkingen. 

De elektronarme cyclobis(paraquat-p-fenyleen)-tetrakis(hexq/luorofosfaat) receptor en elektronrijk2 

hydrochinonbevattende gastmoleculen - waarvan een voorbeeld gegeven staat - vormen 

[2}pseudorotaxaancomplexen (zie Hooftistuk 5). 

Tenslotte zijn in Hoofdstuk 5 diverse [2]pseudorotaxanen onderzocht, die opgebouwd zijn uit 

het cyclobis(paraquat-p-fenyleen)-tetrakis(hexafluorofosfaat) gastheermolecule en een 

chiraal, hydrochinonbevattend gastmolecule (zie hierboven). Soortgelijke charge-transfer 

systemen zijn bekend uit de literatuur, maar nog niet eerder is chiraliteit in dergelijke 

[2]pseudorotaxanen geintroduceerd. Nu werd het mogelijk deze systemen in oplossing met 

circulair dichroisme (CD) spectroscopie te bestuderen. Vit de CD-metingen kon worden 

afgeleid dat - ondanks het reit dat gelijkende [2]pseudorotaxanen werden onderzocht de 

geometrie van de [2]pseudorotaxanen niet eenduidig is. Tevens zijn in de vaste fase 

significante verschillen tussen de onderzochte [2]pseudorotaxaan structuren gevonden. 
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STELLINGEN 

behorende bij het proefschrift 

Chiral ethylene oxide derivatives in supramolecular assemblies 

door 

Henricus M. Janssen 

1. Als de stoechiometrie van een PEO-<l~CD complex (polyethyeenoxide/a.~cyclodextrine 

complex) uit de initial slope van een variatieplot afgeleid moet worden, is het ruet 

mogelijk dat bij elke mengverhouding der beide componenten onveranderlijk eenzelfde 

complex met een 2: l-stoechiometrie gelsoleerd wordt. 

Harada, A.; Kamachi, M. Macromolecules, 1990,23,2821. Harada, A.; Kamachi, M. 
Macromolecules, 1994, 16,4538. 

2. Het door Schneider gepresenteerde model dat de bindingssterkte tussen 

waterstofgebrugde moleculen correleert aan de constitutie van deze moleculen, is 

weinig waardevol vanwege zijn gebrekkige voorspellende waarde. 

Sartorius, 1.; Schneider, H..J. Schneider, Chern. Eur. J. 1996,2,1446. 

3. De virtual combinatorial library (VCL) (i) is wederom een begrip dat ten onrechte als 

een nieuw concept in de chernie gepresenteerd wordt, (ii) heef!: weirug te maken met de 

weliswaar prachtige - kristalstruktuur die de auteurs deed besluiten dit begrip in te 

voeren, (iii) is uiteraard om andere redenen ingevoerd, (iv) draagt niet bij tot het begrip 

van de chernie zoals die door de auteurs bewerkt wordt en (v) is ruet virtueel. 

Hasenknopf, B.; Lehn, J..M.; Kneisel, B.D., Baum, G.; Fenske, D. Angew. Chern. Int. Ed. Engl. 1996, 
35, 1838. Hue, 1.; Lehn, J.·M. Proc. Natl. Ac. Sci. U.S.A., 1997, 94, 2106. 

4. Hydrofobe interacties zijn het gevolg van de aanwezigheid van water; het opvoeren 

van deze interacties ter verklaring van aggregatie van moleculen in systemen die geen 

water bevatten getuigt dus van fantasie. 

Zie onder andere: Percee, V.; Heck, J.; Tomaszos, D., Falkenberg, F.; Blackwell, H.; Ungar, G. J. 
Chern. Soc. Perkin Trans. 1,1993,2799. Percec, Y.; Johansson, G.; Heck, J.; Ungar, G.; Batty, S.V. J. 
Chern. Soc. Perkin Trans. 1, 1993, 1411. 



5. Ook toponderzoekers spelen met lego; het geeft echter te denken dat sommigen 

daarvoor beloond worden met een artikel in Science. 

Bowden, N.; Terfort, A.; Carbeck, 1.; Whitesides, G.M. Science, 1997, 276, 233. 

6, In een tijd waarin diverse chromatografische, spectroscopische en 

massaspectrometrische technieken goed ontwikkeld zijn, is de elementenanalyse een 

overgewaardeerde techniek. 

7. De huidige, kortlopende arbeidscontracten staan in contrast met de modeme 

uitgebreide sollicitatieprocedures - inclusief psychologische tests en assessment

games. 

8. De auto is ruet alleen een 'heilige koe' maar ook een gewillige melkkoe, zoals onder 

andere wordt gedemonstreerd door het, monopolie bezittende, Centraal Bureau 

Rijvaardigheidsbewijzen (CBR). 

9. Een Spaans woord voor 'dom' is 'bobo' en dit kan geen toeval zijn. 

10. Het invoeren van spreekcomputers bij hulptelefoondiensten heeft ruets met service te 

maken, en is dus verwerpelijk (50 ctlmin). 

11. Het is een teken van deze tijd dat alles om presentatie en marketing draait; het gebruik 

van eufemismes zoals 'flexibiliteit' en 'uitdaging' wanneer men overwerk bedoelt, is 

hiervan een klein voorbeeld. 

12. Een prima vertaling van air miles luidt: kilometers lucht. 
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