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PREFACE 

This dissertation work was conducted under the supervision of Professor Hiroshi 

Umakoshi at Division of Chemical Engineering, Graduate School of Engineering Science, 

Osaka University from 2012 to 2017.  

 

The objective of this thesis is to establish the methodology to design the vesicle 

membranes for the enhancement of the selective alkylation reaction carried out in the vesicle 

suspension in aqueous media. The partitioning behavior of the reactants, the interaction 

between vesicles and reactants, and the reaction model are investigated, especially focusing 

on the influence of the physicochemical properties of vesicles in order to clarify the key 

factors for high yield and high selectivity.  

 

The author hopes that this research would contribute to the design of the vesicle 

membrane for the application of chemical reaction processes. The methodology established in 

this study is expected to contribute to the regulation of the chemical reaction processes at the 

hydrophobic-hydrophilic interface.  
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Abstract 
 

Self-assembly system can provide hydrophobic region at nano-scale in aqueous environment, 

which can be utilized for chemical reactions in aqueous media. It has been recently reported that 

the functions of recognition and regulation of bio-molecules can be controlled by the 

physicochemical properties of phospholipid vesicle membrane if the surface of the self-assembly 

system could be utilized as a platform of both functions. In this study, the effect of the vesicle 

membrane properties on the selective alkylation reaction was investigated in order to establish the 

design of vesicle membranes for the reaction with high yield and high selectivity.  
 
In chapter 1, the micro-environments of lipid vesicles and partitioning behavior of the 

substrates were systematically characterized. The variations in the micro-membrane properties 

was found to lead to the regulation of the partitioning behaviors of substrates. After the 

partitioning of the substrates, the variation of the micro-membrane properties, especially the 

polarities, was observed suggesting that the dehydration of vesicle membranes occurred by the 

partitioning of hydrophobic molecules. Based on the results, the interaction model and the 

possible design of vesicles to regulate the partitioning of substrates were finally proposed.  
 
In chapter 2, the 1,3-dipolar cycloaddition of BNO (benzonitrile oxide) and EMI (N-

ethylmaleimide) in bulk system and self-assembly system was selected as a case study to model 

the chemical reaction on the different platforms. In the bulk system, the reaction rate linearly 

decreased with the increase of relative dielectric constant, while self-assembly system indicated 

maximum reaction rate at the certain value of relative dielectric constant. For the optimization 

of the self-assembly system, the regulation of the hydration environment around the substrates 

was found to be an important factor.  
 
In chapter 3, the selective alkylation of the amino acid derivative was carried out. The 

racemic product was obtained in two-solvent system or micellar system, while the enantio- 

selective product was obtained with phospholipid vesicles. In addition, the same enantiomer 

was produced regardless of the chirality of phospholipid. Based on the results, the interaction 

mechanism to explain the enantioselectivity was finally proposed.  
 
In chapter 4, the vesicles composed of non-natural (synthetic) surfactants was characterized 

in order to show more variety on the vesicle membrane properties. It was shown that the DDAB 

(dilauryldimethylammonium bromide) vesicle, DDAB vesicle could provide a polar 

environment as compared to the conventional phospholipid vesicles. By the modification of 

cholesterol, DDAB vesicle was found to represent the unique characteristics which could 

contribute to the design of platform for chemical reactions.  
 
In chapter 5, the alkylation reaction employed in chapter 3 was performed by selecting 

DDAB vesicle membrane as the platform. By comparing to the reaction in micelle and 

phospholipid vesicle systems, the distribution ratio of reactants, conversion, and enantio- 

selectivity were strongly related to the environment which the self-assembly forms. From these 

findings, the important factors for the design of interface was clarified after the plausible 

reaction mechanism was proposed.  
 
Based on the findings obtained in this study, the efficient and selective reaction enhanced 

by self-assembly system can be improved by the understanding of the interaction mechanism 

and reaction mechanism on the membrane surface, indicating the importance in the design of 

hydrophilic-hydrophobic interface of self-assembly systems
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General Introduction 

 

Our daily life has been improved together with the development of chemistry, where 

the organic synthesis has contributed to the production of new materials, such as pharmaceutical 

molecules, etc. Among the possible trends in the organic synthesis, the C-C bond formation 

reaction is fundamental and convenient technique for producing worthwhile molecules 

[Stephen et al., 2000, Jia et al., 2000, Frantz et al., 2000]. In most of the organic synthesis 

processes, catalysts play a key role for achieving high yield and high selectivity of the desirable 

products [Demir et al., 2002, Souillart et al., 2014, Thankachan et al., 2015]. Many catalysts 

and catalytic processes have been developed within a several decades, which showed the 

incredibly-high yield as compared to the stoichiometric reaction. One example of the most 

famous and high-impact catalytic process was developed in 1900s by Haber and Bosch; it is the 

well-known method to produce ammonium from nitrogen and hydrogen. There was a huge 

impact that this catalytic process allowed us to produce food from the air and water, which 

changed our life significantly. Other famous catalytic processes are also shown in Table 1. 

Other famous catalytic reactions developed in the 1950s, such as Ziegler-Natta Catalysis and  

 

Table 1 List of the examples of catalytic process  

Catalytic Process Catalyst Reaction (Product) 

Habor-Bosch process Fe N2 + 3H2 → 2NH3 

Ziegler-Natta catalyst (C2H5)3Al-TiCl4 Polymerization of olefins 

Wacker oxidation PdCl2, CuCl2 2C2H4 + O2 → 2CH3CHO 

Mizoroki-Heck reaction Pd0 modification of alkene 

Negishi Coupling R-Zn, Pd C-C coupling 

Suzuki-Miraura coupling R-B, Pd C-C coupling 

Asymmetric synthesis Rh-BINAP, etc. (-)-menthol, etc. 



2 

 

Wacker Oxidation. These catalytic processes were effective on the industrial application that 

large amount and high yield of the production was achieved. The further developments of these 

catalytic process were followed by other scientists around 1980s and still improved. At the same 

time, the effective C-C coupling reaction processes were developed in order to solve the 

demand of fine chemicals. The catalyst composed of palladium, rhodium, or ruthenium showed 

the positive effect on the formation of C-C bonds. These processes are still used in these days 

to improve our daily life. In addition, to produce more complex molecules such as 

pharmaceutical materials, the catalysts for asymmetric synthesis have been developed. One of 

the most famous catalysts for asymmetric synthesis is BINAP catalysts, which compose 2,2'-

bis(diphenylphosphino)-1,1'-binaphthyl structure. The example of this process is the production 

of (-)-menthol by Rh-BINAP catalyst. The asymmetric synthesis processes utilizing BINAP 

catalysts are still used and developed in these days to produce new materials which makes our 

daily life better.  

As a part of the “Green Chemistry”, not only the catalytic reactions but also the whole 

reaction process including the recovery of the product should be concerned. Recently, “flow 

fine synthesis” has been developed so that the separation of the products from catalysts becomes 

easier, which indicates less energy would be required as a whole reaction process [Kirshning et 

al., 2006, Soldi et al., 2008, Kobayashi, 2016]. Considering the separation process, the polar 

organic solvents, such as dimethylsulfoxide and dimethylformamide, have a disadvantage in 

the recovery of the reaction products due to their high boiling points. More energy might be 

required for the separation (evaporation), and even after the separation, polar organic solvents 

are not environmentally-friendly that the additional energy and process would be necessary to 

dispose appropriately. However, these polar organic solvents were used in the conventional 

organic synthesis due to its ability of the solvation of many reactants. Nonpolar organic solvents 

with lower boiling points, e.g., hexane and toluene, could not enhance the organic synthesis 

because one of the reactants is usually water-soluble while another is water-insoluble. To avoid 
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the use of polar organic solvents as reaction media, phase transfer catalysis (PTC) has been 

proposed (Table 2, Fig. 1). PTC reaction involves aqueous phase (usually alkali aqueous 

solution) and organic phase (organic solvent with lower boiling points), so that both of water-

soluble and water-insoluble reactants can be dissolved in the system. Phase transfer catalysts 

can work at the hydrophilic-hydrophobic interface, wherein PTC transports water-soluble 

reactants to organic phase to promote the reaction. In addition, PTC can be designed to restrict 

the interaction with reactant (or reaction intermediate): as an example, Maruoka catalyst has 

been developed to bind Si-face of DMGBE intermediate, then it can promote the 

enantioselective alkylation [Kitamura et al., 2005]. Conventionally, metal catalyst and inorganic 

 

 

 

Figure 1 Graphical Scheme of phase transfer catalysis (PTC) 

 

Table 2 List of heavy metal-free catalyst systems 

Reference Catalyst Reaction (Product) 

Starks 1971 quaternary phosphine hydrolysis 

O’Donell et al. 2004 cinchona alkaloid amino acid derivatives 

Maruoka et al. 2005 BINAP-PTC amino acid derivatives 

List et al. 2000 L-Proline Aldol reaction 

Najera et al. 2005 L-Pro derivative cycloaddition 

Jousseaume et al. 2011 NHC (carbine) amino acid derivatives 
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catalyst have been utilized for stereoselective organic synthesis. However, heavy metals, such 

as Rhodium, Ruthenium, etc., are harmful materials to our body, they must be removed 

completely from the products especially foods or medicines. In contrast, organic catalysts 

including phase transfer catalysts have an advantage in the viewpoint of Green Chemisty, and 

they have been utilized. Phase transfer catalysts are examples of organic catalysts. Starks have 

reported that quarternary ammonium or quaternary phosphate group canwork as a catalytic 

center to some reactions, and they can be utilized them as phase transfer catalysts. Maruoka et 

al. have reported quinine and other molecules which contain quaternary ammonium moiety as 

PTC. Other scientists have reported that L-proline and its derivatives can work as organic 

catalysts, and they also achieved with high yield and high enantioselectivity for enantioselective 

aldol reaction and micheal addition. For example, List et al. have reported that L-proline could 

be used to catalyze the aldol reaction, and Najera et al. represented L-pro derivatives still 

showed the high activity as a catalyst [List et al., 2009, Najera et al., 2005].  

Despite an advantage of heavy metal-free process, the above-mentioned reaction 

systems still require organic solvent as media. It has recently reported that some organic 

synthesis processes could avoid from the use of any organic solvents while they could use only 

water as a reaction medium. Water is the most ideal solvent as a reaction medium from a 

viewpoint of environmental load. Water is quite stable, non-flammable, and environmentally-

friendly. However, to utilize water as a reaction medium, there are still some problems: one  

 

Table 3 List of organic synthesis conducted in water 

Reference Catalyst Reaction (Product) 

Kokubo et al. 2008 Sc (Lewis acid) hydroxy methylation 

Li et al. 2012 Rh within micelles chiral reduction of ketone 

Hayashi et al. 2006 L-Pro derivative aldol reaction 

Mase et al. 2009 L-Pro derivative chiral aldol reaction 

Pan et al. 2014 PEG-supported aminoalcohol chiral micheal addition 
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problem is that the reactants for organic synthesis are usually water-insoluble, and even if 

reactants can be dissolved in aqueous medium, the reactivity is low in highly polar environment 

most of the time. The catalytic reaction would be the solution for the low reactivity, but 

conventional metal catalyst cannot show the effective enhancement in water because of the 

deformation of the catalysts by hydrolysis. Although the adversities of the organic synthesis in 

aqueous media, some catalysts which can act effectively in water were developed recently 

(Table 3). Kokubo et al. have reported that the Lewis-acid can be utilized for the effective 

reaction in the aqueous media [Kokubo et al., 2008]. Li et al. have shown the possibility of 

using metal catalysis in aqueous media by modifying the catalyst to be amphiphilic [Li et al., 

2012]. Some of the organic catalysts (L-proline derivatives) have also shown its possibility to 

be used in water and still achieved reasonable yield and selectivity [Hayashi et al., 2006]. The 

reaction in water have developed recently, so further improvements are expected to be studied 

by many scientists.  

From another point of view, most of chemical synthesis in biological systems are 

conducted in water. In the biological system (e.g., inside the biological cell), many chemical 

reactions are achieved in aqueous media, which are usually catalyzed by enzyme. Enzymes and 

the substrates are often referred as “lock” and “key” that a certain enzyme can interact with 

only one substrate, which leads to the extremely high selectivity of the substrate and product, 

even in a crowding condition in cell. Enzymes could also be utilized for organic synthesi s  

 

Table 4 List of organic synthesis in biological systems 

Reference Catalyst Reaction (Product) 

Hirose et al. 1995 Lipase AH, PS Enantioselective hydrolysis 

Glueck et al. 2005 Lactobacillus Deracemization 

Keinan et al. 1986 Alcohol dehydrogenase Reduction of ketones 

Kawano et al. 2003 Microbe (Candida maris) Chiral pyridineethanol 

Wang et al. 2012 DNA-based catalyst Diels-Alder Reaction 
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process outside of our body (Table 4). For example, Kawano et al. have reported that the 

enantioselective reaction could be conducted by using certain type of cells [Kawano et al., 

2003]. The usefulness of enzymes was shown as the materials which represent the similar 

properties as enzymes. These “artificial enzymes” were studied and started to be reported from 

around 1970 by many scientists [Breslow et al., 1970, Makino et al., 1972] (Fig. 2). Breslow et 

al. reported that the reaction rate increased significantly by combining the metal catalytic center 

and hydrophobic moieties around catalytic center. The reports about artificial enzymes were 

published continuously and showed their advantages to be used in the chemical processes. For 

example, de Vries et al. reported the artificial enzyme synthesized by the modification of papain 

to achieve asymmetric hydrogenation [de Vries et al., 2006]. Breslow represented his 

continuous research on the methodologies to design the catalytic center and the cavity of 

artificial enzymes [Breslow, 1995]. Lin et al. introduced the Au-nanoparticle supported catalyst 

which showed the enzymatic activity that the cascade reaction, oxidations of glucose and 

3,3,5,5-tetramethylbenzidine at the same time, were achieved [Lin et al., 2013]. Some scientists 

have prepared the artificial catalysts by the self-assembly of complex molecules such as 

dendrimers and supramolecular encapsulated catalyst assembly [Marlau et al., 2001, Kofoed et 

al., 2005, Darbre et al., 2006]. Since enzymes have complex structures, the design of artificial  

 

   (a)                     (b)                          (c)  

Figure 2 (a) Illustration of the enzyme (peroxidase), (b) catalytic center of peroxidase, (c) one 

example of catalytic center of artificial enzyme [Hayashi et al., 2002] 
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enzymes was also approached by the computational experiments [Nanda et al., 2010]. In 

addition to the enzymatic reactions, some of organic reactions (e.g., Michael addition reaction, 

Diels-Alder reaction, and so on) have been reported to happen in biological systems. Wherein, 

a hydrophobic environment, such as the lipid membrane surface, would provide a reaction site 

at which less polar compounds can be localized. It is suggested that the biologically happened 

environment could be utilized as a functional platform to achieve organic synthesis. 

Inspired from biological membranes, the nano-ordered self-assembly systems including 

micelles, vesicles can be formed. They have also attracted much attention as a reaction platform 

(Fig. 3, Table 5). Nano-ordered self-assemblies are generated from the amphiphilic molecules  

by noncovalent interactions such as hydrophobic interaction (van der Waals interaction).  

 

Figure 3 Illustration of micelle and vesicle about specific features 

 

Table 5 List of self-assembly assisted organic synthesis 

Reference Catalyst Reaction (Product) 

Hamasaka et al., 2014 Pd within vesicles Cyclization 

Kunishima et al., 2005 Micelle with fatty acid salts Dehydrocondensation 

Kumar et al., 2013 SDS micelle Mannich reaction 

Wang et al., 2016 Polymer micelle H2 production 

Manabe et al., 2002 o/w emulsion formed by DBSA Dehydration 
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Therefore, hydrophobic substrates are able to be dispersed in the aqueous media by the help of 

self-assembly systems. Engberts et al. have studied about the effect of the environment which 

self-assembly systems can form on Diels-Alder and Diels-Alder-like reactions [Engberts et al., 

2006]. Kunishima et al. employed the enrichment effect of substrates by the interaction between 

micelles and substrates to improve the reactivity [Kunishima et al., 2005]. Self-assembly 

system can represent additional effects; Manabe et al. have reported that the dehydration can 

be achieved in the interior of oil-in-water emulsion that the water produced by the dehydration 

reaction would be excluded to outside of the O/W emulsion, so that the reaction equilibrium 

shifted to the product [Manabe et al., 2002]. Some catalytic reactions also proceeded with self-

assembly system. Hamasaka et al. have reported the catalyst which could form vesicle can work 

in water and enantioselective reaction was achieved [Hamasaka et al., 2014]. Junker et al. have 

reported the formation of polyaniline by enzymatic reaction utilizing vesicle as a template 

[Junker et al., 2014]. The interfacial reaction utilizing the interface of self-assembly system is 

showing the possibility to be utilized as a platform for the new chemical reaction process, 

although the mechanisms and parameters to be widely used were not clarified yet. 

 The reaction system with high yield and selectivity should include three essential 

factors: (i) catalytic center – where governs the conversion reaction, (ii) ordered structure 

around the catalytic center – where governs the selectivity of the reaction, and (iii) the reaction 

environment – where affect the solvation of the reactants and catalysts. For example, the 

enzymes possess the metal complex as a catalytic center which can be used as a powerful tool 

to enhance the reaction. The ordered structure formed by polypeptide surrounding the catalytic 

center of enzymes is unique and highly ordered that only one substrate can be recognized by a 

certain type of enzyme. Since enzymatic reactions are highly selective and effective, the 

reaction environment is selected not to denature the enzymes. These three factors are also key 

to the effective reaction utilizing the self-assembly system as a platform. The head group of 

amphiphiles (component of self-assembly system) such as quaternary ammonium moieties can 
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work as a reaction center. The regulation of the membrane properties can lead to the regulation 

of the (ii) ordered structure around the catalytic center and (iii) reaction environment. Therefore, 

it is important to regulate the physicochemical properties of the self-assembly system and 

clarify the relationship between membrane properties and the reactivity.  

The final purpose of this thesis is to reveal the mechanism of selective chemical 

reactions and clarify the important parameters for the reactions, especially at the hydrophilic-

hydrophobic interface of the self-assembly. The catalytic reactions (including PTC) usually 

require organic solvents, strong acid/base, or metals but show very high yield and high 

selectivity. To achieve the high yield and high selectivity in water, the physicochemical 

properties of the self-assembly systems should be regulated in detail as mentioned in former 

paragraph. The framework and flow chart of the present study are schematically shown in 

Figure 4 and 5, respectively.  

In chapter 1, the physicochemical properties of model-biomembrane (natural lipid 

vesicles) were investigated by fluorescent probe method. The partitioning behavior of reaction 

substrate (benzonitrile oxide; BNO) and the precursor (benzaldoxime; BO) onto lipid vesicles 

were analyzed. By the distribution of these substrates, the micro-environment (micro-polarity, 

micro-viscosity, etc.) inside the lipid vesicles were varied, and interaction between vesicles and 

substrates were discussed.  

In chapter 2, the interfacial reaction at the hydrophilic-hydrophobic interface of lipid 

vesicles was investigated. As a model case, 1,3-dipolar cycloaddition of BNO and EMI (N-

ethylmaleimide) was carried out in water/dioxane system, micellar system, and lipid vesicular 

systems with the variation of relative dielectric constant ε. Based on the partitioning behavior 

discussed in chapter 1, the reaction was considered to proceed in water and at the interface in 

parallel to investigate the reaction more deeply. This analysis could lead to the plausible 

reaction model in the lipid vesicle suspension, and represented the possible design of 

hydrophilic-hydrophobic interface to be used as a platform for chemical reaction.  
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In chapter 3, another reaction system which requires the enantioselectivity was carried 

out in water-dichloromethane system, CTAB micellar system, and lipid vesicular systems. 

Based on the reaction behavior, the highly-ordered interface which vesicle forms was required 

for the enantioselective reaction, and the possible interaction model to produce the one type of 

enantiomer was proposed. The strategy to design the vesicle membrane surface as a platform 

for the reaction was also discussed based on the results obtained in chapter 1 through chapter 3, 

showing that the membrane properties of the self-assemblies and the variations in membrane 

properties by the addition of the substrates are important factors on the reaction carried out at 

the surface of the self-assembly system.  

In chapter 4, non-natural surfactant were used to prepare vesicles in order to make 

more variations in physicochemical properties of hydrophilic-hydrophobic interface of vesicles. 

Cationic surfactant, DDAB (dilauryldimethylammonium bromide), and anionic surfactant, 

AOT (sodium bis(2-ethylhexyl) sulfosuccinate), were employed, and vesicles composed of 

these surfactants were analysed. The variation in the physicochemical properties of these 

surfactant vesicles by the addition of modifier such as cholesterol was investigated and 

compared to that of phospholipid vesicles.  

In chapter 5, the enantioselective alkylation discussed in chapter 3 was carried out with 

cationic surfactant vesicle. Finally, the effect of self-assembly system on the chemical reaction 

was discussed by the comparison of self-assemblies with the variations in the physicochemical 

properties. Based on the results obtained, the interaction model of the reaction was also 

compared to each other, and the regulation of the reaction by focusing on the physicochemical 

properties of hydrophilic-hydrophobic interface was proposed.  
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Figure 4 Framework of the present study 

Chapter 1. Variations in the Membrane Properties Induced by the Partitioning of Reaction Substrates 
 
- Partitioning behaviors of BO and BNO onto lipid vesicle membrane 

- Variations of the polar environment of liposome membranes in the presence of substrates 

- Variations in the micro-viscosity of lipid vesicle membranes in the presence of substrates 

Chapter 3. Enantioselective C-C Bond Formation Reaction with Model-Biomembrane 
 
- Alkylation of DMGBE with benzyl bromide in aqueous media 

- Reaction site at the membrane interface 

- Evaluation of the polar environment constructed on the membrane surface 

- Discussion for the enantioselective of the reaction mechanism in the presence of lipid vesicles 
 

- Strategy to design membrane surface for enantioselecive alkylation reaction 

Chapter 2. Interfacial Reactions on the Surface of Model-Biomembrane Regulated by the Membrane 

Polarity 
 
- Characterization of lipid vesicles by relative dielectric constant (ε’) 

- Effect of lipid vesicles on 1,3-dipolarcycloaddition 

- Accumulation of BNO and EMI in lipid vesicle membranes 

- Estimation of the localization of reactants in lipid vesicle membranes 

- Estimation of the reaction rate constants occurring at the surface of lipid vesicles 

 

 

Chapter 4. Characterization and Evaluation of the Self-Assembly Systems Composed of Fully-

Synthetic Amphiphiles 
 
- Formation of DDAB/cholesterol vesicles and the characterization by Laurdan 

- The interaction model of surfactants and additives 

 

Chapter 5. Selective Alkylation Reaction with Vesicles Composed of Fully-Synthetic Surfactants and 

Comparison to Other Self-Assemblies 
 
- Evaluation of the alkylation reaction with DDAB and DDAB/cholesterol vesicles 

- The effects of the membrane polarities on the reaction system 

- Plausible reaction model of the reaction with DDAB vesicle and comparison to the reaction with  

phospholipid vesicles 
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Figure 5 Flow chart of the present study 
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Chapter 1 

Variations in the Membrane Properties Induced by the 

Partitioning of Reaction Substrates 

 

1. Introduction 

Partitioning behaviors of the substrates are the very important factor in extraction, 

chromatography, and interfacial reaction processes comprising two or more phases in one 

system. The partitioning behaviors can be varied by the following factors: (i) chemical 

properties and structure of the target molecules, (ii) physicochemical properties of the 

surrounding environment (solvent), and (iii) properties of the interface formed between the 

multiple phases. In the simple extraction in liquid-liquid system, the factors (i), (ii), and the 

(physico)chemical properties of the solute and the solvent, are dominant factors. For example,  

the extraction of RNA by using two-solvent system have been reported [Chomczynski et al., 

1987]. The extraction behavior of a chemical is expectable based on the hydrophobicity (Log 

P value) of the target molecule. In addition, the polarity (relative dielectric constant can 

predict the approximate distribution ratio of the target chemical. On the other hand, the 

extraction process including amphiphilic molecules, such as the extraction systems with micelle 

and reverse micelle, requires the design of the physicochemical properties of the interface. 

These processes can separate substrates beyond the simple properties such as Log P and , 

which is necessary for effective extraction. Pires et al. and other scientists reported that the 

liquid-liquid extraction of proteins could be enhanced by utilizing reversal micelles [Pires et al., 

1996, Krei et al., 1992, Ruiz et al., 2007]. However, the property design of the interface has not 

fully revealed the extraction behaviors of molecules, thereby each extraction system has been 
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practically designed and applied in chemical process. Further investigation would be required 

to reveal the mechanism of interfacial partitioning behaviors.  

    The concept of extraction is applied to the chemical reaction occurring at the interface of 

two solvents. For example, Phase Transfer Catalysis (PTC) contains the catalysts which can act 

at the interface of aqueous and organic solvent, and achieves high yield in the reaction of water-

soluble reactant and water-insoluble reactant (Fig. 1 in General Introduction) [Kitamura et al., 

2005, etc.]. Finally, PTC migrates the reactant into organic phase, where another reactant exists. 

PTC have shown its effectiveness for more environmentally-friendly process and high yield, 

wherein the reactions are considered to occur at the interface. The physicochemical properties 

such as polarity and viscosity of the interface are important rather than those of each solvent to 

regulate the reaction, nevertheless the properties of the interface is unclear. The achievement of 

the high yield is strongly dependent on the design of the catalysts. The problem of being 

dependent on the highly designed catalysts is that the producing catalysts requires many steps 

of synthesis, which requires a lot of costs and produces many by-products. Instead, by 

regulating the properties of the interface, the catalysts could be more simple. 

    As compared to the interface of liquid-liquid two phase, the self-assembly interface can be 

designable and tunable. In recent years, there have been some reports about the 

extraction/distribution process with liposome suspension [Tang et al., 2013, Okamoto et al., 

2016]. Liposome also represents the hydrophilic-hydrophobic interface in aqueous phase. The 

greatest advantage of the liposomal system is that the hydrophilic-hydrophobic interface can be 

varied by changing its membrane properties such as phase state and fluidity. The adsorption of 

amino acids and proteins onto various liposome membranes have been reported [Litt et al., 

2009, Ishigami et al., 2015], and the differences were discussed. The liposome membrane has 

also been used for the regulation of biological molecules such as RNAs [Suga et al. 2011, Tuan 

et al, 2008]. Now, liposome is expected to be used as a platform for the regulation of non-

biological molecules and processes.  
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    There are some chemical reactions that are conducted at hydrophobic-hydrophilic 

interfaces. The cycloaddition reaction of benzonitrile oxide and ethylmaleimide is a type of 

Diels-Alder reaction [Rispens, et al., 2003], which is conducted by the contact of each reactant. 

BNO is less soluble to water while EMI is water soluble. By using self-assembly interfaces, the 

reaction of BNO and EMI is expected to be improved. Therefore, the characteristics of the self-

assembly interface and its effect on the molecular partitioning behavior should be clarified. 

    In this chapter, the partitioning behavior of non-biological molecules onto liposome 

membrane was investigated, expecting to utilize liposome membrane as a platform for the 

chemical reaction (Fig.1-1). The various liposomes which show different characteristics in 

membrane polarity, membrane fluidity, and surface charge were prepared to reveal the 

appropriate physicochemical properties of hydrophilic-hydrophobic interface for the 

distribution of the molecules. In addition, the variations in the micro-environment inside of the 

liposome membrane before and after the addition of partitioning molecules were analysed to 

achieve further regulation of the interface between bulk and liposome membrane.  

 

 

 

 

 

 

 

 

 

 

Figure 1-1 Schematic illustration of the study in this chapter. 
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2. Materials and Methods 

2.1 Materials. 

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-3-trimethyl- 

ammonium-propane (DOTAP) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, 

USA). Benzaldoxime (BO), 1,6-diphenyl-1,3,5-hexatrien (DPH) and 6-lauroyl- 2-

dimethylaminonaphthalene (Laurdan) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Other chemicals were purchased from Wako Pure Chemical (Osaka, Japan) and were 

used without further purification.  

The benzonitrile oxide (BNO) was prepared as the following [Rispens et al., 2003]: 21.6 

μL of benzaldehyde oxime was dissolved in the 2 mL of NaClO(aq)/1-propanol solution (50:50). 

0.36 g of NaCl was added to this solution to separate it to two phases. After the upper phase 

was taken and diluted by 1-propanol, 25 mM benzonitrile oxide solution was obtained. The 

formation of BNO was determined by UV-vis spectroscopy (UV-1800; Shimadzu, Kyoto, 

Japan), where the conversion of BO was >85 %. The obtained solution was used as the BNO 

solution. The prepared BNO solution was stable for at least 3 h, and the experiments were 

performed soon after the BNO was prepared. 

 

2.2 Preparation of Liposomes. 

A solution of lipids in chloroform was dried in a round-bottom flask by rotary evaporation 

under vacuum. The obtained lipid thin film was kept under high vacuum for at least 3 h, and 

then hydrated with distilled water at room temperature. The obtained liposome suspension was 

frozen at -80 °C and then thawed at 50 °C; this freeze-thaw cycle was repeated 5 times. A large 

unilamellar vesicle was obtained by extruding the vesicle suspension 11 times through 2 layers 

of a polycarbonate membrane with a mean pore diameter of 100 nm using an extruding device 

(Liposofast; Avestin Inc., Ottawa, Canada). 
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2.3 Adsorption of reactants onto liposome.  

The distribution ratios (D) of the substrates in the liposome membranes were evaluated by 

using the ultrafiltration method. Each substrate was incubated with the liposome solution for 

30 min at room temperature, and the liposome and substrates distributed in the membrane were 

removed with the ultrafiltration unit USY-5 (molecular weight cutoff: 50,000, Advantec Toyo, 

Ltd., Tokyo, Japan). The distribution ratios of substrates on the filtration membranes were lower 

than 0.05, and the fraction of each substrate was calculated with the corrected concentration of 

the substrates. The D values of the substrates were calculated as follows: 

D = Cm / Cw 

where Cm and Cw are the concentrations of the substrate in the membrane and in the water 

solution, respectively. The concentration of the reactant in the eluted solution was measured by 

UV-vis spectroscopy.  

 

2.4 Evaluation of membrane polarities.  

The fluorescence spectra of Laurdan and DPH were measured by using a fluorescence 

spectrophotometer (FP-8500; Jasco, Tokyo, Japan). The excitation wavelength of Laurdan was 

340 nm, measured with a 10 mm path length quartz cell. The fluorescence intensity of Laurdan 

was normalized with the spectrum of each liposome without substrates. The fluorescence 

anisotropy (r) of DPH was calculated based on the previous report. A fluorescent probe DPH 

was added to the liposome suspension with a molar ratio of lipid/DPH of 250/1; the final 

concentrations of lipid and DPH were 100 and 0.4 M, respectively. The fluorescence 

polarization of DPH (Ex = 360 nm, Em = 430 nm) was measured after incubation at room 

temperature for 30 min. The sample was excited with vertically polarized light (360 nm), and 

emission intensities both perpendicular (I⊥) and parallel (I║) to the excited light were recorded 

at 430 nm. The anisotropy (r) of DPH was then calculated using the following equations 

[Kepczynski et al., 2011]: 
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r = (I║- GI⊥) / ( I║+ 2GI⊥)    (2) 

G = i⊥ / i║      (3) 

where i⊥ and i║ are the emission intensities, perpendicular and parallel to the horizontally 

polarized light, respectively, and G is the correction factor. Based on the previous report 

[Kepczynski et al., 2011], the micro-viscosity ( DPH) was calculated using the following 

equation: 

DPH = 2.4r / (0.362 - r)    (4) 

The  DPH values of the oleic acid vesicles in the literature [Kepczynski et al., 2011] and in our 

study were 59 cP and 39 cP, respectively, indicating that this method could estimate the micro-

viscosity of lipid membranes. 
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3. Results and Discussion 

3.1 Partitioning behaviors of BO and BNO onto liposome membranes 

The logP values of BO and BNO were calculated via both computational and 

experimental methods (Table 1-1). The results indicated that BO and BNO were hydrophobic, 

implying that they can be accumulated in the hydrophobic regions of liposome membranes. 

Figure 1-2 shows the distribution ratios (D) of BO and BNO onto DOPC and DOTAP liposomes. 

In the case of the DOPC liposome, the D values of BO and BNO were almost the same (Figure 

2(a)), suggesting that the partitioning of hydrophobic molecules onto the zwitterionic liposome 

could be driven by hydrophobic interaction. In contrast, the D values of BNO onto the cationic 

DOTAP liposome were higher than those of BO (Figure 1-2(b)). Despite the difference in the  

 

 

 

 

 

 

 

 

 

Figure 1-2. Distribution ratios of BO (open circle) and BNO (closed circle) in liposomes. BO 

or BNO (250 M) was incubated with the liposome solution at room temperature, and the 

distributed substrates were separated by ultra-filtration.  

Table 1-1 LogP values of BO and BNO. 

 Mw logPcal *1 logPcal *2 logPex *3 

BO 121.14 1.9 1.91 1.29 

BNO 119.12 1.1 1.82 >1 

*1 Referred by PubChem database: http://pubchem.ncbi.nlm.nih.gov/ *2 Referred by 

ChemSpider database: http://www.chemspider.com/ *3 Determined by partitioning 

coefficient in water/1-octanol two-phase system. 



20 

 

partitioning behaviors in liposome membrane systems, the partitioning behaviors of BO and 

BNO in liquid-liquid two phase systems (i.e. water/1-octanol system) were not significantly 

different (Table 1-1). It was therefore found that the DOTAP liposome could accumulate BNO, 

suggesting that there exists multiple interactive forces, i.e. hydrophobic and electrostatic 

interaction. Because BNO is one of the substrates in 1,3-dipolarcycloaddition reactions 

[Engberts et al., 2002, Rispens et al., 2003], it is expected that the DOTAP liposome membrane 

surface can be utilized as a platform for the 1,3-dipolar cycloaddition reaction. It has been 

reported that the interaction between liposomes and target molecules can induce the dehydration 

of the membrane surfaces. The solvent polarity and viscosity are key factors in regulating the 

yield and stereoselectivity in the Diels-Alder reaction [Rispens et al., 2005]. It is therefore 

important to investigate the microscopic polarity and viscosity of the liposome membranes with 

the localization of hydrophobic molecules. 

 

3.2 Variation of the polar environment of liposome membranes in the presence of 

substrates 

It has been previously reported that the micro-polarity of the liposome membrane surface 

can be monitored by Laurdan [Parasassi et al., 1991, Suga et al., 2013]. The fluorescent probe 

Laurdan, embedded in the hydrophilic- hydrophobic interface region of liposome membranes, 

is sensitive to the polarity around itself, which reflects the surface polarity of lipid membranes 

to be determined. In liposome membranes, Laurdan shows a peak at around 440 nm in the gel 

phase (ordered phase), where the lipid molecules are tightly-packed in membranes. On the other 

hand, Laurdan shows a peak at around 490 nm in the fluid phase (disordered phase), where the 

lipid molecules laterally diffuse in the membranes. The fluorescence spectra of Laurdan in the 

presence of BO and BNO were investigated (Figure 1-3). By adding BNO, a decrease of 

fluorescence intensity and a blue-shifted peak around 440 nm were observed. In our previous 

report, the blue-shifted peak was evidence of the “ordered” phase, and such ordered phases are  
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Figure 1-3. Fluorescence spectra of Laurdan in liposomes. (a) DOPC, and (b) DOTAP. Lines 

indicate in the absence of substrates (bold line), in the presence of BO (dashed line), and BNO 

(dotted line). The total concentrations of the lipid, Laurdan, and the substrate were 0.5 mM, 20 

M, and 5 mM, respectively.  

 

 

dehydrated, as compared with disordered phases. The blue-shifted peak was also observed in 

the presence of the anionic polynucleotides [Suga et al. 2013]. This indicates that the liposome 

membrane surface is dehydrated in the presence of BNO. The fluidity (viscosity) of liposome 

membranes also relates to the variations in the Laurdan spectra. In addition, the viscosity of the 

solvent is one of the factors that affect the behavior of fluorescent probes. Our results suggest 

that the micro-viscosity of the liposome membrane can vary with the localization of BNO 

[Uchiyama et al., 2003, Shiraishi et al., 2010, Stsiapura et al., 2008]. 

 

3.3 Variations in the micro-viscosity of liposome membranes in the presence of substrates 

     The micro-viscosity of the self-assembly systems has been studied by using fluorescent 

probes: the C12TAB micelle, 11.9 cP [Pramanik et al., 2000]; the polymer assembly 30-70 cP 

[Shiraishi et al., 2010]; the oleic acid vesicle, 59 cP [Kepczynski et al., 2011]. The micro-



22 

 

viscosities (DPH) of the liposome membranes could be evaluated by using DPH. Figure 1-4 

shows the DPH values of the liposomes in the presence of BO and BNO. The DPH values of 

DOPC and DOTAP liposomes were 64.7 cP and 48.4 cP, respectively. It was found that the 

DOPC and DOTAP liposomes, in disordered phases, showed the lower micro-viscosities, while 

the liposomes in ordered phases showed much higher micro-viscosities: DPPC, 783 cP 

(26.1 °C); DOPC/cholesterol =1:1, 177 cP (26.1 °C); DODAB vesicles, 805 cP [Kepczynski et 

al., 2011]. It is therefore suggested that the micro-viscosity of the liposome is relating to its 

phase state. In the presence of BNO, the DPH values of the DOTAP liposomes increased, on 

the other hand, those of the DOPC did not increase much, indicating that the interaction between 

BNO and DOTAP liposomes could affect both the micro-polarity (Figure 1-3) and the micro-  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4. Analysis of the micro-viscosity of liposome membranes by using DPH. (a) DOPC 

and (b) DOTAP. Symbols indicate BO (open circle) and BNO (closed circle), respectively. 

Each dotted line indicates the DPH value in the absence of substrates. The values of the DPH 

anisotropy (r) and the micro-viscosity (DPH) were calculated based on previous the report. The 

total concentrations of lipid and DPH were 0.1 mM and 0.4 M, respectively. (c) Ladder chart 

of viscosity. The viscosity of ethanol/glycerol systems was reported previously [Alkindi et al., 

2008]. Open and closed arrows indicate the increased DPH value of DOPC and DOTAP in the 

presence of BNO, respectively. 
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viscosity (Figure 1-4). It has been reported that the solvent relaxation time of the DOTAP 

liposome was increased in the presence of zwitterionic DOPC [Jurkiewicz et al., 2006], which 

suggests that the dipolar interaction between lipid molecules can stabilize the lipid membranes. 

It is therefore found that the localization of BNO in the DOTAP liposome could induce the 

stabilization of the membrane with the variation of the membrane surface state (disordered 

phase to ordered phase). These results suggest that the BNO can be localized on the DOTAP 

liposome and, furthermore, BNO and lipid molecules are tightly packed within the dehydrated 

membrane surface. 
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4. Summary 

The micro-environment of the lipid bilayer was successfully evaluated. The fluorescent 

probe Laurdan represented the micro-polarity in the lipid bilayer, and the fluorescent probe 

DPH could represent the micro-viscosity of the vesicle membrane. By comparing to lipid 

vesicles, DOPC and DOTAP, the distribution ratio of BNO was higher in DOTAP vesicle than 

that in DOPC vesicle. The significant changes in micro-polarity of vesicles was induced after 

the BNO addition, indicating that the partitioning of hydrophobic molecules could lead to the 

dehydration of vesicles. The micro-viscosity of the vesicles was also influenced by the addition 

of BNO while the changes were small compared to the micro-polarities. It was found that 

vesicles could be designed by the partitioning of molecules as in DOTAP and BNO that the 

vesicle membrane became more dehydrated and viscous.  

Because the environmental properties around the reaction substrates are always important 

factors to regulate the reaction and sometimes selectivity, the properties of vesicles, which 

forms the surrounding environment of reaction substrates, are key factors for the interfacial 

reaction to be carried out at the surface of vesicles. Based on the findings about the partitioning 

behavior of substrates and changes in the environment after the partitioning of the substrates, 

the reaction process would be discussed in the following chapter 2.  

 

 

  



25 

 

 

Chapter 2 

Interfacial Reactions on the Surface of Model-Biomembrane 

Regulated by the Membrane Polarity 

 

1. Introduction 

  Chemical reactions in aqueous media have been in the huge demand for several decades in 

the aspect of green sustainable chemistry. Before 2000s, conventional organic synthesis mostly 

required organic solvents and some non-environmentally-friendly additives although the short 

time of the reaction, high yield, and high selectivity were achieved. Many catalysts and 

processes have been developed for several decades, while most of them worked only in 

hydrophobic environment. One of the major problems in applying the chemical reaction process 

to aqueous environment is that the (metal-)catalysts are deformed by the hydration. To 

overcome the problem, some scientists have reported the new catalysts which can work in the 

aqueous media. Kokubo et al. reported that the Lewis acid can work as a catalyst for 

hydroxymethylation [Kokubo et al., 2008]. For another method, Li et al. have reported about 

the amphiphilic catalyst that can self-assemble into micelles and work properly in water [Li et 

al., 2012]. Hamasaka et al. even represented that the catalyst could also self-assemble into 

vesicles and achieved the enantioselective reaction in aqueous media [Hamasaka et al., 2014]. 

Phase transfer catalysis (PTC) can reduce the use of organic solvents by designing the catalysts, 

while the PTC process still requires nonpolar organic phase (e.g., hexane) [Kitamura et al., 

2005]. Such developments in catalysts and process design will contribute to green sustainable 

chemistry that the organic solvents are not required for the organic synthesis.  
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In general, organic synthesis reactions (e.g., alkylation reaction) are conducted in the 

organic solvent because most of the reactants are hydrophobic and not dissolved into aqueous 

media. PTC can solve this problem: the hydrophobic molecules can be dissolved in the organic 

phase and reaction can proceed. The hydrophobic molecules can even be dispersed in aqueous 

media by interacting with self-assemblies such as micelles, O/W emulsions, or vesicles. For 

example, some micellar aggregates have been reported to promote Diels−Alder reactions 

[Rispens et al., 2003, Engberts et al., 2006, Chatterjee et al., 2003]. Micellar suspensions can 

provide a hydrophilic−hydrophobic interphase between the bulk solution and hydrophobic 

interior of the assembly. It has been reported that the pseudo-phase model [Viparelli et al., 

1999] can be applied to the aldol reaction and Diels−Alder reaction in micellar or emulsion 

systems. Meanwhile, 1,3-dipolar cycloadditions, which are similar to the Diels−Alder reaction, 

can be influenced by the degree of solvation as well as the frontier molecular orbitals (FMOs) 

of the reactants [Khursan et al., 2010, Benchouk et al., 2011]. In homogeneous solution systems, 

it is assumed that the relative dielectric constant (ε’) and proticity of the reaction media play 

important roles on the reaction. Although the reaction mechanism might be different in micelle  

 

 

Figure 2-1 Schematic illustration of the study in this chapter. 
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solution, the properties of the hydrophilic−hydrophobic environment around the reactants may 

also regulate the reactions. 

In this chapter, the reaction at the surface of liposome membrane was carried out in 

aqueous medium based on the membrane properties of liposomes and partitioning behavior of 

reaction substrates as discussed in chapter 1. As a model reaction, 1,3-dipolar cycloaddition of 

benzonitrile oxide (BNO) and N-ethylmaleimide (EMI) was selected (Fig.2-1). First, the 

reaction in the bulk system, micellar system, and liposomal system were compared, suggesting 

that the relative dielectric constant (’) was the important factor to increase/decrease the 

reaction rates and conversion. The interfacial reaction was further discussed by the relationship 

between reaction rate and relative dielectric constant or distribution ratio. Based on the 

relationship between them, the reaction model was investigated and the possible regulation of 

the interfacial reaction by changing the membrane properties was proposed. 
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2. Materials and Methods 

2.1 Materials.  

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-distearoyl-sn-glycero- 3-

phosphocholine (DSPC), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and 1,2-

dipalmitoyl-3-trimethylammonium-propane (DPTAP) were purchased from Avanti Polar Lipid 

(Alabaster, AL, USA). 6-Lauroyl-2-dimethylaminonaphthalene (Laurdan) and 6-(p-toluidino)-

2-naphtalenesulfonic acid sodium salt (TNS) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Benzaldehyde oxime and sodium hypochlorite solution (NaClO(aq)) were 

purchased from Kanto Chemical (Tokyo, Japan). Other chemicals were purchased from Wako 

Pure Chemical (Osaka, Japan). These chemicals were used without further purification. 

Benzonitrile oxide (BNO) was prepared as following [Rispens et al., 2003]: 21.6 μL of 

benzaldehyde oxime was dissolved in the 2 mL of NaClO(aq)/1-propanol solution (50:50). 0.36 

g of NaCl was added to this solution to separate it to two phases. After the upper phase was 

taken and diluted by 1-propanol, 25 mM benzonitrile oxide solution was obtained. The 

formation of BNO was determined by UV-vis spectroscopy (UV-1800; Shimadzu, Kyoto, 

Japan) and high resolution double-focusing magnetic sector mass spectrometer (JMS700; JOEL, 

Tokyo, Japan), where the conversion of BO was >85 %. The prepared BNO solution was stable 

for at least 3h, and the experiments were performed soon after the BNO was prepared. 

 

2.2 Preparation of Liposomes.  

A chloroform solution with lipids was dried in a round-bottom flask by evaporation under 

a vacuum. The obtained lipid thin film was dissolved in chloroform again, and the solvent was 

evaporated. The lipid thin film was kept under a high vacuum for at least 3 hours, and was then 

hydrated with distilled water at room temperature. The liposome suspension was frozen at -

80 °C and thawed at 50 °C to enhance the transformation of small vesicles into larger multi-

lamellar vesicles (MLVs). This freeze-thaw cycles were performed five times. MLVs were used 
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to prepare the LUVs by extruding the MLV suspension 11 times through two layers of 

polycarbonate membranes with mean pore diameters of 100 nm using an extruding device 

(Liposofast; Avestin Inc., Ottawa, Canada). 

 

2.3 Evaluation of membrane polarities.  

Laurdan is sensitive to the polarity around the molecule itself, and its fluorescence 

properties enable to evaluate the surface polarity of lipid membranes. The Laurdan emission 

spectra exhibit a red shift caused by dielectric relaxation. The emission spectra were measured 

with an excitation wavelength of 340 nm, and the general polarization (GP340), the membrane 

polarity, was calculated as follows [Suga et al., 2013]:  

GP340 = (I440 − I490) / (I440 + I490) 

where I440 and I490 represent the fluorescence intensity of Laurdan at 440 nm and 490 nm, 

respectively. To compare the polar environment of liposome or micelle surface and solvent, the 

apparent polarity of liposome, ’, was calculated. The values of NF340 were calculated to 

evaluate ’ as follows: 

NF340 = (Imax - I510) / (Imax + I510) 

where Imax and I510 represent the maximum peak intensity of Laurdan fluorescence between the 

wavelength from 400 nm to 500 nm and the peak intensity at 510 nm, respectively.  

The total concentrations of lipid and Laurdan were 100 and 1 µM, respectively. 

For measuring membrane polarity by TNS, a TNS/ethanol solution (100 μM) was used 

instead of a Laurdan/ethanol solution and the rest of the process is same as the measurement 

using Laurdan. 

 

2.4 1,3-Dipolar cycloaddition of BNO and EMI (Scheme 2-1).  

10 μL of BNO solution (25 mM in 1-propanol) was mixed with 1 mL of sample solution, 

composed of dioxane/water mixture, liposome suspension (lipid concentration = 0.25 mM), or 
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micelle solution (lipid conc. = 250 μM). The sample solution was incubated for 30 min at room 

temperature, then, 5 μL of EMI solution (200 mM in 1-propanol) was added to initiate the 1,3-

dipolar cycloaddition. The total concentrations of BNO and EMI were 250 μM and 1 mM, 

respectively. 

 

 

 

 

 

 

Scheme 2-1. 1,3-Dipolar cycloaddition of benzonitrile oxide (BNO) and N-ethylmaleimide 

(EMI). 1. benzaldoxime, 2. benzonitrile oxide, 3. N-ethylmaleimide, 4. Product 

 

2.5 Kinetics measurement of UV absorbance.  

The UV absorbance spectra of sample solution was analyzed from 500 nm to 200 nm, 

using UV Spectrophotometer (UV-1800; Shimadzu, Kyoto, Japan). The UV absorbance at 278 

nm is originated from product [Rispens et al., 2003, Gothelf et al., 1998], that is distinguishable 

from the peak of BNO (258 nm) or EMI (300 nm). The reaction was started in a quartz cuvette, 

and a time-course of the UV absorbance at 278 nm was measured for 15 min at room 

temperature. The reaction rate constant was analyzed as a pseudo-first-order kinetics, because 

of the excess of EMI (4-fold), which is calculated as follows: 

        − ln (1 −
𝐴278

𝐴278,e
) = 𝑘𝑡 

where A278 and A278,e represent the UV absorbance at 278 nm at any moment t in the reaction 

and that at 15 min (end of the reaction), respectively. k is the reaction rate constant, and t is the 

time. The concentrations of reactants were 0.25 mM for BNO and 1.0 mM for EMI. The 
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concentration of lipid was 0.25 mM. The relative reaction constant, krel, was calculated as 

follows: 

 krel = k / kwater ,  

where kwater represents the reaction rate constant in water.  

 

2.6 Adsorption of reactants onto liposome.  

The adsorption amounts of reactants were also evaluated by UV spectrophotometer. 10 μL 

of BNO solution (25 mM in 1-propanol) was mixed with 1 mL of liposome suspension (lipid 

concentration = 0.25 mM) and incubated for 30 min at the room temperature for measuring the 

adsorption of benzonitrileoxide. For measuring the adsorption of N-ethylmaleimide, 5 μL of N-

ethylmaleimide solution (200 mM in 1-propanol) was mixed with 1 mL of liposome suspension 

(lipid concentration = 0.25 mM) and incubated for 30 min at the room temperature. After the 

incubation, the liposome and reactants adsorbed on the membrane were removed with the 

ultrafiltration unit USY-20 (molecular weight cut-off: 200,000, Advantec Toyo, Ltd., Tokyo, 

Japan). The adsorption percentages were calculated from the difference in UV absorbance of 

the solution before and after the filtration: 

Adsorption percentage = (Ainitial – Afiltrated) / ((Ainitial)) x 100, 

where Ainitial and Afiltrated represent the absorbance of the reactant (BNO or EMI) in the solution 

before ultrafiltration and after ultrafiltration, respectively. 
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3. Results and Discussion 

3.1 Characterization of liposomes by relative dielectric constant (’) 

Pseudo-interphase reactions constitute an important group in chemical reactions in self-

assembled systems. Notably, the polarity and proticity of solvents can regulate the partitioning 

of reactants; the microscopic environment of the liposome surface can also regulate the 1,3-

dipolar cycloaddition reaction, as evaluated in this study. In order to investigate the membrane 

properties of the liposomes, the general polarization (GP340) was estimated using Laurdan. The 

GP340 values varied with the acyl chain length and surface charge of the lipid molecules that 

comprised the liposome membranes (Table 2-1). POPC and DOTAP liposomes showed lower 

GP340 values (GP340 < -0.2), indicating that they were in the liquid-disordered phases [Suga et 

al., 2011]. In contrast, DSPC and DPTAP showed higher GP340 values at room temperature. 

Because the phase transition temperatures of DSPC and DPTAP are 55°C and 45 °C, 

respectively, DSPC and DPTAP were in the solid-ordered phases. Because Laurdan peak shifts 

are dependent on environmental hydrophobicity, GP340 values can indicate the hydrophobicity 

as well as the relative dielectric constants. To investigate the relative dielectric constant, the 

nonpolarity factor (NF340) was examined; NF340 values reveal the degree of nonpolarity of the 

solvents and were applied to characterize the liposomes. The NF340 values were calculated using 

the ratio of the fluorescence intensities of Laurdan in organic solvents and water (Fig. 2-2). The 

relative dielectric constant, ε’, can be calculated from NF340 values, suggesting that the 

approximate amount of water at the liposome membrane surface can be estimated by analyzing 

the GP340 values (Fig. 2-2). Liposomes in the liquid-disordered phases showed high ε’ values 

(ε’ = 20-25), while low ε’ values (ε’ =3-5) were observed in liposomes in the solid-ordered 

phases. CTAB micelles also showed a higher ε’ value, implying that the membrane surface of 

CTAB micelles is similar to that of liposomes in liquid-disordered phases. It is known that the 

permeability of small molecules across liposome membranes can be influenced by the phase 

states of the liposomes [Anyarambhatla et al., 1999]. Furthermore, it has been reported that the 
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distribution of BNO in positively-charged DOTAP liposomes is higher than that in zwitterionic 

DOPC liposomes. It is therefore expected that the reactants can accumulate at the surface of 

liposomes and the reaction can occur at the pseudo-interphase of the liposomes.  

 

(a)                       (b)                        (c) 

Figure 2-1. The calculation of relative dielectric constant. (a) Fluorescent spectra of Laurdan 

in each relative dielectric constant of water/1,4-dioxane media. (b) The relationship between  

and fluorescence peak wavelength of Laurdan. Mediums which have various relative dielectric 

constant values were prepared from mixture of dioxane and water. The wavelength of 

fluorescence peak of Laurdan is known to be red-shifted when Laurdan is in polar environment. 

The relationship in the figure shows that fluorescent peak of Laurdan in water (’~ 78) would 

be at 510 nm. (c) The relationship between  and NF340 values. This relationship was used to 

calculate ’ of liposomes and micelles.  

 

 

 

 

 

 

 

 

 

Figure 2-2. Characteristics of liposome. Membrane polarity (GP340) was measured from the 

experiment using Laurdan, and relative dielectric constant (ε’) was calculated by the fitting 

equation from Fig. 2-1.  
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Table 2-1 Membrane properties of the vesicles and micelles 

Lipid GP340 [-] Zeta Potential* [mV] 

POPC -0.181 + 2.3 

DSPC 0.433 - 4.0 

DOTAP -0.381 + 49.0 

DPTAP 0.275 +40.7 

CTAB (micelle) -0.723 +90 

 

*Zeta potentials are from previous reports [Kepczynski et al., 2012, Makino et al., 1991, Ma 

et al., 2011, Barnier Quer et al., 2012, Wojciechowski et al., 2011]. 

 

 

Table 2-2 values of ’ and comparison of the solvents and self-assembly systems 

Solvent* ε’ [-] Self-assembly ε’ [-] 

Water 81.1 SDS (micelle) 45.4 

Formic acid 58.5 CTAB (micelle) 38.5 

Dimethylsulfoxide 46.7 DOTAP (liposome) 26.3 

Acetonitrile 37.5 POPC/DOTAP (liposome) 23.8 

Methanol 32.7 DOPC (liposome) 23.3 

Ethanol 24.6 POPG (liposome) 21.3 

1-Propanol 20.3 POPC (liposome) 19.7 

Dichloromethane 9.1 DPTAP (liposome) 4.5 

1,4-Dioxane 2.3 DPPC (liposome) 3.2 

n-hexane 1.9 DSPC (liposome) 2.7 

*: The ’ values of solvents are referred to the Chemistry Handbook (The Chemical Society of 

Japan) 
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3.2 Effect of liposomes on 1,3-dipolar cycloaddition 

In the 1,3-dipolar cycloaddition of BNO and EMI, the surrounding dielectric environment is a 

key factor [Van Mersbergen et al., 1998]. Notably, the reaction between BNO and EMI was 

carried out in water (Fig. 2-3). In order to estimate the effects of the reaction media on the 1,3-

dipolar cycloaddition between BNO and EMI, the relative dielectric constant ε’ and the relative 

reaction constant, krel, were plotted (Fig. 2-3, open circle). With the 1,4-dioxane/water systems, 

the krel values became higher with a decrease in the relative dielectric constant of the solvent. The 

relative reaction rate constant in 1,4-dioxane (ε =2.2) was 1.6 times higher than that in water (ε 

=78), indicating that the hydrophobic environment could promote the 1,3-dipolar cycloaddition. 

BNO is hydrophobic and thus prefers hydrophobic environments. Because 1,4-dioxane is an 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3. Reaction rate constant in various condition. The reaction of BNO (0.25 mM) and 

EMI (1.0 mM) was carried out in water at 25°C. The reaction was initiated after 30 min 

incubation of BNO with the medium. For 1,4-dioxane/water system (open circle), 1,4-

dioxane/water was used as the medium to vary the relative dielectric constant. For liposome 

(closed circle), liposome suspensions (0.25 mM) were used as the reaction medium, and 5 mM 

micelle solutions were used for micelle (closed diamond). Each points indicates the followings: 

1. DSPC, 2. DPTAP, 3. POPG, 4. POPC, 5. POPC/DOTAP, 6. DOTAP, 7. CTAB, 8. SDS. Rate 

constant values are relative values compared to the reaction conducted in water (ε’ =78).  
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aprotic solvent, the reaction between BNO and EMI in 1,4-dioxane/water systems would be 

dependent on the solvation of the reactants. With the micellar suspensions, a non-promotion effect 

was observed even though the surface of the micelles was hydrophobic (ε’ = 35~45). This result 

indicated that the reactants could not accumulate on the surface of the micelle aggregates. In the 

case of the liposomes, the krel values increased by 2.2-2.8 times as compared to the water solution, 

depending on the characteristics of the liposomes. Specifically, the reaction was more promoted 

in liposomes in the liquid-disordered phases (ε’ = 20~25) as compared to that in liposomes in the 

solid-ordered phases. Among the liposomes used in the present study, DOTAP liposome showed 

the highest promotion effect on the reaction, indicating that DOTAP liposome could provide a 

better environment for the reaction. Rispens and coworkers reported that 1-propanol containing 

40 M of water was the best medium for the 1,3-dipolar cycloaddition between BNO and EMI.  

 

 

 

 

 

 

 

 

Figure 2-4. Reaction rate constant in various condition. The control reaction of BNO (0.25 

mM) and MI (1.0 mM) was carried out in water at 25°C. The reaction was initiated by MI 

addition to the BNO solution (without 30 min incubation). For CTAB, CTAB solutions (5 mM) 

was used, and liposome solutions (0.25 mM) were used for POPC, DSPC, DOTAP, and DPTAP 

instead of water. Rate constant values are relative values compared to Control. Reaction rate 

constants without incubation are smaller than the ones with 30 min incubation. This result also 

indicates the importance of BNO distribution for the reaction. 
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Although the surface charge densities of liposomes or micelles differed (Table 2-1), no 

relationship was obtained between the surface charge density and the promotion of reaction. It is 

notable that the krel values were not so high just after the mixing of the reactants at each medium 

(Fig. 2-4). To find the better environment and to promote this reaction in liposome systems, the 

condensation of the reactants should be concerned. 

 

3.3 Accumulation of BNO and EMI in liposome membranes 

The local concentrations of the reactants were estimated based on the ultrafiltration method. 

The accumulation of the reactants on the liposome membranes could be critical to the 

enhancement of the 1,3-dipolar cycloaddition reaction between BNO and EMI at the DOTAP 

liposome membrane. Figure 2-5 shows the amount of BNO and EMI distributed on each 

liposome. DPTAP, the cationic liposome in the solid-ordered phase, did not significantly 

promote the distribution of BNO as compared to DOTAP, while the distribution of BNO on 

DPTAP at 60 oC increased to 34%, when DPTAP was in the liquid-disordered phase. The BNO 

 

 

 

 

 

 

 

 

 

 

Figure 2-5. Adsorption Behavior of Substrate Molecules on Liposome Membrane. Each reactant (BNO: 

0.25 mM and EMI: 1.0 mM) was incubated with liposome suspension (0.25 mM) in water for 30 min. 

Adsorption percentage was calculated from the difference of the absorbance before and after filtration 

(adsorption percentage = (Ainitial – Afiltrated) / ((Ainitial)). The absorbance was measured at 25 ˚C unless 

notified. (a) BNO adsorption, (b) EMI adsorption. 
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distribution analysis indicated that BNO was distributed on the DOTAP liposome not only 

because of the positive charge, but also because of the phase state. Only a small amount of BNO 

was distributed in the CTAB micelle. In contrast, BNO molecules could accumulate in the 

membrane. DOTAP, the cationic liposome in the liquid-disordered phase, formed a suitable 

environment for BNO accumulation. In the case of EMI, the distribution ratio was not much 

higher than that of BNO, and the adsorption percentage values were almost similar within the 

liposomes. EMI is more hydrophilic than BNO: the calculated logP values for BNO and EMI 

were 1.82 and -0.18, respectively [Pence et al., 2010]. Although the distributed amount of EMI 

was smaller than that of BNO, it was assumed that EMI preferred to be distributed on the solid-

ordered membranes, such as DSPC and DPTAP. In general, 1,3-dipolar cycloadditions are 

concerted reactions [Huisgen et al., 1976]. Thus, both reactants must accumulate at the pseudo-

interphase region simultaneously if the reaction occurs around the surface of the liposome 

membrane. This indicates that strong interactions between reactants and liposome membranes 

might inhibit the reaction. In the case of the micelle solutions, the mismatched localization of 

reactants would inhibit the 1,3-dipolar cycloaddition. It is therefore important to estimate the 

co-localization of BNO and EMI at the surface of the liposomes. 

3.4 Estimation of the localization of reactants in liposome membranes 

The distributions of the reactants in the DOTAP liposome membrane were investigated. 

Based on the hierarchic binding of the fluorescent probes, the localization behaviors of BNO 

and EMI were analyzed. TNS and Laurdan exist in the hydrophobic-hydrophilic interface 

region. After these fluorescent probes were embedded in the liposome membranes, BNO and 

EMI were added to each sample, and variations in the membrane properties were evaluated 

(Fig. 2-6). After BNO was added, the fluorescence intensity of TNS decreased and the GP340 

values increased, indicating that BNO could be localized in the regions where TNS and Laurdan 

were embedded. It was therefore determined that BNO could be localized at the hydrophobic-

hydrophilic interface of the DOTAP liposome. On the other hand, the Laurdan signals were not 
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significantly altered in the presence of EMI. The fluorescence intensity of TNS decreased after 

addition of EMI, indicating that EMI could be localized at the hydrophilic membrane surface 

region of the liposomes. From these results, it can be assumed that these two reactants were 

enclosed at the surface of the DOTAP liposome (Fig. 2-7), and the 1,3-dipolar cycloaddition 

would occur in the hydrophilic region of the membrane (not in the hydrophobic interior region). 

It is therefore expected that the accumulation of reactants in the DOTAP liposome can promote 

Diels-Alder reactions and 1,3-dipolar cycloadditions.  

The polar environment of the liposome membrane was monitored by analyzing the 

variations in GP340 values before and after BNO distribution (Fig. 2-8). The GP340 value of 

DOTAP was highest among the liposomes used in this study, although the change in the GP340 

value of DOTAP was not as significant as compared to the phase transition from the liquid-

disordered phase to the solid-ordered phase. BNO could be embedded in the hydrophobic- 

hydrophilic interface region where water molecules bind, and could replace the water molecules, 

 

 

Figure 2-6. Change in values of fluorescent probes. (a) Intensity of TNS fluorescence was measured. 

TNS (1.0 μM), DOTAP liposome (100 μM), and optional amount of substrates were incubated for 30 

min before measurement. (b) Fluorescent spectrum of Laurdan was obtained. Laurdan (1.0 μM), 

DOTAP liposome (100 μM), and optional amount of substrates were incubated for 30 min before 

measurement. GP340 values were calculated as written in methods section. 
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resulting in the dehydration of the membrane surface (i.e., an increase in the GP340 value). Here, 

a few percent of water was excluded from the liposome membrane (the relative dielectric 

constant ’ varied to 25.0 from 26.3, see below). In the presence of BNO, the dehydration degree 

of DOTAP liposome was most significant. Based on the above results, the reactants were 

distributed in the water-rich environment on the surface of the DOTAP liposome (pseudo-

interphase), and the reaction was promoted due to the enclosure of the two reactants.  

 

 

 

 

 

 

 

 

Figure 2-7 Location of reactants in DOTAP liposome membrane 

 

 

 

 

 

 

 

 

Figure 2-8 Variations in GP340 values of liposomes or micelle after BNO addition. Fluorescent 

spectrum of Laurdan was obtained; Laurdan (1.0 μM), liposome (100μM), and BNO (100μM) 

were incubated for 30 min before measurement. GP340 values were calculated as written in 

methods section.  
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3.5 Estimation of the reaction rate constants occurring at the liposome surface 

In this study, pseudo-first-order kinetics were applied to calculate the reaction rate constant 

of BNO and EMI in different media. Since the reaction rate constant of the 1,3-dipolar 

cycloaddition could depend on the degree of solvation and FMO of the reactants, the relative 

dielectric constant, ’, is helpful to understand the effects of the reaction media. In a 

homogeneous solution of 1,4-dioxane/water, a linear relationship between krel and ’ was 

approximately obtained, indicating that the solvation of the reactants is critical to promote the 

reaction. In the case of the micelle solutions, the krel values were almost the same as those in 

water. The result shown in Fig. 2-5 reveals that small amounts of BNO (4.5%) and EMI (2.3%) 

were distributed on the micelle membrane, where a non-promoting effect was observed on the 

surface of micelle aggregates. On the contrary, 2.1-to-2.8-fold higher krel values were obtained 

in liposome suspensions. However, the apparent reaction rate constant can be divided into two 

types of reactions: in bulk water and at the pseudo-interphase of the liposome (Fig. 2-9). In this 

way, the calculated reaction rate kcal can be written as: 

 (reaction rate) = k[BNO]total = kW[BNO]W + kL[BNO]L 

where kW is the reaction rate constant for the reaction occurring in the bulk water phase and kL 

is the reaction rate for the reaction occurring at the pseudo-interphase of the liposome; [BNO]W 

and [BNO]L are the concentration of BNO in bulk water and at the pseudo-interphase of the 

liposome, respectively. The calculated values of (kL/kW) are shown in Table 2-3. The reaction 

rates at the pseudo-interphase of the liposome were much higher than those in water or micellar 

solutions. The increase in reaction rate in liposome systems might be because of hydrated water 

at the liposome surface. Because EMI is localized at the surface of the liposome due to its 

hydrophilicity, the reaction was considered to take place at the surface of the liposome, where 

hydrated water molecules exist. It has been reported that an increase in the amount of water 

also increases the reaction rate; therefore, hydrated water molecules at the liposome surface can 

play an important role in the 1,3-dipolar cycloaddition. On the other hand, the reaction rates 
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decreased in 1,4-dioxane/water systems with increasing amounts of water. This is possibly 

because of the solvation of BNO in aqueous media; since BNO is a hydrophobic molecule, 

BNO might not be solvated in the bulk aqueous phase. However, when BNO is at the pseudo-

interphase, BNO can be stabilized and solvated by water. Therefore, the solvation of the 

reactants by water molecules could be critical in forming the activated state and promoting the 

reaction.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-9. Scheme of the reaction at the interface of liposome membrane. 

 

 

Table 2-3 The values of the reaction rate with liposomes and micelle. 

 ε’ [-] krel (=k/kw) [-] BNO ads. [%] kL / kw [-] 

POPC 19.7 2.24 13.4 10.25 

DSPC 2.69 2.15 12.4 10.27 

DOTAP 26.3 2.75 38.0 5.61 

DPTAP 4.52 2.14 16.7 7.83 

CTAB 38.5 0.96 4.5 0.11 
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From Table 2-3, it can also be seen that the kL values in DOTAP and DPTAP liposome 

systems were smaller than those in POPC and DSPC liposomes. This result shows that 

adsorption of BNO was not directly related to the value of kL. Rather, it is indicated that the 

strong electrostatic interaction between BNO and liposomes can inhibit the reaction. A high 

adsorption of BNO might make BNO more solvated by water molecules, but a high affinity 

towards the reactants also influences the reaction, possibly because of the restriction imposed 

on the reactive moiety.  
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4. Summary  

The reaction rate of 1,3-dipolar cycloaddition with BNO and EMI could be discussed with 

the relative dielectric constant ε’. The relative dielectric constants of vesicles were distributed 

from very low (similar to hydrocarbon such as hexane) to medium (similar to ethanol). The 

reaction rate was dependent on ε’; in the water/1,4-dioxane system, the reaction rate decreased 

linearly with the increase in the value of ε’ while the maximum reaction rate was found at the 

certain ε’ values in the self-assembly system. The maximum reaction rate was obtained with 

DOTAP vesicles, where adsorption experiment that more BNO was adsorbed onto DOTAP 

vesicle than that other vesicles, showing that more reactants were in a favorable environment 

for the reaction. The accumulation of BNO also contribute to the enrichment of the reactants, 

which suggest the larger reaction rate constant. The observed reaction rate could be considered 

as the sum of the reaction in the bulk water and the reaction at the pseudo-interphase of vesicles. 

By applying this evaluation method to the reaction conducted, zwitterionic phospholipid 

vesicles such as POPC and DSPC showed the highest reaction rate at the pseudo-interphase as 

compared to other self-assembly systems. These results suggest that the reaction itself 

proceeded better at the pseudo-interphase of zwitterionic phospholipid vesicles.  

As a conclusion of this chapter, the reaction at the pseudo-interphase of vesicles can 

enhance the reaction rate due to the enrichment effect by the localization of two reactants within 

the lipid bilayer. However, the degree of the enhancement effect of vesicles is dependent on the 

environment vesicle forms, which can be characterized by ε’. The conclusion became difficult 

to understand, when the interaction between reactants and vesicles are in consideration. The 

strong interaction such as electrostatic interaction stables the reaction intermediate, which 

negatively affect the intermediate to be reacted into the product. In the design of vesicles as a 

platform for the reaction, it is important to clarify the dominant factor in the reaction 

(enrichment, interaction, formation of the intermediate, etc.) to achieve the efficient reaction 

system.  
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Chapter 3 

Enantioselective C-C Bond Formation Reaction with Model-

Biomembrane 

 

1. Introduction 

    In last few decades, the field of organic synthesis has been developed, focusing on the 

improvement in enantioselectivity [O’Donnell, et al. 1989, Kitamura et al., 2003] . Such fine 

chemicals are preferable in pharmaceutical intermediates, coating materials, or other functional 

materials. These materials are required to be highly regulated. For example, only one of the 

enantiomer can show the medical effect in pharmaceutical materials. To achieve the highly-

selective enantioselective synthesis, not only catalysts but also catalytic processes have been 

developed, and some of them are still widely used even in recent years. Kitamura et al. have 

presented the well-known BINAP catalyst which has the structure of bi-naphthyl as an 

enantioselective unit, and the BINAP catalysts are one of the most popular catalysts for the 

enantioselective reaction due to its high versatility [Kitamura et al., 2003]. The designs and 

developments of BINAP catalysts were attempted by the wide variety of scientists, and many 

BINAP-derivatives were produced for the variety of reaction [Hashimoto et al., 2007]. 

However, none of them was aimed to be used in the aqueous media. Since bi-naphthyl structure 

is composed of hydrophobic moiety, it is not suitable to work in water, suggesting that the 

enantioselective reaction process can be improved by finding the catalyst which can work in 

the aqueous media.  

    According to the previous reports [Kokubo et al., 2008, Li et al., 2012, etc.] and my study 

mentioned in chapter 2, the chemical reaction processes in aqueous media could be achieved 
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by utilizing the ideas of self-assembly system. One of the major solution for chiral catalysts 

being dissolved and active in water is to attach the alkyl chain and hydrophilic moiety to the 

catalysts, so that the catalytic complex can self-assemble into micelles or vesicles in aqueous 

media [Li et al., 2012]. Hamasaka et al. has reported that self-assembled catalysts can be 

dispersed and work properly in aqueous media, and the enantioselective reaction in aqueous 

media could be achieved in part (it has been very difficult to achieve the high enantiomeric 

excess values) [Hamasaka et al., 2014].  

    After avoiding from the organic solvents, one would also like to avoid the use of metals 

since excess amount of metals in fine chemicals might lead to the toxicity in our body. 

Organocatalyst can be also used for the enantioselective reaction without using any metals. The 

enantioselective reaction processes with organocatalyst have been reported, e.g., phase transfer 

catalyst (PTC) [O’Donnell et al., 2004, Kitamura et al., 2005, Shirakawa et. al., 2013, etc.] and 

the process including proline-derivative catalyst [Nájera et al., 2003, Hayashi et al., 2006, etc.]. 

Advantages in the use of PTC are high yield and enantioselectivity, and PTC can be applied to 

synthesize both natural and unnatural amino acids (Scheme 3-1) [O’Donnell et al., 1989, Ooi 

et al., 1999]. As an example of enantioselective alkylation of a prochiral glycine derivative N-

(diphenylmethylene)glycine tert-butyl ester (1) and benzyl bromide (2), designed PTCs resulted 

in both products of (S)-product (3S) [O’Donnell et al., 1989] and (R)-product (3R) [Ooi et al., 

1999, Kitamura et al., 2005]. In this reaction, (i) the inorganic base (e.g., NaOH) promotes the 

deprotonation of 1 at organic-water interface; (ii) the ion pair formation migrates 1-intermediate 

to organic phase; (iii) alkylation has been conducted (Figure 3-1). Due to poor solubility of 1 

and PTC, the reaction requires organic phase (e.g., toluene, CH2Cl2). Toward a development of 

green sustainable chemical process, metal-free, base/acid-free, and organic solvent-free 

systems are desired. However, highly selective reactions have rarely been succeeded [Kumar 

et al., 1996]. Inspired from PTC, the selective reaction may be achieved by using the quaternary 

ammonium moiety and regulating the hydrophilic-hydrophobic interface. 
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In this chapter, the quaternary ammonium moiety in the lipid membrane and the 

hydrophilic-hydrophobic interface that lipid bilayer forms were attempted to be used as a 

catalyst and the platform for the reaction, respectively. The alkylation of glycine derivative was 

carried out as a model case to investigate the possibility of enantioselective reaction with lipid 

bilayer as a platform. After the reaction was carried out, plausible reaction model was also 

considered to suggest the method for the regulation of interfacial selective reaction in general.  

 

 

Figure 3-1 Schematic illustration of the study in this chapter 
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2. Materials and methods 

2-1 Materials. 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3- 

phosphocholine (DOPC) were purchased from Avanti Polar Lipid (Alabaster, AL, USA). 

Hexadecyltrimethylammonium bromide (CTAB), sodium hydroxide, and benzyl bromide were 

purchased from Wako Pure Chemicals (Osaka, Japan). Dilauryldimetylammonium bromide 

(DDAB), tetrabutylammonium hydrogensulfate (TBAH), and N-(diphenylmethylene)glycine 

tert-butyl ester (DMGBE) were purchased from Tokyo Chemical Industries (Tokyo, Japan). 

These chemicals were used without further purification. 

 

2.2 Preparation of Liposomes.  

A chloroform solution containing lipids was dried in a round-bottom flask by evaporation 

under a vacuum. The obtained lipid thin film was dissolved in chloroform again, and the solvent 

was evaporated. The lipid thin film was kept under a high vacuum for at least 3 hours, and was 

then hydrated with distilled water at room temperature. The liposome suspension was frozen at 

-80 °C and thawed at 50 °C to enhance the transformation of small vesicles into larger multi-

lamellar vesicles (MLVs). This freeze-thaw cycles were performed five times. MLVs were used 

to prepare the large unilamellar vesicles (LUVs) by extruding the MLV suspension 11 times 

through two layers of polycarbonate membranes with mean pore diameters of 100 nm using an 

extruding device (Liposofast; Avestin Inc., Ottawa, Canada). 

 

2.3 Evaluation of membrane polarities.  

Laurdan is sensitive to the polarity around the molecule itself, and its fluorescence 

properties enable to evaluate the surface polarity of lipid membranes. The Laurdan emission 

spectra exhibit a red shift caused by dielectric relaxation. The emission spectra were measured 
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with an excitation wavelength of 340 nm, and the general polarization (GP340), the membrane 

polarity, was calculated as follows:  

GP340 = (I440 − I490) / (I440 + I490),  

where I440 and I490 represent the fluorescence intensity of Laurdan at 440 nm and 490 nm, 

respectively. The total concentrations of lipid and Laurdan were 100 and 1 µM, respectively. 

The fluorescence spectrum of Laurdan was deconvoluted into two spectra by using the software 

Peakfit (Systat Software Inc., CA, USA): one originates from the localization of Laurdan in an 

ordered membrane (ordered phase), and the other originates from the localization of Laurdan 

in a disordered membrane (disordered phase). By calculating the area below the spectrum 

originating from the ordered phase (Ao) and the area below the spectrum originating from the 

disordered phase (Ad), the area ratio of ordered phase to disordered phase in the actual vesicle 

sample (Ao/Ad) was determined. 

 

2.4 Alkylation of DMGBE with benzyl bromide.  

0.3 mg (1.0 μmol) of DMGBE was dissolved in pure water, and then the water solution 

was mixed with liposome suspension and NaOH aqueous solution (10%) to obtain 1 mL of 

reaction solution. 1.5 μL (12 μmol) of benzyl bromide was finally added to initiate the reaction 

(Scheme 3-1). The reaction solution was stirred at 500 rpm in room temperature for 24 h. The 

total concentrations were DMGBE = 1.0 mM, benzyl bromide = 12 mM, lipid = 10 mM, NaOH 

= 0.3 M. In the case of surfactant (CTAB, TBAH, etc.) instead of liposomes, the aqueous 

solution of surfactant was added instead of liposome suspension. The total concentrations were 

fixed to the same value to the condition of the reaction with liposomes.  

 

 

 

Scheme 3-1 The alkylation of amino acid derivative (1) with alkyl halide (2) 
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2.5 HPLC measurements of reaction solution.  

After the reaction was finished (24 h after the initiation of the reaction), the product (and 

reactant) were extracted to the organic solvent by using Bligh-Dyer method. In brief, the 1 mL 

of reaction solution was mixed with 2 mL methanol and 1 mL chloroform, resulting in 

homogeneous, colorless, and transparent liquid. Then 1 mL of chloroform and 1 mL pure water 

were added to the solution to lead to the phase separation. The centrifugation was performed 

(1400 rpm, 5 min) to complete the phase separation by a Tabletop Centrifuge KUBOTA 5200 

(Kubota, Tokyo, Japan).  

After the extraction, the organic phase was moved into round-bottom flask and chloroform 

was removed by evaporation. 1 mL of diethyl ether was added to the flask, and 10 μL was taken 

and dissolved in 1 mL of mobile phase for HPLC analysis (Daicel Chiralpak IA, mobile phase 

was hexane:2-propanol = 99:1, flow rate = 0.5 mL/min). HPLC analysis was done by Warers 

1515 Isocratic HPLC Pump and Waters 2489 UV/Visible Detector (Waters, Massachusetts, 

US) to evaluate the conversion of the reaction and the enantiomeric excess (e.e.). 
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3. Results and Discussion 

3.1 Alkylation of DMGBE with benzyl bromide in aqueous media.   

In the alkylation of 1 with 2 using PTC, inorganic bases (NaOH, KOH) have been used to 

promote the deprotonation of 1 [Lipkowitz et al., 1991]. In the presence of amphiphile 

assemblies and NaOH, the alkylation reactions of 1 with 2 were conducted (Table 3-1, Figure 

3-2, 3-3). In the presence of tetrabutylammonium hydrogensulfate (TBAH) in CH2Cl2-water 

solvent: entry I) and CTAB (micelle in water: entry III), the product 3 was obtained with higher 

conversion but small enantioselectivity (Table 3-1). The values of both conversion and e.e. 

values of the reaction with TBAH in water were very low (entry II), clearly suggesting that 

organic solvent-water interface is necessary for this reaction. In the presence of CTAB micelle, 

the hydrophobic environment of the self-assembly can be utilized as an alternate of organic 

solvent, wherein the value of e.e. was very low (e.e.% <10). In contrast, the reaction conducted 

with DOPC liposome resulted in high enantioselectivity (3S, e.e.% >90: entry IV). Such 

differences in conversion and e.e. values could be provided by the membrane structure: CTAB 

as micelle, DOPC as lipid bilayer.  

 

Table 3-1. Conversion and e.e. of the alkylation reaction of 1 with 2 in the presence of self-

assemblies. 

Entry Amphiphile (assembly) Medium Conv.% e.e.% (S-R) 

I TBAH water/CH2Cl2 94 ±2 -3 ±3 

IIa TBAH water 17 ±6 -6 ±7 

III CTAB (micelle) water 95 ±2 5 ±3 

IV DOPC (liposome) water 62 ±5 97 ±1 

Unless otherwise notified, all reactions were carried out in water, in room temperature for 24 h. 

[1] = 1.0 mM, [2] = 12 mM, [amphiphiles] = 10 mM, and [NaOH] = 0.3 M. a TBAH in water 

does not form any particular assembly. At least 3 time-independent experiments were 

conducted to calculate conversion and e.e. values. 
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      (a)                                  (b) 

 

     (c) 

Figure 3-2 HPLC chart of (a) 2 and (b) 1, in the presence of DOPC liposome and NaOH. The 

retention times of 2 and 1 were 6.3-7.9 min and 14.9 min, respectively. For the products, the 

retention times of the 3R and 3S were 9.5 min and 24.5 min, respectively. Detection was carried 

out at λ = 255 nm; mobile phase = hexane:isopropyl alcohol (99:1); flow rate = 0.5 mL/min; 

HPLC column: Chiralpak IA (Daicel, Japan). (c) Mass spectrum of the reaction solution. The 

reaction solution was obtained after 24 h mixing of 1 and 2, in the presence of CTAB (micelle). 

The product was extracted by the Bligh-Dyer method, and the organic phase was evaporated to 

obtain the product. The product was observed at m/z =386.3. 
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Figure 3-3. Chemical structures of amphiphiles: 4, TBAH; 5, DOPC; 9, CTAB (bromide salt). 

HPLC chromatogram for the reaction in the presence of 4 (water-CH2Cl2, water), 9 (micelle), 

and 5 (liposome). Detection was carried out at λ = 255 nm; mobile phase = hexane:isopropyl 

alcohol (99:1); flow rate = 0.5 mL/min; HPLC column: Chiralpak IA (Daicel, Japan). For 

retention time of 1, 2, 3R, and 3S, see supporting information Figure 3-3 and reference.  

 

 

3.2 Reaction site at the membrane interface. 

To estimate possible reaction site in the liposome, 1 and 2 were independently 

incorporated into self-assemblies, and then the suspensions were mixed to initiate the reaction 

(Table 3-2, see also Figure 3-4). For the case of DOPC liposome, negligible amount of 3 was 

obtained, suggesting that both of 1 and 2 isolated by each membrane, and the reaction at 

membrane-membrane interface hardly happened (entry VII). In contrast, a mixing of 1 and 2-

preadsorbed DOPC liposome provided 3S, indicating that the hydrophobic-hydrophilic 

interface of the liposome can act as the reaction site of this (entry VI). In the case of CTAB  
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Table 3-2. Reaction at the membrane interior or at inter membrane.  

Entry Amphiphile(assembly) Medium Conv.% e.e.%(S-R) 

Va CTAB (micelle) water 92 ±4 4 ±2 

VIb DOPC (liposome) water 56 ±8 92 ±2 

VIIc DOPC water <2 n.d.e 

VIIId DOPC water 11 ±2 >90 

a 1-adsorbed CTAB micelle and 2-adsorbed CTAB micelle suspensions were mixed to initiate 

reaction. b 1 was added to 2-adsorbed DOPC liposome suspension to initiate reaction. c 1-

adsorbed DOPC liposome and 2-adsorbed DOPC liposome suspensions were mixed to initiate 

reaction. d The reaction was conducted for 9 h at r.t.. e not detected. 

 

 

 

 

Figure 3-4 Schematic illustration of the alkylation of 1 with 2 at self-assembly interface in 

aqueous media. Based on the HPLC chart, conversion and e.e. values were calculated.  
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micelle system, a mixing of 1 and 2, which were independently pre-adsorbed into CTAB 

micelles, successfully conducted the reaction, although the e.e. value was quite low (entry V). 

Because of low CAC value of CTAB, the membrane surface of its micelle could show dynamic 

nature, wherein CTAB molecules continuously associate and dissociate with each other and the 

entrapped reactants can then be in contact with the micellar interface. Such dynamic nature of 

CTAB micelle leads the racemic products, as well as TBAH in organic solvent-water system. 

On the contrary, the liposome membrane itself showed an advantage in enantioselectivity. 

Table 3-3 shows the comparison of enantioselectivity in the alkylation of 1 with 2, in the 

presence of reported PTCs [Ooi et al., 1999, Kitamura et al., 2005]. As tendency, the PTC 

possessing rigid structure shows high enantioselectivity (PTC-1, PTC-2, PTC-4, and PTC-5). 

Although self-assembled materials are classified as soft matter, we demonstrated the 

enantioselective alkylation of 1 with 2 by using liposome membranes as soft interface. High e.e. 

value was obtained at earlier stage of the reaction in the presence of DOPC liposome (entry 

 

 

Table 3-3. Yield and e.e. of the alkylation of 1 with 2 in the presence of PTC. 

Entry Catalyst e Medium Yield (%) e.e.% (S-R) 

IXa TBAH water/CH2Cl2 78 - 

Xb PTC-1 water/hexane 75 -66 

XIIb PTC-2 water/hexane 85 64 

XIIIc PTC-3 water/hexane 34 -21 

XIVc PTC-4 water/hexane 73 -79 

XVd PTC-5 water/hexane 98 -99 

a See reference for detailed information [O’Donnell et al., 1978].  b See reference for detailed 

information [O’Donnell et al., 1989].  c See reference for detailed information [Kitamura et 

al., 2005]. d See reference for detailed information [Ooi et al., 1999]. e See Figure 3-3 for 

chemical structures. 
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VIII). Particularly, zwitterionic DOPC assemblies showed high e.e. values, indicating that the 

migration of reaction intermediate (step (ii)) into the interior of liposome was assisted by the 

interaction of it with lipid headgroup, which restrict α-carbon of 1 attack to 2 existing in the 

membrane. 

 

3.3 Evaluation of the polar environment constructed on the membrane surface.  

Liposomes (DOPC, DPPC, and DOTAP) were found to give the higher enantioselectivity 

than CTAB micelle (Table 3-2). The enhancement of the reaction at the surface of liposome 

membrane can be related to the microscopic environment. Particularly, the membrane polarity, 

evaluated by Laurdan [Parrasassi et al., 1991, Suga et al., 2013], could be key parameter to 

understand surroundings of 1 and 2. In brief, a spectrum of Laurdan includes multiple emission 

peaks depending on its surrounding, and the obtained spectrum can be deconvoluted to 

understand the balance of existing hydrophobic and hydrophilic environments. As shown in 

Figure 3-5, one is from Laurdan embedded in the hydrophilic area (green lines: membrane in 

disordered phase) and the other is from the hydrophobic area (blue lines: membrane in ordered 

phase). DOPC contains unsaturated alkyl chains (fluid phase at r.t.), showing the disordered 

phase as dominant (Fig 3-5 (a)). On the other hand, the fluorescence spectrum of DPPC (Fig. 

3-5(b)), which only contains saturated alkyl chains (gel phase at r.t.), showed that the ordered 

phase was dominant. The phase states can be revealed by calculating GP340 values; The lower 

GP340 values (GP340 <-0.2, Fig. 3-5(d)) indicated the liquid-disordered (ld) phase, while higher 

GP340 values (GP340 >0.3) indicated the presence of solid-ordered (so) phase. Our previous 

report also revealed that the hydrophobic molecules could adsorb onto disordered phase 

liposomes (e.g., DOPC liposome), indicating that the interaction between the hydrophobic 

reactants and the liposomes was stronger with DOPC than with DPPC. In the presence of the 

DPPC liposome, the conversion value was lower than other liposomes (entry XVI, Table 3-4). 

Un-adsorbed reactants (in aqueous phase) were less reactive in the bulk aqueous solution (c.f., 
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Table 3-4. Conversion and e.e. values in the presence of self-assemblies in aqueous media.  

Entry Amphiphile (assembly) Medium Conv. (%) e.e.% (S-R) 

XVI DPPC (liposome) water 45 ±7 94 ±1 

XVII 
DOPC:CTAB=90:10 

(liposome) 
water 66 ±5 96 ±1 

XVIII 
DOPC:DDAB=90:10 

(liposome) 
water 54 ±7 96 ±2 

XIX DOTAP (liposome) water 61 ±3 97 ±2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. Fluorescence spectra of Laurdan in each self-assembly. (a) DOPC liposome, (b) 

DPPC liposome, (c) CTAB micelle. (d) GP340 values of each self-assembly. a. DPPC liposome, 

b. DOPC liposome, c. DOPC:CTAB=90:10 liposome, d. DOPC:DDAB =90:10 liposome, e. 

DOTAP liposome, f. CTAB micelle.  
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entry II). The effect on the membrane properties and the phase state of the liposome by the 

addition of CTAB and DDAB were also investigated. The DOPC liposome modified with 

CTAB and DDAB showed slight changes in the GP340 values, wherein the liposomes modified 

with CTAB and DDAB resulted in similar values of conversion and of e.e. (entries XVII and 

XVIII). Importantly, the analysis of Laurdan can distinguish the vesicles and micelles. Micelles 

show lower GP340 value (GP340 <-0.7), and less hydrophobic environment of micelles could not 

produce enantioselectivity. 

 

3.4 Discussion for the enantioselectivity of the reaction mechanism in the presence of 

liposomes.  

According to Kitamura et al., one successful strategy for the design of PTC is as follows: 

1) quaternary ammonium, 2) rigid binaphthyl group, 3) flexible alkyl chain (PTC-5). 

Particularly, flexible alkyl chains increase polarity around ammonium group, which enables 

enolate to access the reaction pocket (see ref. [Ooi et al., 1999] and Figure 3-6). A series of 

works by Maruoka et al. have reported the PTCs that can provide 3R. Considering these 

previous findings, it is assumed that the interaction face of 1 (or deprotonated intermediate) 

with PTC is a key to gain the selectivity and the “active” plane of the alkylation can then be 

controlled. Considering the polarity of the carbanion intermediate of 1, it could be locate at the 

membrane surface. As a case study of asymmetric epoxidation, Kumar and Bhakuni reported 

that the specific interactions between the lipid and the guest molecule in liposomal 

configurations restrict the orientation of guest molecule at a specific sites, which has been 

exploited in stereospecific synthesis [Kumar et al., 1996]. It is thus assumed that the controlled 

localization of reactants can provide stereospecificity of the product. In our case, one hypothesis 

is that the organized structure of lipid membranes has an advantage in the preference binding 

of 1 (or intermediate), thereby the reaction face (Si face (bottom side), Re face (top side), see 

Figure 3-1) can be restricted. The ionized lipid headgroup faces to bulk water while 
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hydrocarbon tails associate with neighboring lipid molecules in liposome membrane. Herein, 

possible interaction models for lipid molecule and 1 (carbanion) at the membrane were 

considered. 

3.4-1 Lipid chirality. To verify the hypothesis, D-DPPC (enantiomer of L-DPPC (1,2-

dipalmitoyl-sn-glycero-3-phosphocholine)) was used to form a liposome. As a result, no 

difference in conversion and e.e. values (Table 3-5). In general, a chiral selectivity is generated 

by the molecular chirality of catalyst. However, our result indicates that the enantioselctivity of 

the reaction rather generated by the platform (self-assembled lipid bilayer), independent of lipid 

chirality. The reaction intermediate of 1 is expected to be a planer structure after deprotonation 

of α-carbon. Possible factors to promote the enantioselective reaction can herewith be described 

as follows: the quaternary ammonium group stabilizes anionic group of 1 intermediate 

(carbanion (α-carbon) or enolate), hydrophobic interior attracts phenyl group of 1, and 

hydrogen bond formation between the proton (δ+) at α-carbon of 1 intermediate and carbonyl 

group or phosphate group. At the liposome membrane, the orientation of lipid molecules is 

restricted irrelevantly to lipid chirality, revealing the less contribution of lipid chirality. To 

induce a chirality in product, at least “3-point” interaction between 1 and lipid molecules is 

necessary. Considering the laterally-organized structure of liposome, multiple lipid molecules 

could contribute to a stereospecific interaction with the intermediate. As a result, the Re face of 

1 intermediate can be masked with lipid headgroup, then the alkylation was conducted mainly 

at Si face. 

 

Table 3-5. Comparison of lipid chirality on enantioselectivity.  

Entry Amphiphile (assembly) Medium Conv. (%) e.e.% (S-R) 

XXI D-DPPC (liposome) water 39 ±8 93 ±1 

XXIIa D-DPPC (liposome) water 44 ±7 90 ±3 

a 1 was added to 2-adsorbed DOPC liposome suspension to initiate reaction. 
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3.4-2 Phosphate group. Phospholipids (DOPC, DPPC) are zwitterionic molecules, while 

DOTAP and CTAB are in alkylammonium salt form in self-assembly. By using DOTAP 

liposome, the effect of phosphate group can be discussed. As shown in Table 3-6, DOTAP 

liposome also provided 3S with higher e.e. value, as well as DOPC liposome. The carbonyl 

group can be act as hydrogen bond donor, thus the speculated interaction between 1 and 

DOTAP molecules are electrostatic (at headgroup), hydrophobic (at membrane interior), and 

hydrogen bond (at carbonyl group) interactions. It is assumed that the counter ion (chloride) of 

DOTAP molecule forms ion pair with sodium cation at the reaction step (i), thereby the ion pair 

formed 1 intermediate could be migrated into the interior of the membrane at step (ii).  

As summary, a supposed interaction mechanism of the reaction in the presence of DOPC 

liposome is shown in Figure e. In this study, although excess amount of amphiphiles was used 

as compared to reactants, we demonstrated that the liposome conducted the alkylation of 1 with 

2 in aqueous media (without any organic solvent), and then obtained high enantioselectivity.  

 

 

 

 

 

 

 

 

 

 

Figure 3-6. Plausible mechanism of the alkylation of 1 with 2 at DOPC liposome interface. 
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4. Summary  

    Phospholipid vesicles were found to be utilized as a platform for selective alkylation 

reaction of amino acid derivatives. While the racemic products were obtained in 

water/dichloromethane system and CTAB micelle system, the reaction in the phospholipid 

vesicle suspension resulted in the formation of only one type of enantiomer as a product. The 

conversion of the reaction was influenced by the environment which vesicle formed, but the 

enantioselectivity was always high regardless of the chemical structure and the chirality of 

vesicle components. This finding indicated that the localization of the reactants was the 

important factor for regulating the reaction and its selectivity. The gradient in the dielectric 

constant of the bilayer in the vesicle membrane and the multiple interaction (electrostatic 

interaction, hydrogen bond, hydrophobic interaction, etc.) may cause the reactants to align in 

the favorable position for the selective reaction.  

 

As a summary of chapter 1 through chapter 3, a strategy for the design of the membrane 

surface of the self-assembly was finally proposed (Fig. 3-7). Based on the results in chapter 2, 

the reaction rate was found to become larger with the solid-ordered lipid vesicles than that of 

liquid-disordered lipid vesicles. The difference among them was caused by the micro-

environment at the surface of the lipid self-assembly formed. The lipid vesicles at solid-ordered 

phase formed the hydrophobic environment (ε’~3), which is advantageous for the reaction 

including hydrophobic molecules. However, since lipids are packed closely in the solid-ordered 

vesicle, the amount of the adsorbed reactants and the yield of the reaction were relatively low 

as compared with those of liquid-disordered vesicles. Therefore, the best platform for the 

reaction is that the vesicle should first be in liquid-disordered phase and the adsorption of 

hydrophobic reactants should then change the membrane platform to be more ordered (form 

hydrophobic environment), so that the enhanced reactivity can be achieved. Based on the results 

from chapter 1, the micro-polarity and micro-viscosity of the vesicle membrane could be varied 
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by the addition of hydrophobic molecules. This finding indicates the important factor to design 

the vesicle as a platform for the reaction; the degree of the change in the membrane properties 

by the interaction between lipids and reactants can be the parameter to evaluate the interfacial 

reaction at the pseudo-interphase of lipid vesicles. For example, DOTAP vesicle represented 

the notable change in the membrane properties to be more ordered vesicle membrane after the 

addition of BNO, which probably contributes to the highest observed reaction rate.  

 

Figure 3-7. Scheme for the design of lipid vesicles as a platform for alkylation. 
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Figure 3-8. Schematic illustration of the enhancement of the reaction at the surface of vesicle. 
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In the enantioselective alkylation of amino acid derivatives, similar effects are expected. 

Although further analysis would be required, the change in the membrane properties for the 

improvement of the reaction can be assumed since multiple interactions were required for the 

enantioselective reaction. These series of events are relevant to the aspect of artificial enzymes, 

while the designed membrane surface was utilized as a platform of molecular recognition and 

its (enantio-)selective conversion, like as an enzymatic acitve center (Fig. 3-8). First, the 

adsorption of the substrate occurs, and the properties of the vesicle were varied by the 

interaction. Finally the reaction can proceed and is enhanced by the change in the membrane 

properties. Considering the reaction process, more variations in the vesicle with the variety of 

membrane properties would be welcome to evaluate more precisely. Especially, the self-

assemblies between liquid-ordered vesicle and micelles are useful that it may achieve the high 

conversion and high selectivity in the alkylation reaction. The new vesicles with new 

physicochemical properties will be discussed in chapter 4, and further reaction mechanisms and 

discussions will be described in chapter 5, but the possibility of the phospholipid vesicles 

utilized as a platform for the enantioselective reaction was herewith proposed. It is expected 

that the vesicle membranes can be utilized as a strong new tool for safe and clean organic 

synthesis processes. 
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Chapter 4 

Characterization and Evaluation of the Self-Assembly Systems 

Composed of Fully-Synthetic Amphiphiles 

 

1. Introduction 

    In the former chapters, the reaction processes in the aqueous media with self-assembly 

system were discussed. Liposomes represented the fair effect on the interfacial reaction of 1,3-

dipolar cycloaddition and represented large effect on the selectivity of amino acid derivative 

alkylation. However, more self-assembly systems with various membrane properties are 

demanded to evaluate the effect of self-assembly system on the alkylation reaction, especially 

the self-assembly systems with membrane properties between micelles and lipid vesicles. 

Membrane properties of the vesicle are dependent on the chemical structure of the vesicle 

component, which suggest that phospholipid vesicles represent similar properties since some 

moieties are in common. Because the physicochemical properties are the key factors of 

regulating the chemical processes at the membrane surface, it is essential to prepare the vesicles 

with variety of membrane properties. For the objective, other materials with shorter alkyl chains 

and larger hydrophilic head group were attempted to form vesicles. Based on the previous 

reports from other scientists, cationic surfactant DDAB (dilauryldimethylammonium bromide) 

and anionic surfactant AOT (sodium bis(2-ethylhexyl) sulfosuccinate) were focused as a 

component of the vesicle membrane. AOT is usually used as an extractant or for the formation 

of nanoparticles; Aires-Barros et al. have reported the separation and purification of lipases 

using AOT [Aires-Barros et al., 1991], and Taleb et al. have reported the formation of silver 

nanoparticles from AOT reverse micelles [Taleb et al., 1997]. Similarly, DDAB is usually 
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carried out as a modifier of the self-assembly. DDAB can be used in the process including 

biological molecules such as the adsorption of DNA and the having influences on the cells 

[Bonincontro, et al., 2008, Han,1996]. However, AOT and DDAB can self-assemble into 

vesicles by only dissolving them into aqueous media [Saha et al., 2011, Viseu et al., 2000], and 

expected to represent the different properties from lipid vesicles.  

Other advantages of the vesicle formation by fully-synthetic surfactants such as AOT and 

DDAB are the cost and reusability. For the application to the industrial use, lipid vesicles were 

not appropriate due to its expensive cost. In addition, since the interaction between lipid 

molecules and reaction substrates are relatively strong, so that the additional steps for the 

recovery of the product would be required. Furthermore, liposomes are considered to be 

decomposed into lipids after the recovery process, which is the big disadvantage of liposomes 

for the industrial use. To reuse the lipids, additional separation process will be required since 

lipids do not form self-assemblies in aqueous media without the preparation of thin film. Which 

means, although the chemical reaction processes at the liposome surface represented the 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 Schematic illustration of the study in this chapter 
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excellent effect on the reactivity and selectivity, the process is facing a big problem to apply to 

the field of industry. Since AOT and DDAB can self-assemble into vesicles by only dissolving 

them into aqueous media, the deformation and the re-construction of the vesicles are much 

easier compared to the phospholipid vesicles. For example, it is required to adjust the pH and 

concentration of salts to construct AOT vesicle [Bergenholtz et al., 1996, Sagar et al., 2011, 

Lin, et al.,2008, etc.], which indicates that the deformation and re-construction of AOT vesicles 

can be controlled by changing pH and concentration. In addition, critical vesicle concentrations 

of surfactants are relatively higher (order of millimolar) than that of phospholipids (less than 

micromolar order). If the concentration of surfactants can be controlled continuously by dilution 

and enrichment, the assembly of the surfactants can also be regulated. This finding suggests 

that the recovery of the product can be separated from surfactants by the deformation of vesicles, 

and vesicles can be reconstructed after the separation. 

    However, physicochemical properties of fully-synthetic surfactant vesicles such as DDAB 

vesicle or AOT vesicle have not been clarified yet. In this chapter, the condition for the 

formation of DDAB vesicle and AOT vesicle were investigated, and their surface properties 

were characterized (Figure 4-1). In relation to chapter 1, the effect of additives was also 

investigated to regulate the membrane surface properties similar to phospholipid membranes. 

The plausible interaction between vesicles and additives could be discussed with the results 

obtained, suggesting the general aspect of regulating the vesicle membrane.  
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2. Materials and Methods 

2.1 Materials.  

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3- 

phosphocholine (DPPC), and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP, chloride 

salt) were purchased from Avanti Polar Lipid (Alabaster, AL, USA). AOT, p-

aminodiphenylamine (PADPA), cholesterol, Laurdan, Prodan (N,N-Dimethyl-6-propionyl- 2-

naphthylamine), and 1,6-diphenyl-1,3,5-hexatriene (DPH) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). DDAB (purity>98.0%) was purchased from Tokyo Chemical Industry 

(Tokyo, Japan), and 1-Hexanol and other chemicals were purchased from Wako Pure Chemical 

(Osaka, Japan). PADPA was used after purification by recrystallization, and other chemicals 

were used without further purification.  

 

2.2 Preparation of Vesicles.  

A chloroform solution with lipids (including DDAB and AOT) was dried in a round-

bottom flask by evaporation under a vacuum. The obtained thin film was dissolved in 

chloroform again, and the solvent was evaporated. The thin film was kept under a high vacuum 

for at least 3 hours, and was then hydrated with ultrapure water at room temperature. In the case 

of AOT vesicle, 0.1 M NaH2PO4 aqueous solution was used for the hydration. The vesicle 

suspension was frozen at -80 °C and thawed at 50 °C to enhance the transformation of small 

vesicles into larger multi-lamellar vesicles (MLVs). This freeze-thaw cycle was performed five 

times. MLVs were used to prepare the large unilamellar vesicles by extruding the MLV 

suspension 11 times through two layers of polycarbonate membranes with mean pore diameters 

of 100 nm using an extruding device (Liposofast; Avestin Inc., Ottawa, Canada). 
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2.3 Measurement of the vesicle diameter.  

The average sizes of the vesicles were measured by dynamic light scattering (DLS) (ELS-

8000, Otsuka Electronics, Osaka, Japan). The total concentrations of lipids were 1.0 mM. Each 

size distribution of the suspension was calculated from the result with Marquadt method.  

 

2.4 Evaluation of membrane polarities.  

The emission spectra were measured by using a fluorescence spectrophotometer (FP-6500; 

Jasco, Tokyo, Japan) with an excitation wavelength of 340 nm after 30 min incubation at room 

temperature in dark, and the general polarization (GP340), the membrane polarity, was 

calculated as follows:  

GP340 = (I440 − I490) / (I440 + I490),  

where I440 and I490 represent the fluorescence intensity of Laurdan at 440 nm and 490 nm, 

respectively. The total concentrations of lipid and Laurdan were 1.5 mM and 15 µM, 

respectively.  

The fluorescent spectrum of Laurdan can be deconvoluted into two spectra by using the 

software Peakfit (Systat Software Inc., CA, USA): one is from ordered phase and another is 

from disordered phase. By calculating the area of the spectrum from ordered phase (Ao) and the 

spectrum from disordered phase (Ad), the area ratio of ordered phase and disordered phase in 

actual vesicle was determined.  

 

2.5 Evaluation of membrane fluidity.  

The membrane fluidity (1/P) was measured by the fluorescent probe DPH. The final 

concentrations of lipid and DPH were 1.5 mM and 6.0 µM, respectively. The fluorescence 

polarization of DPH (Ex = 360 nm, Em = 430 nm) was measured with a fluorescent 

spectrophotometer (FP-6500; Jasco, Tokyo, Japan) after 30 min incubation at room temperature 

in dark. The sample was excited at 360 nm with vertically polarized light, and emission 



70 

 

intensities both perpendicular (I⊥) and parallel (I║) to the excited light were recorded at 430 nm. 

The fluidity (1/P) of DPH was then calculated using the following equations: 

1/P= (I║- GI⊥) / ( I║+ GI⊥) 

G= i⊥ / i║ 

where i⊥ and i║ are emission the intensities, perpendicular and parallel to the horizontally 

polarized light, respectively, and G is the correction factor. 
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3. Results and discussions 

3.1 Formation of DDAB/Cholesterol vesicles and the characterization by Laurdan 

DDAB molecules were known to form bilayer vesicles in aqueous media. Viseu et al. and 

Caria et al. have previously observed the DDAB vesicle formation by using Cryo-TEM 

(Figure 4-2) [Viseu et al., 2000, Caria et al., 1996], and from another point of view, Caboi et 

al. have confirmed DDAB vesicle formation by using NMR [Caboi et al., 1996]. To confirm 

the vesicle formation by the hydration of thin film composed of DDAB and cholesterol, the 

self-assemblies were first characterized by DLS. Figure 4-3 shows the size distribution of each 

self-assembly. The diameters of the self-assemblies were distributed from 70 nm to 200 nm, 

indicating the formation of vesicle structure in an aqueous solution. The size distribution of the 

DDAB vesicle was mono-dispersed with rather narrow width and its average diameter was 

estimated as 125 nm ± 48 nm. In the case of DDAB vesicle modified with cholesterol, a similar 

tendency was obtained; the size distribution was ranged between 100-200 nm and the average 

diameter was 127 nm ± 57 nm, indicating that the vesicle structure of DDAB self-assembly was 

still kept after the modification by cholesterol, similarly in the case of other cationic lipid (such 

as DOTAP). However, the width of size distribution in the above vesicles was relatively large  

 

 

 

 

 

 

 

 

Figure 4-2 Cryo-TEM image of DDAB vesicle. The image was taken from previous report 

[Viseu, 2000].  
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Figure 4-3 Diameters of self-assembly analysed by DLS. (a) DDAB, (b) 

DDAB:Cholesterol=80:20.  

 

 

in contrast to the lipid vesicles, such as DOPC liposomes. This is probably due to the higher 

fluidic nature of the vesicle membrane. The critical aggregation concentration (CAC) of DDAB 

was relatively lower than that of phospholipid vesicle (e.g. DOPC) or cationic vesicle (e.g., 

DOTAP). With regards to the chemical structure of DDAB, the lack of carbonyl group could 

decrease hydrogen bond interactions between the membrane-constituting molecules at the 

headgroup region. This assumption indicates that the lateral association of DDAB molecules 

are weak, which leads to the size distribution of DDAB vesicle during extrusion method. 

To characterize the properties of DDAB vesicles, the fluorescent probe method was 

employed. A fluorescent probe, Laurdan, reflects the hydration environment of the self-

assembly, and the fluorescent spectra of Laurdan can represent the phase state of the vesicle. 

Figure 4-4 shows the typical Laurdan spectra of DDAB:cholesterol vesicles in different ratios. 

Within the vesicular system, the spectrum of Laurdan can be considered as the sum of two 

spectra; one is from Laurdan distributed at the disordered phase of the vesicle (the spectrum 

which shows the fluorescence peak around 450 nm) and another is from the one located at the 
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ordered phase (the spectrum which shows the peak around 500 nm). The deconvoluted spectra 

showed that disordered phase was obviously dominant in DDAB vesicle and regarded as liquid-

disordered phase, and the proportion of ordered phase became larger with the increase in the 

ratio of cholesterol in DDAB/cholesterol vesicle. In DDAB/cholesterol=60/40 vesicle, the 

spectrum clearly showed both of the ordered phase and disordered phase, suggesting the 

heterogeneity of the membrane as in the phospholipid/cholesterol vesicles.  

Not only the cationic DDAB vesicle, but also the characterization of anionic AOT vesicle 

was investigated for the variation of the vesicle membrane. Since AOT vesicle was already 

confirmed by many scientists [Bergenholtz et al., 1996, Sagar et al., 2011, Lin, et al.,2008, etc.] 

and the application as a platform for chemical reaction has been reported [Junker et al., 

Luginbühl, et al., 2016], this thesis is focused on the characterization of AOT vesicle by using 

fluorescent probes, mainly Laurdan. In the case of AOT vesicle, cholesterols are too big to be 

distributed in the bilayer of AOT, so the smaller molecule 1-hexanol was used as one of the 

modifier. PADPA was also carried out which is expected to interact with AOT strongly through 

hydrophobic interaction and electrostatic interaction. Figure 4-5 also shows that the disordered 

phase is dominant in pure AOT vesicle membranes, while ordered phase dominates in vesicles 

composed of AOT and PADPA, for example at [AOT]/[PADPA] = 74:24. The area below the 

deconvoluted spectra assigned to the ordered phase (Ao) and the one assigned to the disordered 

phase (Ad) are almost the same in a vesicle suspension composed of AOT, hexanol, and PADPA 

at a molar ratio of 74:19:7 or in a vesicle suspension composed of AOT and aniline at a molar 

ratio of 87/13, suggesting the presence of heterogeneous vesicle membranes.   

Area ratio values (Ao/Ad) for various vesicle samples, including vesicles formed from 

phospholipids, were then calculated from the recorded and deconvoluted spectra. For DOPC 

liposomes (in the ld phase at room temperature), the Ao/Ad ratio was 0.16. On the other hand, 

the Ao/Ad ratio for DPPC liposomes (in solid-ordered (so) phase at room temperature), Ao/Ad 

was 6.6. In the case of [DOPC]/[DPPC] = 60/40 liposomes, which form a heterogeneous 
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   (a)                 (b)                (c)                 (d) 

 

   (e)                 (f)                 (g)                 (h) 

 

Figure 4-4 Deconvolution of Laurdan spectra. (a) DDAB, (b) DDAB/Chol=80/20, (c) 

DDAB/Chol=70/30, (d) DDAB/Chol=60/40, (e) AOT, (f) AOT:PADPA=76:24, (g) 

AOT:hexanol:PADPA=74:19:7, (h) AOT:aniline=87:13. Each line indicates the experimental 

result (black), fitted line (red), the spectral fraction of ordered phase (blue), and the spectral 

fraction of disordered phase (green). Ao and Ad are the peak areas of the spectral fractions of 

ordered phases and disordered phases, respectively.  

 

 

Figure 4-5 The area ratio (Ao/Ad) of the vesicles calculated from the area discussed in Fig. 4-4. 
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membrane (coexistence of ld and so phases at room temperature). The Ao/Ad ratio was 0.45, 

which is between the values for the ordered and the disordered phases. This indicates that the 

Ao/Ad ratio can be taken as an indicator of the different membrane phase states. We distinguish 

vesicle membranes which have an ordered phase as those with Ao/Ad > 2.5 (arbitrarily chosen) 

from vesicle membranes which are in the disordered phase (Ao/Ad < 0.3, arbitrarily chosen). In 

the range 0.3 < Ao/Ad < 2.5, heterogeneous phases are present. 

By applying this parameter to DDAB and AOT vesicles, the DDAB/cholesterol vesicles, 

containing >20% cholesterol, could be regarded as heterogeneous vesicle, although these 

vesicles showed much more polar environment than that of conventional phospholipid vesicles. 

The result indicates that the effect of cholesterol that changes vesicle membrane to be more 

ordered could occur with DDAB vesicle similarly to that with phospholipid vesicles. In the pure 

AOT vesicle suspension, the Ao/Ad ratio was 0.15, confirming the disordered state of the AOT 

membrane. For AOT/PADPA=76/24, the membrane clearly turned into an ordered state  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6 The relationship between the area ratio (Ao/Ad) and GP340 values of the vesicles. 
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(Ao/Ad=8.8), again in agreement with the discussion above. Moreover, the deconvolution 

analysis indicates that the AOT/hexanol/PADPA=74/19/7 and the AOT/aniline=87/13 vesicles 

have a heterogeneous membrane with intermediate Ao/Ad ratios (Ao/Ad=1.18 and 1.05), i.e., they 

contain nanosized ordered domains within a fluid membrane matrix. As a result, the addition 

of aniline leads to a change of the phase state of the AOT bilayer to a heterogeneous phase, but 

there is no indication that the phase becomes fully-ordered. One possible reason is that aniline 

is a too small molecule so that the weak hydrophobic interactions do not result in a drastic 

alteration of the membrane properties, although strong electrostatic interactions are expected to 

exist, so that the mobility of some of the AOT molecules is decreased (possible formation of 

ordered patches). On the other hand, the addition of PADPA to AOT vesicles leads to a strong 

ordering of the membrane. This is a result of the stronger binding of PADPA to the vesicles 

(electrostatic as well as hydrophobic interactions). Through the deconvolution of the Laurdan 

fluorescence spectra, the area and the composition of each phase state could be calculated.  In 

addition, the values of area ratio were relating to the values of GP340, which can be used to 

evaluate membrane polarity (Fig. 4-6). The values of GP340 reflect the hydration environment 

of the vesicle membrane, and the values of area ratio were used to represent the phase state of 

the vesicles. These two values are correlating with each other, suggesting that the phase state 

of the vesicles is closely related to the polarity of the vesicle membrane.  

 

3.2 The interaction model of surfactants and additives 

To obtain the corroborative result for the membrane properties of DDAB/cholesterol vesicles 

and AOT/PADPA vesicles, another fluorescent probe, DPH, was also used to analyze the 

membrane fluidity of the vesicles. Figure 4-7 shows the membrane polarity and membrane 

fluidity of various kinds of vesicles. In this diagram, x-axis represents the membrane fluidity 

and y-axis represents the membrane polarity. The cross point of x- and y-axes is the threshold 

point of the phase transition in ordered phase and disordered phase. In this diagram, vesicles in 
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disordered phase are plotted in the fourth quadrant (large 1/P and low GP340 values), in ordered 

phase are plotted in the second quadrant (small 1/P and high GP340 values), and in 

heterogeneous phase are plotted in the first quadrant (intermediate 1/P and high GP340 values). 

Based on this diagram, DDAB vesicle can be plotted on the fourth quadrant and considered to 

form disordered phase vesicle. It was found that DDAB vesicle showed relatively higher 

polarities (GP340<-0.5) and higher fluidities (1/P>12), even when compared to the lipid vesicles 

in disordered phase as well as DOPC or DOTAP vesicles. It can be also interpreted that the 

effect of cholesterol is different in DDAB vesicle and lipid vesicles (DOPC, DOTAP). In DOPC 

and DOTAP liposomes, the membrane polarities increased and membrane fluidities decreased 

in the same manner. On the other hand, the addition of cholesterol to DDAB vesicle resulted in 

a larger decrease in the fluidity and a smaller increase in the membrane polarity. In the case of 

AOT vesicle, apart from the observation that the addition of aniline to AOT bilayers leads to a 

measurable decrease in membrane fluidity, and that the addition of PADPA to the same bilayers 

leads to an even stronger decrease in fluidty, as discussed above, the surprising finding is that 

the effect of PADPA on AOT bilayers has effects which so far were only observed for vesicle 

membranes composed of mixtures of phospholipids or mixtures of phospholipids and 

cholesterol (formation of nanodomains).  

The differences can be explained by the way cholesterol and lipids (including DDAB 

molecules) are interacting (Fig.4-8). It is considered that cholesterol can stiffen the vesicle 

through the hydrogen bonding between hydroxyl group in cholesterol and carbonyl group in 

phospholipids, resulting in the formation of another rigid phase known as liquid-ordered phase. 

However, the interaction between cholesterol and DDAB was only hydrophobic interaction due 

to the lack of carbonyl group. Hydrophobic interaction mainly takes place at the hydrocarbon 

(HC) region of the vesicle where DPH can monitor, although hydrogen bond takes place in the 

intermediate (IM) region where glycerol and carbonyl groups are present and Laurdan mainly 

monitors. Therefore, the influence to the Laurdan spectrum was significant in DOPC and  
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Figure 4-7 Summary of the (a) DDAB and (b) AOT vesicle membrane fluidity and polarity 

changes after the addition of modifiers in comparison with phosphatidylcholine and mixed 

phosphatidylcholine/cholesterol membranes. The membrane polarities and fluidities were 

measured at room temperature.  
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DOTAP vesicles due to the stronger interaction (hydrogen bonding) while the hydrophobic 

interaction was dominant in DDAB/cholesterol vesicles. The similar effect could be observed 

in the AOT/PADPA vesicular system that incorporation of the protonated form of PADPA 

(PADPAH+) in an AOT bilayer may involve not only electrostatic but also CH-π van der Waals 

interactions, which leads to the vesicle of similar properties to phospholipid/cholesterol mixture. 

Furthermore, Figure 4-7 shows another unique characteristic of DDAB vesicles. As 

previously mentioned, conventional vesicles composed of phospholipid and cholesterol are 

plotted in the first, second, and fourth quadrants in the Cartesian diagram. That is, lipid vesicles 

which has property of being plotted in third quadrant had not been developed. The plots of 

cholesterol modified DDAB vesicle appears in the third quadrant, which is considered as the 

new properties of vesicle. The phase state which DDAB/cholesterol vesicle formed was 

considered to be similar to liquid-ordered phase, but a little different (liquid-ordered-like phase). 

Third quadrant in Figure 4-7 represents that the membrane fluidity is relatively low while the 

membrane is polar. DDAB/cholesterol=70/30 showed such a characteristic, which may be 

utilized as a new platform for the chemical process. For example, our previous report revealed 

that the hydrophobic molecules were more distributed into vesicles with polar environment than 

vesicles with less polar environment. However, the reaction rate of 1,3-dipolar cycloaddition 

was higher with the vesicles of lower polarity and fluidity. These findings suggest that the 

DDAB/cholesterol vesicles, which showed the characteristics of polar environment and low 

fluidity, have the possibility to enhance the reaction such as 1,3-dipolar cycloadditions. The 

membrane properties are also important for highly selective reaction, regulating the reactants 

with in the bilayer. In summary, fully synthetic surfactant DDAB can form the heterogeneous 

vesicle with cholesterol, and DDAB/cholesterol vesicle can show the different characteristics 

as compared to conventional vesicles such as DOPC/cholesterol vesicle. 
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Figure 4-7 The interaction model of (a) DOTAP and cholesterol, (b) DDAB and cholesterol, 

and (c) AOT and PADPA. IM region and HC region stand for intermediate region and 

hydrocarbon region, respectively.   
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4. Summary 

   The properties of DDAB vesicle and AOT vesicle membranes were successfully 

characterized, resulting that their membrane properties are polar and highly fluid as compared 

to conventional phospholipid vesicles. The variations in the physicochemical properties of 

vesicles was achieved by using non-natural surfactant as a vesicle component. Focusing on the 

DDAB vesicle, the membrane properties could be regulated with the modification of cholesterol. 

DDAB/cholesterol vesicle showed the heterogeneous phase according to the experiment with 

fluorescent probes. Although the tendency of being heterogeneous was similar to that of 

phospholipid vesicles, DDAB/cholesterol vesicles also represented the big difference that the 

membrane polarity evaluated by Laurdan was notably high (GP340<-0.2), probably due to the 

lack of hydrogen bonding. The result suggested the difference in the interaction model of 

cholesterol against the DDAB vesicle or phospholipid vesicles.  

    In the case of AOT vesicle, PADPA was used as a modifier since cholesterol could not be 

distributed into the AOT bilayer due to its size. Upon the addition of PADPA, the membrane 

properties were drastically changed resulting in the changes in phase state to heterogeneous 

phase or even ordered phase. The interaction between AOT and PADPA including electrostatic 

interaction, hydrogen bond, and CH-π interactions seems strong enough to change the phase 

state of vesicle. These findings suggest that the design of AOT vesicle can be achieved to be 

utilized in chemical reactions which do not involve PADPA as substrate. 

    As a whole, the “fully-synthetic” surfactant vesicles can be characterized by the addition 

of modifier such as cholesterol and PADPA. They are expected to be utilized as a platform for 

the chemical reaction similarly to the phospholipid vesicles, while at the same time, the 

membrane properties of these vesicles are not identical to that of phospholipid/cholesterol 

vesicles. The differences in the phospholipid vesicles and fully-synthetic surfactant vesicles 

may lead to the variation of the platform for the reaction. In other words, DDAB/cholesterol 

vesicles and AOT/PADPA vesicles may be favorable for a specific chemical process.  
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Chapter 5 

Selective Alkylation Reaction with Vesicles Composed of Fully- 

Synthetic Surfactants and Comparison to Other Self-Assemblies. 

 

1. Introduction 

    From chapter 1 through 3, it has been shown that the interfacial reaction at the surface of 

self-assembly can be regulated by the physicochemical properties. Other studies also have 

shown that the chemical process such as adsorption of substrates are depending on the 

properties of vesicle membrane surface. For example, Litt et al. have reported the stability and 

activity of the enzyme can be differentiated by changing the membrane properties and phase 

state of vesicles [Litt et al., 2009]. As discussed before, one of the advantages for the reaction 

process at the vesicle surface is that the environment can be easily varied by changing the 

composition of molecules which vesicle forms. So far, this study was discussed with micellar 

systems, phospholipid vesicular systems, and fully-synthetic surfactant vesicular systems. 

Since it has been reported that the variations in membrane properties can lead to the different 

result in the chemical process, it is worth studying how fully synthetic surfactant vesicles can 

affect the reaction by used as a platform.  

Based on the strategy to design the vesicle to utilize as a platform for the selective 

alkylation reaction discussed in chapter 3, the partitioning behavior of the reaction substrates 

and the changes in the membrane properties after the addition of reaction substrates were 

important factors. Since DDAB vesicle represented the highly-polar environment at the surface 

of the vesicle, the adsorption of the hydrophobic reactants and the high conversion can be 

expected based on the results in chapter 3. Also, DDAB vesicle can be modified with 

cholesterol to change its membrane properties. DDAB/cholesterol vesicles showed the unique  
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Figure 5-1 Schematic illustration of the study in this chapter 

 

characteristics that the vesicle membrane was ordered with higher polarity, which may be 

advantageous for the reaction that the higher polarity has an advantage on attracting 

hydrophobic molecules and ordered membrane is required for the selectivity. Furthermore, 

since not the chirality of the lipids but the localization of the reaction substrate was important 

for the selectivity, it can be expected that the vesicle composed of achiral amphiphiles also can 

be used for the enantioselective reaction. In this chapter, DDAB and cholesterol modified 

DDAB vesicle discussed in the last chapter were selected as a platform for the alkylation of 

amino acid derivative (Fig. 5-1). Comparing to the results obtained in chapter 3, the 

relationships between the membrane properties and reactivity were investigated. Furthermore, 

the different reaction mechanism models between lipid vesicles and DDAB vesicles were 

proposed to explain the different product obtained by these two systems. Finally, key factors of 

the interfacial reaction with self-assembly system were discussed, showing that it can be applied 

to any processes including hydrophilic-hydrophobic interface and industrial use.  
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2. Materials and Methods 

2.1 Materials.  

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3- 

phosphocholine (DOPC) were purchased from Avanti Polar Lipid (Alabaster, AL, USA). 

Cholesterol was purchased from Sigma Aldrich (St. Louis, MO, USA). 

Hexadecyltrimethylammonium bromide (CTAB), sodium hydroxide, and benzyl bromide were 

purchased from Wako Pure Chemicals (Osaka, Japan). Dilauryldimetylammonium bromide 

(DDAB) and N-(diphenylmethylene)glycine tert-butyl ester (DMGBE) were purchased from 

Tokyo Chemical Industries (Tokyo, Japan). These chemicals were used without further 

purification. 

 

2.2 Preparation of vesicles.  

A chloroform solution containing lipids was dried in a round-bottom flask by evaporation 

under a vacuum. The obtained lipid thin film was dissolved in chloroform again, and the solvent 

was evaporated. The lipid thin film was kept under a high vacuum for at least 3 hours, and was 

then hydrated with distilled water at room temperature. The liposome suspension was frozen at 

-80 °C and thawed at 50 °C to enhance the transformation of small vesicles into larger multi-

lamellar vesicles (MLVs). This freeze-thaw cycles were performed five times. MLVs were used 

to prepare the large unilamellar vesicles (LUVs) by extruding the MLV suspension 11 times 

through two layers of polycarbonate membranes with mean pore diameters of 100 nm using an 

extruding device (Liposofast; Avestin Inc., Ottawa, Canada). 

 

2.3 Evaluation of membrane polarities.  

Laurdan is sensitive to the polarity around the molecule itself, and its fluorescence 

properties enable to evaluate the surface polarity of lipid membranes. The Laurdan emission 

spectra exhibit a red shift caused by dielectric relaxation. The emission spectra were measured 
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with an excitation wavelength of 340 nm, and the general polarization (GP340), the membrane 

polarity, was calculated as follows:  

GP340 = (I440 − I490) / (I440 + I490),  

where I440 and I490 represent the fluorescence intensity of Laurdan at 440 nm and 490 nm, 

respectively. The total concentrations of lipid (or surfactant) and Laurdan were 1 mM and 10 

µM, respectively. For CTAB micelle, the concentration of CTAB and Laurdan were 10 mM 

and 100 µM due to the critical micelle concentration of CTAB (~1 mM).  

The fluorescence spectrum of Laurdan was deconvoluted into two spectra by using the 

software Peakfit (Systat Software Inc., CA, USA): one originates from the localization of 

Laurdan in an ordered membrane (ordered phase), and the other originates from the localization 

of Laurdan in a disordered membrane (disordered phase).  

 

2.4 Evaluation of membrane fluidity 

Fluorescent probe DPH (1,6-diphenyl-1,3,5-hexatrien) was used for evaluating membrane 

fluidity. The sample was excited at λex = 360 nm with vertically polarized light, and emission 

intensities both perpendicular (I⊥) and parallel (I║) to the excited light were recorded at λem = 

430 nm. The fluidity (1/P) of DPH was then calculated by using the following equations: 

1/P= (I║- GI⊥) / ( I║+ GI⊥) 

G= i⊥ / i║ 

where i⊥  and i║ are emission intensities, perpendicular and parallel to the horizontally 

polarized light, respectively, and G is a correction factor. The final concentrations of lipid and 

DPH were 1 mM and 4 µM, respectively. 

 

2.5 Alkylation of DMGBE with benzyl bromide.  

0.3 mg (1.0 μmol) of DMGBE was dissolved in pure water, and then the aqueous solution 

was mixed with vesicle suspension and NaOH aqueous solution (10%) to obtain 1 mL of 
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reaction solution. 1.5 μL (12 μmol) of benzyl bromide was finally added to initiate the reaction 

(Scheme 1). The reaction solution was stirred at 500 rpm in room temperature for 24 h. The 

total concentrations were DMGBE = 1.0 mM, benzyl bromide = 12 mM, lipid = 10 mM, NaOH 

= 0.3 M. In the case of micelle instead of liposomes, the aqueous solution of CTAB was added. 

The total concentrations were fixed to the same value to the condition of the reaction with 

liposomes.  

 

 

 

Scheme 1. Asymmetric Reaction of DMGBE with Benzyl Bromide 

1. N-(diphenylmethylene)glycine tert-butyl ester (DMGBE), 2. Benzyl bromide, 3. Product 

 

2.6 HPLC measurements of reaction solution.  

After the reaction was finished, the product (and reactant) were extracted to the organic 

solvent by using Bligh-Dyer method. In brief, the 1 mL of reaction solution was mixed with 2 

mL methanol and 1 mL chloroform, resulting in homogeneous, colourless, and transparent 

liquid. Then 1 mL of chloroform and 1 mL pure water were added to the solution to lead to the 

phase separation. The centrifugation was performed (1400 rpm, 5 min) to complete the phase 

separation by a Tabletop Centrifuge KUBOTA 5200 (Kubota, Tokyo, Japan).  

After the extraction, the organic phase was moved into round-bottom flask and chloroform 

was removed by evaporation. 1 mL of diethyl ether was added to the flask, and 10 μL was taken 

and dissolved in 1 mL of mobile phase for HPLC analysis (Daicel Chiralpak IA, mobile phase 

was hexane:2-propanol = 99:1, flow rate = 0.5 mL/min). HPLC analysis was done by Warers 

1515 Isocratic HPLC Pump and Waters 2489 UV/Visible Detector (Waters, Massachusetts, 

US) to evaluate the conversion of the reaction and the enantiomeric excess.  
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2.6 Adsorption of reactants onto vesicle.  

The adsorption amounts of reactant (DMGBE) was evaluated by UV spectrophotometer 

(UV-1800; Shimadzu, Kyoto, Japan). The total concentration of reactant and vesicles were 

same as the alkylation method (DMGBE = 1.0 mM, vesicle = 12 mM, NaOH = 0.3 M). The 

solution was incubated for an hour in room temperature with 500 rpm stirring. The adsorption 

percentages were calculated from the difference in UV absorbance of the solution without and 

with vesicle: 

Adsorption percentage = (Avesicle – Abulk) / ((Avesicle)) x 100, 

where Ainitial and Afiltrated represent the absorbance of the reactant in the NaOH aqueous solution 

and in the vesicle suspension, respectively.  
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3. Results and Discussion 

3.1 Evaluation of the alkylation reaction with DDAB and DDAB/cholesterol vesicles 

In the chapter 3, it has been shown that the alkylation of DMGBE can be achieved 

(conversion > 90%) at a low enantiomeric excess (e.e. ≈ 5%) in a cetyltrimethylammonium 

bromide (CTAB) micelle solution, while a higher e.e. value (> 90%) could be obtained in a 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposome suspension. DDAB was selected as 

an amphiphile that can form vesicles in an aqueous solution, and possesses a tertiary ammonium 

group that is located on the hydrophilic side of the membrane. The alkylation of DMGBE was 

carried out in a suspension of DDAB vesicles, as shown in Scheme 1. This reaction showed a 

high conversion (~90%) and medium enantioselectivity (e.e. ≈ 50%) based on a high-

performance liquid chromatography (HPLC) chromatogram obtained using a chiral column 

(Fig.5-2, Table 5-1). Most importantly, the (R)-product was formed with the DDAB vesicles, 

which is same as the phase-transfer catalyst, while the (S)-product was formed in the presence 

of the DOPC liposomes. When the DDAB vesicles were modified with 20% cholesterol, the 

e.e. value increased as compared to that of unmodified DDAB vesicles, reaching approximately 

80%. The reactants, such as DMGBE and benzyl bromide, were added stepwise to the DDAB 

vesicle solution in different orders to confirm the partitioning of reactants into the DDAB 

vesicle membrane. The insertion of benzyl bromide into the DDAB vesicle membrane prior to 

the addition of DMGBE resulted in the formation of the (S)-product with an e.e. value that 

reached ~70%. These results indicate that benzyl bromide can be oriented in the deeper region 

of the DDAB vesicle membrane and could react with the DMGBE molecule at the outer surface 

of the membrane. The conformation of DMGBE during its interaction with the DDAB vesicle 

membrane should differ from that with the DOPC liposome membrane, considering the results 

obtained in chapter 3. 
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Figure 5-2 HPLC chart of the reaction with each vesicle. [a] From our previous report; see Ref 

18 for detailed information. [b] b.b.=benzyl bromide. Benzyl bromide was initially added and 

mixed with the vesicle suspension, and then incubated for 1 h. The reaction was initiated by 

adding NaOH (aq) and DMGBE. [c] Chol.=cholesterol. The vesicle composition was 

DDAB:Cholesterol=80:20.  

 

 

Table 5-1 Alkylation of amino acid derivative using various kinds of amphiphiles 

Entry Amphiphile Conversion (%) e.e. ((S)-(R) %) 

1 DDAB (vesicle) 90 -49 

2 
DDAB:Chol = 80:20 

(vesicle) 
87 -77 

3a DDAB (vesicle) 88 -56 

4 CTAB (micelle) 95 5 

5 DOPC (liposome) 62 97 

[a] Benzyl bromide was initially added and mixed with the vesicle suspension, and then 

incubated for 1 h. The reaction was initiated by adding NaOH (aq) and DMGBE.  
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3.2 The effects of the membrane polarities on the reaction system. 

The physicochemical properties of the membrane are important to the outcome of a 

reaction on the membrane of either a vesicle or a liposome. The surface properties of various 

self-assemblies were analyzed by using the previously reported method to investigate the 

differences between the DOPC liposomes, CTAB micelles, and DDAB vesicles. Fluorescent 

probes, such as Laurdan and 1,6-diphenyl-1,3,5-hexatriene (DPH), have been used to evaluate  

the membrane polarity and fluidity, respectively. The spectrum of Laurdan is strongly related 

to the hydration environment of the Laurdan embedded in the membrane: the spectrum of 

Laurdan is blue-shifted when its environment is dehydrated. The surface characteristics of the 

self-assembling system can therefore be distinguished from others by analyzing the 

fluorescence spectra of Laurdan. Laurdan shows a peak at 440 nm when embedded in vesicles 

with a solid ordered (so) phase; at 490 nm when in vesicles with a liquid-disordered (ld) phase, 

and at 505 nm for micelles. Figure 5-3 shows the fluorescence spectra of Laurdan embedded 

in a typical liposome (vesicle), micelle, and a DDAB vesicle. The fluorescence spectrum of 

Laurdan in the presence of DDAB vesicle indicates that the DDAB membrane has quite 

different characteristics from those of a micelle, showing it to be more hydrated than typical ld 

phase vesicles. The membrane polarity can be analyzed in detail by calculation of its GP340 

values (Fig. 5-4); vesicles in so phase (such as DPPC liposome) showed high GP340 value of 

~0.4, while the GP340 values were about −0.3 for ld phase vesicles, such as DOPC liposomes 

(Fig. 5-4 (a)). The GP340 value for a micelle was much lower (GP340 < −0.7), indicating that 

the micelle surface is a hydrated environment. The DDAB vesicles also showed low GP340 

value (GP340 ~ −0.6), indicating that the DDAB vesicle also forms a highly hydrated 

environment, as found in micelles. These results were also proved by the evaluation of the 

membrane fluidity, which was analyzed by a fluorescent probe DPH (Fig. 5-4 (b)). The 

membrane fluidity (1/P) of the DDAB vesicles was much higher than that of conventional 

vesicles (such as the DOPC liposomes). The addition of benzyl bromide to DDAB vesicle 
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caused the fluorescent spectrum of Laurdan and the value of GP340 to be varied (Fig. 2 (b) and 

(c)) while the addition of benzyl bromide to the DOPC liposome did not change its membrane 

properties. The membrane of the DDAB vesicle changed to a more “ordered” structure through 

its interaction with benzyl bromide, indicating that the hydrophobic molecules, used as reaction 

substrates, can change the membrane properties of the DDAB vesicles. In addition, the 

modification of the DDAB vesicle membrane with cholesterol also resulted in a similar 

variation of the membrane as seen for benzyl bromide. These findings indicate that the 

membrane properties of the DDAB vesicles can be regulated by the addition of hydrophobic  

 

             (a) 

 

 

 

 

 

 

 

 

 

   (b)                     (c)                      (d) 

 

 

 

 

 

 

 

Figure 5-3 (a) Fluorescent spectra of Laurdan embedded in each self-assembly system. (b) 

DDAB vesicle (c) DDAB vesicle + benzyl bromide (d) DDAB:Cholesterol=80:20 vesicle. Each 

line indicates the experimental result (black), fitted line (red), the spectral fraction of ordered 

phase (blue), and the spectral fraction of disordered phase (green). 
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Figure 5-4 Properties of self-assembly system. b.b.=benzyl bromide, Chol.=Cholesterol. 

DOPC+b.b. and DDAB+b.b. shows the GP340 values after the addition of 1.2 equivalent of 

benzyl bromide. Composition of DDAB+Chol. vesicle was DDAB:Cholesterol=80:20. (a) 

Polarity (GP340) of each self-assembly system. See materials and methods for the condition of 

the experiments and the calculation of the values. (b) Fluidity (1/P) of each self-assembly 

system evaluated by DPH.  

 

 

molecules. However, the DDAB vesicles modified with either benzyl bromide or cholesterol 

had more polar environments than those were found for the liposomes, indicating that DDAB 

vesicles formed a different platform to that formed by liposomes. This finding explains the 

observed variation in the enantioselectivity of reaction using these platforms. 

The dependence of the enantioselective alkylation of DMGBE on the membrane properties 

of the self-assemblies was studied by direct comparison of the obtained results (Fig. 5-5). The 

conversion values were plotted against the GP340 values, showing an approximately linear 

relationship (Fig. 5-5(a)). It can be clearly seen that the self-assembling systems that showed 

lower (more negative) GP340 values could enhance the conversion in the reaction. The reason 
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for this enhancement is probably related to the adsorption of the reactants onto the surface 

(membrane) of the self-assembling system. Our previous reports have shown that the self-

assembly systems with higher polarity (lower GP340 values) could attract a greater number of 

hydrophobic substrates. The adsorption behavior of the reactants was also investigated in this 

study. It was found that a greater quantity of reactants was adsorbed onto the self-assemblies 

with lower GP340 values (Fig. 5-5 (a)). The adsorption of DMGBE was strongly related to the 

conversion, indicating that the interaction between DMGBE and self-assembly was an 

important factor for the reaction. Although the e.e. values were low (~5%) in the presence of 

systems with lower-GP340 values, such as CTAB micelles, some  
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Figure 5-5 The effects of polarity on the reaction and adsorption of the reactants onto self-

assembly systems. (a) top: conversion of the reaction, bottom: adsorption amount of DMGBE. 

(b) e.e. values of the product.  
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liposomes that showed higher GP340 values achieved high enantioselectivity (e.e.~90%, Fig. 5-

5 (b)). The conversion and enantioselectivity were, respectively, suppressed and increased to 

some extent when benzyl bromide was inserted into the DDAB vesicle prior to DMGBE 

addition. This effect was probably because of the associated change in the GP340 value. These 

findings reveal the importance of the properties of self-assembling systems in highly effective 

reactions at the surface of self-assemblies. 

 

3.3 Plausible reaction model of the reaction with DDAB vesicle and comparison to the 

reaction with phospholipid vesicles.  

We suggest that the reaction model for the enantioselective alkylation at the surface of self-

assemblies is also related to the membrane properties and the chemical structures of the 

reactants and amphiphiles. As previously reported in phase transfer catalysis, Si face of 

DMGBE tends to interact and be covered by the hydrophobic region of the catalyst which 

resulted in producing (R)-form enantiomers [Kitamura et al., 2005]. By applying this tendency 

to DDAB vesicle system, Si face of DMGBE is facing towards the hydrophobic region of 

DDAB vesicle and hindered by the hydrophobic interaction and electrostatic interaction 

between DDAB and DMGBE. By forming DDAB-DMGBE complex, the complex shows high 

hydrophobicity based on its chemical structure, the complex can enter into deeper area of 

DDAB vesicle to form stronger hydrophobic interaction (Fig. 5-6). As a result, benzyl bromide 

only can react with the Re face of DMGBE, which can produce (R)-form of the product. This 

simple interaction between DDAB and DMGBE could be supported by the time required to 

accomplish the reaction. It took only a short time (within a few hours) to finish the reaction, 

which is much shorter compared to the reaction with DOPC liposome. DOPC and DMGBE 

might form complicated reaction intermediate via multiple forces such as (i) electrostatic 

interaction, (ii) hydrophobic interaction, and (iii) hydrogen bond of both molecules at the 

interface. In our previous report, multiple interaction is suggested to be induced in the case of 
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chiral adsorption of L-amino acids on the phospholipid membrane surface, where induction 

time are needed to obtain the “mature” interactions at the liposome surface [Ishigami et al., 

2015]. Similarly, the multiple interactions between DMGBE and DOPC molecules are thought 

to be rather complicated and, therefore, it could require more than several hours to form 

appropriate reaction intermediate to obtain chiral (S-form) product (Fig. 5-6 (b)). The difference 

in interaction were considered to vary the covered plain face of DMGBE due to the tilted 

assembly of DOPC, which resulted in the production of opposite enantiomer to each other.  

By the modification of cholesterol to DDAB vesicle, the value of GP340 increased as 

mentioned in the former chapter, which relates to the packing density of the vesicle. The steric 

hindrance for benzyl bromide to attack the Si face of DMGBE became larger because the 

packing density of DDAB was increased by the presence of cholesterol. This effect of 

cholesterol lead to the enhanced enantioselectivity of the reaction. In general, the properties of 

the self-assembling system can regulate the conversion and enantioselectivity of interfacial 

alkylation reactions at the surface of the assembly.  
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(a) 

 

(b)  

 

Figure 5-6 Plausible interaction and reaction model of DMGBE and benzyl bromide with (a) 

DDAB vesicle, (b) DOPC vesicle.  
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4. Summary 

    Bilayer vesicles composed of fully-synthetic surfactants with quaternary ammonium 

moieties could be used for the asymmetric alkylation of amino acid derivatives. As mentioned 

in previous chapters, the adsorption ratio, the conversion, and the selectivity were related to the 

membrane properties, particularly the membrane polarities. The adsorption amount increased 

with the decrease in the GP340 value, indicating that the exposure of the hydrophobic interior is 

important to withdraw hydrophobic molecules, and the enrichment effect can lead to the high 

conversion of the reaction. On the other hand, the selectivity (e.e.) increased with the increase 

in the GP340 value. This result suggests that the highly-ordered surface to regulate the 

interaction is required for the enantioselective reaction. DDAB/cholesterol vesicle could show 

the reasonable platform for the reaction which can achieve high conversion (conv. ~ 90 %) and 

moderate enantioselectivity (e.e. ~ 70 %).  

    Interestingly, the enantiomer produced in this reaction is opposite to each other in the 

reaction with phospholipid vesicles and DDAB vesicles. The difference can be explained by 

the interaction mechanism between vesicles and DMGBE. As it was shown in the interaction 

model, the quaternary ammonium moiety of DDAB interact with the Si-face of DMGBE and 

quaternary ammonium moiety of phospholipid such as DOPC interact with the Re-face of 

DMGBE considering the hydrophobic interaction.  

    As a conclusion, the alkylation of the amino acid derivative can be regulated by the 

membrane properties and chemical structure of the vesicle (Fig. 5-7). Based on the results 

obtained, the self-assembly systems can be distinguished by the GP340 values, and the type of 

the self-assembly is one important factor to regulate the reaction. The micelles showed unique 

characteristics that the reaction conversions or yields are strongly dependent on the adsorption 

ratio of the reaction substrates. The reaction process with micelles, one should consider and 

design the surface so that the substrates can be enriched at the surface of the micelles. On the 

other hand, the most important factor in the reaction at the surface of vesicle membranes is the 
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interaction between substrates and the vesicles, which can be evaluated by the variation in GP340 

values. Both of the conversion and enantioselectivity can be regulated by the interactions; 

therefore, it was found to consider and expect the interaction between substrates and vesicles. 

Now it is expected that an interfacial enantioselective reaction could be regulated by adjusting 

the membrane properties of vesicles by changing the vesicle components, providing a new and 

clean process for asymmetric synthesis. 

 

 

Figure 5-7 Scheme for the design of self-assembly systems as a platform for alkylation. 
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General Conclusion 

 

    The methodology to design the various vesicle membrane for the improvement of the 

interfacial reaction was established. Based on the previous findings, (model-)biomembranes 

could be utilized for the platform to regulate and recognize biomolecules. Although the 

hydrophilic-hydrophobic interface has also been focused as a platform for the chemical 

processes including the chemical reactions, the previous studies had not clarified the influence 

of physicochemical properties of the interface on the reaction. Not only the reaction rate, yield, 

or selectivity of the reaction, but also the partitioning behavior of the substrates and the 

interactions could be regulated by the variation of the hydrophilic- hydrophobic interface of 

self-assembly systems.  

    In chapter 1, the method to analyze the micro-environment of vesicles and the partitioning 

behavior of the reaction substrates onto vesicle membrane were examined. The partitioning of 

the substrates could be regulated by the differences in the membrane properties of the vesicles, 

and the result showed that the electrostatic interaction was an essential factor to regulate the 

partitioning behaviors. The micro-polarity and micro-viscosity of the vesicle membrane 

evaluated by using two fluorescent probes, Laurdan and DPH, before and after the partitioning 

of substrates were also analyzed, resulting in the dehydration of the vesicle membrane by the 

partitioning of hydrophobic molecules. The dehydration of the vesicle membrane also lead to 

the increase in micro-viscosity, showing that the properties of the vesicle membrane could be 

varied by the addition of hydrophobic molecules. It has been proposed that the interaction 

between vesicles and substrates could be controlled by changing its membrane properties.  

    In chapter 2, 1,3-dipolar cycloaddition of BNO and EMI was carried out as a model 

reaction in the variety of the dielectric environment. The new parameter was introduced to 

evaluate the value of relative dielectric constant (ε’) to refer the environment formed by self-
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assembly systems to the various solvents. In the water/1,4-dioxane systems, the reaction rates 

were low and decreased linearly with the increase in the value of ε’ while the largest reaction 

rate at the certain ε value (ε’ ~ 25) was observed with the self-assembly systems. The reaction 

rate was found to be strongly influenced by the adsorption ratio of the reaction substrates, 

resulting that the cationic DOTAP vesicle, which showed the highest adsorption ratio of BNO, 

also represented the highest reaction rates. However, normalized reaction rates at the vesicle 

surface per number of BNO adsorbed was relatively low with cationic vesicle compared to 

zwitterionic vesicle, suggesting that the strong interactions between vesicles and substrates was 

not always positive for the reaction. These findings have shown that the reaction rate at the 

surface of self-assembly system could be enhanced by two factors: enrichment effect and the 

environment effect. Therefore, it is important to design the vesicle membrane surface to obtain 

high adsorption ratio and reactivity.  

    In chapter 3, the enantioselective alkylation of amino acid derivative, another reaction 

which required not only the yield but also the selectivity, was carried out. When the reaction 

was conducted in two-solvent system (aqueous-organic two phase system) or micellar system, 

the high conversion was obtained but the product was racemic. With phospholipid vesicles, 

significantly high enantioselectivity (e.e. >95 %) was obtained although the conversion was 

decreased as compared with micellar systems. For the enantioselective recognition and reaction, 

it has been reported that the three interactions are required to regulate the molecules, suggesting 

that three interactions (electrostatic interaction, hydrogen bond, and hydrophobic interaction) 

between substrates and phospholipid molecules were occurred hierarchically in the lipid bilayer. 

Considering about the fundamental self-assembly design as a platform for the alkylation 

reaction, it is important to regulate the adsorption ratio of the reaction substrates and the 

environment which vesicles form. The adsorption ratio can be regulated by considering the 

chemical properties of substrates (charge, hydrophobicity, etc.) and the membrane properties 

of vesicles (surface charge, polarity, etc.). The variations in the membrane properties by the 
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addition of substrates play an important role on regulating the environment at the surface of 

vesicles. The enrichment effect and the interaction between substrates and vesicles to change 

membrane properties were found to be an important factor for the high conversion and high 

selectivity in the interfacial reaction.  

    In chapter 4, the non-natural (“fully-synthetic”) surfactants, DDAB and AOT, were 

employed to form vesicles in order to have more variety on the physicochemical properties of 

vesicle membrane. The conditions for the formation of DDAB vesicles and AOT vesicles and 

their surface properties were investigated, resulting in the different properties from 

conventional phospholipid vesicles. Furthermore, by the addition of hydrophobic modifiers 

such as cholesterols, the phase states of the vesicles were varied, as observed in the conventional 

phospholipid/cholesterol vesicular system. However, DDAB/Cholesterol vesicles resulted in 

the formation of polar heterogeneous phase, which could not be observed in the 

phospholipid/cholesterol vesicles, indicating that the non-natural surfactant vesicles can 

provide hydrophilic-hydrophobic interface with new unique properties. 

In chapter 5, the enantioselective alkylation was discussed again with DDAB and 

DDAB/cholesterol vesicles, and the effect of the hydrophilic-hydrophobic interface properties 

on the reaction was investigated. The alkylation reaction with DDAB vesicle resulted in the 

high conversion (~ 90%) and medium enantioselectivity (e.e. ~50%). By comparing the reaction 

with various self-assembly systems, the values of conversion and enantioselectivity were found 

to depend on the membrane polarity. The self-assembly system of polar environment (lower 

GP340 values) could attract more reactants to the surface of the assembly, resulting in the 

enrichment of the reactants and the high conversion. On the other hand, highly-ordered self-

assembly system (higher GP340 values) such as vesicles could regulate the multiple interactions 

within the reactants and lipid molecules, leading to the high enantioselectivity. The most 

significant difference in the reaction with DDAB vesicle and phospholipid vesicle was that the 

enantiomer obtained was opposite from each other. The obtained results indicated the difference 
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in the interaction model that phospholipids could block the Re face of the substrates while 

DDAB blocked the Si face considering their chemical structure and the possible interaction 

models. These findings suggested the importance of the design about the vesicle membrane for 

the effective chemical reactions.  

The bases of the vesicle membrane designs for the selective chemical reaction was finally 

established based on the analysis of membrane properties, partitioning behavior of substrates, 

and plausible interaction models. These findings are expected to contribute to the approach for 

the chemical reaction process at the hydrophilic-hydrophobic interface to produce fine 

chemicals and new materials effectively.  
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Suggestions for Future Works 

 

(1) Further Investigation on the Design of Vesicles as a Platform for the Chemical 

Reactions by Regulating the External Conditions.  

    To optimize the reaction condition, the changes in external conditions such as pH, 

temperature, salt concentration, etc. should be included. At the same time, the regulation of the 

vesicle membrane properties is important since the properties can be varied by the changes in 

external conditions. Therefore, the design of the vesicles considering the influence of external 

condition would be required for the practical use of vesicle membrane as a platform for 

chemical reactions. Not only the vesicle membrane properties, but also the interaction between 

vesicle and substrates can be affected. For the better yield and selectivity, the influence of pH, 

temperature, and salt concentration should be investigated systematically by the methodology 

of fluorescent probes to measure the membrane properties and analyze the interaction.  

 

(2) Use of Nano-Domains on the Vesicle Membrane for the Improvement of Chemical 

Processes. 

In the previous studies, there have been many reports that nano-domains on the vesicle 

membrane could regulate the adsorption of the substrates or the activity of the enzymes at the 

surface of vesicles. In this study, localization of the reaction substrates in vertical direction 

(from the surface to the interior of the vesicles) could be regulated, but not in the horizontal 

direction. By the formation and the control of the nano-domains on the vesicles, the localization 

of the substrates in horizontal direction can be expected, which can lead to the larger enrichment 

effect of the substrates. The reactivity also can be varied by utilizing the nano-domains that the 

nano-domains show the different properties from the homogeneous vesicle membrane.  
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(3) Expansion of the Target Reactions and the Scale-up of the Reaction Process to Be 

Widely Used. 

One of the biggest problems about the reactions in aqueous media and the reactions 

utilizing the self-assembly system is the limitation of the reaction which can be applied. Only 

a few of the catalysts which can work in aqueous media have been reported, and the most of 

the reaction which have been reported are related to the aldol reaction or micheal addition. The 

application to the various reaction system is demanded, which may be achieved by the 

regulation of physicochemical properties. Also, as a whole process, the possibility of the 

application to Industrial use is an important factor. The reactions in the vesicle suspension tend 

to be difficult to be used in industry due to mainly two difficulties. One is the small relative 

surface area compared to micellar system and two-solvent systems so that only small amount 

of the product can be obtained. Another is the problems in extraction due to the strong 

interaction between vesicles and substrates. In this study, the reaction system with vesicles had 

been utilized, but it may be beneficial to investigate the regulation of the hydrophilic-

hydrophobic interface of micelles or two-solvent system based on the methodology of 

regulating physicochemical properties of vesicle membranes. The design of hydrophilic-

hydrophobic interface should be the key factor of improving the reaction.  
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Nomenclatures 

 

A  = absorbance of UV-Vis light    [a.u.] 

Ao  = area of Laurdan spectrum from ordered phase  [-] 

Ad  = area of Laurdan spectrum from disordered phase  [-] 

Ao/Ad  = area ratio of ordered phase and disordered phase  [-] 

Cm  = concentration of adsorbent on liposome membranes [mM] 

Cw  = concentration of adsorbent in water   [mM] 

D  = distribution ratio in emulsion phase   [-] 

G  = correction factor     [-] 

GP340  = general polarization calculated at exciting light at 340 nm [-] 

k  = observed reaction rate of 1,3-dipolar cycloaddition [s-1] 

krel  = relative reaction rate compared to the rate in water  [s-1] 

kL  = reaction rate at pseudo-interphase of self-assembly [s-1] 

kw  = reaction rate of 1,3-dipolar cycloaddition in water  [s-1] 

NF340  = Non-polar factor calculated at exciting light at 340 nm [-] 

1/P  = membrane fluidity     [-] 

r  = anisotropy of DPH     [-] 

’  = relative dielectric constant    [-] 

DPH  = micro-viscosity of self-assembly system   [cP] 
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List of Abbreviation 

 

AOT  Sodium bis(2-ethylhexyl) sulfosuccinate 

b.b.  Benzyl bromide 

BINAP  2,2'-bis(diphenylphosphino)-1,1'-binaphthyl 

BNO  Benzonitrile oxide 

BO  Benzaldoxime 

cac  critical aggregate concentration 

Chol  Cholesterol 

cmc  critical micelle concentration 

CTAB  Cetyltrimethylammonium bromide 

cvc  critical vesicle concentration 

DBSA  Dodecylbenzenesulfonic acid 

DDAB  Dilauryldimethylammonium bromide 

DLS  Dynamic light scattering 

DMGBE N-(diphenylmethylene)glycine tert-butyl ester 

DODAB Dioctadecyldimethylammonium bromide 

DOPC  1,2-Dioleoyl-sn-glycero-3-phosphocholine 

DOTAP  1,2-Dioleoyl-3-trimethylammonium-propane 

DPH  1,6-Diphenyl-1,3,5-hexatriene 

DPPC  1,2-Dipalmitoyl-sn-glycero-3-phosphocholine 

DPTAP  1,2-Dipalmitoyl -3-trimethylammonium-propane 

DSPC  1,2-Distearoyl-sn-glycero-3-phosphocholine 

EMI  N-Ethylmaleimide 

e.e. Enantiomer excess 
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Em  Emission wavelength 

Ex  Excitation wavelength 

FMO  Frontier molecular orbital 

HPLC  High-performance liquid chromatography 

ld  Liquid disordered 

lo  Liquid ordered 

LUV  Large unilamellar vesicle 

Laurdan  6-Lauroyl-2-dimethylamino naphthalene 

MLV  Multilamellar vesicle 

NMR  Nuclear magnetic resonance 

PADPA  p-Aminodiphenylamine 

POPC  1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

Pro  Proline 

PTC  Phase transfer catalysis 

SDS  Sodium dodecyl sulfate 

so  Solid ordered 

TBAH  Tetrabutylammonium hydrogensulfate 

TEM  Transmission electron microscope 

TNS  6-(p-toluidino)naphthalene-2-sulfonate 

Tm  Phase transition temperature 

UV-vis  Ultraviolet-visible 
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