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Abstract

This thesis comprises three parts united by a single theme: development of 

flexible ditopic receptors.

In part 1, two bis(crown ether)s were synthesized and their binding selectivities 

with alkali, alkaline earth and a,co-primaryalkylidenediammonium cations were studied 

by electrospray ionization mass spectrometry (ESI-MS). First, we confirmed that the ion 

intensities of complexes in the gas phase are linearly related to the concentrations of 

complexes in solution for single crown ether dicarboxylic acid. Binding selectivities of 

complex bis(crown ether)s with mixtures of alkali cations and with mixtures of alkaline 

earth cations were then determined directly from ESI-MS spectra. The results from ESI- 

MS are consistent with literature data if ions of like charge and similar type are compared 

(e. g., among the alkali metals). The stoichiometries of complexes in solution were also 

probed. Complexes with up to two per crown ether were detected by ESI-MS. The 

research shows that ESI-MS provides an effective tool to study complexation by 

structurally complex molecules in solution.

From the ESI-MS results, bis(crown ether) bolaamphiphiles were designed and 

synthesized as cation-recognition based membrane-disruption agents. Three bis(crown 

ether)s were obtained by capping an 18-crown-6 dicarboxylate anhydride with different 

lengthes of a,o>-alkanedicarboxylic acids extended as the 3-amino-1-propyl esters. Their 

membrane disrupting activities were explored using vesicle encapsulated 5(6)- 

carboxyfluorescein (CF) by a fluorescence self-quenching (FSQ) method. The membrane- 

disrupting activity is significantly and specifically enhanced specifically by the addition



m

or in solution. The membrane-disrupting activity is also enhanced with a 

increased aliphatic loop length o f the starting a ,0-alkanedicarboxylic acid. Based on the 

mechanism studies o f Regen and work conducted in this thesis, we propose that the active 

form for membrane-disruption is created by a U-shaped sandwich complex between Ba^  ̂

and the bis(crown ether) bolaamphiphiles which interacts only with the outer leaflet of the 

vesicle bilayer.

In part 3, a photoswitchable bis(crown ether) based on thioindigo was designed 

and synthesized as a cation- and  photo-regulated membrane-disruption agent. The 

bis(crown ether) was prepared by capping an 18-crown-6 dicarboxylate anhydride with 

7,7’-thioindigo dicarboxylic acid extended as the 8-amino-1-octanyl esters. There is 

significant difference in the membrane-disrupting activities of the cis~ (U-shape) and trans- 

(S-shape) isomers using the vesicle entrapped CF (FSQ) method. Alkaline earth cations 

suppress the cis-to-trans thermal isomerization and stabilize the cw-isomers o f the 7,7’- 

thioindigo bis(crown ether) in organic solvent. The results confirm the mechanism 

proposed, namely, that a U-shaped conformation is required for membrane disruption, that 

the bis(crown ether)s form sandwich complexes with alkaline earth metal ions.
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Dr. T. M. FylespSupervisor Dr. R. H.
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Chapter 1. Introduction

Molecules have an innate affinity for one another due to electrostatic forces, such as 

Coulombic attractions, hydrogen bonds, and dispersion forces. The noncovalent 

interactions that result from this affinity are of particular importance in biological 

processes, including the catalysis of chemical reactions by enzymes, neutralization of 

foreign toxins by antibodies, and stimulation of cellular activities by hormones. Much 

effort is currently being made by biological chemists to understand the molecular details of 

receptor-substrate interactions, and by medicinal chemists to exploit this understanding in 

developing useful pharmaceuticals.* In addition, organic chemists are attempting to 

develop synthetic systems that mimic the biological interactions." In order for the receptor 

to “recognize” a potential substrate and bind to it, the two species must complement each 

other both in size and shape (geometry) and binding sites (energy).^ This extends Emil 

Fisher's “lock and key” concept"* from steric fit to other, intermolecular properties. 

Receptor chemistry, therefore, may be considered generalized coordination chemistry. It 

extends the purpose of designed organic complexing agents from the coordination of 

transition metal ions, for which they were first used, to the coordination of all kinds of 

substrates: cationic, anionic, and neutral species of an inorganic, organic, or biological 

nature.

In addition to binding sites, the receptor may bear reactive sites that transform the 

bound substrate, which would make the receptor a molecular reagent or catalyst. If it is 

fitted with lipophilic groups that allow it to dissolve in a membrane, it may act as a 

molecular carrier. In this thesis, a receptor is modified with additional components to make 

a molecular recognition based membrane disrupting agent. Because of the design of the



experiment, this system will also produce signal transduction and amplification. Thus, the 

functional properties of a receptor-substrate system can cover molecular recognition, 

catalysis (transformation), transport (translocation),^ or signal amplification 

(transduction).^

Ditopic receptors contain two binding sites that are located in positions appropriate 

for binding a substrate or substrates. The simultaneous or successive participation of two 

binding subunits in ditopic receptors may bring higher forms of molecular behavior: 

cooperativity, allostery, and regulation^ Many macromolecules are capable of binding a 

variety of substrate molecules to one or more specific sites. The importance of this 

phenomenon lies in the fact that the binding of one substrate often influences the binding 

potential toward a subsequent substrate (or substrates). When this happens, one speaks of 

cooperative binding. This effect is the basis of enzyme control and many other vital 

biological processes, such as oxygen binding by haemoglobin.*

The concepts above are at the foundation of supramolecular chemistry. The 

discovery of cyclic ethers and their cation complexing properties opened a new branch of 

molecular chemistry which has become “supramolecular chemistry”. The importance of 

these molecules and the research in this area was recognized by the scientific community in 

the award of the 1987 Nobel prize for chemistry to three eminent pioneers: C. J. Pedersen, 

D. J. Cram and J.-M. Lehn. Since Pedersen reported the synthesis and complexing 

properties of the crown ethers,^ there has been increasing interest in macrocyclic 

compounds as complexing agents for various cations and a n io n s .T h e se  complexing 

agents have found application in many areas.” Different kinds of crown ligands have been 

synthesized in order to find molecules with superior properties for specific application in
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various areas, including the lariat ethers,’" bis(crown ether)s,’  ̂ azacrown ethers, 

molecular threads,’̂  cryptands,’̂  macropolycylic po lyethers,and  other preorganized 

macro-molecules.’*

By the cooperative action of two adjacent crown units, bis(crown ether) derivatives 

tend to form stronger complexes with particular metal ions than the corresponding 

monocrown ethers. Smid and co-workers’̂  first reported in the 1970's sandwich-type 

complexes of a series of ester-bridged bis(benzo-15-crown-5) derivatives with metal 

cations. The complexation of picrate salts by these biscrowns was investigated in THF as a 

function of the length and structure of the chain connecting the two crown moieties. The 

interaction with the bis(crown ether), I-l, results in the conversion of the picrate tight ion 

pairs into crown separated ion pairs (Figure 1.1). The change is accompanied by a shift in 

the absorption spectrum of the picrate anion, making it feasible to determine the complex 

formation constants spectrophotometrically. Compared with the methyl ester of 4’- 

carboxybenzo-15-crown-5, the macrobicyclic polyethers are considerably more effective in 

binding and NH;^ cations, because of forming 2:1 crown/cation complexes with 

monobenzo-15-crown-5 (Figure 1.1) The complex formation constants vary with chain 

length, the value for both ion pairs and free ions being the largest for a chain with five 

methylene groups. Replacing a CH? group by oxygen results in a fivefold increase in the 

complex formation constant, because of increased chain flexibility.

In the intervening two decades, an extensive number of bis(benzocrown ether)s 

have been synthesized. They have applications in various areas especially in ion-selective 

electrodes. A comprehensive review"® on the synthesis of all bis- and oligo(benzocrown 

ether) derivatives up to early 1993 has been written by J. S. Bradshaw and co-workers.



Here we only focus on ditopic receptors, mostly bis(crown ether)s, whose conformation 

can be changed by metal ions or light, and also ditopic receptors with unusual applications 

which require cooperative binding. The systems to be discussed are the conceptual 

precedents for the work to be described in subsequent chapters.

(I-l)

Pic'

O

Figure 1.1 SmicTs sandwich-type complex of K* and a bis(crown ether). 

The parallel blocks denote the two polyether rings.
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1.1 Metal ion regulated bis(crown ether)s

Cooperativity of the two crown units in bis(crown ether)s has been observed in 

their binuclear complexes."* The first biomimetic model of the cooperative binding of two 

metal ions was reported by Rebek et a l."  They were trying to prepare bis(crown ether)s to 

illustrate the principle of metal-crown binding induced conformational change to induce a 

high affinity/low affinity conversion. In this system, based on 1-2 (Figure 1.2), “chemical 

information” is readily transferred from one site to the other, intramolecularly.^ The 

macrobicyclic structure incorporates the minimum requirements for binding cooperatively: 

symmetrically disposed binding sites and a conformational means of transmitting binding 

information between sites. The uncomplexed systems may exist in a number of 

conformations and with a range of dihedral angles, 0, defined by the two aromatic ring 

planes.

On binding at a single site, the angle 0 is restricted to whatever value is optimal for 

binding. The binding constant Ki will incorporate recognization energy costs. The rigidity 

of the biaryl system ensures that this angle is reproduced at the uncomplexed site. Binding 

at second site measured by K? is then expected to be enhanced, since some of the atoms 

involved have been organized to the proper conformation. This was the first nonenzymatic 

case to show subunit cooperativity in solution. Admittedly, this subunit dimer is a far 

distance from the classic allosteric molecule haemoglobin, but its behavior lent itself to 

facile interpretation."'*



(1-2)

Figure 1.2 Rebek's cooperative metal ion binding system.

Beer and Rothin’^ synthesized a novel bis(crown ether) containing a 2,2’-bipyridyl 

fragment (1-3) whose binding of the diquat dication substrate was dependent upon the 

absence of a cobound transition metal substrate at the bipyridyl site (Figure 13). Without a 

transition metal ion, the planar dicationic substrate intercalates between the two 

benzocrown ether subunits of the receptor resulting in parallel stacking of the aromatic 

rings due to ion-dipole and kD (donor)-TcA (acceptor) interactions. The complexing of a 

transition metal ion at the bipyridyl nitrogen sites leads to a rigid conformation of the two 

benzocrown ether moieties which is not favorable for the subsequent binding of the diquat



ion, but favors the formation of intramolecular sandwich complexes with spherical alkali 

metal cationic substrates.

I

Figure 1 3  Beer's cooperative metal ion binding system.

(1-3)

Similarly, a bis(crown ether) with pyrazole as a subunit was synthesized by Bninet

and co-workers*^ (Figure 1.4). The crown ether rings in the conformation (I-4a) would
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cooperate in anchoring aliphatic diammonium cations while chelation of the pyrazoies to a 

metal ion might arrange them as in conformation (I-4b), where the cooperation between 

the two crown rings is no longer possible. They anticipated that such system might have 

numerous applications, such as liberation of drugs, of inhibitors, of dyes as well as 

selective transport by action of a chemical effector, such as metal ions. Unfortunately, no 

examples of these applications appeared.

N

'CH2)5
. ^  . H3N+(CH2)5NH3+

(I-4a) (I-4b)

Figure 1.4 Brunet's cooperative metal ion binding system.

1.2 Photo regulated bis(crown ether)s

Several attempts have been successfully made to obtain desired structural changes 

by introducing chromophores"^ into the receptor. Structural changes of many substances 

occur when induced by light,"* the results of which are of interest in converting light 

energy to chemical function. The photoinduced c/j/rran^-isomerization of azobenzene has 

attracted considerable attention of chemists since the late 1970s when several groups of 

investigators recognized the c/j/rra/w-isomerization of azobenzene to be useful as a new
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tool to enforce reversible changes in the conformation of lamellar multibilayers,"^ synthetic 

bilayer membranes/^ polymers/' cyclodextrins/" and crown ethers/^ Considerable effort 

concerning a variety of molecular systems has been devoted to this aspect of the 

photoisomerism of azobenzene during this decade. In general, photoresponsive molecules 

containing the rra/i5-azobenzene unit can be converted to a mixture which is 70-80% of the 

c/5-isomer upon irradiation with UV light (330<X<380nm). The rran^-isomer is 

quantitatively regenerated, either thermally or upon irradiation with visible light 

(X>420nm). A more extensive review of potential photoisomerizable units is considered in 

the introduction to Chapter 4. The issue here is only to review briefly photoisomerizable 

ditopic receptors.

Among photoswitchable ditopic receptors, extensive work by Shinkai and 

colleagues on the synthesis of a number of photoresponsive azobenzene-bridged bis(crown 

ether)s and studies of their functions is especially impressive. '̂* For example, using the 

photoswitchable bis(crown ether) in Figure 1.5, they found that: (i) the concentration of 

the cfj-isomer under the photostationary state is markedly enhanced by added Rb^ and Cs^, 

(ii) the rate of the thermal isomerization {cis-to-trans) is suppressed by added alkali metal 

ions, the order of the inhibitory effect being Rb^ >Cs^ >IC >Na"^, and (iii) Na^ is extracted 

efficiently from an aqueous phase to an organic (o-dichlorobenzene) phase by the trans- 

isomer of a bisfcrown ether), whereas K^, Rb^, and Cs^ are extracted efficiently by the cis- 

isomer. These results consistently indicate that the c/5-isomer forms a stable sandwich-type 

1:1 cation/bis(crown ether) complex with large alkali metal cations. Alkali metal cations 

which exactly fit the cavity of crown ethers form 1:1 complexes, such as I-5a, whereas
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those which have larger ionic radii form 1:2 cation/crown complexes, such as I-5b. This is 

often called a “bis(crown ether) effect"/^ The bis(crown ether) effect has been 

substantiated in several other systems: bis(crown ether)s^^ polymeric crown ethers,^^ and 

the crystal structures of crown ether-alkali metal cation complexes/^

Na

=N

(I-5a)

”  s ? © c :3heat or hv

(I-5b)

Figure 1,5 Shinkai's azobenzene bis(crown ether).

Apart from azobenzene as photo element, 7,7’-thioindigo has also attracted 

attention recently. A crown ether-like thioindigo derivative containing oxyethylene chains, 

was first designed as a photoresponsive host molecule by Me et al̂  ̂and recently developed 

by Fukunishi et al.^° They have extended this idea to potentially important macromolecular 

thioindigo dyes possessing two, three, four and five oxyethylene groups (Figure 1.6) which 

create a site for the complexation with metal ions. The binding ability of a series of 

thioindigo derivatives (I-6a-g), which possess a molecular architecture capable of 

capturing different metal ions was examined. They found that the order of extractibility for 

metal ions by c/j-I-6g as Ag^ » C s ^  >R.b^ >K^ >Na"  ̂>LT. Enhancement of binding ability
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by trans-io-cis photoisomerization of I-6g and the considerable suppression of the thermal 

cis-to-trans isomerization in the presence of Ag^ were found.

/

? 
O

R  =  (C H zC H lO lm C nH zn+l

I-6a: m = l, i^ l  
6b: n ^ l ,  n=12 
6c: nr=2, m=l 
6d: nt=2, n=12 
6e: n^3 , n=l 
6f: nt=3, n=12 
6g: m=4, n=12

530nm

470nm 
or heat

/ /

°> °>
< <

cis-I-6a

?
trans-l-6a

/  /

Ag

+

= 7,7-thioindigo

Figure 1.6 Irie's bis(pseudocrown ether).

Switching of host-guest events by photoirradiation has been investigated vigorously 

by use of variety of photochromie compounds,'** since it enables active transport of guest 

molecules and can be used to release guests by photoirradiation. This system is perhaps not



12

a true ditopic receptor as the inherent binding by one polyethylenoxide chain is small. 

However, it illustrates the principal that photoisomerization can control cooperativity.

13 Ditopic receptors with unusual cooperative applications

The development of boronic acid receptors for saccharides has recently gained 

much attention.^" James and Shinkai^^ recently reported a saccharide sensor in which a 

diboronic acid ‘glucose cleft’ and a bis(crown ether) ‘metal sandwich’ are allosterically 

coupled (Figure 1.7).

N

I-7a V U

fluorescent 
CD active

□  =

N N

f è f j -o
v u

HO OH

anthracene

I-7b

fluorescent 
CD active

I-7c
non-fluorescence 

CD silent

Figure 1.7 Glucose sensor based on a diboronic acid and a bis(crown ether).
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Glucose is released from the diboronic acid ‘cleft’ when a metal ‘sandwich’ is 

formed by two 15-crown-5 rings; the binding events are sensitively monitored by changes 

in the fluorescence intensity. They employed the interaction of boronic acid and amine to 

create photoinduced electron transfer (PET) sensory systems for saccharides. When 

saccharides form cyclic boronate esters with boronic acids, the acidity of the boronic acid is 

enhanced'*^* and therefore the Lewis acid-base interaction with the tertiary amine is 

strengthened. The strength of this acid-base interaction modulates the PET from the amine 

(acting as a quencher) to anthracene (acting as a fluorophore). These compounds show 

increased fluorescence at pH 7.77 through suppression of the PET from nitrogen to 

anthracene on saccharide binding, a direct result of the stronger boron-nitrogen interaction.

They believe that this novel allosteric system mimics the action of the Na^/D- 

glucose cotransport protein in nature. D-Glucose binds in the ‘cleft’ of I-7a as a 1:1 

complex in the presence of 0.03M sodium and is released from the ‘cleft’ at the same 

concentration of potassium. With this system they have moved one step closer to being 

able to specifically select and control saccharide binding in molecular sensors. They 

believe that such sensors will find many applications in biological systems for both the 

monitoring and mapping of biologically important saccharides. Also, this is another 

example of signal transduction, wherein chemical information (complexation) will cause 

optical signal changes (fluorescence) in the system.

As discussed above, boronic acids have been extensively used for recognition of 

saccharides with important roles in biological systems. Most recently, Irie's group reported 

the first example photoswitchable saccharide receptor."^  ̂ They created photochromie 

saccharide tweezers with a diarylethene unit as a switch. Among the various types of
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photochromie compounds, diarylethenes with heteroaromatic rings have favorable 

properties for the photoswitch unit, especially their fatigue resistance (the ability of 

repeating photoisomerization) and low thermal irreversiblity properties.^ Figure 1.8 

shows the concept of this photochromie saccharide receptor.

saccharides

H O '^O H H O '^O H
open-ring form 

I-8a
anti-parallel

(VB)

hv

HO OHHO OH
closed-ring form 

I-8c

l-8b
parallel

Saccharide tw eezers

-ÇH :
^  . N -M e

Figure 1.8 Concept of photoswitchable molecular tweezers having a diarylethene group.

The ring-ring form has two conformers, anti-parallel (I-8a) and parallel (I-8b). These 

conformers exchange rapidly at room temperature and only the anti-parallel conformer 

undergoes photo-isomerization to give the closed-ring form (I-8c) by irradiation with UV 

light.^^ In the parallel conformer, two binding sites face each other like tweezers. 

Saccharides have many hydroxyl groups which can form esters with boronic acids, 

therefore one can expect the parallel conformer to form a 1:1 complex with saccharides
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because two facing boronic acids can form boronate linkages with four hydroxyl groups. 

On the other hand, in the closed-ring form the boronic acid groups are separated and cannot 

form the complex. In the presence of saccharides, photoinduced ring closure to I-8c is 

inhibited.

1.4 Bis(crown ether)s derived from (+)-tartaric acid

Crown ethers derived from (+)-tartaric acid, such as the tetracarboxylic acid from 

two equivalents of RR-(+)-tartaric acid (1-9), have been widely exploited as frameworks 

for the construction of specific complexing agents and other biomimetic models of 

catalysis and transport.'**

HChC.. O CL/CChH

HOzC 9  CO2H

The carboxylate groups provide an easy synthetic entry to a wide range of derivatives'*^ 

which possess well defined conformations with carboxylate derived groups in the axial 

positions on the macrocycle. The derivatives form stable complexes with a range of 

inorganic and organic cations through direct interaction with the crown ether cavity and 

lateral interactions with side chains.^® Although the majority of known derivatives possess 

a single macrocyclic unit, a limited number of macropolycyclic structures incorporating the 

tarto-crown ether unit have been reported.^*

Among these macropolycyclic structures, Fyles and Valiaveetle ^"reported a 

bis(crown ether) photoionophore derived from crown ether dicarboxylic acid (Figure 1.9). 

This photoionophore is a kin to other bis(crown ether)s^^, with the additional feature that
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the chromophore lies between the rings. The goal of these previous studies was to develop 

optical cation sensoring systems.

Aromatic
ring

Crown
ether CO,

CO,

Figure 1.9 Schematic diagram of a photoionophore.

The synthesis of bis(crown ether)s (Figure 1.10) derived from taratric acid crown 

ethers is a straightforward extension of previous synthetic work with the crown anhydride 

(I-IO), which reacts readily with amines to give crown ether amide-acids.^^ Thus m- 

xylylene diamine cleanly quenched 2 equiv. of I-IO in excess triethylamine to give the 

expected product I-11 in good yield. Cation complexation was examined by potentiometric 

titration. Compared to neutral ligands, bis(crown ether) carboxylates show a combination 

of size selectivity and electrostatic stabilization, leading to significant and selective ion 

binding in water.

The unique behavior of this bis(crown ether), such as its selectivity, attracted our 

interest. In order to understand this complicated bis(crown ether), we began with an 

investigation the complexation behavior in solution using the electrospray ionization mass
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spectrometry (ESI-MS) technique (Chapter 2 in this thesis). We further took advantage of 

this kind of bis(crown ether) by exploiting the large difference in binding selectivity 

between alkali and alkaline earth metal ions, to create a cation-controlled molecular- 

recognition based membrane disrupting agent (Chapter 3). Finally, we combined this kind 

of bis(crown ether) with a chromophore (7,7’-thioindigo) to create a photo and metal ion 

regulated membrane disrupting agent (Chapter 4).

(MO)

.O  (X^COoH

3 3

f
NH

(M l)

Figure 1.10 Fyles and Valiaveetle'% bis(crown ether).
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Chapter 2. Electrospray Ionization Mass Spectrometry (ESI-MS) of bis(crown ether)s

Mass spectrometry (MS) has the highest sensitivity among all common detecting 

methods. Traditionally, complex spectra are observed, due to the fragmentation of the 

molecular ions produced in strongly ionizing conditions. Electrospray ionization (ESI) is 

rapidly developing as a method to produce gas-phase ions directly from ionic species in 

solution for subsequent analysis by mass spectrometry. The conditions are substantially 

less forceful than other MS ionization techniques and abundant molecular ions are 

observed. The combination of ESI with mass spectrometry (ESI-MS), first demonstrated by 

Fenn and co-workers^^, has proven useful in the analysis of involatile, polar, and thermally 

labile compounds, especially high molecular weight biopolymers. Electrospray ionization 

can be viewed as an ionization process involving two steps. First, highly charged droplets 

of a solution containing the analyte are dispersed at atmospheric pressure. This usually is 

accomplished by application of a high potential difference (typically 3-5kV) between a 

capillary needle, through which the analyte solution is flowing at a low rate (typically 1- 

lOjjJL/min), and the atmospheric sampling aperture of the mass spectrometer, which are 

typically separated by 0.5-2.0 cm. This dispersal is followed by droplet evaporation and 

finally ion evaporation or desorption to yield gas-phase ions that can be sampled and 

analyzed by the mass spectrometer. While the detailed mechanism for ion evaporation or 

ion desorption is currently debated,^*  ̂ it has become clear that best ESI-MS results, in term 

of both sensitivity and detection limits, are achieved for compounds that are already ions in 

solution.

Electrospray ionization mass spectrometry (ESI-MS) is a new technique that has 

revolutionized the mass measurement of biomolecules.^^ It usually yields molecular ions
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with very little fragmentation, implying that deposition of energy into the analyte species is 

low. In general, pre-formed ions (positive or negative) are required. Species that are ionic 

in solution and have been analyzed by ESI-MS include, for example, metal ions^* and 

organic salts (e.g., alkylphosphonium salts,^^ and alkylammonium halides and alkyl 

sulfates^°). Compounds with functionalities that can be ionized via solution-phase 

acid/base chemistry, such as carboxylic acids and tertiary amines, are also amenable to ESI- 

MS. The latter category of compounds includes peptides and proteins, which contain basic 

amino acid residues, and oligonucleotides, which contain acidic phosphate groups and are 

usually detected as the (M-i-nH)"'  ̂ and (M-nNa)"' species, respectively. Some polar 

molecules are also ionized efficiently via attachment of ions other than a proton. For 

example, Na* or CH3COO ions, which are either added to or already present in the analyte 

solution, are sometimes observed to attach to the analyte molecules.

Since the sample solution is directly injected into the instrument, it is possible to 

study solution chemistry by mass spectrometry. Recent studies of aqueous solutions of 

metal salts have revealed that the fundamental principle governing electrospray mass 

spectrometry appears to be solution chemistry.^* When ions that were identical in charge 

and similar in type were selected for comparison, quantitative correlation between 

electrospray responses and calculated equilibrium solution concentrations were observed. 

Since in these experiments the ions experience very similar electrospray-related processes, 

such effects on the responses were cancelled. Several instrumental parameters such as 

repeller voltage, electrospray needle voltage and flow rate affect overall response 

dramatically. However, good relative responses are maintained under varied operating 

conditions.^'
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Mass spectrometry has been shown to be a useful analytical tool for the assessment 

of cation-crown ether interactions. It is of additional value in the present case because it is a 

rapid analytical method and very little sample is required. However, people in this field 

have been justifiably wary of adapting the technique to complexation studies because of the 

concern that the gas phase does not quantitatively reflect the solution phenomena under 

study. The question is not whether the interactions apparent in the gas phase are possible or 

even reasonable in solution but whether the spectra accurately and precisely reflect solution 

phenomena. Gokel and co-workers^" found that the iC/Na^ cation binding selectivity of 18- 

crown-6 is shown to be similar in methanol solution whether assessed by ion-selective 

electrode techniques or by electrospray mass spectrometry. This is an important validation 

for the ESI-MS technique as applied to crown ether chemistry and suggests that broader 

applicability to complexation phenomena may be justified. They believe that the ESI-MS 

technique holds considerable promise for assessing cation interactions with hosts that are 

too structurally complex to assess by other methods. Here, we explore the useful ESI-MS 

to study complexation of structurally complicated crown ethers in solution.

2.1 Synthesis and characterization

As discussed in Chapter 1, incorporating two crown ether carboxylate units to a 

diamine produces a host capable of multiple recognition. The synthetic strategy (Scheme 

2.1) is quite general and could be applied to any primary diamine or diamine formate.

Compound 1 11 has a rigid spacer (m-xylylenediamine) and was previously 

reported by Valiaveettle in our g ro u p C o m p o u n d  U-3 has a flexible spacer (1,10- 

diaminodecane) and was synthesized for this study. The synthesis of both bis(crown ether) 

were accomplished from (+)-tartaric acid.
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Scheme 2.1 The syntheses o f bis(crown ether)s for ESI-MS studies.
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We chose to begin with a precursor of known configuration and to employ methods which 

could permit this configuration to be retained in the final product. This will give a single 

isomer in the product, not a mixture of regio- and stereo-isomers. Two methods to 

synthesize the l8-crown-6 diamide (H-l) have been published. In the first method,*^ the 

18-crown-6 diamide (H-l) was synthesized from (R,R)-{+)-(N, N, N’, N’-

tetramethyl)tartramide and pentaethyleneglycol diiodides in the of presence of EtOTl. In 

the second one,^^ the crown diamide (H-l) was derived from the tartaramide and 

pentaethyleneglycol ditosylates by using NaH as a base and DMF as a solvent. In general, 

the second method is not as reliable as the first one, probably since the template effect of 

Na"̂  is not as strong as TF. As well, there is a driving force in the first method by the 

formation of the Til precipitate. According to the first method, the crown diamide (H-l) 

was synthesized and purified by alumina column chromatography. The product was 

characterized by 'H and NMR as well as CI-MS and showed exactly the same 

properties as an authentic sample reported in literature.^^ For example, the peak at 

4.78ppm (2H, singlet) in the ‘H NMR and the peak at 76.5ppm in '^C NMR are 

characteristic of two chemically-equivalent methine groups on the 18-crown-6 framework. 

A strong molecular ion [M+H]"  ̂ (m/z; 407; relative intensity: 100) and characteristic 

fragment peaks, such as [M-NfMe):]"^ (362; 30) and [M-2N(Me)2]'̂  (334; 15) were also 

observed by CIMS in our product. The next reaction is quite simple. The 18-crown-6 

diamide (H-l) was easily hydrolysed in 2.4M HCl to give the crown diacid (II-2) and was 

purified by crystallization from water as white powder. The molecular ion [M+H]^ (m/z: 

353; relative intensity: 65) and characteristic fragment peaks, such as [M-OH]^ (335; 18), 

[M-COiH]^ (307; 30) and 18-crown-6 + carbonyl (289; 100) were also observed by CIMS
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of n-2 . All other physical properties were identical to a previous sample. Finally, the 

crown diacid (II-2) was refluxed with acetyl chloride to yield the crown anhydride (I-10) 

immediately before use in the next step.

The target bis(crown ether)s were synthesized according to the procedure reported 

by Valiaveettle,^^ i. e., reacting the crown anhydride (I-IO) with the diamine in dry THF. 

The products were purified by gel permeation colunm and the fractions were monitored by 

reverse phase TLC (silica gel 60 silanized RP-2, BDH) using 5% CH3OH/CHCI3 as eluent 

and by liquid chromatography with a gel permeation column (10mmx250mm) using 

CHCI3 as solvent. The final products were characterized by 'H and NMR, +LSIMS and 

exact mass MS. Slightly different and NMR were observed for 1 11 when compared 

with the data reported by Valiaveettle, which might due to the amount of contaminated 

Na", or K".

In the *H NMR (CDCI3, Ô), we observed two doublets at 4.32 (2H, J= 1.5Hz) and at 

4.26 (2H, J=2.2Hz) instead of at 5.0 and 3.6, respectively. In the '^C NMR (CDCI3, 5 ), we 

found two carbonyl peaks (171.9 and 169.4) instead of one (169.3) and two methine 

carbons (81.5 and 80.6) not one (80.9). Strong molecular ions complexed with protons, 

alkali metal ions (Na" and K"), and fragments due to dehydration and decarboxylation of 

the molecule ion were found in +LSIMS (mNBA as matrix). The exact mass in -LSIMS for 

1 11 was consistent with the formula of C36H55N2O18 (calcd. 803.3450; found 803.3466). 

Similar results were also obtained for II-3

From the results of +LSIMS, we know that the bis(crown ether)s are contaminated 

with Na" and K" during their syntheses. In order to obtain metal-ffee products, strongly



24

acidic resins were used to remove the contaminating Na* and K* and the level of the 

residual cations was measured by flame emission spectroscopy. Unfortunately, it is very 

difficult to remove all Na* and K* from the products using an acidic resin. However, the 

final molar amounts of Na* and K* after purification were ca. 1/10 and 1/100 of 1 11 

These residual amounts of Na* and K* are negligible compared to Na* or FC* added (> 1 

equiv.) in the following experiments. With these relatively clean products, we began an 

investigation of complexation of structurally complex crown ethers by ESI-MS.

2.2 ESI-MS of the crown diacid (II-2)

The crown diacid (II-2) contains two carboxylic acid groups (-CO2H) which might 

lose their protons during the ionization processes. MS cannot detect neutral complex 

species, such as [L+K*-H*], where L= the crown diacid (II-2), which probably exists in the 

solution. The key question is whether a relationship between intensities of cation/crown 

complexes in the gas phase and the concentrations in the solution still exists. Do the cation 

selectivities observed for the gas phase still reflect the situation in the solution phase? The 

latter goes to the heart of the matter, which is whether and to what extent do the mass 

spectra reflect complicated solution phenomena.

To answer the first question, five acetonitrile/water (1:1) solutions were prepared in 

which [K*]=25|iM and [Na*] was varied so that [Na*]/[K*]=0, 4, 8, 12, 16 (chlorides). In 

all cases, [II-2]=50|iM. Under these circumstances, the concentration ratio of crown II-2 to 

K* was always 2 ([II-2]:[K*]=2:1) and the concentration of Na* was proportionally higher. 

The ratio of [Na*]/[K*] added was based on the different complexing abilities between Na* 

and K* with 18-crown-6. The instrument parameters for positive mode of ESI-MS are as
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follows: 4.5kV, 7kV, 4.5kV for accelerator, needle and end plate potentials, respectively, 

with a flow rate of 2(iL/min. These typical conditions for the spectrometry were used 

through the whole set of experiments discussed here. An aliquot (lOjiL) of each solution 

was injected into the instrument and five spectra were recorded. One of the spectra 

([Na^/[K^=16) is shown in Figure 2.1.

How can the spectrum be interpreted? Firstly, we determine the charge of the 

species corresponding for each peak. The inset to Figure 2.1 shows an expansion of the 

peak at m/z 375.1. The isotope contributions can be clearly distinguished. For singly 

charged (z=l) ions, the m/z difference between two adjacent isotope peaks equal to one 

mass unit. For doubly charged (z=2) ions, the m/z difference between two adjacent isotope 

peaks equal to one half of a mass unit. Similarly, for triply charged (z=3) species, the 

separation is one third of a mass unit. Apparently, peak 1 (m/z 375.1) in Figure 2.1 is 

created by a singly charged ion (z=l). Secondly, we multiply the charge (z) by the m/z 

observed to obtain the molecular mass of the ion. Finally, the calculated mass is compared 

to the molecular weight of the ligand and the cations present in solution. For the calculation 

of the mass of a complex ion, the most abundant isotopes were used for the species and 

compared to the strongest peak among several isotope peaks for that species. The atomic 

masses of the most abundant isotopes used in calculation of molecular weight in this 

experiment are listed in Table 2.1 This approximation is suitable for species containing 

these elements where the lowest mass common isotope is highly abundant. It would fail for 

ions containing Cl or Br.
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m/z

Figure 2.1 The ESI-MS o f II-2 with Na*/K*.
The inset picture show the isotope distribution o f peak 1 (m/z 375.1).

1 : [II-2+ N al\ 2: [II-2+KJ*, 3: N a \ 4: ^CH,OH, 5: K*. 6: protonated CHjCN.

Table 2.1 Most abundant isotopes used for calculation o f molecular weight.

Element % Abundance Atomic mass Element % Abundance Atomic mass

C 98.89 12.0000 K 93.70 38.9637

H 99.985 1.0078 Rb 72.15 84.9117

N 99.63 14.0031 Cs 100 132.9051

O 99.759 15.9949 Ca 96.97 39.9626

Li 92.58 7.0160 Sr 82.56 87.9056

Na 100 22.9898 Ba 71.66 137.9050
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In this case (Figure 2.1), only two peaks with variable intensity were found in all 

five spectra. According to the mle discussed above, the peak I (m/z 375.1) was similarly 

assigned to the NaVcrown complex ion ([L+Na]^, Ci4H240ioNa, calcd. m/z 375.13). The 

peak 2 (m/z 391.1) is assigned to the 1:1 K^/crown complex ion ([L+Kr, C14H24O10K, 

calcd. m/z 391.10). These two assignments were confirmed based on the agreements 

between calculated m/z and experimental m/z and the intensities of isotope peaks from 

calculated isotope distributions obtained from the formula and experimental data (insert in 

Figure 2.1). Several low mass peaks are also observed in the Figure, such as peaks for the 

metal cations (Na^ for peak 3 and for peak 5), for protonated CH3CN (peak 6 at m/z 

42), and deprotonated CH3OH (peak 4 at m/z 31). The residual amount of methanol came 

from the acetonitrile solvent.

After complete assignments of all peaks in the spectra, we need to quantitatively 

compare their signals among five spectra. We assumed that the amount of cation 

complexed in each solution can be represented directly by the normalized intensity of the 

peak (In), where In (units of mV/scan) is the intensity of the most intense isotope peak for 

the ion (mV) divided by the number of scans in each spectrum.

The relationship between the intensity ratio (Ino/Ik) observed in the mass spectra 

and the cation concentration ratio ([Na^/[K^) in solution is plotted in Figure 2.2. Note 

that Ino/Ik increases linearly with [Na^/[K"^ when a small amount of cations are present (i. 

e., [Na^/[K'^<16). However, a large excess of alkali metal ions added will cause the signal 

to become saturated simply because all crown ethers are occupied by cations. Large 

amounts of cation will also block the capillary in the MS. Therefore, for quantitative 

measurements by ESI-MS, relatively small amounts of cations were added to avoid signal
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saturation. No 2:1 cation/crown (m/z between 215-199) or higher coordination number 

complexes were found in this case. Note that the Y intercept is not zero due to the residual 

cations and added (0.5 equiv.) at [Na^/[lC]=0.

1.2

0.8  -

0.6  -

i

Y=0.126+0.057X (r = 0 .9 9 3 )
0.4 -

0.2  -

0.0
160 8 124

[Nan/[K*1

Figure 2.2 The completing complexations of II 2 between Na'and K*

This result suggests that a relationship between intensities of cation/crown 

complexes in the gas phase and the concentrations still exists in this complicated situation 

and the basic conclusions from GokeÛ~ for simple 18-crown-6 can be applied here.

One assumption is that the crown-cation complex peak intensity (ESI-MS) is 

proportional to the activity ratio in solution, i. e., lNa= C|[II-2-Na^, where Ci is a linear 

coefficient. If linear, the constant c, is the correlation factor between the gas phase spectra 

and solution phase. Similarly, Ik=C2[II-2-IO. Therefore, lNa/lK= {c i/c?} [n-2-Na^/[II-2-lC] 

or lNa/lK={ci/c2}{Ks(Na'^/Ks(K'^}{[Na'^/[IC^}. It is apparent that when the cation activity
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ratio [Na^/[K'^ increases, the crown-cation complex peak intensity ratio Ino/Ik increases 

linearly for the crown diacid H-2.

23 ESI-MS of the rigid bis(crown ether)

The determination of the binding selectivity pattern for crown ethers plays an 

important role in their applications. Here, we explore the use of ESI-MS to obtain the 

binding selectivity for structurally complex crown ethers, such as 1 11, in a single 

experiment.

A solution containing 1 11 (50pM) with and Rb^ ( 1 equiv. each), Cs^ and Li^ (4 

equiv. each) and Na"̂  (2 equiv.) ions in CHsCN/HiO/AcOH (49.5:49.5:1.0, v/v/v) was 

prepared. The ratio of the cations added was based on an expectation of the different 

complexing abilities of alkali metal ions with 18-crown-6. An aliquot of the solution 

( lOjiL) was injected into the instrument and the spectrum was recorded (Figure 23).
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According to the assumption discussed above, four steps were used to assign a peak 

in ESI-MS to a complex ion, including (1) determination the charge for each peak; (2) 

obtaining the difference between the mass of the peak and the molecular weight of the 

ligand; (3) assignment of the peak based on related chemical information; and (4) 

confirmation by calculated m/z and isotope distribution. Each peak in Figure 2 3  can be 

assigned to ionic species in solution (Table 2.2). For example, we propose that the formula 

for the peak (m/z 842.8) is C36H56N2O18K. The calculated isotope intensity distributions, as 

well as charge (z=l) for the formula reproduce exactly the experimental data from ESI-MS 

(insert in Figure 23). The difference between the experimental value and calculated value 

of m/z within one mass unit is reasonable.

Table 2.2 Assignments of the peaks in Figure 2 3 .

[NT|/[M1] Exp. m/z Charge Assigned ions Calcd. m/z I(mV) Ircl. conc.

4 936.6 +1 [L+Cs]^ 937.3 4622 14

1 888.7 +1 [L+Rbl" 889.3 2605 31

1 842.8 +1 [L+K]" 843.3 8404 100

2 826.8 +1 [L+Na]^ 827.3 3950 24

4 810.9 + l [L+Li]^ 811.4 924 3

Since all cations were in one solution and only one type of complex ion was found 

in the E S I - M S ,  we can directly use the relative intensities after correcting for concentration 

differences between cations (Irei..conc. in Table 2.2) in the spectrum to represent the 

complexing abilities. The binding selectivity of 1 11 with alkali metal ions is obtained as 

follows:
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K-" ( 100) > Rb^ (31 ) > Na^ (24) > Cs^ ( 14) > U* (3).

The number in the bracket represents the relative binding ability of each cation with 1 11

18-crown-6 has an estimated cavity radius of approximate 1.38 A and with the 

alkali metal ions, forms its strongest complex with whose ionic radius has also been 

estimated to be 1.38 The sequences of the alkali metal ions with simple l8-crown-6 in 

water at 25°C is obtained as follows

( 100) > Rb+ (32) > Cs+ ( 10) > Na^ (4).

Values in parentheses are the ratios of the complex formation constants normalized to 

K^=100 (by accident, the formation constant of 18-crown-6 with also equals to 100). If 

the ESI-MS result is correct, the crown ether 1 11 is similar to, but less selective than the 

parent 18-crown-6 especially for KT^/Na\

Stability constants for complexation of cations with polycarboxylate crown ethers 

have been measured by potentiometric titration in our group.®* Since the ligands are weak 

acids, a titration with base will yield a titration curve from which the ligand pKa’s can be 

determined by computation. Cation binding to charged forms of the ligand results in an 

acidification of the solution, which appears as an apparent decrease in the pKa’s of the 

ligand. Thus an acid-base titration of a ligand/cation mixture will result in a titration curve 

shifted to lower pH; from the known pKa’s of the free ligand and metal ion concentration, 

the stability constants for complexation can be calculated. The relative stepwise 

complexation constants®*  ̂ for complexation of alkali cations (Na"̂  and lO  with 

monocrown ether II-2 in water at 25°C are given as follows:

iC m  (1 0 0 )> N a ^ (1 6 ) .
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Values in parentheses are normalized stepwise formation constants for comparing to ESI- 

MS. The notation used to describe the complexes is a three-digit number (Imh) giving the 

number of ligands (I), the number of metal ions (m), and the number of associated protons 

(h).

Besides alkali metal ions, we are also interested in the binding selectivity of

alkaline earth metal ions. The spectrum of a solution containing 1 11 (50|iM) with Ca2+

and Sr̂  ̂and Ba"^ ( 1 equiv. each) in CH3CN/H2O (1:1, v/v) was recorded (Figure 2.4).
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Figure 2.4 The ESI-MS o f 1 11 with alkaline earth metal ions.

Based on the process above, almost every peak in the spectrum was assigned to the 

corresponding complex ions (Table 2-3). This spectmm is dominated by doubly charged
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species (m/z between 400-550) with some singly charged species (m/z between 820-950). 

The inset to Figure 2.4 shows the ion about m/470 and has a 0.5 m/z separation indicating 

a doubly charged ion. This ion was assigned to CsôHsôNiOigBa (calcd. m/z 470.7).

So far, we have been successful in using intensities for representing complex ions if 

only one type of complex is detected by ESI-MS. However, more complicated ESI-MS 

such as Figure 2.4 require a procedure to quantitatively evaluate the signals arising from 

different-types of complexes, such as two types in charge (z=l and 2) and cation 

([L+Ba+Sr-2H]"'^. The following assumptions were made in order to quantitatively 

compare the complexation among three cations: (1) as described above, for a ligand (L) 

complexing with one cation, such as [L+Ba]"^, the amount of cation (M""^ complexed can 

be represented directly by normalized intensity (In) between different spectra. (2) If a ligand 

complexes two of the same cations, such as [L+2Ba-2H]"^, the amount of cation 

complexed is equal to two times the normalized complex intensity (In). (3) for a mixed 

complex, such as [L+Ba+Sr-2H]”‘̂ , each cation (Ba"^ and Sr"^ can be represented by the 

complex intensity, respectively. (4) The sum the intensities associated with metal cation, 

such as the total of Isa in Table 23 , will then be proportional to the ability of Ba"^ ions to 

compete with Ca"^ and Sr^  ̂for I-11 in the mixture.

According to the value of total Im (M=Ba"^, Sr^  ̂ and Ca"^, the following binding 

selectivity for the alkaline earth metal ions with 1 11 is obtained as follows:

Ba-+( 100) > Sr^^(52) > Ca"* (4)

The number in brackets represents the relative ability of each cation to complex with 1 11 

One of the advantages of using ESI-MS to obtaining binding selectivity for cations is that 

one spectrum provides a global picture of charged complex ions present in solution. In this
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case, four four Sr"^-, and two Ca“̂ -compIex ions (total ten related species) was

simultaneously detected in a single spectrum. Instead of detecting individual complex ions 

by other methods, we believe that the results obtained by ESI-MS more accurately reflect 

the total complexing ability of an ion with ligand.

Table 2.3 The assignments and calculations of the Figure 2.4.

peak Assigned m/z m/z In iBa Isr Ica

No. Ions (Exp.) (Cal.) (mV/sn) (mV/sn) (mV/sn) (mV/sn)

1 [L+2Ba-2H]-^ 537.4 538.3 1039 2078

2 [L+Ba]-^ 469.9 470.7 962 962

3 [L+2Ba-H]^^ 359.7 359.2 177 354

4 [L+Ba-H]^ 941.2 940.3 287 287

5 [L+Ba+Sr-2H1-^ 512.5 513.5 1106 1106 1106

6 [L+2Sr-2H]-^ 487.7 488.6 420 840

7 [L+Sr]-^ 445.0 445.8 343 343

8 [L+Sr-H]^ 891.1 890.6 177 177

9 [L+Ca]-^ 421.2 422.0 77 77

10 [L+Ca-H]^ 842.9 843.1 1 1 0 1 1 0

Total 4727 2466 187

Similar binding selectivity for the bis(crown ether) with alkaline earth metal ions 

can also be obtained, if we simply compare the intensities of complex ions which are 

identical in charge and similar in type. For example, the following binding order is 

obtained if we compare the intensities of [L+M]“̂  and [L+M-H]^ species, respectively:
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Ba-^( 100) > Sr^(36) > Ca"^ (8) for [L+M]“̂

Ba-^(IOO) > Sr^+(62) > Ca-+ (38) for [L+M-H]+

The sequences of the complex formation constant of alkaline earth metal ions with simple 

18-crown-6 in water at 25°C is obtained as follows:^^

Ba-^ ( 100) > Sr^^ (8.5) > Ca"^ (0.1)

Values in parentheses are normalized formation constants. This binding selectivity order is 

qualitatively consistent with the results obtained by ESI-MS.

Until now, ESI-MS has been used to evaluate complexation of similar ions. In the 

following section, we extend this technique to a situation in which cations are not similar in 

charge, such as and Ba" .̂ The spectrum of a solution (CH3CN/H2O, 1:1 in v/v) 

containing 1 11 (50|iM) with (10 equiv.) and Ba"^ (1 equiv.) was recorded (Figure 2.5).
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Figure 2.5 The ESI-MS of I 11 with K'' and Ba"*.
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Table 2.4 The assignments and calculations of the Figure 2.5.

Peak

No.

Assigned

Ions

m/z

(Exp.)

m/z

(Cal.)

In

(mV/sn)

Ik

(mV/sn)

Isa

(mV/sn)

1 [L+2K]-+ 441.1 441.1 1489 2978

2 [L+3K-H]-^ 460.1 460.1 357 1071

3 [L+K]" 843.3 843.1 45 45

4 [L+2K-H]^ 881.4 881.2 119 238

5 [L+Ba+K-H]-^ 490.1 489.7 1340 1340 1340

6 [L+Ba+2K-2H]-^ 509.1 509.1 104 208 104

7 [L+2Ba-2H]-+ 539.1 538.3 253 506

8 [L+2Ba-H]^^ 359.8 359.2 30 60

9 [L+Ba]-^ 471.2 470.7 104 104

Total 5880 2114

The ratio of and Ba"  ̂added is based on the expected difference binding abilities with 

18-crown-6. Based on the rule discussed above, every peak in the spectrum can be assigned 

to complex ions in the solution (Table 2.4). In this case, four K^-, three Ba"^- and two 

mixed complex ions (total of nine related species) were simultaneously detected by a single 

spectrum.

According to the treatment discussed above for different-type complex ions, the 

sum of cation intensities were obtained for IC and Ba"^ (last two columns in Table 2.4). 

After concentration correction, the binding selectivity for Ba"^ and IC is obtained as 

follows:
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Ba-+(100)>K+(28).

The number in brackets represents the relative ability of each cation to complex with 1 11 

Again, this selectivity represents cation binding ability as a whole in solution. Based on the 

fact̂ ®̂  that the carboxylate in the crown ether can cooperatively coordinate with divalent 

cations, we believe that the general trend in complexing ability (i. e. Ba"^ > between 

two cations with the bis(crown ether) obtained by ESI-MS is reasonable. However, more 

work has to be done in order to answer whether ESI-MS can be used in quantitative 

comparisons between different-type complexes.

2.4 Stoichiometry and structure of the complexes

Gokel and co-workers demonstrated that a complex corresponding to three cations 

simultaneously bound with a tris(macrocyclic) ligand was detected by using ESI-MS.^"'’ 

They believe that this is the first definitive evidence for triple cation complexation found 

by the use of ESI-MS. Here, we expect to find even higher coordination numbers with each 

crown ether by our mono- and bis(crown ether) carboxylates, because the carboxylate can 

coordinate with cation through electrostatic interaction and thereby provide another binding 

site for metal ions. The following experiments were done to confirm this hypothesis.

Two solutions (0.2mM each, CH3CN/H2O 1:1 in v/v) containing the 18-crown-6 

diamide (II-l) and the 18-crown-6 diacid (II-2), respectively, with added IC were 

prepared. Ions involving a single crown ether complexing with more than one K'̂  were not 

found (up to 50 equiv. added) in ESI-MS of II-l. However, ions corresponding to a 

single crown ether complexing with two and even three K ,̂ i. e., [L+2K-H]'^, and [L+3K- 

2H ]\ were detected in ESI-MS of II-2 (5 equiv. IC added). These results confirm that the



38

carboxylates within the I8-crown-6 framework is required to form 2:1 or even 3:1 

(cation/crown) complexes in solution.

The following experiments were done to explore the stoichiometry of I-11 with 

and Ba"^ in order to get some idea of the structures of the complexes in solution. Four 

solutions (CH3CN/H2O/ACOH, 49.5:49.5:1.0 in v/v/v) containing 1 11 (0.1 mM, each) with 

increasing amounts of (0, 1, 3, and 5 equivs.) were prepared and their spectra were 

recorded. The observed intensity was normalized with number of scans in each spectrum 

and the normalized intensity was used to represent the corresponding complex ions. As 

expected, the competition complexing with same amount of I-11 occurred among several 

solutions (Figure 2.6).

(l+ki*
- o - [L+2K-Hr
- V — [L+3K-2H1*

0.6  -

a
■3 0.4 -B£

0.2 -

0.0
0 32 54

Equivalent o f  K* added 

Figure 2.6 The stoichiometry o f I - l l  and K* complexes.
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At low concentration of (1 equiv.), the major component in solution is 1:1 

cation/bis(crown ether), i. e. [L+K]'^. However, with increasing concentrations of ions 

corresponding to one bis(crown ether) complexing with two ([L+2K-H]^, three ([L+3K- 

2H]‘̂ , and even four ([L+4K-2H]"'^, at 5 equivs. were found in the spectra. No 

triply or quadruply charged complexes were observed in this case.

From the stoichiometry of the complexes, we propose the following structures 

(Figure 2.7) for the four kinds of complexes which exist in the solution and are detected by 

ESI-MS. For 1:1 and 2:1 complexes, IC can locate within the 18-crown-6 cavity as is 

expected for simple 18-crown-6 complex. For 3:1 and 4:1 complexes, the extra form 

ion pairs with the carboxylates. We believe that the 4:1 complex will be the dominant 

species for a large excess in solution. For, 4:1 complex, the conformation of I - l l  might 

be linear in solution due to electrostatic repulsion between two complexed crown ethers.

\L+KT [L+2K-H]* [L+3K-2H]^ [L+4K-2H]'

? =COjH ? =co. I8-crown-6

Figure 2.7 Proposed structures for 1 11 and K* complexes in solution.
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As discussed above, Ba"^ forms a stronger complex with I - l l  than does in solution. 

What are the structures of 1 11 in Ba"* medium? Is it possible to obtain 3:1 and 4:1 

coordination number complexes with Ba"^7 The following experiments were done to 

answer these questions.

Four solutions (CH3CN/H2O, 1:1 in v/v) containing 1 11 (50|iM, each) with 

increasing amounts of Ba"^ (0, 1, 3, and 5 equivs.) were prepared and their spectra were 

recorded. No Ba"^ related complex ion was found in the spectrum of the blank solution. 

The competition complexes between various Ba"  ̂cation with I - l l  is illustrated in Figure 

2.8 .

f  0.6 -

j  0 .4 -

0.2 -

•■0-0.0
0 ■) 4 53

Equivalent o f Ba * added

Figure 2.8  The stoichiometry o f I - l l  and Ba"* complexes.
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At low concentration of Ba"^ (1 equiv.), the major component in solution is the 1:1 

cation/bis(crown ether), i. e. [L+Ba]"^. However, with increasing concentrations of Ba"^, 

ions corresponding to one bis(crown ether) complexing with two Ba“̂  i. e., [L+2Ba-2H]~^ 

became the dominating species in the spectra. One bis(crown ether) containing three or 

four Ba"^ was not detected by ESI-MS (up to 20 equiv. Ba"  ̂ added). This lower 

coordination number for Ba"^ complexes with respect to the system is apparently due to 

stronger electrostatic repulsion between two divalent cations which would destabilize ions 

of the type [L+3Ba-2H]‘̂ .

From the stoichiometry of the Ba"  ̂complexes, we propose the following structures 

for three kinds of complexes found in the solution by ESI-MS (Figure 2.9). It is well 

known that divalent cations can form sandwich complexes with bis(crown ether) in 

favorable cases.’” For 1:1 complexes, Ba’  ̂can either locate within one 18-crown-6 or form 

sandwich complexes with two crown ethers. The carboxylate anion can cooperatively 

coordinate with complexed Ba’  ̂ to partially compensate the positive charge. We do not 

know which complex is favored in the solution based on the information from ESI-MS or 

even whether the 1:1 complex ions are a mixture of structures. If two carboxylate anions 

within one bis(crown ether) were available, we believe that the sandwich-type complex (U- 

shape) will form due to two carboxylate anions within one bis(crown ether) molecule 

cooperatively coordinating with one Ba’  ̂ to completely compensate the positive charge. 

Unfortunately, this complex ([L+Ba-2H]”) is neutral and cannot be detected by ESI-MS. 

For 2:1 complexes ([L-t-2Ba-2H]"'^, two Ba"^ can locate within each l8-crown-6 cavity 

with carboxylate ions compensating part of the positive charge.
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or

[L+Ba]-

or

[L+Ba-H]"

Ba'

Ba'

[L+Ba]=

Ba'

[L+Ba-H]" [L+2Ba-2H]^

Y  =CO:H G  =C0, 18-crown-6

Figure 2.9 Proposed structures for I - l l  and Ba"* complexes in solution.

2.5. ESI-MS of the flexible bls(crown ether)

The experiments done so far show that ESI-MS can be used to study the metal ion 

complexation of structurally complex crown ether. In other case bis(crown ether)s can also 

complex with diammonium ions to form sandwich type complexes in favorable
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situations/’ In this section, we explore the use of ESI-MS to demonstrate whether the 

interaction between ammonium and I8-crown-6 is strong enough to alter the conformation 

of n -3  in solution (Figure 2.10). The formation of complexes with a variable length of 

diammonium ions can be detected by ESI-MS. If an U-shaped complex formed, we expect 

1:1 biscrown/diammonium ions to dominate with some type of selectively based on the 

length. If complexes can form on the outside of the rings, then 1:2 biscrown/diammonium 

complexes would be expected.

N H /

N H /

n=2

n=4,8

n=10, 12

Figure 2.10 Expected conformational changes o f II-3 by different lengths of a,ci)-primary

alkylidenediammonium ions.

Five solutions (CH3CN/H2O, 1:1 in v/v) containing II-3 (50pM, each) with l,2-( 

1,4-(N^\), l,8-(N^^g), l ,10-(N '̂^io) and 1,12-(N ^\2) diammoniums (chlorides, 

1 equiv. each) were prepared and their spectra recorded. In all cases only 1:1
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biscrown/diammonium complexes were observed. For example, two related complex ions, 

[L+N '̂^12]"  ̂and [L+N^‘*'i2-H]^ were found in the spectra (Figure 2.11).
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Figure 2.11 The ESI-MS of II 3 with 1,12-didodecyl daimmonium ion

1: [L+N,,]-*; 2; [L+N .^H f; 3: 4: [N,,-NH3-Hf; 5: [L+2H]-*;

6: [L-H,0+Np]-*; 7: [L-H.O-kHF; 8: [L-H,0-HN,,-Hr.

However no [L-t-2 N̂ '̂ 12]’*̂  was detected by ESI-MS. By comparisons their total intensities, 

the following binding selectivity for the diammonium ions were found as follows:

N " \2  (1 0 0 ) >  N^^io (5 8 ) >  (4 1 ) >  (9) >  N^% (2).

The number in brackets represents the relative ability of each diammonium to complex 

with n-3. Apparently, the intramolecular sandwich type complexes were significantly 

enhanced by the cooperatively hydrophobic interaction between the alkyl chains of the
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diammonium and the hydrophobic spacer of II-3. The weak non-covalent interaction 

between ammonium and 18-crown-6 in aqueous solution causes the difficulty of changing 

the conformation o f the flexible conformation by different length of the diammonium 

cations.

2.6 Summary

The present study established four main points. Firstly, we reconfirm the linear 

relationship between cation plus crown ether complex peak intensity in the gas phase and 

the concentration of the complex as derived from the composition of the solutions used 

in the experiment. This follows directly from Gokel's results and suggests that the ESI- 

MS is a reliable general method. Secondly, we proposed a way of quantitative 

comparison among the peak intensities in complex mass spectra. We found that the 

alkali and alkaline earth cation binding selectivities of the structurally complex 

bis(crown ether) are similar in aqueous solution whether assessed by potentiometric 

titration techniques or by electrospray ionization mass spectrometry. This is only correct 

if the ions compared in the gas phase are identical in charge and similar in type. Thirdly, 

we also demonstrated that up to four or two Ba"^ simultaneously bound by a 

bis(crown ether) dicarboxylic acid ligand could be detected by use of this mass 

spectrometric technique. No previous study confirms this possibility, nor, to our 

knowledge, is there any obvious solution technique that can be used to detect such 

complex binding structures. Finally, intramolecular sandwich type complexes between 

the flexible bis(crown ether) and different length a,ù)-primaryalkylidenediammonium 

cations were detected by this technique. The complex stability is significantly enhanced 

by the cooperative hydrophobic interaction between alkyl chains of the diammonium and



46

the hydrophobic spacer of the bis(crown ether). No significant changes in the 

conformation of the flexible bis(crown ether) by different length of diammonium cations 

suggest that non-covalent interaction between ammonium and 18-crown-6 is weak in 

aqueous solution.

Our research indicates that the ESI-MS technique holds considerable promise for 

assessing cation interaction with ligands that are too structurally complex to assess by 

other methods. Particularly significant is the rapid assessment of complexation 

selectivity. Solution techniques derive this information by ratios or deferences between 

independent measurements. Here we determine the selectivity directly by competition in 

a single experiment. This is much more realistic for eventual applications as the 

magnitude of the binding constant is relatively less important than the selectivity in many 

applications. Further development in ESI-MS should focus on investigations of the non- 

covalent interaction between more complex ions, such as anions and zwitterionic ions 

(amino acids), and structurally more complex ligands in different solvent systems. It is 

likely that it will be possible to explore even more complex systems using ESI-MS. 

Much more effort will be needed to establish a quantitative correlation between 

electrospray responses and calculated equilibrium solution concentrations when ions that 

are not identical in charge or similar in type are selected for comparison.
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Chapter 3. Molecular Recognition Controlled Membrane Disruption

Single-chained surfactant molecules are commonly used to disrupt biological 

membranes in order to isolate peripheral and integral proteins. Currently, it is believed that 

much of their disruption results from a mismatch between their intrinsic geometry and that 

of the lamellar-forming phosphilipids.^" Although single-chain surfactants have been 

extensively investigated over the past several years, analogous bolaamphiphiles (molecules 

bearing a polar head group at each end of a hydrophobic segment) have received limited 

attention.^^ Recently, Re g ens  group have become interested in “double-headed” 

surfactants as membrane-disrupting agents^^ for two reasons. First, from a theoretical 

standpoint, they hypothesized that the effective geometry of a bolaamphiphile might be 

adjustable via appropriate molecular design. One can imagine, for example, that a 

bolaamphiphile having a fully saturated aliphatic segment might favor the formation of a 

“hydrocarbon loop” upon insertion into a monolayer leaflet.’  ̂ The second reason for their 

interest in bolaamphiphiles as membrane-disrupting agents was more pragmatic in nature. 

They hypothesized that the lipid envelope of certain microorganisms may possess 

‘̂ vindows of vulnerability” and that such windows could serve as targets for 

chemotherapy.^^

Acting on these assumptions, they created classes of “tunable” membrane- 

disrupting agents, and explored, systematically, their in vitro and in vivo antimicrobial 

properties. They synthesized the four new classes of bolaamphiphiles (IH-I, 2, 3, and 4 in 

Scheme 3.1) in which the structure and composition of the central hydrophobic segment 

has been systematically varied on the basis of above rationale and evaluated their ability to
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induce the release of 5(6)-carbcxyfluorescein (CF) entrapped within large unilamellar 

vesicles derived from l-palmitoyl-2-oleoyl-j/i-glycero-3-phosphocholine (POPC).

H 0 ( C H 2 C H 2 0 ) 6 C ( C H 2 ) „ C 0 ( C H 2 C H 2 0 ) 6 H

ffl-1

H 0 ( C H 2 C H 2 0 ) 6 C ( C H 2 ) x C = C ( C H 2 ) y C 0 ( C H 2 C H 2 0 ) 6 H

r a -2

H 0 ( C H 2 Œ 2 0 ) 6 C ( C H 2 ) x  ( C H 2 ) y C 0 ( C H 2 C H 2 0 ) 6 H

m-3

9
( C H 2 ) y C 0 ( C H 2 C H 2 0 ) 6 H

n . /
9

H 0 ( C H 2 C H 2 0 ) 6 C ( C H 2 ) x

m-4

Scheme 3.1 Regen's bolaamphiphiles for membrane-disruption.

An acetylenic or olefinic moiety, positioned either symmetrically (A and C  in 

Figure 3.1) or asymmetrically (B and D in Figure 3.1) within the hydrophobic unit, were 

used to modulate the surfactant’s looped character and hydrophobicity. Acetylenic and 

olefinic groups that are symmetrically disposed could increase the linearity of the central 

region of the hydrocarbon unit, and thus increase the U-loop’s width; at the same time, they 

should reduce the lipophilicity of the loop. On the other hand, placement of an acetylenic or
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c/j-olefinic moiety, asymmetrically within the hydrophobic segment, could lead to 

“narrow” and “twisted” U-Ioops, respectively.

/
J

B

/  /

c D
Figure 3.1 Stylized illustration of Regen’s bolaamphiphiles having a symmetrical acetylenic (A), an 

asymmetrical acetylenic (B). a symmetrical olefinic (C), and an asymmetrical olefinic (D) unit.

They found that the introduction of a cis- or tran^-olefinic moiety in the centre of the 

hydrophobic segment (or a cw-double bond positioned asymmetrically) decreases the 

effective depth of penetration of the U-loop for a given number of total carbon atoms (n), 

and requires a greater n in order to reach the optimum depth for membrane disruption. 

Similarly, symmetrically positioned acetylenic groups should further decrease the depth of 

penetration, due to the linear arrangement of four central carbon atoms, and thus require 

even a greater n value for optimum activity. The increase in maximum activity, as one goes 

from saturated to olefinic to acetylenic bolaamphiphile, can be explained in terms of a 

wider U-loop which is more efficient in perturbing the bilayer.
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The membrane-disrupting activity of these bolaamphiphiles vary by a factor of ca. 

100, when the total number of carbon atoms which separate the carboxylate moieties range 

from 12 to 24. The most active bolaamphiphile is much more active than single-chain 

surfactants, such as Triton X-100. They proposed a “U-loop” model to account for the 

general trends in bolaamphiphile activity, where they postulate that the depth o f U-loop 

penetration and U-loop width are the key factors involved in determining membrane- 

disrupting activity. Depending on the size of the loop and its alignment with the lamellar 

phase will lead to membrane destabilization to varying degrees (Figure 3.2).

hydrophilic (hexaethylene glycol) 

  /  \

w

\

\
hydrophobic

membrane
leakage

o Q O o o n

no leakage

B

Figure 3.2 Stylized illustration of bolaamphiphiles having a long, narrow (A), or 

a short, wide (B) hydrophobic segment interacting with a phospholipid monolayer leaflet.
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3.1 Design considerations

Regen and co-workers have created bolaamphiphiles which are more active than 

single-chain surfactants. There will be much more significant advance if the membrane- 

disrupting processes can be controlled by molecular recognition events. In order to achieve 

molecular recognition based membrane-disruption, a molecular recognition site must be 

incorporated into Regen's bolaamphiphiles. Moreover, the recognition event will have to 

induce the membrane disruption event.

Based on Regen's hypothesis that membrane disruption occurs via a U-shaped 

bolaamphiphile conformation, we propose that a molecular recognition controlled 

membrane-disrupting agent can be created from a flexible ditopic receptor whose U-shaped 

conformations in solution will form upon cooperative molecular recognition between the 

two receptors and one guest molecule (Figure 33).

Linear shaped structure 

Inactive in membrane-disruption
U-shaped structure

active in membrane-disruption 
Figure 3 3  Molecular-recognition controlled membrane disrupting agents.

To our knowledge, there are no simple synthetic bolaamphiphiles whose activity 

can be regulated by molecular recognition events. Here, we focus on the simplest type of 

ditopic receptor which can recognize cations, a bis(crown ether), as a molecular recognition 

based membrane disrupting agent.
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Flexible bis(crown ether) carboxylates seem to be good candidates. First, in the 

presence of a large excess of alkali metal ions, there is some evidence from ESI-MS that 

the conformations of bis(crown ether)s might be linear due to electrostatic repulsion 

between complexed crown ethers. In this case the bis(crown ether) is expected to be 

inactive in membrane-disruption. Then, if alkaline earth metal ions are added into the 

solution, one divalent cation could replace the two complexed alkah metal ions due to 

stronger electrostatic interactions with crown ether carboxylates and create the required U- 

shaped conformation, in which the bis(crown ether) becomes active in membrane- 

disruption (Figure 3.4). The ESI-MS results in Chapter 2 suggest that displacement of IC 

by Ba""̂  to form complexes of lower stoichiometry is a favorable process.

C OC O
0 , C C Ooo

: a metal ion

OO oo oo
inactive in membrane disruption active in membrane disruption

Figure 3.4 Bis(crown ether)s as cation-recognition controlled membrane disrupting agents.
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The target bis(crown ether)s are shown in the Scheme 3.2. They consist of a 

segment of Re gen's bolaamphiphile modified with crown ether carboxylic acids. The 

following additional features are considered during designing the target bis(crown ether)s:

(i) Besides acting as a cation receptor, the crown ether carboxylates also provide 

bulky and highly hydrophilic head groups, which will prevent part of the head group from 

being buried inside the membrane.

(ii) Quantitative studies of effects of aliphatic length on the membrane-disrupting 

activity will be required so the total number of carbon atoms which separate the 

carboxylate moieties will be in the range of 14 (HI-6a), 18 (III-6b), to 20 (III-6c).

(iii) Segments of 3-amino-1-propanol in the target compound provide a spacer to 

connect the cation recognition site and an aliphatic diacid. In characterization, the 2- 

methylene protons (indicated by arrow in Scheme 3.2) in the spacer will provide a good 

identification site via chemical shift and multiplicity in the ‘H NMR spectrum.

(iv) Convergent synthesis is possible, involving a reaction of the lS-crown-6 

anhydride (I-10) with primary amines as a final step. Large size differences between 

precursors and products satisfy the requirement for purification by gel permeation 

chromatography.

m-15a, n=14; 
n i-lS b , n=18;
HI-I5c, n=20

Scheme 3.2 Target bis(crown ether)s as molecular recognition membrane-disrupting agents.
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ZJ. Synthesis and characterization

Initially, a synthetic route where no protecting group was involved to the target 

bis(crown ether) was explored (Scheme 33).

o 

1̂ 0 ^  o
M O

( 1 ) THF/reflux
(2) Acidic resin 
yield 72%

O o  .C O iH

1̂ 0 ^  o OH

O

in -6 b

EtjN/DMF, or
CSÆO3/THF

HO2C,,. o
0 ^ (C H i) ,g

III-7 O

Scheme 3 3  Attempted “no protection" synthetic route to the bis(crown ether).
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The crown anhydride (I-10) selectively reacts with the amino group of 2-amino-1-ethanol 

to form the amide (111-5, yield 72%). It was hoped that the formation of the carboxylate 

triethylammonium salt in solution would protect the carboxylic acid in the crown ether 

from exchanging with diacid chlorides. However the reaction of III-5 with diacid chlorides 

(in -6b ), which came from 1,18-octadecanedicarboxylic acid, did not give the desired 

target compound (HI-7). Complicated NMR and TLC (at least four spots) in the isolated 

products indicate that many by-products formed during the reaction. A model reaction 

using succinic anhydride (Scheme 3.4) confirmed that the problem does not come solely 

from the crown ether as the non-crown model HI-9 failed to form. Clearly, III-6b or 

suberoyl chloride can exchange with the carboxylate salt leading to mixed acid chlorides in 

solution for subsequent estérification.

P  + H2N
,/V O H

O
THF
yield 99%

HO
O

OH

HO
o

CS2CO3/THF or
EtiN/THF

CO2H

in-9

Scheme 3.4 Reactions of succinic anhydride which model the “no protection” route.
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Since the “no protection” route fails, the crown anhydride (I-IO) has to be 

introduced into the target molecule at the final step. This strategy requires initial protection 

of the amino group of 3-amino-1-propanol, followed by formation of the diester with a 

diacid chloride, and finally formation of the amide with the crown anhydride (I-10). Two 

routes proved to be successful in preparing the diester. In the first route (Scheme 3,5), t- 

Boc was used to protect the amino group of 3-amino-1-propanol to yield 3-r-Boc-amino-l- 

propanol (HI-IO).

(r-Boc)20/CH2Ch 
yield 43%

r-BocN^^/^^OH

i n -10

n i-6 c

rBocNH

yield 89% DMAP, CH2CI2, r.t.

NHr-Boc
O

m i l

yield 99% HCO2H, reflux

HC02H3N^=-""^^0. O ^ ^ N H 3 + H C 0 2  

ffl-12c

Scheme 3.5 Synthesis o f the diester formate salt. III-12c (First route).
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The diacid chloride (III-6c) prepared from 1,20-docosanedicarboxylic acid by 

re fluxing with SOCI2 was reacted with H I-10 in the presence of 4-dimethylaminopyridine 

(DMAP) and purified by silica gel column to give the amino-protected diester (H I-ll) in 

89% yield. Comparisons of the NMR spectra of HI-IO and m  i l  (Figure 3.5) clearly 

indicated the ester bonds were formed.

f-BocNI^^^v^OH 
3 1

m -10

3 I
rB ocN H ^^^O ^ NHr-Boc

I 3

m  11

3

A

f -B o c

'vJL

f -B o c

4.2 4 0  3.8 3.6 3.4 3.2 3.0 2.8 2.6 2 4  2 2  2 0  1.8 1.6 1.4 1.2

(ppm)

Figure 3.5 'H NMR o f H I-10 (upper) and m  i l  (bottom).

In the ‘H NMR of m -10, the triplet at 3.6ppm (peak 1, in the upper spectrum of Figure

3.5) corresponding to the CHt adjacent to OH is shifted significantly to 4.1 ppm in the *H

NMR of m  i l  after the alcohol (m-10) is transformed to the ester (m il) According to
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chemical shift and peak multiplicity, other peaks in the *H NMR of m -10  and m  i l  can 

be easily assigned and the integration for each peak is consistent with the structures

The f-Boc group was easily removed by refluxing in 98% formic acid for 30 

minutes, as indicated by absence of f-butyl protons in the NMR (strong singlet at 

1.4ppm) to yield the ammonium diformate salt (m  i2c) without ester bond cleavage 

(triplet at 4.1 ppm present). Had aminolysis occurred, this triplet would be expected at 

about 3.6ppm. The integration for each peak is as expected. Although a small amount of 

impurity (integration less than 5% of 4H) existed, m  i2c was used for the next reaction 

without further purification.

3 I

O I 0 ^ ^ ,.^ N H 3 ^ C 0 2 ' 
I 3

in -12c iii

4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 1 8  1 6  1 4  1 2  1 0  I S  1.6 1.4 1.2 I.O
(ppm)

Figure 3.6 ‘H NMR (D2O) o f III-12c.
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In the second route to a similar target (Scheme 3.6), 3-amino-1-propanol was 

selectively protected with Cbz to form 3-Cbz-amino-1-propanol (111-13) in 88% yield.

CbzCl, NaiCO]
4:1 acetone/water 
yield 88%

in-13

m -6a

yield 58%
CHzCIi/pyridine

reflux

CbzNH 0^^/~v^NHCbz

m-14a

yield 81% 1:1 H C O 2H / C H 3O H  

10% Pd/C (lequiv.); reflux

HC02'H3N^='^'^^0. C k/'^N H 3+H C 02'

m -12a

Scheme 3.6 Alternative route to the diformate salt (HI-3a). 

n i-13 was reacted with the diacid chloride (ni-6a), prepared from 1,14- 

tetradecanedicarboxylic acid by reflux with SOCI2, to yield amino-protected diester (III- 

14a) with 58% yield. As above (Figure 3.5), *H NMR show a triplet shifting from 3.6ppm 

in the starting material to 4 .1 ppm in the product indicate the ester bond was formed. The 

diammonium formate (III-12a) was generated from m -14a by hydrogenolysis in a mixed 

solvent (1:1 HCO2H/CH3OH). The absence of aromatic signals in the and NMR of
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the product and a shift in Rf in silica gel TLC (6% CH3OH/CHCI3) changing from 0.8 (III- 

14a) to 0 (HI-12a) indicated that the Cbz was removed and the salt (IU-12a) was 

generated. Also as previously, no ester bond cleavage was found during the long 

hydrogenolysis reaction (24 hours) at room temperature as indicated by the triplet at 

4.2(ppm) in the *H NMR of HI-12a, which has an identical pattern to Figure 3.6. 

Regeneration of the corresponding free diamine was attempted by passing III-12a through 

an anionic ion exchange resin with ethanol as eluent. However, the recovered product 

showed the ester bond had been lost, i. e., the triplet at 4.1 ppm in the *H NMR was absent 

and no C=0 stretch for an ester bond was found in the IR. The formation of amide was 

indicated by IR (1625 cm ' and 1530cm ' for amide I and II bands, respectively). This 

suggests that the free amine will undergo nucleophilic attack on the carbonyl of the ester to 

form amide bonds.

HCO2' H3N+ ,0^ ( C H 2)n

^  T
n i-1 2 a , n=14; 
m-12b, n=18; 
in-12c, n=20

O 0^ C 02H

ro
.0^ ( C H 2)n̂ 0̂

NH3%02 + o

I -10

TH F/pyridine 
y ield  c a .5 5 %

H02C ^ (

m  i5 a , n=14; 
n i-1 5 b , n=18; 
n i-1 5 c ,  n=20

Scheme 3.7 Synthesis of bts(crown ether)s from the diformates.



61

Fortunately, the corresponding free diamine can be generated in the presence of 

base and reacted immediately with the crown anhydride (II-3) in solution to give 

corresponding bis(crown ether)s (111-15 b, c in Scheme 3.7). The final bis(crown ether)s 

were purified by gel permeation chromatography (GPC, 1.2x120cm). Each fraction with 

the same retention time by analytical GPC was combined and characterized by -LSIMS and 

NMR. The ‘H and '^C NMR of HI-15c are shown in Figure 3.7 and Figure 3.8, 

respectively.

a l ip h a t ic
C H ,( 3 2 H )

C H ,0  (4 0 H )

C H  C H

4.2 3.84.4 4 0 3.6 3.4 3.0 2.83.2 2 5 2 4 1.220 1.8 1.6 1.4
(ppm )

-  2 r -n .
.O ^ r^ N H  r  ^

HOiC' ^

Figure 3.7 'H NMRtCDCh) o f IH-lSc
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In the 'H NMR (Figure 3.7), two methine peaks at about 4.3ppm (dd, J= 1.5Hz, 2H, each) 

correspond to the methine chiral protons in the I8-crown-6. The triplet at 4.05ppm 

indicated that the ester bonds are intact. Based on the *H NMR of HI-12c, other peaks in 

the 'H NMR of HI-15c can be easily assigned and the integration of each peak is consistent 

with the structures. The small impurity peak at 2ppm (integration less than 0.6% of 2H) 

might due to the residual acetyl chloride.

whole spectrum

i
r TTi t r m  11 ■ T ; 111 M 1111 j I TIT TT r 111 f ï r  111 ri  i ; 111 tift r r y r r r  r r n  1111 t i i  11 r • i f  r t 11 i i  1111111
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TI'J T TII I I I! 1 I ill'I ITI IT| I ITI I I I II 1 I M I ril I IJ it: I riTII |T Tl
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y a l ip h a t ic  C H ,

.  1 I I I  1
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two C H

. . L L .

solvent

1 1 1

C H , 0
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I
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C X . C O 2H

_ J . . .  _ HN
I" O ^ ^ N H  ^  

HChCT (

Figure 3,8 "C NMR o f IH-lSc
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The whole NMR (top spectrum in Figure 3.8) shows that IH-lSc is a rather 

pure product. In the methyleneoxy range of the '^C NMR (second from bottom in Figure 

3.8), two equal intensity peaks at about 81 ppm are the characteristic methine carbons from 

the crown ether. As expected for the structure of HI-15c, three carbonyl peaks were 

observed in the '^C NMR (bottom of Figure 3.8).

100

[M-H]'

80 -

60 -

40 -

20  -

600 1000 12000 200 400 800

m/z

Figure 3.9 N egative  LSIMS o f  III-15a (mNBA as matrix).

Due to the easy loss of protons from carboxylic acids, negative liquid secondary 

ionization mass spectroscopy (-LSIMS) was chosen to characterize the products. Only one 

significant molecular ion peak found in the -LSIMS (Figure 3.9) confirms again that very 

pure product was obtained. The molecular weight calculated for C50H87N2O22 is
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1067.5735; the base peak was found to be 1067.5750. Compounds III-15b and HI-lSc 

were characterized similarly.

As a comparison, a boiaaraphiphile (HI-16) similar to Regen's III-1 was prepared 

by R. Yen.^^

9  V
H0(CH2CH20)5C(CH2)nC0(CH2CH20)5H 

in-16: n=18

3.3 Membrane disruption

33.1 Fluorescence seif-quenching method (FSQ)

In order to establish a sensitive evaluation of membrane disrupting properties for 

the bis(crown ether)s, we have examined their ability to induce the release of 5(6)- 

carboxyfluorescein (CF) entrapped within large unilamellar vesicles (LUVs) of 

PC/P A/Cholesterol (8:1:1 in mole ratio). This fluorescence self-quenching method 

(FSQ) has been extensively used to determine the membrane-disrupting activity of 

synthetic and natural surfactants.’* In essence, when the effective concentration of 

liposome-encapsulated CF is relatively high (e.g. >0.05M), its fluorescence intensity is 

negligible due to self-quenching. As the fluorophore is released from the liposome 

interior into the bulk aqueous phase, its effective concentration decreases and the 

fluorescence of the dispersion increases.’  ̂Thus, the percentage of CF that is released from 

the liposomes can be calculated from eq. 1,

I ( % ) = 1 0 0 [ I a - U / [ I x - W  ( I )
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where Ix refers to the intensity associated with the release of 100% of ± e  dye (determined 

via addition of excess Triton X-100); ly and la represent the fluorescence intensities before 

and after incubation with a given boiaamphiphile, respectively (Figure 3.10).

  vesic les  alone

 v esic les +  T riton X -100

 vesic les  +  disrupting  agen tc3
2
■£
5  6 0 0 .0 x 1 0 ) -

cO

0.0x10“
480 500 520 5 4 0 560 580 600

W av e len g th  ( nm)

Figure 3.10 Fluorescence self-quenching (FSQ) method.

Large unilamellar vesicles (LUV) encapsulating a high concentration of 5(6)- 

carboxyfluorescein (CF) were prepared according to Re gen's method with some 

modifications. The lipid composition is a PC/P A/Cholesterol mixture (8:1:1 in mole ratio). 

Vesicles with highly efficient self-quenching (i.e., Ix/Iy between 6 to 16) were used 

throughout the experiments. In order to obtain these good quality vesicles without 

cumbersome dialysis, it is critical to use an external buffer with the same osmotic pressure
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and pH as the internal buffer and to equilibrate the gel permeation column before 

separation of the vesicles from free CF.

Vesicle sizing by laser hght scattering was done using a NTCOMP (model 370) and 

showed that ca. 20% of the total vesicle volume is encapsulated in lOOnm diameter 

vesicles and the rest is in 400nm diameter vesicles. The unilamerity of vesicles was 

determined by a mehttin assay and found that ca. 85% entrapped CF is within unilamellar 

layer of lipid.

A linear relationship between the final concentration of CF (4-lOOnM in our 

experimental range) in the measuring cuvette and the fluorescence reading at 515nm was 

confirmed from controls. Control experiments for the fluorescence measurements indicated 

that the error in percentage release of CF for each determination was +8%.

33.2 The properties of the bls(crown ether)s

3.3.2.1 Activity of HI-15b in the presence of excess IC  or Na^

Two batches of vesicles were prepared containing 1C(0.14M) or Na^ (0.14M) as 

the sole cation. The membrane disrupting activity of HI-15b in Na^-containing and in 

containing media is shown in Figure 3.11. In both media, HI-15b is much less active than 

compound III-16. Compound HI-15b is more active in K^-containing medium (i.e. ca. 

30% release of CF at lOjjM) than in Na^-containing medium. The inactive properties of 

HI-15b in the presence of a large excess of monovalent cation satisfies the first expectation 

of a molecular recognition-based membrane disrupting agent.
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100

1: m -16 in Na' or K medium

2: ni-lSb in K' medium

3: ni-15a in K' medium

60 - 4: ni-15b in Na' medium

S: n i-1 5 a  in Na' medium

40 ■

20 -

m

6 •3-5 -4

Iog[boIamphile]

Figure 3.11 The activities of HI-15a and HI-15b in K* and in Na* media.

33.2.2 The activity of bis(crown ether)s in the presence of alkaline earth cations

There is some evidence that alkaline earth metal ions can preferentially complex 

with the bis(crown ether) in the presence of excess alkaline metal ions (ESI-MS). 

Therefore, it is possible that addition of alkali earth metal ions to the solution might have a 

dramatic influence on the behavior of the bis(crown ether) in the solution. At a low 

concentration of Ba"^ (150|iM), there is no increase release of CF from BC-containing 

vesicles for a range of concentrations of IQ-lSb from 10 to 50G|iM. At a higher 

concentration of Ba"^ (ImM), there is a significant increase in the release of CF due to the 

addition of HI-15b ( 10|iM) (Figure 3.12). This result indicates that a significant amount of

Ba"'*’ must be added into solution to compete with the alkali metal ions. However, the
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amount of Ba"^ added is still very small compared to fC present (140mM) in solution. 

Control experiments indicated that there is no effect on the release of CF due to only the 

added Ba"  ̂alone, nor is there any increase in fluorescence intensity of CF due to the 

addition of divalent cations and HI-15b in homogeneous solution.

The membrane disrupting abilities of Triton X-100, compound 111-16 and the 

monocrown ether 111-17 in K^-containing vesicles were also recorded to compare their 

activities (Figure 3.12). Control experiments also showed that there is no Sr^  ̂or Ba~  ̂(up 

to 5mM) effects on the release of entrapped CF for Regen's similar boiaamphiphile m-16 

(6-14|iM) and for monocrown ether m  i7 (60|iM). The ability to recognize divalent 

cations is therefore unique to bis(crown ether)s, not pseudo(crown ether)s or mono(crown 

ether)s. None of the disrupting agents in Figure 3.12 alter the vesicle size distribution.

L c J '  r
m-17

In the presence of Ba"^, boiaamphiphile ffl-lSb is the most active among several 

surfactants. This is evident from Figure 3.12 or can be quantified using the parameter 

In our case, R50 is defined as the ratio of [lipid]/[bis(crown ether)] that is needed to 

induce the release of 50% of the entrapped CF from a solution of PC/P A/Cholesterol (ca. 

0.8mM) vesicles. The R50 for Regen s similar boiaamphiphile m -16 is 40 and for m  iSb 

with Ba"^ (ImM) was ca. 120. Compound m  iSb with Ba"^ is more substantially active 

than monocrown ether m -17  (Rso=14), which indicates the cavities created by the U-loop 

of the bis(crown ether) are essential. Note as well that most surfactants, except the m -
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15b/Ba"^ system release all encapsulated CF at high concentrations of added surfactant. 

This observation is explored below (page 72).

100

80

2: m -15b /B a '60
I
I

40
4: m -17

5: Triton X-100
20

6 •5 ■3-4

log [surfectant]

Figure 3.12 The membrane disrupting activities of surfactants in K*-vesicles.

Other alkaline earth metal ions, such as Ca"^ and Sr^ ,̂ also have effects on the 

activity of bis(crown ether)s (Table 3.1). The-effective orders of alkaline earth metal ions 

for three bis(crown ether)s are: Ba"^ > Sr^^ >Ca"^. The effect of Ca“'*’ is very small for all 

three bis(crown ether)s in -containing medium. The activity orders for bis(crown ether)s 

in all systems are: m  i5c > m  iSb > m  i5a  Apparently, the different lengths of the 

hydrophobic loop in bis(crown ether)s determine their disrupting activities. The bis(crown 

ether)s with a longer aliphatic chain can disrupt the membrane to a larger degree. The 

influence of the length of hydrophobic loop on the membrane disrupting activity is much
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more significant than the situation in Re gen's boiaamphiphiies. The reason is that our 

bis(crown ether)s possess much bulkier and charged head groups which make it difficult to 

be buried inside the membrane. We believe that the effective length of our bis(crown ether) 

inserted into membranes is somewhat shorter than the ones created by Re gen's 

boiaamphiphiies.

Table 3.1 The percentage release of CF for different boiaamphiphile systems, 

biscrown ^  +Ca"‘̂  +Ba"^

m-15a 11.0 13.9 19.7 54.0

m-15b 22.1 21.1 35.4 70.0

in - isc 33.0 27.0 67.2 82.5

Note: all [biscrown|=10|iM. [M"'^=lmM in a IC-containing medium..

The effects of alkaline earth metal ions for a specific bis(crown ether) in different 

media was also explored (Table 3.2). We found that the three divalent cations are more 

effective regulators in a Na^-containing medium than in a K^-containing medium for III- 

15b. This is probably because there is competition complexation between mono- and di

valent cations with the bis(crown ether), and the crown ether will tend to form stronger 

complexes with iC than with Na"̂ .

Table 3.2 The percentage release o f CF by HI-15b in different media

Medium [in-15b] +Ca-^ +St^^ +Ba"+

Na^-containing 50|jM 51 78 80

K^-containing 250^iM 34 58 79
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Other divalent cations (such as, /i-alkyl diammonium, transition metal ions) were 

also explored. We found that there is no effect for ethylene diamine.2HCl and 

butylenediamine.2HCl (up to lOmM) and for Mn"^ and Zn“̂  (up to7.5mM) in membrane 

disrupting abilities of HI-15b (250^tM) in iC-containing vesicles. Apparently, the 

membrane disrupting ability of the bis(crown ether) is specifically influenced by alkaline 

earth metal ions. This is probably because the alkaline earth metal ions have appropriate 

charge and size to complex with the bis(crown ether) to form the U-shaped complexes.*^ 

3 3 3  Mechanism studies

Apparently, the enhanced membrane disrupting abilities of the bis(crown ether)s 

are due to the complexation with Ba"^ ions. Therefore, it is important to understand the 

stoichiometric composition of the complex.

First, define a fraction of Ba"^ complexed as the 1:1 complex (F, i) as follows: 

Fii=[L-Ba]/[Ba]toiai (2)

where the value of Fn will be in the range of 0 to 1, L is the bis(crown ether), for example 

m  iSb and L-Ba is the 1:1 complex. Charges are omitted in all species for clarity. If HI- 

15b and Ba"^ form 1:1 complexes in the vesicle solution, then [Ba]totai=[Ba]+[L-Ba]. By 

definition, the apparent complex stability constant (Kn) is:

K„=[L-Ba]/{[Ba][L]} (3)

From the above equations (2) and (3), Fn can be rearranged to give:

Fii=Kii[L]/{ l+Kii[L]} (4)

If our model is correct, L-Ba is responsible for release of CF. The normalized extent of 

release will be related to the fraction o f total Ba'^ complexes, i. e. Fn. We need to consider 

only release due to added Ba"^, therefore need to correct for the release due to free L. Thus:
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Fu= [ l a l  - I o 2 l / [ I a 3  - Ia2] (5)

where lai is the fluorescence intensity of vesicles for L alone, Ia2 the fluorescence intensity 

of vesicles for L and Ba"^, Ia3 the fluorescence intensity of vesicles for excess L and Ba"^ at 

the maximum release induced {ca. 85%). The numerator in eq. (5) is equivalent to the 

increased release of CF solely due to an L-Ba'^complex.

Equations (4) and (5) combine to give;

[lal - Io2]/[Ia3 ‘ W =K:,,[L]/{ 1+K,,[L] } (6)

By varying the concentration of ni-15b with a fixed [Ba""^ (250|iM), a dozen 

values of Fn were obtained for different concentrations of HI-15b. The data was fitted to a 

curve calculated according to the above model (Figure 3.13), giving Kn=3900±500 with 

r^=0.966 (23°C). The results indicate the stoichiometric formula is indeed 1:1 for HI-15b : 

Ba-^.

0.8

0.6

0.4

0.2

0 0.4 0.8 1.2 1.6 2

[m-15b]/[Ba^*]

Figure 3.13 Fraction o f vesicle entrapped CF released as a function o f [IH-15b]/Ba'*.
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The time dependence of CF release was also explored. A solution (l.OOmL) 

containing vesicles (0.8mM in lipid), HI-15b (lOpM) and Ba~  ̂(0.5mM) was incubated at 

room temperature. Samples of the incubation solutions were taken (35pL) at various times, 

diluted into S.OOmL and the fluorescence intensities were measured. The release of CF 

dramatically increased within the first 10 minute incubation period. At 30 minutes, the 

release of the CF reached ca. 75% of total entrapped CF. Extending the incubation time to 

24 hours resulted in only a slight increase in the release of CF. Clearly, in the bis(crown 

ether)/Ba"^ system, the release of CF quickly reaches the maximum effect (Figure 3.14).

100-----------------------------------------------------------------------------------------------

80

blank leakage

0 10 20 30 40

LUVs

Time (hour)

Figure 3.14 Percentage release as a function o f time for m  iSb in Ba'* or in K*-medium.

In K^-containing vesicles containing HI-15b (lOpM) without Ba'^, a slower release 

of CF from vesicles was observed in the same type of experiment. Significant release of CF 

was obtained only after extending incubation time to 20 hours or more. For comparison.
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the leakage of CF from vesicles without ni-15b was recorded. This suggests that H I-15b 

is more capable of forming a tight U-loop in Ba"^ medium than in system.

As noted previously, the maximum release of CF induced by HI-15b/Ba"^ was ca. 

85% of the total entrapped CF. This suggests that the complexes only disrupt certain kinds 

of vesicles. The disruption might based on either recognition of certain sizes of vesicles, or 

certain types of vesicles (uni- versus multi-lamellar). In order to understand which 

selectivity is involved in the disrupting processes, the correlation between the maximum 

release of CF induced by IH-lSb/Ba"^ and vesicle size was investigated.

Vesicle size can be approximately controlled through the filtration process. 

Vesicles were prepared by the procedure above except a smaller pore-size of Millipore 

membrane (1.0|iM) was used in the final extrusion filtration step (160psi Nt pressure 

required).The distribution of vesicles was about 35% of the entrapped volume in small 

vesicles (150nm in diameter) and the rest in relatively large vesicles (350nm in diameter). 

Thus, compared to the experiments discussed above, the percentage of small vesicles has 

increased from 20% to 35%. No further increase in the fraction of small vesicles was found 

even after repeating the extmsion filtration up to three times. The charged (negative) 

surface of vesicles evidently restricts minimizing the vesicle size. Melittin analysis 

indicated that these smaller sized vesicles have a similar unilamellar distribution, i.e., ca. 

80% of the total CF is encapsulated within unilamellar vesicles. Membrane-disruption 

fluorescence experiments indicated that the maximum release of CF induced by III- 

ISb/Ba"^ was still about 80% of entrapped CF for these smaller sized vesicles. Apparently, 

the maximum release of CF does not correlate with the sizes of vesicles.
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Multi-Iamellar vesicles (MLV) were prepared by the same freeze-thaw procedure 

except the sonication step was skipped. The size distributions of the MLV’s are similar to 

previous case, i. e., 1:4 (v/v) small (diameter 150nm): large (400nm in diameter) vesicles. 

The melittin analysis showed that 62% of total CF was encapsulated within unilamellar 

vesicles. The maximum release of CF for these MLV with HI-15b/Ba‘  ̂was only ca. 60%. 

The obvious conclusion is that the HT-lSb/Ba"'^ complex can only attack unilamellar 

vesicles. This suggests that the bulky head groups can not be buried inside membranes, 

with the result that the aliphatic U-loops created by the bis(crown ether)/Ba"^ complexes 

only dismpt the outer monolayer leaflet of the bilayer membrane.

The bis(crown ether) is qualitatively different from channel forming compounds 

studied by others in our group. This is illustrated in Figure 3.15 for release of from 

vesicles. The preparation of vesicle-entrapped FT and the pH stat experiments were done 

according to the published method®’ used in the group. When HI-15b was added, there is 

immediate proton release into the solution (i.e. steep jump in Figure 3.15B). This jump is 

faster than the response time of the pH-stat titrimeter. With increased concentrations of III- 

15b, the extent of proton release increased somewhat (Figure 3.15B), but flat curves were 

obtained after the initial jump. This is significantly different from the behavior of the 

channel type compound®" in Figure 3.15A, in which continuous transport of cations occurs 

over a period of time and the rate and extent vary with the concentration of transporter 

added. The result indicates that the release of protons by III-15b unlikely to occur via a 

channel mechanism.
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Figure 3.15 Different transport mechanisms between channel and disruption in pH stat experiments. 

The arrows in B indicate the addition of Triton X-KX) to lysis the vesicles.

Planar bilayer experiments*" (bilayer clamp) also confirmed that the transport of iC by EQ- 

15b do not proceed through single molecular channels. Similarly, by the fluorescence self- 

quenching (FSQ) method, the known channel. Gramicidin D (up to 0.2|iM) alone or 

coupled with Ba"^ (0.5mM) is completely inactive. The result indicated that CF can not be 

transported by Gramicidin D through a "channel" mechanism.

Apparently, we have been quite successful in designing, synthesizing and testing a 

novel type of membrane-disrupting agent based on molecular recognition. Further work in 

this area could include recognition elements for anion or biomolecule molecular-based 

membrane disrupting agents.

3.4 Summary

Although there was some evidence from Re gen's research to indicate that 

membrane-disruption occurs via a U-shaped boiaamphiphile conformation, no simple
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synthetic boiaamphiphiies whose membrane-disrupting activity can be regulated by 

molecular recognition events had previously been reported. Based on the observations by 

ESI-MS that the conformation of the flexible bis(crown ether) with a large excess of 

could be linear and the published reports that some cations can form intramolecular 

sandwich-type complex with bis(crown ether)s under favorable conditions, we proposed 

that the simplest ditopic receptor, bis(crown ether), can act as a molecular-recognition 

based membrane-disrupting agent. Three bis(crown ether)s were synthesized by capping 

the 18-crown-6 dicarboxylate anhydride (II-2) with different lengths of a,co- 

alkanedicarboxylic acid extended as 3-amino-1-propyl ester. The products were 

characterized by and '^C NMR, low and high resolution negative LSIMS.

The membrane-disrupting activity of the bis(crown ether)s was investigated using 

vesicles encapsulated 5(6)-carboxyfluorescein (CF) by a fluorescence self-quenching 

(FSQ) method. The induced release of entrapped CF by our bis(crown ether)s are much 

lower than the release induced by an analog of Regen's compound (HI-16) in large 

excess of K^(0.14M) or Na'*’ (0 .14M). The low activity of the bis(crown ether)s suggests 

that the conformation of the complexed bis(crown ether)s may not be U-shaped in these 

media, because of strong electrostatic repulsion between two complexed 18-crown-6 

units within one 4:1 cation/bis(crown ether) complex. A significant enhancement in the 

disrupting activity of the bis(crown ether)s was found when a small amount of barium 

ion (ImM) was added to the solution. No activity enhancement by barium ion was 

observed for the pseudo-bis(crown ether) IU-16 or the mono(crown ether) H I-17 The 

maximum release of CF induced by our bis(crown ether)/Ba"'*' complexes was related to
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the amount of CF entrapped within unilamellar vesicles, which suggests that the 

complex can only attack the outer monolayer of the bilayer membrane.

According to the stoichiometric composition of the complex, we proposed a 

“sandwich” model account for the molecular recognition in the bis(crown ether) 

boiaamphiphile activity. That is Ba"^ replaces the complexed due to stronger 

electrostatic interaction and favorable entropy effect, to form intramolecular 1:1 

Ba"‘̂ /bis(crown ether) complexes which create the required U-loop for membrane 

disruption. The forming hydrophobic U-loop is only long enough to reach into the outer 

monolayer of the bilayer membrane because the bulky and polar head groups cannot 

enter the hydrophobic membrane. We have confirmed that the depth of U-loop 

penetration is the key factor involved in determining our unilamellar membrane- 

disrupting activity, through a comparison of compounds ni-15a-c. We did not observe a 

peak activity as a fraction of chain length as Regen did in previous work. The disrupting 

effect might be solely due to differences in partition. However, we view this as unlikely 

as the other similarities with the Regen system are strong.

Further development in this area will focus on creating an anion recognition 

based membrane-disruption agent which is currently being explored in our group. In the 

future, we should extend this recognition to biomolecules, such as amino acids, and to 

structurally more complex ligands. This research will create a new area for host-guest 

recognition chemistry and may find applications in designing controlled drug-delivery 

and sensor systems.
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Chapter 4. Photoregulation of the functions of a 7,7*-thioindigo-bis(crown ether).

Photochromisim, dealing with photochemical reactions which are thermally or 

photochemically reversible, has received considerable attention ever since its discovery in 

1876 and still is an active field of research mainly because of its actual and potential 

applications and for its paramount importance in biological phenomena. The 

photochemistry of reversibly photoisomerizable compounds has been extensively reviewed 

in the context of photochromie compounds.*^ Various classes of reversibly 

photoisomerizable substances are available, including isomerization across double bonds 

(stilbenes, azobenzene, indigo, and thioindigo derivatives), photochemical (4n+2)p- 

electron ring closures and openings (fulgides (=dialkylidene butanedioic anhydrides), 

spiropyrans, spirooxazines), photo-isomerization of (4n)p-electron ring systems (oxiranes 

and aziridines), photoisomerization based on cycloaddition reactions, and 

photoisomerization by light-induced tautomerism (N-salicylidenanilines, anils, ac/-nitro 

compounds). The Scheme 4.1 illustrates typical photo-isomerizable molecules and their 

photochemical reactions. It is common to all such molecules that they exhibit reversible 

changes between two states having considerably different optical and electronic properties.

A configurational change in a chromophore upon photoirradiation is required in our 

designing a photoswitchable bis(crown ether). Only chromophores based on cis-to-trans 

isomerization meet these requirements.
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Scheme 4.1 Typical photoisomerizable molecules and their photochromie reactions.
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Azobenzene has been extensively used to as a photoswitch to regulate supramolecular 

functions since the late 1970s. Instead of choosing azobenzene, we chose 7,7’-thioindigo as 

the photo element for the following reasons:

(1) 7,7’-Thioindigo can undergo reversible photoisomerization in some organic 

solvents by visible light (530nm for trans-to-cis; 470nm or heat for cis-to-trans) 

Azobenzene requires ultraviolet light (350nm) for trans-to-cis isomerization and similar 

conditions for cis-to-trans isomerization. Irradiation with visible light reduces the 

possibility of side reactions within the supramolecular assembly.

(2) The photochromism of the thioindigo involves scission of the C=C bond 

followed by rotation of one part of the molecule leading to another coplanar structure. This 

conformation change is much more pronounced than the corresponding change in 

azobenzene.

(3) A slower cis-to-trans thermal isomerization in the dark is expected for 

thioindigo derivatives. Pure c/j-thioindigo derivatives can be isolated by chromatography at 

room temperature. No c/j-azobenzene derivatives have been isolated by chromatography in 

the dark.

(4) Cis- and rranj-isomers of thioindigo can be easily distinguished by absorption 

spectroscopy due to a significant difference of maximum absorption wavelength (Xmax.) for 

the two isomers. Also trans-isomers of thioindigo are expected to possess fluorescence in 

most organic solvents.*’* However, the two isomers of azobenzene have similar Xma%. and 

neither isomer of azobenzene shows fluorescence.
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(5) Azobenzene derivatives have notably poor solubility in most organic solvents, 

which cause many problems in purification or incorporating into a lipid bilayer. Related 

work by C. Shan^^ in this group showed that incorporating azobenzene crown ether into 

hydrophoblic bilayer membranes was extremely difficult. We will show below that our 

thioindigo derivatives can be easily dissolved into lipids.

(6) By placing carboxylic acids at the thioindigo core, which can be subsequently 

connected either by amines (1° and 2®) or alcohols, the procedures for synthesizing 

supramolecular boiaamphiphiies are expected to be simple.

Thioindigo (formally called 2-(3-oxobenzo[b]thien-2(3H)-ylidene)benzo[b]- 

thiophen-3(2H)-one) was first synthesized in 1907.®̂  Since then, thioindigo 

photoisomerization has been extensively studied in homogeneous solution*^. However, 

relatively little is known regarding the factors controlling the reaction in heterogeneous 

environments**. One prior example showed that thioindigo derivatives undergo one-way 

isomerization, from cis-lo-trans, in Langmuir-Blodgett multibilayers. *̂  Of particular 

interest is the influence of environment on the reversible trans-to-cis isomerizations which 

occur within membranes. This is because the photophysical and photochemical reactions in 

heterogeneous media may differ significantly from analogous reactions in homogeneous 

solution.^ Photoisomerization occurring within these assemblies has attracted much 

attention in relation to the initial stage of visual excitation in biological systems^’ and, from 

a practical viewpoint, fabrication of photoresponsive devices.^" In order to explore the 

influence of lipid bilayer on the photoisomerization of thioindigo derivatives and to 

develop synthetic expertise, we undertook a model study first.
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4.1 Synthesis and characterization of thioindigo derivatives

Three amides of 7,7’-thioindigo dicarboxylic acid (IV-3) with different 

hydrophobicity were synthesized (Scheme 4.2) following literature procedures with some 

modifications.

COzH 

< ^ S - S

HChC

HCX^O

(IV-3)

O" OH

CICH2COOH COoH
NaOH, reflux /p=:i (IV-1)

yield 61%

1. SOCI2, reflux
2. AICI3, 50°C 
yield 62%

K3[Fe(CN)6]
H2O, reflux [Q T " >  (IV-2a)

SOCI2
reflux

Didodecylamine 
CH2CI2 
yield 60%

Morpholiny 
CH2CI2 / ^eld 44%

O NH
(IV-6)(IV-5)

Scheme 4.2 Model thioindigo compounds synthesized
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Starting from dithiodisalicyclic acid, benzo[b]thiophen-3(2H)-one (IV-2) was synthesized 

according to a procedure similar to that Irie used to give 7,7’- 

bis(aIkoxycarbonyi)thioindigo.^^ The ‘H NMR of IV-2 (Figure 4.1) indicated that the 

product is a mixture of keto (IV-2a) and enoi (IV-2b) forms.

O

IV-2a
(Keto-form)

IV-2b
(Enoi-form)

Scheme 4.3 An equilibrium between keto- and enoi-isomers.

Keto-( * Venol-isomcrs

J L
X.O 7.6 7 2 6.x 6.4 6 0  56  5.2 4.X 4.4 4.0

H an d  ‘H
OH

7.68.0 7.2 4.4 4.06.8 6.4 6.0 5.6 5.2
(ppm)

Figure 4.1 ‘H NMR of compound IV-2.
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Under the synthesis conditions, there is an equilibrium between the two isomers (Scheme 

43). We found that forcing conditions, such as recrystallization from boiling water, will 

give predominantly the enol-form product (bottom Figure 4.1). More typically, a mixture 

of two isomers (top in Figure 4.1) was obtained. No pure keto-form, was obtained under 

any conditions. The peaks in the *H NMR can be assigned according peak multiplicity and 

integration and are consistent with the structures. Additional evidence for two isomers 

existing is that the number of peaks in the'^C NMR for the mixture was doubled (18 

peaks).

Without separation, the mixed isomers or predominantly enol-isomer were used for 

the homocoupling in the presence of an oxidizing agent to generate 7,7’-thioindigo 

dicarboxylic acid (IV-3). No characterization was done for this compound due to its low 

solubility in any solvent. Without purification, IV-3 was converted to diacid chlorides (IV- 

4) by reflux in thionyl chloride. A molecular ion peak was found in the Cl MS of IV-4. A 

slight excess of amine (ca. 2.5 equiv.) was added to the diacid chloride CH2CI2 solution in 

the presence of pyridine to form the target compounds (IV-5, FV-6 and IV-7). These 

compounds were obtained as red-violet powders after purification by silica gel column 

chromatography. The reaction can be easily monitored by silica gel TLC based on the 

differences of Rf for the diacid (IV-3, Rf =0) and the final product (red spots, Rf ca. 0.5) 

with 10%CH3OH/CHCl3 as eluent. The products were identified by ‘H and NMR 

(Figure 4.2 and Figure 4.3 for IV-7), Visible spectra (Figure 4.4), fluorescence (Figure 

4.5) and mass spectrometry.
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Figure 4.2 'H NMR of compound IV-7.

The *H NMR of IV-7 (Figure 4.2) shows that the amide was formed, as indicated 

by the two broad peaks at 3.2-3.6ppm (CH^NH). The aromatic peaks (two doublets and one 

triplet. Figure 4.2) are the typical pattern for 7,7’-thioindigo. Although small impurities 

were present (e.g. triplet at 2.1 ppm), this product was judged pure enough to do model 

studies.

The nine peaks in the NMR (Figure 43) are consistent with the aromatic and 

carbonyl carbons in IV-7. Two equal intensity peaks at about 47ppm, corresponding to 

methylene carbons adjacent to the amide bond and alkyl chain carbons were also observed 

in the '^C NMR.
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Figure 4 J  ‘̂ C NMR of compound IV-7.

4.2 Properties

4.2.1 Absorption spectra

Although the existence of cis- and franj-isomers of thioindlgo has been known for 

a long time, their facile interconversion had made an accurate measurement of the 

spectrum of each isomer difficult. Reasonably accurate spectra have been determined for 

the chromatographically separated isomers of two thioindigo dyes,^^ while the spectra of 

the others have been calculated from photostationary mixtures, based on certain reasonable 

assumptions^, the correcmess of which may be subject to some doubt. In the late 1960’s, 

Blanc and Ross developed an ingenious method for accurate determining the spectra
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absorption curve of the cw-isomer from the composite spectrum of a mixture of cis- and 

trans-isomers by a combination of fluorescence and absorption spectroscopy, provided that 

only the tra/zj-isomer exhibited fluorescence.^^ Since thioindigos satisfy this requirement,^* 

they calculated the absorption curves for the c/j-isomers of thioindigo. Unfortunately, the 

curves they obtained for the c/j-isomers were in error due apparently to an instrumental 

artifact in their fluorescence measurements. In the early 1970’s, Wyman and 

Zamegar^determined the visible absorption spectra for both the cis- and /ranj-isomers, 

the quantum yields of fluorescence, and of cis-io-trans and trans-lo-cis photoisomerization. 

The calculated cis absorption curve was verified by separating the cw-isomer (containing 

ca. 2% trans) chromatographically and observing its maximum absorption in the 450- 

480nm region, followed by observing cis-to-trans isomerization upon irradiating a c/j-rich 

solution with light of wavelengths >575nm. Similarly, the calculated trans absorption 

curve was verified by separating a trans-nch solution in the dark chromatographically and 

observing that its maximum absorption in the 530-570nm region.

In our model studies we did not attempt to prepare the pure isomers. Rather we 

explored photoisomerization to produce samples enriched in one isomer. Based on the data 

above, we assign the peak at shorter wavelength (ca. 480nm) in our thioindigo spectra to 

c/5-isomer absorption, and the peak at longer wavelength (ca. 540nm) to frans-isomer 

absorption. Isomerizations of IV-7 from trans-to-cis and cis-to-trans in acetone (3% 

methanol) were done by irradiation with 540 and 430nm light, respectively (Scheme 4.4). 

The absorption maximum (Ânax.) for the trans- and ci5-forms were found to be 540 and



89

490nm, respectively (Figure 4.4). Similar trans-to-cis and cis-to-trans isomerizations were 

also observed in the absorption spectra of thioindigo derivatives of IV-5 and FV-6.

0.6

fra/u-isomer

0.5

cw-isomer

0.4

0.33
<

0.2

0.0
450 475 500 525 575 600550

W avelength (nm)

Figure 4.4 The absorption spectra o f IV-7 isomerizations in acetone. 
The thermal cis-io-trans isomerization is shown by the arrows.

540nm

430nm, or heat

trans-isorver

Scheme 4.4 Photoisomerization of IV-7.

cz^-isomer
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4.2.2 Fluorescence spectra

In their study of fluorescence spectra of cis- and rranj-stilbene, Lewis and his co

workers found that only the tranj-isomer exhibited fluorescence.W ym an and co

w o rk e rsfu rth e r found that the behavior of thioindigo dyes followed the pattern shown 

by aromatic olefins. In their studies, the fluorescence spectra of eight thioindigo dyes in 

benzene solution were determined, using the 546nm Hg-line for excitation. Each dye 

(/ranj-rich) has a fluorescence band at a wavelength somewhat longer (usually by ca. 

35nm) than its first absorption maximiun. Thioindigo dyes enriched with respect to the cis- 

isomers (by pre-irradiation with light) show fluorescence at the same wavelengths but with 

diminished intensity. There was also no evidence for any new fluorescence bands that may 

be attributed to the cw-isomers. This suggests that only the rra/rj-isomers exhibit 

fluorescence.

As expected for thioindigo derivatives, the samples enriched with the trans- 

isomer of rV-7 exhibit fluorescence emission and samples which were predominately the 

cts-isomer possess little or no fluorescence emission. Experiments showed that the 

maximum emission (A,max.=580nm) existed when the excitation wavelength was 530nm 

in 3% methanol/acetone. The fluorescence emission decreased to 55% of the original 

intensity without any new emission band appearance after IV-7 was extensively 

irradiated with 530nm light (Figure 4.5). The fluorescence emission can be completely 

regenerated thermally or by irradiating with light at 430nm. Similar trans/cis 

isomerizations were also observed by fluorescence spectra for thioindigo derivatives IV-5 

and rV-6.
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Figure 4.5 Changes in the fluorescence spectra due to translcis isomerizations of IV-7.

However, the trans-io-cis photoisomerization only occurs in nonprotic solvents 

such as acetone, chloroform, ethyl acetate or ethyl ether for the thioindigo derivatives. 

Hydroxylic solvents, such as water, alcohols, and DMF apparently suppress the 

photoisomerization. This suggests that the trans-to-cis photoisomerizaton of 7,7’- 

thioindigo derivatives is very sensitive to solvents. We hoped that the thioindigo 

derivatives incorporated within bilayer membranes would be in a sufficiently hydrophobic 

environment for the trans-to-cis photoisomerization to occur.

4.3 Incorporating thioindigo derivatives into bilayer membranes

Vesicles from PC/P A/cholesterol (8:1:1 in mole ratio) were prepared according to 

the published procedure.*' Two methods were attempted to incorporate the frnnj-isomers 

of the thioindigo derivatives into vesicle membranes. The first one involved addition of the
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dye into the lipid chloroform solution before forming vesicles. The addition of the dye to 

solutions of pre-formed vesicles was used in the second method.

In the first method, mixed lipids (3mL of chloroform stock solution containing 

50mg of PC) and FV-5 (ImL of 5.2x10“*M chloroform solution) were evaporated onto the 

walls of a boiling tube (20mm diameter, 50mm deep, B24 joint), and the lipid/TV-5 film 

was dried overnight under vacuum. Unfortunately the dye apparently reacts with the lipid 

in the "solid" state under room light as suggested by the color change overnight. This 

problem can be overcome by operating in the dark. Thereafter, ethyl ether was added to 

dissolve the lipid. Unfortunately, precipitates were formed due to the low solubility of the 

dye in diethylether. The more hydrophobic thioindigo derivative IV-7 was synthesized to 

overcome this problem. However, a further problem appeared during the filtration 

processes through Nucleopore filters ( 1.0pm followed by 0.4pm) using an overpressure of 

nitrogen pressure. The filters were easily clogged by fine particles of the dye. Incorporation 

of the dye via incorporation into the lipid was generally unsuccessful.

The second method to incorporate the dye into membranes was to add a dye 

solution to pre-formed vesicles. This requires a concentrated solution of the dye to 

minimize the amount of water miscible solvents, such as methanol or acetone, that must be 

added. For example, to ImL of vesicle solution in Tris-HCl buffer was added lOpL of IV-5 

(0.0Immole) and the mixture was stirred using a votex mixer. Two red colored bands were 

found after separating the mixture by gel permeation column (Sepharose CL-2B, buffer as 

eluent). The front band was turbid and corresponded to the dye associated with the vesicles. 

The rear fractions were clear and correspond to the “firee” dye. Using a visual assessment.
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a larger amount of the dye IV-7 can be incorporated into membranes relative to IV-5 due to 

the increased hydrophobicity.

4.4 Photoisomerization of thioindigo derivatives within membranes

The possibility of trans-to-cis photoisomerization within membranes by visible 

Ught (530nm) was tested after incorporating the dye IV-7 into vesicle membranes using the 

second method above. The dye incorporated vesicle solutions were irradiated with light 

(530nm, up to 30 minutes) and the photoisomerization was monitored by the decrease of 

the fluorescence of the tranj-isomers. Unfortunately, no fluorescence intensity changes 

were observed after irradiation. This suggests that no trans-to-cis photoisomerization 

occurs within bilayer membranes. Degassing vesicle solutions by purging with argon did 

not improve the photoisomerization. The observed phenomena may be attributed to a 

cooperative effect caused by two factors: the molecular environmental restraints imposed 

by the membrane bilayer assembly and the large difference in sizes of the trans and cis 

isomers. Quenching by water is also a possibility.

Although trans-to-cis photoisomerization failed to occur within bilayer membranes, 

we anticipated that the opposite direction, cis-to-trans isomerization, might happen, 

because the rra/ij-isomers are thermodynamically the more stable forms and the more 

linear stmcture of the rru/ij-isomer would be incorporated better into the bilayer. First, a 

concentrated solution enriched in the c/5-isomers of IV-7 in acetone was obtained by 

irradiating the dye with light (530nm). Then, an aliquot of the ‘c/j-isomer’ solution was 

mixed with vesicles prepared by reverse evaporation and the vesicles associated with the 

dye were separated by gel column (Sepharose CL-2B) to remove the excess dye not bound. 

To slow down the cis-to-trans isomerization, the separation was done in the dark. Vesicles
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containing the dye (c/j-isomer) were collected and the cis-to-trans thermal isomerization 

was monitored by fluorescence spectroscopy. With the lapse of time, the fluorescence 

intensity of the solution slowly increased. Irradiation of the vesicle solution with light 

(430nm) resulted in significant increase in the fluorescence intensity. These results suggest 

that the cis-to-trans isomerization within vesicle membranes can be achieved.

4.5 Design considerations for a photoswitchabie bis(crown ether)

Previously, only azobenzene has been used as a photo element in photoswitchabie 

bis(crown ether)s. The advantages of 7,7’-thioindigo as a photo element allow us to design 

a novel bis(crown ether) containing thioindigo as photo element for photocontrolled 

membrane-disruption studies. The target photoswitchabie bis(crown ether) will consist of 

three parts, i. e., an 18-crown-6 carboxylic acid is connected to a 7,7’-thioindigo 

dicarboxylic acid via an appropriate length of hydrophobic segment (Figure 4.6). Among 

many choices we decided that one end of the hydrocarbon would be linked with the 

thioindigo via an ester bond and the other end of the chain would be connected to the 18- 

crown-6 via an amide bond.

The photoisomerization will create two different isomers {trans- and cw-isomers of 

7,7’-thioindigo) of the bis(crown ether) in organic solvent. By pre-forming two different 

conformations in the solvent, we anticipated that the c/5-isomers of thioindigo (U-shaped 

molecule) will be much more active than the tranj-isomer in disrupting vesicle 

membranes. Using this photoswitchabie bis(crown ether), we expect to answer the 

following questions:

(1) Is a U-shaped isomer much more active in membrane-disrupting ability than an S- 

shaped isomer of the same molecule ?
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Figure 4.6 Design of a photoswitchabie bis(crown ether) for controlled membrane-disruption.
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(2) Does the bis(crown ether) form I : I M"^/bis(crown ether) sandwich complexes with the 

alkaline earth metal ions in solution ?

(3) Is it possible to create a two-way tunable membrane-disrupting agent whose activity can 

be refined by visible light and divalent cations ?

(4) As an additional feature, can we use bolaamphiphiles to determine the location and 

extent of partition to vesicles ?

4.6 Synthesis and characterization of a thioindigo bis(crown ether)

The assembly order of the three components (crown ether, 7,7’-thioindigo, and 

hydrocarbon) is to connect the thioindigo with the spacer by ester bond followed by 

capping with the crown anhydride to form the amide bond (Scheme 4.5).

The synthesis 7,7’-thioindigo dicarboxylic acid was shown in Scheme 4.2. The 

hydrophobic spacer is derived from 1,8-octandiol (Scheme 4.5). First, 8-bromo-1 -octanol 

(IV-8) was obtained by reacting HBr with the diol according the published procedure. 

Then, 8-amino-1-octanol (FV-IO) was prepared via a 2-step Gabriel synthesis through 8- 

phthalimdo-1-octanol (IV-9) as an intermediate (95% yield). In order to connect this spacer 

with 7,7’-thioindigo through the ester bond, the amino group of 8-amino-1-octanol (IV-10) 

was reg/o-selectively protected by a r-Boc group to yield the amino-protected alcohol (IV- 

11) in a yield of 99%. Compound IV-11 was linked to the 7,7’-thioindigo diacid chloride 

(IV-4) via ester bonds in the presence of DMAP as base to give the thioindigo derivative 

(IV-12) containing two hydrophobic segments. This thioindigo derivative (FV-12) was 

purified by silica gel column chromatography with CHCI3 as eluent to yield a pink-red 

solid (60% yield). The 'H NMR of IV-12 is shown in Figure 4.7.
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Scheme 4,5 part 1: Synthesis of a photoswitchabie bis(crown ether).
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Figure 4.7 'H NMR of IV-12.

In the ’H NMR, the three aromatic peaks (2H each, two doublets and one triplet) clearly 

indicate that 7,7’-thioindigo chromophore was present. By coincidence, the peak of the NH 

of overlaps with the peak of the CHt adjacent to the ester bond (6H). The peak at 3. Ippm is 

a regular position for CH? next to amide bond. All integration is consistent with the 

structure. The '^C NMR (Figure 4.8) shows the expected ten peaks in the aromatic and 

carbonyl carbon region. Additional peaks at 66.1 and 40.6ppm for 'C and *C in the 

structure (Figure 4.7) and a weak peak at 79.0ppm for OQ(CH3)3 and aliphatic carbon 

peaks (25-30ppm) were also found in the spectrum.
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Figure 4.8 '̂ C NMR of IV-12.

The r-Boc groups in FV-12 were removed by re fluxing in formic acid (95%) to give 

the thioindigo formate salt (FV-I3) which was used without further purification. As 

previously (Chapter 2), the free amine was generated from the salt and reacted with the 

crown anhydride (U-3) to give the target bis(crown ether) compound (FV-14) after 

purification by gel permeation. The product was identified by and NMR (Figure 4.9 

and Figure 4.10, respectively), electrospray mass spectroscopy (Figure 4.11 and Table 

4.1), absorption spectroscopy (Figure 4.12) and fluorescence spectroscopy (Figure 4.13)
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Scheme 43 part 2: Synthesis of a photoswitchabie bis(crown ether).

In the 'H NMR (Figure 4.9), the typical aromatic peaks for 7,7’-thioindigo were 

observed again. The triplet at about 4.5ppm corresponds to CHt next to the ester, by 

coincidence this peak overlaps with one of the two CH protons in the crown ether
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(integration 6H). The other CH is buried under the CHi of the crown (total 42H). The NH 

apparently overlapped with the solvent peak. Other peaks can also be easily assigned.

solvent

C H , on the crown 
+ 2xCH (total 42H)

20H(

2xCH, next to ester i 
+ 2xCH (total 6H) I

C H , next to 
^  amide 

4M

4H

2H. each

75 7 0 6_5 6 0 5 J 5.0 3 0 2.0 1.5S O 4 0
ippm  I

'O ^ Y ^ O H
O O

Figure 4.9 'H NMR of IV-14.
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Figure 4.10 "C NMR of IV-14.

In the NMR (Figure 4.10), the typical pattern of a 7,7’-thioindigo spectrum 

was observed. One of the two methine carbons is significantly shielded to about 77.2ppm 

and overlaps with solvent (bottom in Figure 4.10) which might due to the contaminated 

Na"̂ . The evidence of existing Na"̂  in the product can be detected in the ESI-MS of IV-14 

(next page).
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Figure 4.11 ESI-MS o f V-14 in 1:1 CHjCN/H^O with KCl (10 equiv.).

1: [L+Hl*; 2:[L+Na|": 3: [L+K]*; 4: [L+Na+K-H]*; 5: [L+2K-H]*;

6: [L+Na+H]-*; 7: [L+K+H]’ ;̂ 8: [L+2Na]-*; 9: [L+Na+K]’*; 10: [L+2K|-^.

The ESI-MS was eventually obtained in acetonitrile-water (1:1) containing excess 

potassium chloride (10 equiv.). The ESI-MS spectra clearly show the expected complex 

ions of rV-14. Apparently, the product is contaminated with Na^. Due to the easy loss of 

protons from carboxylic acids, high resolution of negative liquid secondary ionization mass 

spectroscopy (-LSIMS) was also chosen to characterize the products. The molecular wight 

calculated for C62H85N2O24S2 is 1305.4934; found 1305.4973.
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Table 4.1 The major isotope distribution for IV-14 in Figure 4.11

Assigned

ions

m/z

(calcd.)

m/z

(exp.)

Abundance 

(%, calcd.)

Abundance 

(%, exp.)

[L+K]" 1345.46 1345.84 100

1346.47 1346.84 69.58 72.00

1347.47 1347.84 44.85 46.10

1348.46 1348.85 23.45 20.60

[L+Na]^ 1329.49 1329.83 95.10

1330.49 1330.82 66.18 66.30

1331.49 1331.82 35.80 37.00

1332.50 1332.82 14.20 15.90

[L+Na+K]-* 684.23 683.92 91.5

684.73 684.42 63.67 61.80

685.23 684.93 41.19 42.70

685.73 685.43 18.36 19.80

[L+2Na]-" 676.24 675.92 56.20

676.74 676.42 40.72 42.60

677.24 676.92 21.14 22.30

[L+2K]-+ 692.21 691.93 51.30

692.71 692.43 35.71 35.60

693.21 692.93 26.89 26.90

693.71 693.43 13.45 12.20
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According to the formula of FV-14 (C6 2 H8 6 N 2 O2 4 S2 ), the calculated isotope 

distributions (m/e) and intensities for complex ions (Table 4.1) are consistent with the 

experimental data in Figure 4.11

4.7 Properties

4.7.1 Absorption spectra

The normal behavior expected of thioindigo derivatives involving cis/trans 

isomerization induced by visible light were also observed for the thioindigo bis(crown 

ether). Scheme 4.6. Configurational changes from trans-to-cis and cis-to-trans were done 

by irradiation with 530nm and 430nm light, respectively. The maximum absorption 

wavelengths (A.max) for the tram-forms and the c/5-forms of FV-14 were found to be 530nm 

and 480nm, respectively (Figure 4.12).

A trans-nch thioindigo solution was obtained by dissolving the dye in solvent and 

allowing it to come to a photostationary state under room light. A solution of FV-14 

(75)iM) in 3% methanol/acetone has an intense absorption band at 530nm (curve a), the 

normal absorption wavelength for rra/25-isomer of a thioindigo derivative. The 

transformation from the trans-to-cis isomers (curve b) occurred by irradiating with light 

(530nm) with the appearance of an absorption band at 480nm, the expected absorption 

wavelength for a c/5-isomer of a thioindigo derivative. When the photolyzed solution was 

kept in the dark and low temperature (2°C, 23 hours), the absorption of the rran^-isomer 

(^max=530nm) was partly regenerated (curve c). The cis-to-trans isomerization occured 

quickly if the solution was exposed to room light (23°C 1.5 hours, curve d), which 

indicates that the isomerization from cis-to-trans was accelerated by heat and light. The
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isosbestic point at 495nm was maintained indicating no side reaction during irradiation, 

consistent with a simple isomerization.

OH

trans-isowcT

460nm
or
heat

530nm

HO V 
,NH O

o o
c/5-isomer

Scheme 4.6 The photoisomerization of IV-14.
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Figure 4 .12 The absorption spectra o f  FV-14 (0.1 mM) in acetone, 
a to b: 530nm for 2 min. b to c: 2°C for 23 h. 
c to d: 23°C for 1 h. d to a: 430nm for I min.

The molar absorption coefficients for trans- and cw-isomers were measured 

according to a Beer-Lambert law. Considerable enrichment of trans- and ct^-isomers can 

be generated by pre-irradiating with light. A solution of IV-14 (240|iM) in 3% 

methanol/acetone was irradiated with 530nm light for Ihour to obtain the maximum 

possible concentration of the c/5-isomer. Then this solution was serially diluted with 3% 

methanol/acetone to give a series of cw-rich solutions. To minimize cis-to-trans thermal 

isomerization during dilution, the diluted solution was re-irradiated with light (530nm for 3 

minutes) right before measuring the absorption spectrum. The absorption at 480nm versus
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the concentration of FV-14 was plotted to yield a line which passed through origin with 

excellent linearity (r^=0.992). This suggests that the frans-isomer has negligible absorption 

at 480nm. The molar absorption coefficient (e  at 480nm) for the c/j-isomer in 

3%methanol/acetone is calculated to be 6500 M**cm ' or log e=3.8.

As described above for the cis-isomer, a solution of trans-lV-14 (80pM) was 

serially diluted and the absorption at 530nm was recorded. A line which passed through 

origin with poor linearity was obtained (r^=0.97). This suggests that the cis-isomer has a 

residual absorption at 530nm. The molar absorption coefficient (e at 530nm) for the trans

isomer in 3% methanol/acetone is calculated to be 1200M'*cm‘' or log £=3.1.

4.7.2 Fluorescence spectra

As is expected for thioindigo derivatives, the frans-isomers o f FV-14 exhibit 

fluorescence emission (X̂ x =530nm) and the cis-isomer possesses little or no 

fluorescence emission. The maximum fluorescence emission (Xma%.=575nm) was 

decreased by up to 30% of the original intensity without the appearance of an new 

emission band appeared when the trans-IV-l4  (IxlO’̂ M) was irradiated with light 

(530nm). In this experiment, irradiation of the solution with light (530nm) for 3 minutes 

allows the system to reach photostationary state containing the maximum amount of the 

c/5-isomer in the solution. Further decrease of fluorescence proved to be difficult to 

achieve (Figure 4.13). The fluorescence emission of the FV-14 can be regenerated 

thermally or by light (430nm). When the concentration increased (>2xlO'^M), the 

intensity of fluorescence showed no further increase indicating self-quenching.
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Figure 4.13 The fluorescence spectra of IV-I4 in acetone, 
a: irradiating with 530nm. b: irradiating with 430nm or thermally.

The intensity of fluorescence was found to be proportional to the concentration of 

the rrflAZ5-isomer present in 3% methanol/acetone, i. e„ Igygnm = 8xlO‘°[IV-14] (arbitrary 

units) for 2xlO'^-IxlO‘̂ M, (r^=0.999).

In aqueous solution (pH=7.5), the intensity of fluorescence was found to be 

proportional to concentration of the franj-isomer present, i. e., I602mn = 2xlO®[IV-14] 

(arbitrary units) over narrow range 7xl0'^-1.4xI0'^M, (r"=0.978). By comparison of the 

slopes, it is apparent that the intensity of fluorescence dramatically decreases in aqueous 

solution, i. e., less than 1% of the fluorescence intensity in acetone remains in aqueous 

solution. Apparently, water quenches the fluorescence of the frans-isomer. The
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maximum emission wavelength (A,max.) also shifts from 575nm to 600nm when the 

solvent changes from acetone to water. Because water quenches the fluorescence of 

rraw5-isomers and suppresses the trans-to-cis isomerization, it is impossible to follow the 

photoisomerization in aqueous solution by fluorescence or absorption spectra. In 

addition, water and hydroxylic solvents also quench the trans-to-cis photoisomerization. 

For example, no photoisomerization for FV-14 in methanol was observed. Although 

photoisomerization from trans-to-cis does occur in 1:1 CH3OH/CH2CI2 (v/v), the cis- 

isomer, thermodynamically less stable, can be easily converted to the rranj-isomer 

thermally or by light (430nm) in any solvent. In terms of choosing organic solvents to 

dissolve the dye for vesicle experiments, the following factors were considered beside 

solubility: (1) The maximum concentration of c/j-isomers should be easily obtained by 

irradiating with light (530nm) in this solvent; (2) The solvent should be miscible with 

water and the addition of a small volume of the solvent should not damage the vesicles. 

After some exploration, acetone seemed to be the optimum candidate for these 

requirements. Due to the low solubility of the compound IV-14 in acetone, a small amount 

of methanol (3% by volume) was added.

4.8 Vesicle experiments

Crude vesicles with entrapped O.IM 5(6)-carboxyfluorescein (CF) were prepared 

using the procedures as described in Chapter 3. The crude vesicles were separated from 

free CF by gel permeation column (Sephadex G-25M) with lOmM Tris-HCl (pH=7.5) as 

eluent. Vesicles possessing a high amount of entrapped CF (i. e., I^/Iy=10-16) were used in 

the following experiments. Recall that 1% is the fluorescence intensity (515nm) after 

complete release of CF by excess Triton X-100 and Ib is the background fluorescence
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intensity at 5l5nm (Acx.=470nm) before incubation with surfactants. High values of 1%/Ib 

indicate that efficient self-quenching of CF was achieved in the inside aqueous phase of the 

vesicles.

4.8.1 Control experiments

The addition of acetone to vesicle solutions (up to 10% in volume) has minor effect 

on the leakage of CF from vesicles. For example, the percentage release of CF, I(%), is 

only 7.2% for 10% acetone (v/v) added. The addition of Ba"^ to vesicle solutions (up to 

2.5mM) has little effect on vesicles, I(%) is only 5.0% for 2.5mM Ba"  ̂added. The addition 

of Ca~VSr“̂ /Ba'^ (up to 4mM) has no enhancement effect on the fluorescence intensity 

of CF in vesicle systems. Similarly, the fluorescence intensity of CF (Isisnm) was not 

changed whether trans- or c/^-isomers of IV-14 (up to ôxlO'^M) were present in the 

solution.

4.8.2 Photoisomerization-activity relationships

4.8.2.1 Irradiation time \ersus membrane disrupting activity

For a fixed intensity of photosource, extended irradiation time is required to obtain 

the maximum amount of the c/j-isomer at a high concentration of IV-14 (6x10"* M) in 3% 

methanol/acetone. The solution (in a capped 1 .OOmL volumetric flask) was irradiated with 

light (530nm) for variable time (up to 4 hours). At different irradiation intervals, a small 

amount of IV-14 was taken to test the membrane-disrupting activity (1.8x10'^M for curve a 

and 6x1 O^M for curve b in Figure 4.14). The longer the irradiation time (i.e., more cis- 

isomer formed), the more active the membrane-disrupting ability. ESI-MS of the solution 

after irradiating 4 hours shows no photodimerization or photopolymerization of IV-14.
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Figure 4.14 Release ( %)  versus irradiating time at 530nm.

The irradiation times for obtaining the maximum c/^-isomer versus the 

concentration of the dye was also explored. Three known concentrations of the dye in 

acetone (3% methanol) were irradiated with light (530nm) for different period time until no 

further decrease in fluorescence intensity was observed. A linear dependence was obtained 

for the irradiation times (Y in minute) for obtaining the maximum cw-isomer concentration 

versus the concentrations of FV-14 (X in M) in our experimental condition, i. e., 

Y=2.4xlO^X (minM *), r̂ =0.98. From Figure 4.14, we know that the irradiating time 

required to achieve the maximum membrane-disrupting activity for the dye (ôxlO'^M) in 

3% methanol/acetone is ca. 2.5 hours, which is consistent with the time required to
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generate the maximum amount of the cw-isomer at this concentration of the dye. This 

reconfirms that cij-isomer indeed is the achve-form in membrane disruption.

4.S.2.2 Membrane disrupting activity

In order to observe the different membrane-disrupting activity between the cis- and 

trans-isomers, the cis-to-trans isomerization in aqueous vesicles should occur slower than 

the disrupting processes (within 30 minutes). Different incubation conditions might affect 

the activities of c/j IV-14 Incubation in the dark or under 530nm light irradiation might 

slow down or even stop the cis-to-trans isomerization. For comparison, incubation was 

also done under room light. A fixed amount of IV-14 (6x1 O^M) was incubated with 

vesicles at different incubation conditions for 30 minutes. The results showed that the 

membrane-disrupting activities are not significantly different under these set of incubation 

conditions. This suggests that the membrane disrupting processes is much faster than the 

cis-to-trans isomerization in vesicle solution. Incubation under room light for 30 minutes 

was chosen for convenient use in all subsequent experiments.

The tra/i5-isomer in 3% methanol/acetone (6xlO~*M) was used directly from its 

photostationary state under room light. To obtain the maximum amount of the c/j-isomer, a 

solution containing the same concentration of IV-14 (6xlO“*M) was irradiated with 530nm 

for 2.5 hours. An aliquot of vesicles (ImM lipid) was incubated with known amounts of 

trans- or cü-isomer at 23°C for 30 minutes. The increased fluorescence due to the release 

of entrapped CF was measured at different concentrations of trans- and cw-isomers. The 

trans-IW-\4 (S-shaped isomer) was found to be very inactive. For example, only 13% 

release was achieved at a concentration of 6 x lO'^M. On the contrary, very active 

membrane-disrupting activity for the c/j-isomer was observed (Figure 4.15).
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Figure 4.15 The membrane-disrupting abilities of the cis- and rra/u-isomers.

The conclusion is that the U-isomer is much more active in membrane-disrupting 

activity than the S-isomer for the same concentration and same chemical constitution. The 

c/5-isomer is the most active membrane-disrupting agent among the other membrane- 

disrupting agents discussed in this thesis. As observed with molecular-recognition 

controlled membrane-dismpting agents (seeing Chapter 3), the cw-isomers cannot release 

all entrapped CF. This suggests again that the U-loop created by the c/j-isomer can only 

disrupt the outer layer of the vesicles.
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4.8.23 Effect of Ba~  ̂in conjunction with photoisomerization

In Chapter 3, barium ion was shown to play an important role in the membrane- 

disrupting activity of the bis(crown ether)s. For this chromophric bis(crown ether), Ba'^ 

effects were also observed for both cis- and rm/zj-isomers. For the cw-isomer (6x1 O^M), 

the percentage release of CF was enhanced by Ba"^ ( 1.25mM) from 39.5% to 53.1%. The 

increased activity might arise from the formation tighter U-isomer via 1:1 Ba"Vc«- 

bis(crown ether) sandwich complexes.

For the tra/i5-isomer (3xlO'^M), the percentage release of CF was enhanced by 

Ba"^ (2.5mM) from 2.1% to 49.5%. Remember that although the tra/w-isomer is a major 

component in photostationary state under room light, the cw-isomer still present in the 

mixture. The increase activity for the frawj-isomers might came from Ba'^ effects on the 

minor component in the mixture.

It is difficult to observe the effects of the alkaline earth metal ions on the trans- 

to-cis isomerization in aqueous phase by visible and fluorescence spectra. To further 

explore effect of alkaline earth ions on the isomerization, organic solvent (3% 

methanol/acetone) was used.

The effects of the alkaline earth metal ions on the thermal isomerization (cw-to- 

trans) of bis(crown ether) were investigated. First, the original fluorescence intensity of 

the trans-xich solution was recorded. Secondly, the maximum amount of the c/5-isomer 

was generated by irradiating with light (530nm) and the emission was recorded. Thirdly, 

a known variable amount of Ba"'*' (up to 25pM) was added into the cw-rich solution and 

mixed well and the fluorescence intensity was measured again. No decrease in 

fluorescence intensity was found after Ba"^ was added. Fourthly, the solution was held at
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room temperature for a fixed period of time and the cis-io-trans isomerization was 

monitored by fluorescence. Finally, the solution containing Ba"^ was irradiated with light 

(430nm) to regenerate the fran^-isomer (Figure 4.16).
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Figure 4.16 The effect of Ba’* on the cis-io-trans isomerization of FV-14.

By comparison the slopes of the lines in Figure 4.16, we know that the thermal 

isomerization (cis-to-trans) is significantly suppressed by added Ba"^ and the extent of 

the suppression is related to the amount of Ba"^ added. The isomerization (cis-to-trans) 

by light is also retarded by Ba"^ added. This is indicated by the failure to completely 

recover the total fluorescence intensity of the rmnj-isomer using light (430nm). The 

amount of the sandwich-type complexes (Ba“Vc/j-isomer) would also be related to the 

concentration of Ba"^ added. The more Ba"^ added, the less fru/zj-isomers can be 

regenerated by light (430nm). These results suggest that the sandwich-type complexes

(Ba"‘̂ /c/j-isomer) do form in solution and the complexes are fairly stable.
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Control experiments indicated that complete recoveries of fluorescence intensity 

were found for simple thioindigo derivatives IV -5  and FV-6 even in the presence of the 

alkaline earth metal ions (83|iM). This suggest that sandwich-type complexes are 

required to stabilize the c/j-isomers under light (430nm). The recovery of the trans

isomer by light (430nm) in the presence of alkaline earth metal ions (83mM, each) for 

rV-14 are as follows:

Ba-+ (50.1) > Ca-+ (37.1) > Sr^+ (24.0).

The numbers in bracket are percentage of initial fluorescence intensity recovered under 

light at 430nm. Large number in recovery yield indicates that a smaller amount of cis- 

isomer was present in solution after photoirradiation. So the actual order of the divalent 

cations on the cis-to-trans photoisomerization is switched:

Sr-  ̂> Ca-^ > Ba- .̂

Apparently, alkaline earth metal ions do influence the cis-to-trans thermal isomerization 

and trans-to-cis photoisomerization. Can these cations induce the trans-to-cis 

isomerization at room temperature? As mentioned above, addition of Ba"^ (up to 25pM) 

to the c/j-rich IV-14 solution does not further decrease the fluorescence intensity of the 

solution. Similarly, no significant decrease in fluorescence intensity was observed after 

adding Ba"^ (25|iM) into the trans-rich FV-14 solutions. However, the fluorescence 

intensities were significantly decreased to 52.9 and 70.6% of the original fluorescence 

intensity after additions of Sr̂ "̂  and Ca"^ (25pM, each) to the franj-rich solution (T ab le

4.2), respectively. The numbers (%) in T ab le  4.2 represent the values of 

(Iaftei/Ibefore)xlOO. More significantly, decreases in fluorescence intensity were found for



n e

S r^  and Ca"^, if larger amounts of alkaline earth metal ions (83jiM) were added into the 

fran5-rich solution. However, much less decrease in fluorescence intensity was observed 

for Ba-\

In order to explain these phenomena, we need to be sure that the alkaline earth 

metal ions, especially Sr"^ and Ca"^, do not quench the fluorescence intensity of 

thioindigo derivatives, such as IV-5 and FV-6. First, the original fluorescence intensity of 

the rranj-rich solution was recorded ( Ib ). Then, certain amount of alkaline earth metal 

ions were added into the trans-xich solutions and mixed well. Finally, the fluorescence 

intensity was measured again ( l a ) .  No significant decreases in fluorescence intensities 

were found after the alkaline earth metal ions were added into the trans-rich IV -5 and 

IV -6 (Table 4.2).

Table 4.2 Cation effect on the fluorescence o f FV-14.

Thioindigo [M] +Ba-^, (%) + S r^  (%) +Ca-+, (%)

IV-6 25^iM 95.0 86.3 86.0

83|iM 90.8 80.2 80.6

rv-5 25|iM 94.7 96.0 93.7

83^iM 92.5 88.2 89.9

IV -14 25[iM 88.0 52.9 70.6

83jiM 69.6 24.0 26.7

M: alkaline earth metal ions, [The dyes]=20p.M, solubility order: Sr’*, Ca'* > Ba'*, 

(note: precipitation was observed only when Ba'* was added into 3% methanol/acetone.)
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The slight decrease fluorescence intensity for thioindigo derivatives (IV-5 and 

rV-6) is caused by the trans-to-cis photoisomerization at each fluorescence 

determination. Because the light (530nm) used for excitation wavelength can induce the 

photoisomerization. In order to minimize the effect, a narrow emission wavelength 

(25nm) was scanned in each determination. Note that the additional water (up to 0.3% in 

volume) also quenches some of the fluorescence. The conclusion is that the three 

alkaline earth metal ions do not quench the fluorescence intensity of 7,7’-thioindigo 

derivatives, IV-5 and IV-6.

If no quenching is involved, the decreased fluorescence intensities in IV-14 

solution by addition of must come from the cation induced trans-to-cis

isomerization. Based on the data on Table 4.2 for IV-14, we know that the effect order 

for the trans-to-cis isomerization in 3 % methanol/acetone is as follows:

Sr-+ > Ca-+ > Ba-+.

This is the same order of the divalent cations on the cis-to-trans 

photoisomerization. Does this imply the strengths of 1:1 cation/TV-14 sandwich-type 

complexes? Probably not, Ba-^(Cl ) is significant less soluble than Sr-^(Cl') and Ca"^(Cr) 

in 3% methanol/acetone solution indicated by the formation of precipitates when Ba"  ̂

added. This implies that the concentration of free Ba"^ is much less than the 

concentration of free Sr"^ or Ca"^ in the solution. The lower concentration of the cation, 

the less amount of sandwich-type complex (M"Vc/j-isomer) formed in the solution. 

Consequently, Ba"^ ion has the lest effect for the cation induced trans-to-cis 

isomerization among three cations in acetone (3% CH3OH) solvent.
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4.82.4 Partition of IV-14 to vesicle membranes

We also took advantage of easily locating IV-14 (red colored) visually or 

spectrometrically to find out whether this bis(crown ether) is incorporated within bilayer 

membranes. As discussed above, gel permeation chromatography can be used to isolate 

the “free” (i.e., not incorporated) tranj-isomers from vesicles. Vesicles without 

entrapped CF were prepared using the same procedure and mixed with a known amount 

of the trans-isomer. After 30 minute incubation, the mixture was separated by gel 

permeation chromatography to remove the “free” rrani-isomers from vesicles. The 

mixture cannot be separated on Sephadex gel permeation columns, however a Sepharose 

CL-2B column (6x70mm) with buffer as eluent gave good separation. The vesicle 

fractions (cloudy, pale pink) came out first followed by the “free” rra/ij-isomers (clear, 

purple red). Visually, the amount of /ran iso m er associated with the lipids is 

significantly less than the amount of the “free” tra/zj-isomers in aqueous solution. 

However, the fluorescence intensity of the vesicle fractions (pale pink) is about five 

times of the “free” trans-isomers fractions (purple red). And the maximum emission 

wavelength (Imax.) shifts from 600nm (for the “free” r/-an.y-isomers in buffer) to 575nm 

(for the “/ra«5-isomers incorporated within vesicles). These results suggest that the 

vesicle-bound trans-isomers are located in slightly hydrophobic environments. We 

believe that the trn/ij-isomers are probably associated at the surface of the membranes, 

but not incorporated within the membrane.

Since the same maximum emission wavelengths (both at 575nm) for the trans

isomer within vesicle fractions and in 3% methanol/acetone, we assume that the 

environment of the rrnnj-isomers located in vesicles are similar to 3% methanol/acetone.
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With this assumption the linear relationship between the fluorescence intensity at 575nm 

and the concentration of the trans-isomers in 3% methanol/acetone can be applied to the 

trans-isomers in vesicles. Calculation shows that only ca. 2% of the added tra/ij-isomer 

is associated with the membranes. These results prove that most of the rran^-isomers 

does not incorporate within hydrophobic membranes, probably due to bulky and charged 

head group.

4.9 Summary

The photoisomerization of a 7,7’-thioindigo derivative in organic solvents using 

visible light will reversibly interconvert trans- and c/5-isomers. The significantly 

different conformations of the two isomers can be used to test the conformation-activity 

relationship in membrane disruption. In addition, the complexation of a bis(crown ether) 

with cations can easily be investigated by spectroscopy if the bis(crown ether) is based 

on a chromophore. Therefore a bis(crown ether) based on 7,7’-thioindigo was 

synthesized by capping the 18-crown-6 diacrboxylate anhydride with a 7,7’-thioindigo 

dicarboxylic acid extended as the 8-amino 1-octanoyl ester. The product was 

characterized by 'H and '^C NMR, ESI-MS and high resolution negative LSIMS. The 

photoisomerization of this 7,7’-thioindigo bis(crown ether) in organic solvents can be 

followed either by absorption spectroscopy or fluorescence spectroscopy.

We have confirmed Re gen's “U-loop” model in membrane-disruption using this 

photoswitchable bis(crown ether), where the ci5-isomer (U-shape) is much more active 

in disrupting vesicle membranes than the trnnj-isomer (S-shape) at the same 

concentration and having the same chemical constitution. We also proved the 

“sandwich” model that we proposed to account for the molecular recognition in the
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bis(crown ether) bolaamphiphile activity based on; (i) the cis-to-trans thermal- and 

photo-isomerizations in acetone are significantly suppressed by added Ba"^, the order of 

the inhibitory effect for the cis-to-trans photo-isomerization being Sr"^ > Csr* > Ba"^, 

and (ii) the trans-to-cis isomerization in acetone can be markedly induced by added 

alkaline earth metal ions without light, the order of the acceleration effect being Sr“̂  > 

Ca"^ > Ba"^. These results consistently indicate that the c/5-isomer forms a stable 

intramolecular sandwich-type 1:1 cation/bis(crown ether) complex with alkaline earth 

metal cations. The anomalous behavior o f Ba"^ is due to the lowest solubility of Ba"^ in 

acetone among three alkaline earth cations.
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Chapter 5. Experimental

5.1 General Procedures

Proton and carbon NMR spectra were recorded with a Bruker WM 250 (FT, 250 

MHz for ‘H; 62.9 MHz for ‘̂ C) or a Bruker AMX 360 (360MHz for ‘H, 90.6 MHz for 

’̂ C) or a Bruker AC 300 (300MHz for ‘H, 75.4 MHz for ’̂ C) with CDCI3, CD3OD, 

acetone-d^, DMSO-dg, or D2O as solvents indicated at each compound. Spectra were 

referenced to the central solvent line as internal standard in proton and carbon NMR and 

are reported in ppm relative to Me4Si. Electron impact (El) and methane chemical 

ionization (Cl) mass spectra were recorded on a Finnegan 3300 GC-MS instrument. Liquid 

secondary ion mass spectra (LSIMS) were recorded with a Kratos Concept-H instrument 

with either thioglycerol or mera-nitrobenzyl alcohol (mNBA) as matrix. Electrospray 

ionization (ESI) mass spectra were also recorded by the Kratos instrument with either 1:1 

(v/v) CH3CN/H2O or 49.5:49.5:1.0 (v/v/v) CH3CN/H2O/ACOH as solvents. The 

parameters for the positive-mode of ESI-MS are as follows: 7kV, 4.5kV and 4.5kV for 

needle, accelerator and end plate potentials, respectively, with a flow rate of 2mL.

Final products were purified by a gel permeation column (Sephadex LH 20, 

1.2x120cm). Each chromatographic fraction was monitored by reverse phase TLC (silica 

gel 60 silanized RP-2, BDH) and liquid chromatography (VISTA 5560, Varian) with a gel 

permeation column (Alltech, 10mmx250mm, JORDI GPC 500A 5 MICRON, flow rate 

2mL/min) and a UV detector (254nm). Thin layer chromatography (TLC) was carried out 

using Eastman Kodak silica gel plates with fluorescent indicator. Unless stated otherwise, 

all reagents and chemicals were obtained from Aldrich Chemical Co. and used without 

further purification. 5(6)-carboxyfluorescein (CF, >99%, TLC) was obtained from Fluka
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Biochemika. Unless specified otherwise solvents were reagent grade. THF was dried by 

refluxing over then distilling from potassium metal under N2 atmosphere. DMF was dried 

by refluxing over then distilling under vacuum from CaH?.

5.2 ESI-MS of bis(crown ether)s

5.2.1 Synthesis

2 R ^ R -(+ )-N ^ ^ ’̂ ’-Tetramethyl-2^-carboxamido- 

1,4,740,13,16-hexaoxacyclooctadecane (H I)

The crown ether diacid was synthesized according to the published procedures.^^ 

This procedure uses EtOTl as a base and is a reliable route to this compound. The product 

was characterized by comparison with the *H and '^C NMR spectra of authentic samples. 

The diamide was hydrolyzed to give the crown ether diacid (II-2) and crystallized from 

water as a white powder. The crown ether anhydride (I-10) was prepared firom II-2 by 

refluxing with acetyl chloride.

1,3-bis(N ^’ -(3,6,9,12,15,18-hexaoxacy ciooctadecan-2-carboxy I-1 - 

carbonyl)aniinomethyl)benzene (I- ll)

The bis(crown ether) was prepared according to Valiaveettle's procedure.^^ The 

product was purified by a gel permeation column (Sephadex LH 20, 1.2x120cm) to give I- 

11 as colorless glassy solid in 85% yield. The product was found to be slight different in ‘H 

and NMR from the previous sample reported by Valiaveettle et al. The characterization 

of this compound is reported here. ‘H  NMR (C D C I3 , 5): 7.90 (br. s, 2H, NH), 7.12-7.08 

(m, 4H, Ar), 4.42 (m, 4H), 4.32 (d, J=1.5Hz, 2H, CH), 4.26 (d, J=2.2Hz, 2H, CH), 3.64- 

3.45 (m, 40H, CH.O). '^C NMR (C D C I3 , S): 171.9, 169.4 (C=0), 138.9, 128.6, 127.2,
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126.4 (Ar), 81.5, 80.6 (CH), 71.0-69.5 (CH.O), 42.8 (CHiAr). The 'H and ‘̂ C NMR 

spectra are shown as Figure 6.1. LSIMS (mNBA as matrix) m/z (relative intensity): 843.2 

(M+IC, 80), 827.2 (M+Na", 97), 805.2 (M-kH ,̂ 100), 787.2 (M-H.O, 84), 769.7 (M-2HiO, 

53), 759.2 (M-CO2H, 96). High resolution MS calculated for C36H55N2O18 m/e ([M-H]'): 

803.3450; found m/e 803.3466.

N ^ ’-bis(3,6,9,12,15,18-hexaoxacyclooctadecan-2-carboxyl-I- 

carbonyi)ainlnomethyl)-l,10-diaininodecane (II-3)

A solution of the crown ether anhydride (I-10, 0.69g, 2mmole) in 20mL of THF 

was stirred with 1, 10-diaminodecane (0.16, 0.9mmole) for overnight in the presence of 

0.5mL of triethylamine at room temperature. The solvent was removed under reduced 

pressure. The resulting oil was dissolved in IM HCl and extracted with dichloromethane. 

The organic phase was dried with Na2SÛ4 and removed by a rotary evaporator. The oil was 

purified by the gel permeation chromatography to give II-3 (0.6g, yield 80%) as clear 

colorless glassy solid. ‘H NMR (C D C I3 , 5): 7.30 (br. s, 2H, NH), 4.36 (d, J=2.4Hz, 2H, 

CH), 4.23 (d, J=2.3Hz, 2H, CH), 3.84-3.40 (m, 36H, CH2O), 3.25-3.15 (m, 4H, CH2NH), 

1.44-1.16 (m, 20H, aliphatic). '^C NMR (C D C I3 , Ô): 171.6, 169.1 (C=0), 81.0, 80.3 (CH), 

71.5-68.9 (CH2O), 39.2, 29.3, 29.1, 26.7 (aliphatic). LSIMS MS (thioglycerol as matrix) 

m/z (relative intensity): 863.3 (M+Na^ 20), 841.4 (M+H^, 100). High resolution MS 

calculated for C38H67N2O18 m/e ([M-H]'): 839.4389; found m/e 839.4371.
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5.2.2 ESI-MS studies

5.2.2.1 Purification the bis(crown ether)s by acidic resin

A known weight of bis(crown ether) was dissolved in ^D-HiO, passed through 

activated strongly acidic resin column (3.3x25cm, SIGMA, DOWEX-50W) using ^D-HiO 

as eluent. The acidic fractions (pH<4) were collected and diluted to known volume in a 

volumetric flask (lOOmL, ca. 5xlO"*M). The amounts of Na^ and were determined by 

atomic emission spectrometry.

5.2.2.2 Determinations of Na  ̂and IC by flame emission spectroscopy

It is well known that crown ethers can strongly complex with alkali metal ions, so it 

was expected that the bis(crown ether)s would be contaminated by Na"̂  and IC during their 

syntheses and other operations, which might introduce errors in the following ESI-MS 

experiments. Rame emission spectrophotometry (Varian AA475) was used for quantitative 

determinations of sodium and potassium in bis(crown ether) solutions in ESI-MS 

experiments. The wavelengths for reading signals are 589.3 and 766.5nm for Na"̂  and 

respectively. Air and acetylene were used as oxidant and fuel gases, respectively. First, 

three standard concentrations (1, 2, and Sppm) of Na"̂  and in HNO3 (5%) were 

prepared. Calibration lines were obtained for Na"̂  and by plotting the emission 

intensities at 589.3nm for Na"̂  and 766.5nm for IĈ  versus their concentrations. The 

concentrations of residual Na"̂  and in the final products were read from the standard 

curves by their intensities. For bis(crown ether) solution (I-ll, 3mM), the concentrations of 

Na'  ̂and were found to be 0.2mM and 0.2mM, respectively.
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5.2 .23  Mass calibration compound for ESI-MS

The ideal compound for mass calibration in ESI-MS should be the compound 

without metal ions, especially no alkali and alkaline earth metal ions, in order to avoid 

introduce extra metal ions during calibration step. The guanidinium salt, 

(CH3(CH2)i3NH)2C=NH2'^Cr, M.Wt. 452.5, can be prepared completely metal free through 

purification by acidic resin and was used to calibrate the mass in the ESI-MS.

5 3  Molecular recognition controlled membrane disruption

53.1 Synthesis

3-(N-^erf-ButoxycarbonyIamino)-I-propanoI (lU-lO)

This compound was synthesized according to the published procedure and *H and 

'^C NMR indicate that an identical compound was obtained.

N ^ ’-bis(benzyIoxycarbonyI)-130-diamino-437-dioxa-536-dioxotriacontane (lU -ll)

A mixture of 1,20-docosanedioic acid (0.5g, 1.3mmole) and SOCI2 (excess) was 

re fluxed for 3 hours. The excess SOCI2 was removed under reduced pressure, and the 

diacid chloride (III-6c) was dissolved in CH2CI2 (15mL). To this solution was added 

(dropwise) a solution of HI-10 (0.5, 2.9mmole) dissolved in CH2CI2 (15mL) and 4- 

dimethylaminopyridine (DMAP, 0.5g, 4mmole). After additional stirring (24 hours) at 

room temperature, the organic phase was removed to yield brown sticky oil. The crude 

product was purified by silica gel column chromatography (2.3x20cm) using CH2CI2 as a 

eluent. The fractions with the same 'H NMR were combined and the solvents were 

removed to yield m  i l  as white solid (0.79g, yield 89%, m.p. 70-7 TC). *H NMR (CDCI3 

5): 4.75 (br. s, 2H), 4.08 (t, J=7.0Hz, 4H), 3.30-3.00 (m, 4H), 2.25 (t, J=6.7Hz, 4H), 1.90-
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1.70 (m, 4H), 1.65-1.50 (m, 4H), 1.20 (s, 18H), 1.32-1.16 (m, 32H). ‘̂ C NMR (CDCI3 5): 

173.9, 155.9, 79.1, 61.7, 37.4, 34.2, 29.6, 29.5, 29.4, 29.2, 29.1, 28.8, 28.3, 24.9. The 'H 

and NMR spectra are shown as Figure 6.2. This compound was judged pure enough 

for the subsequent step.

130-dlamlno-4^7-dloxa-5^6-dloxotriacontane dlhydrogenfonnate (HI-12c)

Compound m  i l  (0.13g, 0.2mmole) was dissolved in 95% formic acid and the 

solution was refluxed for 15 minutes. Whether the r-Boc was removed can be indicated by 

different Rf values (1% CH3OH/CH2CI2 as eluent) for starting material (R{= 0.6) and 

product (Rf=0). The solvent was removed by evaporation under reduced pressure to give a 

white solid (O.lg, yield 99%, m.p. 108-110°C). ‘H NMR (D2O, S): 8.3 (br. s, 2H, HCO2 ), 

4.05 (t, J=6.0Hz, 4H, CH2O), 3.04 (t, 7.1Hz, 4H, CH2NH3̂), 2.23 (t, J=7.4Hz, 4H, 

CH2C=0), 1.95 (br. s, 4H, NCH2CH2), 1.7-1.2 (m, 36H, aliphatic). This compound was 

judged pure enough for the subsequent step.

3-BenzyloxycarbonylaininopropanoI (III-13)

This compound was synthesized according to the published procedure and was 

found to be identical to the previous sample by ’H and '^C NMR.'°^ 

N ^ ’-bis(ben2yioxycarbonyi)-l^-dianiino-4^1-<iloxa-5^0-dioxotetracosane (m i4 a )  

A mixture of 1,14-tetradecanedicarboxylic acid (1.4g, 5mmole) and SOCI2 (excess) 

was refluxed for 3h. The excess SOCI2 was removed under reduced pressure, and the 

diacid chloride (III-6a) was dissolved in 15mL of CH2CI2. To this solution was added 

(dropwise) a solution of m  i3 (2.5g, 12mmole) dissolved in 15mL of CH2CI2 and pyridine 

(2g, 25mmole). After additional stirring (24 hours) at reflux temperature, the organic phase
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was washed twice with IM HCl, water, dried (MgSO^), and concentrated under reduced 

pressure. The solid was recrystallized from acetone as pale yellow powder (2.0g, yield 

58%, m.p. 106-107°C). 'H NMR (CDCI3, S): 1.4-12 (m, lOH, aromatic), 5.06 (s, br, 6H, 

ArCHi and NHC=0), 4.11 (t, J=6.0Hz, 4M, CH2O), 3.24 (m, 4H, CH.NH), 2.26 (t, 

J=7.5Hz, CH2C=0), 1.81 (m, 4H, HNCH2CH2CH2O), 1.77-1.15 (m, 24H, aliphatic). ‘̂ C 

NMR (CDCI3, S): 173.9 (amide C=0), 156.3 (ester C=0), 136.5, 128.4, 128.0 (aromatic),

66.6 (ArCH20), 61.5 (CH20C=0 ), 37.9, 34.2, 29.5, 29.4, 29.2, 29.0 (aliphafrc). This 

compound was judged pure enough for the subsequent step.

N ^ ’-bis(benzyloxycarbonyI)-l^-dlainino-4^5-dioxa-5^-dioxooctacosane (HI-14b)

This compound was prepared from 1,18-octadecanedicarboxyIic acid (1.4g, 

4mmoie) using the above same procedure to give HI-14b as white solid (1.7g, yield 59%, 

m.p. 109-II0°C). ‘H NMR (CDCI3, 5) 7.4-7.25 (m, lOH, aromatic), 5.07 (s, 4H, ArCH20), 

4.95 (br, 2H, NH), 4.12(t, J=6.0Hz, 4H, CH20C=0), 3.3-3.2 (m, 4H, CH2NHC=0 ), 2.27 

(t, J=7.5Hz, 4H 0=CCH2), 1.9-1.7 (m, 4H, NHCH2CH2CH2O), 1.6-1.1 (m, 32H, 

aliphatic). '^C NMR (CDCI3, 5) 174.0 (amide C=0), 156.4 (C=0, ester), 136.6, 128.5,

128.1 (aromatic), 66.7 (ArCH20), 61.6 (CH20C=0), 38.0, 34.3, 29.7, 29.5, 29.2, 29.2, 

25.0 (aliphatic). This compound was judged pure enough for the subsequent step. 

l^-diainino-4^1-dioxa-5^0-dioxotetracosane dihydrogenformate (III-12a)

Compound HI-14a (0.6g, 0.8mmole) was dissolved in 1:1 formic acid/methanol 

(60mL) and added to a round-bottom flask (lOOmL) containing one equivalent of 

palladium catalyst (10% Pd/C, l.Og, 0.9mmole). The mixture was continuously stirred 

under reflux temperature for 24 hours. The reaction was followed by thin layer
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chromatographic analysis of samples taken at various times, Rf=0.8 for the starting material 

and Rf=0 for the product using 6% CH3OH/CHCI3 as eluent. The product was isolated by 

filtering the catalyst and washing with an additional lOmL of methanol. The combined 

solvents were removed by evaporation under reduced pressure to give a white solid (0.34g, 

yield 81%, m.p. 96-98°C). ‘H NMR (CD3OD, 5): 4.16 (br, 4H, CHiO), 3.02 (br, 4H, 

CH2NH3I ,  2.33 (t, J=7.4Hz, CH2C=0), 2.00 (br, 4H, H3bTCH2CH2CH20), 1.7-1.2 (m, 

24H, aliphatic). '^C NMR (CD3OD, 5) 175.23 (ester C=0), 167.83 (formate C=0), 62.32 

(CH2O), 38.01, 34.86, 30.67, 30.54, 30.36, 30.17, 27.87, 25.92 (CH2). LSIMS (mNBA as 

matrix) m/z (relative intensity): 439.3 (M+K^, 36, M: the corresponding free diamine),

423.3 (M4-Na ,̂ 65), 401.4 (M+lT, 90), 383.3 (M-OH, 79), 344.2 (M,4-lT, 60, Mu loss of 

3-amion-l-propanol), 326.2 (M,-OH, 100). This compound was judged pure enough for 

the subsequent step.

l^-diainino-4^-dioxa-5^-dioxooctacGsane dihydrogenformate (III-12b)

This compound was prepared from HI-14b (0.3 Ig, 0.4mmole) using the procedure 

for ni-I2a to give HI-12b as white solid (0.19g, 80%, m.p. 104-106°C). ‘H NMR 

(CD3OD, 8): 4.16 (t, J=6.0Hz, 4H, CH2O), 3.02 (t, 7.1Hz, 4H, CH2NH3̂ , 2.33 (t, J=7.4Hz, 

4H, CH2C=0), 1.98 (br, 4H, NCH2CH2CH2O), 1.7-1.2 (m, 32H, aliphatic). ‘̂ C NMR 

(CD3OD, 8) 175.33 (ester, C=0), 165.94 (formate, C=0), 62.30 (CH2O), 38.09, 34.86, 

30.70, 30.54. 30.36, 30.18, 27.88, 25.92 (aliphatic). LSIMS (mNBA as matrix) m/z 

(relative intensity): 495.4 (M+lC, 9, M: the free diamine), 479.4 (M-t-Na"̂ , 23), 457.4 

(M+H^, 92), 439.4 (M-OH, 100), 400.3 (Mi+H^, 62, M|: loss of 3-amino-1 -propanol),

382.3 (Mi-OH, 100).
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N ^ ’-bis(lR^R-3,6,9,12,15,18-hexaoxacycIoocta-2-carboxyl-l-carbonyI)-l^- 

diamino-4^1-dioxa-5^0-dioxotetracosane (Dl-lSa)

A solution of the crown ether anhydride (I-10, 0.26g, O.SmmoIe) and excess dry 

pyridine (0.4g) in lOmL of THF was added to a THF solution (lOmL) containing III-12a 

(0.2g, 0.4mmole) at room temperature and the solution was refluxed overnight. After 

cooling, the solvent was removed under reduced pressure. The oil was dissolved in 

chloroform (50mL) and washed with 2M HCl and water, respectively. The organic phase 

was dried over MgSOa. The solvent was removed under reduced pressure to yield sticky 

pale yellow oil. The crude oil was purified by the gel permeation column (Sephadex LH 

20, 1.2x120cm) with 4:3 CHCbrCHsOH as eluent to yield Dl-lSa as sticky colorless oil 

(0.2 Ig, yield 50%). 'H NMR (CDCI3, 5): 7.46 (t, J=6.0Hz, 2H, NH), 4.36 (d, J=2.5Hz, 2H, 

CH), 4.22 (d, J=2.4Hz, 2H, CH), 4.07 (t, J=6.4Hz, 4H, CH.O-carbonyl), 3.70-3.50 (m, 

40H, CH2O), 3.45-3.25 (m, 4H, CH2NH), 2.24 (t, J=7.6Hz, 4H, CH2-C=0), 1.88-1.77 (m, 

4H, NHCH2CH2CH2O), 1.60-1.48 (m, 4H, CH2CH2C(=0)-0), 1.30-1.10 (m, 20H). ‘̂ C 

NMR (CDCI3, Ô): 173.8 (ester C=0), 171.7, 169.2 (C=0), 81.2, 80.5 (CH), 71.0, 70.9,

70.3, 70.2, 70.2, 70.0, 69.8, 69.7, 69.6, 69.5 (CH2O), 61.6 (CH20-C=0), 35.9 (CH2NH),

34.2 (CH2-C(=0)-0), 29.6, 29.5, 29.4, 29.2, 29.1, 28.5, 24.9 (7 CH2). The 'H and '^C 

NMR spectra are shown as Figure 63 . ESI-MS (1:1 CH3CN/H2O with 1 equiv. added) 

m/z (relative intensity): 1145.7 (M+2lC-H^, 14), 1107.7 (M+K+, 6), 573.3 (M+2K^, 100). 

LSIMS (mNBA as matrix) m/z (relative intensity): 1067.6 (M-H^, 100). The observed and 

calculated isotope peak intensities of the molecular ion ([M-H]’, C50H87N2O22) (obs., 

calcd.): 1067.6 (100, 100), 1068.6 (57.6, 57.6), 1069.6 (20.6, 20.6), 1070.6 (5.5, 5.4),



132

1071.6 (0.02, 0.01). High resolution MS calcd. for C50H87N2O22 m/e: 1067.5735; found 

m/e 1067.5750.

N ^ ’-bis( lR^R-3,6,9,12,15,18-hexaoxacy cloocta-2-carboxyl-1 -carbony 1)-1,28- 

diamino-4,25-<lioxa-5,24-dioxooctacosane (HI-15b)

This compound was prepared from HI-12b (0.12g, 0.2mmole) using the procedure 

for HI-15a to give HI-15b as sticky colorless oil (0.13g, 55%). 'H NMR (CDCI3, 5): 7.48 

(t, J=5.8Hz, 2H, NH), 4.37 (d, J=2.4Hz, 2H, CH), 4.22 (d, J=2.4Hz, 2H, CH), 4.08 (t, 

J=6.5Hz, 4H, CH20-C=0), 3.71-3.50 (m, 40H, CH2O), 3.45-3.25 (m, 4H, CH2NH), 2.26 

(t, J=7.6Hz, 4H, CH2C=0 ), 1.90-1.78 (m, 4H, NHCH2CH2CH2O), 1.61-1.50 (m, 4H, 

CH2CH2C(=0)-0), 1.30-1.15 (m, 28H). '^C NMR (CDCI3, 5): 173.9 (ester C=0), 171.8,

169.2 (C=0), 81.3, 80.6 (CH), 70.9, 70.8, 70.3, 70.2, 70.1, 70.0, 70.8, 69.8, 69.7, 69.6 

(CH2O), 61.6 (CH20-C=0), 35.9 (CH2NH), 34.2 (CH2-C(=0)-0), 29.6, 29.6, 29.4, 29.2, 

29.1, 28.6, 24.9 (aliphatic). LSIMS (mNBA as matrix) m/z (relative intensity): 1123.7 (M- 

LT, 100). The observed and calculated isotope peak intensities of the molecular ion ([M- 

H]', C50H87N2O22) (obs., calcd.): 1067.6 (100, 100), 1068.6 (60.9, 61.7), 1069.6 (23.0,

23.2), 1070.6 (6.5, 6.4), 1071.6 (0.02, 0.01). High resolution MS calculated for 

C54H95N2O22 m/e: 1123.6376; found m/e 1123.6357.

N ^ ’-bis(lR^R-3,6,9,12,15,18-hexaoxacycioocta-2-carboxyi-I-carbonyI)-1^0- 

diamino-4,27-dioxa-5^6-dioxotriacontane (III- 15c)

This compound was prepared from HI-12c (0.13g, 0.2mmole) using the procedure 

for HI-15a to give HI-15c as colorless sticky oil (0.15, yield 64%). ‘H NMR (CDCI3, S): 

7.54 (m, 2H), 4.37 (d, J=2.4Hz, 2H), 4.20 (d, J=2.4Hz, 2H), 4.05 (t, J=6.7Hz, 4H), 3.80-
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3.42 (m, 40H), 3.40-3.25 (m, 4H), 2.22 (t, J=7.6Hz, 4H), 1.90-1.78 (m, 4H), 1.61-1.50 (m, 

4H), 1.30-1.15 (m, 32H). NMR (CDCI3, 5) 173.9, 171.7, 169.3, 81.2, 80.4, 71.0, 70.9,

70.3, 70.2, 70.0, 69.8, 69.6, 61.7, 36.0, 34.2, 29.6, 29.4, 29.2, 29.1, 28.6, 24.9. The ' H and 

‘̂ C NMR spectra are shown as Figure 6.4. ESI-MS (1:1 CH3CN/H2O with 1 equiv. 

added) m/z (relative intensity): 1230.0 (M+2iC-Pr, 12), 1191.8 (M+FT, 9), 615.4 (M +2K\ 

100). High resolution MS calculated for C56H99N2O22 m/e: 1151.6689; found m/e 

1151.6583.

53.2 Vesicle experiments

53.2.1 Buffer and stock solutions

The 5(6)-carboxyfluorescein (CF, 99%) was suspended in 5 mL of distilled water, 

and carefully titrated to pH=7.50 with O.IM NaOH or O.IM KOH with stirring to give CF 

sodium or potassium salts. After the CF completely dissolved (brown solution), the water 

was removed by rotovap and the CF-salt (shiny brown solid) was dissolved in an 

appropriate amount of lOmM Tris-HCl (pH=7.5) to obtain a 0.1 OOM CF-salt buffer 

solution.

The other stock solutions used in this experiment include: lOmM Tris-HCl buffer 

solution (lOOmL, pH=7.5) for internal solution; lOmM Tris-HCl with 0.14M NaCl or KCl 

buffer solution (IL, pH=7.5) for external solution; lOOmM Tris-HCl with 0.14M NaCl or 

KCl buffer solution (lOOtnL, pH=7.5) for dissolving the surfactants (ca. 5xlO'^M); 0.25M 

Ca-^(Cl'), Sr+(Cn, Ba-+(C1), Zn-^(Cl'), Mn-^Cl') and ethylene diamine.2HCl and 

butylene diamine.2HCl in external solutions. The diamine salts were generated by titrating 

the corresponding free diamine with dry HCl in acetonitrile solvent. The white precipitate 

was collected and washed by the solvent.
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53.2.2 Preparation vesicles by freeze-thaw sonlcation (FTS)

Vesicle entrapped CF was prepared general according to Regen's procednre '̂^ with 

some modifications.

(i) Prepare a chloroform solution of lipid containing 8:1:1 (mole ratio) of 

PC:PA:choIesterol. Take 3mL of this solution (containing 50mg PC) into 25mL round- 

bottom flask.

(ii) Dry down this solution by rotovap at fast rotation rate (position 6). A thin layer 

film of lipid will form around the wall of the flask.

(iii) Dry the lipids on the vacuum line overnight to remove traces of chloroform.

(iv) Add ImL of 0.1 OOM 5(6)-carboxyfluoroiescein (CF) salt solution (pH=7.5) to 

the dried lipids in the flask.

(v) Rotate the flask on the rotovap at the fast rotation rate with nitrogen flush until 

all lipids are suspended in the solution.

(vi) Transfer the lipid solution into a small test tube, flush the gas space of the tube 

with argon, cover the top of the tube with a cap.

(vii) Freeze the suspension rapidly by shaking the tube in a bath of liquid nitrogen. 

After complete freezing, remove from the bath, and allow to thaw by standing at room 

temperature for 15 minutes. Repeat the cycle three times.

(viii) Remove the stopper and position the vessel so that the sonication probe 

(13mm tip) is ca. 4mm below the surface of the lipid solution. Clamp it in position. 

Surround the vessel with a beaker of ice/water and flush with argon.
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(ix) Sonicate for 20 seconds with 2 second pulses (at 50% duty cycle and 2 power 

output), then switch off to allow the contents of the vessel to cool down for 30 seconds and 

refresh with Ar to remove the air.

(x) Repeat the procedure in step (ix) until the liposomes have had a total sonication 

time of 2 minutes.

(xi) After sonication has finished, leave the liposomes to stand at room temperature 

for approximately 2 hour, to allow the ‘annealing’ process to come to completion.

(xii) The filtration unit sizes the vesicles by forcing the vesicle solution through a 

0.4pm Nucleopore filter. Using a 3mL disposable syringe collect the vesicle solution, draw 

a further ImL of air, and inject the vesicle solution into the cell. Use nitrogen gas (ca 

140psi) to force the vesicle solution through the filter. The slower the filtration, the better 

the sizing of the crude vesicles. Have the solution filter at 1 or 2 drops per second.

(xiii) The resulting crude vesicles are purified by gel permeation column (Sephadex 

G-25, PD-IO) in the refrigerator (2°C) with a lOmM Tris-HCl of 0.14M NaCl (or KCl) 

buffer (pH 7.5) as the eluent. Equilibrate the Sephadex G-25 column with the buffer 

solution. Load the crude vesicle solution (lOOmL) and elute the vesicles with the buffer. 

Vesicle encapsulated O.IOOM 5(6)-CF (front fractions, ‘orange juice’) will separate well 

from the free CF (rear fractions, bright green) in the column. The first 3 drops of the 

colored vesicle band should be discarded. The vesicles should be always kept in ice/water 

bath to reduce vesicle leakage. The purified vesicles can be used for 24 hours if the 

solution was kept in an ice-bath.
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5 3 J .3  Phospholipid concentration analysis

Complexation of the phosphate headgroups of the phospholipid with a visible light 

absorbing species, phospho-molybdate, allows quantitative analysis of its concentration. 

Transfer vesicle solution (lOOmL) into a large diameter (1.5cm) test tube. The vesicle 

solution has a typical concentration of about 3mg/mL phospholipid (thus, appropriately

0.3mg phospholipid is being analyzed). Transfer appropriate quantities of the vesicle stock 

solution in chloroform into three test tubes to cover the range 0-1 mg phospholipid (at 

50mg/3mL, use 0-50mL). Add G.4mL chloroform and O.lmL of the chromogenic solution; 

boil for 1 minute for all test tubes. Cool to room temperature. Add 4mL chloroform, shake 

gently, and wait 30 minutes. Carefully pipette out the chloroform layer into a 1cm quartz 

cell, and record the UV absorption at 710nm. The blank is 50mL of chloroform as the 

solution aliquot in the procedure. No absorption for CF in the wavelength of 710nm was 

observed. The concentrations of the vesicle solution can be extrapolated from a Beer- 

Lambert plot.

53.2.4 Vesicle size analysis

Photon correlation spectroscopy (PCS) has been used as a routine tool for 

monitoring vesicle preparations and detecting potential changes in particle sizes of vesicles. 

Particle sizing by laser light scattering was done used a NICOMP model 370 (Santa 

Barbara, CA) and the fitting software provided by NICOMP. Dilute vesicles (20jiL) with 

of the external buffer solution (80pL) and transfer the solution into a disposable 

Borosilicate glass culture tube (6x50mm). Adjust the vesicle concentration with the buffer 

until count rate of ca. 200 KHz at a set channel width of 10.0 jisec is obtained. The choice



137

and configuration of sample time (i.e. channel width) is quite critical in achieving 

meaningful results. The analysis should continue until the fit error<2, residual=0 and chi 

squared>2, which usually requires ca. 1 hour of data collection.

53.2^ Unilamellar analysis

The melittin assay determines the portion of entrapped CF that is within 

unilamellar vesicles. Melittin can enter and mpture only one level of bilayer per dose into 

the s o lu tio n .T h e  assay requires addition of a single dose of melittin just concentrated 

enough to affect all vesicles in the solution followed by detergent lysis of all remaining 

vesicles.

Add melittin (0.35mM, 2|iL) into the vesicle entrapped CF (0.8mM lipid, S.OOmL), 

and incubate for 5 minutes. Then dilute lOmL of the incubation solution to 5.00mL with 

the buffer. Measure the fluorescence intensity of released CF at 5l5nm (excitation 

wavelength 470nm). Repeat the melittin addition (0.35mM, 1 ^ ,  each time) until no 

further entrapped CF is released. Record the total volume of melittin (Vm) which is just 

enough to release all entrapped CF. Instead of consecutive addition, add a single dose of 

the melittin (Vm) into a new vesicle solution. (0.8mM lipid, 3.00mL) and incubate for 5 

minutes. Measure the fluorescence intensity of CF at 515nm. The percentage release of CF 

by this single dose of melittin (V m ) equals to the percentage of CF which is encapsulated 

within unilamellar membranes.

S.3.2.6 Background leakage and storage condition

No observable leakage at room temperature (23°C) for 30 minutes was found, but 

longer times (15 hours) at 23°C can produce minor leakage (ca.13% release of entrapped
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CF). To reduce the leakage, always keep the vesicles in an ice-bath. This cool condition 

can delay the background leakage.

53.2.7 Self-quenching efficiency test

The fluorescence intensity (ly, definition see text) of vesicle entrapped CF 

suspended in external buffer solution was measured. Then, excess Triton X-lOO was added 

to release the all encapsulated dye and its fluorescence intensity (la, definition see text) was 

measured again. Only vesicles with high self-quenching efficiency and high entrapment 

capacity (i. e., y ib  ca. 10) were used in the following measurements.

53.2.8 Percentage release of CF after incubation with the bis(crown ether)s 

Typically, 20|iL aliquots of the vesicle dispersion were added into each of a series

of disposable culture tubes (6x50mm, KIMBLE) that contained 80|iL of buffer plus a given 

concentration of surfactants and divalent cations if needed. The final concentration of the 

lipid in each incubation solution was ca. O.BmM of total lipid (PC/PA/Cholesterol). The 

resulting suspension was immediately vortex-mixed for ca. 10s. After the mixtures were 

allowed to incubate at 23°C for 30min, a 35|iL aliquot was withdrawn and diluted into a 

5.00 mL volumetric flask with the buffer prior to measurement of the fluorescence. A 

blank value was obtained by carrying out a similar experiment in the absence of surfactant. 

The total fluorescence intensity value was determined by the addition of Triton X-100. The 

percentage of released CF was calculated according to I (%) = l(X)[la- IbJ/Px - Ib], where 1% 

is the 100% fluorescence intensity value; L and ly are the fluorescence intensities after 

incubation with and without surfactant, respectively. Excitation of 5(6)-carboxyfluorescein
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(CF) was 475nm; the observed emission was at 515nm. Excitation of thioindigo 

derivatives was 530nm; the observed emission was at ca. 575nm.

5.4 Photoregulation of the functions of a 7,7’-thioindigo bis(crown ether)

5.4.1 Synthesis of model compounds 

(o-Carboxylphenyl)thioacetic acid (IV-1)

This compound was synthesized from 2,2 ' -dithiodisalicylic acid (40g, O.l2mole) 

according to the published procedure’  ̂ as a pale brown powder (32g, yield 61%, mp 215- 

2I6°C, lit. mp 217-218°C ). To our knowledge, no NMR data has been reported for this 

compound. ‘H NMR (CD3OD, Ô): 7.98 (d, J=7.8Hz, IH), 7.S-7.3 (m, 2H), 7.20 (t, 

J=7.6Hz, IH), 3.76 (s, 2H). ‘̂ C NMR (CD3OD, 5): 173.3, 169.7, 142.1, 133.7, 132.6, 

129.2, 126.9, 125.4, 35.5. Cl MS nt/z (relative intensity): 213 (M+fT, 2), 195 (M-OH, 75), 

167 (M-CO2H, 100). This compound was judged pure enough for the subsequent step. 

l-Thio-3-oxoindanyi-7-carboxylic acid (TV-2a)

This compound was synthesized from IV-1 (24g, 0.11 mole) according to the 

published procedure^^ as a reddish-brown solid (13.4g, yield 62%, mp 308-309°C, lit. mp 

310-311°C). To our knowledge, no NMR data has been reported for this compound. Two 

isomers, keto- and enol-forms, were found in the product and were used for next reaction 

without separation. ‘H NMR of the enol-form (DMSO-de, 5): 13.5 (br S, IH), 10.2 (s, IH),

8.05 (d, J=6.8Hz, IH), 7.95 (d, J=7.0Hz, IH), 7.45 (t, J=7.2Hz, IH), 6.58 (s, IH). ‘H NMR 

of the keto-form (DMSO-dfi, 5): 10.2 (s, IH), 8.22 (d, J=7Hz, IH), 7.88 (d, J=6.9Hz, IHz), 

7.40 (t, J=7.1Hz, IH), 3.90 (s, 2H). '^C NMR (DMSO-de, Ô) for the enol-isomer: 167.1,

148.0, 137.6, 133.8, 127.2, 125.2, 124.5, 123.6, 100.8. ‘̂ C NMR (DMSO-d^, 6) for keto-
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isomer: 199.9, 166.3, 156.1, 137.1, 132.6, 130.0, 125.9, 124.9, 39.3 (buried in solvent 

peaks). The '^C NMR spectrum of IV-2a/b is shown as Figure 6,5. Cl MS m/z (relative 

intensity): 195 (M+fT, 100), 177 (M-OH, 32).

7,7’-thioindigo dicarboxylic acid (IV-3)

Compound IV-2 (0.5g, 2.5mmol) was dissolved in boiling water (25mL). Two 

equivalents of K3[Fe(CN)ô] were added and the solution was re fluxed for 30 minutes. After 

cooling, the solid was isolated by filtration and washed using cold water. The product was 

dried in air to give a red-brown solid (0.75g, yield 90%). This compound was judged pure 

enough for the subsequent step.

7,7’-thioindigo diacid chloride (IV-4)

Compound IV-3 (0.35g, l.Ommole) was refluxed with excess thionyl chloride 

(5mL) for 3 hours. The thionyl chloride was removed under vacuum and the resulting 

purple solid (0.4g, yield 99%) was used for the next step without purification. Cl MS m/z 

(relative intensity): m/e 423 (83) and 421 (100) for [M+H]"  ̂ with ^^Cl and ^^Cl, 

respectively, 385 (M-^^Cl, 100), 387 (M-^^Cl, 20). This compound was judged pure enough 

for the subsequent step.

General procedure for the formation of amides with 7,7’- thioindigo dicarboxylic acid 

Compound IV-4 (0.7g, 2mmole) was suspended in dry benzene (30mL) in the 

presence of excess pyridine (ImL). The slight excess of the amine (2.5 equiv.) was added 

to the mixture at room temperature and stirred overnight. The organic phase was extracted 

with dilute HCl twice, and dried over NaiS04. The benzene was removed on a rotovap and 

the crude product was purified by silica gel column chromatography using chloroform as
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eluent. The fractions were monitored by TLC (silica gel) and the solvent was evaporated to 

yield the amide as red powder with a yield ca. 50%.

7,7’-Bis(niorphoIinecarbonyl)thioindigo (IV-5) 'H NMR (CDCI3 Ô): 7.99 (d, J=7.4Hz, 

2H), 7.62 (d, J=7.0Hz, 2H), 7.41 (t, J=7.5Hz, 2H), 3.8-35 (m, 16H). The ‘̂ C NMR was not 

obtained due to low solubility. Decompose at 250°C before melting. 

7,7’-Bis(/i-butylcarbonyI)thioindigo (IV-6) ‘H NMR (DMSO-d^, 5): 8.72 (br. S, 6H), 

3.70 (t, J=7.4Hz, 4H), 3.47-3.44 (m, 4H), 2.43-2.20 (m, 4H). 1.84 (t, J=7.2Hz, 6H). The 

'^C NMR was not obtained due to low solubility. Decompose at 250°C before melting. 

7,7’-Bis(dodecyl)thioindigo (V-7) 'H NMR (CDCI3 Ô): 7.92 (d, J=7.6Hz, 2H), 7.56 *d, 

J=7.4Hz, 2H), 7.36 (t. J=7.64Hz, 2H), 3.51 (br. S, 4H), 3.22 (br. S, 4H), 1.7-0.8 (m, 76H). 

'^C NMR (CDCI3, 5): 189.5, 167.5, 146.1, 133.6, 133.5, 133.2, 129.3, 127.0, 126.3, 48.9,

45.0, 31.9, 29.5, 29.3, 28.7, 22.7, 14.1. +LSIMS (mNBA as matrix) m/z (relative intensity):

1056.6 (M+fT, 26), 702.3 (loss of dodecyl amine, 30). M. P. 108-110°C

5.4.2 Synthesis of a 7,7’-thioindigo bis(crown ether)

8-Bromo-l-octanoi (TV-S)

This compound was synthesized according to the published p ro c e d u re a n d  was 

found to be identical to the previous sample by *H and NMR.

8-Phthalimido-l-octanol (TV-9)

Compound IV-8 (10.5g, 50mmol) and potassium phthalimide ( l l .lg , 60mmol) 

were re fluxed in DMF (25mL) overnight. After cooling, the DMF was removed under 

reduced pressure and the oily product was evacuated at high vacuum overnight. The crude 

product was suspended in C H C I3 and the slurry stirred for 30 minutes. The precipitate was
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removed by filtration and organic phase was washed three times with water. The CHCI3 

was dried over NaiSO^ and evaporated to give IV-9 as white solid (I3.3g, yield 97%). ‘H 

NMR (CDCI3, 5): 7.50-7.90 (m, 4H), 3.40-3.80 (m, 4H), 2.07 (s, IH), 1.80-1.10 (m, 12H). 

'^C NMR (CDCI3, 5): 168.4, 133.8, 132.0, 123.0, 62.7, 37.9, 32.6, 29.1, 29.0, 28.4, 26.6, 

25.5. Cl MS m/z (relative intensity): 276 (M+H^, 100), 258 (M-OH, 50). This compound 

was judged pure enough for the subsequent step.

8-Amino-l-octanol (TV-IG)

Compound IV-9 (13.2g, 48mmol) was suspended in ethanol (700mL). Anhydrous 

hydrazine (7.7g, 240mmol) was added and the mixture was re fluxed with mechanical 

stirring for 8 hours. After cooling, the precipitate was filtered and washed with cold 

ethanol. The solvent was removed from the filtrate by a rotary evaporator. The crude 

product was dissolved in chloroform and extracted with IM NaOH three times and washed 

with water twice. The organic phase was dried over Na2S04 and the solvent was removed 

under reduced pressure to give FV-IO as a white solid (6.9g, yield 99%, m.p. 52-54°C). ‘H 

NMR (CDCI3 , 5): 3.53 (t, J=6.8Hz, 2H), 2.61 (t, J=6.9Hz, 2H), 1.94 (br. s, 3H), 1.60-1.10 

(m, 12H); ‘̂ C NMR (C D C I3 , 5): 62.4, 42.0, 33.5, 32.7, 29.3, 26.7, 25.7. Cl MS m/z 

(relative intensity): 146 (M+H^, 100). The data is consistent with the published data for 8- 

amino-1 -octanol, ' prepared from ethyl 8-aminooctanoate. 

N-^e/r-ButoxycarbonyI-8-ainino-l-octanol (TV-II)

8-Amino-l-octanol (3.1g, 21 mmol) was dissolved in CHiCl? (15mL) in a 50mL 

round-bottom flask equipped with a magnetic stirrer and a pressure equalizing addition 

funnel. Di-te/t-butyl dicarbonate (BociO, 5g, 23mmol) in CH2CI? (15mL) was added
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dropwise over 30 minutes. After stirring for 12 hours at room temperature, the solvent was 

removed and the crude product was dissolved with Et^O (30mL) and washed twice with 

phosphate buffer (0.5M, pH 5.4, 2x15mL), saturated NaHCOs (15mL) and saturated brine 

(15mL). The organic phase was dried over MgS04 and evaporated to give the crude 

product (5.3g) as a pale yellow oil that rapidly solidifies. The crude product (l.lg) was 

purified by alumina column chromatography (2.3x17cm) with CHCI3 as eluent to remove 

unreactive BociO and the final product was eluted with 1% CH3OH/CHCI3 as white solid 

(Q.55g, yield 50%). ‘H NMR (CDCI3, 5): 4.50 (br. S, IH), 3.58 (t, J=6.8Hz, 2H), 3.05 (t, 

J=7.0Hz, 2H), 1.90-1.05 (m, 21H). '^C NMR (CDCI3, 6): 156.0, 79.1, 62.8, 40.6, 32.7,

30.0, 29.3, 29.2, 28.4, 26.7, 25.6. This compound was judged pure enough for the 

subsequent step.

Bis[N-^e/t-Butoxycarbonyl-8-aniino-l-octanoyl]thioindigo-7,7’>dicarboxyiate (IV-12)

4-Dimethylaminopyridine (DMAP, 0.15g, 1.2mole) was added to the CH2CI2 

(15mL) solution of IV-4 (0.1 Og, 0.2mmole) and IV-11 (0.1 Ig, 0.44mole) and the solution 

was refluxed overnight. After cooling, the solvent was removed and the crude product was 

purified by silica gel column chromatography (2.3x16cm) with CHCI3 as eluent. The 

colored fractions were combined (Rf=0.5 in silica gel TLC with 1% CH3OH/CHCI3 as 

eluent) and the solvent was removed to yield IV-12 as red solid product (O.lg, yield of 

60%). 'H NMR (CDCI3, Ô): 8.22 (d, J=6.9Hz, 2H), 8.02 (d, J=7.0Hz, 2H), 7.20 (t, 

J=6.9Hz, 2H), 4.52 (br. s, 2H), 4.40 (t, J=7.0Hz, 4H), 3.05 (t, J=6.7Hz, 4H), 2.00-1.10 (m, 

42H). ‘̂ C NMR (CDCI3, 5): 189.7, 164.8, 156.0, 150.4, 138.9, 137.0, 135.0, 130.4, 126.0,
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125.9, 79.0, 66.1,40.6, 30.0, 29.2, 28.7, 28.4, 26.7, 26.0. The ‘̂ C NMR spectrum is shown 

as Figure 6.6. This compound was judged pure enough for the subsequent step.

Bis[8-amlno-l-octylfomiate]thioindigo-7,7’-dicarboxyiate (IV -13)

Compound IV-12 (O.lg, 0.12mmole) was dissolved in 95% formic acid (5mL) and 

the solution was refluxed for 15 minutes. Whether the r-Boc was removed can be indicated 

by different Rf values (1% CH3OH/CHCI3 as eluent) for starting material (Rf=0.5) and 

product (Rf=0). The solvent was removed by evaporation under reduced pressure to give 

IV-13 as a red solid (0.09g, yield 99%). ESI-MS (1:1 CH3CN/H2O as solvent) m/z (relative 

intensity): 638.9 (M +lf, M: the corresponding free diamine, 62), 320 (M+21T, 100). This 

compound was judged pure enough for the subsequent step.

N ^ ’-bls((lR^R-3,6,9,12,15,18-hexaoxacycloocta-2-carboxyl-l-carbonyi)-8-amlno-l-

octanol-thioindigo-7,7’-diester) (TV-14)

A solution of the crown ether anhydride (I-10, 0.14, O.36mmole) and excess dry 

pyridine (0.4g) in 5mL of THF was added into a solution (THF, 5mL) containing IV-13 

(0.09g, 0.12mmole) at room temperature and the solution was re fluxed overnight. After 

cooling, the solvent was removed under reduced pressure. The oil was dissolved in 

chloroform (50mL) and washed with 2M HCl and water, respectively. The organic phase 

was dried over Na^SO^ and the solvent was removed under reduced pressure to yield a red 

solid. The crude product was purified by gel permeation column (Sephadex LH 20,

1.2x120cm) with 4:3 CHCl3:CH30H as eluent. Colored fractions with same *H NMR 

spectra were combined and the solvent was evaporated to yield HI-14 as bright red solid 

(O.lg, 0.08mmole, yield 64%). *H NMR (CDCI3, 5): 8.30 (d, J=6.7Hz, 2H), 8.13 (d.
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J=6.9Hz, 2H), 7.42 (t, J=7.0Hz, 2H), 7.30 (br. s 2H), 4.42 (t, J=7.0Hz, 6H), 4.27 (br. s, 

2H), S.9-3.4 (m, 40H), 3.40-3.20 (m, 4H), 1.95-1.70 (m, 4H), 1.65-1.20 (m, 20H); 

NMR (CDCI3, 5): 189.8, 171.8, 164.9, 150.4, 137.1, 135.1, 130.5, 135.4, 126.1, 126.0, 

80.7, 77.2, 70.8, 70.3, 70.1, 69.9, 69.8, 69.7, 66.1, 39.3, 29.5, 29.2, 28.7, 26.8, 26.0. ESI- 

MS (1:1 CH3CN/H2O as solvent) m/z (relative intensity): 1383.9 (M+2IC-H*, 12), 1367.9 

(M+Na+4-K^-ir, 28), 1345.9 (M+K+, 97), 1329.8 (M+Na+, 100), 1307.8 (M+lT, 16),

692.3 (M+2K^, 51), 684.3 (M+NaVK^, 97), 676.3 (M-k2Na\ 58), 673.3 (M+lT+K^, 23),

665.3 (M+H^-t-Na^, 17). High resolution negative LSIMS calculated for C62H85N2O24S2 

m/e 1305.4934; found m/e 1305.4973.

5.3.3 Photochemistry

Preparative photoirradiation was performed using a super high pressure mercury 

lamp (USH-2000p, USHIO Inc., Japan) installed in a illuminator (model 66002, ORIEL 

Corp., U. S.A.) with a shutter control for timing and a variable wavelength monochromator 

(PTI, Canada). Samples were placed in quartz cell (3mL) with a cap at ca. 3cm distance 

from the exit slit. A solution containing the dyes was irradiated in the dark at room 

temperature using a super high pressure mercury lamp with a shutter control for timing. 

The irradiating wavelengths were selected using a variable wavelength monochromator. 

The entrance and exit slits are opened maximally. Samples were placed in a long-necked 

quartz cell (1cm pathlength, ca. 3tnL) with a cap, which prevents solvent evaporation 

during photo irradiation, at ca. 3cm distance from the exit slit.

Absorption spectra were measured on a UV-Visible-NIR spectrophotometer (Cary 

5E, Varian, Australia) using a 1cm pathlength cell. A solution containing the dyes was
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recorded with a scan rate ISOOnm/min. at room temperature using a spectrophotometer 

(Cary 5E) after baseline correction. Samples were placed in a long-necked quartz cell 

(1cm pathlength, ca. 3mL) with a cap. The spectra were saved in floppy disks as Lotus 

files, which can be regenerated in SigmaPlot program.

Fluorescence spectra were taken in a fluorometer made by Photon Technology 

International (PTI), Canada. All slits were set to 4iun. A solution containing the dyes was 

recorded at room temperatiu’e using a fluorospectrophotometer (Felix, Canada). Samples 

were placed in a long-necked quartz cell ( 1cm pathlength, ca. 3mL) with a cap. The spectra 

was saved in floppy disks as text files, which can be regenerated in SigmaPlot program.
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